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PHYSIOLOGY

Physiology is the study of the functions of living organisms and their constituent parts.
You will learn in physical and chemical terms, the mechanisms that operate in living
organisms at all levels, ranging {rom the subcellular to the integrated whole organism.

The course on Cell Biology (LSE-01) would have familiarised you with the underlying
unity in the functioning of cells. You have learnt in that course that at cellular level
there is a striking similarily in molecular mechanisms of plants and animals: be it
catabolic pathways or biosynthesis. You would note that the concepts and principles
that provide-a basis of understanding celtular functions are few for evolution has been
both conservative as well as innovative. However, it is remarkable that the similarities
are confined to the cellular level and at higher levels of organisation among plants
and animals, one witnesses an enormous diversity in their functioning. Nevertheless
you will find that at lower fevels of organisation, similarities.still exist, and differences
are more pronounced between higher plants and higher animals,

For example, plants have ¢volved a unique machinery for synthesising their food and
animals being heterotrophic have to depend on them for nutrition. Apart from the
mode of nutrition, the processing of ingested food material is distinetly different in
plants and animals. Animals have evolved dn elaborate digestive system and
associated glands. They have a transport system dependent on an efficient pumping
mechanism for the distribution of nutrients and other substances, for delivery of
respiratory gases and removal of waste material. Plants, although devoid of an active
pump (like heart) have indeed a transport system which carries minerals, water, [ood
molecules and other substances to all parts of the plant body, Though the respiratory
mechanism is similar at the cellular level, at organismic level plants and animals have
evolved separale systems for gas exchange.

One significant physiological difference though is, that plants like lower animals do
respond to stimuli, but they possess no system similar to the organised nervous system
of higher animals.

The basic principles and mechanism of physiology of animals and plants form the
theme of this course on Physiology. It is divided into four blocks. The first and second
blacks deal with animal physiology while the third and fourth blocks are concerned
with the physiolopy of planis.
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BLOCK 1 ANIMAL PHYSIOLOGY—I

This block is concerned with the physiology of animals. How they eat, breathe,
eliminate their wastes and maintain an internal steady state. For convenience of
study, the physiology of animals can be subdivided into a number of processes like
respiration, circulation, digestion and absorption, excretion etc. But we must
remember that none of these processes work in isolation, they are all interconnected |
and interdependent. The brain for cxample, cannot function withoul a constant -
supply of blood, carrying oxygen and glucose, provided by the pumping of the heart.
Similarly the heart cannot survive for more than a few minutes without oxygen

supplicd by the lungs via the circulating blood. The lungs in wrn cannot function :
without the commands to respiratory muscles by the brain! Many similar examples !
can be given at the subcellular level of functioning. ’

Now that you have a basic knowledge of the functioning at cellular level we thought
that it would be more meaningful 1o study physiology in organism using a comparative
approach. By examining how different animals have solved their problems of living
within the boundaries of their different environments, we gain an insight into the
general principles of physiology that may be overtooked otherwise. We have,
therefore, used a comparative approach in our study of the various physiological
functions. However, morc cxamples have been chosen from mammals including man
to explain physiotogical funclions and much of it applies to other vertebrates,
Wherever any fucts or observations are peculiar to any species or to man, that
parlicular specics has been mentioned.

This block begins with a description of how antimals obtain their energy supply. that
is, food in Unit 1 — Nuirition, Feeding, Digestion. Various adapiations to obtain
food have been discussed. The later part of the unit describes digestion and
absorption of food in veriebrates.,

The second Unit — Respiration, explains how animals obtain oxygen from their
environment, whether in water or in air. The unit reviews the transport of oxygen
and carbon dioxide in the blood and the role of respiratory pigments, that have
cvolved in animals Lo facilitate the movement of these two gases between the blood
and the tissues.

Unit 3 — Circulation, deals with circulation of body fluids and how they are
controlled to meet the requirements of the tissucs. Major emphasis is given to
mammaliap circulation as it is the best known.

One of the requirements in regulation of 1he internal ¢nvironment in animals is, that
appropriate quantities of water and nutrients be retained. Toe this is related very
closely the problem of elimination of toxic wastes that accumulate during metabolism
of amino acids and proteins. Unit 4 — Excretion, deals with the mechanisms animals
have adopied to eliminate the nitrogen containing end-products of protein
catabolism. Structure and functions of the excretory organs of various animals has
also been discussed in this Unit.

Unit 5 — Osmotic and lonic Regulation, considers the asmotic ¢nvironment and
osmoregulatory processes in organs such as kidney, gills and salt glands. It also
touches upon their regulation by several hormones, thus emphasising the
mterconnections between the functioning and regulation of various organ systems,

Study Guide

Before starting your study of this block you should have studied the course on Celi
Biology (LSE-01). We have assumed that you are familiar with the basic concepts of
cellular respiration: membrane structure and transport processes in the cell. We have
also tried to make physiological principles understandable in terms of basic physics
and chemistry. H more information is nceded, we suggesi that you keep the NCERT

Class XI and XII textbooks of physics and chemistry at hand.

Some interesting experiments that have been crucial in explaining a particular |
concept have been enclosed in boxes throughout the text. These have been included
to give you an idea as to how scientists work and come to conclusions. The glossary
given at the end of the block will be particularly useful if you happen to be in a habit
of reading the units in a differing order from the one given in the block!




Objectives
After studying this block you will be able to :

discuss the various components of nutrition, feeding strategies and process of
digestion and absorption in animals,

compare the various modes of respiration in aquatic and terrestrial animals and
explain the transport of gases,

& describe the circulation of fluids in animals with particular emphasis on mammals,

discuss the mechanisms adopted by animals to climinate their toxic waste
materials, and

discuss the problems laced by aguatic and terresirial animals while reguluting their
osmotic and ionic balance.



Animal Physiology — I

The terms essential and non-
essenlial amino acids are no1 very
significant because the
non-essential amino acids are just
as impaortant for the body. May be
50 important that the body cannot
leave them te be supplied
externally and so has mechanisms
to synthesise them.

® distinguish belween intraccllular and extracellular digestion of proteins,
carbohydrates and fats and explain the role of gastrointestinal hormones

® summarise the process of absorption of food from the alimentary canal

¢ cxpluin energy metabolism in animals relating it to oxygen consumption.

1.2 NUTRITION

As we have said carlier all animals are heterotrophs and require food from the
cnvironment. Whal is this food made up of? If the food of a number of different
animals is broken down we find that it consists of proteins, carbohydrates, fats, water,
minerals and vitamins,

All animals require the above-mentioned broad categories of nutrients although in
different amounts, Some of these nutrients are used mainly as fuel (carbohydrates
and fats), while others are required principally as structural and funational
components (proteins, minerals and vitamins). However, proteins, carbohydrates
and fats can all serve as fuel for the body’s energy needs, but no animal can survive
on fucls alone. Therefore, a balanced diet is needed to meet ail the requirements of
the body for energy, growth, maintenance, reproduction and physiological
regulation. Now let us discuss the importance of these different classes of food in
relation to animal nutrition.

1.2.1 Proteins

Protcins are continually synthesised in the ceils as they are the principal component
required for growth. Proteins are composed of amino acids which are derived largely
from the diet and partly from the breakdown of protein available in'the body:.

Generaliy ali proteins are made from about 20 different amino acids in various
combinations. However, it is not necessary to supply:all the 20 amino acids. Some
can be formed in the body, using other amino acids but others have to be supplied
through diet becausc they are not formed in the body. The amino acids that are
synthesised in the body are called non-essential amino acids while those that have to
be supplied through dict are known as essential amino acids.

The requirement of cssential amino acids differs from organism to organism. Some
bacleria require only one amino acid in sufficient quantitics in the growth medium to
be able to synthesise the rest. In contrast mammals certainly cannot fulfil their protein
requirements by only one amino acid,

How can one delermine which amino acid is essentizl and which is non-essential? The
nutritional requirements arc determined by deletion experiments i.c. by removing a
single nutrient from the diet and then observing the growth and health of the animal.
By this method it was found out that 10 amino acids are cssential for the growth and
well-being of rats (see Table 1.1).

Table 1.1 ; Amino acids classified according to dielary needs of humans and rats

Essential Non-cssential
Rats Humans Rais Humans
Lysine Pheaylatanine Glydine Glveine
Tryplophan [r_yaim: Alanine Alanine
Histidine [;;-olcucinu Serine Serine
Phenyialamne Leucine Cysteine Tyrosine
Leucine Valine Tyrosine Asparlate
1soleucine Mathionine Agpariate Glutamate
Theronine Cystine Glutamite Praline
Methionine Teyprophan Proline Hydroxyproline
Valine Theronine Hydroxyproline Citrulline
Arginine Cirtrulling Histidine
Argininc
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b) Why don’t domestic cats and dogs need fruit in their diet while humans do?

1.3 FEEDING MECHANISMS

All animals have evolved successful methods for extracting their required nutrition
from the environment. Thus we find a diversity of feeding mechanisms or strategies
according to the naturc of food that an animal can obtain. Table 1.6 lists the major
feeding methods in animal groups based on the type of food available. It would not

be possible to discuss each food gathering device in detail but in a brief discussion
we shall consider the basic principles on which the different feeding mechanism
operatc. From Table 1.6 you will note that taxonomtcally different animal groups
living in the same habitat obtain food in a similar manner. For example, many marine
animals (annelids, molluscs, crustaccans) may be filter feeders though the organs
concerned with the process of filiration may not be anatomically similar,

Table 1.6 : Feeding methods classilied according to (ype of food

Type of food

Method of feeding

Animals using the method

Small particles

Large food masses

Fluid or soft tissue

Dissolved organic
salution

Symbiotic supply ot
nulrients

Digeslive vacuoles

Use of cilia

Mucecus traps
Tentacles

Filter feeding

Ingestion of inactive
masscs

Scraping, chewing, boring

Caplure and swaiiowing
of prey
Sucking plant sap. nector

Ingestion of blood

Sucking of milk or

Similar secretions
Exicrnal digestion
Uptake [rom body surface
Uptike from dilute
sulution

Intrzeellular symbiotic
ulpae

Amocba, Radiclarians

Ciliates, Sponges,
Bivalves, Tadpoles

Gastropods, Tunicates

Sea cucumbers

Small Crustuceans, Herrings, Baleen
Whales. Flamingoes, Petrels

Dutritus feeders. Earthworm

Sea urchins, Snails, Inseels,
Vartebrates

Coclentrales, Fishes, Snakes. Bats.
Birds

Aphids, Bees, Flumming-birds

Leaches, Ticks, Insects
Vampire bais

Younp Mammals, Younp Birds

Spiders
Parasites. Tapeworm

Aquatic invertehrates

Paramecium, Sponges, Flatworms.
Corals, Hydras, Clams.

1.3.1 Feeding on Small Particles

Microscopic algae and bacteria can be taken in directly into the ccll by the digestive
vacuoles. But one of the most successful methods of feeding on small particulate
matter js filter feeding or suspension feeding. Particulate matter includes detritus,
living and dead plankton. Most filter feeders use ciliated surfaces to produce currents
that draw drifting food particles into the mouth. The animal extracts the suspended
food particles by means of structures that act as filters often aided by secretion of
mucous which traps the food particles. In sponges, the flagella of the choanocytes,

Nuirltion, Feeding. Digeslion




Animal Physlology — 1

Spiders provide an interesting
example of fluid feeding. Their
prey arc usually farger in size and
covered by a hard chitinous
covering. Spiders, therefare,
picrce the covering by their
hollow jaws and pump digestive
juices into the prey's body, Thesc
liquify the tissucs and then the
spider sucks the prey empty.

True mastication i.e. chewing of food is found only in mammals. Their teeth are
adapted for this specific function. Mammals have basically four types of teeth

(Fig. 1.7) each adapted for different type of feeding. Incisors are adapted for biting
and cutting and stripping; canines for seizing and piercing; premolars for crushing;
and the molars for crushing and grinding. The number and size of these teeth varies
according to' the type of foad eaten.

Canine
Molars _//

Premolars A Incisors
Incisors

@ ®)

Carnassials

(e) (@

Fig. 1.7 : Mammalian dentition — teeth of {a) generalised mammal, (b) squirrel, (¢) African llon, (d} ox

1.3.3 Feeding on Liquids

Animals feeding on liquids are generally highly specialised for their feeding habits.
Certain protozoa, endoparasites and aquatic invertebrates take up nutricnt molecules
through their integument [rom the medium in which they live. For example,
endoparasites, which include parasitic protozoa, tapeworms, flukes, certain molluses
and crustaceans arc surrounded by host tissuc or alimentary canal fluids which are
highly nutritive. These parasites lack a digestive system of their own,

All of us are familiar with insects that have well-developed piercing and sucking
organs. Mosquitoes, bedbugs and licc and leaches among annelids are some
examples. They use anticoagulant to prevent blood from clotting as it leaves the blood
vessels rupturcd by their piercing or rasping jaws.

SAQ2

a) You -must have observed a squirrel, a cow and a dog feeding. What kind of
differences would you cxpect to find in their dentition?

b) Maich the type of feeding apparatus in column A with the kind of food in column
B.

Column A Column B

1} Radula a) Bicod, piant sap

2) Cilia b) Detritus in mud

3) Mucous Sheets c¢) Large chunks of food
4) Sucking mouth parts d) Algae onrocks

5) Teeth €) Suspended particles




Nutrilton, Feeding, Digestion

1.4 DIGESTION

In the carlier sections we considered the nutritional requirements and lhe_ virious
ways used by heterotrophic organisms to obtain nutrition. Whether food is used to
give energy or to build the body, the large molecules of food have to be broken dc.:mwn
into simpler constituents before they can be used by the body. The process by which
the food is broken down into simpler molecules is known as digestion. This breakdown

is achieved with the aid of enzymes and can take place inside the cell — inlratl:cllu‘lar
digestion or outside the cell — extracellular digestion often in a specialised digestive
tract.

Let us first consider intracellular digestion and see how it is different from
extracellular digestion.

1.4.1 Intracellular Digestion

We all know that unicellular organisms do not have a separate alimentary canal
system. All the functions of life are carried out inside a single cell. Food is taken in
directly into a cell by phagocytosis/fendocylosis and then with the help_ of enzymes
digested in a foed vacucle. Fig. 1.8 shows the process of endocylosis in Anioeba.

. Exocyrosis of
indigestible

remains

Absorption
of small .
molecules A+ -

Fig. 1.8 Digestion in smoeba

Similar intracellular digestion occurs in sponges, some coelentrates, ctenophores and
turbellarians. Although the process is called intracellular digestion, the food material
is actually separated from the rest of the cellular material by a membrane which it
can cross after digestion. In organisms such as cnidarians and platyhelminths, a gut
or enteron s present and here along with extracellular digestion where enzymes are
secreted inio the cavity, intracellular digestion also takes place within the celis that
line the ca.vily. However, in annelids and molluscs morc extracellular than
intraccliuiar digestion takes place. Digestion is entirely extracellular in nematodes,
insects, echinoderms and vericbrates.

1.4.2 Digestive Tract

Extracellular digestion takes place in a tubular cavity thar extends tﬁroughom the
length of the organism. All animals after flatworms have a tubular alimentary
organisation open at both ends. The development of extracellular digestion freed
many animals from fecding continuously on small particies. They could now quickly
ingest a few large chunks of food. The overall tubular organisation of the digestive
lract also allows the food to travel in one djrection passing through regions of
digestive specialisation (Fig, 1.9).

In general 1he digestive system of metazoans is divided into 4 major functional regions
of:

® reception l
® conduction and storage

*® digestion and absorption 7

® conduction and formation of faeces.
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Receiving
A
, Sworage
L' (Some species)

I

(Acid)

Digestion

(Alkalinc)

y Absarption and
Assimilation

Storage of waste

Delecation

Fig. 1.9 : Generalised digestive
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tracl. One way passapr
of food allows sequential
stages in dipestion,
Dushed lines represent
crop tn some animals.

The region for reception is associated with devices for mastication or chewing of food
(like teeth); for paralysing the struggling prey (toxic cnzymes from saliva); initiating
digestion and lubricating the food with mucous,

The oesophagus of chordates and some invertebrates serves Lo conduct the bolus
(mass of chewed food) by peristaltic movement from buccal cavity. In some animals
this region has a crop for storage. The crop in birds is also used to ferment mildly or

_digest food. This is later regurgitated by parent birds for their nestlings. The storage

repion allows the animals to store food and usc it when it is not casily available. For
cxample, leaches take in infrequent large meals of bloed and digest it slowly over a
month, The herbivore animal spends hours masticating the food it takes in hurridly
and stores it in its stomach for further use.

In the third region or digestive region the enzymes reduce the food to a form that
can be absorbed by the body of the organism. As the food is digested, the absorbable
food is passed to the blood stream and the unabserbed malterial is siored briefly in
the final section of the alimentary canal where (urther removal of excess water and
consolidation of undigested material into faeces takes place, before itis expelled out
of the body. In vertebrates this function is carried out in the large intestine.

In higher vertebrates, cach arca of the gut is specialised for a cerlain activity,
digestive enzymes are produced in glands as well as in the wall of the gut. Absorption
occurs in the intestine predominanmly.

1.4.3 Digeslive Enzymes

Now let us consider the general principles of digestion that are applicable to all
animals. We will start with 1he digestive enzymes that breakdown the large food
molecules into smaller soluble component units. This breakdown involves the uptake
of water and is called hydrelysis. Before reading the following sub-sections, you
would lind it useful to read Units 9 and 10 of LSE-01 to recapitulate the nature und
properties ol enzymes in gencral. However, digestive enzymes differ in the following
Watys:

a) Digestive enzymes are not as narrowly specific as other enzymes rather they show
group specificity. For exumple, enzymes that digest carbohydrates can digest
polysaccharides of both antmal and plant origin,

b) Even though enzymes performing similar functions in different animals are given
same names, they are not identical chemically, For ¢xample. trypsin (an enzyvme,
that hydrolyses proteins) in humans 1s not wdentical 10 that lfound in fish,
Temperature and pH for optimum activity is also different. For exampte. trypsin
from verlebrale pancreas acls best in the piH range of 7-9 but in silkworm the
pH range is 6.2-9.

. c) Digestive enzymes from pancreas particularly those that digest proteins are

seercied in an inactve form,

The three major classes of digestive enzymes are:
i)  Proteases that hvdrolyse peptide bonds in proteins,

ii) Carbohydrases thal hydrolyse glycosidic bonds in carbohydrate,

11i) Lipases that hvdralyse ester bonds in fals
3 ¥

Protein Digestion

Enzymes that digest proteins are divided ino 1wo groups endopeptidases and
exppeplidases according to site of their action in the protein molecule. Endopeptidases
confine their attack to the interior of the protein molecule so that the large peptide
chain is broken into smaller fragments, This provides many sites for action of
exopeptidases thatl attack only peptide bonds at the end of a peptide chain releasing
amino acids, dipeptides and tripeptides. There are several types of endopeptidases
und exopeptidases. They are listed-in Table [.7.




Table 1.7 : Proleases of Anlmals Nuiritlon, Feeding, Mgestion

Extracellular Enzyme
. Activator . Preferred Peptide
Inactive form autocatalyst /*Stive form Link Attacked

Endopeptidnses

. HC| . Link ta amine group of aromatic
Pepsinogen ——— Pcpsin

pepsin amino acid (tyrosine and
phenylatanine)
Trvosi n enterokinase trvpsin Link 10 carboxyl end of argininc
rypsinoge rypsin iis or lysine
trypsin Link to carboxyl group ol aromatic

Chymotrypsinogen —=——  chymotrypsin amino acid (tryplophan, tyrosine. !

phenylatanine) and also bonds udjacen
to methionine and leucine when (hey

are present
Exopeptidases
Aminopeptidase (Mn?*, Mg>*, Zn?*) Link 10 terminal amine acid with
free amino group
Carboxypeptidase (Zn*™*) {trypsin) Link to terminal amino itcid with
free carboxyl group
Dipepliduse (Mn**, Mg®*, Zn™*) Bonds bebween pairs of
umino acids

From the table you can see that these cxopeptidases and endopepltidases attack specific
peptide bonds depending on the chemical group near them. The inactive forms need
activators and autocatalysts to convert them into active forms. For example pepsinogen is
secreted by the vertebrate stomach. The stomach also secretes HCl which makes the
medium acidic (pH 2). This activates pepsinogen into pepsin. Pepsin specifically hydrolyses
peptide bond berween a dicarboxylic and an aromatic amino acid (Fig. 1.10a). In this way
shurt fragments of polypeptide chains are formed. Invertebraies seem to lack pepsin and
their main endopeptidase is more like trypsin. Look at Fig. 1.10a again, chymotrypsin also
attacks a peptide bond involving' aromalic amino acid but on the carboxyl terminal end of
the molecule while pepsin attacks on the amino terminal end.

COOH NHa
i !
CH Ciia
i Pepsin Chymotrypsin ! Trypsin
‘|3”a . . {CH .y
HN-CH~C0 ———— HN-CH-C0 — KH-CH2~CO ———— KH-CH-CC — NN
. ) g -
Glutamic acid CH, g . . !
Glycine Lysine
(3) OH
Tyrosine
HaC
oGt
CH OH
| A
CHz  Ammopephidase Carboxypeptidase oH
N Terrninal , -
M - CH-CO - HN ~CHe—CO - HN—-CH-COOH
¥ [
Leuecine Clycine Tyrosine

(b)

Fig. 1.10: Protein digesting enzymes:
a} attacking speciflc peptide bonds In a protein fragment
b} breakdown of a tripeptide. However, both exopeptldases cannot attack (he same tripeplide

19
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Betwewii 2-38 por <oni of
cavcasians foose the capacily la
produce Lictse and between
G514 prer eent ariental and
native African races loose the
ability Lo produce Taclase as they
grow older. They can no longer
digest milk which fermcnis in
their put and produces diarrhoea
and related problems. Interestingly
yoghurt and cheese de not ereate
any problems as these contain less
than 2 per cent lactose duc to
aclion of bacteria,
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Trypsin is secreted by the pancreas in an inactive form trypsinogen. It is aclivated by
enterckinase secreted by the glands in the intestinal wall. As irypsin is formed, it activates
more trypsinogen to be converted into trypsin, This is autocatalytical activation. Trypsin acls
in an alkaline medium between pH 7-9. 1t breaks a peptide bond next to basic amino acid
like arginine or lysine.

The polypeptide fragments are further digested by the exopeplidases. Carboxypeptidasc
require the presence of zinc ion and wrypsin. Other exopeptidases are secreted in active form
but need metal ions as cofuctors to increase wheir activity.

Fig 1.10(b) illustrates the action of aminopeptidase which removes terminal amino
acids having {ree amino groups and carboxypeptidase which removes terminal amino
acids possessing a free carboxyl group. In this way these two enzymes remove
peptides from each end until a dipeptide fragment consisting of only two amino acids
remains. Bonds belween these pairs of amino acids are split by dipeptidases releasing
free amino acid.

The amino acids now, may be absorbed through the cells of the intéstinal wall.

Carbohydrate Digestlion

Simple sugars like glucose and {ructose can be absorbed and metabolised directly bul
disaccharides such as sucrose or laclose and polysaccharides such as starch and
glycogen have to be broken down to monosaccharides before they can be used in
metabolic pathways. Carbohydrases, that digest carbohydrates can be grouped into
two catepories:

i} Polysaccharases that split polysaccharides inlo disaccharides or trisaccharides.

i) Glycosidases that break up the disaccharides or trisaccharides to monosaccharides.

The digestion ol carbohydrates, like proteins also oceurs in steps. These along with
the enzymes responsible for digestion are given in Table 1.8,

Table 1.8 : Digeslion of carbohydriles

. Polvsaccharases ; , Glycosidases
Polysacchorides _— Disaccharides ——YCoSICASES | Monosaccharide
(CoH1g00), (C):H::0,)) o2 0y)

Amvlises Maltase
?I\coglclil Mallose Maltis Glugose
animils
. Amvlases Muliase .
?IE’;I”CH ) - Mallose = Gilucose
anis
. Cellulases . . Cellobioscs
f;ﬁ"”'””{ imals) _— Cellobiose Gilucose
ants & animals
Trehadose Trehalase Glucose
(insees and
somu plants)
Lactuse .
Lactose Gulurlosy
Cilucose
. Lvertase .
Surrone -— [Fructone
Crlucose

Curbohydrale digestion in vertebrates and invertebrates is very similar. All the
enzymes shown in Table [.8 are not required by all animals, The enzymes present
are related 10 the foad habits of the animal. However,
universal vecurrence. Amylase is secreted in the saliva of man and in larger amounts
by the pancreas. Enzyme preduction in some animals is also influenced by genctic
characleristics and ¢nzyme induction. For example, production of maltase and
sucrase by Lhe intestinal villi depends on the amount of ingested sugar. If a high
maltose or sucrose diet is taken it induces the villi 1o produce more maltase and
sucrase within 2-5 days. Lactase production declines in humans as gut develops
after infancy. It ceases in some individuals so that they can no longer hydrolase this

dAmyviaces and maliyce ars N
amylase and maltase are of




sugar. Now let us consider the digestion of cellulose, the most important structural
material of plants and 2 major component of the diet of herbivores. Very few animals
possess the enzyme.ccllulases. Then how do animals that feed on plants breakdown
this carbohydrate? Cellulases enzymes are synthesised by many bacteria and
protistans which live symbiotically in many herbivores and insects. Cellulose digestion
is carried on by the help of these symbiotic microorganisms. The microorganisms live
in the stomach of the ruminants (i.¢. cow, sheep, etc.) and breakdown the cellulose.
The breakdown products are then utilised by the host. In some invertcbrates like
silver fish (Ctenolepisma lineata) true cellulases have been reported but the insect
cannot survive on an only cellulose diet. Some other invertebrates also have some
cellulases that partly digest cellulose but none show conclusive evidence of a complete
breakdown of cellulose into glucose without the help of symbionts.

Lipid Digestion

Digestion of fats is also similar in both invertebrates and vertcbrates. Lipases arc the
enzymes that hydrolyse fats. A single lipase can catalyse many steps in the break down
of fat. The vertcbrate pancreas secrete an enzyme lipase but before it breaks down
fat, some detergent-like action is necded to emulsify the fat droplets. Bile salts from
the liver, lecithin and cholesterol form miscelles and do this job. They reduce the
surface tension at the fat-water interphase in a slightly alkaline medium and tiny
emulsification droplets of fat are formed. Then the lipase begins 10 digest the
emulsificd droplets. The resultant fatty acids and monoglycerates are kept in solution
by help of bile salts again and arc finally absorbed.

Glycerol is waler soluble and casily absorbed and metbolised. Fat like butter
is absorbed directly through the intestinal epithclium without hydrolysis.

1.4.4 Maintenance of Gut Lining

After studying the digestive enzymes you would wonder why the gut linings are not
digested themselves. This is because animals have several mechanisms that protect
their gut lining from autodigestion. The mucous membranes of vertebrates secrote a
slightly alkaline mucous that lubricates the food and protects the lining cells from
corrosive scereiions, In addition. the lateral surfaces of exposcd epithelial cells are
joincd by tight junctions that prevent the secretions from penetrating between them,
Carcful studies have also revealed that the entire lining of the gut is renewed every
third day in rats and cvery 5-6 days in humans. Similar mechanisms arc present in
invertebrates also. In inscets, the fore-gut and hind gut are lined by cuticle. This lining
is known as intima: Only in the midgut, the epithelial cclls are exposed, where most
of the digestion occurs. The midgut is lined by a delicate lining the peritrophic
membrane in some insccts. This corresponds 1o the mucous lining of vericbrates,

1.4.5 Coordination of Digestion

You have lcarnt that digestion is a process in which large food molecules are broken
down step by step into their constituents. In primitive metazoans that are continuous
feeders, the enzyme producing cells secrete continuously. In higher animals more
precisc controls are needed 10 regulate the release of food from stomach to intestine
and also the relcase of digestive enzymes at the proper time. The interplay of nervous
and hormonal control is beautifully illustrated when we study the coordination of
digestive activity.

In the mammalian mouth, control of salivary gland secretion is entirely nervous;
gastric secretions are under hormonal and neural control; and intestinal secretions
are slower and are primarily under hormonal conirol.

Gastrointestinal secretion is largely under the control of gastrointestinal hormones

H A mombeioa e Tmweat b o
secreted by endocrine glands of gastric and intestinal mucosa.

Gastrointestinal Hormones

The three main mammalian gastrointestinal hormones are secretin, gastrin and
cholecystokinin (CCK). There are several other hormones, all peptides. The
physiology of only three major hormones is listed in Table 1.9,

Nutritlon, Feeding, LHzgestion

Symbiotic fagellates from
termites are obligaic anaerobic
organisms. Because of this
sensitivity these flagellates can be
removed from termite gut by
exposing termites to oxygen &t 3.5
atm pressure. The protozoa are
selectively killed within half an
hour and the termites survive.
Such treated termites do not
survive when fed on wood thaugh
they slill have bacteria in the gut,
This shows that anacrobic
protozogns rather than bacteria, arc
responsible for cellilose digestion
in icrmites.



Animal Physlology — I Table 1.9 : Mammalian gastrolntestinal hormones; — denates [nhiblilon; + stimulation;
+++ hormone more imporiant than other two

Gastrin Seeretin Cholecystokinin
) Secreted by Stomach Duodenum Duodenum
Stimulus lor Peplides Acid (HCl) Amino acids
release [atly acids

Parasympathcetic

Nerves

Effecton:
Gastric Motility + - -
Gastric HCL +++ - -
Secretion
Pancreatic secretion

bicarbanales + +++ +

enzymes + + +4++

Gastrin sccretion is responsible for control of HCI volume; the presence of HCl in
turn inhibits further gastrin sceretion,

Secretin is released under acidic conditions (low pH); digested fat or bile initiates
production of pancreatic juice low in enzymes but rich in salts important in
neutralising the acid chyme. CCK is secreted when partially digested proteins or HCI
(to a lesser extent) are present. It induces the flow of pancreatic juice rich in cnzyme.
Fig. 1.11 summaries the action of GI hormones.

Stomach
Galibladder Esoph;]gus

! Gastrin
NaHCQ, ‘ ‘

Duodenum

Fig.1.11 = Acliun of several gastrointestinal hormones. Gastrin is secreled in response o intrapastric
proleins, stomach distention and stimulation by vagus necve. Gasltrin from the lower stomach
stimulates HCI secretion and pepsin from secrelory cells, Cholecystokinin (CCK) stimulates
puncreas fo seerete digestive enzymes ind huses 1o neutralise and digest chyme. It also induces
controction of pall bladder L scerete bile salis. CCK is accreted in respoense to arvival of amino
acids ond fally acids in deodenum from stemach.

These two hormones inhibit stomach meuiity. Arrival of fat from the stomach
initiates the release of CCK by intestinal mucosa. this cavses gall biadder to release
bile which wids in fat digestion,

SAQ 3

b} Choose the correct answer.

Digestion is brought about by
i) acids, ii) enzymes, iii) alkaline solutions, iv) vitamins and minerals

~J
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c) Fill in the blanks with appropriate words. Nuteltlon, Feeding, Digestion
In the process of digestion proteins are converted into .........cccccevvrue s
carbohydrates to ..........oovvevevans £ 103 (o R and .....oooieeeinninens ;
d) Three hormones stimulate the release of digestive materials, ............c.veee.
stimulates release of gastric juices ............ooveeeene stimulates release of
bicarbonate ion. .......coeoeeiiinll stimulates release of bile and pancreatic
enzymes.

1.5 ABSORPTION

The monosaccharides, amino acids and other products of digestion must be passed
on to other tissues to be useful for the organism. The process by which the digested
material from the alimentary canal enters the blood stream is known as absorption.

In intracellular digestion the same cells are concerned with digestion and absorption
but in higher multicellular animals there are usually separate tissues and areas of gut
for enzyme production, digestion and absorption.

In this section we will mainly be concerned with absorption of amino acids, sugars
and fats released during extracellular digestion in vertebrates. In ail vertebrates most
of the absorption is localised in the intestine. As you already know the wall of the
vertebrate intestine is folded and ridged to increase the absorptive surface. These
ridges or folds are covered by a velvet like pile of minute absorptive villi (Fig. 1.12).
These are highly specialised absorptive organs with a core containing a network of
capillaries derived from blood vessels in the gut wall. Each villus also contains a
central lymph capillary known as Jacteal which begins blindly at the tip of the villus
and drains into the main lymph channels of the gut wall. Lipids pass mainly into the
lacteals while sugars and aminoacids are absorbed directly by the blood capillaries.
The villi and intestinal folds contain smooth muscles that contract to bring the villi
in contact with the food in the intestine; and also maintaining the circulation in
lacteals, lymphatics and small blood vessels.

Microvillh

fough
endoplasmic
reticulum

Interceliular
space

Fig. 1.12 : Lining of mammallan small intestine
a) Villus covered with digeslive epitheflium which consisls of absorpiive cell and occasional goblet

cells,
b) An absorptive cell, The apical surface bears a brush border of microvilll.

Now let us examine the processes involved in actual absorntion of the digested food.

You could recall from L.SE-01 Unit 7 the transport processes across membranes. We
can summarise them as follows:

Diffusion A material passes down its electrochemical gradient; at the end
(passive) of the process the concentration inside the cell is equal to
that cutside. : 2
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1.6 ENERGY METABOLISM

In the preceding sections of the unit, you studied how the products of digestion of
food, viz. amino acids, sugars and fatty acids are absorbed and transporied to the
body tissues. The oxidation of these compounds yiclds virtually all the chemnical
cenergy required by animals and the usc of this chemical energy is referred to as their
energy metabolism. You also learnt in Section 1.2 that generally carbohydrates and
fats arc the fuel which provide energy but other organic compounds are within wide
limits interchangeable in energy metabolism.

How do we measure the rate of metabolism or the actual amount of ¢nergy liberated
during oxidative metabolism? One way could be to measurc the tolal heat produced
by the organism per unit of time. This is the metabolic rate of the organism. The
metabolic rate can be determined by using the formulation:

rate of encrgy intake — rate of energy loss per unit time = mctabolic raie

Encrgy intake is the chemical cnergy content of ingested food over a given period.
Energy loss is the chemical energy that remains in facces and urine produced by the
animat over the same period. The energy content of food and wastes is found out by
burning them in a bomb calorimeter (Fig. 1.15). The material 10 be tested is placed
and burned with the aid of oxygen in a chamber surrounded by a jacket of water.,
The heat produced is determined by the rise in temperature of the surrounding water.
Table 1.10 provides the caloric value of the common food stuffs estimated in a bomb
calorimeter and in the body,

== [0 5uction pump

r\ Stirrer

— Waler

Coil through which
heat from the food

is transferred
to the water

Heart-proof jacket

Crucible containing

—- foed sampl
lo heating e
element for - Oxygen
igniting
food sample
Fig. 1.15: Boml calarimeler

These vatues are cssentially average values. During oxidative degradation in animal
body, carbohydrates and lipids are fully oxidised to carbon dioxide and water just as
it a bomb calorimeter but protcins are not degraded because the major end-product
of protein metabolism, is urea which still possess somce energy. Accordingly, the value
is lower in the body (4.1 kcal/g) as you can sve [rom Table 1.10. Energy derived

from onc gram of fat is much more than that derived from 1 gram of protein or of
carbohydrate.

Table 1.10 : Fuel Content of Food Materals

Foad Kilocalories per gram
In Bomb In Body
Calorimeter
Cuarbohydrates 4.1 4.0
Lapids 9.4 9.9
Protcins 5.6 3.1

The heat produced during the metabolic activities of the body helps in maintaining
the body temperature. Generally, warm blooded animals like birds and mammals
have specific regulatory mechanisms by which heat production is either increased or




dissipated in relation to the environmental conditions. You will lcarn more about Nutrition, Feeding, Digestion
temperature regulation in Unit 7 of Block 2. ’

The most commonly used measure to determine metabolic rate is to find the oxygen
consumption of the animal. Oxygen consumption is a good indicator of metabolic
rate because heat produced for cach litre of oxygen used in metabolism is the same
irrespective of the food stuff oxidised (see Table 1.11). The highest figure of 5.0 kcal
per litre of oxygen is only 10% more than the lowest figure 4.5 kcal/litre of oxygen
for proteins. On an average we consider metabolic rate to be equal to 4.8 kcalflitre
of oxygen used.

Table I.11 : Heat production and respiratory quotient far foodsiull Lypes

Heal produced Kcal

Per litre Perlitre COn formed
of Q. of CO, RO = ,
consumed formed Q, used

Carbahydrates 5.05 5.05 160

Fats 4,75 6.67 0.71

Proteins 446 5.57 0n.81

Respiratory Quotieni

Table 1.11 also shows the ratio of the volume of carbon dioxide evolved to (hat of
the amount of oxygen consumed during oxidation. This is the respiratory quotient or
RQ. [t is an important concept in ¢nergy metabolism. From the table you can sec
that RQ is usually between 0.7 and 1.0. However, RQ near 0.7 shows that fat is being
mctabolised and RQ near 1.0 suggests carbohydrate metabolism. RQ in between 0.7
and 1.0 could indicate cither protein or a mixed diet metabolism.

Quite often animals cannot utilise the entire food value because not all the food they
consume is [ully digested. Also some portion is excreted as urca or ammonia. In
general. it has been observed that animals have a higher intake of food than what is
indicuted by their oxygen consumption data so that their body weight is kept steady.
The oxygen consumption per unit weight/per unit time mmO,/g/hr tends to decrease with
higher boady weight of animals. In other words, small sized antmals like mouse, shrew,
etc.. have a higher metabolic rate than a large sized animal (an elephant} as evidenced
by their oxyvgen consumption. Accordingly smaller animals have a need 1o feed
constantly. This would also mean that an ¢lephant can survive without food for a
much longer period of time than a mouse.

Energy Storage

As we said above, [ood intake and energy expenditure for animals is approximately
equal. I encrgy expenditurc exceeds food intake, then the excess energy is aken up
by utilisation of body fat. However, if food intake is excess, then the surpius is stored
as fat irrespective of the kind ol food calen,

Excess carbohydrates are changed to fats and accordingly RQ exceeds 1. This is
because fats contain relatively less oxygen and the excess oxygen of carbohydrates is
used in the metabolism. This reduces the oxygen uptake and the respiratory carbon
dioxide. oxygen ratio is increased.

For this reason furis ideal storage material [or energy. It is much lighier and viclds
twice as much cnergy as carbohydrates. Migratory birds that may have 1o fly more
than 1000 km non-stop, carry fal as 40% to 50% of their body weight.

Nonetheless. some carbohydrates are imporiant in energy storage. Glycopen a
starch-like carbohydrale polymer is stored as granules in the skeletal muscles and
liver of vertebrates. During heavy muscutar exercise when blood does not deliver
sufficient oxygen lo meet demands, glycogen provides the cnergy. It is broken down
dircctly into glucose-6-phosphate, providing fucl for carbohydrate metabolism more
directly than does fat.

On the other hand. many animals that do not move aboul, also store glycogen as
excess energy source. For example, clams, oysiers and many intestinal parasites like 27
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5)

Excess carbohydrates that are not used for metabolism are converted to fats and
stored in the body. This increases the weight.

Terminal Questions

1)

2)

3)

4)

Essential nutrients are materials the animals need to sustain life but cannot
synthesisc in their cells. The nutrients that are essential’ differ for each type of
animal because the ability to synthesise is genetic and species specific. For
cxample, most vertebrates can synthesise vitamin C but human and some other
fruit eating specics have lost this synthetic ability. Therefore, vitamin C is
essential for us but non-essential for some others.

Intracellular Extracellular

Ingestion of small particles Ingestion of large food masses

Digestive enzymes enclosed Usually well-developed digestive tract that
in a small area. One kind of allows secreted enzymes 1o act on food at
enzyme acts at one time in differcnt parts al the same time, digestion
digestive vacuole occurs in phases

Suited to continuous feeding Suiled to discontinuous [ceding

Two openings. 2 mouth and anus in complex
animals so that food passes in one direction

For more complex (reely moving organisms extracellular digestion is more

advantageous because they don't have 1o feed continuously and a division of
labour in the digestive tract occurs so that only a few ¢ells are devoted to the
digestive processes. Digestion can occur in different phases at the same time.

A lining of mucous secreted by the goblet cells and the fact the nfost digestive
enzyme especially protease are present in inactive form.

Carbohydrales are hydrolysed to monosaccharides, Proteins are hydrolysed to
amino-acids and fats are hydrolysed to the free fattly acids and glycerol.

1)  Amino acids and glucose enter the intestinal epithelial cells by a carrier or
cotransporier protein molecules that depend on the action of a sodium ion
pump. Free fatty acids or monoglycerides form miscelles with bile salts before
eniering the intestinal epithelium through dilfusion,

ii} Amino acids and glucose are passed on to the blood sircam through anothe,
transporter molecule while fatty acids and monoglycerides form
chylomicrans which enter the lactedls from where they enter the blood
stream.
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Respiratory organs may be of the following types: Resplration

® Those that have respiratory surface turned out forming an evagination. These are
called gills.

® Those that have respiratory surface turned in forming an invagination. These are
called lungs. Our own lungs are good examples.

(a} Body Surface (b) Gills

co,

e

Earthworm

{c) Lungs {d) Trucheae

Mammal

Fig. 2.1 : Some aquatic animals and animals that maintain moist skins. can exchanpe gases directly through
their integuments {a). which are in contact with water. Gills (b) highly folded external lissues that
provide enormous surfaces for exchanping gases with waler — are common among larger aqualic
animals. Terrestrial animals that exchange gases with the atmosphere do so by means of highly
branched internal surfaces that ure protected from drying out. Many verichrates have sac-like
lungs (c): insects and some ather arthropods have systems of branched (ubes called tracheac (d).

Inscets have a speciai respiratory system. Small openings on the insect’s body surface
connected to small tubes or trachea that branch and spread throughout the body. The
gases diffuse through these brincnes directly inte the cells.

Generally gills are for aquatic breathing and lungs for breathing air. We shall now
consider specific kinds of respiratory organs employed by animals that live in water
und on land.

SAQ 2
Why docs diffusion alone suffice to supply oxygen in both Parameciin and jelly ish?

2.4 GILLS

Gills arc highly vascularised extensions of gas exchange mcmbranes. The simplest
type may be extention of the body surface as in sea-slugs, sca-stars, and many other 35
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gradient of partial pressure of oxygen between the two compartments; (b) the most
efficient gas exchange sysiem is one that ensures the highest possible partial pressure
of oxypen in the blood leaving the gill. Now lel us suppose that the incoming bleood
is devoid of all oxygen, and imagine the flow of water and blood is in the same
direction i.e. it is concurrent {(Fig. 2.4 b) when the two strcams come in contact first
there is a steep pressure gradient from the water to blood. Oxygen is transferred from
the water to blood at a high rate till an equilibrium is reached after which no transfer
occurs. Now consider Fig. 2.4a which shows countercurrent flow. When blood which |
has zero Po. comes in contact with water for the first time, the water also has low L
Po, (since it has been loosing oxygen on its way to this point) but still sufficient for '
a pressure gradient to be maintained. As the blood moves on it meets with waler
richer in oxygen and the Po,; of blood increases steadily. At all points along the ;
capillary, Po, gradient is sufficiently high to permit transfer of oxygen from water to .
blood. The nct cffect is that blood leaving the gills in countercurrent exchange has |
cxtracted 80 per cent or more of the dissolved oxygen from water. 5

To move water over the gills, telcosts use combined pumping action of mouth and
opercular cover. Water is drawn into the mouth, passes over the gills and flows out
through the opercular clefts. valves guard the entrance to the buccal cavity and
opercular clefts ensuring a unidirectional flow of water (Fig. 2.5). The volume of the
buccal cavity can be changed by lowering of the jaw and the floor of the mouth and
that of the opercular cavity is changed by the movements of opercular flaps that swing
out 1o enlarge the cavity and swing in to reduce it. Changes in volume of both cavitics
is synchronised but a pressure differential is maintained across the gills throughout
the breathing cycle.

The pressure in the opercular cavity is always slightly lower than the pressure in the
buccal cavity providing for a continuous flow of water.

Buccal QOpercular
Cavity . Cavity
1 Gills ]

[
Mouth
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Fip. 2.5: Dual pumy in fish provides a centinuous unidirectionul Now of water.

Some [jsh do not use pumping action for gill ventilation. It has been known for long
that large tunas cannot be kept alive in captivity unless they are put in circular tanks
where they can swim continuously. The fish swim with their mouths partly open and
there are no visible breathing movemenis. Water flows continuously over their gills.
This is known as ram ventilation.

[1is now known that many fish breathe by pumping at low speed and change to ram
venlilation at high speed. In this case the work of breathing is transferred from the
muscles of the apercular pump to the muscles of the body and Lail. However, ram
ventifation is more cconomical as far as cnergy consumption is concerned than
opercular pumps at high rates required for fasi swimming.
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You have seen that respiration in water can be explained through some simple
physical principles. Let us now move on to examine respiratory gas exchange in
animals that breathe air.

2.5 LUNGS

In section 2.2, you studied that air has more oxygen than water. The atmosphere
provides a consiant supply of oxygen almost everywhere. The greatest disadvantage
however, is that air tends 1o dry out gas exchange membranes. To overcome this,
terrestrial animals have to live in extremely moist environments or find some ways
to keep their respiratory surfaces moist. The water loss is minimised by turning the
respiratory membranes inside the body into lungs in amphibians, reptiles, birds and
mammals, and trachea in insects.

Before we proceed to describe terrestrial respiration by lungs let us examine some
major advantages of breathing air. If we compare water and air we find that water
in equilibrium with atmosphere at 15°C contains only 7 ml of oxygen per litre, In
contrast 1 litre of air contains 209 ml of oxygen. Water is much more viscous than
air, therefore, aguatic organisms have to expend more energy to move the medium
over the respiratory surface. Apart from this oxygen diffuses some 10,000 times more
rapidly in air than in water and so can diffuse in lungs over several millimeters while
diffusion from water to respiratory surface in fish gill can take place in only minute
fraction of a millimeter. The flow of oxygen into the respiratory cavity in terrestrial
animals is well regulated according o the oxygen demands of the organism.

Lungs can be simple, characterised by air exchange with surrounding environment by
diffusion only. These are called the diffusion lungs and are present in small animals
such as pulmonate snails, small scorpions, some spiders and some isopods. The other
type — ventilation lungs are typical of vertebrates. The air passes through a tube into
inflatable lungs where gas exchange takes place and oxygen poor, carbon dioxide rich
air is then forced out usually through the same tube. This is known as tidal low of
air. Ventilation of the lungs can take place in two different ways:

1) By using a pressure pump as in amphibians. Fig. 2.6 shows the process of
ventilation in frog. The inflation of lungs depends on positive pressure
bucco-pharengeal pump. The nares remain open while glottis is closed (the air
does not enters the tungs). The floor of the buccal cavity-is raised and lowered
periodically (Fig. 2.6a). At irregular intervals the glottis is open and nares are
closed. The floer af the buceal cavity is raised forcing air into the lungs. Ax a
result the frog can take in air several times without exhaling and blow itself up
10 considerable size. The giotlis can elose and while the air remuins inside the
lungs the cycle is replated in the buccal cavily.

2) By using a suction pump. Exhalalion can be passive and inhalation is aided by
muscle contraction or as in mammals, by contraction of muscular dome shaped
diaphragm and external intercostal muscles lifting the ribcage. This decreases the
pressure in the pleural space so causing the lungs to expand and air flows in.

2.5.1 Mammalian Lungs

In this unit we will study mainly mammalian lung as it is the best representative of a
respiratory surface adapted for lerrestrial respiration. For this purpose, human lung
can be taken as a model as shown in Fig. 2.7.

, the air enicrs the wind pipe of trachea which are divided nio right
and left bronchi (Fig. 2.7). These in turn branch repeatedly forming bronchioles. The
fine branches of the bronchioles lead into alveolar sacs, which are clusters of minute
sacs, whose diameter ranges between 150 to 300 micron or micrometer. The alveoli
have thin walls and capillaries from the pulmonary artery extensively occupy the
vascular side of the alveoli (Fig. 2.7). A pair of human lungs contain about 300 million
alveoli and the total surface area is about 70 meter square. This area is nearly equal

Respiration

Fig. 2.6 : Breathing cycle in the

a) air is taken into the bocenl
cavity by lowering it.

b) air is permilted to cscape: fcom
ihe lungs passing over the
buccal cavity.
tho externs) nares are closed
air is forced into the lungs.

d) while air remains in lungs. The
cycle can be repeated.
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Fig. 2.10: Action of carbon dipxide
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2.5.2 Regulation of Respiration

Whenever the need for oxygen in the body increases, ventilation of the respiratory
organs also increases. In the same way whenever the level of oxygen in the medium
falls, the ventilation must increase or the body should be able to extract more oxygen
from the respired air or both these processes must take place.

In lungs of warm-blooded animals i.e. birds and mammals the ventilation is regulated
primarily by the amount of carbon dioxide in the lung air. If we add more carbon

dioxide to the inhaled air, there is a rapid increase in ventilation, even if carbon =
dioxide content in inhaled air is increased to that found normally in the lungs (5%)
respiratory ventilation volume increases several folds. In higher concentrations,
carbon dioxide becomes dangerous. Oxygen on the other hand, has a much smaller
elfect on ventilation, if we reduce the oxygen concentration from 21% to 18.5% there
is virtually po effect.

' |

The rythmic contractions of the diaphragm and of the intercostal muscles are
controlled by a respiratory centre which is located in the area of the medulla
oblongata and pons of the brain. There are separate neurons for inspiration and
expiration that work alternatively.

The respiratory centre is sensitive to increased carbon dioxide levels and increased
acidity of the blood. It is peculiar that even though metabolism requircs oxygen yet
the respiratory centre is not very sensitive to decreased oxygen levels, However,
chemo-receptors located in carotid bodies and aortic arches near the heart respond
to decreascd Po, levels by increasing the depth and frequency of breathing. Fig. 2.10
depicts the control process graphically.

In contrast aquatic animals that breathe through gills are very sensitive to oxygen
levels. Respiratory movement in many species increases if oxygen levels in
surrounding medium fall, In amphibia the respiration in tadpoles is regulated by
oxygen levels and in adult frogs the mechanism is controlled by carbon dioxide levels.

SAQ4
Mark True or False among the following statements:

i) Lung surfactant increascs the surface tension of the alveoli so that they don't
collapse.

ii) Tidal volume is the volume of air taken in one breath.

i) Anatomical dead spacc is the volume of air present in the trachea, broncheoles
clc,

iv) Residual air in the lungs is tmporlant for maintaining the carbon dioxide levels
in lung.

¥) Breathing in mammals is controlled by a part of the brain called cerebrum,

2.5.3 Adaptations for Diving and Underwater Swimming

Mammtals and birds cannot breathe when swimming underwater, but carbon dioxide
continues 1o be brought to the lungs. As carbon dioxide builds up in the alveolar air,
the usual stimulus for breathing is given and the underwater swimmer has to come
to the surface 1o breathe. Many species of mammals for example otter, beavers, seal
and whale show adaptations which permit them to stay underwater.

There adaptations are seen best in the sperm whatle that dives as deep as 1000 meters
for over an hour without any respiratory distress. Physiclogy of diving is an
interesting subject but it is beyond the scope of this unit to discuss it in delail. Brielly
we can mention that diving mammals have to conserve their oxygen for as long as
possible. For this they have evolved certain adaptations. They are :

i) The heart rate is slowed down along with a fall in blood supply to muscles, skin
and visera so that Lhe flow to the brain and heart is maintained. In some mammals
receptors in the nasal region when stimulated by water, trigger cardiac slowing.

if) Diving vertebrate, also have relatively large bloed volumes and venous reservoirs.

i) During a deep dive the high pressure of the water causes the lungs to collapse
partially and thus capillary circulation is also restricted there by reducing the
solution of air in the blood.




Unlike other mammals that have successfully adapted to underwater, human
beings are limited by their respiratory physiology. Thus we see that human divers
face several physiological problems. The major one is the increased ambient
pressure underwater. For every 10 meters there is an increase by 1 atmosphere
(101.3 k Pa) i.e. if one dives 10 m below sea level the pressure is doubled and
the amounts of gases dissolved in plasma would also double. The increased levels
of oxygen and nitrogen in blood can have serious consequences. Oxygen toxicity
develops rapidly when the Pos rises above 2.5 atmosphere because of oxidation
of enzymes and other destructive changes that can damage the nervous system
and lead to death. For this reason deep sca divers use a mixture of gases instead
of pure oxygen. Large amounts of nitrogen dissolved in blood under pressure
causes nitrogen narcosis, a condition resembling intoxication., Another danger
arises when divers surface too rapidly. The gases expand and their bubbles form
emboli in the circulatory system.

Human beings swimming underwaler at shailow depths can endanger themselves if
they hypervenlilate or overbreathe. They can thus reduce the carbon dioxide levels
from the alveoli. This will delay the onset of carbon dioxide-respiratory drive and the
sensation of the need to breathe. Bul meanwhile oxygen will conlinue to be used up
and since Po; receptors are not as sensitive as Pco, receptors the divers may become
unconscious through lack of oxygen and thus drown.

2.6 TRACHEAE

Insccls that have successfully colonised the terrestrial environment have envolved a
respiratory system very different from other land animals — the tracheal system.
Apart [rom inseets other arthropods, such as millipedes, centipedes, a few archinids
and terrestrial crustaceans have tracheae as respiratory organs.

The tracheal system consists of an air filled system of tubes — the tracheal tubes that
branch repeatedly until they become fine as capitlaries, and are called tracheoles. The
tracheolar endings are in close proximity to the cells of the body and sometimes they
indenl into the plasmia membrane giving the impression that they actually enter the
cells. Tracheae vary in diameter from 1-2 mm and the diameter of trachecles is
between (0,6-0.8 mm. In the Targer tracheae., thickenings known as aenidia in the
cuticular lining prevent the tubes from collapsing. The walls of the tracheae become
progressively thinner as they branch so that the tracheolar endings are only S mm in
diameter. Fig. 2011 shows the arrange nent ol trucheal system in some insects,

-
Waler

' Spiracle
surhice

Traches

(<)

Spiracies

ig. 2,01 Some mondiflications of e frachieai syslemn in insecis. (2} The basic pautern, (b) mechanicalty
ventiluled air sacs, (¢} terminal spiracles in aqualic insects.

The tracheae open to the outside by structures known as spiracles. Usually there are
10 pairs of spiracles. They have closing mechanisms, aided by valves, muscles and
filters. Such closing mechanisms also help to conserve watcr, The tracheoles and
tracheolar endings are permeable to water and may contain variable amounts of fiuid.

Respiration
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If the amount of haemoglobin that is packed in cells was to be free in plasma, the
viscosity of blood would be like syrup. Apart from this, being enclosed in cells

provides a more stable environment as reaction of oxygen and haemoglobin is

affected by ion concentration and organic compounds in blood. !

The structure of haemoglobin was bricfly mentioned in Unit 5 of the course in Celi
Biology (LSE-01). Let us now consider the structure in more detail,

A group of compounds called porphyrins arc widely distributed in plants, animals
and bactcria. Porphyrins associate with metals to form metalloporphyrins which form
a variety of compounds. For example chlorophyll about which you will read in
Block-3 is a magnesium-porphyrin complex and cytochromes which contain
porphyrin group play an important role in intraceliular oxidation.

IRy o

When ferrous iron Fe™* is added to a porphyrin protoporphyrin IX. ferrous
porphyrin or haem is formed. The molecular structure is shown in Fig. 2,13.

CH, Cli=CH,

C
HC—C C—CH
I oSN
CH‘\—uC—,C i C=C_CHJ
~ AN ; 7
] N e e |
Vg | N\
CH, — ¢ —¢ c=C—CH =cCHn, .
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CH, HC=¢ C=(CH
| I |
COOH C ==/ |
| | =
TH: CH, @ Globin (h) IL
CH,
COOH

Fig. 2.13 ; Chemical structure of haem group (a), Schematic representative of a single submil of haemoglobin (b).

The ferrous iron atom is bound to the four nitrogens of the protoporphyrin ring. The
ferrous iron makes two more links, one with the oxygen atom {o form.

oxyhaemoglobin and Lhe other to the globin portion of the molccule at a single amino
acid site (Fig. 2.13b).

The haem group of all hacmoglobins is the same and the variations in amino acid
sequences of the globin group form the different haemoglobins.

We can build up the structure of haemoglobin by considering a single unit or
monomeric form called myoglobin. This consists of a single polypeptide chain the
globin in which the haem group is embedded. Myoglobin is found in striated muscles
of vertebrates and combines with one molecule of oxygen. The veniebrate
hacmoglobins are tetramers formed by the aggregation of four polypeptide chains
each containing a discrete haem group. Thus each hanemoglobin can combing wiih
four molecules of oxygen forming oxyhaeomoglobin in a reversible reaction and the
unoxygenated compound is calied deoxyhaemoglobin. Two monamers in human
haemoglobin arc of a type called « and the other two are B wype. You would recall
the unique quaternary structure of haemaglobin from Unit-5 LSE-01.

Nearly all vertebrate haemoglohins are tetramers hut invertebrate hacimi

more diverse. The most dislinctive feature is that the subunits often form large
aggregaics of relative high molecular weights (Refer 1o Table 2.3).

In mammalian blood the amount of physically dissolved oxygen is about 0.2 ml of
oxygen per 100 ml of blood. The amount found bound to hacmoglobin is 20 ml
oxygen per 100 ml of blood. The dissolved oxygen is therefore, almost insignificant
tn animals without respiratory pigments. The only exception is the antarctic fish which




lacks a respiratory pigment altogether. The explanation could be that at low Respiration
temperature, the metabolic rate is low and oxygen like other gases has higher
solubility at low temperature. '

2.7.2 Oxygen Transport in Blood

All four respiratory pigments are adapted to load and unlgad oxygen effectively in
the habitats where they have evolved, whether animals live on land where the air
contains 210 ml of oxygen per Jitre or in fresh water containing 8.0 ml/litre or in the
sea containing 6.4 ml/litre. The loading unloading reaction can be written-as

{haecmoglobin) Hb + O, g==========T== Hb O,{oxyhaemoglobin)

The direction of this reaction depends on Po, of the cnvironment and bond strength § luemoglobin has ¢ven a stronger
or affinity between haemoglobin and oxygen. In the lungs where Po, is high almost alfinity f?l Culf)"oz {'“2“0?“}10 thin
all deoxyhaemoglobin motecules bind 10 oxygen. Low Po, in the systemic capillaries :_‘txr?n";r Carbon n:’;;i:i:;:‘:jndg
promotes unloz}ding. Similarly strong affinity favours loac'iing and .weak honding o displace oxygen in ’
favours unloading. Haemoglobin has a bond strength which permits 97% of hacmoglobin and remains
haemoglobin to combinc with oxygen when leaving the lung, At the same time the  auached as the blood passes
bond is sufficiently weak to permit unloading in tissues. Under normal resting "‘f“’”gh ““j‘“_“‘-*““-‘j-Tdh‘l-‘ “:‘]‘-‘Tmﬂ
o . > Af oxyee wired leading

conditions 22% of the oxygen 1s unloaded. This satisfies the oxygen need of the body o naesm & impaired leacing 1o

) . LT B . . o ’ dangerous consequuences and even
simultaneously maintaiming a reserve that is utilised during emergency conditions. death.

L]
Oxygen Dissociation Curves

The oxygen content of blood fully saturated or oxygenaled can be calculated. 1 is
known as the oxygen capacity of blood and this varies for different species. In humans
the oxygen carrying capacity is 20 ml oxygen per 100 ml blood. The relationship of
oXygen Carrying capacily to surrounding oxXygen concentration can be shown
graphically by oxygen dissociation curves. These curves are obtained by subjecting
blood samples to different partial pressurcs of oxygen. The per cent oxyhaemoglobin
suturation at different partial pressurcs of oxygen are plotted.

The oxygen dissociation curve {shown in Fig. 2.14) is S-Shaped or a sigmoid curve.
From 1he graph we can sec how haemoglobin acts as @ carrier of oxygen. Total
saturation occurs in the lungs where arterial pressure is above 95 mm Hg and the
oxygen is unloaded at low Po, found in tissues (about’40 mm Hg).
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Fig. 2.14: Oxypen dissocintion curve shaws how haemoglobin's oxygen binding capacity depends on partiul
pressure of oxygen- Nute that there is a 22% decreast in per cent oxyhacmoglobin as blood passcs
from arferies 1o veins in tissue. This resulis in unlozding of approximately 5 ml of oxygen per

100 ml of hload.

Also the curve shows that changes in Po, values from arterial to venous blood resull
in 97175 = 22% unloading when resting. During exercise this unloading is increased
‘.. Fig. 2.15 shows the dissociation curve for myoglobin which in contrast is

* Ayoglobin 1s described as middleman in the transfer of oxygen from

ondria within muscle cells. This is known as facilitated diffusion of
47
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Fig. 2.15 : A comparison of the dissociation curves for haemoglobln and for myoglobin. At the Po; of venous
blood, the myaglobin retains almost all of its oxygen, Indicating a higher affinity than haemoglobin
for oxygen. The myoglobin dees, however, release its oxygen al the very low Po, volues found
inside the milochondriu. ’

Fig. 2.15 also indicates that the compound remains oxygenated unlil quite low levels
of Po, in the surrounding fluids is reached. You can see from the figure that at

20 mm Hg the haemoglobin in the blood is about 30% saturated but the myoglobin
tn the muscles is above 80% saturated.

In molecular terms how does a S-shaped curve arisc? Look at the part of the curve
in Fig. 2.14 where Po, is low. At first the slope is not steep but rises steeply up to a
certain point {(about 20 mm Hg).

In other words haemoglobin does not take up oxygen at low Po, but as the
oxygenation of the pigment occurs its affinity for more oxygen increascs. No such
increase in affinity is evident from the myoglobin curve shown in Fig. 2.15. In
myoglobin the haem recacts to oxygen independently. In the case of haemoglobin '
where 4 subunits'are present, acquisition of one molecule of oxygen incrcases the
affinity of ncighbouring hacms for oxygen. This is known as co-operativity between
active sites. Let us see how this cooperation between active sites modifies the binding
of oxygen. It is now known that the haemoglobin can occur in two interchangeable
forms. one is called T (tense) structure and the other is R (released) structure,

T structure has relatively low affinity for oxygen and R structure has high affinity for
oxygen. The uptake of oxygen by onc subunit in T structure changes the whole
complex to R structure, which then binds Lo oxygen one nundred times faster than
the first haem group.

Oxygen dissociation curve for a sample of blood is affected by several factors. The
most important of them are :

1) Temperature

2) pH

3) CO,

4) Organic Phosphates

Al higher temperature hacmoglobin gives up oxygen more readily and the
dissociation curve shitts to the righs. This is of physiological importance because
increased remperature means higher metabolic rate or higher oxygen requirement.

Another important influcnce is the pH. Increase in carbon dioxide or other acids
lowers the pH of plasma and shifts the dissociation curve to Lhe right (Fig. 2.16). At
ligh carbon dioxide concentrations more OXygen is given up at any given oxygen
pressure. This effect is known as Bohr effect aller the Danish scientist who first
described it. Therefore. as carbon dioxide enters the blood from respiring tissuss -
¢ncourages the reiease of more oxygen. This is an important characteristic he

it allows more oxygen to be released to tissue which need it the most. *

is loaded in the lungs and more unloaded at the tissues due to Bohr ef .

be the casc if only diffusion along the concentration gradient war
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Fig- 2.16 : Bohr effect. Oxyhaemoglobin surrenders its oxygen mote readily in the presence of increasing
acidily. (a) The oxygen dlssociation curve shifts Lo the right with increasing acidily;

{b) metabollcally aclive cells will receive more oxygen than melabelically less aclive cells.

Carbon dioxide lowers the oxygen affinity of haemoglobin even if the pHis kept
constant. This effcct is due 1o the binding of carbon dioxide to the terminal amino
groups of hacmoglobin molecute. This site is not the same site on the molecule where
oxygen is bound.

The presence of organic phosphates in the red blood cells helps to explain many o o
peculiarities of the oxygen dissociation curve. Previously the red blood corpuscle was The importance of 2.3-DPG
idered to be a bag full of haemoglobin with no metabolism of its own because of within the red bload cels & no
consice & E . " X recagnised in blood bunking. Old
the absence of a nucleus. Now we know that it has an aclive carbohydrate metabolism  siared red celts loose then ability
and RBC has high content of ATP and 2,3-diphosphoglycerate (DPG). 2,3-DPGisa (o produce 2.3-DPG which means

product of glycolysis and it binds to 8 chain of the globin and reduces oxygen affinity. that such cells will not unload
their oxygen casily, Modern

Experimentally it was shown that purc haemogtobin has greater oxygen affinity than IS -

. . . techniques for storage of blood,
whole blood (the dissociation curve for pure haemoglobin is far 1o the left of the therefore, include the addition of
curve for whole blood). 1£2,3-DPG is added 10 pure hacmoglobin solution the OXygen  cnergy substrates for respiration
affinity decreases and approaches that of whole blood, The eficct of 2,3-DPG is also and phosphate sources necded for

important in transfer of oxygen from maternal to foetal blood. Foetal haemoglobin production of 2.3-DPG.

is different from adult haecmoglobin in having 5 & chains instead of B chains. Foctal
haemoglobin therefore cannot hind to 2.3-DPG and thus has higher alfinity for
oxygen at a given Po,. This higher oxyg:n affinity in foctal biood [facilitates oxygen
transfer [rom mother to foctus.

SAQ 6

Pick out the true statements [rom those given below :

i) The hacmoglobin of adulis contain four identical subunits and a hacm group.

ii) When hacm and globin (raclions arc scparated the haem group binds. reversibly
with oxygen.

ili) Bohr's effect facilitates transfer of oxygen to the tissues because of increascd CO,
levels in blood. -

iv) 2.3-DPG inhibits Lhe transfer of O, across the foctal-maternal barrier. .

v} [n haemoglobin one subunit after atlaching 10 an oxygen facilitates the oxygen
binding to others. v

2.7.3 Carbon Dioxide Transport in Blood

The same Lransport system that brings oxygen Lo the tissues must lake back carbon
dioxide 1o the cnvironment across the respiratory surface. However, unlike oxygen
that is transported exclusively by haemogiobin, carbon dioxide is transported in three
ways:

v a5 dissolved carbon dioxide in plasma (about 8%) and in red cell.
arbaminohaemoglobin. About 25% of the total blood carbon dioxide is
- -ttached to the amino groups in haemoglobin.
~H

\I“‘H + CO, — H* + Haemoglobin — NHCOO™ 49
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It is then carried to the lungs where haemoglobin releases it in exchange for
oxygen.

3) as carbonic acid and bicarbonate which accounts for most of the carbon dioxide
carried by blood.

Carbon dioxide combines with water to form carbonic acid.
CO: + H:)_O — HgCO;

This reaction occurs spontancously in plasma at a very slow rate but much more
rapidly within the blood cell due to the catalytic rcaction of an enzyme, earbonic
anhydrase. The formation of carbonic acid is favoured by high Pco, in the capillaries
of tissues. Carbonic acid dissociates rapidly in the red blood cells into hydrogen ion
(H*) and bicarbonate ion (HCO?3).

H.CO, — H" + HCO;

The H" released are buffered by their combination with haemoglobin and HCOQ3
moves out of the cells. The inside of the celt thus gains a net positive charge. This
attracis chloride ion (C17) which move inside the red blood cells. This exchange of
anions as the blood moves through capillaries in tissue is known as choride shift (Fig.
2.17a). The red blood cells are very permeable to both ClI™ and HCO3 because the
membrane has 4 high concentration of a special anion carrier protein called bancdl 111
protein that binds C1~ and HCO3 and transfers them'in opposite direction through
the membrane.

Tissue cell
CO. dissolved CO,+H,0-9H,0;;
inplasma | CO, Combineduih §| FCOSTH +HCO;
hncmug,hbi" to form . H* combines HCO;,
carbaminchacmoglobin X
with haemoglobin / o=
—L. » Chloride shifi
! V4 ]
P Plusma Red blood celly Capillary
Pulmonury
artery Pulmonary
Alveolus vein
HCOT+ H-»H.CO, €O, +hacmoglebin
Red oo cells
[0 Capillary

Fig. 2.17 : Carbon dioxide transporl in blood (a) in chloride shifl, carbon dioxide is transported -
forms: as dissolved CQ); gas, aitached to haemoglobin as carbaminohaemoglobin, an. -
acid and bicarbonale, (b) carbon dioxide is released from the blood as it trave” |
capillaries. A reverse chloride shift occurs and carbonic acid is transformed

.
-



The formation of carbonic acid enhances oxygen unloading (Bohr effect) and oxygen
unloading in turn improves the ability of blood to form carbonic acid and transport
carbon dioxide. When blood reaches pulmonary capillaries deoxyhacmoglobin is
converted 10 oxyhaemoglobin which has a lower affinity for H*, The H* is released
in the red bloed cells. This attracts HCQO3 from plasma which combines with H* to
form H,CO4

H+ -+ HCO; — H2C03

Under low Pco, of pulmonary vessels carbonic anhydrase catalyses the formation of
carbonic acid to carbon dioxide and water .

Carbonic anhydrase _
HL,CO; Low Pco,

H;O + CO,

Therefore, a reverse chloride shift occurs in the pulmonary capillaries to convert
carbonic acid, and biocarbonate to CQO, gas which is eliminated in expired breath
{Fig. 2.17b).

Aller having discussed the properties of blood and its role in thé transport of
respiratory gases we can now proceed Lo discuss the movement of blood in animals
in the next enit on circulation.

28 SUMMARY

In this unit you have studicd that :

® The physiological basis of gas exchange in animals depends on some simple
physical principles like solubility of gases. their diflusion rates which in turn
depends on the nature of gas. its partial pressure, temperature and presence of
ather solutes.

® The four basic categories of animal gas ¢xchange mechanisms are diffusion through
body surface. gills, lungs and trachea. The design of respiratory surface and the
mechanism of breathing are related to the nature of the medium in which the
aimals live.

® Most aquatic animals exchunge gases through pills that ate evaginations of
respiratory surfaces. Fish gills consist of gill arches with rows of gill filaments, They
contain extensive capillary beds in plate-like lamellae. Water flow across the
hraellae opposes blood flow, setlirg up an efficient countercurrent exchange.
Diffusion ol oxygen in waler is slow. therefore, aquatic animals must cxpend
energy to move large volumes of water over the respiratory surfaces,

® The vertebrate lung is a highly branched inpocketing of respiratory surface
cntaining numerous air sacs or alveoli. intimately associated with capillaries and
ventilated by a tidal flow of air.

® Gas ¢xchunge in lungs takes place in alveoli where partial pressure of oxygen is
higher than that in blood hence oxygen diffuses from alveoli to blood. In body
lissues the partial pressure of oxygen is low henee oxygen diffuses from blood into
lisucs. Respiration is regulated by levels of Peo, and by a respiratory centre in
the brain which is sensitive to blood Peo,.

® Insects have cvolved a separate system for gas exchange-tracheal system
rdependent of circulatory svstem.

¢ Respiratory gases arc transporicd mainly by respiratory pigments in blood. The
mst well-known pigment is hacmoglobin which combines with oxygen to form
myhacmoglobin. Oxygen dissociation curve depicls per cent oxyhaemoglobin
suratton at different values of Po.. Carbon dioxide. pH. temperature and
pesence of organic compounds in biood influence this curve. A fall in pH
dicreases the oxveen affinity of haemoglobin for oxypen. This is Bohr effect.
Decreased affinity cauvses unloading of oxygen 1o tissue. Oxygen affinity also
decreases in the presence of 2.3-DPG.

* (Cirbon dioxide is transported to the lungs by formation of carbonic acid in red
Jood cells. This reaction is favoured by high Po, in tissues. Carbonic acid ionises
ino H* and HCO73. Hydrogen ion is buffered by haemoglobin but anion balance
ismaintained by chloride shift. Reverse chloride shift occurs in the pulmonary

Respication
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Animal Physlology — | of limbs and contraction of dorsal hearts are important. In the giant earthworm
peristaltic contractions of the dorsal vessel move the blood in the anterior directions
and thus fill 5 pairs of lateral hearts (Fig. 3.4).

Peristalsis Dorsal blood vessel
COL'IDm (6'8!“1]“)
1

Capillary
network

Lateral “hearts®
{synchronous bem frequency 20/min)

Ventral blood vessel

Fig. 3.4 Lateral hearis in giant eaclhworm Glossoscolex giganieus.

. Another feature commeon to all animal circulatory systems is the presence of valves

, or septa that control the dircction of the flow of blood.
Tunicates show an interesting . . . . . .
variation. They have open The circulating fluid or blood is carricd from the heart in channels and cventually
circulatory system and the twbe rcturned to the heart. Vertebrate blood as you know is carried through a systemn of
like heart pumps blood by means — clastic tubes the arteries, capillaries and veins. The blood returns to heart without
of peristaltic wave pussing from actually leaving this svstem of tubes. Since blood remains in this closed system it is

one end to another. There are no K ol a irculati i v b however. blood is ved b the

valves in the heart, After a series  \1OWN a5 closed circulation. In many invertebrates, however. blood is pumped by the

of contractions the heart slows hearl into a vessel which opens into the open flid spaces so that the tissues arc '
down and stops. Afterapauscihe  bathed by the blood which is known as hacmelymph in this case. Such a system is

beal starts ir! the reverse and known as open circulatory system.
blvod flows in the opposite

direction. Open circulation is found in invertebrates ¢.g. insects. most crusiaccans and many .
molluscs. while annclids cephalopods. echinoderms and vertebrates have closed '

circulatory systems (Fig. 3.5).

@

Tubular hear

Hearts '

Fig. 3.5: In open cireulatory systems, pools af blood balhe the body’s tissues and organs. (a) Blood in
némulodes is moved through the body hy muscles thut contract us the animal moves. {b) In insects
there are tubulor hearts too that fill and emply rhythmically. percoloting blaod aver the (issues.
{c) Annelid’s clused circulatory svstem. Hlood is pushed through o set of hearts into circulatory =
vessels thal take it to the tissucs. Another stt of vessels take the blood back lo the heart.

In the open system there are no small blood vessels or capillaries connecling the

arterics and veins. Nets of minute sinuses or capillaries are found at some points in

a blood sinus. They do not form a closed network between arterics and veins and
58 arterial blood sooner or later passes into sinuses and bathes the major organs and



tissue. From these lissue spaces the fluids slowly go back into the open ends of veins
or the ostia opening into the heart. In the open circulatory system the organs lie
directly into the blood filled spaces or haemocoel.

In general, there is a more complete separation of functions in closed circulatory
systems than in open ones. The heart is the main pump that propells the bloed
through the arterial system and maintains a high blood pressure in the arteries. The
arterial system in turn acts as a pressure reservoir forcing blood through the
capillaries. The walls of the capillaries are thin and this allows malerial 1o transfer
between blood and tissucs. Each tissue has many capillaries so that ¢ach cell is not
far from the cagpillaries.

Blood leaving the capillaries enters venules and veins that return the blood to the
heart. The venous system has low pressure and contains most of the blood and is the
large volume rescrvoir. Blood donors give blood from this reservoir as there is hardly
any change in pressure when the blood volume decreases.

A lymphatic system has cvolved along with the high pressure closed circulatory
system lo recover fluid loss 1o the tissue from the blood. You will learn more about
the lymphatic system in section 3.5.

Circulation Patterns

All veriebrates have some similaritics in their circulatory systems but as vertebrate
life changes from aquatic to terrestrial. the pattern ol circulation becomes more
complex. Fish and mammals represent two extremes in vertebrate circulation and
Fig. 3.6 compares the itwo. The principal difference is in heart strucwure, from two
chambered in fish 10 four chambered in mammals,

The fish heart contains two main chambers in series the atrium or auricle and the
ventricle, There are two subsidizry chambers (not shown in Figure) the sinus venosus
which precceds the atrium and conus arteriosis which comes after the heart. These
contain valves that prevent backwards flow of blood. Blood makes a single circuit
from the heart 1o the gills where it is oxygenated and then Lo the dorsal aorta to be
distributed to the body from where it returns to the heart by the veins. Such a system
has the advantage that all of the blood going to the body has already been oxygenated
in the gills. However. there is a disadvantage i.c. the narrow gill capillaries slow down
the blood (low resulting in a low blood pressure. This slows the rate of oxygen

_ delivery to the cells and limits the metabolic rate that fish can attain,

Anlerior.
Anterior vena
cardinal-—4
- Pulmonary
Putmonary vein
arery
Right atrium— [T Leliutrium
Right ventricle— Left
venitricle
Hcpanc/
Poaterior vELR 1 Dorsal
inal—¢ aoria
v:;;] Hepalic
porial ven
Posterior]
YCRd CUviL
Exiremitics
Fich Mammal

Fig. 3.6 ; Circulotory system pullern in (a) fish and (b) mammals. Rust shows oxygenated blood.

The evolution of lungs and the need for highly efficicnt blood distribulion necessitates
double circulation in birds and mammals. One systemic circuit with its own pump that
sends oxygenated blood to the capillaries of body organs and one pulmonary circuit
that sends deoxygenated blood to the lungs. By keeping oxygenated and

Clrculation
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3.4.2 Cardiac Output

Now that you know how blood is pumped out by the heart, let us see how much
blood is pumped out with each heartbeat and whether it is related to the oxygen
requirements of the animai.

You studied in Unit  that small animals have a high rate of oxygen consumption in
comparison 1o bigger animals. Therefore, the heart must supply oxygen at a higher
rate too. How is this achieved? Is the size of the heart larger than other animals or
is the amount of blood pumped per heartbeat more or. is the rate at which it is
pumped more? :

Let us first talk about the size of the heart. It is nearly proportional to the body size
and makes up approximately 0.6% of the body mass in small as well as large
mammals. Differences in the need for oxygen are not reflected in the size of the heart
and it is known that the amount of oxygen dissolved in cach volume of blood ejected
out of the heart is also not dependent on the size of the heart.

Therefore, we can conclude that the pumping frequency must be responsible for
supplying adequate amount of oxygen when needed. Heartbeal frequency or pulse
rate is usually given as the number of heartbeats per minute, The pulse rate for an
aduit human being at rest is 70 per minute. During excrcise this rate increases several
times. You will learn more about this later in the unit,

Now, the heartbeat frequency is cerainly related to body size. The general rule is,
larger the animal, slower the pulse rate. Apart from body size in vertebrates the pulse
rate varics with the level of metabolism. Cod fish which is cold-blooded has a pulse
rate of 30 per minute, a warm-blooded rabbit of approximately the same weight has

a pulse rate of 200 beats per minuie.

Among mammals, an ¢lephant weighing 3000 kg has a resting pulse rate of 25 per
minute while the tiny shrew qf approximately 3 mg has a rate of over 6() beats per
minute: .

From the above information we can say that animals with a high rate of oxygen
consumption get additional oxygen becausc the rate at which blood is pumped is high.

~ Let us now examine the volume of blood cjected per heartbear,

The volume of blood ejected from the heart per unit time is calted cardiac output. In
hearts with complete separation of ventricles, cardiac ouipul refers 1o output of one
side only and not of both the ventricles.

The cardiac output can be determined in a number of wilys. The most common
method is the Fick’s principle, A. Fick a German phystologist in 1870 described u
stmple method of caleulating cardiac output from measurement of oxygen
consumption (or carbon dioxide production) and the difference between oxygen {or
carbon dioxide) contents of blood entering and lcaving the heart, -

O, absorbed by lungs

Cardiac output = . e
artertovenous oxygen difference

The volume of blood ¢jected by each beat of the heart is the stroke volume, The mean
stroke volume is determined by dividing cardiac outpul by heart rate. In other words,
cardiac output can be calculated if we know the values of hearl rate and stroke
volume.

Therefore, cardiac output cun be increased by increasing either the heart {requency
or the stroke valume or both. However, in mammals there may be little change in
stroke volume if cardiac output is to be altered, major adjustments are made in the
heart rate, The distribution of blood to the various organs of the human body is given
in Table 3.2 You can see from the Table ifrai kidneys, iiver, heart and brain make
up only 5% of the toral body weight but receive more than half of the tolal cardiac
output. Stroke volume can also be defined as the difference in volume of blood before
and after contraction. Two factors influence stroke volume, one is the hormone
adrenaline (epinephrine) which increases contractions thus forcing a larger volume of
blood out of the ventricles in a single stroke. The other is the amount of blood present
in the ventricles before contraction.




Table 3.2 : Blood Now to major organs of a 70 kg man at rest \

Organ Organ Mass Blood Flaw Blood Flow
{kg) (litre/minute) (litre/kg/min)
Kidney 0.3 12 4.0
Liver 1.5 1.4 0.9
Hean 0.3 0.25 5
Brain 1.4 075 0.5
Skin 2.5 0.2 0.08
Muscle 2.0 0.9 0.03
Remainder 35.0 0.9 0,03
Tolal 700 5.6

If the returning venous blood to the heart is increased, then ventricles will be filled
with more blood and following contraction more blood will be ejected out. This
relationship between cardiac output and increased venous volume was discovered by
the English physiologist Ernest H. Starling. This relationship will be further discussed
when we talk of blood flow during exercise.

SAQ 3
Tick mark (v) the correct answer ;
a) Stroke volume is the
i} volume of blood pumped {rom the heart
ii} volume of blood pumped into the heart
i1} volume of blood pumped by onc ventricle during a single heartbeat
iv) number of heartbeats per minute
b) Cardiac output cquals

i) stroke volume multiplied by heart rate
ii) stroke volume divided by heart rate
iii) stroke volume added to the heart rate

¢) Fill in the blanks with appropriate words {rom Lhe text.
Sinoatrial node is the .................... of the heart. The ...... [T starts at
this small piece of muscle and spreads to the .................... from where it
spreads tothe ...l e The impulse is conducted to the
.................... ol the ventricle from where it then spreads .................... to the
........... <vri-e. Of the ventricle. Release of et the Lo
slows the heart rate while adrenaline accelerates it,

3.5 BLOOD VESSELS

The blood vessels have elastic walls and a laver of smooth muscles in their walls which
cnables them to change their dinmeter. There are three main types of blood vessels —
arterics, capillaries and veins with characteristic differences among them. Arteries
have relatively thick walls that consist of heavy, strong layers of clastic fibres and
smooth muscles. As the arteries branch, their diameter becomes smaller and the
relative amount of muscle Lissue increases in proportion to the elastic tissue.
Capillarics are the smallest units, they are single celt thick. Almost all exchange
between tissue and blood takes place through the walls of the capillaries. The veins
also contain smooth muscles and fibres.

Tord Tloes
3.5.1 Blosd Ilow

To understand how blood flows in vessels Ict us first understand the basic physics of
flow in tubes and the special properties of blood as a fluid.

The flow of a fluid may be smooth or regular in a straight tube so that each particle
moves in a straight line. This is called laminar flow. Blood exhibils a similar kind of
flow in the blood vessels.

Circulation
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To convert 1o kilopascals,
mutktiply the blood pressure in mm
Hp by 0.1333 k Pa.
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Let us first consider the velocity of flow of blood in the vessels. At any point it is not
related to the nearness to the heart but to the total cross-sectional area of that part.
This cross-sectional area does not refer to that of a single artery or vein or capillary
but to the sum of the cross-sections of all the arteries or capillaries of that area, You
would have noted that the velocity of water in a river increases as the river narrows,
similarly in circulation the maximum velocity occurs where total cross-sectional area

is smallest. The arteries have the smallest cross-sectional area and the capillaries have
the largest total cross-sectional area. Fig. 3.9 depicis this relationship.
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Fip. 3.9 : Blood velocity is inversely proportional to cross-sectional area at ony given point. The velocity is
the highesl in aorta and falls markedly [n capillaries and again increases in vena cavo.

The resistance to flow in a tube results frony inner friction in the fluid i.c. the viscosity.
We all know that water and sugar syrup do not flow at the same rate from a bottle.

We can say thal waler has low viscosity and syrup, a high viscosity. For convenience

viscosily of a fluid Is expressed relalive (o the viscosity of water. Bluod plusma has a
relative viscosity of 1.8 mosily as a result of the 7% dissolved proteins. Whole hlood
is more viscous because of the cells in it, at 37°C, relative viscosity of mammalian
blood is between 3 and 4. Therefore, because of the presence of RBC blood behaves

as though it is 3-4 times more viscous than water.

However, blood does not behave as expected of a viscous {luid. Its relative viscosity
changes with decreasing radius of the blood vessels. In fact in tubes iess than 0.3 mm
in diameter the relative viscosity of blood approaches that of the plasma, therefore,
it flows more easily. In flowing blood, we find that the red cells tend 10 accumulate
in the centre. This accumulation leaves the wall relatively free of cells, therefore, the
viscosily in the centre is more than at the sides. Since flow is inversely related 10
viscosity, flow at the walls will increase slightly and will decrease at the centre slightly.

Another peculiar aspect of blood flow in capillaries is that often the capillary diameter
is smaller than RBC and the RBCs easily change shape to pass through the capiilary.
This gives rise Lo a very different type of flow — bolus flow in which the red cells act

as a plug that causes rapid increase in liquid along the walls of the capillary and thus
help in the renewal of the diffusible substances in this layer.

Blood Pressure

We aré all familiar with the term high blood pressure. What exactly is blood pressure?
By blood pressure we mean arterial blood pressure. During a heartbeat cycle the
maximurmn pressure is referred to as systolic pressure and the minimum diastolic
pressure. The difference berween the two is the pulse pressure. Blood pressure is




generally expressed in millimeters of mercury and as systolic/diastolic, that is 120/80 Circulation
mm Hg. Blood is 12.9 times less dense than mercury so a blood pressure of 120 mm
Hg is equal to 120 x 12.9 = 1550 mm or 155 cm.of blood. In other words if the blood

vessel was [0 be opened suddenly the blood would squirt out to a maximum height
of 155 cm above the cut.

Pressure generated by the heart decreases due to the flow of blood. Fig. 3.10 shows
blood pressurcs in the circulatory system of man. The blood pressure falls as blood
flows from the aorta to the vena cava. The greatest pressure drop takes place in the

smallest arterioles which by changing their diameter can regulate the flow of blood
to various body organs.

Capillaries
1 1
Arterioles | | venules
1

Pressurc (kPa)

Fig. 3.10: Change in blood pressure in different parts of the circulation. The major drop eccurs in the
arterioles.

Box 1

William Harvey and thie Study of Circulation -

Wﬂ]lam Hawey 5 book on hearts anc the circulation of blood — ﬁrst pubhshcd
in Lalin in 1628 — provided at a single stroke almost all the ma]or fealures of
cu'culatlon as we know lhem today ’ :

Prior to Hanrey S great work relauvcly hllle was known about clrculauon and
most of what was “known” was wrong. Blood had once been thought to be .
immobile in the body. Later, it was wrongly thought that blood movement is -
- sluggish and that b]ooierrancally changes velocity and dlrccuon Tt was not .
- even realizéd that the heart is responsible for the, movement of the blood. -The -
beatmg of the heart and pulsmg of the arteries were attnbuted to-‘vital spmts .
"“contained within theri. It was thougtit that there are two kinds of blood —=one T-Z'T'f
correspondmg ls) what we now fecognize as the blood of pulmonary t:lrculanon
-and-the other- to the blood of systemlc circilation; .. 7 _; :

Harvcy combmed met:culous anatomlcal obsenratlon wnth elegant phys:ologn:al
experimentation. Once the structura) basis was well understood he could then .
turn-to the study of function. His comparative observauons of heartand: blood
movements in vertebrates and invertebrates ranged from molluscs and insects
to ﬁshes amphibians, reptiles, birds, and mammals. He estimated the capacities
and rates.of blood Oow throuph ventricles, 2nd he studied” the effects of drugs -
.and of changes of posilion on; the cn’culatlon The valves in veins had been .-
“discovered by Fabncms in lhe sixteenlhcs ccnlury, but it look Ha.rVey to explam e
" their: funcuon —as he: dld for the valves of thc heart s

Harvey taid the groundwork for our current understandmg of much of the
__mrculatory system ~The_only. ma]or step.that hé. missed was the. cap:].lanes_, H.
" between arteries and veins. Four years after Harvey S death Marcello Malplgl-u

‘ dlSCOV'CI‘Cd and descnbed the cap:llary circulation, ~ "7 f:j_, R 65
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The arterics deliver blood from the heart. Fig. 3.11 shows the structure of aricrics
and the diflferent layers of the vessel wall. The thick walls of these blood vessels,
cxcept those of the smallest. are supplied by their own capillary network called vasa
vasoram. The arteries serve four main functions:

1) toact as a conduil for hlood between heart and capillaries,
2) 10 act as a pressure reservoir for forcing blood into smiull diameter arterioles.,
3) to produce a morce or less cven flow of blood through the capillaries,

4) to control distribution of blood to differcnl capiliary networks via sclective
constrictien of the terminal branches.

Flow Flow
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Fig. 3.11 : Major structures in peripheral blood circulation in mammals. Bload flaws [rom the arleries
thraugh the eapillaries into the veins (id is inlernal diameter).

There is a precise control on arierial blood pressure, The nature of the arterial wall

and the volume of blood pumped into the arteries determines the pressure. I any of

these are changed, the pressure will also change. Normally, arterial blood pressure
66 varics very little as cardiac output and capillary flow are evenly matched.




The elastic properties of arterial walls vary. Close to the heart the arteries are elastic
and dampen the oscillations in pressure and'flow generated by the contractions of the
heart. As the heart relaxes the pressure in the arteries is maintained by a reduction
in vessel volume. If the arteries were rigid tubes then the same pressure fluctuations
would be experienced by peripheral vessels as that observed when blood leaves the
heart.

3.5.3 Veins

The veins bring back the blood from the capillaries to the heart. They form a large
volume low pressure system. The vessels have a larger internal diameter. In mammals
50% of the total blood volume is present in the veins and pressure is approximately
10-5 mm Hg. If there is any blood loss, the venous volume is decreased and not the
arterial volume. So that arterial blood pressure and capillary blood flow is maintained.

Flow of blood in veins is affected by several factors. Pressure exerted by the
diaphragm on the gut and activity of the limbs both help to squeeze the veins of those
regions. This squeezing and action of packet valves (that prevent back flow) help the
flow of blood towards the heart. Breathing in mammals also helps in drawing the
blood from the veins in the head and abdominal cavity.

Smooth muscles in veins also help in regulating blood supply in the venous system,
When a person changes his position from sitling to standing the change in the relative
position of heart and brain with respect to gravity activates the nerve fibres that are
present in the veins of the limb. This causes a contraction of the smooth muscles.
The pooled blood is thus, redistributed.

3.5.4 Capillaries

We said earlier in the unit that most tissues have such an extensive network of
capillaries that any single cell is hardly 2-3 cells away from any capillary. The small
terminal arteries subdivide to form arterioles which divide to form metarterioles and
then capillaries, which rejoin to form the venules and veins.

The smooth muscles of the arterioles become discontinuous in the metarterioles and
end in a muscle ring the precapillary sphincter that controls the blood supply to each
capillary bed. Through the precapillary sphincters, the capillary bed can be bypassed
altogether and blood can be diverted to areas of greater demand. All capillaries of
an animal have the potential Lo hold 14% of the total blood volume. However, only
30% to 50% of all capillaries are open at a time and thus only 5-7% of the total
volume is contained in them.

Capiliary
Arteriole Venule
end end
Net _ Net
outward inward
Pressue Pressure

Solutes (Wastes,CO,) diffuse
into Capillary , H,O enters
by osmosis

Capillary  solution (H,O,
nutrients,Q,)  Sgueezed ouy

Fig.3.12 : Fluid exchange atross a captllary wall,
Differences [n blood pressure and osmotic potential across the walls of a capillary are responsible
for the exchange of fluid. On the leN, blood leaving an arterole to enter a capillary Is at =
relatively high pressure which overcomes the lacal osmotic potentipl. Because of this, bloed fluids
are squeezed out of the capillary (striped arrow). At right, blood leaving a capillary to enter &
venule Is at a relatively low pressure that does not overcome the local asmotle potentlal, even
though the Latter s also relatively low. As a result water enters the caplllary by csmosls (solld
arrovw). In contrast to this exchange of fluld, the exchange of gases, nolrients, and wastes occurs
by simple diffusion across the caplilary wall,

Circulation

When a persan stands immobile
for a long period, he can Faint
because of inadequate venous
blood return ta the heart. In such
cases, cardiac output, arterial
pressure and flow of blood to the
brain are all reduced. Similar
situalion occurs in bedridden
paticnis that try to standup aftera
long pertod.

It is easy 10 count the number of
capillaries in a cross-section of
muscle as capillarics run between
and parallel 1o the muscle fibras,
The resting muscle of a guinea pig
in cross-section of | mm® contains
100 open capillanies through
which blood flows. Under
maximal exercica, however,

1 mm* cross-section miy show
more than 3000 open capillares!
Compare the diameter with an
ordinary lead pencil of 3 mm2
cross-section!
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Capillaries are made up of a single layer of endothelial cells surrounded by a basal
membrane. The walls are thin and fragile but because of their small diameter resist

stretching in response to capillary blood pressure. Water and dissolved substances of

small molecular weight (gases, salts, sugars, amino acids etc.) can diffusc easily. In

addition, fluid is forced aut through the walls. Substances of molecular weight more

than 70,000 (mostly proteins) do not pass out of the capillary walls. These proteing

exert an osmotic effect called the colloidal osmotic pressure, which tends to draw.

water back into the capillary from the surrounding tissue fluid. Another force, the |
hydrostatic pressurc of blood tends to push the water across the endothelial cell layer L
out of the capillarics. When the hydrostatic pressurc within the capillary cxcecds :
colioidal osmotic pressure, fluid is passed out through the capillary wall; when the !
hydrostatic pressure in the capillary falls below the colloidal osmotic pressure the |
fluid is drawn in. The hydrostalic pressure in the arterial end of the capillary is higher i
than the colloidal arterial pressure while at the venous end it is often lower. '
Therefore, fluid is filtered out at the arterial end and redrawn in at the venous end !
(see Fig. 3.12).

This amount of ftuid forced out and the amount re-entering varics greatly. Usually
outflow exceeds inflow and excess fluid remains in the interstitial spaces. This as you
alrcady know forms the lymph.

3.5.5 Blood Flow during Exercise

Whenever we exercise or run we notice that we begin to breathe faster, the heart
beats much fasier than the usual average of 70 beats per minute. We know that the
body at this time needs morc oxygen and the heart must supply it to the muscles.
There can be two ways of supplying this additional oxygen. The cardiac output can
be increased or the amount of oxygen delivered by each volume of bloed is increased.

The arterial blood pumped out of the heart is already fully saturated but venous blood

normally contains more than haif the oxygen present in the artcrial blood. Thercfore, i
if morc oxygen is extracted from the venous blood it can be supplied to the muscles, i
The total muscle of a lean person uses about 50 ml of O, per minute which is supplied I
by about 1 litre of blood. Arterial blood contains 200 ml of Oy/litre and venous blood

contains 150 ml of O,litre. The oxygen extraction therefore, is only 25%. During

heavy exercisc, blood flow to muscles may be 20 litres per minute or cven higher in

atheletes and the oxygen cxtraclion increases to 80-90%. In other words, during

heavy exercise almost all the oxygen may be removed from the venous blood.

The cardiac outiput can also be increased to deliver more oxygen. As said earlier,
cardiac output can be increased by either increasing stroke volumce or heart ratc or
both. At rest the human heart rate is 70 beuats per minute and he stroke volume is
70 ml (from cach side) giving a total cardiac ouiput of 5 litres/minute. During cxcrcise
the cardiac output is increased about five-folds or more. Most of the increase is due

to increase in pulse raie which may become 200 strokes per minute. Stroke volume
may also increase beyond 100 ml. In a well-trained athelete the oxygen consumption
may be increased as much as 100 times but this becomes possible more due to a
three-fold increase in oxygen extraction from the bload.

SAQ 4
a) Sclect the four true stalements:
i) Arteries are gencrally of larger diameter than veins.
it) A diameter of about 10 mm is typical of bloed capillaries in mammals.

iit) The arteries near the heart are more elastic and dampen the oscillation

in blood flow.
iv) Whoie blood is moie viscous than plasima because of presence of blood cells.
v) Velocity of blood flow is related to the total cross-sectional area of the vessels.
vi) Viscosity of blood changes with decreasing radius of blood vessels.

vii) The maximum pressure during a heartbeat is known as diastolic pressure.

b) If osmotic pressure exceeds blood pressure will there be net filtration or net '
absorption in the capillaries?
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3.5.6 Lymphatic System

Approximately 99% of the fluid (water) that leaves capillaries at the arteriole end is

normally reabsorbed at the venule end. But what about the femaining 1 per cent fluid

left in the interstitial spaces? Vertebrate animals have a special system of vessels, the Right
lymphatic system (Fig. 3.13), that drains fluid from interstitial spaces in the tissugs ~lymohalic
and returns it to the blood, thus maintaining balance between blood volume and
interstitial fluid volume in the body. There are lymph capillaries in ail parts of the
body. Lymph capiliaries have blind ends, that is, they are closed at one end. Though-
the walls of the lymph capillaries are structurally similar to those of blood capillaries
their permeability characteristics are different. Their walls are permeable to water
and proteins that have been filtered across the capillary walls. This mechanism is
important because a few protein molecules leak through the capillary walls and these M‘:p';‘;“‘
must be returned to the blood if normal and functionally necessary osmotic

differential between blood and interstitial fluid is to be maintained. Large molecules,
particularly fat absorbed from the gut and probably high molecular weight hormones

reach the blood via the lymphatic system (refer to Unit 1).

Cenvical
nodes

Inguinal
nodes

Once interstitial fluid enters the lymphatic system, it is called lymph which is a pale
yellow fluid. Lymph moves through lymph capillaries and lymph vessels as a resuit
of pressure applied by muscle contractions near the vessels and a system of valves
that prevent backward flow. Some vertebrate animals {many cyclostomes, fishes and
amphibians) have pulsating lymph hearts that move lymph along through the
tymphatic system. But human lymph movement is completely passive and depends ~ Aneriole
on the pressure of the contracting muscles adjacent to the vessels. Lymph moves
through smaller vessels that unite to form larger vessels. Finally, two major lymph
ducis (left thoracic duct and right fymphatic duct} empty into large veins near the
heart (Fig. 3.13).

Lymphaltic vessel

Yalve

In addition, the lymphatic system plays an important role in body’s defence

system by producing lymphocytes and monocyltes in the lymph nodes located along
major lymph vessels. Lymph nodes are present in birds and mammals only. The _
phagocytic cells engulf dead cells, .cell debris and foreign objects such as bacteria as p  Lymphatic

the lymph filters through the lymph nodes. In addition to this general phagocytic Capillary
ivi i \ ' . Flg.3.13:0) Lymph vessels of the
activity. cells that are present in the lymph nodes as well as in blood, the lymphocytes hurthn body,

(white blood cells) are involved in specific defensive responses to infection. Because idealised view of
the lymph nodes are very active in defence responses, they often become swollen and b) ;\L'l;ﬂlﬁ::‘il:ip ;cf:c:n
tender during infection. The S0 called “swollen glands™ that often accompany a sore lymph c'npi”ari,..s.
throat are not glands, but active lymph nodes. . blood and tissues.

Problems with the lymphatic sysicm can interfere with fluid balance in the body.
Anything that interferes with the flow of lymph through a lymph vessel causes fluid
accumulation in that part of the body drained by the vessel. Not only is fluid drainage
impaired, inadequate protein removal alters the osmotic balance between the blood
and the interstitial fluid so that even more fluid accumulates in the tissue. Such fluid
accumulation is called oedema, and it often is visible externally as a swelling in that
part of the body. An extreme cxample of this is a condition caused in the disease
filariasts by a parasitic larval nematode Wrcheraria bancrofii in India. The larval forms
are transmitted by mosquito to humans. They invade the lymph nodes and block
lymphatic drainage so that portion of the body usually arm or legfand external
genitalia become swollen, sometimes to the point of becoming grotesquely mishapen,
This condition is known as elephantiasis (Fig. 3.14).

Fig. 3.14: Swollen and abstructed
lymph nodes. cause

SAQ 5 clephantitis,
How are lymph capillaries diffcrent from blood capillaries?
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Fig. 3.15: Human RBC caught in
a mesh of fibrin.

Table 3.3 : Blood coegulation
factors

Facior
{International
Commiitee
desigation)

Svaonynis

1
I
I

Fibrinogen
Prothrombin

Thromboplastin
lissue factor

v Calcium

A Labile facior

V1 Now considered
identical 1o
[aclor V

Vi1l Proconvertin

VI Antihaemophilic
[actor

1% Christimas faclor

X Swart Prower
[actor

X1 Plasma thrombo-
plastin anrecedent

X Hageman factor

XiIl Fibrin-stubilizing
[aclor
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3.6 HAEMOSTATIC MECHANISMS

When we accidently get hurt or cut our finger, blood starts flowing but within a few
minutes it stops flowing too. Several mechanisms help prevent foss of blood from
ruptured blood vessels. Damaged blood vessels constrict and so decrease the blood
flow; but the most important mechanism,-however, is the closing of the blood vessel
at the site of the injury by formation of a plug or clot which involves the conversion

of liquid blood to jelly which prevents further escape of blood.

The clotting mechanism or coagulation has been well studied in mammals especially
man, as il is of great medical importance. Let us try to understand the process. When

a section of a blood clot is examined under a microscope, it is found to be composed

of a tangled mesh of very delicate fibrils among which are entrapped, as in a net,
erythrocyles, leucocytes, and many fragmented platelets. The filaments arc
composed of fibrin, an insoluble gel form of the protein fibrinogen which is present
in the plasma. These filaments may be scen in many places to radiate from centers

<J7| formed of platelets (Fig. 3.15). If the clot is allowed to stand for a while, it undergocs

shrinkage, and as it shrinks, expresses from its meshcs a clear, faintly straw colourcd
fluid, the serum. The serum remains fluid idefinitely; it is quite incapable of clotting,
for it contains no fibrinogen. Plasma separated from the blood cells by centrifuging,
clots in a way similar to that of whole blood and expresscs the cleaT serum. The clot
(coagulation) is white, since it contains no cells, but except for this diffcrence it is
indentical with that formed in whole blood. The cloiting process is essentially,
therefore, a phenomenon of the plasma. Lymph also clots, though somewhal more
slowly and less firmly than does blood or plasma.

Now we shall study the acwal clotting mechanism.

Clotting Mechanism

Four substances are necessary for coagulation of blood; prothrombin, thromboplastin,
calcium and fibrinogen. Prothrombin gives rise to thrombin, an enzyme. Fibrinogen,
prothrombin, and calcium are present in circulating blood. Thromboplastin (a lipid
or fat-like compound coniaining phosphorus) is widely distributed throughout the
tissues, the lung and brain being especially rich in this factor. It is absent or present

in only small quantitics in blood plasma. When blood is shed, thromboplastin is
liberated from injured tissue and probably also from the leucocytes of the blood itsclf.
The thromboplastin, acting upon the prothrombin in the presence of calcium in an
ionised form, converls, it to active thrombin. Thrombin acts in turn upon the inactive
fibrinogen, converting it into insoluble fibrin which is deposited as fine 1hreads to
form the framcwork of the clot. In simplest possible terms the chief factors are
summarised in the following scheme:

Prothrombin + calcium + thromboplastin = thrombin
(inactive) (active)
in plasma
Thrombin + fibrinogen= fibrin

(soluble) (Thrcads)

in plasma

Blood does not normally clot in the blood vessels because there is not sufficient free
thromboplastin to convert the inactive prothrombin into the active thrombin.

The catalytic sequence of events behaves like an enzyme cascade with cach product
of a reaction being responsible for the activation of the next reaction. At least 13
different plasma factors have been recognised (sce Table 3.3 in margin). A deficiency
of even one factor can delay or prevent ctoiting. Why has such a complex mechanism
evolved? Maybc it is ¢ssential to have a number of initial clolling responses Lo a
varicty of internal and external stimuli that can cause hacmorrhage. At the same
time, any ambiguous stimuli would not be able to cause intravascular clotling when
no injury occurs.

Coagulation of blood is inhibited by heparin, a mucopolysaccharide that can be
isolated from mammalian liver. A haemostatic mechanism is necessary for most
animals. In open circulation the contraction of blood vessel to prevent blood loss does
not help, but then open systems have low blood pressure and thus decrease the
chances of large blood losses.




Clotting mechanisms are also seen in invertebrates. The simplest mechanism is the
agglutination of blood corpuscles without the involvement of plasma proteins. A
cellular meshwork forms which helps to closc the wound. Contraction of muscles also
helps in this process.

3.7 SUMMARY

[n this unit you have studied that :

Plasma, interstitial and intracellular fluids make up the body fluids in animals.
These fluids are mostly water but differ from each other in their solute
composition. Blood is the fluid transport system which transports nutrients;
wastes, heat, regulatory matcrials and the oxygen carrying pigments in the body.

Circulatory systems can be divided into two broad categories : Open and Closed.
In open circulation the blood is pumped by the heart into spaces where the organs
are directly bathed by it. Blood pressure is low. In closed circulation, blood is
enclosed in vessels and passes from the arteries into the veins via capillaries. Blood
pressure is high and fluid that Icaks across capillary wall into interstitial spaces is
returned by special vessels forming the lymphatic system to the circulation.

The heart is a muscular pump that ejects blood into the arterial system. Excitation

of the heart starts in a patch of muscle tissuc the pacemaker and the conlraction
spreads Lo the rest of muscle tissue, The heartbeat consists of rhythmic contraction
(systole) and relaxation (diastole) of the whole muscle mass.

Pulsc rate is inversally proportional to body size and animals with high metabolic
rales have high pulse rates. Cardiac output is dependent onivenous flow and in
mammais changes in cardiac output are related to changes in pulsc rate rather than
stroke volume,

The arterial system is the pressure reservoir and conduit for blood between heart
and capillaries. The clastic arteries dampen the oscillations in pressure and flow
caused by the contractions of the heart. Blood to the capillarics is controlled by
muscular sphincters at the arteriole end. Blood flow is laminar in the blood vessels.
The velocity is maximum in arterics and minimum in capillarics.

The venous system acls as a conduit for blood between capillarics and the heart
and as a blood reservoir. In mammals 50% of the total blood is contained in veins.

Exchange of matcrials between blond and tissue takes place through capillary
walls. Changes in the composition of extraccllular fluid and blood in capillaries
causes the fluids to leave the capillaries at the arterial end and to be reabsorbed
at the venous end.

uting cxereisc, the additional supply of oxyegen to the muscles is duc to increased
cardiac output and also duc to enhanced oxygen extraction from the blaod.
A system of vessels drains the fluid from the interstitial spaces into the blood
vessels, This is the iymphatic system. Lymph contains lymphocytes and monocytes
that are essential elements in the body's immure system. These are produced in
the lymph nodes.

Haemostatic mechanisms like contraction of blood vessels and coagulatton help to
prevent blood: loss during injury. Coagulation is a complex process mvelving an
enzyme cascade which results in the linal blood clot.

1) Summarisc in your own words the functions of blood and lvmphatic system using

the informalion given in the unit.

2) What are the advantages of a closed circulatory system? In your opinion which

is superior — closed or open circulatory system?

Clrculatlon
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3)

4)

How does the heart respond to strenuous exercise? Why is the heart rate siow
during decp sleep?

In closed circulatory sysiems blood is under some degree of pressure, and if any
vessel ruptures a haemorrhage mily occur. What is the response of the svstem to
control the situation?

3.9 ANSWERS

Self-assessment Queslions

1)

2)
3)

4)

a) Blood is plasma plus blood cells. Plasma is fluid without the blood cells.

b) In the ion content and protcin composition.
Na and Cl arc the predominant ions in extracellular fluid. Protein percentage
is less than intracellular fluid. K and Mg are the predominant ions inside the
cells.

a) iv. b) 1l ¢) mammals; oxygenated; body organs; pulmonary

a) i, b)i,  ¢) pacemaker; heartbeat; atria; arlerioventricular node: lip;
upwards; walls acetylcholine; vagus
a) i), iv), ), wvi); b) net absorption

Lymph capillaries are blind ended, they have no RBCs. They have thinner walls
that allow larger malecules like proteins and Fats o diffuse through them. Their
diumeter is larger than blood capillarics.

Terminal Questions

1}

2)

3)

4)
3)

Refer to section 3.2 and sub-section 3.8.6.

Each type is best suited to the environment in which the animal lives but there
arc certain advantages for animals with closcd circulatory system. The blood is
transported in vessels therefore at high pressure. It can be delivered much faster
to the tissues. Animals with closed system have higher metabolic rate i.ce. they
Can NOW SLOTC cnergy.

During strenuous exercise the hearl rate increases, and cardiae oulpul increases,
the stroke volume increases only slightly. During deep slecp the metabolic
activily is less, therefore, the heart rate slows down,

Refer 10 sub-section 3.5.4.

1) Constriction of vessels at the site of rupture.

2) Mechanism of clotting which is a series of complex reaction accurring fapidly.
The clot in this case prevents further blood loss.




UNIT 4 EXCRETION

Structure
4,1 Introduction
Objectives

4,2 Nitrogen Excretion
Formation of Ammonia
Ammonetelism
Urcorclism
Uricolelism
Guanoeielism

4.3 Excrctory Organs
Functional Principles
Contractile Vacuoles
Nephridia of Worms
Molluscan Kidney
Green Gland of Crustaceans
Malpighian Tuobules of Inscels
Vertebrate Kidney

4.4 Regulation of Kidney Function

4.5 Summary

4.6 Terminal Questions

4.7  Answers

4.1 INTRODUCTION

Excretion is the removal of toxic waste products of metabolism from the body. The
end-producls of melabolism are cither eliminated or conserved by an animal
depending on its physiology. You have learnt in Block 3 of LSE-01: Cell Biology that
carben. hydrogen. oxygen and nitrogen are the end-products of catabolism. Carbon
atoms arc ¢climinated in carbon dioxide, hiydrogen in water, and oxygen in carbon
dioxide and waicr. Nitrogen which is the end-product of protein catabolism is found

in large quantities. It is highly toxic and needs to be cxereled as soon as it is formed,
or converted inte less toxic form before being eventually excreted. In this unit you
will learn how animals gel rid of the toxic nitrogen. You will also study the structure
and function of the exeretory organs ol various animals and also the mechanisms thal
rcgulate kidney function. In the next unit you shall study about osmorcgulation, a
process which maintains osmotic and ionic concentration of 1he body fluids. The
processes of excretion and osmoregulation are performed by the same set of organs
and maintain homeostasis. In this unit esmoregulatory (enction of the organs has also
been dealt with al some places along with their excretory {unction.

Objectives

After a carcful study of this unit, you should be able to ;

¢ cxplain how ammonia is formed during metabolism

® cxplain why ammonia is Loxic to cells

¢ cxplain how ammonia is prompily climinated in aquatic animals

& discuss pathways of ammonia detoxification in terrestrial animals

® oxplain how nitrotelism in animals is related to habitat

® cliscuss anatomical diversity and functional principles of renal organs, and

@ cxplain the importance of renal organs in homeostasis,

You arc aware that nitrogen is a characteristic constituent of amino acids and

proteins. Animals receive amino acids in dict and use them to synthesise a variety of
functional nitrogenous compounds such as nucleic acids, proteins both enzymic and -
non-¢nzymic, some hormones, and neurotransmitiers. The amount of amino acids

obtained in diet is usually in excess of the need for the synthesis of the functional
nitrogenous compounds. The excess of amino acids is either catabolised for the
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release of energy or is used for the synthesis of glycogen and fat. When amino acids,
proteins or nucleic acids are catabolised, nitrogen-containing excretory end-products
are formed. These arc ammonia, vrea and uric acid.

Animals are ofien grouped according o their main excretory produets.

i) Thosc that excrete mainly ammonia (NH,) as the end-product of protein
metabolism are callecd ammonotelic. |

1) Those that excrete mostly urea arc ureotelic.
tii} Thosc that form mainly uric acid are uricotelic.

iv) Those that secrete guanine are guanotelic.

Excretion of nitrogen as ammonia, urea or uric acid is closely related 10 the normal
habitat of the animal and tg the availability of water. In no animal nitrogen excretion
is restricted to a single product. Animals arc designated as ammonotelic, urcotelie,
uricotelic or guanotelic only to indicate the predominant form in which nitrogen is
excreted. The term uricotelism. for example, does not preclude the excretion of
ammonia and urea in minor quantitics.

The mode of nitrogen excretion may vary within a given group of animals depending

on the habitat of the specics, For example, South African frog, Xenopus laevis, which
is aquatic in adult life is ammonotclic whercas many of the truly amphibijous frogs
and toads (c.g. Bufo species) excrete urea as adulrs. Similarly, the aquatic chelonians
(tortotse and turtles) excrete more or less cqual propoertions of urca and ammonia.
the semiaquatic forms are urcotelic and the desert living arc uricotelic.

The tadpoles of frogs and toads are ammonotelic, while the adults are ureotelic.
Mctamorphaosis of the tadpole into the adult frog is associated with the induction of
all the urea cycle enzymes in the liver. The Alrican lungfish, Protopierus aethiopicus.
normally tives in water and excretes large quaatities of ammonia. In summer, when
the ponds dry up, it acstivates in a mud cocoon and becomes ureotelic, With the
advent of rains. it shifls its metabolism back 10 ammonotelism.

You will learn morc about ammonotelism, urcotelism and uricotelism in the (ollowing
section. In Table 4.1 major nitrogenous cxcretory products in various animal groups
are listed.

Table 4.1 : Major Nitrogen Excretury I'redueets in Yarious Animal Groups

Major end. praduct

Animal ) \ Habitat
uf pratein metabalism

Aquatic inveriebrates Ammanii Aquatic
Teteost fish Ammonii, some urea Agquatic
LElasmobrinchs Lirea Aguatic
Crocodiles Ammonia, some uric acid Seminquatic
Amphibians. lurval Ammonia Aquaiic
Amphibians, adult Urea Semiaqualic
Mammals Urea Terrestonl
Turiles Urea and uric ackl Terrestrial
Inseers Utie ugiel © Terrestrial
Land pesiropods Uriv acid Terrestrial
Lizards Ltic acid Terrestrial
Snakes Uric acid Terrestrial
Rircls Uricacid Terreesinial

4.2.1 Formation of Ammonia

The amino acids which enter the body of the animal through diet are catabolised by
a process known as oxidative transdeamination. This process is a-combination of
transamination, deamination and oxidation, and is catalysed by enzymes,
transaminases and dehydrogenases (Fig. 4.1).
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Fig. 4.1 : Oxidatlve phosphorylotion of amine acids

You can see in Fig. 4.1 that :

1} The amino group of the amino acid, aspartic acid is transferred to a-ketoglutaric
acid converting it into glutamic acid (transamination). During this process the
aspartic acid is converted into oxaloacetic acid.

2) In the next step, the amino group of glutamic acid is removed in the form of
ammonia (deamination} converting glutamic acid into «-ketoglutaric acid. At the
same time, there is alsc removal of a pair of hydrogen atoms from glutamic acid
(oxidation). Thus, the ammonia produced in the reaction actually comes from
the amino group of the amine acid (aspartic acid) which has undergone
transamination.

3} The hydrogen atoms produced by the oxidation of glutamic acid reduces NAD
into NADH + H'.

4) The NADH and the oxaloacetic acid produced arc oxidised in the mitochondria
1o CC, and H,0O gencrating ATP in the process.

Ammoniy is toxic to cells for the following reasons ;

i} Ammonia increases the intracellular pH and hence might affect metabolism
adversely through its effects on enzymes.

ii) [t withdraws a-ketoglutarate from Krebs' Cycle and NADH from the electron
transfer system. This results in lowered cellular concentrations of ATP,

i) At alkaline pH, the stability of ceilular membranes decreases. Ammonium salts
also inhibit the active transport of ions through membranes.

Therefore, to prevent ammonia from accumulating to toxic levels in cells, it is either
excreted or converted into a less toxic form (detoxification) as soon as it is formed.

4.2.2 Ammonotelism

Ammonia diffuses through cell membranes extremely fast because of its high water
solubility and small molecular size. Hence, it can be excreted as such only when there
is ample water for its rapid removal from the body in the form of a diluie sotulion.
Prompt excretion of ammonia therefore, occurs in aquatic animals, both freshwater
and marine, in which there are constant water fluxes occurring berween the
environment and the body. Freshwater and marine invertebrates and fishes, larval
and permancntly aquatic amphibians excrete a major portion of their waste nitrogen
as ammonia and thus called ammonaotelic or ammoniotelic. The route of ammonia
diffusion in these animals is skin, gills or kidneys.

Excrelian
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4.2.3 Ureotelism

Terrestrial animals with restricted waler availability in the environment are faced with
the formidable task of water conservation. Since they cannot afford to use liberal
quantities of water for cxcretion, ammonia is converted into a less toxic product. In
mammals and semi-terrestrial adult amphibians, the majar nitrogenous excretory
product is urea, which is less toxic and easily seluble. These animals are therefore
called ureotelic.

The synthesis of urea (H,N.CO.NH,) from one molecule of CO; and two of NH, -
occurs in the liver of ureotelic vertebrates by a metabolic pathway known as the
ornithine-urea cycle, discovered by Kreb and Hensleit in 1932, This is a cyclic
pathway that involves five enzyme-catalised reactions (Fig. 4.2).

NH,
0 2ATP
Ik @ co,
NH,— C—NH, ZADP+Pi
Urea -
" NH,—C~-OPOy’
3 0
@ G NH Carbamoyl phosphale
8 | !
[z ]
.a NH,—(CH,),—CH—COOH @
] Ocnitkine Pi
NH,-—IC—R NH,—(? —R
Ty T
NH Fumaric ATP 0
Arginine acid  AMP @Citrul]inc
@ NH=(|3—R
. T'H TH:
H—C—COOH H—(IZ—COOH r
!
CH,COOH CH, COOH
Arpininosuccinic acid Aspartic acid

R = ornithine residule
Pi = inorganic phosphate

Fig. 4.2 : Ornithine-urea cycle and the allied reactions

You can see in Fig. 4.2 that this cycle has five sleps !

1) Ammonia, CO, and ATP are converted into carbamoylphosphate by the
enzyme, carbamoylphosphate synthetase.

2) Ornithine carbamoyl-transferase then makes citrulline from carbamoylphosphale
and ornithine.

3} Citrulline is then used in the presence of ATP and asparlic acid for the synthesis
of argininosuccinic acid by the cnzyme argininosuccinate synthetase.

4) Argininosuccinic acid then gives risc to arginine and {fumararic acid in the
presence of argininosuccinate lyase. In the formation of arginine from citrulline,
the amino group of asparalic acid is used with the release of the carbon skeleton
of the aspertic acid in the form of fumararic acid,

3) Finally, the cycle is completed by splitting arginine into urea and ornithine in the
presence of the enzyme arginase.

You have scen that nitrogen enters the cycle both as ammonia and the amino group

of aspartic acid and leaves as the two nitrogen atoms of urea. Of the two molccules
of ammonia required for the synthesis of urea, one cnters directly in the form of
ammonia and the second in the form of the amino group of aspartic acid. The urea
cycle is linked to the tricarboxylic acid cycle (Krebs’ cycle} and glutamate
dehydrogenase reaction. The price paid by ureotelic animals for the detoxification of
two molecules of ammonia into urea is in the form of three molecules of ATP. For
further details you may refer to units 11 and 12 (Block 3} of Ceil Biology.




4.2.4 Uricotelism N Excretlon

In animals which inhabit extremely arid environments, ammonia is converted into
uric acid. Uric acid is least toxic, relatively insoluble and is easily precipitated. Hence,
it can be excreted in solid form without loss of substantial amount of water.
Pulmonate snails, terrestrial insects, squamate reptiles (lizards and snakes) and birds

excrete a major portion of their waste nitrogen in the form of semi-solid or solid uric Cutwr

acid and hence are referred to as uricetelic animals. Mmib,{:‘{ " :;'G?\:ine noght
Carbegy) '|:-|) . L F

The synthesis of uric acid from ammonia in these animals occurs by the inesinic acid P e H-COOH

pathway. This pathway was first elucidated by Buchanan and his coworkers in the "6-—-15"5‘\ | <e=oe

1950's in pigeon liver. Uric acid is a member of the purines. While the details of the Fm':z a‘%ﬁ):v' e

pathway are beyond the scope of this unit, in Fig. 4.3 the different fragments from R-cook
which the uric acid molecule is assembled is shown. The dashed lines which divide

the uric acid molecule in the Figure indicate the building blocks from which its
biosynthesis takes place. ’ .

—

Amide-N of Uiutamine

Fig. 4.3 : Uric acid

Many insects exhibit a phenomenon known as slorage excretion. If excretory products
are stored in'the body instead of being eliminated, no water is expended for their
excretion. Since uric acid is non-toxic and highly insoluble, it can be retained in the
body for an indefinite period, without any ill-effect. This alternative strategy to the
problem of excretion is quite common in cockroaches which store uric acid in fat body
and cuticle. The stored uric acid, which may account for as much as 10% of the dry
body weight, also provide a nitrogen depot for mobilisation at times of nitrogen
deprivation.

4.2.5 Guanotelism

Arachnids (spiders and scorpions) excrete mostly guanine and hence are said to be
guanotelic. Guanine, like uric acid, is relatively non-toxic and insoluble and is
excreted in solid form. It is an adaptation 1o life in arid habitats. It is also a purine
and has the same atoms in its ring structure as in uric acid. In fact, guanine is formed
as an intermediate during uric acid synthesis in uricotelic animals. In spiders and
scorpions, the inosinic acid pathway terminates in guanine formation. The origin of
the four nitrogen atoms of guanine is similar to that of uric acid.

SAQ 1 .
Fill in the blank spaces and compare your answers with those given in section 4.7.

a) The amino acids which enter the body of the animal through diet are catabolised
by a process known as ..................... involving the enzymes transaminase and
dehydrogenascs.

b) Ammonia withdraws a-ketoglutarate from Krebs’ cycle and NADH from the
electron transport system. This results in ..................... .

c) The synthesis of urea takes place in the liver of ureotelic vertcbrates by a
metabolic pathway known as the ..................... .

d) In the uricotelic animals synthesis of uric acid from ammonia takes place by a
pathway kngwn as ..................... .

e} Spiders and scorpions excrete mostly ..................... and hence they are said to
be ... .

4.3 EXCRETORY ORGANS

n

the earlicr section you were studying about excretory products and their formation.
14

[
I this section you will study about the organs that eliminate the excretory products,

Excretory organs serve not only to eliminate the nitrogenous waste products, but also

to remove accurately regulated amounts of all substances present in excess in the

body. Thus they contribute to maintain a steady state or homeostasis in animals to

over-ride the influence of all those factors in the environment that tend to impose a

change. 77
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No special organs of excretion are present in many marine protozoans and sponges.
Similarly, the coelenterates, which are mostly marine, and the echinoderms, which
are restricted to the sea, are devoid of excretory organs. These marine invertebrates,
being isosmotic to their habitat, do not need organs of water and icnic balance.,
Discharge of nitrogenous wastes and ionic regulation are carried out through the
general body surface.

In all the other animal groups, there are discrete organs which function in osmotic
regulation, ionic regulation and nitrogen excretion. These are the contractile vacuoles
of protozoans and poriferans, the nephridia of flatworms, roundworms and annelids, -
the green glands of crustaceans, the coxal glands of arachnids, the malpighian tubules

of insects and the metanephric kidney of vertebrates. Depending on whether the

nephridial tubule is closed at the inner end or opens into the coelom by funnel shaped

structure calted nephresiome, nephridia are respectively termed as protonephridia or
metlanephridia. The excretory organs of molluscs, crustaccans and arachnids are

actually modified coclomoducts and hence are not true nephridia. With the exception

of the contractile vacuoles of protozoans-and sponges, the excretory organs arc either

tubules or aggregates of numerous tubules.

4.3.1 Functional Principles

Before studying about the excretory organs, it is important to learn about the basic
concepts of osmolarity and membrane permeability. The presence of dissolved solute
confers on a solution the property of osmotic pressure. Like other colligative
propertics, osmotic pressure or osmotic concentration pf a solution depends on the
number of dissolved particles present per unit volume. While the chemical
concentration of a solution is expressed in molarity (moles/litre), osmotic
concentration of a solution is expressed in osmolarity (osmoles/litre}. For ideal
non-¢lectrolytes (e.g., sucrose), a one molar solution is one osmolar. An electrolytle
solution, on the other hand, has a higher osmolarity 1han its molarity. For example,
NaCl in the solution dissociates into Na™ and C1™. Thus, for every molecule of NaCl,
one gets two ionic particles in solution, one of Na™ and onc of C1~. Hence, one molar
NaCl solution is nearly two osmolar. In the same way, one molar CaCl, solution is
nearly three osmelar. An osmole is defined as that amount of a solute which when
dissolved in one litre of water has the same osmotic pressure as one mole of an tdeal
non-electrolyte in one litre of water. If two solutions (solution A and solution B) have
the same osmotic concentration, they are said to be isosmotic to each other, Tf
solution A has a higher osmolarity than solution B, A is hyperosmotic 1o B or B is
hypoosmotic to A.

Urinc formation by the excretory organs involves (i) the movement of water (solvent)
and dissolved malecules of small size (solutes) from the lumen of the excretory organ
into the interstitial fluid and blood, and (ii) movement back across the plasma
membranes of the intervening ccells {cells of the renal organs and blood capillaries).

While a variety of renal organs are encountered in the animal kingdom, the principles
of their function are basically similar. In all cases, renal function involves the initial
appearance in the tubular lumen of a fluid called primary urine which is isosmotic to
bload or body fluid from which it is derived. The composition and volume of the
primary urine are later altered by the reabsorption of useful substances (e.g., glucose)
into the blood and by the secrelion of unwanted substances (e.g., urea) from the
blood into the tubular fluid. Both reabsorption and secretion involve active transport.
These modifications in the composition and volume of primary urine result in the
formation of urine which is the fluid finally excreted from the body.

The mechanisms underlying the formation of primary urine are different in different
animals. In many cases, it is by a physical process known as ultrafiltration in which
the blood is forced by hydrostatic pressure to pass through one or more membranes
into the lumen of the renal wubule. The resulting tubular fluid called the vltrafiltrate
is Lhe primary urine. It is simiiar to biood in its osmolarity and composition of soluies
of small size. But it is devoid of blood cells and proteins of molecular weight larger
than 67,000, In principle, this process is similar to the filtration practiced by you in
the Chemistry Laboratory to remove suspended particles from a solution. You must
have observed that particles larger than the pore diameter of the filter paper are
retained in the filter paper and the particles that are small enough to pass through
the pores appear in the filtrate by gravitational force. In the present context, the




solution filtered, the filter paper, the gravitational force and the filtrate are analogous Excretion
to the blood, the porous membranes of the intervening cells, the hydrostatic pressure

of the blood and the ultrafiltrate respectively. Only in a few cases (c.g., insects), the

primary urine though isosmotic to the haemolymph, is strikingly different from the

latter in its composition and is formed by the secretion (active transport} of

substances from the haemolymph into the tubular lumen. Whether the primary urine

is formed by ultrafiitration or secretion, its volume and composition are subsequently

modified by reabsorption and secretion of molecules. In the following sub-section,

we will study the structure and function of various excretory organs, before that try

to answer the following SAQ.

S5AQ 2
a) Match the animals given in column A with their excretory organs given in column
B.
A B
i) Protozoans a) Kidney
i) Worms b} Contractile vacuole
iii) CTrustaceans ¢) Nephridia
iv) Insects d) Green Glands
v) Verlebrales " e) Malpighian tubules

b) Fillin the blank spaces and compare your answers with those given in scction 4.7.

i} Depending-on whether the nephridial tubule is closed at the inner end or
opens into the coelom by a funnal-shaped structure called nephrostome,
nephridia are respectively termed ..................... £ .

ii) If two solutions have the same osmotic concentration, they arc said to
be ..o .

4.3.2 Contractile Vacuoles

Contractile vacuoles are always found in freshwater protozoans and sponges, but are
frequently absent in their marine counterparts. Since a freshwater animat is
hyperasmotic to the medium (freshwater) and its surface is permeable to water, it
should continually endeavour to pump out the excess water that enters asmotically,
When a freshwater protozoan is transferred to dilute sea waler, the vacuolar activity
decreases. In those marine species that have a contractile vacuole (c.g-, some
ciliates), vacuolar output increases with dilution of the sea water. The fluid present
in the contractile vacuolc of freshwater protozoans is hypoosomotic 10 the
surrounding cytoplasm, though still hyperosmotic to freshwater. These observations
are consistent with the hypothesis that contractile vacuoles are primarily organs of
water balance and function as pumps 10 remove excess osmotic water. Any role they
might play ih the excretion of nitrogenous wastes, which is mainly ammeonia in
protozoans and sponges, 15 considered to be secondary. Milochondria

Micrescopic observations revealed that in protozoans contractile vacuole exhibits a
cyclic functioning, It gradually gets filled with fluid and increases in volume (diastole)
till it rcaches a critical size. Then it moves towards the cell boundary, suddenly expels
its contents to the outside and decreases in size (systole). The mechanisms of filling
and discharge of the vacuole arc not yet clearly understood. Electron microscopic
stuclies show that the contractile vacuolc contains a single membrane enclosing the
tumen. This membrane is surrounded by a layer of densely packed vesicles around
which therc is a layer of mitochondria which presumably supply energy for the
osmotic work done by the vacuole (Fig. 4.4). The vesicles emply their contents into
the contractile vacuole by fusion of their membranes, According to current theories, Flg. 4.3 : Contractile vacuole
the small vesicles initially contain a fluid isosmotic to the cytoplasm. The fluid later of amoeba
becomes hypoosmolic due to the removal of salts, particularly potassium, by active

transport. The hypoosmotic vesicles now fuse and open into the contractile vacuole

leading to diastole. It is also believed that contraction of myofibrils present in the

vacuolar membrane is probably responsible for the expulsion of the fluid duering

systole. 79
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4.3.3 Nephridia of Worms

As pointed out earlier, nephridia are the excretory tubules in many invertebrates.
While all nephridia open to the exterior by an excretory pore known as
nephridiopore, some have their internal end closed and others open internally into
the boedy cavily by a ciliated funnel called nephridiostome. The former 1ype of
nephridia are known as protonephridia and the latler type are the metanephridia.

Protonephridia are more primitive and occur mainly in acoelomate and
pseudocoelomate animals. An animal may have two or more extensively branched
protonephridia, each internatly terminating in several bulb-like structures called
flame cells or flame bulbs. In the lumen of ¢ach flame cell is found a tuft of cilia
(Fig. 4.5). Flame cells are common in flatworms and nemertines. 1n some of the
coclomatc worms that have protonephridia (e.g., polychactes), the flame bulbs are
replaced by a solenocytes. The solenocytes have a single flagellum projecting into the
lumen instead of the ciliary tuft as found in the flame cells (Fig. 4.6). Tt has been
supggested that the undulaling movements of the ciliary wft or flagellum gencrate
sufficient negative pressure for filtration and the force required to propel the fluid
through the tubules. Flame cell system {unctions in animals without a circulatory
system and pick up substances only from the tissue fluids.
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Fig. 4.6 - Exerclory system of carthworm

Mctancphridia arc found in coclomates {e.g.. annclids). These animals have cvolved
a close circulatory system intimately associated with the excretory arpans resulting in
direct exchange of material between the two systems. In these worms an isosmotic
ftuid appcars initially in the rephridium due to filtration of the coelomic fluid through
the ciliary mesh of the nephrostome. Salt is later withdrawn from the fluid as it passes
through the extensively looped duct and finally a dilute urine is discharged.

4.3.4 Molluscan Kidney

In molluscs. the coclom is represented by the pericardial cavity and the cavities of
the kidneys and gonads. The pericardial coelom opens inlo the renal cavity via the
renopericardial duct {Fig. 4.7). Thus the molluscan kidney is a modified coelomoduct
of the melanephridial type opening into the pericardial cavity at one end and the
mantle cavity al the other. In the molluscs, an initial fluid is formed in the kidney by
ullrafillration of the blood through the wall of the heart. Reabsorption of valuabie
materials like glucose and secretion of unwanted compounds occur subsequently
resulting in the formation of the final urine. There is some evidence that in the
abalone, Haliotis, plucose reabsorption takes place primarily in the left kidney, while

- secretion of unwanted compounds occurs in the right kidney. Hydrostatic pressure of

the blood provides the filtration pressure and application of back pressure stops urine
production.
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4.3.5 Green Glands of Crustaceans

Crustaceans have a pair of renal organs, each of which (Fig. 4.8) consists of an
internally closed end-sac with a labyrinth, a long coiled nephridial tubule and a
bladder which opens into the excretory pore focated at the base of either the antennae
where it is called antennary glands or the maxillae where it is called maxillary glands.
The end-sac in many cases is green and hence the name, green gland. Marine forms
have a shorter tubule than freshwater forms because the freshwater forms have an
extra salt-recabsorbing segment in the wbule,

Urine formation in crustaceans involves filtration, reabsorption and secretion. In the
end-sac of crayfish antennary gland chloride is reabsorbed from the isosmotic
ultrafiltrate during its passage through the tubule so that the final urine excreted is
hypoosmotic. Urine concentration is known to vary in crustaceans depending on
whether they are freshwater or marine. It is very dilute in the freshwater crustaceans,
but it is close to the blood osmolarity in the crustaceans of brackish water. This may
be duc to the absence of salt-reabsorbing segment in the tubulc of the marine forms,

The hydrosiatic pressure of the blood provides the driving [orce for filtration. Fig. 4.8 : Structure of the renal
organ and urine
4.3.6 Malpighian Tubules of Insects formaton in the crayfish

Malpighian tubules and hind gui lugelher constitute ihe excretory system in insects.
These are from 1wo to several hundred in number. Each tubule is simitar to a
protonephridium in that one end is blind and the other opens into the intestine
between the midgut and hindgut of the insects. The tubulc as a whole is bathed by
haemolymph (Fig. 4.9).
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The formation of primary urine in malpighian tubules is due to secretion and not due
to uitrafiltration. The cells of the malpighian tubules actively transport potassium
from the haemolymph and concentratc it in the lumen. This results in the passive
osmotic entry of water followed by the diffusion of other low molecular weight
substances like salts, sugar, and uric acid. Fig. 4.9 will help you in understanding this
phenemena. The rale of urine formation in insects is proportional to the
concentration of K* in the haemolymph. Thus, active transport of K* is primarily
responsible for generating urine flow in the excretory organs of insects. As the
potassium-rich isosmotic tubular fluid moves towards the gut, there is secretion of
melecules like uric acid and reabsorption of sugars and tons. However, major
modification in the composition of the fluid occurs in the hind gut, particularly the
rectum, where there is extensive reabsorption of water and physiologically important
solutes like K*. Uric acid, which enters the hind gut as water soluble potassium urate,
gets precipitated facilitating further withdrawal of water. Insccts that live on liquid
or wet food, excrete large amounts of hypoosmotic liquid urine. On the other hand,
insects that live on dry food, produce extremely dry excreta. To facilitate water
reabsorption, the rectum in terrestrial insects show modifications referred to as rectal
glands or rectal pads.

SAQ 3
Filt in the blank spaces and compare your answers-with those given in section 4.7,

a} A protonephridium has several internally terminating bulb-like structures

called ... .

b} In a molluscs, Haliotis, glucose reabsorption takes place primarily in
the ...l , while secretion of unwanted compounds occurs
i

¢) The urine of the fresh water crustaceans is very dilute compared 10 the marine

crustaceans becausc the former have ... in the
tubule of green gland.
d) The malpighian tubules of insects are similar w0 ...................... because one

end of the cach tubule is blind and the other opens into the intestine.

4.3.7 Vertebrate Kidney

Typically, all vertebrates have a pair of kidneys, which function on the filtration —
reabsorption —- sceretion principle. Only in a few telcost fishes, the kidney is
aglomerular (without a glomerulus) and functions on the absorption — reabsorption
— secrelion principle as in the malpighian tubules of insects. The functional unit of
the vertebrate kidney is the nephron or the uriniferous tebule. A small fish mayv have
only a few dozen nephrons in its kidneys; a large mammal may have several million
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Fig. 4.10 : Schematic diagram of mammalian kidaey and nephoron
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Blood is brought to the kidney by the renal artery which branches and sub-branches Excretion
into interlobar arteries and finally into the afferent arteriole which gives rise to the
capillary nctwork of the glomerulus. An efferent arteriole formed by the confluence
of the capillaries takes blood away from the Bowman'’s capsule. The Bowman's
capsule latter continues into a long convoluted tubule which is distinguished into the
proximal and distal convoluted tubules respectively. The distal convoluted tubules
from different nephrons join to form the collecting tubule which carry the urine into
the renal pelvis from where the ureter starts. The proximal and distal tubules are
present in all vertebrates, but in birds and mammals a new U-shaped hair-pin-like
segment called Henle’s loop is present between proximal and the distal tubules. In
the following scction we shail study structural variations in the vertebrate kidney.

Structural Variations in Vertebrate Kidney

The structure of the vertebrate kidney is by no means universal. The mammalian
kidney consists of an outer granular cortex and an inner striated meduila. The
granular appearance of the cortex is due 1o the presence of glomeruli in this region.
Medulla leoks striated due to the parallel arrangement of blood vessels and tubules
of the nephrons. In fishes, amphibians and reptiles, the renal tubules are short, are
devoid of Henle's loop and there is no clear cut distinction between cortex and
medulla. In birds there is some degree of spatial organisation of the nephrons so that
a small central medulla can be discerned from the outer cortex. This division into
cortical and medullary regions is most pronounced in the mammalian kidney. It is
the presence of Henle's loop that enables the avian and mammalian kidney to
produce hyperosmotic uring, The urcteral urine in other vertebrates is either
hypoosmotic or at best isosomolic to blood. However, terrestrial repliles and birds
produce a semi-solid or solid urine duc to reabsorption of water in the cloaca. In
birds and mammals, the ureteral urine itsclf is hyperosmotic to blood. The maximum
urine osmolarity attained by the avian kidney is only about twice that of plasma. The
urine concentrating ability of the kidney in mammals is related to the habitat. Desert
animals produce highly concentrated urine and freshwalter animals produce very
dilute urine. The kidneys of some desert mammals can produce a urine which is 25
times more concentrated than the plasma. The beaver which has access to abundant
water in the environment, on the other hand, has kidneys with only moderate ability
to concentrate the urine,

The ability of mummalian kidney to concentrate urine is closcly related to the length
of the laop of Henle. Animals that produce the most highly concentrated urine (e.g.,
sand rat) have very long loops. Those that have a limited ability to concentrate the
urinte {e.g.. beaver) have short loops. On the other hand. mammuats with an
intermediate ability to concentrate the urine (c.g., man, rabbit) have kidneys with
both short und long loops. Since the loop of Henle is a U-shaped tube embedded in
the medulla, Tonger loops would meun thicker medulla, The relative thickness of the
renal cortex and medulla in mammals is therefore, correlated with the urine
concentration in the animuals. In forms which produce low maximum urine
concentration, the medulla is much thinner and smaller than in species that produce
a highly concentraied urine. This is best appreciated from a comparison of the
medullary thickness in rodents from aquatic. general terrestrial and desert
environment (Fig. 4.11).

Hydromys chrysogaster Epimys’ rartus Psammomys obesus
Semi-aqualic General terrestrial Arid regions
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Fig. 4.11 : Comparisen of the kidneys af three rodents from difTerent environments 83
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While the mammalian kidney has the unquestioned ability of producing a
hyperosmotic urine, it does not mean that a mammal always produces a hyperosmolic
urine. The urine osmolarity and volume in mammals are related to water intake and
ambient temperature. Given the plasma concentration of about 300 milliosmoles per
litre, the urine osmotic concentration in humans may vary anywhere between 50 to :
1400 milliosmoles per litre. Thus the human kidney bas the ability to produce an !
extremely dilute (hypoosmotic) to a highly concentrated (hyperosmotic) urine :
depending on the requircments of water conservation in the body. The ranges of

urine osmolarity are 50 to 2300 milliosmoles per litre in dog and 50 to 5000 ]
milliosmoles per litre in the desert rat. Urine osmolarity is modulated even in lower
vertebrates, though to a limited extent. Thus, a frog in water produces a large volume
of highly dilute urinc. When exposed to dry air, it puts out a smaller volume of slightly
more concentrated urine by reducing glomerular filiration and increasing tubular
reabsorption in the presence of antidiuretic hormone scereted by the hypothalamo-
hypophyscal system, However, both in water and dry air, the urine produced by the
frog is hypoosmoiic to blood; only the degree of hypoosmoticity changes depending
on the water status in the body. In the following scctions we shall study urine
formation in the various parts of verlebrate kidney.

Glomerular Filtrate

You have studied carlier that a mammalian nephron has a renal corpuscle consisting
of Bowman's capsule enclosing glomerulus. Blood entering the glomerulus through
the afferent arterzole is filtered tnto the lumen of the Bowman's capsule 1o give rise
to the ultrafiltrate. The glomerular filtrate is nearly isosmotic to plasma and contains
jons and other solutes of small size ¢ssentially at the same concentrations as in the

plasma. The blood pressure in the glomerular capillaries provides the driving force
for filtration.

Proximal Convoluted Tubule

The glomerular filtrate, which is isosmotic to plasma. enters the proximal convoluied
tubule where its volume is reduced by about 80%. This reduction in fluid volume is
accomplished by the active reabsorpiion of NaCl, glucose. untino acids, cte. from the
tubular fluid, As these solutes are removed, the tubular fluid becomes hypoosmotic
and the interstitial fluid surrounding the tubualar wall becomes hyperosmotic. This
causes passive dillusion of water oul of the wbule o restore sosmotic condition
between the tubular fluid and the surrounding cortical interstitium. This reabsorption
of water is secondary to solute transport and occurs inevilably irrespective of Lhe
waler requirenents of the body. Hence. it is called the obligatory reabsorption of
water. Thus, in the proximal convoluted wbule. there is a drastic reduction in fluid
volume without any change in its osmaolarity.

At the normal plasma glucose concentration of 100 mg per 100 ml, glucose is totally
reabsorbed from the ultrafiitrate in the proximal convoluied tubule, If the plasma
glucose concentralion inereases above the normatl level, its concentration in the
ultrafiltrale alse increases corréspondingly. ITit cxceeds, the capacity of the transportl
mechanism o reabsorb, some glucose appears in the urine as happens in diabetic
patients.

Loop of Henle

The reduced volume of [luid from the proximal wubule. still isosmolic to blood, enters
the descending limb of Henle's loop [Fig. 4.10}. As the fluid passes down the
descending limb, it enters regtons where the tubular walls are surrounded by
interstitial fluid of increasing osmotic and Na™ concentration. The walis of the
descending limb are permeuble 10 water and salts, So, water leaves and sodium cnters
the tubular fluid so that as it descends the loop of Henle, the fluid becomes
progressively more concentrated and hyperosmotic to blood. There is also perhaps




some inward diffusion of urea from a urea-rich interstitial space. As a result of these Exeretion
events, the tubular fluid, at any given level in the descending limb, maintains
isosmotic relationship to the surrounding interstitium.

The tubular fluid from the descending loop of Henle passes through the hair-pin bend
of the loop, and enters the ascending limb of Henle’s loop. The walls of ascending
loop do not permit diffusion of water and salts, However, the cells of these walls,
particularly of the deeper parts of the ascending limb, actively transport Na*
outward. Recent studies reveal that it is C1~ which is actively transported out of the
ascending limb and Na™* accompanies as the counter-ion. In this part there may also
be some aclive transport of urea out of the tubular fluid. Because of this active
transport out of the tubule, the fluid becomes progresstvely more dilute as it moves
up the ascending limb. Since ascending limb is impermeable to water, there is no
entry of water into the tubular fluid from the surrounding interstitium. Due to the
net withdrawal of solute, the fluid at any given level in the ascending limb is
hypoosmotic to the fluid in the interstitium as well as the descending limb.

Distal Convoluted Tubule

A hypoosmotic fluid from the ascending loop of Henle enters the distal convoluted
tubule. Under conditions of water diuresis, .., when there is no nced for water
conservation, the hypoosmotic tubular fluid passes into the collecting tubule
unchanged in its osmolarity. When water is to be conserved by the body, the
hypothalamo-hypophyseal system sccretes antidiveretic kormone (ADH) (also
known as vasopressin) which makes the walls of the distal convoluted tubule
permeable to water. So, when the ADH titer is high in the blood, water diffuses out
of the distal tubule and the fluid becomes isosmotic to blood by the time it enters the
collecting tubule.

In amphibians and reptiles, where there is no loop of Henle, the fluid from the
proximal tubule passes into the distal tubule directly and the final concentration of
the ureteral urine may be hypoosmotic or at best isosmotic. Urine in these animals
is made hypoosmotic by reabsorption of salt. Under dry conditions, in these animals,
the urine is made less hypoosmotic and smaller in volume due to reabsorption of
water in the distal tubule under the influence of ADH. ADH is referred to as
vasotocin (not vasopressin) in lower vertebrates.

Collecting Tubule

The fluid that reaches the collecting tubules may be hypoosmotic or isosmotic
depending on the water status of the animal. Final adjustmcats in urine composition
are made in the collecting tubules, whose walls are permeable only in the presence
of ADH. In the absence of ADH, as it happens during water diuresis, the
hypoosmotic fluid that enters the collecting tubule passes through the latter
unchanged, so that a dilute urine of relatively large volume is excreted. Under
situations demanding water conservation, ADH is secreted and the walls of the
collecting tubule become permeable to water. The fluid entering the collecting
tubules becomes progressively more concentrated as it passes down making the final
urine practically isosmotic to the interstitial fluid and hyperosmotic to blood..

Vasa Recta

The accumaulation of waler reabsorbed from the descending limb of Henle’s loop or
the collecting tubule would disturb the asmotic concentration gradient in the medalla.
The capillary loops of vasa recta, which run parallel to the loop of Henle, remove
the excess water and thereby maintuin the concentration gradient in the medullary
interstitium. The vasa recta loops are [reely permeable to water and solutes. As blood
passes down the vasa recta, water diffuses out into the interstitial fluid and galt
difluses in. Blood therefore becomes increasingly concentrated as it passes down in
the vasa recta towards the renal papilla. When blood ascends towards the cortex,
water moves in and salt moves out, The vasa recta also removes any excess salt that
might accumulate jn the medullary interstitium.

Fig. 4.12 illustrates urine concentration in the various parts of nephron. 85
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Fig. 4.12 : Urine concentration in the nephron

4.4 REGULATION OF KIDNEY FUNCTION

After studying about the structure of kidney and formation of urine in it, we shail
now learn how the function of kidney is regulated. You have studied earlier in this
unit that urine production is dependent upon the [iltration process. Reduction in
bload supply Lo the kidney results in a drop in the net filtration pressurc and so, urine
production ceases, Under these conditions, a series of events are initiated in the
kidney i self 10 develop a hypertensive state so that therce is better flow of blood to
the kidney and resumption of urine production. The auteregulation of renal blood
flow involves a neurocndocrine mechanism related 10 the juxtaglomerular apparatus
in the kidnev (Fip. 4.13).
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Fig. 4.13 : Structure of the juxtuglomerular apparatus in mammals

When the afferent arterint blood pressure is low, the streich sensitive receptors of the
arterioles initiate nerve impulses which induce the secrction of a proteolytic enzyme
called renin by the juxtaglomerular cells into the blood. This enzyme causes the
release of a decapeptide called angiotensin-1 from a large globular plasma protein
known as angiotensinogen. Another proteolytic enzyme from the plasma, the
converting enzyme, removes two amino acids from angiotensin-I to form an ‘.
1]

86 actapeptide called angiotensin-I1. Angiotensin-II is about 200 times more powerful




than norepinephrine in its vasopressor activily. It increases the blood pressure by two
mechanisms. Firstly, it acts on the smooth muscle of the arterioles and causes strong
vasoconstriction. Secondly, it stimulates the secretion of aldosterone by the adrenal
cortex. Aldoslerone enhances the uptake of Na* by the kidney wubules and hence
causes a rise in the plasma Na™* level. This results in an increasc in the extracellular
fluid volume and consequently an elevation in blood pressurc. Angiotensin-II is
degraded by an enzyme called Angiotensinase, present in plasma. Fig. 4.14 wilt help
you in understanding the regulatory mechanism,
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Fig. 4.14 : Renin-angiolensin mechanism for the regulation of kidney functions

SAQ 4

Fill in the blank spaces and compare your answers with those given in section 4.7.

a) There is a structural variation in the vertebrate kidney. In fishes, amphibians and
reptiles the nephrons wander randomly and hence there is no clear cut distinclion
between ... and ...l .

b) The urine concentration ability of the kidney in mammals is related 1o the
abitat. Desert animals produce ..o oo urine and
fresh water animals produce ... urine.

¢) 1o lower vertebrates oo, is referred to as vasotocin.

d) Angiotensin-I is converled into Angiotensin-11 by u protcolytic cnzvime
called ..ol .

You have studied in this unit that;

catabolism of proteins gives rise to nitrogen whicly is highly toxie (o the animal.
Therefore. animals get rid of the (oxie nitrogen in the form of ammonia or convert
iinto less toxic forms such as urea and uric acid before it is being exercted,

animais which predominantly excrete aimmonia are called ammonotelic. those that
excrele urea are known as urotelic and uric acid exereting animals are known as
uricotelic,

the mode of aitrogen cxcretion in animals is an adaptive character related ro the
availability of water in the environment.

a varicty of tubular renal organs are present in animals for the climination of
unwanted materials and for osmotic and ionic regulation. Despite their
morphological diversity, their functional principles are remarkably similar,

in an isosmotic primary vrine first formed in the tubular lumen by cither filtration
of blood or active solute transport followed by passive diffusion of water from
blood, useful materials arc reabsorbed before secretion of the urine,

Excretlon
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Anlmal Physiology — T ® in uricotclic animals, the urine is made into a semisolid or solid mass due to water
reabsorption in the rectum in insects, in the ctoaca of birds and terrestrial reptiles.
The ability of the avian and mammalian kidney to produce a hyperosmotic urine
is duc to the presence of loop of Henle. Desert mammals which produce an
cxtremely hyperosmotic urine have longer loops of Henle than the other animals
which produce a relatively less hyperosmotic urine,

® kidney function is hormonally regulated.

4.6 TERMINAL QUESTIONS

1) Explain in the space given below why ammonia is loxic 1o the animal.

23 Fxplain brietlvin the space given below the phenoienon of storage excretion in

mnsects.

3) Explain briefly in the space given below, the formation of uric acid in Malpighicn

S1 Explan briefly mthe space aiven below the role of foop of Heale in the formation
ol urine,

88




6) Explain briefly how kidney function is regulated by renin angiotensin system.

4.7 ANSWERS

Self-assessment Questions

1)

2)

3)

4

a)
b)
c)
d)
e)

2)
b)

a)
b)

<)
d)
a)

b)

c)
d)

oxidative transdeamination

depletion of cellular concentration of ATP
ornithine cycle

inosinic acid pathway

guanine, guanotelic

i) b, i) ¢, iit) d, iv) e, v)a
i) protonephridia, metanephridia
ii) isosmotic

flame cells

left kidney, right kidney
salt reabsorbing segment
protonephridium

cortex, medulla

highly concentrated, very dilute
antidiuretic hormone (ADH)
converting enzyme

Terminal Questions

1)
2)
3)
4)
5)
6)

Refer to sub-section 4.2.1
Refer to sub-section 4.2.4
Refer to sub-section 4.3.5
Refer 1o sub-section 4.3.6
Refer 1o sub-section 4,3.6
Refer to section 4.4

Excretlon
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UNIT 5 OSMOTIC AND IONIC
REGULATION

Structure

5.1 Introduction ' !
Objeclives I

5.2 Problems of Osmoregulation -

3.3  Osmoregulation in Aqueous Environments
Freshwater Animals
Marine Animals

5.4  Osmoregulation in Terrestrial Environment

5.5 Hormones in Water and Electrolyte Regulation
Invertebrates
Vertebrates

5.6 Summary

5.7 Terminal Questions

3.8 Answers

5.1 INTRODUCTION

In the previous unit you have learnt that ammonotelism, ureotelism and uricotelism
are the adaptations of the animals for the removal of toxic nitrogenous wastes and
thereby maintain homeostasis. Animals regulate the concentration of water and salts
in Lheir body fluids in accordance with 1heir external environment, The process of
maintenance of osmotic concentration of the body fluids is called osmoregulation.
Osmoregulation and excretion are intimately related as the ultimate aim of Lhese
processes is to maintain homeostasis. These processes are performed by the same set
of organs. Kidney is the major organ of osmoregulation in venebrates. Gills,
mtegument, salt glunds and rectal glands assist kidneys in this endeavour. The
osmorcgulatory organs of invertebrates are nephridia, antennal glands and
malpighian tubules. The cuticle of insecls also performs an excellent osmoregulatory
[unction in both aquatic and terrestrial insects. In this unit you shall study about the
osmolic environments, osmotic exchanges between animal and the environment. the
mechanisms used by various animals to cope up with environmental osmotic extremes
and also about role of hormones in csmictic and ilonic regulation,

Objectiv!as
Afler reading this unit you shall be able Lo :
® explain the meaning of osmoregulation

® discuss how aquatic animals cope up with the osmotic problems

@ cxplain how migratory fishes maintain constant osmotic pressure of their body
fluids

® discuss the mechanisms the terrestrial animals have evolved 1o face the extremes
of desert conditions

¢ cxplain the seoret of the survival of kangroo rat in the arnid desert,

o discuss role of hormones in regulating water and electrolyte baiance in the body
Muids.

5.2 PROBLEMS OF OSMOREGULATION

You have lcarnt in the course LSE-0] : Cell Biology that, water, some inorganic salts,
nutrient molecules are some of the imporiant components of the body fluids. It is

essential for the animals to maintain appropriate concentration of these components
for the survival.




Itis agreed that life originated in the sea, and during the course of evolution animals Osmotle ond Tonle Regulatlon
spread from oceuns into the estuaries, rivers and onlo the land, These new
environments are osmotically different [rom that of the sca. Since life originated in
the sea, body (luids of the animals are more or less similar to that of scawater in its
general compoasition. Therefore. animals inhabiting marine environment do not have
the problem ol osmorepulation. because their body fluids ure isotonic o their
external environment, the sea. But animals spread over 1o brackish, {reshwater, and
lerrestrizl cnvironments have the problem of osmorepgulation because their body
fluids are hypertonic to their external environment. Therefore, these animals evolved
various physiological and behavioural adaplations to cope up with the rigors of the
osmaotic environmenis. The osmorcgulatory organs of these animals play a vital rol¢
in this effort.

An osmoregulatory animal is generally in an osmotic steady state eventhough there
may be hourly and daily variations in osmotic balance. The concentration of internal
sults and water is maintained relatively constant. The intake and outflow of water
and salts are equal. Such esmotic homeostasis is maintained at the cost of metabolic
energy. obtained from ATP (Fig. 5.1).

Waler exchangs
Energy Osmeregulating
inpul animal

!

Salt exchange

Fip. 5.1 : Osmotic homeostasis in osmoregulatory animaol

The need for the evolution of efficient osmoregulitory mechanism gave chance for
animal speciation and diversification. The resourcefulness of evolutionary
adaptations can be realised if we consider the adaptations of arthropods and
vertebrates, 1l they had not evolved suituble vsmoregulatory mechanism how they
have been so successful in both terrestrial and aquatic environments — the
environments that are osmotically hostile and difficuli. You will learn about such
adaptions in the following scetions @f the unit.

The osmotic exchanges that 1ake place between an animal and its environment arc
of 1wo different types :

{) obligalory exchanges and

2) regulated exchanges.

in obligatory exchange osmolic exchanges occur mainly in response 1o physical factors
over which the animal has little or no physioclogical control. Whereas in regulated
exchanges. the osmolic exchanges are physiologically controlled and it serves o aid
in maintaining internal homeostasis. Regulated exchanges generally serve to
compensale [or the obligatory exchanges.

Animals that maintain esmoknity of their body [uids constant irrespective of the

medivm in which they live are termed osmoregulators. Animals that do not actively

control the osmotic condition of their body fiuids and instead conform to the

vsmoiarity of the medium in which they live are termed osmoconformers. Most

veriebrates. except elasmobranchs and hagfishes are strict osmoregulators,

maintaining the composition of body fluids within small osmotic range. Marine

inverlebrates are in osmotic balance with seawater. The concentration of Na* K |

Ca™ . Mg?* and C1” in their body fluids is close to the concentration of these ions

in the seawatcr. in which they live. This is clearly illustrated in Fig. 5.2. In the

following section e shall learn about life in dilferent osmolic habitats. 91
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Fig. 5.2 : Osmolarity of body (lulds In different groups of animals in relation to the tonocity of
their environments

SAQ 1
Maich the terms given in column I with their definitions given in column II and
compare your answers to those given in section 5.8

Column 1 Calumnn [1

a) Obligatory exchange { | i) Animals that mainiain an inlernal esmolarity
different from 1he medium in which they live

b) Rcgulated exchanges [ ] ii) Physiologically controlled osmotic cxchanges
to maintain internal homoeostasis

c) Osmorcgulators [ ] ili) Animuls that de not actively control the
osmoetic condition of their body fuids, and
instead conform 1o the osmolarity of the
medium in which they live.

d) Osmoconformers [ ] iv) Osmotic exchanges that occur mainly in
response to the physical factors over which the
animals have no physiological control.

5.3 OSMOREGULATION IN AQUEOUS ENVIRONMENTS

You are aware that the aqueous environments are of two types: i) Freshwater and
ii) Seawater. The osmotic concentration of these environments ranges from several
milliosmoles per litre in freshwater lakes to about 1000 milliosmoles per litre in
ordinary seawater. It is even more in landlocked saltseas, The whole body and the
respiratory surface of the aquatic animals is immersed in these osmotically extreme
environments.

The anintals which can tolerate a wide range of salinities are calied euryhaline and
those which tolerate only a narrow osmotic range are termed stenohaline. In the
following sub-section we shall learn about osmotic regutation in freshwater and
seawater animals.

5.3.1 Freshwater Animals

In Fig. 5.2 you have seen that the body fluids of freshwater animals are hyperosmotic
to their aqueous surroundings. This results in two kinds of osmotic problems;

i) due to osmoltic gradient water moves into their bodies resulting in swelling of
their body.




ii) since the surrounding environment is low in salt content, there is continuous loss Osmatic and [onle Regulaticn
of body salts.

Therefore, freshwater animals rust prevent net gain of water and net loss of salts.
Net gain of water is prevented by producing dilute urine. Freshwater fishes produce
copious urine than the marine fishes. The useful salts are largely retained by
reabsorption in the kidney tubules. The salts which are passed out in urine are
replaced partly from the ingested food. Salts are also extracted from the hypoosmotic
surroundings by active transport across the transporting epithelia. The iransporling
epithelia for example are found in the gills of fish and in the skin of amphibians. The
active transport of NaCl in gills takes place against a concentration gradient in excess
of 100 folds (Fig. 5.3a).

Food +
Scawater

Dilute urine Mg?*, SO,

{a) Freshwater 1eleost (b} Marine telcost

Fig. 5.3: Salt and waler exchonge in {a} freshwater and {b) marine teleosts, Solld arrows indicate active
transpurt, broken arrows indicate passive transpori processes.

In some freshwater animals including fishes, reptiles, birds and mammals water
uptake and salt loss are minimised due to the presence of the integument, which is
less-permeable to water and salts; Fresh water animals other than reptiles, birds and
mammals who have relatively impermeable integument do not drink excess of
freshwater, reducing the nced to expell excess water as done by their cohabitants
having intcgument permeable to water and salts.

5.3.2 Marine Animals

You have learnt through Fig. 5.2 that the composition of body fluids of marine
invertebrates, including the ascidians are similar to seawater. Such animals need not
expend much energy in regulating the osmolarity of their body fluids. In a few
vertebrates too plasma is found isosmotic to their cnvironment. In hagfish (Myxine),
for example, the concentrations of Ca**, Mg** and SO}~ are maintained stgnificantly
lower than they are in the seawater, whereas Na* and Cl™ are maintained higher in
the body fluids than the seawater. Like the hagfish, the cartiligenous fishes such as
sharks, rays and skates have plasma that is isosmotic to the seawater. However, in,
these fishes the concentration of inorganic electrolyte is maintained far lower than
the seawater. The excess inorganic electrolytes such as NaCl are excreted via the
kidneys and also by means of a special excretory organ, the rectal gland, located at
the end of the alimentary canal.

The body fluids of marine teleosts are hypotonic to seawaler, so these fishes tose
watcr to the environment specially across the gill epithelium. To replace the lost
volume of water they drink seawater (Fig. 5.3 b). The ingested seawater along with
NaCl and KCl is absorbed across the intestinal epithclium. 70 1o 80% of it enters the
bloodstream. Most of the divalent ions such as Ca**, Mg?* and SOF™ are expelled
through the anus. The excess salt absorbed along with the water is subsequently
eliminaled from the biood by active transport of Na™ and Cl™ and perhaps K™ across
the gill epithelium into the seawater. Divalent salts are also secreted by the kidneys,
Gills have special type of secretory epithelium known as chloride cells. These cells
actively secrete chloride and probably sodium also into the seawater (Fig. 5.4).

The urine of marine teleosts js isotonic to the blood, but rich in those salts
(Mg?*, Ca®* and SO37) that are not secreted by the gills. The net result of the combined - 93
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Fig. 5.4 : Chloride cells in the gills

osmotic work ol gills and Kidneys in the marine telcosts is a net retention of waler
thiat is hypotonic to both the ingested seawater and 1o the urine. Migratory fishes for
example, the salmon of North-west pacific make usc of this facility 10 maintain a
more-or-lgss constant plasma osmolarily even though they migrate between marine
and freshwater environments.

Marine reptiles for exumple, iguanas, cstuarine sea lurtles. crocadiles, sea snakes and
marine birds like the marine eleosts do not produce urine which is hyperosmotic to
their body fluids. Insicad they have specialised organs for the seeretion of sabts known
as sall glands, located in the cranium of the animals. In birds these are generally
present on the bill below the eyes and in lizards they are near the nose or cyes. In
the brackishwater crocodiles salt glands are found in the tongue. Although neither
reptilian nor avian kidneys arc capable of producing a very hypertonic urine, the sall
glands of marine repiiles and birds secrete enough salt to enable them to drink salt
water even though their kidneys are unable to produce urine more concentraied thin
seawater (Fig, 5.5).

(b)

Fig. 5.5 : $alt glands in birds and repiiles

Salt glands, along with the gills of marine teleosts, compensate in these groups for
the inability of the sub-mammualian kidney to produce a urine that is strongly
hypcrtonic to their body fuids.

Marine mammals such as sea lions, whalcs, scals have no external salt-secreting
organs. But the kidneys of these animals are capable of producing a very hypertonic
grine. Marine mammals do not imbibe sca water. They only ingest the seawater that
is prescnt in their food. Another source of water for marine mammals is the metabolic
water. You have learnt in Units 11 and 12 of Cell Biology (LSE-0L) that metabolic
water is obtained from the metabolism of food molecules, during which hydrogen
atoms combine with oxygen to produce water.




Human beings, like other mammals cannot drink seawater because their kidneys cun
remove only up to 6 g of Na* from the bloodstream per litre of the urine produced.
Seawater contains 12 g of Na™ per litre. This causes accumulation of salt in the body
and they cannot drink equivalent amount of water for its removal, and would lead to
rapid dehydration.

SAQ 2
State whether the statements given below are true or false.

i) The animals which can tolerate a wide range of salinities are called euryhaline
and thosc which tolerate only a narrow osmotic range are termed stenohaline.

if) Osmotic concentration of seawater is about 1000 million osmoles per litre.
iii) Freshwater fishes produce copious urine than the marine fishes.

iv) In freshwater fishes salt is extracted from the hypoosmotic surroundings by active
transport in the gills across its transporting epithelia.

v}. The body fluids of marine invertebrates are hypotonic to the seawater.

vi) The chloride cells, located in the gills of marine teleost expel the excess salt by
active transport.

vii) In marine mammals the excess salt is secreted by the salt glands.

5.4 OSMOREGULATION IN TERRESTRIAL
ENVIRONMENT

In the earlier section of this unit you have learnt about osmoregulation in aquatic
environment. In this section, we shall study how the terrestrial animals cope up with
the problems of osmoregulation.

Just like the aquatic animals which are submerged in an aqueous medium, animals
in a terrestrial environment can be thought of as submerged in an ocean of air. Unless
the humidity of the air is high, animals having a walter permeable epithelium will be
subjected to dehydration very much as if they were submerged in a hypertonic
medium such as seawater, In order 1o aveid dehydration, the epithelium should be
totally impermcuble 10 water. The evolutionary process was not found this to be a
feasible solution 1o the problem of desiccation, since,an epithelium that is
impermeable to water will be dry and such a type of epithelium will have limited
permeability to respiratary gases. This mechanism will not fulfil the rcspiratory needs
of a terrestrial animal. Due to the presence of permeable respiratory epithelia,.
air-breathing animals lose water across it, which would result in dehydration. Various
mcans have been ¢volved Lo minimise the waler loss into the air through the
respiratory epithciium and also other parts of the body. We shall now learn about
them.

i) Water movement through the integument

The intcgument of most terrestrial animals is relatively impermeable to water and
very little water is lost through the skin (Table 5.1).

Table 5.1 : Evaporalive Waler Luss of Animals under Desert Conditions

- Walter loss )
Ypecies (mg/cm?h} Remarks
Arthropods

Fleodes armaie {becile) 0,20 MPC: U% r.h,

Hudriris ariztticmis {scarpiun iniz RECIA L,

Locusta migraroria (locust) 0,70 30°C; 0% r.h.
Amphihian

Cyclorana athaguais (roe) 4.90 25°C 100% r.h,
Reptiles

Gehydra varegata (gecko) 0.22 30°C; dry air

Ulta stunsburiana {lizard) 0.10 30°C

Q=motle and lonic Regulation
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Birds
Amphispiza belli (sparrow) 1.48 e
Phalaenptitiis nseeallii (paorwill) 0.86 35C
Memmels
Perontyscus eremicus (caclus mouse) 6,66 0°C
Oryx beise (African oryx) 324 22°C .
Homo sapiens 22,32 70kg; nude, sining

in sun: 35°C

(r.h. stands for refutive humidity)

You have seen in the above table that insects lose very little moisture through the
integument. It is duc to the presence of waxy cuticle which is highly impermeable to

water. The wax is deposited on the surface of the exoskeleton through fine canals
that penetrate the cuticle (Fig. 5.6). )
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Fig. 5.6 : General Teatures of insecl jntegument

You must have noted in Table 3.1 that water permcabilily property of vertebraie
integument varics widely. Reptiles. some desert amphibians, birds and many
mammals have relatively impermeable skins, However, amphibians, as well as
mammals that perspire, can become dehydrated at low humidity due to water loss
through the integument. Animals with highly permeable skin are simply not able to
tolerate very hot, dry environments. Most amphibians stay closc to water and
replenish their supply of water. These animals avoid desiccation by staying in cool,
damp microenvironments during hot, dry times of the day. Toads which may
temporarily wander away from a body of water or may have to wait for rains have
oversized urinary biadders in which they store water. When necessity arises water will
move osmolically from the lumen of the bladder into the interstitial fluid and the
blood. The epithelium of the bladder like the amphibian skin is capable of actively
transporting Na™ and C1~ from the bladder lumen into the bady ta compensate the
salts lost during 1imes of excessive hydration. Many anurans have specialised regions
ol the skin on the abdomen and thighs called seat patches. These regions when
immersed can take up water at a rate of three times the body weight per day.

ii) Water loss during air breathing

You have learnt that waler is lost through the respiratory surface. In the terrestrial
vertebrates the evaporative loss is reduced, because the respiratory surface in them
(the lungs) is internal to the body cavity. Even within the lungs ventilation of the
respiratory cpithelium by unsaturated air will cause evaporation of the moisture
wetting the epithelial surface. In birds and mammals such evaporative loss is




enhanced because of the difference between the body temperature and ambient O=motic aod Tonle Regulation
temperaturc. Warmer air can hold more moisture when saturated than cool air. Since
the cxpired air is more warmer than the inspired air, water is lost during expiration.

In a number of vertcbrates the respiratory loss of water is minimised through a
mechanism known as femporal countercorrent system. During inspiration cool air
cntering the lungs via nasal passage gets warmed by the heat of the nasal passage and
absorbs moisture from the respiratory epithelium of the lungs. During expiration, the
same air loses most of the heat it gained earlier as it warms the cool nasal passage
on its way out. As the expired air gives up some of its heat to the tissue of the nasal
passage, most of the moisture acquired from the respiratory epithelium condenses on
the cool nasal epithelium. With the next inhalation, this condensed moisture again
contributes to the humidification of the inspired air, and the cycle is repeated

(Fig. 5.7). .
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Fip. 5.7 : Temporal countercarrent system

You have learnt that cuticle is highly impermeable and thus in insects there is no
water loss through this route. The major routc of water loss -in terrestrial insects is
viu the tracheal system, You have learnt in Unit 2 that tracheal system consists of
air-filled tracheoles that supply oxygen Lo the tissuc. The entrance of the tracheoles
are known as spiracles. The spiracles have muscles and [unction like valves of the
tracheoles, The spiracles remain closcd to prevent the water loss. They open
periodically for a very shorl while for leting in oxygen for respiration and closc. The
leting ou1 of carbon dioxide docs not follow-the leting in of oxygen. Carbon dioxide

is accumulated and expelled out at once burst. Water may be lost only at this moment.
The pertodic opening and closing of the spiracles is done by the spiracular muscles.
Certain terrestrial arthropods have the ability 10 extract water vapour dircctly from
air.

iii} Water loss during excretion

In terrestrial animals body water is also lost during excretion of nitrogenous wastes,
A number of phystological udaptations have taken place to minimisc the loss of water
associated with this phenomcena. You have learnt in the previous Unit that among
terrestriul invertebrates, insects are highly effective in conserving water. In terrestrial
vertebrates. Kidney is the chief organ of osmoregulation and excretion. The loop of
Henle is the specialised part of the nephron which preduces hyperosmotic urine.
Amphibians and reptiles which are unable to produce a hyperosmotic urine, as an
adaptive consequence, cease urine production entirely during the period of osmolic
SITCss.

Kangrou Rat : A Classical Example of Adaptations for Desert Lile

Kangroo ral Dipodomys merriami. a native of South-West-America is a classical
example of how small mammals survive in desert. It exhibits all the osmoregulatory
adaptations for desert life. It survives in arid conditions without ingesting any free
water by the following adaptalions:

i} It avoids much of the daytime heat through nocturnal life-style. keeping cool
during daylight hours by remaining in a burrow, This canserves water loss
lhnvugh evaporative cooling.

ii} It conserves respiratory moisture by an efficient nasal countercurrent mechanism.

iii) It secretes highly concentrated urine.

iv) The rectum absorbs water from the facces resulting in dry faccal pellets.

Kangroo rat is not known to drink water. It gets only a trace of free water from the
dry seeds it eats. Primarily it depends upon the metabolic water for its survival. 97
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In mammais aldosterone, a mincralocorticoid is concerned with electrolyté balance.
1t is produced in response to adrenocorticotropic hormone (ACTH) secreted by the
pituittary. ACTH itself is released in response to a corticotropin releasing factor
(CRF} from the hypothalamus. Glomerunlotrophic hormone from the pineal gland is
also known to stimulate aldosterone secretion. In nonmammalian vertebrates apart
from aldosterone, another mineralocoerticoid, cortisol is known 1o promote NaCl
absorption. The mineralocorticoids increase the tubular absorption of sodium and
promole the renal excretion of potassium.

iv) Angiotensin

Besides the stimulation of the adrenal cortex by ACTH and glomerulotrophic
hormone to release aldosterone, kidneys themselves monitor the levels of sodium by
renin-angiotensin system. When the sodium level falls, juxtaglomerular cells of the
glomerulus release an enzyme renin into the blood. Renin acts on a precursor plasma
protein angiolensin, hydrolysing it (o the active hormone angiotensin. Angiotensin
acts on the adrenal cortex and promotes aldosterone secretion. Aldosterone in turn
promotes uptake of sodium by the renal tubules. Aldosterone also acts on the kidney
arterioles ensuring a regular blood flow in the organ. In Fig. 5.9 you can see the
complex interactions of all the hormones in the maintenance of water and salt balance,

Aldosterone
Hypothalmus
l CRF
Anterior Piaeal Blood volume
Posterion pituitary gland (via degree of vein
pituitary expansion)
Angioclensinogen
Adrenal
corex Renin
Kidney
\ Aldosterone and ADH
act Synergistically to
restore blood volume
and retain Na*

Fig. 5.9 : The hormonal mechanism invelved in osmoregulation

SAQ 4
Explain bricfty role of the following hormones in osmoionic regulation.

1) Antidiuretic hOrmone @ ... e

e e e —————
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Osmeotic and Ionic Regulntion

5.6 SUMMARY

You have learnt in this unit thart:

® Osmoregulation is a process for the maintenance of osmoltic concentration of the
body fluids. Animals have adapted various physiological and behavioural
mechanisms 10 cope up with the rigors of the osmotic environments.

® Since the body fluids of freshwater animals are hyperosmotic 1o their aqueous
surroundings water moves into their body due to osmotic gradient and body salts
lcak out of their body. They prevent net gain of water by prodycing copius urine.
The lost salts are replaced partly from the food they eat and much is extracted
from the hypoosmetic surrounding by active transport.

® The body fluids of some marine animals are isosmotic 1o the seawater. Therefore,
they need not expend much energy for regulating the osmolarity of the body fluids.
Marine animals specially the teleosts, whose body fluids are hypoosmotic Lo the
seawaler, tend to losc water from their body. Therefore, they drink scawater to
replace the lost water. The excess salts that enter the body along with the seawater
is expelled through the anus, kidneys and also across the gills by active transport.
Marine reptiles and birds have salt glands for the secretion of salts that entered
the body through the seawater they drink.

© In the terrestriat cnvironment animals face the problem of loss of body water due
to the arid condition. Salts arc also lost along with the water. Animals inhabiting
arid environment avoid loss of water by adopting noctural habits and by staying in
cool, damp microenvironments during the hot, dry times of the day.
Physiologically they evolved mechanisms such as temporal countercurrent system
and production of highly concentrated urine to avoid water loss during respiration
and excretion respectively,

® Hormones such as diuretic hormone, antidiuretic hormone, chloride transport
stimulating hormone play a vital role in the regulation of water and electrolyte
balance in invertcbrates. Prolactin, aniidiuretic hormone, mineralocorticoids,
angiotensin, prostaglandins are the hormones involved in the osmoionic regulation
in-vertebrates.

5.7 TERMINAL QUESTIONS

1) Explain briefly how do migratory fishes cope up with the problem of
osmoregulation.

5.8 ANSWERS

Self-assessment Questions
1 a)iv, b) ii, c) i, d) iii 101







Dear Student,

While studying these units you may have found certain portions of the text difficult to
comprehend. We wish to know your difficulties and suggestions in order o improve the
course. Thercfore, we request you to fill and send us the following questionnaire which
pertains to this block.

QUESTIONNAIRE

LSE.05
Block-|
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1) How many hours did you nced for studying the units?

Unit Number

No. of hours

2) How many hours (upproximately) did you take to do the assignments pertaining to
this block?
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No. of hours
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BLOCK 2 ANIMAL PHYSIOLOGY—II

In the earlier block of this course, you have studied the physiology of nutrition, respiration
and circulation, which are closely linked. You also studied how animals maintain their fluid
balances in varying environments and the related problems of excretion. The theme in the
first block was the relationghip between the animal and its environment.

This theme is continued in the second block in the units on Movement {(Unit 6) and
Temperuture Relations in Animals (Unit 7). An animal has to move from place to place in
search of mate. food und also 1o escape from enemies und extreme climatic conditions, You
will study the three lundamental mechonisms that generate movements in animals :
amoecboid movement. ciliary and flageilar movements and muscle contraction which is the
most apparent and dramatic evidence of animal life. Through evidences from cleciron
microscopy. biochemistry and biophysics we now have u better knowledge of how the
contriclile mechanism of muscles is organised, and how it produces muscle shortening.

You have read in Cell Biology (LSE-01) that temperature alters the rate of metabolism.
Active animal life is restricied to i narrow range of temperature, from a low limit of -1°C of
arclic waters (o an upper limit of 50°C, the temperature of some hot springs. Uhit 7 discusses
the lemperature reactions in animals and how animals cope up with thiseffect.

Unit 8 deads with one of the basic functions of living organisms——reproduction.
Repraduction is required for the continuance of species and cerlain, animals like insects and
fishes are born and survive just far the suke of reproduction. The queen bee or the queen
termile, for example, repraduce throughout its life and do not perform any other function.
The sultnon in fish sucvive Ull shey breed and die soon after the breeding season. This unit
deals with the functional anatomy of the reproductive organs mainly in vertebrates.

The reguiation and control of all physiological processes is discussed in Units 9 and 10 on
Communication  and 11, The animal body needs to be intormed of the external
environmental condition as well as imernal condition w be able to coordinate all the
physiologicul processes. This function is primarly performed by the nervous system. Unit &
introduces some fundamental aspects ol the nervous system, the structure and function of
the basic unit the neuron. The second integrating system is the endocrine system that is dealt
with in the tast unit of his block.

Both these communication systems use chemical messengers and there is a marked overlap
in their functions. Unit 10 emphasises these similarities especially at the biochemicai level.

Study Guide

Before you begin your study ol this block we would again emphasise that you should have
the Cell Biclogy units handy especially Unit 15,

Units 8. Y and L0 in this block are rather long units. You need to devote more time to them.

Experiments that helped 1o understand the functioning of certain processes have been

enclosed in boxes. The glossary at the end of the block expluins some key words and would

serve to re-enloree soime of the concepls,

Objectives

After studying this block you should be abie 10

@ describe the physiological process involved in various modes of movement in animals,

© describe the effects of temiperature on animals explaining the physiologicul adaptations
used by them o escape the rigors ol extreme temperature.

@ describe the structure und Tunclions of reproduciive organs and the factors responsible
for regutation of reproduction,

@ describe how nerveus system and endocrine system integrate the various physiological *
functions in animals,

@ explain that ar cellular level all communication in the body is through chemical
messenger. )






UNIT 6 MOVEMENTS

Structure

6.1 [Introduction
Objectives
6.2 Amoeboid Movement
6.3  Ciliary and Flagellar Movements
6.4  Muscle and Movemenis

Structure of Veriebrate Skeletal Museles

Mechanism of Muscle Coniraction

Molecular Basis of Muscle Contraction

Control of Contruction by Calcium and Regulatory Protcins
Initiation of Muscle Contraction

Erergetics of Muscle Conlraction

6.5 Cardiac Muscles and Smooth Muscles
6.6 Summary
6.7 Terminal Guestions

6.8  Answers

6.1 INTRODUCTION

In the previous Block you huve read about the physiology of nutrition, respiration,
circulation, excretion and osmoregulation in animats. [n this unit you will learn about
physiology of movement in animals. Ofien we consider movement in connection with
locometion, i.¢., un organism moving from place to place. [t is a charscteristic and
fundumental property of animals. However, even animaly thit remain atached and rever
move about such as corils., sponges, ete. exhibit variety of movements, There are three basic
mechanisms, that animals use 10 achieve motion.The three basic mechanisms of movements
are : .

i) amoehoid movement, ii) ciliary movement, and iii) muscular movement,

Amoeboid movement derives its namie trom the locomotion of amoeba. It involves
extensive chunges in cell shape, flow of cytoptasm and pseudopodial activity. Ciliary
locomaotion is the characternistic way in which ciliated nrotozoans such us Parameciton
move. However, cilia are found in ol animal phyla und serve a variety of functions. For
example, cilia set up currents that effect movement through the water vascular systems of
echinoderms. The respiratory tract of air breathing vertebrates is lined by the ciliated cells
that slowty remove forcign particles that lodge on their surfaces. The sperms move with the
aid of tif, which in principle acts like a cilium. Muscular movement is the fundamental
mechanism used in the majority of animals for a variety of movements, Muscle hos the
ability 1o exert i {orce by shortening, called ‘muscle contraction®. This force is used for a
variety of purposes. In this unit you will read about mechanism of amoeboid movement and
ciliary movemenl, struciure of the muscle and the mechanism of muscle contraction.

Objectives
After reading this unit vou shall be able to:
@ cxpliin the p.hy:-;iology of ameeboid movemen:, ciliary and flagellar movement

© elucidate the structure of vertebrate muscle and explain the molecular basis of muscle

f‘onlrar‘rlnn

~describe the mechanisms that regulate muscle contraction

® differentiate the structure and function of skeletal muscles, cardiac muscles and smooth
muscles.
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62 AMOEBOID MOVEMENT

Amoeboid movement is the characleristic of some protozoans, slime molds and vertebrate
white bleod-celis. The movement of these is due to cytoplasmic streaming, change in cell
shape and extension of pseudopodia. These changes areeasily ocbserved under the
microscope, but the mechanisms involved in activating the movement are not well
understood. '

When an amoeba has lo move, it stretches its arm-like extensions, the psendopodia, into the
required direction. and its cytoplasm flows into the newly formed pseudopodia. The newly
formed pseudopodia gradually extend and enlarge so that the entire cell occupies the space
where previously only a small pseudopodivm began to form. As.the cell moves, new
pseudopodiz are formed in the direction of the movement, while the postérior parts are’
withdrawn. It is not known with certainty how the extending and retracting of the
pseudopodia takes place. It appears that there is a transaction of the regions of the cytoplasm
from fluid-like sol to semi solid gel state. Now we shall study how amoeboid movement is
accomplished by transactions of cytoplasm from sol 10 gel siate.

Under the light microscope, we can find two regions in the-cytoplasm of the amoeba; i) the
central region, the endoplasm which is fluid like sol and i) the ectoplasm, the region of the
cytoplasm just beneath the plasma membrane, which is gel-like. '

- Tn the phase contrast microscope. we can see that the endoplasm contains abundant particles

and membranous organellae, found in constant random motion, indicating their freedom of
movement in the sol region of the cywoplasm. Ecloplasm contains a three-dimensional
network of cross-linked actin fibres, and all other organelle are excluded from the region.
This gel region apparently decides the shape of the pseudopodium and may transmit lension
from the regions of cellular contraction to the sites of contact with the substratem. Tt is
believed that thé ectoplasm contains non-cross-linked actin filamenis and probably myosin
filaments also. As a pseudopodium elongates and the sol-like endoplasm streams into it, the
region of the endoplasm near the tip of the pseudapodium apparently transforms into
gel-like ectoplasm (Fig. 6.1}. Simultaneously, the ectoplasm elsewherc in the cell transforms
into sol-like endoplasm, prabably by an uncrossing of Tinking actin fibres. Proteins such as
actin, fimbrin and fodrin are involved in the sol-to-gel transition. They cross-link actin
filaments and bundle them to each other. Crosslinking of actin filamenls produces a network
confining the movement of individual actin moleciiles and resuhts in the semisolid gel slae.

Nucleus

Endoplasm
/4 Ectoplasm

Pseudopod

Dirgction of
pseudopod ~NOJ
growth and call
movement

Fig. 6.1 : Schematic dlagr’am of a moving amoeha eell, showing the sol-tke endoplosm aﬁﬂ the cortical
gel-tike ectoplasm. :



Since actin and myosin are found in all elkaryotic cells, it thus appears that bbth
cytoplasmic streaming and the formation of pseudopodia may depend on the interaction
between myosin and actin filaments, similar to that found in muscle contraction. You will
learn muscle contraction later in this unit.

It is not known how amoeboid movement is controllcd or regulated. Amoebae cannot extend
pseudopodia in all djrections mmul(aneously and if they do they would be ripped apart! It
has been shown however that the ablhty of many actm binding proteins to crosslink actin
fibres is strongly dependant on both Ca** concentrahon and pH. Thus, Ca?* and HY may
regulalc the sol-to-gel transition.

Ini the low molar concentration of Cu* (= ppm range), when pH is lower'é(d 10 6.8, the
cytoplasm of amoeba sets as a gel. Conversely, soltation of the gel is induced by raising the

pH or Ca?* concentration. Studies have implicated involvement of a gelselin or villin
protein in the gel-to-so! transition, becuuse these proteins fragment actin filaments in the

presence of micromolar concentration of {1079 moles) Ca2*. It has been suggested that

directed growth of psgudopodia is due to differences in Ca** or H* concentration among
 various regions of the cytaplasm; whether this is the case, however remains to be
determined. In the next section you will read about ciliary and ﬂagellar maovemenls,
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6.3 CILIARY AND FLAGELLAR MOVEMENTS

Cilia and flagella or their derivatives occur in all animal phyla. They constitute the primary
locomotor yjstructures of many protozou and of several kinds of metazoan cells, for example,
sperm, ciliated epithelia of invertebrates and venebrates. Derivatives of cilia occur in a wide
variely of photoreceptor, mechanoreceptor and chemoreceptor cells,

Cilia and flagellu have a similar internad structure; the difference lies in their beating
patterns which are illustrated in Fig. 6.2. A flagellum like a tail of sperm, beats with a
symmelrical undulation that is propagated as a wave along the flagellum (Fig. 6.2a). A
cilium, in contrast bearts asymmaetricaily with a fast or dash-iike stroke in one direction,
followed by a slower recovery motion in which the bending cilium returns to the original
position (Fig. 6.2b). In flagellar motion, water is propelled parallel to the long axis of the
flagellum; in ciliary motion water is propelled parhll_el 1o the surfece that bears the cilia.

Fig. 6.2: a) The typical beat of 2 flageHlum propels water paraliel to the maln nxis of the l'lagel!u.m (arTow),

b) The beating of a cilium (Hight) propels water paraliel tn the surface to which the cillum lsattached.

Movements



Anlmal Physlology—11 Structure of the Cilia and Flagella

Cilia and flagella are hair-like cell organelles. The diameter (0.2 um) and internal structure
of ¢ilia and flagella is similar to each other but these structures differ in length. Cilia are
generally less than 15 pum in length while flagella may be as long as 200 um. The intemnal
structure and the molecular composition of cilia and flagella have been well studied by
electron microscopy and biochemical techniques. In Fig. 6.3 you can sce that the covering
membrane of the cilium or flageilum is continuous with the plasia membrane of the cell. It
is actually the evagination of the plasma membrane. The cilia is attached to the body of the
arganism by a basal body or kinetosome.

Flg. 6.3: ‘ectron mlcrngroph of Nagella showing the plasma membrane, mlcratubules and the h-nsal bedy.

The main « ‘ernal structures of a cilium are microtubules, which extend from the base 1o
the tip. The hicrotutules are arranged in 9 + 2 configuration, consisting of nine outer
doublets sun unding twe single central microtubules (Fig, 6.4).

Flg. 6.4 : Cross-sections of the Nagella showing the charoclerisile 9 + 2 arrangement of the flamenis in each
Magellum, .

Each'microtubule is a hollow cylinder composed of polymers of the globular

prateins-tubulins. The outer doublets each consists of a complete twbule (the A whbule) with

13 subunits and an attached incomplete B tubule contatning only 10 or 11 subunits (Fig. 6.5).

Each A tubule bears two side arms, called dynein arms that project laterally towards

the B tubule of the next doublet. There is a series of radial spokes which extend from the A

sub-tubule to the central pair of microtubules. The outer doublets are connecled

circumferentially by nexin links (see Fig. 6.5). The entire array of microtubutles and

associated arms.and links is called the axoneme. The nine peripheral doublets merge at the
8 base to form a hollow tube that forms the basal body.
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Fip. 6.5 : Diagram showing the internal structure of a ¢llium-In cross-section.

Mechanism of Movement

Three types of mechanisms have been suggested to explain the mechanism of movement of
citliv and flagella. These are :

i)

in

i)

the flagellum moves passively, much like a whip, by lorces exericd at its base:

the elements aleng the inner curvature of u propagating wave contracl while the
opposite side does not. Such a type of contraction takes places alternately on the inner
curvature of a propagating wuve on opposite side to bend the cilium or flagetlum from
side to side, and

the thin lilaments of the cilium do not change shape. but move past one another to
produce a curvature, simifar 0 the sliding filaments during muscie contriclion

(Fig. 6.0). : '

Electron microscopic studies demonstrate that bending of flagelium oceurs when the
extending dynein arms attach 1o the neighbouring B-tubule, inducing sliding movement, The
dynein arms seem Lo ~walk™ along tie cilium, presumably by the anachment ol radial
spokes 10 the central microtubule 10 constrain the sliding. The radial spokes and the nexin
links wre required to converl e siiding movement inte typical bending of the cillum or the
flagellum. The energy for ihe sliding movement is provided by the hydrolysis of ATP

(Fig. 6.7).

by detargent}

Flg. 6.7 : Dipgram illustrating the experimental demonstrat!c;n of sllding of outer microtubule doubletsin

vifro as well asthe bending of the doublets If they are bound together at one end. The requlrement of
the Mg™* and ATP ls also shown.

Movemenls
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. Fip. 6.6 : Dingram of sliding
microtubules during beating of a
cilinm. The membrane of the
distal portien of the ciliun is
removed, exposing, the @ suter
donblrts, In the strajghl cilinm
{center) ald of the tubules end at
the same point. During beating,
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displacement al the end of the
tubuies,
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Fill in the bianks and COMPAre YOur answers with those given at the end of this unit.

~a) Theciliais attached to lhcbody of ll_ic organismbya...... .-

b) Intheciliaor ﬂhgellﬁ_ghé,h}'ii;fpfubuies are arranged in ... - - . . configuration.

¢) Dyneinarms are presentin A, iT ubulesor. . of the cilia or flagella.

6.4 MUSCLE AND MOVEMENTS

In the earlier scction you have read about amoeboid movement, ciliary and tlagellar
movement. In this scction you will learn how muscles are involved in tlhe movement,

Muscle cells are found in almost all the phyla of 1he animal kingdom except the phylum
pratozoa. Contraction and relaxation of these muscles brings about movement in the
organisms. In vertebraies there are three types of muscles : skeletal muscles, cardiac
muscles and smoeoth muscles. Sketetal muscles are attached 10 the bones in the arms, fegs
and the spinal cord and produce activiries such as walking. movement of hicad, hands, etc,
Cardiac muscles are the muscles of the heart. These are specialised for continuous
contractions of the heart. needed in pumping of the blood. Smoath muscles are present in the
walls of internal organs such as the large and small intestine, the gall bladder and large
blood vessels. Contraction and relaxation of smoaoth muscles contral the diameter of blood
vessels and also propel feod along the gastro-inlestinal tract. Under the microscope the
skeletal muscles and the cardiac muscles exhibit transverse light and dark bands aliernating
with each otier. Therefore, (he skeletal muscles and the cardiac muscles are abso called
siriated muscles. The smooth muscles do not have striations. You will rezd more aboul the
structure of these three types of muscles in Sub-section 6.4.1.

Skelelal muscles are usually called voluntary because. the muscles of the limb and trunk are
under control of 1he will.

Your leg or your hand will move only if you wish 10 move them. However. some
movements like breathing do lake place without our control. Smooth musctes are not under
the control of the conscious mind, and therefore are called involuntary. Their contsaclions
are usually slower than those of skeletal muscles and thesc movements normally 1ake place
without our knowledge. In the next subsection you shall learn about the structure of skeletal
muscles.

6.4.1 Structure of Vértebrate Skeletal Muscles

Venebrale skeletal muscles are composed of a farge nunber of long. cylindrical and
multinucleated cells, called muscle fibres arranged paraliel o each ather. The fibres contain
longiludinally asranged elements called myofilaments. The myofilamenis are erganised into
myolibrils. The fibres measure between 0.1 to 0.01 mm in diameter and several centimetres
long. The myofibrils iave characteristic cross striations calted Z-lines, which are repeated at
regular intervals. The region belween 1wo Z-lines is called a sarcomere, whichisa
functional unit of a myofibril. Thus a myofibril consists of longitudinally repeating
sarcomercs. The Z-lines of adjacent myofibrils are lined up with cach other. forming
aliernatiag A-bands and 1-bands. There is a lighter region in the middle of the A-band called
the H-Zone.These bands appear conlinuous for all the fibrils of a muscle fibre and it is Lhis

_alignment of banding that gives the fibre its striated appearance {Fig. 6.8).

Motor
end-plate

\

Fip. 6.8 ; Schematic diagram of striated {skeletnl) muscle and its components.
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Myofibrils col'nsist of two kinds of myofilaments. The thick filaments and the thin
filaments. The thick filaments are made up of myosin and the thin filaments are of actin
and the regulatory proteins troponin and tropomysin. The thick filaments are confined to
A-band whereas-the thin filaments extend from the Z-line and enter into A-band between
thick filaménts. The I-band contains only thin [ilaments. In the region of overlap between
thick and thin filaments, the adjacent thick and thin filaments interact with each other by
forming cross bridges. The cross bridges are projections of myosin molecules whose
interaction with actin molecules generale the force for the muscle contraction.

The muscle fibre is surrounded by a cell membrane called sarcolemma. The sarcolemma
connects with a camplex system of rransverse tubules, called T-system that runs across the
muscle cells near the Z-lines. The T-tubules appear as invagination of the sarcolemma into -
the interior of the fibre. The muscle fibre is also surrounded by a sleeve-like structure called
sarcoplasmic reticulum, which is involved in ihe initiation of muscle contraction (Fig 6.9).

6.4.2 Mechanism of Muscle Contraction

Contraction is the [unction ol a musele. It is a physical activity generating force. [t causes

" shortening of the muscle. The widths ol the I-bands and H-zone both decrease but the width
of the A-band remains constant. Apparently the lengths of the myosin and actin filaments
also do not change. This shows that muscle shortens in contraction without either of the
kinds of fitaments changing length. Instead contraction of the muscle fibre is brought about
by sliding of the filaments past each other in heir region of overlap. These observations
were first made in 1954 by two independent teams, H.E. Huxley and Hanson and A.F.Huxley
and Niedergerke, and they proposed it as “sliding filament model’’ which has been
experimentally confirmed. [n Fig. 6.10 you can note the relation of the myofilaments during

shortening of two sarcomers.
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Fig. 6.10 : The sliding-Glament hypaothisis,

The process of sliding of thick and thin filaments past each other invalves the cross bridges
which extend from the thick filaments (o contact the thin filaments. To understand how
these cross bridges generale the force of contraction, it is necessary (o siudy the maolecular

structure of actin and myosin filaments.

6.4.3 WMolecuiar Basis of Muscle Contraction

! . N . - I3

" You have studied in Sub-section 6.4.1 that the thick filaments are composed of proiein
myosin and the thin {ilaments contain primarily protein action. Myosio molecules are very
large proteins, each consisting of a double-headed globular region joined to a long rod or

tail (Fig. 6.11).
As you see in Figure o.11 that a myosin molecule contains two heavy chains; partof a

heavy chain makes up one head and the other part extends the length of the tail. Myosin
heads also contain four smalter light chiains. Thus, each myosin molecule consists of six

polypeptide chains. The tails of many myosin molecules together make up the thick
filament. Whereas the globular heads project to the side forming the cross bridges. -

" Movements
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Fig. 6.9 : Shows the system of
T-tubules and the sercoplasmic
retlculum that surrounds the
sirlated muscles.

Light ¢hains

| Axa
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Fig. 6.11 : Myosin molecule : Tt

consists of two heavy chalns and
four light chains,
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Animal Physiology + 1§ : '?hcfnyosTn molecules in a thick filament have their head-ends oriented towards the end of
the filaments and their tails pointing towards the middle. As a result there is a short bare
zone devoid of cross bridges at the middle of the thick filaments (Fig. 6.12).

e ) D

Fig. 6.12 : Palarity of myosin motecules in a thick filament,

The thin filaments which contain actin molecules have a different arrangement. The thin
' filaments contain two chains of actin molecules wound around each other in a helix
" (Fip. 6.13).

O Actin molecules

Fig, 6.1 : The thin liiamenr,

Actin malecutes of the thin filaments are alse oriented in a specific manner. All the
malecules on one side of the Z-line have one orientation and all those on the other side have

* the apposite polarity. Hence, the polarities of both the actin and myosin melecules are
reversed on the apposite sides of the middle of a sarcomere. Fig. 6.14 illusirates
arrangement of thick and thin filaments in a muscle fibre.

Tropomyeosin Actin Troponin

Thick Myosin
filament . : head

Fig. 614 : The thick filament cansists of the protein myasin with itz heads protruding towards the actin
strands.

After learning about the molecular struclure of both myoesin and actin (ibres, we shall now
fearn about the mechanism of muscle contraction. The immediate source of energy leor a
muscie contraction is adenosine triphosphate {ATP}. The energy required 1o move myosin
and actin filaments past each other comes from (he hinding and splitting of ATP by the
globular heads of myosin molecules. These heads which form the cross bridges, cyclically
amach 1o actin molecules and then swivel, acting as oars that pull the actin and myosin
molecules past cach other and thiereby help in the stiding movement. The globular subuniji of
myosin has two active sites, one for actin and the other for ATP. In the cross bridging cycle,
the globular head binds ATP and splits it 10 ADP + Pi in the presence of Mg2+. but does not
retease the ADP and Pi. The encrgy releascd is stored in the myosin ADP complex, This
complex then binds actin, forming actin-myosin-ADP-Pi-complex. In Lhe nexl step, ADP
and Pi are released by myosin and 1he myosin head changes the conformation, pulling the
attached actin towards the middle of the myosin filament. The myosin head then binds to a
new ATP, triggering its release [rom actin, Subsequently, the new ATP is hydrolysed,

12 blocking the myosin head in position 1o bind another actin molecute {Fig. 6.15).
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Fig. 6.15 : Proposed moleenlar events of 2 single cross bridee vaehe, The thick unrd thin fitintents move
relutive o cach ather by the swisellimg setion of the myosin head. The initial stote in 2 refrxed
muele fibre is uf the 1op of the Ayure. '

6.4.4 Control of Contraction by Catciwim and Regulatory Proteins

You bave read in the earlier sections that the thin filasaents of myofibril consist of actin and
regulatory proieins, truponin and tropemyosin, Tropomyosin is a long protein coiled along
the groove belween the two chuins of actin ilament, Troponin is also found on the dctin
lilaments, Itis located at regular intervals ulong the actin rilaments.

At the resting state of the muscle, trapomyosim prevents the interaction of myosin head with
the actin filament by blocking the cross bridges bindin sites of actin molecules (Fig. 6.16a).
The troponia which acts as a controlling protein has a high affinity for calcium ion. It has a
binding silc for Ca™*. When a muscle is stimulased. it calcium ion concentration within the
muscle fibre rises abruptly: the calcium ions bind 10 troponin and bring about :
conformationat changes in both tropomin and tropomyosin molecules. This effect indices the
movement of tropomyosin 1o uncover the binding sites and allows cross bridges of the
myosin to bind to the uclin filament. Thus, calcium ion acts as the physiglogical regulator of
muscle contraclion (Fig. 6.16b). :

Crots-bridge
binding sites

Cron-bridge
binding sites

Fig. 6.16 : Aciin-linked rzgulation of contraction in vertebrate skeletnl muscte. In the absence of calclum .
ions, iropomyusin blocks the cross bridge binding sites of actln molecules. Calelum jons bind to : .
tropenin inducing the movemgat of tropomyusin to urcaver the binding sltes and allowing cross ’ ;
bridges to bind to the thin flaments. , 13 '



Animal Physlology—11 6.4.5 Taitiation of Muscle Contraction

; B After studying the thechanisms of muscle contraction you must be interested 10 know how
muscle contraction is initiated.

Muscle contraction is stimulated by nerve impulse. Muscles are associated with nerve
endings. The junction of the nerve end and the muscle is called neuremuscular junction or
motor end plate: :

You have read in the earlier section that contraction of the muscle is triggered by the
presence of Ca?* that bind to troponin. Ca®* are stored in the sarcoplasmic reticulum.

Nerve impulse produces depolarisation of the sarcolemma which propagates rapidly over the
entire surface of the fibre and also propagates along T-tubular membranes inlo the interior
fibre. This depolarisation is referred to as excitation of the fibre. In resling muscle Ca™is
largely confined to the ateral sacs of the sarcoplasmic reticulum. Depolarisation of tubules
induces release of Ca?* from the sarcoplasmic reticulum. Ca?* rapidly diffuses to the
adjacent myofilament and bind to woponin. Binding of Ca®* 10 troponin changes the
conformation of both troponin and tropomyosin molecules exposing the myosin binding
sites of the actin filament. The globular heads of the myosin molecules then bind to the
myosin binding sites on the actin foyming cross bridges. The cross bridges move thick and
the thin ﬁ]a:pcnls relative to each othker resuliing in contraction of the fibre. Relaxation of

" the muscle fibre results from the recovery of Ca?* back into the sarcoplasmic reticulum.
This is dene by an ATP dependent Ca?* pump. Decrease in the concentration of Ca*

dissociates Ca2* from troponin and then tropomyosin inhibits contraction (Fig. 6.17).

f At reat Sarcolemma
Extracalivlar space

L Tubule

Terminal cisterna
of sarcoplatmic reticulum

. 7
Z ling——" ——————— Ca

i
f,_.-Z ine
\B) ' , ,
Relaxation
LR B L & ol il ded W5
=t e Py
“H'H ! i
. WA R WY
= K o )
. p—— L]

(c

Sig. 6,17 : Disgram showlng how calcium release and recovery control the slidIng of actin and myosin
" filsments. (A] T-tubbles canfinuous with the sarcolemma (plama membrane) penetrate the inlerior
of the muscle fibre. (B} When action potentials pass down the T-tubules, calcium ions are released
from terminal cisternae of the sarcoplasmie reliculum, Calcium permits cross bridge inieractlon
and sliding of aclin and myusjn filunents, (C) Relaxation results from tha recovery of calcium lons
by active transport back inte the terminal clsiernae.

6.4.6 Energetics of Muscle Contraction

You have studied in the above sections that ATP is the immediate source for muscle .
. contraction. It is required for the process of relaxation also. Muscle contains only enough
14 ~ ATP to sustain contraction for a few seconds. You have read in Units 10 and 11,0f LSE-QI v

N .

N



Cell Biology that glycolysis and oxidative phosphorylation are the source of ATP, but

these multistep pathways do not increase their rates immediately to supply ATP for muscie
contraction. ATP required for the muscle contraction is generated immediately from one of

the two energy rich compounds creatinine phosphates in vertebrates and arginine

phosphate in invertebrates. These energy rich compounds are kflown as phosphogens. In
vertebraté muscle creatinine phosphate rephosphorylates ADP in a reversible reaction. .
Creatinin Phosphate + ADP ————=> Creatinin + ATP ;| o
If ATP becomes depleted, the muscle is unable to keep contracting and this process is

known as muscle fatigue. Fig, 6.18 illustrates biochemical pathways thal produce ATP

during vertebrate muscle contract.mn
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Fig. 6.18 : Biochemical pathways producing ATP utllised during vertebrate muscle contraciion. '
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65 CARDIAC MUS(_:LES“AND SMOOTH MUSCLES

In the earlier section you have read dbout the stru¢ture and funcuon of skeletal musclcs In .
this section you will read about vertebrate cardiac muscles and smooth rnuscles ! . '



r
.-

Animal Physiology—I1

16

Cardiac Muscles

Cardiac muscles exhibit cross-banded appearance under the micrascope similar to the
skeletal muscles. Therefore, these are also called strialed muscles. but ihe siriations are pot
aligned as found in the skeletal muscles. Therefore. the striated appearance s less distinet in
them. These also contain actin and myosin filaments. Cardiac muscle (ibres are sniallerio
size than the skeletal muscle fibres, They are mononucleated but contain abundant
mitochondria. Sarcoplasmic reticulum and T- tubules may be well developed or absent

. (Fig. 6.19)
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Fig. 6,19 : Cardiac Mnscles.

]

The functional properties of cardiac muscle differ from the skelelal muscle in two imponant
respects. One is that, when a contraction slaris in onc area of (he heart smuscle mass. it
rapidly spreads throughout the muscle mass. During contraction the cell membrance of the
cardiac muscle fibres undergoes electric changes. known as action polentials. The second
peculiarity of the heart muscle is (hat, the cell membrane after completion of an action
potential, remains in a refractory stale for a long enough time to allow the muscle 10 relax.
Because of this refractory period, the cardiac musele cannot go into a sustained contraction.
Thé refractory peried is thus essential for the alternation belween contraction and relaxation
vis-a-vis norma! rhythmic contraction of the heari.

LS

Smooth Muscles

Smooth museles do not have transverse siriations like those of skeletal and cardiac muscles.
You have alrcady studied in Section 6.4 that smooth muscles line the blood vessels,
digestive tract, urinary bladder, ulerus eic. These arc also present in the iris and skin,
Smooth muscles are small and spindle shaped, Each muscle has a single nucteus. The
cytoplasm of the smooth muscle celis conlains actin and myosin filaments arranged in a
random manner, Despite the lack of internat organisation of the filamenis, there is cross
bridge formation between the aclin and myosin filaments. The contraction mechanism in
smooth muscles is similar 1o the sliding [ikament type of contraction as found in the skeletal
muscles (Fig. 6.20). )
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Fip. 6.20 : Smoath Muscles.

In order to contract, smooth muscle neéd not be stimulated through the nerves. They show
spontaneous rhythmic contractions that car vary in both frequency and intensity. This
spontaneous aclivity of smooth muscle, however, can be modified By nerves as well as by
hormones such as epinephirine and norepinephring. A distinclive feature of vertebrate



smooth muscle is the slowness of response. Another important property of it is that the
stnooth muscle ¢can maintain comraciion for prolonged periods with very linile energy

expendilure.

6.6 SUMMARY

In this unit you have read ubout the physiology of movement in animals. You have read that :

@ movement in wmoeba is due o cyloplasmic streaming, change in the cell shape and
extension ol pseudupodia,

@ cilia and Nagella have a similar internal structure consisting of microtubutes in 9+2
configuration. The filaments of the ¢ilium move past one another to produce movement
similar to the slidiag tilaments of muscle contraction, :

@ in venebratés, there are three types of muscles: skeletal muscles, cardiae muscles and
smooth muscles. Skeletal muscles and cardiac muscles exhibit transverse light and/dark
band alternating with each other, Therefore. they are known as striated muscles. Smaoth
muscles do not exhibit striations,

® contraction of the muscle tibre is brought abous by sliding of actin and myosin
fitaments past each other. This is brought about by formation of cross bridges by tjte
globular heads of the myosin filument with the actin filament which then swivel,

@ ATP is the immediate source of energy tor muscle contriction,
@ culcium, troponin and rropomyosin reguiate contriction of the muscle.

6.1 TERMINAL QUESTIONS '

1y Expiain briefly in the space given below the mechanism of movement of cilia.

2] Gapluin brielly i the space given beiow ijte rule 0f myasin in muscle contracuon.

ad

Expiain bretly in the spice given beiow the role of cileium in the yegulation of

muscle contzaction.

Muvements

17



Anlma) Physlotogy—I1T 4)

Uljustrate the biechemical pathways that produce ATP during veriebrate muscle i
contraction. '

6.8 ANSWERS

D

2)

3

‘ Sell-assgssment Questions

a) Protozoans, slime molds, white blood cells

b)  Pseudopedia

¢}  ectoplasm, endoplasm

a)  kinetosome

b) 9+42

c) A, outer doublets

a)  striated muscles, cardiac

b)  skeletal hﬁscles. voluntary, smooth muscle, involuntary
-¢)  sliding filament model

d)  neuromuscular junction or motor end-plate

e)  phosphogens

Terminal Questions

1

2)

3

4)

Electron miscroscopic studies demonstrated that ig order to move. the filaments of the
cilium do not change shape, but move past onc another 1o produce a curvature, similar
to the sliding filaments of muscle contraction. This is done by attatchment of the

dynein arms to the reighbouring wbule and walk along it, inducing sliding movement,

A myosin molecule containg two heavy chains; par of 2 heavy chain makes up one
head and the other part forms the tail.. The heads of the myosin molecules form cross

bridges with the actin molecules. These cross bridges eyclically attaich 1o actin

molecules and swivel, acting as oars thal pull the actinand myosin filaments past each
other affecting sliding movement,

The thin filaments of the myofibril consist of actin and two regulatory proteins,
treponin and tropomyosin. In a resting state of the muscle, tropomyosin blocks the
cross bridges binding sites of the actin molecules. When a muscle is stimulated the
calcium for concentration of the muscle fibre increases. The caleium ions bind to the
troponin molecules. Binding of calcium ions 1o the troponin causes conformational
changes in both froponin and tropomyosin, thereby uncovering the cross bridges
binding sites of the actin molecules. affecting muscle contraction,

Please refer Fig. 6,16
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7.1 INTRODUCTION _“_

In the previous unit you have studied about physiology of movement in the animals. In this
unit you will leam how the animal’s life is related (o the temperature of the environment.
Basically there are two types of animals, (1) the animals whose body temperature changes
wilh that of the environment, and {2} the animals who maintain their body temperalure -
constani, independent of the environment. In this urit you will leamn the efifect of-
temperature on animals, their lolerance to the heat and cold, their behavioural and
physiological adapiations to escape the rigors of extreme temperatures and also about
regutlatory mechanisms thal operate in maintaining the body temperature.

Objectives
After reading this unit you should be able to

& differentiate poikilothermy and homeothermy

@ explain the effect of temperature on animuls and explain how animals tolerate the
exlreme {emperares ’

@ cxplain the behavioural and physiological adaptations 'of animals to cscape the rigors of
exlreme temperatores .

@ clucidate the thermoregulatory mechanisms het influgnce the behaviour and physiclogy
of the animals, '

7.2 THERMAL RELATIONS

“ You are aware that almost all physiological processgs are regulated by the action of-specific
¢nzymes, and that the rate of an enzyme mediated reactjon is related to temperatures,
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Therefore, the temperature of an animal's body generally has profound effects on function.
The celis, tissues and organs of all animals function within a narrow range of temperatures. -
However, outside the favourable temperature range, many animals can survive in an inactive
or torpid state, In fact, some can'survive freezing at extremely low temperatures. For
instance, in polar regions numerous fish and inverebrates live in water at — 1.8°C. At the
other extreme, in hot springs. a few animals can live a1 about 70°C. and a few Lhermophilic
bacteria thrive above the boiling point of water. Bady temperature of most animals,
particularly that of all aquatic invertebrates remains the same as (hat of their-surroundings.
Thus. the body temperature of these animals changes with the changing ambient
temperature. Birds and mammals in contrast, usuatly maintun their body temperature nearly
constant and independent of the environment. All the animals whose bodvy iemperature
fluctuates with that of the environment have traditionally been called poikiloti:ermic
(poikilo = changing). To this calegory belong all the so-called cold blooded animals. The
birds and mammals which maintain nearly constant body temperatures are classified as
homeothermic or the so-called warm blooded animals. Nevertheless, it shoeld be noted
that there is no easy way Lo classify satisfaclorily the various responses to the thermal
énvironment. The above terminology is nal very accurate. For instance. the bloed of cold
blooded animal is not alwlays cold; or a tropical fish ar a desert lizard or an-insect sitting in
the sun may have a higher body temperature than 2 mammal. Furthermore, a few birds and
mammals exhibit torpor or hibernation during which period their temperature decreases o
near the freezing point of water, These examples should serve Lo explain the inaccuracy of
the terminology used. However, the basic difference between the so-called poikilothermic
and homeothermic animals is that the homeothermic are able to maintain their body
temperature by metabolic heat production whereas, the poikilothermic are unable to do so.
Consequently, in recent years, the terms ectothermic and endothermic aré used 1o denote

* the animals that depend on external heat sources (mainly solar radiation) and others which

are able to maintain a high body temperature by endogenous heat praduction (endothermic)
respectively. These definitions also have their limitations since several invertcbrates and
vertebrates can at times maintain a substantial difference between their own temperalure
and that of the surroundings. In the following section you will learn such varied relations
and their physiological and ecological implications.

SAQ1

Match the following terms given in column A with their definitions in column B.

A

B

1) Poikilotherms

2) Homeotherms

3) Ectotherms

4) Endotherms

a}
b}

c)

d)

Animals that depend on external heat sources

Animals which are able ro maintain
a high bedy lemperature by endogenous
heat produciion

Animals which maintain their bady
temperature nearly constant independent of
the environment

Animals whose body temperature fluctuates
with that of the envirenment.

7.3 EFFECTS OF TEMPERATURE

The affects of temperature on individual arganisms have profound phykiological and
ccological significance. The metabolic rate in both hemeotherms and poikilotherms is ofien
influenced by Lhe ambient lemperature. Within limits, a iemperalure increase acceterates
most processes. In general, a rise of 10°C in temperature is known to increase the rate of a
reaction io about 1wo to three-fold. The increase in a rate caused by a {0°C increase in
temperature is called the Q. If the rate doubles, @4 is 2; if the rate triples, @4 is 3; and so
on. Thus, the energetic demands placed on the environment by an organism increase or
decrease with thermal circumstances. Temperature is also significant tn that the animal must
be able Lo survive various thermal ch... zes tmoosed on it throughout the year. The



distribution and habitat of species may thus be influenced by thermal effects. When Temperature Relations in Animats
tel‘npcraturc exceeds viable limits at certain times or places it causes a physiological or ’

ecological siress condition. Mammals and birds exposed to heat in deserts, for example, may -

fape critical problems of dehydration if required to expend large amounts of water on

evaporative cooling to keep their body temperatures from rising beyond the tolerance

limits. Fish in summer may have high metabolic rates becavse their body temperatures are

elevated in the wanm waters. However, at the same time, 1hey may be forced with relatively

low oxygen availability because wurm water lends to hold less dissolved oxygen than cold

water, The interaclion of these factors may prove critical, .

Animals differ in the range of temperatures they can (olerate. Some have a very narrow
tolerance range, while others exhibit wider range, Furthermore, temperature tolerance may
change with time, and a certain degree of adaptation is possible so that continued exposure
io a remperature ctose to the limit of tolerance often extends the limit. Some organisms are
more sensitive to extreme temperatures during certain periods of their lives, particularly
during the early stages of development.

7.3.1 Tolerance to High Temperature

No animal is known to live and carry out its complete life cycle at a lemperature over 50°C.
However, an animal in a resting stage may be extremely tolerant to high temperatures. For
example, a fly larva (Polypedilum) from Nigeria and Uganda is known to tolerate
dehydration, and in the dehydrated state it can survive a temperature of 102°C for one
minute and afterward grow and melamorphose successfully. Likewise, the cggs of a fresh
water crustacean (7riops from Sudan) survive through winter and early summer in dry mud,
where they may be exposed 1o temperature ol up 1o 86°C. In the laboratory they are known
to withstand even higher temperature, close to boiling lemperature of water. Apparently,
upper temperalure limit for life cannot be accurately defined.

When u group of animals of a given species dre exposed to a lemperature close to the limil
of their tolerance, some may die and others survive, The lethat temperature is commonly
defined as that wmperature at which 50% of snimals die and 50% survive. [Uis written as
Tsy Obvicusly, the lethul temperature value changes with the specics, the stuge of the life
cycle, the previous adaptation of the animal to a given environment and so on. The Factors
responsible for death due 10 heat are believed 1o be the following:

iy  Degeneration of proleins which aceurs above 45 — 50°C known as thermal

R coagulation

i) Thermal inactivation ol enzymes al the rates that exceed rates of formation
iii) Inadequate oxygen supply

iv)  Diffcrent temperature effects (@) on interdependent metabolic reactions

v}  Temperature effects on membrane structure

Now let us learn mote about these fuctors.

Denaturisation of proteins due te wmperatures above 45 - 50°C is yuite common, However,
in some animals such as the Antarctic fish of the genus Trematontis are very sensitive (o
heat so that above 6°C 1he proteins (inclusive of enzymes) denature, 11is difficult 10 explain
how such a low temperature (+6°C) can cause denaturation of proteins or inactivation of
enzymes in the fish. The third possibility that thermal deathi occurs due 1o inadequate
oxygen supply is also difficult to explain in certain situations. For example, supplying of
insccts with pure oxygen instead of air does not enahle them to survive al higher
lemperatures. Likewise. the trout, a cold-water fish. dies in warm water even if the oxygen
content of the water is increased several|fold by aesation witly pure oxygen. The fourth
possibility envisuges thal different lemperature sensitivities of the several hundred mcetabolic
enzymes that paricipate in the intermediary metabolism may lead to a derangement of
normal biochemical balance of the organism und eventual death. However, in most cases,
heat death is not necessarily always due-to enzyme inactivation. In fact, other possibilities
mentioned above may be contributory. The las? possibility, changes in membrane structure
and function (fluidity and permeability), is very. important and covers a broad range of
subjects, Tempeérature has profound effects on higher orders of protein structure,
protein-lipid interactions, lipid-lipid interactions,.and so on. Such disturbance in the integrity - 9
of membrane function appears to be the primary factor in heat damage to Organisms.
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7.3.2 Tolerance to Cold and Freezing Temperaturé's"

In the earlier section you have been studying abnut tolerance of animals to high temperature,
Now in this subsection we will study about tolerance to cold and Treezing temperatures.

The effects of low temperature are equaily perplexing as those of bigh temperature. Some
organisms can tolerate extensive freezing but most animais cannot. Anirqals that live in
temperature and cold regions are often exposed to long periods of winter'temperatures thar
are far below the freezing point of water. Survival of cctothermic animals at such subzero
lemperature depends upon the physiological and biochemical characteristics that can be
described as cold hardiness. An animal can develop cold hardiness cither by developing
capacity for freeze tolerance or by avoiding ice formation even if exposed 1o lemperatures
as low as —40"C to —50°C. The latler are regarded as freeze infolerant. The intertidal marine
invertebrates of colder zones are freeze tolerant in the sense that they survive extensive ice
formation within their bodies. Many other animals also survive in spite of extensive ice
formation. For example, midge Chironomaons larva from Alaska can be frozen and thawed
repeatedly without injury. Several species of insccts are known to contain high
concentration of glycerol in their body fTuids. It is well-known that glycerot protects red -
blocd cells and mammalian spermatozoa from injury caused by freezing. Therefore.
glycerol is widely used for this purpose and samples of human or bull sperm can be kept
lrozen and viable for several years using glycerol. Without such trearment. freezing is fethal
lo sperms. Only a lew vertebrates wlerate extensive ice formation. Birds and mammals.,
however, are not known ta tolerate freezing.

Super cooling i a plienomenon where body waier is ailowed to cool far below 0°C withour
formation of ice. Glycerol is effective in lowering both the freezing point and aiso the super
cooling point . In addition, glycerol improves the Iolerance 10 freezing in animals that
tolerate ice formation. In some animals antifreeze compounds are found. For example in ihe
Antarctic fish Trematomous borchgrevinki the blood contains a glycaprolein that acts as an
antifreeze substance.

7.3.3 Acclimation and Acclimatisation

The tolerance limit of a given species is not fixed. Exposure to # near lefhal lemperature ofien
teads to a certain degree of adaplation so that a previously fethal lemperature is tolerated.
Frequently, the range of thermal tolerance 15 different for the same species in sumer and in
winter. A winter animal exhibits tolerance for temperature so low that it is lethal to a summer
animal; conversely, the winter animal is less tolerant to high temperature than 2 summer animal.
Such changes in the temperalure tolerance with climalic changes are called acclimatisation.
Similar effects can be simulated in laboratory experiments by keeping animals for some time at
given temperatures. To distinguish the adaplation or adjustment that takes place in laboratory
experiments from natural acclimatisation, the response w experimenial conditions is often
described by the term acclimation. Indeed, animals may show long-term physiological

adj'istmenis in response te diverse environmental agents, including (in addition to lemperature)
-~ humidity, salinity, oxygen supply, phatoperiod and foed supply, to name a few. Furthermore,

acclimation or acclimatisation can potentially be exhibited in virtually any physiological
property and sometimes in behavioural and morpholagical properties as well.

SAQ2 .
Fill in the blank spaces and compare your answers with thal given in Section 8.8.
a)  Arisein 10°C in temperature is known Lo increase the rate of a reaction 1o about twa

1o three-foldl. The increase in a rate caused by 10°C increase in temperature is called
the............ ; :

b)  Some organisms are more sensitive to extréme temperature specially durlng . . . .. .. ;

¢} Noanimal is known to live and carry out its complete [ife cycle at g tempefalure
aver............ . -

d)  Freeze tolérant species of insects are known to contain high concentrationof . .. .. ...
m their body fluids. which protects their tissues from injury caused by freezing.

¢)  Changes in the [emper'au.ire toferance with climatic changes are called: . . v, . SN
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7.4 TEMPERATURE REGULATION IN _ ‘
POIKILOTHERMS ' |

Alter studying the eftects of temperature on animals, you will now leam about regulation of
temperalure in the poikilotherms.

The term poikilatherm refers to the lack of regulated constancy of the body teinperature and it , "
describes the actual physiological siatus of these organisms. As slated earlier, in recent years '
these animals have increasingly been lermed ectotherms, with reference to the fact that their

body tcmperatures are determined primarily by exiemal thermal canditions. The term ectotherm

emphasises the mechanism by which body temperature is determined, whereas poikilotherm

emphasises variation of the body temperiture with environmental conditions.

Although poikilotherms lack physiological mechanisms of controlling their body
temperature, they are nol necessarily devoid of means of control. They often exert exquisite
control behaviourally, by selecting their thermal environment. Animals at all jevels of t
phylogeny have developed mechanisms to meet the normal temperature variations of their
surroundings and to withstard the extremes for periods ol varying length. Basu:ally, three

types of compensatory mechanisms have been recogmised:

1) Acclimation or acclimatisation
ii)  Body temperature adjusiment or regulation
iit)  Genetic or evolutionary adaptation

The basic biochemical and cellular evénts occurring during acclimation and acelimatisation

appeur 10 be similar. These processes involve appropriate changes in the activity of various

enzymes involved in the metabolism. changes in the lipid composition of the membranes,

preduction of antifreeze substances, super cooling and freeze tolerance. Now we.wr]l study ‘
how poikilotherms regulate 1heir body emperaiure. :

7.4.1 Hibernation and Aestivatior;

Poikilotherms pass the winter in a resting state, known as hibernation; When they entar a
resting stale in response to heat or drought, the condition is called aestivation. In general
poikilotherms derive 1wo types of benefit from the resting states thal may enter during dimes
of environmenial siress. First, by virtue of their special physiological state, the aninuals may
enjoy an enthanced physiological ability to copé with the-extreme conditions. (Example,
increased freezing resistance ele.) Second, 1hey are often permitted to remain continuously

in favourable microhabitats, ‘Their metabolism is depressed 1o such an extent that the store of
nutrients (e xample. body fat} can augment. The variety of mechanisims exploited by
poikilotherms in escaping some of the rigors of extrenie temperalures may be divided into
behavioural and physiclogical aduplations,

7.4.2 Behavioural Adjustments

When faced with a sudden lemperature changc. mesl animals make behavioural respenses
thut enable them 1o avoid extreme or lethal cenditions. Among the inveriebrates and aguatic
vertcbrates this Ts the only kind of thermal adjustment. The 1errestrial environment is more,
prone than aquatic to show sharp temperature changes. Insects and reptiles which are the
most successful among the fterrestrial poikilotherms exhibit many complex thermal

Fig. 7.1 : A Lizard basking on a rock.
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responses. Capacities for rapid and appropriate responses o temperature changes are based
on well developed sensory system. For example, the infrared sense organs located in the
facial pit of the rattle snake can detect even very small temperature differences (0.001 1o
0.005*C) which helps them in detecling warm blooded or-cool (moist} prey as well as in
oricnting the animals to warm or cool environments.

Many insects and reptiles bask ir the sun to warm their bodies and avoid extreme heat by
secking the shade or burrowing (Fig. 7.1).

7.4.3 Physiological Adjustments

Three examples of physiological thermoregulatior in poikilotherms can be noted. These
include:

i) Prompt cardiovascular response to a sharp change in environmental lemperasuee
ii)  Cutaneous vasodilation in the heat
iii) - Vasoconstriction in cold as frequently noted in lizards and crocodiles.

A measure of lemperature control is attained by minimising the flow of blood to the surface
during the cold and increasing the flow during the heat. Thus the situation in reptiles, known
as dermovascular responses, marks an evolutionary step between the vascular respiratory
skin of amphibians and the dry but moisture permeable and sweating skin of mammals,
Many animals cool their bodies through evaporation of moisture.

Peikilatherms that live in temperate zone experience drastic seasonal changes in the
iemperature. In these, the adaplations occur slowly and prepare the animals for winter cold
or summer heat. Such preparations (example, formation of antifreczes cle,) invalve the
nenroendocrine system and photur\eceptnrs. The latter, in fact, serves as a reliable clue to
the adjustment of physiology in anticipation of seasonal changes.

!

Thirdly, some fishes and insects avoid thermal extremes by maintaining a relatively constant
body temperature. This capacity of endothermy represents a third level of compensation,
involving both morphological and physiological adaptations. In short, it represenis the
genetic and phylogenciic level of physiclogical thermoregulation, Several fishes and sharks
are known to possess heat exchangers especially in the heavy trunk musculature with
extensive network of blood vessels. Such heal exchangers are also found in association with
the brain, retina and viscera.

Rewe region

Fig. 7.2 : Rete mirabfla in bluefln tuna fish,



Although heat exchangers vary in siructure, the physiological principle involved is the same ' Temperature Relations [n Animals
in all of them. They are, in fuact, elaborate relia mirabilia composed of numerous, relatively

long arterioles and venules, These small vessels are intermingled and lie in close contact

" - parallel to one another with artertal and venous blood flowing in opposite directions

* {counter current). Cold arterial blood from the gills flows through the rete, where it is )

" warmed by the venous blood heated in the actively metabolising muscles or visceral organs.
Heat exchange is facilitated by the large number and arrangement of the retial vessels and .
by the slow passage of blood through them (Fig. 7.2).

Some insects are akso able 1o maintain a wann body while foraging in cool environment.
The bumble bee forages for nectar at temperatures as low as 5°C with a thoracic temperature
a1 about 30°C which is essential for flight muscle activity. Bumble bees warm before flying
by shivering. The queen bees generate heat and 1hus raise the temperatures in their hives.
Several such examples can be found among (he insects.

SAQ3
Fill in the blank spaces and compare your answers with those given in Section 7.8.

a)  The infrared sense organs of the raitte snake located in the facial pit can detect
temperature differencesassmallas............. o T C

‘b)) The..........-.... response in reptilcs mark an evolutionary step belween the
vascular respiratory skin of amphibians and the dry but moisture permeable and
sweatinp skin of mammals.

75 TEMPERATURE REGULATION IN
HOMEOTHERMS

Homeothermy is regulation of body temperature by physiological means. The stabilisation
of body temperature permils a steady high level of activity, both metabolic and locomotory.
The advantages are cbvious in behavioural, social and cultural evolution, demanding
continuous association of individuals. Maintenanze of a constant body temperature involves
a perfect balance between heal production and heat [oss. [t demands a sensitive thermostat in
the brain, a capacity not only (o use heat formed as a byproduct of metlabolism but also to
increase the output of metabolic energy in accordance with demands. In addition, it requires
several anatomical modifications such as appropriate insulation and special heat exchangers.
In extreme conditions, the melabolic price of a régulated bedy temperature may become oo
high so thai some specics terporarily suspend temperature control (torpidity and
hibernation) or migrate to more favourable climaies. In man, there is behavioural evasion of
extremes with the development of ¢lothing, air conditioning and other technological devices.

7.5.1 Heat Production

In the homeotherms heat production must be elevated if the ambient temperature fabls below
the critical temperature. Although all metabolic processes result indirectly in the production
of heat, birds and mammatis have evolved processes 1hat have the specific function of
generating heat for thermoregulation. These thermogenic processes are basically meant to
convert chemical energy to heat. They are : : '

i) Shivering: The mechanism of thermogenesis with which we are more familiar is
shivering and all adult birds and mammnals seem 1o use these mechanisms. Shivering is a
high {requency, relatively uncoordinmted contraction of skeletal museles. All muscular
contraction liberales heat. and obviously the conversion of chemical energy into thermal
energy becomes the primary lunction of the conlraction, )

ii) Nonshivering Thermogenesis: The nonshive: ing thermogenesis is a widespread
phenomenon in mammals, 1t refers to the processes that produce heat by means. other than
shivering. It is not ceniain whether birds produce healby nonshivering. One ef the
well-known sites of nonshivering thermogenesis in mammals is the brown adipose tissue,
also called brown fat. The brown adipose tissue contans great numbers of mitechondria
and is richly vascularised. Release of norepinephrine into the tissue by the sympathetic
nervous'system results in a great increase in oxidation of lipid and re]]Ezise of heat. Brown
fat, like nonshivering thermogenesis, is specially prominent in new born individuals,
hibernators and cold acclimated adult mammals. The brown fat tends 1o occur in discrete 25
masses, located in the neck, interscapular region, axillae and abdomen. Among hibemators '



Animal Physlology—II ‘brown fat is believed to help in rewarming the body during emergence from hibernation.
New born mammals use brown fat in routine thermogenesis {Fig 7.3). The principal .
mechanism of heat production by brown fat is by uncoupling the oxidative phosphorylation
that occurs in the mitochondria. Thus. oxidation of food-swuffs results in the production

of heat.

Brown fat

Brown fati

. M

/ Sulzer's vein

‘\

Fig. 7.3 : Brown fal deposition in the bat,

iii) Exercise: During physical activity heal production by exercise can lo some extent
substitute for heat generated by shivering. However, exercise aiso tends to facilitate heat loss -
by degrading body insulation. Thercfore, relative significance of exercise in

thermoregulation of birds and mammals is not very clear. After studying the ways in which
homeotherms gain heat, we will now study how they lose Lhe excess heat.

7.5.2 Heat Loss

Termperalure regulation is extremely uneconomical if it depends onty on variations in
metabolism. Therefore, mechanisms for losing excess heal have been develaped by both
birds and mammals. In an aquatic environment, the entire heat transfer between the animal
and the media is through conduction, However, in terrestrial habital, only small amountis of
heat are exchanged this way. Most of the homeotherms are terresirial. In man, heat loss due
to radiation accounts for about 55% and heat loss due 1o evaporation is about 40%. The
amount of heat loss depends on the ambient temperature and the humtdity. Loss of beat by
radiation and conduction is usually effective in a cool environment. Whereas, at high
temperature, the animals will actuaily receive heat by these roules. Evaporation however, is
always a negative factor and il requires considerable energy expenditure. For instance, to

_vaporise one gram of water from the moist suiTaces of the skin or respiratory epithclia, 0.6
keal is required. This technique of cooling has been exploited in quite difierent ways by
birds and mammals.

Birds have a dry and insulated skin with no integumentary organs to increase cooling by
vaporisation. However, evaporative cooling occurs in birds through buccat and respiratory
surfaces. The four major mechanisms of actively enhancing evaporative cooling that are
Known 1o be employed by birds and mammals are :

i}  sweating

ify panting

i) pular flutlering
iv) saliva spreading

During sweating fluid is secreted by way of the sweat gland ducts Lhrough the epidermis
onto the skin surface. Vigorous swealing occurs in many mammals including humans during.
hot environmental conditions. Sweating does not occur in birds. Panting is an increase in
the breathing in response to heat stress and occurs widely in birds as well as mammals.
Panting requires less muscular effort and thus is of advantage in losing heat. By comparison
10 sweating, panting holds at least two advantages, First, no loss of salts occurs. Second -the
breathing activities of panting assuré that the air sawrated with water vapour is driven

26 : _forcibly away from the evaporative surfaces. But during sweating the removal of water

F



laden air is dependent on several other forces such as external winds. However, panting Temperature Relations in Animals
requires more energy than sweating. Many birds augment evaporative cooling by rapidly

vibrating their gular area (the floor of their mouth) while holding their mouth open. These

gular flutterings promole evaporation by increasing the flow of air over the bird"s moist

and highly vascutar cral membranes. The fourth technique, saliva spreading is employed by

many rodents and mersupials when exposed to heat stress. They spread saliva on their limbs,

tails, chest or other body parts for further evaporative cooling. After studying about the ways

by which the homeotherms gain heat or lose heat to keep their body temperature constant,

we will study about the anatomical features that help the homeotherms in maintaining their

body lemperature constant. -

7.5.3 Insulation by Fur and Feathers

There is a strong comelation between the extent of integumentary insutation and the rigors of
natural environment. In general, Arctic or Antarctic species are better insulated than tropical -
species, with well marked seasonal variations in the thickness of fur (example, Polar bear) or
feathers (example, penguins). Likewise, thé aquatic mammals living in these areas such as
seals and whales have thick layers of subcutaneous blubber (fatty layer) as a means of
major insulation. However, i: should be noted that the extent of fat deposition (blubber) is
not the same in all parts of the body.

7.5.4 Heat Exchangers

Seuls and whales have flippers and flukes that lack blubber and are poorly insulated. These
appendages are well supplied with blood vessels and receive rich blood supply. Therefore,
these thin structures with their large surface areas can lose substantial amounts of heat and
aid in heat dissipation, However, excessive loss of heat is prevented due to the counter-
current heat exchangers in which the blood flows in opposite direction. In the whale flipper,
each artery is completely surrounded by veins, and as warm arterial bleod flows into the
flipper it is cooled by the cold vendus blood that surrounds it on all sides. The arterial blood
therelore, reaches the periphery precooled and hence loses little heas to the water. The heal
has been transferred te the venous blood, which thus, is prewarmed before it reenters the

body (Fig. 7.4).

Fig. 7.4 : Countercurrent system for conserving heat in Lhe flippers.

It is interesling 1o note that such counlercurrent heat exchangers are found in a number of
other animals. For example, sca cows. which live in tropical and subtropical water, have
heat cxchangers in their appendages. Even in human timbs sqme heat exchange takes place
between the main arteries and the adjacent larger veins located deep within the tissue. In
birds; heat exchange in the legs is very important especially in thosc that stand or swim in
cold water. After studying abous the anatomical features that help in maintaining the body

- temperature, we will now study the regulatory mechanisms that operate 1o naintain the body

lernperature.

7.5.5 Regulatory Mechanisms

The immediate response 10 acute temperature change is mediated through the central
nervous system. The physiological therostat has been located in the hypothalamus_of the . 2
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mammal and the spinal cord of the bird. These are the centres of reflex action ana are
activated by the temperature receptors of the <kin or mucous membranes or directly through
the changes in the temperature of the hyputhalamus tor the blood circulating threugh it). The
physiological thermostat through the efferent nerve fibres stimulate the muscles for panting
and shivering and through the autonomic system il regulates the cutancous blood vessels, the
sweat glands and so on. In some of the amniotes, the pincal and parapineal organs influence
thermoregulatory behaviour and physiology. Cardiovascular and culancous responses are
acute yeactions to temperature change. If the exposure is more prolonged, the endocrine
system enters (he picture and the metabolism is altered particularly hy way of the thyroid
and adrenal glands.

Hibernation, Aestivation and Daily Torpor

Although birds and mammals frequently function in the homeothermic mode and maintain
relatively high stable iemperatures, many mammals and some birds have the ability to relax
their homeothermic responses and allow their body temperatures to fall, close to the tevel of
Jow ambicnt temperaturcs, This phenomenon is called controlled hypothermia.

Hibemation, aestivation and daily torpor are slates in which the animal relaxes s

- homeothermic processes almost completely within a certain range of ambient temperatures

and, like a poikilotherm, allows its body temperature to equal ambient temperalure. When
body temperature is fixed 1o approximate ambient temperature for periods of several days or
longer during winter, the phenomenon is termed hibernation. When this occurs during
summer, it is called aestivation. If body temperature is freed 10 approximale ambient
temperature for only par of cach day, generally on many consecutive days, the phenomencn
is called daily torpor, regardless of scason. These three forms of controlled hypothermia are
thus different manifestations of a single fundamental physiological process. During cpisodes
of hypothermia, the heart rate and breathing rate decline along with metabolism. The animal
may retain some ability to move and respond behaviourally to its environment at body
temperatures well below normal, but there is increasing lethargy as body temperature fails.
and at low lemperatures the lethargy becomes cxteeme,

The chief benefit of these hyypothermic states is a reduction in the animals® energy demand.
This is evidently due (o the facl that the animal no longer elevates its rate of metabolism

to keep itself wamm. Secondly, resultant body lemperature itsel{ lowers metabolism

{**Q,p effect’ about which you have studied in Section 7.3). Entry into hypothermic state
also reduces an animal's warter expenditares. In fact. for individuals suffering water
shonage. the savings of waler may be of greater significance than those of energy.
Respiratory water losses are reduced during hypothermia for Lwo reasons :

1) oxygen requirement as well as the rate of ventilation of lungs is reduced, and

il)  body temperature is lowered, and the exhaled air is cooler than during homeothermy
and thus carries less water vapour with iL.

Transcutaneous (through skin) water losses are also reduced because the drop in body
lemperature lowers the vapour pressures of the body fuids. Birds and mammals that are
capable of hibernation, aestivalion, or daily torpor are often termed heterotherms. A

‘heterotherm is an animal that sometimes regulates its hody iemperature physiologically and

some limes does not. The heterotherm can enjoy, in a sense, the best of both the
homeothermic and poikilothermic worlds. While thermmoregulating at high body
temperatures, the animal is able to move about with the independence of extermnal thermal
conditiens and enjoy a prime advantage of homeothermy. When in hypothermia, en the
other hand, it enjoys the comparatively low requirements for energy and water characteristic
of poikilothermy. Insects that thermoregulate physiclogically during flight are also
heterotherms and enjoy similar benefits.

During hibernation, acstivation and daily torpor, the budy emperalure is brought about by a
change in the aperation of the snimal’s thermoregulatory control centres, The most striking
is the ability of these animals 1o arouse from the hypothermic'conditions. The hypothermic
individuals are able to warm themselves back to a high body temperature using their own
metabolic heat production. Arousal is accomplished by intense shivering and, in tire case of
mammals by nonshivering thermogcnesis.

Hibermation 1s known in many mammals, inclhuding hamsters, many ground squirrels,
dormice, woodchucks, some bats, some monotremes and some marsuptals. Such mammals
store large quantities of body fat during the months preceding entry to hibernation for use
during the winter sleep. Hiberiators arov -~ perinaically and at such times they may excrete



urine and faeces and consume food they have stored in their burrow or den. Aestivation has
received much less attention than hibemnation partly because it is not easy to detect. It has
been reported mostly in species of desert ground squirreis.

Daily torpor is found in great many mammals and birds in both warm and cold situations. It occurs
in numerous species of bats and rodents and in cerain humming birds, swallows, swifis and so on.
A characteristic of daily torpor is that the animal is hypothermic for part of each day but maintains
an elevated body temperature during the rest of the day. Feeding and other activities are carried out
during the !ater periods. When bats are undergoing duily torpor, they become hypothermic during
day light hours and emerge to forage at night; humming birds become torpid at night and feed in
day light. The mechanisms that regulate hibermmation or daily torpor are complex and vary besween
the different species. It is believed that the hibemation may be under the control of biolegical clock
in cenain animats. Daily torpor may be employed as a response (o immediate hardship such as
storage of food. Effects of day length on hibemation or daily torpor are possibly mediated in a least
some species by the pineal gland and its hormone melatonin.

In ending this unit it is perhap:, necessary to offer a counter argurnem to the common
belief that homeothermy is superior to poikilothermy. Afier all, nature being indiffercnt,
the only cnterion of success is perpetuation of the species, involving several subsidiary
means for survival and reproduction at the individual level. When such a criteria is

. applied, poikilothermy can be as successful a mode of life as homeothermy. In fact, many
poikilothermic taxa have persisted for hundreds of millions of years. Therefore,
poikilothermy and homeothermy may be simply reparded as two exiremes in a continuum of
thermal relations that have been exploited in the evolution of animals in different habitats.
Consequently. ihe so called advantages and disadvantages of various thermal relations, that
we often visualise are in reality only highly relative judgements.

7.6 SUMMARY

You have studied in this unit that :
& Temperature of an animal’s body has profound effects on the function of the animal.

® Poikilotherms are those animals whose body temperature changes with the changing
ambient temperature and homeotherms are the animals who usually maintain their body
lemperature nearly constant and independent of the environment.

® Animals differ in the range of temperature they can lolerate. Some have i very namow
tolerance range, while others exhibit wider range.

@ The factors responsible for death due to heat are : degeneration of protens, thermal
inactivation of enzymes, inadequate oxygen supply, different temperature effects on
interdependent metabolic reactions and due to temperature effects on membrane
strucrure.

® Doikilotherms, which lack physiological mechanisms of controlling their body
remperature, often exert control behaviourally by hibemation and zestivation. Some of

them also exhibit physiological thermoregulation.

® Homeotherms regulate body temperature by physiological means. They produceheat by
shivering, by oxidative phosphorylation in the brown fal, and by doing exercise. They
lose heat by radiation, evaporation, conduction, sweating, panting, gular fluttering and
saliva spreading.

@® Homeotherms have fur, feathers, (lippers, Qukes which help in maintaining the body

temperature, They aiso exhibit hibemation, acstivation and daily torpor.

© The physiological thermostat located at the hypothalamus. pincal, parapinal organ.
thyroid and adrenal glands influence thermoregulatory behaviour and physiology of the
homeotherms,

7.7 TERMINAL QUES E {ONS

1) Give tvo exaopies of the animals which survive outside the favourable teraperaiure ranp.

Terni}ernture Relations in Anlmols
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2y Whal are the factlors reslponsiblc for death due to heat ?

1) Explain ai [east two ways by which homeotherms produce heat and lose heat in order
io regulate Yheir body temperature.

4y Explain briefly in the space given below the four major mechanisims of aclively
enhancing evaporanve cooling employed by birds and auimmals,

7.8 ANSWERS

Self-assessment Questions
S d, 2 e, '3+ a, 4 b.
2} (@) Qg (b)earlystages of development (c) S0°C (d) glycerol (e) acclimatisation

30 ‘ 1) (a)0.001 to 0.005°C  (b) dermovascular



4}  (a) Shivering (b) néck. interscapular region, new bom, hibemators ‘ " Temperature Relatlons inAnlmals
(c) 50%,40% (d) 0.6 (e) heatexchangers {f) hypothalamus, spinal cord ’ .
_(g) daily torpor  (h) biological clock '

Terminal Questions

1) Please refer Subsection 7.3.1

2}  Please refer Subsection 7.3.1

3)  Please refer Section 7.5

4)  Please refer Subsection 7.5.2

3
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UNIT 8 REPRODUCTION

Structure

¥.1 Imwroduction
QObjectives .
8.2 Reproductive Mechanisms

Asexuval Reproduction
Sexual Reproduction

8.2 Functional Momphology of Renroductive Organy

Qvary
Testis
Accessory Reproductive Organs

8.4 Reproductive Cycles
8.5  Summary
8.6 Terminal Questions

8.7 Answers

8.1 INTRbDU_C'ndi_'

The various physiological processes that you studied in the earlier units of this course are
concemned wilh the survival of animals. [n this Unit you shall sludy about physiology of
repreduction in animals which is concemed with Lhe survival of the species rather than the
individual.

.

Animals may develop. grow and live a normal life span without reproducing. However, the
conlinuance of the species and all evolutienacy changes would come to an end without
reproduction. Reproduciion is a process by which erganisms constantly replace the old with
similar but somewhat variable offspring. Successful reproduction in fact is the ultimate
abjective of ali lite processes, In this Unil you shadl study various reproductive mechanisms,
functional morphotogy o) reproductive organs. the process of gametogencsis, hormones of
reproduction, breeding cycies o Lo sbout regitlaion of renroduction.

Objectives

After reading this unit you should be able to :
@ explain the need for :rcproduclion

@ outline the repreductive meclhanisms in animals

@ cxplain the funcrional morphiology of reproductive organs
& outline the breeding cycles in animals, and

©

explain the mechanisms that regulate reproduction,

8.2 REPRODUCTIVE MECHANISMS

' Organisms reproduce in two different ways, (i) asexually and {ii) scxually. In ascxual

reproduciion there is only one parent and there are no special reproductive organs or colls,
Ezch organism is capable of producing genetically identical copies of itself as soon as it
becomes an adult. Sexual repreduction involves two parents, each of which contribules
special sex cells, or gametes. These gametes fuse to form a zygote. Since the zygote receives
genetic material, the of fspring bear the characteristics of the species. but also bear trails that
make them dilferent from their parents. In the following sections you shall study about these

reproductive mechanisms.



8.2.1 Asexual Reproduction

L]
As*xual reproduction is also known as agamic reproduction because there is no
invoivement of gamcles' in it. Asexual methods of reproduction are (i) Fission (ii) Budding
(i1iy Fragmentation and (iv) Parthenogenesis, In the following section we shall study about
these methods in brief. In the course LSE-09, Animal Diversity-I, you shall study these
modes of repraduction in detail.

i) Fission : In this process the organisms divide mitotically into two or morc cqual sized
parts. Division of the orgunism into two daughter celis is known as binary fission, which is
characteristics of protozouns. The daughier organisms produced carry all the cytoplasmic
organclles of the parent individual. They also carry the same genetic material as found in the
parent organisms. Some organelles like milochondria divide at the time of division, while
athers fike flugella and contractile vacuoles ure formed ufresh by the daughter organisms.
Protozoans at cerlain limes also exbibit sexual reproduction. Their gametes are produced
meiotically and mating takes place. In the following subsection you shall read abour sexual
reproduciion in protozoans.

it) Budding : In 1his method of reproduction an organism develops an outgrowth which on
detachment trom she parent becomes a self-supporting individual. Budding is found in
protozoans, coclentrates, platyhelminths and several groups of annelida (Fig. 8.1).

iii) Fragmentation : [n this type un organism breaks down into two or more pieces, each of
which grows into a new individual. This means of reproduction is found in the organisms
which have good power of regeneralion. Sponges and hydroid coelentrates exhibit this type
of reproduction. If a sponge is macerated by pressing it through fine gauge, the scparated
cells come together in groups and grow inlo new individuals. Very small fragments of
frec-tiving (atworms will regenerate into new individuals if right conditions are provided to
them. A nemertine wortn, Lines, develops rings of constriction which ¢ut the body into
short fragments. These animals possess large number of undifferentiated cells which, when
required can p'go]fferutc and develop into any kind of tissue.

iv) Parthenogenesis : In this type of repreduction, development of a new individual takes
place from an egg or a spermatozoon withoul the participation of a germ cell from the
opposite sex. In animals only the maternal cell give rise to a parthenogenetic individual.
Certain alpae however, give rise to individual from paternal germ cell, therefore,
parthenogenesis is considered an asexual reproductive mechanism.

Natural Parthenogenesis is known 1o occur in rotifers, some nematodes, crustaceans, insects
and several species of fish, amphibians and desert lizards.

In many parthcnogenetic invertebrates there is a cyclical alernution ol asexual with biscxual
reproduction. Parthenogenesis may be seasonal and related o temperature or food supply, or
it may appear al irregular intervals. In the honeybees and soma wasps unfertilised egps
develop into haploid males and fertilised eggs give rise to diploid females.

8.2.2 Sexual Reproduction

You have learnt at the beginning of 1his section that in sexual reproduction there is
involvernent of two genetically different parents. They combine their genetic material o
produce a cell having a new genotype. Asexual reproduction on the other hand does not
atlow genetic mixing to occtir. However, it should not be mistaken that asexual reproduction
is a ““defective™" Form of reproduction restricied to the primitive forms of life. 1f we look

into the abundance of these organisms who hive persisted on carth for 3.5 miilion years, and .

Lheir involvement in some important events ol life such as food chain, clearly demonstrates
that these organisms are successful and very important. These organisms must have
restricied 10 asexual reproduction because of its simplicity to produce and also no time and
energy reguired 1o find out a mate,

The union of gametes is known as syngamy. Generally the gametes differ [rom each other
i1 structure. size and behaviour, for which reason these are known as heterogametes, Ovoim
{cgg), is produced by the female and the spermatozoon (sperm), is produced by the male.
Ova are large, non-matile and produced in relatively small numbers. Sperms are small,
rrotile, and produced in enormous numbers. Syngamy takes place by a process known as
fertilization, in which a sperm penctrates an egg and donates its nucleus to the-egg.

Sexual repreduction is found in alt the multicellular organisms. Protozoans also reproduce

R
1

RKeproductlon

Tentacles

Pedal disc

Fig. 8.1 : Budding in Hydra
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sexually during certain periods of life. Sexual reproduction in them may or may not involve
male and female gametes. Some times two mature sexual parents merely join together to

" “exchange nuclear material or merge their cytoplasm. Tt is not possible to distinguish sexes in

them (you will study details of sexual reproduction in protozoans, in the course LSE-09,

‘Animal Diversity-I). The male-female distinction is more clearly evident in metazoa. The _

organs that produce germ cells are known as gonads. The gonad that produces the sperm is
called testis and that which forms the egg is known as the Ovary.

- In sexually reproducing metazoans, there are separate and distinct male and female

individuals. Each has its own reproductive system and produces one kind of sex cell, .

' spermatozoon or egg. Nearly all vertebrates and many invertebrates have separate sexes, and
* such a condition is celled dioecious and this type of reproduction is called biparental

repreduction. However, some animals such as most flatworms, sorme hydroids, annelids,
crustaceans and some fishes have both male and female organs in the same individual. Such
a condition is called hermaphroditism. In contrast to the dicecious state of separate sexes,
hermaphrodites are monoecious, having both male and female organs in the same organism.
Most of the hermaphrodites avoid self-fertilization by exchanging germ cells with each
other. For example, although the earthworm bears both male and female organs, its eggs are
fertilised by the copulating male ang vice versa, Hermaphrodites also prevent
seif-fertilisation by developing eggs and sperms at different tinfes.

If we admit that all liying things are mortal, that every living organism is endowed with a
life span that must eventually end, then reproduction is indispensable for the continuance of
species. During evolution the efficiency of reproduction increased where the parents protect
and provide nutrition for the young before or after birth. The adaptations that are found in
vertebrates are internal fertilisation, the cleidoi¢ (enclosed n shell) egg, and the foetal
membranes. Parallel adaptations are also found in lower animals.

For successful fertilisation to occur, animals have adapted internal fertilisation, connected
with copulation. As an adaptation to protect the developing embryos reptiles and birds

secrete calcarious shell around the fertilised eggs, the cleiodic eggs. The organisms in which '
‘the eggs are laid soon after ovulation are called oviparous animals. The animals in which

egg laying is delayed and the eggs develop within the matemal organism and the young
emerge from the cleiodic eggs at aboul the same time of egg deposition, are called

_ Ovoviviparous animals, Mammals are adapted for iriternal development of the embryos.

Here the eggs develop within the matemnal organism and the young are bomn. Such a type of
animals are called.viviparous animals.

You have leamnt that genetic mixing is an advantage of sexual reproduction. Sexual

* reproduction. by combining 1he parental characters, tend to multiply variations and make

possible a richer and most diversifted evolution. You have studied earlicr that mechanism of
interchange of genes between individuals are more limited in organisms with only asexual
repreduction. The process of genetic mixing in sexually repreducing organism is brought
about by meiosis. You have studied in Unit 17 of the course LSE-01; Cell Biology that
meiosis is a distinctive type of gamete-producing nuciear division in which the
chromosomes §plit once and the cell divides twice, producing four daughter cells, each
bearing haploid number of chromosomes. At fertilisation the two hapleid gametes combine

+ 1o restore the normal (diploid) chromoésomal number of the species. The zygote although has

equal numbers of chfomosomes from ¢ach parent, is genetically different from each other
because of the genetic recombination. Nevertheless the indivigual which develops frem this
zygote bears a random assortment of parental characteristics. It is in this way sexual
reproduction introduces new varieties into the population. -

After studying the essential features of sexual reproduction, we shall now study the
mechanism of sex determination.

Sex Determination

Sex, whether an individual wilt be a male or a female is determined at fertilisation, and this
directs'and controls all the later processes involved in male-female differentiation of the
genital system. The genetic determination, however is not final and irrevocabie. Many
internal and external environmental factors come into operation during the developmental
process and modify or completely reverse the sexual constitution of the individual,

Sex which is established at fertilisation, depends upon the **sex’” chromosomes contributzd
by the parents. You are aware that cells of multicellular organisms contain two types of
chromosomes; autosomes and sex chromosomes. In human for example, there are twenty
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two pairs of autosomes and oe pair of sex chromosomes. In mammals, most frogs, some
fishes, and dipterus insecis there are two types of sex chromgsomes, X and Y.'Y
chromosome is strongly *‘male determining’’. The zygote bearing XY chromosomes gives
rise to male and it is called heterozygote, where as zygote of XX chromosomes develops
into a female, and it is homozygote. Since a mammalian male is a heterogamete, '

containing XY chromosomes, therefore, half of the Spermatozoa bear X chromosomes and

the other half Y chromosomes. A mammalian female is 2 homogamete containing XX

chromosomes, therefore ova contain only the X chromosomes. The union of the

spermatozoon bearing X chromosome with the egg gives rise to a female and union of Lhe
spermatozoon bearing Y chromosome with the egg will be the genelic male.

in birds, female is the heterogametic sex, The small chromosome, equalent to the Y in

mammals, is designated by the letter W, and the X chromosome is designated in this case as

Z. Half of the eggs carry a W chromosome and the other half a Z chromosome. All of the

sperms’carmy a Z chromosome. The homozygous (ZZ) condition produces males, and the

helerozygous (ZW) produces females. This is the type of mechanism that operates in birds,
most reptiles, salamanders, some fishes and insects. XX-XY type of sex determination is
called mammalian type of sex determination and ZZ-ZW type is called avian type of sex |
determination.

SAQ1

Match the terms gi‘ven in column A with their definitions given in column B and compare

your answers with those given at the end of the unit. '

A B

i) Agamic reproduction [ ] (a) A uype of reproduction in which
development of an individual rakes place
from an egg or a sperm without the
participation of a germ cell from the
opposite sex.

i) Parthenogenesis il (b) A ype of reproduction in which there is
no fusion of gametes.

iii)  Binary fission . [ 1] (cy A phenomenon in which eggs develop

’ within the maternal organism and the
young ones are born,

iv)  Syngamy [ ] {d) A phenomenon in which eggs are laid

’ soen afier ovulation. .

v) Digecious [ ] (e} A condition in which both male and
female gonads are present in the same
individual.

vi)  Heterogameies [ ] (f) Gametes which differ from each other in
struclure, size and behaviour,

vii)  Hermaphroditism ‘[ 1 (&) Aconditionin which the individuals
have separate sexes. ‘

viii) Oviparty - [ ] (h)  Union of gametes *

Cix) . Viviparity [ 1 (1) Division of the qrganism inio \wo
: daiughler cells,

8.3 FUNCTIONAL MORPHOLOGY OF | .

REPRODUCTIVE ORGANS

+ In the earlier section you have leal:nt about the essential features of sexua.l repmductmm In
. 1h15 section we shall leam about the organs of reproduction, ;

- Reproduction

35
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" The organs that produce germ cells are known as gonads. The gonads that produce the sperm are
called testis and that which form the eggs is known as the ovary. Gonads are the primary sex
organs found in all the animals. In some primitive animals 1he gamete-producing tissues are

. diffuse, conststing of numerous scattered loci for the profiferation of sex cells. in all the more
advanced animals the gonads are localised, and in the bilaterally symmetrical animals they arise
as paired structures. Sometimes one of the gonads degencrates secondarily. The birds providem
familiar example with paired testis in the male and a single left ovary in most females.

Apart from the gonads most metazoans have various accessory reproductive organs that
transfer and receive sex cells such as penis, vagina, oviducts, uterus and vas defefens. In the
courses LSE-9; Animal Diversity-I and LSE-10; Animal Diversity- IL, you shall study
anatomy of these organs in the various groups of animals. Details of the functional
morphology of the reproductive Organs of various groups of animals is beyond the scope of
this unit, therefore we shal) restrict our studies Lo veriebraies.

The gonads-of vertebrates can be classificd into the following two types (i) Mammalian type
and (ii) Noh-mammalian type. They differ from each other anatomically, but perform the
same functions. In the following subsection we shall leam about the gonads of both’
mammalian and non-mammalian vertebratcs.

8.3.1 Ovary

The mammaljan ovaries are flaltened structures lying on the side of the pelvic cavity. These
arc attached 1o the periloneum by mesavaria urid ovarian ligamems. The (ree surface of the
organ is covered by a single layer of germinal epitlielinm. The ovary is roughly divisible
into a cortex and a medutla. In the mature ovary the coriex contains fellicles and corpora
lutea in their different stages of differentiation and Jdestruction. Whereas medulla contains
Jarge blood vessels. Apart from these struclures avary contains interstitial cells which fill
all the space not occupied by follicles, corpora lutca and blood vessels (Fig. 8.2).
Theca swrounding follicle Mature
follicle:
3)

Maeturing follicles (2}/

Follicle liquar

ome follicles
R t [ail 10 develop
_gsru_!ion of ! R .
carpus luteud (7) upture of folliclad)) .

Oocyte relensed (5);

Corpus lutcurs.
fult of szcreiory c2lls (6)

Fig.8.2: Diagram of a Mammalian Ovary.

Ovarian follicles are the ackial gamete containing structures. These are derived from the
cells of germinal epithelium. which are later surrounded by layers of lollicular cells. A germ
ceit surrounded by layers of follicular cells is cailed a follicle. A follicle undergoes siages of

- differentiation 1o become a mature Tollicle known as antral follicke or the Graafian follicle
(see Fig. 8.2). Afier expulsion of the egg at ovulation, a follicle differentiates into a corpus

‘luteurn. The ovary also contains some follictes which due 10 unavailability of hormenes fail

“10 develop into a Graafian follicle and undergo degeneration, The degenerating follicles are
known as the atrefic follicles. In an ovary one can find atretic follicles and corpora lutea ip
different stages of retrogression.

You must have noted in{Figure 8.2 that mammalian ovary contains follicles in different
stages'of development, i.e. there may be primary follicles, growing follicles, preantrai -

* folicles and Graafian follicle. Whereas the ovary of non-mammalian vertebrates contains
follicles mostly in the same stage of differentiation, present in groups enclosed by a
menbrane. Such a type of group of follicles is called a cyst. In non-mammalian vertebrates




ovarian follicles grow synchronously therefore one can find follicles of the same stage of 'He‘lﬂ'ﬂ'd!ﬁqu |
development. The other mujor ditference between the mammalian ovary and the . ’
non-mammalisn ovary is the presence of yolk. The mammalian follicles contain negligible
quartities of yolk, whereas the follicles of non-mummalian vertebrates are laiden with yolk
(Fig. 8.3). : '
Fig. 8.3 : Diapram of nim-mammalian Ovary.
The ovary of vertebrates performs the following functionst
i} production of eggs, I
i) synthesis of hormones needed for the chemical coordinution oﬁ'eprdduélign.
iii)  elaboration of nutrient material (yotk) for the early stages of embryonic development, . .
and ) : . - o :
iv)  maintenance of pregnancy: i.e. housing, nourishment and dévelopmenl of the young in
the viviparous animals. o ‘ S -
j . Primordial.
@- ’ germ - .
. TN el e
Phasc of . : @
multiplication . - -
(mnitosis) @/ \.@ ) / \@
Phase Er Ouogonia - )
growt growth
‘ Primary aocyte * -
first meiotic
Phase of See division
maluration ©°¢Ondary First polar
(meiosis) docyte . e e e body
econd meiotic divisio -
{usually occurs /1 . )
immediately .
afler fertilization) '
. oo .
) &6 & &
Second  Additional polar bodies - i
Ovum polar body (a0t always formed) : : '
Fig. 8.4 : Steps of Qogenesis, 37
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Production of Egg,s

The origin of female gamete is from the gonocytes of embryonic ovary, Whlch undergo a

- period of vigorous multiplication and then differentiate successfully into cogonia and .
- oocytes. The oocytes undergo meiotic division to become a haploid egg. The first meiotic

- division of the cocytes begins just prior (o the birth or just after birth depending on the
specnes and is arrested at late prophase stage. In human ovary the oocytes are held at late
prophase stage from the time of birth until ovulation occurs after the onsct of puberty. The
haploid secondary oocytes begin the sécond meiotic division but remain in metaphase, and
do not extrude a second polar body until the.oocyte has been penetrated by a sperm. The
germn cell becomes a mature ovum after second polar body js reteased (Fig. 8.4).

During the late foetal life, as well as in the post-natal female. cluster of cells arise from the
ovarian‘epithelium. One cell in the cluster enlarges more rapidly than the others and is called
oogonium, whereas the remaining cells constitute the early follicles. After the cogonian
eniarges and becomes distinguishable from its neighbours, it is called a primary oocyte. It
is then surrounded by follicuiar cells. A homogenous membrane, zona pellucida appears
between the primary ococyte and the folticular.cells. The primary oocyte is now called the
primary follicle. The follicle cells increasc rapidly forming layers. They are later
differentiated into theea and granutosa. Under the influence of pituitary gonadotropins
fluid-filled spaces appear in the granulosa and the follicle becomes a Graafian follicle,
follicle containing mature ovum (see Fig. 8.3).

Gonadetropins are hormones that stimulare the genad to synthesisc and release
sex hormones. Yeu shall study more abour hormone action in Uit 10.

-

Synthesis of Hormones

Apart from production-of mature eggs, the other chief function of the ovary is elaboration of
hormones that regulate reproductive tract and secondary sexual characters, condition the
mating reaction and exert other metabolic processes. -

The o¢ar'y elaborates steroid hormones such as estrogens, progestogens, androgens and a
non-steroid hormone called relaxin. Most workers agree that mature folficle is an important
source of estrogen. Most of the evidence lmpllcale that it is synthesised either at the
membrana granulosa or theca intema. The compus |uteum claborates both estrogenic and
progestational steroids. The cellular source of relaxin and ovarian androgens is not known,

Now let us feamn about the structure and function of these hormones. -

The Estrogens

The prcdomlnanl natural eslrogens of the human are estradiol-170. estrone and estriol.
Estrogéns contain eighteen carbon atorns (C-18). Steroid hormones are derived from
cholesterol. The basic structure of all the steroid hormones is the steroid ring
cyclopentanoperhydrophenanthereng, having 17 carbon atoms (Fig. 8.5).

Q CH OH
) HaO Ho HO/

(8) ® ' {d)

Fig. 8.5 : (a) Cyclopentanoperhydrophenantherene {b) Estrone (¢) Estradiol-17p (d) Esitlol
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The estrogens act directly or in cooperation with other hormones to produce a great variety " Reproduction

of effects on specific target organs-and on the chemistry of the body as a whole. We shall '
now discuss some of the actions of estrogens. . .

i} The most general effect of the estrogens is to promote tissue growth. It is more
proncunced in the accessory sex tissues. Estrogens stimulate cell division in the - N
deeper parts of the skin and causes a more rapid replacement of the outer comified
layers of the skin. There is some evidence that high levels of estrogens (under _
pathotogical conditions) may be potentially dahgerous as lhey may encolrage (he
formquon of cancer in cereain mt@w:duals

ii) 'Estrogens are required for the maintenance of vaginal lining and uterine growth. It has ) : : r
been observed that in the experimental animals deprived of estrogens, the vaginal
lining and the uterine wall become thin, and mitotic divisions seldom occur in these
tissues. Administration of estrogens to the estrogen-deprived animals causes rapid
growth of the vaginal and the wierine tissue, The metabolic activity of these tissues
also increases as evidenced by augmented uptake of water and ele¢trolytes by the
tissues and rise in the RNA content of the tissue.

iii) Estrogens are essential for the anatomic preparation of the mammary glnnds formilk
secretion. In some species it affects mammary development in combinzdon with
progesterone. But in some species, estrogens alone or progesterone alone produce the
_effect. As a peneral rule, the mammary glands require pre-treatment with estrogens ' .
before the progesiogens are effeclive. . :

iv)  In mummals sexual receptivity or heat coincides with a period during which the
ovaries are :.ccrelmg large amounts of estrogens. Full mating behaviour generally
depends upon both estrogen and progesterone. These ovarjan hormones probably act
, through the central rervous system (hypothalamus) to conditioa the psychic
" manifestations such as increased spontaneous activity, lordosis, sexual receptivity etc. - ¢m,

Biocchemica! studies revealed that estrogens stimulate synthesis of mRNA, proteins and - (!H; _
DNA. It enters the cells and becomes associated with an cytoplasmic receptor protein. The

hormone-receptor complex enters the nucleus and initiates transcription and RNA synthes:s

You have already studied in detail abour the mechamsm of acnun of slero:d hormones in

Block 2 of LSE-01; Cell Biology.

s

The Progestogens
Pregnaoe

- The progestogens are C-21 sieroids having the basic struciure of the pregnane nucleus
(Fig. 8.6). Progesterone, 20 ¢- hydroxypregn-4-en-3-one und 20B-hydroxypregn-4-en-3-one Flg. 8.6 : Pregnane nucleus
are the known naturally occurring progestogens in mammals (Fig. 8.7). ' .

0.
Progesicrone 20p-Hydrosypregn-4-so-3-ons 20 -Hydroxypregn-4—en-3-one |

Flg. 8.7 : Nalurally occurring krogestogens,

These hormonges are present in ovarian follicles, corpora lutea, placenta and blood. “The .
cellular sites oft}s synthesis are the granulosa lutein cells of the corpus luteum. Placenta also
segreles progesterone. Progectogcns have varied actions upon female reprogductive organs

. under physiological (normal) condmOns They-oftén act synergistically with estrogens.

v
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Androsace

Flg. 8.8 Androstane

However. thcsc hormoncs are capablc of inhibiting the actions of each other. Under these

.- conditions Ihey are conﬂdcred 10 act antagonistically.

*Progestogens are of special-imporiance in preparing the uterus for the implantation of

blastocyst, in maintaining pregnancy | and in regulating the accessory reproductive organs
during the reproducnve cycle

Ovarlan Androgcns'

Androgens are ma';cu]m:smgcompounds that are prodl:ccd chiefly by the testis under
normal conditions. They also arise from the adrenal cortcx, ovaries and placenta. These ‘are
C-19 compounds derived from the basic: structure androstane (Fig. 8.8). Androsterone and
testosterone are the principal androgens about which you will learn in Sub-section 8.3.2.
Since lestosterone is an intermediate in the biosynthesis of estrogens. thercfore. this
hormone may be present/sccreted by the ovaries, The ovarian androgens exhibit (he same
biological activity as that'of testicular androgens. Pathological ovaries may relcase
tremendous amount of androgens; but the amount of androgens secreted by the normal
ovaries is net significant.

Relaxin . R

Thls is a water solublc hon‘nonc prcscnl in the ovanu. placentae and uteri of various
mammalian specics dunng prcnnancy Its role in human physiology is not cleas. It is
appa.rcnlly o hormone of pregnancy and has not been found in the blood of men or non-
pregnant women. Relaxin levels in the blood reack a high-peak during the terminal stages of
pregnancy and disappear within one day after delivery. It is thought that retaxin helps in the
enfargement of blrlh canal by relaxduon of uterine cervix and pelvic ligaments.

Elaboration ofYolk . e

Elaboration of nuiritive material, vitellin or the yolKk, for the early siates of embryonic o

development.is dne of the important funclions of the non-mummalian ovary. You are awarc

that mammals cxcepl mrmolrcmeq and marsuplals are viviparous, The development of the
embrym 1in the vmparous animals takes p].:ce inside the mothers™ bady. Nurition and other

. reqmred things arerprowded o the ernbryon [hrough matemnal circulation. Most of Lthe

non-marmmatign veriebrates are oviparous forms in which developmeni of the embryos takes

" place outsndethe mothers’ body. Therefore they have to be provided with nutrient material

enough for the developmenl til} lhey reach a stage at which they manage 10 procure food by
thiémselves. )

The numuve malcna[ in the ovnparuus amma]s 18, storcd in the cgg cyteptasm in 1he farm of

-yolk. The constituenis of the yolk are protcmq lipids, glycogen nucleic acids and some
-'mlner'ﬂs ]gkc phosphqrus The process of yolk synthesis is called viteHogenesis.

Vllc]]ogcncsm is under the control of gonadolrnpmq Gonadolropins induce the synthesis
and sccretion of estrogens in the gvary, wlnch in turp stimulate the synthesis of vitellogenin,
a yolk-prolein in the Iwer secreted into the blood stream. Vnellogcmn reaches the ovary
throuﬂh blood and cmurs the. epg CGIT In, lhc cytoplasm it is used in the yolk synthesis,

Apart fromégg producl:on syntheslb of hormones and yolk ov'lnes also play a vital role in

g m&malnlenancc of pregnancy

i
)

Regu}almn ol‘Ovanan Actmty L ' S .

The. ovary, s nol an dulonomous organ is l'uncltonal capacity is 1nﬂut,m.cd by the wide .
vane[y of external. sumuii which aré funneled.into the central nervous.system and then-

“translated’" into chemical messengers hich act directlyupon it, Perhaps all endocrine -
glands have at leasba moduhlmg mﬂm,ncu upon the producnon o‘fgdmetc-; and hormones
by lhc gc:-nadc, . e . . :

The ovary is most profoundly rcgulalcd by ihq ptluuary gonadotropins, nﬂmely follicle
siimuiaiing hormone (¥5H) and- lulclmsmg hormone {LH). The growth and development

* of ovarian follicles of mammals‘. depend. upon FSH. but LH-is required for final maturation,

- LH acts upon FSH- -primed follictésiand sumu]alcs estrogen secretion, Corpora Iulea sccrete
 progesterone. It maintenance and secrcuon is undér the influence of prolaclm, a hormone -

- of the pituitary also known as luteotroplc harmone. Prolactin is \not _a ]uteotrop:c v

hormone- in the majonl}fof' rnamma]s Tn some species ofmammals it causes regress:orrof

l CEE R PR i ]

the testes and ovar:c';



~Large amounts of estrogens, given o intact anintls, inbibit the gonads by altering the
release of pituitary gonadaoiropins. There is a negalive feedback mechanism regulating the
ovarian activity. The increased levels of gonadotropins stimulaté the synthesis of esirogens
by the ovary and the increased levels of estrogens in the blood suppress the gonadotropin
secrelion, which in turn inhibit the estrogen synthesis and he related activities (Fig. 8.9},
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Fig. 8.9: Regulution of Ovarian nnd testicular ectivily.

SAQ2
Fill in the blanks and compare your answers with those given at the end of the unit.

a)  The gonads that produce the sperm are called ... ... and that which form the epgs
isknownas . ......

b)  The gonads arein pairsinthe ... .. symmetsical animals. In female .........
ene ol the ovaries is sceondarily degencrated.

¢)  In mammals the mature ovarian follicle is called . ......
d)  AReérexpulsion of the egg at ovulation, a follicie differentiates ino..........
@)  The depenerating ovarian follicles are knownas... .....

f)  The earliest germ ceil of the ovary is knownas . .....

g)  The predominant natural estrogens of the human afe {i).. e Gy......... and
(113 I -

h)  Narusally oécurring progestogens in the mammals are (i} ......... ........and
Gi ..., .

i) The process of yolk synthesis iscalled . ... ... L

8.3.2 Testis

You are aware that gonads ol the male are colled tests. In man and other mammals testes
are lodged in an integumentary pouch called the scrotum. It is an adapiation for regulating
the internai emperature of the testis. Whereas in non-mammalian veriebrates testes are
present inside the body cavity, the peritonium.

Mammalian téstis is made of a series of elongated follicles or seminiferous tubules. The
lining of the wbules constitutes an epithelium from which the spermatozoa are proliferated,
" The interspaces between the seminiferous tubules are occupied by blood vessels, connective
tlissues, and the interstitial cells of Leydig. Seminiferous tubule i3 limited by a thin

Reproduction

41



Animal Physlology—II

42

basement membrane. Tn an adult testis often all- slages of spermatogenems are found at any
level in cross-section of the tubule (Fig.8.10).

Zygotene { synapicocy '
Zys “msm pleoc) Sertol; eal)
Sperm
. Diplotene stage Secondary!
Sertoli cell \ . b, J _dpcrmatocyles|
= Late p}imuy\ (h, Esy /
Pl&hme -“.se \ i é apn'mamcy'le ; ‘ spcrmatlds - ]
, c @-r 'ﬁ‘

a.k ~p“i&f ii .o @@&Q.

Leplotene stage

Basement membrans, !nl.:nl_i_l.inl cells- Spermatoganium

of seminiferous tubule
Fig. 8.10 : Diagram of Mammallap testis.

Spermatogonia are the youngest germ cells from which spermatozoa proliferale. These lie
next 1o the basement membranc and underpo series of mifotic divisions leading to the
formation of primary spermatocytes. The primary spermatocytes undergo the first meiotic
division and give rise to haploid cells called secandary spermatocytes. The secondary
spermatocyles begin the second meiotic division and produce smaller cells called
spermatids. The spermatids later transform into spermatozea by a process known as -
spermiogenesis. The transformation of spermatids inlo spermatozoa involves principally
cytoplasmic loss and the differentiation of the tail piece (Fig- 8.11).

.Primordial

Spcrmalo;oma
growh

Primary spermatecyle '

first meioti
division

/ \ division \ g
@ @ Spermatids
l Elffcrcnnanoi l
?" ,ﬂ ,ﬂ ,,ﬂ Spermatozoa
Fig. 8.11 : Steps of Spermatogenesis.

In a cross-section of the seminiferous tubule you wilt find that SPErmatogonid are focated

"just inside the basement membrane of the tubules, and the series of maturing stages i.e. from .



spermatogoniz-spermatozoa, occur towards the lumen where mature sperms are released. Reproduction

Studies have indicated that in man it requires about 74 days for a spermatogonium to
transform’into functional spermatozoa. The rate of germ cell development is constant fora
given species and strains of rnammals, and that this rate cannot be accelerated by hormones,
Cytological observations suggest that germ cells must move forward duripg their
differentiation; if unfavourable environment make it tmpossible for them to pursue their
differentiation at the normal rate, they degenerate and are eliminated from the system.
Although hommoenes do not accelerate the rate of germ cell differentiation, they must
contribute to the creation of favourable environments for their transformation lnto the
SPenmalozod.

The seminiferous tubules contiin another type of celly called Sertoli cells. These are .
relatively large elements exiending fron the busement membrane towards the lumen, They
are regarded as supporting cells, which probably provide nourishment for the spermatids. In
some species, the sperm heads remain embedded in the Sertoli cells for relatively long
periods. The release of spermatozoa from the Seroli cells is termed spermlallon, a process
that is analogous to ovulation in the female (Fig. 8.12),

Connective tissne
S[=rmalogonie

Nucleus of Sentoli cell
+ Spermatocyte

Sertoli cell

Spermalid

Spermatozena

Lumen ol lubule

Fig.8.12 : Disgrammatic scetlon through o marmmalian seminiferous lubule showing sertoli cell and a mobile
pupulation of differcniiating gera cells,

The testis of non-mammitlian vertebrates is also made up of wubules. The 1ubules contain
nest of ceils which undergo spermatogenesis asynchronously. Each nest of cells is called.a
cysl, which contains gem: cells of the same stage of differentiation. For example in a tubule
there may be cysis ol spenmatogonia, primary spermatocytes, secondary spermatocyles,
spenmaiids and spenmaiozow. In the brecding sedason iestis labules conlain maximum number
of cysis of spermatozoa and also the spermmozon released into the lumen of the tubule.
During the non-breeding sgason there sre more number ol cysts of spermatogonia and
spermatocytes. You huve studied earlier in this section that in mammalian testis the
interspaces between the seminilerous tubules is occupicd by Leydig cells. [n the 1estis of
non-mammalisn vertebraies the interspaces between the tubules is occupied by the lobule
boundary cells These are homologous to the Leydig cells and apparemly have the same
endocrine function, which will be dealt with later in this section (Fig. 8.13).

o
/

—Spermatozoa

Testis tubule

_ Spcnnatqgon.iu.m ‘
-—Lobule boundary cells

Cysts of Spermalids

Fig. 8,13 : Diagramimatic sectlon of non-mammalian testis. I 43



Anlmal Physlology—I1 The testis performs the following two functions:
i}  proliferation of spermatozoa. and . -
i} secretion of steroid hormones.

You have already studied about sperm producuon hy the 1estis. We shall now learn about the
hormones synihesised by the testis.

Synthesis of Hormones

Leydig cells and the sertoli cells are the steroid honnone synthesising cellular sites of the
testis. Leydig cells are the major source of thewe harmones. Testosterone and
androstenedione are the main circulating idre gene of testicular arigin (Fig, 8 14).

OH
| * G
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0 '5‘\/
{a) Testosterone ) Androstencdione

Fig. 554 {n) Testesterone ot creracteacdione

The common merabolites of esosierone are epuiestosivic ne, androstenedione.,
androstanedione, gtiocholanolone, and androgterane, © o reeeTintsni of acton 7 aadio n
is simitar o tha of the other steroid hormancs.

Androgens are essential for the control of secondury v haracters of the mul and (or tae
functional competence of 1he accessory reproductiv. nds and the ducts, The imore
prorounced metabolic actions of these steroids is the pomation of protein anabolism.
Androgens decrease the urinary loss of nitragen withoul increasing non-protein nitrogen of
the blood, and produce at least i temporary increase tn body weipht. Since androgens
increase protein matrix of bone, they kave been used in tive clinical reatment of certain
skelelal defects. They also promote muscle growth.

At the human level, androgens are involved in the control of hair patierns, voice changes.
skeletal configurations, and regulation of the sebaceous-gland activity. Androgens zlso exert
effceis upon the germinal cpithielium of the testis twbules and thus influence sperm
production, Testosterone, which is synthesised in the cells of Leydig. diffuses into the tubule
where it is the principal stimulus for germ cell dilferentiation.

The accessory system of male ducts and glands about which you will learn in

Sub-section 8.3.3, are morphologically and physiclogically dependent upon the production
of androgens. In the experimental adult animals deprived of androgens these organs involute
until that approximate the same structure of juvenile animals. Administration of androgens
completely restores all of these organs 1o the nermal conditions.

Regulation of Testicular Activity

The production of spermaiozoa is under the influence of piwitary hormones and of
androgens derived Trom the testis. The testicular tissue involute in the experimental animats
deprived of pitwitary homiones. FSH is reavired for the differentiation of spermatogonium
inlo spermatozoa, and LH {alse known a« intersltitial cells stimulating hormone {(ICSH) in
males) to stimulate the Leydig cells for (he production of androgens. The increased levels of
androgens in the blood suppru:s the synihesis and secretion of gonadotropms in the

pilvitary.

“You have studied earlicr that 15 time required for the spermatogonia to differentiate into
spermatozoa is a biolozic constant, var ing with ihe species and strain, which cannot be
altered by hormones and other factors. On rhe other hand, the number of spermatozoa
-produced is dependenl upon piiitary gonadeaening, androgens, nutritional faclors.
temperature, light cic.
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Explain'the {unction of the following in two sentences and compare your answers with those
given at the end of the unit.

a) BEOTS (e1111 ) v E R R LR e

b) Interstitialcellsof Leydig: ... ... oo ie s P

¢) T [ 1 S PP RPN

d) ANrOBeNS: ..o i e it aa e eeeraee e

.8.3,3 Accessory Reproduciive Organs

The :jlccessory- reproductive organs consist of ducts and glands specialised for storage and
conveyance of the gametes. The functional stats of these organs is conditioned by the
respccti\.;c gopadal hormones. In the course LSE-10; Animal Diversiy-11, you shall study
comparative account of the anatomy of these organs. I this section we shall study
lunctional anatomy of these organs in both femate and male separately.

The Female Accessary Sex Organs

The female accessories include oviducts or fallopian tubules as they are genceraily termed
in the human subjects, the uterus, the vagina and the external genitalia.

In mammals, oviducts provide a passageway between the ovary and uierus. The ovarian end
of this tube is expanded into a ftunnel, having fimbriated margin. Some of the epithelial celis
lining the tube possess cilia that beat inwardly. Beating of cilia together with the increased
aclivily ol the fimbria af the time of ovulation assist the movement of the ovum towards the
uterus. Fertilisation typically occurs in the oviducts. In human beings ferfilisation occurs
usuaily within 24 hours after the egy has been released from the ovary.

The primate uterus is u pear-shaped muscular organ. The uterine wall is composed of a thick
mass of smooth muscle cells. called myometrium and glandular lining known as
endometrium. The narrow caudal end of the uterus is called cervix. During pregnancy the
uterine walt becomes highly modified 1o facilitate implantation of the blastocyst and its
subsequent development.

The human vagina is an unpaired, dilated tube, approximately 4 inches in length extending
from the caudual ¢nd ol the uterus 1o the vestibule, The lining of the vaginy is a stratified
sguanous epithelium devoid of glands. It has a very (hin layer of muscles. The vagina does
not provide a satisfuctory envijorment tor the survival of spemutezea. in humans, they die
within ot lew hours, whereas they may remain viable Jor two or three days in the uierus and
laltopian wbes.

The external genitatia of the female consist of the clitoris, the fabia majora and minora,
and ceriain glinds that open into the vastibule (Fig, 8.15). The clitoris is an erectile organ
homologous 1o the penis.

In reptiles and birds the oviducl-supplics‘wulcr. albuminous coating {egg while}, shell.
membranes and shell to thevges as they raverse through it In birds only the left oviduct
grows to functional size: the right is lost entirely or persists as a rudiment (Fig. 8.15). 45
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FALLOPIAN TUBE! UTERUS

OYARIAN LIGAMENT

ROUND LIGAMENT.

LABIUM

GLANS CLITORIDIS MINUS

LABIUM MAJUS
Fig. 8.15 : Dingrammatlc section of the female pelvis. showing the penltnl orpans.

The Male Accessory Sex Organs

The accessory ducts and glands of the male are specialisations for the storage of
spermatozoa and their conveyance in an adequate vehicle 1o 1he exterior at the proper time.
These structures in liwe iiinman male include multipte ductuli efferates, paired epididymis,
vasa deferentia, seminal vesicles, ejaculatory ducts, cowpers® glands, a prostate gland,
the urethra and the copulatory organ, pents.

The epididymis is an extremely convoluted tubule that measures around 20 feet in length
when straightened -out. It is a slorage place for spermatozoa collected from the testis lumen.
Spermatozoa improve the capacily for matility and (erttlisation after a period of residence in
this organ.

Vas deferens begins from the terminal end of the epididymis. 1t receives a duct from the
seminal vesicles and then becomes known as ejaculatory duct. [t also courses through the
prostate gland and enters the urcthra. The vas deferens contains well developed muscie
layers and is largely responsible for the movement of sperm aleng the tract. Sperm storage
also occurs at the proximal end of the vas deferens, The spermatozoa are believed to be
nonmotile in the storage structures such as epididymis and the proximal portion of the vas
deferens, but become motile when mixed with the accessory gland secretions. The seminal
fluid emanating from the accessory glands furnishes a vehicle for the conveyance of sperm
and perhaps provides an environment in which they can attain their greatest fertilising
capacity. All of the accessory sex organs mentioned above depend on androgens for full
functional development and arc quiic inactive until ihe advent of puberty (Tig. 8.16).
. URINARY URETER
PERITONEUM BLADDER
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DUCTUS:
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SCROTUMI EPIDIDYMIS:
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Fig. 8.16 : Dingrammatic section of the male pelvis showing genltal organs. ;
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8.4 REPRODUCTIVE CYCLES

[

In the earlier sections you have fearmnt abour structure and function of the reproductive
organs. In this section we shall learn about the reproductive acrivities.

Gamete production is no! a continuous phenomenon. It is recurring and cyclical. In most of
the animals maturaticon of the gametes takes place during the seasons which are most
favourable for the development and grow(h of the young.

Based on the frequency of gamete maturation followed by breeding activity, animals are
termed as annual breeders, biannial breeders and so on. Most of the non-mammalian
vertebrates exhibit annual reproductive cycle. The gonads of such animals mature once in 2
year and hence they reproduce once in a year. Studies have shown that it is the ovary which
exhibits gamnete differentiation in phases whereas spermatogenesis is a continuous process.

In non-mammalian vertebrates the ovarian eycle consists of the following phase,
(i) prebreeding phase (ii} breeding phase and (iii) postbreeding phase.

During prebreeding phase growth and differentiation of the ovarian follicles “akes place. The
follicles $1art accumulating yolk and at the end of this phase 1he follicles are ready for
ovulation and fertilisation. '

Breeding, phase is the period of ovuiation, mating and fertilisation. This phase is followed by
the postbreeding phase in which ovary contains the spent follicles, or postovulatory
follicles (the follicles from which the ovum is expelled during ovulation), some follicles
which failed 10 ovulare, and atrelic follicles. Degenerution and disintegration of
postovulatory and atretic follicles also take pluce during postbreeding phase, In some of the
animals there is a resting phase in which no gametoganic activity takes place. All the germ
cells are at rest for some time before entering into the follicular or the prebreeding phase. in
the male animals testicular activity is a continuous process. Spermatogenesis 1akes place
throughout the year, but spermiation (release of sperms) parallels with the ovulatery phase
of the females.

The reproductive ¢yclés are regulated by hormones from the pituitary and the gonads. Apan
from the endogenous mechanisms. extermal stimuli also effect ihe gonadul activity.

in the earlier paragraphs of this section you have learnt about reproductive cycles in
nen-mammatian vertebrates. We shall now study about mammals.

Mammals exhibit two types of ovarian cycles: i) Estrous Cycle, exhibiled by non-primtes
such as rats, cats, dogs. pigs, and i) Menstrual Cyele, found in the primates (Monkeys,
Chimpanzees and humans). Let us study estrous cycle in Tat and menstrual cycle in humans.

Estrous ¢cycle

The estrous cycle of the rat is completed in four to five days,.although the timing of the
cycle may be influenced by external factors such as light, temperature, nutritional status, and
social relationships. In species having such short cycles, the ovaries contain follicles in
various stages of formation, as well as corpora lutea of several past estrous cycles. The cycle
is roughly divisible into four stages. ' '

i} Estrus : This is the period of heat, and c_opulation is permitted oﬁly at this time. This:
condition lasts from 9 to 15 hours and is characterised by a high rate of running activity.

Reproduciion
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Under the influence of FSH, 2 dozen or more ovarian follicles grow rapidly; estrus is thus a

- period of heightened estrogen secretion. Behavioural changes include quivering of the ears
and lordosis (arching the back in response to handiing or 1o approaches by the male). The
uteri undergo progressive enlargement and become distended owing to the accumulation of
luminal fluid. Many mitosis occur in the vaginal epithelium ard as new cells accumulaie, the
superficial layers bécome squamous and comificd. The latter cells are exfoliated into the
vaginal lumen, and their presence in vaginal smears is indicative of estrus {Fig. 8.17).

- During late estrus, there are cheesy masses of comified cells with degenerate nuclei present
in the vaginal lumen, but few if any leukocytes are found during estrus. Ovulation occurs

. during estrus and is preceded by histologic changes in the follicle suggestive of carly
luteinisation. Much of the luminal fluid in the uter is lost before ovularion.

ii) Metestrus : This occurs shortly afier ovelation and is intermediate belween estrus and
diestrus. The period lasis for 10'to 14 hours and mating is usually not permitted. The ovaries
conlain corpora hutea and small follicles. and the uteri have diminished in vascularity and
contractility, Many leukocytes appear in the vaginal lumen atong with a few comified cells
Fig. 8.17).

ii1) Diestrus : This lasts 60 to 70 hours during whicl: functional regression of the corpora
lutea occurs. The uteri are small, anaemic. and only slightly contraciile. The vaginal mucosa
is thin, and leukocytes migrile through it, giving a vaginal smear consisting almost entirely
of these cells (Fig. 8.17).

iv) Proestrus : This precedes the next heat and s charucterised by functional involution of
lhe corpora lutea and preovulatory swelling of the lollicles, Fluid collects in the uteri and
they become highly contractile. The vaginal smear is dominated by nucleated epithehial
cells, which occur singly or in sheets.

In case pregnancy occurs, the ¢ycles are interrupied for the duration of gestation, which lasts
for 20 1o 22 days in the rat. The animals come into estrus at the end of pregnancy, but the
cycles are again detayed until the termination of lactation (Fig. 8.17).
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Fig. 8.17 : Section through vaginal wall of the rat duriﬁg different slages of the estrous cycle.

" Endocrine Regulation of the Cycle

You have leamt above that the reproductive cycles are governed by the. intemplay of pituitary
and gonadal hormones. According te current concepts. a feedback mechanism operates
whereby the pituitary release of FSH and LH is controlled by the levels of estrogen and
progesterone in the circulation, It is not known what factors are originally responsible for the
activation of the pituitary-ovarian axis, but it has been postulated that very low levels of
estrogens, coming from the immature follicles or extragonadal sources may snmulale the
pituitary to augment its release of FSH and LH. When the level of estrogen in the blood
becomes high, indicating that the ovarian follicles are full-grown, it acts to prevent a greater
release of FSH by the hypophysis and to promote an augmented release of LH. Under the
influence of rising titers of LH, preovulatory swelling ensures and definite lutein changes
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occur in the walls of the marure tollicles. The preovulatory follicle secretes some ' Reproducilon
progesterone as well as large quantities of estrogens. Ovulation occurs while LH is in
ascendancy and there is an immediate fall in the circulating estrogens after ovulation. The
ruptured follicle becomes transformed into o corpus luteum, which becomes functional
under the influence of prelactin, a hormone from pituitary which is also known as

- luteotropic hormone. The discharge of LH from the pituitary seems to be inhibited by
rising titers of progesterone.

The corpora lutea remain functional for only u short period unless pregnancy or

pseudoprepnancy supervenes, but the ovaries of cyclic rats always contain several sets of

corpora lutea tn different stages of disintegration. Changes in the ovaries must be regarded i -
as resulting from the interaction of the gonadotropins and thanges in the sex accessories as '
conscquences of the interaction of the various ovarian hormones,

There is ample evidence that in many mammalian species the secretion of progesterone by '

the follicle begins before ovulition has occurred during the period of preovulatory swelling.

Even in species thar ovulae spontaneously it is un interesting fact that sexuval receptivity '
precedes ovulation. In the cow ovulation is spontaneous, but it does not oceur until 13 1o 15

hours after the end of heat, The secretion of progesicrone by the ovarian follicles of the rat,

guinea pig, and perhaps other species probably cotncides with the onset of sexual receptivity,

The wteri of the rat become quite small and anaemic during diesirus, indicating that while
the corpora lutea persist ihey sccrete progesterone only for a brief time in the reproduciive
cycle. When pregnancy or pscudopregnancy follows a period of estrus, the corpora lutca
remain functional much longer, probably owing to the action of protactin, The
progestational changes in rats and mice are much less extensive than those that oceur in the
uteri of such forms as the rabbit. However, the progesiational uteri conditioned by estrogen
plus progesterone, are equally sensitive o implunting blastocytes or to endometrial trauma,

‘The Menstrual Cycle

Menstrual cycles are churucteristic of primates and do not oceur in other vertebrate groups.
The lengih of the cyele iy highty variable, though 28 days is generally regarded as typical for
human female. The cycle in the chimpanzece requires about 35 days. Both estrous and
menstrual cycles are regulated by the same interplay of pitwitary and ovarian hormones, and
the effects of the ovarian hormones on the reproductive tract are comparable in most
respects, The chiet dilferences between the rwo types of cycles are; i) the presence of a
menstrual phase in primuates. and ii} the spreading of sexual receptivity throughout the
cycle, rather than the limitation of it to a definite period as found in nonprimales,

During the menstrual phase the superlicial tuyers of the endometrium are sloughed rupturing
spiral arleries, resulting in bleeding. This 1ype ol bleeding does not occur in nonprimales,
Spiral arteries are absent from the uteri of estrous mammals but are present in primates with
the excepiion of the New World monkeys. New World monkeys menstruate, but the loss of
blood is greatly reduced.

The menstrual phase lasting tour © seven days is regarded as the beginning of the primate cycle,
This arrangement is sanctioned because menstruation is the easiest period of the cycle 10
recognise and because ii comesponds with the formution of new follicles in the ovaries

(Fig. 8.18). However, if the uterus alone is considered, menstruation represents Lhe terminal
event with subsidence of the corpus luteum and a consequent deficiency of ovarian -
hormones. The endometrium cannot maintain isell and hence regresses and the surface
disintegrates. o

Four phases of the mznstrual cycle are usually distinguished : the menstrual, proliferative .
(follicular), ovulatery and progestational (luteal). :

The proliferative phase is conditionex by estrogen and extends from the end of mensituation .
to ovulation. Ovulalion occurs near the middle of the cycle, Al the end of mensirual
disintegration, the endomelriunt is thin and poorly vascularised and only the basal parts of
the endumetrial glands remain, The endometrium thickens as the estrogen titers rise and the
glandular and vasculuc patterns are restored. '

* No conspicuous changes occur in the endometrium during the ovulatory process. Cyclic
vartations in the body temperature of the human female correlate with menstrual changes. A
distinct rise in basal body temperature occurs at ovulation and remains high until the onset - ,
of the next menstrual period. The chan'ging titers of hormones during the menstrual cycle .
apparently account for the temperature fluctuations. . . . . 49 |
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During the progestational phase the uterus is under the influence of both estrogens and
progestogens and the endometrium differentiates into a tissue that can fulfil the requirements
of an embryo ready to implant. The progestational cndometrium, normally requires both
estrogens and progesterone. Jt is the only type of structure in which blastocysts can readily
implant and develop normally. If implantation has nol occurred the corpus luteum
diminishes in function and degenerative changes are observable in the endometrium. With
menstruation the outer portion of the endometrium is Tost and theére is biceding into the
uterine cavity. -

Endocrine Interactions

At the beginning of menstruation the inhibitory influence of the corpus luteumn on the
pituitary is removed and FSH is secreted in increasing amounts, This stimulates the growth
of the young follicles, and they grow, they release increasing quantitics of estrogens, The
high estrogen content of the blood causes the pituitary to dimimsh its production of FSH and
increase the output of LH. Ovulation oceurs wiren the balance between FSH and LH has
swung sufficiently in favour of LH. There is evidence that small amounts of progesterone are
produced by the preavulatory follicle, and this hormone may be involved in the ovulatory
process perhaps through its action on the brain or the anterior hypophysis.-After ovulation, the
corpus luteum begins to form in the ruptured follicle under the influence of LH.

Gonadotropins activate the corpus Juteumn and cause it to secrele progesicrone and small
amounts of estrogen. 1f a fertilised egg is not produced, lunctional degeneration of the
corpus luteum begins eight to ten days afier ovulation. The onsct of menstrual bleeding
correlates with the withdrawal of progesterone and, 10 a lesser extent of estrogen in the
breakdown of the endometrial blood vessels with subsequent bleeding remain largely
unknown,

If the egg is fertilised, the pituitary continues to release lweinizing hormone, and the corpus
luteum increases in size and augments its output of hormones. Secretory competence of the
corpus lutewm diminishes slowly after the fourth month of pregnancy, although it remains
structurally intact until-the end of pregnancy. The placenta, rather than the ovary, is the
principal source of progesterone and estrogen during the latier haif of pregnancy. Removal

* of the ovaries after midpregnancy neither terminates pregnancy nor diminishes the levels of

the two types of sieroid hormenes in the circulation (Fig. 8.18).
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Contraceptive Pill

About sixty million women in.the world arc currently using oral steroid
contraceptives. These contraceptives usually consist of a synthetic estrogen
-| combined with a synthetic progesterone in the form of pills that are 1aken once
cach day for three weeks after the last day of menstrual period. This procedure
causes an immediate increase in blood levels of ovarian sieroids (from the pill),
which is maintained for the normal duration of a monthly cycle. As a result of
negative feedback inhibition of gonadotropin secretion, ovulation never occurs.
The entire cycle is like a false luteal phase, with high levels of progesterone,
estrogen and low levels of gonadotropins.

Since the contmceptive pills conlain gvarian steroid hormones, the endomelrium
proliferates and becomes secrelory just as it does during a normal cycle. In order
to prevent an abnormal growth of the endomeltrium, women stop taking the pill
afier three weeks. This causes estrogen and progesterone levels to fall, and permits
menstruation to occur. The contraceptive pill is an extremely effective method of
birth contral, but it does have potentially serious side effects—including dn
increased incidence of tHromboembolism, cardiovascular disorders, and
endometrial and breast cancer. It has been pointed out, however, that the morlality
risk of contraceptive pills is still mucH lower than the risk of death from the
complications of pregnancy—or from automobile accidents. ’

SAQ5. o Lo AT e

What are the two main differences between the estrous.cycle andlhcmenstrual cycle?: __- o
. Explain-in the space given below. A R '

- 1

3.5 SUMMARY

You have learnt in this unit that:

8

Organisms reproduce asexually and sexually. Fission, budding, fragmentation and
parihenogenesis are the asexual methods of reproduction. In sexual reproduction there
i involverment of two parenls of differcit sexes; male and female.

The gonads of the maie (téstes) produce male gameles; the sperm, and the female gonad _
(ovary) produces the ¢gg. .

Most of the animals are dicecious, i.¢. having Separale SExes, but some animals have
both the sexes in the same animal, a condition called harmaphroditism. -

Duringrevolution animals have increased the efficiency of reproduction Lo
provide nutrition and prolection to the young before or after birth. The
adaptations in vertebrates are internal fertilisation, cleidoic eggs and foetal
membranes (viviparity).

Sex of an individual is determined at fertilisation depending upon e genatic
conslitution. A zygote bearing XX chromosomes differentiates into a genctic female

and XY into a genetic male. The genetic determination also gets modified or reversed
by some internal and external environmental factors.

Ovary produces eggs, elaborates hormones and yolk.

The ovarian activity is regulated by pituitary gonadoropins, and by its own hormones
(estrogens) by negative feedback mechanism. :

Testis produces spermatozoa and synthesises and secretes steroid hormoneés. Its activity
is also regulated by pituirary gondotropins and-its own hormones (androgens) by :
negative feedback mechanism. : : : -

Reproduction
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The accessory'rcproduétive organs consist of ducts and glands specialised for

. storage and conveyance of the gametes. The female accessory reproductive organs

are the oviducts, the uterus, the vagina and the external genitilia. The male
accessory reproductive organs are multipte ductuli efferentes, paired epididymis,
vasa deferentia, seminal vesicles, ejaculatory duicts, cowpers’ glands, prostate gland,
the urethera and the penis.

Gamele production is not a continuous phenomenon. It is recurring and cyclic, takes

place during the seasons which are most favourable for the development and growth of
the young.

Most of the non-mammalian vertebrates exhibit annual reproductive cycle in which
maturation of the gameles and breeding activity takes place only once in a year.
Gamelogenic activity in the males is usually continuous. The mammalian females
exhibit two types.of ovarian cycles;

1)  The estrous cycle, exhibited by nonprimate mammals and

ii)  The menstrual cycle, exhibited by primates. The chief difference between the rwo

cycles are (i) the presence of a menstrual phase (bleeding) in primates and (i) the”

spreading of sexual receplivity throughout the cycle in the menstrual cycle, rather
than limited to a definite period found in estrous cycle.

86 TERME\JAL QU"ZS \9:-

1

2}

3)

Nane the various types of asexval mode of reprodnetion wn s o sotos e, .,
them in the space provided.

Draw a section of a mamimalingn ovirry el voed e syt wonetupes, Saoed T

Briefly writc abowt FSH, LH, estrogens. and progesterone. How da tiese hormnas
interacl in m.unmmmg reproductive cycles ?

Briefly discuss the estrous cycle.

8.7 ANSWERS

SAQs

1)
2)

(1)-(b), (ii)-(a), (iii)-(iS. (iv)-(h), (V)-(g), (vid-(D), (vii)-(e), (viii)-(d}, (ix)-(c)
a)  Testis, ovary
b)  bilaterally, birds
)  Graafian follicle

d) corpus Iuteum



e)

g)
h)

3y a)

(b)
(c)

{d)

atretic follicles Reproductioen
oopganium

estrone, estradiol, estriol

progesleronc, 20cc-hydi‘ox:.'pregn-i1-en-3-0ne, 20pB-hydroxypregn-4-en-3-one

vitellogenesis

It regulates the internal ternperature of the testes. During warmer days scrotum
keeps the testes away from the body to keep them coo! and during cooler days
it ascends then touching the body and keeps them warm.

There are the steroid hormone synthesising cells.

These are the supporting cells for spermatogenesis. These cells are also known
to synthesise androgens and supply nutrition to the germ cells.

These are masculinising hormones, maintain spermatogenic activity and
accessory reproductive organs.

4 @WFEMEE@F@OFE@MEeEMOMOMM(M

5 i)

- i}

Presence of menstrual phase (bleeding) in menstrual cycle which is not found
in estrous cycle.

Animals are receptive for sex throughout the menstrual cycle, where as
animals exhibiting estrous cycle are receptive only for a very short period of
the cycle. -

Terminal Questions

)  Please refer to Subsection 8,2.1

2)  Please refer to Fig. 8.2

3)  Please refer to Section 8.4

4)  Please refer to Section 8.4
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UNIT9 COMMUNICATION—I

Structure
9.1  Introduction
Objectives
9.2  Nervous System and Nerve Cells
9.3  Nerve Impulse

Membrane Potential
Action Potential

All or None Response
Conduction

94  Synaptic Trafnsmission

Chemical Synaptic Transmission
Post Synaptic Potential
Elecirical Synaptic Transmisston

9.5  Neurotransmitlers
9.6 Neural Circuits

9.7  Summary

9.9 Terminal Questions

9.9 Answers

9.1 INTRODUCTION

In the previous units of this course you have'studied that all multicellular animals possess
organ sysiems of varying degrees of complexity to perform the physiological processes
necessary for life. Such complexity requires an internal communication system that
coordinates the activities of each system with those of the others and with the environmental
conditions. Perception of environmental as weil as intemal information is necessary for the
proper physiological functioning of an organism.

The nervous system is one such anatomiically oriented sy'stcm of communication in nature.
You can think of it as a telephone exchange. When you dial a number your message goes
coded as an electric current 1o a specific place or 'larget’ where it is interpreted by the
person who picks up the receiver of the telephone. Similarly in the nervous sysiem messages
are senl through cables i.c. nerve cells and nerve 10 a specific place for an instant reaction.

In this unit you will study the structure and functioning of the nerve cells that make up the
complete nervous system. You will learn how messages are gencrated and transmitted along

these nerve cells to specific organs or cells in response to a stimulus. The language in which

the message is sent is the same regardless of the stimulus and the inierpretation of the
message lies in the brain which directs an appropriate response.

You have been introduced to the structure of brain, the organisation of central nervous
system and peripheral nervaus sysiem in FST-1, Block-6. It would be useful for you to read
Units 23-24 again before vou start a study of this unit.

In the physiology of communication we have deliberately omitted certain functions of the
central nervous system, the so called higher functions of the brain such as consciousness
sleep, and memory. These topics can form a full course in their own right! However, you
shall study the roe of neural circuits in nervous integration bricfly with the help of some of
the involuntary functions like the simple reflex arc and the sensory filtering system.

Int the last unit of this block, we will deal with the complex of chemical meassengers, called
hormones ‘that are secreted by endocrine glands, \



Objectives Communkation-]
After studying this unit you should be able 1o
® describe the parts of a neuron and their functional significance,

@ describe the events that occur during the production of action polential and explain the
significance of the all or none law,

@ describe the conduction of action otentials along myelinated and non myelinated axons
and explain why saltatory conduct:on improves the speed of conduction,

list some neurotransmitters and describe the-process that takes place at synaptic junction,

describe a typical reflex arc,

@ cxplain the importance of reticular system.

9,2 NERVOUS SYSTEM AND NERVE CELLS

Living matter has the intrinsic capability to respond to changes in environmental (physical,

biological and chemical) factors. Single cell organisms such as Amoeba, Paramecium also

respond (o the environment, interact with it and generate appropriate responses, With the

advent of mulllcellu[a.nly and increase in the size of animals, arose the need for coordination

and rapid conduction of information within the organism. To fulfil this need, some of the

cells in the multicellular organisms became more and more speciatized, acquired particular

ability for receiving environmental information, for conducting it through the organism and

finally for generating appropriate responses. And thus a cell type, the nerve cell or neuron

came into being. The neuron itself underwent further morphological and physiological

specialisation resulting in the evolution of a great variety of neurons (nerve celis) differing Glial cells are about 5 limes more
markedly ir size and morphological appearances according to the specialized job they were than neurans. Brain tumors that

. A , . oecur in adulls are usually composed
required to perform. These cells became organised in what is known as the nervous system. of gliat cells rather than neerons.

In the nervous tissue, besides the nerve cells there is one other cell type — the neuroglia
which are present in large numbers and occupy practically all the space between the nerve
cells. Neuroglia cells themselves are of several types better recognised in vertebrate nervous
tissues than in the invertebrate nervous tissues. Some categores of glial cells are listed in
Table 9.1.

Table 9.1 : Some types of glial cells and their functions

Neuroglia I Function

Schwann Cells surround axans of all peripheral nerve fbrcs form the
myelin sheatl,

Cligodendrocytes form myelin sheath around central axons producing the
white malter of ceniral nervous system,

Aslrocyles : cover capillaries of brain to form the blood brain barrier
and help regulate passage of molecules from bloed to brain.

Ependyma ' line the ventricles or brain cavities and central canal of
spinal cord.

Microglia phagocytic amoeboid cells in central nervous system that

remove foreign and degenerate material from the brain.

Neurons

i Although neurons oceur in’ ajgreat variety of sizes and morphologicai forms, they have a basic
plan of structure representing cenain common characteristics. You have studied this basic
structure in FST-1 Unit 23. In general, the neurons exhibit the rollowmg cylological fedtures
(Fig. 8.1). The cell body of ihe neuren is caiied perikaryen. A large number of processes
<called dendrites emerge out of the perikaryon. these are relatively short, frequently
branched, irregular in dlameler and tapering. Besides these processes there is another
structure, the axon that emerges from the perikaryon. Itis a relalwely long process and
branches at its tip into terminal processes. The neuron all over is covered by a cell
membrane named neun!emma 55
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Axons are of two types ; (1) myclinnted and (ii) nonmyelinated. In the case of myelinated

" axons the neurilemma is ensheathed by another covering, the myelin sheath. composed of,

complex lipoproteins. The terminal branches, dendrites, cell body (perikaryon) and the
initial region of the axon (the axon hillock) are devoid of myelin sheath: Although the
dendrites are relatively short, unsheathed, tapering, iregular in diameter, and branched in a
wide array.of patterns, the'cell body cytoplasm extends into them. The dendrites receive
synaptic endings over much of their surface and fhus constiluie]the receptive surface of the
neuron. They. are like receiving antennae as a nerve cell receives messages along the
dendrites but sends messages along the axon,
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Fig. 9.1: Vertebrate spinal matoneuron, The func_ions of diffevent parts are indicated. Axon and
surrounding sheath are shown in longitudinal sectian.

X ]
Another structural feature of unique importance in the nervous tissue is the synapse. A
synapase is the anatomical site at which axon terminal processes of one nerve celi establish
a functional contact with ariother nerve cell. At this contact site the membranes of the two
cells in contact are separated by a physical space. Special mechanisms operate Lo transmit
signal from one i.e. presynaptic to the other i.c. postsynaptic. (Further description will be
given when we deal with synaptic lr:insmission.)

The cell body constitutes the trophic apparatus of the neuron in which most biesynthetic
activity cceurs producing chemicals needed for ather parte of the cell, for example. the axon.
Rough endoplasmic reticulum is present in the cel! body and dendrites bui is absent in axon.
Since rough endoplasmic reticulum is the principal protein-manufacturing machinery of the
cell, the axon gets its proteins from the cell body. Movement of a large variely of substances
from the perikaryon to and along the axen constitutes phenomenon of axonal transport.
Extending throughoul the cytoplasm from dendrites to the axon, arc present fine fibrilar
structures called neurofilaments and microtubules.

Axon is a relatively long process (also quile often referred to as nerve fibre) and can be
considered as funclionally specialised for conductien of excitation over considerable
distances. In vertebrates the axons of high velocity neurons are covered by insulating
sheaths of lipid containing myelin. This myelin is made up of special glial cells—the
Schwann cells (Fig. 9.2), The myelin covering is not continuous, There e liny uninsulated
gaps belween adjacent Schwann cells. These are the nodes of Ranvier. The myelin covering
and nodes of Ranvier help accelerale the speed of conduction of impulses By a mechanism
which we will discuss later.

The terminal part of the axon brancies, RIminating into small ramifications whose 1ips form
end knobs which synaptically contact with other nerve cells. In the end knobs are present
characteristic structures calted synaptic vesicles which contain and store chemical
substances called neurotransmitters.



Nucleus

Schwann

Axun

Fip. 9.2 : Myelinated Ghre, The myelin sheath develops from Schwann cclls that grow around
the nerve fibre until it is covered by a multi- I.m.ru! wrapping of s‘uppurnng cell tnembrane.

The diversity in neuron form. however, is so much tha there can be many vanauons from
the generalized 'description given above. For example, the nerve cells catled amacrine cells
faund in retina contain processes without a demonstrable axon.
S5AQ 1 Pick the correct answer
a) In veriebrates myelin sheaths cover the

i) nerve cell body

i)  dendrites

B} axons

iv) all of the above
h) Which of Lhe following statemenis describes a synapse best

i) A synapse’is a point of functional contact between nerve cells where nerve,
impulses are transmitted: i

iiv A synapse is the functional connection between a neuron and a sccund cell for
transmission of messages.

..+ A synapse is a functional contact between a nerve cell and another ce]l ACross
which nerve impulses are transminted via neurotransmitters.

9.3 NERVE IMPULSE

Neurons produce and conduet nerve imputses which ure basic 1o ali newrelogic Tunctions
lront sensory perception o phystological experiences. 1Uis, therefore, of inlerest 1o
understand as 1o how impulses are generated and conducted in the nerve cells bc,lon. we
examine how the nervous system as a whele is organised and functions.

For instance how can pricking your linger with a sewing needle generatc an electrical
change that tetls your Brain 10 experience pain? The source of electricity is certuinly not in
lhe needle, It lies in the nerve cel! itself. The property responsible for generation of electrical
currents is largely in the neuron’s piasma membrane which shows regional functional
specialisiion (see Fig. 9:1),

[1)
)

Even in their resting stake i.c. when they are not conducting any impulses, nerve cefls are
senerating an electric charge. Acwally a resting neuron is not realy resting but maintaining
its excitability i.e. the capacity 1o conducl an impulse in response 10 a stimulus,

Tha nervous ability 1a°accept and relay information results from differences in ion
distribution between inside and outside the cell at rest and the changed permeability of the
plasia membrane when a stimulus is given. You have learnt in LSE-01 Units & and 7 that

the interstitial fluid around the cell has relatively higher concentrarton of sodium (Na™) and
chloride (C17) ions, but low concentration of potassium ions (K*). Inside the cell the
concentration of K* is more than Na* and C'™ ¢Fig. 9.3). These differgnces are pronounced

_ Commanlestion=I
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The most dramatic experiment 1o
show that nerve membrane is the
rssential element in generating o
Tsting potential and not the
woplasm was shown by replacing
he entire content of the axen with
utificial salt solurion, Such an axon
<haves amazingly like a nosmal
uon. It can remain excitable for -
cyeral hours.,

s there is approximately 10 times more Na* outside the c&ll than inside and 25 10 30 imes
K* inside than outside the cell,
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5 Fig.9.3; Tor disiribution Inslde and outslde a neuron. An active sodium pump drivesNa* outslde keeping
conceniratlon low [nside the cell. Even though K leaks outside, the conceniratlon is more inside.

When at rest, the nerve cell is selectively permeable to K*, which can pass through the

* . membrane through passive ion specific channels. The permeability 1o Na*+ and Ci- at this

time is almost zero becavuse these channels are closed and K* tends to diffuse out down its
concentration gradient as there are less K+ outside the cell. Each K* that leaves the cell
without CI™ following it, gives a positive charge to the outside of the membrane. This
positive charge quickly reaches a level that prevents further outflow of K*. The resting
membrane attains equilibrium and the positive charge outside exactly balances the
concentration gradient that drives the K* out, This gives the resting membrane potential
whiph can be calculated by Nerst’s equation. (Refer 1o Units 6-7 LSE - 01.)

RT [Klo |

.-E=? loge [K1i

In giant squid it is calculated to be 75 mV.

Squids and many other aclive inverigbrates have neurons wilh giant axons of such large
diameter that they are easier to study then neurons of veriebrates. The basic functioning of
all nerve cells, however, is the same. A.L Hodgkin and A.F. Huxley studicd the giant axpns
of squids and received a Nobel prize for showing how this potential difference contributes to
ihe functioning of the nerve celi- -

The membrane pateritial can be measured by inserting a tiny micro-elecirede into the axon
"and reading the potential relative to the outside. The observed resting potential in the giant
squid gxon s close to the calculated potential but several millivols less, about —60 to —70
-mY.(The negative sign preceeding the value denotes that the inside of the cell is negative
" with respect to outside.) o

Let ub see what causes the concentration difference of ions inside and outside the nerve celi,
It is due to:

i) electrical atraction by negatively charged proteins and organi¢ phosphaites that are
inside the cell and canrot move out .
i) the greater permeability of the cell membrane to K* than Na*

i) active rransport by Na*/K* pumps.

You would recall from LSE-01 Units 6 and 7 that the lipid bilayers of membranes have the
property of capacitance and that proteins in the membrane have the property of electrical
conductance a5 they permit physical passage of ions across the membrane, An excitable
mémbrane has fon conductance channels or gates. These are composed of polypeptide -.
chains that can open or close a membrane channel according to specific conditions. When
the gates for an ion are open, the membrane becomes very permeable to that particular ion
and when the gates are shut the permeability 10 that ion decreases, K* has two types of



channels. One, which lacks gates and is always open, the other type has gates that are closed
in a resting cell. The resting cell, therefore, is more permeable to K* than' Na* as channels
for Na* are always gated and these are closed in a resting cell.

If a pair of stimu!nli'ng electrodes are put in a region of the membrane, (One electrode within
the axon and the other outside} a sudden and very rapid change is observed in the membrane
potential. The membrane is depolarised thatis, it causes the Na* gates to open and Na*
flows in down its concentration gradient. (Fig. 9.4). At this time, K* gates are closed. The
potential difference between the two fecording electrodes is reduced. A fraction of a second
later the Na* gates close and the K* gates open. This makes the membrane more permeable
to K* than it is at rest and K* diffuses out of the cell aleng its concentration gradient. The
K* gates then close and membrane potential is restored 10 what it was at rest or the
membrane is repolarised. If the situation results in the membrane becoming more negative
on the inside of the membrane the needle of the oscilloscope defects down leading o
_hyperpolarisation.
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80 T Hypcr-polnriz'.alio‘n

Fig. 9.4 : The difference in potential belween an intracellular and exiracellutar recording electrode is
shawn un an oscillescope screen. The resting membrzne potential rmp may be increased
(hyperpolarisation) or deereased (depolarisation).-

*" You would note that the gates for Na* and K* are open or closed depending on the
membrane potential. The gated channels are closed at resting potential and open when the
membrane is depolarised to a certain threshold level. These gates are, therefore, said to be
voltage regulated.

.

9.3.2 Action Potential

Events that underlie the genesis of a nerve impulse can now be outlined. When an
appropriale stimulus interacts with the neurolemma, it is the resting membrane potential that
is disturbed. When the Nat gates open to permit Nat to enter the axon membrane is further
depolarised (the inside becomes more positive). This depolarisation allows even more

. sodium ions to enter the cell and a positive feedback loop is established (Fig. 9.5) which
causes the rate of Na* entry and depolarisation to accelerate. The diffusion of K* out of the
cell makes the inside more negative and original resting potential is restored. This
repolarisation is therefore under a negative.feedback loop (Fig. 9.5).

L

Fig. 9.6 shows the movement of Na and'K ions in response to a stimulus. The rapid increase °
of Na* movement causes rapid depolarisation to zero millivolis(mV)and then overshoot so
that the polanity of the membrane is reversed i.e. it becomes positively charged to almost
+40mV.The conductance of Na* stops suddenly and the conductance of K* starts, resulting
in repolatisation. These changes in Na* and K* conductance produce an event known as
action potential or nerve impulse and ihe entire sequence takes place in one thousandth of
a second. Once an action poiential s completed ithe Nu*/K* pump stans working and extra
Na* are pumped oul and K* pumped in the cell, The Nat/K* pump transports 3 Nat out of
the cell for every 2K* it brings inside the cell. Thus it actually helps to maintain the potential
difference. Small amounts of Na* and K*, however, actually diffuse out and 2 cell has,
therefore, a relativeiy constant interccllular conceniration of Na* and K* and a constant
membrane potential of -65mVto —85mV#s maintained in absence of stimulation. You would
notice by reading the above description that active transport processes are not directly
involved in the production of action potential. Giant axons which had been poisoned with
cynide to disrupt the sodium pump comtinue to show normal excitability and action
potentials for. several hours. But the system finally collapses because-of Na* accumulation in

Communication-]

: Feedback loops ore discussed in
* greater delail in unit-10,
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Animal Physiotogy—T11 the cell. The Na*/K* pumps are, therefore, needed to maintain the concentration gradients

for diffusion of Na* and K* during the action potentials.

Na* influx-

POSITIVE FEEDBACK

Na* gates openi o —— mare depolarisation,

DepolarisationStimulus l

K* gales open Repolarisation

NEGATIVE FEEDBACK

ellux

Fig. 9.5: Changes in conductance of sodlum and potossism. The increase in sodium conductance is by
pusitive feedbeck and in potasslum conductance is by nepafive feedback.
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Fiz. 9.4 : Revording an action potential in an axen (a) shows the electrical cvents and changes in fon |
permenbilily associated with it. The position of gelion potential in (b} is about 4 milllseconds afier ().



9.3.3 All-or-None Response - * Communication-{

A very weak stimulus does not result in an action potential. The stimulus must have a
cerfain strength to evoke an excitation. This is the threshold value below which no action
potential results. Once generated the size of the action potential is not influenced by the

" magnitude or amplitude of the stimulus. Even if we double or triple the stimulus, the action
potential remains the same. The stimulus causes either a full response or none at all. In
physiology, this lype of response is called all-or-nene response. When a greater stimulus
strenpth is applied to a neuron identical action potentials are produced more frequently.

When an entire collection of axons is stimulated as in a nerve, differemlaxons will be
stimulated at different frequencies. A low intensity stimulus will activate fibres with low
threshold values and as the stimulus intensity is increased more and more fibres will be
activated. This process is known as recroitment. '

Another imporntant property of nerve impulse to be noted is that during the time that a patch

of axon membrane is producing an action potential, it is incapable of responding to anolher

stimulus i.e. it is refractory to further stimularion. If the second stimulus is applied when . .
the Na* gates are open the membrane remains in absolute refractory period but if the

stimulus is applied when the KT gates are open the membrane is in relative refractory

period and can be depolarised only if the stimulus is very strong.

9.3.4 Conduction

An action potential occurs at one point along the axen. Yet we know that neurological
impulses are not fixed, they travel along 4 neuron. So how can the action potential at one
point excite a neuron at another point? The action potential itsell is also a stimulus. The Na*
that rush in the axon after depolarisation are conducied by the cable properties (the ability
of a neuron to transmit charges shrough he cytoplasm) to the adjacent region that still has a
menibrane potential of =70mY, The Jimats of trunsmiiting electric charge through cytoplasm
is one to two millimeters. When the stimulus is of threshold vatue in the adjacent region it
too produces an action potential, Therefore, an action potential is a self propagating eveni.

Conduction in Unmyelinated Axons

The region of.the membrane a2t which the action potential spike has been generated has
reversed polarity i.c., its outside is negatively charged wilh respect to inside where it is
postiively charged. Adjacent to this depolarised region is the normal polarised region having
positive charge on the outside. During depolarisation of the membrane the Na* that enter the
cell carry 2 momentary strong current into the newly excited region of the axan. To
complete 1he circuit the current must flow out across the unexcited portions of the
membrane shead of the region of sodium influx where it again stimulates another action
potentiai and then fiows back 10 the active region (see Fig. 9.7a).
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Fip. 9.7: Canduction of actlon polential in (a} unmyelinated nerve fibre, (b) rivellnated nerve fibre.

Some of the current that enters the axon it the excited portion spreads backwards within the

axon i.e. in the direction from which the impulse was generated but the membrdne is not

excited as itis in the refractory state. The potassium channels in that areaare still open and '
carry this current out of the celi as an efflux of K*. The action poténtials are, therefore, not

reaily conducted but regenerated along the axons length. The last action potential hias the

sume amplitude as the first. Thus they‘are said to be conducted without decrement. . 61
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The biological role of high speed
conduction is obviouy, It is always
. related 1o quick response mechanism
. in locomation to avoid predalors,
One of the fastest responses is that -
" of the cockroach which reacts to -
puff of air an the tip of the abdomine
1 within 25 melers,

Imagine the size of (he optic nerve it
humans il 4 high conduction velocily
were to be achieved without
myelination. The optic nerve ha o
diameler of JUm, il it were o
contain the same number of fthrex
withoul myelination iind conduét a1
the same specd it would réquire a
diameler of” 300 mm.

62.

The spread of conduction in ummyelinated fibres is faster if the axon is thicker because the
ability of fibres to conduct by cable properties improves with increasing diameter as can be
seen in the giant axons of squids in comparision to ordinary axons from the same animal.

ﬁConduclion in Myelinated Axons

. . '
In Section 9.2, we told you that myelin sheath provides insulation for the axon preventing
movements of Na* and K* through the membrane. Therefore, if this myelin sheath was

- continuecus no action potential would be generated. Fortunately, gaps or nodes of Ranvier occur

in the myelin. Since the cable properties of axon can conduct depolarisations over very shon
distance (1-2 mmy), the nodes of Ranvier must be close together (actually they are.l'mm
apart). Studics have shown thai the Na* channels are concentrated at thé nodes and absent
from the regions between two nodes. Action patential therefore occurs only at the nodes of
Ranvier and seems to leap from node to nede (Fig. 9.7b). This is called saltatory conduction.
The spread of depolarisation between the nodes is very fast and fewer action potentials are
needed. Therefore, the rate of conduction is much faster than in unmyellnalead fibres. -

This peculiar structure and mode of conduction in myelinated {ibres is responslble for the

_fast conduction of :mpulqcs in motor nerves of vertebrates cven though the nervesare very

thin. The greatest advantage of myelinated fibres comes from their smaller size and 50 a

. highly complex nervous system with high conduction velocitics can oceur without
occupying too much of space.

SAQ 2 i Choose the correct answer !

a) . Depolarilsation of an axon is produced by:
i) inward diffusion of Na*
i} mward diffusion of K*
i) |nward active transport of Na
iv)"  active extrusion of K*

b). Repolarisation of an axon during an action palential is produced by:

o i) : mward diffusion of Na*
i acuve transport of Na* out of lhe cell
Y

iv). . outward diffusion of K*

acl;vc transport of K* out of the cell

c) -
d) Fill in the blanks with suitablc words:

What would happen if we increase the strength of the stimulus to an axon? |

i)  The leaping of action pmemiai between the nodes of Ranvier is known as . ...

iiy  Action polentials are conducled WIOUL, ..o eevvnes

il The' . ....covvnn. wse oo like spread of depo[ansauon induced by Na*
Yoo influxduningan ... helpsto..%........ « . the adjacent
.Y 7 _regions. . ’ '

9.4 SYNAPTIC TRANSMISSION
. ‘]l !
Now that you knew how a nerve impulse is gererated and conducted along the axon we come to

the mosl important aspect of the funclioning of the nervous system. The transfer of information
from one neuron to another neuron or another cell alter it reaches the end of the axon,

We mentioned in the beginning of the unit that the ends of axons split into fine extensions
which form synapses with other cells. You also know that a synapse is an area where the
membrane of the axon termiral lies very close to the membrane of the other neuron, musele
or gland. A synapse close to a muscle cell is called neuromascular junction. C

Information passes across a synapse in two ways, either cherflically or clccmcally Chemlcal
transmission howeyer, is more common and takes place through chemicals called

, neurctransmitters. The end of the axon terminals are known as synaptic knobs or

|




boutons (bouton = buiton) (Fig. 9.8). The membranes of the synaptic knobs do not touch the ~ Communication—I
membrane of the other cell but are separated by a narrow space, 20 nanometer (nm) apart,

known as synaptic cleft. The axon knob is referred to as presynaptic and the dendrite or

other cell with which it communicates is postsynaptic. | nanometer = 107~ meter

Synaptic knobs

Terminations of other, Motor axon

neuron axons

(a)
Cell body of
- neuron

Dendrites. Syn_a;_mc vesicle

Axon termination;

Transmitter
molecule

Synubtic
vesicles

Synaptic knob

m:mbranc;(p'mlsynaplick
. _

Synaptic,Cleft ————

- (b)

Dendrite membrane

Synaptic {posisynapiic)

clelt

Dendrite Receptor.

Fig. 4.8 : Trunsmissivn acryss nerve endings.

a) Cell bedy of a neuron with many lerminal synaptic knobs._
by asynaptic knob enlarged.

t)  asynaptic cleftas it mig-:hl appear under a high resolution electrenmicroscope. Neurotransmitiers
move acruss Lhe clefl 1o bind 1o receptors in the pustsynapile cell membrane,

The appearance and width of synaptic clett 18 remarkably similar throughout the arimal
kingdom but all the chemicids releused in each clelt are yer nol known, The synaptic knob
contains a large number of small vesicles that are usually 20- 100 nm in diameter. These
vesicles enclose the neurotransnutters.

The neurotransmitter molecules are synshesised in (the presynaptic terminal itselt from the
respective precursor molecules, For example, acetylcholine is synthesised from choline and
acetyl coenzyme A, the reaction being catatyzed by the enzyme choline acetyl-transferase.
The newly synthesised acetylcholine is stored within the synaptic vesicles. Each vesicle may
contain 10,000 to 50,000 molecules of a neurotransmitier, The whole neurotransmitter
content of a vesicle represents one quantum of the neurorransmitter,

The postsynaptic:membrane has molecular receptors that specifically interuct with the
released neurotcansmitter molecules. Binding of the neurotransmitler melecules with the
receptors aclivales ion channels causing changes in the membrane permeability. Both
excitutory und inhibitory receptors can exist on the postysynaptic cell. Activation of the
excitatory receptors depolarises the membrane generating :an excitatory response while
excitation of the inhibitory receptors hyperpolarises the membrane resulting in inhibition'of
production of signals.

9.4.1 Chemical Synaptic Transmission

The arrival of an impulse at the presynaptic terminal depolarises the membrane. The

*- depolarisation opens calcium channels allowing calcium ions 10 move through these
channels into the axon terminal. The elevated Ca?* concentration causes the translocation
(propulsion} of the synaptic vesicles toward the presynaplic membrane. The synaptic
vesicles become orienied and aligned with the synaptic plasma membrane. A number of
vesicles ultimately fuse with presynaptic membrane leading to the release of their
neurclransmiller conlents by exocytosis into the synaplic cleft. Afier releasing their i
nevrotransmiuter. the synaplic vesicles merge with the membrane. New vesicles are formed : w2

.,



Animal Physlology—H from invaginations of the synaptic membrane. which are filled with the transmitter and can
be reused again. Figure 9.9 summarises the process.

. I-’i,g. 9.9 : Veslcular hypothesis of transmltter release.
- I}  veslde fuses with presynaplic me‘mbrane refeasing transmlticr subslix-mce
2} endocyioals of membrane pinches off new vesicles
Jand 4), uew vesleles I'Ill'l with transmiiter substange.

The released neurotransmitter diffuses across the cleft and binds with the specific receptor
molecules, This process takes a fraction of a millisccand to occur, Binding of the
neurotransmitier 10 a posisynaptic receptor ciwses the apening of ion channels. These
channels are thercfore chemically gated-and not voltage dependent. Flowing of ions across
the postsynaptic rembrane changes the polential of the posisynaptic membrane thus
producing a new signal. the postsynaptic potential (PSP), in the postsynaptic neuron. Gur
description about the transler of information from a single synapse seems simple and does
not reflect the complexity of the functions of the nervous sysiem. You must recall that most
axons are highly branched at their ends and may connect to a large number of other
neurons. Similarly a single neuron would also receive branches from a large number of
axons that terminate on its celt body or its dendrites (see Fig. 9.8 again).

Some specialised neurons are so densely covered with synaptic knobs that a single such
neuron may have about 10.000 synapiic connections. You would appreciate the complexity
_of the central nervous system when you couple this with the number of neurons present
which are more than 1071, These connections are not random but highly specific and have
been studied in great defail by neuroanatonists and neurophysiologists.

9.4.2 'Postsynaptic Potential

Let us now examine the postsynaplic potential in some detail. It has been found that some
of the axons carry inhibiting impulses and some carry exciting impuises to a ncuron. But
you must remember that there is no difference in the impulse carried in exitatory and
inhibitory impuises, the action potentidl is the same but opposing effects are achieved by

- the release of different chemical transmillers from the presynaplic endings. The jon gares
that open up in the postsynaptic membrane depend upon the type of neurotransmitter
involved.

Let us see how the postsynaptic potential (PSP) works by using the example of a well
known neurotransmitter acetylcholine which has been studied at neuromuscular synapses.
The interaction of acetylcholine results in the opening of both Na* and K* gates allowing
the flow of ions simultaneously. The depolarisation effect predominates and the membrane
polential takes a vuiu!g of =25 mV which is ncarer zero and the characteristic overshool of
action potential is not achieved, Because of this, the neurotransmitter cannot produce dction
potential but only depolarisation which may produce an action potential at a short distance
away from the site of synapse. The magnitude of the PSP at the synapse is dependent on the
amoun! of nesurctransmitter released {sea Box 0.1). Acetylcholine must alse be removed
quickly or there would be a continuous PSP. An enzyme acetylcholinesterase present at the
s synapse removes the transmitter.

Now _ifa second impulse arrives before the first one dies off, it adds to the first one evoking ..
a stronger action potental at the axon hillock (see Fig. 9.1 again). This is known as
64 : temporal summation, . v



The PSP is a direct expression of the impulse frequency in the axon. The PSP also exhibits Communlcatlon-T
spatial summation because the patential can spread to adjacent regions of the membrane

altering the membrane potential and if a new PSP arrives ara neighbouring synapse it would -

be added to the cxisting PSP, These two types of summ’ation—-:emporal and spatial form

ihe basis for computation in each neuron and so the enlire nervous system,

- ¢ -has been stated above that a neuron ordinarily has both excitatory and inhibitory
synapses. An excitory postsynaptic potential (EPSP) generally represents a depolarisation
caused by neurolransmitier receplor interaction which opens up channels for both Na* and:
K* (as in the case of ucclylch‘oiine)‘. If, however, the neurotransmitter-recepior-interaction
opens K* channels only, some K* will leave the cell increasing the membrane potential ie.
hyperpolarisation. This increase in potential is inhibitory postsynaptic potential (IPSP). If
the channel opencd by the neurotransmitter is for CL7, then also an IPSP will develop.

Thus. excitatory (EPSP) and inhibitory (IPSP) postsyplic poientials are constantly
developing at many points on the surface of the posisynaptic ccll. The two types of
postsynaptic potentials will have opposing cffects on the net membrane potential. If the
posisynaptic potential at the axon hiltocks is of sufficient size 10 reach threshold value, an
action potential is initiated and travels along the axon of the.receiving neuron. If inhibitory
inputs prevail then no action potential is generated. Thus synapses ac1as relay stations in the
line of communicalion in the nervous syslem. '

Box 9.1

(Thu understanding of synaptic transmission became clear when methods were
devised 10 record eleetric impulses Trom a single neuron, Extremely fine glass
pipeties with tip dinmerer less than | micrometer are made, These are filled with
salt solution (concentrated polassium chlaride} to make micra electrodes that can
be used o make recordings of polential changes belween the tip and a common
ground, When this tip % maoved Llowards a neuron, at first it shows the same
putcmial as the commen ground bul is so0n as il penctrates Lhe neuron membrane
it shows a negative polential in relation to the ground. That is, the oulside of the
membrune is positively charged in relation to the inside. The membrane scems Lo
seal uround the pipetie and the neuron gives normal recordings for several hours.
By using pipettes with two or three channels it is possible Lo apply minute amounts
of various chenticals it the site where recordings are being taken.

P With this technigue, events il the synapscs can be studied. As un impulse arrives
'iere iy a delay of o (raction of millisecond before o chanpe accurs in the potential
!;n the postsynaptic membrune. This is the postsynaptic potential which rises
"rapidly at first but decays more stowly.

9.4.3 FElectrical Synaptic T'ransmission

As described above, the mode of chemical synaptic transmission involves the secretion of a
chemical transmitter from the presynaptic terminal to affect the permeability of the
puslsynaptic membrane causing ar action potential 10-develop in the postsynaptic neuron.
The mode of electrical iransmission, however, involves the direct spread of ionic current
froar the presynaptic terminal 1o the posisynapric membrane to depolarise the posisymipﬂc
ceil 10 the threshotd that would generate an electric potential, '

Microstructure of the electrical synapses differs from that of the chemically transmitting

synapses. In an electrical synapse, the extracellular space between presynaptic and the

postsynaptic membrane is greatly reduced (about 2 nm) making 1he celi membrunes more

closely upproximated and the resistance of the 1wo terminal merbranes is also reduced. . .
Furthermore the cleft width of 2-3 nm is bridged by the large tubular protein molecules

which are embedded in (he presynaplic and postsynaptic membranes, thus providing

channels through which inorganic ions can pass. This is indicative of some cytoplasmic

continuity, These structural featurcs make it possible for the-current to flow readily from the
presynaptic to postsynaptic side and there is essentially no delay between potential changes

in the presynapiic and postsynaptic neurons making the two neurons electrically continuous.

The electrical synapse can transmit equally well in both directions. In some electrical

synapses. however, it has been found that cuirent passes more easily in one direction than in”

the other. At chemical synapses the distance across the synaptic cleft is too large (20 nm) to

altow the presynaptic current to invade the postsynaptic membranc. R ) 65
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Properties and functions of synapses

There is an interval between depolarisation of thie presynaplic terminaj and the earliest
appearance of a postsynaptic response. This interval is called synaptic delay.

The synapse is the prime locus in the integration of neuronal signals. The synapse is also a
site where functional propertics are changed as a result of previous activity. For example,
prolonged activity transmitted across a synaptic junction may result in a reduction of the
threshold of firing of the neurons to further afferent inputs. This indicates that synapses are
the site of changes in the storage of information (leaming and memory). The synapse is thus
modifiable i.e., it shows plasticity. '

-

A variety of chemical agents (drugs etc.) act at synapses to alter nervous system’s
behaviour. A postsynaptic neuron is an integrator of information that is received from
presynaptic neurons. Synaptic transmission is a one way process excepl in electric synapses.

Synapses are the site of several pathological-disorders viz., Parkinsonism, myasthenia
gravis, ind psychiatric disorders like schizophrenia.

So far we have discussed the action potential and its effect at the synapse i.e. release of
neurotransmilter. Acetylcholine is just one of the examples of a neurotransmilter. There are
many mere physiologically active chemicals that are produced by nerve cells. These have
profound effects as hormones which we will study in Unit 10. In the next section we will
learn about neurctransmitters.

SAQ3 | -

a) -~ Why do chemital.synapses transmit impulses in only one direction?

-

T Lo oo

At

b) Mark True or False against.the slatemenis given below;
i) The axon of one neuron communicates with another cell through a junction
called synapse. .
i).  Neurotransmitters are released from the pastsynaptic cell on activation by an
action potential.

iiiy Neurotransmitters are either reabsorbed or broken down by enzymes after they
have evoked, a response. '

iv) . Exciratory neurotransmitters cause opening of Na* gates while inhibitory
transmitters causeHd” pates or C1™ gates to open. :

9.5 NEUROTRANSMITTERS

We know that transmission of signals from nerves to muscles is affected by acetylcholine a
transmitter substance. Simiiarly neuron-neuron transmission is also achieved by
acelylcholine, But there are several other chemicals that function as neurotransmitters, A
limited numbar has already been identified and new ones are being identified rapidly. Some
of these are listed in Table 9.2 ’ '

A chemical can be called a neurolransmitier in a given tissue only if it fuifils cerain
conditions like:

® When applied lo the pu§lsynaplic membrane it should be obie to produce the same
effect as does presynaptic stimulation ’

@ . It should also be released by the presynaptic membrane

@ . ifs action should be blocked by the same agents that block neural transmission.

:




Table 9.2 : Some neurottansmitters and thelr effects (+ denotes excitatory, and — denotes

muscle.

inhibitory effecis).
Neurotransmitter Action + or- Target Cells Effect
Acetylcholine + Voluntary muscle Stimulates muscle
neuromuscular junction contraction.
- Autonomic nervoussystem Increases threshold of
Venebrate central nervqus conlraction.
system ’
Heart muscle
Norepinephrine + Neurons of central nervous Increases alertness and
system responsible for aliention, preparcs for
arousal, altention, moods: muscular aclivity.
involuntary muscles, glands.
Bopamine - Neurons thal produce Prevents overactivily of
- acetylcheline. neurons that activate
muscles; deficiency
causes uncontrolled
muscle contractions of
Parkinson’s disease,
Glycine - Motor neurons to voluntary Prevents uncontrolled
) muscles. muscle contractions,
. Serotonin - Neurons in the brain that Induces sieep, may
mazintain wakefulness. moedulate moods.
GABA - Motor neurons 1o voluntary Prevents uncontrolled

muscle conlraclion.

The neurotransmitters are either derived from the amino acid tyrosine, which include
dopamine. norepinephrine, epinephrine and serotonin or from neuropeptides. Peplide
neurotransmitters include 1the endorphins and €énkephalins that reduce pain perceplion.
Therefore, these are called natural opiales (morphine like substances). The neurens that are
involved in pain reception have receptor molecules to which internat opiates attach so that

pain receptors are inhibited from releasing their own transmitter substance (substance P) on

to pewrons in the pain perception centres. Thus relay of information 1o the brain is blocked.
The pain killing effectiveness of endorphins is similar to that of morphine.

Neurons do nat always function in the way they should. Thing§ can go wrong in a deadly way if

the synaptic cleft is occupied by chemicals that interfere with reurotransmission (see Box 9.2).

Box 9.2

-|Organophosphates and nerve gas inhibit the enzymatic removal ol
-lacerylcholine so that the neursiransmitter remains in the cleft and 1he

Totagus.

-Tetanus also causes spastic paralysis and is associated with simple baclerial

Nerve Poisons

In generdl nerve poisons are Lhe most toxic subsiances known. fn minule quantilies
they can interfere with acetylcholine acrivity and sabotage the normal funclioning
at the synapse.

Curare:

Curare is a deadly extract of ropical planis of South America. The native hunters
of South America dip their dans in this neurotoxin and blow it from their smalt
blowguns. Curare blocks the neurotransmiller siles on the postsynaplic membrane
so0 that the muscles slop contracling even though there is enough acetylcholine in |
the synaptic clefis. Death occurs quickly from suffocation when the'muscles used
form breathing stop working,

Organophosphates and Nerve Gas

victim suffecs from spastic paralysis.

infection of wounds. The toxin released by the bacteria affects inhibitory synapses
by blocking glycine sites on lhe posisynaptic membrane. The milscles become
locked in permanent contraction. All voluntary muscles are eventually affected
and the victim looses' the ability to breathe and dies.;

Communication{

The hallucinating effects of drugs
like mosphine, heroid. mescaline
elc,, are due to their competition
wilh receplor sites of naturat
opiates. The old method of”
acupunclure in Chlna may also be
related to normal aguion of
endorphins,
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Fig. 9.10 : Nerve net in Jelly fish.

68
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9.6 NEURAL CIRCUITS

The simple all or none activities of a single neuren can hardly provide the adaptibility
needed for the constant changes faced by the organism in its intémal and external
enviranments. Information about the external environment is integrated with signals arising
within the organism and transmitted to effectors to elicit a coordinated response. Thus each
neuron forms a unit in a communication circuil.

A survey of (he features of the nervous system in the animal groups at various points on Lhe
phylogenetic tree shows that a long evolutionary process has produced the outstanding
complex structure of the human brain. Protozoans are single-celled organisms and clearly
cannot have a nervous system. An examination of the electrical propertics of the protozoan
cell membrane would, however, show many similarities to those of nerve cells including
electrical potential changes and currents associated with activity. Coelenterates are of great
interest neurologically since they are the first animals to possess a Urue reryous system. The
coelenterate nervous system consists of a diffuse network of neurons that are distributed
throughout the body wall: Such'a simple and primitive nervous system is lermed a nerve nel
in which neurons are dispersed mostly at random, (Fig. 9.10). Though primitive, this
arrangement serves the need of a radially symmelrical animal whose foed and cnemies may
approach from all directions. The animal’s reaction depends on the strength of the stimu]us.
Only a part of the body reacts to a weak stimulus and a sirong stimulus causes the entire
animat to respond. From such diffuse primitively organised system of nerve cells, evolution
has preduced a complex organized nervous system such as that of man. The system of local
nerve nets, however, continues 10 exist cven in many advanced invertebrate groups and in
the intestines of veriebrates. .

With evolution into higher forms, the nerve net arrangement was progressively replaced by
a compact centralised nervous system consisting of an clabaorate system of nerves connected
with sense organs elc., and a brain and spipal cord.

The vertebrale nervous system can be divided into a central and a peripherél nervous
system. The central nervous system consists of the brain and spinal cord. The vast majority
of ali neuron cell bodies and in most cases the dendrites and axons lie in the central nervous
sysiem. The sensory information is integrated, compared, changed, added up or
suppressed—assuring that the response 1o the stimulus 1s appropriate. You have learnt in
FST-§ Unit 23 that in the human nervous system. some of the aclivities go on
automatically without our being aware of them. Others are carried out at the level of
consciousness by the higher centres of the nervous syslem. Lying between the sensory

* inputs and the motor response of ihe central nervous system are highly complex neural

networks. These are respensible for all the reflexive and higher functions of the nervous
system. The connection in the neural networks are established during development and can
be modified by use during the organism’s life time, However, disuse can lead to major loss
of function. By and large they appear to be preprogrammed genetically.

Let us now examine the simplest'neural neiwork in vertebrates. The reflex arc. The
primordial nerve arc must have consisted of a receptor cell directly connected Lo an effector

cell. (Fig. 9.11(a)).

As neural circuitry became complicated centralised nervous system developed to permit
compactness and complexity of intemeurons. Long sensory and motor axons became uselul
to connect the receptors and effectors al the perifery of the central nervous system. This
gave rise Lo the monosynaptic reflex are. (Fig. 9.110).

The most familiar example of this is (he steetch reflex of vertebrates. Elengation of a muscle
stimulates its stretch receptors, whiclt include the sensory endings of afferent axons. These
fibres enter the spinal cord and make direct synaptic connections with the motonzurons ihat
.orivate contraction of muscle. This reflex contraction counleracts the force that produced
the initial elongation of the muscle causing it Lo shorten to its original length. This
mechanism operates without any conscious conirol and is important In maintaining posture.
Pathways with many synapses including interneurons connecting the sensory and motor
neurons are more commeon (Fig. 9.11c). You would recall the familiar knee jerk described in
FST-1—Unit 23 as an example of (his. ’

Tt is an interesting fact that the complexity and.variety of functions of the nervous system are
manifestations of the complexity and variety of neural circuits and not because the signals
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Fig.9.11 : Examples of simple reflex arcs, (a) hypothetical primeordial nerve ore., (b) monosynaplic rellex
arc, (c) rellex arc with many relay synapses.

are complex or differeni. We had said earlier that all nerve impulses have the same
fundamental nature, For example. the optic nerve carries the same kinds of nerve impulses
as 1he audilory nesve and the central nervous system recognise what the original stimulus
was. lf the auditory nerve is stimulated antificially the impulse is interpreted as sound and if
the optic nerve is stimutaied then the impulse is interpreted as light, Most of us have
experienced this kind of interpretation il you pul mechunical pressure on your eyeball it is
interpreted as light and any sharp blow on 1he eye makes you see stars though no light is
involved,

Neural networks can be grouped into ;

h Sensory filter networks thal are organised so as to pass on only ¢ertain features of a
complex sensur_vinpﬁl while ignoring other features. You must have tried to gather
your auention white studving this unit even if the surroundings are noisy. Once your
attention is caught you hardly perceive the sound as noise and can study undisturbed.

2) Pauemn generating networks that are responsible for the production of motor output
thal regulates stereolyped movements, Examples are networks that govern
respiration and locomotion,

The numberof combination with which neurons form different neural eireuits is astonishing,
You know thal a single neuran may receive thousarids of presynaptic terminals from other
neurens, Some ol which may be excialory and soinc inhibitory. The neuron itselt may
branch many times and innervale many other neurons. Thus divergence gives it a
widespread influence on many other postsynaptic neurons and convergence of inputs allows
thal unit to imegraie signals from numerous presynaptic neurons.

The nerve ceil population in the nervous system has consolidated inlo distinet functional and
morphological structures that can generzie psychological expericaces. It is worthwhile o
point oui thai the nervous sysiem is the site of vnes personliood.

SAQ 4

Suppose the optic rerve of an animal is cut and connccted to the audna.rv nerve w:Il it sull
perceive the signals as light ? : .- .

- 69
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9.7 SUMMARY

]

Inthisunit*  have studied that :

@ El.hc functional unit of all nervous systems is the neuron which typically consist of a cell
body containing the nucleus, a variable number of dendrites that receive inputs and a
single axon that carries information in the form of electrical impulses. These impulses
are conveyed to other neurons or cells by release of neurotransmitters from the axon
terminal ends or synaptic terminals,

® the nervous system functions as a result of differences in ion distribution across the
neuron membrane at rest and after stimulation. Action potential (AP) is generated when
the membrane is sufficiently depolarised in response 1o a stimulus to attain a threshold
level. It is an all-or-none phenomenon. The AP is conducied due 1o the cable property
of nearong in unmyelinated fibres and by saltatory conduction in myelinated fibres,

& synaptic transmission of information is mostly through chemical synapses and in some
instances through elecirical synapses. Chemical synapses involve neurotransmitter
substances that are preduced in presynaptic terminals and released in the narrow cleft
that'separates the presynaptic cell from postsynaptic celi. Receplors in the postsynaptic
membrane pick up these transmitter molecules. These receptors are linked to chernically
pated ion channels and change in' membrane permeability generates a postsynaptic
potential which may be inhibitory or excitatory. In excitatory postsynaptic potential the
action of the transmitter molecules is to shift the membrane potential beyond the
threshold for initiation of action potential in the axon hillock. Inhibitory postsynaptic
potential changes ion conduction so as to counteract depelarisation of the membrane,

@ the neurolransmitter substance in the cleft is either destroyed-or picked up by
surrounding glial cells or reused by the presynaptic cell. Basically action potemials are
the result of voltage regulated ion channels and postsynaptic potentials are due 1o
chemically gated ton channels. Several chemicals are known to be neurotransmitiers
and they may have excitatory or inhibitary effect depending on the type of synapse
being invesligated,

@ sensory receptors mansform environmental stimulhi into action potentials by depolansing the
membrane. The resulting impulses are coded according to their frequency. The integration
of impulses occurs in the postsynaptic membrane which acts as an analyser of inputs,

@ lower animals have simple neural networks white higher animals have more organised
nervous systems. Lying between sensory inputs and motor outputs of the central
nervous system are complex neural networks responsible for all reflex actions and
higher functions of the nervous systermi. The simplest neural networks are monosynaptic
reflex arc. The neural networks act as filters of sensory inputs that enhance some
incoming stimuli while suppressing some olher features.

- :
9.8 TERMINAL QUESTIONS

3] Label the figure given below and show the direction of flow of impulses.




2) The membrane potential of an axon ib normally =75 mV What would happen to the
membrane immediately after each of the following situations :

a) A sudden increase in Na* permeability

b) A sudden increase in CI™ permeability ]

¢)  Anaccumulation of K* on the outside of the membrane

d)  Anaccumulation of Na* on 1he outside of the membrane

....................................................... e
3 Data regarding velocity of conduction and diameter of nerve fibre of two species A

and B is given below. Which species is an inveriebrate and why is the velocily of
conduction in species B more than species A.

diumetenjim Velocity of conduction ms™

. Species A
Species B

504 33

........................................................................

4) Make a diagram to summarise the major events between the arrival of action
potential in an axonal terminal and the generation of another in the axon hillock of a
TCCElYing neuron.

9.9 ANSWERS

Self-assessment Qudstions
1} a) iii), b} i)
2} 2)i) b) iv)

c)

d)

If the threshold levei is already reached and action.potential generated then
increasing the strength of the stimulus would still produce the same action

potential only frequency of action potential may increase.
1) saltatory conduction
ii) decrememnt

iii) cable like, action potential, depolarise

Communication-]
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K)) a)
b}
4) No.

Terminal Questions

Because transmission depends on release of transmitter substance that is
present only in the presynaptic knob. There is no means for transferring
impulses in the opposite direction. ;

i) True ii} False i1i} True iv) True

3] Arrow shows direction of impulise from dendrite (o axon:

Dendrites

ﬂ-\

Axon
hilleck.

Axon

sheath

2) a)  increase in Na* permeability would depolarise the membrane
B)  increase in permeability to CI™ would hyperpolarise the membrane
C) A rise in concentration of K* on the outside would depolarise the membrane
d)  Anaccumulation of Na* inside the cells would bring the membranc potential
to zero.,
3) Species A is an invertebrate as only invertebrates have giant fibres (300 um).

Species B has a small diameter of fibre but siill high velocity of conduction, This
indicates that the fibre is mxe]inatcd. therefore insulated,

4) Base your diagram on Fig. 9.8.
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10.1 INTRODUCTION

You would be aware by now that inany nuddticeliulae organism, the work done is divided
amoeng miny different types of cells. These cells must exchange informetion and work
together il the organism is to survive,

{n the previous unit we studied one ol e two greul cummun_i‘gti(m networks—the nervous
system, thal sends electricul messages via the neurons and nerves 1o various parts of the
body, These messages are transmitled across the synapses in the form of chemicals. In this’
unil, we shali study the other communication network of chemical messengers — the

" hormones. The nervous system and the body s chemical messengers work together in
coordinating the activitics ol the different celis of the body.

Originally, hormones were delmed as chemicals produced by ductless endocrine glands that
travel through the bleod 1o exert their effect al some distance from where they are produced.
Now. we know that animals have many other chemical messengers in addition o the
hormanes produced by endocrine glands. These include the neurotransmilters we
encountered in Unit 9; locul chemicul messengers such as histamine that participale in
inflammatory and immune reactions (LSE-(H, Unit 13), growth lactors that stimulate
growth by particular tissues: prostaglandings that are lipids with a vartety of etfects and
pheromones that are chemical sipnals emirteed into the envirnnmaas that affect the hehaviour,
of other individuals of the same species.

This unit considers general patterns scen in the chemistey and activities of hormones
produced by endocrine glands and nervous Lissue. You are not expecled Lo remember the
chemical structures of different hormones. These structures are included in the text to
illustrate the similarities or relationships amang several hormanes, We shalt see how
hormones affect the homeostasis and the animal’s response to external stimuli and also learn
about some of the roles played by pheromones in influencing the behaviour of different
individuals of the same species.

Before you begin 2 study of this unit we suggest that you read Unit 15 of the Cell Biology 73
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‘Course (LSE-01) again for, we assume your knowledge of certain concepts of hormone
action at cellular level.

Objectives

After studying this unit, you should be able to:

@ define the terms hormones, endocrine glands and identify sources of hormones other
than endocrine glands, - '

@ describe the chemical classification of hormones and compare the hormone action in
case of proteins and steroid hormones,

.I describe the neuroendocrine relationship and the mechanism by which hypothalamus
regulates the secretion from pituitary,

® explain how concentration and action of hormones are regulated by negative feedback

mechanism,
-~

@ explain the action af insect hormones in controliing metamorphosis,

® _describe the role of pheromones in communication and compare it io hormaonal action.

10.2 HORMONAL CONTROL SYSTEMS

Throughout the animal kingdom we see-that chemical signals iransmitted from cell to cell
coordinate body function. The three basic modes of chemical signalling are shown in

Fig. 10.1.Each involves specific receptor proteins on the surface of the cells that receive the
signals. Local chemical mediators are produced by most cells and vary in type and function
but they affect the cells in the immediate vicinity only.

Secreting cell, Endocrine cell,

Blood stream

Target cell

Target celt

.@ Target cell

Loca) chemical mediatar Hormone

Target cell

2Xan

1 ‘[ Synapse

Nerve ce|]

Neurotransmitter
Fig. 10.1; Chemleal sigm.lllngsyﬂem

Hormones in contrast are chemical substances produced by a specific group of cells and
released into the blood stream. They may affect distant parts of the body. Even though
hormones in blood comie in contact with evéry organ they affect onty specific rarget organs
or tissues, These target cells are equipped with receptor cells for a particular hormone or a
group of hormones. ' ‘




The major mammalian endocrine glands are shown in Fig. 10.2 and the most important COmuT . Sep iutims 1

vertebrate hormones and their functions are listed in Table 10.1. Many of these hormones

are almost similar throughout the vertebrate classes; others have specific functions that i

differ from group to group. For example, profactin has 365 known effects! Prolactin in Fish h:'hs oo, homones, ns .

mammals stimulates milk secretion, in pigeons it stimulates the formation of crop milk and ﬁﬁ;&,ﬁfﬁﬂ;ﬁnmafﬁfmﬂ

tn fish it affects renal functions and osmotic permeability of the gills. but specialisation increnses. .
location of-
pineal gland

pltuitary gland
thyroid gland
parathyroid glands ]

thymus gland
stomach

adrenal gland

Fig. 10.2: Location of endocrine glands,

Table 10.1 : Some verlebrate hormones grouped according to source and their aclion (hormdnes
from hypothalamus and pituitary given in Table 10.2 and 10.3)

Hormenes and Source  Chemical Nature . Action,

1 Thyroid Gland_

Calcitonin Polypeptide Decreases blood calcium levels by promoling
calcium deposition in bones
Thyroxine (T4} . lodinated yrosine I. Growih and meabolism .
derivative 2. Metamorphosis in amphibians .

Triiodathyronine (T3} -da-

2) Parathyroids
Parathonnone (FTH) Polypeptide Increases biood calcium and phasphorus by
releasing calcium slored in bones, decreases
excretion of catcium from kidneys

3) Pancreas

Insulin Polypeptide Decreases blood glucose, allers protein and
(from B-cell) lipid meiabolism

Glucagon Polypeptide Increases blood glucose by increasing '
(from A cell) glycogenolysis )

Gasirin Paolypeptide Secretion of HCl by stomach

{D-cells also found
in stomach)

4)  Blood .
Erythropoietin Polypeptide Increases erythrocyte prodiction in bone |
MArrow
Angiotensin [ Small peplide Stimulare aldosterone synthesis in adrgnal
Angiotensin 11 . corlex :
3) Smali intestine .
Enterogaslerone nhibits acid secrelion in stomach
Cholecystokinin Polypeptide Stimulates contraction of gall bladder and
(CCK) release of bile salis; digestive enzymes from '
pancreas v
Secretin Polypeptide Stimulates secretion of water and inorganic

salts from pancreas . _ 75
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.Table 10.1 Conlinued

Hormones and Source  Chemical Nature Action

6) Adrenal Medulla

Epincphrine or Amine Neurotransmitter, contraclienfrelaxalion
adrenalin smooth muscles

Norepinephrine or Amine Dilation of blood vessels, increase in blood
noradrenalin sugar and blood pressure, increases heart rare

and cardiac oulput

7 Adrenal Cortex

Glucocerlicoids Steroid Melabolism of carbohydraie, protein and fal
{Corticosterone, in liver: important in fasting or hibernating
Cortisol eic.} animals: have antt-inflammatory aclion;
involved in lermination of pregnancy
M:]r:]crclocomcolds Steraid Resorption of K™ and Na* in kidney: sweal.
{Aldostcrone) salivary glands, gut, amphibian skin, bladder.
fish gills
Smull amounis of Steriods Promolex secondary sexual characiers
sex hermoncs predominently male.
fandrogens and
progesieronc)
8)  Testes
Androgens Steroid Development and maintenance of male
(testosterone, characteristics and behaviour
5 te-dihydroxy
lesiesierone)
9y Ovarics ,
Estragens Steroid Development and maintenance of female

i characterislics and behaviour
10y Corpus Luteum
Progesterone Steroid Maintenance of uterine endometrium,
stimulation of mammary ducl formalion; acls
with estrogens (o maintain estrous and

menstrual cycle

10.2.1 Chemical Nature

All hormones are chemical campounds that can broadly be grouped as:

1) ‘Those thal are synthesised from fal;y acid precursors,

2) Those that are synthesised from amino acids or closety rel;m:d compounds.
Hormones based on fatty acids are relatively small in size and have basically similar

structure. All steroid hormones are based on 4 ring structures synthesised from cholesterol
(Fig. 10.3).

In invertebrates the'ecdysone found in insects is included in the steroid group and in
verlebrates the important sieroid hormones are esirogens, androgens and corticosteroids.
Within each of these groups different hormones are synthesised by addition or removal of
oxygen and/or hydrogen (Fig. 10.3b}.

The peptide hormones or those based on amino acids vary in both size and struclure. For
example. oxylocin and anlidiuretic hormone (ADH) are both smail peptide hormones that
differ by only Lwo amilio ac1ds (Flg 10.4a) but producr: enlirely different effects.

Oxytocin is present in all veriebrates but different vertebrale classes have 's]ighlly differem
versions of it. Thyroxine (T,) which is involved in control of tissue metabolism is derived

from-the tyrosine residiies while growth hormone is composed of 190 amino acids. Most -
neurotransmitters are essentially medified amino acids (Fig. 10.4b).
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10.2.2 Synthesis and Storage

The synthesis and storage of hormone depends on the nature of the hormone. Steroid .
hormones are secreted in diffuse molecular form and usually accumnulate in the cell as clear
lipid droplets, or may sométimes be bound to the membrane as lipids-protein aggregate.
Hormones based on amino acids are packaged in membrane bound vesicles that are later
liberated in extracellular space.

The duration of storage of a hormone within a secretory lissue also vartes. Steroid hormones
appear Lo diffuse out of the cells acrass the membrane (being lipid soluble) in a matter of
minutes after synthesis. Secretory residues of most endocrine cells. however, arc held 1ill
they are given.the signal to be released. Thyroid hormone is secreted into extracellular
spaces of the cells called follicles and can be stored for several months.

10.2.3 Secretioﬁ of Hormonesl .

The secretion of most hormones {except steroid) is by the process of exocylosis. Fig. 10.5
summarises the formatien, transport, release and reconstitution of secretory vesicles.

The release of hormones from the endocrine glands is controlled by nervous, hormonal or
metabolic stimuli which also control the rate of release into the bloodstream. As with
neurotransmitters, Ca* seems 10 play an important role in the release of hormones. The
secretion is not random but follows a certain pattern. This may be circadian (i.e.
approximately a 24 hour cycle) or seasonal or may be periodical (e.g. the human menstrual
¢ycle). Some hormones like the thyroxine or triiodothyronine are secreted continuously by
the thyroid gland).

Golgi Roupgh
apparatus endoplasmic
reticulum

Golgi
cisternae-
Condensing
vacuole
Lysosome
Smooth
Secretory, microvesicles
granule

Exocytosis o) Endacytosis

Fig. 105 ; Formation and secretion ofhormones. After thelr formation in the golgl spparatus secrcl-ory
vesicles are transporied (o the site of release, Alter the release of hormone by exocytosis the new
vesicles may form by process of endocytosis

The duration of hormane in the bloodstream is indicated by s “half life’ which varies from
a few seconds to almost a week depending on the hormone. The hormone is deactivated in
the fiver and in the target tissue that break down the hormane., or the hormone may be logl

" through the kidneys. Hormones of molecular mass of 10,000 or less are selectively filtered

from the kidneys and excreted in the urine.

Many hormones are bound to the protein moleculés in the blood plasma forming aggregates.
This prevents a) the hormones from being excreted out of the body via the kidney, b) rapid
destruction of hormones by enzyme. Hormone-protein aggregate is a source of slow release ,
of hormones, '

P Y N



The slow release of hormones occurs because the amount of hormone bound to the plasma Communication-1I
protein is always in equilibrium with a small amount of free hormaone. Receptor molecules

have a greater affinity for hommones than the protein molecules in the plasma. So, free

hormones tend to bind to the receprors shifting the equilibrium and more hormone

dissociates from the plusma proteins. Because free hormone is also broken down continually

by acuion of enzymes, a steady trickle of hormone is maintained.

. Hormone concentrations in the blood are related to the volume of blowd, physiological siate,

metabolic rate and hermone binding capacity of plasma proteins. However, it is seen that
hormone levels in bload are always very low in comparison to other substances. Let us take
the example of antidiuretic hormone (ADH). Within the blood of rat ADH level is
approximately 107" mole per litre, but if the rat faces dehydration the level increases to
2.5 x 10719 mole per litre. Hormones like insulin, glucagon that are concerned with
maintaining blood glucose levels are in lhe range of 10~? inole per litre. Sex hommones are
inthe range of 1077 mole per litre to 1079 mole per litre. Detecting this amount of hormone
in blood is equivalent to detecting a teaspocn of sugar in a swimming pool! What does this
example illustrate? 1t shows that receptor molecules must be very sensitive and haye a very
high affinity for hormone molecules, Theretore we can say that hormones are simply
chemicals it is the receplors that makes them hormanes,

SAQ1
Which of-the following stmtements are true and which are false, Give reasons.

i) Peptide hormones are related more closely to neurotransmitters thae steroid
hormones.

i} All hormones have 5|mllar effects on a]l amrnals
iify  All steroid hormones have basically a 4 ring 5!ructure

iv) Hormone bound to proteins in blood is released qulckly and sccrelecl by kldneys '
mmedmlcly :

SAQ2
Fill in the blanks to complele the definition.

A hormone may be defiedasa................. produced by one type of cell that has a
¢ffect on the activity of another type of cell.;

10.3 ACTION OF HORMONES

We said earlier that hormones are released into the blood stream er extracellular fluid and
therefore, reach most ef the cells of the body. However, they are specific and influence only
thetr destined target cells. Other cells do not react. For instance, insulin passes throughout
the body but enly the liver and muscle cells respond to it by taking up glucose. Similarly the
turgel celis respond to the hormones differenly at different times. Injections of thyroxine
witl not make i very young tadpole devetop inlo an bdull since the cells cannot respond to
the hormones ax they will in later life. This suggests that only specihfc receptor molecules ot
the target cells recognise and bind to particular hermones, and orher cells do not possess
these receptor molecules. When the hormone reaches a target cell many changes may occur
in the cell.

& The activitics of various CRZymIes may increase or decrease 1.e. inactive enzymes are’
dctivated..

- @ permeability of plasma membranes may be altercd.,

@ increase in activity of certain genes may alter the types of messenger RNA and proteins
praduced by (he 1arget cells.

The way in which homrmones act upon their target celis is sismilar 10 the mechanism involved

in the case of neurotransmitters. We must not forget that the 'language’ used in both types of

communications is chemical. Basically, three steps are involved that have been shown

graphically in Fig. 106, . 79
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The speed with which the hormone
acts depends on how it acis. Insulin
for example, affects tissues within
minutes after i1 appears in the
bloodsteam because it crosses the
plasma membrane and acts on fhe
celi's merabolism directly. Other
hormones do not enter 1he cell but
bind to receptors on plasma
membrane and affect the meabolism
and transcription. Hormones that
induce genelic activily and protein
production are the slowest in their
clfect.
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Fig. 10.6: Intracellvlar communlcation system involving chemicnl messenpers

Hormones can be divided into two groups: 1) those like steroids and other lipid soluble
hormones penetrate the surface membrane of the target cells and 2) Proteinaceous hormones
and catecholamines that cannot or can poorly penetrate the membrane of the target cell, Let
us consider the action of steroid and thyroid hormaones first.

In general, the steroid hormones induce the transcription activity of the target cells and
proleinaceous hormones affect the membrane permeability and enzyme action.

10.3.1 Steroid and Thyroid Hormones

Cytoplasmic receptors for sieroids are proteins with two subunits that bind to the steroid
molecules. When both receptor sites are occupied by the steroid then the recepior-steroid
complex migrates to the nucleus where one subunit ensures that the complex binds to the
specific site on the chromatin. Then the receptor subunits separate and the other subunit
interacts directly with the adjacent regicn of DNA molecule resulting in the transcription of
the DNA segment into mRNA (see Box 10.1 and Fig. 10.7a). Thyroid hormone acts in a
similar manner (Fig. 10.7b) except ihat the receptor is located in the nucleus. The major
hormone secreted by thyroid is thyroxine (Ty). It travels in blood attached 1o carrier proteins,

Thyroid also secretes a smatl amount of triiodothyronine (Ty). Carrier proteins have higher
affinity for T, and very litde-T is free in the plasma. Only the free T, and T; enter the cells.
The rest of the bound T; acls as a reservoir for slow release, The free Ty that enters the cell

is also converted to T4 enzymatically, Therefore, Ty is the chemically more potent and

active form of thyroid hormone.
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Cytoplasm’
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Box 10.1

The techniques of autoradiography showed thal steroid hormones accumulate in
the nuclei of target cells but not in the nuclei of olher eells, This accumulation
occurs very mpidly and remains for some time even after the labelled hormone is
removed for circulation. These findings supgested that steroid binding receptors
were in the cyroplasm of targel cells, By fraclionating target tissue {ral uterus)
incubated with labelled hormane (estradiot). Roger Gorske (1979) and dssociates
identified the receptor—that was a prolein (molecular weight 200,000). This
protein binds very strongly to estradiol and was present only in uterine lissue. One
significant finding was that substances that have similar hormonal action to thal
of csiradiol are all bound by this protein. This suggests thal receplor-steroid
complex is an intermediate siep inthe final action of the hormene. Similar receptor
proteins have been identified in target tissues of other sterotd hormones.

10.3.2 Peptide Hormones

Protein hormeones exert their effect in a different manner than steroid hormones. The
. hormone does not enter the cell itself but binds to a specific protein receptor on the target
cell surface and this resolts in either

i) stimulation of membrane-bound enzymes or
i) opening of jon channels in the membrane

In the first sysiem the enzyine activated is adenylale cyclase which catulyses the production
of cyclic AMP from ATP. A single activated adenylate cyclase can produce about 1000
eyclic AMP molecules per minute so that the enzyme amplifies the interaction of the tst
messenger and receptor (Fig. 10.8). Cyclic AMP operates as the second messenger working
inside the cell by activating a set'of enzymes known as protein kinases whi.h in lurn
phosphorylate proteins. These proteins can be other enzymes, structural proteins or nuclear
proteins and their configuration changes. As a resuft enzymes may be activated or

. membrane permeability may change depending on the type of cell.

. | I
|Hormom.i Ca?* Hormone Cat*

0

Recepto

Cu.‘! +
ATP
45C

QOO0

ATP———w= Cyclic AMP—=5"AMP]

a ‘ﬁi . Calcium ”

.. remova
Phasphodicsterase I

Inhibitory
Protein subunit Calmodulin Cﬂlmc’d“”"
kinase ‘inative active
(inactive) Protein -
kinase
{acrive)
Hormone Hormene .
cffecls : clfects

{2) (b)

Fig. 10.8; Second mussenger cuncepl of horinones |
a) By formaticn of cyclic AMP
b) By Co-calmodulin syslem.

In the second sysiem (Fig. 10.8b) the action of recepter and hormone leads to opening of
simple ion channels to permit calcium ions (Ca®") in the membrance. Ca?* enter in and the

interaction of lsl messenger and receptor is amplified. Ca®* serves as the second
messenger. Many cells produce calmodulins (regulatory proteins that depend on calcium)
that are analogus to protein kinase. These proteins then produce a wide range of effects
depending on the target cell type. . , . . )

-
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The imponant feature of these two second messenger systems is that the target cells do not
differ in terms of second messenger but in terms of receptors that are capable of
activating the second messenger. Thus the action of many hormones can be mimicked by
raising the level of cyclic AMP or calcium ions by means of various drugs.

In some target cells the Ca®* and cyclic AMP act antagonestically in response to different

hormones. For example, Ca?* causes smooth muscles to contract and cyclic AMP causes
them to relax, In other situations the two second messengers coordinate or act -
synergestically (Fig. 10.9 A to D). For example, acetylcholine causes calcium jon gates to
open (A) in adrenal medulla to release adrenalin. Medulla cells also have receptors linked
to adenylate cylase (B) and a rise in cyclic AMP causes more calcium ions to be released

- from calcium stores within the cell (C). Thus cyclic AMP acts in coordination with CaZ*.

A further rise in cyclic AMP levels increases the synthesis of adrenalin (D).

acetylcholine -

] synapse

acctylcholine
receptor

5 adrenalin
. receptar

circulatdry system
Fig. 10.9 :_Faclors that afTect the synthesis a_l'.udrenliln from adrenal meduila,

(AteD) |
i :
SAQ3 _
'Honnor}éstg}puknbvéﬁ to cause all the following changes in target cells except one:
i 'ch’ﬁﬁg%s in membyane permeability
i) chanées in metabolic rate

iii) increase in AMP concentration inside cefls

iv)  changes in genetic mgi(eup of cells

'v)  synthesis,of different mRNA and protein.’

[ .
110.4 NEUROENDOCRINE CONNECTION "

Some éndocrine ;g]ang'Js are part of the central nervous system. There is a close relationship
ibetween the neural and endocrine function which we will analyse towards the end of this section.

17
-




10.4.1 Hypothalamus and Pituitary

The most obvicus nevroendocrine link is between the hypothalamus and pituitary (Box
10.3). The hypothalamus is a part of the brain which is connected 1o the pituitary gland a
small organ situated in the floor of the skuil just above the roof of the motith (Fig. 10.10a)

Hypothatamus

Pituitary Medul
edilin

Hypothatamus
ar oM ¥
g \ M
kS 3
,'l.i- ‘I g
Optie 4
chiasm /
Neurosecretory f; Stalk
"z'!":gi'; &~ Hypothalamo-hypophyseal
emineroy Releasing f newrosecrelory tract
hormenes
Amterior lobe Posterior lobe
(adenobypophysis) {neurohypophysis)
N {b)

Fig. 10.10; a) Location of pltuitary gland and hypothalamus. b} Major components of pituitary-anterior lobe,
posterior lobe and stalk. Note the neurosecretary neurous.

Box 10.2

In the 19205 a German scientist Emsl Scharrer observed that the Neurons of the
hypothalamic region of brain in the bird minnow (Phoxinus phoxinus) were
structuraily similar to endocrine cells. The axons of these neurons passed out of
the hypothalmus, into the piluitary gland. These axons ended inlo large bulbous
swellings that were closely applied to cerain blood capillarics passing through
the pituitary gland. Scharrer concluded that atléast some of the hormones secreted
by pituitary were actually synthesised in the hypothatamus and that piitary was
more of a storage organ, At that time the idea was rejected outright. However,
Scharrer and his wifc Berta persisied in their studies loaking for similac
phenomena in other animals. By early 1950s a considerable amount of evidence
was collected 1o support Scharrer's hypothesis in invertebrates. This phenomenon
came to be known us neurpsecretion and the secretory products were called
Reurchormones 1o indicate their origin in the nervous tissue. The storage organs
involved were called neurohaemal organs because of the close cennsction
Ibetween the blood cupillaries ind nerve endings in these oraans,

[—

The pituitary is also known as hypophysis. It is composed of two embryalogically distinct
tissue. The anterior pituitary or adenohypophysis is derived from the roof of the mouth
and the posterior pituitary or nevrohypophysis is derived from the hypothalamus,
Pituitary is joined to the hypothalamus by a slender stalk of nervous tissue.

The neurohypophysis consists mostly of neurosecretory nerve endings (Fig. 10.10b). The
cell bodies of these neurons originate in the hypothalamus. (These were the neurons
investigated by Scharrer and his associates). Neurosecretory cells differ from conventional

neurons in position and structure of nerve endipgs. They have more nerve endings 5o that

Communication-If

The piluitecy gland was discovescd
in the 16th century by Yesalius who
thoughy 1hat it was responsible for
sécretion of pituita (nasal fluid),
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they secrete greater amounts of neurohormones when stimulated. The size of the
neurosecretory granules is also larger (200-500 nm) than those found in other nerve
synnpses (40-100 nm). These hypothalamic nerve cells synthesise 1wo hormanes, .

vassppressin or afitidiuretic hormone (ADH) and oxytocin. These are transporied along the

axons, stored and ultimately released from nerve endings. in the posterior pituitary lpbe.

The anterior pituilary lobe. however, synthesises and releases atleast 7 peptide hormones.
Table 10.2 gives a brief account of their structure and their action on the target tissues.

Table 10.2: Hormones of anlerior lobe of pituitary gland

Hormone Struciure  Target Tissue Action
Adrenocar- - Peplide Adrenal Cortex Stimutales synthesis and release af
ticolropin corticosleroids
(ACTH)
Thyroid " Glycoprotein  Thyroid gland Stimulates synihesis and release of thyroxin
Sumuialing and triidothyronine
Hormone {TSH)
Growth Peplide Liver Stimulaies the liver 1o produce sermatomeding
Homone {GH) which atier the metabolism of all lissucs
(Hver. muscle, adipose lissue)
Foliicle Glycoprotein  Testes and Ovary Controls development and maluration of germ
Stimulating cells
Homone (FSH) .
Luleinizing Glycoprolein Testes and Ovary Controls secrelion of siereid hormones
Hommone (LH} respansible for male and female sexual
. characiers. also frig gers ovulation
Prolaclin (PL)  Peptide Mammary glands Srimulates milk produclion
Corpus luteum Mainiains sccretion of estrogens and
Progeserone
Liver Stimulates praduction eof pheromaones that
control ratemal behaviour in some masnmals
Fish pills Involved in maintenance af saft balance and
osmoreguliion
Melanocyie Pcpride Pigment cclis Prpmotes melanin synthesis, (Darkens the
Stimulating skin in lower veriebrates:) controls hair
Hormone (MSH) colouration in some mammals: affects aclivity

of some neurans

All except GH and MSH are tropic hormones {from Greek for ‘lo turn’ or change) i.e, they
stimulate the seeretion of other hormenes from endocrine glands of (he different regions of
the body. GH and MSH are direct acting hormones.

The secrctory activity of antefior piluitary is regulated by hormones or factors that are
secreled by the hypothalamus some are releasing factors and some are
releasing-inhibiting lactors. These hormones are 1! small peptides and named according 10
their action on the anterior pituitary (Box 10.3). Table '0.3 gives the various factors and

'there action op anterior pituitary.

Box 10.3

cho[frc_v Harris of Oxford University put forward the hypothesis in the 1940s that |
some neurchormones released in the blood from hypothalmic neurosecretory
nerves after clectical su. alation either inhibit or stimulale the secretion of
hormones from the anleric pituilary. This idea was not casily substantiated as il
was very difficult to isolatc thigse neurohormoncs or releasing and

release-inhibiting faclors,

In 1969, 1wo different groups isolated and chemically identified o releasing
factor—the thyroid-stimutating hormone releasing faclor (TRF) which
stimulates the concerned cells of anteridr pitultary 1o release TSH. The two group
leaders Roper Guillemin and Andrew Schally weré awarded the Nobel Prize for
Physiolopy and Medicine in 1977, According to Guillemin, the cost of isolating
the st mitligram of TRF was swupendovs. His group alone extracted 5 million
fragments of hypothalmic region from 500 ron of sheep brain over a period of 4
years. The cest was comparble to bringing | g of moon rock to carth.




Table 10.3 : Hypothalmic hormones that release or inhibil hormones from anterior pituitary

Hyrmone Structlure Action

Corticotropin Releasing. Peplide Stimulates ACTH release

Hormone. {CRH)

TSH Releasing Peptide Stimulales release of TSH and prolactin
Romone (TRH)

GH Releusing Peptide Stimulates GH release

Homone (GRR) )

FSH and LH Releasing Peplide Stimulales release of FSH and LH

Hormonz or Ganadolropin
Relensing Hormone (GrRH)

GH Inhibiting Hormone Peptide Inhibits GH release and interferes with TSH
(GIH) (somatostatin} release '
Prolactin Release Inhibiting  Dopamine Lnhibits pronetin release
"Hommeone (PIH) (Tentatives as yet)i
MSH Release Inhibiting, Peptide Inhibits MSH release

Honnone (MIH}

The releasing factors are carried from the hyposhalanus to the anterior lobe via the porta
vessels {Fig. 10.11 A)

Hypothalamic
neurosecretory cell

Corticotropin releasing
hormone {CRH}0.L pp.

Hypothalamic; :
portal system

Portal |
vussels

Targel cell
" (adrenal cortex)

’ Scc.relury'
cells! o/ Elferent

vein

PR
! 6) Liver
‘o4 Glycogen

5600 e

Fig. HL11 < The hypathuline-hyrophysesl porind sysivn (Ah ampliffeation in ACTH-endocring system (B},
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A portal sysiem is a series ol bloed
vessels hat cirry blood between two
sels of capillaries withoul first
retuming to the heart.
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By now you would appreciate that the pituitary and hypothalamus are the main centres of

_ physiological control. Unlike the brain, the hypothalamus is not protected by the blood brain

barrier hence it detects any changes that take place in the blood stream. Various sensory
devices in the hypothalamus also detect any change. Any sensory information from the brain
is also routed through the hypothalamus. Thus, it connects the neurat and blood bome '
information and coordinates both sets of'lnpuls to give out and appropriate response. The

sequence of hypothalamus — pituitary — endocrine gland enables a weak signal to be

. ampli fiied many times. Examine Fig 10.11 (B) carefully. It shows stepwise, how 0.1 ug of

CRF ¢can stimulate the deposition 6f 5600 pg of glycogen in the liver.

10.4.2 Regulation of Hormone Secretion

The secretion of hormones occurs normally at a basal or ‘resling” level. This level is
required by the body to regulate the compositipn of bady fluids or the rate of metabolism or
other bodily functions, This basal level is raised or lowered by signals acting onthe °
endocrine tissue. The-signals may be in the form of neurotransmitters released directly on to
the endocine tissue or they may be hormones released from other endocrine tissue,

Endocrine tissues may simply secrete in responsc to internal or external stimuli without
modulation or they may be a part of a feedback circuil. You are already familiar with the
basic meaning of a feedback circuit (Unit FST-). The secretion thus is affected by one or
more consequences of the secretion.

The sccretion from endocrine tissues is generally under negative feedback control i.e.. 1hc
concentration of the hormone itself or a response to thai hormone by the target tissue has an
inhibitary effect on the further secretion of the hormone. Such negative feedback may be
short-looped or fong-looped,

Let us take some examp]és to explain this Further. A drop in the calcium Jevel in the blood
causes the secretion of parathormone from the parathyroid gland. Parathormone causes the
release of calcium from bones, decreases excretion of calcium from kidneys and increases
the absorption of calcium from intestines. All these processes increase the calcium
concentration in the blood so that it is back to normal within a few hours. The'tisc in
calcium in the btood now inhibits the secretion of parathormone (Fig. 10.12). This is an
example of-a short-loop negative feedback system, S:mllar simple feedback loops control
hormone secrenon from poslenor pituitary.

‘Parathyroid
rgland

Paftharmone » N w
. -

Hone
releasesc ‘g t++

Negalive ) s

. ’ -
Bioad feed back
-. 'ow'
Kindey
mnscrvesc,n*-"
Blood
-..4_ D‘_‘-’ -'ﬂaw_ )
L]
Inlestine '
absorbsCa* + .

Flg. 10.12  Feedback controfof parathormone secretion
o : B !



Sometimes mhtbmon may occur at two sites forming a short and a long loop circuit. : Communication-II
Hormone secretion from anterior pituitary is an example of a more complex negative ' :
feedback;loop (Fig. 10.13).

’ ____.i__l . hypothalamus

1
TRF

o
_-,--_.l +  pituitary

J
TSH . -

‘

peripheral
endocrine gland
¢.2.thyroid gland

| . "

triiodothyrenine (T,)
:ctrmodnlhyonune (T -

long loop feedback
short loop feedback

___I'inhibiis . p mulares
secretion SECrernon.

Fig. 10.13 : Feedback contrl of thyrold hormones as an example of tropic hormoues.

A high level of thyroxine in the blocd inhibits the release of thyroid stimulating hormone
(TSH). This inhibition takes place at the anterior pituitary as well as hypothalamus._

Apart from negative feedbuck there is also a process of control that feeds upon itself—i.e.,
the secretion of hormaone leads to its increased secretion. This is known as positive
feedback and occurs in some vertebrate reproductive cycles in which strong response must’
be built up to a peak relatively gnickly.

Upto now we have studied the general pringiples involved in endocrine functions. Most of
the examples used to emphasise a concept have been taken from vertebrates, mammals in

particular. In the next section, we shall study the invertebrate hormonal system using some
_insecl hormones.

- SAQ 4

n) Given below are some statements that are not entirely incorrect but need to be B
medified if they are 10 be precise. Make corrections wherever necessary.

i The secretion of hormones from the anterior pituitary lobe is controlled by-.
releasing factors secreted by lhe brain.

- it}  The cells of the amenor pituitary are connected fo the hypmhalarnun. by -
neurons.

liiy . The secretion of thyroxine is controlled by pituitary. o

ib) Fill in the blanks with appropriaic words frbri'i the 1éx;.

Hormone secretion is regulaled DY A& ..o ccmrrcﬂ mechamsm o
A conirol process That leads 0 :ncre"sed secretion of hormonc in rcaponsc to initial . ~
secretion levels is knownas. ... ............. W R N

10.5 INSECT HORMONES

During the last half cemury, physiologist have seen that many invertebrates too have
endocrine systems that spproach the complexity of vertebrate endocrine systems. Howcver,
' there are tew similarities in the hormones of both groups of animals, ) : \ 87
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About 4 ton of silkwerm pupaz werg
required o find nm the sterojd
struciure of ecdysone,

The principal source of hormones in invertebraies are the neurosecretery cells and their
products are secreted directly into the circulation. The most extensively studied group of
invertebrates is Insecta hence we shall limit our discussion 10 hormones found in insects.

Insects being fairly hardy organisms, proved to be ideal subject for the kind of experimens
conducted on them (Box 10.4}. Tt has been found thar control of dcvclopmlxpl and moulting
in insects depends on several major hormones (listed in Table 10.4).

Table 10.4 : Developmental hormones in insects.

Hormone Tissue of Origin Structure Farget Tissue Primary Action
Prothoracicotropin, Neurosecretory Peplide Prathoracic Stimulates ecdysane release
PTTH cells in brain gland :
(brain hormone)
Ecdysone Protheracic glands,  Sieroid Epidermis. fat  Increnses synthesis of
{molting hormone} ovarian follicle body. imaginal  RNA. prorcin,
disks mitochendria, endoplasmic
reliculem; stimulales
- serretion of new culicle
Juvenile Corpus allatum Terpene Epidermis, In larvae promoles
hormone(JH} derivative  ovarian follicles, synthesis of larvae
UCCESROTY SCX structures: inhibiis
glands, fat body  metamorphosiaz in aclult
slimulates yelk protein
\ synthesis and uptake,
| aclivates avarian fodlicles
and accessory sex glands
Bursicon Neorosecrelory Peplide Epiderms: Promotcs culicle
cells of CNS develapment:; induces
tanning of cuticle of newly
moited adulls
Diapause Neurosecretory Pepride Ovaries. epps Induces diapause of epg
homone (silk cehs in
moelh, Bombyx) subesophageal
ganglion
Eclesion Neurosecrelory Peplide Nervous Induces emergence of adull
hormone cells of brain system from:puparium
Box 10.4

The first caperimenis 10 {ind whether endocrine secrciions conlrol insecl
development were done by $ Kope? between 1917 and 1922. Kope€ ligated the
iast instar larvae of o moth at different times during the instar. He found that it 1he
ljgation was done before 2 critical period the insect would develop into an adult
-anteriorly and remaina larva  posteriorly. Cutling the nerve cord was of no effect
butif the brain was removed the larvae would not become an aduli. Reimplantation
of brain, however, allowed pupation 1o occur, It was ultimately found that a |’
substance sccreted from neurosecretory cells of brain induced the prothoracic
gland 10 sccrele a hormone that induces mauking. The substance was named
- | prothoracicotropic hormaone (PTTH).

Fig. 10.14 summarises the role of insect endocrine sysiem in moulting and development.

1) Nevrosecretory cells in the brain synthesise PTTH which is stored in their terminal
axons that end in corpus eardiacum, The hormone is released inio the blood.

2) PTTH in bloed activates the prothoracic gland to synthesise the moult-inducing
hormore 0. - ecdysone (Fig. 10.3{b))|which is a steroid resembling cholesterol.
ot-ecdysone is now considered to be a prohormone and is converted 1o active form
B-cedysune in several targel tissues.
3) The corpora allalum contains nonneural endocrine tissue thut produce and secrete ) ( :
another hormone-juvenile hormone (JH) (Fig. 10.151. This promotes the retention

of juvenile characters till larval development is complete,
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Fig.10.14 : Role of insect hurmones in muoulting and development.

.The circulating! JH level is highest in early larval stage and gradually drops till
metamorphosis 1o adult stage occurs when JH dissppears from circulation. The
concentration rises again in adult reproductive life. JH promotes development of accessory
sexual organs in males of certain insect species and induces yolk synthesis and maturation of
eggs in many female inseels, '

Two additinnal hormones eclosion hormone and bursicon regulate the terminal phase of
moulting or shedding ol the cuiicie.
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Fiy, 10,15 : Structure of juvenile hormone extracted from muth (Hyalophora cecropia).

The normal development of an insect depends on precise adjusiments in concentration of JH
al each stage, Synthetic compounds with juvenile hormone like activities hold great promise
as future insecticides. These compounds are effective in very smali quantities and if théy are
applied at the appropriate times, they can prevent the fonnation of adults and thus
reproduction. TH analogs would be a more attractive nontoxic prospect than application of
DDT and one against which insects would find it difficult to develop resistance.
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The word pheromone is derived
from Greck word *'pherein™
meaning Lo transfer and hormone
meaning 1o exeite.

10.6 PHEROMONES

Earlier in the unil we had mentioned about local chemical mediators like histamines.
prostaglandins and growth factors. You have read about their mode of action in Unit 15 of
LSE-01. You have also studied that both neuretransmitters and hormones are chemicat
miessengers in the body’s communication system. While these are chemicals that carry
messages inside 1he body, certain.chemicals known as pheromones carry information
outside the body to other members of the same species.

A pheromone is. therefore, a chemical substance released by an animal into its surroundings
which influences the behaviour or development of the individuals of the sume species. In
many insect species. females release pheromones which function as sex attractants and
induce males to come to females to participate in the reproductive behaviour. in honey bee
colony. the queen bee produces a chemical called queen-bee substance that inhibits
development of other queens, Animals of many kinds including protozoa . mammais. fish.
amphibian and insects are known o emptoy pheromones as a primary means of
communication, i.e. transmitting information. The pheromonal communication may be vsed
for a variety of purposes in different species: attracting a mating partner. for causing others
to stay away when it is appropriate, for directing others to suitable food or resting sitex eic.

Mammals in particular use pheromones in urine or facces or from special scent gland o
mark Iraits and territories. When a dog urinaies on a tree, he'is depositing a pheromone thal
will 1ell other dogs that the tree is a part of his territory. Other large cats such as lions and
tigers do the same in the forest. Pheromones also accelerate reproductive maturity in a
number of species and permit members of onc sex 1o distinguish which members of the
opposite sex are in breeding condition.

The following example wilt illustrate how pheremones work. Female gypsy moths
Lymaniria dispar emit inlo a prevailing breeze plumes of a chemical substance known as
gyplure to **call’” male moths that may be hundreds of meters downwind. The male moths
are able to'recognise the wind-borne pheromone plume by means of receptors located on
their antennae. It should be understood that the pheromone emiitted by the female contains
molecules in a species-specific proportion. The specificity is remarkable since onty the
males of the particular species will respond to it, and the male wal be able to distinguish his

-species pheromone from another even when many other species are signalling at the same

time. The pheromone acts as an adorous (olfactory) stimulus for males, The odor conslitutes
a message disclosing the presence of conspecific female. Once the male has reached close 10
the female, male and female exchange another sel of messages mediated by chemicals '
(pheromones), a mating procedure is iniliated resulting in copulation. Thus. close-range
sextal behaviour is mediated by another set of pheromones, In a few insect species, male
insects also produce sex pheromoenes which facilitate their mating behaviour and may attract
fernales,

Many male animals are known to pcrform complex courtshiip displays when near females.
For example. male thesus monkeys continue to groom their sexual partner for quite some
time when they smell her sex pheromone. Many male fish perform complex courtship
displays when near females, which are caused by pheromones released by female.fish. For
example, males of the fish Bathygobius soporator make rapid fanning and gaping
moverents and change body colour 2s courtship behaviour induced by female pheromone.



The pheromones used to Tark territories or attract a mate produce immediate effect.on the
nervous system, physiology and behaviour of the receiving animal.

10.6.1 Neural Basis of Resposes to Sex Pheromones

The ability of insects 1o detect and discriminate between a variety of pheromones with great
sensitivity depends on the presence of specific neural siructures in the neuropile of the male
antennal lobes. The female antennal tobe lacks these structures. The electrophysiological
signals resulting from inleraction between pheromonal molecules and antennal olfactory
receptors are passed via the olfactory nerve to the specific part of the brain containing
specitic neural circuitary to decode complex pheromonal signals. The brain then translates
pheromonal informittion into the act of directional locomotion or orientational responses.

There are pheromones that act more slowly and have longer lasting effects. For example, if a

newly fertilised female mouse is caged with a sirange male, the odor of that male will
terminate pregnancy. The pheromone responsible comes from the urine of the male. Itis
received by the olfactory receptors of the female and triggers activity in the hypothalamus
which directs the pituitary to releasc 2 hormone that reduces the steroid hormone output of
the ovaries. The uterus does not receive adequate hormones for implantation of foetus and
the pregnancy aborts.

10.6.2 Phermolnes Serving Functions Other than Reproduction

Besides sexual responses as described above pheromones mediate several other types of
behaviour. Alarm pheromones have been found in termites and bees. The termite soldiers
liberate alarm pheromones attracting (communicating alarm signals) the aggressive workers
that participate in attacking the intrusive.individuals. Trait pheromones secreted by insects
help social integrity during migration of colonies by orienting along an tnvisible chemical
trail that has been laid out by onc or more conspecific insects. Both aerialjand errestrial trails
are possible. Some species of ants and ermites deploy rait pheromonces in the recruitment
of warkers 1o food sources. Aggregate pheromones make it possible for both sexes lo
aggregate. They are prodiced by members of both sexes. Pheromone- mediated aggrepation
help to aggregate insects for feeding, protection. reproduction etc. A pheromone.
2-methoxy-5- ethylaphenol is produced from facces of the migratory locust, Locusta
migratoria migratorioides, The pheromone causes the young hoppers to aggregate and is
also associated with the induction of morphological and physiological changes that result in
the 1ransformation of the hoppers 1o the migratory phase. In cockroaches also, the
pheromones released from various surfaces of the body and from the facces cause
aggregation. [n the protozoan Dictyostelitum discoideum (amoebae, also known as celhular
slime molds) the amoebae release pulses of a pheromone, which has been ideniificd as
cyclic 3=5" AMP resulting in the aggrepation.

10.7 CONCLUSION

Now that you have worked through both Units 9 and 10, you should be able to see clearly
the basic principles involved in physiclogical communication. A stimulus from within or
outside the animal triggers the relcase of chemical mMesSengers that communicate with
specific 1argel organs. ‘

in these units we have laid emphasis on the similarities between the action of hormanes and
nerves not only in their use of chemicals as messengers but also in the'way the messengers
and recepiors interact. Bul two imponant differences can be noted

One related to the speed of action and the other 10 the size of target. Whenever a quick
response is required the nervous system reacts. Nerve impulses move uta speed uplo 100 m
per second and delay in transmission is hardly more than a few milliseconds. A process
regulated by hormones requires that the hormone reach the target organ and this takes place
through the blood siream. ‘The minimum rcsponsce time wiil be in the magnirtude of seconds.
Hormones usually control processes that are slow for example the secretion of gastric juices,
development of gonads and growth of body.

The second important difference is that action of hormones is diffuse. For instance,
hormonal action on liver cac~es all the cells of the liver to release sugar while neural acuon
permils stirmulation of even « single muscle fibre without affecting the others.

Communication=11
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However, there is no shap dcm?rc:uion between nervous and hormonal control. The
nervous system not only regulates the endocrine function it is important in the actual
productian of hormones. Bath systems work hand in hand supervising the animal’s complex
body functions,

10.8 SUMMARY

In this unit you have studied that :

<

Hommones can be breadly subdivided into a ) steroids, based on cholesleral structures;
and b) polypcpli_dcs_based on amino acids. The amino acid sequence of a particular
polypeptide hormone may vary in different animal species.

All iormones except steroids arc secreted by process of execytosis. steroids can diffuse
through the membrane, Duration of hormone action depends on its longivity and rale of
breakdown by liver or excretion from the bady. Since receplor cells for hormones are
very sensilive and specific. the hormones are required in very minute guantilies,

Steroid hormong receptors lie in the cytoplasm and carry the honmones to the nucleus
where it induces transcriplion aclivity wiiereas, recepiors for peplide hormones are
plasma membrane bound. Thix results in the lennation of 4 second messenger molecule
that interacts with the ceflular effectors that may be enzymes, membranes or
microlilements ete. The averali response depends on the pasticular effector.

Specialised neurosecretory cells seerete neurohormones into the bloed stream which
ransports them to the target cell. Because of neurosecretory cells, nervous sysicm
coordinates the activity ofithe endocrine syslem.

The hypothalamus and pituitary are important centres of physiclogical regulation. The
pituitary gland is divided into two lobes. The anterior lobe which secretes mainly tropic
hormaones i.c.. lhey regulale the release of hormenes lrom other endocine cells. The
hormones of antedor piluitary are in turn regulated by releasing and refeasc-inhibiting
factors secreled by neurosecretory cells of hypothalamus. The posterior lobe of pituitary
acls as releasing sile of hormones produced in hypothalamus. ’

The neurosecretory substance — endocrine cell (pitvitary) — other endocrine cell
arrangement in veriebrates amyplifies the original signal, ltalso forms several feedback
loops that finally regulate the whole system.

Inveriebrates also possess endocrine sysiems. The principal scurce of hormones are
neuroscecrelory cells, in insects juvenile hormone and cedysone are ihe two hormones
that controf and regulate moulting and development.

Pheromones are chiemical substances that carry information outside (he bedy to other
members of (he same specics and influence their behaviour or development.
Pheromones affect the olfactory recepiors which transmil the signal to the specific
neural circuits to decode the pheromenat signals.

Communication sysiems in animals, whether hormonal or nervous basically urilise
chemical signals that interact with specific larget orgaris. The two diflerences, however,
are 1hat neural signals are fast acting and can affect cven a single celd without affecting
others, whereas, hermonal action is slower and dilfuse.

0.9 TERMINAL QUESTIONS

)

What are the factors that determine
a)  which target tissue responds o a panicular hormane and

by  duration of response?



2

3

3)

Gy

Compare the action of steraid honnones and protcin hormones with respect 1o
a) structure
by  receptors

c) mechanism of action

List the hormones scereted by each of the following endocrine glands and give their
action briefly.-

a)  posierior tobe of piiuitary
by  anterior lobe of pituitary
¢}  adrenal medula

d)  f-cells of Pancreas '

Draw a Aow chart to iflustrate the hormonal control of development in-insects.

.

Pheromones are also part of the chemical signal'systems in animals. In what way are
they dilferent from honnenes.

2)

i-assessinieni Questions

i) True. Both neurotransmiter and peptide hormones are composed -of amino
acids.

if)  False. Hormones in different animal groups may differ slightly in siructure so
they have different effects on different animals.

iii) True. They are syathesised from cholesterol molecule,

iv)  False. Potein-hormone aggregates prevent them from being excreted by kid-
ney. They are a source of slow releade of hormones.

Chemical messenger; specific regulatory.
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‘ 1) iv) .

4) a} i} Release as well as release-inhibiting factors are secreted by a specific
region of the hypothalamus and not the whole brain.

ii) - Not by neurons directly but via a portal system in which the
neurohormones are released that affect the anterior pituitary.

iii) The hypothalamus is also invelved in the feedback loop.
et b)- negétive feedback; positive feedback.

5) Since juvenile hormone suppresses metamorphosis, any compound showing activity
similar'to its action would result in the larvae retaining their larval characters and never
metamorphosise into adults. They are not able to reproduce and increase their population.

Terminal Quesllons

1) a) _ Presence of appropnate receptor molecules in the target cells

b}  The rate at which the hormone is secreted, the rate at which lhc hormone is
brdken down in the liver and the rate at which it is excreted in urine determine
the duration of response. -

2)  Referto Section 10.3,
3) Refer ta Table 10.1 and 10.2.

4)-  Hint: By tegulating activity of pituitary gland which in tumn slimulates other
endocrine glands to secrete hormones. Refer to Section 10.4 for details.

5) a)  Neurosecretory cells in brain
' L PTTH
Corpora cardiacum
L PTTH
Prothoracic gland
L ecdysone
induces moulting
b}  Endocrine tissue in
Corporz allatum
v IH

retention of juvenilecharacier.

]

I 6) Hormones are chemical signals that carry information inside the body while

pheromones are chemicals deposited in air or as liquids outside the body that affect ‘
the behaviour of other individuals of the same species. Pheromones act on the
olfactory receptors which carry the information to the brain-which directs an.,
appropriate response.

|
hl

GLOSSARY o . ) ‘

accllma!mn lhc persisting change in a specific function of the bady due to prolonged exposure
to an cnvironmental condition such as high or low temperature

acclimatization: the pcmlsrlnﬂ spcclrum of changes due to pralonged XPOSUTS Lo an enyiron-
menial condition such as high or low temperature

action potential (nerve impulse, spike) ; an all-ar-none electrical évent in a neuron or muscle -

fibre, in which the polarity of lhe membrane is reversed rapidly, and reestablished

-adrenal cortex: the outer part of the adrenal gland denved from embryomc mesoderrn It
secreles steroid hormones

adrenial medulla : the inner part of adrenal gland denved from postganghomc sympathetic_
heurens. Secretes catcchol.amme hormones



amacrine cells: neurons without axons, found in inner plexiform layer of retina

" vlseral organs: organs lying in abdominal cavity

ambient temperature; surrounding or prevailing temperature

amniotes: any reptile, bird or mammal. Vertebrates whose embryos are enclosed in inner foetal
membranes that conltain fluid :

anaminiotes: vertebrate classes that do not have foelal membranes and fluid surrounding the
foetus. Consist of Agntha, fishes and Amphibia: . :

androgens: steroids containing eighteen carbons that have masculinising effects
: {
birth canal: formed by dilation of cervix due to the action of relaxin to facilitate parturation

blastocyst: stage in mammatian development resulting from cleavage. A thin walled hollow
sphere conlaining at one side a knob of cells destined to become embryo proper

blood-brain-barrier: the structure and cells that selectively prevent particular molecules in
-the plasma from entering the central nervous system. : ’

catecholamines: a group of molecules including epinephrine, norep'i-ncphrine. L-dopa, and
related molecules that have effects similar to those produced by activation of sympathetic
nervous system

circadian rhythms : physiological changes that repeat at about a 24-hour period which- are. .

synchronised to changes in external environment such as day-night cycles

corpora allata: nonneiiral insect glands existing as paired organs or group of cells dorsal and °
posterior to corpus cardiaca. They secrete juvenile hormone .

corpora cardiaca: major insect neurchaemal organs. Paired structures posterior to brain. They
liberate brain hormone ' .

estrogens: a family of female scx hormones responsible for producing estrous and female
secondary characters .

estrous cycle: periodic changes in structure and function of ovaries and female reproductive
tract in mammalian species. This is accompanied by a period of receptivity

evapurative cooling: cooling of body by application of saliva which evaporates and lowers the
body iecmperature '

GABA: gamma-aminobutyric acid; it is believed to function as inhibitory neurotransmitter in
central nervous system o u

gel state: stff high-viscosity state ol cytoplasm

implantation: attachinent of mammatian embryo to lining of uterus prepararory to farming
placenta

lordosis: arching of back in female rats in response to handing and when appreached by male
‘rats.

lutinisation: formation of corpus luteum and secretion from it

pathologicat conditions: discascd conditions

puberty: the pertod of time in an individual's life span when secondary sexual characteristics
and fertility develop ' . '

secondary sexual characters: characiers that distinguish between opposite sexes in animals*

" excluding the gonads, the duct and accessory glands

sol state: low viscosity state of ¢ytoplasm

vaginal smear: scrapings from vaginal wall which is lined by stratified non-glandular
epithelium that undergoes eyelic changes

FURTHER READING

General and Comparative Physiology, William S.-Hoar (Third Edition) 1991. Prentice Hall
. of India Pvt. le.,ﬁew Delhi.
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Dear Student,

While studying the units of this block, you may have found certain portion of the text
difficult to comprehend. We wish to know your difficulties and suggesiians, in order to
improve the course. Therefore, we request you to fill and send us the following
questionnaire, which pertains to this block. If you find the space provided insufficient kindly
use a separale sheet,

QUESTIONNAIRE LSE-05
Enrolment No. Block-2
) How many hours did you need for studying the units?
Unit Number 6 7 8 9 10
No. of Hours
2) How many hours (approximately) did you take to do the assignment pertaining to
this block? :

Assignment Number -

No. of hours

3) In the following we have listed 4 kinds of difficulties thal we thought you might
have come across, Kindly tick (¥ ) the type of difficulty and give the relevant page
number in the appropriale columns.

Page Type of difficulties

'Nt;n:lber Presentation is Ezlnguugc is Diagrim is not  |World/Terms
ANCANC ot clear difficult clear are not explained
Number -

) It is possible that you could not aitempt SAQs and TQs. In the following table are
tisted the possible difficulties. Kindly tick ( ¥ ) the type of difficulty and the relevant
unit and question numbers in the apprapriate cofumns.

Type of Difficulties

Unit |SAQ [TQ Not clearly Caf'mot Answer given Answer given
No. INo. |No. posed a_n.s.wer on (at _end of is nOt'
basis of Unit) not clear |sufficient
information
given

s

5) Where all the difficult terms included in the glossary? If not please list the words in
the space given below.
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6) ‘A'ny other suggestion(s) : -

Teo
The Course Coordinator (LSE-05; Physiology: Blocks | & 2)
School of Sciences
Indira Gandhi National Open University
Maidan GarHi
New Delhi-110068
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BLOCK 3 PLANT PHYSIOLOGY—I

/In the previous 1wo Blocks you have studicd Animal Physiology. In (his and the

. following Block we will deal with Plant Physiology. Because of the different modes
~ of life that plants and animais have adopted over, millions of years there necessarily
ure many differences between the two forms of lile especially so far as their
physiology is concerned. Water absorption and transport, uptake of mineral ions
from the soil, photosynthesis and N,-fixation are unique to plants. :

In broad sense this Block concerns with nutrition of plants, particularly higher plants,
Plants need enormous amounts of water in order to live and grow. They synthesise
all their food and other materials from the simplest of chemicals — H-0, mineral
nutricnts and CO,. The roots absorb water and minerals and leaves Yake in CO, from
the atmosphere. In Unit 11 of this Block we discuss absorption and loss of water and
mechanism of water transport to great heights, Minerals are transported along with
water; however, the uptake of minerals into the root cells involves special transport
mechanisms which is dealt’in Unit 12. .

One process which is absolutely unique to plant kingdom is photosynthesis about
which you would learn in Unit 13. The food produced in the [eaves by photosynthesis
is supplied to all parts of the plant by an efficient distribution system which is
discussed in the last unit of this Block,

Objectives
After studying this block you will be able to:

¢ explain the water relations of plants with reference to water absorption, water loss
and transport,

® describe the role of essential nutrients and the mechanism of their uptake,

® describe the reactions involved in the process of photosynthesis and
photorespiration,

¢ discuss the role of b-iolechnology in improving the photosynthetic efficiency in crop
plants, :

® discuss various hypotheses proposed for the iransport of food through phioem.

General Study Guide

To get maximum benefit out of this study material please take note of the following

points: '

i) Make a notebuok with one side ruled and the other side plain, kecp a pen and
some coloured pens/pencils with you.

ii) . Read the material siowly and attentively. Spend enough time on figures and
flow charts. Try to draw the figures/flow charts and labei them property. This
will help you in better understanding of the text. :

lii) While studying the text, underline the important poinis with a distinct colour
(red, green, blue etc.) in the block itself. Write down salient points in.the space
provided on each page, or in your ilotebook, if necessary.

v)  After finishing a section or subsection: agk youorsell — what have. learn1? Try,
to list the important pojnts in your notebook and compare them with the text
and see if you have missed any.

7} Attempt all the sclf-dssessment questions (SAQs), wherever they appear. Don't
skip any of them as they are designed 10 assest your understanding of the
subject. If you cannot answer, read the text again.

i)  The answer o the SAQs and Terminal Questions are given at the end of each
unit. Bon’t get tempted to see Lhe answers, before you try them.

i) If you don’t understand any word in'the text, consult a dictionary. For scientific
and technical words consult the glossary aiven at, the end of cach block or a
scientific dictionary, if necessary. A

i) In case you get stuck with somé fundamental concept, consult NCERT school
books. You will find them very useful and easy to understand. For exploring



the topics further we have given a list of suggested readings at the end of each
block. Most of these books and NCERT books dre available at your Study Centre.

Stud.y Guide for the Block

" ‘The understanding of this block requires knowledge of Cell Biology Course. At
various places in the text we have indicated the sections that you may like to revise
before reading further. Some of the captions are lengthy because the explanations
arc avoided in the text; the captions explain the detaiis of the figures. We advise you
to spend some time for reading them carefully so as to have a complete understanding
of the text as well as figures.

Acknowledgements _

Dr. V.V, Raghavan, IGNOU, for his useful comments on some units of this Block, and Dr. Anil Grover,
Delhi University, for Unit 11 of this Block. :




UNIT 11 PLANT WATER RELATIONS

Structure
11.1  Introduction
Objectives

11.2  Plant Water
1.3 Early History of Ascent of Sap
11.4  The Pathway of Transport of Water’
11.5 Some Basic Physical Concepts ©
11.6  Resistances to Water Movement and Water Flux
11.7  Gradients of Water Potential
11.8  Water Absorption
11.9  Water Loss

Stemata

The Mechiamism of Stomutal Opening
113 Factors Controlling Stomatal Aperture
LLIT Sumumary
11,12 Terminal Questions
1113 Answers

11.1 INTRODUCTION ‘

At one time it was thought that man would be able to colonise the moon and other

planets. However, even before man landed on moon his hope was shattered. The

reason, neither there was the atmosphere containing gases which sustain us on the )

earth nor was there any water which is essential for life. Life originaiéd in water of ‘

the oceans and water remains a key molecule in maintaining life on earth.

The intimate relationship between water and plant is apparent from the greenery in
areas where water is abundant and barren deserts in areas where it is jn extreme

deficit. Among the environmental factors — light, temperature, water and soil, it is
the water that limits plant growth in virtually all environments. ’

The guantity of water absorbed by plant is enormous and is far greater than taken
by animals of the same weight. This is because the loss of water by plants through
transpiration is enormous. A major challenge before plant physiologists is to find
ways to decrease water losses and increase the effictency of water use by the plants.

Plants can move water to great heights in trees. Even ihe tallest uee Sequoia
sempervirens (113.1m, and still growing) found in California faces no problem in
moving water to ils top leaves. This was puzzling fof the scientists. They tried to find
out the forces that move water 10 such great heights.

We have the following questions before us with regard to water relations of plants:

i) What is the force that drives the flow and direction of water in plants? ii} What
arc the forces that drive' water to great heights in trees? iii) What are the factors that
control the opening and closure of stomatal aperture? and iv) Why do plants
transpire so much water in an apparently wasteful way?

In this unit we will try to find answer to these questions,

Objectives
e describe carly experimeats on water movemeénlt through vascular plants,
e cxplain the cohesion-tension theory of water movement in plants,

¢ draw and explain radial movement of water from soil to roots and leng distance
transport from Xylem to leaves,

@ describe the faclors thar affect water potential and explain their significance in the :
transport of water in soil-plant-atmosphere system.

¢ explain how differences in water potential, Ay, affect the direction of water i
movement, .

. L '
e cpleulate g, g, Ay, water flux and resistance using mathematical expression. 5
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discuss various resistances that impede water flow in plant and explain their
significance to the plant, )

e describe the factors that affect water absorption and water loss,

* relate the structure and properties of stomata to their function,

* cxplain how chanées in turgor bring about opening and closure of stomata,
. expia'in the causes that alter the relative turgor in the guard cells, and

e list factors that control movement of stomatal aperture.
. . /‘

11.2° PLANT WATER - -

Role of Water in Plants

You know that water is the main constituent of plant cells. It performs the following
major functions.

i) ‘Water as a Solvent

_ Water is a very good solvent. It easily dissolves electrotytes and small molecules such

as glucose and amino acids. As you know life evolved as a result of chemical reactions
that occurred in aqueous medium of the oceans and even today we know that all
reactions in a celt occur in aqueous medium. :

ii} Walter as a Chemical Renctant

Water participates in many biochemical reactions. It is involved in photosynthesis,
the most important process of life. The photochemical splitting of water evolves
oxygen, and the hydrogen atoms are denotated to CO, for making glucose. During
catabolism, carbohydrates, fats and proteins require water for hydrolyses. In the
cpurse of your study, yon will come across many, other biochemical reactions which
also involve water. " ' -

i) Water Provides Turgidity to the Cells

lanis maintain their shape due to turgidity which is brought about by the hydrostatic
aressure of water in the cells. If water moves out, the cells become flaccid (Fig. 11.1).
Hydrostatic pressure is also necessary for the enlargement of cells and as a
consequence growth resulis.

{2} ®)

Tig. 11.1: Cells of a normal (a) and a wilted plant (b). In [ully turgid plant the centrat vocuole of each cell
is filleg with water and the protoplasm is pushed towards the cell wall, stretching it tight, while
in the witled plant the cell walls way partially deflale after lhe vacuole shrinks.

How much Water is Present in Plants? .

The amount of water in plants varies among different species depending upon their -
structure.- Aquatic plants such as Chlamydomonas, Spirogyra, Chara, red algae and
others contain 97-98% of their weight as water. This is irue aiso of Azoffa, Eichhornia
and other fresh water plants. However, among terrestrial plants, whether they:are
crops such as wheat, rice, maize, or trees such as sheesham, mango, neem and others;
the amount of water varies in different plant parts. It would be as high as 95% or
more in young roois and as low as 30:40% in wood of a trec trunk. Young leaves
often contain 85-90% water whereas mature leaves contain 60-80%. This means that
the amount of water changes during the growth of the plant as well as during the
growth of an organ such as leaf and seed. )



Relation of Water Content to Functions

If an :u:quatic plant appearing turgid is removed from water and left in the open, it
quickly wilts. The water content of the leaves may change hardly by 3 to 5 per cent
but the piant looks functionless. This is also true for young leaves of whear which
have 90-95% water, they wilt if water content drops by 3-4 per cent. However, an
older leaf has only 80-85% water but is fully rurgid. Thus, water content cannot be
the basis of judging the activity of leaves. Therefore, it is necessary to have an
expression for plant water status which could be related to plant function. We will

discuss this in one of the sections later,

11.3 EARLY HISTORY OF ASCENT OF SAP

It is a familiur fact that water runs downhill. But plants can raise water upwards from
soil by roots to great heights of trees. This was one of the puzzles of early plant
physiologists. They tried to know what the forces are that drive water upwards. They
constdered two possibilities : i) water is either. pushed up by the driving forces that
might develop at the bottom (roots) or ii) it is pulled up by the forces created at the
top {leaf) of the plant. , - K

Even 400 years ago, it was recognised that it is the xylem conduits and not the phloem
that translocate water in plants. It was Italian anatomist, Marcello Malpighi who in ~
1679 demonstrated that if a ring of phloem was removed from the stem the path of
water was unaffected. Water moves through dead xylem cells was shown by Edward
Strasburger in 1883 who sawed an oak tree and placed it in a bucket of water
containing picric acid or CuSO,. Though the chemical killed the bark and other living
cells the movement of water was uninterrupted. Experiments have also been done
using coloured or radioactive water. The water is observed to move into the root
system and upward through xylem. Now, we know that xylem vessels form an
intricate plumbing network whose supply lines extend 1o all parts of the plant.

Evacuated
tube

1/

: 76 cm e

= ercury i

{c) Cupillary aclion

(a) Simple suction (b} Rout pressure
Fig. 11.2 : Experiments on water mavement through vascular plants, 2) S!mp!c suction — mercury is raised
76 ¢m up in an evocuated tube by atrmaspheric pressure. b) Root pressure—an glass trbe is fited
on the cut stem of a potted plant. ‘The soil is kept well watered. Root pressure forces water Lo
vxude out frum the cut stem and up the tube, The water columnn may rise up to a height of
I4 m or more. ) Coplitary nction — water rises in the capillary tube duc to high surface tension
ol-woler. The greater the surface tension grealer the rise in the cnpil]ury.\

or irvestigating which of the forces were responsible for the upward movement of
qater. itnlly forces such as atmospheric pressure, capitlary action and root pressure
rere considered (Fig. 11.2 a, b and ¢). But none of these forces could account for
16 movemen: of water beyond a height of 100 cm, It was an Irish Botanist Josef
lohm {1883) wio demonsieated by a simple experiment that if water were to be
vaporated from « closed system like a porous pot connected to a set up as shown in

ig. 11.3, mercury could be lifted to a height of more than 100 ¢m, considerably

Planl Water Retutions

Water has a great tensile strength

Theoretical calculations, from.
heats of evaporation and surface
tension, irdicate a tensile strength
for water of several thousand
atmospheres. Experimental
valucs, however, are somewhat _
lower, ranging from 25 10 300
atmospheres, In one illusirative .
experiment the British
investigator .H.M. Budgett wrung
twa polished steel plates together
with a film of water between
them. Tensions of up tp 60
kilograms per.square centimeter
was required to pult the plates
apart. oo

‘Water

Porous
clay vessel

: Mercury

' Fig. 11.3 : Demonsicatlon of the

principle of water nlovement up

Jthe plantstern by a physical model,

Evapuration of water' from the
porous clay pol exerts more pulting .
force than slmple guction. It ¢an
pull miercury behind it to a_height
of more thian 100 cm. .

7
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Guttation

Under certain environmental
canditions reot pressure forees
waler throupgh special watcr pores
arcund the edge of the leaves or
al the tip. This is known as
gutlation.

Fig. 11.3 : Dingrammatic
representalion ol ihe enlicsivenoss

of water malecules due to hydrapen

boands. Water molecules cling
together due (o clecirosialic
attraction belween the partial
negalive charge on the oxygen
atem of ene waler molecule and
the partial posilive charge on the
hydrogen atom of an adjacent
waler molceule. '

8

T

higher than 76 cm to which it can be pulled by a vacuum. Irish Botanisl HH Pixon
and his collaborator J. Joly repeated the same experiment using a transpiring pinc
lcaf instead of a porous pot and got the same results. A simifar experiment shown in
Fig. 11.4 illustrates the rise of water in plants. Dixon and laly {1895) Lhen proposeri

the now famous cohesion theory of ascent of sap.

Leafy shoot

fGlass'mhcs
i A

gcHoal of
S CIENCES
IGNOU - /

,:WWLH.JTN AT

Beakers contatning " f"'f:?}'?mn.\
Jfr{(,{ y waler [ Ids f!/ . - 'f_.m i
drpre D i par ¢ T .
L/ P /]"f /3 2 .. [y, iy
- ﬂ?'.r ' vt -"f;f“?(’;u 4 LL____'___ — _Ik’[},, .t

Fig. 11.4 : Experiment to show the cahesion-tension theory of water movement |a Lhe plant. Two long slender
tubes dipped in water from below are extended wp to the heipht of the bilding. A yacunm pump
fails to suction the water to this height while a tiny leafy' shent succeeds. A shert piece of rubber
twhing is used {0 connect the cut tip of a [eafy shoot te a sfender glass tubing (14m length and
0.5 mm in diameter} which is dipped in a beaker confaining water and dye. The enlire system is
made continuous waler filled air proof system, '

You are aware that plants lose water through stomatal openings by the process of
transpiration. Dixon's theory suggests that water can be continuously pulled upward
due to the transpiration pull. As the water molecules-vacate lr(anspiration sites (the
mesophyll cells of leaf lining stomata) duc to evaporation, other water molecutes are
pulled to {ill their places. This results in the creation of a negative hydrostatic pressure
downward cxtending Irom leaves to the xylem vessels and finally to the roots. In other
words, a state of waler tension is created inside the xyvlem conduits. The water
molecules do not snap away from zach other due 1o tension in the xylem, instead
they travel as o conlinuous column duce Lo their cohesive property. Cohesion 1§ a

. phenomenon by which water molecules cling tightly to onc another by hydrdgen

Donds (Fig. 11.5) und resist being pulled apart. if water is indeed moving through an
upward pull, it would be expected to recedein the xylem. il its continzum is broken
by cutting a branch abové the ground level. The state of water in xylem is more or
less analogous to a stretchéd rubber band. Supposc if we cul a streiched rubber band
at some point, it would immediately.recede in both direction from the point where
it is cut. A similar receding occurs in xylem vessels and water pulls away from the
cut point, Thz= pulling force of water column or tension in the xylem can be measured
by a Scholander pressure bomb (Fig. 11.6) by forcing the xylem sap back to the -
original point by applying pressure. ¢



Xylem sap forced back.
Lo original point

iy

e .?r:h' .

i A
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' o ,
Vs . Water in aylem pulled
back 10 here

Fig. 11.6 : Demonstration of tension in xylem sap. When a twlg Is cut the tension In xylem pulls the sap away
from the cut polnl. The pressure epplied in Scholander Pressure Bomb forces Xylem sap back to
. the cut polnt.

It is important to point out here that. the dead cells of the xylem are greatly
strengthened with cellulose fibrils encrusted with lignin. Such strengthening of wails
can be compared with reinforced concrete and thus the xylem cells are strong enough
not to collapse when water is pulled through them. '

Studies on the movement of water at various times of the day also suggest that the
“motor” for ascent of sap lies in the leaves of the tree. The velocity of sap flow in
the wood was also measured by inserting a heating element into the xylem. After a
time interval the distance covered by the heated xylem sap was measured bya
thermocouple. The velocities as high as 75-100 em/hr were recorded (Fig. 11.7).

Although, the cohesion theory of witer was proposed about a century ago yet it holds
good even today. However, it explains only the long distance transport of water
through dead xylem tissue. Many questions — such as what the Tactors are that affect
water absorption from sail, how does water move from cel} tocell and in tissues other
than xylem and what are the driving forces that determine the direction of water-
movement — remain to be answered.

In the following sections we explain to you the concept of water potential which can
tell us not only the water status, but also the direction and rate of movement of water
in a plant, ' ’

11.4_THE PATHWAY OF TRANSPORT OF WATER

Plants absorb water from the soil by roots, mainly near the root-hair zone in the
region of maturation (Fig. 11.8). The radial movement of water is shown in
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TFig. 11.9a. At most stages olits journey waler molecules have the option of moving cither
through protoplast or through cell walls. Water may first enter the epidermal cells of

the root by crossing.plasma membrane and ther move along through the cytoplasm
of the cortical cells, the endodermis, the pericycle and finally into the xylem vessels

andfor tracheids. The movement of water through cell to cell occurs probably via
plasmodesmata — 'he protoplasmic bridges between the cells. This transport route

. is termed symplasi:. pathway (Fig. 11.9b). Since cells are joined via intercellular

connections, the cxtive living portion of the plant forms a.continuous single entity

““and is called symplasm.

Lo !

The other route for the transport of water is through cell walls, intercellular spaces
and non-living deils of the xylem (Fig. 11.9b). This is called apoplastic pathway and
the non-living portion of plants is callcd apoplasm. The cell wall is composed of
hydrophilic substances like cellulose, hemiccllulose, pectin, lignin and hydrophilic
proteins, and carbohydrates, polymers of gums and mucilages. The molecules of
these substances retain a lot of water and let it permceate easily without any resistance,
when the supply of water is in plenty. When water moves through the ceil walls of
epidermis and the cortex, its movement is restricted at the highly packed endodermal
cells, becausc the radial and transverse cell walls but not the tangential walls of these
cells are lined with suberin a hydrophobic substance in the form of strip called
'Casparian strip (Fig. 11.9c).

Chemically suberin is like cutin and lignin of cuticle which are impermeable o water,
Therefore, water crosses membranes in order to enter endodermal cells and joins the
symplastic route. Some water may cnter cells at any point prior 1o endodermis and
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Fig. 11.9 : a) Cross-section of o oot showing rudial movement of waicr from root 1o xylem. b} symplastic
and apoplastic routes, ¢} Casparian sirips. -



- join the symplastic puthway. Once the water reaches xylem conduity it spontaneousty
moves upwards through xylem of root. shoot, petiole and finally in the tracheid of
leaf vein and mesophyli cells (Fig. 11.10). Most of the wiler evaporites from the
mesophyll cells that line the stomatal cavity and diffuses out to the air through
stomatal pore. :

Water vapour
L

L LR

y ol Y

W TR g U SELE o

Coenducting xylem —
of stem

(@) (b)

Fig. 11410 : The pathway of water muvementinaplanl : uj whals plant. b) movement through xylem. The
scale shows water potentlal at different points {n the plant. ’

SAQ 1

a)" Which of the following statements are true

i) A plant (without roots) would not translocate a- dye solution
if first placed in picric acid solution for about one hour. M

' ii)‘- If a r‘?pidly transpiring plant is cut off just above the.ground,
water-will coze out of xylem vessels. L (1

i} R,emdving all the leaves from a plant wilt probably reduce

~flow of water up the stem. . £
iv) A soap solution injected in the xylem of a wree-trunk could: O
prevent water from reaching at the top. )

™ L
R |
9

‘ Hint : Soup solution reduces the surface tension of water,
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Yapcu:s Fressure

It is the pressure exerted by
vapour uver a liquid where it is in
cquilibrium with itself. '

P Al

(o

11.5 SOME BASIC PHYSICAL CONCEPTS

The main idea of this section is tw ¢xplain the concept of chemical potential of water
or water poicitial and the effect of various factors that change its value in plant cell
and its immediate environment, The Aow of water depends upon the gradient of
water potential in soil-plani-utmospheric system. The understanding of this seclion
requires some knowledpe of certain basic physical concepts such as diffusion,
osmosis, imbibition, and chemical potential. We will explain them briefly, (You necd
to revise Section 7.3 of Cell Biology .Course before reading this section.)

' Diffusion

Diffusion is a spontaneous process that leads to net movement of a substance from
a region of higher concentration to a region of lower concentration. 11 can also be
defined as the net mos ement of molecules from region of high [ree energy to a region
of low free energy. -

The principle of diffusion is of importance in plants because sceveral of the transport
processes such as uptake of water and minerals, intake of CO; and release of O; by
leaf cells, loss of water due to transpiration depend in part on diffusion.

Osmosis

Osmosis is a special casc of diffusion. Here, the movement of water (solvent) takes
place from a region of higher concentration to a region of lower concentration, if the
two are separated by a semi-permeable membrane.

.

Osmotic Pressure

1t is the pressure necessary to prevent the flow of watér or a pure solvent to a solution
{osmosis) when the two are separatgd by a semi-permeable membrane. Osmotic
pressure is given by, the following equation '

= = CRT - ' .. (11L1)

m "= osmotic pressure in bars

C = concentration of solution in mol/]

R = pas constant litre bar mol 'K ™'

Its value.is 0.08 litre bar moi 'K~

. T = absolute temperature in Kelvin

The osmotic pressure of a molar solution (i.e. one mole/litre) is thus

— 1mol 0.08 liire bar
litre x mol K~ x 23K

21.84 bars ! (T - 273K)

Imbibition , . ’
It is the process of absorption of water (o the nearly dry surface such as seeds and
wood. There isdiberation of substanttal amount of heat duting the process.

Gradient {

It .is the differehce between concentration or pressure or any other parameter
indicative of cnergy belween two specified points. The direction of flow is always
from higher ¢nergy towards lower energy. .

Chemica! Polential

The chemical potential of a substance in a system is a ric s .o of its free energy, i.e.
energy available to do work. Here the system refers to taermodynamic concept
wierein sludies are of sysicm rather than individyals o odies. Thus when we study
the properties’of a solytion in the container, we are stluliyiug a system wherein each

“individual component interacts internally. For example{ suppose we have pure water

in a system be itin a beaker or soil, ali the molecules of water can de work, so their
free energy is maximum. When a small amount of sugar,is added a few molecules of

~ water get associated with each molecule of sugar, the free energy of water decreases.

Hence, the free energy of pure water is always rf]aximurn. Addition of any solute
lowers the free energy or chemical votential of water.



]

The chemical potential of water in a solution is related to jts vapour pressure and is Plant Water Relutlons
given by the following equation. :

ky —pw® = RTIn £
eU

RTIn -£ , .- (11.2) . .
ev :

*w = chemical potential of water in question (joules/mole)

Ap

p#w® = chemical potential of pure water under STP
Ap = change in free energy

R = pasconstant

T = absclute temperature

¢ = vapour pressure of water in question
¢ = vapour pressure of pure water
Note thas

Relative humidity = io X 100

&

If e is also pure water then In iu is zero and A p. becomes zero. So the chemical
e

potential of pure water is set to zero. [f e is lass than that of pure water then [n _c; will
e

be negative number, therefore, Ap will be less than zero — a negative number,

Water Polential '

It is the difference between chemical potential of water at any point in a system and
that of pure water at STP. By convention the chemical potential of water is referred
1o as water potential and is denoted by W, ()—pronounced as psi}.

b, is expressed in pressure units, [t is the free energy per unit volume of water (joules
per cm®). '

u

v = partial molal volume

If water potential of the source {the region supplying the water) is higher thun the  partial molal valume (Dofa
water potential of the sink (the receiving region), then there is a spontaneous transfer  solution is the change in volume

of water from source to sink (Wsouree = Weing)- of a solulit_)n when one mole of &
substance is added 1o i1

By convention the water potential of pure water is taken as zero. Therefore, water
potentiais other than that of pure water will generally be negative. Thus lower
potential means a more negative value, and higher potential a less negative value.

Water potential in plants is affected by the solute, hydrostatic pressure and matric
forces. In order to predict the movement of water inside or outside a cel) we must
consider the effect of the above three factors.

Effect of Solute

Lel us take pure water in two chambers A and B separated by a s.cmi~permua.b!c Water potential is expressed in
membrane (Fig. 11.11 a). The water potential of both the chambers is zero. Addition pressure units, Encegy per unit
of solute in chambér A (Fig. 11.11b) would reduce the free energy of water and the volume of water is expressed in
water potential will fall below zero. Consequently, water will move from B to A (Fig,  Joules perem”. This Is equivalent
o . . . . . . to dynes per ¢m”. 10° dynes = |
H.11c). The effect of dissolved solutes or water potential () is called osmotic bar. The present nit used for
potential (¢). It can be estimated numerically if we know the osmotic Pressurc of  presoure is paseal (Pa). It is a
the solution. The two are related as pressure cqual to the force of one

Lo

. (113) Newton acting unilormly over one

T= - T". . square meter.
For example, if w of a solution is 5 bars then Y would be —5 bar. 1 bar 10° p
5 iH = = Fu
3 = H I
Effect of Pressure » I°Pa =1 KPa (1 kilo pascal}

10 KPy

: ’ ’ . , . 1 MPa (mega Pascal)
l.et us now see the effect of pressure on water potential. As Fig. 11.11d illustrates, -

when pressure is applied the flow of water begins from chamber A to chamber B , 13

L
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through a :¢mi-permeable membranc. This means that pressure increase: the free
energy of water and thus raises the potential of pure water above zero. The effect of
pressure on water potential is called pressure potential and is designated as yr,. The
leve] of water in B rises due to increase in water potential of A (Fig. | 1.11e).

.

_What would happen if pressure is applied on the chamber containing solutes? Now

the s, will be affected by both solute and pressure. The solute would lower the water

_potential and pressure will raise the water potential, So the flow of water from B to
* A would start decreasing. An equifibrium condition will reach when i, will be equal

but opposite in magnitude to Yy and there will no net flow of water in the two

" chambers (Fig. 11.11e). This can be represented by the following equation:

ey = (b + Upln . (11.4)
Let us suppose if Y, is equal and opposite to Vi, Then |
Ywa = (Ypa + bop) - . g
=0 ‘

5
N A
Membranc &\
[AG

Piston

d c -0

Fig. 11.11 ; Experiment to show the elfect of stlute and pressure on water potential, see {exi for delails.

i
)

EfTect of Matric Pressure
Water can get absorbed Lo the wettabie surface of solids such as soil, wood, seeds

and celiular constituents. A force operates between solid-liquid interface and is called
matric suction or matric j.ressurc. The absorption process is accompanied by heat loss
and results in decrease in free encrgy of water. In other words, the effect of mainc
forces on water potential is caiicd mati: ic potenitial (). 1 value will be negative.

In a well watered soil i, is noL very significant, however, when the soil is near drying .
y,,, detcrmines water potential of the soil.

So we find that the ¢, is composed of the following main component forces:
Dy = by + by F oW T oD ‘ L (115
¥ = any other force” “hal may inﬂﬁnce P



11.6 RESISTANCES TO WATER MOVEMENT AND Pl:l.ml Yaler Relallons
WATER FLUX |

. We have explained carlier that if water potential drops from source to sink (Y, ee =
Wk} than there will he spontanecus flow of water. But we do not know the rate of
this transtvri.e. flux. i -

Recall Irows Scetion 7.2 of the Unit 7, Cell Biology Course, the rate of diffusicp «e/dt

is flux. "I'h - ilux for water flow is denoted by J,, which is volume of water flow through
unitserte.c . ses pecunit time. Water jn plants flows from cell to cell and also through
cell wall .

-

When wate: .32 from cell 1o cell the flow is the function of water permcability of
the membrane. [L.: flux of water is given by )

Iy =L, A, , ' .. (11.6)
L, = permcability coefficient of limiting membranes

A, = difference in water potential at two points

From equation (11.4) we know that
by = Qb + W)
Ay, = (A, + Adyp)
substituting the value of A, in above equation )
Jo =L, (Y, + Ady) ' . (1L

Thus, the inward or outward rate of flow or water fram ceil to cell and tissues can be
calculated from the above expression, -

Let us now consider the Bow of wates in the plant through intercellular spaces
(apoplasm) where the limiting 'membranes are absent. Then the flux is given by
J, =H, Oy, i
H. = hydraulic conductance

i

R

Because H,

R = Hydrauiic resistance to flow of water - P
5, = LY : ... (11.8)

- R

The water flux is directly proportional to A and inversely proportional to hydraulic
resistance (R). In other words, higher the A, more will be flux but high R wili
decrease the flux.

In plants water will move through the pathway which offers least resistance. Between ‘

the two routes — cell walls and cell to cell, the membranes of the cells exert more

resistance {becuause of low permeability) than the cell walls. Therefore, water can flow  Hydrostatic pregsLirc is the
relatively easily through cell walls. Water will not expericnce the resistance of plasma ~ Pressure exerted by or on a liquid
membrane when it moves from cell to celt via plasmodesmata. The xylem conduits “b.?_"_c or below atmospheric
which are not obstructed by cell membranes have least resistance and the rate of flow = oo
of water is very high. The ratio of R in xylem, celt walls and cell membranes is in the

order of (-3 : 1: 50. This explains why xylem is the-pathway for long distance

transpori as has been observed experimentally. The resistance in xylem varies

versely with the diameter of xylem ¢lements. The smaller the diameter of xylem

greater wiit be the resistance.

In soil, pressure potential is insignificant and osmotic potential is zero because there '
are no membranes (solute and water move together). Hence, the driving force Ads,,
in 50il is determined by the matric pressure.

Alb""(sni!) = =B

The hydraulic resistance varies from soil to soil. The fine soil particles with small
space between them offer more resistance than coarse particles with large spaces. .
When y,, of soil falls R increases and then the plant take up less waler. 15
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..

Also, in the cell walls the driving force is determined by A, In those leaf cells
which are losing water rapidly, matric forces become significant and consequently g,
of leal decreases. So water moves from the wetter cglls. Thus a continuous gradient
develops which operates along the cell walls throughout the plants. Of course. il will
break at points where cell walls are impregnated with hydrophobic substance for

example — Casparian strip.
NAL) R
a}  List the three {actors thar dercrmine the valne of i, i plant,

N} ‘The water potential in & cup (W) containing salt solytion will be
b sy,
W I= 0,
d, =g,

7.9 8P,

d) Fill in the blank spaces in the following statements with appropriate words:
iy + AL fulf turgor g, of a cell will be

ii} The net flow of waicr movement in a sysiem will stop when i, will he equal
and ... e grah, :

1) Geeater oatrigsuchon wili Lo (he wairr potential in a svsiem.

'11.7 GRADIENTS OF WATER POTENTIAL

The absorplion of waler by a plantinvolves the water relations of an individual ccll,
a group of cells and finally of the whole plant. Therefore, we will consider water
relations at different levels of organisation. We have aiready discussed the long
distance transport of water. '

Movement of Water in a Single Cell’ ’

Isclated cells, single celied organisms and root hairs absorb water directly from their

- surrounding media. Let us consider an ideal parenchymatous cell. The vacuole
occupies 90% of the cell and contains cell.sap which is a dilute solution of salt and
other small molecules. Due to osmotic potential the cell sap has a lower water
potential than pure water. When'such a cell is placcd in pure watcer & gradient
develops due to the difference in water potential. This.results in the movement of
water inside the cell (Fig. 11.12). However, in no time the concentration of sap also
decreases which lowers the osmotic potp’ﬁlial of the sap. Thus, Lhe difference between
the potential of pure water and cell sap gets reduced. This lowers he force by which
water enters the cell. We can represent the relationship with the following equation:

¥, {outside the cell) = (4, + ¢p), inside the cell
where, (1, is total water potential of the system, . is the osmotic or solute potential

and ¢, 1s pressure potential due to cell wailpressure or turgor pressure. At full turgor
pressure the sum of {, and | is zero. Hence ¥, is zero. J

‘The driving force F that causes water to move can be represented by- the following
eduation: . :
F = gradient (1, — )



where o ihe total water potential of 1he celt il et of dhie eell sup and W, Plune \Water kelatinns
15 Lthe +0i2i water potential of the external medium, i7" the later is pure water then

its vl s e zero. In that case the driving force will be equal w . However, as

the waler wiii inove into the cell P, will be regulied by 4, and ¥p. In this relationship ’

the elasticity of the cell wall would also play an important role. The volume of the

cell would increase upto a certain limit with the ditution of the celi sap and this will

increase the total osmotic potential, This in wrn would influence the force developed

due to the gradient berween the cell and the medium.

| Water flowng in from a
higher concentration of

water moleoules to a lower
concentration of waler _~_—_— —
in the ccll sap,

2 Vacuole [ills with
water this pushes
the cytoplasm against
the cellulose cell wail. =

3 Cell walt -
stretches sligl;uly-
cell becomes turgid

Fig. 11.12: A single cell surrounded by water,

In the cells of root, leaf and other parts of plant, the external medium is the water
in the cell walls and intercellular spaces (apoplast) which is under atmospheric
pressure and has very low usmotic potential, But the matric forces exerted by the cell
walls are higher, therelo- -, the water potential in apoplasm isdetermined by matric
forces exerted in cell wull. :

Water Retanons of a Tissue

In higher plants no cell exists in isolation from others. Even a root hair which is .
projected outside into the surrounding medium is attached with other cells on all the

remaining sides. In a transverse section, it would appear to be surrounded on the

three sides by other celis. Thus, the water relations of a root hair are governed on

one side by the surrounding medium and on the other by other cells. Let us just

consider two cells A and B joined with each other through a common cell wall, If

these two cells individually have the same total water potential, then there will not-

be any net exchange of water between them. This can be shown as follows:

The 1otal water potential of cell A (¥wa) will be equal to the sum of its osmotic

potential and pressure polentjal (on + §z4)- Let us say that for the cells A and B
these values are :

s = (4‘-«;\ T "i"p.‘\)
'!]wﬂﬂ'+ ('1"'11-3 -+ l!’pB)

In a cell the matric forces are much less. Here the U, is lowered because of Y. If the
U, in the vacuote is lower than §, in apoplast, then water flows inwards.

Now, the driving foree {F} will be the differcace in the waier potentai of two cclls.

F= ('-I"wA - lbwﬁ) BT

. If Yy,4 is equal o ¢, 5 the gradient will be zero and so will be the F. Therefore, no
" netexchange of water will take place between the cells A and B. However, we must
realise that the same value of ¥wa and .5 docs not necessarily mean thal the 1w -
cells should have the same osmotic potential and the same turgor pressure or watl )
pressure, . ; " . . . 17
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Table 11.1 ; Approximale magni-
tudes of water polential in )
the soil-plant-atmosphere systemn

Component Water Polential

(Bar)
Soil | '-0.1 10 -20.0
Leal =5.0 o =50,0;

‘Atmosphere | —100 to —2000

18

O ihe other hand il the total water potential of cell B is lower than that of cell A,
a dnving force will develap which would cause influx of water into cell B till the two

" eells attain the same water potential. Now, this example can be extended to a larger

aumber of cetls which are connected with each other in tissue. If there are 20 cells
heginning from 1 to 20 they will attain an equilibrium amongst themselves, depending
on their tolal water potential in the same way as discussed for the two cells attached
to cachy other. Under such conditions a situation may come when water absorption
and movement will come to a standstill.

Water Relations of a Whole Plant

Let us now consider the water relations of a plant considering leaves, stem and roots,
that provide a continuum for water in soil-plant-atmosphere system. The total waler
potential in the atmosphere could be very iow, depending upon the temperature and
humidity. Table 11.1 shows an approximate magnitude of water potential in the soil-
plant-atmosphere-system.

It is clear from the data in Table 11.1 that the difference in total water potential in
the soil-plant-atmosphere system would generate a driving force for water movement

from the soil through the plant to atmosphere, If this continuum is broken, the driving
force “wnnld automatically disappear,

S5AQ 3
4) In a plant water moves from an organ A to an organ B bacause
D7 dwa < bon
i) Yun > bup.
i) dr = Yon
) Calcylate the value of Aq;w if water potential of xylem is —0.5 MPa at the base
of the tree trunk and —1.5 MPa at the top,

¢) Water potential in a tree in three tissues A, B, and C was found to be -04,-31
and —0.09 MPa, What would be the direction of movement of water.

d) A raisin swells in water because
i) Yy raisin = W OT I . L
") q-'w > ll'w raisin

11.8 WATER ABSORPTION

Water status of a plant is determined by 1wo major factors: i) water absorplion and
ii) water loss. We deal with water absorption in this section and water loss in the
following scction.

Water absorption is regulated by soil factors, rate of transpiration and size and
distribution of ronts, The soil factors that regulate water ahsorption are: 1) soil water
content, ii) difference in water potentizl between soil and'root, iii) concentration of
soil solution, iv) soil temperature and v) aeration of the soil. '

Soil Characteristics ) A

The physical properties of soil gover watcr’-ﬁblding capa.city and the water
availability to the plant. The fine soil particles of cay have much more water-holding

-



capacity than silt and sand. Addition ol humus increases the water-holding capacity
of soil. Water moves through pores present in soil. The pores form because individual
soil particles aggregate to form large particles of varying sizes called micelles. The
pores ure spaces left between micelles. The size of pores can be small {micropores)
or large (macropores) depending upon the soil type. The pores get filled with water,

A suil freshly wet with irrigation or ruin water cannot retain all the water. Much of
the water percolates through macropures due to gravity. This water has been termed
as gravitational water. The remaining water that is held tightly by hydrogen bonds to
the soil particles against gravitational forces is called capillary water. This water is
available to the roots. Part of the cupillary water that is held very tightly and is not
avatlable to the root is termed hygroscopic water.

The water content of a soil is expressed as

= FW-Dw
= T Dw x 10

Field weight of wet soil

Y% ol soil water

1

Fw

"~ DW= Dry weight (obtained by heating soil to 60°C)

Two terms field capacity (FC) and permanent wilting percentage (PWP) are often
~ used to describe the water status (capillury water) of the soil.

Field Capacity (FC)

It is the capucity of a ficld 10 hold the amount of water against gravitational forces.
It is expressed us the pereentage of the dry weight of the soil. Field capacity
represents the upper limit of water availability and its value differs from soil to soil.
The capacity of clay soil on an average s about 40-45%, silt 20% and sand '5-10%. .

Permuneﬁl Wilting Percentage (PWP)

Itis the percemage of moisture in the soil at which a plant wilts and does not recover
unless water is added to the soil. PWP for clay is about 26%, for silt 10% and for
sand 3-5%. It must be noted that PWP is used to ¢xpress property of a soil not any
feature of the plant, '

However, the moisture content at which any plant shows permanent wilting need not
be the same for all plants even in the same soil. This happens because some plants

ire prone to wilting at fuirly reasonable water content of soil while others wilt only
when the moisture content js very much reduced.

The water stalus of a plant in terms of FC and PWP is significant only if the soil
properties are known. This is because the soil determines the availability of water.
However, it is desirable as well as easier o express soil water status in terms of water
polential so that soils become unilorm with respect to waler.,

Suil Temperature

Soil temperature is known to influcnce water absorption and ultimately transpiration
to u considerable extent. In many plants water absorption is reduced sharply below
10°C. Water absorption also slows down above 25°C. In inost instances, temperatures
above 40°C in the rhizosphere does not support waler absorption and plant may show
signs of willing. The following are the reasons suggested tor the reduced absorption
of water at low temperature: i) decreased root growth, ii) increased viscosity of
water. iil) increased resistance of water into roots due (o decreised penmeability
(increased hydraulic resistance) of cell membranes and iv) decreased metabalic
activity ol root cells,

Soil Aeration and Flooding
[t is not unusual to observe some plants wilting while they stand in water. The
Totlowing are the possiblc reasons of flood injury. .
i) Poor availability uf O- and accumulation of high concentration of CO; around
Toots. '
‘i) Chunges in the pattern of jon uptake resulting in the accumulation of some ions
Lo toxie tevels.

iif) " Accumulation of toxie substances in the root and/or around them. .

Plant Water Relatlons
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Poor availability of oxygen aifs-is i wpiratory activity of roots, thus Jowering the ATP
supply. In the following units vou = it lcren that ATP is required for the active uptake
of ions, Low uptake lowers e osmaii poteatial of roots cells and hence water
cannot en'sr hecause A, et con ot vells amd soil is not sustained. Increased
concentraton of CO. affects the prrnzabuity of membranes and thus affects water

uptake adversely.

Among toxic substances are the metabolites produced as a result of anaeroniz
respiration. These could be aicohol or aldehyde and even cthylene, Plants wsuadhs
become chlorotic under wurerniczred conditions. This is apparently duc o oz inn
in translocation of iron frapt 1oeis to the top of the plant.

Root :
Rool system is directis .o b heorpgon of water and its growth under il
conditions is very muchi nidfte 2o sl o dryland agriculture, particuiait oot

structure has apparently greate : sigmie e, The rates of water absorption inte v e,
of different plants differ in their stige of growth, Highest rates of waler entiy @ 2
assoctated with root hair and unsubericed roots and lowest with suberised woody a1t

Water Absorption and Transpiration

The rate of water absorpiton is controlled by the rate of transpiration. A high wuter
potential in the atmosphere would reduce water lass from the plant and consequently
slow down water absorption. But it docs nnt {ollow from this that water will be
continuously absorbed if the water potential of (he atmosphere is very low and soil
is near drying. When the equilibrium in the soil-plant-atmosphere system is disturbed
either due to soil or-atmosphere, the plant can respond appropriately anc can control
water absorption or water loscs. We discuss befow some of these aspects.

Let us first see'the relationship of waler absorption and transpiration in a weil
watered plant (Fig. 11.13). By and large all plants show a diurnal behaviour in theiy
rates of transpiration, There is a rapid increase in transpiration during the morning
hours and a peak is reached in the early afternoon. Then a decline begins and a
minimum is reached during the night. :
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Fig. [1.13 : Diurnal ¥ariations in rates of leanspication and absorplion of wafer by a plant,

You may note in the graph that water absorption keeps pace with losses due to
, transpiration except around noon when it lags behind. Why is it so? Yowhave learnt

that the resistance to the movement of water across the roots is generally higher than
in Lhe feaves because in Toois water moves through sympiasm. In roots it faces high
resistance of the membranes of cortical cell and that is why there is an absorption
lag. This idea is supported by an experiment where water absorption was recorded,
after removing the roots of a plant. As shown in the graph (Fig. 11.14) the absorption
lag is reduced greatly. ‘ :

Let us now see what happens to water loss if soil is not moist. Ralph O. Slater (1967),
a plant physiologist at Australian National University, Canberra, studied the



relationship between water potential ol soil (W, ). root (i, ..,) and leaf (M1 pony) O
a plant where water supply was withheld for five days. The graph (Fig. 11.15) shows
diurnal changes in leaf potentiul, water stress around the noon tine and recovery of
lag in absorption at night. The water potential of the soil decreased almost linearly

2 Without roots
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Fig. 11.14 : Comparison of rate ol water absorplion in rosted and rootlesy plani. When transplratlon js high
{shoo! uncovered), Lhe rale of water absurptivn in o rooted plant is less than rootless plant.

after second day, It must be pointed out that when plants are under water stress,
waler tends 1o move out of the cells that are not sitrared in the main pathway of
transport ol water. This causes reduction in wurgor. i.e, cell volume. In fact, it was
demonstrated & century ago by Josel Friedrich that there are daily ftuctuations in the
diameter of tree trunk. shrinkage in the morning and recovery in the diameter by |
night,

L}
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Waler Potenual (V)

[
L}

Days

Fig. 11.15: Diagram sﬁowiug probable changes ip leaf water potentis! (i, .. and root water poléntial
(U, ruo) 0f & transpiring plant rooted i soil allowed Lo dry from a water putential near zero Lo
A water potential (¢, ..} 2t which wiltlag occurs.

. :
itctag O oBos g suggestony are desirabie for growing neasfihy piantts ot

GUE LB O e werieel ones
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i) High hamidiy urea tor valer-seusttive plant,
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v}  Use ot tukewirm water in cola segson.
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11.9 WATER LOSS

Plants lose about 98% of water to the atmosphere by transpiration. Often water loss
by transpiration exceeds gain by absorption and results in negative water balance
within the plant. Small and moderate deficit that occur due to high temperature
during‘the day are compensated during thc night but prolonged deficit causes
irreversible damages and threatens the plant's survival.

* Transpiration is essentiglly evaporation of water from the acrial portion of the plant.

However, evaporatién of water fram open surface meets less resistance while
evaporation of water from leaves faces considerable resistance. Transpifation occurs
matnly through stomata of the leaves. This is called Slomatal transpiration. About
5% of the:water is lost from the leaf through the cuticle. This is called cuticular
transpiration. In woody plants there are lenticels opening within the bark that
functign in gas exchange. The water loss through these cells is called lenticular
transpiration.

11.9.1- Stomata

The cross-section of a leaf shown i i4ig. 11.16a shows the position of a typical stoma
(plural stomata) which however. differs from species to species. with respect to the
size of the pore, structure and size of the guard cells and depth and size of the
stomatal cavity. As indicaied in 1he disgram b water evaporates from wet mesophyll
cell walls that border intreeibilor spaces, the vapours then diffuse out through
sub-stomatal cavity and stomaial porcs 1o the air outside the leaf. The water potential
gradient develops in the sub-stomartal cavity, stomatal pore, boundary layer and the
atmosphere. During transpiration the snb-stomatal cavity has relatively much higher
water potential as compared to the atmesphere, therefore, the water vapours move
out. This is turn lowers the water potential of the sub-stomatal cavity. Conscquently,
the cells surrounding the sub-slomatal cavity evaporate water through their cell walls.
Depending upon’the water poicnual of the environment, the water potential of the
sub-stomatal cavity and the surrounding cells is lowered. This gradient eventually acts
as a ‘pull’ on the water column which maintains continuity through the vascular
bundles of the leaf. The intercellular spaces also play aa important role in this respect
because they are in continuity with the sub-stomdtal cavity and cause a gradient
quickly. - :

Upper epidermis
Sloma with cuticle

Palisade
parenchyma Spongy
parcnchymi
Spengy
parenchyina

N ST
Stommes Lower epidermis @Q—Epldtﬂﬂh
with euticle -
@ : N
Stoma

- Fig. 11.18 : a} Cross-section of a leaf showing thd relatlonship of stoma with other teaf fissucs.
b) Stoma enlarged to show the path af water vapours from leaf to atmosphere,

When water evaporates through'leaves it experiences considerable amount of
resistance (Fig. 11.17) which can be grouped into the following two categories:

. a) leaf resistance (internal resiétance). and b) air boundary resistance (external
resistance). !

.



The components of leaf resistance are cuticle, meso;:;hyll cells, intercellular spaces of

. the leaf and stomata. The cuticular resistance is maximum followed by stomatal
resistance and air boundary layer resistance. The pathway of movement of water
vapours is analogous to the electric current movmg in circuit, the greater the
resistance, the smaller the flow of water and vice versa.

Intercellular Qu U ____/
" air space o
‘ = Cuticle (rg)

Guard 1_:ell

stomalal aperture {rs)

Epidermal cell

Substomatal cavity r) -

Fig. 11.17 : Schematic cross-section of n leal showing different resistances.

The cuticle forms outermost surface of the leaf and offers resistance Lo the
evaporation of water vapour and entry of carbon dioxide necessary for
photosynthesis. Stomata perform the {oliowing main functions:

i) They allow entry of CO, necessar} for photosynthesis,
¥

ii) They control water loss through transpiration and thus protcct the plant from
desiccation,

tii) Athigher temperature (above 35°C) they promote transpiration which serves to
cool the leaves,

Stomatal resistance is most important because gas exchange between leaves and
external atmosphere takes place entirely through stomatal pores. Stomatal resistance
depends mainly on the size and shape of the stomatal cavity and size of stomaial
aperture. Can you tell which pore size, small or targe would cxert greater resistance?.
Of course, smaller the pore- greater would be the resistance for the outlvard

movement of water vapour. On an average a standard pore measures about 20 pm
in length and about 11 pm wide at its widest point when fully open.

Water loss from the leaf also depends on the number of stomata per leaf. One of the
aims of agricultural scientists is to find ways of minimising the water loss from the
plants so as to increase the efficiency of water use. One way is through a study of the

number of stomata per leal. Some lllwbtl},atlons have been carried out keeping the
follewing questions in view:

i} What is the distribution of stomata and how is it related to water loss and carbon
dioxide intake?

i) How can water loss be reduced without seriously impairing carbon dioxide
intake? :

iii) Isil possible 10 evolve varicties which posiess characteristics associated with low
evaporationtof waler?

There are two paramelers normally used for expressing the disiribution of stomats,
a) Stomatal frequency : The nuinber of stomata per unit area.

b) Stomatal index : The ratio of number of stomata to the totai number of cells per
unit area. . . . '

Plants djffer in their stomatal frequency. In monocots the upper and lower surfaces
usually have the same frequency but in dicots the lower surface usually has a higher
frequency than the upper surface.. However, the frequency of stomata can, change
with the position of leaves on the plant.

—
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Studies have been cariwd oul to see il any relationship exists between -1} stomatal

- frequency or stomatal in. .. .nd transpiration and ii) stomatal opening or stomatal’

index and photosynthesis. Usn. two barley lines which weré high and low in stomatal
frequency Misken and coworkers (1972) found that stomatal resistance and

transpiration rates dilfered significantly between lines but photosynthetic rates were

the same. The lines having iow stomaral frequency had higher stomatal resistance,
transpired less water than lines having more stomata. A decrease of 25% in stomatal
frequency reducea wrunspirauon rates by about 25%. However, the photosynthetic
rale was unaflfected by decrcase in stomatal frequency. These studies suggested that
it should be possible L airer wrunspiration without altering photosynthesis by selecting
varietics with fewer stomata in barley or other erops.

Let us first have a close took at 1he stomatal aperture. Fig, 11.18 illustrates an open

“(a) and 2 closed (b) stoma in surlace view. As you may know each stomatal pore is

surrounded by a pair of pirard cells. In closed stoma guard cells appear like twa joined
kidney beans. [n monucots geard cells are dumbelt shaped and are arranged in pairs
in contact at the bulbous ends (Fig, 11.18c). In some specics the epidermal cell
adjoining the guard cells are specialised and are called subsidiary cells (Fig. 11.18d).
It is important o mention here that guard cells contain chloroplasts and mitochondria
and can synthesise starch while no other epidermal cells contain chlaroplasts,

11.9.2 The Mechanism of Stomatal Opening

4t has been known for over a ventury that stomata open because of reversible turgor
changes in the guard cells. Stomata open when turgor in the guard cells is high and
close when it is low. I1 is clear that the turgor would increase only if the solute content
of guard cells would be higher than the neighboeuring epidermal cells. Falling of solute
content would decrease wirgor,

How do the two guard cells on swelling form an aperture? The cell wall of guard cells
is peculiar because the cellulose microfibrils which constitute the major strictural
feature of plant ccll are arranged radially extendinp from the centre lowards the
periphery (Fig. [1.19).

Cellulose microfibril

Fig. [1.19 : Dingrammalic representation af arranpement of cellullose microfibrils (lines) in guard cells.

This arrangement restricts the expansion of cell wall in transverse direciion. Since the
inner wall (towards the pore) is thickened and is tess clastic than the outer wall, the
uneven longitudinal expansion cavses the cells to arch away from each other forming
a pore in the cenire.

Before we discuss the mechanism of control of stomata, it is tmporlant to bear in-
mind the following obscrvations made in this regard.

i) Normaliy, stomala are open in the day and arc closed al night. However. a drop
in supply of water leads to the day time closure of slomata.

i}  Stomata open when the internal concentration of CO, drops and close when the
internat concentration of COj is maximum.

iy Dark CO, fixation (CAM plants refer to Unit 13) occurs in the guard cells.
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iv) In guard cells there is 2 change of pH in light (day) and dark (night) which is - PEant Water Reluions
associated with the initerconversion of starch and sugar. ‘

v)  Opening and closing of stomata are related 1o the osmotic potentiat of the guard ' p
ceils and the permeability of membranes.

vi) At the time of opening of stomata, there is an inflow of potassium ions into the
guard cells but when the stomata close, the guard cells lose their dcqmred
potassium to the surrounding cells. -

vii} Inhibitors of cyclic phosphorylation can also.close stomata.

viii) Blue light also brings about changes in blomdlal movement — Serving 1o open
stomata.

ix)  Abscisic acid — a plant hormone, at a very low concentration can lead to the
closure of stomata. . .

There are two ways in which the relative turgor of guard cells may Be altered. i) a
decrease in osmotic potential or ii) a decrease in pressure potential. In both instances
the water potcnlml of guard cell$ will fall and hence water from neighbouring cells
would move in. Alternatively, guard cells may face mechanical pressure from the

subsidiary ceils if they face a sudden change in their turgor. . ’ 3 '

There is overwhelming evidence that the osmotic potential of the guard cells g
. decreases due to the migration of K* jons from the surrounding ceils into the guard

celis (Fig. 11.20). It is also observed that the uptake of K* requires ATP which may

be generated by degradation of slarch through respiratory metabolism and
photophosphorylation. ATP is utilised to pump out protons out of the guard cells by

a membrane bound ATPuse (refer to section 8.4 LSE-O1), The supply of protons is
maintained by malic acid which is synthesised (rom stored starch. Due to the active
pumping of protons, an electrochemical gradient develops across guard cell
*membrane. Now the ions can move passively into the guard cells. In some species ' 3
Cl™ ions or other anions move atong with K" in and out of the guard cells. Thus,
. there is a decrease in osmotic potential due to accumulation of K™, C1™ and/or
potassium salt of organic acid ‘mostly malate. Consequently, water enters guard cells
and builds up turgor. Reverse events would bring about closure of stomata.

Falliﬁg level
of malale

Rising level
ol malate

+Rise in
pH ]
.\+ T

+
(b)

» Fig. 11.20: Changes in the turgor of guard cells by the movement of K* and other jons. Solld lines indicate v
sctive ransport, broken line passive Muxes and ? mark uncertainty. Upward arrow indicates

rising level of malate ¢u) and downward arrow falling level {(b). . . . 25
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11.10 FAC TORS ¢ ONTROLLING STOMATAL
APFRTURE

*Khul Ja Sim Sim’ the two rocks stide and the gates 1o a great treasure open. With
these magic words *“ Ali Baba and Chalis Chor™ conll open the door. Let us now find
oul what is “Khut Ja Sim Sim’ for moving the guard cells of the stamata, so that CO,
can cnicr the stomata ‘and make food for organisms of the carth. You have learnt
that more than onc factor can trigger the change in the turgor of the guard cells and

g

RE bring about stomalal movements and control the size of stomatal dp(.,rturc The main
controlling factors are:
i}y light,

i) the level of CQO,, and
iit) high temperaiure.

To understand betier you can imagine the factors as hands that can open and ¢lose
stomata by moving the turgor operated valve — the guard cells {(Fig. 11.21). The
stomata open whein (he level of CO; falls due 1o its rapid utilisation in photosynthesis

. . ' during the day. However. it s not known how guard cells sense the low level of CO,.
The highest rates of phuiasvithesis are obtained when the conditions for Jight and
temperature are optinia:n and plants are well watercd. Bul if the water potential in
the leaf falls under low level of CO4, then conserving waler becomes more urgent
than foed producticon [or the plant and the slamata close. In other words, the water
status of plant overrides the coatrol by COs.

Turgar-operated
valve

Conserving waler leedback

7

feedhack

b g :-cr:srlrﬂ

l

Fig. 11.21 : A simplilied model showing the effect of various lctors un simnatal . ;-urltirc.

Lenfl
lcmperalure

CO; sink

“The rate of photosynthesis increases with increase of temperature but above 35°C
cooling of the plant becomes necessary. Therefore, irrespective of CO, concentration
siomata open widely above 35°C provided that there is no shertage of water. Here
again the temperature overrides the control by CO; concentration. This makes sense
because high temperatures are deleterious to the health of the lcaves, and
evaporation of water through transpiration can lower the lemperalture of Icaves.

1

Before we close this unit. it is important o peint out that the water loss by a plant
duc 1o transpiration is very high usually in the range of (.1 (0 2.5 g dm” *h ¥ during
day time, However, it plays no major role in growth and development of plant so far
is known. Wc¢ havc mentioned above that it cools the plant at high tempceratures.,
Perhaps, the transpiration stream facilitates the availability of mineral ions to all parts
of the plant. Scil contains mincrals in very dilute concentration but in cells they pet
accumulated in much higher concentration due Lo active transport aided by their rapld
dvm[abnllty in the lr’m%pualnon stream.

You havc learnt that the external application of plant hormone abscisic acid (ABA)

to leaves causes stomata to close, During water stress, increase in the level of ABA

of the leaves has also been observed, Therefore, it is quile likely that ABA is an

internal control for the regulation of water content. Phenyl mercuric acetate — a

fungicide has been used as foliar spray in low concentration (107M). It brings about
26 partial closure of stomata for about two weeks without visible damaging effects to



the plant. Other chemicals such as colourless plastics, silicon oils and low-viscosity
waxes are also used as foliar spray. These chemicals form on leaves a fitm permeable
to CO, and O, but not'to HZO Water-suving strategy by reducing transpiration
though scems quile promising, vel it is a big Lh.lllengc for plant physiologists.

SAG S

a)  List the fvutures of guard cells essential for opening the stomata.

11.11 SUMMARY

¢ Water is the key molecule for the mainienance of life on the earth. About 85 to
90% of « plant is made up of water. The quantities of water used by plants are
enormous. '

® Waler is a good solvent and reactant in the cell. For plants water is also crucial
because the hydrostatic pressure of water provides turgidity to the cells, so that
the soft stem parts are able 1o swund ereet,

@ Water moves up into the trees due 1o negative hydrostatic pressure created in
xylem by the transpiring leaves. Thie continuity of water column in the xylem is
maintained because of cohesive property of water.

In plant tissue water molecules move through two routes — apoplasm and
symplaam Apoplast transport is through non-living portion of the plant and
symplast is through cell to cell via plasmodesmata.

Water status in a plant is expressed by water potential ({,,). The rate of flow and
the direction of movement depend upon the gradient of water potential between
the two points. Water tends to move from a region of high water potential to a
region of low wuter potential,

Water potential is affected by solute concemration, pressure and absorptive or
matric forces. Addition of solute lowers the water potential while increased
pressure on water causes a rise in water potential. Absorptive forces between solid-
liquid interfaces lower the water polential. Water potential is computed as the

" algebraic sum of component forces: osmotic potential {due to solute), pressure
potential (due o hydrostatic pressure, maizic or suction potential {due to adhesive
forces).,

® In a cell both. solute concentration and turgor pressure can have offsetting effect
on waler polential. The combined effect of the two in cells can build up the
gradient and determine the rate of flow and direction of water movement.

¢ The gradienl of water potential — the driving force for water movement in soil is
due 1o differences in matric potential. This gradient also octurs along the cell walls.

* Water movement within the dead xylem cc}l:» occuis along the gradient of
hydrostatic pressure. -

There s resistance to waler flow in the soil and in the plant. Water takes up Lhe
patl gf least resistance. Membranes of cells exert greategt resistance while xylem
oflurs leust resistance,

L} ]

Water siuius of a plant depends upon water absorption and water Jods due (0
transpiration. Soil characteristics, soil temperature, aeration, flooding and
structare of roots are the factors which affect water -absorption.

_® Therate of water movement in plant is determined by the rate of transpiration in
a well watered plant. Temperature, wind velocity, humidity of the air, light
intensity and degree of stomatal opening affect the rate of transpiration. However,
uftimate limit to transpiration s the supply of water from soil.

Plant Wuter Refations
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Among ‘stomatal, cuticular and lgnticular transpiration, stomatal transpiration
accounts for major water. loss. Evaporation of water faces considerable resistance
from the leaf — cuticle, mesophyll cell, intercetlutar spaces, stomata and air
boundary layer of the leaf.

Stomata control water loss through transpiration, allow gas exchange and control
temperature of the leaf. Some efforts have been made Lo reduce water loss through .
stomata without affecting CO, intake.

Stomatal aperture is controlled by the changes in the turgor of guard cells. The
turgor in turn is affccted by the metabolism and the movement of K* and other
ions into and out of the guard cells. A proton pump powered by ATPase operates
in the plasma membrane of the guard cell and the K™ uptake is a passive uptake.

* Stomatal aperture is controlled by the level of CO,, light and high temperature.

However, if conserving water or saving plants from deleterious effects of high |
temperature becomes more urgent than food production then these factors
override the system.

11.12 TERMINAL QUESTIONS

1Y)

2)

Why do animals need less water than plants?

What would happen if a twig of a potted ptant is cut into two pieces and joined
with tygon tubing in such a way that it leaves an air gap between the cut ends?
Will water continue (o move?

3} A plant cell with an osmotic potenual of —7.6 bars and pressure potential of 3

9

bars is placed in a slide with a drop of pure watér, in which direction (he water

will flow? What is the q;,,, U, and s, of the celi and water initially and after
- equilibrium?

LR B e L L L L R T T

Draw the structure of stomata and explain how stomatal aperture opens by the
increase in the turgor of the goard cells.

l-"

11.13 -ANSWERS

Se

. D

If-assessment Questions '
DF, i)Ee @i)T, T



2) a) Osmotic potential (,,), pressure potential (4} and matric polénlial (W) ' Plant Water Relations
b) Y. = ¢,. The Y of salt solution in a cup will be zero bocause there are no
membranes present. Therefore, i%s water polentlal is equal to pure water.
¢} —7.9 MPa.

We know that r = —__ Therefore,  the osmotic potentml will be —7.9 MPa.
Since Y, = 0, therefore, Y, = 1|J.,,

d) 1) zero ii) opposite iii) lower
3) a) i .' y
b) A = W, Buse — Yw tup I
= —0.5 - (-15)
= =05+ 1.3
= [ MPa

c) A= —0.4MPa, B = ~3.1 MPa, C = 0.09 MPa
o= 0.09 > —0.4 > —-3.1
the flow of water will be from C — A —» B

d) ii)
4) iii) and iv) are the right suggestions

3)-a) 1) A thickened cell wall, facing the pore,
ii) presence of chloroplasts,
iil) supply of ATP,
iv) a proton pump in the membrane,
v) the capacity to genetate higher turgor pressure than adjacent cells.

b) i) F, ii) T, iti) T, iv) F.

Terminal Questions

1} In animals a great deal of water is-recycled thfough the body in the form of bleod
plasma and other fluids in vertebrates. In plants more than 90% of the water

absorbed by leaves is lost into the air as water vapour through the process of . |
lransplrallon .

2) The plant will absorb water but the upper part of the plant will wilt. This is
because the air column between the two stém pieces does not provide a
continuum. In plants the movement of water takes place only in liquid phase
which can stand enormous pressure without breaking lhe liquid column.

3) Water will flow into the cell unul the water potential of ceil and water drop is
equal,

The following are initial and final {equilibrium potentials

Initial _ ' Equilibrium
waler drop cell water drop cell
P, 0 -7.9 0 -7.9
U, 0 +3 . 0 +7.9
WPy, 0 -4.9 ¢ ' 0

4) Please see text for the answer.
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12.1 §idl “{Ux)" T(‘TION

Three basic needs of human beings aiv ‘cod. clething ind shelter, For all these, we
directly or indirectly depend upon plants. fale {(Prof.) P. Muhcswari once said, “We
are all guests of plants on this earth.” Whal an apt remark on our dependence on
plants! Modern living, in addition requires many industrial products, the raw
materiais for many of these again come from plants. Therefore, successful culumtmn
of plants, on which we depend so much, is of prime importance,

Like man and animals, plants too nced wholesome nutrition for healthy growth and
(Icw:Iopmcnl While man and animals are mobile and can gather their food from
wherever it is available, plants are stationary and manufacture their own food from
simple inorganic nutrients, relying mostly on what they get from their immediate
environmeni. For successful praduction of a healthy crop, an in-depth knowledge of
their nutritional requirements is a must. Our attempt in this unit will be to find out
what thesé requirements are, how plants obtain them from the environment and how
Lhey are transported to all parts of the plant body.

Objectives
After studying this unit you should he able to :

@ list the essential macro and micronutricnts that a plant must absorb in order to live
and grow,

® describe the role of the essential ¢lements in plants.
o list the faclors that influence the uptake ol ions by the rool from soil,

@ ciplain how these elements are taken e seiectivels by roat cells from the soil and
transported Lo different parts of the plan hudy.

@ list a [cw deficiency symptoms of specific nutrients in a plant and name the
chiemicals that are applied o coneet Lie defliciency.

Study Guide

The understanding of Section 12.4 of this unit requires knowledge of membrane
transport processes. You may revise Scctions 7.4, 7.5, 8.2, 8.3 and 8.4 of LSE-01
Block II. Section 12.5 on the role of esscntial nutrients is lengthy Hut it makes casy
reading. To save time jot down the important information in the first reading itself.



12.2 NUTRIENT ELEMENTS OF PLA-

Let us first find out the chemical composition of plants and see which lciac: 1ature
has selected to support their healthy growth. Only then we will be able to . 10w ii |
nutritional requirement of plants.

As you know a major. part of plant tissue is comprised of water. This we can
demonstrate by taking a known amount of plant tissue and drying it for a few hours

in an oven ar a temperature of 65-80°C. If we condense and analyse the vapours
coming out from the planl tissae we will find that jt is nothing but water. In fact,
about 85-90 per cent of the tissue i <omposed of water, The part of the tissue which
is lefe behind is calted the dry imatter and typically it is about 10-15 per cent of the
original weight. The ary mattes vonsists mainly of organic compounds. About 90%
of the dry matter consists of plant cell walis, primarily ceilulose and related
carbohydrates. This can be eliminated in the form of guses on combustion at 600°C.
The residue now left is the ash which varies in"difterent plant tissue from about 1 per
cent to 0.15 per cent of the dry weight, Interestingly, a careful analy~is of the ash
shows that it contains almost all of the chemical elements present in the son
surrounding the plant.

Now. the question is whether all the elements found in the ash are essential for the

plant in order to lead a healthy life? How do we distinguish the essential elements
from the non-cssential ones?

12.2.1 Criteria ¢ .
Arnon and Stoui (Univaisits - California, USA), s cariy s 1939 supgested certain
criterta that an element mast fui. in order 1 be classificd ns esseartin], These criteria
are listed below.

sentialiiy

1) An element is essential il iis ity absence the plnt cannot comploete ji e eyele
and torm viable sceds. ,

2) Anelement is essential if it forms a part of any molecule vi ¢« wtiuent of the
plant that in itself is essentiat for the plant. For example. miu 0 protein,
magnesium in chlorophyll and iron in cylochromes,

3) The element must act directly inside the plant, and not cnhance or su,
availability of some other ¢element,

Although the first two criteria mentioned above are sufficient to judge if an element
is essential. “he third criterion can eliminate doubtfy! candidates from the list, For
example, the plant Avfragalus is a seleniunt accumulalor When grown in seleniferous
soils the clencat shows growth promuoting etfect, Howeve - experiments have show
that this propenty T "ze o the ability of selenate ion to inibit the absorption of
phosphaic which otherwise is absorbed by the plant in toxic amounts. From a
practical point ol +i_w, an element is vonsidered essential if plants show deficiency
symptoms when they ave raized without thoi element in the medium even if the plants
arc able 1o form viable seeds. You rinv note that rigorous exclusion ol elements,
specially trace elements is very diflficult ws they can come [rom seeds themselves, from
dust in air, or as contaminants of major salts.

Table 12.1 shows the list of sixteen clements that fulfil the criterin of essentiality
stated above, their approximate adequate concentration and approximate number of
atoms required with molybdenum (Mo) serving as the reference point. Look at the
difference! The requirement of hydrogen atoms is about 60 million imes the number
of Mo atoms, It is because H is an essential part of thousands of chemical compounds
with which the plant is made of, whereas Mo is required only in ons or tvo enzyme
mediated reactions,

Scientists have added a few more elements o' the list of sixteen though they have
found them esseatial ealy for certila group of plants. These are, sodium (INaj, cobait
{Co), silicon (Si}, nicke! (Ni) and even chromium {Cr), tin (Sn) and fluorine (F).
Some specitic organisms may require other elements. For example, certain algae
apparently also require the elements vanadium (Va). silicon (Si) or iodine (1), while
some ferns wtilise aluminium (Al) and some local weeds absorb and accumulate

selenium (Se) in high amouats. Fig. 12.1 shows the effect of nutrient deficiency ‘on,

the growth of barley.seedlings.

Mincral Muirhig.-

Lire foliowing couplet will help
you o remember the mineral
requirement of plants,

Sue Hopkins Cafec managed By
Mine Cousin Mo Very Clean
Naturally Cool.

(CHOPKINSCaFe MgB Mn
Cu Zn Mo Va C| Na Co)

You will notice that the couplet
includes iodine. Aclually planis
de not need iodine, while unimals
de. as you know the lack of which
Cscs goller.

f1 has been shown that Na ' as
micronutrient is required by
cerliin desert species, such s
Awriplex vesicoria and some
species that assimilate CO, in
pholosyniaesis by pethway or
crassilacean acid melabolism,
Deficiency of Na™ is manifested
by scvere chlorosis in leaves and
necrosis in leaf margin and lips.
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Table 12.1 : The essentinl elements required by higher plants**

Chemicol Form ;wailnhlc' Concentralion _ Relative no. of

Element Symbal to plants indry matier (%) atoms comparcd
i : . of Molybdenum

I. Hydrogen H H,O 6.0 4 60,000,000
2. Carbon C CC, 45 35,000,000
3. Oxygen 0 0,. H,0, CO,. 45 ' 30,00.000
4. Nitrogen N "NO3. NH: 1.5 1.000.000
5. Potassium K K* 1.0 250,000
6. Calcium Ca Ca* 0.5 125.000
7. Magnesium Mg, Mg?* 0.2 £0,000
8. Phosphorus P “H.POI. HPOI™ 0.2 60,000
9, Sulphur s soi n.1 30,000
10. Chiorine Cl clI 0.010 . 3,000
11. Iron Fo Fe'*, "Fet” 0.010 2,000
12. Boron B HiBC, 0.002 | 2,000
13, Manganesc Mn Mot 0.005 1,000
14, Zinc - Zn Zn*" - 0.002 300
I15. Copper Cu Cu*, O’ 0.0006 100
16. Molybdenum Mo  MoOY 0.00001 1

More common form.

** Modificd after P.R. Stout {1961),"Praccedings aof the Ninth Annuat California Fertiliser Conference.

Full
nutrients

'\
J1

Fig. 12.1: Effect of nutrient deficiency on growih of barley ]Iﬂ:mts in water enllure.

You will have opportunity to fcarn more about the cstential elements towards the
end of the unit.

12.2.2 Classification of Elemerits

'fhe conventional system of classification is based on the concentration of element g ~*
dry matter found in the plant. Those which are found in concentration of 1000 g or
more are called macronutrients and those found in less than 100 pg g~ dry'matter

“are designated as micronutrients. Thus, the first nine elements listed in Table 12.1

are macronutrients and the rest seven are micronutrients.

.



This ctassification though usclul in some respects. bs arbitrary and in many cases the
diff¢rence between the contents'of the 1wo groups isnot much. To give an example,
the Fe and Mn contents of plant tissues very often are as high as the content of S or

Mg. Hence, scientists are trying to evolve a more satisfactory classification based on
physiological and biochemical parameters. | . .

.
Mincral Nuirliion

'12.2.3 Functions of Essential Elements .
Essential elements in plants serve the tollowing three functions:

I) Osmotic Function : Plant celis generally contain minceral ions 10 to 1000 times
higher in concentration than the surrounding soil. That is why water enters the '
cells by osmosis and builds up turgor. You know that turgor maintains the shape
and size of non#rigid plant parts such as leaves. Potassium is a key ion in this
respect. Changes in its concentration in guard cells affect turgor and thus result
.n opening and closing of stomata. ‘Turgor is also essential for the growth of plant
cells. ’ :

2) Structural Funclion : The elements nitrogen, phosphorus and sulphur absorbed,
from the soil are essential components of amino acids and nucleotides. The other
two elements that are constituents of important compounds are Mg®* and Ca?*,
While Mg®" is part of chlorophyll molecule and Ca?* is an integral part of the
middle lamella and is thought ‘to be essential for maintaining structural .
characteristic of cell walls. It also maintains the permeability of plasma
membrane, In its absence cells begin to leak out. In recent years a new regulatory
role that Ca?* plays in the cell is beginning 1o be appreciated. It plays the role
of a second messenger.

= 3) Biochemical Function : Elements Mg, Mn, K, Ca and Fe are cofactors for many
enzymatic reactions. Fe is carrier of electrons in electron transfer chain.
Phosphorus plays 2 greaj role in cell chemistry. Phosphorylated sugars are .
essential for photosynthésis and respiratory metabolism, and phosphorus in the
form of phosphate is eséential for ihe formation of the high-energy bonds of ATP.

-~ 8AQ 1
a)  Which of the following statements are true? Write T for true and F for false in
the given boxes.

i) The matter which is left after drying the plant tissue is . _ ' .
called ash, -

iii) The elements that are found in concentration of 1000 g -
are called micronutrients, )

iv), The clement sodium plays a key role in maintaining

O
i) Plants contain more calcium than phosphorus. 1
O
“the turgor of plant cells. ]

b) Fill in the blanks with aﬁ:propriate words.
i) Thekey element that performs osmotic function in plantsis.....................

) maintains the permeability of plasma membrane.
i) Mg is part of ..., molecule. '
V) is carrier of electrons in clectron transfer chain.

i2.3 NUTRIENT ABSORPTION .

Except for carbon, oxygen and hydrozen whim;h are providf_:d by CO, and water, all Hydropohics .
- the other elements essential for plants are provided by the soil. Hence, hereafter, in Plants can be grown without soil
= this unit on ‘Mineral Nutrition’ we will confine cur discussion to those clements which  ia a solution of mineral salts of

arc acquired from the soil by the plants. - required composition. This .
technigque of prowing planls is ;

12.3.1 Nutrients and the Soil _ oltane raponic, soil-less
Eurly experiments on mineral uptake were performed by Hoagland, Stout and Arnon

in 1923. They showed that minerals were taken up from the soil primarily in ionic . _

form. The rate of uptake of diffcrent ions by roots varied and one ion influenced the _ KK] !
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Micolle-Mg™* + 2H*

- Micelle-H* + Mg**
{In s0il solutian)

CO, + H,05== H,CO,

T H.CO, == H* + HCOj

{Fram respicilion)

—

uptakc of other ions. As soil is the medium for the storage and ¢xchange of mineral
ions, its propertics, ion exchange capacity. pH and the preseace of different cations
and anions affect the availability of jons to the plant. [n other words, the'presence
of a certain mineral ians in abundance in the soi} cannot ensure its availability to the”
plant because ions may adhere to ¢liy or precipitate out of the solution as insoluble
salts. The soil with high water holding capacity generally has high mineral holding
capacity as well. The finc particles of clay and humus possess a relatively large surface
to volume ratio and are negatively clinged. Hence, they have higher ion-binding
capacity than the soil composed of course particles, Fig. 12.2 shows the colloidal clay
crystals {miceltes) with innumerable negative surface charges. The cations are loosely

- bound to negative charges by ionic bond and are capable of exchanging rapidly and

reversibly with those in the soil solution. H™ ions have greater affinity for charged
soil particles than Ca**, Mg®* or K¥ ions. Thercfore, these cations are released in
soil water by H" ions and made available for uptake by roots. The acidity of soil also
increases due to respiration because CQ- released reacts with soil water to form
carbonic acid. :

Cat

Mgt HY Car+

Fig. 12.2 : Diagrammalic represcntation of the outside surfaces of o clny milcelle. Note many negalive surfuce

charges and the various catious surrounding them.

The ion exchange capaéily of mincral ions is affected by the.pH of soil which in turn
affects the availability of differenl ions 1o the ptant as shown in the graph below
(Fig. 12.3).

(

Acidic | Alkaline

soflpH 40 50 55 65 70 75 80 90 95 100

Fig.12.3 : The effect of soil pH on the availability of different jons to the plant. The wider the bar greater
the availability.

i2.3.2 Uptake of Mineral Ions

t
Let us now see, what happens {one solute concentration in the root cells when plants
are raised for a few days in a nutrient solution of known concentration. Data from a
typlcal experiment are given in T :ble 12.2, Two piants, maize and beans are selected
for comparison, :



duble 12.2,: Changes in the ion concentrallon of the externat nutricnt solution and in the root sop
of maize and bean expressed in mM. The dota are recorded after 4 days

After 4 days
External Concentratlon In
Concentration the root sap
lon Initial
Concentratiun Mz fleun Maize fean -
s ]
Potassium 2.00 .14 0.67 @'
Nitrute 2.00 013 .07 | 35
Cualgium 1.6t 1.\ 5y 3 i
Sulphate 0.67 .6 0.1 4 6
Sodium 0.32 {51 ©U.58 06 - 6
Phosphate .25 (TR1 Loy O 12

A curcful study of the above table shows the following:

i) The concentration of potassium, phosphate and nitrate declined significantly in
the bathing medium within four days.

i) The concentration of sodium and sulphate, however, increased indicating that
water was absorbed faster than cither of the two ions, or possibly they leach out.

iil) The rate of uptake especially of potassium znd calcium, differed between the two
plant species, maize and bean. ; '

iv) The ion concentration (particularly of K™, NO7J and SO27) in the root was
considerably higher than in the nutrient solution used for the experiment.

These results show certain characteristics of nutrient uptake.

4
I
1) Selectivity : Certain mineral elements are taken up preferentially while others are
discriminated against or nearly excluded,

2) Accumulation : The concentration of mincral elem'entsfl"&;ﬁfbe much higher in the
plant sap than in external solution. This means the uptake s against
concentration gradient, '

3) Genotype : Plant species differ genetically in nutrient uptake characteristics.

You know thal chemically Na* resembies K * very closely buf the rate of absorption
of K™ is not influenced by similar concentration of Na* ions in the medium. The
process of K™ absorption is, therefore, selective and-uninfluenced by a related ion.
Similacly, several other monovalent and less rclated divalent ions also have no effect
on K¥ uptake. Likewise, absorption of CI™ is unaffected by related halides, fluoride
and iodide, as well as other anions like NO73, H,PO7 or SO~ However,
interestingly, Ca*" is an absolute requirement for this selectivity. For example, in the
absence of Ca**, K* absorption is inhibited by Na™* '

Even though the ion uptake mechanism is highly specific, yet it can often by ‘focled’
by similar fons. For example, it has been seen that absorption of K™ can be
competitively inhibited by rubidium (Rb*). Simildrly, competitive inhibition of CI~
by Br™, of Ca®*; Sr** by Mg®*, and sulphatc by sclenate (SeQ2™) has also been
abserved. ’ -

The selectivity and the rate of uptake of the nutrients and metabolites are in.fluenccd"‘
by temperature, Os, puisuns, carbohydrate content of the tissues and light. Such
¢iects are similar 1o cnzyme-mediated reactions and indicate that proteins are
involved in solute yptake. You will learn aboul transport proteins and mechanism of
ion uptake in a later section.

12.3.3 Movement of Nutrients info the Roots
I the prévious unit we told you about the two main routes,—apoplast and symplast -

— by which water and dissolved solutes are conducted across the root interior into . AT X ey
- i ¢ mineral absorpiive ability und

- supply plant with more nitrogen,

xylem vessels und tracheids, The cell wall spaces and intércellular spaces in the root’s

epidermis and cortex are virtually continuous with the external soil.lsolution. .,
. ) S : .

As shown in the Fig. 11.9 of the previous unit ions can move up-into the root hair as

well as epidermal cells. Aniu  “hat is absorbed by an epidermal cell and moving

"

-

Mineral Nuiritleq

Many lurigi grow in soil in close
a5soeintion or oveh it the ronis

in symbiosis called mycorrhizae.
The fungal hyphae have superior

phosphoerus and potassium. Plants
in return provide food to the -
fungt.

, 35
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Table 12.3 : Comparalive
Dimensions in (nm})

Cortical cell wall 10(:200
of maize
Pores of cell wall =5.0
Sucrose 1.0
Hydrated ions
K*_] (.66
Ca™* 0.82
36

towards the xylem in the symplast must cross the epidermis, several cortical cells; the
endodermis and the pericycle. The movement would involve transport directly
through each of the two primary walls. middle lamella and plasma membranes
between the cytosol of adjacent cells. Alternatively, the solute could move through
plasmodesmata without crossing the plasma membrane or diffusing through cell walls.

The nutrient movemem along the apoplasm is prevented at root endbdermal cells
because these cells are lined with Casparian strips. Therefore. the water and dissolved
cubstances must enter the cell and pass through them via thie symplastic route. Thus
all minerals must pass through the cyloplasm in ordes to reach the xylem.

With this background we are now ready Lo trace the path of a solute (or nugrient)
entering the root from the surrounding soil solution, ’

Frec Space

You have learnt that the primary cell wall of 1he plant cell consists of mainly cellulose
microfibrils which are embedded in an amorphous matrix of two polysaccharides,
hemicelluloses and peclic substances. Fleisicelluloses are made of sugars other than
glucose (e.g. xyloglucans) while pectic subslances are partly made {rom |
polygalacturonic acids. These acids huve weak carboxylic acid groups (—COOH) that
ionize and pive rise 10’ negative charges (—COO™) on which hydrogen ions are loosely
held. When positively charged ions such us K*, Mg®™, Ca®* pass through the plant
celt wall they displace hydrogen ions of the carboxyl groups and arc held there by
the weak inter-ionic attractive forces. The negative charges of the COO™ group cell
wall are termed cation adsorption sites or cation exchange sites or Donnan Free
Space. A cation such as Ca** with a relatively high adsorptive capacity will displace
ions with a lesser adsorptive affinity (e.g. K7).

The cellulose microfibrils are not very lightly packed; as a result they leave small
pores between them. The pores are large enough to allow free movement of water
and dissolved substances. The diameter of these pores is in the range of 5.0 nm
whereas, the dimensions of hydrated ions such as K* and Ca®* are smaller

(Table 12.3). So, the pores do not restrict the movement of ions. Water and dissolved
nutrient molecules, ions and metaboliles of the size of glucose, sucrose, and amino
acids diffuse readily across-primary cell walls. )

The intercellular spaces, the negatively charged regions (Donnan Free Space) in the
amorphous matrix and the pores in the celiulose microfibrils are readily accessible to
water and dissotved ions. The fraction of the volume of the plant tissue readily
accessible to diffusion of an external solute dissolved in water is termed ‘Free space’.
The free space in ihe Toot is bound by the plasma membrane of the epidermal and
cortical cells and the Casparian strip of the endodermis.

Any substance which can easily pass through the free space then reaches the external
surface of the protoplasm. Here, it encounters the plasma membranc, which is an
effective barrier o its movement further inward. Nevertheless, the plasma membrane
does not act like a passive barrier, it bas the ability to allow the passage of some

“.substances into the cclt interior while sclectively inhibiting the passage of certain

others. In the following section, we will discuss the transporl of nutrients across the
plasma membranc. You can check your progress by trying the SAQ piven below.

5AG 2
ot Tick mark the correct alternative from the words given in cach parenthes,
i} Thc clay micelles have {negative/positive) charge.
i) Cytoplasmic strands connecting the adjacent cells are {(plasmogesatn
Casparion strip).
iii} The iron-exchanpe capacity is affected by (temperatuse/phy of the soil,
iv) The apoplastic pathway is broken at the (Casparian strp/plassiodesmatag of
the endodermal cells. :
v} The fixed negative charges [ormed by the weakly acidic carhosvtaroups ol
polygalacturonic acids form (cation exchange sites/anicu cxchange sies)

vi) K* absorption can be competitively inhibited by (sodiuny/Rubidion:}
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'12.4 TRANSPORT OF IONS

In this section, we will study transport of solutes particularly inorgiinic ions across

plasma membrane, their entry into xylem elements and long distance transport from

root to shoot. In Unifs 7 and 8 on membrane transport processes (Cell Biotogy
" course), you had learnt that the transport of solutes across the membrane can take
place by simple diffusion, facilitated diffusion and uctive transport (Fig. 12.4).
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- Fig. 12.4 : Passive and.nctive transport mechanlsms of mineral Jons ond sther molecules across the plasmas-

- membrane. .
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12.4.1 Yon Transport Across the Plasma Membrane

As we have mentioned earlier ions must cross plasma membrane either before

ST
RULL )

\\Eurr'u( oo "

Casparian strip or at the Casparian strip in order 1o move further. The transport can
take ptace by passive as well as active processes.
.

Diffusion

Simple diffusion can be a mechanism of transport of ions across plant cell membrane.
Let us imagine a lipid bilayer without the various proteins in it (Fig. 12.5). Such a

~-g2. 12.5: The relatlve permeability of.an nnmcl_nl_ lpld bilayer to different class of mofceules.
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K™ is more permeable than most
ions. Jis permeability cocHicient
*ig arbitrarily seLal 1.0 and is taken
as siandard. The permeability of
other ions is compared with K™

38

membrane can be made in the laboratory. Given cnough time, molecules can diffuse
across the lipid bilayer down its concentration gradient by virtue of their own kineltic
energy. However, the rate at which a molecule diffuses across such a lipid bilayer
depends an the size of the molecule and its relative solubility in the lipid. Non-ionic
hydrephilic substances are gencrally taken upr as tnverse [unction of their size,
whereas hydraphobic subsiances are transporled as a function of their lipid solubility.
Small non-polar and hydrophobic malecules like O, and N readity dissolve in lipid
and therefore. rapidly diffuse across the bilayer. Ethano! {46 dalton) carbon dioxide
{44 dalton}) and urea {60 dalton) cross the bilayer rapidly while bigger molecules like
plycerol (92 dalton) less rapidly and plucose (180 daltton) hardly at all. Water
molecule (18 dalton) even though is relatively insoluble in lipids diffuses very rapidly
across a lipid bilayer. On the contrary, lipid bilayers are impermeable to charged
molccules {ions), even if they are very small. Because the charge and large hydration
shell around prevent them from entering the hydrocarbon phase of the bilayer. As
a result, lipid bilayers are 10° times more permeable to water than to even such small

ions as Na* or K™ {Fig. 12.6). . '

N

L1072
--— H:0
1074

E A
— -—————— Urea
E 6 Glyeerol 2
8 S
e E
= «— Glucase S
-] N o
[+ -
o 1078 k5
1 N
=] ]
5 g
2 2
E —
s g0 .
[ T ———ClI

+

a——K

_!0“i2+_Na+

1

Fig. 12.6 +Permeability cocMicients cm sec™! for (he passage of various molecnles through artificial lipld
bilayers.

The abilily of the lipid bilaycr to discriminate between low and high molecular weighl
hydrophilic materials, permitting the former to diffuse across but not the latter is due
to the presence of pores in the bilayer. These pores are formed randomly as a result
of thermal movement of acyl phospholipid chains. They are called ‘statistical pores’.
Since these pores are only transient. they cannot be viewed even under the electron
microscope.

The driving loree for diffusion is a concentration gradient and obeys Fick's law; which
states that the rate of movement of a substance is directly proportional to the
concentration gradient, Simple diffusion thus shows a lincar relationship between the
concentration of solute and its ratc ol transport across the membrane.

12.4.2 Transport with the Help of Membrane Protein

Even though, the Tipid hilayers do not permit the entry of polar molecules such as
ions. sugars, amino acids, nucieotides and cell metabolities, Lhese molecules enter the
cell through i) aqueous protein channcls {pores). ii) carrier protein’s that rotate and

movc across the membrane and iti) lransmembrane proteins that transport solute by
undergoing changes in shape, (Fia. 12.7). )



Studies on plants cell membrane suggest that inorganic ions can permeate through
aqueous protein channcls called permeases. ‘The permeases are ion specific because

the permeability of different ions varies. Most membranes are more permeable to K™
than to other ions.

Pore model
A . . .
Mobile carrier Fixed carrier
mode) model

iy
LI

T Transport proleins - Change in
conformation

Fig.12.7 - Three different pussible nwdes of (ransport of ions and other molecules across e plusma
membrane,

We had mentioned in Szction 12.3.1 that ion uptake though speciflic can be fooled
by similar ions. It secms probable that certain proleins transport more than one ion
at the same site and so the ions compete with each other. For example, K*, Cs™,
Rb™ are apparently transported at tha same site and Na* and Li* both are
transported at the other site, But ions iransported ar different sites do not compete
with each other; for instance K* does not compete with Na™.

fon transport in plants also 1akes place through ionophores. As you know.fonophores
are small polypeptides and proteins that shield the charge of ions from hydrophobic
environment of the membranc. lonophores have been isolated from bacteria and
fungi. When they are added to the artificial lipid bilayer, they increase the rate of
diffusion of specific ions by as much as one million fold!

There is much indirect evidence for mobile carrier proteins in plant membranes. So
far only sucrose carrier is identified. - .

Driving Force

Let us now find out what is the driving force involved in protein mediated transport.
Many membrare transport protcins allow specific soluics to move across the lipid
bilayer. If the iransported molecule is uncharged, then the difference in its
concentration on the two sides of the membranc, that is its concentration gradient —
determines the direction of transport. Fowever, if the solute to be transported carries
4 net charge, then both its concentration gradient and the total electrical gradient
across the membrane influence its transport. For instance, an ion will move across a
membrane if there is sufticient electrical gradient across the membrane even i the
concenlration gradient does not favour such a movement. In other words, the
direction of movement is decided by which of the two forces is steepest. The two
gradients together constitute the electrochémical gradient. The gradicent can develop
in part due to the sclective permeability of the membrane. So the related diffusion
of cations may be more than anions or vice versa. For example, K™ diffuses out more
rapidly due to differences in electrical gradient than CI™ in the immediate exterior
and hénce excess of Cl™ in the cell gives it a negative charge.

In fact, all plasma membranes have electric potentials (transmembrane poteatial)

across them with inside of the cell more negative compared to the outside. This is
due to active transport of ions particularly H™ ions oul of the cell. This potential

dilference allows the entry of positively charged ions into the cell but opposes the
entry ol negatively charged ions.

Minvral Nutritlon

The refationship of electrical potential inside of a cell to the distribution of charged When different concentralions of

ions inside and outside of a eellis given by Nernst equation, You Kave already learnt
this equation in Cell Biology course (Unit 7, Section 7.4). It is possible to measure
transmembrane potential by a very fine glass microelectrode {wm in diameter), In
plants the difference in potential of cell vacuote and cellular exterior is measured by
inserling 4 narrow tipped line jons-selective micro electrode through the cell wall anq

freely diffusing ions are separated
by a membrane, a valtage pradient
develops across the membrane.
This is called transmembrang
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A dalton is a unit of mass
equivalent of 1/12 of the mass of
2. Thus the mass of *Cis 12°
dahon. Dalton can be converted
to grams by multiplying with
1.66 % 107 grams,
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plasmalemma into the «.. aoe (Fig, 12.8). The other larger reference electrode is
placed in the solution bathing the tissue. Such medsurements show potentijal
difference ranging between 50 to 200} ml]lwol(s (mv), thc interior of ccll bemg more
negative. .

ﬁ_ - Electrometer
: and amplifier
: S
Micro | ,
" clectrode Relerence
B clectrode
Recorder
Plasma
membranc "
——— Cell wall .
1
Vacuole

f

Fig. 12.8: Equipment used o measure the transmembrane pol.eqﬁnl of plant cells {see text for details).

Active Transport

We have mentioned above that transmembrane potential develops due to active
transport of ions {H™") vutside the celi. Since this transport takes place against a
concentration gradient it wtilises energy of hydrolysis of ATP. The proton motive
force generated by proton pumping provides the driving force for the transport of
solutes including cations, arions. amino acids and sugars. Electrical potential and pH
measurements of intact plan celis have suggested that proten pumps are localised on
the plasma membrane.

The plant plasma membranc ATPase is a transmcdmbrane protein composed of a
single polypeptide chain of 100 KD. The most possible equpling mechanism betv/cen
ATP hydrolysis and proton transport is shown in Fig. 12.9, The enzyme exists in two
conformations difiering in cataiytic and transport properties. 'In conformation 1, the
transport site faces the cytoplasm and has high affinity for protons. In conforinatior
I1, the transport sii¢ is externally oriented and has low alfinily for profons. Tue
enzvme is forced 10 allernate between these two conformations and to biad and
release the transported proton because neither conformation can alfect the complele
catalytic cycle. In conformation I, the cnzyme acts as a kinase; alter binding a proton
il catalyses the formation of phosphorylated intermediate. In the new state
{conformation II) it acts as a phospbatase and after releasing the proton it retiirns 1o
its original state, conformation 1. Thus, when steady state is reached. a proton

Transfer of * Change in shape
Protein phosphate  and pumping of protens  K*

S —— [
i

Fig. 12.9 : Simplified picture of active transport. Transport of proton across the membrane is coupled with

transport of other cations in opposite dlrecilon. The transpori protein receives an energy boost :

from ATPase and thereby undergoes changes In its shape that are necessary (o the lransport ¢
provess.
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gradicnt is developed, the concentration of protons be
membrane (i.e,
the gencration of proton motive force. The net re
"PH of the medium outside the plasma.me

cytoplism more alkaline.

An enzyme that promotes hydrolysis of ATP in the presence of K*

isolated from plants. It is suggested that enzyme binds K* ion
changes conformation on binding AT
original conformation and'the ion is

working model depicting the

ATPase located in plasma membrane and tonopl

A study on the rate of uptake of K" using radioactive isoto

active transport in plant cell with H*
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translocating

asl is shown in Fig, 12.9.
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The proton pumping activity of.the enzyme directly controls intracellular pH. nutrient

uptitke, targor, cell growth. loading of nutrients inte feot xylem, toading of leal
phivem with orpinic nutrients, turgor changes responsible for stomata and pufvim
movements, regulation of cell clongation and cell wall synihicsis. early response 1o
hormencs especially 1A A and many other functions. Thus. proton pumps have a
central role in plant physiology and are considercd as master enzymes. The proton
pump has now been isobated and characterised biochemically.

12.4.3 Radial Movement o: ons into the Roots

Fig. 12.11 shows schematic drawing ot *he radial movement of ions By symplastic and
apoplastic routes. As nutrients move along the cell wall and intercellular spuces of
the epidermal and corlical cells, sonie nutrients are absorbed by these cells and enter

Pericycle  Xylem
Casparian parenchyma
strip A

Corlex

Root hair

Fig. 12.11 : Schematic drawing showlng (he apoplast and symplast in cross-seclion of a root. The heavily
stippled dark regions constitute the apoplast while the lightly stippled regions constitute the
symplast, The vacuole is not part of either system. The Casparlan strip creates a discontinuity in

. ihe apoplast. Therefore, all ions abserbed by roat hajrs must cross the plosma membrane of »

cell (1, 2 or 3) exterior to the Cnsparian strip, thereby cniering the symplast,

symplastic pathway in cytoplasm through plasmodesmata. Rest of the ions are

screened by the membrancs of endodermal cells which controt the rates of absorption

and type of solute absorbed. Same of these sclutes are lranspcrted into the vacuole,

where they contribute greatly to the negative osmotic potential of root facilitating
water uptake, turgor pressure and growth of roots through soil. -

The preferential use of apoplastic or symplastic pathway by different ions is not
clearly known. Experiments wilh radioisolopes of **Rb and *“Cl on the watcr plant
Vallisncria show: that these iops take only symptastic pathway probably through
plasmodesmata. So far, it has been 1echnicatly difficult o ascertain the role of
plasmodesmata, however, their prescnce in regions where tyanspart is active
indirectly indicates that ions move through them in symplastic roules.

Studies using radioisotopes of “*Ca in barley seedlings show that it is preferentially
transported along apoplastic pathway and its concentration in the cytopiasm remains
minimum because it can precipitate both organic and inorganic phosphates within thé
cells. Mg?* also moves slowly through apoplastic pathway.

Regardless of the pathway, the radial movement through symplasin brings the
mincral elements and olher solutes o the stele where they are released into the
xylem. This transfer is an energy requiring process in which xylem parenchyma plays
an important role. The mechanism is more or less sinilar to that described above for
loading of nutricnis into the cells and voelves carrier proteins, .

12.4.4 Long Distance Transport °

Once in the xylem vessels, the transport of the mineral elements from Lhe root to the
shoot is driven by_the gradient of hydrostatic pressure (root pressure) and by the
gradient of water potential. The gradient of water potential between roots and shoots
:is usually quite steep during the day when the siomata are open. 1t follows the
pattern: atmosphere << leaf cells << xylem sap < root cells < external solution
(soil). Transport in xylem vessels is mainly unidirectional. An increase in the
transpiration rate enhances both the uptake and the translocation of mineral elements
in the xylem.



The lateral transport of ions from root xylem to leaves probably takes place via xylem
transfer cells (Fig. 12.12) which have two special features;

i) the cell wall of these cells facing xytem is elaborately corrugated for providing
large surface area for absorption; and

i) the cells contain muny mitochondria that are located close 1o the corrugated wall
in order to supply ATP for the active transport that takes place across these walls.

Tr:msfcr Ccll

Co nvuhu':d
membrane

Fig. 12,12 : Xyll:m transfer cells. »

The transfer cetls are also present at places where large quantitics of ions or organic
solutey are moved into and out of conducting cells or storage tissue. You will learn
more about transfer cells in Unit 14 on phloem transport.

Mineral ele,mcnls whiclh are phloem mobile can be retranslocated trom the shoot 1o
the root via phivem, though the main transported compound in the phloem is sucrose
and other orgamc compounds, The trunsport in phloem is bidirectional. The direction
of transport is delcrmlned E the nutritional requirements of various plant organs or
tissues.

SAQ 3 _
@) Inrhe Tollowing statements fill in the blank spaces with dppl’Oprld[L words
1) The driving loree.for ditfusioniis ....................... .

1) The proton pump in plantis an ATP hydrolysing enzyme called
1wy Wien proten pemp works, protons are transported from ... to
C ol the eell,
By Inihe leliowing statements tick mark the correct word given in the parenthesis,

1} Muostmembranes are permeable o (K7/Na™).

) Whenwnophores are added to the arlificial lipid bilayer the permeability of
the membrane (decreases/increases). i .

i) Trunsport of the protun across the membrane develops an etectric potential
gradient which is (negative/positive) outside of the cell,

1v) The net result of the operation of the praton pump is that the pH of the
medium outside the plasma membrane becomes (acidic/alkaline).

) An clemeni which s prelerentiaily translocated by the apoplastic pathway is
ATV TR TS

12.5 ROLE OF ESSENTIAL ELEMENTS:

1t.5.1 thronutrients
Nitrogen (N)

In the atmosphere nitrogen (N) is present as gas (N,) to the extent of 79% by volume.
However. plants with a few exceptions cannot use it. From the soil only a very small
porlion of nitrogen is available o plants. The available forms in soil are NOY and
NH?7 ions. Because of the numerous factors which affect nitrogen turnover in the

Mineral Mulrition
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soil, the concentration of N dissolved in the soil solution can change considerably
over shorl periods. This is particularly truc of NO3. Usually the NO3T content in the
soil solution is of major fmportance in plant nitrogen nutrition.

Nitrogen-is an indispensable clementary constituent of important organic compounds
like amino acids, proteins and nucleic acids. Dry plant material contain about 2 to
4% N. In green plant parts, protein. nitrogen is by far the largest N fraction and
accounts for 80 to 85% of the total nitrogen. In vegetative parts, the proteins are
mainly cnzyme protcins, whereas in seeds and grains, special storage protein make

up the major protein fraction. Nitrogen is also an cssential constitueni of various’
coenzymes. '

. Afthough nitrate ion is preferred, plants can absorh NH? as well. Cro s mainly take
g pre P 4 P y

up NO3 even when NH7Y fertilisers are applied because of the rapid microbial

oxidation of NH? to NO7 in the soil. The rate of uptake of NO3 is generally very

< high-as plants require large amounts of Nitrogen. An important difference between

uptake of NO3 and NHY ion is in their sensitivity to pH. NH7 upiake 1akes place
best in a neutral medium and it is depressed as the PH falls. The converse is true for

NO7 absorption; a more rapid uptake occurs at low pH values. Gaseous ammonia

may also be absorbed by the upper plant parts via the stomata.

Within the plant, nitrate is to be reduced to ammonia befoic it is incorporated into
amino acids and proteins. In Unit 15, you will learn about metabolism of nitrogen.

The form in which translocation occurs depends on the nitrogen source and
melabolism in the rool. Nearly all the NH7 ions absorbed are assimilated in the root
lissue and translocated as amino acids. Nitrate can be translocated as such to shoots
and leaves but this depends on the nitrate reduction potential of the roots,

When the supply of nitrogen from the rool is inadequate, nitrogen from older leaves
is mobilised to feed the younger plant organs. For this reason plants suffering ff'orrg\
N-deficiency first show deficiency symptams in older leaves.

Nitrogen deficiency is characterised by a poor growth rate, The leaves are small and
the older ones often fall off prematurely. Shoot growth is affected @nd in particular
branching is restricted. Leaves delicien( in nitrogen show, chlorosis which is generally
rather evenly distributed over the whole leaf, Necrosis of leaves oceurs when.
deficiency is severc. Deficiency symntoms of Fe, Ca, S are also chatacterfSed by
vellowish and pale leaves similar to nitrogen deficiency. In these deficiencies,
however. the symptoms occur first in the younger leaves. Nitrpgen deficiency in
cereals is characterised by poor tilicring, the reduction in the humber of €ars per unil
area and also the.number of grains per ear, _
Of all the nutrient amendments made 10 soils, nilrogen fertiliser appfication by far.
has been the most effeetive in increasing crop production. High yielding crop cultivars

in particular respond to N-lerlilisers. High physiolagical efficiericy of nitrogen usage "',
in cereal crop is achieved when a large proportion of the nitrogen faken up is used
in'grain formation. | | . Ce S ' '
The most common N-fertilisers are given in the Tablz 12.4,

ey

. Tahle 12.4 : Nitrogen Fertilisors = "™~ . '
~ N-Fertilisér . . Formula % N
Ammoaivm sulphate {NH.}.50; - o 21
Ammoniom chiloride NH,Cl 28
AmmSnium nitrate NELNO, _ 25
Polassium nitrate | KNO, . 14
Urea. CO(NH.), ' 45
Calcium cynamide CaCN, 21
* Anhydrous smmenia NH, Y - B2 ,

Nitrogen fertilisers supply NO3 and NH7} 10 the soil. Between the two, NH? is
partially adsorbed on soii colloids and its uptake rate is usually, therefore; lower than

thql of NO3 ulrn!cr fic_ld conditions. For this reason most crops do not respond as
quickly to NH7y fertilisers as 1o NO7T application,

- '
- .



In paddy soils, mtrogen is lost as a result of denitrification. These soils should not, ' Minerul Natrlilon
therefore, receive NOT containing fertilisers. Hence urea and NHJ fertilisers are

reco.nmended. The main drawback of arhydrous ammonia is the special equipment

required for its transport and application. :

Phosphorus (P)

In soil, phosphorus occurs almost exclusively in the form of orthophosphate.
Substantial amount of P is associated with the soil organic matter. The major
P-containing ions in soil solutions are HPO2™ und HAPO,. '

Roots are capable of absorbing phosphate from solution low in phosphate contént.
The phosphate content of roots and xylem sap is about 100-1000 fold higher than that
of the soil solution. This shows that phosphate is absorbed by plants against a very
steep concentration gradient. Phosphate is highly mobile in the plant and can be
translocated in upward or downward direction.

The inorganic form of phosphate found in plants are orthophosphate and to a minor :

extent, pyrophosphate. Theorganic form, of phosphates are.compounds in which the - L
orthophosphate is esterified with hydriga¥l groups of sugars and alcohols 6r bound l
through a pyrophosphatd bopd to anailifii phosphate group. You know that *
phosphorylated sugars and alcohols ar88#6é major intermediary compounds of
metabolisin. Phosphate is also present in phospholipids. The nucleotide phosphates —
ATP, UTP, GTP, CTP supply epergy 1o various endergonic processes including
Lactive ion uptake and the synthesis of various organic compounds.

Anotherimportant phusphorus containing compound is phytin which is mainly found

in seeds. It is Ca or-Mg salt of phytic acid and is formed during seed formation, Phytic

acid is the hexaphosphoric ester of inositol. Immediately after pollination there is an Inositel is a sugar (hexose)
increase in P transport towards the ‘developing seeds. Phosphorus in the phytin of  alcohol.

seeds is regarded as a P reserve. During seed germination phytin is mobilised and

converted into other phosphate forms that are needed in the metabolism of young

plants. -

Plants suffering from P deficiency are retarded in growth. In cereals tillering is
reduced. Generally, the symptoms of P delicicncy appear in the older leaves which
become darkish green in colour. The stems of many annual plant species sulfering
from P deficiency develop reddish colour due to enhanced formation of anthocyanin
pigments.

Potassium (K) !

The main source of K' for plants comes from withering of K containing minerals.
Potassium released by withering dissolves in the soil solution. It can then be taken
up by plants or adsorbed’ onta soil colloids. '

In plants, K™ is an important cation. It is taken up by the plant at high rates through
K™ channels present in the membranes. L .

The concentration of K™ in the cytoplasm is about 100 mM which is 5-10 times.higher
than K* concentration in the vacuole. The phloem sap is rich in K. It is the most
abundant cation present in phloem with the concentration approaching that in the

cyloplasm. As the solutes of the phloem sap can be translocated both upwards and
downwards in the plunt, K™ movement is bidirectional.

Potassium is necessary for meristematic growth. It is involved in controlling water _
stalus of piants and maintains cell turgor. There is less water loss from plants supplied
with K™ due 1o a reduction in transpiration rate. As you know K * plays an important
role in opening and closing of stomata. Plants inadequately supplied with have
impuired stomatal activity. [tis also involved in the transiocation of photosynthates.
The main biochemical function of K¥ is the activation of various enzymes. )

Potassium deficiency does not immediately result in visible symptoms. At first there
is only a reduction in growth rate. Chicrosis and necrosis appear later. These
symptoms generally apppear on the margins and tips of older teaves. Plants suffering
from K* deficiency show a decrease in wrgor. They easily become flaccid under
water stress. Resistance to drought is, therefore, pdor. Inadequate soil K™ levels can
be corrected by the use of K™ fertilisers. The most widely used and cheapest potash-

 fertilisers is potassium chloride (KCI} which is known commercially as muriate of
potash, ' .

b
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Many plant specics contain a
small amount of volatile §
compounds. These are mainly di-
‘or polysulphides. In onions these
* compounds are responsible for
the lachrymatory {icar
producing) effect. The main
component of gaclic ofl is diallyl-
disulphide.

Sulphur (8) .

Sulphur is present in the soil in inorganic and organic forms.-In most soils organically
bound S is thé major S reservoir. The inorganic forms 6f in'soil consists mainly of
SO . In arid regions, soil may accumulaie high amt;'aun;s of sulphur salts such as
CaS0,, MgSO, and Na,50,. Under humid conditions However, SOE“ is present
either in soil solution.or is adsorbéd on soil colloids. -

The organic S of the soil is made available to plants by microbial activity. In this
process of mineralisation H,S is formed which under aerobic conditions readily
undergoes autooxidation and forms SO3~. In anacrobic media, however, H,S is
oxidised to elemental S by chemotrophic sulphur bacteria such as Beggiatoa, and
Thiothrix. Further oxidation of S results in the formation of H;SO,. As a result
increase in soil ucidity can oceur. : !

Plants mainly absorb S in the form of $O:™. It is mainly translocated in an upward
(acropetal) direction. Downward (basipetal} movement of S is relatively poor. There
is now a consiclerable evidence to show that plants can utilise sulphur dioxide also.

The most important sulphur containing compounds are cysteine, methionine. lipoic
acid, coenzyme A, biotin, thiamin and ferredoxin (an electron carrier, a type of
non-heme iron-sulphur protein). Sulphur forms disulphide bridges in polypeptides.

In field crops sulphur deficiency and nitrogen deficiency are sometimes difficult to
distinguish. In plants suffering from S deficiency the rate of plant growth is reduced.
Generally, the growth of the shoots is more affected than root. In contrast to N~
deficiency, chlorotic symptoms occur fitst in the younger, the most recently formed
leaves.

Although the content of S in crops is similar to P content, S application does not play
an important role as P fertilisation. This is because SO2~ is not strongly bound to soil
particles as phosphate and is thus more available to plants. In addition, substantial
amounts of S can come from the atmosphere or from fertilisers which contain S along
with other major nutrients being applied ¢.g. ammonium sulphate or potassium
sulphate. The most important sulphur containing fertilisers arc gypsum, super-
phosphate, ammonium sulphate and potassium sulphate. '

Calcium (Ca)

~ Soils differ very widely in their Ca content. Plant species may be classified into

calcicoles and calcifuges. The calcicoles are those growing on calcareous soils where
as the calcifuge species grow on acidic soils poor in Ca.

Generally, Ca®* concentration of the seil solution is about 10 times higher than that
of K* but the uptake rate of Ca?* is usually lower than that of K*. This low Ca®*
uptake is because Ca®* can be absorbed only by young root tips in which the cell
walls of the endodermis are still not suberised. The uptake of Cazf" can also be
competitively depressed by K* and NH which are rapidly taken up by roots.
Calcium is translocated in‘an'upward dircction in the xylem with the transpiration
stream. 1t is translocated only in very small concentrations in the phloem. Once Ca
is deposited in older leaves it cannot be mobilised-to the growing tips.

In the absence of Ca®", growth rate is reduced and after a few days the root tips
become brown and gradually die. Ca** is required for cell elongation and cell
division. It is essential for the stabilisation of newly synthesised membranes. In the
absence of Ca®*, membrane permeability increases 1o such an extent that inorganic
and organic constituents can diffuse cut of the cell causing considerable damage to
the cells. In whole plants, this disorder occurs first in the meristematic tisstie such as
root tips, growing points of the upper plant parts and storage organs,,

Most of the Ca®”* present in plart tissues is located in the apoplast and in the vacuoles.
The Ca** concentration of the cytoplasm is low. The maintenance of low cyloplasmic
Ca*" is of vital importance for the plant cell because the evidence shows that Ca**
may inhibit various cytog!asmic enzymes, and also precipitate as Ca-phosphate. The
maintenance of low Ca?" is achieved by pumping Ca>* out of the cytoplasm into the
apoplast or into the vacuole.

In the cytoplasm, the funclion of Ca®* is related to calmodulin, which is involved in
the activation of many enzymes by allosteric induction. Calcium js present in plant
tissues as free Ca®" adsorbed to indiffusible ions such as carboxylic, phosphoric and



phenolic hydroxyl groups. It is also present as Ca oxalates, carbonates and
phosphates. These compounds often occur as deposits in cell vacuoles. Calcium in-
the ceil wall is associated with the free carboxylic groups of pectins.

Calcium deficiency is characterised by a reduction in growth of meristematic tissues.
The deficiency can be first observed in the growing tips and young leaves. They
become deformed and chlorotic. At a more advanced stage necrosis occurs at the leaf
margins. The affected tissue becomes soft duz to a dissolution of the cell walls. Brown
coloured substances accumulate in intracellular spaces and also in the vascular tissue
where they can affect the transport mechanism. In apple the disease is called ‘bitter
pit' because the surface of the apple is pitted with small brown necrotic spots. In
tomato the disease is known as 'blossom end rot’ and is characterised by a cellular
breakdown at the distal end of fruit.

Magnesium (Mg)

Magnesium like Ca®" is present in fairly high concentrations in the soil solution,

Generally the concentration in soil solution is higher than that of K* but the rate of
uptake of Mg?* is much lower than the uptake rate of K* Mg** is very mobile in the
phloem and can be translocated from older to younger leaves or to the apex.

Mg is constituent of chlorophyll molecule. It is a cofactor in almost all
phosphorylation reactions. Mg®* forms a bridge between the pyrophosphate
structure of ATP or ADP and the enzyme molecule. The activation of ATPase by
Mg?* is brought about by this bridge lormation:*‘Another key function of Mg®* is in
the activation of ribulose bisphosphate carboxylase. Light triggers the import of Mg?*
into the stroma of the chioroplast in exchange of H™ thus providing optimum
conditions for the carboxylase reaction. Mg deficiency inhibits protein synthesis.

Mg is mobile in the plant and deficiency always begins in the older and then moves
1o the younger leaves. Interveinal yeliowing or chlorosis occurs and in extreme cases

the dareas become necrolic.

Mg application is recommended for all crops growing on soils with less thar 25 ppm
exchangeable Mg, The major Mg fertilisers are, magnesium limestone (Mg CO; —5
to 20% MgO) ground burnt magnesium lime (Mg oxide — 10 to 33% MgO),
kiesernite (MgSQ,.H,O — 27% MgO). Epsom salt (Mg50Q,.7H,0 — 16% MgO} -
and Magnesite (MgCO; — 45% MpO).

5AQ4

4) In the following sentences choose the right alternate word given in the
parcnthesis. :
i} ' The form of nitrogen preferred by plant is (NH{/NO7),
1} Largest fraction of N present in plant is in the form of (proteing/nucicic

acids). '

i) In soil (NO3/NH?Y) is converted by microbial ‘action into (NQS/NH L)
iv)  Uptake of N7 is best in neutral medium. It (decreascsfincreases) as el

Il

falls, -
v} In plants (NHT/NO7Y) is converted into (NHg /NQ3) before it is
mcgrporated into proteins. ' :

vi) ‘The symptoms of nitrogen deficiency first appear in (older/younger) leaves

vii} Gcncru]ly the concentration of (Ca’' /K ™) is higher in soil but uptake rate ot
{Ca"/K ") is higher. '

viiy Calcium is-mainly translocated through {(xylem/phlocm). It (canfconnet) b
mobilised from older leaves, -

i} The rate of uptake of (Mg®*/K™) is lower than (Mg¥/K™). _

x)  Deficiency of phosphorus would affect (carbohydrate/protain) metabetism

xi)  The colour of stem of some annuals becomes red due to the formation of
anthocyanin pigment. This is due to the deficicney of (phospharus/sulpbur)

xi)  Phosphorus is highly (mobile/immobile) in plants.

xiit})" The most mobite nutricnr in plants is (K/B). )

xiv) K deficiency r-ults in loss of (membrane permeability/turgor),

Minefal Nulrillon
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When sdils are walerlopged. o
reduction of Fe** to Fe** occurs
which is accompanicd by an
incrcase in solubility. Anacrobic
bacteria which use Fe oxides as

electron acceplors in respiration,

bring about this reduction. This

" process is of particular interest in
paddy soils where it can lead ta
high Fe?* concentrations. Such
high concentrations often produce
taxic elfects in rice plaals.

B} List four imipeiant compottnds ol plant containing sviphur.

¢} Maitch the content of column | corresponding with those of cohisn £

Column | Calumn 2 |
v Mlagiesiom W) dehcieney atfecis ceil divsson i ceil H
clonrgation,
ny  Caleium by cofactor in al) phosphorvlition
T EIOEN,
i) Sulphuar ¢l component of covnryme A I
—_—. - —_ J— 1

12.5.‘2 Micronutricits

Iron (Fe)

Iron is present in all soils, Soluble Fe in soil is extremely low in comparison with its
total content. Soluble inorganic {orms are Fe*. Fe(OH)** (hydroxoferric ion),
FC(QHH (dihydroxoferric ion) and Fe' -

Fe must be reduced before it can be taken up by the roots, Iron in the {ree spaces of
roots may be present in the ionic form or as chelate. The reduction of Fe** chelate
destabilises the complex and the resulting Fe** can be absorbed. The rate of Fe
reduction is pH dependent and is higher at low pH.

The uptake of iron is compelitively inhibited by other cations, like Mn**, Cu®™,
Ca®*, Mg?*, K* and Zn*". Iron is not rcadily mobile between the various plant
parts. Green plants tacking Fe become chlorotic in the younger plant parts, whilst
older parts remain grecn. Younger patls are, therefore, dependent on a continuous
supply-through the xylem. The major form in which Fe in translocated in the xylem
is considercd to be as ferric citrate. A

The.well-known function of Fe is in enzyme systems in which heme forms *he
prosthetic group. Here, Fe plays a somewhat similar role to Mg in the chioi »phyll
molccule. The heme enzyme system include catalase, peroxidase, cytochrome
oxidase and the various cylochromies. Another important compound containing k= is
the non-heme iron protein ‘ferredoxin’ which is an iron sulfur protein. Itis an clectron
cartier, in photosynthetic light reactions.

The deficiency of Fe and Mg are more or less similar as both are characterised by a
failure of chiorophyll production. Tron deficiency, howover, unlike Mg defictency,
always begins in the younger leaves, the darkgr green veins contrasting markedly
against a lighter green or yellow background. The youngest fcaves may often be
completely white and totally devoid of chlorophyll. In the leaves of cereals the
deficiency is showniby alternate yellow and green stripes afong the length of the leaf.

Iron. toxicity is pacticularly 2 protlem in flooded rice soils, since within a few weeks
of flooding it may increase 300-1000 folds. Iron toxicity in rice is known as ‘Bronzing’.
In this disorder the leaves are first covered by tiny brown spots which develop into
a uniform brown calour. This frequently oceurs in rice leaves containing excessively
high T'¢ concentrations. o '

In.the treatment of Fe chlorosis, the addition of inorganic Fe salts to the soil 1s mostly
withoul cffect for the Fe is rapidly made indoluble as oxides. Foliar treatment with
ferrous salts is also not satisfactory. Iron chelules are more effective and can be uscd
as {ertilisers, applied to the soil or as a foliar spary.

Manganese (Vn)

Mn2* and Mn oxides in which Mn is present in Lrivaient or tetiavalent fqrms are the
important svil fraclions, In soil solutions, divalent Mn is the most important form.

Mn2" resembles Mg2* in its biochemical functions. Both ions bridge ATP-with the
cnzyme complex. Decarboxylases.and dehydrogenases of the TCA cycle are also

1



activated by Mn®*. Nevertheless, Mo 1 ol spectiis for these enzymes and can be Mineral Nutrition
substituted by Mg2 . The most w._!i documented role of Main green plants is in the
Hill reaction of photosynihesis where a manganese proiein catatyses water splitting
and O, evolution. ' :

Mn déficiency causes disorganisation of the lamellar system of chloroplasts. Mn
deficiency symptoms rescmble Mg deficiency, as in both cases interveinal chlorosis
occurs in the leaves. In contrast 10 My deficiency, however, Mn deficiency symptoms
are first visible in the younger leaves whercas in Mg deficiency older leaves are first
affected. Organic soils high in PH are particularly low in available Mn and it is in
crops growing on these soils Mn deficiency often occurs, Application of Mn salts to
the soil, e.g. MnSOy,, usually does not alleviate the deficiency because the applied
Mn?* js rapidly oxidiscd. Spraying 1 to 5 kg MnSQy/ha is the best way of removing

ihe deficicncy in most crops. Of the organic Mn carriers, Mn-EDTA gives the best
response.

-

Zinc (Zn) : )

. , . sy 5 . .
In its function in some enzyme systems, Zn®* resembles Mn2* in that it brings about
substrate binding and conformational changes in enzymes. A number of enzymes are
thus activated in more or less the same way by Mn**, Mg**, or Zn®*: '

Zn is actively involved in'the N metabolism of the plant. In Zn deficient plants,
protein synthesis and protein levels are markedly lowered, and amino acids and
amides accumulate. Zn deficicncey affects protcin metabolism through the inactivation
of RNA polymerase. It affects structueral integrity of ribosomes, and enhances RNA
degradation by increasing RNase activity. ¥ is also required for the svnthesis of
indole acetic acid from tryplophan.

5 R -

r

Flg. 12.12: The zinc In each finger 1s bound to four amine acids: two cysteines and two listidines, holding
the finger in the proper shape for DNA binding. Th. ¢ four key dmino acids are found in the
-same places in each finger.

Plants suifering from Zn-deficiency often show chlorosis in the interveinal areas of

the leaves. They become pale green, yellow or even white. In fruit trees leaf -
development is adversely affected. Unevenly distributed clusters or rosettes of smuli

stiff leaves are formed at the ends of the young shoots. Frequently, the shoots die off

and the leaves fall prematurely. In apple trees the disease is known as-‘rosette’ or

‘little leaf, - '

Zn toxicity may occur in areas of Zn ore deposits, - plant species are, however, Recenlly a very special role that
Zn tolerant and are able 10 withstand high scil-Zn 1. ,¢ls. Zine plays in gene activation lias

. . . B . . . been discovercd. There are
Zinc deficiency is one of the commongest micronutrient deficiencies and it is becoming proteins which nct as transeription

increasingly important in areas of high yield apriculture. Planl species and even factors. These are ll:lolr_lfedliin tha ]

; . ; iders in the susc ibility 1o deficiency. form of fingers with zinc liganded |
cultivars vary conadgrqbly in the suscepti lt)- Zn defic Iy at the botiom of cach finger. | :
Zn-~deficiency can be alleviated either by spraying or by soil application of Zn Interestingly, as soon as the y
fertilisess. ZnSO, is the most commonly used fertiliser becausc of its high solubility, ~ fnserstouch the DRA the.gene s !

ils it i . . . turned on, .
On acid sandy soils it is preferable to spray the crop because ZnSO, is very easily urned on o
. )

leached from soil. f . 49 '
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Coyp e 1Cu)

Con e occurs in the soil almost exclusively in its divalent form. Copper is absorbed
by the plant only in very small quantities shibits the uptake of Cu and vice versa,
[t is net delinitely known whether Cu i . .enoup as Cu*' or as copper chelate.
Copper is not readily mobile in the plant although it can be translocated from older
to younger leaves.

Copper has a number of attributes which control its biochemical behaviour. Cu bound
to protein participates in redox reactions which are mostly dependent on the valency
change. (Cu?* + ¢~ — Cu™).

The most imporfant copper containing proicins are plastocyanin, superoxide
dismutase, amine oxidases, ascorbic acid oxidase and lactase. Cylochrome oxidase,
the terminal oxidase in the mitochoendrial transport chan 15 onc of the most well
studied of the Cu containing enzymes. As in the case of I, hizh concentration of Cu
is found in chloroplasts. There is also a specific requircment of Cu in symbiotic
N,-fixation. In the absence of Cu, nodule development and Na-fixation are depressed.

Cu deficiency symptoms appear first in the younger leaves. [n cereals, the deficiency
appears first on the leaf tips. The plants develop a bushy habit with white twisted tips
accompanicd by a reduction in panicle formation. Copper chelates can be used cither
as wling spray or as soil dressing to overcome the deficiency.

Lioiy. - o (Me) ;

Maoi. ¢ .. xlas molybdate (MoQ3™ ) ion by plants s upta'ce can be competitively
redstie ()2 . The requirement of plants for Mo is veuy :0w. Mo is an essential
compone .« ..f two major enzymes, nitrogenase and nitrate red.ctase. The functional
mechanisa of both enzymes probably depends on valency changes of Mo.

The most important function of Mo in plant metabolism is in N assimilation. Mo.
deficiency resembles N-deficiency. Older leaves becoming chiorotic first, bul in
contrast to N-deficiency, necrotic symptoms rapidiy appear.at the leaf margins
because of nitrate accumulation. In Cruciferae, in cxtreme deliciency of Mo, leaf
laminae are not formed and only the mid rib is formed. The lcaf thus appears like a-
whip and for this reason the deficiency is called *Whip tail,

Boron (B)

It is absorbed by the plants as the undissociated Loric acid, Though it has convincingly
been shown Lhat B is ap essential element for higher plants. its functional role is not
well understood. Unlike other plant nutrients B is not known to be a component of
any enzymc. )

Abnormal or retarded growth of the apical growing points is the first deficiency
symptom. The youngest leaves are malformed, wrinkled or arc often thicker and of
darkish blue-green in colour. The leaves and the stem become brittle indicating a
disturbance in transpiration. As the deficiency progresses the terminal growing point .
dies and flower and fruit formation is restricted or inhibited. Boron is known to have )
a role in germination of pollen and formation of pollen tubes. Thus plants growing

on boron deficient soils show a disturbance in polten germination and impairment of

in fruit formation. In some plant specics, the affected growth of pollen leads to
parthefiogenesis. The most well-knowr B dcficiency symploms are ‘crown’ and ‘heart

rot’ in sugarbeet, :

Boron deficiency is more p.oonounced in a wide range of crops under wide climatic
conditions than dcficicncies of any other microputrient. The mosl well-knoivn B
fertiliser is borax (Na,B40,.10H;0). Borated super phosphates are also available.
Boric acid (H;BO;) is frequently applied as leaf spray particularly when the soil is
potentially capable of fixing high amounts of boron. '

Chlorine (Cl) _ : i

The role of CI~ in plant is not clearly understood. Cl™ is required in Hill reaction -
the water splitting reaction of photosystem I about which you swill learn in Unit 13. '

Tn the presence of Cl~, both the evolution of O, and photophosphorylation are ;
enhanced. CI~ may also influence photosynthesis indirectly via its effect on stomatal i
regutation of the guard cells. e ‘



Wilting of leaves at the margin is a deficiency symprom of chioride. |~ deficiency
is noticed only rarely. The presence of Cl™ in the atmosphere and in the rain water
is more than enough to meet the demand of the crops. In fact, its presence in excess

in plants is a more serious problem. Crops growing on salt affected soils often show -

symptoms of Cl™ toxicity. These ure burning of leaf tips or margins, bronzing,
premature yellowing and abscission of leaves, :

Silicon (Si)

Plant species may be divided into Si accuinulators and non-accumujators. The
accurnulators include paddy rice (Qryza sativa), horse tails (Equisetiim arvense) and
members of the Pineceae, all of which contain 10-15% Si0O; in the dry matter. Other
cereals, sugarcane and a number of dicots with 1 to 3% Si0O; are also included in this

category. The non-accumulators are most of the dicots including the legumes with
less than 0.5% SiQ,. ,

Necrosis of older leaves and wilting assoctated with higher rates of lranspiration arc
the typical deficiency sympioms. There is little biochemical evidence to Justity Si as
an essentiai element for higher plants, however, it shows a number of well established
beneficial effects on plant growth. In plants well supplied with Si, cuticular water loss
is lowered because of the epidermal accumulation of silica. h cereals, the presence
of silicon 15 important for keeping the leaves erect and decreasing susceptibility to
logging. In rice, a significant relationship is observed between the Si content of the
straw and the yield of rice. Silicon especially promotes the formation of reproductive
organ in rice. The important silica fertilisers are soluble silicates, sinter phosphates
and Ca silicate slags.

Cobalt (Co)

* The Co concentration in the dry matter of plants grown ‘in soil normally lies around
0.02 to 0.5 ppm. In soils the content varies from 1 to 40 ppm. Cobalt is not readily
mobile in the plant.

Co is essential for symbiotic N,-fixation. Increasing the supply of Co increases
rhizobial growth, N,-fixation and the formation of leghaemoglobin in nodules. Co is
. €ssential component of vitamin cyanocobalamin.

"54AQ5

a}  List three molecules thar contain heme iron in their prosthetic group.,

by i Proteto containing Mn {oa catutyse ... during photosynthesis.
g 3

1) Zing deficiency enhunces the degradation of ..................... and
inacivates enzyme L. . .

1) Zinc i required for the synthesis of hormone .................. . .

iv) In cell, copper jons playarole in ..................... reaction by undergoing
valuncy change.

v)  Eazyme nitrogenase and nitrate reductase contain ..............., s ;

Vi) e, is an essential elemrent but it is not known to be a

component of any pianl chemical,

vii) Insome plonts boron dcficiénuy leads to fruit formation by .................... .

vill} Chlorine is.required in ... . reaction of pholosynthesis,

X} Ewcess of chlorine result in ... . ... lcaf tips or margins,
.................. <+ and premature yellowing and. abscission of leaves.

X} o, and - are essential for symbiotic nitrogen
fixanon,

%1 hondeficiency is corrected by fertiliser application foliar spray of

¢) List three important compoinds containing copper, '

Mincral Nutritjon

31
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12.6 SUMMARY

. [n this unit you have learnt that :

@ On an average mincral elements account for about 1.5 per cent of fresh weighl of
plant. Not alt the elements detected may be eswenial for a plant. Essential
elements are necessary for the compiction of tie nplani’s life-cysle.

® Besides, C. H, and O that make the backbene ot urganic molecules, N, P. K, Ca,
S and Mg are required by-plants in a relatively lurpe amounts and are referred Lo
as macronutrients, whereas Fe. Cu. Mn. Zn. CI, B and Mo arc required in lesser
amounts and are referred to as micronulrients.

¢ Mineral clements perform structural, osmotic and biochemical functions in plants.

® FPlanis obtain carbon, iydrogen and oxygen from CQ, and water Other elements
arc absorbed by roots trom the soil in ionic form.

® The uptake of ions by roots from the soil is influcneed by ion exchange capacity
of the soil, pH and the presence of different cations and anions.

¢ Mincrals move rapidly towardsroot inlerior either through intercellular spaces in
root epidermis and cortex or across the selectively permeable membrane of the
epidernus or cortex and join symplasm. All minerals must cross cefll membrane and
pass through cytoplasm, if they arc fo reach . xylem. vessels which carry them
upward alengwith water and transports them thioughiae the plant body.

_‘:’

¢ lons are transported across plasma tnenbrane with the kelp of proteins in the lipid

. bilayer. Somt of the proteins such as penneases [orm inn channels and others
function as carriers. The drivin, forcc involved in the ¢ ansport is a concentration
gradient or electrochemical gradient. The movement of {ons against
electrochemical gradient is an active transport process and requires energy in the
form of ATP. Electrochemical gradi:-n! *s also maintained by proton pumps which
operate constantly and generate (i - w.zbrane potential across the membrane
and facilitate transport of cations, anions, .mino acids and sugars.

°© Long distance transport of ions from root to shoot is driven by the gradient of
hydrostatic pressure and water poteniial.

® Nitrate and ammonia are two nitrogen sources of plants. Between the two, NO3
is the preferred source and is absorbed at low pH. Nilrate may be translocated as
such or many get reduced to nitrite in the roots before translocation. The
deficiency symplom — chlorosis appears first in oider leaves and plants show poor
growth rates. ~

® Phosphorus is absorbed by plants against stcep concentration gradient. It is highty
mobile. Its deficiency manifests by the formation af anthocyanin pigments and by
the older leaves becoming darkish green. -

® Potassium is required in large amounts because it maintains turgidity of cells. In
its deficiency plants resistance to drought is poor.

¢ Sulphur is an important constituent of several compounds in plants. Tts deficiency

s results in poor growth rates. .

¢ Calcium is required for cell elongation and cell division. In its deficiency the
permeability of membranes increascs and thus causes damage to cells,

® Mg and Mn are cofactars in phosphorvlation reaction, Mg is part of chlorophyll,
Mn and Cl are necessary for an imporiant reaction in photosynthesis.

Iron, copper and Mo are constituents of proteins that lake part in rectox reactions.

. Tron and Mg both are necessary for chlorophyll synthesis, zinc for protein synthesis-
and Cobalt for N,-fixation.

.r

127 TERMINAL QUESTIONS

1) In what form the following elements are available to l|r'lc plant from soil.
i) Nitrogen : '
4 i) Phosphorus ©



iii) Boron- -
iv) Mulybdenum
e _L_
2} u} The uptake of minerals is very specific. Explain the mechanism that ensures ~
3 this specificity. .
........................................................................ e
by How is the uptake of ions in some cases {fooled by similar ones? ?
.................................................................................................... !
3) List the three facters that influence the uplake of ions by the roots from soil
4}  Why can't potassium and sodium ions cross the artificial lipid bilayer? '
5) While studying uptake of K* by plant membraﬁg it was observed that uptake was
affected by chemicals that inhibit respiration. What inference can be drawn from
this observation. '
12.8 ANSWERS o
Self-assessment Questions
1w B F. WT. i) F. iv) F
b} i)* Potassium - iit) Chlorophyll
if) Calcium iv) “Iron
2) i) Negative iv) Casparian strip ,
i1) Plasmodesmata . v) Cation exchange sites e .
iii) pil . vi} Rubidium '
3) a) i) Concentration gradicnt iii) Cytoplasm, Qutside T
ii) ATPase IR . ) T
b) i) K* '
1) Increases iv] Acidic
iti} Positive v) Calcium

Mincral Null‘ii[‘(J;‘l
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Plunt Physiolagy-1 4) a) i) NO3 viii) xylem, cannot

ii) protein ix) Mg, K"
iii) NHY, NO3 x}  carbohydrate
iv) decreases + xi} phosphorus
v) NOj3, NHj xii) mobile

! vi) older xiit) K*
vii) Ca**, K* xiv) turgor

b) Ferredoxin, cysteine, methionine, coenzyme A, biotin, thiamine
&) )b, i) a, iii) ¢,
5) Any three of the foliowing
a) cytochrome oxidase, catalase, peroxidase, cytochrome [ and cytochrome c.

b) i) walter splitting vi) boron
ii) RNA, RNA polymerase vii) parthenogenesis
iii) indole acetic acid viii} waler splitting
iv) oxidation — reduction reaction. tx) burning of, bronzing
v} molybdenum x} Mo and Co

xi) iron chelates

¢) plastocyanin, cytochrome oxidase, lactase, ascorbic acid oxidase, superoxide
dismutase.

Terminal Questions
1) i) NO3, NHF, i) H,PO3, HPOZ ™, iii) HyBO3, iv) SO3~

2) a) The specificity of transport of certain ions is due to carrier proteins which
behave more like enzymes and the transport is similar to enzyme mediated
reactions. The carrier protein has a specific site for binding an ion that is to be
transported. . -

b) Uptake is fooled when two or more than two jons can bind at the same site
of carrier protein, ’

3) i) Ion exchange capacity of soil

iiy pH .
iii} Presence of different cations and anions. .j

4) Although both K* and Na™ ions are small in size but the charge and hydration
shell around them prevents them from entering the hydrophobic hydrocarbon
phase of the lipid bilayer.

5) Inhibition of K* uptak-c by respiratory inhibitors shows that K* transport is
linked to, and dependent on ATP produced from respiration.

A



UNIT 13 PHOTOSYNTHESIS

Structure

13.1  c-odiuclion ’ ' . .

[3.2  pornenlation of Basic Concepts
e Bepienings
Formulation of the Equatiun of Photosynthesis
13.3  Understanding the Mcchanism of Photosynthesis
Evidence for the Existence of Light and Dark Reactions
The Role of Light Reaction
13.4  Chemistry of Chloroplast Pigments
13.5  Discovery of Two Light Reactions
Quuntum Requirement of Photosynthesis
Red Drop
Emerson Enhancement Effect
Phorosysiems 1 and {1
13.6  The Dark Reacticns
The Calvin Cycle
13.7  Photorespiration and the C, Plants
Photorespiration’
The C, Plunis
The CAM Planis
13.8  The Chloroplast—Ultrastructure and Organisation of Photosynthetic Machinery
13.9  Photosynthesis, Agriculture and Human Welfare
Efficicney of Photosynthesis
Environment and Photosynthesis
Apgricultural Biotechnology

13.10 Evolutionary Aspects of the Chloroplast
[3.1} Conclusions

13.12 Summary

13.13 Terminal Quesnons

13.14 Answers

13.1 INTRODUCTION . .

Our concern in this Unit will be with photosynthesis — the process by which plants
utilise energy from sunlight to convert carbon dioxide and water for the synthesis of
sugar. This sugar can then be converted to other carbohydrates or other food
materials like fais and proteins. The general importance of the process was recognised
as tong ago as 2000 years. The biblical saint, Isaiah, who lived between 700-600 B.C.,
said "All flesh is gruss” recognising that all food Chdll‘lS are finally traced to plants
Mants are also responsible for the fossil fuets such as petroleumn, oil and coal, which
represent products of photosynthesis carried out millions of years ago in the
cutboniferous cra. It is through this process that plants continuously purify air during
daytime and thus allow animals to breathe.

The overall importance of this process is best expressed in the words of Eugene
Rabinowitct one of the great authors and researchers of photosynthesis, who said
“Physiologic.lly speaking, all the animals on land end in the sea, including man, are
but a small brood of parasites living off the great body of the plant kingdom”, and "if
plants could express themselves, they would probably have the same low opinion of
animals as we have of fleas and tapeworins — organisms that must lazily depend on
others for survival

The photosynthetic products are utilised by humans and other animals to provide
encrgy. He proceeded to state that “withour them no hearr conld heai, no amoeba
could swim, no sensation could speed along a nerve, no thought v >d flash in the
human brain”. Clearly, for all these activities we are dependent ¢ plants.

In sheer magnitude, oo, the process dwarfs any other chemical activity on earth. It

has been estimated that phiotosynthesis gives 200 X 10° tonnes of solid plant material -

per year which comes to about 70 to 80 tonnes of sugar equivalent per person!

Clearly, photosynthesis represents the greatest chemical factcor;.r on earth.

Unravelliog the mechanism of the process has, therefore, been one of the most

tmpor-ant tasks of plant biology. i 55
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The subject matter in this unit you may find quite unique and interesting. Here, we
give in a story form an historical account of major experiments that led 1o the detailed

knowledge of photosynthesis such as we have loday. We have particularly emphasiscd
how the various key concepts in photosynthesis were formplated.

The various sections and subsections are arranged in a chronological order. Beginning
with experiments that led to the formulation of basic equation. we tell you about the
light and dark reactions of photosynthesis, that is, photolysis of water and synthesis
of ATP by photophosphorytation, the rolc of pigments in these processes and then to
fixatiorn of carbon dioxide by the C, and C, pathways. The intricate details of

photosynthetic machinery which have been unravelled partly in the last two decades
are discussed later. -

A section on photorespiration, and the relevance of photosynthesis to agriculture and
human welfare is also included. Finally, we briefly discuss the evolutionary aspects
of the origin of chloroplast, :

Objectives
After studying this unit you should be able to :

e outline the scientific developments that led (o recognition of the necessary, raw
materials of photosynthesis and the important end products,

e list the main photosynthictic pigments and describe their functions,

& list the e'\fidences that led first to the discovery of light and dark reactions and later
to the two pholochemical reactions,

e outline the path of electrons in clectron transport chain from water 10 the final -
clectron acceptor,

e outline the C; or the Calvin cycle-and illustrate its connection with the energy
capturing reactions in the thylakoid membrane.,

® draw and label the siructure of a chloroplast and igi-membrancs and show the sites

where PS T and Il and the components of electron transparl chain are located and
various processes such as photalysis ol waler, photoreduction of NADP™ |
photophosphorylation, and carbon dioxide fixation go on,

e outline the reactions that result in the loss of carbon dioxide during
photorespiration,

e compare the fixation of CO, in Cs, C;and CAM plants and explain why Cy j)lanls
- arc photosynthetically more efficient than C; plants,

® gain an idea of the future prospects of increasing photosynthetic efficiency through
. biotechnotogy, '

e give réasons for considering the present day chloroplast as one time free-living
prokaryote which became an endosymbiont during the course of evolution.

Study Guide ‘ R

Since this is a double unit, you will (ind-it very lengthy. [tis important that you spend

more time in learning it. .

.

13.2 FORMULATION OF BASIC CONCEPTS _

13.2,1 The Beginnings

We can (race the beginnings of rescarch on photosynthesis to about 300 years ago.
The ‘idea that water is an important reaclant came from cxperiments of a Duich
alchemist, Van [lelmont, performed in 1648 but published posthumously in 1740 .
under the title “By Experiments, that All Vegetable Matter is Totally and Marerially
of Water Alone” . He grew a 5 10 sapling of the willow tree (Safix) in an carthenware

- pot containing soil which he carctully dried and weighed — it was 200 lbs. Fle watered

thé- sapling regularly with distilled water, if rain failed, and at the end of five years
decided to take stock of the experiment. He found that the weight of the tree
increased to about 169 1bs, but the weight of the soil was nearly the same, decreasing
‘by only 2 ounces (Fig. 13:1). He concluded. therefore, 164 ibs of wood, bark and
roots were formed from water alone,- Of éourse, we know today that Yan Helmont
was only partially right and was totally unaware of the contribution of carbon dioxide.

7
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Fig. 13.1 : Yan Helmont's experiment in which it was cuncluded thut a plnnl grows from water zlone (see
text for further details).

-1
1

The knowledge that gases also participate in the process of photosynthesis canie from
studies of an English clergyman Joseph Priestley, who was intensely interésted in the
process by which bad air could be purified. In a contribution entitled ' Observations
on Different Kinds of Air’” he wrote that *'I have been so happy as by accident to hit
upon a method of resioring air which has been injured by the burning of candles, and
that to-have discovered at least one of the restoratives which nature employs for this
purpase. It is vegetation”, He had found that animals such as mice, vitiated the
common air and a candle no longer burat in it (Fig. 13.2). He conducted a series of
experiments in 1771 and showed that plants had the remarkable ability of turning
impure air into pure air, In his own words. * ‘Accordingly, on the I7th of August, 1771,
I prta sprig of mint into a quantity of air, in which a wax candie had burned out, mm"
found that, on the 27th of the same monih, another candle burned perfecriy well init”
He added “I generally found that five or six duys were sufficient to restore this air,
when the plant was i its vigour” . At that time, chemisis were obsessed with the idea
of phlogiston, then considered a principle of flammability. According to Priestlcy,
plants dephlogtsticated the foul air. Further, the pure air had properties similar to
the gas which.he had discovered and was released by focusing sunrays on the red

Fig. 3.2 : Priestley prew small
twigs of 'mint in an inverted tube

oxide of mercugy with the help of a huge lens — he had procured one almost a 'foot and piped alr to a Jar containlng

in diameter. * X mouse. By such experiments, he
_ . oo ) ' ) ) ) ' proved that plants have the

Priestley's experiments cxcited the interest of Jan Ingen-Housz in Vienna whio was a cupacity of purifylng afr. * *

coyrt physician to Einpress Maria Theresa of Austria. In 1778, on a visit to England =

for u three-month vacalion he rented a villa and conducted sorac 300 experiments.

He confirmed that not anly mint but. even other plants purified air; byt, more

importantly, hic found that the process will procced only in the presence of sunlighi

and plants- could purify air significantly even in a few hours. To guote [rom a hook

“Lxperiments on Vegetables Discovering Their Grear Power of Purifying the Connnen Plilogisten : The alchemists

Ait in Sunshine, and, of Injuring at Night “hc said "1 wvas not long engaged in ihis thought that when metals rust or
enquiry before I su w d most important scene opened 1o my view: I obscrved, that planty Er:::! ':Uf’n”‘crl?i:;”:}:L‘:“c“ﬁl:"f lost. )
nor only have a faculty to correct bad air in six or ten days, by growing in ir; as the = o0 - Today, we know that
experiments'of Dr. Pnesri&y indicate, but ihat they perforni this important office in @ Lewually noihing is lost and., in fuct.
c‘on:pfem (sic) manner in a few bours; ihar this wonderful operation s by no means  a burning subsiamice unites with
owing to the vegetation of the plant, but 1o the influence of the light-of the sur upon oxygen. Similarly, rusted melal ‘
the plant”. He also lound that only the green parts of the plant purified air and not ‘1‘::2[:;;::v:i;:aontﬁtn:;:: e

the non-green parts aqd that so long as the plants were green, the “ucrid, fi-scenied, }mm‘ metals, ¢ '

und even, the most poisonous plants perform this office in convnon with the mildness

artd the most salutary”,
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Fig. 3.3, An npparatus for
dclcrmininé gas exchange during
the process af phole synthesis.
This type of set-up was eraployed
by Nicolas Theodore de Saussure.
A leaf or olher planl pacts can be
put in the area of the buth with o
suitable suppart, The com position
af the alr can be determined by
use of an olkali water and
J;yragai[nl at the end of the
experimenl.

Absorption specirum : A graph
depitting absorplion as 4 function

* of wavelength is calied absorprion
spectriim. The nbsorpuon spectra
of chl 2 and chl & indicale that
very little of green and yullow
green lipht'between 500 1o 600 nm
are absorbed bul violet, blue,
orange and red wavelengths arc
absorbed sirongly.
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Neither Priestley nor Ingen-Housz knew (he true chemical nature cither of impure
or of pure air and it was the brilliant French chemist .Antoine Lavoisier who
discovered the principle of combustion and identified the “pure™ component of air
as oxygen (O-) and the “impure™ air as carbon dioxide (CO,). (Unfortunately,
Lavoisier was guillotined by torrorists during the French revolution but that is the
way fatc overcomes occasionally the best of men). Another important advance-was
made by a Genevan, Jean Senchier. who found that the quantity of pure air {(O;)
penerated depended on the presence of noxious or vitiated #fir (CO,) at the start of
an cxperiment.

.5AQ 1

a)  Match the experimental findings related to photosynthesis (given in column [)
with the names of scientists {given i column 23 who were respongible for the

findings.
Codumn J ' T . . Catomin 2
1) A sprig of mint can purify air injurcd hy ' ) Anmwse Lavoisier
breathing of inimals Y
i) Plants are minde of water alone ) by oy Ingen-Housx
i All kinds of plant purify had wir. but gl - W Vs elmeoni

is necessary lor such purifieation

w) o Tdenificd pure aar as O, and impure e CCY iy Taseph Poesiloy

13.2.2 Formulation of the Equation of Photosynthesis

By 1304, methods ol quantitative measurements of gases were well cstablished. By
the use of an eudiometer (Fig. 13.3) followed by simple methods of gas analysis
Nicolas Theodore de Saussure, also a Gencevan, confirmed the equivalence of release
of O, to consumption of CO, in the ‘process of photosynthesis. But much more
important, he once again drew attention 1o Lhe role of water, an ingredient whdse
participation in photosynthesis had been totally ignored after Van Helmont. In 1837
chloroplasts were also described. By the end of the last century, the stage was thus
set Jor formulating the following equation of photosynthesis:

sunlight
green colouring matter
{chlorophyll pigments)

6(:02 + .6H20 C(,HIZO(, 4= (JO:

- Another very important development which took place at the end of the last cenlury

was the determinaiion of the action spectrum of pholosynthesis. Earlier, the use of
spectroscapy easily established that chlorophyll absorbed strongly in the blue and red
regions of the spectrum (it had hardly any absorption in the green region, explaining
why plants appear green). However, there was ane uncertainty, although researthers
ol that time associaled, *“the green colouring matter” with the process of photo-
synthesis, there was no conclusive evidence that chloroplasts were the site of
photosynthesis and the pigments in them participated in this important reaction. The
German botanist Theodore Engelmann (1882) determined the action spectrum of
photosyathesis and showed that il indeed closely matched the absorption spectrum
of the chlorophyll pigments.,

By way of explanation, it can be said that the absorption spectrum is an optical

_property of @ solution. With the help of a spectroscope oné learns about the

wavelengths absorbed by a plant extract or a solution such as of chioroplast pigments
in acetone. Now with a modern spectrophotometer one ¢an even know the degree to
which they are absorbed. An aclion specirum, on the other hand, tells us about the
relative activity of a physiological process in different parts of, the spectrum (to obtain
an action spectrum one must illuminate the living cell, tissue or the organism with
monachromatic light ir different regions of the spectrum). Obviously, to associate a
photoreceptor convincingly — 10 a certain process or action, the two spectra must
match (Fig. 13.4).
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Engelmann's experiments — which are among the most ingenious ever devised —
were carried out with filamentous algae such as Cladophora. The algal filament was
taid on 2 stide on the stage of a microscope. In the optical path of the microscope a
prism was inseric dsuch that a small spectrum ifluminated the aigal filament and the
spectrumn could be seen readily through the eyepiece by the viewer. To determine
wnich wavelengths of light were effective in evolving oxygen, Engelmann made use
of a species of highly aerobic motile bacteria. A drop of the bacterial suspension was
introduced over the algal filament, whereupon the bacteria clustered around those
regions of the algal filament which received the red and blue light (see Fig. 13.5).

Bacteria

. Ly

p—
J [ Cladophora
-

Absorption

by wll plant //‘“
pigments \

T

L 1 Nt

400 500 600 - 1700

VYiolet Blue Green Yellow Orange TRed-
Wavelength m p

Fig, 13.5 : Engelmano’s experiment to determnine the wavelengths of light that are most effective for
photosynthesis (see text fur further derails). On the lower side is given an absorption spectrum of

all plant pipments extracted in a solvent. {Adapted from John W, Kimball, Biology,
Addison-Wesley, 1965)

Photosynthesis
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Thus, the density of distribution of bacteria provided an idea of the relative
effectiveness of various spectral regions of visible light, depicting the action spectrum.

Ta summarise, by the end-of the 19th century it was clear that water and carbon
dioxide were converted to sugar and oxygen with the help of chlorophyll pigments
and light. Meanwhile, in 1842, Julius Mayer, a surgeon in Germany, also formulated
the “Law of Conser ation of Energy" and expounded the theme that photosynthesis,
in the main, repr - nted a process in which physu:al energy was conserved as
chemical energy. 1+, wrote in 1845, ‘Nature has put itself the problem how to catch in

flight light streamung: to the earth and 1o store the most elusive of all powers in rigid

form. To achieve this aim, it has covered the crust of sarth with organisms which in
their life processes absorb the light of the sun’and use this power 10 produce a
continuously accumudating chemical difference .... . These organisms are the plants;

- the plant kingdom forms a reservoir in which the fleeiing sun rays are fixed and

skillfully stored for future use; an economic provision v whicl the physical existence
of mankind is inexorably bound. The plants iake in one form ofpowr:r, light; and
produce anorher power ; chemical difference”.

Fig:ak A sp'ccl_roscope. b): Ahsorptinn speetea of five different concentrations of éhlorophyll
a The wavelengths in o i are indicaied above.

Spectroscope

The figure above (a) illustrates a spectroscope. Light is passed through a slit at
one end and a spectrum emerges at the other end. If a solution-containing
photosynthetic pigments is interposed between the viewer and the light, dark -
bands are seen — in the biue and red regions of the spectrum in case of -
chlorophyll pigmenis and the blue and violet regions in case of carotene and
xanthophyll. If the concentration of chlorophyll pigment is high some
absorption can also be scen in the other regions. If photographs are taken of
the absorption spectra at various dilutions and placed one below the other, one
can determine absorption peaks more cxactly. Absorption spectra of this type
were obtained by the German chemist, Wilistatter-as seen in Fig. b. They are
simtlar to the absorption spectra which are obtained by a modern
spectrophotometer (which essentially represents a spectroscope fitted with
accessorics such that the emerging light can bc measured electrically by having
it fall on a photacell or a photomultiplier). For-obtaining an absorption
spectrum, the prism has to be rotated to allow scanning of absorption values
from the blue end of the specirum to the red end. The slow rotation can be
accomplished by a motor.




Measurement of Photosynthesis

The rate of photosynthesis can be measured in many different ways ahd, with
time, more and more sephisticated (echniques have been developed so that
results can be had almost instaritly or at the most within a few seconds,

Fig. a represents the simplest method of measufing photésynthesis which can
be employed for aquatic plants. Oxygen bubbles, escaping {rom cut stems or

Transparc:ll
.container
v
) —— Measured volume Y\
e : of ingoing air CO: absorbers
R J filled with

/dilutc KOH

Small sample of inlet air
Y

' \
H |
- —— Air outlet Y
] 1
L N
¥
r s
.. T 4
. - s
Smallseruple of -
. -
L outletuir 4|~ o _ _ -="
- 4

Contents ol absorbers
CO; content of
cach gas stream

itrated with acid
aller measured lime

Dry weight of sample afier
a periad of pholesynthesis

Dry weiphl of initial sample

3

)

Fig a): Colleclion of oxygen [rom water plants in lighL.
by: Leal in position in a measuring tube, for demonstration of absorption of carbon dioxide and
climination of oxygen during photosynthesis.

c): Determninations of pholosynihelic rate, based on measurement of CO, uptake from a moving gas

siream, depend on analyses of the C0, content of small samples of the inlel and outlet air.

o): The net photosynthetic rate may be rouphly determined from the dry weipht increase of a measured

arca of leaf surlnce during a period of CQ, assimilatian,
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other parts of a plaiit can be collecied in an inveried test tube. For more
precision, the composition of the gas can be checked by chemical methods of
analysis such as through use of pyrogallol or KOH. Fig. b represents another
technique adopied by early workers for determining the rate of photosynthesis
in leaves or other similar organs of land plants which can be entloded in a
graduated tube. The tube is inverted over mereury and gas exchange after a
period of time delermined by chemical metheds ol @nalysis. Fig. ¢-depicts the
gas train method. This method came into wide use i the carly part of the
century (this was employed by Blackman {or deternaning the Qq of the
photosynthesis reaction), The air is led ino a ¢ha: “ber containing the plant
material and the amount of carbon dioxide assimilute ! from the air can be
measured by titrating the carbon dioxide absorbing sfution j.e. the alkali (e.g.
barium hydroxide) with a standard solution of acid sfter a measured time. A
blank run without plant material gives the quanti'y of carbon dioxide in air
sample; but when there is an experimental run, less BaCQO, is precipitated and
the difference in titration values in lthe control and experimental runs gives us
a measure of photosynthesis.

Another method popular in the carly days was to take samptles of leaf material
as shown in Fig. d and determine their dry weights — at start and after a period
of photosynthesis. The difference in weights gives us a measure of
photosynthesis. It is important to realise that all these methods suffer from the
drawback that what one measures is net photosynthesis, since respiration also
takes place simultaneously and losses of carbon fixed do occur, In order to
estimate the real rate of photosynthesis, the rate of respiration should also be
measured in darkness and appropriate corrections made.

Chlorella

in ditute

bicarbonale

solution

| - - Injeclion port
Electrode d if i
orelectrode

Meral orelear
plastic housing
thal holds samplc
and maintains

chamber

Dﬂ .Tl Sample
Zr chamber

_—_J‘ e
Two views of Warburg manomewer

fed n
¢): The Warburg manomelter and reaction vessel. F) Features of a typical oxygen clecirode system.

tcmperalure

. Stirringbar

In the manometric technique, developed by Warburg in 1920s and which
remained extremely popular till the sixties, the volume of oxygen evolved is
measured directly by rcading against a graduated scale attached to the
manometer (Fig. ). The technique is specially suited for aigae or other small
samnles nf green tissue which are suspended in a dilute solution of sodium
bicarbonate (which gives HCC7 or CG,). Lowering the level of the manometric,
fluid in the closed arm is fuc to oxygen cvolution and consequent rise in
pressure. A high degree of sensitivity in estimation of oxygen output can be
obtained by employing a thin-diameter glass tubing for fabrication of the
manometer. The reaction flask is always kept submerged in constant
temperature water bath to maintain constan! conditions and up to 14




manometers can be used simultancously in a single apparatus. However, one of Photosynthesls
the manometers is left without any planl material so that it can serve as a
barometer and appropriate corrections can be made for the cstimation of the
true volume of pas exchange, )

The most recont method, however which has come into wide use is the oxygen
electrode technique (Fig. f). The oxygen electrode is sensitive to concentration
of oxygen and the out}.:t of oxygen ¢an be measured electrically.

SAQ 2

a)  Deéscribe the experniment which ed 1o the discovery at;
i} the role of chlorophivi ay phowsynibesis.

ii) the wavelengths ot visible spectrum that are effective in photosynthesis,

b} The following thirce action «precita relate 1o photosynthesis in blue green algae,
purple sulphur bacteria and bartey jeaves, Identify the spectrum that most likely

corresponds to it purticuiar orgunsm.
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'13.3 UNDERSTANDING THE MECHANISM OF

64

F.F. Blackman

PHOTOSYNTHESIS '

13.3.1 Evidence for the Existence of Light and Dark Reactions

As discussed above, the process of photosynthesis was known in its bare outline
already at the beginning of this century. But the phenomenon was still much like a
mysterious black box and scientists had little idea of the events that proceeded inside
the box. Unfortunately, the box could also not be opened then since photosynthesis
ceased immediately if one broke up the cell or tissue where photosynthesis was going

_ on. For a long time there was no clue, till at'the turn of the century, an English plant
physiologist, F.F. Blackman, working in Cambridge, started his experiments. He was

the first to give the idea that photosynthesis consists of at lcast twokinds of reactions
— the light and dark reaction(s) (Fig. 13.6). He estimated Q,, of the photosynthetic
rcaction and found it about 2.5, provided that photosynthesis was studicd under

optimal conditions, speciaily of adeguate light and supply of carbon dioxide. That

CONCEPT OF
PHOTOSYNTHESIS
BEFORE BLACKMAN

SUGAR O

CONCEPT AFTER
BLACKMAN'S WORK

SUGAR

Fig, I2.6 : Diagram io shuw cvelution of concepts concerning the meghanism of photosynihesls, The box
abave represents the concepl at the end nf-dbe Iast century, After Rlackman conducted the
expuriments 1o determine the Q,; of the photosynthetic reaction (sec text for Turther detalls), it
was cancluded that the reactions in the “black mapic box'* consisted at least of twa sub-sets of
reactions, the light and the dark reactions. The actual roles, thut in the Sight box there is photolysis
of water and in the dark hex there is reduction of cartion dioxide was eslablished ool tater.

photosynthesis involved some photochemical reaction(s) was of course obvious

- because of the necessity of light and chlorophyll pigments. However, the derivation

of Qo value gave a upique insight into the complexity of the reactions. The Qi of
photachemical reaction is 1, whereas for chemical reactions it is generally 2-3. By a
simple study of the effect of temperature and analysis of results indicated that

photosynthesis consists also of chemical reaction(s) often called ‘dark’ reactions since
they d& not need ljght. To put in other words, one learnt jramediately that instead

s

e
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For chemical and biochemical reactions it is commonly observed that increase
of temperiture by 10°C, increases the rate of thermal reaction by twofold, The
minimum ¢nergy which the reactants must pussess for a reaction to proceed is
called activation energy. The increase in temperature increases molecular
collisions and so the proportion of molecules possessing activation energy for
reaction o vecur increases. Hence, the reaction rate increases.
The ratio of the rates of reactions a1 ©°C and (1 + 10°C) is denoled by Q.

O = Reaction rate at (1 + 10)°C

e Reaclion rate at (°C

_ A -

i

(Q denotes Quotient and 10 stands for 10°C rise in icmpcr:uurc.)

For physical processes, the Q, is.in the range 01 1.2 w0 1.4. Enzymatic and;
physiological processes have O“,. 2 3. . :

The rate of photochemical reaction is not affected by temperature increase
because the activation energy to substrate is supplied by photons of required
energy aud the energy for bond breuking process is also gwen by photons.
Photochemical reactions have a Q,y of 1.

-

of the single magic box {(allwded 10 carlier and representing the photosynthetic

process). there were really two boxes (Fig. 13.6):

1) One box contained the chlorophyll pigmients on which light shone and which
represented the light reactions, and

2} the other was ¢ “dark” box which represented the dark reactions.

The existence of dark and light reactions was further confirmed when the German
Nobel luureate, Otto Wurburg, and later his American pupils, Robert Emerson and
William Arnold — all of them with a deep understanding of biochemistry, biophysics
and cell biology — carried out experiments with alternating flashes of light and
durkness given 1o the unicetlular green alga, Ghlorefla. A mechanical device,
consisting of an electric motor to which was attached a rotating dise with sectors cut

in dhfferent sizes {sce Fig. 13.7) was sctin the light path. With this they coutd obtain
intermittent light and darkness. [n later experiments the mechanical Hashing device
was replaced by electronic flash discharges. [t was shown that, if light and dark periods
were separated by appropriate intervals, the oxygen yield per unit light shone
increased by as much as 400% over the contrql where the same amount of light was
given continuously. Thus, it was conlirmed that photosynthesis consisted of ot light

v
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Fig. 13,7 : The experiniental set-up emplos v For the 1119};511:: light- acriments (see text for Further defails).
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and dark reactions. By experiments with different durations of light and darkness, it
was found further that dark reactions were much slower than light reactions and that
vas-the reason wiy light given continuously was utilised less efficiently.

13.3.2 The Role ;f ¥ight Reaction

Photolysis of Wate:

The identities and roles of light and dark reaction were not clear until this time, In
1930s a dutch microbiologist. Cornelius B. Van Nicl, began experiments on the
phatosynthesis of green sulphur bacteria. These contain bacteriochlorophyll (a
slightly different Torm of chlorophyll) and survive on hydrogen sulphide (H,S) but
rclcase elemental sulphur {(in nature wherever these bacteria grow there are
picluresque deposits of sulphur). He found that photosynthesis in these organisms
followed the reaction as per the equation given below;

light
bacteriochlorophyll”

6CO, + 12H,5 CeH,20, + 6H2O + 125

The ¢quation indicated that the primary role of H,S was that of a reductant to supply
electrons. By simple analogy, he reasoned that H>O, too, in case of higher plants.
must serve as reductant and the O, cvolved in photosynthesis must come entirely
from H.O rather than from both H,O and €O, or CO, alone, thus clearly
contradicting the idcas that existed before. In fact. he predicted that the equation for
photosynthesis of higher plants would be:

light i
6CO:|_ + 12H20 W CﬁHDO(, + 6H20 + 602

Equally important, he also proposed on simple, purely thermodynamic consideration
that the role of the light reaction would be to split H,O (a process for which he coined
the term “'photolysis™) since this was the step that would require the maximum input

ol energy: The role of H,O or Ha,S, thus could be depicted by the following equation:

H.S 2H' + 2™ + S
M0 -——-—m 2HT + 267 + V20,

The proof that Oa is indewd evolved from H.O came soon after from experiments of
two American chemists, Samuel Ruben and Martin D. Kamen, who worked for the
U.S. Atomic Energy Commission. These workers used waler labelled with O'8) the
heavy isotope of oxygen. Employing a mass spectrometer for anatysm they showed
that — if H,O'® was used — the oxygen cvolved was largely O™ rather than O'°,
confirming thereby that the new equation for photosynthesis formulated by Van Niel
was the correct one. Photosynthesis had now to be viewed as a chemical process in

~ which the central reaction was a “‘redox" reaction (i.e. consisting of a reduction and

another an oxidation event), It involves transfer of hydrogen or electrons fram a
suitable raw material such as H,S or H,O to CO,. Overall, a reductant-such as H,O .
or H,5 was oxidised and an acceptor such as CO, was reduced.

Photloreduction —- Production of Reducing Power — NADPH

“The work with € - heavy isotope of oxygen (O'™) was (ollowed by another significant
discovery. The Fovlish blochemist Robin Hill working in Cambridge, UK., found
that even isolaicd « 1l - uplasts could evolve O, from Ha 0. if they were provided wilh
tight and a suitable electron acceplor such as ferroxalate or ferricyanide (Fig. 13.8).
Later workers have shown that many other ciectron donors such as benzoguinone
and 2,6-dichlorophenol indophenol can also be used (see reaction below the Figure).
The general reaction is now called Hill reaction in honour of its discoverer. Since O,
evolved by isolated chioroplast was rather in small quantities, Hill adopted a clever
strategy : he put some reduced haemoglobin in the chloroplast suspension which was
readily oxidised by the O, releaged and which he monitored by a spéctroscope.

"Clearly, by the end of the first half of this century, the basic role of at least one of:

the two “boxes™, the box in which electrons are produced from H,O for reducing
C0),, was cstablished beyond doubt
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Fig. 13.8: A common procedure [or the isolation of chloreplasts from leaves for demonstratlng Hill's
reaction given in the luwer part of the fgure.

The role of the other box was clarified by the American biochemists Wolf Vishniac
and Severo Ochoua. It was shown that photolysis of HyO by illuminated chloroplasts
led to the reduction of TPN to TPNH, (now referred to as NADPH,) which could
be coupled directly to fixation of CO; by reactions such us carboxylation of pyruvic
acid to malic dC!d—d:-. shown per equations below. Earlier in the thirties and forties,
parallel work on Tespiration of animal cells and yeast had firmly established the role

in living cells of NAD™ and NADP™ as electron acceptors and NADH and NADPH -
as donors. The moral of the new experiment was that fixation of CO,, by itself.
required no light: indeed, paratlel work in various laboratories showed that if reduced
NADP™ was provided, fixation of carbon into organic acids could be carried out even
by extracts of animal cells.

(i) H,0 »2HY + 27 + 120,
NADP* + 2 H' >» NADPH + H* ,
(I'_‘OOH
{ii) ?‘(_‘JUH (|THz
?=O +COx + NADPL + H —— (ITHOH + NADP*
CH, COOH
Pyruvic ucid ' malic acid Dark reactions

or lo put more generally
CO; + NADPH+ H' ——— [CH,O] + NADP*

The actual acceptor of CO;,, as you may know is a phosphorylated pentose sugar,
ribulose bisphosphate (RuBP), but this matter will be discussed in more detait later.

Pholophosphorylation — Production of ATP

We have just learnt that one major role of light in photosynthesis iy to produce
reducing power in the form of NADPH. However, the photosyntheuc process also
requires considerable energy in the form of ATP molecules ¥

.. Dantel I. Arnon, working at the University of California, Berkeley made an

outstanding discovery in the fifties, By using radioactive phosphate, labelled with P*
he showed that isulated chloroplasts when exposed to light could synthesise ATP even
without oxygen.

light *
chloroplasts

-

ADP+Pi - ATP

* "holosynthesis
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The process is called pholosynthctic phosphorylation or photephosphorylation. The
discovery made good sensc, since photosynthws is penerally 10-20 tinmwes faster than
respiration. QObviously, the requircment for ATP in dark reactic s of photosynthesis
(for example in phosphorylating ribulose to RuBP) could noi ve met by the ATP
supplied by respiration via the ordinary pathway of oxidative phosphorylation. By
this lime a generai scheme for primary and secondary processes as shown in Fig. 13.9
was formulated,

Ha.0 COr

| |

Light ——
Photolysis 'K\P;?""" =

Photophosphorylation \___ |

ATP Hexoses

PRIMARY SECONDARY
PROCESS PROCESS

Fig. 13.9 ; A scheme of primary and secpndary processes of photosynthesis. Through light reactions, not
anly electrons are iransfecred (rom water tu NAD 1o make NADPH, but ATP is alse
synthesised. Doth NADPH and ATP 2re then used for driving the Calvin cycle through which

CO; is fixed.
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13.4 CHEMISTRY OF CHLOROPLAST PIGMENTS

Before we proceed to the more modern ideas of the mechanism of photosynthesis it
is necessary for us 1o underszand some, other funidamentais, for exampie, ihe
chemistry and role of photosynthet:c pigments, Anyone could infer from yellowing
leaves that they have more than onc pigment. Mikhail Tswett, a Russian botanist, at
the beginning of the century, separated the chioroplast pigments by chromatography
- — a technique he developed —and ‘showed that. Icaves have four types of
photosynthetic pigments : ~ : |
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Pigment Colour Range of Maxlmal Absarplion
Blue Reglon Red Region
1) Chloophyll Bluc green {400-500 nm) {600-700 nm)
: Peak al 430 nm Pcak al 670 nm
2) Chlorophyll b {oreen {4H)-500 nm) (600-700 nmy}
; Peak at 470 pm Pueak it 650 nm
3) Carolenvids Yellow or ] (40-500 nin)
Orange | Preak at 450 nm

. Nute : Absorption peak changes with the solvent useil.

The carotenes and xanthophylls are basically hydrocarbons with two aromatic rings
at the ends joined together with a long polyene aliphatic chain — because of their
structure they are highly non-polar or hydrophobic (Fig. 13.10a). On the other hand,
the chlorophylls are comparativély less hydrophobic and more polar on account of
the existence of a porphyrin “head” and charged N atoms. The “head" or the “flag”

is borne on a long hydrocarbon *“tail™* or “*pole” of an aliphatic alcohol (Fig. 13.10b).
The difference in chl a and ¢kl b is minor in nature — in chl b, a methyl group in the
porphyrin “'head” is replaced by —CHO, an aldehydc group. In the centre of the
porphyrin ring there is a Mg ion. The haem ol hacmoglobin has similar structure, but
there the metal ion in the porphyrin ring is Fe®*/Fe™ rather than Mg?*.

- CH, CH3 . ' CH, CH,
CH=CH-C=CH-CH=CH-C=CH-CH=CH-CH=C-CH=CH-CH=C-CH=CH
| | . | | '
CH, CH, CH, CH,
H, HC
Fig. 13.10 1)} : Struclure of cardtene. H
2 "
A unique feature of both carotenoids and chlorophylls is the presence of a system of T G
alternating double bonds with resonating electrons which are rather easily excited by S
- photons of the visible light, specially at the blue and red ends (Fig. 13.4). In fact, the H’c\c/""
chloroplast pigments are among the most intensely light absorbing molecules in e ew,
" nature, - Neu.
- / il
We should now have a losk art the chemical mechanism by which the pigments help Hl‘:\':/H
in transferring electrons from H,O to CO, via NADP™. The most critical role is e en,

played by a special pair of chl a molccules (Pygy and P,y,) which may be calléd -

“daddy” molecules. By virlue of the fact that chl @ is the longest wavelength

absorbing pigment, it can receive energy from an excited chl b molecule, provided it

is suffictently close. The chl # molecule can, in turn, absorb energy from excited

molecules of carotenes and xanthophylls. The direction of transfer of electrns is

always from a pigment which absorbs photons of higher energy to one that can be
; excited with those of lower energy, as given below:

Fig. 13.10 a) : Structure of
chlorophylt molecule, In ¢l z, the
circled methyl group is replaced
by an aldehyde group (CHO) in
chlorophyll b as*shown here,

1
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ENERGY LOSS

|

The chemistry of chlorophvil a

and b as also carotene and

PHYCOUYANIN

: xanthophyll was worked aut by
German chemist Richard
Willstiner and his associates.
Willstéitter was given a Nobe!
Prize.

Fig. 13.11: Scheme of energy transfer between various pigmenis, -

Since the energy of light ygries inversely with wavelength of a photon'this means that ,
its transfer is always from a lower wavelength (but higher energy photon) absorbing . 6

M3
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‘phétosynthetic units in fact consist also of several proteins (about 2 dozen in each

molecule (like carotenoids), to a higher wavelength (low energy photon) absorbing
molccule (for example chl a). Of course, the photon may marginally lose snme
energy in the process of transfer and that is why energy can never be transferred in

the reverse direction.

.Light is absorbed in discrute. packets referred to as photon or quanta (sing.
quanium) of light, the energy of a plinion is given by

—p £
E=h x
where /1 = Planck’s constant (6.626 x 107 J”-s)

¢ = welocity of light (3.0 x 10° m s7'),
A = wavelength of light (in m)

= 6626 X107 % 3.0 X 10° § photon™

= -1—9-8-8-%(-—1-{—)—_15 I photon™’ L (1)

For example E for bluc ligk: £A == 450 nm) is
F — 1.988 x 10-%

450 x 107°
= 4,42 x-10~"° J photon™!

J photon™
The energy for 1 mole of photon (i.e. for 1 einstein) would be

E=N><h%

N = Avogadro’s number (6.022 % 10 photons mol™' or 1 einstein)

6.022 x 105 x 1,988 x 10-%
X

From equation (1) E =
- i v '
= L1197 1 cinstein™ "
A

"So, we can calculate energy of one einstein of photons by dividing 0.1197 by -
wavelength of light.

*J = joule
4.184J = 1 calorie

Now let us enguire into the precise mode by which chlorophyll molecules help
transfer electrons from H,O to NADP". According to the laws of physics, an electron
electron hit by a photon — of a certain minimal energy -~ can pass from a lower
atomic orbital to the next higher atomic orbital. In fact, with a higher enérgy photon
—- as in case of blue light ~— the electron can jump even to the next orbital.
Nonetheless, since the excited states are short-lived, the electron tends to readily pass
its energy to a neighbouring molecule and especially so to molecules that absorb
longer wavelengths. The exact mechanism of transfer is still 2 matter of debate among
physicists, but a particle cailed “exciton” may mediate this process. Ultimately, a
special chlorophyll molecule in the reaction centre of a photosynthetic unit acts as
the fina! trapping centre for the cnergy of the photon. ' ' :

Although the evidenve for the cxistence of the organisation of the photosynthetic
machinciy in the form of photosynthetic units of two kinds of photosystems (PS I and
PS Il embedded in the thylakoid membrane) will be discussed in the following -
section, we can leave for a while the matter of the history of evolution of the concept
and consider a bit more closely the arrangement of the chiorophyll molecules in them,

Each of the, photosynthetic unit contains some 200-300 chlorophyll molecules. The |

photosynthetic unit). The peripheral components of each unit are the so called Light !
Harvesting Complexes (LHC), where the large majority of chiorophyll molectiles are :
bound. The Light Harvesting Complex surrounds an inner core and at the heart of

- . each Core Complex is the Reaction Centre. The light harvesting complexes also

L



contain the accessory pigments and absorb light throughout the range of Photisynihesis
photosynthetically active radiation (PAR). They are popularly referred to as the

antenna since they function much like the ones we have on roof-tops connected to

the TV scts inside our homes. The energy in photons captured by the antennae, is

passed on to the special (daddy) chiorophyll 2 molecules which constitute the heart

of the photosynthetic machinery.

The difference in chl a at the reaction centre and other chl 2 molecules—for example
in the antenna—is that when it is cxcited, the electron is lost altogether from the
orbit causing photomnisation This electron finally passes to NADP™. The reaction-.
centre chl a— now positively charged — regains an electron from water, and setting
free in this process protons as well as oxygen (we shall discuss the fate of the protons
later). To put it very simply, chlorophyll acts as a pump for transferring electrons and
light provides the energy for this process. And as someone has observed the jump of
the electron from chla is more significant for lifc on earth than the highest “‘jump"’
of any object that humans can effect!

. Chl £, light Chl* + e~

NADP" + 2[-IJr +2¢” —— NADPH + H*

13.5 DISCOVERY OF TWOQO LIGHT REACTIONS

After our short diversion in matters of pure chemistry (essential, nonetheléss, to gain
proper understanding), let us now enquire into detailed mechanism of both the light
as well as the dark reactions. We shall start this section with the light “box™ — and
discuss one of the great conceptual advances in photosynthesis i\c. the discovery that
there are two light reactions (or boxes), and not one as was originally believed.

" "

13.5.1 Quantum Reqeirement of Photosynthesis

In the earlier seclion on Undersianding the Mechanism of Photosynthesi's, while we
were discussing flashing light experiments t puge 65}, the emphasis was Taid on .
confirmation of the idea of the cxistence oi light and dark reactions. But & second
objective of doing these experiments was to determin: 1the quantum requirement for
photosynthesis to obtain an overall idea of the cfficicney of the process and its
mechanism. Since oxygen cvolution is a measure of the photosynthetic process, the
question that needed to be resolved experimentally -was “How many quanta of light
are necessary for evolving one motlecule of oxygen™?

With the development of the Atomic theory in the early part of this century as also
the new equation of photosynthesis (that a minimum of 4 electrons arc necded to
evolve a molecule of oxygen) and Einstein’s Law of Photochemical Equivalence, the
studies of quantum requirement of photosynthesis took an entirely new turn.
According to the concept advanced by Einstein, in a photoelcctric effect one hit by
a photon leagds to expulsion of only one elzctron at a time from a molegule. Thus,
the overall quantum requircment {number of quanta required for evolution of one
oxygen molecule) could serve as an indicator of the number ol hits needed for an
clectron to be pulled up viachlorophyll frem water to a higher enerpy state as in
NADPH: : : :

As per the new equation of photosynthesis, four electrons need to be extracted from

a H,0 molecule for evolution of one oxypen molecute. Thus, if the quantum
requirement is 4, this may mean that o drive a single electron only one
photochemicat reaction is involved in photosynthesis. However, if the quantum
requirement is 8, it would mean that for each electron to move up two steps may be
required and so on (it should be understood that quantum requirement has to be in
simple multiples and so one has to choose a figure from amongst 4, &, 12 and so on
Fig. 13.12). Although Warburg—who initiated these studies—found a quantum
requiremerit of 4 (giving a rather misleading idea of the extraordinary efficiency of
the photosynthetic process), Emerson and Arnold and later many other workers
found that the quantum requirement was about 8, meaning thereby that the overall”
photochemical prozess involved a two-step reaction. 71
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Fig. 13.12 : a) The diagram illustrates the significance of studies on quantum requirement to evolve exygen
during photasynthesis. As shown [n the equalion abave, four electrons have to be released from
waler by photons hitting chlorophyll molecules. Square boxes represent chloraphyll molecules
at the reaction cenires. A quantum requlrement of 8 indicates that at least two photochemical
reaclions may be involved In the transfer of each clectron in photosynthesis, '

13.5.2 Red Drop

. Another hint that there are two photochemical reactions — and which proceed in

two distinct photosystems came from studies of quantum requirement as a function
of wavelength of light. Since quantum requirement is calculated in terms of the
amount of oxygen evolved per unit of light energy actually absorbed, it was expected

. that the curve for quantum requirement should stay more of tess constant {rom

400 to 700 nm, i.e. covering both ends of the spectrum (until some absorption of light
by one or other photosynthetic pigment still occurred). Strangely, the quantum yield
(this is simply the number of oxygen molgcules evolved per quantumn of light

'absorbed) dropped precipitousty when O, yield was determined employing red light ~

for photosynthesis (and even when chl a still absorbed). The “red drop™ specially: =
clear in experiments with red algae (Fig. 13.13) was highly perplexing since chl a has *
been considered as the most important of all photosynthetic pigment molecules ang

_to which in fact all energy is ultimately transferred from the other pigments.

13.5.3 Emerson Enhancement Effect

When Emerson continued his experiments to unravel the mystery of red drop, he
found that if simultaneously a weak beam i.e. of low intensity light of any wavelength
in the visible spectrum was shone, the “red drop” was abolished. Indeed, the oxygen
yield with two light beams shining together was more than the sum of yields obtained
from two lights given individually. By this experiment we'now know that there is not
one but two photochemical reactions in phatosynthesis which need to be driven
simultaneousty. . ‘

Ultimately, finer work led to the realisation that chl « ilself existed in ar jeast two
forms — onc absorbing at longer and the other at sharter wavelenpths, Thus it was
established that there are Lwo energy-capturing reactions, each using a different
cluster of pigments and a reaction centre chlorophyll. They are now termed
photosystems (PS) 1 and II and Robin Hill proposed the *Z’ scheme of
photosynthesis, now universally accepted by-all (Fig. 13.14). Ingenious experiments w
by L.N.M. Duysefis, a dutch biophysicist, showed in the sixties that the photosystem "4
11 is driven by the shorter wavelength tight and accepts electrons from H,O whereas
photosystem I by longer wavelength light provides electrons to NADP". We cannot
go in a description of the experiment and you may like to consult more advanced
texts. Let us, however now learn a little more of PS I and PS 1I.

-_.1r'
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13.5.4 Photosystems I and Il

Since the seventies, biochemical methods have been developed which enable isolation
of the two photosystems by density gradient centrifugation. Many studies have

_naturally been done on the properties of the two photosystems. By isolating each

system and carrying out appropriate cxperiments, it is clear that photosystem I
(hcavier) is responsible for the evolution of O, from H>O — it has a shorter
wavelength absorbing form of chl a (Pegg). In contrast, photosystem I is responsible
for the reduction of NADP* to NADPH and has a longer wavelength absorbing form
of chl a (Pog). The ratio of chl a to b is also different in the two photosystems. In a
plant, as a whole, there are about 3 molecules of chl a for 1 of chl b. However, ch]
a (the longer wavelength absorbing pigment) may be 5 times as much in photosystem
I and only 2.0-2.5 fimes the conceniration of chl b in photosystem 11 This explains
why a mixture of both longer and shorter wavelength lights drives photosynthesis
better than if only one kind of light is employed. Our current understanding of the
two photosystems is shown in Fig. 13,15, which is a modern version of the *Z’ scheme
in which all the reactions are arranged against the redox scale to illustrate as 10 how
an electron from a lower energy level (as in water) is being raised to a higher energy
state (as in NADPH).

A principal feature of the electron transport pathway is (see Fig. 13.15) that there
several electron carriers involved in electron transfer from H,O to NADP™. Two of

them, cyt by, and cyt f, bear some simifarity to cytochromes involved in respiration
(however, the cytochromes in the green leaf are unique). In addbtion, there are others
such as plastoquinone, plastecyanin and ferredoxin, which too have similarity with

- respiratory.electron transfer-carriers (refer to Unit 11 of Cell Biology). It can also be
_seen that the two photosystems are conriected by a *‘dark bridge™ in which, for a

short distance, electrons move from one carrier to another without any need of light.
This is made possible by the fact that in each photochemical act, the electron is

PSII PSI1
cyclic
b way
PQ Cyclic |5 2NADP'
\ pathway L r
Plasicquinone a’ 2H
pool A ={ i
. S T~ (stiroma)
\pQH: o~ o Cy{ Ibt' . :, 'lﬁ‘ .
- - ' 2 NADPH
{4Fc-4 8] |
Cyt r pc‘\;
Cytochromé
I bs /f .
2H.0 |[¢g .
v K
.

e,

ryoa ety a0

Fig. 13.15: A modern version of the ‘Z* scheme. Since Mill flrst proposed the *Z* scheme of phatasynthesis,
a number of eleclron carriers and intedmedistes in the dectron transler chain have heen
discovered. It has heen established that Mn-centre plays an important rele in (he transfer of
clectrons from H;0 (o Py, but there is some evidence that an unknown eleciron carrier —7
may exist hatwean the Mn-centre and Pgzp An excited malecule of Pygo transfers electron o
phaeaphytin (Ph) which is 2 modified farm of chl a. Phacaphytin, in turn. transfers clectrons

_ toa plastaquinone (PQ) which Is reduced to PQH, theoughia siep generating a semiquinone and

requiring protons. From plastequinone, which is p mobile carrlér the electron goes (o the

cyt b/l complex which, then, transfers it to plastocysnin (PC), again a mobile carrier. From PC the

eleclron moves 10 Pogo. In the excited slate, the electron is {ransferred to a Fe-S complex,
ferredoxin {Fd), and finally 1o NADP™ +la the cnzyr'n'e.Fd-MADP*' reductase, It is helieved {hat
there may e three other forms of Fe-S clusters (Fx, Fg and F;) belween Pygq and Fd complex
yel lo be completely cbaracterised.



excited 1o a level slightly more than that required for the next photosystem 1o be
excited. ltis believed that the “downhill” jourrey of electrons provides a mechanism

of synthesis of extra ATP molecules.

Redox Reactions

Reactions that involve transfer of electrons from one molecule to another are
called oxidation-reduction reactions or redox reactions. The molecule that loses
electron is oxidised and the molecule that gains electron is reduced. In'a
compléte redox reaction the two would occur simultancously.

Y(rl.'d) —_— .Y(um +e”

Xy + € -— X(red)
_x[ux) + Y(rcd)_ — x{u:d) + I)’(ox)

The oxidised and reduced forms of x, are called a redox couple written as
X(ox)/%(rety. The energy associated with the transter of etectrons (under standard
biological conditions) is expressed as standard reduction potential, Ey, in units of
volts. Since the energy associated with electrons of different redox couple varies,
it can be arranged on a scale taking an arbitrary standard, the hydrogen
half-reaction 2H*/H, (under standard conditions, pH =0, E§ = 0.00 volt, at pH
=,7 its value is E; —0.42 volts). The E; values for redox couple involving
electrons with higher energy than 2H*/H, are assigned a negative sign and those
involving electrons with lower energy than 2H*/H, are assigned a positive sign.
The redox couples with highest energy electrons (most nepative) are arranged at
the top and the one with least energy (most positive) a1 the bottom of redox
scale. The spontaneous ‘transfer of electrons can occur only in downward
direction. Some important redox couples of biological systems are given in Table
13.1. | ‘

Table 13.1 : Some Standard Redox Couple Potentiuls of Biotogical Interest

. . Number of
Redox Couple R eleclrons Ej (volts}
Irinsferred

acetite + CO; + 2H fpyruvate + H,0 2 =070
chlorophyll : PT/p* L ’ -0.6
lercedoxin oxfred ] ~0.43
2H*/H, -0.42
S+ 2H™/H,5 p ~0.23
chlorophyll : P; /P, ! -1.2
FAD (flavin adenine dinuclectide)

2ZH"/FADH, (Free) 2 -0.18
Siendard hydrogen hall cell (2H* 7H.) 2 Ey = 0.00
cylochrome b (Fe**/Fe™) 1 0.06
ubiquinone vx/red 2 0.10
haemoglobin (Fe**/Fe* ™) | 0.17
eytochrome ¢ (Fe**/Fe’*) 1 0.22
eytochrome a (Fe? " 1F¢™") | .29
2117 + OatH,0, 2 0.30
chlorophyll : P1/PY 1 0.4
FeiFel* { 0.77
2H” + 12 0,/H,0 2 0.82
chlorophyll : P /PY, 1 0.9

P}, PT and P° represent the excited, the electron-deficient, and the ground state of chlorophyll
at photoreactive centres, PSIL and PS 1I.

Photosynihe |
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a) List the evidences for the involvement of two light reactions instead of one in.

photosynthesis. :
. . b) In the iollowing statements fill in the blanks with appropriate words:
% ‘ i} The photosensitive pigments transler ............... . clectron at a time,
while a molecule of NADPR* requires ..................... electrons for its
reduction. !

i) Light energy captured by chlorophyIl is used to produce a strong ‘
..................... from a weak one, '

i) Light energy absorbed by the ..., e pigments is

funnelled to a single molecule of .................. . JERTITPIN e
iv) The expelled elcctron from chl P.....,.. trarets through the electron transfer chain
and reaches chl P......... The final acceptor of Electron js ...........cco..... .

¢) In the following statements choose the correct word from the alternate given in
parcnthesis:

i} The reiative quantum efficiency of photosynthesis (dropsfincreases) sharply
in the red region of the spectrum. '

ii} When a beam of blue light is given along with red light to a photosynthesizing
cell, there is (enhancement/red drop) in the quantum yield.

i) The reaction centre chl @ molccule at PS T absorbs a (higher/lower) cnergy
photon than the one at PSII,

d) Which among the following statcments arc true. Write T for true and F for
false in given boxes.

i) Photoreduction of NADP™" requires CO,. ' [ ]
if) Electron can move from a redox couple with positive redox :
potential to another couple with negative redox potential, [}

iif) ATPis formed when high encrgy electrons move down from
negative redox potential to a positive one in an electron .
transfer chain. | |

iv} The reaction centre chla in PS I absorbs photon of a higher
encrgy than the reaction centre chl g in PS 11, [ ]

v) The pigment molecules absorbing at yellow region can
transfer their energy to the ones absorbing in orange region
of the visible spectrum, o ]

vi) Evolution of a molecule of O, requires 8§ quanta of light. Tt
means a lotal of 8 electrons are expelled from the two chl @
molecules in the reaction centres of PS 1 and I1. [ 1

13.6 THE DARK REACTIONS

13.6.1 The Calvin Cycle

It is time now to consider the dark reactions of photosynthesis. The process of fixation
of CO, was elucidated by Melvin Calvin, who was a Professor of Chemistry in the
University of California at Berkeley. By the use of the radioactive isotope of carbon,
T4 . . . . . .

cY, he discovered what is now calléd the Calvin eycle in his heonour and the
Melvin Calvim unravelling of which merited 2 Nobe! P-ize,

The introduction of Cidorellaasa A suspension of Chierella cells was fed radioactive sodium bicarbonatc (NaHCHO;),
material of °‘_‘°i°’°(§f" . which results in the production of C'*0,). The suspension was placed in a glass

323:?3?53:'zﬁiﬂc'iaﬂm‘cﬁic container lth'aL looked like a “Lollipop™ {Fig. _13.1{1) and then the contents were ,
technigue for the cstimation of ~ @Xtracted in hot ajcohoi afler brief period of illumination and concentrated by |
oxygen evolution {for which the  evaporation, Its constituents were.then separated by chromatography, and those that .
alga was eminently suiled) greatly - were radioactive identified by the technique of radioautography. Once a cértain spot |
advanced the studies. ° was identified on the autoradiogram, one could go back to the original l

T chromatogram, cut it out, elute the compound and determine its structure or
76 - investigate other properties. .o .



Fig. 13,16 : The ‘lollipop’ apparatus employed by Calvin for experiments to clucidate the pdthway of CO,
lixation. - :
1

Being a chemist, Calvin went a step further and employed a technique of “molecular
dissection”, whereby the terminal carbon atom in a radioactive intermediate was
oxidised to carbon dioxide which Was trapped as BaCO; by passing it through a
barivm hydroxide solution. The radioactivity in the carbon atoms was then
determined by a Geiger-Miiller counter. He could thus not only tell whether a
;';art{cular carbon atom was radioactive, but also to what extent in a given sample. It
was found that the first compound 10 become radioactive, already within a few

- seconds of photosynthesis, was the three-carbon.compound. 3-phosphoglyceric acid
(3-PGA see Fig. 13.17). Since only the terminal'carbon atom was radicactive, it was
clear that CO, was added to a pre-existing acceptor molecule. Initially, thought to
be a 2-C molecule, later the acceptor was found 10 be a 5-C sugar, tibulose
bisphosphate (RuBP) and the corresponding enzyme ribulose-
bisphosphate (RuBF) and the.corresponding cnzyme_ribulésc-bisphosPhat‘e
carboxylase (called Rubisco) that fixes CO, was.also discovered. Since no 6-carbon
intermediate has ever been detected, the intermediaté obviously fragménts
immediately into two 3-carbon compounds: phosphoglyceric acid and dihydroxy
acetone phosphate, and boli of which are well-known as intermediates arising also
via the glycolytic pathway in respiration.

Fig. 13.17: Radlonutogrn;hshowi.ng products vl CO, fixatlon {sce text for the details of experiment).
It can be seen here that most of the radioactlvlly is locallsed in PGA., -
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Fig. 13.18: Carbon-fixation

* via Calvin ¢ycle, Carbon

dioxldc combine with ribulose
bisphesphale and forms an
unstable 6-carbon .
intermediote which splits into
two phosphoplycerates (PGA).
Pﬁusphorylalion of PGA by
ATP forms diphosphoglycerate

4

(DPGA}, which is reduced by .

NADFPH 1o phosphoglycer- N
aldehyde (PGAL} . Out of 12
PGALS produced by flxation
of 6 CO, molecules, 2 combine
te produce a molceule of .
glucose, whereas the ]
remalning 10 PGAL molecules
recombioe Lo regenecate the §
molecules of RuBP that are

needed to start the Calvin
cycles Euch PGA reauires™
ATP and 1 NADH to form

"PGAL. A thicd ATP s

required for the regencration
of RuBP. In all, a total of 12
NADPH and 18 ATP molecules
are nieeded for producing a
molecule 05 glucose,

|
-
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Obviously, in order for photosynthesis to proceed to some significant level, an
acceptor has to be continuously generated. The Calvin cycle illustrated in Fig. 13.18
shows in brief the mechanism by which RuBP. the acceptor molecule is regenerated.
If we start with 6 RuBP, then out of 12 PGA molecules that are formed, in reality
_only two are available to go into the pool for the synthesis of a molecule of glucose,
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Fig, 13,12 : Detalled reactions of calvin eycle. The number of arrows drawn at each step in the dmgramme
_Indicates the number of molecules proceeding threugh that step for every three molecules of CO’
that enter the cycle. The entry of threc molecules ul‘ €O, results n the farmation of one malecule
_of glyceraldehyde-3-phosphate (box on right), and requlres the oxidation of six molecules of
- NADPII to NAPD™ and the breakdovm of nlne mofecules ol ATP ta ADP.



and from it to other substances such as starch, celluiose and so on. The remaining 10 .

molecules recycle through a series of reactions involving 4—, 5~ and 7-C
intermediates to regenerate the five molecules of RuBP from 10 PGA. Confirmation
of the existence of the cycle has come not only by an analysis of distribution of
radioactivity in the C atom'in different sugars, but also by isolation of various
enzymes involved in the process (other than Rubisco already mentioned).
. Figure 13.19 also illustrates that ATP and NADPH molecules are also required to
run the cycle. The overall reaction of carbon fixation is given below:

6 RuBP + 6 CO, + 12NADPH + 12 H™ + 18 ATP — 6 RUBP + CgH 0, +
. : I2NADP™ + 18 ADP + 18 Pj
5A0Q5

a) Melvin Calvin elucidated the path of carbon in fixation of CO;. The following
statements highlight his approach. Fill in the missing words in the statements:

) S N2HCO; was used for the production of CO,.

) was the technique used in tracing the. pathway of
radioactive carbon. '

iii) The technique of ....................... converted the terminal carbon atom to CO..
iv) The radioactivity in carbon atoms was detected by counter,

b) Give one word answer:
i} The first compound in which the radioactivity appeared was ....................
ii) The CO; acceptor molecule in Calvin (:,‘yclc I,
1ii) The final product of CO, fixation is ...................._. .
iv) The number of ATP molecules required for the fixation of six mblr:cules of

CCOL S e, .
v} The number of ATP molecules used for the production of a molecule of
glucose is ...l . ' )
"vi} The number of NADPH used for fixation of 6 COzis oo :
vii) The number of molecules of ATP rec‘luiréd for the regeneration of one RuDP
IS i,

13.7 PHOTORESPIRATION AND THE C4 PLANTS

13.7.1 Photorespiration

Since photosynthesis has been evolving for millenia, it might be expected that the
development of the machinery of carbon dioxide assimilation may have rcached a
stage of perfection. Yet, one of the great problems in photusynthesis lies with ribulose
bisphosphate carboxylase itself, the key enzyme concerned with CQO, fixation. Iis
catalytic site is such that the enzyme cunnot make an absalute distinetion belween
CO; and Q. Thus, O, also competes with molecules of CQ; for binding at the
catalytic site, and often fragments ribulose bisphosphate into phosphoglycolic acid (a
2-carbon compound) and phosphoglyceric ncid (Fig. 13.20), insteud ol two 3-carbon
fragments of PGA which should be normally produced. After the discovery of this
reaction, the enzyme is now commonly culled,ribulfisé bisphosphate carboxylase/

CH,0p
CH,0P o P
: Coo-
. C=0 - ,ho .
! osphoglycolate
CHOH + 0, -LuBPcarboxylase | )
1 2 ) (Oxggcna.scnclivily) -+
CHOH - (’300'
' .
, CHpoP ?HQH
Ribulése-1, 5- bisphosphate ‘C‘HzoP .
B 3-Ph6spho§1yc¢rmc ‘

F1g.'13.20 : Reaction showing.the oxygenuse nctivity of the enzyme RuBP carboxylase,

Photasynthesis
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oxygenase; The oxygenase activity is very significant because in nature molecules of
O, are far in excess to those of CO,. Locally, i.e. in the interior of leaf,
photosynthesis can lead t6 accumulation of even higher concentration of O, than is
present in the atmospherc.

-Production of glycolic acid is a disadvantage since, apart from loss of a potential
carbon atom that could have been fixed, the state of oxidation becomes higher than
hiad been existing before’as a result of the oxygenation reaction. Eventually, one of

“ the two carban atoms constituting glycolate is respired away as GO,. Thus, instead
of fixation of CO,, plants under conditions of high intensity light actually evolve CO,,
a process which is called “phatorespiration”™ and yet in this process no energy is
released. It is estimated that if oxygenase aclivity and photorespiration could be .
avoided; pfants would have fixed 30% more carbon. ' o

“Long ago, Otto Warburg himself had noted that with increasing (O, concentration,
photosynthesis in Chlorella was inhibited. Later, in the sixties, botanists started’
experiments with higher plants. They obscrved that if CO, oulput was monitored,
continuously in light and then upon transfer 1o darkness, immediately there was a
transient “burst” in the net CO, output in certain plants. Curiously, the “‘burst”
became more inténde if O; concentration in atmosphere was higher. Thus, the
existence of photorespiration has been suspected for long. However, definitive
evidence came only by the use of O'" which allowed measurement of oxygen uptake
even upon éxposure of a plant to constant illumination. When the consumption of
O was monitored by mass spectrometry in the surrounding atmosphere, it was
discovered that the rate of uptake of O"™ became significantly higher after
illummination. ' :

-
]

/,

. The detailed mechanism whereby CO, is evolved has been investigated by America

biochemists and is illustrated in Fig. 13.21. According to this scheme, phosphoglycolic
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Phato- RBP 0,
COCH nmtetic
1 cwrbon
CIOH eyele - coor
1 1
s co® cHO®
v PaA Phoiptoplyeotuc
1t F |
e ; ’ ¥ N
TEROXISOME coo” coo”
1 [
CHOH . ci,on
1
cHon Glyeolaic
Clycmrne o
'
. ] I
|I:oo cHo
I N =0 . Glyoaylue
1
] -
. CHOH ,L
Hyd:n:ll:)!-pyrwm. ?00'
T ‘s CH N}
Glycpre '
coos
-
CHNI
1
CHOU
STt
\. [y "y
1 co, ~MH, Cywonluem .
MITOCIIONDRION P \ Y 1
. coor = coor
1 1
CINS; LNt
I -I r - -
| CTHOH fi ’

- Fig. 13.21:

r

‘A simplified scheme indicating the reactions involved in the glycolnte melgbollsm. Only the
nxypienase activity of the enzyme RuBP carboxyluse is shown, which results in the formatlon of
glycolle acid. These molecules move aut through the cytoplasnr, to arganelles called peroxisomes
and plyoxysomes which convert glycalzie in glynxylate and then to glycine, which then moves
fto tHe mitochondria, Althongh phatorespiratory €O, s ulllmnte‘ly,b‘cllcvpd to be liherated
, fromr mitochandria, as<an be readily seen, this mechanism of respiratian is quile different fram
*that which normally eceurs in mitachondria.
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acid enters peroxigomes where it is converted to glycolate and gets further oxidised
to glyoxylate. The transamination of glyoxylate, yields glycine (a 2-C amino acid).
Glycine then enters the mitochondrion, where one molecule of serine is formed from
two molecules of glycine with the release of a molecule each of CO, and NHj. The
amino acid serine (a 3-carbon compound) thén reenters peroxisomes and géts
deaminated to form glyceric acid, which is again converted to phosphoglyceric acid
in chloroplasts. The pathway obviously requires closé cooperation of biochemical
activities among three organelles — the chloroplasts, the peroxisomes and the
‘mitochondria. Remarkably, clectron micrographs do show these three organelles
very closely appressed to each other indicating that there is indoed some importaat
functional relationship among them. . .

As would be clear, the pathway serves 10 recycle three carbon atoms (ending up as
PGA) out of the 4 carbon atoms i.e. 2 molecules of glycolate, There is loss of one of
them as CO,. Also, of the two —NH, groups donated in the transamination reaction,
one is glven up as NH;.

Al first sight, the loss of CO; and NH; does appear as a wasteful process. However,
there is another way of looking at the cycle. At least, by loss of one atom of carbon
{(und another of nitrogen), the three other carbof atoms are conserved, and one
molecule of phosphoglycerate is formed, ready to be reduced to phosphoglycer-
aldehyde and enter the Calvin cycle, or be converted to sugar directly. Viewed this
way, photorespiration is of benefit 1o plants — one should then look upon it as a
“necessary evil". . :

kS

13.7.2 The C, Plants

Another interesting mechanism plants have developed to capture CO, {over and
above what is possible through C; cycle) is via another enzyme, phesphoenol
pyruvate carboxylase (PEP carboxylase), according to the following reaction:

coo- COOH
| |
_ N Phosphocnol pyruvate B .
HCO, + (I,l—-OPOJH catorylme (I3=0 + B .-'
CH, '. CH,
|
COOH

Phosphocnol pyruvate (PEP) Oxaloacelic acid (0AA)

Carbon dioxide is accepted by a 3-carbon compound, phosphoenol pyruvic acid
(PEP), und fixed in the form of a 4-carbon acid, oxaloacetic acid (OAA), which is
readily reduced with the help of NADH to malic acid (an amination reaction ulso
leads to production of aspartic acid). Since in this pathway a 4-C acid is the first
product of CO, fixation, it is called the C, cycle to distinguish it from Calvin cycle
where fixation of CO, takes place in the form of a 3-C acid. The discovery of the
new cycle took place rather accidentally, when Kortshak and co-workers began work
in 1965 on mode of fixation of CO, in sugarcane at the Sugarcane Experimental
Station in Hawalii (where they were employed). They were puzzled to find that in
sugarcane the first stable compound of photosynthesis was not PGA. Instead, the
radioactivity appeared in acids such as oxaloacetate, malate-and aspartate, following
4 pattern quite diiferent from that discovered by Calvin in Chlorella and later
confirmed in many higher plants like spinach. Further work by M.D. Hatch and
C.R. Slack in Australia showed that this represented an additional pathway of CO,
assimilartion. -

Despite the novelty of the C, cycle. a point to note abour this pathway is that it is
not totaily independent of the Calvin cycle. By a mechanism, vet ta be explained
satisfactorily, the 4-carbon acid, i.e. oxaloacetate, immediately gives up the CO, to
be refixed by ribnlose bisphosphate carboxylase viz the Calvin cycle, In the process,
the phosphoenol pyruvate, which is the acceptor for C, cycle, regenerates. The C;
cycle has, therefore, to be viewed not as an independent cycle, but as one adjunct to
the Calvin cycle. Nonetheless, plants do not fix CO, in photosynthetic cells by both
Cs and Cy pathways in any one cell. Indeed, in plants, like the grasses, which have
the C, cycle, there is a spalial separation. As is well-known, these plants have the
so-called Kranz (German, wreath-like) anatomy (Fig. 13.22) — there being'a central

-
-
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bundle sheath region consisting of a ring of large chlorophyll containing cells,
surrounded by more loosely arranged spongy mesophyll cells. The enzyme PEP
carboxylase abounds in the outer mesophyll cells whereas ribulose bisphosphate
carboxylase is restricted to the bundle sheath cells.: )

,’ Ci |

Mesophyli ®

Fig. 13.22: The diagram illustrates the anatomy of plants which apparently do nal photorespire and the

C-4 pathway of carbon dioxide fixation with which they are endowed. Here, CO, Is captured
initially, that ls, from the atmasphere by the enzyme PEP carboxylnse, Instead of by RuBP
carboxylase as in the Calvin cycle plants, which are now commonly referred fo s the C, plants
since the first product of CO; fixation in this cycle is the 3-carbon containing molecule of
phospheglyceric acid ratheg than exaloacetic acid, Il some photorespiration does occur in the

C, plants in the bundle sheath cells, the CO, so released would probably be captured and cycled
back.

Another interesting point is that PEP carboxyiase has a much higher affinity for CO,
than RuBP carboxylase has. It would seem, therefore, that PEP carboxylase is ideaily
suited to fix CQ» from the atmosphere. As we have learnf above, the CO,, so {ixed,
has to enter the Calvin cycle. Electron micrographs show that the bundle sheath cells
on their outer surface have a pecuiiar network of membranes — this may provide the
extra absorptive surface for 4-C acids, like malate, to be transported into the bundle
sheath cells to give off their carbon to the Calvin cycle. The more successful plants,
then, have a rather unique and interesting mechanism to capture CO, from the
atmosphere by a more efficient enzyme. :

One cannot fail to appreciate also another advantage to the plants by virtue of the,
Kranz anatomy. Oxygen tension Is likely to be high in'the outer areas and low in the
innermost parts of the leaf, thus, diminishing oxygenase aclivity of Rubisco,
However, if there is some unavoidable photorespiration in_the inner bundle sheath
cells, the CO, so formed can be trapped apain by PEP carboxylase, as it tgies to
escape. No wonder, then, the C; plants are highly efficient photosynthesisers.
Grasses are widely considered to be onc of the most photosynthetically efficient
species colonising the earth and this may be due to the C; pathway they possess.
Many of our important crops like corn, besides sugarcane mentioned above, are also
C, plants. On the other hand, the dicots are by and large C, plants. However, there
are some notable cxceptions among dicots, for example, sugarbeet and members
belonging to the family Chenepodiaceac and Portulacacene. It is of interest that these
plants also have the '“Kranz™™ anatomy — much like monocots — instead of a palisade
tayer and spongy parenchyma typical of dicotyledonous leaves. Overall, C. pathway
is an adaptation to enable plants to survive better under conditions of higher
lemperatures and poor water supply — it is of interest that if one studies the
distribution of Cy and C, species geographically, the former dominate in the
..... I uator, the C,; species domin‘atr_-.

: e
13.7.3 The CAM Plants

Exceptional among dicots from the viewpoint of CO, fixation are also Bryoph).’!lum.
Kalanchoe, the cacti, and some members belonging to the Euphorbiaceae that grow

-in the desert. These members have basically the C, pathway of C-fixation, but they

-y



are called CAM plants (standing for Crassulacean Acid Metabolism) since they have Phritusyn hesis
some additional unigue features. :

Botanists have known for long that many plants with fleshy leaves have a rather sour
taste on account of large quantities of arganic acids such as malic and oxalic.
However, it is only now that the role of C. i «ids has been appreciated. Many of
these plants fix their carbon largely in the for::, . -¢ oryanic acids which represents
a unique and truly clever adaption for survival in ther e, rt surroundings (where
the day temperatures are high ard water must be consers ). The strategy these
plants have adopted, therefore, is 10 fix CO, ut night and reduce the organic acids
via the Calvin cycle pathway, using NADPH forined during the day (Fig. 13.23 and !
13.24), The plants, thus, close their stomutes during the day (10 avoid transpiration)
but open them at night (to permit inflow of CO;)! The CAM plants have, therefore,
separated the.function of CO, fixation and electron transfer for reduction of organic
acids (to aldehyde and alcoholic groups as in sugar) in a temporal sense i.e, one
process oceurring during the day and the other at night.
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Fig. 13.23 : Typlcal pattern of gas exchange in a CAM plant. Uptake of CO; occurs largely at night. Duriog
ihe day, there is decline in CO; as It [s reabsorbed for production of organic aclds, Dashed line shows the
CO; exchange curve for 2 non-CAM plant.
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Fig. 13.24 1 CAM synthesis. The reavtlons are identlcal to C, synthesis reactions except thot they take place
E at dilferent times within the samo mesophyll cell. At night, stomate pores open fo take up CO,.
The CO;, is fixed to PEP by PEP carboxylase producing oxnloacetate. The oxaloncetate is then
converted to malic acid, which is then stored in the cell’s vacuote. During the daytime, CAM
plants close their stamates, consersing water. ‘The stores of malic acid are gradually moved back
to the chloroplasts and split s release CO; and pyruvate, 'J.I'he released CO; is then fMxed Lo

RuBP hy RuBP carboxylase and is introduced jnto the Calvin cyele, while the pyruvate is
converled into PLP with enerpy frum A'TP. o 83
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SAQ6
a} List the conditions requircd for photorespiration:

b) Match the reactions of photorespiration in column I with the site of their
accurrence in column 2. - '

o

Calumn 1 - Column 2
i) Evolutien of CO; fram two ’ ’ - a) ¢ Chlpraplast
malecules al glycine
i) Oxidation of Rulil . h)  Preroxisomes
i}’ Formation af sering ’ ¢} Mitncioamdria

iv) Formation of plvoxylate

‘| v} Regeneration al PGA

c¢) Complete the following statements about C, plants and the C, pathway.
i)  The acceptor of CO; is a threg-carbon compound .......cooovieeeenines
ii) The enzyme for fixation of COz s .oooooirrriieenes .

i) A molecule of Lo is used per molecule of CO; fixed.

iv) The pathway occurs in the....... NPT ‘of mesophy!l cells.

v)  Plants that use C4 pathway al50 USE ..oviiien cerieneen which operates in "
et e cells. _ -

vi) PEP carboxylase has higher affinity for CO; than ... .

vi) Bundle sheath cells of C, plants have peculiar .........o.... of ... for

CO, absorption. .
viii} Ca plants are ......ooovieinnee e e e than C, plants.

¥
-
~ .

3.8 THE CHLOROPLASTS — ULTRASTRUCTURE
AND ORGANISATION OF PHOTOSYNTHETIC
MACHINERY

We can now have a close look at the structure of chloroplast and the photosynthetic
machinery inside (Fig. 13.25). Since the chloroplast was first described by the
German botanist von Moh! in 1837, and Efigelmann in 1882 could definitively
correlate photosynthesis with this organelle, we have'come a long way towards the
understanding of the chloroplast stryctire, The major breakthrough came in the
fifties when the techniques of preparing ultrathin scctions and electron microscopy.

. came into existence. The chloroplast was found to have an extensive internal

membrane system comprising the thylakoids (Thyla, Greek = sacs; thylakoid =
sac-like) connected to €ach other through tubular connections and all embedded
within the stzoma which contains ribbsomes and other soluble components in addition
to DNA. Taylakoids pile upon one another to produce grana which are discoid in
shapz. Grana are much like a pile of coins. The technigues of disruption of celis and
organelles by lysis or sonication and of high speed centrifugation allow prana to be
separated-—and from experiments with purified grana it is clear that it is here 1hat
the real photosynthetic machinery liés.

;-
.More sophisticated specimén preparation lechniques for electron microscopy

developed in the sixties and seventies, i.e. use of freeze-fraciuring and shadowing
methods (refer LSE-01, Section 2.3.3), have revealed also the presence of smaller
granular particles which may represent the ultimate units of the photosynthetic
machinery. This is discussed below further. )

The idea that the photosynthetic n'léchilgery is not distributed I:andomly in the
chloroplast, but organised in small uniis firstcame from the expériments of Emerson.
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Fig. 13.25 : Orgunisation fer phatasynthesis, Photosynthesis takes place In the chloroplusts of planl cells.

The thylakoid system of the chloroplust is the site of the lipht renctions, whereas the sivon s
the site of the synthesis reaclions. Photosynthetic piptnents are precisely arranged in the
thyluksid mombrane v fonm -narvesting phodosssiemts, The reaclin cenire of vach
phetosystem reccives energy from surrounding antenna pigments. (b) E M photograph of
chivroplast ic) Thylakoids enlarged (by Swadesh Taneja, 1973)

Jsome tifty years ago, when he carried out the flashing light experiments and measured
O; output per Mash. Emerson-became interested in discovering as to how many
chtorophyll molecules are required to evolve one oxygen molecule. He found that
even when experiments were conducted under the best conditions the ratio of number 85



Plant Playsiclopy-1

8b

of chlorephyll molccules to a molecule of Q; evolved w always between 2,000 and

2.500 corresponding 10 a value of abouit 250-300 per quanium of light absorbed (this :
calculation assumes that § quanta are required for one O- molecule to evolve).

Clearly, chlorophyll molecules arc in great excess and if the photosynthetic unit was

made, |et us say of 250 chlorophvlls, for one chioraphyil majecule (of the special pair)
actively participating in electron transfer, 249 molccules were “standby” molecules.
This immediately led to the corfcept of cxistence of phoiosynthetic units comprising

one chlorophyll molecule as part of a “reaction centre™ and the others forming an
antenna (Fig. 13.26).

Emerson’s . Light quana(pholons)

Pliotesynthetic Unit

v

Mode, oLaof
Prolosyntiwtic Units

Reaction centre

Fig. 13.26 : The photosynthelic unit. At the top is a simplificd view ol the photosynthetic unit as conceived
by Emerson and coworkers and represeniing the antenna pigments und the reaction centre.
Below is a modern version of the photosynthetic unit. The dingrams depict only the contrast
and distribution of the photosynthetlc pigments. It is well established now thal [here ore two
photosynthetic units, each confaining carotenes, ¢hl b und varicus lorms of chl &, The
chlorophylls nt reaciion centres are called Pspy and Pggy.

The new electron microscopic observations employing the frecze-fracturing technique
show that particles of approximately the predicted size of photosynthetic units do

-exist in the membranes. The first such observations with clear images of particles

came in the late sixties, The particles were called “'quantasomes™ as it was thought.
that each can catch one quantum of light energy (Fig. 12.27), Since it is now
recognised that there are two photosystems, the term quantasome is no longer in
much use. Instead, now one refers to them as “photosystems™ and further electron
microscopy studies show that the particles are not romogenous but are at least of {wo
types, corresponding to the currently accepted concept of two photachemical
reactions. Photosystem II is the larger and shows. rather regular crystalline structure
when viewed from the luminal side. On the other:hand, the smaller particles are



thought to represent photosystem I. Other piulicl:s may represent the cytochrome
bef complex as also the A I'P «vnthetase complex which carries out photophos-
phorylation (Fig. 13.28).

Flg, 13.27 : Electron micrigrzphz made by employing the freeze-fracture ond freeze-etching methods to
¢ show the photosynthetiv units, The photograph on 1op was made by Roderic Purk and Biggins
and they culted the upits “*quantasomes'.

Unfortunately, at present. cven the best electron microseopicdechnigues do not have
sufficient power to resolve the inner sub-siructure of these particles. Therefore,
btochemical techniques are being relicd upon to elucidate the structure. The
arrangement illustrated in Fig. 13.29 is dye largely to the work of biochemists and
molecular biologists. The basic feature of the structure ‘of photosystems T and 1T is
that there is an inner core complex (called the reaction centre) which contains the
“*daddy” chlorophyll molecules and which participates tn alt electron transfer
reactions (the daddy chlorophy!l molecilles here undergo photoionisation). The core
is. however, surrounded by the antenna or the light harvesting complex, where extra

pigment molccules are located. A photon is more likely to be absorbed by an outer

chlorophyll molecule, but according 10 the principles of physics we have discussed
earlier, the energy is ulllmdu,ly trapped by the reaction centre chlorophyll molecules,
The movemgent of ‘clectron across the thylukoid membrane is shown in Fig. 13.30
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PSI complex -_LHC I ATP synthetase
{J) Ps 11 complex - LHC 11 §  Cytochrome b/f complex

Fig. 13.28 ; Schematic dlagram to show the locotion of FS I, PS H systems in the thiakeid membrane. Shown
also are cyt b/l and ATT syntheiase complexes. Nate that PS 11 is located mostly in appressed
membran.s, - t .

Photosynthesis
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Electron transport

NADP' H NADPH

WHT

Fig. 13.30 : {Husirates how glectrons are transferred from water lo NADP™* with the help of light cﬁergy
caplured in photosystems I and 11, The dlegram also illustrates how ATP is synihesized as a
result of a concenleation gradient of protons which develops due to splitilng of water. As the
protons escape through the proton {unnel of ATPase, ATP is synthesized.

While the basic design is similar for both photosystems, the detailed structures are
naturally different. Indeed, the structure of each photosystem is unique and rather
complex. By electrophoresis of purified pholosystems, but pretreated in such a way
as 10 disassenible all components, many unique polypeptides have been resolved in
each photosystem. For example, in photosysiem 11 a few polypeptides are concerned
with H,O splitting complex which are absent in photosystem L. Similarly, certain
polypeptides in photosystem [ huve no corresponding cofnponents in photosystem 11
However, il must be einphasised that the evidence for detailed structure is mosply
indirect and highly speculative. The wechnique most extensively employed by
bicchemists for unravetling detailed structure of macromolecules or their complexes
is X-ray crystallography. However, researchers of photosynthesis have taced
considerable difficulty in crystallising the photosysiems, essential for such work.
Nevertheless, three German scientists, Hartmut Michel, Joehann Deisenhofer and
Robert Huber have, recently provided a detailed structure by X-ray crystallography
of the.bacterial photosystem, fetching them a Nobel prize. Similar work has yet 10
be done in higher plants,

SAQ 7. : .
" In column 1 we have listed processes or components related to photosynthesis, match
them with their locations given in column 2.

Columm 1 ' Cotunm 2
i} Thy “heart” of photesyathetie: machinery: al strama
1t} Croycle b urany
i) P ¢} thylnkand membrae
ey P&sU &) 0 the thylakoid membrang wowards the jumen
v} Electron carmiers 4 ¢) from stroma to the lumen of thylakoid
vil . Water splitting appiaratus I ansmembratic Pprofein more Wwards stromi

vii)  Light hurvesting complexes
viiy)  Sie of release of NADPH
ix]  Site of telease ul ATP .

x} AT
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13.9 PHOTOSYNTHESIS, AGRICULTURE AND HUMA
WELFARE '

Finalty, let us have a look at the relationship of studiés on the mechanism of
photosynthesis to agriculture and productivity. We shall first take up the question:
What is the theoretical, maximal efficiency of photosynthesis. We shall then look into
the actual efficiency prevailing in the ficld and in nature. And, if it is low, we shall
enquire into the reasons and examine if anything can be done about it.

13.9.1 Efficiency of Photosynthesis

Many investigators have looked for an answer to the- question of theoretical -
efficiency, from the time Warburg first undertook an enquiry into it in the twenties
of this century. Warburg found a quantum requirement of 4 for every CO; molecule
reduced (or O, evolved). From a purely theoretical angle, 4 X 6 = 24 quanta should
be more than sufficient for reduction of 6 molecules of CO, since one mole of glucose

- contains 686 Kcal of energy, whereas 24 mole quanta of red light will have

24 X 41 = 984 Kcal, well above the maximal energy requirement, But if we consider
the true quantum requirement for photosynthesis as 8, as established by later
workers, the efficiency should be about-35%.

Nonethcless, in stark contrast to the above figure of even 35% in natural conditions,
the cfficiency of photosynthesis is rarely more than I to 2% of the total solar receipt
of energy, which speaks poorly of man’s ability to tap free energy from sunlight.
There are many reasons for this. Firstly, of the total light energy incident upon a leaf,
more than 50% consists of radiation which is not available for photosynthesis — for
example UV, infrared and other such rays etc. Even of the photosynthetically active
band of radiation (PAR) from 400 to 800 nm — for example, green light — is
reflected from leaf surface (only certain algae have the ability to use this light). Some
is simply transmitted through the leaf and a great deal is just converted to heat — in -
point of fact, nearly 20% of even the PAR is wasted Fig. 13.31. If we consider total

Tncident light

Reflecled light

\180 | /‘

10 Chloraphyll

;-

P - Transrmitted light

Fig. 13.31 : A diagram to show that distribution of light energ} consumed or wasted at various steps shown
as the ratio of incident light falling on a typical leaf:direetly.

plant productivity for example of a crop through a whole year, many other wastages
are inmediately apparent. Thus, there are times when land is lying barren without
any plant cover and even if the land is-fertile, most crops are seasonal and it is rather

a short span of time when a plant has a fully developed leal surface. Further, in a
crop plant, not every part is edible or useful. If we consider only the usable parts,
the efficiency becomessstill tower. But then all tracts are not fertile and if we consider
the drought affected areas and the deserts — on very large tracts of the surface of

the earth +  there is no plant cover o intercept sunlight.

Of the various types of plants, the maximum efficiency is attained by trees (5%),
because they provide a permanent cover in terms of leaf surface. For crops, the
efficiency calculated for a season or on an Yearly basis is much lower, of the order of
only 1-2% or so. However, under the best conditions of irrigation, optimum use of
fertilisers, and if photosynthesis is measured over a short period of time, the
cfficiency may reach up to 12% which is about one-third of the maximal theoretical



efficiency. Such levels of efficiency have, however, been possible in countries like
Switzerland dnd Denmark, with advanced crop husbandry techniques. But the world
average is much lower.

Many estimates have been made of photosynthetic productivity considered in the
world us a whole. The total photosynthetically active radiation available is around
0.17%, equivalent to energy capable of fixing 0.4 x 10" tons of carbon per annum.
One important point to know is that perhaps more than about one-third of the total
photosynthesis is carried out in oceans. The average efficiency of photosynthesis in
oceuns is lower (almost half as much as on land) on a per square meter basis.
However, since oceans occlipy nearly two-third of the surface of the earth, their total
contribution is quite significant.

13.9.2 Environment and Photosynthésis

We turn now to the question as to how man can have increased productivity via
photosynthesis, in view of the fact that the world productivity is much lower than
attainable theoretically. One of the pressing needs of agriculture is improvement of
the microenvironment. '

Many studies have been made of the role of environmental factors affecting
photosynthesis. One of the most critical factors is CQ, concentration which is only
0.03% in natural atmosphere. Blackman’s experiments showed that if CO,
concentration is increased, the photosynthetic rate increases, and even 10-20 fold
higher concentration of CO; is by no means injurious to planis, at least in the short-
term. Unfortunately, however, there is not much that can be done to increase the
CQ, concentration in large tracts of agricultural land or of forest areas, though CQ,
concentration is rising in the atmosphere because of use of fossil fuels and industrial
*activity. Very low or high temperatures, too, limit photosynthesis : whereas high
‘lemperature results in photobleaching and destruction of chiorophyli, fow
temperatures, although not destructive slow down the thermochemical dark
reactions. Similarly, although water too seriously limits photosynthesis in many
regions of the world (and stomates often close during the day preventing CQ, from
- entering the leaf cell), again not much can be done. Irrigation can certainly help and
schemes like Indira Gandhi Canal in the Western Rajasthan deser! is fast changing
the scenario converting barren lands into rich fields of bumper crops. Other better
husbandry practices and better way of nutrition especially of nitrogen and phosphorus
- which are limiting in the cnvironment, if corrected, can markedly improve overall
photosynthesis. Another important research areas could concern with improvement
of plant architecture, structure of canopy so that the light interception is more
efficient, The erect leaves are also better than those that stretch out horizonally. One
could also have dwarf varieties as in wheat since such varieties tend to have higher
chlorophyll in the ears as compared to stems and stalks, other than the obvious
advantage the dwarfs have. The second area of improvement is development of carly
maturing varieties so that'over the years there is higher proportion of plant cover on
the carth.

13.9.3 Agricultural Biotechnology

It would seem from the foregoing discussion that there is little scope for increasing
efficiency of photosynthesis under existing conditions, unless the environment itself
1 improved in terms of increasing water supply or providing fertilisers etc. A question
that we ask now is can we do unything to adapt « plant better to existing conditions.
There is much hope that, with the rise of modern molecular biology and
biotechnology, plants can indeed be modificd such that the efficiency of
pholosynthesis or the yield can be increased in a permanent way.

AL this point some brief remarks are appropriate on the molecular biology of
chloroplast, alsa from the viewpoint of fundamental knowledge. Work in the sixties
and seventies has shown that the chloroplasts, as also the mitochondria, have not only
their own DNA, but they also have RNA and protein synthesising machinery.
However, the size of chioroplast DNA is relatively small and is just enough to code
for about 100 genes. The actual number of proteins that exist in chloroplasts is much
larger, in thousands — and a great majority of the proteins therefore are encoded by
the nucleus. There are, in fact, many interesting cases, for example in case of
multi-subunit proteins or enzymes (such as Rubisco), where some of the polypeptides
are encoded by the nucicu« uind others by the chloroptast, which demands a very high
‘rree of synchronjsation be:veen the two cellular constituerits. The unique origin

-
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Plant Physlology-1 " of such proteins provides an excellent opportunity for studying the biochemistry of
' such interaction and general regulation of chloroplast development. The various
genes are gradually being identified both in the chloroplast and the nuclear genome.
Since the chloroplast genome is smaller, it has been the focus of much work. In fact,
it has been recently completely sequenced by Sugiura and co-workers in Japan in -
certain plants, namely Marchantia, Lobacco and fice and most of the genes already
" identified. The work on nuclear genes encoding chloroplast proteins is now just
beginning. When the important genes have been identified, one can expect research
to modify them, How to make them more efficient, however, remains a task for the
-future.

From an agricultural viewpoint, one could give a few exmaples of future directions
‘of research. One can possibly make Rubisco more efficient such that it does not
_accept oxygen and thus the process of photorespiration is avoided altogether. One
could even attempt to transfer characteristics of C, plants into C; such as an active
PEP carboxylase. Thinking of still other ways of enhancing photosynthesis’perhaps
Lo one could engincer chloroplasts to live longer or divide more rapidly. Perhaps one
could change the metabolic pathways so that one can enhance the synthesis of amino
acids rather than largely manufacture carbohydrates. This modification can be of
far-reaching consequence in management of global nutrition. Also, one couid
engineer plants resistant to herbicides by altering proteins in chloroplasts (which are:
often the target sites for their action), and without impairing electron transfer
functions. Some genetically engincered herbicide resistant crops have in fact already
been developed in the West, and it is likely to be big business.

The techniques for transferring foreign genes into nuclei are 9lréady will-established

_and, when nuclear-encoded genes are involved, their modification should not be too
difficult. However, the stable transformation of the chloroplast genome poses a more
serious challenge since the usual vectors — such as the Ti plasmid — do not stably
integrate into chloroplast genome. Another difficulty is that the chloroplast genome
is very compactly organised — often two genes reside, in the same region of DNA
and transcribe in opposite directions. It may therefore, be difficult to insert genes in
the chloroplast without inactivating some already existing useful gene, even though
some success in transferring a gene — purely as a test case, for example to correct a
gene deliberately mutated — directly in chloroplasts by the particle gun technique
has been reported. Perhaps a more useful strategy will be to transfer a required gene
in the nucleus insuch a way that the protein product ultimately finds its way into the
chloroplast. For this, one can attach a region of DNA coding for signal polypeptides,
which have the ability to lead a polypeptide chain smoothly into the chioroplast. In
fact, most of the nuclear-encoded chloroplast polypeptides have some kind of a signal
polypeptide chain attached to them, which makes it possible for them to enter the
chloroplast. Man could adopt this strategy for directed genetic changes.

13.10 EVOLUTIONARY ASPECTS OF THE
CHLOROPLAST

Finally, one can touch briefly.on the evolutionary aspect of the photosynthetic
process and of chioroplast itself. It is believed that photosynthesis preceded aerobic
respiration. According to current evidence, in the primitive world there was not much
of free oxygen. Organisms survived by virlue of anaerobic resp.iration, and gradually
thus there was accumulation of carbon dioxide in the atmosphere. It is only then that
photosynthesis started. Finally, when Q5 slarted accumulating in the atmosphere,
,acrobic respiration evolved. ‘

Another fact of great interest is that the modern-day chloroplast probalbly represents
a prokaryotic uniceliular alga which invaded ordinary non-photosynthetic epkaryotic
cells. There arc indeed many pieccs of evidence pointing towards a prokaryotic origin
of chloraplasts ¢.g. the circularity of the chloroplast genome, existence of smalier
ribosomes such as in bacteria, or of an extra set of tRNAs unique-to this organelle.
When the unicellular aiga became an endo-syr}lbionl, most of the genes (not essential
any more for corporate existence} were gradually lost; and others = still essential =
gradually moved to the nucleus. Some evidence that genes are still in the process of
movement comes from a study of some lower plants. Here certain genes have been
found in chloroplasts which have moved to the nucleus in the higher land plant.s. It
92 : appears that it is basically the genes for the photochemical machinery which continue




to-reside in the chloroplast. Perhaps this is because proteins are highly hydrophobic
and it is thus casier to synthesise ind assemble them in the thylakoid machinery rather
than move them through the aquebus environmeni of the cytoplasm,

o

13.11 CONCLUSIONS - g

. To conclude, photosynilesis is the most basic of all phenomena in the living world.
Photosynthesis is a subject which has attracted the attention of the scientists from all
disciplines such'as from physics, chemistry, biochemistry, molecular biology,
genetics, botany, zoology, and evolution. A great deal has been learnt and the oulline
of the process is now sufficiently cleur, Despite so much work, however, the real
structure of the photosystems, and the placement of chlorophyll and other
constituents, remitins uncertain. This remains a ask for ihe (utre.

Biotechnology und genctic engi_neerling have opened up a new approach towards
increpsing yield." However, increasing efficiency of the plants by these techniques
remains, also, a task lor the future since we need 10 know a lot more about the
molecular biology of chloroplasts, before we can intelligently modify the
photosynthetic machinery to our advantage, What is certain-is that because of the
rich interaction ol physics, chemistry, biochemisiry and molecular biology,
photosynthesis will continue to remain a subject to great interest of scientists for
decades 1o cdme, ' '

It

13.12 SUMMARY

® Photosynthesis ts the process by which carbon dioxide and water are assimilated

+ to carbohydratgs with the help of energy of sunlight. The reaction is cirried out
by all green plants including the aigae and is of the greatest significance — since
not only animals derive their food through Lhis process, but also our energy
requirements are largely met by fossil fuels like coal and petroleum.

® The photosynthetic process is known 1o consist of two types of redctions — the .
light and the dark reactions. In the former, the key role is piayed by four pigments
—chl a, chl &, xanthophylls and carotenoids — all Jocated in thylakoid membranes
of chigroplast. Carotenoids and xanthophylls absorb the blue region of the -
spectrum whereas chlorophylls absorb both blue and red reghons. Since chl a
absorbs light of the longest wavelength, it tan collect the cnergy captured by all
other pigments. From chl « the energy is transferred finally to a special form of
chl a.

® The capture of photons by chlorophyll pigments ultimarely leads to the photolysis
of the water molecule resulting in the release of electrons, protons and oxygen.
Spiitling of a water molecule follows ionization of the special chl ¢ molecule, since
on release of the electror’chl ¢ becomes positively charged (chl a*). An electron
is regained [rom water; the chl @ molecuie, therefore, acts as a pump that drives
electrons {rom H,0 to reduce CO, and synthesise carbohydrates. The caergy for
driving the pump comes from sunlight. The common electron carrier NADP™*
serves as the [inal acceptor of electrons (and itris through NADPH that reduction
of CO, oceurs). ' :

® In-reality, the transter of electrons from H.O to NADPH is mediated by two*
separate photochemical reactions through two sets of pigment molecules organised
in the farm of photosynthetic units, representing the PS 1 and PS II Two special
kinds of chl ¢ molecules existin these photosystems. The special chl « molecule in
PS5 H maximaliy absorhs at 680 nm and is called Psgy whereas the special chl a
molecule in PS 1 absorbs ai 700 nm and is cailed P2yo- Transfer of light cnergy w

. Pusn and Py, is greatly facilitated by the existence of antegnsae attached to the
photpsystems and each of which comprises about 250-300 chlorophyll molecules
bound in special pigment-proigin complexes. Photolysis of water takes place in
PS1 and the electron is transferred via a cytochrome bg/f complex, eo'complex, to PS 1.
Here, an clectron can gain further energy by absorbing energy from anadditional
photon and then reach NADP™ 10 reduce it to NADPH.

9 To drive the dark reactions of photosynthesis, apart from NADPH, ATP is also
necessary. Since phatosynthesis proceeds at a much faster rate thar respiration,
grecn pluats are able to synthesise ATP by a prodess known as photophos-

husrs: ahy ~iy
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phorylation, independent of oxidative phosphorylation carried on in mitochondria.
This is made possible by the release of protons during splitting of H,O, and which
results in the generation of a proton gradient (w|th a high concentration of H™

the luminal space of thy]akmds) As the gradient dissipates — by the movcmcnl
of protons through the channel of an ATPase complex outside the stroma — ATP
is synthesised by the “chemiosmatic™ mechanism.

The fixation of carbon dioxide occurs in most plants via the Calvin cycle (hrough
ribulose bisphosphate carboxylase. Ribulose bisphosphate (RuBP a 5S-carbon
sugar) serves as the primary acceptor. Since the intermediate is unstable, the first
stable product is a 3-carbon compound, phosphoglyceric acid, which is reduced to
phosphoglyceraldehyde with the help of NADPH generated in the photochemical
reactions.. Two molecules of phosphoglyceraldehyde combine to form a molecule
of glucose by reversal of reactions in glycolysis. Some of the phosphoglycer-
aldehyde molecules, however, serve to regenerate the acceptor, RuBP, through
reactions of the Calvin cycle.

The C, plants are a special group of plants {mbinly rcpresenled by the prasses) where
the primary acceptor of carbon dioxide is a 3-carbon acid, phosphoenol pyruvic
acid, and the first produet is a 4-carbon compound, oxaloacetic acid, which is
reduced to malic acid. The enzyme which fixes CO; in these plants is called
PEP-carboxylase. Since this enzyme has higher affinity of CO, {than RuBP
carboxylase), the C,4 plants carry out photosynthiesis more efficiently. The
4-carbon acids cannot, however, be converted Lo carbohiydrates directly. Instead,
the fixed CQ, reenters the Calvin ¢ycle by a reaction which is still not understood
properly. But, it is well establishied that in a typical monocot leaf, the outer cells

- have PEP carboxylase; on the other hand, the bundle sheath cells — maore centrally

located — have RuBP carboxylase. The organic acids are believed to be
transported to bundlc sheath cells, when the CO, is released to be refixed by the
C, cycte. The CAM plants (a group fo which cacti and many other succulents
belong) essentially conautulc a variant group of C, plants in which stomates open

at night to allow CO, fixation by PEP-carboxylase whereas the process of reentry
‘of CO, into Calvin cycle and reduction of PGA to phosphoglyceraldehyde by
NADPH takes place during the day.

The enzyme RuBP catboxylase, is unable to discriminate totally CO; from O,
leading to an oxygenase activity and photorespiration. Often, therefore, instead of
two molecules of PGA only one molecule of PG A is formed — the other product
being a molecule of 2-carbon- glycolic acid. Two molecules of glycolic acid can be
recycled to yield another molecule of phosphoglyceric acid with the loss of
mplcculc of CO.. However, because of the more efficient process of CO; fixation

in C, plants, any CO, rcleased-in light is wholly recaptured by PEP-carboxylase.
Hence, they do not show photorespiration. One of the goals researchers have is
to converi C; plants into C, pldnts and climinate photorespiration so as to conserve
[ixed carbon lost during the process.

In recent years, the techniques of electron microscopy and X-ray.diffraction
crystallography have allowed us to understand the structure of the photosynthetic
machinery in surprising detail. The photosynthetic units — originally proposed on
purely theoretical grounds — can be seen in clectron micrographs. In bacteria even

" a detailed model of the reaction centre of the photosynthetic machinery has

become recently available. It is expt_ctcd that in the near future, a detailed model
will become available also of the organisation of Lhe photosyntheuc machinery in
higher plants.

"The area of molecular biology of chloroplast is also developing at a rapid rate and

not anly protcins, but each gene related to pholosynthesis is being identified.
Szmulmncously genetic engincering techniques (o lransform the photosynthetic
machinery in chloroplasts are also being developed and it is possible that
photosynthesis can be made more efficient in futuse in selected economically useful
planis.

Finally, the origin of the chioroplast is very intriguing subject from the viewpoint
of evolution and taxonomy. It is widely believed that chloroplasts represent
primitive prokaryotic cells which were capable of carrying out photosynthesis and
which got entrapped in the eukaryotic cell giving rise to higher plants such as we
know today. .
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13.13 TERMINAL QUESTIONS

1.

2.

The photochemical reactions in grana capiure light energy. and convert it into
chemical energy as ATP and NADPH. What is the necessity of carbon fixation?

Give the raw materials and end-produats of the following reactions of
photosynthesis, - L .

Photosynthesis Reactions ’ : Raw Muterinl Lnd-Product

iy psl

ii)  PS1followed by clectron transpar
iii) PSII £

iv] PSIlfollowed by cleciron lrnnsﬁorl

v)  Cyclic phosphorylation

&) Curbon fixation

Compare photorespiration and mitochondrial respiration.
(Hint . Compare with respeet 1o subsizate, enzyme, waste products, gain of encrgy and loss
of carbon.)

13.14 ANSWERS

Self-assessment Queslions

1)
2}

3).

a) i) d. i) ¢, i) b, . iv)a

4) 1) Determination of relative photochemical efficiency of different
wavelength of visible speetrum. 1r closely matched with the absorption
spectrum of chlorophyll. ) :

it) Exposurc of portions of aigul lilament (o different wavelengths ‘und
measurement of photochemical efficiency (O, evolution was measured
by differential accumulation of acrobic motile bacteria on the lilament).

b) The colour of an object is due to the light it reflects, The three organisms —

purpie sulphur bacteria, blue green algae and leaves of burley reflect purple,
bluc-green and green light respectively and hence they appear purple,
blue-green and green. They absorb the colours of visible spectrum other than
the colours they reflect. Since the action spectrum and absorption spectrum
generaity overiap, thereiore, the spectra represent a) leaves, b) blue green
algue, and c) purple sulphur bacteria. '

a) i) The value of Q, was more than |,

1) Splitting of water, forntation of ATP and reducing power.

b) i} Photolysis, H-O. Vun.Niel.SUIphur i) HyO, 0" . ' 93
i} NADP™, NADPH, A[P. ADP. Pi, iv) Hill reaction



Plant Bhyvinla 4) a) [) Quantum requirement (number of light quanta required for each
: molecule of O, produced was § instead of 4.

2) The quantam yield drops at higher wavelengths (red region) but it is
abolished/'when a beam of shorter wavelength was simultancously given.
b} i) one, two
ii) electron domor
iif} antenna complex, reaction centre chl a
<7 iv) 680, 700, NADP*'
¢} i) drops, ii} enhancement, i) lower

d) 1) F, i) F, i) T, iv) F. v T, vi) F

53) a) 1) Radioactive, if) Radicautography, iii} molecular dissection,
v} Geiger-Miiller -
b) i} PGA, i}y RuBP, iii) Glucose, iv) 18, v) 12,
. vi) 12, vii) one '
6) a) i) Light, it} RuBP, iti) higher concentration of O, in leaves,
, . iv) high intensity of light, v) C, plants, vi} peroxisomes
b) i)c, i) a, iif) c, iv)b, V)a
c) iy  phosphoenol pyruvate ) i)  pyruvate carboxylase
iy ATP "iv) chioroplasts
. v] G, pathway, bundle sheath cells v} RuBP carboxylase
~ vii) network, membranes viii) photosynthelically more efficien
7y i) b, i) a, iii) ¢, iv) ¢, v, vi) d, vit) ¢,
viii) a, ix) a. x) f,

Terminal Questions -

1) Firstly, the storage of energy in the form of carbohydrates is much more
convenicent and lot more energy can be stored in this form. Secondly, carbon
skeleton of carbohydrates is negded for various biosynthesis.

2) .
Photochemical
Rc;tﬁ,:mlc Raw Material End Product
' i} Excitalion of PS1 hy + light harvesting cxciled
' pigment complexes + Pqyg electrons t
i) PSTfollowed hy hy + {Jight harvesting NADPH
clectron transport pigment complcxcs + Pm,}
. + NADP®
.-_ ' ui) E \ut manof PST hv + light harvesting clectrons
2 . pigment complexes, P,
b iv.] Excitation of PS 11 followed by | hv + light harvesting ATP +
' cleciran ransporl pigment camplexes + electrons
Pean + ADP A Pi
v)  Cyclic photo- H ™ reservoir, ADP + Pi ATP
phospharylation '
1 vi) Carbon fixation RuBP + CO, + ATP Sugars + ADP
+ NADPH . + Pi + NADP*
Ry}
, [temn ] Respiration Photorespiralion
Sulbniegty Curbuhydraes, fuis, RuB!’
proteing or their mono-
meric units +C, : ‘
' Eazymes Voarious enzynics af : RubP c.%rhox}'iasc-’
elyeolysis, TCA evele, . nxygc?:lsc
eleciron transler ::h:nin,.‘ .
- . ' ’ Loss * Loss ol carhon ‘ ! Lass of carbon
v - Gain Energy 36 AT glucose : No ATP
i ) Wasle v CO}. Hzo ) CQ:. NH_\..
6 . . pm‘ducls




UNIT 14 TRANSPORT IN THE PHLOEM

Structure

14.1  Introduction
Objectives
- Study Guide
14.2  Why is Transport Necessary?
14.3  The TFransport Network
144 Origin and Delivery — The Source and the Sink
14.5  Phloem—The Structural and Funclional Relationship
14,6 Loading and Unioading of Sieve Tubes
147 The Nature of Metubolites in Sicve Tubes
14.8  Experiments on Phloem Transport
14.9  Mechanism oF Phloem Tranuport
Minch Pressure Flow Model
Fensonm and Spanner Ejeeroomote Flos Hlypothesis
Protoplusmic Sureaming and i cbulin Perstaltic Flow Muodel
Protousimotic Moded
14,10 " Summury
14,11 Terminal Questions
14,127 Answers

5
1

14.1 INTRODUCTION

So [ar you have Tearnt that one of the basic necessities of plants, water, is taken up
by the foots. Another purpose served by the roots is to absorb water soluble mineral
nutrients {rom the soil. Mineral nutricnts move 1ogether with water in long distance
pathways provided by the vascular system 10 reach the entire plant. Roots cannot
feed themselves in the durkness of soil, Several other tissues in the plant bedy also
lack photosynthelic apparatus complelely or possess it partly in the sense that they
cannot manufacture envugh (vod required to supporl their life processes. Leaves on
the other hand rely on roots lor water and minerals but manufacture more food than
they actually nced. Hence, leaves serve as the source of food for other tissues which
may store excess of it so that it can be used by ptant for the perpetuation and spread
of species. Now. how is such a complementary division of lubour in tissues
particularty betwten roots and Teaves made possible? And how are the organic
molecules made by photosynthesis and other biosynthesis are distributed in various
parts of plants?

in this unit you will learn aboui the deiivery of foud from leaves Lo various parts of
plants such as seeds. [ruits and storage lissues, What sort of questions come to your
mind when you think about transport of food? Perhaps you would like to know the
lollowing: i) Where does the translocation oceur in plants? i) What sort of materials
are transported? iii) Whal is_the mechanisin ol translocation? iv) What are the
factors, internal or external, influencing the transport? For instance, how do water
melons or, grapes Inanage to be so juicy while the leaves just below arc papery and
non-tasty?

In this unit we will try o find answers to the above questions.

Objectives
e describe transport network for the transiceation of teod material,

e uxplain the concept of source and sink with respect to transiocidion,

sketeh and deseribe the structural and fundtiona! organisation of phloem

particutarly near the region of leading and unloading in Lhe sieve tubes,

list substances transported by phloem conduits,

describe various experinrents performed for the study of phloem transport,

explain and compare various modr.lb proposed for the m~ ~hanism of translecalion
through phloein. . . :
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Study Guide

For the study of thi: unu you should have at least a rudimentary knowledge of
hydrodynamics: Mow of viscous fluids in capillaries, concept of turgor pressure,

osmotic pressure and water potential. Some of these have already becn covered in

the previous units. You should also know the anatomy of root, stem and leaves and

the various types of cclls that constitute them; so keep Block 4 of Cell Biology course

handy for ready reference, )

14.2 WHY IS TRANSPORT NECESSARY?

As you know leaves produce photoassimilates and support various tissues including
roots. The excess photoassimilates and metabolites stored in specialised tissues
produce fruits and seeds which germinate and regenerate the plant in the appropriate
season. The leaves at the canopy of 4 tree arc at a distance from roots. This can vary
from a few millimeters to more than a 100 meters. All in all we need an cxtensive
transport system to carry, the products of photosynthesis and nitrogen metabolism
over medium and long distances. Diffusion is too slow a process to achicve (his task
over such Jarge distances; what is required is a convective flow in the spectalised
vascular system so that the photosynthatcs reach all the needy tissues, The rransport
system has lo be as extensive and ramified as the arterial and venous network in an
animal body. However, plants are devoid of a specialiscd pump such as hearl meant
for bload circulation. Though we have not yet fuily understood how plants achieve
this goal, they do carry out this exceedingly difficult task without a heart. Leaves
manage (o feed the lissues over vast expanses of the plant body with photosynthates
necessary to fulfil their requirement,

14.3 THE TRANSPORT NETWORK

You may know that plants have elaborate plumbing network which serves 10 link
their various parts. Phlocm forms such a network for the transport of food in higher

Light C0, ——
\ ’:;j? Proteins synthesised
“0" Vitamins and harmones

formed

Sugars {ormed =

TWatcr and
mincrals

Sugars and Z \.
Nitrogen form™ 7 /< >
Amino acids 7 ~___Water and .
. minerals. |
77 |
Fig. 14.1 : Plants arc devold of a heart but carry oul massive transport processes withln thelr body.
Transpiration stream (—} transports water and inorganic nutrients from their subsoil reais to the |
shoots, sometimes more than a 100 meter high. A viscous solution of metaboliles generaied in the .
lcaves [rom the assimilotion of curbon from CO, by the capture of solar eitergy in the process af
phatosynthesis, s distributed 1o sink tissues by translocqtion {(-—-).



ptants. It runs parallel to other major transport.system — the xylem (Fig. 14.1) which Transportn tha Phicem
takes up water and mineral nutrients from roots and distributes them throughout

the plant. The sieve tubes in phloem are joined inte long interconnecting pipelines.

Unlike water conducting xylem cells, sieve tube members are alive at maturity. The

two long distance Lransport systems and their radial brdnchm;, establish supply lines

to every small region of the plant body.

The direction of transport in phloem varies during the developing stages of the plant.
For example, a young seedling moves food upwards from seed to juvenile leaves until
they begin to synthesise food. While during fruit formation or for storage in roots or
stem the food moves in downward direction. So food moves from the tissues where
it is in excess called source to those where il is needed — called sink (Fig. 14.2).

Leat

S o
/ L '- Sieve tubes '
|

Mesephyllcells [z Sioes] 5

Sicve

Parenchyma-

Fruit
Translocation :

Loading Unloading

Fig. 14.2 : Source and sink, a schematic diagram,

Essentially, the phloem transpori can be subdivided into the following:

i} The "loading™ of the organic nutricnts from the mesophyll cell into the phloem
of the leaves, -

i) [is translocation over long distances to the tssues awaiting supply,

iii) The “‘unloading” of the nutrients from the phleem into the cells of the sink.

All these three processes are interlinked. The rale of 1ransport is not constant but
depends on the metabolic needs of the sinks on one hand and on the rate of
photosynthesis in the leaves — the sources on the other, Phloem transport is a very
complex phenomenon and we may indicate, at the beginning itself, that in spite of
intenstve research, it is nol fully understood even today. As such this field offers a
very challenging subject [or future research in plant anatomy and physiology.

14.4 ,ORIGIN AND DELIVERY — THE SOURCE AND
THE SINK

We have stated above that transport of photosynthates starts from’ leaves and ends

up in one or the other sink tissue. Though this is true, however, it is necessary (o
define the concepi of sinks and sources at any given point of time, For this consider

an experiment on the plant Saxifraga (Fig. 14.3). This plant spreads by giving out

long offshoots with a bunch of leaves and a potential root system at the end. If the
latter comes in contact with moist soil, it devetops into a self-sufficient shoot-root
system. However, so long this has not happened, the long link provides water and
mincrals taken up by the root of the parent plant io the juvenile bunch of ieaves. Thi
phloem transport system initially provides the buds of the distant shoot with the
necessary nutrition. When fully grown, the new cluster of Icaves becomes excess
producers of photosynthates and contributes their output to the parent plant. If we
shut of( the light falling on the parent plant or the off-shoot (Fig. 14.3b and ¢} over

a substantial pericd of time, so that either of them is incapable of photosynthesis.
which way will the phloem translocate the food? We are sure that you have already
arrived at the correct answer. It is observed that translocation is from the system in
wlrich photosynthesis takes place to that in which it is prevented. Thus, the two
systems of leaves can be sink at one time dnd source at anotler. The direction of
phloem transport in the above case is, therefore, dependent on the relative production
of photosynthates in the two systems of leaves. ) oy
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Similar situations among typicat sinks aisu exist, In tropics when the new leaves in
deciduous plants emerge in the spring on o denuded tree, they need the supply of
nutrients. What could be the possible source of nutrients in the absence of -
pre-cxisting mature leaves? Naturally from the stored stock of metabolites in sink
tissues. In spring, both the xylem and the phloem receive metabolites from al] over
the plant bogy and deliver them to the buds.

Oflfshoot

Offspring

) ) -
Puﬁam

(Photosynthesis prevented)
TN

3
4
»
I";-:"{: [ Offspring .
Parent plant (Photosynthesis prevented)

Fig. 14.3 1 n) Saxifraga plant with an offshoot, b) Supply of food by (he offspring, ©) Supply of food by the
parent plant. A
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14.5 PHLOEM — STRUCTURAL AND FUNCTIONAL
RELATIONSHIP L

In this section we will explair the structural and functiona} relationship of phloem
and cqmpare it-with'xylem. The location of phloem with respect to other tissues can
be examined by a single transversc section, but to get an idea of their longitudinal
route from stem to various branches requires a painstaking study of innumerable
srial transverse:sections along the height of the plant. Fig. 14.4 shows a schematic
sing gnvisaged from scrial-sections. Note the branchirig, crisecrossing and
.ification of vascular bundles. The longitudinal branching and fusion of phloem,
rticularly at the node show that phloem of one side of a stem can effectively cross

__‘—_'__ __.'-L-_ e e
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Seive-tube member

Slimc bodies

Companion
cell

Fig. 14.5 : Fipe siructure of phloem showlng o full sieve lube element, its companion cell and other cells of

phloem. The sleve plate pores are circular openings in the cell walls of adjacent sleve element
{Enset). ’

T

over to the oppaosite side on its longitudinal path. We know that phloem consists of
4 types of cells: i) sieve elements, ii) companion cells, iii) phloem parenchyma and
sometirnes iv) phloem fibres. The metabolites flow only in sieve etements which
resemble hollow pipelines referred to as cellular channels (Fig. 14.5). The sieve tube
elements are devoid of nucleus but plastids and mitochondria are present. The cell
lumen of the sieve element appears open except for transcellular strands that merge
with neighbouring sieve cells at the sieve pore plate via plasmodesmata (Fig. 14.6). -
The continuity of plasmalemma and cytoplasm makes the sieve tubes a longitudinally
e¢xtending symplast. Do you remember as to what the xylem vessels form? symplast
or apoplast? '

Phloem carries a viscous solution of metabelites mainly sucrose. The sieve tube
elements are of a much smaller radius than xylary vessels and tracheids. The free flow .
of the viséous phloem sap is apparently not affecied by the narrow sieve plate pores. i

L " =

¥ig. 14.4 : Branching, criss. ,
crossing and reniffication of
vascular bundles in a stemi of
clematis: vitafba {schematlce).

-

]

Fig. 14.6 : Delalled 3-dimensional schematic representation of phloem. 101
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EM pictures reveal that sieve plate pores are callose-lined and are often occluded
with endoplasmic reticulum and phlaem protein (P-Protein). Earlier it was nol
conclusively known whether Lhe sieve plate pores are normaily occluded or the
ccclusions were possible artefacts introduced while preparing specimens for electron
microscopic studies. Laier. using special techniques (that aveid artefacts) it has been
sugpested that siev ».re plates are open in normal growing plants and flow of solutes
aeeurs through unpiugged sicve plate pores. When plants are gut or injured.
P-proteins flow to the sieve plate thereby blocking the pores. In their absence,
metaholites would continue to flow out of the wounded part and plant will eventually
dic. The P-protein apparently play a role similar to blood protein fibrin. In the
absence of fibrin the person would bleed 10 death. .

Each sieve element is compulsorily associated with a neighbouring companion cell.
Both are usually connected with many plasmodesmata. The two arise from a common
cell, The function of companion cells is not known but they live as long as the sicve
cells live. In this sense. they are true companions. They contain the same
concentration of sucrose and have the same osmotic potential as the sieve tube
cliements. The companion cells have dense crtoplasm and numerous cell organclles,
specially mitochondria which indicate that they have a high metabolic activity. It is
very likely that companion cellg support translocation. Furthermore, the numerous
plasmodesmatal connections between the two cells support the idea that companion
cells supply large quantitics of food materials to the sieve tube clements and provide
the latier with proteins and enzymes which they cannol synthtsise.

In seme species at the phloem leading {near the sicve tubes of leaves) and unloading
sites (hear Lhe sieve tubes into any sink) there are special kinds of cclls called transfer
cells. As the name suggests they play a major fupctional role in the transfer of

- metabolites from the source to the sink. These cells are modified cempanion cells or

cells of phloem parenchyma. Their location in xylem or in phloem varies depending
on the part of the plant but in general they are located at the critical sites of heavy
transport of inorganic solutes or metaboliles. The plasma membranc of transfer cells .
is highly convoluted which serves to increase the surface area for solute exchange
across the celt wall (apoplast) as well as through numerous plasmodesmata
(symplast). Moreover, the cells have densc cytoplasm and numerous mitochondria
which indicate a high level of metabolic activity.

14.6 LOADING AND UNLOADING OF SIEVE TUBES

In order 10 understand the loading of (ood from manulacturing leaf cells 1o sieve

lubes we must examine the anatomy of a minor vetn shown in Fig. 14.7. We can see
4

Sieve element (S E)

Phloem
+ parenchyma
(PP)

Companion
e {CC
{Transier cell)
Mesophyll
cell (MC)
Xylem clement

Fig. 14.7 1 A cross-scction of a minor leal vein. {MC—Mcesophyll Cell, XE—Xylem Elements, SE—Sieve
Element, TC—Transler Cells, PP—Phloemn Parenchyma cell,

—



a xylem vessel (X), two sieve elements (SE) which are relatively smaller th.n other
cells and without cytoplasm, the modified companion cells or transfer cetls (TC} with
dense cytoplasm and phloem parenchyma (PP) which is less dense and vacuolated.
The transfer cells are associated with bundle sheath and mesophyll cells. The
ingrowths of cell walls in the companion ceils of leaves occur as the leaf matures,
perhaps to increase its efficiency to load the sieve tube clements. The metabolites of

all the mesophylt cells around the sieve elements join in & common pool o load via

the surrounding transter cells. The path of metabolites and other solutes is shown in
Fig. 14.8. Presumably the metabolites are pourcd in the sieve tubes by the following
three types of transport processes:
i) Symplastic trunsport via the plasmodesmatal connections,
ii) apoplastic transport through the cell wall (passive transport),

and
ii) active transport (symporl and antiport).

The latter two occur across the plasma membrane ol the transfer cells.

All the non-photosynthetic cells and young buds which require more energy than they
produce by photosynihesis are the sites of delivery (unloading points) of phloem sap.
Grossly speaking, roots are the major importers of metabolites. Buds, phloem and
xylem-parenchyma get their supply along the whole length of the vascular system.
Seeds, fruits, tubers eic, become, the major importers during their growth and
development. The merphology of phloem at the sites of trunsfer of metabolites w
seeds, buds., [ruits ete. becomes specialised because of the layer of transfer'cells which
are arrunged similar to the placenta of aa animal embryo. The process of unioading
is similar to loading except that the events oceur in reverse direction.

xylemelement  tramafercel!  sieve element tramslercell  bundleshesth mesaphyll

Fig. [4.8 : The role of transfer cells in o minor vein of u leaf is to mediate solute fluxes from beal mesephyll
cells vin leaf apoplasm, into the sieve elements (*loading’). Water nnd mineral nutrients reach
mesaphyll cells through the cell grall phase (apoplasm). Membrane permeable metabolites and K*
released inte the apoplasm by the mesophyll cells'enter sieve etements via the rransfer cells.

14.7 THE NATURE OF METABOLITES IN SIEVE
TUBES

The phloem sap contains three major classes ol organic compounds — organic ucids.
amino acids and sucrose besides some cations. anions and hormones. Their
concentrations are represenled in the histogram shown below (Fig. 11,9}, Sucrose —
the major energy source in plants is the major metabolite trunsporled from leaves Lo
sinks. Rarely unusual,sugars such as rullinose or mannitol are trunsporied in some
species. Of the tolal solute conient in phlocni. suerose conlent ranges from 30 1o
90%. The reason why sucrosc is the major transporter of energy is not known, 11 is
loaded by active transport because of its high concentration in sieve tubes. Amino
acids and organic acids, mainly malate. are also substantial components ol phlgem
sap. Among cations, the concentration of K* is much higher. In the xylem sap the
concentrations of NO3 and K* are about the same, but in phloem concentration of
NQO7; is very smuall. .

Can you think where the NO 5 could disappuear? Nitrate is reduced in the leaves and
used for the syathesis ol amino acids and several other nitrogen containing

.or

. Lansporl in the Phivem
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compounds Now, can you guess why there is so much K* in the phloem sap? Unlike
NO7, K" is not mcorporated into organic molecules. Due to transpiration there is a
per*;lstcnt influx of K* in the leaves. Because water evaporates leaving K* behind,,
its enhanced levels in the shoot require recycling in the xylem

The presence of excess of ions in root tissues in turn affects the uptake of these -
mineral nutrients from seil by influcncing the ionic relationships of the cells of the
root. Here, we would like to emphasise that tons that accumulate in excess in the ]cat’
apoplasm are passed on to the sieve elements via the transfer cells. The presence of .

K*

is important as a counter jon to organic acids and amino acids within the

cytoplasm of all cells and it is gradually assimilated in the cells of grawing plant tissues.
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Fig. 14.9 : lonlc and organic compounds of phloem sap of Ricinus. In gencral phloem sap is alkaline

(pH 7.2-8.5),
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a)  Match the iteins given in colimmn § with these listed ip column 2.

Cafaran | Colunum 2
.
1) Sicve tiehes al - prevean ithe Now af phloen: sap from
LY injureed celis
1} Xylem vessels by cellular clunmmels roning throughout
e prhanl
) Peproteins cboalive s miaturiny
1) Sieve tube ¢lemens JdY o celtutose pipelmes running throughout
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Wh:uh ol the following slalum_nla are rue? Wnlc T or true and F for jalse
i the "m.n hoxes,

t) ‘»n.w tube clements ave snntler m rading tan xylen \usds
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) Steve tuhe clements can carry vul’ protein synthesis.

i) Companson cells have numercus milochondria (o carvy bigh
melabotic activisy.

iv) Transfer cells are Jocated al the siic of heavy asport of
orgaic mlulc and metabolites.,



v} Transfer cells transfer metabolites to mesophyll cells and Transpert in the Phlocm
load them into the sieve tubes.

0O

vi) Sugars are transported via both symplastic and apoplastic route.

14.8 EXPERIMENTS ON PHLOEM TRANSPORT

To begin with, it was necessary to establish the basic fact that the metabolites flow
from the source to the sink through phloem. One of the earliest experiments was to
cut the bark of a stem (to remove phloem) in the form of a ring leaving the xylem
intact, After a few weeks, the'bark on the upper side showed swelling while the lower
side retained the initial diameter (Fig. 14.10), thereby suggesting that the food
materials moved via the phloem and accumutated in the upperpart.

Wood
Bark
«. Swelling
Ring of bark abovering
removed ‘
(2) R ()]

L}
Fig. 14.10 : Ringing (girdling) a Iree. a) A ring of bark is removed from the Lree, stripping the bark away,
down to the xylem. b) Swelling In the bark above the ring is thought to occur from accumulation
of downwsrdly transported material and the continued rapld development of cells Jusi above
the ring as compared with those below the ring. The tree eventually dles as the lower part does
not recelve food malerial synthesised In (he leaves.

N

Early in this century Miinch cut away (wo such nngs in an apple tree as shown in Fig.
14.11. The apple B with girdles both below and above i1 stopped growing, while the

" other two apples A and C grew perfectly weli because they could draw their
metabotlites from above and below respectively.

Flg. 14,11 : Glrdung {or ringiog at two positions), above and Gelow the apple B deprived l.he gpple with -
H organic nutrition and slopped its growth, A and C could obtaln photosynﬂmta from the leaves ‘
above and below them, respectively. : ~ 105
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At the end of World War 11 when radioisotopes were made available as markers,

experiments were conducted to trice the pathway of photosynthates using radioactive -

'CO,. A single leaf was given "CO, and light so thatis would be the only lcaf to fix |
“Co, by phatosynthesis (Fig, 14.12). Aftef a lapse of few hours the stem was cut
into a number of segments in order to see the distribution of photosynthate made
from "*CO,. From the radioactive count of "C, in the various segments of the stem, "
it was found that only those parts of plant contained radioactive photoassimilate that
were in communication with the leaf receiving “CO,. '

Now there arc many evidences which prove that photoassimilates and merabolites
flow in the sieve tube elements which are the actual channels. Translocation of sugar
from leal to other parts can be followed by placing Geiger tube which detects -
radioactivity (Fig. 14.12). The velocity of the pnloem sap can also be determined by
positioning two Geiger tubes against the stem and noting the time required for the
movement of radioactivity from tube | to tube 2. The values of velocity so obtained
usually range from 20 to 100 em hr™ ' but oceasionally could be:as high as threc
meters hr* '

Geiger tube
detectors

Radioactive
sugar in :
phloem

'Geiger counter

-Fig. 14.12: Experimental design for measuring the velocity of phloem sap movement. A leafl [s senled in a

closed chamber contalning rodioaciive carbon dioxide ('“C0,), The leaf is lluminated and the
radioaciive carben dioxide is incorperated into sugar via photosynthesis. The translocation of
Lhe radionctive sugar can be detected hy & Geiger tube positioned against the stem. The time
required for sugar (o move a known distance from Geiger tube 1 to Geiger ube 2 can be used

to calculate the veldcity of phloem sap movement, '

The velocity of phlocm sap can also be determined by slightly heating small sections
of the phloem sap. The sensitive thermocouple is applied further down the stem to
detect the arrival of the warmed sap. You may recali that vé]ocritics of xylem sap flow
is also 'determined by this method. v

The mechanism of transport in phloem is difficult to study because when the celis of
phloem are cut, the sieve tube plates get instantly plugged and transport siops
altogether. Further, the cellular structure is.altered or destroyed,

A simple, neat technique for the study of phloem transport is provided by nature.
Aphids, phloem sap sucking insects draw their putrition from phloem by inserting
Lheir. stylets right into a sieve tebe element (Fig. 14.13). The turgor pressure of the
sieve lube is sufficiently high so the sap simply flows into the aphid's alimentary canal.
A honey-dew can be seen at'the anal end of 3 well fed aphid. If the inscct is cut off
from the plant just before the point of entry’of stylets, with the stylets still inserted :
into the bark, phloem sap keeps exuding from the cut end.- The exudate called honey
dew provides informalion on the content of the phloem sap. The location of the sharp
tip of the stylets is determined by microscopie-observations which show that stylets
penetrate single sieve element. This simple technique provides valuable ‘information
on the transported material and the rate of transport under different conditions
(temperature, soil, water content etc.) ir-a fully functioning intact plant. .o
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Tick mark the correct alteriate word(s).gaven in parenthesis for the statements listed

below: .

i) Phloem sap is rich in (amino acid/nucleic acid). ®

i) Due to transpiration there is persistent influx of (Ca®*/K*) in Jeaves.

iii} (Nitrate/Sulphaie) is reduced tor the synthesis of amino acids.

iv) The technique of (photography!autor.adlol,mph\.r') is used 1o see the location of
ddm.u.lwc curbon in the cell organelles.

14.9 MECHANISM OF PHLOEM TRANSPORT

The efficiency and'magnitude of translocation of food material are evident from the
annual yields of various crops and fruits, Now, the question is, what is the mechanism
of translocation? Diffusion is too slow a process to accoun; far the known velocities
of translocation. Moreover, often the direction of movement is from lesser
concentration to greater concentration. A few theories proposed for the mechanism
of translocation in phloem are discussed below. '

14.9.1 Miinch Pressure Flow Model

Miinch, a German plant physiologist, proposed in 1930, a simple physical model
which can be tested in the laboratory for the mechanism of phloem transport. As
shown in Fig. 14.14, two osmometers, one containing solute at higher concentration
(A) than the other (B), are'connegted by a tube (C} and dipped in water. Due to
high solute concentration in A water flows in to it by the process of osmosis.
Consequently, the pressure develops which forces the solution to rise in the
connecting tube and the content of A flow into B. This pressure forces water to flow
"out of B through its membrane in the medium.

C

o P g0 On Sg gty g aCuyg

o o

. [+]
LS =Y
Concentrated

a
Dilute s @
o solntion * o

Source osmomeler

Sink osmometer

Fig. 14.14 : Model systern illustrating Minch pressure flow hypothesis. (See text lor details).

In plants the state of source and sink is analogous to the two osimometers. The source
regions have higher solute concentration than the sink region. The phloem conduits
in the source region would imbibe water by the process of osmosis and generate a
high turgor zone. On the other hand, the phloem in the sink region will be at low
wrpor. Thus, a pressure pradient exists along the length of the phloem which would
cause a mass [low of solvent and solutes with cqual velocity. )

There ure several difficulties in accepting this, otherwise admirably simple and
dppeahnb hypothesis. Firstly, the generation of pressure gradient is possible in the
above given model only if the water polentlal is about the same in both regions.
However, in plants, water potential is lower in the leaves and higher in the roots.
Thus, the tendency of water 1o cnter the phtoem in the leaf region is reduced.
Whereas in the root region, water can be readily imbibed by sieve clements even at
lesser solute concentration of the phloem sap, from neighbouring cells andfor
apoplasm. Therefore, it cannot be assumed that the gradient in solute concentration

Transpuet it the Miloein

Sugars
loaded {rom
SOULCe

Phloem

4
Sugars
unloaded
1o sink

Fig, 14.15 : Miinch Pressure Flow
Model as applied lo the plant,

(1) Sugar Is actlvely lor 2ed from
the Yeal inte the uppermost sivie
tube member. (2) The higher
AURAr COnCCnIration couses water
1o more in osmotically from the
w¥leny, building up o high water
pressuce. {33 (3} The Ligh water
pressure causes sicve tube sap 1o
Mow ino the remitining sieve wbe
members lnwards Hie- froit,

(5) Supar is actively unleaded
fruin the lowermost sicve tube
nwenber into the fruit. (6) The
exeess water delivered Lo the sink
enters the xylem and muves back
up the plant.
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would gencrate a pressure gradient from sources to sinks. Moreover, the obscrved
differential, mobilities of soluic molecules, highest for K* and lowest for Ca®*, speak
apainst the pressure flow hypothesis. The original model has been modified, as shown
in Fig. 14.15 to remove this problem. '

Pressure gradients sufficient for causing mass flow have not been recorded in any
plant, Much depends, on the radius of the sieve plate pores, the presence of
P-proteins and the degree of callose formation. Hence the debate on the Miinch's
models is still continuing, primarily becausc there is still no other alternative model
to explain precisely the mechanism of Phloem transport. You may note that at the
sites of loading and unioading there is active transport operating which may account
for the diffcrential mobilities of ions and accumulation of molecules such. as sugars
in large amount against concentration gradicnt.

14.9.2 Fensom and Spanner Electroosmotic Flow Hypothesis

In electroosmosis the ions flow across a membranc in response to electrical gradient,
Ions pull along water and other contents because of solvent drag. In this hypc}'lhcsi_s
it is visnalised that sap flows in the lumen of sieve element and eiectroosmosis occurs
across the sicve plate. The basic idea of this model is represented in Fig. 14.16. The

_pores of sieve arc negatively charged and many positive ions are associated with

them. The companion cells of consecutive sieve clements are shown to be engaged
in K* uptake and release. This generates a (K™) gradient in the direction of phloem
sap flux; the fluxes of other solutes are coupled to K* flux and move alongwith the
electroosmotic flow from one sieve tube to the next.

Water and solute Companian cell

- .
e Membrane potential

maintained by
secretion of K* from
companion cells

Fig. 14,16 : Active uptake of K* by the companion ecll fram its associated sieve tube an theleft and secretion
: of K* into the sieve tube at the right side by its companion cell gencrate both a potential
difference ond o XY conceatration gradient, This cuuses o fuw of K jons and other salutes
fremn right hand side le left.

The modet has several advantlages ever Miinch's model. The presence of P-proteins,
and the occlusion of sieve plate pores by filaments bearing negative fixed charges are
in favour of this model. While these filaments would greatly impede the flow of
phiocin sap under a pressure gradicnt, they would make clectroosmotic flow more
cificient. The negative aspects of this model are:

a) the apparent irrelevance of the source-sink long distance relationship.

b) prohibitively large expenditure of cnergy, (ATP) for K* uptake and release by
_the companion cells and

¢) contradiclion of the model in respect of anjonic fluxes which would be excluded
by electroosmosis across channels bearing negative fixed charges.



So long the basic premises of this model are not established by experimental Transpard in the Pliloean
evidences, the model remains an intereéting candidate for the mechanism of
translocation in phloem.

14.9.3 Protoplasmic Streaming and Tubular Peristaitic Flow Model

The first of the above two models involves the well known phenomenon of
cytoplasmic streaming in giant algal cells. Coupling the regular cyclic movement of
cytoplasm with active transport across sieve plate pores is thought to lead to a net
flux of phloem sap in the direction of sinks. But even the highest estimates of
movemerit by cyclosis are inadequate 1o explain the abserved rates of transport
through phloem. The second model is based on the hypothesis of trans-steve clement
. tubular structures which undergo peristaltic movements similar to the action of our
alimentary canal. Both models need experimental support.

14.9.4 Protoosmotic Model

This mode} as propased by M.M. Amin (1982}, is based on the fact that there exists '
a metabolically generated pH imbalance between the sinks and the sources. As arule
all cells which use exogenous metabolites and whose metabolism is based on energy
derived from respiration generate excess H*, whereas cells in which photosynthesis
and nitrate reduction processes cxceed their respiratory activity require uptake of H”
to maintain the cytoplasm at neutral pH. Thus H* flux from sinks (roots) to sources
(leaves), is needed (Fig. 14.17). Being a downbill process it provides a source of
energy which can be used for phloem transport. The model conceives a Jong distance
iranslocation of H™/K™* antiport process, well known for plant ceil membranes: This
flux of H* from sinks to sources is charge compensated by K* Flux (Fig. 14.17). The
K* flux is electroosmotic in nature which carries other solutes with it (hence named
protoosmosis). As against the case of electroosmotic mode] discussed above,
sink-source relationship in exchanging materials as per their metabolic activities is

{ lully incorporated in this model. No experimental evidence has been advanced as yet
cither to substantiate or refule this model.

Other sinks
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Fig. 14.17 : Proton flux down i5 gradient from sinks o sources causes K* .~ counler flux in the phloem
which is thought to drive metabelites to sinks. The energy for phioem Iransport is provided by
the imbalance in the pH of sources {ulkuline) and sinks (acidic), tendencies that arise [rom their
photosynthetic/N-fixing and ruspiring nctivities. Polassiuim jons are recycled in e two vascular
systoms,
i = Mesophyll, I‘ = Transfer Cell, B = Bundle sheath . a

Interestingly this model is applicable to radial transport between phloem and xylem. '
Xylary sap is always-acidic while phloem sap is invariably alkaline and rich in K*.

Flux of H* from xylem to phloem would in this case bring K* and water into xylem |
by protoosmosis. This would enrich phloem sap (i.c. enhance the concentration of 109 ‘
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sugars} as the sap moves towards a sink, e.g. fruil. Indeed tracer experiments have
shown this movement of water (tritium) and-K"” from phlocm to xylem in a cyclic
form : phloem of stem — xylem — leaf — phtoem. ’

SAC 4
Give one word [or each of the statements listed below:

1) Uptake of organic solutes by.sicve clements from adjacent parenchyma cells,
companion cells or transfer cells.

i}y The movement of ions across 2 membrane in response to electrical gradient that
pulls along water and other contents because of solvent drag. v

iii) The flow of solute from source to sink due to pressure gradient.

iv) The flux of proton down its gradient from sink to source and counter flux of K*
from source to sink to drive metabolites to sink.

i4.10 SUMMARY

In this unit you have learnt that : -

© Plants need extensive plumbing network to transport organic material, primarily
the products of photosynthesis from the sites where they are synthesised to the
sites where Lhey are consumed or stored.

® This transport is carried out through a network of phioem tissue that extends from
roots through the stem to the very tip of each and every leaf.

® The sites or the parts of plant from which the organic materials are transported
are called the sources and the sites or parts of the plant its receiving the materfal
from the source are called the sinks. A one.tlime source can also become sink
depending on the need of the plant.

¢ The sieve tube elements are joined together by cytoplasmic connections through
holes in the sieve plate, thus forming continuous cytoplasmic channels called sieve
tubes,

® Experimental studies show that organic materials move through sieve-tubes.

® The location and special structure of companion cells suggest that they support
- translocation.

[ o ) , .
¢ Transfer cells are modified companion cells. Their convoluted plasma membrane
and numerous plasmodesmata arc perhaps for increasing the area of loading
material in the sieve tubes.

* Phloem sap contains mainly sucrose, amino acids and potassium ions. Some other
lons and organic acids arg also present.

® The mechanism of phloem transport is poorly understood--According to Miinch
pressure-flow hypothesis water enters in sieve tube elements by osmosis and
creates hydrotatic pressure which pushes the phloem contents from one cell to the
next. :

¢ Eleciroosmotic mode! visualises the flow of material due to electrical gradient
created by uptake and release of K™ ions by consecutive sieve elements.

Protoosmotic model proposes a conlinuous flux of H* ions from sink to source
compensated by K™ flux from source to sink. The counter flux of K* is thought
to drive metabolites to sink.

f

14.11 TERMINAL QUESTIONS

1} Compare vessels and tracheids of xylem with sieve tube members of phloem.

N —



2) Why is the phenomenon of translocation of food in sieve element a difficatt
process to study?

3} Phloem sap can be collected for the analysis by imaking incision in the bark.
However, the collection of sap by Aphid method is considered to be superior.

Why?

4) Whyis ¢ Aosis or dilfusion cannot account (or the transport of organic sotutes
inapla: !/

14.12 ANSWERS
* Self-assessment Questions
1) 1) photosynthesis, nitrogen 1) xylem, phlogm iil) Sieve wbe elements
jv) source, sink v) source, sink

2j a) b, f)d, dii)a,  iv)c
b DT, WF )T, iwT. WE  vi)F

35 i) amino acid iy K* iii) Nitrate tv) autoradiography

4) i)loading i} electroosmosis iti) Munch pressure flow hypothesis
iv) protoosmotic hypothesis

Terminal Questions -

1) Xylem vessels are dead cellulose pipes running through the plant. They form part
of apoplastic route whereas the sieve-tubes of phloem are living cytoplasmic
channels forming symplasim. Water and mineral ions are tansported through
xylem vessels and trachieds, whereas photoassimilates, organic solutes including
hormones are translocated through sieve-tubes of phioem.

2) Transport in phtoem is difficult to study because the cells involved are very
delicate and get easily damaged. When phicem cells are injured, beaded chains
of P-protein filaments are formed. Besides a slimy plug of callose develops in
each plate pore.

A Collection of phloem sap does not provide selective sampling of the sieve tube
contents, since the phloem contains numerous other cells. Whereas, aphid
method provides only sieve tube sap because the stylets are inserted in 2 single
sieve tube element.

4} The cbserved rates of phloem transport are much higher than the rates that can
possibly be achieved by cyclosis or diffusion. . :

Trunsport in the Phlocr
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GLOSSARY

Adhesion : The tendency for one substancc to cling Lo 'molhcr substance due 1o
intermolecular forces.

Bacteriochlorophyli : A type of chlorophyll, occurring in forms a and b, found in
photosynthetic bacteria.

Bark : All tissues outside the vascular cambium; in old trees, divided into inner living
bark (functional secondary phluem) and dead outer bark.

Bundle sheath : One or more layers of cells surrounding a vascular bundle.

Callose : A complex carbohydrate (1, 3-linked. glucan) associated with the pores of
sieve tube members, pollen grains, pollen tubes, and primary walls of many living
cells.

Capillary water : That portion of soil water thal is held in pores of the soil by
capillarity.

Carotencid : Any of a group of fat-soluble, yellow, orange, red, or purple pigments
widely distributed among plants. They-are subclassified into two proups, carotenes
and xanthophylls.

Cell wall : The non-fiving layer that encloscs the plant protoplast, is composed of
cellulose, hemicellulose, pectin, lignin, and other substances and consists of a primary
cell wall (the outer wail deposited during cell expansion) and-a secondary wall (the
inner wall layer(s) deposited after expansion has ceased),

Chlorosis ;: Decreased chlorophyll coment due o its loss or reduced production.

Cohesion : The tendency of molecules of the same substance to cling to one another
due to intermolecular forces. ;

- Cutin : The fatty layer of cutin on the outer wall of epidermal cells.

Cyclic phesphorylation : ATP synthesis associated-with electron transport in a cyclic
fashion in photosystem I of chloroplasts.

Cyclosis : The movement of cytoplasm within cells. Also called cytoplasmic streaming.

Dry land farming : Type of agricultural operatipn involving deep cultivation of the
soil to form a sufficient reservoir for the moisture as it, falls, surface cultivation to
prevent or reduce evaporation.

Electrophoresis : A procedure by which mixture of charged compounds (such as
proteins) can be scparated in an electrical ficld on a matrix such as starch gel,

Emerson effect : The experimental olservation made by Robert Emerson in 1957 that
photosynthetic efficiency is enhanced in the presence of long wavelength red light
when that light is supplemented with shorler wavelength than red light,

Epinasty : Curling and overgrowth of leaves on their upper SJdes as a result of auxin
and ethylene applications.

. Field capacity : A measure of the water-holding capacity of the soil; soil water content

(per cent by weight) after saturating soil with water and allowing gravitational runoff,

Fixation : The incorporation of components of free gas into organic materials. Tn
photasynthesis, the carbon of carbon dioxide is fixed into carbohydrate. In nitrogen

fixation, gaseous nitrogen is fixed into ammonia and eventually carbon compounds.

Freeze-fracture : A technique for preparing marerial for viewing under the clectron
mlcroscopc n which the specimen is frozen and then fractured with a cutting blade
often causing membranes to split down the middle revealing internal components,

Gravilational water : That component of water added to the soil wh:ch is lost by

runoff under the force of gravity.

Guttation : The secretion of liquid water from hydalhodes along the edge and tip of
a leul.

Humus : A complex mixture of colloidal matter in the soil composed of those
fractions of the organic matter of plants, animals, and microoganisms that are most
resistant 10 degradation. v

Hygroscopic water : The component of soil water that is held by adsorptiun 10 the
surface of soil particles and is not available to plants.




Lignin : A complex polymer, made up of coniferyl, sinapyl, or p-coumaryl alcohols, Trausport in the Phloem
which becomes assoctated with cellulose in primary and secondary cell walls,

‘especially in secondary xylem, and gives strength to the cell wall.

Mass spectrometer : An apparatus for obtaining'the mass spectrum of'a beam of ions '
by mecans of suitably disposed magnetic and electric fields.

Middle lamella : The layer of ceme'nling substance between the primary walls of

adjacent cells.

Monochromatic : Having one colour, or wavelength only.

Necrosis @ Death of a cell or group of cells as a :g:sult of injury, diseuase, or nutrient

deficiency. '

Net photosynthesis : Photosynihetic carbon fixation minus the carbon released as

carbon dioxide by processes such as respiration.

Pggo ¢ A special molecule of chlorophyll a that accepts ¢nergy from the light- .
harvesting pigments of photosystem II and transfers it by loss of a high-energy
electron to an electron acceptor.

Pyyu @ A special molecule of chlorophyll @ that accepts energy from the light-
harvesting pigments of photosystem I and transfers it by loss of a high-energy electron
to an electron aceeptor. '
Parthenocarpy : The development of a fruit in the absence of fertilization.
Parthenogenesis : The development of an egg without fertilization. The production
ot an organism from an unfertilized egg.

Pectin : A cell wall polymer made of 8-1, 4-linked galacturonic acid residues with the
carboxyl groups esterified with methanol, rhamnogalacturonan (rhamnose and
galactose), und arabinogalactan (arabinose and galactose).

Photereceptor : Light sensitive spot; eye of vertebrate.

Photosystem : One of two interacting energy-collecting and energy-transferring
sysicms that operate in chloroplasts. '

Phycocyanin ; Any of several blue, water-soluble protein pigments present in most
"blue-green algue.

Phycoerythrin : Any ot several water-insoiuble red protein pigments present in most
blue-green algae and afl red algae.

Quantum : A discrete unit of ¢lzetromagnetic enerpgy. An entity having particle like
properties. With reference io fight, the umount of energy associated with one particle
ltke unit or photon,

Sieve plete ; A region of the cell wall of a sicve lube member where pores iare
coneentrated,

Sieve tube: A column of sieve tube members that functions in the transport of crganic
solutes in the phloem of angiosperms.

Sieve tube member : An elengared cell with pores on its end walls. , :
Stomasal apparatus : A pair of guard cells and associated subsidiary cells involved in
the opening and closing of the pore between the guard cells.

Stroma . The fuid substance within an organetle, such as a plastid. To fungi, a lurge
mass of sumaltic {vegetative) hyphal tissuc.

Thylakoid : A photosynthetic membrane in chleroplasts of cukaryotic cells. A stack
of thylakobds 0 chioroptast ts called a granun.

Tracheid : An clongated, empty cell of the xylem without perforated walls that is
active in longitudinal transporl of water and mineral nutrients in vascular plants,

Transfer cell ; A parenchyma cell modified with internal extensions of the cell wall
that greatly increase the surface of the plasma membrane.

"Turgor : The positive hydrostatic pressure that devetops within plant cells as a result
of osmotic water catry. Also, the distension that results from the pressure.

Ureides ¢ The ntajor Jerivatives of urea which have been found in nodulated plants
are allantojn, allanto:s adid and cicrulline.
Vessel : A leng. hollow series of vessel members connected to each other end-to-end

in the xylem thw f: rctions in longitudinal transport of water and mineral nutrients
in angiospernius and somg ferns. 113
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Water potential : A measure of the potential energy of osmotic potential and the

pressure potential. A measure of the tendency of water to move away from a given

location.

Water use efficiency : The ratio of organic material produced by a plant to water
utilized (including water taken up from the soil and lost by transpiration).

Wilting : Dirooping of leaves or other plant parts du¢ to decreased turgor within the
cells as a result of excess water loss by transpiration.

-
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Dear Student,

While studying these units you may have found certain portions of the text difficult to
comprehend. We wish to know your difficulties and suggestions, in order Lo improve the

course. Therefore, we request you to fill and’send us the following questionnaire, which

pertains 1o this block.

QUESTIONNAIRE
LSE-05

. ' ‘Block-3 -

Enrolment No.

[) How may hours did you need for studying the units?

Unit Number

No. of Hours

2) How many hours (approximately) did you take to do the assignments pertaining to
this Block?

Assighmenl Number

No. ot Fours

3) In the following table we have listed 4 kinds-of difficulties that we thought you might
have come across. Kindly tick (v) the type of difficulty and give the relevant pag
~ number in the appropriate columns. . -

Page Number ~ Types of difficulties ,
Presentation Language Diagram Terms are
is not clear is difficult isnotclear | notexplained

4) Itis posstble that you could not attempt some SAQs and TQs.
-In the following table are listed the possible difficulties, Kindty tick (/) the type of
difficulty and the relevant unit and question numbers in the appropriate columns.

Type of difficulty
Unil SAQ | TQ [Not clearly | Cannot answer | Answer given | Answer
No. No. No. posed on basis of (dtend of given is
information Unit) not
given not clear sufficicnt

5) Were all the dHficult terms included in the glossary? If not, please list in the sp'ace
given below,

Ny
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The Course Coordinator (LSE-D5. Physiology).
School of Sciences

Indira Gandhi Natienal Open University
Maidan Garhi

New Delhi-110068
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BLOCK 4 PLANT PHYSIOLOGY—II

In the previous block on plant physiology we have deait with nutrition of the plants.
The first Unit of this Llock on inorganic nitrogen and sulphur metabolism is again
concerned with nutrition. Plants require nitrogen, in relatively large amounts as it is
the constituent of amino acids and nucleic acids. Unfortunately, unlike carbon
dioxide . atmospheric hitrogen cannot be fixéd by all plants. Only a few gilted
prokaryotes, [ree living (e.g. Azotobacter, Nostoc) or in symbiotic associalion with
eukaryotes (e.g. Rhizobium-legume) have remarkable capacity of fixing atmospheric
nitrogen. We will explain in detail the biochemistry and mechanjsm of nitrogen
fixation and metabolism of nitrate and ammonia. A small section on the metabolism
of sulphur is also included. .

Units 16 and 17 deal with regulation of growth, differentiation and development. A
plant grows and develops from a zygote by a series of steps controlled at three
levels—genetic, hormonal and environmental. There is a complicated interaction
among the three levels of control. In Unit 16 we discuss the discovery and role of
five groups of hormones and their application to agriculture. Plant hormones have
multiple effects on growth, and particularly developméntal processes are repulated
by more than one hormone.

In Unit 17 you will study the environmental factors that control seed germination,
vegetative growth, flowering, fruit set, abscission and senescence. There are chemical
receptors in plants that receive signals which indicate that covironment is favourable
and the time is appropriate to switch on genes responsible for a particular
developmental event. A small section on tissue culture and biological clock is also
dealt with in this unil.

In the last unit of this course we study the various types of stress conditions that plants
have 1o face, and their varicd responses to cope up with them. The possibility of
manipulating the plants by genetic engineering to survive under stress situations is
also explored.

Objectives

After studying this block, you shouid be able to :

e describe. nitrogen fixation and nitrogen metabolism,

¢ describe metabolism of sulphur,

e cxplain the regulation of plant growth, development and differentiation by internal
and external factors,

describe Lhe varied responses of planis under different stress conditions and the
ways 1o adapt to them.
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UNIT 15 INORGANIC NITROGEN AND
SULPHUR METABOLISM

Structure
15.1 Introduction
Objeclives

15.2 Biolegical Nitrogen-Fixation
The Gifted Speeies
Requirements of Nitrogen-Fixation
Development and Farmation of Nodules in Legumes
Biochemistry of Nitrogen-Fixation
Factors Influencing Funclions of Nitrogenase
Genetics of Nitrogen-Fixulian
Mcasurement of Nitrogenase Activity
15,3 Nitrate Assimilation
Biochemical Reactions
Assimilatory Nitrate Reductase and Nitrite Reductase
Nitrate Uptake
Distribution of Nitrawe Reductase and Nitrite Reduczase
Regulation of Nitrate Assimilation
13.4 Interaction of Nitrogen and Carbon Assimilation
15,5 Ammoenia Assimilation
Biochemica! Reaclions
Uptake of Ammonia
Repulation of Ammonia Assimilation
15.6 Nitrogen Control of Nitrogen Assimilation
15.7 Sulphate Assimilation
15.8 Metabolic Interrelation of Nitrogen, Carbon and Sulphur
15.¢  Summary
13,10 Terminal Questions
15.11 Answers

15.1 INTRODUCTION

Productivity in agriculture, forestry and other écosystems is basically limited by the
avaitability of nitrogen nutrients like nitrate or ammonia. The success story of modern
agriculture is based or abundant availability of industrially fixed nitrogen fertilisers.
However. it is a matter of grave concern that such technology may not last long in
view of the diminishing reserves of fossil fuel. Therefore, it is important to intensify
cfforts Lo exploit the natural or biolagical nitrogen fixation such that it could function”
as the main source of nitrogen in agriculture. In fact, in importance nitrogen-nutrition
is next only to water in the life of an organism,

In nature there are two major processes that control the balance of nitrogen available
lor plant. The process of denitrification is the major cause of the loss of combined
nitrogen to the atmosphere. While biotogical, abiological (lightening and
combustion) 2nd industrial process are involved in transforming atimospheric nitrogen
into combined forms like ammonia and oxides of nitrogen which are readily taken by
the orgunisms.

In Unit 13, you have learnt how carbon is assimilated into glucose during
photosynthesis. In this unit, you are introduced to the hasics of nitrogen fixation,
nitratc assimilation, ammonia assimilation, interaction of nilrogen and carbon
assimilation and controls that regulate the form of inorganic nitrogen nultrition, We
will also describe briefly assimilation of sulphur which like nitrogen is essential for
plants. Its predominant naturat form is sulphate and like nitrate it is°also reductively
assimilated.

Objectives h §
After studying this vnit, you should be-able to:

® name and classify the nitrogen fixing organisms on the basis of mode of living,

- ® write the conditions necessary for nitrogen fixation and the essential requirements
- of.the process,
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Assimilatlon of nitrogen (N2) as
Dilrogen SoUrce TCpresents a
mode of nutrition called
dinzotrophy and orgamsms with
this mode of nutrition are called
diazotrophs.

o describe the metabolic modifications occurring during bacteroid formation in
nodules, .

® explain the basis of specificity of Riizobiun-legume symbiosis,

* name the components of nitrogenase enzyme, describe the reactions carried out
by each component, and explain the significance of H, cvolution during the
process,

® describe the steps involved in assimilatory reduction of nitrate and the requirement
of the process,

e explain the significance of organelle specific or tissue specific distribution of nitrate
reductase and nitrite reductasc,

® explain the significance of induction, repression and control of activity of nitrate
recductase,

e write the requirements of assimilation of ammonia into organic form,

¢ write the pathway of sulphate assimilation and its difference from nitrate
assimilation,

® discuss the metabolic interrelation of nitrogen, carbon and sulphur.

15.2 BIOLOGICAL NITROGEN-FIXATION

The process by which melecular nitrogen (N,) is reduced to ammonia {NH;) is called
nitrogen-fixation (Ny-fixation).

This is the most impertant section of this unit and is fairly long. Here we first
iniroduce you to the species capable of N,-fixation and describe the formation of
nodules during symbiotic association. Then we go through the reactions and enzymes
invelved in the conversion of molecular nitrogen to NH,. A brief section an the
genetics of No-fixalion will introduce you to the possibility of transferring, No-fixing
capability to non N,-fixers.

15.2.1 The Gifted Species

Biological nitrogen fixation remains mainly confined to a few distinct nutritional types
of prokaryotes, some of which are free-living while others live in symbiotic
association with eukaryolic partners. This process contributes annualty about 60% to
the earth’s newly fixed nitrogen budget. Table 15.1 shows the ranges and types of
biclogical nitrogen fixers. They have been variously classified as free living
{(Azotobacter, Nostoc, Anabaena, Fig. 15.1) or symbiotic {(Rhizebium-legume
association}. Free-living can further be classificd into phototrophic (Nostoc),
chemou'ophic {Klebsiclla), acrobic {Azotabacter) or anacrobic {Chromatiiyn}
depending upon (he state of existence and mode of nutrition. Agronomically the most
important nitrogen fixing systems are Rhizobin-legume association (Fig 15.1), Frankia
(actinorhizal)-woody plant association, Anabaena-Azolla and Cyanobacteria-rice
system. Rhizobium-tegume association as you will know invariably occurs in the form
of root nodules. This group of nitrogen fixers has been divided into three categories:
1) Rhizobium which includes fast growing specics, 1) Bradyrfuzobium which include
slow growing strains and iii) Azorhizobitun which is a combination of traits from
Rhizobium and Bradyrhizobium. Rhizahium is highly specific with respect to its host
and that is why the nomenclature is based on the specific host which it infects. For
example the Rhizobium infecting clovers and peas are culled trifolii and
feguminosarum respectively. The genus Bradyritizobiwm is not so rigid with regard to
the host pariners. All the strains of Rftizobivm and Bradyriiizabivm produce nodules
on the host, but Azorhizobium produces nodules on the stem of Sesbania rostrata and
Aeschynomene afraspera. Parasponia is the only non-legume genus where the
bucleriat partner is Rivzobivm. This observation has raised the hope of creating
nitrogen fixing associations between Rfitizobiwm and important crops like cereals.
Nitrogen fixing nodules on the roots of woody plants like Ainus, Casuaring, Myrica
are formed by symbiotic association with Frankia a member of actinomycetes.
Anabaena-Azélla association is experimentally shown to be a strong source of
nitrogen fertiliser in wetlahd rice agriculture. Free-living heterocysts cyanobacteria
are also known to contribute significant amount of nitrogen to the wetland rice
ecosystem. Lichens are associations between fungi and N,-fixing cyanobacteria. They.



Fig. 15.1: The gifted N,-fixers (photographs}. a) Anabrenn (nrrow-heteroyst) b) Rhizobium-legume

are very important source of N in barren harsh habitats. No-fixing root nodules are
also known 10 accur in tropieal planis like Psychotria with Klebsiella as the Ny-fixing
partner.

Table 15.1: Sume examples of certain pifted No-fixing species.

Type Examples

1} Free-living nitrogen-fixing organisms

1) Anucrobes Closiriditm

i} Facultative unacrobes Kiebsielfa, Enterobacter

i)  Microaerobes Azospiritluni, Aquaspirithen Arthrobiacter

iv)  Acrobes Azotobacier, Derxia

v)  Photosynthetic bacteria Riwvdopsendomonas, R,"mdos;;u'r'ih'um, Chromatium
vi) Cyanabacieria Anctbavne, Nostoe

2) Symbiolic systems

1) Alizebiumlegume sssociation
a} Fast growers Piswn, Trifolium, Vicia
b} Slow prowers Arachis, Glycine, Vigna

i) Ritizobrun-nun-legunie issociations

Slow growers Parasponfu
i) Associuled symbiones Azospiriiin-brosifiense-sorghion
iv)  Frankie-(actinorhizal) associations Alnus, Cosnaring, Myrica
vl Cyanabacterial associations
W) oangiosperms Cunneru
b} gymnosperms Agathis, Cyvan, Macrozumiu
- ¢) preridophyres ' odzofla
d) bryophytus . : Antlioceros,” Blusia, Curictln
¢} lichens | Collema, Liching, Peltigera

15.2.2 Requirements of Nitrogen-Fixation

The following are the essential requirgipents for N,-fixation.

i) The cnzy'r;fe‘catalysing the 'cgziversién of molecular N, to NH, is called
nitrogenase. [t is produced By a group of genes called the nif genes. Expression

)

-t

\l.\\

Inorganic Nitrogen

» X

and Sulphur
Melabolism



Munt Fliysiolegy-I1

of the nif genes leading to the formation of functional nitrogenase is thus one of
the essential requirement.

ii) The activity of nitrogenase is extremely sensitive to oxygen. Np-fixing organisms,
‘therefore, must have a cellular mechanism to protect nitrogenase activity from

...+ _OXygen inhibition.

iii) The reduction of N, to NHj requires electrons and protons. The natural
physiological electron donors to the nitrogenase enzyme are reduced ferredoxin

(Fd_.,) or reduced flavodoxins. The organism must have provision for such
- electron donors.

iv) Reduction of N, to NH, is a high-energy requiring process consuming 16 to 24
ATP molecules per N, reduced. Therefore, the organism must have provision for
an abundant supply of ATP.

v) Mo and Fe are integral constituent of nitrogenase and therefore, they must be
available to the plant in order to ensure the formation of nitrogenase.

vi) Nilrogenase enzyme is not produced in the cells that have access to fixed nitrogen
source like nitrate or ammonia. Hence, the process of No-fixation occurs in
.situations devoid of such fixed nitrogen sources. ,

15.2.3 Development and Formation of Nodules in Legumes
There are three main reasons why legumes are important in agriculture.
i) They fix nitrogen and thus reduce the consumption' of nitrogen lertilisers.

ii) Grains and forage legumes rich in protcin content are nutritionally indispensabl
for human and livestock. :

iii) They provide nitrogen inflow to natural habitats such as tropical forest.

N.-fixing nodules of legume include the foilowing distinct stages in its devclopment
and formation.-They arc: i} recognition ii) infection iii) nodule formation iv) nodule

physiclogy.

The specificity of symbiotic interaction between Rhizobium and its host occurs at the -
very first stage and is called recognition. There are reciprocal signals between the host
and symbiont for determination of host specificity for root nodule devetopment. It is
known that this recognition is a function of complementary molecules present on the
surface of the two symbiotic parmers. There are two types of molecules comprising
this complementary group, one is the polysaccharide and the other lectins. The
polysaccharide component is characteristic of both partners while the lectin molecules
are produced only by the host (legume) concerned. Lectins have many sites specilic
for binding to a varicty of surface polysaccharides of the interacting partners. For
example as shown in Fig. 15.2 clover root hair produces a fectin called tritallin with
two specific sites, one for binding to polysaccharides at the surface of bacterium
Rhiizobiun trifolii and other for binding to polysaccharide on the wall of root hair.
Thus lectin functions as an anchor to {ix Rhizebiwm on Lhe root surface.

Roo
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Lectin
molecule

e Sites which

> lectin recognises

P>

Cell wall
of root hair
Fig. 15.2: Role of Teclins'in recognition of host and symblonts, The specific rhizohia atfach te the root hair
of the correct species because the hifunctional lectin molecules recognise antigenic sites of both

partners.



A question will naturaily arise in your mind whether there is any specific chemical
signal from the host to its compatible symbiotic partner and from the later, in
response to the former. Recently, roat exudates of alfalfa were found to contain a
substance called luteolin. (o flavonoid) which is found to induce reuctions in
Rhizobium meliloti leading to the synthesis and excretion of symbiotic signal calted
sulphate N-acetyl plucosamine.

Next to recognition is the stage of infection. The first obvious change in infection
involves curling of root hair (see Fig. 15.3). The substance involved in root hair
curling s of bacterial origin and-is sulphated acylated tEtra-N-acerl glucosamine
(symbiotic signal). The symbiotic signal is host specific initiating host recognition and
development of infection thread and nodule . [tis essential for you to know that root
hair curling is ot an essential requircment for infection. It is thought merely to
facilitate infection by providing a close envirqnment to the bacterium, where it can
enter the root hair cell by causing its localised enzymatic dissolution.

Infection
thread
conlaining
bacteria

Mature nodule

Inner corlex cell
undergoing mitosis

(d) (e)

Fig. 15.3: The Invasion of legume root hair by Rhizobium: a) enclosure of hacterium into the root halr;
b) penetration of bacterlum into Lthe root hoir; ¢) growth of infection threads d) infectlon thread

in divlding cortical cells, &} mature nodule. !

Following the entry of the baclerium, the root hair wall and plasma membrane
invaginate and grow into a tube like structure called infection thread (Fig. 15.3 d).
The bacterium present in the infection thread multiplies repeatedly to produce more
bacteria each enveloped by an extra cellular polysaccharide. Such infection threads
penetrate into the cortex following which the cells of the inner cortical region are
stimulated to divide and becone tetraploid, One bacterium at a Llime is released into
a cortical celt by pinching of the infection thread at a point devoid of root hair wall.
The bacterium may be released from infection thread into a dividing celt in which
case all the daughter cells will contain bacteria. Alternatively, the cells in the cortical
region may have already undergone many divisions, in which case the entry of
bacteria from the infection thread into the daughter cells is a host dependent |,
phenomena. The release of each bacterium into the cortical cell is accompanied by
the formation of external membrane envelop of plant origin around the bacteriui
called peribacteroid membrane. ' :

P -
During the formation of nodules 'ar}q’its maturation, their bacterial cells afa
transformed into bacteroids (Fig. 15.4). These have functional Na-fixing dapparatus

' Inorganic Nilrogi-n and Sulphur
Mciabollsm



Plant Physiology-T{ and cytochrome component located in new bacteroid membrane that facilitate
- respiration at low O, concentration. During the same time a special protein,
leghaemoglobin, is synthesised. It is also localised within peribacteroid membrane.
A number of new proteins of enzymatic and transport nature are also preduced
exclusively by the host. Since these host produced proteins are nodule specific they
have been given the name nodulins. Nodules are supplied with root vascular tissues.

Fig- 15.4: Dingrammalic representalion af hacteroids within rool nodules, Numerous boeteroids in groups
of four te six. Each group is surrounded by a peribactereid membrane.

Mature bacteroids have enzymes for TCA cycle and oxidative phospharylation. The
bacteroids are active in ATP production.and in supply of reductant for nitrogenase
activity. The carbon requirement for the production of ATP and reductant is met

. ultimately from photosynthetically produced carbohydrates translocated through
phloem. The differentiation of bacterium into bacteroid is accompanied by inhibition
of glutamine syntheiase activity, so that the bacteroid cannot assimilate ammonia. In
other words, the bacteroids functions ag ammonia producing factories for the hosl.
Consequeéntly, ammonia is released into the cytoplasm of the host cell and here it is .
assimilated into glutamine and aspdragirie in the case of pea and clover or it is "
assimilated into ureides as happens in soya bean, The reaction of conversion of NH;
to glutamine will be discussed in a later section.

L SAQ 1
a) Given below in Column 1 are some N-fixing specics. Match them with their

! symbiotic partner in Column 2. 5.

Coiumn 1 ' Column 2
i) Anabacna aj Certain leguminous plants
i) Rhizobium b) Andioceros
. iii} Mastoc c) Azolta (fern) ’
iv) Frankig-actinoriiizal ) d)Sorghum
v)  Azospiriltum e} Casuaring

b) Match the asymbiotic Ny-fixers in Column 1 with the characteristics given in

Column 2.
Column 1 Column _3 B E !
1) Nosiec #) Anacrobic ‘
i) Azetabacter - " b} Photasynthetic amacrobs ]
' iii} Clostridiim : ¢} Hetcrocyst |
iv) Chromarium . 1) Acrobic {

¢) Which among the following statements are truc? Write T for true and F for false.
o i) Only prokaryotes have the ability to fix nitrogen. ’ [

; . |
10 . i) Leguminous plants themselves cannot grow without ‘ . ll
- Rhizobium. ¥ O ‘
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Katio : Inorgani¢ NIt ,
iii) Enzymes necessary for the fixation of nitrogen are present nerinic Niregen,and Sulphur

. Melabolis
in the bacteroids. . : O e
iv) Enzymes of TCA cycle and electron transport chain are : .
present in bacteroids. S : ) o o
. v) Bacteroid secreles asparagine into cortjcal ¢ells. - | :
vi} Infection thread consists of an infolded and extended plasma :
membrane of the bacteria. R - O .
d) Fill in the blank space with appropriate words in the statements given below:
1) Molecules that function to recognise both symbiotic partners in' N,-fixation
1 VN and .., . s ,
ii) The motecutesof ...................... anchor by binding to the .............. fomeeens
present on the surface of bacteroid and legume. ' T
iii} Bacteroids release ................ e into the cytoplasm of host cell because ' ‘,"
they lack ..., enzyme necessary for NH, assimilation. \
, -
. iv) The peribacteroid membrane is of ...................... origin.
15.2.4 Biochemistry of Nitrogen-Fixation =~ . .
Nitrogenase enzyme is made of two subunits, One of these contains nonheme iron
and is called Fe-protein or component I1 or dinitrogenase reductase, while the other,
contains Fe and Mo and is therefore, called Fe-Mo protein or component [ or
dinitrogenase. Both the components are essential for the reduction of N, to NH;. For
activation dinirrogenase reductase requires ATP which gets hydrolysed to ADP and
inorganic phosphate. Only such activated dinitrogenase reductase can mediate the
transfer of one electron at a time from reduced ferredoxin or flavodoxin to,
(dinitrogenase which contains the sites for its substrate (Fig. 15.5). Such repeat-d one ,
electron transfer process results in building up of a poo] of electrons in dinitrogenase
which are finally used to reduce fitrogenase substrates. The following equation sums
the process of N; fixation to-NH; and melecular H,: ' : .
N, + 8electrons + 16 MgATP + 16 H;O —- 2NH; + H, + 16 MgADP + 16 Pi + 8 H*, : B
2MgADP+2P; )
Component II 4 Co;-ﬂpon%m [
Fla\:iodo:in Fe-protein Mo-Fe protein N,+8 Ht
(re Ol;ce ) (oxidized) \ (reduced) ‘
N
_‘1 ADPH (N (2) 3)
Flavodoxin Fe-protein /\ Mo-Fe protein ' : 3
(oxidized) (reduced) (oxidized) - . 2NH, +H, ' o
or
NADP' . ;
s L3 . 2MgATP ; ' B . +

Fig. 15.5: Detalls of clectron transpert from NADPH or flavodoxin to nitrogen via component I and
component 11 of Nilrogenzse, :

Fixation of N, to NH, and of proton into molecular hydrogen ‘occurs concurrently.

It is estimated that two to three molecules of ATP are consumed for the transfer of
one clectron in the nitrogenase reaction. Since Ny-fixation and H, production, as .
-shown in the equation is an 8 electron requiring process, a total of 16 to 18 mo!eculeq ‘
of ATP would be the basic need [or the two reactions in the process, So, you tun see
that No-fixution is indeed a very costly reaction energy-wise. It is believed that this
requirement alope might have been the reason for restricting N,-fixation process to ,

organisms efficient in ATP production, You can see hydrogen production during
| ol

N;-fixation to be a wasteful reactionenergy-wise. It also affects nitrogenase Activity
because molecular H, is an inhibitor of N,-fixation. Attention, therefore, is being
given 10 eliminate hydrogen generating reaction of nitrogenase during N,-fixation.

As shown in Fig. 15.6, nitrogenase catalyses reduction of a vartety of substrates with-
concomitant hydrolysis of ATP. If hydrogen cyanide is the substrate, it is reduced 1o . 11

2% -
A " *
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methane and ammonia, If azide is the substrate it is reduced to ammona and

molegular nitrogen. Similarly, if acetylene and protons are the substrate they are
respectively reduced ta ethylene and molecular H,. Acetylene reduction to ethylene
by nitrogenase had led to the development of a method called acetylene reduction

.method for assaying nitrogenase activity in vivo conveniently and inexpensively. The

technique of estimating nitrogenase activity would be discussed briefly in a later
section.

i HCN
MgATP _ MgADP + Pi i

Ferredoxin
{reduced) L Na
- & e /
§ H:
i Mo-Fe- C;H.,
Flavodoxin |L__Fe-protein protein >N,
{reduced) ' " Nitrogenase (DfnfrrogcnaseN.: NH, + N,
(Dinitrogenase CH, + NH,
reductase)

b

I Fig. 15.6; Nitregenase cnzyme catalysing ATP hydrolysis dependent reduction of hydrogen cynnlde (HCN)

to methane (CH,} and NH,, of azide (Ny) to NHy+N;, of Ny to NHy, of acelylene (C;Hy) to
ethylene and protons to nblecular H,. '

Recently it has been shown that Azotobacter has vanadiurn conlaining nitrogenase
in addition to Mo-nitrogenase.

'15.2.5 Factors Influencing Functions of Nitrogenase

Following are the factors that show considerable influence on the activity of
nilrogenase enzyme.

i) Molybdenum (Mo) and Vanadium (Va)

Molybdenurn must be available in nature in order to meet the demand of Mo for the
formation bf nitrogenase necessary for Na-fixation. Now, it is known that Mo inhibits
formation of Va containing nitrogenase. As you may know the relative distribution
of Mo and Va in nature is in favour of Va. Therefore it is quite likely that some
ecological habitats could be deficient in Mo not in Va and N,-fixers of such habitat
are expected to produce Va containing nitrogenasc for N,-fixation. Accordingly,
there could be two nitrogen cycles functioning in nature one mediated by Va system
and the other mediated by Mo system.

ii) Molecular Hydrogen

N,-fixing organisms also produce a membrane bound enzyme called uptake-hydrogenase
under N,-fixing condition. The physiological significance of the presence of uptlake
hydrogenase lies in its ability to consume hydrogen produced during nitrogenase
activity through aerobic electron transport chain generating ATP in the process. Such
nitrogenasc uplake-hydrogenase relationship in nitrogen fixing cells provides the
foilowing advantages: ’

i} By acrobic respiration it restores a major part of encrgy in the form of ATP.
ii) It offers protection of nitrogenase from oxygen.
iii) It prevents inhibitory cffect of Hy on nitrogenase activity.

It has been vbserved that the mitrogenasc cnzyme. ¢atalyses exclusive production of
hydrogen provided the Ny-fixer is in an atmosphere devoid of nitrogen. Efforts are
being made to exploit this special property of the enzyme for photoproduction of H,
by heterocysts of cyanobacteria on a commercial scale. This wauld require
construction of special strains of cyanobacteria that would be genetically deficient in
uptake hydrogenase enzyme. It is expected that these strains would continuously
generate hydrogen in photosynthetic and Ny-fixing condition.



iii) Oxygen . - I Inorganle Nilrogen nnd Sulphur
. ey . s . ) ! ' B Mctohollsm
Oxygen is a strong inhibitor of N, fixation because it blocks both:the synthesis as well

as the activity of nitrogenase. As you have seen in Table 15.1, there are N,-fixers
which are anaerobes and there are those which are aerobes. The problem of oxygen
in anaerobes is taken care of by their very anaerobic mode of nutrition. The problem
is really with aerobes like Azotobacter which require oxygen to fix nitrogen and grow
at the expense of nitrogen. Azotobacter is known to possess the following.two
mechanisms to protect its nitrogenase from oxygen inhibition.

t) respiratory protection and
ii) conformational protection,

[n respiratory protection Na-fixing cells adjust the rate of acrobic respiration
according to prevailing oxygen teasion i.e. rising and falling according to external
oxygen coneentration. Consequently, anaerobic situation within the cell where
N,-fixation occurs is created.

In conformational proteciion an Fe-S redox protein provides protecii-+ » 1.2 'the
enzyme. The protein gets oxidised in the prescuce of oxygen and Mg+ and i
forms a reversible complex with nitrogenase enzyme. So the enzyme becomes
tnaccessible to oxygen and Nj. 1n the absence of oxygen reduction of 'z-8 redox
protein results in the dissociation of the complex leading 1o recovery of active
nitrogenase,

]
The biochemistry, physiology and genetics of N,—fixation in Kiebsiellg preumoniae
is fairly well understood than in other N,-fixers . It overcomes the problem of oxygen
by repressing or inhibiting the production of nitrogenase cnzyme in the presence of
oxygen. Whereas, cyanobacteria like Nostoc and Anabaena have heterocysts as
exclusive sites of nitrogen fixation under acrobic growt condition. Heterocysts are
the site of both synthesis and activity of nitrogenase enzyme. In such forms heterocyst
plays the role of an oxygen protection device for nitrogenase. The mechanism by
which heterocysts perform this rofe is as follows: Heterocysts are specialised cells
which are formed from ordinary vegetative cells. During the differentiation process
photosystem II activity gets eliminated resulting in the loss of oxygen production
during photosynthesis. Further, a glycolipid layer is newly laid in the wall of the
heterocyst during its differentiation. This structural modification constitutes a barrier
to oxygen cniry from the external environment. Thus, loss of PS II activity and
[ormation of new giycolipid layer are the apparent mechanisms by which the
helerocyst protects ils nitrogenase from inhibition by oxygen. A

iv) Lephaemoglobin

Leghaemoglobin is a joint proditct of Rhizobitm and the host. It is produced during -
the muturation of nodule. It is commonly observed that nodules containing
leghaemoglobin look pink in colour and those deficient in it look colourless. Pink
coloured nodules are always effective in N,-fixation while the colourless ones are
unable to fix N, The inability to syathesisc leghaemoglobin is associated with lack
of Np-fixing ability. Leghaemoglobin serves a duat function, It functions as a reservoir
of oxygen and thus provides enough O, to the bacteroid for the production of ATP
through aerobic respiration. Seceondly, it has the ability to bind diffusing oxygen - “
within the nodule, so it keeps oxygen away from nitrogenase. ’ )

15.2.6 Genetics of Nitrogen-fixation

The penetics ol nitrogen-fixation is known in detail in Klebsiella prewmoniae. There

are twenty genes required in arganising the complete N-fixing apparatus.

Interestingly, it has been shown that if all the twenty genes of Klebsiella arc

transterred to E coli, 4 non-N,-fixer, the latrer becomes a N,-fixer. Some nif genes ,
code for the structural components of nitrogenase while two genes (nif L and nif A)
are regulatory, '

The fasl growing Rhizobia like R, feguminosarum are knovin to contain three kinds

of genes for Np-fixation, They are i) nif-genes required for the formation of .
functional nilrogenase as in Kiebsiella, i) nod-genies-required for the formation of : ' ;
nodules in root'and iii) fix-genes required for the maintenance of N,-fixation by the

nodule. They centrol oxygen protection of nitrogenase as well as ATP and reductant

supply. There are about 18 nod-genes known which are activated by the inducer o 13

Yy
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flavonoid {leutolin) present in the exudate of roots. They are supposed to be involved
in controlling various stages of Rhizobium infection leading to the formation of
nodule. The nif, the nod and the fix genes are located on a plasmid in the fast growing
rhizobia and on the chromosome in slow growing rhizobia.

Nod-genes afe known to coritzol the host-range of the bacterium and it should be
genetically possible to increase its host range, thus enabling it to infect cereals and
produce root nodules on them.

Recently cultured tissues of rice and wheat have been successfully infected with,
Rhizobium although the association does not have the capability of fixing nitrogen.
This achievement, however, is a step closer to Rhizobium-wheat or Rhizobium-rice
N,-fixing systern.

15.2.7 Measurement of Nitrogenase Activity

There are various methods to find out whether an organism is a N,-fixer or not. If
an organism can grow in normal atmosphere without any provision of a nitrogen
source like nitrale or ammonia, one infers the aorganism to be a MN,-fixer. Tt is
important to mention here that N,-fixer heterocysts cyanobacteria or
Rhizobium-legume system are known 10 grow without any supply of fixed nitrogen.

The other more reliable method is the incorporation of N isotope into cellular
nitrogen containing compound which can be estimated in a mass spectrometer. This
method is very costly and is, therefore, not casily accessible for day-10-day
mcasur‘cment of nitrogenase activity and N-fixation.

The most extensively used method for measuring nitrogenase activity is the acetylene
reduction method. The méthod consists of incubating the N,-fixing system with about
10% acetylene for a period of 10 te 30 min during which nitrogenase converts
acetylene into ethylene depending on its efficiency. Gas samptes are then taken out
by syringe from the reaction sample and the acetylene reduced is assayed by injecting
the gas sample into a gas chromatograph which separates quantitatively acetylene and
ethylene and thus provides casy quantitative assay of ethyiene. Nitrogenase catalysed
reduction of acetylene to ethylene is nol accompanied by reduction of proton to
molecular hydrogen as happens in the reduction of N5 to NH,.

The reduction of acetylene 1o ethylene involves two electrons and if one wanls (o
equate the amount of ethylene produced with the amount of N, fixed then the amount
of ethylene has to be divided by & Eactor of 4 to find out the optimum level of No-fixing
activily ol nitrogenasc. s

SAQ 2

a) Match the characteristics given in Column®2 with enzymes given in Column I.

Column 1 Column 2
i) Dinitrogenise reductase 1) Fe-Mo protein
it} Dinilropenise b requires ATP for activation

) transfers ane chectron at i iime

4

fa

Fe-protem’

) transfers cicetrons 1o Na ‘

b) Fillin the blank spaces with appropriate words in the following statements.

i} In cyanubacicria nitrogenase is presentin.......ooeenn .

1) Uptakc-hydrogenase utilises hydrogen by passing it 1o
under acrobic condition and gencrates ... .

i) In an atmosphere devoid of N, gas nitrogenasc enzyme catalyses the
production of ......o.ooiieennn only. )

iv) A cyanobacterial strain deficient in uptake hyckogcnasé will produce
........ contifuously in N free atmosphere.

V) e ..... protects nitrogenase against OXygen and it also functions
IR SR R . of oxygen. '



) Match the genes of Na-fixation given in Column I with the functions given in

Column 2:
Ceduinn | - Culumn 2
i) nif genes . a) Muintenance of No-fixation
ii) nod gencs b) Functional nitrogenase .
iir) ﬁx_gt..'_m:s ¢) Formuarion of nédules In roats

15.3 NITRATE ASSIMILATION

15.3.1 Biochemical Reactions

Nitrate is the most readily available and preferred source of nitrogen for growth.
Assimilatory reduction of NO 4 1o NH, is known Lo occur in two steps as shown below:

i) NOj +2H" +2¢- ——— NO3 + H,0
Nitrale Nitrite

i} NO; +7H" + 66~ —— NH, + H,0O
Nitrite Ammonia -

The first step is catalysed by nitrate reductase (NR) which reduces NO3 to NO7 at
the expense of two electrons, The second step is catalysed by nitrite reductase which
converts NO; into NH; at the expense of six electrons. Nitrate reductase is
Mo-enzyme like dinitrogenase and nitrite reductase is Fe-protein. The physiological
source of reductant for the two reductive processes could be reduced ferredoxin — Fdedy
or reduced pyridine nucleotides (NADH or NADPH) depending upon the system. It
is important to point out here that NO7; is known to undergo dissimilation in which
it is reduced to N, gas. Such a process of nitrate metabolism is called mitrate -
respiration or denitrificalion and occurs’exclusively in certain bacterial forms under
anaerobic condition. The enzymes of denitrification of nitrate are called dissimilatory
nitrate reductases.

15.3.2 Assimilatory Nitrate Reductase and Nitrite Reductase

There are two kinds of nitrate reductases depending upon their specificity to
reductant. Nitrate reductase of cyanobacterial system requires reduced ferredoxin
(Fd-dependent) to catalyse the reaction. While nitrate reductase in plants and fungi
requires reduced pyridine nucleotide (NADH or NADPH - dependent) to carry out
the reaction. In general most pyridine nucleotide nitrate reductases are capable of
using both NADH and NADPH as source of reductant. The enzyme from
photosynthetic organisms like higher plants and algae show preference for NADH
but that from fungi show preference for NADPH. This suggests inherent difference
between cyanobacterial nitrate reductase and eukaryolic nitrate reductase in respect
of reductant requirement, The two types of reductant dependent nitrate reduction
reactions arc shown below :

Eukaryotic

NADH FAD Mo™ "NO;
NAD N FADHI/ Mot 4 \-»NQ;
Cyanobacteria .

Fd(red) ~ ,~~ FAD -\/»Mo’* \/-No;
Fd (ox)~ FADH, < - Mo® NO;

In comparison to the Fd-dependent enzyme which contains only molybdenum as

prosthetic group, the NADPH-dependent enzyme in-addition to molybdenum also

contains flavin adenine dinucleotide (FAD) and cytochrome bss, as prosthetic

Inorganic Nitrogen and Sulphur
Metobolism
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groups. Functionally, while the Fd-dependent enzyme catalyses only reduction of
nitrate to nitrite, the NAD(P)H-dependent enzyme catalyses two independent
activities, one called diaphorase activity in which NAD(P)H is oxidised and one
electron acceptor like cytochrome Cor flavin mono-nucleotide (FMN) is reduced,
and the other called terminal nitrate reductase activity which is NAD(P)H
independent and in which nitrate is reduced at the expense of reduced flavins
(FMNHS,) or viologens. In vivo both activities, participate jointly and sequentially in
the transfer of electrons from reduced pyridine nucleotide to nitrate as shown in
reaction (Fig. 15.7). Nitrate reductase in cyanobacteria latks diaphorase activity and
contains only Mo as prosthetic group.

_ _ _ -
NAD(PJH ———s [FAD ——> Cylochrome bygy—a—s» Mo} ——— NO,

T
[ e
Cylechrome C{ox) Flavin monenucleatide (red)
" or . (FMNH))
Flavin mononucleotide (ox} . or )
| (FMN) - | Viologens (red) |
Diaphorase Teminal nitrate reducing
activity activily

Pyridine nucleotide dependent
nitrate reductase

Flg. 15.7: Activities of NAD*{P )-dependent nitrate reductase |) diaphorase activlty ii) terminal nilrate
’ reduetase activity.

Reduction of nitrite to ammonia occurs in chloroplasts, The enzyme nitrite reductase
in cyanobacteria or chloroplasts requires reduced ferredoxin for reduction. Nitrite
reductase of fungi requires NADPH to carry out the reductive function. The two
reactions are showntbelow:_

. Chloroplast
Fd (red) NO;
Fd (ox) \-h-N'HJ_
S Fungl i
NADPH NO; R
NADP* 4~ NH

3

15.3.3 Nitrate Uptake

Nitrate must enter the cells before undergoing assimilatory reduction by the joint
action of nitrate reductase and nitrite reductase. Cells accumulate NO7; against
concentration gradient and this accumulation is a result of the presence of active NO
transport system in the cell membrane. Nitrate uptake and nitratc reduction are
independent processes because organisms genetically deficient in nitrate reductase
activity contain normal transport activity. .

" .,

i5.3.4 Distribuiion of Nitratz Reductase and Mitrite Reductase

Let us see whether nitrate assimilation depends upon the reductants produced in
photosynthesis or in oxidative metabolism. It is now known that nitrate reductase and
nitrite reductase are located in the photosynthetic membranes of cyanobacteria.

In higher plants (Cs) nitrate reductase has been shown to bea cytoplasmic enzyme
and nitrite reductase a chloroplastic enzyme. - - .



In C; plants nitrate assimilation and carbon dioxide assimilation are compartmentalised, Inorganic Nitrogen and Sutphur
the former located in mesophyll cells and the latter is present in bundle sheath Metabolism
cells. 10 is ohserved that C, plants have greater effliciency of nitrate assimilation, in '

comparison to Cy plants, This is due 1o the special.separation of nitrate and nitrite

reduction [rom the site of CO4 reduction, Cytoplasmic nitrate reductase and

chloroplastic nitrite reductase are characteristic of mesophyll cells and not of bundle

sheath cells. In non-green tissues, like roots of higher plants nitrate and nitrite

reductase also occur in active form. Accordingly, there are the following three basic .

modes of NO; reduction. .

i} Directly dependent upon photosynthesis as in cyanobacteria,

ii) Partly non-photosynthetic and partly photosynthetic as in mesophyll cells, and
iii) Compietely non-photosynthetic as in roots.

15.3.5 Regulation of Nitrate Assimilation

There are 1wo levels of regulation of nitrate assimilation. One is leng-term and
another is short-term. The long-term regulation operates at the level of enzyme
synthesis und the short-lerm regulation operates at the level of cnzyme activity.

Enzyme Synthesis

Nitrale assimilating system in general are known to show increase in nitrate uptake
system and nitrate reductasc system in the presence of nitrate, In other words, nitrate
assimilatory system is induced by the presence-of nitrate. Similarly, cells or organisms
assimilating NH; as nitrogen source show lack of nitrate assimilatory system. Such
control of nitrate is called repressicn control. Thus nitraté is an inducer while
ammeonia is repressor of nitrate asstmilatory system, p

Red light is known, to enhance synthesis of nitrate assimilatory system and this light
elfect is mediated by well-known photomorphogenic pigment called phytochrome
about which you will learn in deail in Unit 17 of this course.

Enzyme-activity Conirol
Availability of the substrate, MADH and nitrate would be an important determinant
of the rate of aitrate assimilation. In additien, there are number of substances which
are known 1o cause reversible inactivalion of nitrate reductase under reducing
condition (Fig. 15.8).

/ Hydroxylamine
Cyanide

NO;  NaAD*
+ S(red) Binding
CS([::J prolclr'l-“ Superoxide

NO; + NADH + H === - NO, + NAD™ + H,0

Mo-Ptcrir/

’ Protease
"\~ NR Protein

AminoT :
acids ’

AV AN

NR m RNA Degradation
Mitrate + 4
Plastidic factar + | Ammonia
Light +

E-‘ig. i53.8; Reguimtien of assimilatory nitrate reductase (NR). Reversible nactivalion of NR by combination
with hydroxylomine, cynnide, or superoxide and reversal of this Inactivation by blue Light in the.
presence of Mavin; inactivation by combination with specific bindlng protelns or by llmited

. proteolysis, Enzyine synthesis is regulated by positlve effector-nitrate, plastidic factor, light and
negetive effectors derived frot ammonia. ’

. Cyanide : Plants generate cyanide from cyanogenic glycides and histidines. Ethylene

¥ biosynthesis is also accompanied by cyanide production. Nitrate reductase can-occur : 17
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in reduced form following its interaction with NADH in the absence of nitrate. The
teduced form of the enzyme has the ability to combine with_cyanide forming
enzyme-CN complex which is enzymatically inactive, Nitrate, blue light or oxygen
oxidise the enzyme~CN complex releasing cyanide. The cyanide free enzyme regains
its activity

Hydroxyl amine-or superoxide inactivate the enzyme which on exposure to blue light
gets converted to active form. It is pbserved that plants grown in blue light are higher
in protein contents. Blue light regiilation of nitrate reductasc activity may be one of
the primary factors responsible for higher protein synthesis.

Inhibitor proteins: One kind of inhibitor protein found in higher plants is an
endopeptidase which degrades nitrate reductase thus causing irreversible oss of the
enzyme. The other kind includes binding proteins that specifically bind 10 nitrate
reductase leading to permanent inagtivation of enzyme. Such inaclivator protcins
have been isolated from rice scedings and spinach leaves. These reactions arc
explained in Fig. 15.8. You will sce that the transcription of enzyme is mediated by
light. It is unigue enzyme in this respecl.

15.4 INTERACTION OF NITROGEN AND
CARBON ASSIMILATION

" The requirement of N,-fertilisers in agriculture is because of the low-level of nitrogen
in the soil. Application of nitrogenous fertilizers bring about dramatic ¢ffects on the
growth and performance of the plant. Onc of the most important consequences is the
cffect on utilisation of carbohydrates in plants. It is known that the level of
carbohydrates in the plants goes down with the level of Na-ferdliser quppllcd to them,
The form in which the ferlilisers are supplied are NO3, NH and NH7. In the plant
NQ; is reduced 10 NH; and assimilation of NH; requires carbon-skeleton like
a-ketoglularic acid, an intermediate of TCA cycle [ r its incorporation into organic -
form. Naturally, the rate of NH, assimilation into erganjc form would depend on the
rate at which TCA cycle supplies the carbon skeleton. The C-skeleton removed
during the assimilation of NH; must be replenished through the catabolism of
carbohydrates. Consequently, the carbohydsate content of the plant decreases in
proportion to the amount of organic N, produced.

The other place of nitrate assimilation in the plant as you have already seen is
photosynthetic tissue and the reductants are reduced ferredoxin and pyridine
nucleotide. Since such reduclants are also required for carbon assimilation, the
production of carbohydrales in photesynthesis is bound to go down in proporlion lo
the increase in ratc of reductive assimilation of NO;. In other words, the level of
NO7T ulilisation is inversely related o the level of \.a.hnn_vdlalc in the plant.

Following are the practical applications of this knowicedge in raising crops with desired
protein and carbohydrate content. Take the example of celery calen as salad, the
stalks of this plant arc most cdible when soft angd this sofiness is the result of lower
availability of carbohydrates, Now, to raise a celery crop with soft stalks one uses
N,-ferlilisers which divert a major part of carbohydrate in the synthesis of amino acids
and proteins. Anolher example is sugarcane, a crop of tropical region. [t requires &
period of six months from the time of planting to the period of harvest. Here, the
growers apply nitrogen fertilisers in the beginning and not near the time of harvest.
Similar practices have resulted in production of bect roots highlg’ rich in sugar
concentration. The reason for rise in sugar in the beet root is again duc to withholding
of Na-fertiliscr near the harvest time. so that the C-skeleton is not diverted (or
producing amino acids and proteins,

SAG 3
a) Matckh the characleristics listed below of Column 2 with enzymes given in Colunin 1.
Column 1 . Column 2 |
i) I’il!rntc;mlucmsc ' a)  Non-heme Fe-protein
it} Mitrite reductase h)  Present in chlnmplglst '

¢)  Prosent in cytopliasm

N 1@ M‘{?[y[;dn-flqm protein

¢)  Diaphorase activity




b Choose the alternate correct word piven in parenthesis in the {ollowing
statemcnls: .
i} Nitrate assimilation in most higher plants occurs mainty in (roots/leaves).
i) Number of clectrons used when NO; is reduced to NOJ (1/2).
i} Number of electrons used whien NO; is reduced to ammonia (24/6).

1v) In cyanobacteria nitrate reductase js located in the {photosynthetic
membranes/plaseay membrane), :

v) n higher plants nitrate reductise is in (cytoplasm/chloroplast) and nitrite
reductase s in (eytoplasm/chloroplast).

vi) [n C; plants nitrate assimilation oeeurs in (buadle sheath/mesophyl] cells) and
CO: wssimilation vecurs in (bundle sheath/mesophyll cells).

vil) Nitraue reductase activity is induced in the presence of (NO3Z/NHJ).

'15.5 AMMONIA ASSIMILATION

Nitrogen (N;) gas and NO 5 are the most common available forms of inorganic
nitrogen. Both are cnzymatically reduced to ammonia because it is only ammonia
that is incorporated into organic form. Since amino acids either free, or part of
proteins are the predominant form of organic nitrogen, the major product of
ammonia assimilation is usually considered 1o be amino nitrogen.

15.5.1 Biochemical Reactions

Ammonia resulting from Ny-fixation or nitrate reduction or supplicd exogenously is
assimilated in plants by the following two primary pathways, i) glutamate
dehydrogenase (GDH) pathway and i) glutamine synthetase. (GS)-glutamate
synthase pathway, -

i) High cellular ammonia pathway;

NH; + a-Kewogluarate + NADPH+H* 22, Gluamate + NADP* + H,0

ii) Low cellular ammonia pathway:

Glutamine Syathetase
Glutamine + ADP + Pj

Glutamate + NF, + ATP

: Glutama
Glutamine + a-Ketogluturate + NADPH + H* —E“hﬂi‘i
' (Or Flgay) M !
Glutamate + NADP" + H,0 ' _ e

© (or Fd{m]J

o

As you may note, both the pathways gencrate the same amino acid, glutamate asend
product of the reaction. The lwo.pathways may operate simultaneously as in higher
plants and eukaryotic algae or alternatively as in certain heterotrophic enterobacteria, ©
In cyanobucleria glutamine synthelase —zglutamire synthetase (GS) is the miin.primary
puthway of ammonia assimilation. - ’
The two enzymes involved in ammonia assimilation differ significantly in their affinity
for ammonia which is very high for slutamine s:,'r;themgc andbsigniﬁcanl]y low for
glutamate dehydrogenase. In other words, glutamate dehydrogenase medialed |
pathway functions under conditions of high cellular ammonia and glutaming
synthetase-nicdiated pathway under conditions of low celfular ammonia (Fig. 15.9),

: - ' LI

-y

]

The GS-glulamate. synthase pathway is characteristically cyelic in. nature’in which

glutamate acts, as both the acceptor. and-product of ammoniy ssimiation.; This
pathway of ammonia assimilation is called glutamate synthase cycle! The pathway. -
1 o '

| -~
T

P

Inorghnle Nitregen and Sulhyr ’
Metabolism



Plant Physiology-11. requires ammonia, ATP, réductant and a-ketoglutarate for the net production of a
' ' . molecule of giutamate. So we find thatin comparison to GDH pathway, this pathway
of ammonia assimilation is more expensive because of energy cost and material need
than that of the GDH pathway.

Glutamate dehydrogenase pathway in high cellular ammanla

COOH ' cooH
| | .
c=0 CHNH,
i |

Glutamale -

* *

1C!H2 + NH,; + NADPH + H ____)dd'lydrngcnnsc CIH2 + NADP +H2()
‘f“z _ Cle

COOH CCOH

a-Ketoglutaric
acid Glulamic ecid

Glutamine éynthetnse (GS)—glutamate synthase pathway

COOH " COOH

| |

CHNH, CHNH,

| . 1

Glulamine .

CIH,2 -+ N”,_‘ + ATP W (L:H2 + ADP + Pi
CH, CH,

| ) |

COCH CONH,

Glutamic acid Glulamine

COOH  COOH - ) COOH

| | |

CHNH, ©€=0 CHNH,

| | |

CH, + CH, + NADPH=+H' —oooess CH, + NADP'+HO
! | or synthase 1 or
CH, CH, Fd{ox) CH, Fd(ox)
| { ' i

CONH, COCH ' COCH
Ghutamine  c-ketoglularic Glutamic

acid ’ acid

Fig. 15.9: a) Glutamaie dehydrogenase palaway, by The Glutamine synthetpse — Glulnmate synthase cycle.
glutamine synthetnse, - glulamate synthasc.

15.5.2 Uptake of Ammonia

Ammonia (NH;) diffuses freely across biological membranes according 10 ils
concentration gradient, However, ammonium (NH7) ion requires a specific transport
system to cross the biological membrane. In recent years, activities and regulation of

ammonium transport system have been studied in a number of No-fixing systems, The

following are the characteristics of ammonium transport system:

i) ammonium lransporl system is ammonia repressible as it is absent in cultures
grown with ammonia as nitrogen source;

i) mitrogen limitation for growth appears to he the signal for the induction of the
ammonim Lransporl system;

iii) ammonium transport system like olher ransport processes is an energy requiring
aclive process,

Since higher levels of ammonia in lower plant cells like cyanobacteria gxe1i toxic
¢ffects. there must occur a closer interrefationship between uptake and assimilation
.of ammenia in such systems. Further studies are required to clearly understand the
interdep -dence of the two processes. At this point it is important to point out that
the characteristics 0° ammonium transport process has not been studied in higher

20 plants.



15.5.3 Regulation of Ammonia Assimilation

Heterotrophic bacteria like Escherichia coli and Kiebsiella aerogenes induce the
operation of GS-glulamate synthuse puthway ot ammonia assimilation under
-conditions of low ammonia and of GDH-pathway under conditions of high ammonia,
Thus the two pathways are mutually exclusive and the level of cellular amntonia
determines which pathway of ammonia assimilation is likely o operute.
Cyanobacteria like systems have only GS-glutamate synthase pathway fenctioning
under low or high cellular ammonia. Information about the role of ammonia in
metabolic regulation of its two assimilatory pathways in higher plants is virtually
unknown. ’ .
Animals pet rid of excess amsnonia through the urea eycle in order to ¢scape ammoniz
toxicity, Plants have no similar mechanism of eseaping ammonia toxicity. This might
be because land plants evolved under conditions of nitrogen limitation. However
plants scem (o have developed controls of nitrogen metabolism which ensure that
ammonia i reassimilated.

15.6 NITROGEN CONTROL OF NITROGEN
ASSIMILATION

Na-lixer like Klebsiella pnewmoniae and Nostoc can prow with Ny, NO3 or NH) as
nitrogen source. You would like (o know how these organisms manage to assimilate
one of the three Torms ol Ny when given all the tiree simultancously. 1t is known
that NH | is preferred over NO; or Na us nitrogen source. Now the guestion is how
this preference is realised by such Na-fixers? Ammonia can readily enter the cells by
dilfusion and the cells assimilate ammonia thus available into glutamine and
glutamate. Under such conditions the ratio of glutamine (o a-ketoglutarate rises
which is asignal Tor sufficient nitregen and causes repression of both NO3
assimilation and Nj-lixation system. This is analogous to ATP/ADP ratio which

_ signajs the energy-state ol a cell. A high ATP/ADP ratio indicates that the cell has
- sufficient energy to perform its metabolic functions. That is why legumes grown in
the medium containing NHJ do not form nodules with Riizobium. In this connection
ILis important 10 point out that recognition mechanics as explained earlier of
Rhizobivpnlegume symbiosis is not seen in rout hairs of legume supplied with NHJ .
Similarly, when a Na-fixer is exposed to NOj5 and N,, it preferentially assimilates
NO; and such NOj assimifating organisms do not produce Ny-fixing apparatus, The
mechanism of NOy inhibition of No-lixation is the same as that described for NH{
inhibition ol Na-fixation. The mechanism ol ummonium repression of NOj
assimilation occurs through the same mechuaism as ammonium repression of
Ny-fixation. This explains why Np-fixation, nodule formalion and heterocyst
lormation occur under conditions of limited nitrogen and not under conditions when
nitrogen is available w the plan,

15.7 ‘SULPHATE ASSIMILATION

You know that plants take sulphur mainly in the form of sulphate {(SOF7), Itis taken
up actively against concentration gradient, Sulphuris part of amino acids—cysteine,
cystine and methionine. Plants also contain two activated sulphur compounds —

“adenosine & phosphosulphate (APS) and 3 phosphoadenosine §° phosphosulphate
{PAPS) important in sulphate-assimilation (Fig. 15.10). These are analogous 10 ATP,
There are also sulphale esters in plants such as polysaccharide sulphate and musiard
oil glycosides. ’
Certain anserabic bacteria like Desulfovibrio use sulphate' as a terminal acceptor of
electrons during respiration 10 generate ATP. This is called sulphate respiration. Such
a reduction of sulphate is called dissimitatory reduction. The other mode of sulphate
reduction carried out by plants is assimilatory reduetion in which sulphate is reduced
to thiol group found in muny coenzymes and in the amino acids—cysteine and

1
.

Inorganle Nitcogen and Splphur
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0 Q 0 o]
NH1 ] ] Il I
N. H CH,—0—P-—-0—P—Q—P—O0OH + -0—S—0" + 2H’
Z | [ ! I
¢ OH  O©OH OH OR
H - Sujphate
K\ ion
ATP i
0 O : 0 o]
] Il i}
) CH-—O P O—ﬁ-—OH + HO—Fl’—O—-P—OH
ATP Sulphurylasc |
Py ) OH OH
Pyrophosphoric
acid
OH
APS = PAPS — Phosphorylated

‘ Fip. 15.10: Structure of ATP and adenosine 5° phosphosulphate (APS). In PAPS 3“h:}'drox_\' group af pentose

is also phosphorylated {encircled)

“methionine. As you have lcarnt hydrogen sulphide and pthor reduced inorganic |

sutphur compounds are used as photosynihetic electron donors in bacterial
photosynthesis,

Assimilation of SO~ into organic compounds occurs through the following two
reductive steps.

'S0 —— SO — 8§

Sulphate Sulphite Sulphjde

Thesulphate that has entered the cell is converied into activaled PAPS according to
the [ollowing equation:

ATP Sulfuryl'wc

SO + ATP AMP—-SO?"(APS) + PPi

APS & ATP ATSKindse o, 00« ADP

Inarganic .
— s, 2P
Pyrophosphatase

APS can enler directly into the assimilatory pathway or it can be acted upon by
another molecule of ATP (sce equation above) in the presence of enzyme APS kinasce
to produce PAPS which represents another form of activated sulphate. You have seen
that such ATP-requiring activation reactions are not necded in the assimilatory
reduction of nitrate or carhon dioxide.

PAPS is used in cells for all esterification reactions of sulphate with organic
compounds. APS pulbway ol suiphate reduction oceurs in higher plants, algae and
cvanabacteria; PAPS pathway operates in organisms like yeast and Escherichia coli.

Sulphile can also serve as a source ol sulphut in pholosynthelic systems but this
pathway of assimilatery sulphite reduction follows a course sgparate from that of
sulphate assimilation and is carricd out by a single enzyme called sulphite reductase,
The cnzvimc 1 P, rcouctase catalvses a 4 clecivon ronction aten for the

JJI'I\I [RSSE PR RN RS RN E LY LV ) By L) b(\t(llj’. &l u TR PR Tl LI hl\;i! TLrl LI
conversion of sulphite to sulphide. In the PAPS pathway sulphilc is an intermediate
in the reduction of sulphate to sulphide and sulphatc reduction here is catalysed by
suiphite reduclase leading to Lhe formation of sulphide.

5O + 6em6 HF 2PN, o 4 51400

reductase



Most likely the activated [orms of O3 ", APS and PAPS are directly involved in the Inarganic Nitrages and Sulphoe
reduction of sulphate to sulphite. There is evidence thal the reduction of sulphite to Metaholi
sulpliide in photosynthetic tissues involves reduced lerredoxin.

The enzyme sulhydralase catalyses the incorporation of sulphide inte serine to form
cysieine, The two other amino acids cystine and methionine are syathesised from
cysteine.,

Serine -+ §°7 ——— cysteine .
The reactions of PAPS with aleohuls results in"the formation of sulphate esters as
shown below:

ROH + PAPS —— ROSO, + PAP

The regulatory aspects of inorganic sulphur metabolism are not as well understood
us those of inorgunic nitrogen. Scienlists are turning their attention to them now.

15.8 METABOLIC INTERRELATION OF NITROGEN,
CARBON AND SULPHUR

Plants grow and develop into characienistic individuals as a resull of 2 series of well
progrummed and regulated bicchemical and nmiorphotogical events. The main
clements that enter into the composttion ol an individual plant are carbon, hydrogen,
vxygen, nitrogen and sulphur. The three elements are wken by plants in the oxidised
form CO,. NO7Y, SO und thus need 1o be reduced lor assimilation. Assimilation of
nitrate and sulphate. like carbon dioxide. requires ATP and redictant. 1t seems that
plints must huve evolved mechanisms wo integrate the three assimiliaiory reductions
wilh light harvesting photosynthelic reactions. Eukarvolic algae and higher plants
hiawve achieved this integration by localising most ol these assimilatory reactions within
clhiloroplast.

Photosynthetically produced ATP und reductam (ferredoxin or NADPH) together
constitule what is called assimilatory power of the planis. Light reactions of
photosynthesis produce ATP and reductant and dark reactions of photosynthesis are
related 1o the reductive assimilation of carbon dioxide, nitrate and sulphate,

In plants, since carbon, nitrogen and sulphur also occur logelher in sulphur amino
acids there must be. regulatory mechunisms controlling integrated assimilution of
carbon dioxide, nitrate and sulphate into organic forms, The results of scientific
studies also support this view. Inhibition ol photosyntheric carbon dioxide
assintilation is known to simultancously inhibic nitrate assimilation, This is because
the carbon skeleton (or compounds like a-ketoglutarate is ultimately produced from
photosvntheticilly generated organic carbon trom carbon dioxide. Assimilation of N;
by noduliled legumes also depends upon the extent and amount of photosynthate
like organic carbon reaching them, There is evidence which suggests that sulphur like
carbon also controls nitrogen metabolism. Protein synthesis is known Lo decline under
sulphate limitation and comes to a halt alter sulphate exhadustion. During sulphur
starvation, nitrate or ammonia is assimilated mainly into free amine acids and not in
proteins. Because, in the absence of sulphur cysteine and methionine, (sulphur
containing amino acids), cannot be synthesised and the disulphide bridges cannol be
formed in proteing. Some ol the amine acids preferentially synthesised under thebc
conditions are arginine, glutamine and alanine.

The major reeulatory mechanisms controlling aterdependence of inorgamic carborn,
ritrogen wnd sulphur meiabolism are to be studied and undersiood n detail as they
hold the key to the desited production of major plant products at commercial scale.
SAQ 4

4) i) Name the two pathways of ammonia assimilation in pianis.

ii) Which of the two pathways operates under high concentration of cellular
ammonia? :

............. ‘ . . 1_5
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.iif) Which of the two pathways is costly in respect of energy and material necds?

b) ) Which of the source among NI .. NO; and N, is preferred by the planis?

it) What signal in plant cavses repression of both NO 5 assimilation or
N,-fixation?

c) i} Name the two activated sulphur compoeunds in plants. Whal is their role in
sulphur assimilation?

15.9 SUMMARY

¢ Biolopgical Ny-fixation is characteristic of prokaryotes and the process occurs in
free-living and symbiotic state with various kinds of eukaryote partners.

® Nitrogenase enzyme is made of two functional components dinitrogenase
reductase (Fe-protein) and dinitrogenase (Fe-Mo protein). Both of these are
essential for N,-fixation, acetylene reduction. proton reduction and HCN
reduction.

® Nitrogenase reaction occurs at the expense of 2 10 3 molecules of ATP consumicd
per electron lransferred.

e Oxygen is inhibitor of both nitrogenase activity and synthesis. The Ny-fixers have
evolved a strategy to overcome the O, problem by having respiratory and
conformational protection in Azotobacier, leghaemoglobin in nodules of legumes
and heterocysis-in Nostoc.

® Nitrate and ammonia are strong ifthibitors of N,-fixation. In their presence
Na-fixing system is nol made at all. Uplake hydrogenase activity is a mechanism
of removing hydrogen from the site of nitrogen activity which concurrently carries
out reactions of nitrogen fixation.and hydrogen production.

¢ In Rhizobium-legume symbiotic N-fixing system, there are three classes of genes

controlling No-fixation in siru. They are nod genes, nif genes and fix-genes.

® Acctylenc reduction technique is most common n:ethod of measuring nitrogenase
activity.

® Nitrale assimilation occurs in two enzymatic steps. Nitrale reduction to nitrite is
catalysed by nitrate reductase and nitrite reduction to NHy is catalysed by nitrite
reductase, NADH is the reductant for nitrate reductase in plants, NADPH is the
reductant in fungi and reduced ferredoxin in cyanobacteria. Reductant for nitrite
reductase in fungi is NADPH and in plants and cyanobacteria is reduced

© ferredoxin.

e Nitrate reductase is predominantly localised in cytoplasm and nitrite reductase is
focatised exclusively in chloroplast.

& MNitrate assimilation is rnﬂn]ﬂl‘ﬂ(' 'I-“r indugder ang Tepressar conlrnl al S"“rhC”C level
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and activily control involving reverSIblc inhibition of enzyme activity by cyanide,
hydroxyl amine, superoxide radical and reactivation by blue light,

¢ In C, plants nitrate assimilatory pathway remains Iocah‘;ed within mesophyll cell
and CO, assimilation in bundle sheath cells.

® Plants prefer ammonia as a source of nitrogen over NO3 or N, this is achlevcd by
repression control of nitrate assimilation and N; fixation.



_® Glutamate dehydrogenase and glutamine synthatase are the two primary enzymes Inorganic Nitragen and Sulphur

*  of ammonia assimilation.* . Metebolism
® Sulphate like NOj3 is also assimilated reductively, Unlike NO3, it is required to
undergo ATP dependent activation befdre entering into pathway of assimilatory |
- reduction. : ‘ :

® A clear understanding of metabolic interrelationship of N, C and S nutrition are
va must from agricultural point of view.

15.10 TERMINAL QUESTIONS

1. How will you experimentally separate Ny-fixers from non-fixers?
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4. "What is the role of leghaemoglobin in nodules?
1
................................................................... i--.----|||||---h---||-|||-|||-|||.||.°
4. Why is Mo an essential nutrient for Ns-fixation and nitrate assimitation?
5. What do you underitand by nitrate respiration and sulphur respiration?
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15.11 ANSWERS

Seif-assessment Queslions

1)

2)

4

a) i) ¢, ii)ya, i) b, iv)e, v) d

b) i) ¢, i)d, di)a iv)b

¢ i) T, #MF, )T, W) T, VWF. v)F

d) i) polysaccharid. lectin, i) lectin, polysaccharide,
iii) ammonia, glutairine synthetase, iv) plant

a) i) b,cande, ii)aandd - ' ‘

b) i) heterocyst, ii) electron transport chain, ATP, iii) hydrogen.
iv) hydrogén, v} Leghacmoglobin, reservoir.

¢) i) b, ii)e i} a

a) iy co,d,e, ii)ab

b) i) leaves, i) 2, (i) 6, iv) photosynthetic membranes,
v) cytoplasm, chloroplast  vi) mesophyll cells, bundle sheath cells,
vii) NO ;. :

a) i} Glulamate dehydrogenase pathway and Glutamine synthetase-glulamale
synthase pathway

' i
-

i) Glutamate dchydrogenase pathway :

jii) GS-glutamate synthase -
b) i) NH)

ii) high ratio of glutamine 1o a-ketoglutarate.

¢) i} adenosine 5'-phosphosulphate (APS) and 3’-phosphoadenosine
5'-phosphosulphate (PAPS).

ii) They are used in the cell for esterification reactions of sulphate with
organic subslances. '

Terminal! Questions

The nitrogen fixers can be separated from non-nitrogen fixer by performing the
[ollowing experiment. Take cyanobacteria like Nosroc and esciflaroria and grow
them separately in mineral growth medium which lacks NQ3 or NHJ. Incubate
these two cultures for growth under photosynthetic condition. The culture which
will keep on growing without external nitrogen source would be Np-fixer and the
other which will not grow would be non-Na-fixer.

For Na-lixation it is necessary to have O,-protection mechanism for nitrogenase
enzyme. In Nosroc and Anabaena this is provided by heterocyst which is a
specialised structure that has lost PS II activity during differentiation. Hence in
heterocyst nitrogenase is prolected hecause of reduced oxygen tension. Tt would
not he possible for these algae to {ix N without heteroeyst because the green
parts ol algae cvolve oxygen which is inhibitor of Ni-fixing enzyme. '

Oxygen is inhibitor of Ny-fixing enzyme nitrogenase. The primary role of
leghacmoglobin is to bind oxygen in the vicinity of the nitrogenase enzyme. It
also serves as o reservoir of oxygen and supplies oxygen to meet the high energy
demand during acrobic respiration.

Mo is part of component I of enzyme nitrogenase and nitrate reductasc and is
invelved in the reductive process of N.-fixation. l.ike Fe, Mo ion can alse
reversibly change from oxidised to reduced sta‘c and help in the transfer of
electrons from reductants like ferredoxin, flavodoxin, NAD (P)HtoN, or NO,.

Nitrate or.sulphate arc also used as terminal acceptor of electron instead of Oy |
to generate ATP in respiration. This type of respiration is termed accordingly !
nitrate and sulphate respiration. '
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Auxing ! .
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Abscisic Acid
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16.8  Answers

16.1 INTRODUCTION

In the previous Units 11 to 1S you have learnt about nutrition in plants. In this unit
and ihe one that follows we will deal with control of plant growth and development, -

You may have oftea wondered why in a germinating seedling, roots grow in

downward direction whereas-shoots grow upwards, Why some flowers bloom during .
the day, but close at night, as if to sleep. Why one rotten apple in a basket leads to
rolling ol others or what causes leaf fall? How are'the processes of cell division and
cell clongation controlied? These are some of the quesiions, amongst many others,
which do not have any simple answers, for most of these phenomena are controlled
by complicated interactions among three levels of controls—genetic, hormonal and
environmental. The various genes in a species are turned on at precise times to
controt cell aciivity and various characteristics of organisms. One class of potent
chemicals that coordinale growth and developmém in plants and animals are
hormones. They trigger cellular reactions in target cells and also determine the genes
that are to be expressed at a particular stage of development, Environmental factors
such as light and temperalure aiso affect and control growth and dcvelopment These
will be dealt with in the following unit

L this unit we will tell you about different g groups of plant hormones, how they were
discovered and the various roles they play in growth and development of plants.
Finally we will also discuss the application of plant houmones in agricullure.

Obj‘cctives

Alter studying this unit you should be uble Lo:

e c¢xplatn the experiments that lcdlto the discovery of auxins,

e describe the discovery of gibbereilins.

& describe the experimental technique of Went used for the bioassay of auxins,

® list the five groups of plant hormones,-their site of production and their role in
plant growth and development, ) ,

@ discuss the possible mechanism of action of plant hormones,

® describe commercial applications of plant hormones,

16.2 DISCOVERY AND CHARACTERIST}.CS OF PLANT
HORMONES .
The five groups af nalural

To date. five major classes ol plant hormones have been discovered namely auxing,  pormones—auxins, gibberellins,

* gibberellins, cytokinins, abscisic-acid and ethylene. It is possible that many other cytokinins, ethylene and abscisic

growth regulators; present in planis, may be classified as plant hormone in the future,  acid fit the classical definition of :

] o « , hich is a chemical hormones. Synthetie chemicals
Not all plant hormoenes fit the general definition of a hormone w m used as hormones ore referred 1o

synthesised in one part of an prganism th'.ft stimulates or inhibits a specific response a5 plant growth regulators. 57
in a target tissue elsewhere in the organism, :
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Most animal hormones trigger highly specific responses in the target tissue. But the
responses of plant hormones are quite different compared to that of animal

‘hormenes. The following are the important features of the role of plant hormones in '

growth and development.

i) ' The hormone may initiate one response in one part of the plant and an entirely
different response in another part. :

ii) Quite often interaction of various hormones may elicit ah expected or different
responsc from what each hormone will individually produce. They may work
synergistically or antagonistically. :

" iii} The effect of a hormone may even vary with concentration, during different times

of the year or the developmental stages of the plant,

These variables make it difficult to answer specific questions on the role of plant

.hormones in growth and development. Thus this area is one of the most challenging

areas of physiology.
16.2.1 Auxins

The history of discovery of auxin is a fascinating chapler in plant physiology. The
hormone auxin was discovered first, through some elegant experiments by Charles
Darwin and his son Francis around 1880. They found that if a coleoptile of a grass
(Phalaris) was illuminated from one side it bends towards light. However, if the tip
region was covered, no bending occurred (Fig. 16.1). In his book “The Power of
Movement in Plants” published in 1880, Darwin wrote that some matter in the upper

-

part; which is acted upon by light, transmits its effect to the lower part causing the -

latter to bend.

Unidirectionaily
Dark irradiated

—Endosperm

Scutellum

"

Bending
: ; towards
/ﬁL\ C - light

Grass scedling All coleoptiles exposed Lo light {rom same side

i

-
e

Fig. 16.1: Darwin's experiment on canary grass coleoptilesi ) Various parts were covered wilh metal céps
* for the determination of photosensitive region: b) Results observed in each case.
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Peter Boysen-Jensen, a Dance and A. Paal a Hungarian did further experiments Plant Hormones
{Fig. 16.2} on Darwin’s observation in order to understand the movement of the stimulus.
They decapitated a coleopiile of oat seedlings and in one experiment (a) introduced

a tiny gelatin block between the stump and cut tip and in other (b) a thin sheet of
mica. The curvature in coleoptile occurred in a but not in b because the stimulus
could pass down through gelatin but not through mica. However, when the mica was
inserted half way either on lighted side or on darkside the curvature occurred only
when the mica was on the lighted side. These observations suggested that the stimulus
promotes clongation on dark side. A. Paal observed that in the dark whichever side

the cut tip was placed bending occurred in the opposite direction, sugpesting that the
stimulus in the tip affects cells direcily below. This stimulus was later found to be a -
diffusible substance by a Duteh scientist F.W. Went in 1926. He collected this
substance in large amounts by placing decapitated coleoptile tips on agar blocks. He

Boysen-Jensen ([913) 0

A Light

Tiny black of gelatin

Tip removed )
belween stump and cut-off tip

Normal curvature

Mica
SN A /< \[L
il
Mica inscried on ' Mica inser_lcd on
. No curvature) dark side light side
Cut olf lip ( No curvature {Normal curvature)

A thin sheet of mica
between siump and cut-olf tip

AL Pual {1919) 0

Growth curvature
developed without 2
unilateral hight stimulus

Tip repiaced
Cut ofl tip on one side
of coleoptile stump

Fig. 16.2: Inserred between stump and the cut-off tip: a) a tiny block of gelatin, by a thin sheet uf mica,
Note thal on [Humination the curvalure af the {ip ol coleoptile way seen in o bul not in b
) displuced tips cuuse bending in the uppusite direction.

then took tiny squares of the agar and placed them eccentrically on the cut enli of

the decapitated seedlings. Typically bending occurred within an hour after the blocks

were applied (Fig. 16.3). He concludéd thal the substance, present in agar block when

placed eccentrically on the coleoptile stump diffused in the coleoptile causing

elongation of cells in that side resulting in curvature. Went named it auxin (from the

Greek word auxein; *“to increase™). Ldter auxin was chemicaily characterised as

indole-3-ucetic acid or IAA (Fig. 16.4). ' __— ) : . ) 29
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) decarboxylation )
' €0, decarboxylation |
CO;
o]
) I

Wenls experiment {1928)

' il
S o) &)
con
fagaye)
cut.off colcoplile Cut caleoptile Tips disearded Agar hlack containing  Coleaptile bend
tips transferrcd Agarcut inlo auxin placed indarkness
1o agar small blocks asymmietrically

on decapitated”
celcaptile stump

Fig. 16.3: Went's experiment on auxins: n) Collection of difusilile subslance from the tips of oat coleopliles
on agar blocks. b) The agar blocks placed eccentrically on the colpoptile’s cut edge nlongside the
growing shoot. The curvalure is seen on the opposite side,
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N H
H

-Iryptamine. . indoleacelaldehyde

ingoteacehic adid LiAA)

Fig. 16.4: The structure of wuxin-h:dofeacelic acid (LAA) and the probable scheme of its blosynthesis from
tryploghan.

Auxins are produced in the growing regions of sicms and young leaves. Little did |
people realise when it.was discovered about the tremendous impact it will have in
agriculture and horticulture. The picsence of auxin can be demonstrated and in fact
quantified by a sensitive assay system, known as bioassay, based on Went's basic y
method as shown in the Fig. 16.5. Hormone concentratjons are calculated by the
‘degree of bending seen in the oat coleoptile. The greater the angle, the more the ‘
hormone present. . ' . ‘
I
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Fig. 16.5: Bloassay of anxin. The extent of bending as measured by the angle o, Is a funcilon of the amount
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of auxin or IAA present in the agor block. (Source, Leopold 1955).

The effect of auxin on growth of roots, stems und buds varies. Roots are Lthe most
sensitive, followed by stems and buds which can tolerate a much higher dose of auxin,
Look at Fig. 16.6, the concentration of auxin that promotes growth in buds or stems

actualty inhibits growth ol roots. If the concentration of wuxin is more than the

requirement {(optimum concentration}, it will inhibit growth. Auxin docs not cause

growth by division but rather promotes cell enlargement through elongation

(Fig. 16.7)

Fig. 16.6: Effect of various doses of ouxin on rools, buds and stems. A biphasic dose-responsc curve | is

Promaotion

Inhibilion

!

I O I N B B

]0-II

il 0’ 0 107

Auxin concentration (Molar)

ubtained for different pl.anl organs. {Source: Leopold).
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Nearly 9000 kg of cal meristems
{a centre (or TAA production)
were required [or the isolation of
1gol IAA

32

MMapthalene acelic scid

Apical meristern

—

7 \\ —

———

zoneof | \ .
elongation !‘ !
]"‘ ;} Lack of
-auxin on
Greater this side
¢longation

of cells

‘Diffuse light

Light [com one side

Fig. lﬁ.?: Action of avxins: Cell elongatien is proninted hy auxin (a) multidirectional light {b) light from
one side.

Use of radioactive label technique has shown that TAA is synlhesised from
tryptophan by the scheme shown in Fig. 16.4. Auxins are synthesised mainly in the
shoot apex, young leaves and buds and are transporled downward in stems. They
promote root initiation and the formation of lateral and adventitious roots, formation
and.differentiation of secondary vascular tissues, fruits and flower development.
Another interesting effect of auxin is apicai dominance, where'the apical bud exerts
an inhibitory, effect on the development of the lateral buds. The IAA produced in
the apical meristems moves down the stem and inhibits auxillary buds from growing
into new leafy stem. If the apical bud is excised then lateral buds develop into
sprawling leafy branches. (The samec effecl 1s observed if IAA is applied to the cut
tips of growing apical buds.) This knowledge is employed by gardeners to make a
ncat and trim hedge or let a plant acquire a statcly appearance. Synthcetic auxins are
now manufactured commercially. Although chemically different, they show the same
effect as the natural auxins produced by the plant. Synihetic auxing are commanly
used for mimicking LAA cffects. The two commonly employed in laboratories are:

i) naphthalene acetic acid (NAA) and
i} 2.4-dichlerophenoxy-acctic acid (2,4-D) (Fig, 16.8).

Synthetic auxins arc preferred for experimental work in laboratories because the
“isolation of natural auxins is tedious and therefore arc more cxpensive. Moreover,
untike JA A, they are destroyed very slowly by plant tissues, and therefore are more

stable.
?Hz_ CoOR O —CH,— COOH
- | > :
~ |
o~ g

R

2,4-D
Fig. 16.8: The structure of naphthalene 2cetic acid (NAA) and 2,4-dichloraphenoxy-acetic acvid (2,4-D).

16.2.2 Gibberellins

The gibberellin story actually began in the last decade of the nincteenth century, In
1889, Konishi, a semiliterate Japanese farmer described a discase in rice, known as
‘bakanae’ (foolish seedling). The characteristic symptom is the appearance of spindly



' plants which grow so tall that they kneel over and die. Later the ‘causal fungus for Plant Hormones
the disease was identified as Gibberella fujikuroi in 1926. The name gibberellin was
assigned to the active factor in G. fujikuroi culture filterates in 1935. In 1938 two
crystalline biologically active substanccs named gibberellin A and B were isolated.
Today some 72 forms {designated as GA to GA+, rather than individually named)
have been identified. However, not all of them are active. All gibberellins are
diterpenoid acids which have the same basic ent gibberellane ring structure (Fig. 16.9)
but, vary slightly in their structures depending upon the source from which they are
isolated. Some type of gibberellins have becn identified in Gibberella, and other in
higher plants and in many plants both are present. Like Gibberella individual
angiosperms may contain many different GAs, for instance at feast 20 GAs in seeds

of the cucurbit and 16 known GAs in seeds of Pliaseolus species have been identifted.

CHjy CH,
18 19

Fig. 16.9: Structura! lormuta of ent-gibberellanc.

Gibberellins are produced in young leaves around the growing tips, and possibly in
roots of some plants. Although their role in root activity is not known.

The ctfect of GA is dramatically illustrated in genetic dwarf pea or maize where its  2-Chloro ethyl trimethyl-ammonium

, al height (Fig. 16.10). chloride {CCC) blacks the
application to young seedlings, induces them to grow to'norm ght (Fig. ) synthesis Of gibberellic acid in

otherwise normal variety of crop

Fig. 16.10: The cffect of glbberellle acid {(GA,) on normal and dwarf corn.

This itlustrates that the dwarl characteristic is due to a black in the synthesis of
glbberellms GA-‘ulso stimulates the production of numerous enzymes, notably
e-amylase in germinating cereal grains. As these grams germinate the embryo ' 33
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secretes gibberellins which traverse to the aleurone layer that surrounds the starchy
endosperm (Fig. 16.11), and stimulate the production of a-amylase which in turn
breaks down starch to sugar and makes it available to the growing embryo.

A Gibberellin
B ¥,

Fig. 16.11 : Gibberellins secreted by embryo moves to the aleurane layer and stimutade the production of .
a-amylayse.

There are many other interesting effects of gibberellins. For instance, they can induce
boiting in long day plants, cause stem elongation (it is however, unable o induce
curvature in Avena coleoplile if applied asymmetrically on cut stump ol the
coleoptile) and induce germination in seeds that normally require cold or light
Lrealmenl to germinate, '

16.2.3 CytoKinins

Both auxing and gibberelling mostly affeet growth by stimuiating elongation ol cells,
Therelore, there was a frantic scarch (or specific substance which would incduce
division of cells. Uliimaltely cylokinin was discovered during the course of
investigations dealing with growtly of tissues i vitro in the 19505, A substance called
kinetin (6-furfurvlamino purine) rom an autoclaved sample of herring sperm DNA
was demonstrsied o be very aclive in promoting mitosis and cell division in exciscd
pith tissue of wlwceo grown on w synthetic medium along with auxin. Tt stimulated
shoot formation if the concentration of kinetin employed was higher than that of
auxin and rool formation when auxin concentration was higher than kinetin

{(Fig. 16.12). Thus for the first time a clear picture emerged of the rale of interaction
ol hormoenes on onganagenests and gave # serious biow (o the carlier theory that icre
are dilterent kinds of hormones present in plants which controlicd tormation ot rool.
sict and leaf.

Unlike auxins and gibberellins, kinctin the {irst eytokinin (2 name proposed (o
designate 2!l compounds which promote cell division), was never found in plam
tissues, although other natural cytokinins were subsequently extracted from plant
tissues. In 1964, the first natural cytokinin, zeatin (Fig. 16.12), was described from
maize seeds, Since then three others have been identified. Cytokinins are lormed in
root tps. In addition to reol sites, described abave, it has recently heen demonstrated
that biosynthetic sites of ¢ytokinin are also located in the shoot. Studies on sceds of
zeamays and.fruits of tomato, pea and bean indicate that cytekinins arc also producet!

in them,
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Fig. 16.14: Ethylene

Besides induction of shoots in tissue culture, another effect of cytokinin is associated
with senescence or aging in plants. If leaves are treated with cytokinins, aging is
retarded, the chlorophyll does not.disintegrate and the leaves stay green. Synthetic
cytokinins have been applied to harvested vegelable crops such as celery, broccoli
and other leafy vegetables to extend their shelf life.

16.2.4 Ethylene

Amongst hormones in both plant and animal kingdoms, ethylene, a gaseous
hydrocarbon, is unique. Despite its chemical simplicity, it is a potent growth
rcgulator. Even twenty years ago, there was a dispute whether this gas, which had
been shown Lo have a range of multiple effects on plant tissues could be properly
cajled a hormone. Ethylene can be smell in ripening fruits, as it is involved in the
ripening process. Ethylene gu= hastens fruit ripening, and as fruit ripens, it produces
cven more cthylene gas. It is production of ethylene gas by overripe fruits that

.explains why one rotten apple can spoil the whole baskel. Stimulation of fruit

ripening by ethylene has been commercially exploited by shipping tomatoes, bananas,
oranges, mangoes and many other fruits when green, in ventilated crates (Lo prevent
accumulation of cthylene} and then gased with ethylene before distributing to
consumer. .

Ethylene may also help in determining sex in certain flowers. Along with gibberellin
ethylene controls the ratio of male to female flowers. Ethylene trecatment ensurcs
higher ratio of female flowers in some monoccious plants such as cucumber.
Therefore, ethylene is widely used in green houses to increase the yield of cucumber
by inducing the production of female flowers. Silver nitrate is an antagonist of
ethylene. It induces the formation of male flowers.

16.2.5 Abscisic Acid

Abscisic acid (ABA) as a naturally occurring growth inhibitor was discovered through
independent investigations of different physiological phenomena in two different
laboratories. F.T. Addicott and collaborators {University of California) had been
investigating natural substances which accelerate leaf abscission, whereas P.F.
Wareing et al (University College of Wales at Aberystwyth) had been investigating
natural inhibitors which appeared to be related to bud dormancy in woody plants. By
1965, these two paths of research converged upoen the discovery that a single hormone
was involved in hoth. The term abscisic acid (ABA), was later proposed to denate
this compound, which is a sesquiterpencid {15-C) compound (Fig. 16.15).

Fig. 16.18: Sfruclure of Abscisic Acid.

Abscisic acid (ABAY is a particularly interesting hormone with regard to the
vegulation of s own levels. Its levels rise and fall dramatically in several Kinds of
tissues in response w environmental and developmental changes..Following are the
roles of abscisic acid:

i) When leaves of mesophytic plants are water stressed (i.e. under water shortage
condition) ABA levels can rise from 10 10 50-fold within 4-8 hours. When the
piants are rewatered, the ABA ievels drop dramaticaiiy within 4-8 hours.

ii) Itisgenerally believed that abscisic acid induces dormancy in seeds to tide over
adverse environmental conditions such as freezing temperature or stresses of hot
dry periods causing water shortage. Dormancy is induced also in deciduous

- plaats. ' o

iii) You have already learnt that when abscisic acid accumulates ir goard cells during
periods of water shortage, it causes stomates to close thus enabling the plants to
recover water balance.



iv) The name abscisic acid was originally proposed as carly investigators believed
that it caused flowers, fruits and leaves to abscise (fall). However, now there is
dispute over whether ABA is involved at all in the abscission process.

16.3 OTHER GROWTH REGULATORS

Besides the major five hormones, polyamines can also exert regulatory control over
prowth and development at micromolar concentrations, They are widespread and
probably occur in all cells, However, there is some controversy as to whether
polyamines should be classified as hormones. -

Polyamines have a wide range of effects on plant development, It appears polyamines
are present in all cells and are not confined to the specific site where they are
synthesised. Whether polyamines are classified as plant hormones or not js
immaterial as they definitely control plant growth and development to a great extent
and are therefore, major plant growth regulators.

5AQ 1

4} Match the scientists given in Column [ with their experiments illustrated
dingrammatically in Column 2.

Calumn 1 ; l Column 2 |

i} Darwin 1880

if} Boysen-Jensen 1910

iii) F. Wenr 1926 - ——

iv) E. Kurosawa 1926

A

/ [

— ],

b) la the following statements chouose the appropriate word given in pareonthesis so
us to make the statement correct,

i) (Gibberellins/Abscisic ucid) inhibit cell elongation and cell division.

i) {Cytokinins/Auxins) promote cell division.

i) (Auxins/Gibberellins) promote root formation, and (cytokinins/auxins)
remove apical dominance.

Plont Hormones
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v} "(Gibberellins/Cytokinins) restore normal growth in dwarfs,
v) (Abscisic acid/Cytokinins) retard senescence or aging while {abscisic acid/
cylokining) may causc leafl abscission.

¢) Match the hormones listed in Column | with i1s functions listed in Column 2.
r

i, Horinoue .Funclinnlsl
1} Aaxins (1A a) Duelays scnescence
ny ahberelling h) Promates dormancy and stomate clasure
iy Cvivkme c) Bont development
iv) Lravlene pos Hosemwleics sleurene layer to preduce starch-
deasstione zy v
v]  Anseisic acid el Pramctes e pening

d) Draw a sinall plant and indicate in which of the purts auxins, cytokining, and
gibberellins are mainly syothesised.

16.4 HOW DO HORMONES ACT?

All plant hormones show extraordinary varied complex effects in controlling plant
growth and development, Extrapolation from how an animal harmone works, a
common framework for different plant hormones may explain their varied effects. In
animals, the wide varicty of effects shown by different hormones are understood by
the mechanism of action at the cell level, You may recall that the target cells have
appropriate receptors for hormones either on the plasma membrane or are located
generally in the interior of the cell. Similar attempts have been made to explain the
mechanism of action of plant hormones employing the receptor concept. Both natural
and synthetic hormones behave in a similar way as it is assumed that they bind to
specific receptors to form a hormone receplor complex to trigger an effect.

Though search for a receptor protein has been generally a frustrating one, recently,
such proteins have been demonstrated in pea which bind with auxins before eliciting
a response such as embryoid differentiation in tissue culture.

Cell elongation, the most well-known response of auxin, rcqu:rcs that the
longitudinal wall stretches, which will involve basic changes in cefl wall. In order to
stretch, cell wall has to become more plastic, just like a balloon, in which the driving
force to increase the volume is proportional to the resistance offered by the balloon
wall. Increased plasticity of the cell wall by auxin is considered to be duc to breaking
of some of the bonds beiween Lhe polysaccharide components of the cell wali. As it
becomes plastic the cell is amenable to stretching.

The structure of gibberellin resembles certain animal steroid neurotransmitters. The
search for gibberellin receptor in cytoplasm rather than in the membrane has not been
fruitful unlike animal neurotransmitters which bind to cytoplasmic receptors.

Though the biochemical mode of action of plant hormones is poorly understood, still
the general assumption in current research work is that plant celis have specific

receplors which when bound to hormones activate the signal transduction pathway _

for various activities. However, though many proteins have been found by various
workers to bind with hormones, thesc may be inactive complexes. Currently search
is on to identify the nature of the receptor and decipher its mode of action.
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. 16.5 APPLICATION OF PLANT HORMONES

Unknown to the farmer plant hormones were already playing an important role in
agriculture and horticulture even prior to their identification, For example, in order
to synchronise flowering in mango or pineapple, fires were lit adjacent to fields in
which these crops were-grown, although the reason was not known at that time. The
ethylene generated as a result of incomplete combustion stimulated flowering. The
sume treatment was followed to stimulate ripening in lemons. Use of ethylene for
elfective transport of fruits has already been described. ‘Green fruits are preferred
during transport which are tipened by treating with ethylene whenever desired.

One major application of synthetic auxins has been in controlling weeds. One such
compound is 2, 4-D. which promotes growth at very low concentration whereas it
kills plants at high concentrations. Broad leuved plants are more sensitive to (his
herbicide than narrow leaved ones. This is the basis of killing weeds (generally dicots)
in wheat, rice or oat fields.

Weed control agents (herbicides or weedicides) can be very dangerous too. For
cxample. there has been serious questions about the biological effects of 2. 4, 5.T
(2.4, 5, trichloroacetic acid) which was used as weedicide during the Vietnam war,
[n laboratories, it was found to cause birth defects in mammals, (mice and rais) when
treated during early pregnancy. This report along with reports of increased
oceurrence of human birth defects among South Vietnamese population in 1969
prompted strong protests against its use. However, later the harmful effeets were
attributed to dioxin. the infamous environmental pollutant, which contaminated 2, 4.
5.T during its production,

Plant hormones have also tound practical application in rooling ol cattings,
parthenocarpic fruit set, thinning of fruit trees, inhibiting sprouting in cereal BN

iund potatoes, inhibiting bud growth, inducing Nowering. defoliation, and preventing
preharvest fruit drop. All of these uses involve auxins, except the induction of

(lowering in pincapple which can be done wilh acetylenc. '

‘There is o world wide attempt 10 develop commercial plant growth regulators which
will be able to increase basic productivity or yield of crop such as wheal, rice or
peas. However, this has not yel been achieved as the task scems 1o be ou complex
Lo be accomplished . One has to first identity the right crop, the hormone to be applied
at the proper concentration at the right stage of development, and then develop a
criterion to measure the increase in viekl. Success in promoting vields has alwiys
oceurred when a specilic goal is recognised such as increase in sugar content of sugar
cane (by gibbereBic ucid which cavses increase in stalk elongmion when Howering
prevented. This resulted in the increase of sugar content), promote Mow of Lates in
Hevea and prevent fodging of small grains,

Finally it is o Tact that applications of plant hormones have found use mainiy in
horticultural crops, as a result of repeated empirical wsts by various workers, The
range ol application can be exiended only with clear understanding of regulation of
plant growth and development by natural plant hormones and synthetic growth
regulalors. Time is not yet ripe to put this knowledge to practical use in the case of
agricultural crops.

1t antral of weedds
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16.6 SUMMARY

In this upit you have learnt that:

Growth, development and differentiation are regulated by hormones.

There are five groups of plant hormones—auxins, gibberellins, cytokinins,
ethylene and abscisic acid. Except ABA which inhibits growth all hormones
promote growth. Polyamines also exert regulatory control over growth and
development, however, they have not been classified as plant hormones so far.

Auxins promote cell elongation by breaking some of the bonds between the
polysaccharides of the cell wall. They also promeoete root initiation, fruit and flower
development and are involved in the development and differentiation of vascular
tissues.

The mechanism of action of plant hormeones is under investipation. It is believed
that most likety it is similar to that of animal hormones.

Plant hormones have wider applicalions in agriculture. Auxins are used for weed
control, initiation of rooting in cuttings, in tissue culture, parthenocarpic fruit set,
thinning of fruit trees to obtain larger fruit size and inducing flowering. They-are
also uscd for inhibiting sprouting and bud growth. Ethylene is used for fruit
ripening and synchronising {lower formation, Gibbercllins are used for stalk
elongation of sugarcane to increase sugar content.

Gibberellins promote growth by cell clongation and cell divistons. They resiore
normal growth of dwarf corn plants. During seed germination they stimulate
aleuronc layer to produce starch-digesting cnzyme so that the embryo can get food
for its devclopment.

Cytokinins promote cell division, remove agical dominance, delay senescence and
aging, help in flower and fruit development. Together with auxin it controls shoot
and root development in callus tissue.
Ethylene is involved in fruit ripening.

Abscisic acid is a growth inhibitor. Tts Jevels are affected by environmental
conditions, During water stress, its level increases 10 to 50 folds. It is involved-in
sced dormancy, stomate closure and probably in fruit, flower or leaf fall,

16.7 TERMINAL QUESTIONS

A

(B8]

List the various factors that contro! growth and development.

1t is known that grain yield is unaffected if the stem length of cercal crops is
reduced by dwarfing genes or by intcrfering with plant hormones. This is
econamical. Can you tell which hormone nceds Lo be interfered with?



Which among the following statements is true? Write T for true and F for false in
the given boxes.

NAA and 2, 4-D have same effect as natural auxins produced by-
planits. . .

There is controversy whether polyamines control growth and
development. -

To initiate root formation in cuttings, it would be advisable to add
little NAA in water. :

_The present evidence indicates that the mechanism of action

of plant hormones is different from that of animal hormones,

16.8 ANSWERS

Self-assessment Questions

hJ

a)
b).

¢)

d) Auxins—shoot apex, young leaves and buds. Gibberellins—growing tips.

1)
v)

i) e, i) a, i) d, iv) b
1) Abscisic acid, i) Cytokinins, ii} Auxins, cywokinins,
iv) Gibberellins, v) Cytokinins, abscisic acid.

i} ¢, i) d, i) a, iv) e, v)b.

CytoKinins—Root tips, developing sceds and in some fruits,
2.4-D, i) auxins, iii) ethylenc, iv) gibberellins,

cthylene and auxins, vi) auxins.

Terminal Questions

I

tJd

fad

These are:

1)
i)

1 environmental control—light, temperature, soil pH,

Gibbereliic acid. Its synthesis can be blocked by the chemical 2-

Benetic conuroly, )

hormonal controls and

riin lall. -

trimeihylammoenium chioride {CCOy,

Animat hormones trigger highly

hormones work in more gencral, and probably in more complex way.
) T. &y F, i) Tandiv) T,

chlorocthyl-

acid rain, humidity and

specific response in specific target tissues. Plant

Piant Hormonts
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17.8  Summary
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17.10 Answers

17.1 INTRODUCTION

The developmental phases of a flowering plant involve seed germination. vegetative
growth, lowering. fruiting and senescence. These phases are precisely timed and are
ander strictinternal and external controls. You must have noticed thata seed remains
dormant all winter long buried in the sand. suddenly germinates and the plant Mowers
in the spring. A short rainfall in desert brings fife to many plants and the dormant
winter buds become active in the spring. What external or internal factors initiate
germination which involves resumption of all the metabolic activities? How daes a
sced sense that all the environmental canditions are favourable for its germinaion
and growth and how da buds know that the winlter is over?

You also know that most fruits, vegetables and flowers arc scasonal, Chrysanthenions
bloom in winters while Guimoehar and Amaltas bloom in the stmmer. Why do somu
plants bloom in the spring and others wait for summer, fall or winter? Many flowers
open and close on a fixed schedule as i 2 clock is present in their cells. Now it would
be interesting to find out whether it is possible to grow chrysanthemums throughout
the ycar or make Morning glories bloom at dusk? You can ask numy such questions
with regard to development of a plant.

.In the previous unil you have learnt that hormones coordinate growth and

development in different parts of an organism by triggering celtular reactions in the
targel cells. In this unit we will discuss the phascs of plant development that are undey
the control of specilic environmental signals, You will scc that plant cells receive
environmental signals which govern various developmental cvents. The signals are
received by some special molecules and the genes are turned on at a precise Lme o0
regulate specific aclivity and characteristics.



Objectives Derelapiiient and Bifferentiation
After studying this unit you should be uble 10:
¢ describe seed formation and seed germination and the factors that contro) these
processes,
& list the factors that are responsible for flower induction and discuss the nature of
the receptor that perceives external stimuli,

¢ cxplain the role of phytochrome.in controlling the period of light and dark cycles
in flowering,

® discuss the role of phytochrome in repulating plant development,

® list the various factors that affect onsel of senescence, .

¢ describe the principle and uses of tissue culture technology,

® give examples of circadian rhythms regulated by biological clocks in plants.

i17.2 VEGETATIVE DEVELOPMENT

Belore we move on to the contents of this unit, let us clear our understanding of the
lerms, growth, differentiation and development.

17.2.1 Deflinitions

i) Growth: ltis quantitative and irreversible change, It reflects an increase in size
and volume of an organism. For example, the change in the size of a leaf or increase
in the length or breadih of stem can be referred to as growth. It is usually
accomplished by changes in form and shape. There can be growth of the whote plant
or only of an organ. At cellular level there is synthésis of various molecules,
specially macromolecutes such as nucleic acids, proteins, lipid at the expense of
cnergy derived (rom catabolism in growing structurcs. The macromolecules organise
into membranes and organctles—chloroplast, mitochondria and others, There is also
active division of cells.

it) Differentiation: It is referred to as qualitative changes that lead to increased
specialisation. For example, the formation of cells und tissues of root, shoot and leaf
or changes that transforn a vegetative bud o a flowering bud. In simple terms, the
process by which cells become specialised is called differentiation.

i) Morphogenesis: This term is coined (or the process leading to and determtining 1n Greck morpho mc;;n{-f “farp”
the form and structure of organs. [tis used mainly by experimental morphologists. and genesis means Copigin® or
For our purposes differentiation and morphogenesis would mean the same thing and heginning '

may be used interchangeably.

iv) Development: The process of growth and differentiation of ecells inta organs and
organisms is olten termed development. For example. the development of a higher
plant starts from the formation of seed and then its germination results in the
tormativn of root and shoot. With [urther growth more branches and leaves are
produced till a certain time when vegetative buds get converted to flowering buds.
Alter the tormntion uf owers, fertilisation takes place resulling in the development
of freits and sceds. .

17.2.2 Seed Formation

A mature seed has seed coat, an embryo and reserve tood material in the endosperm
in monocots and in cotyledons in the dicots. Fig. 17.1 shows structure of dicots and )
monocol seeds. The embryo as shown is already well-developed and is differentiated I
into embryonic root (radicle) and shoot (plumule).

1 /

You know that the process of sced lormation begins with the fusion of a male gamete
with an egg cell. The ‘zygote’ thus formed undergoes divisions resulling in the
development of an embryo. At (his stage the development is stopped and there is
cessation of metabolic activity which resumes only afier the seeds get dispersed from
the parent plunt and start germination. The process of seed formation can be divided
into two. phases;

i) The division phase, in which flertilised egg divides mitotically and compl
embryonic development,

ot
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Fig. 17.1: Seed stracture and seedlings of 3 difTeren| angiosperms, The food is slored in cotyledons (bean,
a dicot}, endosperm (maize, 01 monacal, castor hean, a dicot).

ii) The desiccation phase—In this phase the embryo usually enters a periad of
inactivily or dormancy. Further divisions do not occur and the average water
content of the seed, falls below I5%, the respiration slows down, mitochondria
start loosing their structure as was seen by using electron microscopy and protein
synthesis is also slowly arrested, '

[nterestingly, it was found that though protein synthesis did not occur, the system
stili contained enough mRNA which were produced in the division phase. This means
that due to some reason although the protein synthesis was blocked but tie existing
mRNA remained stored in the embryos. Later, these mRNAs were utilised by seeds
during its germination for producing some specific proteins. Now, the question arises
how dacs protein synthesis get blacked? It was found that during desiccation phase,

abscisic acid, is produced which at higher concentrations blocks the translatjon of
mRNAs, -

The process of inhibition of protein synthesis by ABA has great significance for plant
development. If this process would not occur the seeds would start germinating on
. the parent plants itself in (he (ruit before their dispersal. This would affect the plan
survival, The duration of the dormant phase varics from species to species. In cereals.
“iLis very brief. In some plants sometimes seeds do germinate on the parent plant
1sell as is seen in oranges and papaya sometimes. This phenomenon is called
vivipary, which is characteristic of mangrove plants.

17.2.3 Seed Germination

The environmental factors that inflluence the germination of sceds are @ i) water

availability, i) optimal light, ii{) acration, iv) temperature and age of the seed. When
water is imbibed by the seeds, they swell. In fact, sceds swell because the hydraphilic
groups like Ni, . OH™, COO", present in carbohydrates and protcins attraci dipolar



water molecules. If'oxygen is also available the encrpy (ATP) for germination is
obtained by oxidative phosphorylation.

At optimal temperature many biochemical reactions occur. All these changes lead to
germination which finally results in the emergence of radicte and the plumule. The
rout and the shoot grow (sce Fig 17.1), and for their growth, food stored in the seed
is available for a short period, After the leives are developed the plant becomes
autotrophic and synthesises its own food material in the presence of light.

Experiments have revealed that certain seeds need light for the germination. The
eflect of light on secd germination is controlled by the pigment phytochrome about
witich you will learn in Section [7.4. Many seeds of temperate region need a minimum
period of pre-chilling (cold-treatment). For example, seeds of lettuce (of a variety
called Grand Rapids) exhibit dormancy because they are unable to overcome the
physical restraint imposed by seed coat. The seed coat is hard like that of a shell of
a nut. The seeds require light for germinatien. They also germinate in dark if
pre-chilled at 2°C. These observations suggest that there is a single on and off switch
that can tarn to the ‘on” position by light or by chilling.

Let us now examine the changes that oceur in the seeds after they imbibe water. In
general, the most important metabolic events are: '

i) degradation of stored food matertal through the activity of various enzymes,

ii) changes in hormonul levels, and

it} synthesis of new proteins and enzymes.

Seeds store [ood material in the form of fars, proteins and starch. These cannot be
used directly by the embryo. In order to make them usable, they need to be degraded.
Futs arc broken down by the enzyme lipuse into fatty acids and glycerol, You know
that fatly acids are converied to acetyl CoA by S-oxidation. You have also learnt
(Uit 12 of Cell Biology Coursc) that acetyl CoA through glyoxylate cycle produces
succinute which forms glucose via gluconeogenesis. Starch is hydrolysed by a- amy]asc
to maltose units which are converted to glucose.

fn secds, proteins are stored as protein bodies. Different plants have different type
of proteins. For example, the proteins in maize seeds are called zein and in barley
hordeins. In seeds of soya bean differcni sizes of protein bodies are present. Plants
cunnot use these proteins [or the growth of seeds. These are hydrolysed by protcases
into amino acids which are used for the synthesis of proteins of functional importance
Lo the embryo. Similarly, in some cases nucleic acids are also degraded by nucleases
to lorm nueleotides which are reutilised as building biocks for the synthesis of DNA.

From the ubove discussion, you must have realised that one of the initial events
during seed germination is to produce large number of hydrolytic enzymes to degrade
stored food material into small molecules that can be utilised by the embryo for
growth. The degradation of [cod material takes place in the endosperm or storage
tissue (cotyledons) and the energy and raw material formed are mobilised to the
developing embryo for its ‘nourishment’. Sugars are catabolised via respiration to
yield ATP and NADH. It has been found in some cases that initially ATP is produced
on breakdown of phosphorus rich compound inositol 6-phosphate or phytin stored in
the seeds by an enzyme called phytasc.

During sced germination many changes also occur in the hormoenal levels. As
mentoned in the previous unit that the embryo of barley seed releases gibberellic
acid which aets on the aleurone layers and induces the synthesis of the enzyme
a-amylase. As you know a-amylase degrudes starch. Clearly the enzyme was not
present in the seeds but is synthesised de nove, Experiments show that gibberellin
specifically alfects synthesis of mMRNA of a-amylase {(i.e. transcription of a-amylasc
gene), As we have mentioned before there are some enzymes which are already
present in the seed while others are produced in response te hormones, Some of the
chunges that occur in a barley seed are shown in Fig [7.2.

A number of other cellular changes like changes in membrane organisation ¢.g.
endoplasmic reticulum, development of mitochondria are alsc triggered in the seed
during germmauon The net resutr of all these changes is to provide nutrition to the
embryo in order to make it divide and grow. The visible outcome of these events is
the emergence of radicle- (the root) followed by the'plumule (the shoot), The shoot
grows and develops primary leaves and with chloroplasts the plant becomes
autotrophic and begins its life by establishing itself firmly by its roots on the ground.

Development and DifMerentlatian

Zein — [n seeds prelamine and
glutelins are sterage proleins,
Prolamines are deficient in amino
acids, lysine and tryptophan which
are essential amino acids (or
nutrition, The seed prolamine are
commenly named after. the genus
of the plant in which they oceur,
A great deal of rescarch nowadays
is becing done to analysc the
structure and composition to
correct any nutrilional imbalance,
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The phytin slructure:

Phytin broken down by phylase
releases inorganic phosphate
which gels coupled to ADP to
lorm ATP.
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Amylase R
Ribonuclease S

Aleurone Layer

Fig. 17.2: The working model of initial metaholic changes occurring in barley seed, Gihberellic acid {(GA)
moves aut al the embryo and acts an the aleurone layer to synthesise new enzymes by triggering
the synihesis of their mRNAs. These hydralytic enzymes act on their subsirates available in the
endosperm and thus provide sugars and amine acids te the develaping embryo for its grawih.

17.2.4 Dormant Vegetative Structures

You have tearnt that light, a period of chilling or application of gibberellin often
breaks sced dormancy and stimulates seed germination. Vegetative organs such as
tubers, corms, bulb and winter buds ¢an also enler a period of dormancy. What kind
of stimulus is required for these dormant structures to resume growth? It is observed
that light can stimulate bud break in certain trees and a period of chilling is necessary
for triggering the development of dormant buds, and other organs in plants of
temperaie region. The pertod of chilling required for the bud break is usually a week
or more. Similarly, lengthening of days is necessary for breaking dormancy of winter
buds exposed to light. Dormant buds can also be stimulated by the application of
gibberellins. As you know gibberellins promote prowtl and abscisic acid inhibits the
growth, Accordingly, on breaking of bud dormancy increase in the level of GA and
fall in the level of abscisic acid has been noted. [t needs 10 emphasised here that
though all the buds of a plant receive the same dormancy breaking stimulus, however,
it is only the apical bud that grows and the growth of other buds is inhibited by it
because of apical dominance (refer Unit 16).

Plants reproduce ‘.'eﬂct.:ll"e‘.}' through rhizomics, runncrs or stolons. Tubcer formation
in potatoes can be induced by exposing [eaves to daylength less than the critical value.
Artificial application of hormones show that in tuber formation gibberellic acid
decreases while abscisic acid increases, The results show that the level of a particular
hormone cin increase growth in some orpan and decrease in other.

SAQ I

In the lollowing statements, Gl in the blank spaces with the approp faie wicei i,

i)  In sced formation once s embryo s forned from it rvgoie it usually enters o

perind of L

iy In desiccalion phase of sced formalion . ... synifiesis s
blocked but sced contains ... formed during division phasc.

H is the phenemenon of seed gernination on pareni plan il

iv). During desiccation phase protein synthesis is bloghed by ..o ..

v)  Gibherellic acid released from the embrvo dilfuses in the (L
and produces mRNA for the synthests of a-amylase.

vi) During germination food melecules— carbohydrales. proteing and I:;!l:< Ao
degraded by ............ .1 enzymes inlo small molecules o provide
nourishment to the embryo. '

vii) In certain species the encrgy for the gurunatmn ol seed is prowided by
cnergy-rich compound .........ocoeeeenni. “stored in the seeds,



17.3 FLOWERING

One of the major changes that occur during the life cycle of a plant is the transition

from vegelative stage 1o the flowering stage. In this transition the vegetative
meristems change into flowering meristems which form sepals, petals, carpels and
anthers instead of branches and leaves. It is a major morphogenetic change. In some
plants this change occurs once in life-time and after flowering, fruit and seed set, the
plant dies. Whereas, in others, the flowers are produced every year, as in trees. Now
the question arises, is it due to an internal annual rhythm in the plants or a
requircment for particular environmental condition? In this section we will tell you
what controls flowering and how this transition occurs.

One of the major factors that affects flowering, as we know today is related to the
effects of the environment and in particular to the duration of light/dark 24 hour cycle
or temperature. However, it took a number of years for scientists to realise this fact.
We will describe two experimental observations which suggested that the length of
the day determines the behaviour of plants with respect to flowering.

The seeds of soya bean (Glycine max) were planted at different times in the month
of May, June, July and August, Even though planted at different times, all of them
flowered in the monih of September. The first planted seeds took 125 days to flower
whereas the last sel flowered in only 58 days. These observations show that at a
particular time of the year the day length was suitable for plants to flower. The second
observation was made on a mutant ol tobacco called Maryland mammoth, because
ol the large size ol its leaves. 1n lields it does not flower in winter, however, in glass
houses when light duration was provided like that of summer, it was possible to
induce fluwering even in winter in these plants,

17.3.1 Plant Responses to Light-Dark Cycles

Based on their requirement for day length (number of hours of light) for flowering
plants have been grouped under three major categories, 'short-day’, "long-day’ and
‘day-neutral’ plants (Fig. 17.3).
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Fig. 17.3: A diagrammatic representation to show the difference belween a short-day plant (SDP) and a
tong-day plant (LDP), A SDP requires mote than a critical period of darkness, In ihls case sDp
nceded more than 8 hours of darkness or less than 16 hours of light to flower. A EDP requires
less than a eritical heur of darkness or more than a certain hours of light. Tn this case, LDP
required more than [0 hours of light to flower.

Deselopment and DilTerentiatlan

The phenomenon of photo-
periodism was discovered by two
American scientists, Garner and
Allard in 1920, working at the
1.8, Deptt. of Agriculture at
Belisville, Maryland.

In remperate region the daylength
is more during summer.
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Short-Day Plants (SDP)} : These plants only flower or Mower more profusely and
rapidly when given less than a certain (critical) number of hours of light in a day (24
hours cycle). The critical period, let it be clear, is not 12 hours. 1t can be for example
10 hours. In that case a plant given less than 10 hours of light {(say 8 hours light +
16 hours darkness) will flower. And this critical period is determined experimentally
and varies from plant to plant. Short-day plants are found in tropical regions where
day length varies comparatively little during the year.

Long-Day Plants (LDP) : The definition of this is exactly opposite to shert-day plant.
Thai is those plants which flower when given mqre than a certain {critical} number
of hours of light (day length). These plants are found in temperate region where they
flower during summer.

Day-Neuntral Plants : Besides SDP and LDP, thosc plants that flower irrespective of
the length of light are called day-neutral plants. For these there is no specific
requirement of light duration.

A few examples of thesc three categories of plants are given in Table 17.1. The day
length requirements vary from species to species (Fig. [7.4). Even within a single
species, different varieties of either long-day or short-day plant may show a range of
critical day length. It is reported that rice plants are able to detect changes in day
length of only 15 minutes, Therefore, it seems that plants must have an exiremely
accurate time-measuring mechanism within the tissues of the plant. Flower induction
in some plants can be stimulated by particular day length only if the plant has been
previcusly chilled, for example daffodil and henbane. While some plants, for
example, primrose flower solely in response to pre-chilling, otherwise they are day
neutral,
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Fig. 17.4: Day lengih and perecriage of flowering in chrysanthemum and in spinach.

Table 17.1: Some cxamples el shjort, long and dny-weutral plonts

Type Behavieur Fxamples

Shorr-Day plant Flower only in shart days Chenopodium rubrum, Lemina
paiicicostara, Lryza sativa.
Glycine max, Kalanchor

blossfeldiana, Xandvitm siriemaritm,

Arabidopsis thaliana, Hyoscyamus
niger, Lactuca sativa, Hordeum
vileare, Nicatiana sylvesteis, Be

Long-Day plant Flower sooner in long days

vrifparis.

Day-Neutrat plants

Chill treatment only

Chil} requiring long-day

Chill requiring shori-day

[}

Flowering litle affected
by lenpdh of day or night

Flower when plant returncd
lo normal temperature after
chilling - -

Flower in long days after
chilling

Flower in short days after
S

chilling

Oryzasativa, Cucnmis sativa
Lycopersicon escidention,
Gossypinm hirsutus:.,

Primrosc { Primula viiiparis)
Henbane (Hyoscyarnus niger)

Chrysanthermum hybrids




173.2 Importance of Dark Perio;l Development and Differentlailon

‘For quite sometime the role of light period (photoperiod) was emphasised in
flowerings However, based on certain experiments it was realised that it is the dark
period that is more important than the light period for inducing a plant to flower. In
fact, as early as 1912, from his experiments on flowering, Julien Tournois concluded
that flowering occurred ‘‘not so much by shortening of day as by lengthening of
nights”’. We describe below an experiment, which was done much later by Hamner
and Bonner {1936), that proved this point.

A short-day plant was taken that required 16 hours of darkness and 8 hours of light”
to flower. If the dark period was reduced, plants did not flower. Interestingly, if the
dark period of 16 hours was interrupted by light, again there was no flowering.
However, if the light period was interrupted by dark period, or if plants were kept
less than 8 hours in light there was no effect on flowering. It was clear that altering
the light period had no effect but if the dark period was less than 16 hours, the plants
would not flower. A look at Fig 17.5 will further ctarify this experiment and confirm
that dark period is more important for inducing plants to flower. This concept has
now been well established. The role of dark period.is to bring about some changes
which trigger the development from the vegetative to the flowering state. The role
of light period is to realise this change and help in bringing about maximum flowering.
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[ip. 17.5: Experiments Lo show that dark peried Is important for Nowering. IT dark period is interrupled
3) SDF do nut flower but if light period is interrepted {4) or shortened (5) {here is no effect on
Ifowering in LDP.

17.3.3 Flowering Hormone

1t was in 1880, that Julius Sachs supgested lhdl thereis a chem:ca] basis for flowering,. The Conccpl-of florigen—a
Later experiment indicated that some hormone was produced which controlled flowering hormone was piven by a
flowering. The hormone was named Rorigen. Before we find out what the florigen ~ Russian Botanist named

is. let us first sse the experiments which suggesied that a chemical is involved in Chailakhya in 1930s.
flowering and that it is produced in the leaves,

In an experiment only the leaves of Kalanchee, a short-day plant, were given the

inductive conditions and not the whole ptant. Even then the plant flowerad (Fig. The light dark conditions which
17.6). More such experiments were done where Lreatment of fight-dark cycle was induce plants o {flower are called
given only to the leaves and the plants were induced to flower. Some scientists - inductive conditions.

performed experiment with a twig, a single leaf of which had been given the inductive

condition. It was grafted onto a plant which was not given any inductive condition.

Interestingly. it was found that the grafted plant also started flowering (Fig. 17.6). In

some cases grafts were taken from plants which were induced by short-days, for

exampie from Xanihiun canadense and were put on plants which required long-day,

conditions e.g. Rudbeckia bicolour. Even in such graftings the recipient plants, in the

above case Rudbeckia, started flowering. _ . 49
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Leaf in the—
short day

Vernalisation is Latin term, it
means “'to make springlike™
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A

Leaf from
Nicotiana sylvestris
(LDP) l.eal from
Nicotiana tabacum
(SDP

Fig. 17.6: Experiments to demanstrate that phiotoperindic stimulus is perceived by the leal. Tn (A) Kalarchae
blossfeldiana plants hegin (o Aower even il one single Jeaf is maintained vnder shortday
conditions. In expt. (B) & lesfl from L.DP, Nicotiana sylvestris was grafied on SDP, M. tabrcrm.
The plant started Nowering even under long-day conditions, (a). Hawever. if a leaf from
N. tabacum was grafied on N. tabacum itself (a cantrol expt b) Mowering was nol induced.

If you have understood the above experiments perfectly well, you witl come to the
following conclusion.

i) the leaves perceive the light stimulus, and

ii) some chemical moves out of the leaves (as must be occurring in grafts) and goes

to the meristems and changes them from vegetative to flowering, What is this
chemical?

This chemical was termed florigen. However, we must point out that nobody has
isolated florigen or any other chemicat till today which can induce {lowering in any
plant. In all probability florigen is a plant hormone which at certain concentrations
induces flowering. In the Unit on hormones you have alrendy learnt that when
supplicd exogenously different hormones can induce flowering in different plants.

However, some observations are contrary to this view, It has heen shown that florigen
can move readily between tissues but it cannot pass between two tissues if separated
by a strip of agar while a hormone can travel casily through agar. Further,
experiments have suggested that the flowering stimulus moves through the phloem.
This suggests that some chemicals, other than hormones may also be involved in
flower induction in vivo. We can hope that in the near [uture it would be possible to
isolate and identify florigen by analysing and comparing the content of phloem sap
before and after flower induction.

17.3.4 Chilling and Flower Induction

Some plants flower only afler passing a winter season. For cxample, winter wheat is
sown in the autumn for harvest in the following summer. Tt needs cxposure (o cold.
If winter is mild, plants do not flower and the crop fails. It has been shown that winter
wheat and many other plants require a period of chilling 0°=2°C for about a weck
for flower formation. The cold treatment given for Mower induction is cailed
vernalisation. The technique of vernalisation was developed in Russia where winter
crop required chilling for successful cultivation. The seeds are soaked for small period
to initiate germination and then they are buried in the snow. Later, they are planied

in the spring when severely cold conditions are over. Thus chilling is also a stimulus
for flower induction.

Which part of the plant requires chilling stimulus for floral induction? Experiments
show that only the shoot apex receives the stimulus (needs vernalisation) which then



is pussed on to the other purts of the plant. When 1he shoot apex that has received Development and Differenilation
the stimulus is pinched off, the lateral shoots flower and if their apices are also

pinched off, the side shoots develop und flower. Moreover, when extracts of a

vernalised plant are applied to a long-day plunt growing under short-days the

recipient plant flowers. Like light induction, the stimulus can also pass through a graft

to ¢ non-vernalised plant. These results show that some kind of flowering stimulus is

transmitted from shoot apex to other tissues. The chilling stimulus was named

vernalin, The nature of this compound has vet not been identified.

17.3.5 Biochemical Changes

Many workers have tried to follow the biochemical changes that precede flowering
and resultin meristems which give rise to flowers instead of vegetative structures. In
Pharbitis, which is a short-day plant and requires only one dark period {or flowering
it was found that soon after the dark period, the flowering stimulus begins to move
out of the leaves. In this experiment, the plant was given inductive conditions and
after specific time intervals, biochemical changes were measured in meristems. An
increase in metabolic activity around 40th hour at the floral apex was manifested by
an increase in the level of RNA, proteins and ribosomes. Electron microscopic
observitions also revealed extensive formation of endoplasmic reticulum. These
activities were followed by an increase in DNA synthesis and mitotic activity. At
about 8¥th hour after floral induction, the rate of cell division increased at apical and
axillary meristems and the increase in cell division was noticed particularly in the
centrul zone and peripheral zones of apical meristems.

Such experiments have also been done in other plants. However, it has not been
possible yet to identify which of the RNA or proteins are responsible for the onset
of flowering. With the application of newer techniques it has been possible to suggest
that there are some specific flowering genes which get switched on after receiving
specific light-dark cycle. Although we do not know the products of all these genes,
some of them have been shown to code for proteins which regulate transcription.

' 5aQ2
a)  Fill in the biank spaces in the following statements,
i} The major morphogenctic change in flowering is the change of.....&... ...
MICCISEaLs inl0. .. meristems,
i} Photoperiodic control of Nowering depends on the tength of uninterrupted
..................................... given,
1T plant is likely to Aower at the same time of the year
whether grown in the house. Netd or green house.
vl The chemical suspecied o induce ﬂowcrmb {5 given the name.. oo

and i produced inthe. .

vl A short-day plant reguires more than a eritical period of, . .

L

B List the bivchemical elanes ihat precede Mowering.

17.4 PHYTOCHROME

You know that plants capture light energy during photosynthesis, now you are

- familiarised with another important and inleresting rele of light in developmental
phenomena. Just as for photosynthesis light is absorbed by pignients chloropnylls and
carolenoids, similiily to bring aboul developmental response light has to be absorbed
by some pigmenis. One of the pigments that detects the quality of light in the range
of 600-800 nm repion is phylochrome. Il may also be mentioned that some
developmental changes do exist even in 101al darkness. These processes would be
independent of active form of phytochrome. Such changes are called
skolomorphogenetic as ugainst pholomorphogenetic change that oceur in light. There

*also exists an unidentified blue light absorbing pigment whu.h brings about
phototropism und nastic muvcm:_nls
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The experiments on reversible
cfiect of red and far-red light to
study developmental responses
were done by Borthwick and
Hendricks at the same place where
Garner and Allard had discovered
the phenomenon of
photepgriodism.
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17.4.1 Discovery of Phytochrome

In Sub-section 17.3.2 we described the experiment that proved the importance of the dark
period in flowering. In that experiment if dark period was interrupied with light, the
flowering was not induced in a short-day plant. In further experiments insicad of
white light, dark period was interrupted by lights of various wavclengths like red,
blue, yellow and far-red light. These experiments showed that red light alone was
sufficient 1o inhibit flowering. However, the effect of red light was not always
inhibitory. For different developmental response its effect was different. For
example, an experiment done to check effect of red light on lettuce seed germination,
it was found to have stimulatory effect. Another intercsting observation was that any
response to ted light was nullified by far-red light (Fig. 17.7).

Fig. 17.7: Reversal of sced permination with red (R) and far-red light (FR). YWhen irradisted with red light
leltuce seeds germinate; however, if red light is followed by far-red light, the sceds do not
germinate. It was noticed thal cven after successive irradiations, il the seeds receive red light as
last irradiotfon then they germinate but if for-red light was given al the end (as shown in lower
panel) the seeds remzin dormant,

From a number of such experiments il was concluded that some developmental
response brought about by red light could be reversed if followed by far-red light and
vice versa. On the basis of these physiological experiments it was proposed that both
red and far-red lights are absorbed by the same pigment. This pigment was named
phytochrome.

Phytochrome, thérefore, exists in two forms: a red light absorbing form (P,), which
after absorbing red light gets converted to far-red light absorbing form (Pg,). When
P, form absorbs far-red light it gets converted back to P, form as shown in Fig. 17. 8.
So the two forms are interconvertible.

5 . ./ R 660 nm
~t Dark FR 730 nm decay
(Synthesis)
Biological
LeSponse
Dark
reversion

Fig. 17. B- Schemalic representation of phomcunverswn of phytochrome. Phytochrome is synthesiced In
dark. On vecciving light in red range (R) it is converted from P, {red light absorbing form) Lo
" P, (far-red light absorblng form). The Py, forni & blologleally active and induces & response, It
alsp undergoes decay (P} l.e. it degrades with the passape of time. When plants are left In dark
for Tang, P, farm In some cases can also relurn to P, state. Tt also can be brought back to P,
state by irradiation wilh far-red lignt.
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17.4.2 Properties of Phytochrome '

Phytochrome is a chromoprotein: this medns it is composed of a protein and a
chromophore. The chromophare is actually attached to the protein and is responsible
for its colour and light absorption. Itis possible to isolate phytochrome in absolutely
pure form by following the procedures of protein purification. The phytochrome in
test-tubes also shows similar absorption characteristics. It absorbs red light
(maximum absorption occurs at 660 nm wavelength) and on conversion, far-red light
(maximum absorption occurs in far-red region at 730 nm). A typical absorption
spectrum of phytochrome is shown in Fig 17.9. It is a soluble protein and is present
in the cytoplasm. Itis believed that Py, form may be associated with the membranes.
The intact phytochrome protein has a molecular weight of 124,000 daltons. The total
amino acid sequence of the protein is also known and, using recombinant DNA
technology, the gene coding for phytochrome-has been isolated.

0.2

0.1

-Absorbance

— L
500 600
Wavelength (nm)

| 1
300 400

T00

not all P, can be converted to Py, form and onc sees two peaks.

conversion from P, 1a P,

Fig. 17.9: Absorptivn spectrum of phytochreme in vitre. Phytochrome was purlfied alfd its absorptlon
spectrum was measured by a spectrophotometer. Yhen P, was irrndiated wlth red light, the
absorption spectrum (doited line) was obinined. This shows the converslon of P to Pr. Note that

The chromophore is a tetrapyrrole molecule (Fig 17.10) like chloraphyl!, but unlike
chlorophyll it is an open letrapyrrote and contains no metal ion. Il is covalently

Fig. 17.10; The structure of chromophore and its atigchment to protein. Phytochrome chromophore is'an
open Letrapyrrole. It Is.attached to the protein at a speciflc sile and undergoes proton shift on-

. Development and Dlﬁmnllnllon

-

Proteins cannot absorb visible
light. They absotb only UV-fight.
So chromophore part is essential
for the absorption of light in the
visible range.
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Plant Physiofopy-11 attached to the protein. It has been shown that it is the Py form of phytochrome that
is biologically active. Changes in the structure occur during conversion of P to P,
(Fig. 17.10) which probably make the P, form active.

-Prou;::lyllc 6000-dalion
] peptide Hydrophobic

site

(a) 660 nm
———
e —
' 730 nm
660 nm
(b)
730 nm
Pr Pir Hydrolphobic

site

Fig. £7.11: Model for inter-conversion of P, to Py, form: a) The tetrapyrrale moves away {rom the protein
when converted from red to far-red form and exposes some hydropholic sites of the profeinin

’ " Py, form. This conformational change makes Py, an active species. Sonic proteins that are

essential for biologleal action (x) may bind to the hydrophobic sites and get activated. b) The

movement of tetrapyrrole with respect 1o prolein in P, and Py, state,

A method to estimate phytochrome

Since there is no chemical test, the only method available to test and estimate
phytochrome is the spectrophotomctric method, Firsly. the dilference in the
absorbance between 660 and 730 nm is measured afler red light irradiation (AOD red,
No. 1). Next, the sample is irradiated with far-red light and again the difference in
AOD is measured (AQOD far-red, No. 2). The content of total phytochrome is
measured by subtracting the value obtained after red light irradiation from far-red
light irradiated valuc, '

Phytochirome total = A (A0OD) = [AOD far-red — AQD red]
1} AODred [ODge — ODny) after red irradiation

2) AODfarred = [ODgy — ODssg) after far-red irradiation

Nowadays special spectrophotometers are also available which can measure the
absorption difference between two wavelengths. These are called duat wavelength
spectrophotometers,

17.4.3 Biological Responses Controlied by Phytochrome

Phylochrome responses are Lthose which are controlled reversibly by red and far-red o
light. These can be broadly categorised as:

i) Fast responses those which occur within a time span of seconds 1o minutes and
it) Slow responses those that take hours to days (o manilest themselves.

Some of the fast responses are discussed below:

i) Tt was found that when mung bean root tips were Xepl in a specific solution
{containing ATP. TAA, ascorbic acid, MrCl,. KCI) the root tips adhered 10 a
- glass beaker when irradiated with red light. This effect was reversed by far-red
light within 30 seconds. It is suggested that the quick response is probably duc
54 1o change in electric charges on the root tips in response to red light. so the root



lips adhere on to the negatively charged glass surface. Such a response can be Developmeat and Dilferentiation

classified as a fast response.

ii) Similarly, it was shown that if alga, Mougeotia was irradiated, its single
chtoroplast turned in response to red light but far-red light alone had no effect
(Fig 17.12). The red light effect was reversed by far-red light. This movement

was also noticed within minutes of irradiation. In fact, in these experiments, the
light was irradiated on the cytoplasm or membranes barrier and not onto the

chioroplast directly.

o — e

Chioroplast

Red Light— j@

Red+
Far-Red light ™
Red + Fur-Red____ Chlaraplast
e S

Fig. 17.12: Anexperimnent with Mougeotin to demonstrite u fast respunse. Filaments of Movgeolia are
made up of lung cells ench of which contains nsingle flar plate tike chloroplast which cen
turn instde the eell in respunse to light, The light induced chldroplnst movement was shown l
Lo be a red/far-red Light reversible response us shown above. The movement starts with a

lng phuseol only a few minutes.

iii) In many leguminous plants it was found that leaves closed if they were transferred
from light to darkness. It has been shown that this response is under phytochrome

control (Fig. 17.13).

Fig. 17.13: Elfect of phiytechrome an the opening and closure of pinitae of Mimose pudica (touch me nat
plant), When far-red light was given alene er after red Jight, the plnnac remained apen (top

row} however, if red light wos given after far-red even alter repented exposure, ihe plpnee
remained ciosed {Bollom row}, The plants were irradiated fot 2 min. of cach light and then kept

in darkness. The response was seen-within 30 minules, ' -

A number ol other responses, which could be classified as slow responses like seed
germination, hypocolyl elongation, leaf expansion, abscission, flowcring, fruiting
have been shown to be under phytochrome control. A few examples of effects of red
and fur-red light on such responses are shown jn Fig. 17.14.

'
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(a)
| min. Red
-+ | min, Far-red light
(b}
Noadditinal light +5min FR
{c)

R +FR

Fig. 17.1.4; Some ol the slow responses cnnirolled by phytochrome
u} reversal of red light stimulated seed germination by far-red light
b} demanstration of control of internodal lengthening by phytochrome, the effecls were seen after
5 days. The plants were kepl in lighl-dack cycle received cither B or FR light.
¢) Flowering in Kalanchoe [SDP) is controlled by phytachranie, The plant Tn the cenlre received
some ST treatment hut veceived red light in the middie of shori-day-

17.4.4 Mechanism of Aciion -

You have learnt that biochemical and molecular changes are brought aboul by
phytochrome. However, what is not yel cldar 1s the relationship of these changes td
a specific developmental event. Since phytochrome controls a large number of
processes even in one plant (Table 17.2). This makes the analysis of molecular action

a difficult task.

)
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light

—l_ XXX piea

ST

Induction Transcription
or

Repression

Mare (or n;RNA
less

-

Morc {or TProteins
less

Fig. [7.15: Hyputhesis for differential regulatién of gene expresston, The biologlcally aclive form Plr can
affect the lrnns‘cripllon process by either inducing the synthesis of new mRNA or by repressing
the synthesis of mRNA olready being synthesised in dork. By altering the level and quollty of
enzymes and proteins, developmentnl responses con be controlled by phytochrome.

‘Table 17.2: Multipls elfects of light on mustard seedlings growa in dark

Inhibition of hypocotyl lengthening
Enlacgement of cotyledons
Opening of the hypocotylar {"Plumular™) hook

Crevelapment of primary leaves
Synthesis of anthocyanin ) .
bncrease of the rale of ehlorophyll accumulation (in while Iigh‘ij:' : _ B
Changes in the rate of cell rcspiruliqﬁ E 'I.- I ca
Changes in the rate of degeadution of storage protein ' h
Increuse of negative geotropic reaclivity of the hypocotyl S e S
[ncrease of protein syathesis in tilc-colylhdons ’ Co '
Decrease of RNA contents in the hypocolyl T e

Inerease of RNA-contents in the catyledéns R

Ditlerentiution of stemala in thc{cpidcrmis of the cotyledons

Incrizasein the rate of ¢arglenovid synthesis ,

Increase in the level of mRNA increase in nitrate reductase, increasé in RuBP.carboxylase

T s

Of the various chunges braught about by phytochrome many of them occur within a
few minutes and some others have a time-lag of 1-2 hour or more. It has been
suggested that responses which occur rapidly, say within 0-15 minutes, may be
considered as *membrane associated events’, and the responses with a lag period of
few hours mauy involve changes in amounts or activities of various proteins and
enzymes and may be cansidered as “gene expression events’ (Fig 17.15). The
respunsus which are measurable us chunges in growth may be considered [al
tdevelopmental responses’. 1t has been lound in a number of systems that phytochrme
daes allect membrane related phenomena. First, it has been reported in a few cases
that phytochrome may be associated with membranes. For example. in Mougeotia,
1 the muembranes were irradiated with light ehloraplast movement was detectable.
Also, experiments suggest that phytochrome binds to the membranes but ihe resulis
need to be confirmed. However, it has been clearly established for example in
Albizzia that phytochrome controls transport of K* ions across the plasma
membranc. Similarly, it has been shown that phytochrome also affects the movement
of calcium jons. The exact mechanism by which phytochrome affects membrane

transport proleins is not yet know:n 57
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Plant Physlotegy-1l More work has been donc on gene expression events. It has been shown that
phytochrome does affect the level and activity of enzymes. In some cases, however.
the pigment increases the enzyme level as for example, in phenyl alanine ammeonia
lyase, nitrate reductase, RuBP carboxylase, light harvesting chlorophyll a/b protein,
whereas in others the phytochrome decreases the enzyme level, e.g.. NADH
protachlorophyllide oxidoreductase. An example of phytachrome regulation of
nitrate reductase enzyme is shown in Fig. 17.16.

it -

} ’ . 00 |—

D TR R R4TR R+[t+R Cont FR.

Fig. 17.16: Photoreversible effect of R and FR light oz the Induction of nitrate reductase. R and FR lights
were given for only 5 minutes to criolated (plants grown in the absence of light} maize leaves.

Recently, it has been shown that phylochromc affects the leve] of enzymes by
alfecling the process of transcription. An increase in the level of mRNA of a number
of proteins in response to light irradiation has been shown.

A major question that remains (o be answered is how does phytochrome which is
presentin the cytoplasm affect geric expression in the nucleus? It is suggested that
probably some signals or second messengers are generated by phylochromc which
affect at the level of transcription as shown in Fig. 17.17. Lately the role of calcium
lons as messenger of light mediated responses has been emphasised. This is based on
the {indings that in many instances the light affect could be mimicked hy calcium jons.

Light stimulus

h ' Nucleus Signal chain

mRNA — - Protein synihesis

Tip. 17,17: A peneral scheme 4o show (hat alter light ubsorption and the formation af Py, a bischemical
ngnnl hos to be sent to the nucleus 1o n11k|:- new mRNA Tor the synthesis of new protein, The
rature of 1he signal is not yet knuwn hut some evidences supgest chat this conld he o simple
molecoie Jike colcimim inn. .

es with approprinle words,

"
H AN

1) P, absorbs A oo DU nm wavelength of light and Py, absorbs at
. r Lt 5} (1] SN !

- R - - ‘ .
) . i) The effect of red light eould be completely reversed by ......... s haht,
iit)” Phytochfome is a-............ .. wreerenees protein, It is present in the




iv) The biochemical signal sent to the nucleus by phylochrome for ntaking new  Development and Differentiation
mBRNA iy suggested 10 DB oovcvivieees cevereeaans .

v) Biological active [orm of phytochrome ......... S can affeet
.......................... process by induction or repressios.

17.5 SENESCENCE

Piants begin their development afier sced germination. They grow, flower and finally

senesce and die. The period from the start to death is called the longevity or age or

life span and this period varies from species to species. For example, some plants,

like annuals, complete their life cycles within a few months whereas others live for a

few centuries. For example, the life of Juniperus scophulariunt is around 3,000 years.

The period just before death is called the senescent peried. This may be compared

1o old age in animals; [n this period deterioration occurs because there is a consistent

decrcuse in viability and increase in vulnerability. This phase can be prolonged but 1
cunnot be reversed. :

. !
Senescence may occur 'vcry quickly or may be a very slow ﬁrocess. In a plant
sometimes the individual organs senesce white the whole plant may remain healthy.
In annuals, the whole plant dies; in biennials, the plant dies only after two years,
whereas in perennials, year after year the leaves and froits are shed but the main
plant survives. Broadly, therefore, the senescence can be of the following types.

Overall senescence: Only the parts above the ground level i.e. the aerial parts die
whercas the underground parts survive. For example, potato.

Deciduous senescence: Only the leaves sencsce as in many trees. The senescence of
Jeaves, orabscission veeurs when at the base of o leaf a layer of celis is laid which is
called abscission layer (Fig. 17.18). The cells of this layer have high activity of
cellulase, an enzyme which degrades cellulose ol cell wall, Another enzyme that
increases during abscission is polygalaciuronase which hydrolyses peclin, a major
¢omponent of the middle lamella region ol the wall. So the cells get sepurated and
the leaves fall. Below this layer, the plant makes a protective liyer which has lot of
lignified cells. When leaf lalls, this layer prolects the tissue [rom desiceation.

Leaf peliole

" . Abscission
zone

Fig. 17.18: Abscissiont zone near the base of the statk of a mature leal.

Progressive senescence: Here also the leaves are shed but it is gradual senescence of
lcuves up e stein. For example, the palin iregs, -

17.5.1 ‘Regulation of Senescence

Senescence is a part of a developmental sequence of events and has to be a controlled
process, You must have seen thaf if you cut twigs havirg leaves and flowers and put L
them in flower vases, these twigs senesce faster than-if the twigs were still on the : _
parent plant. It has been found that sencscence is controlled by both external and " 59
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internal factors. Of the external factors, plant hormones, length of the day,
temperature and nutricnt supply play an important role. Of the internal factors, size

- and age of the plant, degree of flowering and time of ripeness of fruits determine the

onset of senescence. In one experiment where the normal time of senescence was 120
days, when mature fruits were removed from plants the time of senescence was
delayed. It occurred after 140 days. And when young fruits and flowers were removed
from plants as soon as they were formed, the senescence was delayed to 160 to 180
days. This means that the senescence is initiated as soon as the process of
reproduction is set in. This is probably because a plant needs a lot of nutrition for
the growth of flowers and fruits. So to increase the supply to fruits, the stored
malerial from leaves and other parts is translocated to the growing fruits. The demand
is so high that the fresh supply of nutrient and photosynthates cannot be replenished.
It js a simple case of more demand than supply. Naturally, the system collapses.
However, in the process like majority of other organisms the plant tries to ensure
that the fruits mature and seeds are set so that it can continue with its progeny. Tt is

a case of self-sacrifice by the parent plant in order to see its seeds develop properly
and grow, :

Besides environmental and endogenous factors, biotic factors also play a role in
inducing senescence. For example, due to an attack of mites, insects or even parasitic
fungi, the process is hastened. Also, without realising when you walk in 2 garden and
pluck lcaves or break branches and twigs, you are also contributing to initiating
senescence in those plants, Fig. [7.19 gives a general view of the faclors that affect

scnescence of various plants.

Whale planl
(monocarpismy)
fruits, roats, daylengih
auxins, ABA, cylokinins
Apex .

fruits, daylength
gibberellins

Stem
Flm.vcr ) (including senescence of
pellination o ’ vascular Lissues)
ABA, cytokinins auxins, cytokinins
elhylcne sugars
Fruit Leafl
(including (including sencscence
SCACSCent of abscission zonc)
ol sceds) lruil, root, light

all hormones all hormones

Cowyledon
axis, shoot, light,
fruit, root, all hormones

/ﬁ

Raoot

{(including Sencscence of Vascular
tissues, root cap and hairs)

auxins, cytokinins

Fig. 17.19; The rale of various physical znd chemlcal factors an the senescence of different part af a plant.

17.5.2 Riochemical Changes Associated with Senescence

When senescence begins many physiological and biochemical changes take place. For
example, one of the important changes observed is in chlorophyli content. Its level
starts declining. As a result, the capacity of CO, fixation also declines and the overall
structure of chloroplast in terms of organisation of thylakoids gets disturbed. For
quite sometime the rate of respiration remains constant but later it alse drops and
the supply of ATP is reduced. N

y
1
|



It is also shown that a number of degradative enzymes like proteases (hydrolyse
proteins), ribonucleases (hydrolyse nacleic acids), B-glucan hydrolases (which loosens
cell wall), chlorophyllase (which degrades chlorophyll) are produced which result in
catabolism and finally over a period of time, the plant succumbs and dies.

5AQ 4
a)  What are the associated changes’observed in teaves during senescence?

17.6 TISSUE CULTURE

You may be familiar with the technique of growing plants in test-tubes by tissue
culture technology. Scientists hope that the technique would possibly help to
understand the functioning of plant system, regulation of differentiation and growth
in a better way. In this section we will describe the technique of tissue culture and
its prospecls.,

17.6.1 Historical Perspective and Development of Techniques

You know that during fertilisation, the egg is fused with 2.male gamete resulting in
the formation of a zygote which on division gives rise to an embryo. After
germination, the embryo grows and forms a plant. Since the whole plant arises
basically from a single cell, the fertilised egg, as well as the cells of a plant will have
the same basic genetic make-up. If o, why does the zygote only form an embryo and
develop into a plant; why cannot any other cell of a plant reproduce to form a new
plant?

‘This curiosity led people 10 grow different parls and Lissues of a plant by controlling
the growth conditions. And it was found that if right autritional and environmental
-onditions are provided to a ceil taken from any part of a plant, it behaves like a
svgote and gives rise to an embryo, which grows 10 form a new piant. This property

of the plant cell is called ‘totipolency’ i.e. any cell of a plant can theoretically give
rise to a new plant (Fig. 17.20).

1L was in fact in the beginning, of this century that culturing of plant cells started. The
technique of growing plant cells, tissues, or organs under artificial laboratory
conditions is called culturing. By 1936, culture conditions were partially defined.
Later, as hormones and growth regulators were discovered, and their role in plant
developmeni wer nderstood, scientists used them extensively to culture plants cells.

Development and Dillerentlailan

.

It was German Boanist Gottlieb
Haberlandl who got the idea of
culturing plant cells,
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Autoclave is like a big pressure

cooker. When its temperature is
raised to 120°C, the pressure of
steam builds upto 15 Thsfsq inch.
Microorganisms get killed under
these condilions and sterilisation
is achicved.

. he first major success in lissuc
culture was achieved by Roger
Guautheret in 1939 who established
continuous growing cells of carrot,
In 1950's Steward and Skoof in
USA and Nitsch in France :

", cultured carrot and tobacco cells

and showed that 1hey can form
embryos and can be grown into

complete plants. In India, tissue .

culture technology-was developed
by Prof. P. Maheshwari z2nd his.
group, at the Department of
Botany, University of Delhi.
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Fig. 17.20: Demonstration of the phenomenon of telipolency In plants. Cells were taken from phleem
explant or from embryos nnd cultured in medlum. On sup lying appropriate conditions single
celts developed to form embryoids which developed further (o farm small plantleis. Such
planileis could be grown to complete carrot plants.

Before we proceed further let us first understand the method of tissue culture. This
will help you to understand the rrext section easily. One can take any part of the
plant. The part is called an explant (since it is excised from the plant) is sterilised and
then placed on a medium which is also sterilised by autoclaving. Any medium
basically-contains cssential micro and macro nutricnts required for growth, and some
vitamins and iron. Since the cxplant is not autotrophic, sucrose is added as carbon
source to provide energy. In the previous uni you have read aboul the role of
hormoncs in growth and development, they are also added. The medium is either
vsed as such or solidified by addition of agar, sterilised and kept in test-tubes or in

* petriplates. The explants are then grown on this medium.

17.6.2 Organ, Tissue and Protoplast Culture

It has now been possible to culture any part of the plant in aseptic conditions. The
nutricnt requirements for organ culture varies from species 10 species. Culture of
roots, shoot apices, leaves, embryos, anthers and endosperm has been achieved ina
number of plant species, both from dicot and monocot families, and regencration
obtained. Growing roots ¢an be mainlained in cultures for  long time in flasks. In
facl, in National Botanical Research Institute in Lucknow a technique for kecping'
root cultures for some years has been developed. And whenever reguired the roeots

can be regenerated into plants.

Similarly, shoot apices, leaf primodia and jeaf segments can be cultured under
appropriate conditions to develop callus and regenerate plants from them. Al the
University of Delhi, an interesting finding was made on the culture of anthers.

* Whereas in many cases, anther wall developed callus and formmed plants, in Damre

innoxia, it was found by Prof. S.C. Maheshwari and Dr. Sipra Mukherjee* (1964},
that pollen grajns present inside the anthersstarted dividing under certain conditions
and developéd into plants. Since polien grains are haploid i.e. they have only half
the number of chromosomes, the plants which were formed by the division of pollen

r

* Now, Professor at School of Life Sciences, JNU.)



grains were also haploid. This phenomenon has been shown to occur now in many Development and Difterentiation
species. Haploid plants are valuable in agriculture as the time-frame for obtaining

homozygous pure lines required for breeding purposes is reduced from about 20 years

10 a few weeks!

From somatic cells, we can regenerate diploid (2 N) plants, from polten grains,
haploid (1 N) plants, and if we culture endosperms, we should get triploid (3 N)

* pluats. This was also made possible through the work done at the University of Delhi.  Endosperm is triploid because it is
There are two ways by which the tissue,in culture regencrates plants. Either the cell formed by the fusion of a male
behuves as a fertilised egg and undergoes embryogenesis and the embryos so formed ﬁﬁ?},flgc.}(,”fb‘f;t?ﬁﬁﬁ;‘;{fﬂﬁcu (2n)
are made to develop further into plantlet. Or, the cells divide and form callus, A few p '
cetls of the callus behave like shoot or root primordia and develop into complete -
plant.

The regeneration of plants is dependent on the growth conditions and on the

hormones supplied in the medium. You have read in the earlier chapter that

hormones interact with cach other to bring abouta physiological or a developmental . '
response. This was shown elegantly by Skoog and his coworkers who found that the )

variations in auxin cytokinin ratio could control the production of shoots or roots in

cullure. :

An eniirély different approach to stugdy and manipulate plant cells is via culture of
protoplists. There are cells from which the cell wall has been removed. These ‘naked
cells’, can be grown to form complete plants by modifying the composition of the
medium (Fig. 17.21). At present, this technique of growing cells and protoplasts has
been standardised for a large number of plants. Protoplast culture is aimed to
introduce agriculturally important genes in plants and for getting somatic hybrids for
sexcally incompatible species.

Protoplast colony Differentiation in proloplast Callus

Fig. 17.21: Devglopment of o singie protoplist o complete plant, Protoplasts divide to Torm callus “h:ch on
cullering on approprinte medium dilferentizted into plantlets. This particular experiment was
duiie wilth potabo plins.

The tissue culture technique hias now become an imooertant tool 1o study the role of

various hormongs. chemicals and light. in plant development as the cffect can be

studied under controlled conditions. Since regeneration can be achieved, tissue
cullure provides a unigue opportuntty to study the rofe ol various eX0genous factors
on morphogenesis ol plants.

SAQ 3 ’

1} Which aumong the lollowing statements are true. Write T for true and F {or fulse.

Fi

63
i} Haploid plants can be obtained by anther culture J
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Day

b)

C!ock-drivcn drum
with paper coated
with lamp black

Trace of leal
movemenl

Night

Fig.

ii) Only certain cells can hehave like a zygote when provided with
appropriate essential nutricnts, hormones, vitamins and growth

condition. . vy ) 0
iii) The regeneration of plant fram. ofgan ‘culture is independent of growth
hormones supplied in’ the medium. ! .
. . j
iv) ‘Naked plant cells’ i.e. cells without cell wall are called protopiasts. 1

How does tissue culturé techaique help in unflerstanding the regulation of
differentiation and growth® .

i . ' .

-37.7 BIOLOGICAL CLOCKS °

Lastly we arc going to learn about a phenomenon which is still not very well
understood by scientists. Like animals, which show rhythmicity in their behaviour, it
has been found that some developmental events in plants also occur with regular
periodicity in time, These processes are rhythmic and if these occur in the absence
of external disturbing factor, these are called endogenous rhythms. This would be
clear if you have ever observed sleep movements of leaves in plants like Phaseolus,
Mimosa, Albizzia and Samanea. In these plants during the day time the leaves are
open and during the night they droop down. In fact, these movements can bc
recorded. This was done by tying a thread to the leaf that shows periodicity. The
thread is rofled over a pulley and then attached 1o a stylus which is touching a rotating
drum as shown in Fig. 17.22,

From
the ilm strip

Relative lzaf pasition

| 1 -
Time N o
Fluerescen light

Stem and petiole
———tied 1o a bambao

fcamework
 Green plastic panel
iluminaicd from behin
Timer. — clock

-—.-"!' :
Bean plant .s.—n-rm-hr..iu.-.w.‘...;

I 16 mmmovie
canerg

A u B H

17.22: Methods for recording leaf movements. The [eal of the plani is tied with a thread to 2 Jever that
touches the marker runaing on a clock driven drum {A). Since the drum is moving the trace af
leaf movement can be recorded over a period of day and night, A time lapse phatography camera
Is fitted which takes pletures of the plant after short time intervats (B). From the develeped Nlm
as shown on above Tight side, (he leal position with respect to time can be recorded.




How do we know that these movements are independent of external factors? An Development and Differentlation
experiment was done where after the rhythm was induced by light exposure, the
plants were kept in total darkness for days. It was found that the leaves would open
-and clgse as they would have done under normai conditions. These oscillations were
" about 23 h apart. Such rhythms with oscillations of 20-23 h are called circadian
rhythms and the cellular machinery which heilps the plant remember and keep these
rhythms in time is called the ‘Biological clock’. Interestingly, when plants were put

on saltellites, the rhythms still persisted.
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Fig. 17.23: Rhylhm in Gonyaulax polyedra (A). This organism a dinoflagellate, has been extensively
used in the study of biological chythms. It shows Lhree processes which follow dilferent rhythms.
Two processes are shown in B. Photosynthesis increases in light nnd decreases In darkness,
whereas the reverse occurs in bioluminiscence. The third process, cell dlvision, not shown kere
ulso follows a rhythmic pattern.

There are some good examples of plants wheie circadian rhythms have been noticed
and studied. These are, sporulation in Oedogori:'um cardigcum; spore discharge in
Pilobolus spimeroporus leaf movement in Phaseolus muh:ﬂo?us and CO, fixation in
darkness in Bryophyllum fedtschenkoi,

Yery pretty floral clocks have been assembled in tourist places in various parts of the
world. One in Canada near the famous Niagara falls tells the time from 6.00 a.m. to
6.00 p.m., beautiful flowers open at sharp 6.00 a.m., 7.00 a.m., 8.00 a.m. and so on,
a glorious sight worthseeing. Fig. 17.24 depicts a Noral clock found in a garden in
Europe.

Passion Flower
opens 12 noon

Star of Bethlehem Childing Pink
opens 11 a.m. closes | p.m.
Common
Nipple-wort Scarlet Pimpernel
closes 1G a.m. closes 2 p.m,
PrickiySowtinistle Hawkbit
closes 9 a.m. closes ¥ p.m,

Mouse-ear
Hawkweed Small Bindweed
opens 8 p.m, closes 4 p.m,

Alrican Marigold
i opens 7 a,.m.

Spotted Cal 5 ear

opens 6 a.m. |

Fig. 17.24: The flower clock.

White Water Lily
closes 5 p.m.

Evening Primrose
opens 6 p.m.
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17.7.1 Factors Affecting Rhythms

Two factors, more important than others which regulate or affect the time period and
the intensity of a rhythm arc temperature and light. It has been found that once the
thythm is sct, many circadian processes are independent of temperature over a wide
range. The effect of light in many cases has been shown to be regulated by
phytochrome, the pigment=protein complex about which you have learnt in Section
[7.4. The amounl of Py, form changes during the day, i.c. {rom sunrisc to sunsct. Al
sunset, when red light is less, its [evel would decrease which would further go down
in the following darkness. In the morning when red light is more, the Py, level would
rise again. This dail" change could be one of the factors to set the biological clock.

One of the founders of biological clock rescarch in plants, Erwin Bunning of
Botanical Institute in Tibingen, Germany, worked on leaves of different varicties of
soya bean and found some correlation between their photoperiodic behaviour and
sleep movements, He further found that leal movement was obvious in short-day
varietics whercas in day neutral plants the leaf movement was less pronounced. These
observations do suggest that light does have an effect on rhythmic phenomenon in
plants.

" At présent it is still_not clear what is the physical basis of the biclogical clock.

Certainly, it is nol any specialised timing organ. Some processes alfected at the
nuclear, protein and membrane level scem to be involved. However, the exact nature
is not known with cerlainty. Probably some chemical inside each cell' works as a clock.
Although recent work seems Lo suggest the involvement of membrane bound
glycoproteins which intercept environmental signals and set the ¢lock.

17.8 SUMMARY

» The development of the plant starts with the formation of seeds. A sced has stored
food material and mRNA which it uses during the process of germination. By
utilising proteins that are already existing and newly synthesised on stored mRNA
or whose transcriplion is induced, the stored food reserves like lipids, starch and
seed storage proteins are degraded to yield compounds Lhat can be utilised by the
growing embryo for its growth and development. '

& Aflter a certain span of vegetative growth, plants undergo a reproductive
deveiopment, During this process, flowers are produced. The flowering process 1s
regulated by the duration of light/dark cycles. The dark pericd seems to be more
critical to the Mowering pracess: It is the Jeaf which perceives the photoperiodic
stimulus. After perception the signal is sent to the vegetative meristems which then
are converted into flowering meristems, t

@ The photomoyphogenetic cvents in plants are regulated by a red light and {ar-red
light absorbing pipment callcdrphytochrornc, which cxitts in two states. The far-red
*light absorbing state—Py, is biologically active and induges a large number of fast
and slow responscs in plants. The fast responses could be mediated by bringing
-changes in membrane propertics. The slow responses may involve formation of
new proteins which would control the transition from one developmental state to
unother,

& Afler the plant flowers, it complctes its lifc cycle. The plants then undergo a phase
of sencscence. In many plants like trees, senescence is a perennial phenomenon
l¢ading Lo leaf fall. In such cases only parts of the plants undergo senescence and
death . :

@ Since plants are complex organisms, many developmental responses are studied
using i1 virrd culture techniques. By this technigue any of the drgans, tissucs or
cells of the piants can be cuitured in tesi-tubes and made 1o differentiate and form
complete plants. This manipulation is now possible on a large number of plants.

e Although most of the physiological and developmental processes are under the
contro! of the cxternal factors, in some cases they were sell-regulatory and show
rhythms of endogenous nature. The exact mechanism of these diurnal rhythms is
not understood but it forms an essential study of plant development,



Bevelapment and DilTerentiatlon

17.9 TERMINAL QUESTIONS

. Why do farmers fear rain around harvesl time?

2. List the important enzymes and hormones involved in seed germination. Bricfly
explain their functioa also.

3. Mauch the following enzymes given in Column | with their functions in Column 2.

Column I Column 2
i}  Cullulose a)  degrades chlorophyll
Yy Protease by hydrolyses pectins i the cell walls
i) Polygalacturonise ¢} hydrolyses protweins into amine acids
iv]  Chlurophylluse d)  hydrolyses cellulose
vy Ribonucleuse v)  loosens cell wall
vi)  poplecan hydrolase Iy degrades RNA

4. What are the advantages of tissue culture technigue?

17.10 ANSWERS

Self-nssessment Questions

i) i) dormancy ii) prowin, mRNA
i) vivipary v} obsceisic acid
vy ateuronce layer vi) hydrolytic
vii} phytin )
2) w) i) vegetaive, Do, i) dark period
iii) Day-neutral iv) florigen, leaves .
v) darkness
b) Increase in the synthesis of following:
.i) DNA, ii) RNA, iii) ribosomes, iv) protein. - - &7
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3)

4)

5)

b)

c)

b)

i) . 660 nm, 730 nm, - ii) far-red, - iii) soluble protein, cytoplasm,

-iv) calcium jon, v) Py, transcription

i) A decline in the level of chlorophyll.
ii} Consequently, a decline in CO, fixation.

iii) Disruption in-overall organisation of thylakoids of chloroplasts.

F) Internal — Age of the plant, degree of flowering and time of ripeness of
fruits,

2) External — length of the day, temperature and nutrients,

3) Biotic —attack of mites, insects and other parasites and plucking of
leaves.

i} Cellulase — hydrolyses cell wall of the cells in abscission zone.

if) Polygalacturonase — hydrolyses pectin which is a major component of
middle lamella region of the wall shared by
adjacent cells, . :

T, W)F, @i)F, i) T

By tissue culture one can study the stimuli needed for cell differentiation in
isolation from whole plant. Tt gives insight into how refatively unspecialised
undifferentiated structures differentiate into special meristems in plants. One

can also exploit artificial induction of differentiation in protoplasts, tissues or
organs under appropriaic growth conditions.

Terminal Questions

1.

Once the embryo is formed in the seed it enters a period of dormancy so that it

does not germinatc on the parent plant. In cercals the dormant phase is bricf.

If it rains around harvest time there is a danger that wheat and barely grains will
germinate within the ear, making them useless for human consumption,

)

Hydrolytic enzymes: The following three hydroiytic enzymes degrade fats,
proteins and carbohydrates into simpler units and providé nourishment to the

" embryo.

Y

Proteinase — hydraolyse proteins into constiluent amino acids.
a-amylasc — hydrelyses starch ifito maltose units. -
Lipase — degrades lipids into fatty acids and glycerol. -

Nucleases — Degrade nucleic acids into nuclentides which are used as
building blocks lor the synthesis of new DNA and RNA, ’
Enzymes of g-oxidation and glyoxylate cycle—Fatty acids are converted into
acetyl CoA which produces succinate, a precursor for the produclionlof
glucose via gluconcogenesis.

Hormone—The embryo releases gibherellic acid which acts on aleurone layer.
and induces rhe synthesis of a-amylase.

d, e qi) b, iv)ya. v¥f, vi)e.

In this technique one can cxploit artificial induction of differentiation in
protoplasts, tissues or organs under appropriate condition. The technique is.
applied particularly, in the preduction of large number of desired varieties. [t is
possibie 1o isolate agriculturally useful mutants rapidly from mitlions of eultured

_cells than from millions of plants.



UNIT 18 RESPONSES OF PLANTS TO
STRESS

Structure

18.1 Introduction
. Objectives
18.2 'What is Stress?

18.3 The Nature of Stress
Physical Stress
Chemical Stress
Biological Stress
18.4 Ways to Adapt to Stress
Altering the Molecules at Work
Changes in the Morpholagy und Behaviour of Plants
Use of Alternate Metabolic Pathways
18.5 Plant Responses to Specific Stress Conditions
18.6 Future Prospects
18.7 -Summary
18.8 Terminal Questions
18.9 Answers

18.1 INTRODUCTION

In the preceding two units you have learnt that growth and development of a plant

is governed by hormenes—the internal chemical signals and environmental factors —

the external signals which are perceived by special molecules present in the cell. In_
this last unit of the course, you will study the responses of plants to envirenmental

stress.

You know that certain plant species can grow in severe environmental extremes. For
example, plants grow below 0°C in the Himalayas and above 45°C in deseris of
Rajasthan. The optimat requirements of water, temperature, light intensity, nutrients
and soil vary from species 1o species. Have you ever wondered why grasses flourish
in highlight intensities while growth of many piants comes to & halt or is even
inhibited? How do rice planis grow under waterlogged condition while maize and
wheat cannot? How do thermophiles remain functional above 70°C, though their
cells are also composed of molecules that are broadly similar structurally and
functionally to those present in cells of other orpanisms? Again, why arc metabolic
reactions of theromophiles not disrupted even at 70°C or is therc anything special
about the enzymes that allow certain species to function optimally at very high
temperature and cerlain others at extremely low temperature. In this unit we will try
to find answers to such questions. We will see what are the molecular responses of
certain plant tissues that help them to cope environmental extremes — high
lemperature and light intensity.

Extreme pH of soil, salinity and mineral deficiency drasticaliy limit the total arable
land avaitable for the growth of crops, fruiis, vegetables and other useful plants in
our country and elsewhere in the world. It is estimated that over 50% of the potential
crop is lost because of stress of various kinds. Scientists are now studying the
responses of planls to various stresses in the laboratory and field conditions. The aim
is to get maximai yields despite all deviation from necessary optimal conditions for
plant growth in the natural environment. In this unil you will find that resulis of
preliminary studies on plant responses to various kinds of stresses look quite
promising and we can hope that it should be possible to manipulale planis by genetic
engineering so their performance is improved even under stress conditions.

Objectives
After studying this unit you should be able to:

e define stress, phoioinhibition, cold hardiness, cold accifmation, an elicitor and
osmoregulation, 69
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. s
® describe the various kinds of environmental stresses that plants may have to face,

® discuss the ways adopted by plants to cope with stress conditions,

® explain with examples the different types of responses of plants to cope with
various stress conditions,

® discuss the prospects of manipulating and breeding plants in areas that are under
environmental extremities in our country,

18.2 WHAT IS STRESS? | )

Let us recall what happens within the natural communities occupying the same
habitat. The relative location ¥ two plants may place them under differing conditions
with respect to a given envirc imenta! [actor such as light. The top cover of a
rainforest, for example, consists of-relatively tall trees and reccives maximal
irradiance while the floor dwellers manage with sunflecks. What will happen if we
artificially shadow the outer cover plants and illuminate the forest floor? Being a
deviation fram the natural situation, this is likely to have adverse effects on grawth
of these plants. Likewise, any deviation from optimal environmental conditions
usually with adverse effects on plant growth can be considered as stress. This in turn .
affects the yield of useful agricultural produgts. Fig. 18.1 shows the yield gap due to
biological and environmental constraints. :

BIOLOGICAL AND ENVIRONMENTAL CONSTRAINTS
. variely :
« Yield gap vreeds
diseases and insects
problem soils
drought
“sail fedility
Mlooding
excess of heavy metals

high and fow temperaluse

xperimcmal Actual
station yield farm yicld

Fig. 18.1 : An illustratipn of yield gap.

We must, however, realise that in no habitat, ali conditions — temperature, light,
availability of water, nutrient supply and soil characteristics can be controlled and .
fixed to optimal level for any species. But sinc,g_;tbe species must survive, it must adapt -
itsclf to the deviations in the environmental dandition(s). This could be achieved

either by breeding crop varieties tolerant to stress or by offering conditjons that help

the plants to withstand the stress, For example, if there is a deficit.of some nutrient

one could try to supplement the same. Plants capabte of adapting themselves to .
changés in environmenial condilions perform the best under stressful conditions.

18.3 THE NATURE OF STRESS

As mentioned in the preceding section, stress can be considered as any deviation in
environmental condition frem optimal for the overall performance of the plant I :
species under reference. If you recall the:envjronmental- factors, you can t¢ll the

various kinds of stress that-plantg may be subjected.to, A broad outline an the nature
of possible environmental stress is illustrated in Fig. 18,2, - '
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Temperanire

Fig. 18.

18.3.1 Physical Stress

Physical stress originates Irom such environmental conditions as: .

i) Temperature :

Chemical

Bioclogical

2: Nature of Enviconmental Stress Conditions '

Osmotic strength of fluids
in the surrounding

Photosynthétically active
radiation

Nature of solute

Mineral composition

Almospheric imbalances

Papulation density

Parasites

Symibiotic Inlcraciions

We arc most familiar with the plants and other organisms that live
at temperatures close to the temperature range in which we are adapted to live

¢., 15°to 45°C. However, we know that there is life below 0°C in the arctic and

above 90°C in the sulphur springs. In the subtropical zones, plants face stress
when they get exposed to freezing temperatures during the winters while in the
deserts of the tropics the native plants withstand over 55°C during summer. High

temperature can be inhibitory for photosynthesis (Fig. 18.3),

Raiz of photosynthesis

Low hight

High ligh

!

| ]

PN

g

20 30

Temperature (°C)

T 40

Fip. 18.3 : Effect of Heht intensi't}' and lemperature on the rate of photosynthesls,

ii) Osmotic strength of the fuids in immediate surrounding: The availability of
soluble mineral salts varies widely from habitat to habitat. In fact, a big chunk
~of land in our country has been classified as *wasteland’ because of high salinity :
of the soil cover or the water leachates (FW 18.4). Common crop cultivars cannot

be growr in such environments.

Responses of Plants 1o Stress

71
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Photosynthetically active radintlon
or PAR rclers 10 that part of the
light spectrum which is direcily
absorbed by photosynthelic
pigments of a plant. While the
light absorption propertics of the
reaclion centres are quite
conserved amang plants, the
nuture of light-harvesling
pigments may vary. Thus PAR
may mean
composilion for diffcrent species.

iflerent spectral

Quantum cfficiency = moles of
COs5 fixed per mole of light
yuimnta absorbed.
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iii) Photosynthetically active radiation :

Fig. 18.4: Salt offected solls in Indla.

This is usually in direct proportion with the

incident solar radiation. You know that tropics are probably the best illuminated
part of the globe. Also, variation in daylength is minimal in this zone. No
wonder, light-dependent life has attained maximal density in the tropics. Within

a dense population of plants, different organisms may

have different degrees of

exposurc. However, if a plant is exposed to increasing light intensity it shows a
corresponding increase in the rate of photosynthesis upto a certain point, beyond
which further increase in light causes either no change in the rate Or causes an

inhibition (Fig.

18.5). Thus, each plant species shows a characteristic

photosaturation and/or photoinhibition of photosynthesis. In other words, each
species has its own optimum with respect to light intensity. It is under stress if
exposed to intensity above or below this optimum.

sh)

"

Photosynthesis (p mol CO: m

S0

Tidestromia ablongilolia
f""'-.
,/"(Death valley}
-
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I
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’
m!cx\huldm

(Coastal stand)

Alocasia macrorrhiza
_____ == == (Rainforest floor)
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Fig. 18.5; Effcct of light [ntensity on the rate of. photosynthesis.



18.3.2 Chemical Stress

Survival of cells is dependent on carrying out of a set of chemical reactions {metabolic
reactions) in a particular order. This results in a net gafn in mass as well as energy
in a growing cell. Even for dormant cells as in dormant buds and seeds, where there
may not be any net gain in mass, a certain amount of energy must be spent to
maintain them in a viable state. Various catabolic and anabolic pathways operate
according to the availability of chemical constituents present in the cytoplasm. This
may in turn be influenced by the composition of the extracellular cnwronment with
respect 10 the following:

i) Nature of the solutes : The acidic or basic reaction of soit and water of a particular
habitat reflects its geochemical history beginning with its formation and
subsequent interactions with other constituents of the earth up to its current
chemical activities. Mineral deposits in their oxide form (‘Bhashma’) are usually
basic in their reaction. The reaction of chloride, sulphate and nitrate is acidic or
neutral depending upon the nature of the conjugate ions. You can visualise the
reaclion of a salt through its acidic and basic radicals. On a natural course, one
would expect the neutralisation reactions and consequently change in the
character of the habitat towards neutral, However, there are soils which are very
high and others very low in pH and certain plant species survive in such soils.

ii) Mineral composition : The living systems make use of several mineral ions that
they might have encountered at the very origin or during evolution, particularly
for transformation of matter involving proteins and'nucleic acids. These efements
continue to remain essential requirements for life. You have already learnt in
Unit 12 that nitrogen, phosphorus, calcium, potassium .and magnesium are
familiar major requirements for plant growth besides carbon, hydrogen and
oxygen. Apart from these, many other micronutrients such as manganese, iron,
zinc, cobalt and molybdenum are required for healthy-plant growth in much

smaller quantities, Availability of these elements in the environment in quantities
siatler than required causes deficiency symptoms while a surplus may cause
toxicity leading to stunted growth, necrosis, abnormal development of vegetative
and reproductive parts.

‘iii) Atmospheric imbalances ; At least two components of the environment, oxygen
and carbon dioxide, that plants require are predominantly in the gaseous form.
As you have learnt, atmospheric nitrogen can be used by nitrogen-fixing bacteria,
some prokaryotic algae and plant-bacterial symbiont. The biological cycling of
these guses keeps their overall availability buffered within a reasonably stable
range. Yet, intensive industrial activities that involve emission of one of these
gases or high levels of the oxides of carbon, nitrogen and sulphur has visible
effecis on the performance of most plant specics.

18.3.3 Biological Stress

Since in nature, the various organisms do not live in complete isolation from others,
stress to a plant species .might also be caused by what other organisms in the
community require and consume. The following situations exemplify biological stress.

i}- Populatiof densily ; You are aware of what might follow an uncontrolled growth
of humar population. There will be competition for common consumables and
for space. But this is not merely a human problem. Too thick population densities
of plants can result in the competition for common nutrients, water and
photosynthetically active radiation. The effect can be a self inhibition or
inhibition ol other plant species growing in the same eavironment, That is onc
of the reasons why weeds are removed from croplands.

ii) Parasites : Many insects and microorganisms can feed upon tissucs and saps of
living plants, Hence plants must be protected against such parasites either by
exnressing evasive devices such as inhibitors and toxins against the enzymes of
parasiles or by developing preventive morphological and biochemical alterations
that keep the parasite away (rom aggregating near the plant.

iii) Symbiotic interaction : Prescnce of symbiotic microorganism can result in

differential growth stimulation of those plants which can recognise the beneficial -

symbionts and utilise their presence in the environment. This interaction is a
" - mutuat one. For example in Rhizobium-legume symbiosis the rhizobium causes

Responses of Mants to Siress

The biosphere has penerally
developed near the conjunciive
zone of the solid, liquid and
gascous components of carth,
Beginning with an extremely hot
mass of matter, as this planct
cooled down, it lcd to the
formation of the rocks, the water
bodies and ihe aimosphere. The
long time that has passed between
the origin and the present state of
earth, musl have witnessed
physical and chemical changes
like melting, cooling and

" solidification, chemical

interactions, crosicn, transporl,
release and absorption of gases
and water ctc. All these processes
put up on 2 time scale form the
geo-chemical and peophysical
history of 2 particular part of

carth.
L ]
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a drain on the carbon fixed by the plant (refer Unit 15 of this Block, Page 18) while
the plant gains access to the nitrogen fixed by the bacteria.

5AQ1

What is the nature of stress faced by the following species if the change mentioned
below is brought about in their environment? )

i) A plant species growing in Shimla is brought to Jaisalmer during summer.

v) TPiants acclimatised to grow near Ganga Fiver are grown in coastal areas near
Calcutta.

18.4_WAYS TO ADAPT TO STRESS

Now that you know the nalure of stress, let us see whut type of strategies plants have
acquired 10 adapt to stress. You know that biological functions are performed with
the help of various kinds of molecules produced in particular iissues and organs.
Therefore, it should be possible for an organism to adapt to a change in
environmental conditions by correspondingly changing the molecules and/or tissues
and organs recruited 1o perform the affected function. At their extremes, many
different types of stresses would elicit similar types of response. This may involve
repression/derepression of the synthesis of sets of proteins. Many of these proteins
regulate the expression of other proteins (i.e., they are regulatory proteins, refer Cell
Biology Course, Unit 14, page 94). Thus, adaptation to stress may be achieved by altering
the molecules at wark and/or cells and tissugs serving a particular purpose. Whatever
be the nature of stress, an organisms’s response has to be in terms of processes and
pathways operative in it. Often, visible changes in the morphology and behaviour of
plants arc also apparent‘in response to siress. Let us first consider what sort of
changes have heen observed in molecules of the cell.

18.4.¢ Altering the Molecules at Work

Both qualitalive and quanlitative changes in the biomolecule can occur 1o heip a plant
adapt to stress.

1 Qualitalive changes

Changes in the conformation of motecules: You may recall that linear chain of aminc
acids of a pratein folds into a characteristic structure. Acidic residues, glutamic and
aspartic acids interact with basic residues, arginine and histidine and form ionic
bonds. The thiols of cysteines form inter chain and intrachain disulphide (8-S) bridges
which are very important for keeping the protein in desired conformation. The extent
of these inleractions is influenced by the nature of the environment of protein. T
most of the cysteines remain in the reduced state {-SH). there would be minimum
folding. The unfoided state of protein molecule may not be as soluble and active as .
the folded conformation. Ttie qualitative changes in Lhe structure of proteins in
response to stress can lead to the following:

i} Resistance acainsi denaturation of protein: As menticned above this is possible
by alteration in acidic and basic amino acid side chains and in the thiol group
(SH) involved in conferring a safe structure to the protein. ’

ii) Change in kinetic property of the molecule : Conformational changes affect the
affinity and Km of protein and change it to a sub-optimal value. For example,
receptor molecules involved in the uptake of specific nutrienls by plants may
change. during stress. ' : : '




2) Quantitative changes ’ Respanscs of lans Lo Strss

The quantitative changes in the availability of the active biomolecules occur in order
to compensate for the loss of efficiency of the system caused by the stress. This is
illustrated by the following examples.

i) There is an increase in the amount of ribulose bisphosphate carboxylase in plants
exposed to brighf light than those.in shade. As you can correlate, there should
be an increase in the level of this enzyme to make use of the extra reducing power
(NADPH) generated due to high light intensity (refer Unit 13; Fig. 13.15).

ii) During infection, enhanced synthesis of hydrolytic enzymes for destroying the
invader, and synthesis of inhibitors by host that work against the damaging
enzymes produced by the invaders has been observed.

iii) In halotolerant species there i$ an increase in the synthesis of certain amino acids
in order 1o keep the osmotic balance.

iv} To protect against injury due to toxic metal, there is enhanced synthesis of
chelating molecules to avoid 1oxic ions. .

18.4.2 Changes in the Morphology and Behaviour of Plants

1) Morphological changes

Aquatic plants produce different kinds of leaves and produce acrenchyma (tissues
with air gaps) where there be a need to do so. Also, a thick cuticle on leaves of many
hydrophytes usually prevents direct injury by insects thereby avoiding opportunistic
infection by other microbes. :

2) Changes in behaviour and course of development
Such responses can be placed under the following cutegories:

i) Quick transient responses: Such responscs are stimulated by factors showing
significant variations over relutively small time period e.g., those showing wide
diurnal variations. Opening and closure of stomata in response to light, humidity
and temperature conditions is a well known plant response.

i) Long-term responses: Plants alter their course of development to suit the
prevailing environmental conditions. For example. leaf maturation and fail, onset
of flowering and dormancy of seeds display some of the plant characteristics set
in this way. Stress conditions may prepone or postponc the developmental
processes. Abscisic acid levels in plant tissues increase under stress caused by
nuirient deficiency or toxicity, salinity, chilling and water-logging resulling in
reduced growth and metabolism. This can preponc or postpone flowering und
seed set.

18.4.3 Use of Alternate Metabolic Pathways

Plants surviving under water-logged conditions offer the simplest example of such a
response. The submerged parts of such plants use the anaerobic pathways for energy
generation nnder waler-logging.

From the above discussion, we can see that plants scem to have ways 10 escape, avoid
or lolerate the siress conditions of varied nature. In the following section we will tell
vou certain specific responses of plants under stress conditions. Let us now (ry the
following SAQ.
5AQ 2
In the following statements Gl in the blank spaces with appropriate words.
1) Lo plants changes in the conformation of... imake it resisiant
O e during stress candition.
() During high itghtiniensity the quantity Of CHZvie. o
.................... increases many folds,

i) Plants may change the course ol development such as e e
.................... and seed o lo avold stress situation.

v} The Bormone... i incréases during salinity and L

water-logged condition. 75
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18.5 PLANT RESPONSES TO SPECIFIC

STRESS CONDITIONS

By now you must have developed a feeling that plants are organised to function
optimally under a set of .nvironmental conditions. This is to say that each plant can

. perform well only within ‘a limited range of variations with respect to a certain

environmental factor. However, what is optimal for one species may not be optimal
for another. Deviations from any one of these conditions substantially away from
optimal, causes stress and initiate an adaptive response of the organism. Obviousty,
the nature of response would correspond to the particular stress condition deviating
from optimal. A considerable amount of research effort has been put into

. understanding the plant responses to specific stress conditions. This promises to

suggest how man could probably overcome the losses caused by stress. Let us review
certain studied cases of such plant responscs.

1) Water Stress

Walter stress in a plant can yesult from drought, excess salinily in the soil and very
low or high temperalurcs JIt'has been found that during water stress certain organic
compounds such as sucrose and aming acids particularly proline accumulate and thus
lower the osmotic potential in the cells. But the metabolic activity of the cell is not
much affected. However, the activity of some enzymes such as nitrate reductase and
phenylalanire ammonia Iyase decreases while activity of degrading enzymes like
a-amylase and ribonucleases increases. 1t is proposed that the enzymes break down
starch and other molecules into their monomeric units which make osmoltic potential
of the cells more negative.

Photosynthe51s is also, inhibited due to low water potential in the leaves. You may
vecall from the Unit 11 on Plant Water Relations that leaf water potential is the sum
of turgor pressure, osmotic potenual and matric potential. In very simple words, it
represents the degree of saturation of the tissue with water. At low leaf water
potentials, photosynthegsis is inhibited by:

i) stomatal closure (limiting the gas exchange), and
i) decrease in photosynthesis.

During dehydration both quantum efficiency (i.e., moles of CO, fixed per mole of
light quanta absorbed) and the rate of photosynthesis are inhibited in leaves exposed
to either high or very low light intensity. This phenomenon is called photoinhibition
of photosynthesis.- Photoinhibition is probably caused by accumulation of excessive
excitation energy at photosystem II reaction centre complex (see Unit 13,
Photosynthesis, Fig. 13.15). In this way exposure to light adds to the water stress when
the plant’s response already would be to decrease photosynthesis.

We had discussed in Unit 11 that the level of ABA increases in response to drought
in the puard cells and resilts in stomatal closure. In general, increase in levels of
ABA about 40 fold has been observed in leaves. In some case it is observed that the
application of ABA to drought sensitive cultivar converts them to phenotypically
drought resistant variety.

2) Light Stress in Chloroplasts

As mentioned in the last section, very high light intensity can inhibit photosynthesis
due to accumulation of excess of excitation energy. A porlion of this results in the
accurnulation of reduced plasioquinong in the pool of eleciron carriers. Low light can
exert similar effects if the terminal electron acceptor viz. CO, is limiting as happens
during dehydration followed by closure of stomata. .

3) Response to Osmolic Stress . ,
i) Osmotic adjustment (osmoregulation)

If concentration of soluble matter (in the form of minerals and small organic
molecules) builds up in the external medium, it will create a gradient demanding
outward movement of water from the plant cells, thereby causing dehydration.
Alternatively, it will create a pressure on the cells to take in the solutes and maintain
osmotic equilibrium with its immediate environment. You will appréciate that no
organism can freely take these options indiscriminately. Hence, many of them -



accumulate certain compatible selutes within the cells to attain osmotic equilibrium
with their immediate surrounding (Table 18.1). In general proline and glycinebetaine
are jmportant organic molecules that help bacterial and plant cells to alleviate such’

osmotic stress. The build up of carbohydrates, amino acids, polyhydne alcohol and

other molecules (Fig 18.6) due to water stress or high salt concentration is called

osmotic adjustment or osmoregulation.
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Fig. 14.6: Moleculor siructure of compatible solutes found in stressed plants.

Table 18.1 : The compatible solutes that increuse in ihe cells of soine argonism during stress
for osnwregulation.

Organisms

Compatlble Solutes

ANGIOSPERMS

glycophytes : Chioris gayana, Hordeum vulgare (barley)
halophytes . Aster tripolium, Salicornia fruricosa,
Triglochin maritima .

halophytes : Atriplex spongiosa, Spariina townsendii,
Suaeda monoica

betaine and proline

proline

betsine

MICROALGAE
Chioretla pyrennidnsa ([reshwater)
Dunaltella spp. (marine and halophilic)

Sccm'dc'sn;m‘obﬁqmrs (Irestwater)

sucrose
amino acids, plycerol

carbohydrale {sucrgse + raffinose, glucose,
irucrose)

FUNGI
Chaetomium globosum (a terrestirial form)

Succharontyces ronxii (an osmophilic form}

polyhydric-alcohols (mannitol, arabitol, -
giyceroi)
arabitol

BACTERIA

Various halophiies and nonhalophiles

{e.g., Klebsiella, Salmonella, Streptococeus)
Hofobacterium salinarium

amino acids {glutamate, proline ere.)

NaCl

Source : Flowers et al. 1977 and Yancey ct al. 1982,

Responses of Flants 1o Strexs

Compatible solute — Certain
solutes that are accumulated in
cxceess during water stress lor

_ providing osmolic adjustment

wilh the surrounding. These can
be tolerated because they do not
damage ihe enzymes of the cells.
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The betaines accumulated in the stressed cells may function as osmoticum to rmaintain
osmotic balance in the cytoplasm.

i) Synthesis of Polyamine

As the name of this class of compounds suggests, polyamines have several amino
groups replacing hydrogen usually in alkyl chain e.g., putrescine is 1,4-diamino
butane (Fig: 18.7). Polyamines are known to have SIgnlficant effect on the stability
of various conformational states of RNA and DNA and are often associated with .
important phases in cell division cycle. They occur in microbes, plants and animajs.
In plants, they have been implicated to help in developing stress tolerance. Cereal
leaf segments exposed to osmotic stress or low pH show up to 60 [old rise in
putrescine level.

N o, il
CHy, _ (CH), (CH),

] | I

1 | f Putrcscine
(CH), © (CH,

I I

NH - ' NH,

I S : ‘d' -

permidine

(CH,), K . s
, .

NHI
Spermine

Fig. 18.7: Molecular structure of common polyamlnes,

4) Response to Heavy Metal Stress

Several heavy metals emanating from industrial mining and sewage disposal
operations contaminate the environment. Cadmium is-a common contarninant of this
class. It affects human health adversely. It usvally retards plant metabolic rates. Yet .
plants can be selected for their ability to grow on normally toxic concentrations of
this metal ion. Low molecular weight protems capable of binding with metal ions
have been found in several plant specws Synthesis of these proteins is induced in
response to heavy metal-ions present in the environment. These proteins probably
help the plants in accumulating the metals and keeping them away from the sensitive
cellular sites.

T

5) The Heat-shock Response

When growing plantlets or tissues of plants are shifted to 42°C and above, the
synthesis of\normal proteins rapidly declines and instead a set of new proteins
appears. Since these proteins are known to be induced by hike in temperature, they
are often called heat-shock proteins (hsp). These proteins are known to be
self-regulatory in that their synthesis is switched off after 6 to 8 hours at the elevated
termperature while synthesis of the normal proteins resumes. The heat-shock proteins
span over a wide range of molecular weight (15 to 102 kd). Several hsps are known
to be induced also by heavy metals and arsenites. The hsps are now known to occur
in representatives of all the major groups of organisms. Curiously, a pre-treatment
at elevated temperature (e.g., 2 hours at 45°C) eliminates the heat-shock response
on subsequent exposure to similar conditions. It is believed that heat shock proteins
protecl essential enzymes and nucleic acids from denaturation.

Induction of synthesis of heat-shock proteins has also been cbserved under field
conditions. In dry fields during summer when the leaf temperature reaches or exceeds
the ambient temperature (>>40°C), hsp's are synthesised as under experimental
conditions. Heat-shock response involves changes in transcriptional as well as
translational control. The pre-existing transcripts for normal proteins remain intact
for sometime while protein synthcsns ceases.

How do-hsp's help in heat-shock avoidance? They probably help 1mponant cellular
proteins to acquire conformations that would be safe and functional under high
temperature and the protein will remain in soluble state in the cytoplasm.



6) Response to Cold

Let us first see what happen to a plant when it is exposed to a cold climate with
temperaturcs below 0°C. If the temperature is rapidly brought down e.g., =>4°C per
minute, the extracellular as well as intracellular fluids may freeze. However, if
coolmg is gradual (<1°C per min) at one stage the extracellular fluids will freeze and
insulate the cell's intertor. You can guess that intracellular freezing would cause more
severe injury to the cell than freezing of the extracellular fluids. However, cooling
beyond certain limit can cause fatal injury to the cells. When extracellular water
freezes, the intracellular water of hydration moves out and because of the larger space
occupled by ice, it squeezes the cell from all around. Thus, freezing can cause the
following kinds of stresses.

i) Lowering of temperature to suboptimum thus reducing the activity of most of the
common cellular proteins.

ii) Dehydration causcd by movement of intracellular water to intercellular space,
iii) Osmotic imbalance resulting from such movement of water, and

iv) Physical stress caused by ice growth and cell contraction.

In connection with cold response we would like to introduce two lCl‘mb——LUId
hardiness and cold acclimation.

i) Cold-hardiness refers to the ability of a plant tissue to survive ice formation.

ii) Cold-acclimation refers to the gradual changes in a plant from a freezing-sensitive
to a freezing-resistant state upon exposure to cold conditions.

Remarkably, the cellular fluid rarely freezes at 0°C. It can be supercooled to varymg
degrees below 0°C without ice formation. Certain compoinds are capable of inducing
ice erystal formation in water at or below 0°C. Certain bacteria inhabiting the leaf -
surface of plants in cold climates produce proteins called ice nucleation proteins
capable of initiating ice formation. Presence of these proteins on plant surface leads
to freezing of,the exiernal water before the intraceltular freezing. This may partially
protect the plant cells by insulating them from more severe injury.

There is a significant correlation between cold-hardiness of plants and percentage of
unfrozen water at lethal temperatures. Cold-hardiness in potato is a tolerance against
extrateliular freezing, Probably cold-hardy plants have proteins that are more stable
to freezing than others which are not as capable of withstanding freezing.

Adaptaticn to cold conditions (cold acclimation) is also influenced by photoperiod.
light intensity and quality, water-availability, and nutritional s1atus of the
environment. Potatoes can acclimate to cold conditions by exposure to constant
day/night low temperaiure or by siepwisc lowering of iemiperature. Coldsacclimation
involves alteration in the plasma membrane, an increase in soluble proteins, and a
transient increase in free abscisic acid content. There is also synthesis of
Cold-Acclimation Proteins (CAPs). These proteins protect chloroplast membranes
1‘r0m freezing damages.

7) Response to Floodmg

Prolonged flooding or watcr-logging creates anaerobic conditions for the sub- surface
parts of the planiwand synthesis of alcohol dehydrogenase (ADH) helps the plant to
generate requisite energy anaerobically (Refer Unit 12, Cell Biology Course}.

Anoercbic environment induces synthesis of a set of new ‘proteins analogous to the
heat-shock proteins. These proteins are, however, different from hsp’s. As with the
heat-shock system, anaerobic response represses Lhe synthiesis of pre-existing Lypes

ol proteins and induces the synthesis of the Anaerobic Response Proteins (ANF's). Five
of the ANP's are enzymes of the glycolytic pathway. '

8) Responses to Infeclion

i) Induction of hydrolases

Plants do respond to dttack by pathogens. To restrict their spread the cells synthesise
and secrete enzymes to hydrolyse the cell wall material of the pathogen. Chitin and
B-1,3 glucans are important constituents of cell walls of many pathogenic fungi.
Therefore, it is pertinent that plants have enzymes for degrading them., On microbial

)
N

r

Responscs of PLants 1o Siress

Supercooling ~ 1t is cooling of a

liquid below ils freezing poin

without separation of the solid

matier. It is possible in those
liquids in which the [orges of
attraction between motecules

or

atoms are so strong that cooling

does not arrange them into
regular pattern needed for
erystallisation.

Repression — lowering of
synthesis of i certain prowin
some specific momer.
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Biochemical warfore : Plont
chemicals that mimlc anlmal
hormone — Insects and
herbivores have a very big
appetite — they eat leaves and
other parts.of the plants, Certain
plants have ways 1o protect
themselves. Some produce Loxic
chemicals that kill hungry insects,
while others ean tamper with
growlh hermaencs of cerlain
insects and disrupt growth apd
stages of development by interfering
wilh metamorphosis. Examples of
such plants arc firs, spruces and
yews. Since the inseets fail 1o
become adulls, they do not
repraduce and thus Lheir
population falls. Scientists are
investigating whether these
“lockalike™ hormones can be
used as insecticides for controlling
agricultural pests,

Proteinase inhibitor — certain
factors praduced in plants during
stress for inhibiting the hydrolysis
of certain proteins.

An codopeptidase

cleavage inside the protein ehain
instead of cleuvage from one end,

MiKCs a

Oligomeric fragments — small
fragments of a polymer wilh up to
5 monomer units.

Plant chemicals that interfere with
insecl melamerpliosis — one
group of chemicals known as
precocenes ciruse the abnormal
(nfecocious) metamarphosis of
insects. Precocenes interfere with
the seeretion of juvenile hormons
— & hormone which reghiluws the
. melamorphiosis in insects. Such an
interference produces adulioids
which dor not reproduce. This
QNCE ARAIN Cabises devicuse in
insect population.
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infection the enzymes chitinase and 8-1.,3 glucanase are induced for degrading the
polymers, Lysozymes are also synthesised in response to infection,

{ij Titbvicae production
Ethvlone is also induced in response to infection. It is also known to be produced
under othes siress conditions like wounding and application of herbicides.

iii) Induction of aniimicrobial substances

Phytoalexins are antimicrobial substances produced by plants in response to
pathogen, The.y accumulate at the site of infection. For example, when soya bean
(Glycine max) is infected by the fungus Phytophthora megasperma the chemical
phytoalexin glyceollin is accumulated in the plant. Glucan extracted from fungal cell
wall can also induce the synthesis of glyceollin. Such a substance which can causc a
rospone in target cells similar to that caused by pathogen is called an elicitor. If
phytoalexin can be produced in plants by artificial gene transfer, it woold probably
be possible to have disease resistant crops.

iv) Production of substances interfering with virus proliferation

In some cases plants are known to synthemsc chemicals that inhibit crucial functions
of pathogens. This makes plants immune to infection by respective pathogens. Let
us consider what happens when cowpea mosaic virus infects a plant. Certain cultivars
of cowpea produce a strong irhibitor of a viral proteinase activity. This proteinase is
requiréd to complete the life cycle of the virus as seen in the extracts of the
protopiasts of these plants. These cultivars behave as immune against cowpea mosaic
virus.

Resistance of many plants to viruses is a passive preformed type e.g., mechanical
barriers, lack of compatible infection sites or metabolites required for virus
replication. Yet a definite part of resistance is due to active plant response. This
includes new synthesis of barriers against infection and spread of virus, and also of
new substances interfering with virus replication.

v] Induction of disease resistance in plants by heat-shock

The fungus Cladosporium cucumerinum infects cucumber and causes disease in the
plant. However, if seedling of cucumber are immersed in water at 50° C for 40
scconds prior to experimental inaculation with the fungus, the disease symptoms are
reduced by 60%. Resistance develops in 24 to 30 hours after the hot water treatrent
and remains effective for at least 2 days. One of the earliest observable effects of this
treatment is a rise in ethylene production. Soluble peroxidase enzyme associated with
the cucumber cell wall also incréases in close coirelation with the increase in
resistance.

9) Response to Wounding

Induction of Synthesis of Inhibitors of Hydrolytic Enzymes ‘

Wounding of 1omato planis by mechanical injury or chewing by insects releases a
factor that triggers accumulation of two proteinase inhibitors throughout the plant
body. These are inhibitors of serine endopeptidase. Pectic oligomeric fragments
derived from cell wall can also induce proteinase inhibitor i.e., they act as elicitors.
In fact, cell wall fragments are thought to be generalised elicitors of plant defense
responses including phytoalexin synthesis in different plants. The pattern of induction
of protelnase inhibitor in these fragments in excised plant tissue is quite like that of
mechanical injury. . '

10) Protection of Plants against Toxic Substances

Piants produce several toxic substances themselves and may also encounter the ones

‘produced by other planis or present in the environment. Toxic effects of these

substances is prevented by confining them in some part of the plant's organs (e.g.,
seeds, roots and leaves), tissues (e.g., epidermal layer and the spongy mesophyll),
organelles (e.g., vacuoles and chloroplasts) or extracytopiasmic space (ceil wall etc. ).
The enzymes involved in degradation of these substances are also concentrated in
these parts. Usually autogerious (self-produced) toxins are stored as their non-toxic
derivative. The enzymes that modify self-toxins can also detoxify toxins of foreign
origin. Plants have evolved a huge arsenal of enzymes catalysing chemical
modification of such toxic compounds. In some cases, a small number of enzymes
with each’ one targeted towards a broad group of chemicals is-produced. Both these
kinds of enzymes have been found in plants. :



11)" induction of Defensive Barriers in Plants ' Respanses of Plants to Stresy
‘Several polymers deposited near surface of plants form an effective barrier against

invasion or stress. Cuticle (which consists of a structural polymer cutin) is the major

barrier between plants and their surroundlings. It is often embedded in a complex

mixture of soluble lipids collectively called wax. Cutin is built by esterification of

hydroxy-fatty acids and hydroxy-epoxy fatty acids. Another polymer similarly

¢mbedded in wax and forming a barrier is called suberin.

Wounding triggers suberisation of plant organs even if the natiral cover of the injured
organ is cutinous. Plants exposed 10 cold conditions also show an increased deposition
of aliphatic polymers. Response of plants to mineral deficiency includes change in
the level of suberisation and cutinisation of various plant Organs,

In Fig. 18.8 below, we have summarised the responses of plants to various types of
stress conditions, so that you can comprehend the detailed text matter. -

Increase in abscisic acid,

Water Stress Photoinhibition of photosynthesis

Light Stress : Photoinhibition of photosynthesis

Accumuiation of compatible ions
_ proline, betaine and glyeine,
Rise in polyamine

Osmotic Stress

o

Heat Shock ) Heal shock E]ro:cins
o Alleration in plasma membrane
Cold Response ™ s Sugar nccumulation
LI Increase in abseisic acid
EERre—— Alcohol dehydrogenase
Flooding K 3  Anacrobic response protein (ANP),
e - Proteins of glycolytic pathway
Heavy Metals. J| Metal binding-proteins
and Arscnites i

Infection and Hydrolytic enzymes ‘
Wounding Proteinase inhibitors
Production of ethylene

S

¥ip. 18.8: Plants responses (o varlous Kinds of siresses

5503
ap  Given beiow are some eveats when a Lissue is cooled gradually, Arrange the
sequence in order in which it occurs. ) »

) Intraceflufar fiuids move out into intercellular space,
u) Extracellular fluid.freezes. .
i) Extracellnlar frozen fluid insulates the cell interior.
iv) Physical stress due to the presence of extracellular frozen fluid on the cell
all around causing cell contraction, . - 81
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b) List the changes associated with cold acclimation.

c) Write the type of stress against each of the following responses. .

Plants responses Type of stresses

i) Accumulation of betaine
i) ADH

iii) Photainhibition

iv) Chitinase

v)  Proteinase inhibilor

18.6 FUTURE PROSPECTS

Plants have evolved a variety of mechanisms to withstand stress conditions. In many
cases we can precisely define the way plants enable themselves to survive and perform
well under stress conditions. Based on such knowledge, it should be possible to
construct and breed plants tolerant to many environmental extremes met in our
country and elsewhere on earth while trying to cultivate plants. Fig. 18.4 shows salt
affected areas in our country. Such Jarge area can be put to use if salt tolerant
varieties can be planted.

One of the ways to manipulate stress tolerant varieties is through genetic engineering
technique. With this technique it'is possible to isolate a gene and introduce it in a
desired organism. This resulls in the expression of transferred gene in the new
organism which then starts behaving like the organism from which this gene was
originally isolated. This suggests formation of the gene products related to a
particular phenomenon. If this phenomenon consists of one or two proteins it is'easy
to achieve this abjective through genetic engineering technique. Thus, for instance, if
genes for betaine synthesis can be transferred to a plant sensitive to osmolic stress,
it might confer tolerance against such stress or an elicitor like phyloalexin can be
produced by plants by artificial gene transfer it would be possible Lo have disease
resistant plant.

These programmes can be dirccted towards incorporating the following traits among
commeon crop plants.

1) Non-photoinhibition of photosynthesis particularly in the trapics would mean
several fold increase in biomass produced over the same priod of time provided water
and carbon dioxide supply are non-limiting.

2) Resistance to high temperature beyond mesophilic ranges can allow agriculture in
severat areas that are left uncultivated because of prohibitive temperatures. To'a
large extent any strategy to achieve this would depend on the water status of the
environment. ’

3) Cold-hardinress in cultivars can help curb the losses often incurred because of
extremely low temperatures reached during winters in some parts of the world.
4} Drought resistance in crop plants will be particularly helpful to our primarify !
rain-fed agriculture. -

5) Salt tolerance in plants will bring-a lot more of territory under green cover.

6) Disease resistance has always been a trait sought after in plants adopted for
cultivation. This can improve the present yield by 20 to 50% (depending on the plant
under question and the climatic zone). : 'T

7) Pest tolerance in the crop plants can be achieved by producing proteinase Ve
inhibitors or by producing bacterial gene coding for pesticidal protein. This limits .
their nutritional value but in cases like cotton where our prime interest is fibre instead

“of food, this can still be a way to achieve upto 50% improvement in yield.



) 18.7 SUMMARY . e ponses of Pinnls 1o Siress

In this unit, you have learnt that :

® Any deviation in required optimal environmental conditions — light, temperature,
walter or soil, that would cause detrimental effect(s) on plant growth and
devclopment is called stress,

¢ Stress could be due to variation in environmental conditions viz. i) physical —
light, temperature, osmotic strength of the surrounding fluids, ii) chemical —
nature of solutes, minerals and pollutant gases and/or iii) biological — pathogens
and symbionts.

¢ Plants adapt to stress by changing the quantity and quality of molecules of the cells.
They may adapt alternate suitable metabolic pathway or change their morphology
and course of development in order to cope with stress.

¢ The responses of plants vary according to the nature of stress. They may increase
the concentration of certain molecules to keep osmotic balance or synthesise new
proteins or enzymes that help in tolerating stress of temperature, light, water-
logging, infection etc. ‘

® Studies on plant responses (o stress provide useful information. In future, it would
be possible to take measures by genetic engineering and other means to prevent
losses in yields of crops, fruits, vegetables and other useful products due to stressful
environmental conditions, It would also be possible to bring into use chunks of
land thar at present cannot be used for cultivation.

18.8 TERMINAL QUESTIONS

1. The following substances are produced in plants in response to stress conditions.
Write the type of stress(es) that induces their production and what functions do
these substances perform to cope with the stress.

1) polyamines, ii) metal-binding proteins, iif) HSPs, iv) ANP’s, v) ADH
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18.9 ANSWERS

Self-assessment Questions

1) i) temperature, ii) light, iii) aeration, iv) atmospheric imbalance,
v) osmotic :

2) i) protein, denaturation, ii) ribulose bisphosphate carboxylase,
iii} onset of flowering, iv) abscisic acid
3y a) 3)i, i, i), 2)iv
b) i} Increase in soluble proteins
ii) Changes in plasma membrane

ili) Transient increase in abscisic acid
» iv) Sugar accumulation

¢) i} Osmotic stress
ii} Floeding
iii) Water stress or light stress
iv) Infection by fungi
v) Wounding
Terminzl Questions

1. i) Polyamines—Rise many folds during osmotic and other kinds of stress.
Provide stability,to various states of nucleic acid.

if) Metal-binding proteins — Bind metal to keep it away from sensitive cellular
sites.

iii) Heat-shock proteins — Help the important cellular proteins to maintain their
conformation so that they remain soluble and functional.

iv) ANPs — Hclp plant to survive under anaerobic condition.
v} ADH — Metabolise pyruvate to generate ATP anacrobically. -

2. i) Glucan — Induction of synthesis and accumulation of antimicrobial
substances phyloalexin glyceollin.

ii) Peclin fragment — Induction of proteinase inhibitor.

3. i) Store toxins in some part of the plant
i) Modify chemicaily into non-toxic derivatives

4. Hint : In both conditions the stemata close,

GLOSSARY

Antagonism : when two compounds produce responses which are opposite to one
another,

Bolt : to undergo rapid stem elongation, usuaily resulting in flowering.

Chelating molecule : organic molccules that bind meral-ions in ring form, preventing
the metal from precipitating as an insoluble salt.

Circadian : of or pertaining to cvents such as biological activities (for example, leaf
movement) that repeat themselves approximately every 24 hours.

Derepression : removal of a repressor from the gere facilitating transcription.
Glycophytes : plants sensitive to relatively high salt concentration.

Halophytes : plants which arc able to grow in the presence of high salt conceniration.
Phenylalénine ammonia lyase : the cnzyme that catalyses splitting of ammonia from

‘phenylalanine io form cinnamic acid.

Polyols : compounds containing many hydroxy groups.
Repression : binding of some factor (generally a protein) to a regulatory sequence

- adjacent to a gene and blocking of the transcription process.

Synerglsm : (means working together) the combined effect of two chefnicals is greater
thun the sum of the effects-of two components taken individually. '



Synergism : (means working together) the combined effect of two chemicals is greater
than the sum' of the effects of two components taken individually.

Terpenoids : a diverse group of compounds with a common structural five carbon unit
{isoprene unit — head - CH, - C{(CH,) = CH - CH, - tail). Diterpenocids means
compounds with two units and sesquiterpencids one and a half unit.

Thermophile : organisms that survive at very high temperature (80°C). For exzmple
bacteria living in sulphur spring,
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Dear Student,

While studying these units you may have found certain portions of the text difficult to
comprehend. We wish to know yoir difficulties and suggestions, in order to improve the
course. Therefore, we request you to fill and send us the following questionnaire, which
pertains to this block.

QUESTIONNAIRE

LSE-05
Block-4

Enrolment No.

1) How may hours did you need for studying the units? ‘

Unit Number

No. of Hours

2) How many hours (approximately) did you take to do the assignmeﬂts pertainjng to
. this block?

Assignment Number l
[ No. of Hours , ’

3) In the following table we have listed 4 kinds of difficulties that we thought you migh.
have come across. Kindly tick (v) the type of difficulty and give the relevant page
number in the appropriate columns. -

Page Number ' Types of difficulties
Presentation Language Diagram Terms are
is not clear is difficult isnotclear | not explained

_

4) It is possible that you could not attempt some SAQs and TQs.
In the following table are listed the possible difficulties. Kindly tick (V) the type of
difficulty and the relevant unit and question numbers in the approprate columns.

. Type of difficulty
Unit SAQ TQ [Notclearly | Cannot answer | Answer given | - Answer
No. No, No. posed on basis of {(atend of given is
information Unit) not
given not clear sufficient

5) Were all the difficult terms includeql in the glossary? If ne-, please list in the space
given below.




6) Any other suggestion(s):

To, g

The Course Coordinator {L.SE-03, Physiology)
School of Sciences

Indira Gandhi National Open University
Maidan Garhi

inew Delhi-110068



