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INTRODUCTION

The present book entitled “Plant physiology and Biochemistry” is basically
written to meet the needs of B. Sc. Third year students. This book consists of
following five units.
Unit I: Plant water relation
Unit II: Plant nutrition, Biomolecules andmetabolism
Unit III: Photosynthesis
Unit IV: Respiration
Unit V: Enzymology and plant hormones
The main aim of writing this book is to present the subject matter in a

concise and easily understandable form keeping in view the basic needs of the
students. Hope that this book would serve the purpose of making the study of
Botany interesting and stimulating. I also tried to present the text in most
simple and lucid language. This will make it easy for the students to understand
the subject.

At the beginning of each unit, an Introduction and Objective are given and
at the end of each unit, check your progress, Summary, Key terms and Self
assessment questions and exercise are given which will help the students to
understand howdifferent types of question can be asked in examination.

I have made every effort to avoid mistake or omission and provide
accurate and updated information. However if any printing or technical
mistakes are found and brought to the notice of author/publisher, they will be
given due consideration in the next edition.

Dr. Mundeep G. Awaley
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Plant-Water Relations

UNIT 1 PLANT-WATER RELATIONS
Structure
1.0 Introduction
1.1 Objectives
1.2 Properties of Water

1.2.1 Physical Properties of Water
1.2.2 Chemical Properties of Water

1.3 Importance of Water in Plant Life
1.4 Diffusion
1.5 Osmosis

1.5.1 Types of Osmosis
1.5.2 Significance of Osmosis

1.6 Osmotic Potential
1.7 Water Absorption
1.8 Ascent of Sap
1.9 Transpiration

1.9.1 Mechanism of Transpiration
1.9.2 Factors Affecting the Rate of Transpiration

1.10 Answers to ‘Check Your Progress’
1.11 Summary
1.12 Key Terms
1.13 Self-Assessment Questions and Exercises
1.14 Further Reading

1.0 INTRODUCTION

The cell wall of plants is a rigid structure which regulates the entry
and the exit of different molecules from the cell.
Due to this nature, the molecules required for vital functions of life
enter into the cell in colloidal state or as solution and water acts as the
solvent.
Water the most abundant constituents of the protoplasm; it constitutes
80-90% of the weight of the cell.
It acts as the solvent in which the minerals, the solutes and the gases
enter inside the cell and more from cell to the other cell in the plant
body.
Many of the biochemical reaction take place in the medium of water.
The physical process involved in the movement of water in and
outside the cell are diffusion, osmosis and imbibitions.

1.1 OBJECTIVES

After going through this unit, youwill be able to:
Explain the properties of water and mechanism of Diffusion, Osmosis
andOsmotic potential
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Plant-Water Relations Describe the structure and physiology of Stomata
Discussmechanism of Transpiration
Examine the factors affecting the rate of transpiration

1.2 PROPERTIES OFWATER

The properties of water which make it indispensable (very necessary) for
various life processes. Properties of water are divided into physical and
chemical properties.

1.2.1 Physical Properties of Water
1. SpecificHeat

Water is capable of storing tremendous quantities of heat energy with
a relatively small rise in temperature thus water is said to have a high
specific heat, which can be defined as the number of calories required
to raise the temperature of 1 g of water by 1°C. It is useful to cells and
organism because it allows water to act as a heat buffer, permitting the
temperature of an organism to remain relatively constant as the
temperature of the air fluctuates and as heat is generated as a
byproduct of metabolism.

2. Latent Heat
Water possesses the highest heat of fusion and heat of evaporation,
called latent heat. Thus, large quantities of heat energy must be
removed before water can change from a liquid to a solid state, and
conversely, it must absorb considerable heat before ice can be
converted to the liquid state. It takes about 80 calories of heat to
convert 1 g of ice to a liquid state when both are at 0°C. It is important
not only because they moderate the temperature of the biosphere, but
also because they play a basic role in the evaporation of water and its
precipitation as rain and as dew.

3. Viscosity
Water has high viscosity because of energy contained in the hydrogen
bonds. This phenomenon can be observed in river, the water along the
banks is nearly still, while the current in the centre is greater. The
viscosity of water allows organisms to swim using relatively simple
movements. It also protects the aquatic animals and plants from the
mechanical disturbances.

4. Surface Tension
Surface tension of water is also very high. Thus the water surface is
able to support small objects and animals runs across the pond surface.
It is responsible for ascent of sap in xylem in tall trees.

5. Buoyancy
Water is a buoyant medium. Organisms can exist in it without
specialized supportive structure.
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Plant-Water Relations6. Light Penetration ofWater
Water is a transparent medium. Its transparency enables the
penetration of light to the depths where it is absorbed. Water absorbs
light, transforming radiant energy into heat. Thus the most significant
effect of light penetration is heating of water and its role in
photosynthesis.

7. Salinity
Salinity means “the total amount of solid material in grams contained
in 1 kg of the water, when all the carbonate has been converted into
oxide, bromine and iodine replaced by chlorine and all organic matter
completely oxidised.” Salinity of water acts as an important limiting
factor for the distribution of a number of species of plants and animals.

8. Pressure
Organisms living at sea level experience a pressure of about 15 psi,
which is defined as 1 atm. It increases with increased depth of water at
the rate of 1 atm for every 10 meters of descent.

9. Thermal Conductivity
Although water is a poor thermal conductor compared to metals,
among the common liquid it is excellent.

10. Solvency
It is a universal solvent. So many different substances can be
dissolved in it that it is known as the universal solvent. More things
can be dissolved in water than in any other liquid.

11. Expansion Before Freezing
The unusual relationship between temperature and density of water.
At the freezing point, water expands markedly and ice always floats
on the top of a lake, and it is very unusual for an aquatic system. This
phenomenon protects the aquatic biota from sudden freezing and
consequent death due to it.

1.2.2 Chemical Properties of Water
It has following chemical properties.

1. Solubility of Gases inWater
Most gases dissolved readily in water that are essential for life. The
concentration of any gas in water varies between zero and a theoretical
maximum. The latter is the amount of gas that can be dissolved in
water when the atmosphere and the water are in equilibrium with one
another.
(i) Oxygen: Most living organism require oxygen for respiration. In

contrast to atmosphere, the oxygen becomes limiting factor for
aquatic animals as the saturation concentration of oxygen in water
is governed by temperature and salinity. The lower the
temperature, the greater the oxygen retaining capacity ofwater.
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Plant-Water Relations (ii) Nitrogen: It is less soluble in water than oxygen. It is inert
chemically and does not react with water, although some bacteria,
fungi, blue-green algae etc., can use it for their nitrogen
requirements.

(iii) Carbon dioxide: Carbon dioxide combines chemically with
water to produce carbonic acid (H2CO3) which influences the
hydrogen ion concentration (pH) of water. The amount of free
carbon dioxide in water governs the precipitation of calcium in the
form of calcium carbonate (CaCO3). Calcium precipitates when
temperatures and salinity are high and the amount of free carbon
dioxide is low. This means more carbonate (CO3–) is present to
combine with the calcium cation (Ca++). This raises the salinity
and photosynthetic activity of plants and reduces the quantity of
free carbon dioxide in water.

(iv) Hydrogen sulphide: The deeper layers of water bodies may
contain toxic gas, hydrogen sulphide, which is released by
decaying organic matter.

2. Hydrogen ionConcentration (pH)
A property of natural water is their acidity or alkalinity. There are
equal numbers of H+ and OH– ions, therefore it has a neutral reaction.
H2O H+ + OH–

Some natural water, however, acquire an excess of H+ and are acidic,
while others, with an excess of OH– are alkaline.

3. Hard and FreshWater
Water containing soluble salts of calcium and magnesium is called
hard water. It is of two types, i.e., temporary hardness and permanent
hardness.
(i) Temporary hardness is caused by dissolved calcium or

magnesium bicarbonate. It can be converted into soft water by
boiling.

(ii) Permanent hardness is caused by dissolved chlorides or
sulphates of calcium and magnesium. It cannot be removed by
boiling. It requires some specific chemical treatments.

4. Hydrologic Cycle
Water continuously circulates between the atmosphere and the earth’s
surface, which is known as the hydrologic cycle. The energy for
driving the cycle and thus ensuring a constant supply of fresh-water on
land comes from the sun. Solar heat evaporates water from the ocean.
A lesser amount of water is also evaporated from the surface of the
land and from plants. All these vaporised water forms clouds, which
are moved by winds, may pass over land where they are cooled
enough to precipitate the water as rain or snow. Some of the
precipitated water soaks into ground, some runs off the surface into
streams and goes directly back to the sea.
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Plant-Water Relations
Check Your Progress

1. Water possesses the highest heat of fusion and heat of evaporation,
called ________.

2. Water has high viscosity because of energy contained in the
________.

3. Organisms living at sea level experience a pressure of about 15 psi,
which is defined as ________.

4. Water continuously circulates between the atmosphere and the
earth’s surface is known as the ________.

1.3 IMPORTANCE OFWATER IN PLANT
LIFE

Water is used for transpiration, and carrier of nutrients from the soil to
green plant tissues. Water forms over 90% of the plant body by green or fresh
weight basis. Plants can synthesize food through photosynthesis only in the
presence of water in their system. Water helps to maintain the turgidity of cell
walls.

Plant-water relations concern how plants control the hydration of their
cells, including the collection of water from the soil, its transport within
the plant and its loss by evaporation from the leaves. Flow
of water through plant and soil over macroscopic distances is driven by
gradients in hydrostatic pressure.

(a) Water is absolutely essential for the protoplasm. The hydration of the
protoplasm is essential for its proper organization and correct
functioning of the cell organelles.

(b) Water serves as a medium for the movement of various dissolved
substances like gases, minerals, organic solutes etc. in the xylem and
phloem tissues.

(c) Water takes direct part in many metabolic reactions taking place in the
cell viz. photolysis of water during photosynthesis.

(d) Absorption of water compensates the water loss by the plants caused
due to transpiration. Water stabilizes structural organization of a
number of biomolecules.

(e) Water molecules form shells around electrolytes, ions and hydrophilic
electrolytes. This provides them sufficient space to function
independently.

Check Your Progress
5. Water forms over ________ of the plant body by green or fresh
weight basis.

6. ________ serves as a medium for the movement of various
dissolved substances like gases, minerals, organic solutes etc. in the
xylem and phloem tissues.
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Plant-Water Relations 1.4 DIFFUSION

It is the movement of free particles of solid, liquid and gas from their region of
higher concentration to the region of lower concentration. The molecules are
evenly distributed throughout the available space. This phenomenon is called
diffusion. Blowing of wind, dispersal of good smell of agarbattis in a room,
dissolution of sugar in water, intake of CO2 and liberation of O2 in
photosynthesis and intake of O2 and liberation of CO2 during respiration are all
the examples of diffusion. The rate of diffusion of gases is faster than liquid or
solutes.

Fig. 1.1 (A): The heavy arrows indicates a more rapid diffusion of water molecules
from a region of greater concentration to one of lesser concentration through the

semipermeable membrane

Fig. 1.1 (B): Diagram showing the relationship of hypotonic and hypertonic solution

The movement of the particles is due to their own kinetic activity and not
due to gravity or mass flow. The rate of diffusion is directly proportional to the
diffusion pressure gradient and inversely proportional to the density of
surrounding medium.

During the movement, the diffusing particles exert certain pressure, known
as diffusion pressure, which is directly proportional to the concentration or
number of the diffusing particles, i.e., the particles diffuses from the region of
their greater diffusion pressure to the region of their lesser diffusion pressure.
The diffusion of the particles or the solute and the solvent takes place
independently of each other.

Water Molecules Sugar Molecules

Hypotonic Hypertonic

HypertonicHypotonic

20 Percent10 Percent

GlucoseGlucose

H2O
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Fig. 1.2: Diffusion of a Solid in water

Thus, when a crystal of copper sulphate is placed in a beaker of water it
slowly dissolves and its molecules move from the surface of the crystal
(regions of greater concentration) to more remote parts of water (regions of
lesser concentration of copper sulphate). After a time the crystal disappears and
its particles, having overcome the resistance of water by means of their motion,
become evenly distributed throughout the surrounding liquid.

Factor Affecting Diffusion

1. Temperature: An increase in temperature results in increase in the
rate of diffusion. d T

2. Density of diffusing molecules: The rate of diffusion is inversely
proportional to the square root of densities of the diffusing molecules
(Graham’s law)

21

2 1

dr
r d

where, r1 and r2 = rate of diffusion.
d1 and d2 = respective densities.

3. Medium: The rate of diffusion is inversely proportional to the
concentration of the medium.

Role of Diffusion

1. It is an essential step in the exchange of gases during respiration and
photosynthesis.

2. During passive salt uptake, the ions are absorbed by simple process of
diffusion.

3. Last step in stomatal transpiration is the diffusion of water vapours
from the intercellular spaces into the outer atmosphere through open
stomata.

Importance of Diffusion in Plants

1. The exchange of O2 and CO2 gases in the atmosphere through stomata
of leaves takes place by the process of diffusion. O2 gas participates in
respiration, whereas CO2 in photosynthesis.



NOTES

10
Self-Instructional
Material

Plant-Water Relations 2. During stomatal transpiration, the water vapours from intercellular
spaces diffuse in the atmosphere through stomata by the process of
diffusion.

3. The diffusion of ions of mineral salts during passive absorption also
takes place by this process.

4. The absorption ofwater through roots is also performed by diffusion.

Significance of Diffusion

1. Gases exchange during the processes of photosynthesis and
respiration takes place with the help of diffusion.

2. The process of diffusion is involved in the transpiration of water
vapours.

3. Aroma of flowers is due to diffusion of volatile aromatic compounds
to attract pollinating animals.

4. During passive salt uptake, the ions are absorbed by process of
diffusion.

5. Diffusion helps in translocation of foodmaterials.
6. Gaseous exchange in submerged hydrophytes takes place by general

surface of the cells through diffusion.

Diffusion Pressure Deficit (DPD)

The term diffusion pressure deficit (DPD) was coined byMeyer in 1938. The
value of wall pressure at any moment is equal to the turgor pressure and it tends
to force the water out of the cell against the osmotic entry of water into the cell.
The net force with which water is drawn in the cell is the difference between
the osmotic pressure of the cell and the wall pressure (or turgor pressure). This
force is called suction pressure or diffusion pressure deficit (DPD). In other
words, the difference between the diffusion pressure of any solution and its
pure solvent in atmospheres is called DPD. It is measured in atmospheres (atm).

Suppose, the diffusion pressure of solvent = 35 atm.
And diffusion pressure of solution = 20 atm.
DPD of the solution = DP of solvent – DP of solution

= 35 – 20
= 15 atm

Therefore, the DPD of the solution will be 15 atm.
OP, TP andWP are inter-related in the following manner:
DPD=OP –WP
But WP = TP
Therefore, DPD=OP – TP
In a plasmolysed cell the value of TP is zero, hence, DPD = OP. As the

absorption of water takes place, the value of OP falls due to dilution of cell sap
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Plant-Water Relationsand TP increases until OP=TP. At this stage, the value of DPD is zero and the
cell is in the state of dynamic equilibrium, i.e., become turgid.

Fig. 1.3: Inter-relationship among DPD, OP and TP in a cell

Thus it is quite obvious that the DPD or SP in case of plant cells is not
directly proportional to their osmotic pressure or the concentration of the cell
sap but depends both on OP and TP. Higher osmotic pressure of the cell sap is
usually accompanied by lower turgor pressure so that its DPD or SP is greater
and water enters into it. But, sometimes it is possible that two cells are in
contact with each other, one having higher osmotic pressure and also higher
turgor pressure than the other cell and still it does not draw water. It is because
of its lower DPD or suction pressure (SP), no matter its OP is higher.

Check Your Progress

7. It is the movement of free particles of solid, liquid and gas from
their region of higher concentration to the region of lower
concentration, the molecules are evenly distributed throughout the
available space. This phenomenon is called ________.

8. The term diffusion pressure deficit (DPD) was coined by
________ in 1938.

9. The absorption ofwater through roots is also performed by ______.
10. DPD stands for ________.

1.5 OSMOSIS

The diffusion of water or any solvent through the semipermeable membrane is
called osmosis (sometimes called as osmotic diffusion). The membrane which
allows water to pass freely but prevents the passage of solutes is called
semipermeable membrane (e.g., plasma membrane).When two solutions of

DIFFUSION PRESSURE DEFICIT

CELL FLACCID

CELL FULLY TURGID
(WATER SATURATED)

RELATIVE VOLUME OF CELL

20

10

1.0 1.2 1.4
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Plant-Water Relations different concentrations are separated by a semipermeable membrane, the
diffusion of water or solvent molecules takes place from the solution of lower
concentration towards the solution of higher concentration.

Actually the diffusion of solvent molecules takes place across the
membrane on both the sides but it is faster from the lower concentration side
than the higher concentration side. This is according to the principle of
diffusion because the solution of lower concentration possesses higher
concentration of solvent molecules whereas the solution of higher
concentration possesses comparatively lower concentration of solvent
molecules. Thus, it can be said that osmosis is a type of diffusion through
semipermeable membrane. The phenomenon of osmosis can be demonstrated
by the following simple experiment.

Fig. 1.4: Diagram illustrating osmosis. (A) at beginning, (B) a little later,
(C) Paper membrane is replaced by Sheep’s bladder

Fill a thistle funnel with a concentrated solution of sugar. Close the mouth
of the thistle funnel with a piece of sheep’s bladder. Insert the thistle funnel in a
beaker containing water so that the mouth of the thistle funnel dips under water.
Mark the level of sugar solution in the thistle funnel tube. Again note down the
level of sugar solution after about 24 hours.

It is observed that the level of water in the beaker decreases, while the
level of sugar solution in the funnel rapidly increases. This is because the
sheep’s bladder acts as a semipermeable membrane.

1. It allows the diffusion of water molecules from the beaker into the
thistle funnel but it does not allow the diffusion of sugar molecules
from the thistle funnel into the beaker.

2. Such membranes which allow the diffusion of solvent molecules but
do not allow the diffusion of solute molecules are also known as
selectively permeable membrane.

3. When sufficient water has entered, the long column of sugar solution
in the thistle funnel exerts a hydrostatic pressure on the membrane in
the downward direction.

Sugar
Solution

Sugar
Solution

Rubber
Membrane

Paper
Membrane

Sheeps
Bladder

Water Water

a

b

B CA
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Plant-Water Relations4. When this pressure becomes equal to osmotic entry of water from the
beaker, osmosis ceases.

In the living cell, the cell membrane, and the membrane of the vacuole,
chloroplast, mitochondria and nucleus are all semipermeable membranes.

In the above experiment, the concentration of water molecules is more in
the beaker than in the thistle funnel. Consequently, the water molecules would
move by the process of diffusion. The water molecules would move in both the
directions. However, the amount of water entering the thistle funnel would
always be more than the amount of water that would leave the thistle funnel. As
a result, a net rise in the level of sugar solution in the thistle funnel is observed.

Now let us modify the experiment slightly. In the beaker, 100 ml of water
is taken in which one gram of sucrose is dissolved. In thistle funnel also 100 ml
of water is taken in which two grams of sucrose are dissolved. Now the
concentration of water both inside and outside the thistle funnel is the same, i.e.,
100 ml. Under this condition also osmosis takes place. Water from the beaker
(dilute solution) enters the thistle funnel (concentrated solution) by osmosis.

Fig. 1.5: Diagram illustrating osmosis and osmotic pressure.
(A) at beginning, (B) a little later

This can be explained on the basis of kinetic energy of water molecules.
The kinetic energy of water molecules both inside and outside the thistle funnel
should be the same as the concentration of water molecules is the same,
however this is not so. Along with water molecules, sugar molecules are also
present.

Both water and sugar molecules are at random motion. Such moving
molecules collide against one another and lose the kinetic energy of water
molecules. (Consider the loss in kinetic energy ofwater molecules only)

In the thistle funnel, the number of sugar molecules is twice than the
beaker. Therefore the number of collisions is also double and the loss of kinetic
energy of water molecules in the thistle funnel is also double. In other words,
the net kinetic energy of water molecules in the beaker is more than in the
thistle funnel. Therefore osmosis can also be defined as the movement of

Sugar
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100 ml water
+

2g. Sugar

Sheeps Bladder Water

a

b
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100 ml water
+

1g. Sugar
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lower kinetic energy through the semipermeable membrane.

1.5.1 Types of Osmosis
Osmosis in plants is of two types, i.e., endosmosis and exosmosis.

1. Endosmosis: When water or solvent molecules enter into the cell
through plasma membrane from the outer medium, it is called
endosmosis. It can be demonstrated by potato osmometer.

Fig. 1.6: Endosmosis in raisins

Take a potato tuber and make a cavity inside it with the help of a knife.
Now, fill the cavity with concentrated sugar solution and mark the
level with the help of the alpin. Place this solution filled tuber in a
petridish containing water. After sometime the level of sugar solution
in the potato cavity rises. Here the plasma membranes of potato cells
work like a semipermeable membrane.
In this experiment, the movement of water molecules is taking place
from outer medium into the potato cavity. Thus, it is the phenomenon
of endosmosis. Similarly, when dry raisins are placed in the water,
they swell up due to endosmosis.

2. Exosmosis: When a plant cell is placed in concentrated solution, the
water molecules move from cell into the outer concentration medium
through plasma membrane. It is called exosmosis. Thus, in exosmosis
the water or solvent molecules leave the cell into the outer medium
through plasma membrane. It can be demonstrated by the following
experiment.
Place a few grapes into the petridish containing 30 % sugar solution.
After sometime the swollen grapes are collapsed. It happens because
the grapes contain sugar solution of lower concentration in
comparison to the outer more concentrated solution. Thus, the
concentration of outermedium is more than the concentration of sugar
solution of grape cells.

Swollen
Raisins
Water

Petridish

Dry RaisinsA B
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Fig. 1.7: Exosmosis in grapes

Due to this reason, the water molecules from the cell of grapes
(solution of lower concentration) move into the sugar solution of outer
medium (solution of higher concentration) and grapes are collapsed.

Osmotic Pressure (OP)

Osmotic pressure is the pressure which develops in a solution when it is
separated from its own solvent by means of semipermeable membrane.

Osmotic pressure depends upon the temperature, pressure and
difference in the number of solvent and solute molecules on the two
sides of themembrane.
Increase in temperature or pressure increases the free energy (energy
available to do work), while increasing the concentrations of the
solutes lowers it.
Water moves from a region of higher free energy to that of lower free
energy. It is denoted by s

Turgor Pressure (TP)

When the plant cell is placed in the hypotonic solution, water enters the cell due
to osmosis, which results in a hydrostatic pressure called the turgor pressure
(TP), which presses on the cell wall.

Wall Pressure (WP)

According to Newton’s law, forces occur in pairs of equal magnitude but in the
opposite direction, the turgor pressure is balanced by an equal pressure exerted
by the cell wall, called wall pressure, which go on increasing with the entry of
water in the cell until the cell become full turgid.

Plasmolysis

In normal condition, the protoplasm is tightly pressed against the wall. If this
plant cell or tissue is placed in a hypertonic solution, water comes out from the
cell sap into the outer solution due to ex-osmosis and the protoplasm begins to
contract from the cell wall. This is called as incipient plasmolysis.

If the outer hypertonic solution is very much concentrated in comparison
to the cell sap, the process of ex-osmosis and contraction or shrinkage of
protoplasm continues and ultimately the protoplasm separates from the cell
wall and assumes a spherical form. This phenomenon is called plasmolysis and
the cell or the tissue is said to be plasmolysed.

Petridish

Concentrated Sugar Solution

Swollen Grapes
A

Wrinkled Grapes
B
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The significance of osmosis are as follows:

1. It facilitates the absorption of water by the root hairs from the soil and
themovement of water fromone living cell to another within the plant.

2. The turgidity in plant cells is maintained by the absorption of water
through osmosis.

3. The diffusion of water from one cell to another and its distribution in
different plants parts is also performed by osmosis.

4. It also helps for the movement of water from the non-living xylem
elements into living cells.

5. Due to osmosis the turgidity of the cells and hence the shape or form
of their organs is maintained.

6. It keeps the young stem erect and leaves extended.
7. It is also responsible for much of the force developed in growing

tissues, the force developed in young roots growing through the soil
and the force which enables the young seedling to break through the
soil.

8. It helps in the opening and closing of flowers and the sleep
movements of leaves.

9. It controls the tissues of the leaves or shoots of a land plant, become
deficient in water as a result of transpiration, their osmotic
concentration will increase and they will, as a consequence, withdraw
water from other tissues with weaker concentrations.

10. The osmotic concentration of cells plays an important role in
determining their resistance to drought and frost.

11. Osmosis helps in the dehiscence of fruits and sporangia.

Check Your Progress

11. When water or solvent molecules enter into the cell through plasma
membrane from the outermedium, it is called ________.

12. ________ is the pressure which develops in a solution when it is
separated from its own solvent by means of semipermeable
membrane.

13. When the plant cell is placed in the hypotonic solution, water enters
the cell as the result of osmosis, which results in a hydrostatic
pressure called the ________.

14. When a plant cell is placed in concentrated solution, the water
molecules move from cell into the outer concentration medium
through plasma membrane. It is called ________.
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1.6 OSMOTIC POTENTIAL

Osmotic potential is defined as the ability of a solution to suck water in if it
was separated from another solution by a semipermeable (meaning water
gets through, but not the solution) membrane. Osmosis is always referred to
living cells. The movement of water into the cell mostly depends upon the
concentration of solutes which are of varied types like mineral salts, proteins,
carbohydrates, fatty acids etc., and these contribute to the osmotic potential or
osmotic concentration, which contributes to the osmotic pressure. Higher the
concentration of solutes, higher is the osmotic pressure and vice-versa.

Fig. 1.8: Isotonic Environment:
The solute concentration and the free water concentration

are the same inside and outside the cell.
Water flows in and out of the cell at an equal rate

A solution is made up of a solvent within which solutes are dissolved or
present in soluble form. Based on the concentration of solute in a given volume
of solution, it is referred to as dilute solution or concentrated solution. The
concentration of solutes in an enclosed system having a constant volume exerts
a pressure because of the kinetic movement and collision of the solute
molecules. The pressure that is exerted by the solute in a system, either
separated or enclosed in a semipermeable membrane is called osmotic pressure.
Hence a dilute solution exhibits lower osmotic pressure and concentrated
solution shows higher osmotic pressure which is also called osmotic potential.

Solute molecule Free water molecule
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Fig. 1.9: Hypotonic Environment:
The solute concentration is greater inside the cell;
the free water concentration is greater outside.

Free water flows into the cell

Besides the concentration of solutes, osmotic potential is governed by
other factors like ionizing potential of the solutes, temperature, etc.

Fig. 1.10: Hypertonic Environment:
The solute concentration is greater outside the cell;
the free water concentration is greater inside.

Free water flows out of the cell

Those solutes which undergo greater ionization (electrolytes) exert greater
osmotic pressure than non-ionizing substances (non-electrolytes). Similarly,
temperature has a contributing factor for osmotic pressure, because with the
increase in temperature, molecular movement increases and so also the
collision, hence osmotic pressure.

Solute molecule Free water molecule

Solute molecule Free water molecule
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Plant-Water RelationsSignificance of osmotic potential: The plants use their osmotic potential to
transport water through the cells from the bottom (roots) where the osmotic
pressure is high, to the top (canopy) where the osmotic pressure is low. As the
water is transported up, the osmotic pressure in the roots sinks, allowing more
water to run in from the soil.
Plant cell as an osmotic system: Due to the presence of semipermeable
plasma membrane, osmosis plays an important role in the absorption of water
by plant cells. The cell sap contained in the vacuoles is an aqueous solution of
salts, sugars and organic acids and possesses a high osmotic pressure.

If the osmotic pressure of the external solution is less than the osmotic
pressure of the cell sap, then such an external solution is said to be
hypotonic.
If the osmotic pressure of the external solution is higher than the
osmotic pressure of the cell sap, then such an external solution is
called hypertonic.
If the osmotic pressure of the external solution is equal to the osmotic
pressure of the cell sap, then such an external solution is called
isotonic.
If the cell is placed in pure water (hypotonic solution), water will pass
into the cell.
If it is placed in a hypotonic solution,water will be lost from the cell.
If the cell is placed in an isotonic solution, the cell will neither lose
nor absorb water.
Thus the outward movement of water from a cell, when it is placed in
a hypotonic solution, is called exosmosis while the absorption of
water by a cell from outside when it is placed in hypertonic solution, is
called endosmosis.

Diffusion Osmosis

1. It occurs in solids, liquids and gases.
2. It does not require a semipermeable
membrane.

3. In this process the movement of
molecules takes place from higher
concentration to lower concentration.

1. It occurs only in liquids.
2. It requires a semipermeable
membrane.

3. In this process, the movement of water
or solvent molecules takes place from
the solution of lower concentration to
the solution of higher concentration.

Check Your Progress

15. The ability of a solution to suck water in if it was separated from
another solution by a semipermeable (meaning water gets through,
but not the solution) membrane is called ________.

16. If the osmotic pressure of the external solution is less than the
osmotic pressure of the cell sap, then such an external solution is
said to be ________.
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Plant-Water Relations 17. If the osmotic pressure of the external solution is higher than the
osmotic pressure of the cell sap, then such an external solution is
called ________.

18. If the osmotic pressure of the external solution is equal to the
osmotic pressure of the cell sap, then such an external solution is
called ________.

1.7 WATER ABSORPTION

Absorption of Water

Absorption of water refers to translocation of water from soil solution to xylem
of root.

Organ of Water Absorption

Generally, plant absorbs water by the root system. Maximum absorption of
water takes place in root hair zone.

Root hairs are unicellular. As a result of their presence the absorptive
surface area increases substantially.

Water Available to Plant

The water molecules which are held by hydrophilic colloids of soil represent
hygroscopic water. Such water is not available to plants. Soil may have
chemically combined water which is part of a chemical compound. Such water
is not available to plants. Water present in spaces between soil particles is
called capillary water. It is available to plants. The water which percolates
under influence of gravitational pull is called gravitational water. If root is in
contact with water, it is available to plant.

Total amount of water in soil is called holard. Part of holard which is
available to plant is chesard. The part of holard which is not available to plant is
echard.

Path of Water Across the Root

From the epidermis to the endodermis of the root, there are three pathways
through which water can flow; the apoplast, the transmembrane pathway, and
the symplast. In the apoplast pathway, water moves exclusively through the cell
wall without crossing any membrane.
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Fig. 1.11: Diagrammatic representation of a root tip showing root hair zone

Apoplastic pathway refers to matrix of cell wall or dead parts of cells. This
pathway offers least resistance to passage of water. Water may also move via
the cellular pathway, which has two components. The first component, the
transmembrane pathway, is the route followed by water that sequentially enters
a cell on one side, exits the cell on the other side, enters the next in the series,
and so on. In this pathway, water crosses at least two membranes for each cell
in its path (the plasma membrane on entering and on exiting). Transport across
the tonoplast may also be involved. In the second component of the cellular
pathway, water moves through the symplast, traveling from one cell to the next
via the plasmodesmata. Symplastic pathway refers to network of cytoplasm of
cells connected through plasmodesmata. It is always a combination of these
three pathways that transports water across the root. At the endodermis, water
movement through the apoplast pathway may be obstructed by the Casparian
strip. In this part water may be transported across endodermis via the symplast
via breaks in the Casparian strip that form during the outgrowth of secondary
roots.

Mechanism of absorption of water

A. Active absorption: If the causal factor of absorption of water is present in the
root itself it is called active absorption of water. First step in the osmotic
absorption of water is the imbibition of soil water by the hydrophilic cell walls
of root hair. There are twomechanisms to explain active absorption.

Maturation Zone

Root Hair Zone

Root Hair

Zone of Elongation

Meristematic Region

Root Cap
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Fig. 1.12: A part of T. S. of typical dicot root. The arrows indicate the path of water

A.1. Active Osmotic Absorption ofWater
According to osmotic theory absorption of water takes place due to

osmotic reason. According to this theory accumulation of salt occurs in xylem
sap, which is responsible for making water potential more negative in xylem
sap with respect to water potential of soil solution. Consequently, absorption of
water takes place under influence of water potential gradient.

Osmotic pressure (O. P.) of the cell sap of root hairs is usually higher than
the O. P. of the soil water. Therefore the Diffusion Pressure Deficit (D. P. D.)
and the suction pressure in the root hairs becomes higher and water from the
cell walls enters into them through plasma membrane by osmotic diffusion. As
a result, the O. P., suction pressure and D. P. D. of root hairs now become
lower, while turgor pressure is increased.

Now the cortical cells adjacent to to root hairs have higher O. P., suction
pressure and D. P. D. in comparison to the root hairs. Therefore, water is drawn
into the adjacent cortical cells from the root hairs by osmotic diffusion.

In the same way, the water by cell to cell osmotic diffusion gradually
reaches the innermost cortical cells and the endodermis.

Osmotic diffusion of water into endodermis takes place through special
thin-walled passage cells because the other endodermal cells have casparian
strips on their walls which are impervious to water.

Water from endodermal cells is drawn into the cells of pericycle by
osmotic diffusion which now become turgid and their suction pressure is
decreased.

In the last step, water is drawn into xylem from turgid pericycle cells. It is
because in absence of turgor pressure of the xylem vessels (which are non-
elastic), the suction pressure of xylem vessels becomes higher than the suction
pressure of the cells of the pericycle.

Xylem Phloem Pericycle Casparian Strip

Root HairEpidermisCortexEndodermis

Passage
Cells

Soil
Water
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the xylem of roots which can raise the water to a certain height in the xylem.
This pressure is called as root pressure.

A.2 ActiveNon-Osmotic Absorption ofWater
According to this theory absorption of water occurs non osmotically. Non

osmotic flow of water is energized from coupling of the water flow to a
metabolically driven flow of solutes. The non-osmotic active water-uptake can
also be supported by the fact that there is a correlation between the rate of water
absorption and respiration. Water absorption rate is lowered by low
temperature, oxygen tension, and respiratory inhibitors.

Sometimes, it has been observed that absorption of water takes place even
when the O. P. of the soil water is higher than the O. P. of cell-sap. This type of
absorption which is non osmotic and against the osmotic gradient requires the
expenditure of metabolic energy probably through respiration. Following
evidences support this view:

1. The factors which inhibit respiration also decrease water absorption.
2. Poisons which retard metabolic activities of the root cells also retard

water absorption.
3. Auxins which increase metabolic activities of the cells stimulate

absorption of water.
Passive mechanism: Passive absorption of water takes place when the

rate of transpiration is usually high. Most of water is absorbed by plants by
passive mechanism. In such mechanism reason for absorption of water
develops in shoot. In shoot transpiration occurs which is responsible for
lowering water potential of water in these parts. Negativity of water potential is
transmitted to root through tracheary elements of xylem. From root it is
transmitted to root hairs which are in direct contact with soil solution. As a
result of gradient of water potential created by transpiration water is absorbed.
Best evidence in favour of passive mechanism is value of ratio of transpiration
and absorption which is almost equal to one.

During absorption of water by roots, the flow of water from epidermis to
endodermis may take place through three different pathways-

1. Apoplastic pathway
2. Transmembrane pathway
3. Symplast pathway
The relative importance of these three pathways in water absorption by

roots is not clearly established. However, a combination of these three
pathways is responsible for transport of water across the root.

The endodermis in roots acts as barrier in movement of water through it
because of the presence of Casparian strips on endodermal cells. Casparian
strips are composed of suberin which is impervious to water. (Recent findings
suggest Casparian strips to be composed of lignin. a hydrophobic polymer, and
not suberin).
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External factors

1. Soil water: The water available to plant is between field capacity and
permanent wilting coefficient. Field capacity refers to total amount of
water of soil after gravitational water has drained away. Permanent
wilting coefficient represents a stage where plant cannot absorb water
and shows wilting unless water is added to soil. The soil devoid of
water is physically dry. If water is present, but it is not available due to
high osmotic potential, it is called physiologically dry.

2. Soil aeration: Absorption of water is favoured by proper aeration of
soil.

3. Temperature: A range of temperature (20 - 30ºC) favours absorption
of water. At low temperature viscosity of water increases which
makes absorption ofwater difficult.

4. Soil solution: Greater the solute concentration of soil, lower would be
the rate of absorption of water and vice versa.

Internal factors

1. Transpiration and
2. Anatomy of root.
Imbibition: An adsorption of water by the dry hydrophilic colloids is

called imbibition. It is a physical process which is involved in the movement of
water. This is also a type of diffusion which is performed like osmosis. In this
process, there is a great difference between diffusion pressure of the liquid of
imbibing cell and the liquid of external medium. Due to this reason the process
of imbibition takes place and it continues till the pressures of cell-liquid and
external medium becomes equal or balanced. For example, if a piece of dry
wood is put in water, it swells in size because of imbibition. This is because
wood is made up of cellulose, liginin or pectin and other substances which are
hydrophilic colloids.

In another example, dry seed imbibe large amount of water because seeds
contain starch and protein. These are also hydrophilic colloids, which helps in
breaking of the seed coat. Such a substance which imbibes water is called
imbibant. During imbibition, the imbibant increases in volume, thus develops
pressure called imbibition pressure (IP). The dry seeds develop very high
imbibition pressure when put in water. It ranges from 800 to 1000 atm. The
volume of the imbibant increases but the final volume of the imbibant plus the
volume of water decreases than the initial volume at the starting of the
imbibition. This is because the colloids absorb the water molecules tightly on
them. Due to this tight absorption, a part of free energy is liberated as heat.
Therefore, temperature increases when imbibition takes place, for example,
while kneading wheat flour with water one can feel the warming of the fingers.
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Plant-Water RelationsConditions necessary for imbibition: These are following:
1. A water potential gradient must exist between the surface of the

absorbent and the liquid imbibed.
2. A certain affinity must exist between the components of the absorbent

and the imbibed surface.
Characteristics of imbibition:

1. Volume is increased in the imbibant.
2. Heat is produced and is known as heat of melting.
3. Pressure is developed.

Importance of imbibition:
1. It plays a key role in the initial stage of water absorption by the roots.
2. It initiates seed germination.
3. It causes swelling of seeds and results in the breaking of testa.
4. It helps fruits to retain water.
5. The watermoves into ovules are ripening into seeds by imbibition.
6. It also plays a major role in young and actively growing tissues.
7. The imbibition force is useful in adhering water to the walls of xylem

elements.
Significance of imbibition:

1. It is the first step ofwater absorption by roots.
2. It is also the first phenomenon in germination of seeds.
3. It causes increase in the volume of seeds and ultimately bursting of

testa or seed coat.
4. It helps in the ripening of ovules into the seeds.
5. During imbibition, heat energy is released which further increases the

activities of cells of the living seeds.

Check Your Progress

19. An adsorption of water by the dry hydrophilic colloids is called
________.

20. During imbibition, the imbibant increases in volume, thus develops
pressure called ________.

1.8 ASCENT OF SAP

To reach uppermost parts of the plant or trees, the water has to move against
the gravitational pull through the stem. This upward movement of water is
called ascent of sap. It is the upward movement of water from roots towards
the stem and leaves. The upward translocation of water in the plant takes place
through the xylem.
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There are a number of theories to explain how this additional force is generated
which would enable water to rise even in tall trees. They are divided into two
main groups: (a) Vital theories and (b) Physical theories.

Vital Theories

Root pressure theory: The pressure developed in the xylem cells by the
absorption of water through root hairs is called root pressure. The water
ascends in the xylem vessels and tracheids due to root pressure. The plants
possess root pressure of only two atmospheres which helps the water to ascend
upto a maximum height of only 20 metres. It has been confirmed by the
experiment that if the plant is placed in water vertically after removing its root
portion, even then the upward movement of water does not stop. Thus, the root
pressure theory proves to be wrong.

Fig. 1.13: Demonstration of root pressure

Physical Theories

Cohesion-adhesion theory: This theory was proposed by Dixon and Jolly
(1894). It is most important and widely accepted view. According to this theory
more important than the root pressure is the pull exerted on the column ofwater
in the wood vessels from above as result of transpiration. Cohesion of water
molecules and their adhesion to the wall of the capillary trachea results in
forming a continuous water column in the xylem and secondly the transpiration
pull on this water column helps in a continuous flow ofwater upward.
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Fig. 1.14: Demonstration of Cohesion-adhesion theory

Check Your Progress

21. Upward movement of water is called ________.
22. Cohesion-adhesion theory was proposed by ________.

1.9 TRANSPIRATION

Most of the water is lost from the stomata of the leaves. The cells of the
mesophyll are supplied with water from the xylem of the leaf vein by osmotic
diffusion. Water evaporates from their moist walls into the internal atmosphere
of the intercellular spaces of the mesophyll, which becomes saturated with
water vapour. The outer atmosphere which is usually unsaturated as compared
to internal atmosphere in the intercellular spaces results in the diffusion of
water vapour into the outer atmosphere. This loss of excess water in the form of
vapours from the surface of the aerial parts of the plant is known as
transpiration.

Fig. 1.15: Demonstration of Transpiration

It can be easily demonstrated by placing a potted plant under a bell jar.
The soil in the pot is watered and the pot is covered with rubber sheet or the
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from them. In a short time, drops of water will appear on the inner surface of
the bell jar. This water has come from the aerial parts of the plant.

Kinds of Transpiration

It is of three types:
1. Stomatal Transpiration. Most of the transpiration takes place

through stomata. Stomata are usually confined in more numbers on
the lower sides of the leaves. In monocots e.g. grasses they are equally
distributed on all sides. While in aquatic plants with floating leaves
they are present on the upper surface.

2. Cuticular Transpiration. Although cuticle is impervious to water,
stll some water may be lost through it. It may contribute a maximum
of about 10% of the total transpiration.

3. Lenticular Transpiration. Some water may be lost by woody stems
through lenticels which is called as lenticular transpiration.
(Transpiration from leaves is called as foliar transpiration)

1.9.1 Mechanism of Transpiration
When there is an increase in the osmotic pressure (OP) and diffusion pressure
deficit (DPD) of the guard cells (which is due to accumulation of osmotically
active substances), osmotic diffusion of water from surrounding epidermal cells
and mesophyll cells into the guard cells follows. This increases the turgor
pressure (TP) of the guard cells and they become turgid. The guard cells swell,
increase in length and their adjacent thickened surfaces stretch forming a pore
and thus the stomata open.

On the other hand, when OP and DPD of guard cells decrease (due to
depletion of osmotically active substances) relative to the surrounding
epidermal and mesophyll cells, water is released back into the latter by osmotic
diffusion and the guard cells become flaccid. The thickened surfaces of the
guard cells come close to each other, thereby closing the stomatal pore and the
stomata.

Fig. 1.16: Structure of Stomata in (A) open and (B) Closed condition
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cells occur when their osmotic potential ( s) and water potential ( w) decrease
(i.e., become more negative) relative to those of surrounding epidermal and
mesophyll cells. The guard cells become flaccid when their osmotic potential
and water potential increase (i.e., become less negative) relative to the
surrounding cells (movement of water takes place from a region of higher
water potential i.e., less negative to a region of lower water potential i.e., more
negative). There may be several different agents which create osmotic potential
in the guard cells and control closing and opening of stomata such as i)
hydrolysis of starch into sugar in guard cells, ii) synthesis of sugar or organic
acids, and iii) the active pumping ofK+ ions in the guard cells.

K+ Malate Hypothesis

According to Levitt (1974), malic acid is produced in guard cells from the
chlorophyll in the presence of light. Malic acid being a weak acid, dissociates
into malate ions and (H+) hydrogen ions. Hydrogen ions are excreted from the
guard cells and (K+) potassium ions in turn enter the guard cells from the
adjacent epidermal cells. Accumulation of potassium and malate ions in guard
cells increases the osmotic pressure and water flows into guard cells, making
them turgid and resulting in the opening of stomata. In the dark, H+ and K+
exchange pump again operates. Hydrogen ion enters back to the epidermal
cells. Malate and hydrogen ions combine to formmalic acid which is utilized in
metabolic reaction like respiration. Thus decrease in the osmotic pressure of the
guard cells results in the closing of stomatal aperture. The movement of ions
across the plasma membrane is an active process and involves the utilization of
ATP.

1.9.2 Factors Affecting the Rate of Transpiration

Plant parameters – These plant parameters help plants control rates
of transpiration by serving as forms of resistance to water movement out of the
plant.
(a) Stomata: Stomata are pores in the leaf that allow gas exchange,

where water vapor leaves the plant and carbon dioxide enters. Special
cells called guard cells control each pore’s opening or closing. When
stomata are open, transpiration rates increase; when they are closed,
transpiration rates decrease.

(b) Boundary layer: The boundary layer is a thin layer of still air
hugging the surface of the leaf. This layer of air is not moving. For
transpiration to occur, water vapor leaving the stomata must diffuse
through this motionless layer to reach the atmosphere where the water
vapor will be removed by moving air. The larger the boundary layer,
the slower the rates of transpiration.

(c) Plants can alter the size of their boundary layers around leaves through
a variety of structural features. Leaves that possess many hairs or
pubescence will have larger boundary layers; the hairs serve as mini-
wind breaks by increasing the layer of still air around the leaf surface
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sunken into the leaf surface, dramatically increasing the boundary
layer and slowing transpiration. Boundary layers increase as leaf size
increases, reducing rates of transpiration as well. For example, plants
from desert climates often have small leaves so that their small
boundary layers will help cool the leaf with higher rates of
transpiration.

(d) Cuticle: The cuticle is the waxy layer present on all above-the-ground
tissue of a plant and serves as a barrier to water movement out of a
leaf. Because the cuticle is made of wax, it is very hydrophobic or
‘water-repelling’; therefore, water does not move through it very
easily. The thicker the cuticle layer on a leaf surface, the slower the
transpiration rate. Cuticle thickness varies widely among plant species.
In general, plants from hot, dry climates have thicker cuticles than
plants from cool, moist climates. In addition, leaves that develop
under direct sunlight will have much thicker cuticles than leaves that
develop under shade conditions.

(e) Environmental conditions: Some environmental conditions create
the driving force for movement of water out of the plant. Others alter
the plant’s ability to control water loss.

(f) Relative humidity: Relative humidity (RH) is the amount of water
vapor in the air compared to the amount of water vapor that air could
hold at a given temperature. A hydrated leaf would have a RH near
100%, just as the atmosphere on a rainy day would have. Any
reduction in water in the atmosphere creates a gradient for water to
move from the leaf to the atmosphere. The lower the RH, the less
moist the atmosphere and thus, the greater the driving force for
transpiration. When RH is high, the atmosphere contains more
moisture, reducing the driving force for transpiration.

(g) Temperature: Temperature greatly influences the magnitude of the
driving force for water movement out of a plant rather than having a
direct effect on stomata. As temperature increases, the water holding
capacity of that air increases sharply. The amount of water does not
change, just the ability of that air to hold water. Because warmer air
can hold more water, its relative humidity is less than the same air
sample at a lower temperature, or it is ‘drier air’. Because cooler air
holds less water, its relative humidity increases or it is ‘moister air’.
Therefore, warmer air will increase the driving force for transpiration
and cooler air will decrease the driving force for transpiration.

(h) Soil water: The source of water for transpiration out of the plant
comes from the soil. Plants with adequate soil moisture will normally
transpire at high rates because the soil provides the water to move
through the plant. Plants cannot continue to transpire without wilting
if the soil is very dry because the water in the xylem that moves out
through the leaves is not being replaced by the soil water. This
condition causes the leaf to lose turgor or firmness, and the stomata to
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will wilt.

(i) Light: Stomata are triggered to open in the light so that carbon
dioxide is available for the light-dependent process of photosynthesis.
Stomata are closed in the dark in most plants. Very low levels of light
at dawn can cause stomata to open so they can access carbon dioxide
for photosynthesis as soon as the sun hits their leaves. Stomata are
most sensitive to blue light, the light predominating at sunrise.

(j) Wind:Wind can alter rates of transpiration by removing the boundary
layer, that still layer of water vapor hugging the surface of leaves.
Wind increases the movement of water from the leaf surface when it
reduces the boundary layer, because the path for water to reach the
atmosphere is shorter.

Check Your Progress

23. Unique physical properties of water are due to the presence of
________.

24. The movement of particles or molecules from a region of higher
concentration to a region of its lower concentration is known as
________.

25. The rate of diffusion increases if, ________.
26. Diffusion pressure is, ________.
27. The diffusion of solvent molecules into the solution through

semipermeable membrane is called as ________.
28. Osmotic pressure is higher in ________.
29. Turgor pressure of a plant cell increases due to, ________.
30. Root pressure is developed in ________.
31. First step in absorption ofwater by root hair is ________.
32. Casparian strips are found in roots in ________.
33. Loss of water from aerial part of plants in the form of water vapours

is called as ________.
34. In plants, rate of transpiration is usually maximum in, ________.

1.10 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Latent heat
2. Hydrogen bonds
3. 1 atm
4. Hydrologic cycle.
5. 90%
6. Water
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8. Meyer
9. Diffusion.
10. diffusion pressure deficit
11. Endosmosis
12. Osmotic pressure
13. Turgor pressure
14. exosmosis.
15. Osmotic potential
16. Hypotonic
17. Hypertonic
18. Isotonic
19. Imbibition
20. Imbibition pressure (IP).
21. Ascent of sap.
22. Dixon and Jolly
23. Hydrogen bonds betweenwatermolecule.
24. Diffusion
25. The temperature is increased, density of diffusing particles is lesser

and the medium throughwhich diffusion occurs is less concentrated.
26. Directly proportional to concentration of diffusing particle
27. Osmosis
28. Hypertonic solution
29. Endosmosis
30. Xylem
31. Imbibition
32. Endodermal cell
33. Transpiration
34. Little before Noon

1.11 SUMMARY

Properties of water are divided into physical and chemical properties.
Physical properties include specific heat, latent heat, viscosity, surface
tension, buoyancy, light penetration of water, salinity, pressure,
thermal conductivity, solvency, expansion before freezing and
chemical properties include Solubility of gases in water (Oxygen,
Nitrogen, Carbon dioxide, Hydrogen sulphide), Hydrogen ion
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Plant-Water Relationsconcentration (pH), Hard and fresh water (Temporary hardness,
Permanent hardness) and Hydrologic cycle
Water constitutes 80 - 95% of the total weight of growing plant tissues.
Water is the best known solvent and provides medium for the
movement of molecules within and in between the cell. Water is most
important factor for agricultural productivity.
The movement of the particles is due to their own kinetic activity and
not due to gravity or mass flow. The rate of diffusion is directly
proportional to the diffusion pressure gradient and inversely
proportional to the density of surrounding medium. Diffusion is the
movement of free particles of solid, liquid and gas from their region of
higher concentration to the region of lower concentration. The
molecules are evenly distributed throughout the available space.
The diffusion of water or any solvent through the semipermeable
membrane is called osmosis (sometimes called as osmotic diffusion).
The membrane which allows water to pass freely but prevents the
passage of solutes is called semipermeable membrane (e.g., plasma
membrane). When two solutions of different concentrations are
separated by a semipermeable membrane, the diffusion of water or
solvent molecules takes place from the solution of lower concentration
towards the solution of higher concentration.
Osmosis in plants is of two types, i.e., endosmosis and exosmosis.
Osmotic potential is the ability of a solution to suck water in if it was
separated from another solution by a semipermeable (meaning water
gets through, but not the solution) membrane.
Osmosis is always referred to living cells. The movement of water
into the cell mostly depends upon the concentration of solutes which
are of varied types like mineral salts, proteins, carbohydrates, fatty
acids etc., and these contribute to the osmotic potential or osmotic
concentration, which contributes to the osmotic pressure. Higher the
concentration of solutes, higher is the osmotic pressure and vice-versa.
An adsorption of water by the dry hydrophilic colloids is called
imbibition. It is a physical process which is involved in the movement
ofwater.
Ascent of sap is the upward movement of water from roots towards
the stem and leaves. The upward translocation of water in the plant
takes place through the xylem.
The outer atmosphere which is usually unsaturated as compared to
internal atmosphere in the inter-cellular spaces results in the diffusion
of water vapour into the outer atmosphere. This loss of excess water in
the form of vapours from the surface of the aerial parts of the plant is
known as transpiration.
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Diffusion: It is the movement of free particles of solid, liquid and gas
from the region of higher concentration to the region of lower
concentration. The molecules are evenly distributed throughout the
available space.
Osmosis: The diffusion of water or any solvent through the
semipermeable membrane is called osmosis.
Osmotic potential: It is defined as the ability of a solution to suck
water in if it was separated from another solution by a semipermeable
(meaning water gets through, but not the solution) membrane.
Transpiration: This loss of excess water in the form of vapours from
the surface of the aerial parts of the plant is known as transpiration.
Ascent of sap: To reach uppermost parts of the plant or trees the
water has to move against the gravitational pull through the stem. This
upwardmovement of water is called ascent of sap.

1.13 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions

1. Write a note on Significance of transpiration.
2. Write a short note on Diffusion.
3. Explain Osmosis in brief.
4. Write a short note on Vital theory.
5. Explain Diffusion pressure deficit (DPD).
6. Write a short note on Significance ofOsmosis.
7. Explain Osmotic potential.
8. Write a short note on Imbibition.
9. Explain the Significance of Imbibition.
10. Explain Root Pressure theory.

Long Answer Questions

1. Explain Munch mass Flow hypothesis.
2. Write a note onK+Malate hypothesis.
3. Explain theMechanism of active absorption ofwater.
4. Explain Cohesion- tension theory of ascent of sap.
5. Write a notes on Active and passive absorption ofwater.
6. Explain Physical properties of water.
7. Write an account on Types of Osmosis.
8. Explain Root pressure and Cohesion - adhesion theory.
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2.0 INTRODUCTION

Plant nutrition is the study of the chemical elements and compounds necessary
for plant growth, plant metabolism and their external supply. In its absence the
plant is unable to complete a normal life cycle, or that the element is part of
some essential plant constituent or metabolite. This is in accordance with Justus
von Liebig's law of the minimum. The total essential plant nutrients include
seventeen different elements: carbon, oxygen and hydrogen which are absorbed
from the air, whereas other nutrients including nitrogen are typically obtained
from the soil (exceptions include some parasitic or carnivorous plants).

Plants must obtain the following mineral nutrients from their growing
medium:

The macro-nutrients: nitrogen (N), phosphorus (P), potassium (K),
calcium (Ca), sulfur (S), magnesium (Mg), carbon (C), oxygen (O), hydrogen
(H) the micro-nutrients (or trace minerals): iron (Fe), boron (B), chlorine (Cl),
manganese (Mn), zinc (Zn), copper (Cu), molybdenum (Mo), nickel (Ni)

These elements stay beneath soil as salts, so plants absorb these elements
as ions. The macro-nutrients are taken-up in larger quantities; hydrogen,
oxygen, nitrogen and carbon contribute to over 95% of a plant's entire biomass
on a dry matter weight basis. Micro-nutrients are present in plant tissue in
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than 0.02%dry weight.
Most soil conditions across the world can provide plants adapted to that

climate and soil with sufficient nutrition for a complete life cycle, without the
addition of nutrients as fertilizer. However, if the soil is cropped, it is necessary
to artificially modify soil fertility through the addition of fertilizer to promote
vigorous growth and increase or sustain yield. This is done because, even with
adequate water and light, nutrient deficiency can limit growth and crop yield.

2.1 OBJECTIVES

After going through this unit, youwill be able to:
Explain the Mineral nutrition, Essential Macro and Micro Nutrients
and their role
Explain the Absorption ofMineral nutrients and Hydroponics
Describe the structure, classification and functions of carbohydrates,
Amino acids, proteins and Lipids
Examine the process of Nitrogen Fixation and Nitrogen and Lipid
Metabolism.

2.2 MINERAL NUTRITION

Plants are unable to grow in pure water because plants require certain essential
substances for their growth and development like human beings. These
substances are nothing but the elements. In majority, these elements are
obtained from the soil. Carbon and oxygen are obtained from the atmosphere
and hydrogen from the water. These are also called the inorganic molecules.
Such inorganic molecules are necessary to from the organic compound in the
plants. The essential substance which is required to fulfill the function of the
plants is called as nutrients orminerals and the study of minerals are said to be
mineral nutrition.

2.2.1 Essential and Non-essential Elements in Plants
Chemical analysis of the plant ash (i.e. the residue left after the dry matter of
the plant has been burnt) has shown that plants contain about 40 different
elements. Some of them are indispensible or necessary for the normal growth
and development of the plants and are called as essential elements. Rests of the
elements are called as non-essential elements.

It is now known that the following 17 elements are essential for majority
of the plants:

C, H, O, N, P, K, Ca, S, Mg, Fe, Mn, Zn, B, Cu, Ni, Cl and Mo, besides
these, Al, Si, Se, Na, Co and Ga may be essential for some plants. These are
classified into two categories that is macro-nutrient (major elements) and
micro-nutrient (minor elements).
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1. Major elements (Macro-nutrients): The essential elements which
are required by the plants in comparatively large amounts are called as
major elements ormacro-nutrients. They are C, H, O, N, P, K, Ca, S,
Mg.

2. Minor elements (or Micro-nutrients or Trace elements): The
essential elements which are required in very small amounts or traces
by the plants are called asminor elements ormicro-nutrients or trace
elements. They are Fe, Mn, Zn, B, Cu, Ni, Cl andMo.

In addition to these elements, there are other essential elements which are
also found in a few plants. These are aluminum, silicon, selenium, sodium,
cobalt, nickel and gallium.

All carbon, hydrogen and oxygen are easily obtained. Nitrogen,
phosphorus and sulfur are grouped together because they are normally found in
the soils as anions (NO3–, H2SO4–, SO4–). Similarly, calcium, magnesium and
potassium are grouped because they are found in soils as cations (Ca2+, Mg2+
and K+). Sometimes above macro-nutrients are called major elements. The
micro-elements are listedmanganese, molybdenum, zinc, copper, iron, chlorine
and boron. These are supplied to the plants in the ions fromMn2+, MoO4+, Zn2+,
Cu2+, Fe2+, or Fe3+, Cl– and Bo3–3. Sometimes these are calledminor elements.

General Functions of Essential Elements in Plants

1. Constituents of protoplasm and cell walls: C, H, O, N, S and P are
very important and permanent constituents of the protoplasm and the
cell wall. C, H, and O form most of the part of plant body. N is
important constituent element of proteins and nucleic acids, S of
proteins, and P of nucleic acids. Besides these, Mg is an important
constituent of chlorophyll, while Ca is present in middle lamella in the
formof calcium pectate.

2. Influence on the osmotic pressure of plant cells: Osmotic pressure
and other osmotic relations of the plant cells are maintained due to the
pressure of organic compounds and mineral salts dissolved in the cell
sap.

3. Catalytic function:Many elements like Fe, Cu, Zn, Mo,Mg, Mn, Cl,
etc. are required in catalytic amounts to carry on various enzymatic
reactions in the cells. These elements may be a part of prosthetic
group of the enzymes, or co-enzymes, ormay act as activator.

4. Antagonistic or balancing function: Some elements like Ca, Mg, K,
etc., counteract the toxic effects of other mineral elements by
maintaining ionic balance.
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A. TheMacro-nutrients (major elements):
1. Nitrogen:

Source: The chief source of nitrogen is the nitrate (NO3–), nitrites
(NO2–) and ammonia (NH3+) content of the soil. Certain bacteria
can utilize atmospheric nitrogen.
Region of plant in which required: N2 is required everywhere
particularly in meristematic tissues of the plants.
Specific role (function):

It is important constituent of proteins, nucleic acids,
porphyrins, alkaloids, some vitamins, coenzymes etc.
Porphyrins are important part of chlorophylls and
cytochromes.
Thus it plays very important role in metabolism, growth,
reproduction and heredity.

Deficiency Symptoms:
(a) Nitrogen deficiency causes yellowing, i.e. chlorosis of leaves.

Older leaves are affected first.
(b) In many plants, e.g. tomato, the stem, petiole and the leaf

veins become coloured due to the formation of anthocyanin
pigments.

(c) Plant growth is stunted (because protein content, cell division,
and cell-enlargement are decreased).

2. Phosphorous:
Source: Phosphorous is absorbed in the form of phosphate ions,
H2PO4– andHPO4–.
Region of plant in which required: Phosphorous is required in
younger tissues, withdrawn from older, metabolically less active
cells.
Specific role (function):

It is important constituent of nucleic acids, phospholipids,
coenzyme NAD, NADP andATP etc.
Phospholipids along with proteins may be important
constituents of cell membranes.
Through nucleic acids and ATP, it plays an important role in
protein synthesis.
Through co-enzymes NAD, NADP, and ATP, it plays an
important role in oxidation reduction and energy transfer
reactions of cell metabolism e.g. photosynthesis, respiration,
fat metabolism, etc.
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Deficiency Symptoms:
(a) Phosphorous deficiency may cause premature leaf fall.
(b) Dead necrotic areas are developed on leaves or fruits.
(c) Leaves may turn dark to blue-green in colour.

3. Calcium:
Source: It is obtained in the formof calcium ion (Ca2+) of the soil.
Region of plant in which required: Meristematic and
differentiating tissues and accumulates in older leaves.
Specific role(function):

It is important constituent of the middle lamella in cell wall.
It is essential in formation of cell membranes.
It acts as second messenger in metabolic regulation
It helps to stabilize the structure of the chromosomes.
It may be an activator for many enzymes.

Deficiency Symptoms:
(a) Calcium deficiency causes disintegration of growing

meristematic regions of the root, stem and leaves.
(b) Chlorosis occurs along the margins of the younger leaves.
(c) Malformation of younger leaves also takes place.

4. Magnesium:
Source: It is available as cation in the soil in the formofMg2+.
Region of plant in which required: Leaves, withdrawn from
ageing leaves and exported to developing seeds.
Specific role (function):

It is very important constituent of chlorophylls.
It acts as activator for many enzymes in phosphate transfer
reactions particularly in carbohydrate metabolism and nucleic
acids synthesis.
It plays important role in binding ribosomal particles during
protein synthesis.

Deficiency Symptoms:
(a) Magnesium deficiency causes interveinal chlorosis of the

leaves. The older leaves are affected first.
(b) Dead necrotic patches appear on the leaves.

5. Potassium:
Source: It is obtained in the soil in the formofK+ ion.
Region of plant in which required: Meristematic tissues, buds,
leaves, root tips.
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Although potassium is not a constituent of important organic
compound in the cells, it is essential for the process of
respiration and photosynthesis.
It probably acts as an activator of many enzymes involved in
carbohydrate metabolism and protein synthesis.

Deficiency Symptoms:
(a) Mottled chlorosis of leaves occurs.
(b) Necrotic areas develop at the tip and margins of the leaf

which curve downward.
(c) Plant growth remains stunted with marked shortening of

internodes.
B. TheMicronutrients (minor or trace elements):

1. Iron:
Source: It is present in the soil as Fe3+ ion. It is absorbed both in
the ferrous and ferric states.
Region of plant in which required: It is found everywhere in
plant body. It collects along leaf veins.
Specific role (function):

It is important constituent of iron porphyrin - proteins like
cytochromes, peroxidases, catalases, etc.
It is essential for the synthesis of chlorophyll.
It is very important constituent of ferredoxin which plays
important role in biological nitrogen fixation and primary
photochemical reaction in photosynthesis.

Deficiency symptoms:
(a) Iron deficiency causes rapid chlorosis of the leaves which is

usually interveinal. The younger leaves are affected first.
2. Manganese:

Source: The element is required in extremely small
concentrations in the formofMn++ in the soil.
Region of plant in which required: Manganese is required in
leaves and seeds of plants.
Specific role (function):

It is an activator ofmany respiratory enzymes.
It is necessary for the evolution of oxygen during
photosynthesis.

Deficiency symptoms:
(a) Manganese deficiency causes chlorotic and necrotic spots in

the interveinal areas of the leaf.
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3. Copper:
Source: It is found in small quantity in the soil as Cu2+ ion.
Region of plant in which required: It occurs in all parts of the
plant body.
Specific role (function):

It is a constituent of several oxidizing enzymes.
Its higher concentrations are toxic to plants.

Deficiency symptoms:
(a) Copper deficiency causes necrosis of the tip of the young

leaves.
(b) It also causes die-back of citrus and other fruit trees and

reclamation disease of cereals and leguminous plants.
4. Zinc:

Source: Only very minute quantities of the element are required
in the formof Zn2+ ion.
Region of plant in which required: It is found in all the parts of
the plants.
Specific role (function):
(a) It is involved in the biosynthesis of the growth hormone

auxin, Indole-3-Acetic acid (IAA).
(b) It acts as activator of many enzymes like carbonic anhydrase,

alcohol-dehydrogenase, etc.
Deficiency symptoms:
(a) Zinc deficiency causes chlorosis of the older leaves which

starts from tips and the margins.
(b) It causes mottle leaf disease in apple, citrus, walnut and other

fruit trees.
5. Boron:

Source: Boron is absorbed as borate ions. They are Bo3+ and
B4O72–.
Region of plant in which required: Highest concentration of
boron occurs in the leaves and the boron content of meristems,
roots, fruits and storage tissues is much lower.
Specific role (function):

Specific role of boron in the metabolism of plant is not clear.
It probably facilitates the translocation of sugars.

Deficiency symptoms:
(a) Boron deficiency causes death of the shoot tip.
(b) Flower formation is suppressed
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(d) Leaves become coppery in texture.
6. Molybdenum:

Source: It is required in the form of MO3+ or MO4+. It is the
source of soil.
Region of plant in which required: Everywhere, Mo3+
particularly in roots.
Specific role(function):

It is associated with the prosthetic group of the enzymes
nitrate reductase and nitrogenase and thus plays important
role in nitrogen metabolism.

Deficiency symptoms:
(a) Molybdenum deficiency causes chlorotic interveinal mottling

of the older leaves.
(b) Flower formation is inhibited
(c) Causes whip tail disease in cauliflower plants.

7. Chlorine:
Source: Chlorine is taken up as chlorides (Cl–) from the soil.
Generally this element is not deficient in the soil.
Region of plant in which required: It is required by every parts
of the plant.
Specific role (function):

In the form of chloride ions, it is involved in photolysis of
water and oxygen evolution in photosynthesis.
It is required for cell division in leaves and roots.
It is an important osmotically active solute.

Deficiency symptoms:
(a) Wilting of leaf tips occur which is followed by general

chlorosis and necrosis.
(b) Leaves show reduced growth and ultimately bronzing

(bronze colour) occurs.
(c) Roots become stunted in length but thickened near the tips.

8. Nickel:
Specific role (function):

It is co-factor of the enzyme urease in higher plants
Deficiency symptoms:
(a) Due to accumulation of urea in leaves, necrosis of leaf tips

occurs.
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1. Nitrogen deficiency causes ________ of leaves.
2. ________ deficiency may cause premature leaf fall.
3. Magnesium deficiency causes ________ of the leaves.
4. ________ deficiency causes necrosis of the tip of the young leaves.
5. Boron deficiency causes ________.

2.3 ABSORPTION OFMINERAL NUTRIENTS
(SOLUTE TRANSPORT)

Mineral salt absorption and water absorption are the two different
processes observed in plants.
Mineral salts are absorbed from the soil solution in the formof ions.
They are chiefly absorbed through the meristematic regions of the
roots near the tips.
First step in the absorption of mineral salt is the process of ion-
exchange which does not require metabolic energy but greatly
facilitates mineral salt absorption.
Plasma membrane of the root cells is not permeable to all the ions. It
is selectively permeable.
All the ions of the same salt are not absorbed at equal rate but there are
unequal absorptions of ions.
The ions adsorbed on the surface of the walls or membranes of the
root cells may be exchanged with the ions of same sign from external
solution. For example, the cation K+ of the external soil solution may
be exchanged with H+ ion adsorbed on the surface of the root cells.
Similarly, an anionmay be exchanged with OH- ion.
In this way, ion exchange takes place. Further process of the
absorption of mineral salt takes place by two ways, that is, passive
absorption and active absorption.
(A) Passive absorption of mineral salts: When the concentration of

mineral salts is higher in the outer solution than in the cell sap of
the root cells, the mineral salts are absorbed according to the
concentration gradient by simple process of diffusion. This is
called as passive absorption because it does not require
expenditure of metabolic energy. This can be explained by
Donnan’s equilibrium theory.
Donnan’s equilibrium theory:

According to this theory, there are certain pre-existing ions
inside the cell which cannot diffuse outside through
membrane. Such ions are called as indiffusible or fixed ions.
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cations of the outer solution.
Suppose, there are certain fixed anions in the cell which is in
contact with the outer solution containing anions and cations.
Normally equal number of anions and cations would have
diffused into the cell through an electrical potential to balance
each other, but to balance the fixed anions more cations will
diffuse into the cell. This equilibrium is known as Donnan’s
equilibrium. Now there will be an accumulation of cations
inside the cell.
If however, there are fixed cations inside the cell, the
Donnan’s Equilibrium will result in the accumulation of
anions inside the cell.

(B) Active absorption of mineral salts:
It is known that the cell sap in plants accumulates large
quantities of mineral salt ions against the concentration
gradient.
This cannot be explained by simple diffusion or Donnan’s
equilibrium and has led scientist to believe that absorption
and accumulation of mineral salts against the concentration
gradient is an active process which involves the expenditure
of metabolic energy through respiration.
It has now been accepted that active absorption of mineral
salts involves the operation of a carrier compound present in
plasma membrane of the cells which can be explained by the
carrier concept theory.

The carrier concept theory:
According to this theory, the plasma membrane is
impermeable to free ions. But some compound present in it
acts as carrier and combines with ions to form carrier-ion-
complexwhich can move across themembrane.
On the inner surface of the membrane, this complex breaks
releasing ions into the cell while the carrier goes back to the
outer surface to pick up fresh ions. Observations which
strongly supports the carrier concept of active absorption of
mineral salts are:
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Fig. 2.1: Diagrammatic representation of a model illustrating the carrier concept

(i) Isotopic exchange: Many times it has been observed that actively
absorbed radioactive ions (Such as 35SO4) cannot diffuse back or be
exchanged with other ions in the outer solution indicating thereby that
the plasma membrane is not permeable to free ions.

(ii) Saturation effects: Beyond a certain limits, increased concentration
of salts in outer solution does not bring about an increase in the rate of
mineral salt absorption. It is because the active sites on the carrier
compound become saturated with ions.

(iii) Specificity: Active sites on carrier compound may be specific which
can bind only some specific ions which explain the selective and
unequal absorption of ions by the plants.
There are some hypothesis based on carrier concept to explain the

mechanism of active salt absorption, but they are not universally accepted.

Check Your Progress

6. The mineral salts are absorbed according to the concentration
gradient by simple process of diffusion is called as ________.

7. According to this theory, there are certain pre-existing ions inside
the cell which cannot diffuse outside through membrane. Such ions
are called as ________.

2.4 HYDROPONICS

Hydroponics is a method of growing plants in water without soil (Gerick,
1937). The water must be enriched with nutrients and the plants need some
type of inert medium to support the root system. However the term
hydroponics is now being applied to plants rooted in sand, gravel or other
similar matter such as vermiculite or expanded clay which is soaked with a
recycling flow of nutrient-enriched water.

The plants are grown in a large tanks containing nutrient solution and are
supported by wire netting. The tanks are provided with the solution-regulating
and pumping system and are placed in greenhouses under controlled
environment. After about a month in the greenhouse when the plants flower,
they are further supported by strings attached to the greenhouse roof. Because
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known as tank farming.
Hydroponics has achieved success in experimental station around the

world and is gradually coming into commercial use in countries like United
States, AbuDhabi etc.

United Nations report on hydroponics: In large area of the tropics,
water deficiency is the limiting factor in crop production, and it is in these
regions that the soil-less methods hold out much promise because of the more
economical use of such water as is available. The report adds: in some areas,
lack of fertile soil or very thin soil layer may also make soil-less methods worth
serious consideration. Besides these, the other advantages of growing
cucumbers, egg plants, pepper, lettuce, spinach and other vegetables
hydroponically under controlled environment are

The regulation of nutrients
Control of pest and diseases,
Reduction of labour cost, and sometime,
Quicker yield

But there are twomain drawbacks of hydroponic farming
1. The cost of setting up the system is very high. A typical hydroponics

unit including the environmental control equipment and which
encompasses three quarters of an acre cost lakhs of rupees.

2. It requires skill and knowledge for its operation.
The UN report says: to make a real success of the method, it is necessary

to have some knowledge of a plant physiological principles and even of
elementary chemistry as well as sound knowledge of how to grow the crops.

However, our future of growing crops under unfavourable conditions
hydroponically seems to be promising.
Alternatives to grow plant hydroponically:

1. The nutrient film growth system in which plant roots lie on the
surface of Slanting trough and nutrient solution is pumped as a thin
film over the roots. This system ensures adequate supply of oxygen to
roots and the composition and pH of the nutrient solution can
automatically be controlled. This technique is often used in
commercial production.

2. Aeroponic growth system, or aeroponics, in which plant roots are
suspended over the nutrient solution in a nutrient mist chamber with
the help of motor drive and rotor, the nutrient solution is whipped into
a mist that is continuously sprayed on the plant roots. Although in this
technique, gaseous environment around the roots can easily be
manupulated, but due to greater requirement of nutrients and other
technical difficulties, aeroponics is not used widely.



NOTES

48
Self-Instructional
Material

Plant Nutrition, Biomolecules
andMetabolism

There is another variant of hydroponic system called ebb and flow system
in which a pump periodically fills an upper chamber containing plant roots with
nutrient solution. On turning off the pump, the nutrient solution returns back to
the main reservoir through the pump. During these processes, the plant roots
are exposed to nutrient solution. However, like aeroponics, these system also
requires greater amount ofmineral nutrients and is not much preferred.

Check Your Progress

8. ________ is a method of growing plants in water without soil.
9. ________ in which plant roots are suspended over the nutrient
solution in a nutrient mist chamber with the help of motor drive and
rotor.

2.5 TRANSLOCATION OF ORGANIC SOLUTES

The movement of organic food materials or the solutes in soluble from one
place to another in higher plants is called as translocation of organic solutes
Directions of translocation: Translocation of organic solutes may take place
in the following directions.

1. Downward translocation: Mostly, the organic material is
manufactured by leaves and translocated downward to stem and roots
for consumption and storage.

2. Upward translocation: It takes place mainly during the germination
of seeds, tubers etc. When stored food, after being converted into
soluble form, is supplied to the upper growing part of the young
seedling till it has developed green leaves. Upward translocation of
solutes also takes place through stem to young leaves, buds and
flowers which are situated at the tip of the branch.

3. Lateral translocation: Radical translocation of organic solutes also
takes place in plants from the cells of the pith to cortex.

Path of the Translocation of Organic Solutes

1. Path of downward translocation: Downward translocation of the
organic solutes takes place through phloem. This can be proved by the
ringing experiment.

2. Path of upward translocation: Although translocation of organic
solutes take place through phloem, but under certain conditions it may
take place through xylem.

3. Path of lateral translocation: Lateral translocation from pith to
cortex takes place throughmedullary rays.

Mechanism of Translocation
Various theories have been put forward to explain the mechanism of phloem
conduction. Among themMunchs’ (1930) hypothesis is more convincing.
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According to this hypothesis, put forward by Munch (1930) and others, the
translocation of organic solutes takes place through phloem along a gradient of
turgor pressure from the region of higher concentration of soluble solutes
(supply end) to the region of lower concentration (consumption end). The
principle involved in this hypothesis can be explained by a simple physical
system.

Two members X and Y permeable only to water and dipping in water are
connected by a tube T to form a closed system membrane X contains more
concentrated sugar solution than in membrane Y.

Due to higher osmotic presence of the concentrated sugar solution in the
membrane X, water enters into it so that its turgor pressure is increased. The
increase in turgor pressure results in mass flow of sugar solution to membrane
Y through the T till the concentration of sugar solution in both the membrane is
equal. In the above system, it could be possible to maintain continuous supply
of sugars in membrane X and its utilization on conversion into insoluble form
in membrane Y, the flow of sugar solution from X to Y will continue
indefinitely.

According to this theory, a similar analogous system for the translocation
of organic solutes exists in plants. As a result of photosynthesis, the mesophyll
cells in the leaves contain high concentration of organic food material in them
in soluble form and correspond tomembrane X or supply end.

The cells of stem and roots where the food material is utilized or converted
into insoluble form correspond to membrane Y or the consumption end. While
the sieve tubes in phloemwhich are placed end to end correspond to the tube T.

Mesophyll cells draw water from the xylem of the leaf due to higher
osmotic pressure and suction pressure of their sap so that their turgor pressure
is increased. The turgor pressure in the cells of stem and the roots is
comparatively low and hence, the soluble organic solutes begin to flow en mass
from mesophyll through phloem down to the cells of stem and the roots under
the gradient of turgor pressure. In the stem and the roots, the organic solutes are
either consumed or converted into insoluble form and the excess water is
released into xylem through cambium.

Phloem Transport

The carbohydrates manufactured in the leaves of higher plants are distributed to
roots and storage organs along the phloem. This long distance movement of
organic compounds is called translocation. Sucrose is the principal form in
which carbohydrates are translocated.

The food materials are always stored in insoluble form and are
translocated in solution or soluble form. During translocation, insoluble food is
first converted into soluble form. In higher plants, the food is translocated in
different organs of the plants through vascular system. The vascular system are
made up of xylem and phloem. The xylem elements are mainly involved in
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ascent of sap and phloem elements (sieve tubes) in translocation of food. The
following theory is proposed to explain the mechanism of translocation.

Munch Hypothesis

Munch (1930) proposed a hypothesis, according to which the soluble food
materials in the sieve tubes of the phloem showmass flow from the supply end
to the consumption end under a turgor pressure gradient. The main reason
behind this is that the sugars are synthesized in mesophyll cells of leaves due to
which the osmotic pressure (OP) of mesophyll cells is increased resulting in
absorption of water through xylem by endosmosis.

Fig. 2.2: Diagram showing the principle of Munch hypothesis

Now, the turgor pressure of mesophyll cells increases towards upper side
which affects and produces mass flow in the sap of sieve tube towards lower
side. Thus, the sugars move downwards into the roots where they are utilised
during respiration and growth and their concentration is also reduced. Thus, the
food materials always move from higher concentration towards lower
concentration continuosly.

It is demonstrated by the following hypothesis:
Two osmotic membranes, A and B, are connected by a tube T, thus
forming a closed system.
A is filled with a highly concentrated sugar solution and correspond to
the supply end in the plant while B is filled with water and
corresponds to the consumption end.
T also contains water and corresponds to the longitudinal system of
sieve tubes connecting leaf and root cells.
The membranes are immersed in water contained in a vessel which
corresponds to the systemof xylem ducts.
A rapid osmotic diffusion of water intoA takes place and will set up a
pressure in the closed system.
The diffusion pressure will be transmitted to B with the result that
water will be forced out of that membrane.
A mass flow of solution fromA toBwill take place, and will continue
until the concentration of solution in both the membranes is equalised.
At that time, the solution in the closed system will be in a state of
dynamic equilibrium with the outer water, and consequently, there
will be no movement of water in the tubeT.

Water

T

A B

Concentrated
Sugar Solution

Dilute
Sugar Solution
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B could be arranged, a continuous mass movement of solution fromA
to B and a continuous passage of water from B into the outer vessel
would be established.

According to Munch, an osmotic mechanism analogous to that just
described controls the downward movement of organic substances through the
phloem, as illustrated diagrammatically.

Fig. 2.3: Diagram illustrating the mechanism of pressure flow hypothesis of Munch.
C - cambium cells, P - the system of sieve tubes, X - xylem vessels

As a result of photosynthesis, the osmotic concentration of the mesophyll
cells is maintained at a high potential, even though some solutes are being
moved down the phloem. Continuous supply of large amounts of water in the
leaf cells is maintained due to its upward movement in the xylem. These two
factors result in a high turgor pressure in the mesophyll cells of the leaf. This
causes some of the cell solution to be forced into the sieve tubes (P). This is
made possible due to the presence of plasmodesmata which connect the
mesophyll cell with each other and ultimately with the sieve tubes. The loss of
solutes from the mesophyll cells is made up by more of them being synthesised
in photosynthesis. The solutes then move down the symplast of sieve tubes. A
fraction of the solutes moves laterally from the sieve tubes into the cambium (C)
and other living cells and the excess water in the sieve tubes is forced through
the cambium into the xylem (X) where it joins the ascending stream of water
and again reaches the leaf cells. Most of the solutes, however, reach the roots
where they are used up in metabolism or are converted into insoluble storage
products, thus keeping the osmotic pressure of root cells at a lower level as
compared to that of the leaf cells. Movement of solutes always takes place from
a region of high to one of low turgor pressure. The mechanism could also
account for the upward translocation from storage tissues. The main evidence
in support of this mechanism is derived from the exudation of sap in many
species when a cut is made in the phloem of the stem.

Mesophyll Cells

CO2 H2OCO2 H2O
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Drawback of Munch Hypothesis

The main drawback is that it explains only unidirectional downward flow of
soluble foodmaterials.

The translocation is a purely physical process, it does not explain the
necessity of living sieve tubes and the effect of temperature and metabolic
inhibition which would suggest that translocation is a physiological process
which requires energy and is not a passive phenomenon. It has been suggested
that temperature and inhibitors have no direct effect on translocation but
influence the basic metabolism of the sieve tubes which is comparatively slow.
Moreover, the absence of the nucleus indicates that metabolic energy is not
involved in the process.

Check Your Progress

10. ________ it takes place mainly during the germination of seeds,
tubers etc.

11. Downward translocation of the organic solutes takes place through
________.

12. Lateral translocation from pith to cortex takes place through
________.

2.6 BIOMOLECULES

2.6.1 Carbohydrate
The name carbohydrate indicates that they are hydrates of carbon and
contain carbon, hydrogen and oxygen. Most of them contain hydrogen and
oxygen in the ratio of 2:1. For that reason, the general empirical formula of
carbohydrates is given as [C(H2O)]n, e.g., glucose (C6H12O6), fructose
(C6H12O6), and sucrose (C12H22O11) have the ratio of hydrogen to oxygen as 2:1
as in water.

Carbohydrates are aldehyde and ketone derivatives of polyhydroxy
alcohols. Each carbohydrate therefore contains an aldehyde or a ketone group
and is known as an aldose or a ketose.

where, R is Alkyl grop

Fig. 2.4: Aldehyde and Ketone

Definition

Carbohydrates are defined as the substances which are either polyhydroxy
aldehyde (-CHO) or ketone (=CO) group or are substances that yield
polyhydroxy aldehyde or ketone on hydrolysis, e.g., glucose is a polyhydroxy
aldehyde and fructose is polyhydroxy ketone.
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1. The carbohydrates formed in photosynthesis plays an important role in
the life of plants and animals. Their molecules store and transport
energy, and it is utilized in various biochemical and physiological
processes in the cell.

2. The carbohydrates in the living cell are in a constant flux participating
in many enzyme catalysed reactions. This is necessary to convert bond
energy into chemical energy for the growth and development of the
cell.

3. A large number of carbohydrates isolated from the plants are
components of the cell wall, protoplasm and cell sap while others
accumulate as insoluble storage products.

4. Carbohydrates occur in grains, tubers, roots, flowers, fruits and in
certain other secretions. In grains, tubers and roots, the carbohydrates
are starch and cellulose and form the staple food for men.

5. The wood produced by plants is cellulose.
6. The nectar contains cane sugar and glucose.
7. Fruits and juices of various plants also contain cane sugar and glucose.
8. The seed husk, corn-cobs, plant gums and mucilage contain large

amount of pentosans.
9. The most important role of carbohydrates is the production of energy

in the formof ATP both in plants and animals.

Properties of Carbohydrate

Physical properties:
1. They are sweet and colourless solids.
2. They are soluble in water, sparingly soluble in alcohol and insoluble

in ether.
3. They contain asymmetric carbon atom and hence exist in different

isomeric forms.
Chemical properties:
The chemical properties are based on –CHO or =CO and –OH groups present
in them.
(a) Oxidation: They are easily oxidized by the oxidizing agents. For

example, glucose forms gluconic acid on oxidation with Tollen’s
reagent or Fehling’s solution.

Fig. 2.5: Oxidation
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(b) Reduction: Free aldehyde and ketone groups of carbohydrates are
reduced to alcoholic hydroxyl groups by sodium-mercury amalgam
and water. For example, D-glucose after reduction formed a mixture
of polyhydroxy alcohols; sorbitol and mannitol.

Fig. 2.6: Reduction

(c) Condensation reactions: Aldehyde groups of carbohydrates
condense with primary amines to form a Schiff’s base. When treated
with hydroxylamine, glucose forms glucose oxime.

(d) Reaction with HCN: Addition of HCN to sugars containing free
aldehyde or ketone groups yields cyanohydrins.

Fig. 2.7: Reaction with HCN

(e) Esterification: The hydroxyl groups of alcohols in the carbohydrate
may be converted to esters by treatment with the appropriate
acetylating agents. For example, when D-glucose is treated with acetic
anhydride in the presence of pyridine or anhydrous ZnCl2, penta-
acetyl glucose is formed.

Fig. 2.8: Esterification

(f) Methylation: Methylating agents react with carbohydrate to yield
glycoside.

Fig. 2.9: Methylation
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micro-organisms and produce ethanol and carbon dioxide.

Fig. 2.10: Fermentation

Classification of Carbohydrates

The naturally occurring carbohydrates may be classified into four main groups,
particularly on the basis of their behavior towards hydrolysis.

1. Monosaccharides (Gk: Mono = one; Sakcharon = sugar): They are
the simplest sugars and cannot be hydrolysed into simpler compounds.
Their general formula is Cn(H2O)n.
The monosaccharides are divided into different categories, based on
the functional group and the number of carbon atoms.
(a) Aldoses: When the functional group in monosaccharides is an

aldehyde (–CHO), they are known as aldoses, e.g.
glyceraldehydes, glucose.

(b) Ketoses: When the functional group is a keto (=CO) group, they
are referred to as ketoses, e.g. dihydroxyacetone, fructose.

Based on the number of carbon atoms, the monosaccharides are
regarded as
(i) Triose contains three carbon atoms, e.g. Glyceraldehyde and

dihydroxy acetone.
(ii) Tetrose contains four carbon atoms, e.g. Erythrose and threose.
(iii) Pentose contains five carbon atoms, e.g. Ribose, Ribulose,

deoxyribose, Arabinose, xylose and xylulose.
(iv) Hexose contains six carbon atoms, e.g. Glucose, Fructose,

Mannose and Galactose.
(v) Heptose contains seven carbon atoms, e.g. Sedoheptulose.
Other is Octose and Nonose, containing eight and nine carbon atoms,
respectively.

2. Oligosaccharides (Gk: Oligo = few; Sakcharon = sugar): On
hydrolysis they generally yield 2 to 9 molecules of
monosaccharides which are sugars and include di-, tri-,
tetrasaccharides, etc.
Oligosaccharides may be classified into:
(i) Disaccharides: Yield 2-molecules of monosaccharides on

hydrolysis, e.g. Sucrose, Maltose, Lactose, Melibiose, Cellobiose,
Gentiobiose, Trehalose.

(ii) Trisaccharides: Yield 3-molecules of monosaccharides on
hydrolysis, e.g. Gentiobio seraffinose &melezitose.
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(iii) Tetrasaccharides: Yield 4-molecules of monosaccharides on
hydrolysis, e.g. Stachyose. Others are penta and hexasaccharides
which yield 5 and 6-molecules ofmonosaccharides, respectively.

3. Polysaccharides: (Gk: Poly = many; Sakcharon = Sugar): On
hydrolysis they yield many monosaccharides (hundreds or even
thousands) and are non–sugars. Their general formula is (C6H12O5)x.
Polysaccharides include the following non-sugars:
(i) Pentosans. e.g., Araban and Xylan.
(ii) Hexosans: They are further classified into:

(a) Glucosans. e.g. Starch, Cellulose and Glycogen.
(b) Fructosans. e.g. Inulin, Synanthrin, Graminin, etc.
(c) Mannans. e.g. Mannane, Mannocellulose.
(d) Galactans. e.g. Galactane, Paragalactane.

(iii) Pectic compounds. e.g. Pectic acid, pectin & protopectin.
(iv) Gums
(v) Amino-hexosans. e.g. Chitin
(vi) Mucilages

4. Glycosides: They are a kind of oligosaccharides which on hydrolysis
yield a carbohydrate, and a non-carbohydrate, and a non carbohydrate
fragment, which may be hydroxyl-compound or a nitrogen base e.g.,
arbutin and Salicin are o-glycosides.
C12H16O7 + H2O C6H12O6 + C6H6O2
Arbutin Glucose Hydroquinone

(Carbohydrate) (Non-carbohydrate)
Adenosine gives a pentose sugar and adenine - a nitrogenous base.

Functions of Carbohydrate

1. They are most abundant dietary source of energy (4 Cal/g) for all
organisms.

2. Carbohydrates are precursors for many organic compounds (fats,
amino acids).

3. Carbohydrates (as glycoproteins and glycolipids) participate in the
structure of cell membrane and cellular functions such as cell growth,
adhesion and fertilization.

4. They are structural components of many organisms. These include the
fiber (Cellulose) of plants, exoskeleton of some insects and the cell
wall ofmicroorganisms.

5. Carbohydrates also serve as the storage form of energy (glycogen) to
meet the immediate energy demands of the body.
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Aldoses: Glyceraldehyde has one asymmetric carbon and two optical isomers,
the dextro-rotatory and the laevo-rotatory forms. Dextro-rotatory compounds
rotate a beam of polarized light to the right and are labeled as (d) or (+). Laevo-
rotatory compounds rotate polarized light to the left and are labeled (l) or (–).

Fig. 2.11: D- and L-glyceraldehyde

The number of possible isomers depends on the number of asymmetric
carbon atoms present in the compound. Thus there are two groups of sugars, i.e.
D-sugars derived from dextro-glyceraldehyde and L-sugars from laevo-
glyceraldehyde. It should be noted that the letters D and L refer only to the
configuration of the last but one carbon atom from the end of the chain
containing the aldehyde or ketone groups, and do not give any indication of
optical activity. D sugars could thus be either dextro-rotatory (D (+)) or laevo-
rotatory (D (–)), depending on the configuration of the other carbon atoms
present in the molecule. If n represents the number of carbon atoms in the
molecule, then 2nd represents the number of possible isomers.

Table 2.1: Possible number of isomers of aldose.

Sugars Asymmetrical
C atoms (n)

Number of forms

Dextro Laevo

Trioses
Tetroses
Pentoses
Hexoses

n = 1
n = 2
n = 3
n = 4

1
2
4
8

1
2
4
8

Ketoses: The triose dihydroxyacetone is the simplest ketose, but does not show
any optical activity. The tetrose D-erythrulose is therefore the parent compound
of all the D-ketoses. Addition of secondary alcohol groups results in the
formation of pentoses, hexoses etc.

Fig. 2.12: D-erythrulose

Table: 2.2: Possible number of isomers of ketoses.

Sugars Asymmetrical
C atoms (n)

Number of forms
Dextro Laevo

Trioses
Pentoses
Hexoses

n = 1
n = 2
n = 3

1
2
4

1
2
4
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Trioses: It contains three carbon atoms, e.g., glyceraldehydes (an aldose) and
dihydroxyacetone (a ketose)

Fig. 2.13: Trioses. Glyceraldehyde (aldose) and dihydroxyacetone (ketone)

Tetroses: It contains four carbon atoms in the chain. Only two are possible,
erythrose and threose. On nitric acid oxidation, erythrose yields mesotartaric
acid, while threose gives D (–) tartaric acid.

Fig. 2.14: Tetroses

Pentoses: It contains five carbon atoms in themolecule.

Fig. 2.15: Pentoses

Hexoses: It contains 6-carbon atom in its molecule. Hexoses of biological
importance are glucose, galactose, mannose and fructose.
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Fig. 2.16: Hexoses

Structure of Glucose

Glucose is an aldohexose and is also known as dextrose. It is the monomer of
many of the larger carbohydrates, namely starch, cellulose. It occurs freely in
nature as well as in the combined form. It is present in sweet fruits and honey.
Ripe grapes also contain glucose in large amounts. Its molecular formula was
found to be C6H12O6.

CHO

4(CHOH)

2CH OH

Open Chain Structure of Glucose

It was assigned the open chain structure, on the basis of following evidences.
1. From the elemental analysis and molecular weight determination

experiments, the molecular formula of glucose was found to be
C6H12O6.

2. Glucose on prolonged heating with HI gives n-hexane, suggesting that
all the six carbons are linked in straight chain.
CHO

4(CHOH)

2CH OH

hot HI
3 2 2 2 2 3CH CH CH CH CH CH

Glucose n-hexane

3. Glucose reacts with hydroxylamine to give an oxime and adds a
hydrogen cyanide molecule to give cyanohydrins. These reactions
confirm the presence of a carbonyl group in glucose.

Glucose Glucoxime + H2O

Glucose Glucose cyanohydrins
4. Glucose on oxidation by a mild oxidizing agent like bromine water

gives gluconic acid, which shows that the carbonyl group is aldehyde
group.

Glucose + (O) Gluconic acid

NH2-OH

Bromine water

HCN

Talose Talose
Furanose form Furanose form

CH2OH

O
HO

O

H,OHH,OH
HOOH

OHH

CH2OH

OHHO
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5. Glucose, as well as gluconic acid. on oxidation by dilute nitric acid
gives a dicarboxylic acid, saccharic acid. This indicates the presence
of a primary alcoholic group (-CH2OH) in glucose.

Glucose Saccharic acid Gluconic acid
6. Glucose on acetylation by acetic anhydride gives glucose penta

acetate, which confirms the presence of five hydroxyl groups. As
glucose is a stable compound, these five hydroxyl groups must be
present on different carbon atoms.

Glucose Glucose penta acetate
After studying many other properties, Fischer gave the exact spatial

arrangement of different –OH groups.

Cyclic Structure of Glucose

The behavior of glucose cannot be explained on the basis of its open structure.
Alcohol adds to a carbonyl group in presence of dry HCl to give a hemiacetal.
If the aldehyde group and hydroxyl group are part of the same molecule, a
cyclic hemiacetal results. Cyclic hemiacetals if result in 5 or 6 membered rings,
they are more stable than their open chain forms. It is assumed that a six-
membered cyclic hemiacetal is formed by intramolecular nucleophilic addition
of –OH group at C-5 to –CHO group. A new chirality center is generated at the
former carbonyl carbon (C1 called anomeric carbon) and two diastereomers,
called anomers, are produced. These anomers differ only in the configuration of
hydroxyl group at C-1, called anomeric carbon. In Haworth formula, if –OH
group at C-1 (anomeric hydroxyl group) is trans to the –OH at the lowest
chirality center, the isomer is called anomer. If –OH group at C-1 is cis to the
–OH group at the lowest chirality center the isomer is called anomer. These
cyclic six-membered structures of glucose are called pyranose structures, in
analogy with pyran. Pyran is a heteroxyclic compound with one oxygen atom
and five carbon atoms in the ring.

dil. HNO3 dil. HNO3

Acetic anhydride

Glucose Gluconic acid Saccharic acid
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chain structure as follows. In aqueous, and anomeric forms of glucose are
in proportions 37:63.

Fig. 2.17: Mutarotation of glucose representing and anomers

Structure of Starch

Starch is the carbohydrate reserve of plants which is the most important dietary
source for higher animals, including man. High content of starch is found in
cereals, roots, tubers, vegetables, etc. Starch is a homopolymer composed of
D-glucose units held by -glycosidic bonds. It is known as glucosan or glucan.

Starch consists of two polysaccharides components - water-soluble
amylose (15-20%) and a water-insoluble amylopectin (80-85%). Chemically,
amylose is a long unbranched chain with 200-1000 D-glucose units held by
(1 4) glycosidic linkages. Amylopectin, on the other hand, is a branched
chain with (1 6) glycosidic bonds at the branching points and (1 4)
linkages everywhere else. Amylopectin molecule containing a few thousand
glucose units looks like a branched tree (20-30 glucose units per branch).

Fig. 2.18: Structure of Starch

Amylose

Amylopectin
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The ratio of amylose to amylopectin in starch is different for different
tissues. The starch from normal maize seed contains about 20% amylase and
80%amylopectin.

Starches are hydrolysed by amylose (pancreatic or salivary) to liberate
dextrin, and finally maltose and glucose units. Amylose acts specifically on
(1 6) glycosidic bonds.

2.6.2 Amino Acids

Amino acids are a group of organic compounds containing two functional
group -amino and -carboxyl. The amino group (-NH2) is basic while the
carboxyl group (-COOH) is acidic in nature. The amino acids are termed as
-amino acids, if both the carboxyl and amino groups are attached to the same
carbon atom, as depicted below:

(Where R- represents a great variety of structures)
Fig. 1.19 (a): General formula of an amino acid

Fig. 1.19(b) : Proteins on hydrolysis yield a mixture –amino acids

The -carbon atom binds to a side chain represented by R which is
different for each of the 20 amino acids found in proteins. The amino acids
mostly exist in the ionized form in the biological system (shown above).
Amino acids commonly found in protein: Amino acids are the building
blocks of which proteins are made. Simple proteins contain only amino acids,
while conjugated proteins have additional components. Twenty amino acids are
found in protein, they are as follows:
Glycine: It is the only amino acid without an asymmetric carbon atom. Hence
it does not have D or L form. The side chain consists of hydrogen. It is
abbreviated as ‘Gly’.
Alanine: It has a methyl group as its side chain. It is abbreviated as ‘Ala’.
Valine: It has twomethyl groups in the side chain. It is abbreviated as ‘Val’.
Leucine: It has a side chain similar to that of valine except that it has an
additional CH2 group. It is abbreviated as ‘Leu’.
Isoleucine: It is an isomer of leucine but has a second asymmetric carbon atom.
It is abbreviated as ‘Ile’.
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gives serine. Thus serine has a hydroxyl group in the side chain. It is
abbreviated as ‘Ser’.
Threonine: It is the other aliphatic amino acid with a hydroxyl group in the
side chain. It has a second asymmetric centre. It is abbreviated as ‘Thr’.
Cysteine: It can be derived from alanine by replacement of the hydrogen with
an –SH group. Thus the side chain of cysteine contains a sulphur atom. It is
abbreviated as ‘Cys’.
Methionine: It is the other amino acid with a sulphur atom in the side chain.
The starting amino acid in the synthesis of polypeptide chains is methionine. It
is abbreviated as ‘Met’.
Aspartic acid: It is dicarboxylic amino acid. The carboxyl group of the side
chain dissociates at physiological pH to give the negatively charged side chain.
Replacement of the -hydrogen of alanine by COO– gives aspartic acid. It is
abbreviated as ‘Asp’.
Aspargine: It is the uncharged derivative of aspartate. It contains a terminal
amide group instead of a carboxylate. It is abbreviated as ‘Asn’.
Glutamic acid: It is the other dicarboxylic amino acid. Like in aspartic acid,
the carboxyl group of the side chain dissociates at physiological pH to give a
negatively charged side chain. It is abbreviated as ‘Glu’.
Glutamine: It is uncharged derivative of glutamate. Like asparagines it
contains a terminal amide group instead of a carboxylate. It is abbreviated as
‘Gln’.
Arginine: It is positively charged at neutral pH and is therefore a basic amino
acid. It is abbreviated as ‘Arg’.
Lysine: It is also positively charged at neutral pH. It is abbreviated as ‘Lys’.
Hydroxylysine: It is a hydroxylated derivative of lysine. It has a second
asymmetric carbon atom, as in isoleucine and threonine. It is abbreviated as
‘Hyl’.
Histidine: It may be positively charged or neutral, depending on the local
environment. It is the only amino acid having a proton that dissociates in
the neutral pH range. It is abbreviated as ‘His’.

Phenylalanine: It is an aromatic amino acid. Replacement of a -hydrogen of
alanine by phenyl gives phenylalanine. It is abbreviated as ‘Phe’.
Tyrosine: It is an aromatic amino acid. Structurally, it is a phenolic hydroxyl. It
is a hydroxylated derivative of phenylalanine. It is abbreviated as ‘Tyr’.
Tryptophan: It is an aromatic amino acid. It is abbreviated as ‘Trp’.
Proline: It has an imino group (NH2+) instead of a NH3+ group attached to the
-carbon atom. It is therefore an imino acid and not an amino acid the side
chain is bonded both to the -carbon and the NH2+ group, thus forming a cyclic
structure. It is abbreviated as ‘Pro’.



NOTES

64
Self-Instructional
Material

Plant Nutrition, Biomolecules
andMetabolism

4-hdroxylproline: It is a hydroxylated derivative of proline. The hydroxyl
(-OH) group is added to proline after the protein has been synthesized. It has
two asymmetric carbon atoms. It is abbreviated as ‘Hyp’.
Thyroxine: It occurs only in the protein thyroglobulin formed in the thyroid
gland. It contains four atoms of iodine. It is abbreviated as ‘Thy’.

Classification of Amino Acid

There are different ways of classifying the amino acids based on the structure
and chemical nature, nutritional requirement, metabolic fats etc.

1. Amino acid classification based on the structure: A comprehensive
classification of amino acids is based on their structure and chemical
nature. Each amino acid is assigned a 3 letter symbol. These symbols
are commonly used to represent the amino acids found in protein
structure. The 20 amino acids found in proteins are divided into seven
distinct groups.
(a) Amino acids with aliphatic side chains: These are monoamino

monocarboxylic acids. This group consists of the simplest amino
acids – glycine, alanine, valine, leucine and isoleucine. The last
three amino acids (Val, Leu, Ile) contain branched aliphatic side
chains, chain amino acids.

(b) Hydroxyl group containing amino acids: Serine, threonine and
tyrosine are hydroxyl group containing amino acids. Tyrosine -
being aromatic in nature - is usually considered under aromatic
amino acids.

(c) Sulfur containing amino acids: Cysteine with sulfydryl group
and methionine with thioether group are the two amino acids
incorporated during the course of protein synthesis. Cysteine,
another important sulfur containing amino acid, is formed by
condensation of twomolecules of cysteine.

(d) Acidic amino acids and their amides: Aspartic acid and
glutamic acids are dicarboxylic monoamino acids while
asparagine and glutamine are their respective amide derivatives.
All these four amino acids possess distinct codons for their
incorporation into proteins.

(e) Basic amino acids: The three amino acids lysine (with guanidine
group) and histidine (with imidazole ring) are dibasic
monocarboxylic acids. They are highly basic in character.

(f) Aromatic amino acids: Phenylalanine, tyrosine and tryptophan
(with indole ring) are aromatic amino acids. Besides these,
histidine may also be considered under this category.

(g) Imino acids: Proline containing pyrrolidine ring is a unique
amino acids. It has an imino group (=NH2), instead of an amino
group (-NH2) found in other amino acid. Therefore, proline is a
-imino acid.
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classified into 4 groups based on their polarity. The polarity, in turn,
reflects the functional role of amino acids in protein structure.
(a) Non-polar amino acids: These amino acids are also referred to as

hydrophobic (water hating). They have no charge on the ‘R’
group. The amino acids included in this group are – alanine,
leucine, isoleucine, valine, methionine, phenylalanine, tryptophan
and proline.

(b) Polar amino acids with no charge on ‘R’ group: These amino
acids, as such, carry no charge on the ‘R’ group. They however
possess groups such as hydroxyl, sulfhydryl and amide and
participate in hydrogen bonding of protein structure. The amino
acid glycine (where R=H) is also considered in this category.
They are also acids considered in this category. The amino acids
in this group are – glycine, serine, threonine, cysteine, glutamine,
asparagine and tyrosine.

(c) Polar amino acids with positive ‘R’ group: The three amino
acids lysine, arginine and histidine are included in this group.

(d) Polar amino acids with negative ‘R’ group: The dicarboxylic
mono amino acids – aspartic acid and glutamic acid are
considered in this group.

3. Classification of amino acids on nutritional requirement: The
twenty amino acids are required for the synthesis of proteins, besides
other biological function. However, all these 20 amino acids need not
be taken in the diet. Based on the nutritional requirements, amino
acids are grouped into two classes - essential and non essential.
(a) Essential or indispensable amino acids: The amino acids which

cannot be synthesized by the body and, therefore need to be
supplied through the diet are called essential amino acids. They
are required for proper growth and maintenance of the individual.
Following 10 amino acids essential for human being :
Arginine, Valine, Histidine, Isoleucine, Leucine, Lysine,
Methionine, Phenylalanine, Threonine, Tryptophan.
The two amino acids namely arginine and histidine can be
synthesized by adults and not by growing children, hence these
are considered as semi-essential amino acid (remember Ah, to
recall). Thus, 8 amino acids are absolutely essential while 2 are
semi-essential.

(b) Non-essential or dispensable amino acid: The body can
synthesize about 10 amino acids to meet the biological needs,
hence the need not be consumed in the diet. These are – glycine,
alanine, serine, cystine, aspartate, asparagine, glutamate,
glutamine, tyrosine and proline.
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4. Amino acid classification based on their metabolic fats: The
carbon skeleton of amino acids can serve as a precursor for the
synthesis of glucose (glycogenic) of fat (ketogenic) or both. From
metabolic view point, amino acids are divided into three groups.
(a) Glycogenic amino acids: These amino acids can serve as

precursors for the formation of glucose of glycogen, e.g. alanine,
aspartate, glycine, methionine, etc .

(b) Ketogenic amino acids: Fat can be synthesized from these amino
acids. Two amino acids leucine and lysine are exclusively
ketogenic.

(c) Glycogenic and ketogenic amino acid: The four amino acids
isoleucine, phenylalanine, tryptophan, tyrosine are precursors for
synthesis of glucose as well as fat.

Peptide Bond

When two amino acids molecules can be covalently joined through a
substituted amide linkage, termed a peptide bond, to yield a dipeptide. Such a
linkage is formed by removal of the elements of water (dehydration) from the
-carboxyl group of one amino acid and the -amino group of another. Peptide
bond formation is an example of a condensation reaction. When three amino
acids can be joined by two peptide bonds to form a tripeptide; similarly, amino
acids can be linked to form tetrapeptides and pentapeptides. When a few amino
acids are joined in this fashion, the structure is called an oligopeptide. When
many amino acids are joined, the product is called a polypeptide. Proteins may
have thousands of amino acid residues (the term residue reflects the loss of the
elements of water when one amino acid is joined to another).

In a peptide, the amino acid residue at the end with a free -amino group is
the amino-terminal residue; the residue at the other end, which has a free
carboxyl group, is the carboxyl-terminal residue.

Although hydrolysis of a peptide bond is an exergonic reaction, it occurs
slowly because of its high activation energy. As a result, the peptide bonds in
proteins are quite stable.

Fig. 2.20: Formation of a peptide bond by condensation
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partial double bond in character. It generally exists in trans configuration. Both
–C=O and –NH groups of peptide bonds are polar and are involved in
hydrogen bond formation.
Writing of peptide structures: Conventionally, the peptide chains are written
with the free amino end (N-terminal residue) at the left, and the free carboxyl
end (C-terminal residue) at the right. The amino acid sequence is read from
N-terminal end to C-terminal end. Incidentally, the protein biosynthesis also
starts from the N-terminal amino acid.
Shorthand to read peptides: The amino acids in a peptide or protein are
represented by the 3-letter or one letter abbreviation. This is the chemical
shorthand towrite proteins.
Naming of peptides: For naming peptides, the amino acid suffixes –ine
(glycine), -an (tryptophan), -ate (glutamate) are changed to –yl with the
exception of C-terminal amino acid. Thus a tripeptide composed of an
N-terminal glutamate, a cysteine and a C-terminal glycine is called glutamyl-
cysteinyl-glycine.

2.6.3 Lipids
Like carbohydrates, they are composed of carbon, hydrogen and oxygen, but
are poorer in oxygen, and are made up of carbon chains of various lengths.
Lipids are esters of fatty acids and alcohols. The lipids comprise a large group
of structurally distinct organic compound including fats, waxes, phospholipids,
glycolipids etc. Lipids (In Greek: lipos - fat) are of great importance to the
body as the chief concentrated storage form of energy, besides this role in
cellular structure and various other biochemical function. As such, lipids are a
heterogeneous group of compound and, therefore, it is rather difficult to define
them precisely. In plants, they are present in the seeds, nuts and fruits.

Definition

Lipids may be regarded as organic substance relatively insoluble in water,
soluble in organic solvent (alcohol, ether etc.), actually or potentially related
to fatty acid and utilized by the living cell.

Unlike the polysaccharides, proteins and nucleic acid, lipids are not
polymers. Further, lipids aremostly small molecules.

Biological Role of Lipid

1. They serve as a source of energy.
2. They are also involved in the building of cellular components.
3. Phospholipids and steroids are present in membranes. They serve an

important role in binding both types of compounds, hydrophilic and
hydrophobic in the membrane.

4. Waxes generally form protective covering in plants and animals. They
protect living surfaces against bacteria and insect invasion.
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Properties of Fatty Acids and Fats

Physical Properties:
1. Fats and fatty acids are soluble in organic solvents such as petroleum

ether, benzene and chloroform and are insoluble in water.
2. Saturated fatty acids are solid at room temperature, while unsaturated

fatty acids are liquid.
3. Unsaturated fatty acids show cis-trans isomerism due to presence of

double bonds.
4. They are bad conductors of heat.
5. Saturated glycerides containing fats require high temperature for

melting, while unsaturated glycerides containing fats require relatively
lower temperature for its melting.

Chemical Properties:
1. Hydrolysis: Fats undergo hydrolysis when they are treated with

mineral acids, the alkalis or fat splitting enzyme lipase or hydrolysis to
yield glycerol and the constituent fatty acids.

Fig. 2.21: Hydrolysis

Hydrolysis by alkalis such as NaOH or KOH leads to the formation of
sodium or potassium salt of fatty acids. The salts are known as soaps
and process of its formation is known as Saponification.

2. Hydrogenation: Oils containing unsaturated fatty acids can be
hydrogenated in presence of high temperature, pressure and finely
divided nickel. By this process, the oils are converted into solid fats
(glycerides of saturated fatty acids).
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Fig. 2.22: Hydrogenation

This reaction forms the basis of the industrial production of
hydrogenated oil (vegetable ghee or margarine). In commercial
production of margarine, hydrogenation is stopped at a semisolid fat
stage. Such fats are solid, brittle and unpalatable. Fats are used in
making candles.

3. Hydrogenolysis: Oil and fats are converted into glycerol and a long
chain aliphatic alcohol when excess of hydrogen is passed through
them under pressure and in presence of copper-chromium catalyst.
This splitting of fat by hydrogen is called hydrogenolysis.
CH2OOCC17H35 CH2OH

6H2,Cu Cr
CHOOCC17H35 200 atm CHOH + 3C12H35CH2OH

CH2OOCC17H35 CH2OH
Octadecyl
Tristearin (fat) Glycerol alcohol

4. Halogenation: When unsaturated fatty acids are treated with halogens
such as iodine and chlorine, they take up iodine or other halogens at
their double bond site. This process of taking of iodine is known as
halogenation and it is an indication of unsaturation. Iodine number is
the percentage of iodine absorbed by fat.

CH3(CH2)7CH=CH(CH2)7COOH+ I2 CH3(CH2)7CH CH(CH2)7COOH
Oleic acid Iodine | |

I I
Halogenated oleic acid.

5. Rancidity: Oils and fats, on long storage in contact with heat, light,
air and moisture, develop an unpleasant odour. Such oils and fats are
known as rancid oils and fats. The rancidity develops due to certain
chemical changes taking place in fat. The changes include-
(i) Enzymatic hydrolysis: In presence of enzymes and micro-

organisms, the fats and oils from bad smelling lower fatty acids.

Vegetable oil
H2 gas

Ni powder, pressure
Solid fat

CH2O.CO C17H33

CHO.CO C17H33 + 6H

CH2O.CO C17H33
Triolein (oil)

CH2O.CO C17H35

CHO.CO C17H35

CH2O.CO C17H35
Tristaerin (fat)
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(ii) Air oxidation of unsaturated fatty acids: During air oxidation,
the unsaturated fatty acid portions of fats are oxidized at the site of
double bonds into aldehyde and ketones with unpleasant odour.

(iii) -oxidation of saturated fatty acids: The saturated fatty acids
undergo -oxidation followed by decarboxylation to form ketones
of unpleasant odour.

In all the above cases, hydrolysis of fats is caused by enzyme lipase
which is produced by micro-organisms present in them. To check the
development of rancidity, it is, therefore, essential. Aphenfol, ascorbic
acid and vitamin E ( -tocopherol) are antioxidants and they prevent
the rancidity of fat.

6. Emulsification: The process of breaking of large-sized fat molecules
into smaller ones is known as emulsification. In animals, it is brought
about by bile juice liberated from liver. Other emulsifying agents are
water, soaps, proteins and gums.

Classification of Lipids

Lipids are broadly classified (modified form Bloor) into simple, complex,
derived and miscellaneous lipids, which are further subdivided into different
group

1. Simple lipids: They are the ester of fatty acids with various alcohols.
They aremainly of two types-
(a) Fats and Oil (triacylglycerols): There are esters of fatty acid with

glycerol. The difference between fat and oil is only physical.
Thus, oil is a liquid while fat is solid at room temperature.

(b) Waxes: Esters of fatty acid (usually long chain) with alcohol
other than glycerol. These alcohols may be aliphatic or alicyclic.
Cetyl alcohol is most commonly found in waxes.

2. Complex (or compound) lipids: These are esters of fatty acids with
alcohols containing addition group such as phosphate, nitrogenous
base, carbohydrate, protein etc. They are further divided as follows:
(a) Phospholipids: They contain phosphoric acid and frequently a

nitrogenous base. This is in addition to alcohol and fatty acids.
(i) Glycerophospho lipids: These phospholipids contain

glycerol as the alcohol, e.g., lecithin, cephalic.
(ii) Sphingophospho lipids: Sphingosine is the alcohol in this

group of phospholipids, e.g., sphingomylin.
(b) Glycolipids: These lipids contain fatty acid, carbohydrate and

nitrogenous base. The alcohol is sphingosine; hence they are
called as glycosphingolipid. Glycerol and phosphate are absent,
e.g., cerebrosides, gangliosides.

(c) Lipoproteins:Macromolecular complexes of lipids with proteins.
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lipopolysaccharides are among the other complex lipids.
3. Derived lipids: These are the derivatives obtained on the hydrolysis

of group 1 and group 2 lipids which possess the characteristics of
lipids. These include glycerol and other alcohols, fatty acids, mono-
and diacylglycerols, lipid (fat) soluble vitamins, steroid hormones,
hydrocarbons and ketone bodies.

4. Miscellaneous lipids: These include a large number of compounds
possessing the characteristics of lipids, e.g., carotenoids, squalene,
hydrocarbons such as pentacosane (in bees wax), terpenes etc.

Neutral lipids: The lipids which are uncharged are referred to as neutral lipids.
These aremono-, di-, and triacylglycerols, cholesterol and cholesteryl esters.
Functions of lipids: Lipids perform several important functions

1. They are the concentrated fuel reserve of the body (triacylglycerols).
2. Lipids are the constituents of membrane structure and regulate the

membrane permeability (phospholipids and cholesterol).
3. They serve as a source of fat soluble vitamins (A, D, E and K).
4. Lipids are important as cellular metabolic regulators (steroid

hormones and prostaglandins).
5. Lipids protect the internal organs, serve as insulating materials and

give shape and smooth appearance to the body.

Fatty acid

Fatty acids have the general formula CH3(CH2)nCOOH or RCOOH, where R is
a hydrocarbon chain consisting of carbon and hydrogen atoms. Fatty acids are
carboxylic acids with hydrocarbon side chain. They are the simplest form of
lipids. Fatty acids mainly occur in the esterified form as major constituents of
various lipids. They are also present as free (unesterified) fatty acids. Fatty
acids of animal origin are much simpler in structure in contrast to those of plant
origin which often contain groups such as epoxy, keto, hydroxyl and
cyclopentane rings.

Most of the fatty acids that occur in natural lipids are of even carbons
(usually 14C-20C). This is due to the fact that biosynthesis of fatty acids
mainly occurs with the sequential addition of 2 carbon units. Palmitic acid
(16C) and stearic acid (18C) are the most common. Among the odd chain
fatty acids, propionic acid (3C) and valeric acid (5C) are well-known.

Saturated fatty acids do not contain double bonds, while unsaturated fatty
acids contain one or more double bonds. Both saturated and unsaturated fatty
acids almost equally occur in the natural lipids. Fatty acids with double bond
are monounsaturated, and those with 2 or more double bonds are collectively
known as polyunsaturated fatty acids (PUFA).

Fatty acids are divided into two classes, saturated and unsaturated fatty
acids:
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A saturated fatty acid has the maximum possible number of attached
hydrogen. Each carbon atom has two hydrogen atoms attached to it. One of the
terminal carbon atom has three hydrogen atoms while the other has a carboxyl
(–COOH) group. The hydro-carbon portions of saturated fatty acids contain
only single bonds.

Fig. 2.23: Structural formula of stearic acid. Note that the numbering of
the carbons is from the carboxyl end

Unsaturated fatty acids contain C atoms which are not fully saturated with
hydrogen. These C atoms are joined by double bonds. Dehydrogenation of
stearic acid at carbon 9 and 10 results in the formation of oleic acid which has a
double bond between carbon 9 and 10.

Fig. 2.24: Structure of oleic acid. Note the double bond between carbons 9 and 10

It may contain an odd or an even number of carbon atoms. Fatty acids
containing more than one double bond are called polyunsaturated fatty acids.
According to the number of double bonds, fatty acids are called monoenoic
(1 double bond), dienoic (2 double bond), trienoic (3 double bonds), tetraenoic
(4 double bond) etc.
Oleic acid CH2– (CH3)7CH = CH(CH2)7COOH Monoenoic
Linoleic acid CH3(CH2)4 – CH = CH –CH2 – CH=CH – (CH2)7 – COOH Dienoic
Linoleic acid CH3 – CH2 – CH =CH– CH2 –CH =CH –CH2 – CH=CH – (CH2)7 – COOH Trienoic
Arachidonic
acid

CH3(CH2)4CH = CHCH2CH=CHCH2CH =CHCH2CH =CH(CH2)3 – COOH Tetraenoic

Fig. 2.25: Some polyunsaturated fatty acids

Nomenclature of fatty acid: The naming of fatty acid is based on the
hydrocarbon from which it is derived. The saturated fatty acids end with a
suffix –anoic (e.g., octanoic acid) while the unsaturated fatty acids end with a
suffix -enoic (e.g., octadecenoic acid). In addition to systematic names, fatty
acids have common names which are more widely used.
Numbering of carbon atoms: It starts from the carboxyl carbon which is
taken as number 1. The carbon adjacent to this (carboxyl C) is 2, 3, 4 and so on
or alternately , , and so on. The terminal carbon containing methyl group is
known omega ( ) carbon. Starting from the methyl end, the carbon atom in a
fatty acid are numbered as omega 1, 2, 3 etc. The numbering of carbon atoms
in two different ways is given below.
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CH3-CH2- CH2- CH2- CH2- CH2- COOH
1 2 3 4 5 6

Essential fatty acids: The fatty acids that cannot be synthesized by the body
and, therefore, should be supplied in the diet are known as essential fatty acids
(EFA). Chemically they are polyunsaturated fatty acids, namely linoleic acid
and linolenic acid. Arachidonic acid becomes essential, if its precursor
linoleic acid is not provided in the diet in sufficient amounts.
Biochemical basis for essentiality: Linoleic acid and linolenic acid are
essential since humans lack the enzymes that can introduce double bonds
beyond carbons 9 to 10.
Function of Essential Fatty Acid: Essential fatty acids are required for the
membrane structure and function, transport of cholesterol, formation of
lipoproteins, prevention of fatty liver etc. They are also needed for the synthesis
of another important group of compounds, namely eicosanoids.
Deficiency of Essential Fatty Acid: The deficiency of EFA results in
phrynoderma or toad skin, characterized by the presence of horny eruptions
on the posterior and lateral parts of limbs, on the back and buttocks, loss of hair
and poorwound healing.
Triacylglycerols: Triacylglycerols are the esters of glycerol with fatty acids.
The fats and oils that are widely distributed in both plants and animals are
chemically triacylglycerols. They are insoluble in water and non-polar in
character and commonly known as neutral fats.
Fats as stored fuel: Triacylglycerols are the most abundant group of lipids that
primarily functions as fuel reserves of animals. The fat reserve of normal
humans (men 20%, women 25% by weight) is sufficient to meet the body’s
caloric requirements for 2-3months.

Oils

Oils are also grouped under lipids because of their solubility and natural
occurrence. Most of the essential oils are either terpenes related to isoprene or
isopenetene or benzene derivatives. Some are straight chain carbon compounds
without any side branches. The essential oils are usually obtained from plants
such as pine, peppermint, rose, lemon, eucalyptus etc.

Waxes

Waxes are usually a complex mixture of esters long-chain fatty acids and long-
chain alcohols, free long-chain fatty acids, free long-chain alcohols and
aldehydes and saturated high molecular weight hydrocarbons. In this mixture,
there is always dominance of esters. The number of carbon atoms in the
constitutional fatty acids, alcohols varies between 24 and 36. For example,
industrially used Carnauba wax is made up of 75%myricyl alcohol (30 C) and
cerotate (26 C).
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Fig. 2.26

There are certain waxes which possess characteristic odour. This is due to
presence of hydroxyl acids in the form of lactones in them. For example, the
wax Ambretolide extracted from the seeds of Hibiscus abelmoschus has a
characteristic musk-like smell.

The waxes from the conifers contain polymers formed by the ester linking
of many -hydroxy acids, such as juniperic acid with each other. The waxes
are found distributed throughout the entire plant kingdom where they form
protective coatings on the stems, leaves, flowers and fruits of plants. They are
epidermal in origin.

Waxes are insoluble in water and very resistant to atmospheric oxidation.
They also have higher melting point. Because of these properties they are used
in furniture polishing. They are chemically inert and not digested by the fat
splitting enzymes. They can be split slowly with hot alcoholic KOH.

-oxidation

-oxidation is the chief process of fatty acids degradations in plants. While this
mechanism is well-established for saturated fatty acids, it remains obscure for
unsaturated fatty acids. -oxidation takes place in mitochondria (and also in
glyoxysomes) and involves sequential removal of 2-C in the form of acetyl-
CoA (CH3CO.SCoA) molecules from the carboxyl end of fatty acid. This is
called as -oxidation because -C (i.e. C atom No. 3) of the fatty acid is
oxidized during this process. Various step of -oxidation is shown in figure.

1. The first step involves the activation of fatty acid in the presence of
ATP and enzyme thiokinase. CoASH is consumed and CoA
derivative of fatty acids is produced.

Fatty acid + CoASH + ATP Fatty acyl-CoA +AMP+ P-Pi pyrophosphate

The AMP (adenosine mono phosphate) molecule thus produced reacts
with another ATP molecule under the catalytic influence of the
enzyme adenylate kinase to form 2ADPmolecules.

AMP +ATP ADP +ADP

2. In the second step, two hydrogen atoms are removed between and -
C atoms and a trans -, -unsaturated fatty acyl CoA is formed. This
is catalysed by FAD-containing enzyme acyl-CoA dehydrogenase.

Mg++
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3. The third step involves the addition of a water molecule across the
double bond to form corresponding -hydroxyacyl-CoA in the
presence of enoylhydrase.

Fatty acyl CoA +H2O -hydroxyacyl-CoA

4. In the fourth step, -hydroxyacyl-CoA is dehydrogenated in the
presence of NAD specific -hydroxyacyl-CoA dehydrogenase. Two
hydrogen atoms are removed from the -C atom ( -oxidation) which
nowbears a carbonyl function and -keto fatty acyl CoA is formed.

Fatty acid CoA+ NAD+ -keto fatty acyl-CoA +NADH +H+

5. The fifth and the last step involves the thioclastic cleavage of -keto
fatty acyl-CoA in the presence of the enzyme -ketoacylthiolase and
results in the formation of an active 2-C unit acetyl-CoA and a fatty
acyl-CoA molecule which is shorter by two-carbon atoms than when
it entered the -oxidation spiral.

Fatty acid CoA+ CoASH Fatty acyl-CoA +Acetyl CoA

The fatty acyl-CoA so produced again re-enters the -oxidation spiral at
step 2 (bypassing the first step as it is already activated) losing a further 2-C
unit. This sequence continues until whole molecule is degraded.

Each turn of the -oxidation generates one FADH2 (step 2), one NADH +
H+ (step 4) and one acetyl-CoAmolecule (5th step). However, in the last turn of
the spiral two acetyl-CoA molecules will be produced. Reoxidation of FADH2
and NADH + H+ by the electron transport chain will yield 2 and 3 ATP
molecules, respectively. Thus each turn of -oxidation generates 5 ATP
molecules. However, in the first turn there is consumption of 2 ATPs in the first
step hence, in this turn there will be a net gain of only 3 ATPmolecules.

Complete oxidation of one acetyl-CoAmolecule in TCA cycle to CO2 and
H2O will result in the production of 12 ATPmolecules.

It is quite obvious from the above account that huge amount of energy is
generated in the form of ATPmolecules by the mitochondrial oxidation of fatty
acids through the -oxidation spiral and TCA cycle. For instance, one molecule
of palmitic acid (with 16C atoms) on complete oxidation will produce 129 ATP
molecules as follows:
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Palmitic acid 7 turns at
-oxidation 5 ATPs per turn = 35ATPs – 2 ATPs (First turn)
spiral = 33ATPs
8 Acetyl –CoA 8 Acetyl-CoA at
TCA cycle 12 ATPs each = 96 ATPs
16CO2 + 16H2O Total = 129 ATPs

Fig. 2.27: Fate of Acetyl-CoA (CH3CO.CoA)

Acetyl-CoA units which are end-products of -oxidation of fatty acids
may enter:
(a) IntoKrebs’ Cycle (TCA Cycle) and are oxidized to release energy as

mentioned earlier, or
(b) In case of germination of fatty seeds, they are converted into soluble

sucrose through the glyoxylic acid cycle.
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Fig. 2.28: -oxidation of fatty acid
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13. _______ are defined as the substances which are either
polyhydroxy aldehyde (-CHO) or ketone (=CO) group or are
substances that yield polyhydroxy aldehyde or ketone on
hydrolysis.

14. ________ is a homopolymer composed of D-glucose units held by
-glycosidic bonds.

15. By this process the oils are converted into solid fats (glycerides of
saturated fatty acids) ____________.

16. ________ are the most abundant group of lipids that primarily
functions as fuel reserves of animals.

17. ________ is the chief process of fatty acids degradations in plants.

2.7 BIOLOGICAL NITROGEN FIXATION

Conversion of molecular nitrogen (N2) of the atmosphere into inorganic
nitrogenous compounds such as nitrates or ammonia is called as nitrogen
fixation. When this nitrogen fixation occurs through the agency of some living
organisms, the process is called as biological nitrogen fixation in which
atmospheric nitrogen is converted into ammonia.

Nitrogen Fixing Organisms

Not all the organisms have capacity to fix molecular nitrogen (N2) of the
atmosphere. Only certain prokaryotic microorganisms such as some free living
bacteria, cyanobacteria (blue-green algae) and some of the prokaryotic micro-
organisms in symbiotic association with other plants (mostly legumes) can fix
atmospheric nitrogen.

Mechanism of Biological Nitrogen Fixation
Biological nitrogen fixation is carried out by some bacteria, cyanobacteria and
symbiotic bacteria. In symbiotic association, the bacterium provides fixed
nitrogen (NH3) to the host and derives carbohydrates and other nutrients from
the latter.

Biological nitrogen fixation occurs in the presence of the enzyme
nitrogenase which is found inside the nitrogen fixing prokaryote. In addition to
this enzyme, a source or reducing equivalents (ferredoxin (Fd) or flavodoxin in
vivo), ATP and protons are required. The overall stoichiometry of biological
nitrogen fixation is represented by the following equation.

N2 + 8H+ + 8e– +16ATP 2NH3 +H2+ 16ADP +16 Pi

The enzyme nitrogenase is infact an enzyme complex which consists of
twometallo-proteins.
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azoferredoxin and
(ii) Fe Mo-protein or iron-molybdenum protein component (previously

called as molybdoferredoxin). None of these two components alone
can catalyse the reduction ofN2 to NH3.

The Fe-protein component of nitrogenase is smaller than its other
component and is a Fe-S protein which is extremely sensitive to O2 and is
irreversibly inactivated by it.

The MoFe protein component of nitrogenase is larger of the two
components and consists of two different peptide chains which are associated
as mixed ( 2 2) tetramer.

Because nitrogenase enzyme complex is sensitive to O2, biological
nitrogen fixation requires anaerobic conditions.
Apart from N2, the enzyme nitrogenase can reduce a number of other
substrates such as N2O (nitrous oxide), N3 (azide), C2H2 (acetylene),
protons (2H+) and catalyse hydrolysis of ATP.

The electrons are transferred from reduced ferredoxin or flavodoxin or
other effective reducing agents to Fe-protein component which get reduced.
From reduced Fe-protein, the electrons are given to MoFe-protein component
which in turn gets reduced and is accompanied by hydrolysis of ATP into ADP
and inorganic phosphate (Pi). TwoMg++ and 2 ATP molecules are required per
electron transferred during this process. (Binding of ATPs to reduced Fe-
protein and subsequent hydrolysis of 2 ATPs to 2 ADP + 2Pi is believed to
cause a conformational change of Fe-protein which facilitates redox
(reduction–oxidation) reactions.)

From reduced MoFe-protein, the electrons are finally transferred to
molecular nitrogen (N2) and 8 protons, so that two ammonia and one hydrogen
molecule are produced.

Fig. 2.29: Recent view of mechanism of biological nitrogen fixation
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1. Nitrate reductase promotes amino acid production.
2. It helps for predicting grain yield and grain protein production.
3. They transfer electrons fromNADH orNADPH to nitrate.
4. Nitrate reductase appears to be a key regulator of nitrate assimilation

as a result of enzyme induction by nitrate.
5. It plays a central role in nitrate acquisition and is essential for feeding

people and animals.
6. It is a very efficient enzyme with an important job in nitrogen

metabolism in plants.
7. It has a role in environmental biotechnology where it is being used as

a nitrate testing method.

Check Your Progress

18. Biological nitrogen fixation occurs in the presence of the enzyme
________.

19. ________ promotes amino acid production.

2.8 NITROGENMETABOLISM

Role of Nitrogen in Plants
Nitrogen is universally occurring element in all the living begins. Apart from
water and mineral salts the next major substance in plant cell is protein (about
10.12% of the cell). These proteins which are building blocks of the protoplasm
are made up of nitrogenous substances called as the amino acids which in turn
are synthesized when inorganic nitrogen of the environment is converted into
organic nitrogen inside the plants. (Plant cells are therefore, unique in their
ability to convert inorganic nitrogen into organic nitrogen).

Nitrogen is also constituent element of many other important organic
compounds like chlorophylls, cytochromes, alkaloids, many vitamins (which
serve as functional groups of many enzymes) and, above all, of nucleic acids
and thus plays a very important and fundamental role in metabolism, growth,
reproduction, and heredity.

Sources of Nitrogen to Plants
1. Atmospheric nitrogen (molecular nitrogen):

Although about 78% of the earth’s atmosphere is composed of
nitrogen, the majority of the plants cannot utilize this form of nitrogen.
Only some bacteria, some blue-green algae, leguminous plants
(having root nodules) etc. can fix atmospheric nitrogen.
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Among these, the nitrate is the chief form of nitrogen taken up by the
plants from the soil.

3. Amino acids (organic nitrogen) in the soil:
Many soil micro-organisms make use of this form of nitrogen.
Sometimes it may also be taken by higher plants.

4. Organic nitrogenous compounds in bodies of the insects:
Insectivorous plants fulfill their nitrogen requirement by catching the
small insects and digesting them.

Conversion of Nitrate into Ammonia by the Plants
Nitrogen in nitrate (NO3) is present in highly oxidized state while in ammonia
in reduced form. Therefore, the conversion of nitrate to ammonia is a reductive
process.

Reduction of nitrate to ammonia takes place in many steps which are
mediated by specific enzymes. At each step two electrons are added and
ultimately NO3, in which nitrogen has 5 positive charges, is converted into
NH3 in which nitrogen has 3 negative charges. The electrons are supplied by
reduced coenzymes-I i.e. NADH (Nicotinamide Adenine Dinucleotide) and
reduced coenzyme-II i.e. NADPH (Nicotinamide Adenine Dinucleotide
Phosphate).

1. Reduction of nitrate to nitrite:
The reduction of nitrate to nitrite takes places in the presence of the
enzyme nitrate reductase which requires reduced coenzyme I(NADH)
or coenzyme II (NADPH).

NO3 + NADH + H+ NO2– + NAD+ + H2O
Nitrate reduced nitrite oxidized
Coenzyme coenzyme
This enzyme which is a molybdoflavo protein with an operative
sulfydryl group was first isolated by Evans and Nason in 1953 from
Neurospora (a fungus) and soybean leaves. The enzymes isolated
from Neurospora could utilize only reduced coenzyme II (NADPH)
while the enzyme isolated from soyabean leaves could utilize both the
reduced coenzyme I (NADH) and II (NADPH).
This enzyme contains FAD (Falvin Adenine Dinucleotide) as its
prosthetic groupwith which is associated molybdenum (Mo).
Actual reduction of NO3– to NO2– takes place as shown in the Fig.
2.30.
Electrons are transferred from reduced coenzyme to FAD which
becomes reduced (FADH2). From reduced FADH2 the electrons are
finally transferred to NO3– through molybdenum so that NO2– and
H2O are formed. Nitrate reduction takes place chiefly in green leaves
and roots. The enzymes nitrate reductase is found in cytosol.
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Fig. 2.30: Reduction of nitrate to nitrite

The transfer to electrons from reduced coenzymes to nitrate thus
involves two steps:
(i) In the first step, electrons are transferred from NADH/NADPH to

cyt. b557 through FAD. This step is catalysed by NADPH-
Cytochrome b557 reductase.

(ii) From cyt. b557 the electrons are transferred to NO3– through Mo
in the second step which is catalysed by nitrate reductase of the
nitrate reductase complex. (Cytochrome-b and Mo are one
electron carriers. Hence, two molecules each of these are
required to transfer 2e– through them. Two protons are released
when electrons are transferred from reduced FADH2 to Cyt-b
while two protons (2H+) are needed in the last place. It is
because Cyt.b andMo can carry only electrons).

The nitrate reductase enzyme is an inducible type of enzyme. Its
synthesis is induced in many plant tissues by NO3–. In blue-green
algae, the source of electrons in the reduction of nitrates is reduced
ferredoxin.

Fig. 2.31: Recent view of reduction of NO3– to NO2–

2. Reduction of nitrite to ammonia:
It takes place in the presence of the enzyme nitrite reductase which
catalyses the 6e-reduction from NO2– to NH4+ probably with the
formation of nitroxyle (NOH) or hyponitrite (H2N2O2) and
hydroxylamine (NH2OH) as intermediates as follows:

NO 2 NHO
H2e

OHNHNOH
OH–

-
H2e

–

-He
4
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22-2
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reduced ferredoxin in chloroplasts. Reduced pyridine nucleotides act
as electron donors in non-green tissues. The enzyme nitrite reductase
was first isolated by Nason from Neurospora and soybean leaves.
Nitrite reductase is found in chloroplasts in leaves. In roots, it is found
in plastids. Nitrite reductase enzyme consists of a single 63 kD
polypeptide which contains two prosthetic groups, an iron-sulphur
cluster (Fe4S4) and a specialized heme. These two prosthetic groups
are also called as siroheme which probably mediate six-electron
transfer.

Fig. 2.32: Recent view of reduction of NO2– to NH4+ in chloroplast in leaves

Previously it was thought that the reduction of nitrite to ammonia
involved the formation of two intermediate compounds i.e. hyponitrite
(H2N2O2) and hydroxylamine (NH2OH) but it is doubtful because:
(i) Hyponitrite is quite unstable
(ii) Hydroxylamine is toxic
(iii) Moreover, they have never been observed in free state in the cells.

It is nor generally believed that hyponitrite and hydroxylamine may at the
best be formed at the surface of the enzyme and leaves the surface only when
they are completely reduced to further intermediate or ammonia.

Check Your Progress

20. About ________ of the earth’s atmosphere is composed of nitrogen.
21. Insectivorous plants fulfill their nitrogen requirement ________.
22. Nitrate reductase enzyme which is a molybdo flavoprotein with an

operative sulfydryl group was first isolated by ________ in 1953
fromNeurospora (a fungus) and soybean leaves.

2.9 LIPID (FAT) METABOLISM

Fats or glycerides or acylglycerols are esters of high molecular weight fatty
acids and trihydroxy alcohol, the glycerol.

Most of the glycerides in nature have all three hydroxyl groups of glycerol
esterified with fatty acids and are called as triglycerides (or ‘fats’). For example,
tripalmitin, a common fat is an ester of glycerol and palmitic acid:



NOTES

84
Self-Instructional
Material

Plant Nutrition, Biomolecules
andMetabolism

Monoglycerides and diglycerides having one and two of the three
hydroxyl groups of glycerol esterified respectively do not occur in appreciable
amounts in living organisms although they are important intermediate
metabolities.

A triglyceride is known as ‘simple’ when all the fatty acid residues in it are
identical, and mixed when two or more of them are different. Natural
triglycerides are mostly ofmixed type.

In plants, the fatty acids usually consists of even number of C-atoms.
Fatty acids constituting the fats may be saturated or unsaturated. Table 2.3

and 2.4 showmajor saturated and unsaturated fatty acids respectively in plants.
Table 2.3: Major saturated plant fatty acids

Common Name No. of C-atoms Structure

Lauric acid 12 CH3(CH2)10 COOH

Myristic acid 14 CH3(CH2)12 COOH

Palmitic acid 16 CH3 (CH2)14 CCOH

Stearic acid 18 CH3 (CH2)16 COOH

Arachidic acid 20 CH3 (CH2)18 COOH

Table 2.4: Major unsaturated plant fatty acids

Common Name Symbol Structure

Palmitoleic acid 16:1 (9c) CH3(CH2)5 CH=CH (CH2)7COOH

Oleic acid 18:1 (9c) CH3 (CH2)7CH=CH (CH2)7 COOH

Linoleic acid 18:2 (9c, 12c) CH3 (CH2)3 (CH2CH=CH)2 (CH2). COOH

-Linolenic acid 18:3(9c,12c,15c) CH3(CH2CH=CH)3 (CH2)2 COOH

Some plant fatty acids have unusual structure in their molecules. Although
these constitute majority of the fatty acids in plants but they are not widespread
in plant kingdom and occur only in a few plant species. Triglycerides may be
solid or liquid at ordinary room temperature and are termed as fats or oils
respectively. The fats are rich in saturated fatty acids while the oils are rich in
unsaturated fatty acids. In plants, the triglycerides mostly occur as oils. Natural
fats and oils also contain minor amount of other lipids in addition to the
glycerides. The term triglycerides, is however, frequently used synonymously
with the term fats and thus the latter represents both fats and oils. Fats
(triglycerides) are poorer in oxygen in comparison to carbon. Fats are insoluble
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relations. Fats can be hydrolysed by alkalis into glycerol and salts of fatty acids
- a process called as saponification.

Fats together with waxes constitute the “neutral lipids”. But while fats are
fatty acids, esters of trihydroxy alcohol, glycerol, and the waxes are
predominantly fatty acids esters of long chain monohydric alcohol. Neutral
lipids are readily soluble in non-polar hydrocarbon solvents such as light
petroleum and benzene.

Distribution of Fats in Plants
Fats are widely distributed throughout the plant kingdom. They are especially
found in abundance in reproductive tissues (e.g. seeds and fruits) of some
higher plants where they form important reserve food material such as in
cotyledons of sunflower, rapa (Brassica napus), peanuts (Arachis hypogaea),
almonds (Prunus amygdalus), endosperm of castor beans, coconut plants etc.,
and mesocarp of avocado pear (Persea americana). Some cereal seeds such as
wheat and barley (Hordeum distichon) which store starch as chief reserve food
in their endosperm have rich fat content in the cells of their aleurone layer.

Within the cells of the above mentioned tissues, the fats are stored in cell-
organelles called spherosomes (or oleosomes or oil bodies) which are
extensively distributed throughout the cytoplasm.

Check Your Progress

23. Which of the following elements are not called as major elements or
macro-nutrients?
(a) C, H andO (b) N, P and K (c) Ca, S andMg (d) Fe, Zn andMo

24. Carbon is taken by plants from the air in the formof ________.
25. Chlorosis of leaves due to Nitrogen deficiency begins at first in

________.
26. Calcium is an important constituent of ________.
27. Calcium plays important role in plants in ________.
28. Magnesium is an important component of ________.
29. Most important role of manganese is in ________.
30. An important copper deficiency symptom in plant is ________.
31. The percentage of N2 in atmosphere is approximately ________.
32. Conversion of nitrate into ammonia is a ________.
33. Nitrate reduction takes place chiefly in ________.
34. Biological nitrogen fixation requires ________.
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1. Yellowing, i.e. chlorosis
2. Phosphorous
3. Interveinal necrosis
4. Copper
5. Death of the shoot tip
6. Passive absorption.
7. Indiffusible or fixed ions.
8. Hydroponics
9. Aeroponic growth system or aeroponics.
10. Upward translocation
11. Phloem
12. medullary rays
13. Carbohydrates
14. Starch
15. Hydrogenation
16. Triacylglycerols
17. -oxidation
18. Nitrogenase
19. Nitrate reductase
20. 78%
21. Catching the small insects and digesting them
22. Evans andNason
23. (d) Fe, Zn andMo
24. Gas
25. Older leaves
26. Middle lamella
27. Signal transduction pathways as secondmessenger
28. Chlorophylls
29. Photolysis of water and O2 evolution in photosynthesis
30. Die-back of citrus tree
31. 78%
32. Reductive process
33. Roots and green leaves
34. Anaerobic condition
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Carbon and oxygen are obtained from the atmosphere and hydrogen
from the water. These are also called the inorganic molecules. Such
inorganic molecules are necessary to from the organic compound in
the plants. The essential substance which is required to fulfill the
function of the plants is called as nutrients or minerals and the study of
minerals are said to be mineral nutrition.
The ions adsorbed on the surface of the walls or membranes of the
root cells may be exchanged with the ions of same sign from external
solution. For example, the cation K+ of the external soil solution may
be exchanged with H+ ion adsorbed on the surface of the root cells.
Similarly, an anion may be exchanged with OH– ion. In this way, ion
exchange takes place. Further, process of the absorption of mineral
salt takes place by two ways, that is passive absorption and active
absorption.
Hydroponics is a method of growing plants in water without soil
(Gerick, 1937). The water must be enriched with nutrients and the
plants need some type of inert medium to support the root system.
However the term hydroponics is now being applied to plants rooted
in sand, gravel or other similar matter such as vermiculite or
expanded clay which is soaked with a recycling flow of nutrient-
enriched water.
The movement of organic foodmaterials or the solutes in soluble form
from one place to another in higher plants is called as translocation of
organic solutes. Translocation of organic solutes may take place in
downward, upward or lateral directions. Accordingly, there are three
types of translocation - downward translocation, upward translocation
and lateral translocation.
The carbohydrates formed in photosynthesis plays an important role in
the life of plants and animals. Their molecules store and transport
energy, and it is utilized in various biochemical and physiological
processes in the cell.
Amino acids are the building blocks of which proteins are made.
Simple proteins contain only amino acids, while conjugated proteins
have additional components. Twenty amino acids are found in protein.
Lipids may be regarded as organic substance relatively insoluble in
water, soluble in organic solvent (alcohol, ether etc.), actually or
potentially related to fatty acid and utilized by the living cell.
Nitrogen fixation occurs through the agency of some living organisms,
the process is called as biological nitrogen fixation in which
atmospheric nitrogen is converted into ammonia.



NOTES

88
Self-Instructional
Material

Plant Nutrition, Biomolecules
andMetabolism 2.12 KEY TERMS

Mineral Nutrition: The essential substance which is required to
fulfill the function of the plants is called as nutrients or minerals and
the study of minerals are said to be mineral nutrition.
Hydroponics is a method of growing plants in waterwithout soil.
Carbohydrates are defined as the substances which are either
polyhydroxy aldehyde (-CHO) or ketone (=CO) group or are
substances that yield polyhydroxy aldehyde or ketone on hydrolysis,
e.g., glucose is a polyhydroxy aldehyde and fructose is polyhydroxy
ketone.
Amino acids are a group of organic compounds containing two
functional group - amino and carboxyl. The amino group (-NH2) is
basic while the carboxyl group (-COOH) is acidic in nature.
Lipids may be regarded as organic substance relatively insoluble in
water, soluble in organic solvent (alcohol, ether etc.), actually or
potentially related to fatty acid and utilized by the living cell.
Nitrogen Fixation: Conversion of molecular nitrogen (N2) of the
atmosphere into inorganic nitrogenous compounds such as nitrates or
ammonia is called as nitrogen fixation.

2.13 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions
1. Write a short note on Donnans equilibrium.
2. Write a short note on Hydroponics.
3. Write a short note on phospholipids and their occurrence.
4. Writea short noteon classification ofamino acidbased on their structure.
5. Write a short note on classification of amino acid based on polarity.
6. Explain the structure of glucose.
7. Write a short note onMunch hypothesis.

Long Answer Questions
1. What are essential elements in plant nutrition? Explain the role of any

three of them and showhow their deficiency affects the plant growth.
2. Write note on trace elements and tracer elements.
3. Differentiate between micronutrients and macronutrients.
4. Describe the role ofmineral nutrient elements in plants.
5. Describe the process of Biological Nitrogen Fixation.
6. Explain lipid metabolism.
7. Explain nitrogen metabolism.
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UNIT 3 PHOTOSYNTHESIS
Structure
3.0 Introduction
3.1 Objectives
3.2 Photosynthetic apparatus (Chloroplast)

3.2.1 Photosynthetic pigments and their role and action spectra
3.3 Two pigments systems (photosystems)
3.4 Light Reaction

3.4.1 Red drop and Emerson’s enhancement effect
3.4.2 Mechanism of photosynthesis

3.5 Dark Reaction or Blackman’s Reaction or Path of Carbon in Photosynthesis
3.5.1 The Calvin cycle (C3-pathway)
3.5.2 C4-dicarboxylic acid pathway (Hatch-Slack pathway)
3.5.3 Crassulacean acid metabolism (CAM) and dark CO2 fixation

3.6 Factors affecting photosynthesis
3.7 Photorespiration
3.8 Answers to ‘Check Your Progress’
3.9 Summary
3.10 Key Terms
3.11 Self-Assessment Questions and Exercises
3.12 Further Reading

3.0 INTRODUCTION

Photosynthesis literary means synthesis with the help of light.
This term is usually applied to a very important vital process by which
the green plants synthesize organic matter in the presence of light.
Photosynthesis is also called as carbon assimilation.
It is represented by equation

During the process of photosynthesis, the light energy is converted
into chemical energy and is stored in the organic matters which is
usually carbohydrate and along with O2 form the end products of
photosynthesis.
CO2 and H2O constitute the rawmaterials for this process.
Onemolecule of glucose contains about 686 kcal (2868 kJ) of energy.
About 90% of the total photosynthesis in the world is carried out by
algae growingmainly in oceans and also in fresh H2O.
It is in anabolic process, and occurs in chloroplast present in green
plants.
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Definition
The synthesis of organic compounds like carbohydrates by the cells of green
plants in the presence of sunlight with the help of CO2 and H2O is called
photosynthesis.

The mechanism of photosynthesis can be represented by the following
equation:

Significance
It maintains the equilibrium of O2 in the atmosphere.
It provides food either directly as vegetables, or indirectly as meat or
milk of animals which in turn are fed on plants.
Besides providing energy in the form of food, photosynthesis has also
provided vast reserves of energy to man as fuel such as coal, oil, peat
and also wood and dung.
The process consumes atmospheric CO2 and yields carbohydrates.

3.1 OBJECTIVES

After going through this unit, youwill be able to:
Explain the structure of Chloroplast,
Explain the Concept of Two Photosystems, Light reaction and dark
reaction,
Describe the Calvin cycle, Hatch and Slack cycle and CAM cycle,
Examine the factors affecting rate of photosynthesis and
photorespiration.

3.2 PHOTOSYNTHETIC APPARATUS
(CHLOROPLAST)

The chloroplasts in green plants constitute the photosynthetic
apparatus i.e., photosynthesis process takes place in chloroplast.
Typically, chloroplasts of higher plants are discoid or ellipsoidal in
shape, 4-6 in length and 1-2 thick.
The chloroplast is bounded by two membranes each approximately
50Å thick consisting of lipid bilayer and proteins.
The thickness of the two membranes including the space enclosed by
them is approximately 300Å.
Internally the chloroplast is filled with a hydrophilic matrix called as
stroma in which grana are embedded.
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Each granum has a diameter of 0.25-0.8 and consists of 5-25 disc
shaped grana lamellae placed one above another like stack of coins.
These grana lamellae in cross-section are paired to form sac like
structure and one such structure is called as thylakoid.
Each grana lamellae or thylakoid encloses a space, the loculus.
The granas are connected by stroma lamellae or fret membranes.
Thylakoid membranes and stroma lamellae both are composed of
lipid bilayer and proteins.
Chlorophylls and other photosynthetic pigments are found in the form
of protein pigment complexes mainly in thylakoid membranes of
grana.
The grana are site of primary photochemical reaction (light reaction).
Dark reaction of photosynthesis occurs in stroma.
The necessary enzymes required for photosynthesis along with some
ribosomes and DNA is also found in chloroplast which gives them a
partial genetic autonomy.

Fig. 3.1: (A) Internal structure of a chloroplast.
(B) Few enlarged thylakoids from two grana
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3.2.1 Photosynthetic Pigments and their Role and Action
Spectra

Photosynthetic pigments are of three types:
1. Chlorophylls,
2. Carotenoids and
3. Phycobilins.

Chlorophylls and carotenoids are insoluble in water and can be
extracted only with organic solvents.
Phycobilins are soluble in water.
Carotenoids are of two types:
1. carotenes and
2. xanthophylls or carotenols.
Phycobilins are of following types
(a) Phycoerythrins
(b) Phycocyanins and
(c) Allophycocyanin

Chlorophylls are of following types:
Chlo-a, chlo-b, chlo-c, chlo-d, chlo-e, Bacteriochlorophyll-a,
Bacteriochlorophyll-b, c, d and e, Bacterioviridin and Bacteriochlorophyll-g.

All these pigments absorb light of different wavelengths and show
characteristic absorption peak (both in vivo and in vitro).
They also show property of fluorescence.
Chlorophylls (green pigments) are magnesium porphyrin compounds.
Molecular formulae chlorophyll-a, and chlorophyll-b are
C55H72O5N4Mg and C55H70O6N4Mg respectively.

Fig. 3.2: Structural formula of chlorophyll-a
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Carotenoids:
They are yellow or orange pigments. Carotenes consist of an open-
chain conjugated double band system ending on both sides with
ionone rings.
They are hydrocarbons with a general molecular formula C40H56.
Different carotenes differ only in arrangement of their molecules in
space, i.e. they are sterioisomers.

Fig. 3.3: Structural formula of -carotene

Xanthophylls (Carotenols) are similar to carotenes but differ in having two
oxygen atoms in the form of hydroxyl, carbonyl, or carboxyl group attached to
the ionone rings.

Molecular formula is C40H56O2.
Apart from their role in absorption of light energy and its transfer to
chlorophyll-a, the carotenoids play a very important role in preventing
photodynamic damage.

Phycobilins:
They are red and blue pigments.
They consist of an open conjugated system of four pyrol rings and
lackMg and phytol chain.
All the pigments are located in grana portion of chloroplasts in higher
plants.
The hydrophilic head of chlorophyll molecules remain embedded in
the protein layer while the lipophilic phytol tails in lipid layer.

Fig. 3.4: Structure of phycoerythrobilin
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Fig. 3.5: A model showing monomolecular layer of chlorophyll in between protein and
lipid layers of grana lamellae

In the recent years, the fluids mosaic model of cell membranes have
been widely recognized. It has been widely accepted that the
photosynthetic pigments occur as protein pigment complexes as parts
of photosystems (pigment system I and II) which are dispersed in the
lipid bilayer of thylakoid membranes of grana. They may also be
present in stroma lamellae.

Fig. 3.6: Organization of various protein complexes in grana lamellae or
thylakoid membranes

Absorption spectra and quantum yield:

Chief source of light energy for photosynthesis is the sun.
The earth receives only about 40% (about 5 1020 kcal) of the total
solar energy. The rest is either absorbed by the atmosphere or is
scattered into space.
All the incident light energy falling on green parts of plants is not
absorbed and utilized by pigments. Some of the incident light is
reflected, some is transmitted through them while only a small portion
is absorbed by the pigments.

Phytol Tail

Chlorophyll Head

Protein Layer

LayerLipid

Photosystem IIATP synthasePhotosystem I

Lumen

Lumen

Lumen

Cytochrome bef
complex

Stromal lamellae
(unstacked)
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Photosynthetic pigments absorb light energy only in the visible part of
the spectrum ranging usually between 400-700m (nm). Such
radiations are called as photosynthetically active radiations (PAR).
Certain photosynthetic bacteria are radiant infra-red light of
comparatively shorter wavelengths.
Generally chlorophyll pigments absorb light in the range of 390 to 760
m of light spectrum of radiant energy.
Only about 1% of the total solar energy received by the earth is
absorbed by the pigments and is utilized in photosynthesis.
There is very weak absorption by pigments in green part of the
spectrum and hence, the chloroplasts appear green in green plants.
Chlorophylls chiefly absorb light in the violet-blue and red parts of the
spectrum. The absorption band shown by the chlorophylls in violet-
blue region is known as soret band.

Fig. 3.7: Spectrum of radiant energy

Absorption spectra of chlorophyll a and chlorophyll b are marked
maximum in red part of spectrum.
Similarly the absorption spectrum of carotenoids is seen in blue, blue-
green and green parts of the spectrum.
Whereas the absorption spectra of phycobilins is seen in green, orange
and near red part of the spectrum.
The effectiveness of different wavelengths of light utilized in the
action of a process is called action spectrum.
It is a graph of the magnitude of the biological effects observed as a
function of wavelengths.
Maximum light is absorbed in red and blue regions of visible
spectrum, whereas green, yellow and orange regions shows only slight
absorption of visible light.
By comparing the action spectrum of photosynthesis with absorption
spectrum of pigment like chlorophyll, it can be stated that weather the
pigment is involved in that physiological process or not.
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The action spectrum of photosynthesis in a plant shows peak at about
600 nm, means the rate of this physiological process is maximum at
the wavelength.

Fig. 3.8: Action spectrum of hypothetical photo-physiological process and
absorption spectra of two pigments A and B isolated from the plant

All the pigments except chlorophyll a are called as accessory
pigments or antenna pigments.
The light energy (approximately 95-99%) absorbed a molecule by
accessory pigments is transferred to chlorophyll a molecule by
resonance, which alone can take part in primary photochemical
reaction in photosynthesis.
Chlorophyll-a molecules also absorb light energy directly.
Light rays consist of tiny particles called as photons.
The energy carried by a photon is called as quantum and is
represented by h .
Light rays of shorter wavelength contain more energy per photon of
light than the light rays of longer wavelengths. (For ex. 1 photon of
blue light contains about 70 kcal of energy while 1 photon of red light
contains 40 kcal of energy.)
The number of photons (quanta) required to release one molecule of
oxygen in photosynthesis is called as quantum requirement.
The number of oxygen molecule released per photon of light in
photosynthesis is called as quantum yield. The quantum yield is
always is fraction of one.
According to Warburg, minimum quantum requirement for
photosynthesis was 4, but have been severely criticized by Emerson
and other workers.
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According to them photosynthesis is very complicated process and is
not so efficient.
Two pigments, A and B were isolated from same plant and their
absorption spectra were determined.
The pigments ‘A’ shows a peak in absorbance at 395 m while
pigments ‘B’ has a peak around 600m .
The absorption spectrum of pigment ‘B’ thus closely corresponds with
the action spectrum of the photo-physiological process.
Thus this strongly supports the conception that pigment ‘B’ is
responsible for absorbing the light energy which is used in driving this
photo-physiological process.
To explain this, a hypothetical situation is illustrated in Fig. 3.8 as to
convert all the light energy into chemical energy. There is
considerable loss of light energy absorbed during photosynthesis,
therefore the minimum quantum requirement for photosynthesis as
suggested by them is 8-10which is widely accepted.
Considering their suggestion, the quantum yield would be Y8 = 0.125
to Y10 = 0.10.

Check Your Progress

1. Photosynthesis process takes place in ________.
2. These grana lamellae in cross section are paired to form sac like
structure and one such structure is called as ________.

3. Chief source of light energy for photosynthesis is the ________.
4. The effectiveness of different wavelengths of light utilized in the
action of a process is called ________.

5. The number of photons (quanta) required to release one molecule of
oxygen in photosynthesis is called as ________.

3.3 TWO PIGMENTS SYSTEMS
(PHOTOSYSTEMS)

After the discovery of Red drop and the Emerson’s enhancement
effect, it was suggested that photosynthesis is driven by two
photochemical processes.
These processes are associated with two groups of photosynthetic
pigments called as pigment system I and pigment system II.
The two photosystems are spatially separated in thylakoid membranes.
Photosystem II is predominantly localized in stacked regions of
thylakoid membranes.
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Wavelengths of light shorter than 680 m affect both the pigment
systems while wavelength longer than 680 m affect only pigments
system I.
In green plants, pigment system I contains chlorophyll-b, different
forms of chlorophyll-a and special form of chlorophyll-a absorbing at
700m which is known as P-700, which constitutes the reaction
centre (or trap I) or pigments system I.
Similarly pigment system II contains chlorophyll-b and some forms of
chlo-a and a special form of chlorophyll-a called P-680, the reaction
centre or (trap II). In some plants, P-690 constitutes the reaction centre
of P-S-15.
Carotenoids are present in both the pigment systems. While in case of
red and blue green algae, the pigment system contains phycobilins in
place of chlorophyll-b.
The proportion of chlorophyll-b and relative form of chlorophyll-a is
different in two pigment system.
Each pigment system consists of a central core complex (containing
chlorophyll 40-60 mole consisting of their respective reaction centers
associated with proteins and also electron donors and acceptors) and a
light harvesting complex (LHC).
The light harvesting complexes contain antenna pigments associated
with proteins. Their main function is to harvest light energy and
transfer it to their respective reaction centers which finally perform the
photochemical act.
The two pigments system I and II are interconnected by a third
integral protein complex called cytochrome b6-f complex (called as
rieske centre). The other intermediate components of electron
transport chain viz. plastoquinone (PQ) and plastocyanin (PC) act as
mobile electron carriers.
Red light, a higher wavelength, is absorbed by only PS-I and far red
light of short wavelengths are absorbed by both PS-I and PS-II. For
maximum effect both systems must function together.
PS-I produce strong reductants capable of reducing NADP and weak
oxidant, whereas PS-II produces a very strong oxidant capable of
oxidizing water and weak reductant.
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Photosystem I:
Photosystem I is a pigment-protein complex capable of light induced
generation of weak oxidant that can oxidize plastocyanin and strong
reductant capable of transferring electron to ferrodoxin.
The PS-I contains chlorophyll molecules (200 to 400), carotenoides
molecules, (about 50) one core complex of P700, one molecule of
cytochrome F, plastocyanin, FRS proteins, cytochrome b-563.
In PS-I NADP+ is reduced to NADPH2.
PS-I is found in stroma lamellae and in inner margin of grana.

Photosystem II:
It is a pigment protein complex which induces reduction of
plastoquinon (PQ).
It also contains chl-a, carotene along with small amount of chl-b. A
special chl-a molecule forming the core complex and the reaction
centre P680.
PS-II is located on the inner surface of thylakoids.
PS-II also contains manganese bound proteins involved directly in the
oxidation of water.
The PS-II complex contains chl-molecules (about 200), carotenoids;
P680, plastoquinon, Mn proteins, and 2 molecules of cyt-b6.
PS-II is active in red light only but become inactive in far red light.
Evolution ofmolecular O2 takes place in PS-II.
It participates in non-cyclic electron transport system and reduces
reaction centre of PS-I. NADPH2 is not formed in PS-II.
Both the photosystems, i.e. PS-I and PS-II, are essential for
photosynthesis. Both photosystems are located apart, but two systems
jointly function to transfer electron from H2O to NADP, i.e. these
systems are linked by electron transport chain. Two mobile electron
carriers, namely plastocyanine and plastoquinone are thought to carry
electrons fromPS-I to PS-II thus providing necessary connections.
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Fig. 3.9: Light-dependent reactions of photosynthesis at the thylakoid membrane

Difference between Pigment System-I and PS-II
Pigment system I (PS-I) Pigment system II (PS-II)

1. It is located on the outer surface of
thylakoid.

1. It is located on the inner surface of
thylakoid.

2. Its reaction centre is P700. 2. Its reaction centre is P680.
3. Number of chlorophyll-b molecules is

less.
3. Number of chlorophyll-b molecule is

more.
4. Molecular oxygen is not evolved in this

system
4. In this system molecular oxygen

evolved due to photolysis of water.
5. NADPH2 is formed in this system. 5. NADPH2 is not formed.
6. It participates in both cyclic and non-

cyclic photophosphorylation.
6. It participates only in non-cyclic

photophosphorylation.
7. When chloroplasts are ultracentrifuged,

PS-I being lighter comes up. Thus PS-I
comes under lighter fraction.

7. On ultracentrifugation PS-II being
heavier settles down. Thus PS-II
comes under heavier fraction.

Check Your Progress

6. ________ is formed in Pigment System I
7. In ________molecular oxygen evolved due to photolysis of water.

3.4 LIGHT REACTION

3.4.1 Red Drop and Emerson’s Enhancement Effect
Robert Emerson while determining the quantum yield of
photosynthesis in Chlorella by using monochromatic light of different
wavelengths noticed a sharp decrease in quantum yield at wavelengths
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greater than 680 m . Because this decrease in the quantum yield took
place in the red part of the spectrum, the phenomenon was called as
red drop.
Emerson and his co-workers further noticed that the insufficient
quantum yield for red light in Chlorella greater than 680 m could be
made fully efficient if it is supplied with light of shorter wavelength,
i.e. if the plant is provided with far-red light (more than 680 m ) along
with light of shorter wavelengths in alternate manner or
simultaneously, the quantum yield of photosynthesis becomes greater
than the sun yields, when two types of light (lower and higher
frequency (>680) are used separately.
This enhancement of photosynthesis is called as Emerson’s
enhancement effect.

Fig. 3.10: Emerson’s effect in Chlorella

3.4.2 Mechanism of Photosynthesis
The process of photosynthesis is a complicated oxidation reduction
process resulting ultimately in the oxidation water and reduction of
CO2.
The mechanism of photosynthesis consists of two parts (1) Primary
photochemical reaction or Light reaction or Hill’s reaction and (2)
Dark reaction or Blackman’s reaction or path of carbon in
photosynthesis.
In primary photochemical reaction, assimilatory power, i.e.
NADPH+H + +ATP is generated andO2 is released.
Assimilatory power generated in light reaction is utilized in dark
reaction in reducing CO2 to carbohydrates.

(I) Primary photochemical reaction or light reaction or Hill’s reaction:

Primary photochemical reaction is faster than the dark reaction, which
takes place only in the presence of light in the grana portion of the
chloroplasts.
Steps involved in this reactions are-
(A) Absorption of light energy by chloroplast pigments
(B) Transfer of light energy from accessory pigments to chlorophyll-a,
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660 680 700 720 740
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(C) Activation of chlorophyll-a molecule by photons of light

(D) Photolysis of water andO2 evolution (oxidation of H2O)
Photolysis of water is associated with oxygen evolving
complex (OEC) in pigment system–II.
The reaction is catalyzed by presence ofMn++ and Cl- ions
When PS-II is active, i.e. it received light, the water
molecules split into OH- and H+ ions. This splitting of water
molecules is termed as photolysis of water. Its mechanism is
least understood. The OH- ions unite to form some water
molecules again and release O2 and electrons.
It is believed that photolysis of water involves a strong
oxidant which is yet unknown and is designated as Z.
Evidence suggests that liberation of one O2 molecule from
2H2Omolecules is a four step process.

(E) Electron Transport and Production of Assimilatory Power
It is known that after receiving a photon of light chl-a
molecule becomes excited and expels the extra energy along
with an electron in both the pigment systems.
This electron after travelling through a number of electron
carriers is either cycled back or is consumed in reducing
NADP+ to NADPH2 and the extra light energy carried by the
electron is utilized in the formation of ATP from ADP and ip
(inorganic phosphate) in photosynthesis.
The process of formation of ATP from ADP and ip in the
presence of light during photosynthesis is called as
photophosphorylation.



NOTES

Photosynthesis

104
Self-Instructional
Material

Arnon has contributed a lot in understanding of the electron transport and
photophosphorylation in chloroplast.

According to him, photophosphorylation is of two types:
1. Non-cyclic photophosphorylation and
2. Cyclic photophosphorylation (cyclic electron transport).

Non-cyclic electron transport and non-cyclic photophosphorylation:

In non-cyclic photophosphorylation both the photosystems are
involved.
In this cycle, the electron ejected from PS-II travels through a series of
electron carriers and acceptors in a zig-zag manner and never comes
back to PS-II. Hence this cycle is called as non-cyclic or Z scheme.
During this process, ATP is generated. Process involves-
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When a photon (quantum) of light is absorbed by P680 from a chloro-a
molecule in PS-II, it gets excited and an electron is ejected from it so
that an electron deficiency or a hole is left behind in the P680 molecule.
The ejected electron is trapped by an unknown compound Q via
phaeophytin (a special form of chl-a which lacks magnesium atom).
The unknown compound Q exists in two forms QA and QB.
By absorbing the ejected electron, Q phaeophytin gets reduced and
P680 gets oxidised.
The oxidized P680 is reduced by trapping electrons from photo
oxidation of water via unknown compound Z (probably Quinone
compound Q). Thus, the hole created in PS-II is filled up and it comes
to the ground state.

This unknown compound forms oxidation reduction system with a
redox potential (E 0) value more negative than 0.0 .
From Q, the electrons pass through a series of compound or
intermediate electron carrier and ultimately received by PS-I where it
fills the hole.
From Q, the electron is first transferred to cytochrome b-6 complex,
then to plastoquinone (PQ).
Fromplastoquinone, it is transferred to cytochrome-f.
From cytochrome-f, electron is transferred to plastocyanin (PC) which
is a copper containing protein.
At one place during the transfer between plastoquinone and
cytochrome-f, there is a formation of ATP from ADP and ip (photo
phosphorylation) takes place.
Cytochrome-f gets oxidized and PC is reduced. PC is mobile and acts
as a shuttle between cyt-f and PS-I.

Reactions in PS-I

A photon of light is absorbed by P700 of chl-a molecule, which gets
excited and an electron is ejected from it so that an electron deficiency
as a hole is left in P700 and a +ve charge comes on chl-a molecules.
The ejected electron is trapped by FRS (Ferredoxin reducing
substance), which is an unknown oxidation reduction system with a
redox potential (E’0) of -0.6.
From FRS the electron is transferred to a non-heme iron protein called
ferredoxin (Fd)
From Ferredoxin, the electron is transferred to NADP via intermediate
protein electron carrier ferredoxin-NADP reductase (FNR) so that
NADP+ is reduced toNADPH+ H+.
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The hole in pigment system I has been filled by the electron coming
fromPS-II.
But the hole in PS-II is fulfilled by the electron coming from
photolysis of water.
Water here acts as an electron donor. It has redox potential of +0.82 .
This transfer of electron from water probably involves a strong
oxidant which is unknown and designated as Z.
In the above scheme of electron transport, the electron ejected from
PS-II did not return to its place of origin, instead it was taken by PS-I.
Similarly, the electron ejected from PS-I did not cycle back but
consumed in reducing NADP+.
Therefore, this electron transport has been called as non-cyclic
electron transport and the phosphorylation as non-cyclic
photophosphorylation.

Fig. 3.12: Two dimensional presentation of photosynthetic electron transport chain
within the thylakoid membrane

Cyclic electron transport or cyclic photophosphorylation:

The cyclic electron transport involves only PS-I. It takes place under
condition which excludes non-cyclic photophosphorylation.
This condition is created if PS-II is blocked.
Under such condition PS-I remains active, photolysis of water does
not takes place, blockage of non cyclic ATP formation causes a drop
in CO2 assimilation in dark reaction, and there is a consequent
shortage of oxidized NADP.
The steps involved in cyclic photophosphorylation is as follows:
First of all by absorbing a photon of light the P700 molecules of PS-I
get excited and eject an electron from it.

NADP+
ADP+Pi

NADPH ATP

ATPase

H+H+2H+

H+
2H+1/2O2 + 2H+H2O

THYLAKOID

INSIDE

OUTSIDE
(STROMA)

CF1

CF0P680

QA

QB

PQ

Phaeo

PS I

PS II

FeS

Cyt f

Cyt b6

FD NADP-
red.

FeS

P700

A1 A2

PCZ



NOTES

Photosynthesis

Self-Instructional
Material 107

The ejected electron is captured by ferredoxin via FRS (Ferredoxin
reducing substance).
From ferredoxin, the electron is transferred to cyt-b, through cyt-b6.
From cyt-b,f electron is accepted by plastocyanin.
Fromplastocyanin ultimately comes back to PS-I (P700)
At two places during this electron transport, i.e. between ferredoxin
and cytochrome-b6 and between cytochrome-b6 and cytochrome-f,
there is phosphorylation of one ADP molecule to form one ATP
molecule.
Thus forming twoATPmolecules.
As in the above electron transport system, the electron which was
ejected from P700 molecule is cycled back, the process is called as
cyclic electron transport and the phosphorylation as cyclic
photophosphorylation.

Fig. 3.13: Cyclic electron transport and cyclic photophosphorylation

Recent finding suggests that the electron are transferred from reduced
cytochrome b6 to cytochrome-f through plastoquinone (PQ), which is
essential for proton (H+) transport across the thylakoid membrane for
the production of ATP fromADP in the presence of ATPase.

Significance of cyclic photophosphorylation:

During cyclic photophosphorylation photolysis of water, O2 evolution
and reduction ofNADP+ does not take place.
It generates only ATP molecules and as such cannot drive dark
reaction of photosynthesis.
On the other hand, non cyclic phosphorylation does not produce
sufficient ATP in relation to NADPH to operate dark phase of
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photosynthesis. Therefore, the deficiency of ATP molecules in non-
cyclic pathway is made up by the operation of cyclic phosphorylation
for certain periods.
Secondly, cyclic phosphorylation is an important process in providing
ATP for synthetic process (other than photosynthesis) e.g. synthesis of
starch, proteins, lipids, nucleic acids, pigments within the chloroplasts.
Light energy converted into chemical energy during primary
photochemical reaction is trapped in ATP and NADPH molecules i.e.
(assimilatory power).
This chemical energy is finally stored in carbohydrate molecules when

ATP and NADPH are utilized in the dark reaction of photosynthesis in
reducing CO2 to carbohydrates.

Difference between Cyclic phosphorylation and Non-cyclic
phosphorylation

Cyclic electron transport and
phosphorylation

Non-cyclic electron transport and
non-cyclic phosphorylation

1. It is associated with PS-I. 1. It is associated with both the
photosystem i.e. PS-I and PS-II.

2. The electron expelled from
chlorophyll molecule is cycled
back.

2. The electron expelled from chlorophyll
molecule is not cycled back. Its loss is
compensated by electron coming from
photolysis of water.

3. Photolysis of water and evolution
of O2 does not take place.

3. Photolysis of water and evolution of O2
takes place.

4. Phosphorylation takes place at two
places.

4. Phosphorylation takes only at one
place.

5. NADP is not reduced. 5. NADP is reduced to NADPH+H+
6. It occurs mostly in bacteria. 6. It occurs in green plants and not in

bacteria
7. Inhibitors have no effect on the

process of cyclic transport.
7. It can be stopped in the presence of

certain inhibitors.
8. Electron transport in this

phosphorylation is as follows.
PSI(P700) FRS FD Cytb6

PQ cytf PC PS-I (with 2 ATP
molecules)

8. The electron transport is as follows.
PSII(P680) Pheo QA QB PQ
cyt.f PC PS-I(P700) A1 A2 A3

Fd NADP

Check Your Progress
8. Primary photochemical reaction is faster than the dark reaction,
takes place only in the presence of light in the ________ portion of
the chloroplasts.

9. The water molecules split into OH– and H+ ions. This splitting of
watermolecules is termed as ________ .

10. The electron are transferred from reduced cytochrome b6 to
cytochrome f through ________ .

11. Cyclic electron transport and photophosphorylation is associated
with ________ .
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3.5 DARK REACTIONOR BLACKMAN’S
REACTION OR PATHOF CARBON IN
PHOTOSYNTHESIS

The dark reaction of photosynthesis is purely enzymatic and lower
than the primary photochemical reaction.
It takes place in stroma portion of the chloroplast and is independent
of light i.e. can take place in the absence of light.
Dark reaction requires assimilatory power (i.e. ATP andNADPH2)
The conversion of CO2 to carbohydrates with the help of assimilatory
power in dark reaction of photosynthesis is most important part of
photosynthesis.
The overall reactions may be summarized as

6CO2+18ATP+12NADPH+12H+ C6H12O6+18ADP+18Pi+12NADP+6H2O

The various steps involved in dark reactions were investigated by
Melvin Calvin, for which he was awarded theNobel Prize in 1961.
A.A. Benson and I.Bassham and other co-workers also contributed a
lot. They identified the intermediate compounds with the help of radio
tracer techniques, and chromatography methods.
By using tracer carbon technique, Calvin and co-workers observed
that O2 reduction is a cyclic process. They used Chlorella as the
experimental organism. They fed alga with 14CO2 and killed the cells
after determined short period intervals with 80% boiling ethanol. The
extract was prepared and analyzed by chromatographic separation.
The separated organic compounds were subjected to audiography. In
this way various organic compounds produced during course of cycle
were isolated.
Calvin and his co-workers were able to formulate the complete
metabolic pathway of carbon assimilation in the form of a cycle which
is known asCalvin cycle.

3.5.1 The Calvin Cycle (C3-pathway)
Calvin cycle takes place in 3 distinct phases:

1. Carboxylation phase: It includes CO2 accepted by RuBP forming
twomolecules of 3-phosphoglyceric acid.

2. Reduction phase: 3-phosphoglyceric acid is reduced to
glyceraldehydes-3-phosphate

3. Regeneration phase: The CO2 acceptor RuBP is regenerated at the
end of cycle.
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Fig. 3.14: Simplified version of Calvin cycle

Various steps of Calvin-cycle which has also been shown in figure are
as follows:

(a) Carboxylation:
(i) The CO2 is accepted by ribulose-1, 5-bisphosphate (RuBP) already

present in the cells and a 6-carbon addition compound is formed
which is unstable. It soon gets hydrolysed into 2 molecules of
3-phosphoglyceric acid (3PGA). Both these reactions take place in
the presence of ribulose bisphosphate carboxylase (Rubisco).
3-phosphogylceric acid is the first stable product of dark reaction of
photosynthesis.

RuBP enediol of RuBP + CO2 6-C-Addition compound
(keto form) (2-carboxy-3-keto Arbinitol

1,5-Bisphosphate)

3-phosphoglyceric acid
(b) Reduction:
(ii) 3-Phosphoglyceric acid is reduced to 3-phosphoglyceraldehyde by

the assimilatory power (generated in light reaction) in the presence of
triose phosphate dehydrogenase. This reaction takes place in two
steps:

3-phosphoglyceric acid + ATP 1,3-bisphosphoglyceric acid

12 NADPH + H+

12 ATP

6CO2

6 6C

6 ATP

12 3C
PGA

6 5C
RuBP

12 3C
TRIOSE

PHOSPHATE

1 6C
HEXOSE
GAIN

12 6C
HEXOSE

BISPHOSPHATES

2 5C
PENTOSE
PHO-

SPHATES
4 5C

2 4C
TETROSE

PHOSPHATES

2 7C
HEPTOSE

PHOSPHATES
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1, 3-bisphosphoglyceric acid+NADPH+H+
3-phosphoglyceraldehyde + (P)OH+NADP+

(c) Formation of hexose sugar and regeneration of RuBP:
(iii) Some of the molecules of 3-phosphoglyceraldehyde isomerise into

dihydroxyacetone phosphate, both of which then unite in the
presence of the enzyme aldolase to form fructose 1, 6-bisphophate.

3-phosphoglyceraldehyde dihydroxyacetone phosphate

Fructose 1,6-bisphosphate
(iv) Fructose 1,6-bisphosphate is converted into fructose 6-phosphate

in the presence of phosphatase.

Fructose 1,6-bisphosphate Fructose 6-phosphate

(v) Some of the fructose-6-phosphate (hexose sugar) is tapped-off from
the Calvin cycle and is converted into glucose, sucrose, and starch.
Sucrose is synthesized in cytosol, while starch is synthesized in
chloroplast.

(vi) Some of the molecules of 3-phosphoglyceraldehyde produced in step
(ii), instead of forming hexose sugars, are diverted to regenerate
ribulose 1, 5-bisphosphate in the system as follows:

(vii) 3-Phosphoglyceraldehyde reacts with fructose-6-phosphate in the
presence of enzyme transketolase to form erythrose-4-phosphate (4-C
atoms sugar) and xylulose 5-phosphate (5-C atoms sugar).

(viii) Erythrose-4-phosphate combines with dihydroxyacetone phosphate in
the presence of the enzyme aldolase to form Sedoheptulose 1,7-
bisphosphate (7-C atoms sugar).

(ix) Sedoheptulose 1,7-bisphosphate loses one phosphate group in the
presence of phosphatase to formSedoheptulose-7-phosphate.

(x) Sedoheptulose-7-phosphate reacts with 3-phosphoglyceraldehyde in
the presence of transketolase to form xylulose-5-phosphate and ribose
5-phosphate (both 5-carbon atoms sugars).

(xi) Xylulose-5-phosphate is converted into another 5-C atoms sugar
ribulose-5-phosphate in the presence of the enzyme phospho
ketopentose epimerase.

aldolase
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(xii) Ribose-5- phosphate is also converted into ribulose-5-phosphate. The
reaction is catalysed by phosphopentose isomerase.

(xiii) Ribulose-5-phosphate is finally converted into ribulose 1,5-
bisphosphate in the presence of phosphopentose kinase and ATP, thus
completing the Calvin cycle.
Structural formulae of various 4-C, 5-C and 7-C atoms sugars
involved in the Calvin cycle are given in following figure.
CHO CHO CH2OH CH2OP
| | | |
CHOH H-C-OH C=O C=O
| | | |
CHOH H-C-OH H-C-OH H-C-OH
| | | |
CH2OP H-C-OH H-C-OH H-C-OH

Erythrose-4-P | | |
CH2OP CH2OP CH2OP
Ribose-5-P Ribulose-5-P Ribulose 1,5-bisphosphate

CH2OH CH2OH CH2OP
| | |
C=O C=O C=O
| | |

HO- C- H HO-C-H HO-C-H
| | |

H-C-OH H-C-OHH-C-OH
| | |
CH2OP H-C-OH H-C-OH

| |
Xylulose-5-P H-C-OH H-C-OH

| |
CH2OP CH2OP

Sedoheptulose-7-P Sedoheptulose1,7-
bisphosphate

Because first visible product of this cycle is 3-phosphoglyceric acid, which
is a 3-C compound, Calvin cycle is also known as C3 pathway or reductive
pentose phosphate (RPP) cycle.
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3.5.2 C4-dicarboxylic Acid Pathway (Hatch-Slack Pathway)

For considerable period of time, the Calvin cycle as described earlier, was
thought to be the only photosynthetic reaction sequence operating in higher
plants and algae. But in 1965 Kortschak, Hartt and Burr reported that 4-C
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containing dicarboxylic acids; malate and aspartate were the major labelled
products when sugarcane leaves were allowed to photosynthesize for short
periods in 14CO2. This finding was confirmed and greatly elaborated by Hatch
and Slack, who observed heavy labelling of oxaloacetate, malate, and asparate
only when sugarcane leaves were exposed to 14CO2 for 1 sec. Longer exposures
resulted in decrease of radioactivity in these acids with simultaneous increase in
3-phosphoglyceric acid, hexose monophosphates and sucrose. This and further
studies by these workers led to the establishment of yet another CO2 reduction
pathway which is called as Hatch-Slack pathway and because C4-
dicarboxylic acids are the earliest products, it is also called as C4-dicarboxylic
acid pathway.

Besides sugarcane leaves, this pathway has been found to operate in many
plant species of the family Gramineae e.g., maize, sorghum etc. which are
grouped together as ‘tropical grasses’ and other plants, e.g. Atriplex,
Amaranthus etc. These are all known as C4 plants and are distinguished by
(i) absence of photo-respiration and, (ii) anatomical similarities of leaf (cane
type). In the leaves of these plants the vascular bundles are surrounded by
bundle sheath of larger parenchymatous cells which in turn are surrounded by
smaller mesophyll cells. Moreover, the chloroplasts in cells of bundle sheath
are larger and usually lack grana; the chloroplasts in mesophyll cells are smaller
and always contain grana. These two types of chloroplasts may even be
separated from one another by density gradient centrifugation. In maize and
sugarcane, plasmodesmata have been observed which connect cells of bundle
sheath with adjacent mesophyll cells.

Fig. 3.16: Hatch-Slack Pathway

Various steps of Hatch-Slack pathway which involves two carboxylation
reactions, one taking place in chloroplasts of mesophyll cells and another in
chloroplasts of cells of bundle sheath are as follows:

MESOPHYLL CELLS BUNDLE SHEATH CELLSAIR VASCULAR
TISSUE

CO2 CO2

SUCROSE

CALVIN
CYCLE

RuBP
(C5)

CO2

2 (PGA)

OAA
(C4)

ASPARTATE
(C4)

MALATE
(C4)

MALATE
(C4)PEP

(C3)

PYRUVATE
(C3)

PYRUVATE
(C3)
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(i) The first step involves the carboxylation of phosphoenol pyruvic
acid in chloroplasts of mesophyll cells to form C-4 dicarboxylic acid,
oxaloacetic acid. This reaction is catalysed by phosphoenol pyruvate
carboxylase.

Phosphoenol pyruvic acid + H2O Oxaloacetic
acid + H2PO4

(ii) Oxaloacetic acid readily equilibriates with other C4-dicarboxylic acids,
aspartic acid and malic acid in the presence of enzymes
transaminase and NADP- specific malate dehydrogenase
respectively.

Aspartic acid Oxaloacetic acid Malic acid

NADPH NADP

(iii) From chloroplasts of mesophyll cells, the malic acid is transferred to
the chloroplasts of bundle sheath cells where it is decarboxylated to
form CO2 and pyruvic acid in the presence of a NADP+ specific
malic enzyme.

Malic acid + NADP+ Pyruvic acid + NADPH+H+

(iv) Now, second carboxylation occurs in chloroplast of bundle sheath
cells. Ribulose-bisphosphate accepts CO2 produced in step (iii) in the
presence of Rubisco (i.e. RuBP-carboxylase) and ultimately yields 3-
phosphoglyceric acid as in case of Calvin cycle. Some of the 3-
phosphoglyceric acid is utilized in the formation of hexose
monophosphates, sucrose and starch, while rest regenerates ribulose-
bisphosphate in the system.

(v) The pyruvic acid produced in step (iii) is transferred to chloroplasts of
mesophyll cells where it is phosphorylated to regenerate phosphoenol
pyruvic acid. This reaction is catalysed by pyruvate-Pi-kinase.

Mg++
Pyruvic acid + ATP + Pi Phosphoenol pyruvic acid + AMP + PPi

Ortho Pyro
phosphate phosphate

The AMP phosphorylated by ATP under the catalytic influence of the
enzyme adenylate kinase to form 2 ADPmolecules.

AMP +ATP 2 ADP
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The enzymes catalyzing reactions in chloroplasts of mesophyll cells
are not found in chloroplasts of bundle sheath cells and vice versa.
Hatch-Slack pathway begins with the carboxylation of phosphoenol
pyruvate and not of ribulose-bisphophate. It is because the former has
great affinities with CO2 than the latter.
In contrast to the C4 plants, the other higher plants lack Hatch-Slack
pathway and have only Calvin cycle (C3-pathway) for the fixation of
CO2 in photosynthesis. These are called as C3 plants and have only
one type of chloroplasts.

The C4 mode of photosynthesis (Hatch-Slack pathway) is less efficient in
itself in comparison to the C3 mode (Calvin cycle in C3 plants). It is because the
fixation of 1 CO2 mol. in C3 mode of photosynthesis requires 2 NADPH + 3
ATP molecules while in C4 mode of phothosynthesis 2 NADPH + 5 ATP
molecules are required (additional 2 ATPs are needed in reaction v) for the
fixation of 1 CO2 mol. However, C4 plants are more efficient
photosynthetically than C3 plants because of the absence (or negligible
presence) of photorespiration in C4 plants. Thus, net requirement of ATP +
NADPH per CO2 mol. fixed (i.e. resultant of photosynthesis minus
photorespiration) is considerably lower in C4 plants than in C3 plants.

Significance of Hatch-Slack pathway:

The significance of this pathway is not clearly understood. But it has been
suggested that
(i) This pathway is a modification of Calvin cycle and is advantageous to

plants growing in dense stands of tropical vegetation where the CO2
concentration may be very much reduced,

(ii) There has been a reduction of atmospheric CO2 concentration since
the evolution of photosynthesis and this might have prompted C4
plants to select this pathway.

(iii) The discovery of this pathway has indicated the existence of yet
undiscovered photosynthetic reactions other than the conventional
Calvin cycle.

Difference between C3 and C4 plants

C3 Plants C4 Plants

1. Examples of these plants are wheat,
oats, barley, rice, cotton, beans,
spinach, sunflower, Chlorella etc.

1. Example of these plants are
sugarcane, maize, Sorghum, Atriplex,
Amaranthus etc.

2. Carbon pathway in photosynthesis is
C3 -pathway i.e. Calvin cycle only.

2. Carbon pathway in photosynthesis is
C4 dicarboxylic acid pathway (Hatch-
Slack pathway)

3. First stable product of above carbon
pathway is 3-C compound
phosphoglyceric acid (PGA)

3. First stable product of above carbon
pathway is 4-C compound
Oxaloacetic acid (OAA)
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4. The leaves have diffused mesophyll
and only one type of chloroplasts.

4. The leaves have cane type of anatomy
(Krantz anatomy) with compact
mesophyll around the vascular
bundles (bundle sheath) and
dimorphic chloroplasts. Those of
bundle sheath are large and lack
grana, while those of mesophyll are
smaller and contain grana.

5. Optimum temperature for
photosynthesis is low to high.

5. Optimum temperature for
photosynthesis is high.

6. Photorespiration occurs. 6. No photorespiration (or very little
photorespiration)

7. Photosynthetically less efficient. 7. Photosynthetically more efficient.

8. Carbon dioxide compensation point is
high, about 50 ppm.

8. Carbon dioxide compensation point is
low, 2 to 5 or even 0 ppm.

9. Rate of CO2 evolution in light is
higher.

9. Rate of CO2 evolution in light is
apparently none.

10. Carbonic anhydrase activity is higher. 10. Carbonic anhydrase activity is low.

11. Rate of translocation of end products
of photosynthesis is low.

11. Rate of translocation of end products
of photosynthesis is high.

12. Optimum temperature for growth is
low to high.

12. Optimum temperature for growth is
high.

Difference between photorespiration and dark respiration

Photorespiration Dark respiration

1. It is dependent on light. 1. It is independent of light.

2. It occurs only in green tissues of C3
plants and very little of C4 plants.

2. It occurs in all living tissues of aerobic
organisms.

3. It is obligatorily coupled to and
completely dependent on the Calvin
cycle (C3-cycle).

3. It is not obligatorily couple to C3-
cyclic respiration and C3-cycle is both
spatially and temporally separated.

4. It is accomplished in cytoplasm,
chloroplasts, peroxisomes and
mitochondria and involves glycolate
pathway (C3) cycle.

4. It is accomplished in cytoplasm and
mitochondria only and involves
glycolysis, TCA (Krebs’ cycle) and
terminal oxidation.

5. It consumes O2 at 3 places (reactions
nos, i, ii, and iv) and relates CO2 only
at one place (reaction no. iv).

5. O2 is consumed only in terminal
oxidation (through cytochrome
oxidase) while CO2 is released at
several places.

6. It involves oxidation both by transfer
of electrons to O2 and incorporation
of an oxygen atom derived from
molecular O2.

6. Terminal oxidation involves transfer
of electrons to O2 and the formation of
water.

7. One molecule of NH3 is released per
molecule of CO2 released.

7. No ammonia is produced.



NOTES

Photosynthesis

118
Self-Instructional
Material

8. Neither reduced co-enzymes nor
ATPs are generated. There is not net
conservation of energy. On the
contrary, an input of energy is
required to drive the C2 cycle.

8. Reduced coenzymes and ATPs are
formed. Dark respiration involves both
substrate level and oxidative
phosphorylation. Although ATPs are
required in initial steps, but there is net
gains of ATPs in the overall process.
About 40% of the energy available
from the oxidation of glucose is
conserved in the form of ATPs.

9. It is markedly influenced by the conc.
CO2 and O2 in excess of 2-3%.
Competition between CO2 and O2 is
evident.

9. It is not markedly influenced by the
concentrations of CO2 or O2. The
competition between CO2 and O2 is
not evident.

3.5.3 Crassulacean Acid Metabolism (CAM) and
Dark CO2 Fixation:

Under natural conditions the acidity of green shoots of some non-halophytic
succulents and semi-succulent plants increase at night and decreases during the
following day. This diurnal change in acidity was first discovered in a
Crassulacean plant Bryophyllum calycinum, hence, it has been termed as
Crassulacean Acid Metabolism (CAM). Crassulacean acid metabolism
occurs only in green organs and the plants which exhibit it belong to a number
of different families. It is especially noticeable in leaves of Bryophyllum,
Kalanchoe, Sedum, Kleinia, Crassula and fleshy green terms ofOpuntia.

Diurnal changes in gaseous exchanges during CAM:

During the dark synthesis of malate in CAM (resulting in the acidification),
oxygen is absorbed continuously but, in the early stages, little or no CO2 is
evolved. This results in a respiratory quotient (R.Q.)of very low or even zero
and sometimes a negative value.

When the accumulation of malate is complete, the CO2 is evolved rapidly
and the R.Q. is unity.

During light deacidification, O2 is continuously evolved but initially the
absorption of CO2 is very slow. This results in high values of photosynthetic
quotient (mol. O2 evolved/mol. CO2 uptake). However, as the deacidification
slows down, the uptake of CO2 increases rapidly until deacidification is
complete. In successive light periods, the vol. of CO2 uptake equals to the vol.
of O2 given out and hence, the photosynthetic quotient fall to unity.

Factors influencing diurnal fluctuations in acidity:

The amplitude of the diurnal fluctuations in acidity varies with growth
conditions and age of the plants. It increases with unfolding of the leaves until
they are fully expanded and decreases when they enter senescence. Apart from
these, the seasonal changes also have profound effect on it through changes in
day and night temperatures, photosynthetic activity and, at least in some plants,
in the length of the day.



NOTES

Photosynthesis

Self-Instructional
Material 119

Synthesis of malate during night or dark CO2 fixation:

Large amounts of starch are consumed during acidification which indicates that
carbohydrates are the source of malate synthesis, the overall process being
represented by the following equation:

C6H12O6 + 2CO2 2C4H6O5 (malate)

It is now generally believed that the malate is synthesized during night in
reaction in which same product derived from carbohydrate reserves e.g.,
pyruvate or most likely phosphoenol pyruvate (PEP) is carboxylated to produce
malate either directly or first forming oxaloacetic acid which then reduced to
malate according to the following reactions:

1. Pyruvate + CO2+ NADPH2 + H+ Malate + NADP

2. PEP+ CO2 + ADP Oxaloacetate + ATP

3. PEP+ CO2 + H2O Oxaloacetate + Pi

4. Oxaloacetate + NADH2 Malate + NAD

Consumption of malate in light deacidification:

During the following day when acidified organs are exposed to light, rapid
consumption of malate occurs resulting in deacidification (due to CO2 release
frommalate). The malate may be decarboxylated in twoways:

(i) In some CAM plants, the malate is directly decarboxylated in the
presence ofNADPmalic enzyme into CO2 and pyruvate.

Malate + NADP+ Pyruvate + CO2 + NADPH+H+

Malic enzyme

PEP Carboxykinase

Malate dehydrogenase
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Fig. 3.17: Outline of CAM metabolism

(ii) In other CAM plants, the malate is first oxidized to oxaloacetate by a
malate dehydrogenase. The oxaloacetate is then converted into CO2
and phosphoenolpyruvate with the utilization of ATP by PEP
caroboxykinase.

Malate + NADPH+ Oxaloacetate + NADH +H+

Oxaloacetate + ATP PEP + CO2 + ADP

The CO2 thus produced in either of the above two ways is then
consumed in normal photosynthetic reaction sequence to yield
carbohydrates.
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The pyruvate and phosphoenolpyruvate are probably also utilized for
carbohydrates synthesis during the day. The pyruvate is first converted
into phosphoenol pyruvate (PEP) in the presence of the enzyme
pyruvate orthophosphate dikinase.

Pyruvate + ATP + Pi PEP+ AMP+ PPi
AMP +ATP ADP +ADP

The PEP in both types of CAM plants is converted into 3PGA (3-
phosphoglyceric acid) by reverse reactions of glycolysis. Thereafter,
the 3-PGA is utilized in the Calvin cycle.

Check Your Progress

12. Dark reaction takes place in ________ portion of the chloroplast.
13. In Reduction phase of Calvin cycle 3-phosphoglyceric acid is

reduced to ________.
14. First stable product of C 4 carbon pathway is ________.

3.6 FACTORS AFFECTING PHOTOSYNTHESIS

The rate of photosynthesis is affected by a number of external and internal
factors. The principle of limiting factors should be kept in mind while studying
the effect of various factors of photosynthesis.
(a) External Factors:

1. Light:
In nature, the chief source of light for photosynthesis in green
plants is sunlight. Moon light has been found to be effective in
marine algae. Besides these, any kind of artificial light, e.g.electric
light, can induce photosynthesis in green plants, provided it is the
visible part of the spectrum. The light is an essential factor for
photosynthesis. It affects the rate of photosynthesis in three ways:
(i) Light quality: Photosynthesis in green plants takes place in

the visible part of the light spectrum. Although the light rays
of longer wavelength have lower energy than the light rays of
shorter wavelengths, but owing to the heavy absorption in the
red part of the spectrum by chlorophylls, maximum
photosynthesis takes place in red light. The next highest rate
of photosynthesis takes place in blue light, while in green
light it is minimum.
The rate of photosynthesis is higher in white light (such as
day light) than in monochromatic light (i.e. light rays of a
particular colour).
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(ii) Duration of light: Even a brief flash of light is enough for
photosynthesis to occur. However, the rate of photosynthesis
is greater in intermittent light than in continuous light. It is
because in continuous light the assimilatory power
accumulates and is not consumed in the dark reaction at the
same rate at which it is produced in light reaction.

2. CO2 :
CO2 constitutes about 0.03% (330 ppm) by volume of the
atmosphere. An increase in CO2 concentration up to about 1%
increases the rate of photosynthesis. But very high concentration
may prove toxic and the rate of photosynthesis will go down.

3. Temperature:
Different plants have different requirement of temperature for
photosynthesis. For example, photosynthesis will stop in many
plants at about freezing point but in some conifers it takes place
even at -35°C. Similarly, temperature beyond 40-50°C retard
photosynthesis in most of the plants but certain xerophytes like
Opuntia and algae growing in hot springs carry on photosynthesis
even at 55°C and 75°C respectively.
Usually, an increase in temperature from 10°C to about 40°C
brings about an increase in the rate of the photosynthesis. Q10 for
photosynthesis is 2.

4. Water:
Water is one of the raw materials and as essential factor for
photosynthesis. Usually, water rarely acts as a limiting factor for
photosynthesis, but the rate of photosynthesis may go down if the
plants are inadequately supplied with water.

(b) Internal factors:
1. Chlorophyll content:

Chlorophyll is essential for photosynthesis. In etiolated plants and
the non-green parts of variegated leaves in some plants
photosynthesis does not take place. Although there are conflicting
views regarding the direct relationship between chlorophyll
content and the rate of photosynthesis, but theoretically it is quite
obvious that the rate of photosynthesis should increase with an
increase in the chlorophyll content provided the other factors are
also favorable.

2. Protoplasmic factors:
Proper hydration of the protoplasm is essential for photosynthesis.
However, isolated chloroplasts are also capable of carrying on
photosynthesis under suitable conditions.
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3. Accumulation of the end products of photosynthesis:
Accumulation of carbohydrates in the photosynthesizing cells
retards the rate of photosynthesis. Quick translocation of the
carbohydrates or the end products of photosynthesis will have a
favourable effect on the rate of photosynthesis.

4. Anatomy of leaf:
The rate of photosynthesis is greatly influenced in any leaf or
other photosynthesizing part of the plant by the anatomy of that
leaf or plant part, i.e. the thickness of the cuticle and epidermis,
structure and distribution of stomata, distribution and relative
proportion of chloroplast, mesophyll tissues and structure and
distribution of the vascular bundle.
The effect of the internal structure of the leaves or other
photosynthesizing parts of the plant on the rate of the
photosynthesis results chiefly due to its influences on the entrance
of the CO2, intensity of light penetrating to chlorophyllous cells,
maintenance of the turgidity of such cells and the translocation of
the soluble sugars (i.e. the end products of photosynthesis) out of
these cells through vascular tissue.

5. Microstructure of chloroplasts:
The microstructure of the chloroplasts may also influence the rate
of photosynthesis or even determine its course. It is now well-
known that the plants which show Hatch-Slack pathway contain
two types of chloroplasts in contrast to the C3 plants which have
only one type of chloroplasts.

What is Kranz Anatomy?
According to recent works by scientists at Cornell University, it is discovered
that certain gene allows some plants to photosynthesize 50% more efficient
than most common plants, including crops like wheat or rice. The gene is
responsible for controlling a special leaf structure called the Kranz anatomy,
known to render better photosynthesis efficiency – the ability to turn energy
from light into chemical energy. Scarecrow gene is the first gene discovered to
control a special leaf structure, known as Kranz anatomy, which leads to more
efficient photosynthesis. C3 photosynthesis is being used by most of the plants
for their photosynthesis and some plants like grasses, maize, sorghum and
sugarcane will use C4 photosynthesis. If C4 photosynthesis can be converted
into C3 photosynthesis, one could expect more yield in crops.

C4 Leaf Anatomy

The C4 plants often possess a characteristic leaf anatomy called Kranz
anatomy, from the German word for wreath. Their vascular bundles are
surrounded by two rings of cells; the inner ring, called bundle sheath cells,
contains starch-rich chloroplasts lacking grana, which differ from those in
mesophyll cells present as the outer ring. Hence, the chloroplasts are called
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dimorphic. The primary function of kranz anatomy is to provide a site in which
CO2 can be concentrated around RuBisCO, thereby avoiding photorespiration.
In order to maintain a significantly higher CO2 concentration in the bundle
sheath compared to the mesophyll, the boundary layer of the kranz has a low
conductance to CO2, a property that may be enhanced by the presence of
suberin.

Fig. 3.18: Cross-section of leaf showing "kranz" type of anatomy

Although most C4 plants exhibit kranz anatomy, there are, however, a few
species that operate a limited C4 cycle without any distinct bundle sheath tissue.
Suaeda aralocaspica, Bienertia cycloptera, Bienertia sinuspersici and
Bienertia kavirense (all chenopods) are terrestrial plants that inhabit dry, salty
depressions in the deserts of the Middle East. These plants have been shown to
operate single-cell C4 CO2-concentrating mechanisms, which are unique
among the known C4 mechanisms. Although the cytology of both genera
differs slightly, the basic principle is that fluid-filled vacuoles are employed to
divide the cell into two separate areas. Carboxylation enzymes in the cytosol
can, therefore, be kept separate from decarboxylase enzymes and RuBisCO in
the chloroplasts, and a diffusive barrier can be established between the
chloroplasts (which contain RuBisCO) and the cytosol. This enables a bundle-
sheath-type area and a mesophyll-type area to be established within a single
cell.

Although this does allow a limited C3 cycle to operate, it is relatively
inefficient, with the occurrence of much leakage of CO2 from around RuBisCO.
There is also evidence for the exhibiting of inducible C4 photosynthesis by
non-kranz aquatic macrophyte Hydrilla verticillata under warm conditions,
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although the mechanism by which CO2 leakage from around RuBisCO is
minimised is currently uncertain.

The evolution and advantages of the C4 pathway

C4 plants have a competitive advantage over plants possessing the more
common C3 carbon fixation pathway under conditions of drought, high
temperatures, and nitrogen or CO2 limitation. When grown in the same
environment, at 30 °C, C3 grasses lose approximately 833 molecules of water
per CO2 molecule that is fixed, whereas C4 grasses lose only 277. This
increased water use efficiency of C4 grasses means that soil moisture is
conserved, allowing them to grow for longer in arid environments.

C4 carbon fixation has evolved on up to 40 independent occasions in
different families of plants, making it a prime example of convergent
evolution.This convergence may have been facilitated by the fact that many
potential evolutionary pathways to a C4 phenotype exist, many of which
involve initial evolutionary steps not directly related to photosynthesis. C4
plants arose around 25 to 32 million years ago during the Oligocene (precisely
when, it is difficult to determine) and did not become ecologically significant
until around 6 to 7 million years ago, in the Miocene Period. C4 metabolism
originated when grasses migrated from the shady forest undercanopy to more
open environments, where the high sunlight gave it an advantage over the C3
pathway. Drought was not necessary for its innovation; rather, the increased
resistance to water stress was a by-product of the pathway and allowed C4
plants tomore readily colonise arid environments.

Today, C4 plants represent about 5% of Earth's plant biomass and 3% of
its known plant species. Despite this scarcity, they account for about 30% of
terrestrial carbon fixation. Increasing the proportion of C4 plants on earth could
assist biosequestration of CO2 and represent an important climate-change
avoidance strategy. Present-day C4 plants are concentrated in the tropics and
subtropics (below latitudes of 45°) where the high air temperature contributes
to higher possible levels of oxygenase activity by RuBisCO, which increases
rates of photorespiration in C3 plants.

Check Your Progress

15. Photosynthesis in green plants takes place in the ________ of the
light spectrum.

16. Proper hydration of the _______ is essential for photosynthesis.

3.7 PHOTORESPIRATION

Earlier it was believed that the rate of respiration in light was almost equal to
the respiration in darkness. Recently it has been observed that light affects
respiration and the rate of respiration in light is about 3 to 5 times more than the
respiration in darkness. This led to the discovery of photorespiration.
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The photorespiration may be defined as “the respiration that occurs in
green chlorophyllous cells in presence of light resulting into excess evolution
of CO2”

Or it may be simply defined as “the release of CO2 in respiration in the
presence of light”.

It always requires light and its rate is maximum between 250C and 350C. It
also depends on oxygen concentration. It is quite different from that of dark
respiration. Photorespiration occurs in chloroplast, peroxisome and
mitochondria.
Biochemistry of photorespiration: In photorespiration, chloroplast,
mitochondria and peroxisome are involved. In chloroplast, when
photosynthesis occurs, an early product glycolate is produced which is used as
a primary substrate for photorespiration. Actually glycolic acid is produced as a
result of oxidation of ribulose diphosphate when the concentration of CO2 in
the external atmosphere is less than 1 percent. At first, ribulose diphosphate is
oxidized in to 3-phosphoglyceric acid (PGA) and 2-phosphoglycolic acid in
presence of enzyme RuDP carboxylase.

Ribulose 1, 5-diphosphate 3-phosphoglyceric acid +
2-phosphoglycolic acid

The 2-phosphoglycolic acid loses phosphate group to form glycolic acid.

2-phosphoglycolic acid + H2O Glycolic acid + phosphoric acid

The glycolic acid, thus, synthesized in the chloroplast is transferred to
peroxisome where it is oxidized into glyoxylic acid and hydrogen peroxide
(H2O2) in presence of enzyme glycolic acid oxidase.

Glycolic acid + O2 Glyoxylic acid + H2O2

The hydrogen peroxide is catalysed into water and O2 in presence of
enzyme catalase.

2H2O2 2H2O + O2

The glyoxylic acid formed as a result of oxidation of glycolic acid is
converted into an amino-acid-glycine in presence of enzyme glutamate-
glyoxylate transaminase.

Glyoxylate glycine

RuDP carboxylase

O2

Glycolic acid oxidase

light

catalase

Glutamate-glyoxylate transaminase
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Now, the glycine amino-acid moves into the mitochondria where two
molecules of glycine interact to form one molecule of serine amino acid and
one molecule of CO2. The CO2 is then release in photorespiration.

2 mols. Glycine 1 mol. Serine + 1 mol. CO2
The serine is then transported out from mitochondria to the cytoplasm

where it is converted into hydroxypyruvate and then into phosphoglycerate
which enters in Calvin-cycle and forms glucose.

Fig. 3.19: Diagrammatic representation of various steps of Photorespiration

Check Your Progress

17. Dark period is critical in ________.
18. Example of long day plant is ________.
19. The inhibitory effect of red light on flowering during critical dark

period in short day plants can be overcome by ________.

OUTPUT

SERINE + NH3

CO2

GLYCINE

GLYCINE

Mitochondria

GLYOXYLIC ACID

H2O2

GLYOXYLIC ACID

O2

O2

O2
INTAKE

CO2

CO2

GLYCOLIC ACID

Chloroplast

GLYCOLIC
ACID

Calvin cycle

Conc < 1%

RIBULOSE
DIPHOSPHATE

2 (PHOSPHO-
GLYCERIC ACID)
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20. In plants, photoperiodic stimulus is perceived by ________.
(a) Roots (b) stems (c) leaves (d) None of these

21. Themolecular weight of phytochrome is about ________.
22. In plants, richest sources of phytochrome are, ________.

3.8 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Chloroplast
2. Thylakoids
3. Sun.
4. Action spectrum
5. Quantum requirement
6. NADPH2
7. Pigment system II
8. Grana
9. Photolysis of water
10. Plastoquinone (PQ)
11. PS-I
12. Stroma
13. Glyceraldehydes-3-phosphate
14. 4-C compound Oxaloacetic acid (OAA)
15. Visible part
16. Protoplasm
17. Short day plant
18. Hyoscyamus niger
19. Far-red light
20. None of these
21. 250 kD
22. Etiolated seedling

3.9 SUMMARY

The synthesis of organic compounds like carbohydrates by the cells of
green plants in presence of sunlight with the help of CO2 and H2O is
called photosynthesis.
The chloroplasts in green plants constitute the photosynthetic
apparatus, i.e., photosynthesis process takes place in chloroplast.
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Photosynthesis is driven by two photochemical processes. These
processes are associated with two groups of photosynthetic pigments
called as pigment system I and pigment system II.
The two photosystems are spatially separated in thylakoid membranes.
Photosystem II is predominantly localized in stacked regions of
thylakoid membranes. Wavelengths of light shorter than 680 m
affect both the pigment systems while wavelength longer than 680 m
affect only pigments system I.
photophosphorylation is of two types: Non cyclic
photophosphorylation and Cyclic photophosphorylation (cyclic
electron transport).
The dark reaction of photosynthesis is purely enzymatic and lower
than the primary photochemical reaction. It takes place in stroma
portion of the chloroplast and is independent of light, i.e. can take
place in absence of light. Dark reaction requires assimilatory power
(i.e. ATP and NADPH2). The conversion of CO2 to carbohydrates
with the help of assimilatory power in dark reaction of photosynthesis
is most important part of photosynthesis.
Under natural conditions the acidity of green shoots of some non-
halophytic succulents and semi-succulent plants increase at night and
decreases during the following day. This diurnal change in acidity was
first discovered in a Crassulacean plant Bryophyllum calycinum hence,
it has been termed as Crassulacean AcidMetabolism (CAM).

3.10 KEY TERMS

Photosynthesis: The synthesis of organic compounds like
carbohydrates by the cells of green plants in presence of sunlight with
the help of CO2 andH2O is called photosynthesis.
Photosynthetic apparatus (chloroplast): The chloroplasts in green
plants constitute the photosynthetic apparatus i.e., photosynthesis
process takes place in chloroplast.
Crassulacean Acid Metabolism (CAM) and dark CO2 fixation:
Under natural conditions, the acidity of green shoots of some non-
halophytic succulents and semi-succulent plants increase at night and
decreases during the following day. This diurnal change in acidity was
first discovered in a Crassulacean plant Bryophyllum calycinum, hence
it has been termed as Crassulacean AcidMetabolism (CAM).
Photorespiration: It is defined as “the respiration that occurs in green
chlorophyllous cells in the presence of light resulting into excess
evolution of CO2”.
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3.11 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions

1. Write a short note on photorespiration.
2. Write a note on critical photoperiod.
3. Explain cyclic photophosphorylation.
4. Write a short note on Photosynthetic apparatus.

Long Answer Questions

1. Describe the role of light in flowering.
2. Describe the phenomenon of photoperiodism in higher plant.
3. Write a critical account on physiology of flowering.
4. Explain the factors affecting photosynthesis.
5. Explain the Calvin cycle.
6. Explain Hatch and Slack pathway.
7. Explain CAM pathway.
8. Explain the mechanism of photosynthesis.

3.12 FURTHER READING

1. Hopkins, W.G. 1995. Introduction to Plant Physiology, John Wiley
and Sons NewYork, USA.
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3. Salisbury, F.B. and Ross, C.W. 1992: Plant Physiology (4th Ed).
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UNIT 4 RESPIRATION
Structure
4.0 Introduction
4.1 Objectives
4.2 Structure of Mitochondria
4.3 Types of Respiration

4.3.1 Aerobic Respiration
4.3.2 Anaerobic Respiration

4.4 Fermentation
4.5 Respiratory Substrates
4.6 Respiratory Quotient
4.7 Mechanism of Respiration

4.7.1 Glycolysis (Embden-Meyerhof-Parnas Pathway, EMP Pathway)
4.7.2 Krebs’ Cycle (TCA-cycle)
4.7.3 Pentose Phosphate Pathway
4.7.4 Oxidative Phosphorylation (Electron Transport System) E.T.S.

4.8 Factors affecting Rate of Respiration
4.9 Redox Potential and Theories of ATP Synthesis
4.10 Glyoxylate Cycle
4.11 Answers to ‘Check Your Progress’
4.12 Summary
4.13 Key Terms
4.14 Self-Assessment Questions and Exercises
4.15 Further Reading

4.0 INTRODUCTION

The energy stored in carbohydrate molecules during photosynthesis is
released during cellular oxidation of carbohydrates into CO2 and H2O. This
is called as respiration. In respiration, the oxidation of various organic food
substances (respiratory substance) like carbohydrates, fats, proteins etc, may
take place. Among these, glucose is the commonest. Its oxidation proceeds as is
shown in the following equation.

In recent years, this equation has more appropriately been modified as
follows:

Respiration is very important biological process shown by all living
organisms. In respiration, cellular oxidation of various organic food substances
occur usually in the presence of O2 (aerobic), but sometimes in absence of O2
(anaerobic) through a series of biochemical reactions releasing energy, part of
which is used in the synthesis of ATP and rest being lost as heat.
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4.1 OBJECTIVES

After going through this unit, youwill be able to:
Explain the structure ofMitochondria
Describe aerobic and anaerobic respiration
Understanding Glycolysis, Krebs’ cycle, Pentose phosphate pathway
and electron transport system
Examine the factors affecting rate of respiration
Knowing redox potential and theories of ATP synthesis

4.2 STRUCTURE OFMITOCHONDRIA

Mitochondria are well-defined cytoplasmic organelles of the cell which take
part in a variety of cellular metabolic functions. Survival of the cells requires
energy to perform different functions. The mitochondria are important as the
fact that these organelles supply all the necessary biological energy of the cell,
and they obtain this energy by oxidizing the substrates of the Krebs cycle.
Energy of the cell is got from the enzymatic oxidation of chemical compounds
in the mitochondria. Hence, the mitochondria are referred to as the ‘power
houses’ of the cell. Almost all the eukaryotic cell have mitochondria, though
they are lost in the later stages of development of cell like in the red blood cells
or in elements of phloem sieve tube.

In 1890, mitochondria was first described by Richard Altmann and he
called them as bioblasts. Benda in the year 1897 coined the term
mitochondrion. In the 1920s, a biochemist Warburg found that oxidative
reactions takes place in most tissues in small parts of the cell.

Mitochondria is a membrane bound cellular structure and is found in most
of the eukaryotic cells. The mitochondria ranges from 0.5 to 1.0 micrometer in
diameter. The mitochondria are sometimes described as power plants of the
cells. These organelles generate most of the energy of the cell in the form of
adenosine triphosphate (ATP) and it is used as a source of chemical energy.
The mitochondria is also involved in other cellular activities like signaling,
cellular differentiation, cell senescence and also control of cell cycle and cell
growth. Mitochondria also affect human health, like mitochondrial disorder and
cardiac dysfunction and they also play important role in the aging process. The
term ‘mitochondrion’ is derived from a Greek word ‘mitos’ which means
‘thread’ and ‘chondrion’ whichmeans ‘granule’.
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Fig. 4.1: Structure of Mitochondria

Mitochondria are rod-shaped structure found in both animal and plant cells.
It is a double membrane bound organelle. It has the outer membrane and the
inner membrane. The membranes are made up of phospholipids and proteins.
The components ofmitochondria are as follows:
Outer membrane: It is smooth and is composed of equal amounts of
phospholipids and proteins. It has a large number of special proteins known as
the porins. The porins are integral membrane proteins and they allow the
movement of molecules that are of 5000 daltons or less in weight to pass
through it. The outer membrane is freely permeable to nutrient molecules, ions,
energy molecules like the ATP andADPmolecules.
Inner membrane: The inner membrane of mitochondria is more complex in
structure. It is folded into a number of folds many times and is known as the
cristae. This folding help to increase the surface area inside the organelle. The
cristae and the proteins of the inner membrane aids in the production of ATP
molecules. Various chemical reactions takes place in the inner membrane of the
mitochondria. Unlike the outer membrane, the inner membrane is strictly
permeable, it is permeable only to oxygen, ATP and it also helps in regulating
transfer of metabolites across the membrane.
Intermembrane space: It is the space between the outer and inner membrane
of the mitochondria, it has the same composition as that of the cell’s cytoplasm.
There is a difference in the protein content in the inter-membrane space.
Matrix: The matrix of the mitochondria is a complex mixture of proteins and
enzymes. These enzymes are important for the synthesis of ATP molecules,
mitochondrial ribosomes, tRNAs andmitochondrial DNA.

Mitochondrial DNA

Mitochondrial DNA or mtDNA or mDNA is the DNA in the mitochondria,
rest of the DNA present in the eukaryotic cells is in the nucleus. In plants, DNA
is also found in chloroplasts.

The mitochondria have a small amount of DNA of their own. Human
mitochondrial DNA spans about 16,500 DNA base pairs, it represents a small

Intermembrane
Space

Inner
Membrane

Outer
Membrane

F0, F1
Complexes

Ribosomes MatrixDNA

Cristae Junction
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fraction of the total DNA in cells. The mtDNA contains 37 genes. All these
genes are essential for normal function of the mitochondria.

These DNA help the mitochondria divide independently from the cell.
mtDNA is maternally inherited. The fact that mt DNA is maternally inherited
enables to trace thematernal lineage far back in time.

The mtDNA in most multicellular organisms is circular, covalently closed,
double-stranded DNA. mtDNA is susceptible to free oxygen radicals.
Mutations in the mitochondrial DNA leads to a number of illness like exercise
intolerance.

Function of Mitochondria
(i) The most important function of the mitochondria is to produce energy.

The simpler molecules of nutrition are sent to the mitochondria to be
processed and to produce charged molecules. These charged
molecules combine with oxygen and produce ATP molecules. This
process is known as oxidative phosphorylation.

(ii) Mitochondria help the cells to maintain proper concentration of
calcium ions within the compartments of the cell.

(iii) The mitochondria also help in building certain parts of blood and
hormones like testosterone and estrogen.

(iv) The liver cells mitochondria have enzymes that detoxify ammonia.
(v) The mitochondria also play important role in the process of apoptosis

or programmed cell death. Abnormal death of cells due to the
dysfunction of mitochondria can affect the function of organ.

(vi) Signaling throughmitochondrial reactive oxygen species
(vii) Regulation of the membrane potential
(viii) Calcium signaling (including calcium-evoked apoptosis)
(ix) Regulation of cellular metabolism
(x) Certain heme synthesis reactions
(xi) Steroid synthesis.
(xii) Hormonal signaling- Mitochondria are sensitive and responsive to

hormones, in part by the action of mitochondrial estrogen receptors
(mtERs). These receptors have been found in various tissues and cell
types, including brain and heart

(xiii) Some mitochondrial functions are performed only in specific types of
cells. For example, mitochondria in liver cells contain enzymes that
allow them to detoxify ammonia, a waste product of protein
metabolism. A mutation in the genes regulating any of these functions
can result in mitochondrial diseases.
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Check Your Progress

1. ________ in the year 1897 coined the termmitochondrion.
2. Themost important function of the mitochondria is to _______.
3. The liver cells mitochondria have enzymes that detoxify ________.

4.3 TYPES OF RESPIRATION

According to its dependence on atmospheric oxygen, the cellular respiration is
of two types, i.e., aerobic respiration and anaerobic respiration. (Sachs, 1890)

4.3.1 Aerobic Respiration
Respiration in which the oxidative breakdown of respiratory substrates takes
place with the help of atmospheric oxygen is known as aerobic respiration. It
was first reported by Kostytcher (1902). Aerobic respiration involves complete
breakdown of substrates. As a result, CO2 and water are formed as byproducts
and large amount of energy is released. Most of the plants and animals respire
aerobically. The organisms performing aerobic respiration are called aerobes.
Aerobic respiration is represented by the following chemical equation:

One molecule of glucose releases 686 kcal (2870 kJ) energy (kcal). In all,
38 ATP molecules are formed after complete oxidization of one molecule of
glucose.

For the synthesis of oneATP, about 7.3 kcal energy is required.
38 ATP × 7.3 kcal = 277.4 kcal
Thus in aerobic respiration, out of 686 kcal energy of a glucose molecule,

only 277.4 kcal energy is conserved as a usable form. This energy is about 40%.
Hence the efficiency of aerobic respiration is 40%.

4.3.2 Anaerobic Respiration
The respiration in which the oxidation of respiratory substrates takes place in
absence of atmospheric oxygen is known as anaerobic respiration. It involves
incomplete breakdown of respiratory substrates. As a result the end products,
such as ethanol or lactic acid are produced and CO2 is released. Anaerobic
respiration is common in lower organisms like fungi and certain bacteria. The
organisms performing anaerobic respiration are called anaerobes. In
microorganisms, anaerobic respiration is also known as fermentation. The end
products of anaerobic respiration are either ethanol or lactic acid and carbon
dioxide and notwater.

As a result of oxidation of one molecule of glucose through anaerobic
respiration, only 2 ATPmolecules are formed.
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The following chemical equation is given for anaerobic respiration:

For the synthesis of oneATP about 7.3 kcal energy is required.
2ATP× 7.3 kcal = 14.6 kcal
Thus in anaerobic respiration, out of 686 kcal energy of a glucose

molecule, only 14.6 kcal energy is conserved as a usable form. This energy is
about 2.12%.Hence the efficiency of anaerobic respiration is 2.12%.

Check Your Progress

4. The respiration in which the oxidation of respiratory substrates
takes place in absence of atmospheric oxygen is known as _______.

5. The organisms performing anaerobic respiration are called ______.
6. In anaerobic respiration, out of 686 kcal energy of a glucose
molecule, only ________ energy is conserved as a usable form.

7. Respiration in which the oxidative breakdown of respiratory
substrates takes place with the help of atmospheric oxygen is
known as ________.

4.4 FERMENTATION

Anaerobic breakdown of carbohydrates and other organic compounds with the
help of enzymes secreted by microorganisms is called fermentation. The term
fermentation is coined by Cruickshank in 1897. The term fermentation is
derived from the latin word ‘fermentum’ which means ‘to boil’ or froth or to
bubble. This is because many a times, during the process of fermentation, CO2
is evolved which passes through the fermenting liquid and gives it foamy
appearance. Fermentation is mostly extracellular process. The enzymes
produced by the microorganism are responsible to bring about the fermentation.

Fermentation is a process very much similar to anaerobic respiration.
However, it differs from anaerobic respiration because the substrate breakdown
in fermentation is extracellular, whereas in anaerobic respiration, it is always
intracellular.

According to the nature of byproduct formed, fermentation is mainly of
two types, i.e. alcoholic fermentation and lactic acid fermentation.
(a) Alcoholic fermentation:

The pyruvate is first decarboxylated to acetaldehyde in the presence of
the enzyme pyruvate decarboxylase. Thiamine pyro-phosphate (TPP)
is required as co-factor in the reaction.
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Acetaldehyde is then reduced to ethyl alcohol by the enzyme alcohol
dehydrogenase coenzyme NADH (produced in glycolysis) is oxidized.

The overall equation for anaerobic respiration involving alcoholic
fermentation is as follows.

(b) Lactic acid fermentation:
Here, the pyruvate is converted into lactate by the enzyme lactate-
dehydrogenase. Coenzyme NADH (Produced in glycolysis) is
oxidized.

The overall equation for anaerobic respiration involving lactic acid
fermentation is as follows:

There is net gain of only 2 ATP molecules (during glycolysis state)
during the anaerobic respiration and most of the energy contained in
glucosemolecule is wasted as heat.
In the absence of oxygen, the formation of oxidized NAD+ during
anaerobic respiration (fermentation) ensures continued operation of
glycolytic pathway (in the absence of oxidized NAD+, the reaction
catalyzed by glyceraldehyde 3-phosphate dehydrogenase cannot take
place. )

Check Your Progress

8. The term fermentation is coined by ________ in 1897.
9. Anaerobic breakdown of carbohydrates and other organic
compounds with the help of enzymes secreted by microorganisms
is called ________.

4.5 RESPIRATORY SUBSTRATES

The food material used in the breakdown during respiration is known as
respiratory substrate. The complex organic substances like sucrose, starch,
glucose and other sugar; fats, organic acids; proteins etc. act as respiratory
substrates. Simple carbohydrates are the materials that are chiefly used up in
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respiration. The reserve carbohydrates are first transformed into the simple
carbohydrates before being consumed in respiration. In oily seeds, the fats
supply the respirable material, but these must be converted into sugars before
entering the respiratory process. Proteins are also used as substrate in absence
of carbohydrates and fats.

Check Your Progress

10. The food material used in the breakdown during respiration is
known as ________.

4.6 RESPIRATORY QUOTIENT

The ratio of the volume of CO2released to the volume of O2 taken in respiration
is called as respiratory quotient and it is denoted as R.Q.

It can be found out through respiratory quotient that which food material is
being oxidized during respiration, because the different food materials
(carbohydrates, fats, protein etc.) possess different R.Q. values. The value of
R.Q. may be unity or one, less than one or more than one depending upon the
substrate used.
For example:

1. When carbohydrates such as hexose sugars are oxidized in respiration,
the value of R.Q. is 1 or unity because volume of CO2 evolved equals
to the volume of O2 absorbed. It can be shown by the following
equation.

2. When fats are respiratory substrates, the value of R.Q. becomes less
than one because the fats are poorer in oxygen in comparison to
carbon and they require more O2 for their oxidation which is obvious
from the following equation.

Fats are oxidized in respiration usually during the germination of fatty
seeds.
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3. When organic acids are oxidized in respiration the value of R.Q.
becomes more than one. It is because organic acids are rich in O2 and
required less O2 for their oxidation, e.g.

4. Partial oxidation of carbohydrates: In some succulent plants like
Opuntia, Bryophyllum etc. carbohydrates are incompletely oxidized to
organic acid in dark without the evolution of CO2; hence the value of
R.Q. remains zero.

5. During anaerobic respiration, due to the absence of O2, the value
of R.Q. is always very high rather infinite ( ).

Significance of R.Q.:

By determining the value of R.Q.. the nature of respiratory substrate can be
known. Ex, If R.Q. = 1, it indicates carbohydrates are being oxidized during
respiration. If R.Q. < 1, it indicates organic matter like fats constitute the
respiratory substrate.

Check Your Progress

11. The ratio of the volume of CO2 released to the volume of O2 taken
in respiration is called as ________.

4.7 MECHANISM OFRESPIRATION

The respiration involves three steps viz, glycolysis, Krebs’ cycle and Electron
transport system.
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4.7.1 Glycolysis (Embden-Meyerhof-Parnas Pathway, EMP
Pathway)

In glycolysis (from Greek words glykos = sugar and lysis = splitting), which
can take place even in the absence of oxygen, six-carbon compound glucose
(hexose sugar) is broken down (oxidized) into two molecules of three carbon
compound, the pyruvate (a triose) through a series of ten enzymatic reactions
which occur in cytosol. Of these, the first five reactions constitute the
preparatory phase in which two molecules of ATP are consumed and glucose is
converted into two molecules of glyceraldehyde 3-phosphate. The next five
reactions constitute the pay-off phase of glycolysis in which two molecules of
glyceraldehyde 3-phosphate are converted into two molecules of pyruvate with
concomitant production of two NADH and four ATP molecules. Various steps
of glycolysis are as follows:

(a) Preparatory phase (reactions 1-5):

1. Glucose molecule reacts with ATP molecule in the presence of the
enzyme hexokinase to form glucose 6-phosphate (Robinson’s ester). It
requiresMg2+.

2. Glucose 6-phosphate is isomerised into fructose 6-phosphate
(Newberg’s ester) in the presence of the enzyme phosphohexose
isomerase.

3. Fructose 6-phosphate reacts with another molecule of ATP in the
presence of the enzyme phosphofructokinase to form fructose 1, 6-
bisphosphate (Harden and Young’s ester).

4. Fructose 1, 6-bisphosphate is cleaved into two trioses, glyceraldehyde
3-phosphate and dihydroxyacetone phosphate in the presence of the
enzyme aldolase.

5. Dihydroxyacetone phosphate produced in reaction no. 4 is isomerised
into glyceraldehyde 3-phosphate in the presence of the enzyme
triosephosphate isomerase.
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(a) Pay-off phase (reactions 6-10):

6. Two molecules of glyceraldehyde 3-phosphate (one each produced in
reaction nos. 4 and 5) are now phosphorylated and oxidized to form
two molecules of 1,3-bisphosphoglycerate in the presence of the
enzyme glyceraldehyde 3-phosphate dehydrogenase. Two molecules
of inorganic phosphate (Pi) are consumed while two molecules of
coenzyme NAD+ are reduced in this reaction. Iodoacetate is potent
inhibitor of this reaction.

7. Two molecules of 1,3-bisphophoglycerate react with 2 ADP
molecules in the presence of the enzyme phosphoglycerate kinase to
form two molecules of ATP and two molecules of 3-
Phosphoglycerate.

8. The phosphate group of 3-phosphoglycerate is shifted fromC-3 to C-2
position in the presence of the enzyme phosphoglyceromutase, Two
molecules of 3-phosphoglycerate are thus converted into 2 mols. of 2-
phosphoglcerate. Mg++ is essential for this reaction.

9. Two molecules of 2-phosphoglycerate are now dehydrated to form
twomolecules of phosphoenol pyruvate in the presence of the enzyme
enolase. Two water molecules are eliminated in this reaction. The
reaction is inhibited byM/40 conc. of NaF (Sodium fluoride).

10. The last step of glycolysis involves the transfer of phosphate group
from phosphoenol pyruvate to ADP in the presence of the enzyme
pyruvate kinase. Two molecules of phosphoenol pyruvate are thus
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converted into 2 molecules of pyruvate with simultaneous formation
of 2 ATPmolecules. The enzyme requiresMg++ andK+.

The carboxylic group of pyruvate is derived from carbon no. 4 and 5
of the glucosemolecule.
All the intermediates of glycolysis (between glucose and pyruvate) are
phosphorylated.
Except reaction nos. 1, 3, 7 and 10 all other reactions of glycolysis are
reversible.
Glycolysis or EMP-pathway is common in both aerobic and anaerobic
respiration.
The overall glycolytic process can be summarized as follows:

Thus there is gain of 4 - 2 = 2 ATP molecules per hexose sugar
mol. oxidized during this process. These ATP molecules are
produced by substrate level phosphorylation.
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Fig. 4.2: Glycolysis (EMP-pathway)
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4.7.2 Krebs’ Cycle (TCA-cycle)
If the molecular oxygen is available, aerobic respiration takes place and the
pyruvate produced in glycolysis enters into Krebs’ cycle for further oxidation
through Krebs’ cycle. Krebs’ cycle is also known as Citric acid Cycle or Tri
Carboxylic Acid Cycle (TCA) because citric acid is an early intermediate of
this cycle which contains three carboxylic groups. All enzymes necessary for
TCA cycle are found in matrix. However, the enzyme succinate dehydrogenase
is localized on the inner mitochondrial membrane. Various reactions of the
Krebs’ cycle which is shown in figure as follows.

(a) Oxidative Decarboxylation of Pyruvic acid:

11. Pyruvate reacts with coenzyme A (CoA) and NAD+ and is
oxidatively decarboxylated in the presence of the enzyme pyruvate
dehydrogenase complex to form acetyl-CoA molecule. One mole of
CO2 is released and NAD+ is reduced to NADH + H+. This reaction is
irreversible.

(Pyruvate dehydrogenase complex is a large complex of multiple
copies of three distinct enzymes; (i) pyruvate dehydrogenase, (ii)
dihydrolipoyl transacetylase and (iii) dihydrolipoyl dehydrogenase.
This enzyme complex catalyses the above overall reaction in three
steps: decarboxylation, oxidation and conjugation to CoA for which
five different coenzymes or prosthetic groups are required. These are
thiamine pyrophosphate (TPP), NAD+, FAD, CoA and lipoate.)

(b) Oxidation of Acetyl Moiety of Acetyl-CoA

This part of TCA cycle involves eight different enzymatic reactions (Reactions
nos. 12-19)
12. Acetyl-CoA combines with a 4-C dicarboxylic acid, oxaloacetate

(OAA) to form 6-C tricarboxylic acid, citrate in the presence of
enzyme citrate synthase.

13. Citrate is converted to isocitrate by the enzyme aconitase (aconitate
hydratase). This conversion takes place in two steps: dehydration to
cis-aconitate some of which remains bound to the enzyme, and
rehydration to isocitrate. The reaction in inhibited by fluoroacetate.
(a) Dehydration:
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(b) Rehydration:

14. Isocitrate is now oxidatively decarboxylated in the presence of the
enzyme isocitrate dehydrogenase to form - ketoglutarate. NAD+ is
reduced and a second mol. of CO2 is released.

(There are two different isozymes of isocitrate dehydrogenase, of
which one is NAD+ dependent and found in mitochondrial matrix and
another is NADP+ dependent which occurs both in mitochondrial
matrix and cytosol. Respiratory chain linked oxidation of isocitrate
takes place almost exclusively through the NAD+ dependent isozyme.
Oxalosuccinate might be formed as an intermediate that remains
bound to the enzyme in overall reaction. )

15. -Ketoglutarate reacts with Coenzyme-A (CoASH) and NAD+ and is
also oxidatively decarboxylated to form succinyl-CoA. A third
molecule of CO2 is released and NAD+ is reduced to NADH + H+.
The reaction is irreversible.

This reaction is virtually similar to pyruvate dehydrogenase catalysed
reaction (reaction no. 11) and is inhibited by arsenite.

16. Succinyl-CoA is now converted into succinate under the catalytic
influence of succinyl-CoA synthetase (or succinate thiokinase). In
the presence of inorganic phosphate (Pi), i.e. H3PO4, the thioester
bond of succinyl-CoA is hydrolysed, coenzyme-A becomes free and
energy is released that is sufficient enough for the synthesis of one
ATP orGTP (guanosine on phosphate) molecule from ADP or GDP
+Pi. This phosphorylation of ADP or GDP molecule is called as
substrate level phosphorylation.
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It is now known that in plants, this succinyl-CoA synthetase
catalysed reaction produces ATP molecule, while in animals GTP
molecule is produced. However, in animal mitochondria ATP
may be formed in a second reversible enzyme reaction that
involves transfer of phosphate fromGTP toADP.

17. Succinate is oxidized to fumarate in the presence of the enzyme
succinate dehydrogenase. Coenzyme FAD (Flavin Adenine
Dinucleotide) is reduced in the reaction. Malonate exhibits this
enzyme competitively resulting in succinate accumulation.

In eukaryotes, succinate dehydrogenase is tightly bound to the
inner mitochondrial membrane and is the only enzyme of TCA
cycle that is membrane bound. (In prokaryotes, this enzyme is
bound to plasma membrane)

18. Furmarate is now hydratedwith one H2O molecule in the presence of
the enzyme fumarase to yieldmalate.

19. In the last step of TCA cycle, malate is oxidized to oxaloacetate in the
presence of the enzyme malate-dehydrogenase. NAD+ is reduced
(NADH+H+) in the reaction.

All the reactions of the Krebs’ cycle (except reactions no. 11, 12
and 15) are reversible.
In this cycle, at first the carbon atom 3 or 4, then 2 or 5, and lastly
carbon number 1 or 6 of the glucose molecule are released in the
form of CO2 molecules.
Starting from two molecules of pyruvate produced in glycolysis
per hexose sugar molecule oxidized, the overall equation for TCA
cycle is,
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Some biochemists take acetyl-CoA as the starting point of TCA
cycle. Accordingly, the overall equation for TCA cycle will be as
given below.

The free energy released during oxidation of pyruvate or acetyl Co-A
is stored in the form of reduced NADH and FADH2 molecules. In
terminal oxidation of these reduced coenzymes through mitochondrial
electron transport system, each NADH molecule form 3ATPs while
each FADH2 molecule yields 2ATPs. In addition, some energy is
conserved directly in ATP molecules formed in TCA cycle by
substrate level phosphorylation.
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Fig. 4.3: Krebs’ Cycle

4.7.3 Pentose Phosphate Pathway
The pentose phosphate pathway (PPP; also called the phosphogluconate
pathway and the hexose monophosphate shunt) is a process that breaks down
glucose 6-phosphate into NADPH and pentoses (5-carbon sugars) for use in
downstream biological processes. There are two distinct phases in the pathway:
the oxidative phase and the non-oxidative phase. The first is the oxidative phase
in which glucose 6-phosphate is converted to ribulose 5-phosphate. During this
process, two molecules of NADP+are reduced to NADPH. The overall reaction
for this process is:



NOTES

Respiration

Self-Instructional
Material 149

Fig. 4.4: Pentose Phosphate pathway

Pentose Phosphate Pathway

Glucose 6-P Oxidative phase

6-Phosphogluconolactone

6-Phosphogluconate

Ribulose 5-phosphate Non-oxidative phase

Ribose 5-phosphate Xylulose 5-phosphate

Glyceraldehyde 3-phosphate + Sedoheptulose 7-phosphate

Fructose 6-phosphate + Erythrose 4-phosphate Xylulose 5-phosphate

Glyceraldehyde 3-phosphate + Fructose 6-phosphate

NADP+

NADPH

H2O

H+

NADP+

NADPH
CO2

Glucose 6-phosphate
dehydrogenase

Gluconolactonase

6-phosphogluconate
dehydrogenase

Rtbulose 5-phosphate
3-Epimerase

Ribulose 5-phosphate
Isomerase

Transketolase

Transaldolase

Transketolase

Glycolysis

Glycolysis Glycolysis



NOTES

Respiration

150
Self-Instructional
Material

The pentose phosphate pathway generates reducing equivalents in the
form of NADPH. It is used in reductive biosynthesis reactions within cells (e.g.
fatty acid synthesis). It produces ribulose 5-phosphate, used in the synthesis of
nucleotides. It also produces nucleic acids and erythrose 4-phosphate, used in
the synthesis of aromatic amino acids.

Glucose 6-phosphate + 2 NADP+ + H2O ribulose 5-phosphate
+ 2 NADPH+ 2 H+ + CO2

The second phase of this pathway is the non-oxidative synthesis of
5-carbon sugars. Depending on the body’s state, ribulose 5-phosphate can
reversibly isomerize to ribose 5-phosphate. Ribulose 5-phosphate can
alternatively undergo a series of isomerizations as well as transaldolations and
transketolations that result in the production of other pentose phosphates
including fructose 6-phosphate, erythrose 4-phosphate, and glyceraldehyde
3-phosphate (both intermediates in glycolysis). These compounds are used in a
variety of different biological processes including production of nucleotides
and nucleic acids (ribose 5-phosphate), as well as synthesis of aromatic amino
acids (erythrose 4-phosphate).

Glucose 6-phosphate dehydrogenase is the rate-controlling enzyme in this
pathway. It is allosterically stimulated by NADP+. NADPH-utilizing pathways,
such as fatty acid synthesis, generate NADP+, which stimulates glucose
6-phosphate dehydrogenase to produce more NADPH. In mammals, the PPP
occurs exclusively in the cytoplasm; it is found to be most active in the liver,
mammary gland, and adrenal cortex. The ratio of NADPH : NADP+ is
normally about 100 : 1 in liver cytosol, making the cytosol a highly-reducing
environment.

The PPP is one of the three main ways the body creates molecules with
reducing power, accounting for approximately 60% of NADPH production in
humans. While the PPP does involve oxidation of glucose, its primary role is
anabolic rather than catabolic, using the energy stored in NADPH to synthesize
large, complex molecules from small precursors.

Additionally, NADPH can be used by cells to prevent oxidative stress.
NADPH reduces glutathione via glutathione reductase, which converts reactive
H2O2 into H2O by glutathione peroxidase. For example, erythrocytes generate a
large amount of NADPH through the pentose phosphate pathway to use in the
reduction of glutathione.
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Fig. 4.5: Fatty Acid Synthesis: Synthesis of Straight-Chain Saturated Fatty Acids

4.7.4 Oxidative Phosphorylation (Electron Transport System)
E.T.S.

The last step in aerobic respiration is the oxidation of reduced coenzymes
produced in glycolysis and Krebs’ cycle by molecular oxygen through FAD,
UQ (ubiquinone), cytochrome b, cytochrome c, cytochrome a and cytochrome
a3 (cytochrome oxidase).

Two H-atoms or electrons from the reduced coenzyme (NADH or
NADPH) travel through FAD and the cytochromes each with a more positive
oxidation reduction potential and ultimately combine with ½O2 molecule to
produce one molecule of H2O. This is called as terminal oxidation.

The terminal oxidation of each reduced coenzyme requires ½O2molecule
and 2H atoms (i.e. 2e– + 2H+) to produce one H2O molecule. Except for
flavoproteins (like FAD) and ubiquinone (UQ) which are hydrogen carriers, the
other components of the electron transport chain (cytochromes) are only
‘electron carriers’ i.e. they cannot give or take protons (H+). Moreover, the
above mentioned H-carriers form two-electrons redox system (i.e. they can
give or take 2 electrons at a time) while the cytochromes in electron transport
chain form ‘one-electron redox systems’ (i.e. they can donate or accept only
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one electron at a time). Therefore, to carry 2 electrons from the reduced
coenzyme to ½ O2molecules, two molecules each of different cytochromes are
needed. Also, during the transfer of 2e– from ‘two-electron redox system’ to
‘one-electron redox system’, 2 protons (2H+) are given out and during the
reverse transfer i.e., from ‘one-electron redox system’ to ‘two-electron redox
system’, 2 protons (2H+) are taken in. ½ O2 /H2O redox system is also a ‘two-
electron redox system’.

During this electron transport, FAD and the iron atom of different
cytochromes get successively reduced (Fe++) and oxidized (Fe+++) and enough
energy is released at some places which is utilized in the phosphorylation of
ADP molecules (in the presence of inorganic phosphate) to generate energy
rich ATPmolecules.

Because this oxidation accompanies phosphorylation, hence it is called as
oxidative phosphorylation. It takes place on phosphorylating complexes
situated on cristae in mitochondria. 2,4-Dinitrophenol is uncoupling agent of
oxidative phosphorylation and electron transport chain.

One molecule of ATP (which contains 7.6 kcal, energy) is synthesized at
each place when electrons are transferred from:

(i) Reduced NADHor NADPH to FAD
(ii) Reduced Cytochrome b, to Cytochrome c, and
(iii) Reduced Cytochrome a to Cytochrome a3
Thus the oxidation of one mole of reduced NADH or NADPH will result

in the formation of 3 ATP molecules while oxidation of FADH2 will lead to the
synthesis of 2ATPmolecules.

However, according to most recent findings, although in eukaryotes
terminal oxidation of mitochondrial NADH/NADPH results in the production
of 3 ATP molecules but that of extra-mitochondrial NADH/NADPH yields
only 2 ATP molecules. Therefore, the two reduced coenzyme molecules
(NADH) produced per hexose sugar mol. during glycolysis (vide reaction no. 6)
being extra-mitochondrial will yield only 2 x 2 = 4 ATP molecules instead of 6
ATPs.
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Fig. 4.6: Electron transport system and oxidative phosphorylation
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Account of ATP molecules in complete aerobic oxidation of glucose
(hexose sugar) in eukaryotes.

Reaction No Consumption/Gain of
ATP per hexose mol

Remarks

Glycolysis
(EMP-Pathway)
1.
3.
6.
7.
10.

Consumption 1 ATP
Consumption 1 ATP
Gain 2 x 2 = 4 ATP
Gain 2 x 1 = 2 ATP
Gain 2 x 1 = 2 ATP
Net gain 8 – 2 = 6 ATP

For phosphorylation of hexose
For phosphorylation of hexose-P
By terminal oxidation of 2NADH
By substrate level phosphorylation
By substrate level phosphorylation

Krebs’ Cycle
(TCA Cycle)
(a) Oxidative
Decarboxylation
of Pyruvic Acid
11. Gain 2 x 3 = 6 ATP

Net gain = 6 ATP
By terminal oxidation of 2 NADH

(b) Oxidation of
Acetyl Moiety
of Acetyl-CoA
14.
15.
16.

17.
18

Gain 2 x 3 = 6 ATP
Gain 2 x 3 = 6 ATP
Gain 2 x 1 = 2 ATP

Gain 2 x 2 = 4 ATP
Gain 2 x 3 = 6 ATP
Net gain = 24 ATP

By terminal oxidation of 2 NADH
By terminal oxidation of 2 NADH
By substrate level phosphorylation
directly or through GTP.
By terminal oxidation of 2FADH2
By terminal oxidation of 2 NADH

Total net gain of ATPmol/Hexose mol oxidized = 6 + 6 + 24 = 36 ATPmols.

Check Your Progress

12. Krebs’ cycle is also known as ________.
13. Citrate is converted to isocitrate by the enzyme ________.
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4.8 FACTORS AFFECTING RATE OF
RESPIRATION

Affecting factorsmay either be external or internal:
(a) External Factors:

1. Temperature: Below 20°C and above 45°C the rate of
respiration reduces. The optimum temperature for respiration is
20°C - 45°C.

2. Oxygen: If the amount of oxygen is reduced the rate of
respiration will reduce.

3. Water: Optimum supply of water maintains the rate of respiration
normal. Rate of respiration reduces for scarcity of water.

4. Light: The stomata opens in light, so rate of respiration is
comparatively high during day time.

5. Carbon dioxide: With the increase of CO2 in air, rate of
respiration decreases slightly.

(b) Internal Factors:
1. Food materials: During respiration, food materials break to

release water and CO2. So the quality and quantity of food
materials in the cell regulates the rate of respiration.

2. Age of cell: Rate of respiration is maximum in young cells
especially in meristematic cells (as there is much protoplasm).

3. Enzymes: Different reactions of respiration need different kinds
of enzymes. The process completely depends on their presence.

4.9 REDOX POTENTIAL AND THEORIES OF
ATP SYNTHESIS

Three theories have been put forward to try to explain the mechanism of
oxidative phosphorylation or coupling of phosphorylation (i.e. ATP synthesis)
to electron transport which are as follows:

1. Chemical Coupling Theory

This theory was first proposed by Slater in 1953 and is based on the principles
of substrate-level phosphorylation as illustrated by reaction sequence for
glyceraldehyde-3-phosphate dehydrogenase in glycolysis resulting in the
formation of one ATPmolecule and 3-phospho-glyceric acid.

According to this theory a reduced electron carrier of the respiratory
chain(e.g. AH2) reacts with an oxidized carrier (e.g. B) which is adjacent to it
with sufficient free energy drop occurring to allow the reaction of A with an
unknown compound C to give a non phosphorylated high energy intermediate
compound A-C. B is reduced toBH2.
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In the next sequential exchange reactions, C is transferred to phosphate to
form a phosphorylated intermediate C-P. The electron carrier A becomes free
and oxidized.

Finally, phosphate from C-P is transferred to ADP to give ATP. The
unknown compound C becomes free and recycled.

Alternatively, there may be a parallel scheme of reaction in which the high
energy non-phosphorylated intermediate is formedwith BH2 instead A

(i) AH2 + B + C A - C+ BH2
(ii) A - C + Pi C - P + A
(iii) C - P + ADP ATP + C

A and B are electron carriers. An alternative scheme can be proposed in which
a high energy intermediate BH2 – C is formed instead of A - C.

(i) AH2 + B + C A + BH2
(ii) BH2 - C + Pi C - P + BH2
(iii) C - P + ADP ATP + C
The chemical coupling theory did not find much support because no

phosphorylated intermediates or high energy intermediates of the respiratory
carriers have yet been identifies unequivocally.

2. The conformational coupling theory
This theory was first put forward by Boyer in 1964 and according to this the
free energy liberated during electron transport is conserved as a conformational
change is associated in someway with the phosphorylation of ADP to form
ATP.

Boyer suggested that conformational change in an electron carrier
probably brought a carboxyl and sulphydryl group very close to each other to
form an acyl – s- linkage (Fig. 4.7 A) and that this was the ‘high energy
intermediate’ which could drive ATP synthesis.

Based on conformational coupling theory Green and Ji (1972) have given
their electromechanochemical coupling theory which envisaged
conformational changes in enzyme complexes rather than in individual carriers.
According to their model the transport of electron brings about a
conformational change in one of the electron transport complexes in the form
of mechanical and electrical strain components. Similar mechanical and
electrical changes are in turn induced in an ATPase complex. The reverse
conformational change now leads to the synthesis of ATP bringing back the
electron transport complex and the ATPase complex in their original form (Fig.
4.7 B)
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Fig. 4.7: Conformational coupling theor:. A. Boyer’s original theory, B. Green and
Ji’s Electromechanochemical model

3. The Chemi-osmotic Coupling Theory

This theory was first put forward by Nobel laureate PeterMitchell in 1961 and
is most convincing of all the theories to explain the mechanism of
mitochondrial oxidative phosphorylation. The main feature of this theory is a
membrane located reversible ATPase. The membrane is mitochondrial in
case of oxidative phosphorylation and chloroplastic in case of
photophosphorylation.

The ATPase reversibly catalyses the following reaction:

ATP + H+ + OH– ADP + Pi

This reaction is assumed to be anisotropic so that the active centre is
accessible to H+ but not OH– from the outer side of the membrane. On the
other hand, it is accessible only to OH– but not H+ from the inner side of the
membrane. The active centre is assumed to be relatively inaccessible to water
and the membrane almost impermeable to ions.

It is quite obvious from the ATPase catalyzed reversible reaction that the
removal of H+ and OH– would favour the reaction towards ATP synthesis.
According to Mitchell, H+ and OH– can be removed by membrane-bound
electron transport chain and the operation ofATPase in the following way:

(a) The oxidation of the reduced electron carrier e.g. AH2 to A with the
simultaneous reduction of O to H2O leads to the accumulation of H+
on the inner side and OH– on the outer side of the membrane.
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(b) These accumulations of H+ on the inner side of the membrane pull
OH– from the ATPase catalyzed reaction. Similarly, accumulation of
OH– on the outer side of the membrane pulls H+ from the ATPase
catalyzed reaction. Thus, the equilibrium is shifted in favour of ATP
synthesis. The dehydrating force which drives the ATPase catalyzed
reaction in the direction of ATP synthesis is derived from the chemical
potential differential of the OH– andH+ across the membrane.

Mitchell hypothesis also predicted the existence of membrane transporters
or specific exchange diffusion carriers which has been shown to be correct.
These carriers permit reversible exchange of anions (e.g. Cl–) for OH– and
cations (e.g. K+) for H+ and regulate the pH and osmotic differential across the
membrane. These systems permit the movements of essential metabolites
without breaking the membrane potential which is essential for ATPase
catalyzed reaction in the direction of ATP synthesis.

Fig. 4.8: Mitchell’s chemiosmotic hypothesis

Significance of Respiration

1. Respiration converts food energy into metabolically usable form of
chemical energy.

2. It is energy-releasing process. It supplies energy to all living
organisms.

3. It releases energy in a controlled and stepwise manner, as a result of
which, most of the released energy is properly utilized for metabolic
activities like growth, movement, development etc.

4. Wastage of energy is avoided as more time is available to use and
store the energy in ATPmolecules.

5. Respiration conserves comparatively much more energy than any
man-made fuel machine. E.g. one molecule of glucose contains 686
kcal energy out of which 456 kcal is conserved in 38 ATPmolecules.

6. Respiration and photosynthesis together maintain the balance of CO2
in nature, i.e. CO2 released to atmosphere during respiration is utilized
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in photosynthesis and O2 released during photosynthesis is utilized in
respiration.

7. Fermentation, a type of anaerobic respiration, is helpful in industrial
production of various useful products like alcohol, organic acids,
antibiotics, vitamins, dairy products etc.

8. Various intermediate products formed during respiration are used for
biosynthesis of other complex organic compounds like fats, proteins
etc.

Significance of Glycolysis
1. Glycolysis is common to both, aerobic and anaerobic respiration.
2. During glycolysis, there is net gain of 8ATP.
3. At the end of Glycolysis, 2 moles of Pa are produced which enter into

Krebs’ cycle.
4. Various intermediate compounds are produced which participate in

other biochemical processes.

Significance of Krebs’ Cycle
1. It occurs in aerobes.
2. Intermediate compounds produced during Krebs’ cycle are used for

the synthesis of many biomolecules (Like chlorophylls, cytochromes,
amino acids, fats etc.)

3. It releases CO2 which is non-poisonous.
4. It produces reduced co-enzymes which produce ATP when they enter

ETS.
5. It produces 2ATP directly (during exergonic reaction).
6. Krebs’ cycle is responsible for releasing plenty of energy in the form

ofATP.

Significance of ETS
1. Oxidation of reduced co-enzymes: Reduced co-enzymes produced

during glycolysis and Krebs’ cycle are oxidized through ETS.
2. Release of energy: ETS provides three sites for energy formation in

the formof ATP.
3. Formation of Metabolic water: Reduced co-enzymes produce

metabolic water at the end of ETS.
4. Release of energy in stepwise manner: Energy is released in

stepwise manner to avoid damage of cells.

Significance of Anaerobic Respiration

1. Anaerobic respiration is important during periods of oxygen
deficiency.
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2. 2 moles ofATP are produced.
3. It supplements aerobic respiration and it occurs in all anaerobes
4. 2 moles of CO2are produced which are released into the atmosphere.
5. Various types of wines, beers and whisky are prepared through

alcoholic fermentation of sugary solution with yeast.
6. Diary industry depends upon the action of lactic acid bacteria which

convert milk sugar, lactose to lactic acid; which coagulates milk
protein casein.

7. Vinegar and tea is obtained by the fermentation action of certain
bacteria.

8. Fermentation is also employed in the preparation of ensilage (nutritive
fodder for cattle).

Difference between Aerobic and Anaerobic Respiration

Aerobic Respiration Anaerobic Respiration

1. O2 is essential 1. O2 is not essential

2. Common in all higher plants 2. Common in certain microorganisms

3. Glucose is completely oxidized 3. Glucose is incompletely oxidized

4. End products are CO2 + H2O 4. End products are CO2 + C2H5OH or
lactic acid.

5. End products are not toxic 5. End product are toxic

6. 38 ATP are released 6. Only 2 ATP are released

7. This is more efficient process for
energy release

7. This is less efficient for energy release

8. Mitochondria are involved. 8. Mitochondria are not involved.

Check Your Progress

14. Chemiosmotic potential theory was first put forward by Nobel
laureate ________ in 1961.

15. Krebs’ cycle is responsible for releasing plenty of energy in the
formof ________.

16. Vinegar and tea is obtained by the fermentation action of certain
________.

4.10 GLYOXYLATE CYCLE

Many plant physiologists observed that during the germination of fatty seeds,
the fat content decreased with a simultaneous increase in sucrose (i.e.
carbohydrates).
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This apparent conversion of fats into sucrose remained a mystery till 1957
when Kornberg and Krebs discovered that a strain of bacterium
Pseudomonas could readily convert 14C-labeled acetic acid into labeled malic
acid and citric acid (these are intermediates of Krebs’ cycle) which involved the
following reactions:

1. Acetyl-CoA combined with oxaloacetic acid to form citric Acid.

Acetyl-CoA +Oxaloacetic acid Citric Acid + CoA
(Acetic acid first reacted with Coenzyme-A to formAcetyl CoA)

2. Acetyl CoA reacted with glyoxylic acid in the presence of the enzyme
malate synthetase to producemalic acid.

Acetyl CoA+ Glyoxylic Acid Malic Acid + CoA

The glyoxylic acid was obtained through the breakdown of iso-citric
acid (an intermediate of Krebs’ cycle) by the enzyme isocitratase

Isocitric acid Glyoxylic acid + Succinic acid

On the basis of the above reactions,Kornberg andKrebs (1957) framed a
cycle which is called as glyoxylic acid cycle or glyoxylate cycle through which
the fats could be converted into sucrose (i.e. carbohydrate) during the
germination of fatty seeds in plants.

The glyoxylate cycle (which is intimately associated with Krebs’ cycle) is
now known to occur in many other bacteria, yeasts, molds, and higher plants
and is completed in glyoxysomes, mitochondria and cytosol.

Various steps of this cycle occurring in higher plants, especially during the
germination of fatty seeds, are as follows:
(a) Reactions in glyoxysome:

(i) Acetyl-CoA produced after the -oxidation of fatty acids (in
glyoxysomes) condenses with oxaloacetic acid to form citric acid.
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Fig. 4.9: Glyoxylate cycle

(ii) Citric acid is dehydrated to produce cis-aconitic acid in the
presence of aconitase.

(iii) Cis-aconitic acid reacts with one molecule of H2O to form iso-
citric acid

(iv) Iso-citric acid is broken down into glyoxylic acid and succinic
acid by the enzyme isocitratase.
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(v) Glyoxylic acid combines with acetyl CoA (produced after the -
oxidation of fatty acids) in the presence of malate synthetase to
producemalic acid.

(vi) Malic acid is oxidized into oxaloacetic acid in the presence of
Malic dehydrogenase and the coenzyme NAD.

Oxaloacetic acid thus combines with acetyl-CoA to regenerate citric acid
(b) Reactions inmitochondrion:
(vii) Succinic acid (produced in reaction iv) moves into mitochondrion

and is converted into oxaloacetic acid as in theKrebs’ cycle.

The conversion of succinic acid into oxaloacetic acid does
not take place in glyoxysomes because of the absence of
appropriate enzymes (i.e. succinic dehydrogenase and
fumarase) in the latter. It takes place in mitochondria.

(viii) Oxaloacetic acid produced in the above step (vii) is
decarboxylated in the presence of ATP to form phosphoenol
pyruvic acid. This reaction also takes place in mitochondria).

(c) Reactions in cytosol:
(ix) Phosphoenol pyruvic acid moves into cytosol, and by the reverse

reactions of glycolysis and with slight modification, is converted
into the glucose and fructose phosphates.

(x) Finally, glucose and fructose phosphates are converted into
sucrose.

* After the conversion of fats into carbohydrates is completed, the
glyoxysomes disappear from the cells.

Significance of Glyoxylate Cycle
1. During the germination of fatty seeds, the fats which are insoluble are

hydrolysed into fatty acids and glycerol. Fatty acids after -oxidation
produce acetyl-CoA unitswhich synthesize sucrose (which is soluble)
through glyoxylate cycle. Soluble sucrose is then supplied to different
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growing regions of the young germinating seedling till it develops its
own photosynthetic system.

2. Those micro-organisms which can grow on ethyl alcohol or acetate as
a sole source of energy and carbon make use of this cycle in
synthesizing longer carbon chains.

3. The glyoxylate cycle is an example of gluconeogenesis.

Breakdown (oxidation) of Fatty Acids
Long chain fatty acids are now broken down by the process of -oxidation and
-oxidation. The latter ultimately produces the active 2-C units, the acetyl-CoA
(CH3CO.SCoA).

Check Your Progress

17. Most common respiratory substrates in plants are ________.
18. Glycolysis is also known as ________.
19. Glycolysis occurs only in ________.

(a) Presence ofO2
(b) Absence of O2
(c) both (a) and (b)
(d) None of the above

20. How many enzymatic reactions are involved in oxidation of one
glucose molecule to form two pyruvate molecules in glycolysis?

21. The process ofGlycolysis occurs in ________.
22. ATPmolecules in Glycolysis are synthesized by ________.
23. Pyruvate decarboxylase enzyme is involved in ________.
24. TCA cycle is also known as ________.

(a) Krebs’ cycle
(b) Citric acid cycle
(c) both (a) and (b)
(d) none of the above

25. At how many places, reduced coenzymes are produced in TCA
cycle?

26. In Eukaryotes, oxidative phosphorylation occurs in ________.

4.11 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Benda
2. Produce energy
3. Ammonia
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4. Anaerobic respiration
5. Anaerobes
6. 14.6 kcal
7. Aerobic respiration
8. Cruickshank
9. Fermentation
10. Respiratory substrate
11. Respiratory quotient
12. Citric acid Cycle or Tri Carboxylic Acid Cycle (TCA)
13. Aconitase (aconitate hydratase)
14. PeterMitchell
15. ATP
16. Bacteria
17. Carbohydrates
18. EMP pathway
19. Both (a) and (b)
20. 10
21. Cytosol
22. Substrate level Phosphorylation
23. Alcoholic fermentation
24. Both (a) and (b)
25. Five
26. Mitochondria

4.12 SUMMARY

Energy of the cell is obtained from the enzymatic oxidation of
chemical compounds in the mitochondria. Hence, the mitochondria
referred to as the ‘power houses’ of the cell. Almost all the eukaryotic
cell has mitochondria, though they are lost in the later stages of
development of cell like in the red blood cells or in elements of
phloem sieve tube.
The mitochondria involved in other cellular activities like signaling,
cellular differentiation, cell senescence and also control of cell cycle
and cell growth. Mitochondria also affect human health, like
mitochondrial disorder and cardiac dysfunction and they also play
important role in the aging process.
The cellular respiration is of two types, i.e., aerobic respiration and
anaerobic respiration.
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Fermentation is a process very much similar to anaerobic respiration.
However, it differs from anaerobic respiration because the substrate
breakdown in fermentation is extracellular, whereas in anaerobic
respiration, it is always intracellular.
The respiration involves three steps, viz, glycolysis, Krebs’ cycle and
electron transport system.

4.13 KEY TERMS

Respiration: The energy stored in carbohydrate molecules during
photosynthesis is released during cellular oxidation of carbohydrates
into CO2 andH2O. This is called as respiration.
Aerobic respiration: Respiration in which the oxidative breakdown
of respiratory substrates takes place with the help of atmospheric
oxygen is known as aerobic respiration.
Anaerobic respiration: The respiration in which the oxidation of
respiratory substrates takes place in absence of atmospheric oxygen is
known as anaerobic respiration.
Fermentation: Anaerobic breakdown of carbohydrates and other
organic compounds with the help of enzymes secreted by
microorganisms is called fermentation.
Respiratory substrates: The food material used in the breakdown
during respiration is known as respiratory substrate.
Respiratory quotient: The ratio of the volume of CO2 released to the
volume of O2 taken in respiration is called as respiratory quotient and
it is denoted as R.Q.
Krebs’ cycle (TCA-cycle): If the molecular oxygen is available,
aerobic respiration takes place and the pyruvate produced in glycolysis
enters into Krebs’ cycle for further oxidation through Krebs’ cycle.
Krebs’ cycle is also known as Citric acid Cycle or Tri Carboxylic
Acid Cycle (TCA)

4.14 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions

1. Write a short note on Role of N and P.
2. Write a note on “ATP as energy currency”.
3. Explain outline ofGlycolysis.
4. Explain the Role and deficiency symptoms of nitrogen.
5. Write short note onOxidative phosphorylation.
6. Write a short note on Photorespiration.
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7. Write a short note on ß oxidation.
8. Explain the Respiratory quotient (R.Q.).
9. Write an account on Role ofMg and Fe.
10. Write a short note on the Role ofmg and S.
11. Explain Alcoholic fermentation.
12. Explain Carrier concept in salt uptake.
13. What is the Role of P andMg.
14. What is the Role of N and Fe.
15. Write short note onChemiosmotic potential theory.
16. Explain the Donnan’s equilibrium.

Long Answer Questions

1. Write note onGlycolysis.
2. Explain the Krebs’ cycle.
3. Explain the Role and deficiency of Nitrogen and phosphorus.
4. Write an account of Glyoxylate cycle.
5. Explain Beta oxidation.
6. Write note on Phosphorylation.
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UNIT 5 ENZYMOLOGY AND PLANT
HORMONES

Structure
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5.8 Mode and Mechanism of Enzyme Action

5.8.1 Lock and Key Model
5.8.2 Induced Fit Model
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5.10.2 Gibberellins
5.10.3 Cytokinin
5.10.4 Abscisic Acid
5.10.5 Ethylene

5.11 Plant Movement
5.12 Answers to ‘Check Your Progress’
5.13 Summary
5.14 Key Terms
5.15 Self-Assessment Questions and Exercises
5.16 Further Reading

5.0 INTRODUCTION

The enzymes are proteinaceous molecules. They are able to accelerate the rate
of chemical reactions in a living cell. The term enzyme was coined by
Frederick Kuhne (1878) for catalytically active substances previously called
‘ferments’ of bacteria or yeast. An enzyme is a specialized protein produced
within an organism or cell which is capable of catalyzing a specific chemical
reaction. Since the enzyme acts as a catalyst, it is sometimes referred to as
biocatalysts. A catalyst influences the rate of chemical reaction, usually without
undergoing any change in itself. Thus, an enzyme differs from a normal
catalyst. Enzymes are synthesized by living cells. But they retain their catalytic
action even when extracted from cells.

Previously it was believed that all enzymes are proteins, but it was after
the discovery of ribozyme by Cezh in 1976 that the concept has changed and
nowwe know that certain RNAmolecules also have enzymatic potential.
Definition: The name enzyme was proposed for a biological catalyst by Kuhne
in 1878, “Like an inorganic catalyst, an enzyme accelerates the rate of a
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reaction by lowering the energy of activation required for the reaction to occur”
is known to be enzyme.

Mayrback (1952) defined ‘enzymes are simple or compound proteins
acting a specific catalysts’. They may also be defined as ‘organic substances
capable of catalyzing chemical reactions in the living systems.’

Devlin (1970) also defined the enzymes as organic catalysts which
increase the rate of biochemical reactions. All enzymes are proteins, but all
proteins are not enzymes.

5.1 OBJECTIVES

After going through this unit, youwill be able to:
Explain the classification, nomenclature and characteristics of enzyme
Describe the concept of holoenzyme, apoenzyme, co-enzyme and co-
factors
Examine the mode and mechanism of enzyme action and factors
affecting enzyme activity
Know the discovery, structure, mode of action and role of auxins,
gibberellins, cytokinin, abscisic acid and ethylene.

5.2 NOMENCLATURE AND CLASSIFICATION

To facilitate scientific communication and to maintain uniformity, enzymes are
now categorized and named by an International Code of Enzyme
Nomenclature (ICEN).

Enzymes are generally named for the substrate or chemical group on
which they act, and the name of each enzyme ends with suffix -ase. Thus urea
hydrolyzing enzyme is called urease and phosphate splitting enzyme is
phosphatase. But some of the examples of exceptions to this terminology are
trypsin, pepsin, papain etc. Sometimes, the enzymes are named according to
the nature of reaction they catalyse. For example, hydrogen transferring
enzymes are dehydrogenases and those which transfer chemical groups are
called transferases. The complete designation of the enzyme includes both
substrate and the nature of reaction. The systematic name describes the
substrate, the nature of the reaction catalyzed and other characteristics.

Enzymes are grouped into six major classes. Each further divided into sub
classes and sub sub classes. The enzymes are now named according to their
systematic position and given the commission number. First number indicates
the class of enzyme and subsequent numbers indicate sub class and sub
subclass in that order. For example, the enzyme nitrate reductase is written as

Nitrate oxidoreductase : E.C. 1.6.6.1
where,
E.C. stands for enzyme commission
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1 is the class of enzyme, which is oxidoreductase
6 is the subclass of enzyme, which is for enzymes acting upon NADH or
NADPH as electron donor.

6 is the sub-subclass of enzyme, which is for enzymes which transfer
electrons to nitrogenous groups

1 indicates the first enzyme of the series, reducing nitrate to nitrite
The six classes of enzymes are as follows:
Class 1. Oxidoreductase: These catalyse oxidation or reduction of their

substrates and act by removing or adding electrons from or to
substrates, e.g., cytochrome oxidase oxidizes cytochrome.

Class 2. Transferases: These transfer specific groups from one substrate to
another. The chemical group transferred in the process is not in a free
state, e.g., glutamate pyruvate transaminase.

Class 3. Hydrolases: These break down large molecules into smaller ones by
the introduction of water (Hydrolysis) and breaking of specific
covalent bonds. Most digestive enzymes belong to this category, e.g.,
amylase which hydrolyses starch.

Class 4. Lyases: These catalyse the cleavage of specific covalent bonds and
removal of groups without hydrolysis, e.g., histidine decarboxylase
cleaves C-C bond in histidine to form carbon dioxide and histamine.

Class 5. Isomerases: These catalyse the rearrangement of molecular structure
to form isomers, e.g., phosphohexose isomerase changes glucose 6-
phosphate to fructose 6-phosphate (both are hexose phosphates).

Class 6. Ligases: These catalyse covalent bonding of two substrates to form a
large molecule. The energy for reaction is derived from the hydrolysis
of ATP. Pyruvate carboxylase combines pyruvate and carbon dioxide
to form oxaloacetate at the expense ofATP.

5.3 CHARACTERISTICS OF ENZYME

1. Like inorganic catalysts, enzyme influences the speed of chemical
reaction.

2. A particular enzyme can act on a specific substrate molecule in the
same way as a key can fit into a specific lock to open it.

3. Many reaction catalyzed by enzymes are reversible and enzyme can
speed up a reaction in both the direction so that the enzyme attain
equilibrium. The direction of the reaction depends upon many factors
such as pH, the chemical potential of product and substrate etc.

4. Enzymes are sensitive to heat, X-rays, acids, alkalis and certain salts.

Properties of Enzymes

(i) Catalytic Property: Like inorganic catalysts, the enzymes are active
in very small or catalytic amounts and remain unchanged after the
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reaction. Only a small amount of enzyme is enough to convert large
quantity of the substrate into products. Their turnover number (kcat) i.e.,
the number of substrate molecules converted to product by one
molecule of enzyme per second per active site may range from 0.5 to
4×107. The turnover number for catalase has been calculated as 4×107
and is among the highest known. Lysozyme. on the other extreme, has
lowest value of turnover number, i.e. 0.5.

(ii) Specificity: Enzymes are very specific in their action. A particular
enzyme usually acts on a particular substrate to catalyse a particular
type of reaction. In some case, the specificity of the enzymes may not
be so strong but rather general and particular enzyme may act on a
group of substrates.

(iii) Reversibility: In most of the case, the reaction catalysed by the
enzymes are reversible depending upon the requirement of the cell,
But in some cases, there are separate enzymes for forward and
backward reactions. Or, a reaction catalysed by particular enzyme
may not be reversible at all.

(iv) Sensitiveness to Heat and Inhibitors:
(a) The enzymes are very sensitive to heat, i.e. they are inactivated at

very low temperatures. At very high temperatures, 60°-70°C
usually they are destroyed (denatured). Low molecular weight
enzymes are comparatively more heat stable.

(b) Enzymes are also sensitive to inhibitors. While some inhibitors
may partially inhibit their activity, other inhibitors may destroy
them permanently and inhibit their activity.

(v) Colloidal Nature: The enzymes are of colloidal dimensions and
present larger surfaces for reactants in water to facilitate the enzymes
reaction.

Ribozymes
Ribozymes (ribonucleic acid enzymes) are RNA molecules that have the
ability to catalyze specific biochemical reactions, including RNA
splicing in gene expression, similar to the action of protein enzymes. The 1982
discovery of ribozymes demonstrated that RNA can be both genetic material
(like DNA) and a biological catalyst (like protein enzymes), and contributed to
the RNAworld hypothesis, which suggests that RNAmay have been important
in the evolution of prebiotic self-replicating systems. The most common
activities of natural or in vitro-evolved ribozymes are the cleavage or ligation of
RNA and DNA and peptide bond formation. Within the ribosome, ribozymes
function as part of the large subunit ribosomal RNA to link amino acids
during protein synthesis. They also participate in a variety of RNA
processing reactions, including RNA splicing, viral replication, and transfer
RNA biosynthesis. Examples of ribozymes include the hammerhead ribozyme,
the VS ribozyme, Leadzyme and the hairpin ribozyme.
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Investigators studying the origin of life have produced ribozymes in
the laboratory that are capable of catalyzing their own synthesis from
activated monomers under very specific conditions, such as an RNA
polymerase ribozyme. Mutagenesis and selection has been performed resulting
in isolation of improved variants of the “Round-18” polymerase ribozyme from
2001. “B6.61” is able to add up to 20 nucleotides to a primer template in 24
hours, until it decomposes by cleavage of its phosphodiester bonds. The
“tC19Z” ribozyme can add up to 95 nucleotides with a fidelity of 0.0083
mutations/nucleotide.

Attempts have been made to develop ribozymes as therapeutic agents, as
enzymes which target defined RNA sequences for cleavage, as biosensors, and
for applications in functional genomics and gene discovery.

Check Your Progress

1. ________ catalyse covalent bonding of two substrates to form a
large molecule.

2. ________ catalyse the rearrangement of molecular structure to form
isomers.

5.4 HOLOENZYME

A complete, catalytically active enzyme together with its bound co-enzyme or
metal ions is called a holoenzyme. The enzyme consists of non-proteinaceous
part which is known as co-factor and the proteinaceous part which is called the
apoenzyme. Thus, apoenzyme + co-factor = holoenzyme.

Fig. 5.1: Morphology of an enzyme (diagrammatic)

Both portions are enzymatically inactive when separated from each other.
Specificity of an enzyme is due to its apoenzyme portion.
The co-enzymes are non-specific and can participate in several types of

enzymatic reactions.

Active site

Regulatory site

Apoenzyme

Prosthetic
group
(coenzyme)
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Check Your Progress

3. A complete, catalytically active enzyme together with its bound co-
enzyme or metal ions is called a ________.

5.5 APOENZYME

The protein part of an enzyme is called the apoenzyme or apoprotein. All
chemical analyses have shown that apoenzyme is a protein composed of -
amino acid units. The protein part constitutes the major part of an enzyme
molecule. The complex proteins that make up the apoenzyme have specific
sequences of amino acids contributing to the specific reactivity of the enzymes.
As the proteins are colloids, they offer a large area in relation to their volume.

The apoenzyme behaves as true catalyst during enzymatic reactions. It
takes part in the reaction, accelerating the rate of reaction. However, after the
reaction is completed, it always returns back to its original physiochemical
configuration. The co-enzyme part however, may change after the reaction and
another reaction is required to revert it back.

Check Your Progress

4. The protein part of an enzyme is called the apoenzyme, or_______.

5.6 CO-ENZYME

When the co-factor is an organic molecule, it is known as co-enzyme, for
example, NAD, FAD etc. Many enzymes will perform their catalytic function
only in the presence of additional substances called co-enzymes.

These are the organic molecules of the protoplasm which actually
participates in an enzyme catalyzed reaction. The co-enzyme molecules reacts
with the substrate molecule and undergoes a reversible chemical changes. The
changed molecules are later transformed back to the original form by another
enzymatic reaction, e.g., Nicotinamide Adenine Dinucleotide (NAD). There
are about 15 cellular co-enzymes. The co-enzyme is stable on heating. Co-
enzymes function as transient carriers of specific functional groups.

Check Your Progress

5. Co-enzymes function as __________ of specific functional groups.
6. When the co-factor is an organic molecule, it is known as
_________.
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5.7 CO-FACTOR

Many enzymes will perform their catalytic function only in the presence of
additional substances called co-factor.

The term co-factor is usually used for inorganic ions which are necessary
to the functioning of an enzyme. Thus, Cl- is a co-factor for -amylase which
catalyses the hydrolysis of starch to maltose. Other ions which act as co-factor
are those of potassium, zinc, manganese, magnesium, iron, copper and
molybdenum.

5.8 MODEANDMECHANISM OF ENZYME
ACTION

Regulation of enzyme activity (Enzyme-Substrate Complex Theory): This
theory was postulated by Michaelis and Menten to explain the mechanism of
action of enzymes. The following equations will give idea of the mechanism.

Enzyme + Substrate Enzyme-substrate complex
Enzyme-substrate complex Enzyme + Products of reaction.
According to the above equations, the mechanism of action presumes that

before hydrolysis the substrate molecule combines with enzyme and leaves the
enzyme surface in the formof reaction product molecules.

The enzymes may be called as temporary reactants because they are not
utilized during the completion of the reaction and act unlike substrate, i.e. the
substrate is utilized during the course of reaction. According to Keilin, when
the substrate and enzyme come together in the reaction, they combine and from
a complex known as “enzyme-substrate complex”. It is now known that the
rate of reaction is governed by the law of mass action, whether it is catalysed or
not. As a proof, the case where the concentration of the substrate varies, but that
of the enzyme remains constant will be discussed. These reactions, show an
increase in the velocity of the initial reaction when the substrate concentration
is increased. The rate of reaction increases until the limiting initial velocity is
reached. This condition reaches only when all the active sites on the enzyme
molecule get occupied by the substrate molecules. The term “initial reaction
velocity” is used without considering the time for progress of the reaction. A
constant known as Michaelis constant is used to measure the relative activity of
an enzyme in different conditions.

Mechanism of Enzyme Action:

For any reaction to be carried out, a threshold level is required to be reached by
the substrate. This energy to push the substrate to the threshold state is called
energy of activation. And once this stage is reached, substrate is converted
into product. One way of overcoming this energy barrier is to provide energy
from outside. And as in the living system a particular level of physical
conditions are to be maintained, a catalyst is required as it provides an
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alternative path which has low energy requirement and threshold is reached
easily.

The enzyme combines with the substrate in a manner as to change the
conformation of the substrate, and results in the formation of an intermediate
compound.

E + SE + S [ES] E + SE + P
The [ES] complex is very unstable and dissociate as it is formed and

thereby releasing the product. The reaction catalysed by enzyme, like that,
catalyzed by chemical catalysts is reversible. Though enzyme change the rate
of a reaction, the equilibrium of the reaction is not altered.

The binding of the enzyme to the substrate is very specific and is guided
by many factors. The size of the enzyme in comparison to the substrate is very
large and only a small portion that is bound to the substrate is called the active
site.

As the binding of the enzyme to the substrate is very specific, slight
change in the shape of the substrate doesn’t allow the ES complex to form.
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Following twomodels have been proposed to explain the mode of enzyme
action:

5.8.1 Lock and Key Model
This model was originally proposed by Emil Fischer in 1898. According to
this model, the formation of enzyme-substrate complex during enzyme action
is analogous to the fitting of lock and key. It is believed that enzyme and
substrate both have strictly complementary structures which, during complex
formation, fit to each other like a specific key in a particular lock. Such
structures of enzymes are now called active site in which the complementary
structures of substrate get fit in. The enzyme substrate complex dissociates only
after the conversion of substrate into products and the enzyme become free and
available for further reactions. This mechanism is supported from the study of
the competitive inhibition of the enzyme activity.

Fig. 5.3 : Lock and Key model

5.8.2 Induced Fit Model
This model was proposed by D.Koshlandin in 1966. According to this model,
the enzyme and substrate do not have strictly complementary structures but the
enzyme has flexible active site structures which are changed according to
substrate configuration. Thus, the enzymes show ‘induced fit’ mechanism
during enzyme substrate complex formation. This model can be compared with
a type of ‘hand and glove’. The same glove can fit the hands of many person.
In other words, the glove adjusts itself in the hand of that person who wears it.
The conformational changes in the enzyme are induced by the substrate.

Substrate Substrate

Enzyme Enzyme

Enzyme substrate
complex

Active site of enzyme
and substrate have
complimentary shapes

Active site of
enzyme is
flexible
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During the reaction, the alteration in the geometry of enzyme protein take place
and the reaction is carried out by the strain exerted by enzyme-substrate
binding forces, in presence of competitive inhibitors, the enzyme become
inactivated. Induced fit mechanism has been supported through X-ray studies
on carboxypeptidase-A and other enzymes.

Check Your Progress

7. Enzyme-Substrate complex theory was postulated by ________.
8. Lock and Key model was originally proposed by ________ in
1898.

9. Induced fit model was proposed by ________ in 1966.
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5.9 FACTORS AFFECTING ENZYME
ACTIVITY

1. Temperature: Usually the activity of the enzymes is optimum at
normal body temperature. At very low temperature (i.e. about 0°C),
the activity of the enzymes is minimum.
An increase in temperature up to a certain limit increase the enzyme
activity, maximum being at about 45°C above which the enzyme
activity is retarded. Beyond 60°-70°C usually their activity is
permanently stopped due to the denaturation of enzymes.

2. Hydrogen ion Concentration (pH): Enzymes show their activity
only over a limited range of pH. Some enzymes, e.g. trypsin are active
in alkaline medium (high pH), diastase in natural medium, while
pepsin shows optimum activity in acidic medium (low pH)

3. Water: In absence of water, the enzyme activity is suppressed so
much so that in dry seeds the enzymes are almost inactive.
Proper hydration of the cells is necessary for enzyme activity because
(i) water provides medium for enzyme reaction to take place, and
(ii) in many cases it is one of the reactants.

4. Concentration of the Substrate: Increase in the concentration of the
substrate brings about an increase in the activity of the enzyme till all
the active sites of the enzyme molecules are saturated with substrate.
After this the rate of enzyme reaction becomes steady and addition of
the substrate will not have positive effect

5. Enzyme Concentration: Usually a very small amount of the enzyme
can consume large amount of the substrate. Increase in the
concentration of the enzyme will increase the rate of reaction
catalysed by it, provided there is enough concentration of substrate. It
is because (i) increased number of enzyme molecules will have more
active sites, and (ii) at higher concentration of the enzyme the
inhibitors will fall short.

6. Inhibitors: Presence of inhibitors in the reaction mixture inhibits the
activity of the enzymes partially or completely depending upon the
nature of the inhibitors. Inhibitors are less effective when the
concentration of the enzyme and substrate is higher. Inhibitors are of
two types.
(i) Competitive Inhibitors: Such inhibitors have structural similarity

with the substrate both of which compete for the same active site
of enzyme. If competitive inhibitor pre-occupies the active site,
the substrate molecule will be unable to combine with the enzyme
and hence, the enzyme activity will be inhibited. But this
inhibition is of reversible type because removal of the competitive
inhibitor restores the activity of enzyme.
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(ii) Non-competitive Inhibitors: These are usually poisons which do
not compete for the active sites but destroy the structure of the
enzyme and cause permanent or irreversible inhibition of the
activity of the enzyme.

7. Accumulation of End-Products: Accumulation of the end-products
retards the enzymatic activity mainly because the active site of the
enzyme are crowded by them and substrate molecules will have
comparatively lesser chance of combining with the active sites.

Check Your Progress

10. ________ have structural similarity with the substrate both of which
compete for the same active site of enzyme.

11. ________ are active in alkaline medium.

5.10 PLANT GROWTH REGULATORS
(PLANTHORMONES)

The presence of growth-regulating chemicals in plants was first suggested by
Sachs in the latter half of the nineteenth century. He proposed that “organ-
forming substances” were produced in the leaves of plants and translocated
downward. This astute theory foreshadowed the intensive study of plant growth
regulation. Now we know that in all plants there occur minute quantities of
certain chemical substances that regulate the overall growth and differentiation.
These substances are called plant growth regulators or plant hormones or
phytohormones. These phytohormones are synthesized in one part of a plant
and are translocated to another part where, in very low concentrations, they
cause a physiological response. A certain phytohormone may have specific
effect which may be stimulatory or inhibitory. In general, however, the various
developmental processes are controlled by more than one phytohormone,
acting in concert or at cross purposes.

There are five plant growth regulators, viz. auxins, cytokinins, gibberellins,
abscisic acid and ethylene.

5.10.1 Auxin
The term auxin was first used by Frits Went in 1926, that some unidentified
compound present at the coleoptiles tips causes the curvature of oat coleoptiles
toward light. According to Thimann (1934), auxin is an organic substance
which at low concentration promotes growth along the longitudinal axis
when applied to shoots of plants freed as much as possible from their growth
promoting substances. Some common natural auxins found in plants such as
indole acetic acid (IAA), 4-chloro indole acetic acid (4-chloro IAA), phenyl
acetic acid (PAA) and indole butyric acid (IBA).

The amino acid tryptophan is considered to be a primary precursor of IAA
of plants. The enzymes necessary for conversion of tryptophan to IAA are most
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active in young tissues, such as meristems and growing leaves and fruits.
However auxin is also found widely distributed throughout the plant.

Physiological role of auxins:

(i) Cell elongation: The primary physiological effect of auxin is to
promote the elongation of the cells.

(ii) Cell division: In cambium cells, the cell division is stimulated by
auxins.

(iii) Cell differentiation: In tissue culture experiment, auxins are used to
induce early differentiation of xylem and phloem.

(iv) Apical dominance: The suppression of activity of lateral buds by
highly active apical bud is called apical dominance. According to
Thimann, et al., auxin is responsible for apical dominance. Auxin
produced in shoot tip is transported downwards and reaches the
axillary buds. The auxin inhibits formation and growth of lateral buds.

(v) Root initiation: The auxins induce the formation of root in the stem
cuttings. The application of IAA at low concentration induces
formation of adventitious roots in the stem cuttings. The auxins like
IBA (indole butyric acid), 2,4-D (2,4-dichlorophenoxyacetic acid),
NAA (naphthalene acetic acid), etc., are used in nurseries for survival
of the plants propagated by cuttings.

(vi) Flower initiation: Generally, natural auxins inhibit the formation of
the flower. However, the artificial and synthetic auxins like 2,4-D,
NAA and IBA promote the flowering in the plants like pineapples.

(vii) Parthenocarpy: The process of development of fruit without
fertilization is called parthenocarpy. The parthenocarpic fruits are
seedless. The parthenocarpy is induced by application of synthetic
auxins like IAA, IBA,NAA, etc. in apple, grapes, orange, etc.

(viii) Prevention of abscission: The falling of leaves, flowers and fruits is
known of abscission. Auxins prevent the action of hydrolytic enzymes
in the abscission layer which is formed at the base of the petiole or
pedicel. As a result the abscission is prevented. Auxins cause delay in
the abscission of leaves, flowers and fruits.

Function of auxins:

The effect of auxins or the growth and development of plants can be studied
under stimulatory effects and inhibitory effects.

I. Stimulatory effects of auxins:
1. Cellular elongation: Cellular elongation is, in fact, the basic

component of many of the responses influenced by auxins. This
elongation is caused as auxin somehow causes the cell walls to
stretch in more than one direction. It is because of this effect that
auxins promote elongation and growth of stems and roots and
enlargement ofmany fruits.
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2. Cell division in vascular cambium: Auxin promotes cell
division in vascular cambium. The reactivation of cambium in the
growing season is apparently triggered by IAA moving from the
developing shoot buds.

3. Root inhibition: There is good evidence that auxins from stems
strongly influence root initiation. Removal of young leaves and
buds, both of which are rich in auxins, inhibits the number of
lateral roots formed. Substitution of auxins for these removed
organs often restores the plant’s root-forming capacity. Also,
auxins promote adventitious root development on stems or stem
cuttings. It is this effect of auxins that forms the basis for the
common practice of asexual reproduction of many species,
especially ornamentals in which it is essential to maintain genetic
purity.

4. Callus formation: In tissue cultures, IAA causes the development
of callus. The amount of callus tissue formed is related to the
concentration of IAA applied, higher concentrations causing
greater development of the callus tissue.

Fig. 5.5: Effect of apical bud removal and auxin on lateral bud growth

II. Inhibitory effects of auxins:
1. Apical dominance: In stems of most plants, the apical bud exerts

an inhibitory influence upon the lateral buds, preventing or
slowing their development into branches. This phenomenon is
termed apical dominance. Lateral buds start developing into
branches when the apical bud is removed. The process can be
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reversed if IAA is applied to the decapitated apex. Apical
dominance is thus under the control of auxins.
Abscission of leaves and fruits: Auxin inhibits abscission of
leaves and fruits, which leads to leaf fall and fruit drop. Leaves
and fruits must produce auxin continuously to prevent the
formation of the abscission zone which cuts off their nutrient and
water supply. Leaves are shed seasonally in some plants because
they stop producing auxin with the onset of season.

2. In high concentrations, auxin inhibits root elongation. Part of this
inhibition is probably caused by auxin induced synthesis of
ethylene.

5.10.2 Gibberellins
In 1935 Yabuta and Hayashi isolated, in crystallized form an active
compound from the fungus, which they named gibberellins. As of 1990, 84
gibberellins have been discovered in various fungi and plants. The most
thoroughly studied gibberellic acid is the gibberellin A3 (GA3).

Physiological role of gibberellins:

(i) Genetic dwarfism: Gibberellins are able to overcome genetic
dwarfism by cell elongation. This effect has been studied in a number
of plants including Pisum sativum, Vicia faba, Phaseolus multiflorus,
tomato, pepper, cucumber and cabbage. There are two views, for the
dwarfism in plants. According to one view, it is caused due to lack of
enzymes which synthesize gibberellins and according to other view, it
is due to presence of some natural inhibitor in dwarf plants. The
introduction of gibberellins counteracts the effect of this inhibitor.

(ii) Bolting and flowering: Gibberellins induced bolting and flowering in
many plants including Chrysanthemum morifolium, Sesamum indicum
andBrassica sps.

(iii) Light inhibited stem growth: In plants, light inhibits the growth of
stem. The application of gibberellins increases the plasticity of young
cell wall and counteracts this effect of light, as studied in mustard
seedlings byLockhart (1961).

(iv) Parthenocarpy: Gibberellins, like auxins, have been used in the
production of parthenocarpic fruits. In certain cases, for example,
pome and stone fruits, the auxins have proved ineffective and
gibberellins effective.

(v) Mobilization of storage compounds during germination:
Gibberellins induce the enzymatic activity in the endosperm where the
mobilization of the stored starch takes place to produce simple sugars
for the growth of embryo. It has been shown that at least two enzymes
( -amylase and protease) induced by GA treatment arise through de
novo synthesis.



NOTES

Enzymology and Plant
Hormones

184
Self-Instructional
Material

(vi) Leaf expansion: In certain plants like pea, bean, tomato, lettuce and
cabbage the GA treatment induces the production of broader and
elongated leaves.

(vii) Sex expression: It has been shown that spraying of GA produces a
marked reduction in the number of male flowers and increase in the
number of female flowers in cucumber.

Function of gibberellins:

1. Overcoming genetic dwarfism: The most striking effect of
gibberellins is the elongation of genetic dwarf (mutant) varieties of
many plants. For example, the genetic dwarf mutants of rice, maize,
peas, watermelon and cucumber exhibit phenotypically tall
characteristics of normal varieties when treated with GA3 or certain
other gibberellins. It is believed certain types of dwarfness are caused
due to mutations in genes whose products are necessary for
gibberellins synthesis. As a result, these mutants are deficient in
gibberellins.

2. Bolting in rosette plants: In many plants, during the vegetative phase,
the leaf development is profuse and the internode growth is retarded.
This form of growth is called rosette (e.g., cabbage). In these plants,
just before the reproductive phase, there is a striking stimulation of
internode elongation causing a marked increase in stem height. This
is called bolting. Usually a rosette plant is a long-day plant or a cold-
requiring plant. The former requires a certain minimum number of
hours of day light to bolt, while the latter needs a cold treatment to
bolt. Treatment of both of these types of rosette plants with
gibberellins during conditions that would normally maintain the
rosette form causes the plants to bolt.

3. Overcoming seed and bud dormancy: The buds of trees of
temperate zones usually become dormant in late summer or early fall.
Seeds of many non-cultivated species are also dormant when first
shed and will not sprout even when exposed to conditions favourable
for germination. This type of seed and bud dormancy is often
overcome (broken) by extended cold periods in winter, allowing
growth in the spring when conditions are favourable. For some species,
bud dormancy can also be overcome by the increasing day lengths
that occur in the late winter, and for seeds of many species dormancy
is broken by brief periods of red light when they are moist.
Gibberellins overcome both kinds of seed dormancy and both kind of
bud dormancy in many species, acting as a substitute for low
temperatures, long days or red light. This suggests that gibberellins are
involved in the breaking of seed and bud dormancy.

4. Triggering germination of seeds: Growth of the embryo during
germination depends on the mobilization of stored reserve materials in
the endosperm.
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At the onset of germination the embryo normally provides gibberellins
to the aleurone layer of the endosperm. This stimulates the aleurone
layer cells to synthesize and secrete hydrolytic enzymes (amylases,
lipases and proteases) into the endosperm where the breakdown of
reserve materials by the enzymes starts. The digested food reserves
then diffuse to embryo where they are used in growth.

5. Flowering: Gibberellins can substitute for the long-day requirement
in some species of plants. This shows that gibberellins control
flowering in long-day plants. Gibberellins also overcome the need
some species have for an inductive cold period to flower
(vernalization).

6. Parthenocarpy: Gibberellins cause parthenocarpy in pome fruits
(apple, pear) and are now used in India to increase the fruit size and
bunch length in grapes.

7. Sex-expression: Gibberellins control sex expression in certain species.
In general, they promote the production of male flowers (either in
place of female in monoecious plants such as cucurbit or in genetically
female plants such as cannabis).

Besides, gibberellins also stimulate stem elongation and leaf expansion
and, alongwith auxins, control fruit growth and development.

5.10.3 Cytokinin
In 1993, Haberlandt discovered that an unknown compound present in
vascular tissues of various plants stimulated cell division that caused cork
cambium formation and wound healing in cut potato tubers and further, when
this unknown compound was applied to undamaged cells, it induced
meristematic activity in them. This was apparently the first demonstration that
plant contains compounds, now called cytokinins. Cytokinins are produced in
meristematic regions and areas of continued growth potential. During the
vegetative portion of the life cycle, they are apparently synthesized in the roots,
particularly during the seedling stage.

Physiological effects of cytokinins:

(i) Cell division: Cytokinins promote cell division in presence of auxin
IAA, especially in tobacco pith culture, carrot root tissue, pea callus
and soybean cotyledon. This effect was studied byMiller et al. (1995)
andDas (1956) separately.

(ii) Cell enlargement: Cytokinins also induce cell enlargement, an effect
usually associated with IAA and gibberellins. Cell enlargement has
been observed in Phaseolus vulgaris, pumpkin cotyledons, tobacco
pith cultures, etc.

(iii) Root inhibition and growth: Cytokinins are able to stimulate and to
inhibit root initiation and development.

(iv) Breaking of dormancy: Cytokinins can break the dormancy of
certain light sensitive seeds like lettuce and tobacco.
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(v) Cytokinins promote the growth of lateral buds in pea stem by
neutralizing the effect of natural auxin.

(vi) By entering into the t-RNA, cytokinins can regulate enzyme synthesis
in plants.

(vii) Cytokinins also induce the phenomenon of sex-reversal.
(viii) They also stimulate RNA synthesis in the elongating zones of onion

roots.

Functions of cytokinins:

1. Cell division and organ formation: In conjunction with auxins,
cytokinins stimulate cell division even is a non-meristematic tissue.
Jablonski and Skoog, in tissue culture studies; (tobacco stem pith)
found that for a sustained growth of the culture, both auxins and
cytokinins are required. They found that (i) When either auxin or
cytokinin is used alone the response is very slight and even that does
not last for long. (ii) When both auxin and cytokinin are present in the
right amount, amitosis is promoted in the tissue culture.

2. Control of apical dominance: In the control of apical dominance, the
two phytohormones - auxin and cytokinin act antagonistically. While
the growth of the apical bud is promoted by auxin, cytokinin promotes
the growth of lateral buds.

3. Senescence: Cytokinins can retard the ageing of plant organs by
controlling protein synthesis and mobilization of resources. They
possess this capability possibly because they can influence the
establishment of sinks, or areas that preferentially attract and
concentrate nutrients. In an experiment, it was found that cytokinin
treatment extends the life span of detached leaves by delaying protein
degradation and loss of chlorophyll.

4. Overcoming seed dormancy: Cytokinins can also overcome the seed
dormancy in some species. For example, the germination of lettuce
seeds is stimulated by red light and inhibited by infra-red light.
However, if lettuce seeds grown in darkness imbibe a solution of
kinetin or other cytokinin, germination is significantly higher than in
the dark-grown controls. The percentage of germination of the
cytokinin-treated seeds is similar to the percentage of those that
receive a red-light treatment. Besides, cytokinins also appear to
promote cell elongation, root initiation and growth, bud development
and shoot growth.

5.10.4 Abscisic Acid
Abscisic acid was first identified by Addicott in 1963, who were studying
compounds responsible for abscission of cotton fruits. ABA is a 15-carbon
sesquiterpenoid compound. The synthesis of ABA seems to take place
predominantly in mature leaves. Abscisic acid was originally discovered from
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the leaves of Acer pseudoplatanus and fruits of cotton plant. Now it is known
to exist universally in all the higher plants.

Physiological role of ABA:

(i) Abscission: The primary effect of ABA is to induce abscission. It
helps in abscission of leaves, flowers and fruits by forming abscission
layer.

(ii) Dormancy: ABA increases seed dormancy by inhibiting seed
germination. It also stimulates bud dormancy.

(iii) Growth inhibition: ABA acts as a growth inhibitor at high
concentration. Its application inhibits growth of root, stem, leaf,
coleoptiles, etc. Even very low concentrations is effective.

(iv) Water stress: When water stress is developed, ABA reduces the
stomatal aperture to reduce transpiration. Thus it plays role in drought
resistance, desiccation and tolerance.

Function of ABA:

ABA is regarded as a growth inhibitor in contrast to auxins, gibberellins and
cytokinins.

1. Bud dormancy: ABA inhibits mitoses in vascular cambium and
causes active axillary buds to become dormant with the approach of
winter. In an experiment, it was found that level of this hormone
increased considerably in leaves and buds when bud dormancy
occurred in the short days of summer. It was also found that direct
applications of ABA to non-dormant buds caused dormancy.

2. Seed dormancy and germination: ABA is also involved in the
dormancy of seeds. Here it appears to act antagonistically to the
endogenous levels of gibberellins. Seeds remain dormant as long as
the concentration of ABA is higher than gibberellins but the dormancy
is overcome and the seeds germinate when ABA is overcome by
gibberellins.

3. ABA as a stress hormone: ABA is considered a stress hormone
because it helps the plants to cope with adverse environmental
conditions. It often gives plant organs a signal that they are
undergoing physiological stress and the plant then, in response to
ABA, takes appropriate measures. The stresses include lack of water,
saline soils, cold temperatures and frost.

5.10.5 Ethylene

Ethylene is a colourless unsaturated hydrocarbon gas which is lighter than air.
Ethylene is a natural growth inhibiting hormone. It is a gaseous hormone
synthesized in large amount by ripening fruits and meristematic regions of
plants. The plants produce ethylene by metabolic process during growth and
development. Maximum ethylene production takes place in roots before
senescence. It is synthesized in very small amount. Ethylene moves in all



NOTES

Enzymology and Plant
Hormones

188
Self-Instructional
Material

directions, by the process of diffusion. In plants, the formation of ethylene
drops down in light. The synthesis of ethylene is increased by injury in plant
organs. Application of auxin also promotes ethylene production, hence it is
called secondary hormone.

Cousins in 1910 showed that a gas caused banana ripening. All parts of
seed plants like roots, stems, tubers, flowers, fruits, seeds, etc. produce ethylene.
It is produced by many fungi and few bacteria also. The shoot apex of seedling
is an important site of ethylene production. The nodes of dicot seedlings
produce more ethylene than internodes.

Physiological role of ethylene:

(i) Fruit ripening: The ethylene promotes ripening of the fruits;
therefore it is used in artificial ripening of fruits like banana, mango,
papaya, etc.

(ii) Breaks seed dormancy: Ethylene breaks the dormancy of seed and
causes sprouting of potato tuber.

(iii) Abscission: It accelerates the abscission of plant organs like leaves,
flowers and fruits.

(iv) Wound response: When plants are wounded, rapid ethylene
production takes place which reduces stress and help the plant to
withstand the infection.

(v) Flower induction and opening: The ethylene is the commercially
important hormone in the induction of flowering in pineapple, mango,
apple, etc.

(vi) Sex expression: The application of ethylene increases the number of
female flowers and decreases male flowers.

(vii) Formation of adventitious roots: Higher concentration of ethylene
initiates the formation of adventitious roots.

(viii) Epinasty: Application of ethylene to dicot seedlings results in
drooping of the leaves.

Functions of ethylene:

1. Inhibition of elongation of stems and roots: Ethylene usually
inhibits elongation of stems and roots, especially in dicots. When
elongation is inhibited, stems and roots become thicker by enhanced
radial expansion of the cells.

2. Ethylene is known to promote leaf, flower and fruit abscission, by
accelerating the abscission layer formation.

3. Flower and fruit initiation: Ethylene inhibits flowering in most
species. However, there are some exceptions, for example, ethylene
induces flowering in mangoes and pineapple and also ethylene
application increases the number of female flowers and fruits in
cucumber plants.
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4. Fruit ripening: In most fruits, the rate of respiration undergoes a
sharp increase and then fall near the end of ripening. This is called
climacteric and it acts as a trigger that sets in progress those changes
that rapidly transform the fruit from an unripe to a ripe condition.
Ethylene has been shown to be involved in climacteric.

Check Your Progress

12. The primary physiological effect of auxin is to promote the ______.
13. The term auxin was first used by ________.
14. Themost striking effect of gibberellins is ________.
15. Abscisic acid was first identified by ________.
16. Ethylene is a gaseous hormone synthesized in large amount by ___.

5.11 PLANTMOVEMENTS

The change in the state of either complete plant body or any specific plant part
due to influence of environment or internal conditions are called movement. It
takes place due to sensitivity or irritability of the protoplasm. The changes in
the environment or external conditions of the plant which force the plant to
response is called stimulus. Light, temperature, touch, gravitation etc. are such
factors. The alteration in the life processes of the plant produced by stimulus is
called response. The protoplasm receives the stimulus and shows the response
due to its properties of sensitivity and irritability.

The parts of the plants which have the capacity to receive the stimulus are
called perceptive organs or perceptive regions and those parts which show the
response against stimulus are called responsive organs or regions. The period
between receiving the stimulus and showing the response is called reaction
time. The minimum time required for stimulus to produce response is called
presentation time.

The movements in plants aremainly classified as under:
(i) Movement of locomotion
(ii) Movement of curvature
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Fig. 5.6: Classification of plant movement
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The movement of curvature is divided into autonomic movement and
paratonic movement.

The movements which are independent of any external stimulus and take
place of their own are called autonomic movements. The movements in the
plants which are induced by external stimuli are called paratonic movements,
e.g., response to touch in sensitive plants.

Paratonic movement: The movements arising from some external
stimulus are called induced or paratonic movements. The stimulus may be
unidirectional or diffused. These movements are of two types-

(i) Tropicmovements:
(ii) Nastic movements:

Tropic Movements

The movements occurring in response to a unidirectional stimulus are called
tropic movements or tropisms. In such movements, the stimulus acts on
protoplasm from one direction only and the response has direct relation to the
direction of stimulus. These movements may be of the following types-
(a) Phototropism: The tropic movement in response to light stimulus is

called phototropism. Some parts of the plants like stem, branches,
leaves, pedicels in flowers move towards light and are called positive
phototropic. In contrast, roots and rhizoids move against light and are
called negative phototropic. The phototropism was first studied by
CharlesDarwin in 1880 in canary grass and oat coleoptiles.

Fig. 5.7: Demonstration of phototropism in a green plant
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The curvature is due to greater growth on the shaded side than on
the side on which light acts. Roots are usually indifferent to the
stimulus of light, orientation being determined chiefly by gravity.
However, some roots and many aerial roots show negative
phototropism. Leaves also respond to the phototropic stimulus.
Many flowers show positive phototropism. In Helianthus, the flower
heads face towards the east in the morning and by a curvature of the
peduncle move with the sun during the day and face westwards in the
evening.

(b) Geotropism: The tropic movement in response to gravitational force
is called geotropism. Mostly the stems grow away from the soil i.e.,
against the gravitational force and are called negative geotropic. In
contrast, the roots and rhizoids grow towards the gravitational force
and are called positive geotropic.
The first demonstration of geotropism was given by Dodart in 1703.
Evidence to prove that the orientation of different plant organs is due
to the one-sided stimulation by the force of gravity is derived from the
following observation and experiments.
(i) When a number of seeds are indiscriminately sown in the soil, the

different seeds will have their radicles pointing in all directions i.e.,
downwards, upwards, horizontally or obliquely. When
germination takes place, the root in all cases grows downward,
making curvature where necessary and the stem grows upward
regardless of the original orientation of the embryo. This
orientation is not due to the mere weight of the plant. This is
obvious from the fact that the stem, although heavier, grows away
from the force of gravity.

(ii) When a young seedling is placed in a horizontal position, the stem
makes a curvature and bends upward and the root makes a
curvature in the downward direction. This is due to more rapid
growth on the lower side in the case of stem and on the upper side
in the root.

Fig. 5.8: Demonstration of geotropism in the maize seedlings.
The experiment shows no effect of seed direction on geotropism
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(iii) When the unilateral effect of gravity is eliminated, no curvature is
produced.

A clinostat is used to abolish the effect of gravitational force in plants.
No part of the plant could remain constant for longer duration in one
direction till the clinostat turns. As a result plant moves horizontally
and there is no effect of gravitational force on the plant. If the rotation
of clinostat is stopped, the effect of gravitational force becomes lateral.
The stem shows negative geotropism and the roots positive
geotropism.

Fig. 5.9: Clinostat which can change the effect of geotropism

(c) Hydrotropism: The tropic movement in response to water or
moisture stimulus is called hydrotropism. Primary and secondary
roots of all the plants and rhizoids of bryophytes move towards water
and show positive hydrotropism. In contrast, stems and branches
move against the water and show negative hydrotropism.
Hydrotropism was first demonstrated by Johnson in 1929. He took a
rectangular tub and after filling it with water slightly tilt it. Now place
the perforated plate on it and cover the plate with wet wooden powder.
Place some seeds on the powder for germination. When seeds
germinate, their radicles move towards gravitational force through
pores and then turn towards water. It proves that roots show positive
hydrotropism and hydrotropism is stronger than geotropism.

Fig. 5.10: Demonstration of hydrotropism in roots
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(d) Thigmotropism: The tropic movement in response to touch stimulus
is called thigmotropism. The stem tendrils of the members of
cucurbitaceae when come in contact with any solid, they grow fast
and encircle around the support and help the plant to climb up.
The part which is not in touch with the support grows fast and the part
which touches the support show less growth. The growth on the outer
surface of tendrils is always more in comparison to inner surface.
Thus, the tendril coils around the support. The tentacles of Drosera
bend due to touch stimulus. The leaves of Dionia become closed due
to touch. These are all the examples of thigmotropism.

Fig.5.11: Demonstration of Thigmotropism

(e) Chemotropism: The tropic movement due to stimulus of chemical
substances is called chemotropism. The growth of pollen tube on the
stigma into style is always due to chemotropism.

(f) Thermotropism: The tropic movement in response to temperature
change on one side of a plant organ is called thermotropism, e.g.,
penducles curve towards sun throughout the day in Anemone stellata
and Tulipa sylvestris.

(g) Aerotropism: The tropic movement due to changes in concentration
of a gas particularly O2 is called aerotropism.

(h) Traumatotropism: The tropic movement as a result of wounding of
apex is called traumatotropism.

(i) Rheotropism: The tropic movement in response to water-current is
called rheotropism, e.g., bending of root tip.

(j) Galvanotropism: The tropic movement in response to electric current
is called galvanotropism.

(k) Osmotropism: The tropic movement due to osmoregulation in
system is called osmotropism.

Nastic Movements
The movements occurring in response to diffuse stimulus are called nastic
movements. In such movements the stimulus acts on protoplasm from all sides
and the response has no relation to the direction of stimulus. The stimulus in

Water Seedling
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such movements may be light, temperature, touch or water etc. These
movements are of the following types-
(a) Seismonastic movements: The nastic movement in response to touch

is called seismonastic movement, e.g., leaflets ofMimosa pudica.
On touching, the leaflets of Mimosa become closed and the leaves
hang down. The upper side of the leaflets shrinks causing the upward
folding while in petiole the shrinking occurs towards lowerside
causing the drooping of whole leaf. When one leaflet is stimulated
once, the same stimulus moves through the plant upward and
downward. Thus, all the leaflets of a plant become closed and petiole
hangs downwithin a few second.

Fig. 5.12: Demonstration of seismonastic movement in Mimosa pudica

The seismonastic response is completed in two steps i.e., transfer of
stimulus and the reaction in the base of leaflet or leaf. According of
J.C. Bose, the transfer of stimulus to the base of leaf is through a
nervous system; according to A.L. Houwink, it was in the form of
electrical impulse and present physiologists believe that is due to
transfer of action potential in plant tissues. The action potential moves
through the parenchyma cells of xylem and phloem with a velocity of
about 2 cm per second.
Thus, the stimulus reaches the base of the leaf or leaflet where it
causes the transport of water from the parenchyma cells to the
intercellular spaces. It was also explained due to turgidity and
flaccidity of parenchyma cells present in the pulvinus.
Before touching the leaves, the cells of the pulvinus remain in turgid
state but as soon as we touch or provide the stimulus, the turgid cells
of the pulvinus lose their water into intercellular spaces and become
flaccid. Now, the cells of the upper side of the pulvinus exert a
pressure on the cells of lower side of pulvinus. Thus, the leaflets
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become hanged. After sometime the cells again become turgid and the
leaflets regain their original position.

(b) Nyctinastic or sleeping movements: The nastic movements in
response to light and temperature are called nyctinastic or sleeping
movements.
The nyctinastic movements are caused by relative changes in cell sizes
on opposite sides of the base of the leaflets in a shoot zone called
pulvinus. The nyctinastic movements depend upon the amount of
auxin, transfer of K+ ions and movement of water. It is believed that
during early morning, large amount of auxins are produced, which are
transferred mainly to the lower side of the petiole. The accumulation
of auxins causes preferential accumulation of K+ in this area, which
ultimately results into translocation of water in the cells. Thus, the
leaves become erect. During night, the reverse reaction takes place i.e.,
the accumulation of auxins and K+ is reduced very much, resulting
into loss of water. Thus, the leaves hang down.

Fig. 5.13: Photonastic movement in the leaves of Oxalis.
(a) leaflet during day time, (b) leaflet during night

Nyctinastic movements may be of the following types-
1. Photonastic movements: The nastic movement in response to

light is called photonastic movement or photonasty. The opening
of leaves and flowers in most of the plants during day time and
closing during night is an example of photonasty. The leaves of
Oxalis show such type of movement which is called sleeping
movement.

2. Thermonastic movements: The nastic movement is response to
temperature is called thermonastic movement. The opening of
flowers at high temperature and closing at low temperature is an
example of thermonasty, e.g.,Crocus plant.
(a) Haptonastic movement: The nastic movement in response

to touch of insects is called haptonastic. In Drosera and
other insectivorous plants, the infolding of glandular hairs
due to touch of insects is an example of haptonasty.

Open Leaflets Closed Leaflet
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(b) Hydronasty movement: The nastic movements due to
changes in relative humidity of atmosphere are called
hydronasty.

(c) Chemonasty movement: The nastic movements due to
chemical stimulus are called chemonasty.

Check Your Progress

17. Theword enzyme is coined by ________.
18. Protein part of the enzyme is called as ________.
19. First enzyme to be isolated in pure crystalline formwas ________.
20. Which of the following coenzyme is carrier of acyl group?
21. Induced fit theory of mechanism of enzyme action was proposed by

________.

5.12 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Ligases
2. Isomerases
3. Holoenzyme
4. Apoenzyme
5. Transient carriers
6. Co-enzyme
7. Michaelis andMenten
8. Emil Fischer
9. D. Koshland
10. Competitive Inhibitors
11. Trypsin
12. Elongation of the cells
13. FritsWent
14. The elongation of genetic dwarf (mutant) varieties of many plants.
15. Addicott
16. Ripening fruits and meristematic regions of plants.
17. F.W. Kuhne
18. Apoenzyme
19. Urease
20. Co-enzyme
21. Koshland



NOTES

Enzymology and Plant
Hormones

198
Self-Instructional
Material

5.13 SUMMARY

Enzymes are grouped into six major classes. Each further divided into
subclasses and sub-subclasses. The enzymes are now named
according to their systematic position and given the commission
number. First number indicates the class of enzyme and subsequent
numbers indicate sub class and sub subclass in that order.
There are five plant growth regulators, viz. auxins, cytokinins,
gibberellins, abscisic acid and ethylene.
Some common natural auxins found in plants such as indole acetic
acid (IAA), 4-chloro indole acetic acid (4-chloro IAA), phenyl acetic
acid (PAA) and indole butyric acid (IBA).
Gibberellins overcome both kinds of seed dormancy and both kind of
bud dormancy in many species, acting as a substitute for low
temperatures, long days or red light. This suggests that gibberellins are
involved in the breaking of seed and bud dormancy.
Cytokinins are produced in meristematic regions and areas of
continued growth potential. During the vegetative portion of the life
cycle, they are apparently synthesized in the roots, particularly during
the seedling stage.
The synthesis of ABA seems to take place predominantly in mature
leaves.
Ethylene is a colourless, unsaturated hydrocarbon gas which is lighter
than air. Ethylene is a natural growth inhibiting hormone. It is a
gaseous hormone synthesized in large amount by ripening fruits and
meristematic regions of plants. The plants produce ethylene by
metabolic process during growth and development. Maximum
ethylene production takes place in roots before senescence.
The parts of the plants which have the capacity to receive the stimulus
are called perceptive organs or perceptive regions and those parts
which show the response against stimulus are called responsive organs
or regions. The period between receiving the stimulus and showing
the response is called reaction time. The minimum time required for
stimulus to produce response is called presentation time.

5.14 KEY TERMS

Holoenzyme: A complete, catalytically active enzyme together with
its bound co-enzyme ormetal ions is called a holoenzyme.
Apoenzyme: The protein part of an enzyme is called the apoenzyme
or apoprotein.
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Co-enzyme:When the co-factor is an organic molecule it is known as
co-enzyme, for example, NAD, FAD etc.
Co-factor: Many enzymes will perform their catalytic function only
in the presence of additional substances called co-factor.

5.15 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short Answer Questions

1. Write the characteristics of enzyme.
2. Explain the properties of enzyme.
3. Write a short notes on Holoenzyme.
4. Write a short notes on apoenzyme.
5. Write a short notes on Co-enzyme.
6. Write a short notes on Co-factors.
7. Explain the physiological role of auxin.
8. Explain the physiological role of gibberellins.
9. Explain the physiological role of cytokinins.
10. Explain the physiological role of abscisic acid
11. Explain the physiological role of ethylene.
12. Explain the mode of action of auxin.
13. Explain the mode of action of giberrelins.
14. Explain the mode of action of cytokinins.
15. Explain the mode of action of abscisic acid.
16. Explain the mode of action of ethylene.

Long Answer Questions

1. Explain the nomenclature and classification of enzyme.
2. Explain the mode and mechanism of enzyme action.
3. Explain the factors affecting enzyme activity.
4. Explain the structure, mode of action and role of auxin.
5. Explain the structure, mode of action and role ofGibberellins.
6. Explain the structure, mode of action and role of cytokinin.
7. Explain the structure, mode of action and role ofAbscisic acid.
8. Explain the structure, mode of action and role of ethylene.
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