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1.1 OBJECTIVES

After reading this unit students will be able:
e To study the plant water relations and physical properties of water.
e To study physical processes of water, diffusion, osmosis, absorption of water and factors
affecting water absorption process.
e To study the ascent of sap and its mechanism.

1.2 INTRODUCTION

Water is an important factor for plant growth as it helps to fulfill all the vital activities of plants.
Water is essential for photosynthesis, respiration, absorption of minerals and nutrients,
metabolism and even to maintain the soil temperature too. Beside this, water is also important in
various other processes too, as it helps in the germination of seeds and in the process of
transpiration etc. Water helps a plant by transporting nutrients through the roots. Nutrients are
drawn from the soil and used by the plant. Without enough water in the cells, the plants droop so
water helps a plant stand. Water carries the dissolved sugar and other nutrients through the roots.
Plants absorb water through their entire surface- roots, stems and leaves. However, the majority
of water is absorbed by root hairs.

To maintain the level of water inside the plant cells, it is necessary, to loss excess water
from plant cells either in the form of evaporation or through transpiration. Evaporation of water
from leaves is primarily controlled by stomata, sometimes lenticels and pores also helps in this
process. This shows that, plants have a strong and significant relationship with water. Plant water
relation means plants control the hydration of their cells including the collection of water from
the soil, its transport within the plants and its loss by evaporation from the leaves. Transpiration
also includes a process called guttation, which is the loss of water in liquid form from the
uninjured leaf or stem of the plant principally through water stomata known as hydathodes.
Studies have revealed that about 10 percent of the moisture found in the atmosphere is releases
by plants through transpiration.

1.3 IMPORTANCE OF WATER TO PLANT LIFE

Water is most important and prime factor for life processes, as life itself has been originated in
an aqueous environment. In course of evolution it became fully dependent on water in a number
of ways. Thus we can say that water is the liquid of life or elixir of life. In general  water is
essential for life and is the main constituent of the protoplasm comprising 90 to 95% of its total
weight. In absence of water, protoplasm becomes inactive and even killed. Water is a source of
hydrogen atoms for the reduction of carbon dioxide in the reaction of photosynthesis and as
mentioned earlier that water helps to fulfill different vital activities. Beside this water present in
the vacuoles which helps in maintaining the turgidity of cells which is essential for proper
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activities of life. Due to absorption of water the cell becomes turgid. The turgidity of cell helps in
the elongation of cells resulting in growth. It is a well- known fact that the availability of water
during winter and summer season is different and is the reason of formation of annual rings in
higher plants. In summer the turgidity is less and hence formation of small cells, comparatively
to winter when due to higher turgidity, formation of larger cells takes place. In nature we have
different type plants e.g. aquatic, terrestrial, halophytes, xerophytes etc. and different plants
absorb water in different ways. While orchids, absorb moisture directly from the atmosphere and
not from soil. Land plants get their water supply from soil which serves as the source of water
and minerals to them. The way in which water from soil enters into roots, particularly to root
xylem is called “Mechanism of water absorption”

1.4 PHYSICAL PROPERTIES OF WATER

As per studies on global water covers about 73% of earth’s surface and provides the most
extensive medium for all aquatic life because of its unique properties from ecological point of
view. Water occurs in in all three physical forms in the earth at moderate temperature. It is
present in either in the form of fresh water or in saline water form in sea and salt lakes. The fresh
water of active ground water, glaciers and ice caps, rivers, lakes dams, streams, soil moisture etc.
represents only 1.92% of the total water stock. But even from this small segment as much as
98.65% is shared between active ground water and ice on mountain tops and poles, lakes and
rivers constitute only 0.98% and 0.004% fresh water stock respectively.

L

| VNS

Ice
Water )

Water vapour

Fig. 1.1 Different states of matter
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Fig.1.2 Water Cycle in the Atmosphere

Water

Structure and Properties: Water comprises over about 90% of the chemical content of many
organisms and so we can say justifiably that water is the fluid of life but before this it is
necessary to understand the different physiological processes related to the diffusion and
absorption of water, and fundamental chemical and physical properties of water and its
interaction with other substances. Water participates in all metabolic reactions either directly or
indirectly. Water is a remarkable compound with unique properties that results from its
molecular configuration and hydrogen bonding.

Molecular Structure of Water: A single water molecule is composed of two hydrogen atoms
bonded covalently to one side of an oxygen atom. Water absorbs large quantity of heat and
tolerates other physical stresses without breakage of the bonds. Water is a polar inorganic
compound at the room temperature at room temperature associates

with each other because of the asymmetrical distribution hence due to -~ H

these association i.e. adhesion or cohesion that are critical to the (

movement of water in soils and the translocation of water in plants.

The chemical composition of water in which the hydrogen atoms are attached to the oxygen
atom causes one side of the molecule to have a negative
charge and the area in the opposite direction to have a
positive charge causes molecules of water to be attached to
each other forming strong molecular bond. The strong
hydrogen bond of water molecule results due to the
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attraction of the positive hydrogen bond of water molecule for the negative oxygen atom of
another water molecule. The resulting polarity of charges causes molecules of water to be
attached to each other forming strong molecular bond. Water is a tasteless, odorless liquid at
ambient temperature and pressure and appears colorless in small qualities, although it has its own
intrinsic very light blue hue.

The most important property of water to the living cell is its solvent action. Water is
referred as the ‘universal solvent” because it forms a solution with a vast array of compounds.
The solvent action of water is of tremendous importance for the living plants as all the essential
elements necessary for normal plant growth and the compounds necessary for energy transfer
and storage require water as a translocation and reaction medium. All these materials are present
in water in the dissolved form this form, distributed throughout the plant. Thus all the
physiological processes i.e. diffusion, osmosis, and imbibition are intimately associated with the
essential function of translocation of water and solutes from site of origin of site of activity.

Adhesive and Cohesive Forces of Water

Water is attracted to many other substances because of its polar nature. This attraction between
unlike or different molecules is called adhesion. In case of water, it involves hydrogen bonding
between the water and other molecules. While the attraction of like molecules due to hydrogen
bonding, is called cohesion. Cohesion force allows water to be the pulled to the tops of trees
through xylem elements in the form of a thin film of water. The cohesion between water
molecules creates surface tension and then the molecules at the surface of a liquid are continually
being pulled into the liquid by the cohesive (hydrogen bond) forces. This type of adhesion is
called capillary action. Capillary action in a glass tube is caused by adhesive forces exerted by
the internal surface of the glass exceeding the cohesive forces between the water molecules
themselves. Due to surface tension a single drop of water works as spherical. The surface tension
of water is high than that of most other liquids and the surface tension plays a great role in the
physiology of plants.

There are various factors determined the rate of diffusion i.e. temperature, relative density,
concentration gradient, concentration medium etc. the rate of diffusion increases as the
temperature increases. Hydrogen diffuses 4 times faster as far as Oxygen and 5 times as fast as
carbon dioxide, these rates are determined by the relative intensity of the gas. The gas diffuses
through gases, liquids and solids, liquid diffuses through gases, liquids and solids and likewise
solid diffuses through gases, liquids and solids. In some cases the rate of diffusion may be very
fast or may be very low as per condition. There important example of diffusion as follows-

Blowing of wind, dispersal of scent, perfumes & agarbatti in a room, intake of CO, and
liberation of O, in photosynthesis, and intake of O, and liberation of CO, during respiration,
dissolution of sugar and salt in water, dissolution of KMnQO, particles in water all are examples
of diffusion. Some other interesting examples of diffusion are-
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Cohesion Adhesion
Water sticks to Water sticks to
itself other things
Anything
else with
H,O H,0 HO [ charge

1) Gas into liquid- Foam, ii) Liquid into gas- Clouds, iii) Solid into solid- Smoke, iv) Solid into
solid- Diffusion of copper into zinc and zinc into copper, although this process takes pretty long
time, if the basis of two metals are kept upon one another.

Most animals and plants contain more than 60% water by volume. Water H,O is a polar
organic compound that is at room temperature a tasteless and unique liquid. In nature water can
naturally occur in these as a liquid (water), solid (ice), and gaseous form (water vapour).Water is
transported in plants through both cohesive and adhesive forces. These cohesive forces are
related to waters property of adhesive forces on the attraction between water molecules and other
molecule. Strong bonds determine almost every physical property of water and many of its
chemical properties. This property of water of water allows for the transport of nutrients vital to
life in animals and plants.

Diffusion: The diffusion means to spread; to flow out, to extend Diffusion can be simply
defined as the movement of particles of matter due to their Kinetic energy or the net movement
from one point to another because of the random kinetic activities of molecules or ions is called
diffusion. Diffusion refers to the process by which molecules intermingle as a result of their
kinetic energy of random motion. However, the direction of movement of diffused particles is
form the region of higher concentration to the region of lower concentration till both the
concentrations equalize. The molecules in the region of higher concentration contain more
kinetic energy and that is why they allow fast movement. The diffusion of particles still
continues in both the directions though it is not detectable. Diffusion is random movement of
molecules but has a net direction towards regions of lower concentration in order to reach
equilibrium. Simple and passive diffusion occurs when small molecules pass through the lipid
bilayer of a cell membrane.
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Diffusion
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Solute transport is from the left to the right;
movement of the solutes is due to the concentration
gradient (dC/dx).

In a solution the diffusion of particles of one substance is quite independent of the diffusion of
particles of another substance. The diffusion of particles of both the substances is quite
independent in the rate of flow of the particles as well as the direction. Each substance differs
according to its own concentration and flow. There are various factors determined the rate of
diffusion i.e. temperature, relative density, concentration gradient and concentration medium etc.
Rate of diffusion of substances increases as the temperature increases.

The gases diffuse through gases. Liquids and solids; liquids diffuses through gases,
liquids and solids and likewise solids diffuses through gases, liquids and solids. In some cases
the rate of diffusion may be either very fast or very slow as per the condition. Hydrogen diffuses
four times faster as far as oxygen and five times as fast as carbon dioxide, these rates are
determined by the relative intensity of the gas.

Examples of diffusion are:
Gas into liquid- Foam,
Liquid intogas- Clouds,
Solid into gas-Smoke

Solid into solid- diffusion of copper into zinc and zinc into copper, although this process takes
pretty long time, if the basis of two metals are kept one another.

Osmosis: A plant cell has a cell membrane and cell wall as its boundary. The cell wall is freely
permeable to water hence it is not buried to movement of water. Osmosis is the net movement of
solvent molecule through a semipermeable membrane into a region of higher solvent
concentration to the region of lower solvent concentration in the direction that tends to equalize
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the solute concentration on the two sides. If two solutions of different concentrations are
separated by a semi-permeable membrane which is permeable to a small solvent molecules but
not to the larger solute molecules than the solvent will tend to diffuse across the membrane from
the less concentrated to more concentrated solution. Osmosis is essentially a special type of
diffusion of liquids. In simple words, osmosis may be considered as diffusion when two
solutions of different concentrations are separated by means of a semi-permeable.

The diffusion of water or in other words solvent from the solution of lower concentration
to the solution of higher concentration until both the concentrations equalize. This process is
defined simply as” the phenomenon, whereby, when a solution is separated from a weaker one
by a semi-permeable into the stronger solution diffuses through the membrane into the stronger
solution in an effort to equalize the strength of the two solutions. Actually the diffusion of
particles of solvent takes place both ways across the semi-permeable membrane buy the
diffusion of solvent is more from the solution of lesser concentration to that of the higher
concentration.

The main difference between diffusion and osmosis is that in osmosis two substances are
separated from each other by a semi-permeable membrane while in case of diffusion it is absent
.The word semi-permeable membrane is used for a membrane that allows the passage for certain
substances while checking the passage of others.

Osmosis Phenomenon: To explain osmosis if two different solutions of different
concentration are separated by a semi-permeable and will not allow or permit soluble molecules
to pass through it. As per the lows of diffusion the movement of solvent molecules will be from
the region of higher concentration to the region of lower concentration or from dilute solution to
concentrated solutions. The reason behind this is that the concentration of solvent molecules will
lower in the concentrated solution and higher in the dilute solution. On the basis of
concentration of solute molecules the solutions may be defined as hypertonic and hypotonic
solutions.

Hypertonic Solution: A hypertonic solution is one in which the concentration of solutes is
greater inside the cell than outside of it, while hypotonic solution: A hypotonic solution is one
where the concentration of solute is greater outside the cell than inside it. When a cell is
immersed into a hypertonic solution, the tendency is for water to flow out of the cell in order to
balance the concentration of the solutes. Likewise, the symbol of the cell is conversely
categorized as hypotonic, opposite of the outer solution hypotonic refers to a letter concentration.
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Fig.1.3 Demonstration of Osmosis Phenomenon

Exosmosis: Osmosis towards the inside of a cell or vessel or the flow of a substance from an
area of lesser concentration to one of greater concentration, while the movement of water
molecules from outside to inside of a cell through osmosis is known as endosmosis.

Or the process by which water molecules move out of the cell is called exosmosis. A solution is
a mixture of two or more than two substance in which the concentration of the solute in solvent
may be expressed as weight of solute per unit of solvent or in terms of molarity, normality or
equivalent to this.

Osmotic Pressure or Osmotic Potential: If in a chamber a solute is added to water, so to
keep the pressure constant an amount of water removed and concentration of water in the
solution is decreased. If this solution is separated from pure water by a semi-permeable
membrane a gradient of water potential is created and osmotic diffusion of water starts taking
place from the chamber of higher water potential to that of lower water potential. If a mechanical
pressure is applied to lower water solution and is gradually increased it will raise the water
potential of the solution until the gradient no longer exists, this solution is separated from pure
water by semi-permeable membrane and stop osmosis by applying the pressure. This pressure is
termed the “osmotic pressure” and is usually expressed by the symbol w. Thus the osmotic
pressure is defined as the excess hydrostatic pressure which much be applied to it in order to
make its water potential equal to that of osmotic water.

The unit of osmotic pressure is measured in bars (a unit of the metric system, where 1
atm = 1.01 bars). The osmotic pressure of a solution is proportional to its molecular
concentration. This osmotic pressure will be directly proportional to the molar concentration, if
the solute is a non- electrolyte because the osmotic pressure depends upon the number of solute
particles present in it. The electrolyte solution exerts a greater osmotic because greater part of the
electrolyte is in an ionized conditions within a solution and addition of number of ions causes a
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higher osmotic pressure. Temperature directly affects the osmotic pressure and increase in
temperature result an increase in the osmotic pressure.

Water of Hydration: The water associated with the particles of hydrophilic solutes or colloids
is known as water of hydration. An ideal molar solution at 0 °C has an osmotic pressure of 22.4 °
C atmosphere. Osmotic pressure increases at higher temperature. Modern workers have
substituted the term osmotic pressure by osmotic potential is numerically equal to the osmotic
pressure but is negative in sign, which indicates decrease in pressure that occurs due to addition
of the solute. When we add more solute the osmotic potential increases more negatively, but
dilution of solution with the solvent decreases the value of the osmotic potential. In a solvent the
value of osmotic potential is zero.

Turgor Pressure and Wall Pressure: The pressure which develops in a cell from time to
time due to the osmotic diffusion of water is called the turgor pressure. Unlike the osmotic
pressure, the turgor pressure is also variable, which is always constant. During endosmosis in a
cell, weather water enters inside the cell and due to this the turgor pressure increases gradually
till it reaches its maximum when it is equal to osmotic pressure, provided the other liquid with
which it is in a state of equilibrium is pure water or pure solvent. Turgor pressure is responsible
for the growth of the young cells while in mature cells it develops a pressure of equal and
opposite force known as ‘wall pressure’.

Rate of Diffusion: Thus the rate of diffusion will be faster as the temperature increases. When
a substance is diffusing between two compartments the greater the concentration differences
between the two components, the substance will diffuse.

Factors affect the rate of Diffusion: Several factors affect the rate of diffusion of a solvent
including the mass of solvent, the temperature of the environment, the solvent density, and the
distance travelled etc.

Diffusion Pressure Deficit: The term diffusion pressure deficit or DPD was coined by B S
Meyer, (1938), originally DPD was coined as suction pressure by Renner (1915). It is an older
term that was used in place of water potential. The diffusion between diffusion pressure of pure
water and solution is called diffusion pressure deficit (DPD). When a plant cell is hypotonic
solution water enters into a cell by osmosis and as a result turgor pressure develops. The cell-
membranes get stretched and osmotic pressure of cell decreases. Likewise gases and solutes,
liquids also have a diffusion pressure. A pure solvent may have maximum diffusion pressure,
when certain solute particles are added to the pure solvent, the diffusion pressure of the resulting
solution is lowered. The amount, by which the diffusion pressure of a solution is lower than that
of its solvent at the same temperature and atmospheric pressure is called the diffusion pressure
deficit or DPD.
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When a solvent is separated from a solution, the solvent molecules will diffuse towards
the solution under a pressure which is being higher in concentration than in solution. This
pressure is known as diffusion pressure deficit or we can say that this movement is due to certain
deficit in the diffusion pressure of the solution as compared to solvent or may be due to diffusion
pressure deficit (DPD) of the solution. In case of DPD the solution will always try to wipe off
this deficit by pulling or sucking more of solvent molecules or DPD is also known as the index
of sucking power or the suction pressure. Initially the DPD of the solution is equivalent to its
osmotic pressure (OP). During osmosis in a cell, due to increasing pressure forces the cytoplasm
out against cell wall. Since the cell wall is rather rigid and thus it will exert an equal and opposite
pressure towards outside, and this is called wall pressure (WP). WP, results decrease in DPD.
This WP may be shown as written as follows-

DPD (SP) = OP- TP (WP),

DPD= diffusion pressure deficit.
SP=suction pressure, OP= osmotic pressure
TP=turgor pressure, WP= wall pressure

20 \
& Osmotic pressure
174 's f «
U 2
§| &
T S
g o
. g :
= ; : T
- F | |
0 {7 H : H
1.0 1.1 1.2 1.3 1.4 1.5 =+ Cell Fully
+ = Increasing Cell volume Turgid

Incipient Plasmolysis

Fig.1.4 Diagram showing relationship of osmotic pressure (OP), turgor pressure (TP), and diffusion
pressure deficit (DPD)

Plant Cell- Asan Osmotic System: The first cell of the plant which absorbs water and acts
like an osmotic system or as an Osmometer is the root hair. The big vacuolated plant cell is an
osmotic system which acts as follows:

When root hair comes in contact with a solution with higher concentration of water molecules
than that of cell sap, than the process of osmosis begins. Firstly, the water or solution of external
solutions (higher concentration) begins to enter inside the cell through osmosis (endosmosis).
The movement of water takes place due to concentration differences between external and
internal solutions in which plasma membrane acts as a semipermeable membrane.
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The wall of root hair works as a specialized wall and facilitates water absorption. The
high efficiency of root hair as an absorbing organ is due to the fact that the soil particles are
attached to its pectic substances and bringing the soil water very close to wall of the root hair.
Besides the pectic substances, the root hairs also secrets carbonic acid capable to dissolving
everything required by plants.

\

pe—— CELL WALL

«— CYTOPLASM

Af BNS
Fig.1.5 Different directions of the operating forces in a cell

Due to diffusion pressure deficit (DPD) water is absorbed by the root hair. The amount /quality
of water absorbed by the root hair is depends on deficit. If this deficit is greater, larger quantity
of water will diffuse and greater amount of water will enter into the cell. The force per unit area
of entrance of water is termed as suction pressure the potentiality of which depends upon DPD,
the suction pressure that exists between the cell and environment. It can be said that-

DPD= Osmotic pressure- turgor pressure.

Entrance of water inside the cell affects it in two ways- i) it brings down the
concentration of cell sap and ii) it starches the elastic wall of the cell. This entered water results
swelling of cell wall and causes a pressure known as turgor pressure. Due to this, cell increases
in volume but due to elastic nature of the wall, offers resistance to this force. This resistance is
works in opposite direction to turgor pressure and known as wall pressure. The wall pressure is
exerted by wall in order to restore normalcy in size. The turgor pressure is fully turgid.

Water stops to enter or diffusion of water molecules in both the directions stops when the
concentration of two solutions becomes equal, till the balance is fully stretched and thus entry of
water is checked. At this stage cell is fully stretched and is said to be turgid. When osmotic
pressure may exist the suction pressure will be zero in a turgid cell.

The entered water decreases simultaneously resulted in an increased turgor pressure and a
decrease in osmotic pressure of cell sap. Due to this the concentration differences simultaneously
and brings down the suction pressure. All forces are interrelated and work together.
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In nature endosmosis is of common occurrence and is responsible for water absorption.
Contrary to this natural process Exosmosis may also occur where the cell losses its water contact
due to being placed in hypertonic (more concentrated) solution. Thus due to loss of water brings
the turgor pressure of cell and protoplasm starts to withdraw from the cell wall. It tends to collect
as irregular mass of Centre and resulted in the shrinkage of protoplast. This condition is known
as plasmolysis. In case of extreme plasmolysis, the plant will die.

However, there are some exceptions also as mangrove plants grows in saline water, with
very high salt concentration, which creates difficulties in absorption and the plants has to adopt
accordingly. These mangrove plants are also known as Halophytes, has high osmotic pressure of
the cell sap due to some reasons.

Soil Water: As mentioned earlier that generally plants absorb water from soil by their roots.
Thus the water present in the soil either in the form of liquid or in vapour/moisture form, is
known as “Soil Water” This soil water is the most important constituent of soil because it
provides the medium for the absorption of minerals and organic matter by the roots and helps to
activates various enzymes and metabolic processes. It also affects morphological, physiological
and anatomical processes directly or indirectly. This water after absorption from roots later on
reaches to the various other parts of the plant i.e. stem, leaves, flowers, fruits etc. So plants
absorb water from their roots. The water is found in different forms in the soil. In soil the chief
source of water is rain water. The total amount of water present in the soil is termed as “holard”,
while the water among this, available to the plants is called “chesard” and the amount of water
which cannot be absorbed by plants is termed as “echard”

After the rains, a part of water drains away and not available to plants it is known as
“run-away water”. The water present in the soil may be classified as follows-
(i) Gravitational Water: The water which reaches deeply into the soil after rains due to
gravitational force is called gravitational water. This water is not available to plants and
percolates downwards through large pores between the soil particles under the gravity and hence
is called gravitational water. It reaches the low water table in the earth.
(i1) Capillary Water: The water which remains present in the intercellular spaces of soil
particles. This water is available to plants, which fills the spaces between thenon- colloidal
particles or it forms a thin film around the non- colloidal small particles of soil. This water is
present in the capillaries of soil particles thus known as capillary water and one of the most
important and significant form of water which is held by capillary forces and absorbed by the
plants, or the water that is left in soil along with hygroscopic moisture and water vapours after
the gravitational water has drained off is known as capillary water.
(iii) Hygroscopic Water: The water which is present around the soil particles in the form of
thin vapour layer and held tightly by soil particles of colloidal complex due to adhesive force.
This water is also non available water and cannot be drawn/absorbed by the plants.
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(iv) Chemically Combined Water: The water which remains chemically bound to the soil
particle is called chemically combined water. This water is also non- available to plants.

(v) Run- off Water: The water which run- off drown through slopes after rains is called
running water or run- off water. This is also non- available to plants.

Cherm:cally Hygroscopic Capillary
Combined Water Water

Water Gravitational water)

Fig. 1.6 Different types of water available in soil

A good amount of water is retained by the soil particles, is known as “Field Capacity”. Beside
this, the movement of water is another important aspect regarding to soil moisture. Thus the
movement of water into soil is called infiltration and the downward movement of water within
the soil is called percolation, permeability or hydraulic conductivity. Pore space in soil (differs
from soil to soil) is the conduit that allows water to infiltrate or percolate. Water differs in a fully
saturated soil the percentage of moisture from soil to soil and depends upon the size of particles,
e.g. 5% in sandy soil, 35% in loamy soil,45% in clay soil and negligible in gravel and rocks.

Water Holding Capacity: In a fully saturated soil the percentage of moisture is held in the form
of thin water film. It is known as water holding capacity. The maximum quantity of capillary
water + Hygroscopic water + Chemically combined water in the soil represents the water holding
capacity of that soil.

Wilting Co- Capacity: The percentage of water that remains in a soil when permanent wilting
is attained is called wilting co- efficient or permanent wilting percentage.

On the basis of above studies it is clear that plants have a specific relationship with water.
Hence there is a strong plant water relationship which means how plants control the hydration of
their cells, including the collection of water from the soil, its transport within the plants and its
loss by evaporation from the leaves. This water status of plants is usually expressed as water
potential, which has unit of pressure is always negative and in simple form is algebraic sum of
the hydrostatic pressure and the osmotic pressure of water. Flow of water through plant and soil
over microscopic distance is driven by gradients in hydrostatic pressure over microscopic
distances (e.g. across semi-permeable membrane). It is driven by gradients in water potential.
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Field Capacity: The field capacity of any soil is the percentage of water present in the soil and
remains after the gravitational water is drained away. Thus field capacity of any soil is the sum
of the capillary water, hygroscopic water and chemically combined water or-

Field capacity= Capillary water+ hygroscopic water + chemically combined water.

Water Absorbing Parts of the Plants: Plant water relations concern how plants control the
hydration of their cells, including the collections of water from the soil, its transport within the
plant and its loss. Among them the first step is the absorption of water. Plants absorb water
through their entire surface- roots, stems and leaves. However, the majority of water is absorbed
by roots through root hairs. Root hairs are thin- walled, unicellular outgrowths of epidermis are
in close contact with thin film of water surrounding the soil particles. The area of young roots
where, most absorption takes place is the root hair zone. So a major portion of water required by
plants is absorbed by the roots but exceptionally the absorption of water by leaves and stem has
also been reported in a few plants. In some plants e.g. Lycopersicum, Beta, Sorghum and
Phaseolus the water is absorbed by leaves. However, the ephiphytes like orchids, which posses
arid roots containing velamen tissue layer. The cells of this layer are hygroscopic in nature and
absorb water or moisture present in the atmosphere. The following affects water absorption by
leaves-

a) Structure and permeability of cuticle and epidermis.

b) The hairiness of leaf surface.

c) Lack of water in the cells of cortex.

d) The internal environmental deficiency of water in parenchyma cells close to epidermis.

Roots play the principle and significant role in absorption of water and due to this reason
even the orchids develop modified roots form the absorption of water from atmosphere. In
general, it is common knowledge that the root system of the plant is mainly responsible for the
absorption of water (Meider, 1954) or moisture from humid air (Arvidson, 1950). Some of the
plants have long and deep- seated root system while others have shallow roots and are spread out
just below the surface of the soil. The deep feeder roots of the former type are in contact with
large and permanent supply of underground water at different levels while the surface feeder
roots of latter type are in contact with after a rainfall. Root system also affects the water
absorption. Those plants which possess hairy and well developed root system show higher rates
of water absorption comparatively to those which possess very small roots and less number of
root hairs.

Roots: Roots absorb water mainly from its apical region on the basis of apical organization of
roots- it shows three clear demarcations or zones-

i) Zone of meristematic cells.

ii) Zone of elongation and

iii) Zone of absorption or differentiation.
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Fig.1.7 L.S. of apical region of root showing organization and differentiation of different parts

Although all the zones are important yet the third zone or zone of absorption is prime importance
and it consists of three different types of tissue system i.e. outer most- dermal layer, the middle-
cortical layer and the inner one is stellar region. Dermal tissue includes surface layer of cells.
The epidermis in this region/ zone has enormous number of unicellular root hairs. The root hair
projects almost at right angles to the long axis of proliferous cell. This generally less than one
millimeter to about a centimeter in length and is about 10um in diameter. The presence of large
number of root hair on roots increases considerably the exposed surface for the absorption of
water. Cortical tissue is simple and commonly consists of parenchyma cells while the stellar
tissue system is complex and consists of pericycle, phloem and xylem etc.

Root Hairs: The absorption of water takes place in the terminal portions of roots but the
maximum absorption takes place in the zone of root hairs, 1 to 10 cm behind the root tip. Kramer
(1959) observed that the maximum intake of water occurs in the root hair zone. The cell wall of a
root hair has two layers. The outer layer is composed of pectic compounds due to which soil
particles are very closely adhered to the cell wall. The inner layer is made up of cellulose. Inside
the cell wall, a thin layer of cytoplasm is present, which is continuous with cytoplasm of the
piliferous layer of which the root hair is a part

Root hair is the special modified cell of epidermis for the absorption of water. Root hairs are
thin- walled, unicellular outgrowths of epidermis. It is specialized root only in appearance but
also in its internal structure. The wall of root hair consists of cellulose and pectic substances.
Both these substances are highly hydrophilic in nature. These substances have a great capacity
for water absorption. The root hair zone of root is the most effective region of water absorption.
Each root hair zone has thousands of root hairs. Root hairs are specialized for water absorption.
The cytoplasm encloses a central vacuole which contains cell sap. The cell wall has a great
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property of imbibing water and is also permeable to it. The cytoplasm layer acts as a
differentially permeable membrane.

The cell wall of root hairs acts as permeable layer next to cell wall is the plasma
membrane enclosing cytoplasm, nucleus and a large vacuole, which is quite large and occupies
most of the part of the cell and to give a peripheral arrangement to cytoplasm. This vacuole acts
like controller during absorption of water. Endodermis layer also plays important role during
water absorption by root hairs. It is a bounding layer of the central stele and in endodermis cells
having a suberin and lignin thickening form “casparian’ strip’. While certain cells of endodermis
lies opposite to protoxylem lacks such thickness or they are thin walled. Such cells are called
‘passage cells’, as the provide passage for the movement of water from cortex to stele.

Xylem: Xylem is the tissue most involved in water translocation. Xylem comprising several
different types of cells living and non- living tissue. Xylem is the complex tissue and consists of
tracheids, vessels, xylem fibres and xylem parenchyma of which the former two are thick walled
due to lignin deposition. Of these the tracheary elements are the most prevalent and practically
all water translocation takes place through these cells. The vessel elements and tracheids are the
cells of xylem, most involved with water translocation. In many cases pits are present on the
radial walls where lignin deposition is little and hence these are thickening areas helps to
facilitate the movement of water. Beside the pits, the thickening of wall does not interfere in the
movement of water because lignin is a hydrophilic substance and quite easily permits the easy
movement of water through it. Another specified and modified cells for the movement of water
are- vessels. Since their transverse walls are perforated, thus a continuous water column is
maintained in the plant.

Thus water enters first to the cell wall of root hairs and the intercellular spaces of the root
cells from the soil. The free space, where which water can easily reach or available is called
“apparent-space”. This absorbed water then differs into the vacuole though the differently
permeable membrane and the tonoplast. In plant cell the plasma membrane, the cytoplasm and
tonoplast together act as a semi- permeable membrane.

Mechanism of Water Absorption: Entry of Water in Root Hair: Now the question arises that
how water enters in the root hairs. Root hairs takes active participation in water absorption as the
root hair maintain contact with soil water and in nature it acts as a sole water absorbing organ.
Due to diffusion pressure deficit gradient, water diffuses into the root hair. The cell sap contains
a more concentrated solution than the water present outside the cell. Water enters inside the root
hair, when the DPD of cell sap is greater than the osmotic pressure of solute. To know the exact
mechanism of water absorption two main theories are proposed by the workers-
(i) Active absorption
(i) Passive absorption

It was Renner (1912, 1915) who for the first time recognized the water uptake
mechanism into active absorption and passive absorption. According to him the forces
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responsible for the intake of water develop in the living cells of the roots and therefore, roots are
actively concerned in the process. On the other hand during passive absorption the intake of
water is controlled by the transpiration process of the plants and the roots simply acted as a
passive absorbing surface.

Active Absorption: Water absorption takes place due to the activities of root, while shoot does
not concern any affair. To explain the mechanism of active absorption various theories have been
put forward by scientists/ workers from time to time.

There are two major theories to explain the active absorption of water-
(a) Osmotic theory of active absorption and
(b) Non- osmotic theory of active absorption

(@) Osmotic Theories: According to osmotic theories it is assumed that water moves by
diffusion along a gradient of decreasing free energy or diffusion pressure (DP). If the xylem sap
has a higher osmotic potential than that of the soil solution water can move from the soil into the
xylem by osmosis.

For the first time Atkins (1916) and Priestley (1922) postulated the osmotic theory of
absorption and according to them the water is absorbed due to osmotic differences between soil
water and cell sap. The main cause of water absorption is the difference in osmotic pressure of
soil water (remains below 1 atm.) and cell sap (generally 2 atm.) which may react up to 8 atm.
Thus because of his difference, absorption of water takes place directly and requires no
expenditure of metabolic energy. As per studies the value of osmotic pressure of the cell sap of
the root hairs is generally 2 atm. and maybe as high as 2 to 8 atmospheric pressure in some cases.
The osmotic pressure of the soil water is much lower comparatively to cell sap and generally less
than 1 atm. The higher diffusion pressure deficit (DPD) of the cell sap of the root hair causes
endosmosis of soil water across the semi- permeable plasma membrane. A number of
investigators have supported the osmotic pressure theory, yet there are some objections also-

Objections: However, there are some problems too as according to this theory differential
osmotic pressure is the sole movement of water from the cortex to xylem cells takes place.
Xylem contains comparatively dilute sap and is metabolic inactive. This dilute sap of xylem has
a low osmotic pressure (less than 2 atms.) as against several atm. of the cortical cells. The
tracheids- membrane are not semi- permeable. Thus water absorption is not possible unless some
other mechanism exists. Although in this process energy doesn’t require but for the maintenance
of solution these cells must require some energy Yyet this theory was not accepted.

(b) Non-Osmotic Theories: Thimann (1951), Boger & Prell (1953) and Kramer (1959)
postulated that there is non- osmotic active water uptake mechanism in plants. Hence absorption
of water takes place due to a concentration gradient. This active absorption of water will
obviously require energy expenditure released from the metabolic activities (i.e. respiration etc.)
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of the root cells or it could be explained simply that the absorption or uptake of water is an active
process and occurs due to non- osmotic reasons even against diffusion pressure gradient. This
process requires expenditure of energy obtained from physical activities i.e. photosynthesis etc.
This theory is supported and accepted by most of the investigators on following points-

1) In non- aerated soils such as flooded areas wilting of roots occurs.

ii) Role of water absorption reduces when we use the respiratory inhibitors such as KCN while
exudation from the stem started. Thus there is some correlation between these two processes.

iii) The water absorption is also affected by hormones such as auxin concentration increases
water uptake and exudation, water uptake is stimulated by auxin etc.

iv) There is a distinctive diurnal variation in water uptake and root pressure supports living
activities.

v) Water absorption process thus it is a vital occurs only in living cells activity.

Passive Absorption: This theory believed that the forces responsible for absorption of water
into the roots are governed by other cells. The governing force originates or develops in the cells
of transpiring shoots rather than in the roots. The governing forces developed due to the process
of transpiration. Due to the occurrence of transpiration, the DPD of leaf cells increases which
results in the movement of water from the xylem cells to adjacent mesophyll cells. Hence
presence of a continuous column of water from leaves to roots through xylem channel and
simultaneously the deficit is transmitted to the xylem of roots through endodermis to cortex. A
gradient of DPD develops across the cortex to root hair along which radial movement of water
gradient takes place and it puts these cells under tension. This creates the tension of several
atmospheres in the xylem comparatively to other root cells with comparatively low pressure and
this puts the root in tension. The question arises that how the movement of water takes place
from cortical cells to xylem tracheids, which is supported by mass flow of water against
diffusion.

In support of this theory, several evidences have been put forward by different workers
and reveals that the rate of water absorption is approximately equal to that of transpiration. Thus
it is revealed that the water is absorbed through the roots and pulled up to the transpiring (leaf0
surface and not pumped into the plants by roots. It has been further supported by following
points-

(i) Water uptake is a regulated process and the rate of absorption is under the control of
transpiration, means transpiration regulated and controls the rate of water absorption in plants.
(ii) The rate of absorption is almost equal to the rate of transpiration it means much as water
transpired it creates a force/ gradients which helps in absorption.

(iii) It is a purely physical process which plays important role i.e. physical environment
(sunlight, temperature, wind etc.)

(iv) Movement of water across cells can be much faster than the simple osmotic pressure.

(v) The cut ends of stem are also capable of absorbing water in rapidly transpiring plants.
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Significant Points of Active and Passive Absorption: In water uptake process active and
passive absorption are two different types of mechanism of which one is related to operate in
plants. Further the famous root pressure theory, explained in next chapter ‘Ascent of Sap” serves
as the best evidence to support active absorption of water in plants. But on the basis of recent
studies active absorption could not favor much owing the following reasons:
(i) In very tall trees like gymnosperms, root pressure is not observed.
(i) Root pressure is also not observed in fast transpiring plants.
(iii) There is a clear difference in the amount of water exudated by stems/ cut ends of stumps due
to root pressure and that of lost by transpiration.
(iv) The submerged hydrophytic plants, although roots are present, the water is absorbed from
general surface.

Thus on the basis of these evidences it is observed that passive absorption accounts for
most of the water absorption and if active absorption exists so either it cooperates with passive
absorption or has no importance.

Pathway of Water across the Root Cells: The root hair absorbs water from soil and
becomes fully turgid. Its diffusion pressure deficit falls. The absorbed water in the root hair
moves to the cortex cells. As the adjoining cell of the cortex which has a much higher diffusion
pressure deficit absorb water from the root hairs. These cortical cells are interconnected through
the plasmodesmata. Then water moves from cell to cell from cortex to endodermis. The
endodermis possess thick casparian strips, which cannot allow water but the thin walled cells or
passage cells of endodermis helps to diffuse water. Young endodermal cells possess suberized
thickenings on lateral walls, the casparian strips and old cells are completely suberized, hence
water can pass only through passage cells present in between them These facts favors the theory
of water potential gradient. Earlier it was believed that water moves from the region of root hair
to pericycle through osmotic system of high DPD present in cortical cells as compared to root
hair cells but recent approach being different and does not believe in it.
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Factors affecting water Absorption rate: Plants absorb water from soil through their root hairs.
This phenomenon is affected by external as well as internal factors.

Plant metabolism, transpiration and root system are the internal factors while all other factors
related to soil and its environment are categorized under internal factors.

(A) Internal Factors:

(2) Metabolism: Absorption of water and metabolism are closely related. However, it isnot
clear that during water absorption, plants use energy or not, yet the factors inhibiting rate of
respiration i.e. poor aeration, application of KCN and anesthetics reduces the rate of absorption.
Thus it reveals that the metabolic activities are expected to participate indirectly by forming a
constantly elongated root system and always providing new constantly with soil water.

(b) Transpiration: Based on studies it is proved that the rate of water absorption is nearly
directly proportional to that of rate of transpiration. The rate of absorption increases as the rate of
transpiration increases because of cohesion theory of ascent of sap because transpiration
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produces a tension or pull which is transmitted to roots through hydrostatic system of plants and
creating a favorable or suitable conditions for the absorbing of water.

(c) Root System: Presence of a well- developed root system and a large number of root hairs
are responsible for water absorption. The efficiency of water absorption directlydepends upon
the absorbing system or root system. While development of root hairs depend upon existing
environment i.e. in moist conditions root hairs are well developed and in large quantity. The
coniferous plants or gymnosperms although bears few or no root hairs but they absorb large
amount of water with the help of micorrhizal hyphae. This shows that root hairs play significant
role in water absorption.

(B) External Factors: The external factors includes those factors related to external
environment of the plant and includes mostly related to soil these are- available soil water, soil
temperature, soil aeration, concentration of soil.

(a) Available Soil Water: As studied earlier that water in the soil is available in different
forms i.e. gravitational capillary, hygroscopic and chemically bound water. Among these only
capillary water is available for the absorption in plants. The rate of absorption of water is
generally uniform in the range of water between the field capacity and permanent wilting
percentage. If the amount of water is increased beyond the field capacity then it creates a bad
effect on soil aeration and also reduces the rate of water absorption as the aeration of soil badly
affected. Similarly in extremely dry soil wilting is observed because dry soil water reduces the
rate of absorption.

(b) Soil Aeration: In a well aerated soil water absorption takes at faster rate and it is greatly
retarded in poorly aerated soil or oxygen deficit soil. Probably the reason behind this may be
respiration as normally roots failed to respire anaerobically. The deficiency of O, inhibits the
growth and metabolism of plants. The reduction in rate of water absorption is due to lack of O,
and accumulation of CO, increases the viscosity of protoplast, decrease in the permeability of the
cell membrane, reduction in the size and growth of roots, reduction in respiratory rate etc. These
may be the reasons for plant death in flooded areas. Such soil is usually physiologically dry and
is known as physiological dryness and not fit for water absorption.

(c) Soil Temperature: The variation of temperature affects the rate of absorption. Generally,
maximum rate of water absorption recorded between 20 °-30 °C. Thus the temperature between
20 °- 30 °C is the most suitable temperature for absorption. Beside this the low temperature
reduces and moderate high temperature increases the rate of absorption. A very high temperature
kills the protoplasm of cell and results the death of plant. The low temperature, rate of water
absorption is affected directly or indirectly as follows-

1. Decrease in the concentration of protoplasm.

2. Reduced permeability of plasma membrane.

3. Reduction in the growth and length of soil water into roots.

4. Reduction in the metabolic activities of root cells.

5. Increased viscosity of water.
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(d) Concentration of Soil Solution: A Large number of elements remains dissolved in soil
water, known as soil solution. Due to the presence or absence of these elements the concentration
of soil water changes. In highly concentrated soil solution it increases the osmotic pressure and
when it reaches higher than the cell sap, water absorption does not take place. Because the
osmotic pressure of any solution is directly proportional to its concentration. If soil water
contains more salts (elements) and its concentration and the osmotic pressure will also be more.
Due to this reason, the plants growing in alkaline and marsh soil absorbs a very little or no water.
This is also an example of physiological dryness.

Internal Environmental Factors: Internal environmental factors or commonly known as
plant factors also affects the rate of absorption including following factors-

() Transpiration: The rate of absorption of water is nearly directly proportional to that of
transpiration. An increased rate of transpiration increases the rate of absorption directly because
of cohesion theory of ascent of sap i.e. due to transpiration a pull or tension transmitted to roots
through hydrostatic system of plants and hence creating a suitable condition for entrance of
water.

(i)Absorbing Root Systems: The efficiency and amount of water absorption directly depends
upon the root system or absorbing system. The presence of number of root hairs responsible for
water absorption though depends on environment e.g. the xerophytic plant has well developed
and extensive root system. Similarly development of root hairs depends on environment, as in
maize plant produces large and well developed root hairs in soil but completely failed to produce
the root hairs when grown in culture solution. Most of the gymnosperms or coniferous plants
bear either few or no root hairs but absorb water with the help of mycorrhizal hyphae. Thus root
systems play a major rate in absorption of water.

(iii) Metabolism: The absorption of water and metabolism are closely related. The metabolic
activities are expected to participate indirectly by forming a constantly elongated root system.
The factors- poor aeration, application of anesthetics and KCN reduce the absorption rate, these
factors inhibiting the rate of respiration, however, doubts exists in use of energy during
absorption. The metabolic activities may be expected to participate indirectly by forming a
constantly elongated root system and always providing new contacts with soil water.

(iv) Ascent of Sap: As described previously that the absorption of water is takes place by root
hairs of the plant from where it reaches to xylem via cortical cells and passage cells. It reaches
top to the plant through xylem and then it transpired by leaves and also used for other metabolic
activities. From time to time by a number of experiments it has been demonstrated that xylem is
the main water conducting tissue. Thus the upward movement of water from stem base to tree
top is called ascent of sap.

The ascent of sap in xylem tissue of plant is the upward movement of water and mineral
from the root to the crown is the complex tissue consisting of living and non- living cells. The
conducting cells in xylem are non- living and include in various groups of plants, vessels
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membranes and tracheids It is fascinating to understand how water moves in plants to such great
height much as 00 feet or more. This process of upward movement of water and minerals are
also known as translocation of water as well as Ascent of sap. Sometimes it covers a height of
more than 90 metres against gravitational pull as in case of the biggest and tallest trees of the
Australian Eucalyptus and Californian Sequoia. By adding the distance between root hairs and
stem base, the actual distance travelled by water from root hair to the crown of the tree becomes
much more than 90 metres. In fact, to lift the water column over 10 m is not possible because to
pull the water up to this height needs more than one atmosphere, than to rise the water up to such
height needs some special mechanism.

Mechanism of Ascent of Sap: To explain this mechanism a number of theories have been put
forward from time to time by various scientists. Some of them considered the living cells as
being actively involved in pumping water while others have explained the mechanism is purely a
physical activity. The various theories can be broadly classified under three headings-( i) vital
theories (i) root pressure theories and (iii) physical force theories.
(i) Vital Force Theories: All those theories which considered the living cells to be responsible
for the upward movement of water and minerals or ascent of sap are categorized under vital
theories. Westerrmeir, Godlewski and Jones in 1880-84 stated that the living cells of a stem play
a significant role in ascent of sap, according to them the living tissues involved in the ascent of
sap.

Westermeir in 1883 stated that upward movement of water in the stem was affected in
wood parenchyma and the tracheids and vessels also acted as water reservoir and not only as
conducting tissue.

Godlewski (1884) put forward ‘Clambering’ (or relay pumping) theory to explain
mechanism of ascent of sap. He proposed that living tissues in the xylem play an important role
to bring about a pumping action of water in an upward direction and the xylem element i.e.
tracheids and vessels acts as water reservoir.

Jones (1887) Supported Godlewski and showed that if the lower portion of a branch was
killed the above leaves were affected within a few days.

Previously these theories have little experimental background but latter considerable
experimental evidences were provided by Ursprug (1905-07), Edwart (1905-08) etc. in support
of vital theories but these evidences were enables to convince many workers in the field.

Sir J.C. Bose (1923), the Indian scientist proposed “Pulsation Theory of Ascent of Sap”
and observed pulsatory activities performed by the innermost cortical cells lying just outside the
endodermis. According to him absorption of water from the water from the outside and again
pump it into the vessels is furnished due to pulsatory activities of cells. The external factors such
as temperature, poison, anesthetics etc. were also found pulsatory activities. Sir Bose applied his
observations in explaining the phenomenon of ascent of sap.
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Objections to vital Theories: To verify the vital theories Strasburger (1809) experimentally
demonstrated that the ascent of sap can take place even in segments of xylem in which living
cells have been already killed by heat or poison. According to him, oak tree aged 75 years of
about 122 m in height was cut across at the base close to the ground and was placed in picric acid
solution, which is normally poisonous for living cells. He observed that surprisingly the solution
ascending slowly to the top of the tree killing all living cells in between solution. However, after
three days, addition of Fuchsin with picric acid, shows the movement of this solution up to top of
the tree, through all living cells were already killed.
Thus such experimental evidences rejected the vital theories on ascent of sap.

Root Pressure Theory: It is noted that if a plant stem is cut a few inches above from its base
with a sharp knife, the xylem sap is seen flowing out through the cut end. This phenomenon is
called “exudation or bleeding” This process of upward flow of water by Priestley. He proposed
that this flow is due to a hydrostatic pressure developed in root system. He said that root pressure
is assort of hydrostatic pressure which develops in the roots due to accumulation of absorbed
water. The term root pressure was postulated by Stephan Hales (1727) and observed that water
rise in a 8 mm diameter tube to a height of 63 metres, (in several days) connected to a cut stump
of vine system.

According to her the origin of root pressure depends largely due to osmotic phenomenon
because when the roots are watered with isotonic (equalO or hypotonic (higher) concentration of
solution. The observed average range of root pressure is usually between +1 or +2 bars.

The externally applied factors such as poison and oxygen supply affected the root pressure.
These factors are also known to affect the release of energy during respiration of living cells
either than affecting semi -permeability of protoplasm. This proves the involvement of living
cells in the process and root pressure is the outcome of active participation of living cells of the
cells. It is believed that in the process, the casparian’ strips of endodermal cells of the root help
to present downward leakage of water and surrounding cells force water to enter in xylem
vessels. Stocking (1956) believes the root presence to be an active process and defined it as “a
pressure developing in the tracheary elements of the xylem as a result of metabolic activities of
roots.

It is believed by some scientists that root pressure is responsible for during water to any
height in the plant
Objection to root pressure theory: Today root pressure is considered to be of little
importance in the ascent of sap. Some scientists- Kramer, Unger, Renner, Dixon &Jolly and
Steward after analyzing the facts of root pressure theory have objected very strongly the
involvement of root pressure in the ascent of sap. The main objections are as follows-
1. Root pressure has not been observed in all plants. In the plants of gymnosperms either no or
little root pressure is found, which as a matter of fact have the tallest trees in the world.
2. Water continues to rise upward even in the absence of roots.
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3. In plants, root pressure is always below 2 atmospheres and therefore, due to root pressure
water can rise up to 21 m if all favorable conditions are available.

4. Root pressure is commonly observed during favorable periods of growth when the
transpiration rate is low, whereas at the time of need when the rate of transpiration is high, root
pressure is not observed.

5. The amount of water exuded by the root pressure is very low and constitutes about 5% of the
total water lost during excessive transpiration.

6. The rate rise of water by root pressure is too slow to explain the actual rate of ascent of water
in a plant.

Physical Force Theory: According to this theory it is believed that living activities or living
cells are not involved in ascent of sap. It is purely a physical activity. To explain the mechanism
of ascent of sap several theories have been proposed. Some important ones are as follows-
Capillary Theory: This theory was proposed by Boehm (1805), according to him “water rises
in the narrow tubes due to surface tension while others suggested that water moves through the
lumen of the tracheids and vessels as a result of capillary action was not perfect because in the
smallest tracheid with 0.02 mm diameter rise of water can be affected only up to 150 m cm,
while in larger vessels with 0.5 mm diameter, rise of water was recorded up to 6cm.
Comparatively to this capillaries of Lum diameter, water can be rise up to 29.95 metres which
fall within the range of imbibitional absorption, but the resistance to flow becomes very high.
The capillary flow theory faces the following objections-

(1) The capillary works easily in narrow vessel plants but tall plants have rarely such vessels.

(i) The vessels with vessels of 0.03 mm. diameter water can rise only to a little more than one
meter. This diameter is considered as an average and standard among the plants.

(iii) Among gymnosperms, the tallest trees, in which vessels are absent and only tracheids are
present, capillary cannot operate or capillary theory cannot be applicable due to the presence of
end walls in tracheids.

(iv) The soil water have not direct connection to vessels hence this theory cannot be applicable in
vessel bearing plants.

(v) To maintain the capillary a free surface must be present in the xylem vessel.

Imbibitional Theory: Unger (1868) was the pioneer worker of imbibitional theory of ascent
of sap while later Sachs (1878-1879) advanced this theory and assumed that water moves upward
in the stem through the wall of the xylem elements due to the process of imbibition. Hence the
water movement through imbibition by colloids is extremely slow yet to carry water to any
distance the imbibitional pressure (100-1000 atm is found quite adequate. After some time as it
became evident, that water moves through the lumen of the xylem and not carry by walls. The
imbibition theory was discarded. Moreover, the imbibitional movement of water has been found
not only slow but negligible also.
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Atmospheric Pressure Theory: According to this theory atmospheric pressure is responsible
for ascent of sap. With the fall of atmospheric pressure at the transpiring surface due to the loss
of water during transpiration, water rises upward to fill up the gap.

This theory was also rejected with the following objections-

(1) For the proper functioning of atmospheric pressure it is essential to have free surface at the
lower end of the plant which cannot be found in plants.

(i) For the application of this pressure vacuum at the transpiring surface is necessary. Thus it is
not applicable because there is no vacuum is observed in the plants. However, even if complete
vacuum is created at the transpiring surface, the maximum rise of water can be 10 m while
certain plants are far more taller.

Transpiration Pull or Cohesion- tension Theory: This theory was proposed by Dixon and
Jolly (1894) and has been supported by other workers too e.g. Curtis & Clark (1951), Milbum
and Johnson (1960), Levitt (1960) etc. This theory is now popularly known with various names-
such as Dixon and Jolly’s theory of cohesion, Cohesion hypothesis, Cohesion-tension theory,
Theory of cohesive force and transpiration pull theory. It is the most accepted theory.

What is Cohesion? Attraction between similar molecules is known as cohesion. The water
molecules have strong mutual attraction known as cohesion force due to this strong force they
cannot be separated easily from one another. The measured magnitude of cohesion force of water
is up to 350 atm. which is sufficient for the ascent of sap in the tallest trees.

Cohesion- tension theory: Due to transpiration pull the water forms a continuous column
from base of the plant to its top and remains under cohesion-tension. Thus the water is pulled up
to the top of the tree according to the need of the plant.

Nature of Cohesion-tension theory: This most accepted and important theory has the
following significant features.

i) Water forms a continuous column from base of the plant to its top.

ii) First of all due to transpiration water is lost from mesophyll cells and develops a pulling force.
It puts these cells under tension.

iii) This tension may cause a break in the water column but due to cohesive property of water
molecules or due to tensile strength of the column the continuity of column is not broken.

iv) This tension of transpiration pull is transmitted to the base or root region to regulate
absorption.

Mechanism of ascent of sap: Due to transpiration, loss of water from the surface of the
mesophyll cells of the leaf reduces the amount of water and resulted in the increase in osmotic
pressure of these cells. Thus in mesophyll cell a reduced water potential is developed, i.e. DPD
increases. The water is pulled from the adjacent cells and ultimately from the conducting tissue
and as a result a pull is developed in the mesophyll cells and the xylem cells of the leaf. No water
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present in the xylem cells is placed under tension which is ultimately transmitted to the root
through the stem tracheids.

This downward transmission of tension develops due to cohesion properties of a
continuous water column in the vessels and tracheids from leaves to roots through the stem.

Ultimately the water column moves upward by mass flow due to transpiration pull and
simultaneously the process of ascent of sap is accomplished.

Cuticle Xylem
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cell wall of "t
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Fig.1.11 V.S. of leaf showing stomatal transpiration generating transpiration pull

Evidences in support of the theory: Several experimental evidences have been in support of
this theory. Some of them are as follows-

i) The osmotic pressure of mesophyll cells has been recorded very high up to 20 atm, which is
quite sufficient for the upward movement of water. As per records it has been calculated that 1
atm. Osmotic pressure can result in water rise up to 10 metres.

ii) It does not require any metabolic energy since it is purely a physical process, and even if it
requires, it is negligible, because for 100 metre rise of 1 ml. water only 0.5 cal. Energy would be
needed.

iii) It is recorded that the tensile strength of xylem sap is between 25- 300 atm. which is
sufficient enough to maintain a continuous water column without any break.

iv) For further support of this theory it is compared with the porous pot experiment in which at
the top of a continuous water column a porous pot is placed and its water is subjected to
evaporate, the water column is put under tension. It is recorded that this column is not broken
due to cohesive property of water molecules while evaporation continues. Thus it proves that a
similar kind of mechanism may operate in plants too.

Further with the help of certain calculation based experiments strengthened this theory.
Zimmerman (1965) explained that a pressure of 0.15 atm. per meter is required for the fastest
movement of water in plants means that the rise of water in the tallest tree a water potential
difference of 45 atm, will be sufficient. However, the cohesive property or tensile strength of
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water is quite high (1000atm.) and about 1300 atm is necessary to break a stretched water
column,

Kramer and Kozlowski (1960) while using dendrographic measurements of the tree
trunk diameter variation observed that the diameter of the xylem elements decreased during
excessive transpiration period due to strain exercised on the water column by tension. This also
supports the theory.

Scholander and coworkers (1965) adopted the pressure bomb technique by using a cut shoot and
enclosed it in the vessel placing the cut surface in the bomb. An artificial tension was created in
the vessel in order to pull the liquid back and measured the counter pressure. This was found to
be as high as 80 atm. These results are also supports the cohesion- tension theory.

Objection to Cohesion- tension theory: There is one objection to this theory which is
relevant but refutable. As there is variation of temperature during day and night and in vessels of
larger diameter, there are fair chances of gas bubbles entering the water from the soil which may
break the continuity of water column. Although it is true that such bubbles are not rare among
the plants yet this objection has been successfully explained.

Explanation: During excessive tension the vessels are gas filled. This phenomenon is known
as “cavitation” and has been demonstrated by Milburn and Johnson (1966). This problem is
overcome by the presence of many parallel columns of vessels side by side and the gas filled or
injurious effect temporary cavitation are eliminated or resolved. The gases are dissolved in the
solution when the tension is relieved by rain or simply at night and the column becomes
continuous.

1.8 SUMMARY

Absorption of water is highly essential for plants for various metabolic activities. Land plants get
their water supply from soil which serves as the source of water and minerals to them. The way,
in which water from soil enters roots, particularly to the root xylem is called mechanism of water
absorption. The ascent of sap in the xylem tissue of plants is the upward movement of water and
minerals from the root to the crown. The conducting cells in xylem and tracheary non- living and
include in various groups of plants, vessels members and tracheids. Thus the upward conduction
of water from the plant body is called ascent of sap.

1.9 GLOSSARY

Absorption of water- The way in which water from soil enters roots, particularly to the root
xylem is called mechanism of water absorption.

Ascent of sap- The upward conduction of water from the roots to different parts of the plant
body is called Ascent of sap.

Capillary Water- Water held by capillary forces.
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Combined water- Water chemically bound to soil surface.

Diffusion- The process whereby particles of liquid, gases or solids are intermingled as the result
of their spontaneous movement caused by them.

Endosmosis- In plants diffusion of solvent inside the cell is called endosmosis.

Exosmosis- In plant diffusion of solvent outside the cell is called endosmosis.

Field capacity- Field capacity is the amount of soil moisture or water content held in the soil
after excess water has drained away and the rate of downward movement has decreased.
Guttation- Exudation of water usually through structures called hydathodes present at the tip of
veins of leaves.

Gravitational water- Free water moving goes down due to gravity.

Hydathodes- Structures present at the ends of vein lets of leaves, specially meant for exudation
of water through a pore.

Hygroscopic water- Water held lightly by soil particles.

Hypertonic- Having an osmotic pressure higher than that of an isotonic solution.

Osmosis- A process by which molecules of a solvent tend to pass through a semipermeable
membrane from a less concentrated solution into more concentrated one.

Water vapour- Un- combined water as moisture in soil.

Wilting coefficient- The level of soil moisture at which water becomes unavailable to plants and
caused permanent wilting ensures.

1.10 SELF- ASSESSMENT QUESTION

1.10.1 Short Answer type Questions:

1. The maximum absorption of water by roots occurs in the zone of-
(i) Cell division (i1) Root cap
(iii) Cell elongation (iv) Root-hairs

2. The movement of water is along-
(i) Diffusion gradient (ii) DPD gradient
(iii) Turgor gradient (iv) Osmotic- gradient

3. Water supply in the plant is due to-
(i) Guttation (it) Osmosis
(iii) Cohesive forces (iv) Imbibition

4. The principle by which blotting paper absorbs water is
(i) Capillary action (1) Absorptive capacity

(iii) Root- pressure (iv) Transpiration pull

5. Which one explains ascent of sap-
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(i) Cohesion-tension theory of Dixon and Jolly (ii) Photosynthesis
(iii) Starch- sugar inter conversion (iv) None of the above

6. The process in which loss of water occurs in the form of water vapour is-
(1) Guttation (i) Respiration
(iii) Transpiration (iv)Exosmosis

7. Ascent of sap takes place through-
(i) Phloem (it) Cambium
(iii) Xylem (iv) Epidermis

8. Who was the first to evolve vital force theory?
(1) Godlewski (1884) (i) Janes (1887)
(iii) Priestley (1886) (iv)Westermeir (1883)

9. Who demonstrated that the ascent of sap occurs to the pulsatory activity of innermost cortical
cells?

(i) Strasburger (1891) (ii) J.C. Bose (1923)

(iii) Janes (1887) (iv) Molisch (1828-29)

10. Most accepted theory of ascent of sap was given by-
(i) Bose (i1) Dixon and Jolly
(iii) Sachs (iv) Strasburger

11. Imbibition theory was given by-
(i) Schas (i) Scolander
(iii) Boehm (iv) Curtis

1.10.2 Fill in the blanks:

. In absence of water ---------------- becomes inactive and even Killed.

. Generally plants absorb water from soil by their-------------

. The total amount of water present in the soil is termed as------------

. The water among this, available to the plants is called-----------------

. The water drains away and not available to plants is known as------------------
. The gravitational water is ------- available to plants

. The only available water to plants is--------------- water

. Capillary water+ hygroscopic water + chemically combined water = -------------
. The upward movement of water is known as---------------------

10. Attraction between similar molecules is known as ------------
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1.10.1 Answers Key: 1- (iv), 2- (ii), 3- (iii), 4- (i), 5- (i), 6-(iii), 7- (iii), 8- (iv), 9-(ii), 10- (ii),
11- (i).

1.10.2 Answers Key:

1-Protoplasm, 2-Roots, 3-Holard, 4- Chesard, 5-Run-off water, 6- Not, 7-Capillary water, 8-Field
capacity, 9-Ascent of sap, 10-Cohesion
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1.13 TERMINAL QUESTION

1.13.1 Short Answer type Questions:
1. What is the hygroscopic water?

2. Define the gravitational water?

3. What do you meant by ascent of sap?

1.13.2 Long Answer type Questions:

. Explain the phenomenon of osmosis?

. Define diffusion with suitable examples?

. Plant cell works as semi-permeable membrane, explain it?

. How does water moves through the soil, explain it?

. Explain the mechanism of absorption of water by land plants?
. Differentiate between active and passive absorption?

. Explain the cohesion-tension theory?
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2.1 OBJECTIVES

After reading this unit students will be able:
e To study the phenomenon of transpiration.
e To study the mechanism of opening and closing of stomata.
e Different factors affecting transpiration.

2.2 INTRODUCTION

Plants absorb a considerable amount of water through their roots and carried to the top of the
plant. The absorbed water is utilized by the plant. The remaining water is lost from a plant,
primarily in the form of water vapours and rarely in the form of liquid from the aerial parts of
plant. The loss of water from the living tissue of aerial parts of the plant in the form of water
vapours is termed as” transpiration” and in the form of liquid is known as “guttation”.

2.3 LOSS OF WATER FROM PLANTS

Transpiration is the process of water movement through a plant and it evaporate from aerial
parts such as leaves, stem and flowers. Water is necessary from plants but only a small amount
of water taken up by the roots, is used for growth and metabolism. Transpiration is both
important and costly process for plants and it requires that a delicate balance between the amount
of water absorption and its loss.

Water evaporates
S from leaf surface
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Fig.2.1.The process of transpiration and evaporation

2.4 TRANSPORT OF WATER
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Transpiration involves the evaporation of water. The cells of the leaves are exposed it to direct
sunlight. Energy from the sunlight can be transferred from the plant cell to the water caring it to
evaporate. The process of transpiration is a very important procedure for plants. It creates a
negative pressure gradient that helps to draw water and minerals up through the plant from its
roots. It helps to keep the plant cool on the hot weather- a method of evaporative cooling.

Water moves from the soil into plant roots, up through the sapwood into the leaves. The water
warmed by the sun turns into vapour (evaporate) and passes out through thousands of tiny pores

(stomata) mostly on the underside of the leaf surface.

Table- 1 Differences between transpiration and evaporation

S.No. | Transpiration Evaporation

1. Transpiration is found in the plants It is a pure physical process and taking
and is modified physical phenomenon. place on any free surface.

2. This phenomenon is regulated by the In evaporation no such mechanism is
activity of guard cells found

3. In this process, only living cells exposed | It can occur from living and non-living
to the atmosphere are involved. species.

4. In transpiration different types pressures. | In this process no such forces are
Such as wvapour pressure, osmotic | involved.
pressure, diffusion pressure etc.

5. It helps to protect the surface of leaf and | It causes dryness of the free surface.
young stem from sun burning and keeps
Surfaces wet.

Table- 2 Differences between transpiration and guttation

S.No. | Transpiration Guttation

1. It occurs during day time. It occurs usually in the night.

2. The transpired water is given out in | The water is given out in the form of liquid
the form of water vapour.

3. The transpired water is pure. Guttate water contains dissolved salts and

sugar.

4. Water transpired through stomata | It occurs through hydathodes, the special

lenticels and cuticles. Structures found only on leaf tips or
margins.
5. Transpiration is a controlled process. It is an uncontrolled process.
6. It helps to lowers down the temperature. | It lacks such a relationship.
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2.5 TRANSPIRATION: MECHANISM OF TRANSPIRATION

The process of transpiration fulfills into two stages-

1. Water evaporates from the cell walls into the intercellular spaces and

2. Diffusion of these water vapors of the intercellular spaces into the outside atmosphere.

The stomatal movement is directly related to increase or decrease in the osmotic potential of the
guard cells and surrounding environment. It occurs in two steps-

1) In the first stage - from the surface of turgid cells, water gets evaporated and collects in the
nearby intercellular spaces results the increasing water vapour pressure and lowering its diffusion
pressure deficit (DPD).

il) In the second stage the collected water diffuses through stomata, lenticels or cuticle in the
outer atmosphere because of low water vapour pressure and high DPD value outside.

The difference in all three type transpiration is that in stomatal transpiration, pores are involved
and controlled by guard cells while in lenticular transpiration, pores involved with uncontrolled
opening and closing and in cuticular transpiration pores are not involved at all.

Types of Transpiration: As mentioned earlier that transpiration may occur either through
cuticle, lenticels or stomata thus accordingly it is called cuticular, lenticular or stomatal
transpiration.

1) Lenticular Transpiration: Loss of water in the form of water vapour taking place through
the lenticles present in woody stem and fruits.

In the bark there are areas of small pores which are filled with loosely arranged cells known as
complementary cells. About 0.1 percent water vapour lost through lenticels. It is quite negligible
in comparison to the total loss by the whole plant.

¢

i) Cuticular Transpiration: The loss of water in the form of water vapour through the cuticle
is known as cuticular transpiration. The wax like covering on epidermis of leaves and herbaceous
stems is known as cuticle. Its thickness varies from plant to plant. It is also a meant to check
transpiration. Due to some crakes in it the cuticle is rarely completely impermeable. Upto 20
percent of the total transpiration may take place through it. With the increase in the thickness of
cuticle the loss of water is also reduced.

Lenticels

Fig. 2.2 Lenticular transpiration
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Transpiration through cuticle

Fig. 2.3 Cuticular transpiration

iii) Stomatal Transpiration: The epidermal surface of a leaf bears a great number of pores
called stomata. Stomata are minute pores in the epidermis, their opening and closing being
controlled by guard cells. Maximum diffusion of water vapors takes place through stomata.
Stomata are mostly situated on the leaves but in herbaceous stem they may be found in the
epidermis. Maximum transpiration, about 80- 90 percent water vapors is lost through stomata.

T T Stomatal complex
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stomata

Fig. 2.4 Stomatal transpiration

2.6 PHYSIOLOGY OF STOMATA

Stomata

The Structural Details- Stomata are minute, tiny pores of elliptical shape structures. In dicots
the guard cells are kidney or bean shaped and in monocots, or in the members of Graminae
(Grasses family), dumble shaped. The stomata are microscopic and bordered by two specialized
epidermal cells called guard cells, which control the opening and closing of the stomata. The
surrounding wall of the guard cells inside the epidermal cells is thick and inelastic due to
presence of secondary layer of cellulose. While the outside walls of the guard cells is thin, elastic
and permeable. Each guard cell has a cytoplasmic lining and central vacuole containing nucleus
and number of chloroplast, often poorly developed and incapable of photosynthesis. The guard
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cells are surrounded by specialized epidermal cells called subsidiary cells, supports the
movement of guard and the number of cells vary from plant to plant. e.g. in Phaseolus vulgaris it
ranges from 7 x 3, in Avena sativa- 38 x 8, and in Zea mays- 4 X 26 L.

Stomata

Stomata (sing. Stoma) = pores in a leaf, mostly on the undersurface
(a) Each pore is surrounded by a pair of guard cells

(b) Guard cells can change shape to open or close the stoma

Guard cells Guard cells
(swollen / turgid) (shrunken / flaccid)
Chloroplast
Cell Wall

Stoma Closed

Stoma open

Fig. 2.5 Structural differences of stomata during opening and closing stages

The number of stomata in a definite area varies from plant to plant and Xerophytes possess larger
number of stomata than mesophytes. About 1 - 2 percent of the total area of leaf area is occupied
by stomata.

On the basis of distribution of stomata on leaf surface the plants may be categorized in
five categories as follows-
1. Potato Type: When stomata are distributed more on the lower surface and less on its upper
surface e.g. potato, bean, pea, tomato, cabbage etc.
2. Apple or Mulberry Type: The stomata are distributed on the under surface of the leaf only,
e.g. peach, mulberry, walnut etc.
3. Oat Type: Stomata occur equally on the both surfaces of leaf, e.g. Oat, maize grasses etc.
4. Wild Lily Type: Stomata are found only on the upper surface of the leaf, e.g. water lily,
Nymphaea and many aquatic plants.
5. Potomogeton Type: Stomata are either altogether absent or functionless, e.g. potamogeton
and submerged aquatics.
Daily Movement of Stomata: to study the daily movement of stomata Von Mohl (1856) prepared
a stomatal clock and observed that stomata open in daylight and close at night. On the basis of
this Loft field had classified three main groups of stomata in accordance with their daily
movement.
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i) Alfalfa Type: The stomata remain open throughout the day and closed all night, e.g. Pea,
bean, mustard etc.

ii) Potato Type: The stomata close for a few hours in the evening, e.g. Allium, cabbage etc. and
iii) Barley Type: The stomata open only for a few hours in a day, Barley, and other cereals.

Considering variable behavior of stomatal movements five categories have been recognized as -
1. Autonomous movements

2. Hydroactive movements

3. Passive and active movements

4. Skotoactive movements

Mechanism of Stomatal Opening and Closing: Microscopic direct observation and
measurement studies show that the movement and the opening and closing of stomata are
brought about by changes in the volume and shape of the guard cells. It is revealed that the
expansion and contraction of the guard cells must be due to turgidity and flaccidity respectively
i.e. when guard cells are pores are open but when flaccid the pores are closed. The size of the
pore depends on upon the degree of turgidity of guard cells. When the guard cells absorb water
from the surrounding cells and become turgid. When turgidity increases, the outer thin walls of
guard cells stretch outward causing outward stretching of their inner wall. The inner inelastic
wall becomes concave and as a result the space surrounding the pore become wide and the pore
opens. Thus in the opening and closing of stomata, turgidity of guard cells plays significant role.
So what is the mechanism working behind the change in turgidity in guard cells has a question of
great controversies. To explain it many theories has been proposed.

1. Theory of Photosynthesis in Guard Cells: According to Von Mohl (1956), stomata open in
day and close at night. Based on this hypothesis he proposed that in the presence of night,
photosynthesis occurs in the guard cells and produces carbohydrates due which osmotic pressure
of guard cells increases. The opening sequences explains the mechanism of stomatal opening-In

presence of light----------- Photosynthesis

(in guard cells)--------- Sugar formation takes place-

------ Osmotic pressure of cell sap increases--------Resulting Endosmosis (water enters from
neighbouring epidermal cells) ------- Turgidity of guard cells increases-------- Stomata increases
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Closed Stomata

Flaccid guard cells

cell wall cell wall

Open Stomata
Turgid guard cells

cell wall cell wall

Fig. 2.6 Movement of H,O and K+ ions in guard cells

This theory was rejected due to the following causes-

1) The photosynthesis by guard cells is too slow.

i) The chloroplast of the guard cells are either totally incapable of carrying sufficient
photosynthesis.

iii) The leaves of some plants which are chlorophyll also possess starch grains in the guard cells
of stomata.

iv) To bring about endosmosis and turgidity for sufficient accumulation of sugar is too slow.

2. Theory of Starch ----- Sugar Inter-conversion: According to Lloyd (1905), Loftfield
(1921) and Sayre (1926), the amount of starch in the guard cells increases during night and
decreases during day time. Hence the insoluble starch present in the guard cells in hydrolysed
into soluble glucose -1- 1P in presence of phosphorylase enzyme during day time and soluble
glucose -1-P is converted into soluble starch during night. Thus both these reactions are
reversible as follows-
Starch + Phosphorylase ==========Day/ Night==== Glucosel- PO*
(Insoluble) (Soluble)

Sayre (1926) observed that for the opening and closing of stomata depends on different
Py medium e.g. stomata remain open in neutral or alkaline Py( in the atmosphere of ammonia
vapour) even in the dark and close in the acetic Py ( in the atmosphere of acetic vapour) even in
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night. According to him starch converted into sugar and vice versa. How this change in Py occurs
in guard cells was explained by Scarth (1932) and proposed the theory of Starch ==== Sugar
inter-conversion.

The steps involved in opening and closing of stomata may be summarized as below.

Yin and Tung (1940), Stewart (1964) proposed a modified scheme for stomatal opening
with the discovery of the presence of phosphorylase enzyme in guard cells.

The mechanism proposed for stomatal opening is below-----

Light-- In mesophyll cell of the leaf rate of photosynthesis------- from intercellular spaces CO,
removed------- Py of guard cells increases------ enzymatic conversion of starch into glucose-----
increase in osmotic pressure of cell sap----- results into endosmosis----- guard cells become
turgid------ stomata open, Contrary to this during closure of stomata a reverse scheme would
follow.

Inter-conversion of starch and sugar based theories have been criticized on the basis of
the following points-
1) Some guard cells lack starch although they work just as well as those of other plants.
ii) The chloroplasts of stomatal guard cells of certain plants are completely unable to
photosynthesis carbohydrates.
iii) The guard cells already possess much amount of stored sugar.
iv) The starch === sugar or glucose inter - conversion is too slow to account for opening and
closing of stomata.

The guard cells of stomata of young leaves sometimes also possess starch grains before
the opening and formation of buds.

However, some plants when kept in dark, their leaves still possess starch. Stomata can
open independent of carbon dioxide concentration such as by light and temperature.

umsmu«__m

‘o
¥ high water @ Q‘ ‘

Water vapor
Low water High CO,
vapor content content
Fig.2.7 Stomata open to allow carbon- dioxide CO, to enter a leaf and water vapor
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Theory of Glycolate Metabolism- Zenith (1963) was proposed this theory considering the fact
that change in CO, concentration in the environment of stomata is insufficient to bring its
opening and closing. According to this theory production of glycolic acid in the guard cells plays
an important role in the opening of stomata. Glycolate is produced under low concentration of
COs,. Glycolate also synthesizes carbohydrates hence rising the osmotic potential of guard cells
with the formation of glycolate which requires ATP for its synthesis.
NADP+ ADP+Pi+H,0-------- Light NADPH+ H++ ATP+1/2 O,

(non-cyclic photosynthesis)
Glycolate+1/2 Op-------- Glycolate oxidase-------- Glycolate +H,0 ;
H,0p---------------- Catalase------------- H,O +% O,
(Hydrogen peroxide)

Accordingto Zelitch (1963) ATP produced by this mechanism participate in active
pumping of water into the guard cells. The whole process refers to transformation ATP through
glycolate, glycolate shuttle which helps in reoxidation of NADPH.

The theory however, has been rejected due to several reasons-

Explanations-

i) Opening and closing of stomata in darkness in field.

ii) It also fails to explain the opening of stomata in light even in complete absence of CO; i.e.
glycolate.

iii) For stomatal opening blue light is more effective than red light could not be explained.
iv)In some plants stomata have been seen to be starch content.

V) It also fails to explain the opening of stomata during night in succulent plants.

The opening and closing of stomata summarized as below-

Opening of stomata-

i) Starch + phosphate --------- (phosphorylase)-----Glucose - 1- P

ii) Glucose -1-P====== (Phosphoglucomutase)===== Glucose + i P

Closing of Stomata-
i) Glucose + i P + ATP--- (hexokinase) ----------- Glucose-1-P
ii) Glucose - 1-P--- (phosphorylase) -------- Starch + Phosphate.

Many physiologists rejected the theories of starch sugar inter-conversion and starch
glucose inter-conversion due to following reasons.
i) The guard cells of monocotyledons plants functions like other dicotyledones plants although
they contain starch.
ii) The stomata become closed in noon without any change in the quantity of starch.
iii) The rate of inter-conversion of starch to sugar and glucose is insufficient for opening and
closing of stomata.
iv) The concentration of Co; is insufficient to for activation of guard cells and change in the Py
of cell sap.
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V) It is observed that sometimes starch is converted into malic acid in place of sugars.

Theory of Proton Transport-This theory was proposed by Levitt (1974) base on proton -
transport concept. It explains the mechanism of opening and closing of stomata. According to
this theory, potassium ions (K* have been found to play a critical role. The opening and closing
of the stomata are the result of an active transport of potassium ions into the guard cells and out
of them. At first malic acid is formed from starch in the guard cells which dissociates into cations
and anions-

(R (COOH) 2 =========R (CO0-) 2+ 2H"

The organic acid provide H* in exchange for Potassium (K" and anions to balance the
charges of K™ Malic acid is synthesized in illuminated guard cells which accomparises the influx
of potassium ions. The exact biochemical steps involved are not fully known.

One of them possible step many be that during day time starch is metabolized to malic acid and
then light triggers the excretion of malic acid from chloroplast into the cytoplasmic guard cells.

For stomatal opening and closure Noggle and Fritz (1976) have summarized the events--
i) During day time, light- induced stomatal opening as follows:

Light ------- Malic acid production ------ Dissociation into hydrogen and malic ions ------ Influx
of K" and efflux of H" ------- Transport of Potassium malate into the vacuoles ------- Osmotic
entrance of water into guard cells -------- increase of turgor pressure --------- stomata open.

Closing to this an abscissic acid (ABA), an inhibitor involves in the closing of stomata,
which functions in presence of CO,. ABA inhibits K* uptake by changing the diffusion and
permeability of guard cells. The K™ moves out to the subsidiary cells. ABA results in lowering of
Py of guard cells and induces the process of acidification. At low Py starch is synthesized and
thus osmotic pressure of guard cells lowers and water moves out of guard cells to subsidiary
cells. Due to this the guard cells became flaccid and stomatal pore is then closed.

Studies on isolated protoplast of guard cells have been carried out recently and it has
been observed that the swelling response on the protoplast to K is a specific property of guard
cells. The protoplast swells when treated with K* ions, both in light and dark, but in light the
reaction was more than in dark. It also observed that K* ions, PEP carboxylase, cytosolic and
mitochondrial malate and ATP play critical role in the stomatal opening.

In this process for the import of K* ions energy from ATP is required in specific channels
into the guard cells and malate is used as a substance for the ATP for the ATP supply. When
malate level in the mitochondria falls, the ATP supply is depleted and then protoplast of guard
cell does not swell. Contrary to this with decreasing level of malate in mitochondria, the ATP
supply is also decreases and then protoplast of guard cells does not swell. On the other side, the
light, when K" ions are imported into the guard cells, PEP carboxylase is activated which
activated directly or indirectly increases malate in the cytosol and it is transported to the
mitochondria. The supply of ATP is kept maintained. The ATP is transported into cytosol where
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it may be hydrolyzed by plasma membrane bound ATPase to ADP or AMP. The released supply
is restricted K" ions import is blocked. In light about 30% supply of ATP in guard cells is
supported by the process called phosphorylation.

Plant Anti -respirants: As a fact the total water absorbed by the plant, almost 98% of the total
water is lost in transpiration and only an insignificant amount is utilized by the plat for its own
purpose. Due to this, plans have to face several problems, this enormous loss of water can be
reduce, it will be an asset to nature and to the agriculturists. Recently scientists made efforts to
find antirespirant substances reducing the transpiration rate without adversely affecting exchange
of gases during photosynthesis and plant growth.

Any material applied to plants for the purpose of retarding transpiration is known as
antiaspirant.

Examples of antiaspirants are colorless plastics, silicon oils, low viscosity waxes,
abscissic acid, CO, etc. Among them colorless plastics, silicon oils and low viscosity waxes,
sprayed on the leaves and these substances forms a thin film permeable to CO, and oxygen but
not to water. This approach gets only limited success. Similarly the fungicide phenyl mercuric
acetate when applied in low concentration (10-*" it exercised very little toxic effect upon leaves
and resulted in partial closure of stomatal pores for over two weeks, it works as antirespirant.

Carbon-dioxide: Carbon-dioxide is an effective and antiaspirant. It is reported that a little rise
in CO, concentration from the natural 0.03 to 0.05% in atmosphere includes partial closure of
stomata. But its higher concentration is harmful which results in complete closure of stomata and
adversely affecting photosynthesis and respiration, while use of CO; inhibited phosphorylation.
Its usage cannot be economical and is practically feasible in experimental glass houses.

Factors Affecting the Role of Transpiration: The rate of transpiration is affected by a
number of factors. These factors can be categorized under two categories.

i) External or Environmental Factors: That includes the temperature, light, water supply, wind
velocity, atmospheric pressure, sprays and dusts and other viral activities.

ii) Internal or Structural Factors: It includes frequency of stomata and its structure, structural
(specialties) peculiarities of leaf and water content of mesophyll cells.

(i) External Factors: All those environmental factors which affect the steepness of the DPD
gradient affect the rate of transpiration. Some of the factors are as follows:

(@) Temperature: Temperature is the prime factor which directly affects the rate of
transpiration. As increase in temperature increases the rate of transpiration by increasing the rate
of evaporation of water from cell surface and decreases the humidity of the external atmosphere.
It works according to Vant Hoff’s rule that 100 rise in temperature the rate of transpiration
doubled.
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(b) Light: Comparatively to temperature, light has no direct effect on the rate of transpiration but
indirectly it affects the rate in two ways

i) By controlling the stomatal opening and

i) By affecting the temperature.

Increase in intensity of light the rate of transpiration increases because the stomata get opened
and the temperature rises. Light also has directly effects on transpiration rate as it increases
markedly in light and decreases in dark. There is a close relationship between the opening of
stomata and presence of light.

¢) Humidity of Air: The relative humidity of the atmosphere affects the rate of transpiration to a
great extent by influencing the DPD gradient between the intercellular spaces and outer
atmosphere. It shows inverse effect on rate of transpiration i.e. rate of transpiration increases
with the increase in the humidity of the external atmosphere upon water vapour saturation of the
air, because the capacity of atmosphere to take up more moisture which depends upon the
difference between the amount of water present in the air and the amount needed to saturate it
completely.

d) Wind Velocity: Velocity of wind has direct effect onrate of transpiration and the increase in
the wind also increases the rate of transpiration by removing water vapour of the atmosphere and
hence lowers the relative humidity. The wind of much higher velocity, however, decrease the
rate of transpiration probably as the guard cells because flaccid and stomata are closed while the
transpiration is faster in mild wind.

e) Atmospheric Pressure: The reduction of atmospheric pressure reduces the density of the
external atmosphere and hence permitting more rapid diffusion of water.

f) Water Supply: Rate of transpiration decreases with the deficiency of water in soil indirectly
by decreasing the rate of water absorption.

g) Vital Activities: Some vital activities of plants may also affect the rate of transpiration e.g.
Spray and Dusts: Sprays and dusts affect the rate of transpiration by affecting the permeability of
the cuticle and temperature of leaves. For example Bordeaux mixture lower the leaf temperature
but increases the permeability of the cuticle and hence increases cuticular transpiration
particularly at night.

(i) Internal Factors:
a) Stomatal Frequency: Stomatal frequency means the number of stomata per unit area of the
leaf surface. It varies from plant to plant and also depends upon the effect of environment.
Salisbury used a term known as stomatal index to represent as-
|=S/E+Sx100
Where | stand for stomatal index
S for number of stomata per unit area and
E for the number of stomatal cells in the same unit area.

Rate of transpiration increased with the increase in stomatal frequency which is also
depends upon the degree of opening of stomata.
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b) Structural peculiarities of Leaf: Besides normal leaves certain plants adapted to reduce
the rate of transpiration i.e. by reducing the size of leaves and hence reduce the rate of
transpiration.

The rate of transpiration is also checked by the deposition of wax and cutin like
substances on the surface of leaves as in Calotropis.

Some plants have needle like spine like leaves or the xerophytic plants to reduce the total
evaporating surface Pinus, Opuntia etc.)

In some other plants stomata are sunken or in cavities surrounded by cavities also helps
to reduce rate of transpiration (Cycas, Neriumetc.).
High osmotic pressure of leaf cells and presence of hydrophilic compounds such as gums,
mucilage etc. helps in retarding the rate of transpiration.
Leaf area, intercellular spaces of leaf and extent of root system are several other factors which
affect the rate of transpiration.
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Fig. 2.8 C.S. of Nerium leaf showing specific stomatal crypt

Ordinary epidermal cells with papillae or short trichomes?

Fig.2.9.Colocasia leaf with Papillae
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Fig. 2.10.Pine leaf showing cuticle layer in upper side
Guttation: Exudation of the water from plants in the form of liquid is known as Guttation.
However, the amount of water lost by this process is negligible as compared to that by
transpiration. The word guttation was proposed by Burgerstein for the first time. It is not
universally reported in all plants and only a few genera of plants mostly herbaceous among
which about333 genera belonging to115 families are reported to guttate.

Guard cgll Pore

Fig. 2.11 Leaf margins with hydathode (A), Internal structure of hydathode (B)

The plants showing guttation have specialized structures called hydathodes situated on
the tips and margins of leaves. Due to this, the water droplets are seen deposited on margins of
leaves of some grasses and dicotyledones. Structurally each Hydathode consists of a pore in
epidermis followed by large intercellular spaces, loosely arranged parenchyma and blindly
ending xylem elements. The loosely arranged mass internal structure of parenchyma is known as
epithum.

Colocasia antiquorum is known to guttate heavily and the amount ranges from a few
drops to 100 ml or even more water per day. Tropoelum, tomato, grasses, barley etc. are other
common examples showing guttation.
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The main cause of guttation is root pressure cold and dry aerated soil reduces the root
pressure resulted to bring down the guttation rate. The mineral deficiency also reduces guttation
rate.

Guttate water has been containing various kinds of sugars, enzymes, amino acids, vitamins,
organic acids, and other mineral salts.

2.1 SUMMARY

Transpiration is the process by which moisture is carried through plants from roots to small pores
on the underside of leaves, where it changes to vapour and is released to the atmosphere.
Transpiration is essentially evaporation of water from plant leaves. Stomata are pores in the leaf
that allow gas exchange where water vapors leave the plant and carbon di oxide enters. Special
cells called guard cells control each pore’s opening and closing. When stomata are open,
transpiration rates increases, when they are closed transpiration rates decreases.

Transpiration also includes a process called guttation, which is the loss of water in liquid
form from the injured leaf or stem of the plant, principally through water stomata known as
hydathodes. Studies have revealed that about 10 percent of the moisture found in the atmosphere
is released by plants through transpiration. However, so many internal and external factors affect
the rate of transpiration. Scientists proved that transpiration is both an important and costly
process for plants, and it requires that a delicate balance for the survival of plant.

2.8 GLOSSARY

ADP: Adenosine di- phosphate.

ATP: Adenosine tri- phosphate.

ATPase: Also called myosine, an enzyme catalyzing TTP, CTP, GTP, UTP and ATP to yield
orthophosphate and the corresponding diphosphate.

Amyl: means starch.

Carbohydrate: Compound containing carbon, hydrogen and oxygen with general formula

Cn H20), e.g. sugar, starch, cellulose.

Chlorophyll: Green pigment found in autotropous plants. It’s a magnesium containing porphyrin
compound and by this plants become capable of manufacturing own food.

Chloroplast: Chlorophyll containing plastid bodies and the site of photosynthesis.

Guttation: Loss of water in form of water drops through hydathodes.

Hydathode: Water excreting glad occurring on the edges or tips of leaves.

Transpiration: Loss of water in the form of vapour by the aerial parts of terrestrial plants.
Vacuole: A fluid filled (cell sap) space bounded by a membrane (tonoplast) found in the cell.

2.9 SELF ASSESSMENT QUESTION
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2.9.1 Objective type questions:

1. The process in which loss of water occurs in the form of water vapors is-
(1) Guttation (i) Respiration

(iii) Transpiration (iv) Exosmosis

2. Hydathode occurs in-
(1) Roots (i) Leaves
(iii) Stem (iv) All of above

3. The stomatal type of cereals which open only for a few hours during the day is-
(i) Barley type (ii) Bean type
(i) potato type (iv) alfalfa type

4. Transpiration is high under-
(1) Low atmospheric temperature (ii) Dry environment
(iii) High temperature (iv) All the above

5. Sunken stomata-
(i) Hinder transpiration (ii) Decrease environment
(iii) Increase transpiration (iv) Stop transpiration

6. Stomatal frequency indicates-
(i) Number of stomata per unit area (i) Rate of gaseous exchange
(iii) Rate of water loss (iv) All the above

7. Excess of Co; (0.05%) in the atmosphere will-
(i) Has no effect (ii) Will reduce the transpiration
(iii) Enhance the transpiration (iv) Reduce transpiration

8. When Oxygen is deficient in the atmosphere-

(i) Stomata start closing

(ii) Stomata open fully

(iii) Stomata close up provided temperature is high

(iv) Stomata open provided water in the soils is maximum

9. The number stomata per unit area of leaf are generally more on lower surface in case of --
(i) Herbaceous stem (ii) Dorsiventral leaf

(iii) Isobilateral stem (iv) In woody stem

10. A leaf with hair on its surface-
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(i) Reduces guttation (i1) Reduced transpiration
(iii) Increases transpiration (iv) Reduces exchange of gaseous

11. Guittation takes place through-
(1) Lenticels (i) Stomata
(i) Hydathode (iv) Wounds

12. Who proposed the term guttation?
(i) Bergerstein (ii) Levitt
(iii) Shantz (iv) Darwin

13. A passive hydathodes comprises a group of loosely arranged colorless and parenchymatous
cells known as-

(i) Arenchyma (it) Spongy parenchyma

(iii) Epithem (iv) Prosenchyma

14. Anti respirants-

(i) Reduces the rate of transpiration without affecting carbon dioxide assimilation
(ii) Reduces the rate of transpiration affecting protein synthesis of plant

(iii) Reduces the rate of transpiration affecting growth of plant

(iv) Reduce the rate of transpiration affecting carbon assimilation.

15. One of the following is an antitranspirant but its effect persists only for a few hours-
(1) Malic acid (i) Abscissic acid
(iii)Phenyl mercuric acetate (iv) Silicon emulsion

16. In which type the stomata are present exclusively on the upper surface of the leaves-
(i) Barley leaf (ii) Potamogeton type
(iii) Potato type (iv) water lily type

17. Number of stomata present per cm? of a common leaf is about-
(i) 1 million (if) More than 100,000
(iii) Less than 100 (iv) 1000

18. Transpiration differs from evaporation in-

(1) Transpiration is a physical process while evaporation is a physiological process
(i) Rate of water loss

(iii) Transpiration is a physiological process while evaporation is a physical process
(iv) Frequency of water loss
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2.9.2 Fill in the Blanks -

1. Transpiration is reduced due to deposition Of----------------------

2. Frequency and position of stomata can be determined by-------------------

3. In thin leaved mesophytes, stomata open during the day and closed during the night they
belong to--------------------

4. Phenyl mercuric acitate (PMA) result in---------=-==--=mmn---

5. A leafy twig of mesophyte plant dipped in water would demonstrate------------

2.9.1 Answers:

1. (iii) 2.((ii), 3. (i), 4. (iv), 5. (ii), 6. (i), 7. (ii), 8. (i). 9 (ii), 10 (ii), 11 (iii), 12 (i), 13 (iii), 14 (i),
15 (i), 16 (iv), 17 (iv), 18 (ii),

2.9.2 Answer: 1. Cutin, 2. Porometer, 3. Alfalfa, 4. Reduces transpiration, 5. Transpiration
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2.12 TERMINAL QUESTIONS

[

. Write an essay on transpiration and its advantages to the plant?
. Write short notes on-

i) Guttation

i) Significance of transpiration

N
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iii) Proton transport Concept
iv) Antirespirant
3 Explain with suitable diagrams the opening and closing mechanism of stomata?
4. Explain different type of transpirations occurs in plants?
5. Write short notes on-
1) Theory of photosynthesis in guard cells
il) Theory of starch= sugar inter- conversion
iii) Theory of starch= glucose inter- conversion
iv) Theory of glycolate metabolism.
6. Transpiration is a “necessary evil”, do you agree with this?
7. Discuss the mechanism of stomatal movement and conditions influencing them?
8. What is transpiration? Explain the mechanism of stomatal movements?
9. How do environmental conditions bring out opening and closing of stomata?
10. What is transpiration? What is its significance for plants? Mention the various factors that
affect the rate of transpiration?
11. Differentiate between transpiration and guttation?
12. Write notes on guttation?
13. What is transpiration? Mention various factors that control the process?
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3.1 OBJECTIVES

After reading this unit student will be able understand-
e about the Mineral nutrition
e about essential macro-elements, their role, deficiency symptoms, toxicity symptoms
e about the essential micro-elements, role, deficiency symptoms, toxicity symptoms
e about Absorption of mineral salt
e process of Mineral uptake

3.2 INTRODUCTION

To complete the life cycle normally a living organism requires the supply of a large number of
substances from outside. The supply is called nutrition.

The autotrophic plants manufacture organic food by the process of photosynthesis. These plants
also require some inorganic salts like Potassium, Calcium, Iron, Sulphur etc for their growth.
These inorganic substances occur in soil in form of solution. This inorganic nutrition of plants is
commonly known as Mineral nutrition.

A complete ash analysis of a plant may show nearly half the elements of the periodic
table, but all of them are not required by the plant for nutrition. After they have been absorbed
elements are never present inside the plant in the free state. They are generally in ionic form or
as constituents of organic compounds.

When plant material is burnt in air, the organic matter is destroyed and a residue of
inorganic salts, the ash remains.

3.3 ESSENTIAL MINERAL ELEMENTS

In fact, all elements found in a plant are not essential for its growth and life cycle. An essential
element is known without which the plant cannot complete its life cycle. It is clear physiological
role to play. For finding out whether an elements is essential or not for a plant, the plant is raised
in complete absence of that particular elements under controlled culture conditions. If the plant
grows normally, the elements are non-essential and if it does not grow normally, it means that
the element is truly essential.
The important criteria for essential elements are as follows-

1- These elements are absolutely necessary for supporting normal growth and reproduction of

plant.
2- These elements are always specific and cannot be replaced by only other elements.
3- These elements is directly involved in the metabolism of the plant.
It has since long been known that carbon, hydrogen and oxygen are essential elements for the
plant. In the middle of last century water culture and sand culture experiments has established
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that the elements nitrogen phosphorus, potassium, magnesium, calcium and iron were
indispensable for the plants. In the absence of any one of these elements the growth of shoots or
roots are stunted.

The essential elements are classified into two broad categories called (i) Macronutrients
and (ii) Micronutrients.

The macronutrients are carbon, hydrogen, oxygen nitrogen, phosphorus, sulphur,
potassium, calcium, magnesium are generally present in plant tissues in concentrations of 1 to
10mg per gram of dry matter.

The micronutrients or trace elements are manganese, copper, molybednum, zinc, boron
and chlorine, recently some other such elements have also been discovered, e.g. cobalt,
vanadium and nickel.

The microelements are required in very low quantity. i.e., about 0.1 mg per gram of dry matter.

Role of Essential Elements

The most important role of the elements is to participate in various metabolic activities such as
regulation of permeability of cell membranes; some elements are required for maintenance of
osmotic pressure of cell sap. While others take part in an electron transport system.

3.4 MACRONUTRIENTS

3.4.1- Carbon, Hydrogen and Oxygen

These are not minerals in origin but are discussed here because they enter into the composition of
practically all organic compounds present in the plant and accounts for a major part of the dry
weight. The significance of water (H,O) can be felt when it is said that water is the liquid of life.
The source for carbon and oxygen is atmosphere and for hydrogen it is water.

3.4.2-Nitrogen

Functions of Nitrogen: The sources of nitrogen are soil and atmosphere. About 78% of
nitrogen is found is atmospheric air but this is of no use to plants in its free state. This enters in
the plants through stomata along with other gases and comes out in the same state unused. The
plants can take nitrogen from the soil in the form of nitrates, nitrites and ammonium salts. The
chief sources of nitrate are sodium nitrate, potassium nitrate, ammonium nitrate and calcium
nitrate. Besides, there are certain highly specialized organism called nitrogen fixers, such as
bacteria and cyanobacteria. They fix atmospheric nitrogen into the soil in the form of nitrites
(No,) and Nitrates (Nog).

Nitrogen deficiency symptoms: Nitrogen deficiency causes yellowing of older leaves
(Chlorosis). The plant growth is stunted as protein content, cell division and cell enlargement are
decreased. It also causes dormancy of lateral buds, late flowering, purple coloration and
wrinkling of cereal grains.
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3.4.3-Sulphur

Functions of Sulphur: Sulphur is the constituent of amino acids, vitamin B, coenzyme A and
volatile oils. It is absorbed from the soil as sulphate iron. Through the different amino acids it
participates in protein synthesis. Sulphur affects an increase in nodule formation in root of
leguminous plants.

Sulphur deficiency symptoms: Sulphur deficiency causes yellowing (i.e. chlorosis) of leaves
younger leaves are affected first trips and margins of leaves roll inward a hard woody stem due
to development of sclerenchyma. Sulphur starvation results in shortage of protein.

3.4.4.Phosphorus

Functions of Phosphorus: Phosphorus is absorbed by the plant from the soil in the form of
phosphate ions. It is one of the most important element for the plants.

Phosphorus is vital structural component of the nucleic acids nucleoprotein, phytin,
phospholipids, sugar phosphates, ATP, NADP and numerous phosphorylated compounds. It is an
essential element participating in the skeleton of Plasma membrane.

Phosphorus deficiency symptoms: Phosphorus deficiency causes decrease in the rate of
protein synthesis. It causes premature leaf fall and purple anthocyanin pigmentation. The leaves
become dark blue green in colour and brown necrotic areas are developed on leaves and petioles.
The growth of root and shoot is extremely restricted. Flowering is delayed.

3.4.5. Calcium

Functions of Calcium: This element is always found in green plants. The middle lamella of
the cell wall consists of calcium pectate. Only because of these elements the permeability of the
protoplasm is maintained calcium affects the hydration of colloids. Calcium is believed to be
important in regulating metabolic activities as it activates certain enzymes.

Calcium deficiency symptoms: Calcium deficiency causes disintegration of growing
meristematic regions of root, stem and leaves. Chlorosis generally occurs along the margins of
younger leaves. It also causes malformation of the younger leaves.

3.4.6. Potassium

Functions of Potassium: Potassium is the only monovalent cation essential for plant growth.
This element is usually found in the growing regions of the plant. It is one of the constituents of
protoplasm. Potassium is essential for the formation of sugar and starch and also for their
translocation throughout the plant. It is also needed in cell division, reduction of nitrate,
development of chlorophyll, stomata movements etc.

Potassium deficiency symptoms: Potassium deficiency inhibits synthesis of proteins, which
results in the accumulation of organic nitrogenous compounds in the plant cells Carbohydrate
metabolism is checked. The rate of respiration increases. Mottled chlorosis of leaves occurs
Necrotic areas are developed at the tips and margins of leaves.
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3.4.7. Magnesium

Functions of Magnesium: It is a constituent of chlorophyll and therefore essential for the
formation of this pigment. Magnesium activates enzymes is respiration and photosynthesis. It
plays an important role in synthesis of ATP from ADP and inorganic phosphates.

Magnesium deficiency symptoms: Magnesium deficiency causes interveinal chlorosis of the
leaves. stem becomes yellowish green, often hard and woody. Deficiency symptoms develop on
the older leaves and proceed systematically towards the younger leaves.

3.4.8. Iron

Functions of Iron: Iron is normally absorbed in the ferrous, form though it can be absorbed in
the ferric form as well. It plays an important role in the formation of chlorophyll, constitution of
the chlorophyll. It plays the role of catalyst. Iron in found in ferrodoxin, FRS, flavoprotein and
the iron porphyrin protein, which include cytochromes peroxidases and catalases. It therefore
plays an important role in respiratory mechanism.

Iron deficiency symptoms: Iron deficiency causes rapid chlorosis of the leaves which is
generally interveinal chlorosis may produce a mottled pattern of the leaf may show complete
bleaching, or often become necrotic.

3.5 MICRONUTRIENTS

3.5.1 Manganese

Functions of Manganese: Manganese activates many enzymes which are involved in
photosynthesis, respiration and nitrogen metabolism. It also plays some role in the synthesis of
chlorophyll and in the transfer of electron from H,O to photo-oxidized chlorophyll in
photosynthesis (Homann, 1967)

Manganese deficiency symptoms: Manganese deficiency causes chlorosis which is distinct
from that of iron deficiency. The leaf takes mottled appearance. The chloroplast loss chlorophyll
and starch grains and become yellow green in colour. Dead tissue spots are found scattered over
the leaf.

3.5.2 Copper

Functions of copper deficiency: The element is required is very small quantity. It is very
toxic when present is larger quantity. It acts as catalyst in oxidation reduction reactions, since it
is a constituent of certain oxidising and reducing agents. Copper helps in formation of starch. It
is required for the overall metabolism in plants.

Copper Deficiency symptoms: Copper deficiency causes necrosis of the tips of young leaves.
Both vegetative and reproductive growths are reduced. In crops, the younger leaves wither and
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show marginal chlorosis of the tips. Grain formation is more severely restricted than vegetative
growth.

3.5.3. Zinc

Functions of Zinc: Zinc helps in the formation of chloroplasts. It functions as activator of
certain enzymes. e.g. carbonic anahydrase, alcohol dehydrogenase, hexose kinase etc. Zinc in
required in synthesis of auxins.

Zinc deficiency symptoms: Zinc deficiency causes reduced stem growth due to decreased
synthesis of auxin. It causes chlorosis of older leaves which starts from tips and margin. The
absence of zinc also suppresses seed formation and causes malformation in fruiting trees.

3.5.4. Boron

Functions of Boron: Boron differs from the other micronutrients in that there is no evidence to
suggest its connection with the enzyme systems and it also differs in that it is absorbed as an
onion, i.e. borate and tetraborate, rather than a cation, like the other metallic nutrients.

It is necessary for translocation of sugars and involved in the reproduction and germination of
pollens. It is concerned with water reactions in cells and regulates the intake of water into the
cell. It also affects flowering and fruiting, cell division, metabolism, active salt absorption,
photosynthesis etc.

Boron deficiency symptoms: Boron deficiency causes death of the shoot tip. Flowers
formation is suppressed, root growth is stunted and shoot apices die. Fruit become of small size
and root nodules in leguminous plants are not formed and leaves become coppery in texture.

3.5.5. Molybdenum

Functions of Molybdenum: The main role of molybdenum in plants has been found in the
nitrogen metabolism. It acts as an activator for the enzyme nitrate reductase. It also helps in
formation of proteins. This is absorbed by plant from soil in the form of molybdenum ion (Mo,).
Molybdenum deficiency symptoms

Molybdenum deficiency causes chlorotic interveinal mottling of the older leaves. This may cause
nitrogen deficiency, as it is component of enzymes involved in nitrogen metabolism. It also
inhibits the flower formation.

3.5.6 Chlorine

Functions of chlorine

Chlorine helps in determining solute concentration and anion cation balance in cells. It is
required for cell division in roots and leaves. Chloride ions are essential in the transfer of
electrons from H,0 to photo oxidised chlorophyll in photosynthesis.

Chlorine deficiency symptoms: The deficiency of chlorine in plants causes wilting of leaves.
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3.6 ABSORPTION OF MINERAL SALT

Besides water, the plant absorbs from the environment consideration quantities of mineral salts,
gases and various other salts. All these are absorbed in the form of aqueous solutions. The
mineral salts are absorbed from the external solution by the roots.

In plants mineral absorption, also called mineral uptake. In plants, the entrance portal
for mineral uptake is usually through the roots. (Roots, 2005) Some mineral ions diffuse in-
between the cells. In contrast to water, some minerals are actively taken up by plant.

Most of the elements required by the plants are absorbed by them from the soil. The clay
particles of the soil are present in the form of colloids. The micelles of colloidal clay are usually
negatively charged. These charges are balanced by the binding of positively charged ions
(cations) which are taken up from the soil solution. In acidic soil H" and in alkalins soil ca®** are
the principal cations associated with the clay particles. In the acidic soil the particles may also
take up and binds potassium, ammonium and other cations. This reversible binding of cations, a
property possessed by clay particles is known as cation exchange. The soil also contains the
anions like CI', So4", HCO3', H,PO,4', Nos', and OH". Most anions except the phosphate ions leach
out of soil rapidly.

Passive Absorption: In most cases, the movement of mineral ions into the root occurs by
diffusion. Molecules or ions diffused from a region of their higher concentration to a region of
their lower concentration. As these substances diffuse they exert a pressure. The movement of
mineral ions into root cells as a result of diffusion is called passive absorbtion.

1. Mass flow theory (Bulk Flow): According to this theory ions are taken up by the roots
along with mass flow of water under the influence of transpiration. Russel and Barber (1960)
also supported this theory but raised a question whether the effect of transpiration is direct or
indirect. Lopushimsky (1964) worked in this problem and studied the uptake of radioactive p*
and Ca®, they found that an increase in the hydrostatic pressure (comparable to transpiration
pull) increases ion uptake. So transpiration effect on salt absorption is direct. However, both
mass flow theory and direct influence of transpiration have been challenged in view of recent
research. Both of these fail to explain salt accumulation against osmotic gradient.

2. lon exchange: In ionic exchange mechanism anions or cations from within the cells are
exchanged for anions or cations of equivalent charge of the external solution in which the tissue
is immersed.

The phenomenon has been experimentally confirmed in excised barley roots in which radioactive
K" ions exchange place with the non-radioactive K* ions. A similar exchange mechanism
operates between soil solution and clay micelles. The ions get accumulated against a
concentration gradient without the participation of metabolic energy because cations and anions
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of the external medium get exchanged with H" and OH™ ions, which always remain absorbed on
the surface of the membrane. H" and OH™ are readily available from water.

The process of ionic exchange has been explained by two theories 1 the contact exchange theory
and 2-carbonic acid exchange theory. According to the contact exchange theory an ion may be
absorbed by the plant root without being first dissolved in the soil solution. An ion absorbed
electrostatically to a solid particle such as a plant root or clay micelle, is not held too tightly, but
oscillates within a certain small volume of space. An exchange of ions takes place when the
oscillation volume of one ion overlaps to oscillation volume of another ion. The soil solution,
however, plays an important part in the carbonic acid theory in the it provides the medium for the
exchange of ions between the roots and the clay micelles. Carbon dioxide released in respiration
combines with water to form carbonic acid in the soil solution. Carbonic acid dissociates into
(H") and (HCO") ions. A cation absorbed to the clay surface may be exchanged with H* of the
soil solution. This cation them may diffuse to the root surface in exchange for H*. The cation
them may diffuse to the root surface in exchange for H*. The cation may also be absorbed as ion
pairs with bicarbonate. Thus ion exchange mechanism would allow for greater absorption of ions
from the external medium than could normally be accepted for by the free diffusion.

Fig.3.1 Figure explaining cation exchange theory (Contact exch-ange theory)

3. Donnan equilibrium: This theory explains the passive accumulation of ions that are non-
diffusible, which may be present on one side of the membrane (Donnan, 1927). Unlike diffusible
ions, the membrane is not permeable to non-diffusible ions. Such ions are called fixed ions. They
may be anions or cations. In which there are no fixed ions, there are equal number of anions and
cations on both sides of the membrane at equilibrium. But in Donnan equilibrium, in order to
balance the charge of the fixed ions (anions) more ions of the order charge (cations) would be
required.

For example there is a membrane that separates a cell from the external medium and
allows exchange of some ions and not others. To the inner side of this membrane there are
anions, which are fixed and non diffusible and therefore the membrane becomes impermeable to
these anions. In such a situation for equilibrium to be reached additional cations are needed to
balance the negative charges of the anions that are structurally formed to the inner side of the
above membrane.

According to the theory, Donnan equilibrium is attained if the product of anions and
cations in the internal solution becomes equal to the product of anions and cations in the external
solution, depicted by the equation as follows:
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Cations inside, Ci" Anions outside, Ao
Cations outside Co* Anions inside, A

For example, a membrane which is permeable to Mg* and CI” ions and to X" ions present
inside the cell. Here, membrane has 6X fixed ions on the inner side. CI" ions make across the
membrane by diffusion along the concentration gradient. The concentration of anions on the
inner side is now more than that of cations. In order to balance electrochemical equilibrium
within the cell sap, Mg™" ions move across the membrane against the concentration gradient.
Similarly, if these are fixed cations the anions shall move against the concentration gradient to

bring about equilibrium.

>
Epidermal cell

” \v/ Soil particles
Fig.3.2 Contact exchange theory

Objection to Passive Absorption Concept
Certain strong objections have been raised against passive absorption concept of salt uptake. A
few of them are:
(i) In actual process, the rate of absorption of minerals is too rapid to be explained by passive
absorption.
(ii) No theory of passive absorption adequately explains absorption and accumulation of salts or
ions against the osmotic gradients (or against the laws of diffusion). However, cases of extra
accumulation of K™ ions within the cells (like 1000 times as against the surrounding medium) are
now frequently known in Nitella translucens, Chara australis and Hydrodictyon africanum
(Hober, 1945 and Raven, 1967).
(iii) 1t has been experimentally demonstrated that there is a close relationship between salt uptake
and metabolic activities. This may be supported by the following examples:
a) A quantitative relationship has been found between anion absorption and respiration.
b) A close relationship between salt accumulation and respiration is found in all cases.
Hopkins (1956) observed that salt accumulation is slowed, and even prevented completely,
with the decrease in the oxygen content of the nutrient medium.
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c) The active phase of salt absorption is inhibited by the absence of oxygen, i.e. oxygen is
required during salt uptake.

d) There is a close relationship between metabolic activites and ability to absorb and
accumulate solutes.

e) The metabolic inhibitors influence the salt absorption Lundegadh (1955) reported that salt
uptake is inhibited by oxidiase inhibitors azides, carbon monoxides and cyanides (all
metabolic inhibitors)

f) Salt uptake has been found to stimulate and increase the rate of respiration. This increased
respiration has been termed as salt induced respiration.

g) Factors like pH, light, oxygen tension and growth affect the salt absorption suggesting that
there is some essential role of metabolic activities in salt uptake.

Active Absorption: According to active absorption concept of salt uptake, it is believed that
this process is supported by metabolic energy, thus the absorption of ions, involving use of
metabolic energy is called active absorption. There have been modification from time to time to
discuss the nature of participation of metabolic energy and that is why several theories have been
proposed.

Active absorption of solutes or theory of salt accumulation

According to this theory Hoagland (1923) suggested that absorption of solutes takes place
against higher concentration of salts. The cells near the tips of roots also have the capacity of
accumulating ions (Hoagland and Broyer 1936). If the initial salt content of the root cells is low
and if other conditions are favorable, the concentration of ions in the absorbing cells may greatly
be increased than that present in soil solution. This involves an expenditure of energy. This
energy in supplied by the respiratory activity of the absorbing cells. The rate of accumulation is
often influenced therefore by the previous metabolic status of the absorbing cells.

The phenomenon of salt accumulation seems confined largely to cells which have the
capacity for cells division and growth, Meristematic cells and cells in the early stages of
enlargement are particularly active in absorbing ions. As cells lose their capacity for growth they
also lose their capacity of mineral salt accumulation. As already referred earlier that
accumulation of salt requires expenditure of energy which is supplied by respiratory activity of
cells.

Hoagland and Broyer (1936) found that if excised roots (young roots) are immersed in
dilute solutions of mineral salts through which N, is bubbled little or no accumulation of salts
occurs in the root cells. If on the other hand O, is bubbled through the solution, a rapid
accumulation of salts within root cells takes place. Lack of O, checks aerobic respiration and
prevents absorption of ions. The accumulation of ions of root cells and their retention within
these cells in a free condition requires an expenditure of energy which is supplied by the process
of respiration.
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Salt accumulation is also affected by the rate of photosynthesis because on this process
depends the supply of carbohydrates which are the respiratory substrates for efficient respiration.
So any factor which reduces photosynthesis, also reduces salt accumulation.

The fact that salt accumulation by root cells is dependent on respiration, suggests that
temperature may have also marked effect on salt accumulation process.

1. Carrier concept: lons, which are accumulated in cells, may move into the inner space
against concentration and for this movement additional energy is required. This additional
energy is derived directly or indirectly through metabolism. This theory of active absorption has
been supported by various evidences which show that active ion uptake is carried our by carrier
mechanism for both influx and efflux of ions.

Unlike ion channels, the carrier proteins do not have pores. The membrane does not allow
the ions to pass through as it is. The activated ions combine with carrier proteins and form ion-
carrier complex, which is capable of moving across the membrane. The complex moves across
the membrane and reaches the inner surface. Here, the complex breaks and release ions into the
cytoplasm of the cell. Carriers are specific, and combine with particular types of ion.

2. lon Movement into the Root: Mineral nutrients absorbed by the root are carried to the
xylem. This absorption takes place by two pathways. They are (i) Apoplast pathway and (ii)
Symplast pathway.
(i) Apoplastic pathway- This pathway essentially involves diffusion and mass flow of water
from cell to cell through spaces between cell wall polysaccharides.

The ions that enter the cell wall of epidermis move across cell wall of cortex, cytoplasm
of endodermis cell wall of pericycle and finally accumulate in xylem vessels.
(if) Symplast pathway- In this pathway, ions that enter the cytoplasm of epidermis move across
the cytoplasm, cortex, endodermis and pericycle through plasmodesmata, and finally reach to
xylem vessels.

(1) Apoplast pathway (1) Symplast pathway

¥ Corteﬁa;;arian Phloem
Apoplastic path strip  Pericycle

Fig.3.3 Apoplastic and symplastic pathways of ion absorption
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Table-1 Differences between Passive Absorption and Active Absorption

S.No. Passive Absorption Active Absorption

1 This processes physical driving force, | Here the driving force is energy derived
which is non-metabolic form metrabollic processes.

2 This type of absorption of ions and | This type of absorption is not
molecules is sponataneous and proceeds | spontaneous and does not proceed
towards equilibrium towards equipbrium

3 Such absorption of a substance occurs | The active absorption of a substance
across a protoplasmic membrane from its | occurs across a protoplasmic membrane
higher to lower chemical potential. from its lower to higher chemical

potential i.e. against concentration
gradient.

4 In passive absorption the energy yielding | When  energy  yielding  metabolic
metabolic processes are not involved. processes are weakened, active transport

system is also checked.

5 The passive transport takes place through | The active transport takes place across the
the protoplasmic layer in between the cell | protoplasmic membrane (i.e. plasma
wall and the vacuole. membrane, tonoplast, etc.)

3.7 SUMMARY

In this unit we discussed about the mineral nutrition. The plants require some inorganic salts like
Potassium, Calcium, Iron, Sulphur etc for their growth. These inorganic substances occur in soil
in form of solution. This inorganic nutrition of plants is commonly known as Mineral nutrition.

An essential elements are without which the plant cannot complete its life cycle. In fact,
all elements found in a plant are not essential for its growth and life cycle. If the plant grows
normally, the elements are non-essential and if it does not grow normally, it means that the
element is truly essential.

The essential elements are classified into two broad categories called (i) Macronutrients and (ii)
Micronutrients.

The macronutrients are carbon, hydrogen, oxygen nitrogen, phosphorus, sulphur,
potassium, calcium, magnesium. The micronutrients or trace elements are iron, manganese
copper, molybdenum, zinc, boron and chlorine, Recently some other such elements have also
been discovered, e.g. cobalt, vanadium and nickel.

Besides water, the plant absorbs from the environment consideration quantities of mineral
salts, gases and various other salts. All these are absorbed in the form of aqueous solutions. The
mineral salts are absorbed from the external solution by the roots. In plants mineral absorption,
also called mineral uptake. In plants, the entrance portal for mineral uptake is usually through
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the roots. Some mineral ions diffuse in-between the cells. In contrast to water, some minerals are
actively taken up by plant.

3.8 GLOSSARY

Adenosine-A nucleoside containing a heterocyclic nitrogen base (adenine) and a pentose sugar.
Adenosine monophosphate (AMP) Adenine nucleoside with two phosphate molecules of which
terminal one is energy rich.

Adenosine diphosphate (ADP) Adenine nucleoside with two phosphate molecules of which
terminal one is energy rich.

Adenosine triphosphate (ATP) Adenine nucleoside with three phosphate molecules, the last
two molecules are energy rich.

Anthocyanins- Blue and red glycoside pigments (flavonoid) found dissolved in cell sap.
Assimilation-Uptake and formation of simple foodstuff.

Auxin-A group of hormones of plants which is synthetized by growing tips of stems and roots
and regulate may aspects of plant growth, e.g. IAA.

Biotin-Vitamin H.

Carbohydrate- Compound containing carbon, hydrogen and oxygen with general formula C,
(H20), e.g. sugars, starch cellulose.

Carotenoids-Yellow, orange or red pigments, soluble in oil solvents. These pigments are is
absent such as carrot roots, floral petal etc.

Cell wall-In plant cells the outer layer surrounding the plasma membrane. It consists of
cellulose, hemicelluloses and pectic substances.

Chlorophyll-Green pigment found in autotropic plant.

Chloroplast-Chlorophyll containing plastid bodies and the site of photosynthesis.
Chlorosis-Disease of green plants in which green colour is lost and characteristic yellow colour
appears.

Cytoplasm-All the protoplasm of a cell excluding nucleus.

Diffusion pressure deficit-Net capacity of plant cell for absorbing water.

FAD-Flavin adenine dinucleotide.

FMN-Flavin mononuicleotide.

Starch-The principle reserve food materials of the green plants, frequently found in clolourless
plastid.

Tenoplast-Also called vacuolar membrane.

3.9 SELF ASSESSMENT QUESTION

3.9.1 Multiple Choice Questions:
1. In soil, water available to the root is:
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(a) Capillary water (b) Hygroscopic water
(c) Gravitational water (d) Combined water

2. Water enters into root hairs from soil on account of:
(a) Turgor pressure (b) Osmotic pressure
(c) Suction pressure (d) Root pressure

3. In passive absorption water is absorbed due to:
(a) Osmosis (b) transpiration pull
(c) High PDP of root hairs (d) All of the above

4. Which one of the following is not required by plants for their normal healthy growth?
(a) Magnesium (b) Lead
(c) Calcium (d) Iron

5. Presence of phosphorus in a plant:
(a) Brings about healthy root growth (b) Promotes fruit ripening
(c) Retards protein (d) None of the above

6. Die back disease of citrus is caused by:
(@) Virus (b) fungus
(c) Bacterium (d) Cu-deficiency

7. On the basis of symptoms of chlorosis in leaves a student inferred that this was due to
deficiency of nitrogen. This inference could be correct only if yellowing appeared first in:

(a) Young leaves (b) Old leaves

(c) Young leaves followed by old leaves (d) Old leaves followed by young leave

8. Plastocyanin is protein containing:
(a) Mo (b) Zn
(c) Mg (d) Cu

9. Absence of Mg++ ions form plant issue results in:
(a) Plasmolysis (b) Hydrolysis
(c) Chlorosis (d) Necrosis

10. Sickle leaf disease occurs due to deficiency of:
(@) P (b) K
(c)Cu (d) Proline
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11. Sulphur is the constituent of
(a) Tryptophan (b) Valine
(c) Methionine (d) Proline

12. Khaira disease of rice is the consequence of:
(a) Boron deficiency (b) Zinc deficiency
(c) Magnesium deficiency (d) All of the above

13. The importance of micro-elements was recognized rather belatedly because
(a) They were toxic to plants

(b) They were lost by plants through roots

(c) Plants physiologists did not find them in plants

(d) They were being absorbed as contaminants

14. Which elements is common to nucleic acids phospholipids ATP ADP NADPH
(a) Boron (b) Zinc
(c) Phosphorus (d) Sodium

15. Which of the following is required for synthesis of ascorbic acid
(a) Zinc (b) Iron
(c) Copper (d) Cadmium

16. Which of the following are required for chlorophyll synthesis
(@) Cuand Ca (b) Fe and Mg
(c) Mg and Cu (d) B and Fe

17. An element concerned with the photolysis of water during light reaction of photosynthesis is
(a) Mg (b) Mn
(¢) Zn (d) Fe

18. Active transport of elements across the cell membrane required
(@) ATP (b) Phlorogucinol
(c) Acetyl choline (d) Cyclic AMP

19. Deficiency symptoms of nitrogen first appears in
(a) Young leaves (b) Old leaves
(c) Bothaand b (d) Developing fruit

20. In plants Ca is present n the form of
(a) Calcium acetate (b) Calcium pectate
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(c) Calcium carbonate (d) Calcium oxalate

21. Molybdenum is components of
(a) Phosphate reductase system (b) Nitrate reductase system
(c) Phosphorylase (d) Photolysing water system

22. Plants obtain nitrogen from the soil in the form of
(a) Nitrates (b) Free Nitrogen
(c) Nitrogen oxide (d) None of these

23. Elements which maintains the solubility of calcium in the cell is
(a) Manganese (b) Copper
(c) Iron (d) Boron

24. Which elements has be taken exclusively from external atmosphere by the terrestrial plants
(a) Nitrogen (b) Phosphorus
(c) Carbon (d) Potassium

25. Which of the following in not a part of enzyme but it activates the enzyme
(a) Mg (b) K
() Zn (d) Mn

26. Absence of magnesium ions from the soil usually results in
(a) Plasmolysis (b) Chlorosis
(c) Necrosis (d) Etiolation

27. In Plants chlorosis is caused due to deficiency of
() Boron (b) Iron
(c) Copper (d)Calcium

28. Four elements found in abundance in plants and making upto 90% of all elements are
(@ H,0,C,N () C,H,0O,S
(c)C,H,0O,P (dC,N,O,P

29. Which of the following elements in the constituent of chlorophyll?
(a) Fe (b) Mn
(c) Mg (d) Cu

30. The following are common in translocation of carbohydrate in the plants?
(a) Fe (b) Mo
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(c)B (d) Zn

31. The following are common symptoms developed due to deficiency of Ca, Mg, K and Mo
(a) Formation of anthocyanins (b) Appearance of necrotic spot
(c) Chlorosis (d) Vein banding

32. Which of the following are called storage elements?
@C,N,S,P (b) Ca, C, N, K
(c)N,P, K, B (d) Ca, B, N,O

33. What features of an elements is not required to prove essential

(a) Plants cannot complete vegetative and reproductive cycle in absence of it
(b) It cannot be substituted by another element

(c) It directly participates in metabolism

(d) Itis found in all tissue of plants

34. Advantages of hydroponic cultures are that:

(a) Plants can be grown with controlled nutrients

(b) Natural calamities such as floods and drought can be avoided
(c) Pest problems can be kept controlled

(d) All of these

35. Deficiency symptoms of Mg, Zn, K and N occur first in old leaves which indicates that:
() These elements are non mobile (b) These are readily mobile
(c) These are less mobile (d) These require ATP for their mobility

36. Symptoms like--- terminal buds die, young leaves become hooked, die back at margins or
tips appears due to deficiency of:

(a) Ca (b) K

(B (d) Mo

37. Necrosis occurs due to deficiency of:
(a) Kand Mg (b) Zn and Ca
(c) Mo (d) All of these

38. Symptoms of phosphorus deficiency are
(a) Symptoms appear in young leaves (b) Symptoms are localized

(c) Lower leaves are usually red or yellow (d) Terminal buds die and chlorosis

39. Whiptail of Brassica is caused due deficiency of
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(@) Zinc (b) Molybdenum
(c) Copper (d) Manganese

40. Top sickness of tobacco is caused due to deficiency of
(a) Molybdenum (b) Boron
(c) Manganese (d) Copper

3.9.1.Answer Key-:

1-(a), 2-(c), 3-(b), 4-(b), 5-(c), 6-(d), 7-(a)8-(d), 9-(c), 10-(a), 11-(d), 12-(b), 13-(d), 14-(c), 15-
(c), 16-(b), 17-(b), 18-(c), 19-(b), 20-(b), 21-(b), 22-(a), 23-(d), 24-(c), 25-(b), 26-(b), 27-(b), 28-
(a), 29-(c), 30-(c), 31-(b), 32-(a), 33-(c), 34-(d), 35-(b), 36-(a), 37-(d), 38-(c), 39-(b), 40-(b)

3.10 REFERENCES

e S.N. Pandey and B.K. Sinha, Plant Physiology
e B.P. Pandey, Botany for Degree Students

e V.Verma, Plant Physiology

e S.K. Gupta, Plant Physiology

3.11 SUGGESTED READING

e Plant Physiology by S.N. Pandey and B.K. Sinha
e Botany for Degree Students by Dr. B.P. Pandey
e Plant Physiology by V.Verma

e Plant Physiology by S.K. Gupta

3.12 TERMINAL QUESTION

3.12.1 Long Answer Type Questions:

1. Describe two important functions each of K, Fe and Zn in green plants and also write
deficiency symptoms of any two of them.

2. Write an essay on mineral nutrition in plant.

3. List the macronutrients and mention their major function.

4. Differentiate between micronutrient and macronutrients. How they are helpful in plant
growth?

5. Describe the role and deficiency symptoms of the following elements in plants

(a) Nitrogen

(b) Molybdenum
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(c) Zinc

(d) Phosphorus

(e) Copper

6. What are macronutrients? Discuss the role of potassium phosphorus, sulphur and iron in plant
metabolism.

7. Make a list of macronutrients and mention their major functions.

- __________________________________________________]
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UNIT-4 ORGANIC SUBSTANCES: THEIR TRANSPORT
AND TRANSLOCATION
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4.3 Transport of organic substances
4.4 Mechanism of phloem transport
4.5 Concept of source and sink

4.6 Factors affecting translocation
4.7 Summary

4.8 Glossary
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4.10 References
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4.1 OBJECTIVES

After reading this unit students will be able-
e To study structural organization of phloem tissue
e To understand significance and mechanism of phloem translocation
e To learn about different theories of translocation
e Different environmental factors affecting the process of translocation.

4.2 INTRODUCTION

Green plants are photosynthetic organisms which prepare their own food by the process of
photosynthesis. This process of photosynthesis occurs in leaves (mesophyll cells), the
photosynthetic products after synthesis are confines to mesophyll cells. But photosynthetic
product (sucrose) is required by all the parts of plant for their growth and development. Hence
translocation of solutes is a process by which solutes (mainly photosynthetic product) is
transported from leaves (where they are synthesized) to other parts of plant (stem, roots, fruits,
etc). The process of translocation of solutes occurs through phloem tissue. Phloem tissue is made
up of different types of cells, each of which performs a specific function in the process of
translocation. Translocation of solutes is a pressure driven transport process, solutes are
transported from the region where there concentration is high to the regions which require
nutrients. Several physiological and environmental factors such as temperature, oxygen, age of
plant, seasonal variation, developmental stage of plant, water etc affect the rate of translocation.

Structure of phloem tissue
In most plant species, phloem is made up of phloem fibres, phloem parenchyma, sieve cells
(sieve elements) and their accompanying companion cells

Sieve cells

Sieve elements are responsible for conduction of sugar and other organic materials is all parts of
the plant. Sieve elements have no nucleus and only a sparse collection of other organelles. Sieve
tubes elements join to form continuous tube. Pores in sieve plate between sieve tube elements
are open channels for transport. Each sieve tube element is associated with one or more
companion cells.

Companion cells

Companion cells are living cells, nucleated with protoplasm and are associated with sieve cells.
These cells are attached to sieve cells through protoplasmic strands and help in phloem loading.
Companion cells contain large number of mitochondria for cellular respiration to provide the
energy which acts as driving force for translocation of solute. There are three types of companion
cells ordinary companion cells, transfer cells and intermediary cells.

UTTARAKHAND OPEN UNIVERSITY Page 79



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

(@) Ordinary Companion cells: These type of companion cells contain chloroplasts with
developed thylakoids, smooth inner cell wall, and few plasmodesmata and are connected to
it’s own sieve plate only.

(b) Transfer cells: These also contain well developed thylakoids. They possess fingerlike cell
wall ingrowths which increase surface area of plasma membrane for better solute transfer.
Ordinary as well as transfer companion cells are specialized for taking up solutes from
apoplast or cell wall space

(c) Intermediary cells: These types of companion cells take up solutes through cytoplasmic
connections. They have large number plasmodesmata connects to their surrounding cells.
Compared to ordinary and transfer cells they have poorly developed thylakoids.

Phloem
Parenchyma cell

___Phloem Parenchyma

cell
ompanion
_
ell

Fig.4.1 Organization of phloem tissue

Phloem parenchyma cells are living, with thin cells and store food materials. These help a
lateral translocation of water and other solutes.

Phloem fibres are thick walled cells and provide mechanical support to phloem cells. Transfer
cells are helpful in lateral transport of food materials and water.

Protective mechanism of phloem

Several factors are known to cause damage to phloem tissue. Major factors include insect
feeding on sugars, damage caused by wind, effect of high and low temperature, pollution, etc.
Damage caused by any of the factor results in loss of sugars, hence to prevent this plant
possesses different protective mechanism which includes deposition of P—protein and callose
protein. P-protein is found to occur in several forms such as tubular, fibrillar, crystaline and also
depends plant species and age. P protein function to seal off damage caused to sieve elements as
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they plugg up pores present in sieve plate. P- protein is a short term solution to damage caused to
sieve cells. In comparision toP- protein callose is a long term solution to seal off damage caused
to phloem tissue. Callose is a -(1,3)-glucan, which is synthesized in functioning sieve elements
by their respective plasma membranes.

Evidences which show translocation occurs through phloem

Experimental evidences in support of the fact that translocation of sugars takes place in phloem
are quite substantial and satisfactory. A few of them are given here:

(1) Ringing experiment: Curtis (1925) conducted ringing experiments. In one set he removed a
ring including phloem and in another set a ring including xylem but excluding phloem. A third
set was kept intact; shoot parts above the ringed parts in the ringed sets were defoliated. To keep
the cut prortion moist it was enclosed in a glass cylinder filled with water. Phloem removed
plants showed much less growth and elongation in the upper defoliated part while the stem in
which only xylem was removed showed good growth and more elongation. It shows that phloem
is the tissue through which most of the food is translocated in upward direction.

(if) Exudation incision in bark: When an incision is made in the bark of a deciduous tree, there
is an exudation of liquid containing sugars in high concentration. A careful examination reveals
that the exudates come from sieve tubes elements.

(iii) Evidences from tracer techniques: The use of tracer techniques has extended further
support to the fact that phloem is the tissue through which organic compounds are translocated
downwards. Burr and others (1945) allowed a bean leaf to photosynthesised in an atmosphere of
carbon isotope (**C and '“C) and observed that labelled sugar moved in the phloem. This
technique has also shown clearly that sugar moves in sieve elements rather than in other phloem
cells.

(iv) Chemical analysis: Chemical analysis of phloem reveals that these are relatively richer in
carbohydrate and organic nitrogen compounds as compared to lower percentage in xylem tissue.
It is obvious, therefore that solute moves through phloem.

4.3 TRANSPORT OF ORGANIC SUBSTANCES

Translocation of solutes can also be defined as process of redistribution of, photosynthesis
products and other organic compounds (metabolites, hormones) and some of the mineral
nutrients. Amino acids, proteins, organic acid, mineral element like Mg, K CI', PO, are also
transported during the process of translocation alongwith photosynthetic product. Carbohydrates
(sugars) are the most important metabolite transported during the process of translocation.
Nitrogen gets translocated mainly in form of amino acid glutamate, aspartate, glutamine,
asparagine. Plant hormones such as cytokinin, abscisic acid, GA3 are also transported through
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sieve tubes during phloem translocation. Proteins such as ubiquitin, chaperons, thiorodoxin, P-
protein are also transported through phloem translocation. Sugars can be classified as reducing or
non reducing based upon presence or absence of free aldehydic or ketonic group. Only non
reducing sugars are transported during the process of translocation as they are non reactive. None
of the reducing sugar like glucose, mannose, fructose are transported during translocation as they
are too reactive to be transported through phloem tissue due to presence of free aldehydic or
ketonic group. Sucrose is the most common (and major) sugar transported  through phloem
tissue from source to sink. Sucrose is a disaccharide made up of one unit of glucose and one unit
of fructose. Beside sucrose other sugars transported during translocation include raffinose,
stachylose, verbascose, etc. Most of these sugars contain galactose unit(s) attached to sucrose.

GLUCOSE #f FRUCTOSE

!

SUCROSE d GALACTOSE

!

RAFFINOSE + GALACTOSE

Fig. 4.2: Different types of sugar transported during phloem translocation
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Fig. 4.3 Structure of some of reducing and non -reducing sugars

44 MECHANISM OF PHLOEM TRANSPORT (PHLOEM
LOADING AND UNLOADING)

This transfer of sugars (photosynthetic) from mesophyll cells to sieve tube elements in the leaf is
called as phloem loading. On the other hand, the transfer of sugars (photosynthetic) from sieve
tube elements to the receiver cells of consumption end (i.e., sink organs) is called as phloem
unloading. Both are energy requiring processes. The movement of sugars from mesophyll cells
to sieve tubes of phloem may occur either through symplast (i.e., cell to cell through
plasmodesmata, remaining in the cytoplasm) or the sugars may enter the apoplast (i.e., cell walls
outside the protoplasts) at some point en route to phloem sieve tubes. In the latter case, the
sugars are actively loaded from apoplast to sieve tubes by an energy driven transport located in
the plasma membrane of these cells. The mechanism of phloem loading in such case has been
called as sucrose-H* symport or cotransport mechanism. According to this mechanism (Fig.15.5
) protons (H*) are pumped out through the plasma membrane using the energy from ATP and an
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ATPase carrier enzyme, so that concentration of H* becomes higher outside (in the apoplast)
than inside the cell. Spontaneous tendency toward equilibrium causes protons to diffuse back
into the cytoplasm through plasma membrane coupled with transport of sucrose from apoplast to
cytoplasm through sucrose -H* symporter located in the plasma membrane

Cell wall Plasma (Cytoplasm
(apoplast) (membrane) (symplast)
L
/ 5
H ATPase
ATP
H = H
ADP + Pi
. Sy PR SUCROSE - H’
0 > H SYMPORTER
SUCROSE — > SUCROSE
HIGH H’ LOWH'
CONC. CONC..

Fig.4.4: Transpost of sucrose across cell membrane

Phloem loading is specific and selective for transport sugars. Both symplastic and apoplastic
pathways of phloem loading are used in plants but in different species. In some species however,
phloem loading may occur through both the pathways in the same sieve tube element or in
different sieve tube elements of the same vein or in sieve tubes in veins of different sizes.

CO, A. Cell wall - Sieve element
apoplast pathway

Companion cell

B. Cytoplasm —
symplast pathway

Active loading

Sieve element

Companion cell

Plasmodesma
Phloem parenchyma cell

(transfer cell or
intermediary cell)

- /

Bundle sheath cell

Leaf mesophyll cells (main site of photosynthesis)

Fig.4.5 Process of phloem loading
Phloem Unloading: It occurs in the consumption end or sinks organs (such as developing
roots, tubers, reproductive structures etc.)
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Sugars move from sieve tubes to receiver cells in the sink involving following steps:

(i) Sieve element unloading: In this process, sugars (imported from the source) leave sieve

elements of sink tissues.

(if) Short distance transport: The sugars are now transported to cells in sink by a short distance

pathway which has also been called as post-sieve element transport.

(iii) Storage and metabolism: Finally, sugars are stored or metabolized in the cells of the sink.
As with the phloem loading process, sucrose unloading also occurs through symplast via

plasmodesmata or through apoplast at some point en route to sink cells. Phloem unloading is

typically symplastic in growing and respiring sinks such as meristems roots, and young leaves

etc. in which sucrose can be rapidly metabolized. (Young leaves act as sink until their

photosynthetic machinery is fully developed, at which point they become sources).

Differences between apoplast and symplast mode transport of molecules

S.No. Apoplast pathway Symplast pathway

1 It consists of non-living parts of | It consists of living parts of plant boy
plant body like cell wall, | like protoplast, connected through
intercellular spaces. plasmodemata.

2 Movement through apoplast | Movement through symplast pathway
pathway faces little resistance. faces comparatively more resistance.

3 The process is faster as compared to | The process is slow as compared to
symplast movement apoplast movement

4.5 CONCEPT OF SOURCE AND SINK

The part or organ of plant which produces or stores photosynthetic product (photosynthate) and
other metabolites are known as source. Leaves are predominant source. Sink is defined as any
non photosynthetic part or organ of a plant which cannot synthesize their own metabolites
(mainly sucrose) and hence needs these metabolites to be supplied to them from photosynthetic
part of plant.

Source Sink
Leaves Roots
Storage  organs  during | Tubers
exporting phase Fruits
Immature leaves
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PHLOEM
[source | — [ sink_ |
Sucrose, other j

metabolites

PROCESS OF TRANSLOCATION

The general pattern of translocation is from source to sink, but all sources doesnot supply to all
sink. Generally, metabolites are supplied to each sink through nearest source. Some sources
specifically supply to specific sink. Upper leaves normally supply to growing shot tips and
young and immature leaves. Lower leaves predominantly supply to roots of the plant. whereas
intermediate leaves transport metabolites in both (upward and downward) directions.

Shoot tip, Young &
immature leaves

[ Upper leaves ]

[ Intermediate leaves

Supplyin both
directions

[ Lower leaves ]

Root system

Fig.4.6 General pattern of translocation of solutes

Roots and stem are the major sink during vegetative growth (non reproductive phase) of the
plant. However during flowering and fruiting season (reproductive phase) flowers, fruits and
seeds become predominant sink and most of the leaves supply nutrient and metabolite to fruits
and seeds. Also, the plants in which roots and underground stem act as storage organ such roots
and stem act as source during growth phase and accumulate nutrients during growth phase. Such
storage roots and stem act as sink and the nutrients stored in these roots and stem are utilized for
growth of shoots especially during non growth phase.

- ________________________________________________________________________________________]
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() seeds
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Fig.4.7: Source and sink relationship during vegetative and reproductive phase

Directions of translocation

Translocation of solutes can occur in different directions depending upon the relative positioning
of source and sink. Also, direction of translocation is influenced by developmental stage of the
plant.

1. Downward Translocation: The most common direction of translocation of solutes is
downwards. The leaves photosynthesize food in excess (more than their own requirement). This
excess food is trans-located downwards to stem (either for storage, metabolism or maintenance
of its cells) and roots for their growth and development.

2. Upward Translocation: Translocation of solutes can also occur in upward direction. Two
main examples of upward translocation of solutes include-

(i) Deciduous plants, where renewal of growth and development of new leaves depend on
upward transport of reserve food (nutrient) stored in the roots and stems.

(ii) Also, for formation and growth of stem apices, formation of flowers and fruits during
reproductive season is dependent upon the movement of sugars and other metabolites from
leaves in upward direction.

3. Lateral Translocation: Translocation of solutes can also occur in lateral direction.

4. Bidirectional Translocation: Movement of sugars have also been reported to move from
leaves in both upward as well as downward directions.

Different theories of mechanism of translocation

1. Diffusion hypothesis: many scientist (physiologist) proposed that translocation of solutes
occurs from their higher concentration to lower concentration through the process of simple
diffusion. But strongly criticised the main objection to the theory was that process of
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diffusion the main objection to the theory was that process of diffusion is a slow process of
whereas solute (food) molecules are transported at a much higher rate in phloem tissue.
Activated diffusion hypothesis: In 1936 Mason and Phillis proposed the concept of
activated diffusion hypothesis according to which streaming protoplasm of sieve tubes
possess some kind of mechanism which activates diffusion of solutes molecules.
Electro-osmotic theory: this theory proposed by Fenson Spanner (1958) . According to this
theory flow of liquid through pores can occur at a faster rate under influence of
electroosmotic gradient than simply under osmotic gradient. However theory lacks
experimental evidence.

Interfacial flow hypothesis: Van den Honert (1932) proposed this theory according to which
solute molecules can be absorbed and dispersed at interface, which is due to reduction of
surface tension.

Protoplasmic streaming theory: de Varies (1885) proposed protoplasmic streaming theory.
According to this theory solute molecules are transported from one end of sieve tube to
another end by streaming movement of protoplasm. Transport of solute molecules from one
sieve tube to next sieve tube occurs by simple diffusion through sieve pores present between
two sieve tube. The theory hence accounts for movement of solute upward and downwards
simultaneously.

Support of theory:

1.

2.
3.
4

All living cells shows protoplasmic streaming.

Streaming movement is faster as compared to diffusion.

Solutes are known to be transported bidirectionally.

Rate and direction of translocation are net dependent upon concentration gradient and
osmotic gradient.

Factors affecting protoplasm streaming are also known to affect translocation.

Objection to the theory:

1.

Age old sieve tube elements do not show active protoplasmic streaming but they are actively
involved in the process of translocation.

Rate of protoplasmic streaming is slower as compared to the rate at which translocation of
solute occurs.

Munch mass flow hypothesis: The hypothesis was proposed by Munch (1927-1930). This
hypothesis is also known as pressure flow hypothesis protoplasm of sieve tubes is connected
by plasmodesma which forms an uninterrupted permeable system known as symplast.
According to this theory solute gets accumulated in leaves as a result of photosynthesis. This
increase osmotic potential of leaves due to which water is absorbed from xylem elements and
turgor pressure directs transport of solution (containing solute) into sieve tube (phloem).
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In other region of plants such as roots and storage organs the solutes are utilized or get
converted into insoluble form. This result in lowering of osmotic pressure which lowers
turgor pressure overall this results in turgor pressure gradient with high pressure in leaves
(source) and lower pressure in roots (sink). Hence water with solutes flows from solute to

sink.

. T : w220y Photosynthesis

}}% 3 pressure
A- 2 m.- )
T
O g
: § e
| = Low turgor
: 'i essure
‘@) Sink
Starch Storage
Water Mass Active
Flow Transport

Fig.4.8: Representation of Munch mass flow hypothesis

Evidence in support of munch hypothesis

1.

Mass flow hypothesis is supported by the fact that if a cut is made in phloem region of stem
of plant, the sap which exudates (comes out) contains high sugar content and the flow of this
exudates from the cut continues for more than 24 hours.

Theory is based on good physical properties along with adaptation of mature sieve
elements to the mechanism.

Another evidence includes pressure of positive concentration gradient in many plants.

Objection to the theory

1.

The theory explains only unidirectional flow whereas actually the translocation in a
bidirectional process.

Osmotic pressure at supply end (leaves) and osmotic pressure at consumption end (roots)
may not be in accordance with the principle of munch mass flow hypothesis.

Low temperature and pressure, metabolic inhibitors effects on translocation supports
participation of cytoplasm in transport of solutes whereas the hypothesis provides only a
passive role to sieve tube.

The hypothesis is unable to account for rapid rate of translocation in certain plants.

4.6 FACTORS INFLUENCING TRANSLOCATION
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Several factors influence the movement of solutes inside the plant. The important factors are:

1. Temperature: Temperature influences the velocity as well as amount of transport. The rate of
transport is higher between 20 to 30°C. Curtis (1929) observed that lowering of temperature
decreased the transport of carbohydrates. Hewitt and Curtis (1948) observed that rate of transport
increases from 4C to 30C and there occurs a sharp decrease in translocation at 40°C.

2. Concentration gradient: Translocation of carbohydrates increases with the decrease in
concentration gradient. The increased rate of translocation in day time in comparison to night is
due to the different concentration gradients.

3. Light: Light directly and indirectly both affects rate of translocation. Light wavelenght 650
nm to 760 nm are more effective in increasing rate of translocation.

4. Metabolism: Translocation also depends on metabolic state of tissues. It is more dependent on
source and consuming end tissues as compared to conducting tissues.

5. Oxygen: A sufficient supply of oxygen is required for the translocation of solute through
phloem. Deficiency of oxygen directly decreases the rate of translocation.

6. Water: Because food is always translocated in form of solution, water is also essential for the
process. Water supply greatly affects the turgidity of cells, their concentration gradient, hence
affects the rate of translocation also.

7. Auxin: Amount of auxin, produced in an organ or part of plant and the continuity of it’s
formation controls the translocation of food into the organ or part. That is why food is readily
translocated in meristematic and storage regions.

8. Minerals: Boron is associated with translocation of solutes. Deficiency of Boron and K+
causes decrease in translocation.

9. Age: Age of plant also affects the translocation, which is more in young tissues in comparison
to the old tissues.

4.7 SUMMARY

1. Translocation is defined as movement of sucrose and other organic molecules from one part
of plant to another.

2. Translocation occurs through phloem tissue.

3. Translocation occurs from the part of plant which possesses higher sucrose concentration.

4. Only non reducing sugars are transported during the process of translocation because of their
low reactivity.

5. Reducing sugars are not transported during the process of translocation since they have
exposed aldehydic or ketonic group which makes them reactive to be transported through
phloem tissue.

6. The parts of plant body (generally leaves) from which sugars are transported to other parts of
plant are called source and the region, part or organ to which sugars are transported are called
as sink.

7. Generally nearest source supplies to nearest sink.
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8. Lower leaves supply solutes to roots, upper leaves supple solutes to growing shoot tips and
young and immature leaves and intermediate leaves supply solutes to different part of plant
in both the direction.

9. Sucrose is main sugar transported during translocation.

10. Some species also translocate sugars such as stachyose and raffinose.

11. Main component of phloem tissue are sieve element and companion cell.

12. Companion cells provide energy in the form of ATP for the process of translocation of
solutes.

13. Sieve tube elements join to form a continuous tube.

14. A sieve tube is associated with one or more companion cells.

15. Pores present in sieve plate acts as open channel for solute transport.

16. Sieve tube cells and companion cells are linked through plasmodemata.

17. Companion cells are of three types ordinary, transfer and intermediary.

18. Sieve elements are prone to damage by insect, wind and pollution.

19. P protein seal off the damage caused in sieve element.

20. Transport of solute during translocation is driven by pressure gradient between source and
sink due to difference in concentration of solutes.

21. Transport of sugars from mesophyll cells into sieve tube element and companion cells is
called phloem loading.

22. Transport of sugars and other solutes from phloem tissue into sink (roots, stem)is called
phloem unloading.

23. Both phloem loading and unloading are active process.

24. Movement of solutes may occur through apoplast or symplast pathway.

25. Symplastic translocation occurs through plasmodemata.

26. Rate of translocation is affected by several factors such as temperature, light, oxygen, water
and age of plant.

27. A number of theories have been proposed for translocation of solutes.

28. These theories include diffusion hypothesis, electrodiffusion theory, protoplasmic streaming
theory, mass flow hypothesis and munch flow hypothesis.

4.8 GLOSSARY

Plasmodesmata: are microscopic channels which traverse the cell walls of plant cells and some
algal cells, enabling transport and communication between them.

Reducing sugar: Reducing sugar is a sugar that is capable of acting as a reducing agent because
it has a free aldehyde group or a free ketone group. All monosaccharides are reducing sugars,
along with some disaccharides, oligosaccharides, and polysaccharides.

Phloem: Vasucular tissues present in plants that conduct foods made in the leaves to all other
parts of the plant.
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Translocation: Transport of solutes from site of synthesis or storage to other part of plant where
they are required for metabolic activities.

Companion cell: Type of cell presents in phloem tissue, associated with sieve cells and provide
energy for the process of translocation.

Source: Part or organ of plant where metabolites such as sucrose are synthesized.

Sink: Part or organ of plant to which metabolites and solutes are transferred from source.
Deciduous: A plant whose parts, particularly leaves, are shed at regular intervals or a given stage
of development.

Vegetative growth (or phase): The period of growth between germination and flowering is
known as the vegetative phase of plant development.

Reproductive growth (or phase): Phase which involves production of flowers, fruits and seeds.
Phloem loading: Phloem loading is the process whereby carbohydrates enter the. sieve tubes at
the source.

Phloem unloading: Photoassimilate (sugars) removal from phloem and delivery to recipient
sink cells.

Apoplast: Inside a plant, the apoplast is the space outside the plasma membrane within which
material can diffuse freely.

4.9 SELF-ASSESSMENT QUESTIONS

4.9.1 Choose the most appropriate option for the following mentioned

guestions:

1. The most commonly translocated sugar during translocation is
(a) Sucrose (b) Galactose
(c) Starch (d) Glycogen

2. Phloem loading and unloading is an
(a) Active process (b) Passive process
(c) Facilitated diffusion (d) Both active and passive process.

3. Mechanical support is provided to phloem cells by
(a) Plasmodesmata (b) Phloem fibres
(c) Companion cells (d) P-Proteins and callose

4. Direction of translocation of solute is
(a) Lateral only (b) Upward and downward

(c) Lateral, upward and downward (d) None of the above

5. Deficiency of oxygen
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(a) Decreases rate of translocation (b) Inceases rate of translocation
(c) Doesnt have any effect on rate of translocation (d) None of the above

6. P Protein is found in
(a) Gymnosperms only (b) Angiosperms only
(c) Only monocots (d) Dicots and monocots

7. Which of the following statement is NOT correct

(a) Companion cells are living cells

(b) Companion cells are provided energy in form of ATP
(c) Companion cells are enucleated.

(d) Companion cells are associated with sieve elements.

8. Translocation involves transport of
(a) Reducing sugars only (b) Non reducing sugars only
(c) Reducing and non reducing sugars (d) Non sugar moieties

9. Sieve tube cells and companion cells are linked through
(a) Plasmodesmata (b) Membrane protein
(c) Cell walls (d) Cell membrane

10. Sieve elements can be damaged by
(@) Insects (b) Wind
(c) Pollution (d) All of above

11. Movements of solutes can occur through
(a) Symplast (b)Apoplast
(c) Bothaand b (d) Through plasmodesmata only

12. Which of the following is not phloem unloading
(a) Transport of sucrose from phloem to roots

(b) Transport of sucrose from phloem to fruits

(c) Transport of sucrose from phloem to stem

(d) Transport of sucrose from phloem to xylem

13. Phloem loading involves transport of sugar from
(a) Companion cell to mesophyll and sieve tube

(b) Mesophyll cell to companion cell and sieve tube
(c) Sieve tube to companion cell and mesophyll

(d) Sieve tube to mesophyll cell only
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14. Ordinary transfer and intermediate are types
(a) Companion cells (b) Sieve cells
(c) Plasmodesmata (d) P-Protein

15. Select the correct statement

(a) Sucrose is the only sugar transported during translocation.
(b) Apoplastic translocation occurs through plasomdemata.
(c) P-Protein seals off damage caused in sieve element.

(d) Rate of translocation is independent of age of plant.

16. Decidious plants require transport of nutrients for renewal of growth
(a) Downward (b) Upward
(c) Lateral (d) None of the above

17. Which of the following is NOT translocated during translocation
(a) Cytokinin and glutamate (b) Water and sucrose
(c) Cholesterol and sucrose (d) None of the above

18. Roots which store food at as

I. Source in vegetative season

I1. Sink in vegetative season

[11. Source in reproductive season

IV. Sink in reproductive season

(a) Both 1'and 111 are correct (b) only Il is correct

(c) Both 1l and 111 are correct (d) I, Il and I are correct.

19. Which of the following is a long term solution to seal off damage caused to sieve element
(a) P-protein (b) Callose
(c) Sucrose (d) None of the above

4.9.2 Fill in the blanks:

1. Phloem fibres provide support to phloem cells.

2. cell provide energy to sieve elements .

3. Protoplasmic streaming theory was given by

4 IS most common sugar transported during translocation.

5. of oxygen decreases rate of translocation.

6. Light wavelength of to nm increases rate of translocation.
7

8

9

Raffinose is made up of and
is made up of glucose and fructose.
seals of damage in sieve element .
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10. transport occurs through plasmodesmata.

11. Pores present in are open channels for transport.

12. Sieve tube cells and companion cells are joined together by

13. and are major sink during vegetative growth.
14. Lower leaves generally supply solutes to .

15. Transport of sugars during translocation is an process.

4.9.3 State whether the statement is true or false:

1. P- protein is present in gymnosperms

2. Activated diffusion hypothesis was given by Mason and Phillis.

3. Mass flow hypothesis is also known as pressure flow hypothesis.

4. Phloem loading is transport of solute from sink to source.

5. Mass flow hypothesis fails to account for rapid movement of solute in certain plants.
6. Ringing experiments proved that phloem tissues is responsible for translocation of solutes.
7. Deficiency of boron decreases rate of translocation.

8. Translocation of sugar decreases with decrease in concentration gradient.

9. Translocation is more in old tissue as compared to young tissues.

10. Companion cells are living and nucleated.

11. Process of phloem loading and unloading is an active process.

12. Transport of sugars through mesophyll cells occurs through symplastic diffusion.
13. Sieve cell sand sieve tubes comprise main conducting tissue for translocation of solutes.
14. Lowering of temperature increases transport of sugars.

15. Sieve tube elements contains well defined nucleus.

16. Translocation is affected by availability of oxygen.

17. Callose is a long term solution for damaged sieve elements.

18. Non photosynthetic organs generally act as sink.

19. During translocation photosynthetic products are transported from sink to source.
20. High concentration of sucrose in apoplast increases phloem loading.

4.9.1 Answers Keys: 1-a, 2-a, 3-c, 4-c, 5-a, 6-d, 7-c. 8-b, 9-a, 10-a, 11-c, 12-d, 13-b, 14-a,
15-c, 16-b, 17-c, 18-c, 19-b

4.9.2 Answers Keys: 1-Mechanical, 2-Companion, 3- DeVries, 4- Sucrose, 5- Deficiency,
6- 650, 760, 7- galactose and sucrose, 8-Sucrose, 9- P-protein, 10- Symplastic, 11- Sieve
plate, 12-Plasmodemata, 13- roots, stem, 14-Roots, 15-active.

4.9.3 Answers Keys: 1-F, 2-T, 3-T, 4-F, 5-T, 6-T, 7-T. 8-F, 9-F, 10-T, 11-T, 12-T, 13-T, 14-
F, 15-F, 16-T, 17-T, 18-T, 19-F, 20-T

4.10 REFERENCES
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e Plant Physiology : SN Pandey and B K Sinha, Vikas publishing House PVT.Limited

4.12 TERMINAL QUESTIONS

4.12.1 Very short answer type questions:
Define translocation?
Mention the role of companion cells in translocation of solutes?
Which molecules are transported during translocation
What is plasmodesmata?
What are P-protein.
What is the function of callose.
What is symplastic transport?
Name any four factors affecting rate of translocation?
What do you understand by source and sink?
. What are reducing sugars?
. Give two examples of sugar transported during translocation?
. Mention the monomer components of raffinose and sucrose?
. Name different types of companion cells?
. State protoplasmic streaming theory?
. Why reducing sugars are not transported during phloem translocation?
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4.12.2 Short answer type questions:

1. What is protoplasmic streaming theory? Mention evidences in support and objection to the
theory?

2. Briefly describe about phloem loading and unloading.

3. Mention about different directions of translocations of solutes?
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4. Write short note on munch hypothesis?
5. Define translocation. Which cells are involved in the process of translocation?
6. Mention about the theory which best explains the mechanism of translocation.
7. Mention about role of plasmodesmata in translocation of solute.
8. How does symplastic and apoplastic transport differ from one another?
9. Mention about different cells present in phloem tissue?
10. Describe about ringing experiment?
11. Giving examples with structure mention which type of sugars are transported during
translocation?
12. Differentiate between
(a)Reducing and non reducing sugars
(b) Phloem loading and unloading
(c)Symplastic and apoplastic transport

4.12.3 Long answer type questions:

1. Describe the process of phloem loading and unloading?

2. What is translocation of solutes? Mention about different factors affecting translocation?

3. Describe about various theories of translocation?

4. What do you understand by source and sink. How do they vary according to developmental

stage of plant?

With well labelled diagram describe about structure of phloem tissue?

What are reducing and non reducing sugars? Why only non reducing sugars are transported

during the process of translocation?

7. What is Munch mass flow hypothesis? Also mention evidence in favour and objections to
mass flow hypothesis?

8. How does apoplastic pathway differ from symplastic pathway of transport? Support your
answer with well labelled diagram?

o o
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BLOCK -2: METABOLISM

UTTARAKHAND OPEN UNIVERSITY Page 98



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

UNIT-5 PHOTOSYNTHESIS
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5.1 OBJECTIVES

After reading this unit students will be able to-
e Understand the significance and mechanism of photosynthesis.
e Learn about different photosynthetic pigments.
e Understand the mechanism of photophosphorylation.
e Distinguish between light and dark reactions.

5.2 INTRODUCTION

The autotrophic plants synthesize enormous amounts of organic food with the help of the light
energy available from Sun. Carbohydrates produced through photosynthesis constitute the basic
raw materials, which directly or indirectly give rise to all the organic components of virtually all
plants and animals. The entire humanity depends upon the prepared food of plants. Every year
some 200 billion tons of carbon go through the photosynthetic process. It is one of the most
massive chemical events going on the earth. It has been estimated that plants take up 7 x 10*
tons of CO, to produce roughly 5 x 10* tons of solid plant material. Approximately 90 per cent
of the world’s photosynthesis is carried out of marine and freshwater algae.

5.3 SIGNIFICANCE

Photosynthesis is a crucial energy converting process by which plants produce molecular oxygen
and carbohydrates by the use of photons present in the light. The natural source of light, the Sun,
helps the green colored plants to fix the atmospheric carbon dioxide into usable molecular
oxygen that we humans happen to breathe.

They help in maintaining a balanced level of oxygen and carbon dioxide in the atmosphere.
Almost all the oxygen present in the atmosphere can be attributed to the process of
photosynthesis, which also means that respiration and photosynthesis go together. Also, the
chemical energy stored in plants is transferred to animal and humans when they consume plant
matter. Photosynthesis can therefore be considered the ultimate source of life for nearly all plants
and animals by providing the source of energy that drives all their metabolic processes.

In a nutshell, the process of photosynthesis benefits us in the following ways.

1. Photosynthesis converts inorganic raw materials into food that provides our ecosystem with
energy.

2. Green plants provide organic food to all the animals and humans.

3. Rare fossil fuels like coal, petroleum and natural gas are formed through the degradation of the
past plant and animal parts which were originally formed by photosynthesis.
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4. Plant products like timber, rubber, herbs, medicines, resin and oils are derived from
photosynthesis.
5. Photosynthesis helps in providing oxygen in the atmosphere required by all living organisms.

5.4 HISTORICAL ASPECTS

From the time of Aristotle until the 17" century it was generally believed that plants derived all
their nutrition from the plant and animal debris of the soil. In the early seventeenth century J.B.
van Helmont (1577 — 1644), a Belgian physician who cultivated a willow plant in a container
for five years with enough watering concluded that it was water and soil which contributed to the
growth of the plant. In 1699, Woodward propounded the view that vegetables were not formed
of water but of a certain peculiar terrestrial matter, which was absorbed along with water.

It was left to Stephen Hales (1727), an English clergyman, an illustrious contemporary of Issac
Newton, often referred to as ‘father of plant physiology’ to point out that green plants may get
part of their nourishment through their leaves from the air and sunlight.

In 1779, Ingenhousz, who was a physician to the emperor of Austria, got interested in
Priestley’s papers and reported that plants ‘purified’ the air only in the presence of light. He
found that the same tissue made air ‘impure’ in dark. He also wrote that only the green parts of
the plant produced the purifying agent (oxygen), while non-green tissue contaminated the air.
Thus, Ingenhousz recognized the participation of chlorophyll and light in the photosynthetic
process. He performed about 500 experiments to show that the plants purified the air.

In 1804, de Saussure confirmed the finding of Ingenhousz regarding the gas exchange of the
two types: one in light (photosynthesis) and another in darkness (respiration). He also discovered
that water was also utilized in the process.

Dutrochet (1837) confirmed that the green part (chlorophyll) was essential for photosynthesis.

Liebig (1840), German agricultural chemist, reported that the sole source of carbon in plants was
carbon dioxide of the air and that the oxygen was released from CO..

Boussingault (1860-65) conducting an experiment on volumetric equality of carbon dioxide
absorbed and oxygen given out in light showed that plants obtained their total requirements of
carbon from carbon dioxide of air.

Englemann (1888) gave the action spectrum of photosynthesis.

Warburg (1919) was the first to use the green alga Chlorella for study of photosynthesis.

5.5 PHOTOSYNTHETIC PIGMENTS
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The Photosynthetic products are energy rich organic compounds. The potential chemical energy
of these compounds comes from the light energy.

The light energy to be effective in photosynthesis must be absorbed by a suitable pigment. This
vital role is performed by the green pigment, chlorophylls, in plants.

5.5.1 Chlorophyll

There are at least seven types of chlorophylls known: chlorophylls a, b, ¢, d and e,
bacteriochlorophyll and bacterioviridin. All these chlorophyll molecules contain a tetrapyrrole
skeleton formed into a ring with an atom of magnesium in the centre of the ring. A so-called
pyrrole molecule contains a skeleton of five atoms, four of carbon and one nitrogen and the five
are arranged in a ring. Four such pyrroles arranged in a ring form the head of a chlorophyll
molecule. Attached to this porphyrin ring at one point is an alcohol (phytol) “tail”, a long chain
of linked carbons. Relatively minor variations in the kinds and groupings of other atoms joined
to this head and tail skeleton account for the differences among different kinds of chlorophylls.
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C—CH
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CH;
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HC—CH
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CH
HC—CH
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C:”’*? CH;

CH CH CH
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Chiorophyll a Chiorophyll b Bacteriochlorophyll a

Fig.5.1 Structures of Chlorophyll a, chlorophyll b and bacteriochlorophyll

Chlorophylls ‘a’ and ‘b’ are the two most abundant chlorophylls. Chlorophyll a is found in all
the autotrophic plants except the photosynthetic bacteria. Chlorophyll b is absent in the blue
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green, brown and red algae. The other chlorophylls c, d, e are found only in algae and in
combination with chlorophyll a. Chlorophyll a possess —CH3 , a methyl group which is replaced
by —CHO, an aldehyde group in chlorophyll b. The structures of chlorophyll a, chlorophyll b and
bacteriochlorophyll are given in Fig.5.1.

The molecular formulae of the chlorophylls are given below:

Chlorophyll a : CssH 7205N4Mg

Chlorophyll b: C55H7006N4|V|g

Both the chlorophylls a and b have hydrophilic Mg — Porphyrin head and a lipophilic phytol tail.

The chlorophylls are primarily located within the grana thylakoids. The chlorophyll molecules
form a monolayer between the protein and lipid layers of the membranes of the thylakoids. The
hydrophilic heads of the chlorophyll molecules are embedded within the protein layer while the
lipophilic tails are located within the lipid layer.

5.5.2 The Absorption Spectrum

The portion of the electromagnetic spectrum which participates in photosynthesis is from 300 to
900 nm. In green plants only the visible spectrum (400-750 nm) is effective in photosynthesis.
Photosynthetic green bacteria can absorb wavelengths from 375-800 nm while purple
photosynthetic bacteria absorb 300 to 950 nm.

The chlorophyll pigments chiefly absorb in the violet blue and red parts of the spectrum. The
absorption band in the violet blue region is called Soret band.

The chlorophyll a has two prominent absorption peaks at 430 nm and 662 nm. There are reports
of different forms of chlorophyll a with absorption peaks at 660, 670, 680, 685, 690 and 695 to
720 nanometers. These variations are perhaps due to the environmental changes. The absorption
peaks for chlorophyll b occur at 453 and 642 nm as shown in Fig.5.2.

4‘ 453

‘ [ Chiorophyfl a oo

Absorption

W p——————— Chlorophyli b

I 1 -
400 500 600 700

Wavelength A [nm]

Fig.5.2 Absorption spectrum of chlorophyll a and chlorophyll b
The solubility properties of the two pigments differ. Chlorophyll a dissolves very well in
petroleum ether while chlorophyll b in methyl alcohol.
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The distribution of pigments and their absorption peaks are given in Table-1

S.No. | Type of Pigments | Distribution in Plant | Absorption peaks in cells in
Kingdom nm

1 Chla All green Plants 435 670-680

2 Chl b All  green plants except | 480 650
diatoms brown, red and blue
green algae

3 Chlc Diatoms and brown algae - 645

4 Chld Some red algae - 740

5 Protochlorophyll Etiolated Plants - -

6 Bacterioviridin Green Sulphur Bacteria - 750 or 760

7 Bacteriochlorophyll | Purple sulphur bacteria - 800, 850 and 890

5.5.3 Carotenoids

The carotenoids are the main accessory pigments in photosynthesis. They transfer the light
energy to chlorophyll for photosynthesis. The carotenoids are widely distributed in plants. They
occur in bacteria, algae and higher plants. They include orange carotenes and yellow
xanthophylls. They absorb wavelength 400 nm to 500 nm because of which they are orange in
colour. Of the carotenes [-carotene is the abundant type. It absorbs blue light, and, therefore,
appears yellow in colour.
G-carotene is present in very small amounts in certain species. The carotenoids perform two
types of functions in the green plants. They trap light energy and transfer it to the chlorophyll a
particularly in algae and to some extent in higher plants. In higher plants this function is
performed by lutein of the xanthophylls and -carotene.

At high light intensities the entire cell apparatus is oxidized by atmospheric oxygen into carbon
dioxide. This process is termed photo oxidation which is as good as combustion. The carotenoids
(B-carotene) protect the photosynthetic apparatus from this type of destruction by trapping and
dissipating the excess excitation energy which would have otherwise converted molecular
oxygen to a highly reactive and mutagenic superoxide O,. The dissipation of excess energy in the
form of heat is facilitated by xanthophylls cycle.

Carotenoids consist of long chains of carbon atoms linked by conjugated single and double
bonds with six carbon rings as each end Fig.5.3.
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Fig.5.3 The molecular structures of the major carotenoids of higher plants
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The carotenes are hydrocarbons i.e. they contain carbon and hydrogen. The xanthophylls (also
known as carotenols) are alcohols and ketones and contain oxygen, carbon and hydrogen. Like
chlorophylls they are located in chloroplasts and also in chromoplasts. Carotenes are named after
carrot in which they are abundant. The distribution of the carotenoids in the plant kingdom is

shown in the Table 2.
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Table 2: The Carotenoids

Carotenes
Types of | Distribution in Plant Kingdom Characteristic absorption peaks
Carotenoids (nm)
& — Carotene Many leaves and certain algae. In | In hexane, at 420, 440, 470

red algae and a group of green algae
called siphonales.

B-Carotene Main carotene of all other plants. In hexane, at 425, 450, 480

y — Carotene Major carotene of green sulphur | In hexane, at 440. 460, 495
bacteria; traces in some plants.

Carotenols ( Also called Xanthophylls)
Luteol Major carotenol of green leaves, | In ethanol at 425, 445, 475
green algae and red algae

Violaxanthol Second major carotenol of leaves In ethanol, at 425, 450, 475

Fucoxanthol Major carotenol of diatoms and | In hexane, at 425, 450, 475
brown algae

Spirilloxanthol Common in purple bacteria In hexane, at 464, 490, 524

5.5.4 Phycobilins

Englemann found blue green light to be very effective in increasing the rate of photosynthesis of
brown and red algae. In fact the red algae gave the best result in green light. Since chlorophylls
hardly absorb green light it became obvious that some other accessory pigment was involved.
Several workers have since then demonstrated the role of phycobilins and carotenoids in
photosynthesis. The irradiation of carotenoids causes fluorescence of chlorophyll suggesting the
transfer of energy by accessory pigments to chlorophyll a during photosynthesis.

In blue-green and red algae some additional pigments known as phycobilins are present. They
are also tetrapyrroles like chlorophylls but the four joined pyrrole rings form a straight chain.
Like anthocyanins they also mask the green color of the chlorophylls. They are, however,
intimately associated with the cholorophylls. The light absorbed by them can be used in
photosynthesis. Phycobilins include red coloured phycoerythrins and blue coloured
phycocyanins found in red and blue-green algae respectively. Phycoerythrin absorbs the green
light the best. Phycocyanin absorbs blue light the best.
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The distribution of phycobilins in the plant kingdom is shown in the given table. (Table-3)

Table-3
Type of | Distribution in  plant | Absorption peaks in cells in nm
Phycobilins kingdom
Phycocyanins Mostly in blue green algae In water and in vivo, at 618
Phycoerythrins Mostly in red algae In water and in vivo, at 490, 546 and
576
Allophycocyanins | Blue green and red algae In phosphate buffer at PH 6.5 at 654

5.5.5 Anthocyanins

The colour of leaves is modified in certain plants due to the presence of purple pigment called
anthocyanins. They are formed by several rings of atoms, the rings being joined in complex
ways. Anthocyanins are soluble in water; hence they occur in the vacuolar sap of the cells. This
pigment does not take any part in photosynthesis. Anthocyanin is not present in the cytoplasm.

5.6 CONCEPT OF TWO PHOTOSYSTEMS

There are two reactions involved in photosynthesis. The first reaction requires light and is called
the light or Hill reaction. The second reaction does not require light and is called the dark or
Blackman reaction.

1. The light reaction is a photochemical reaction, while the dark reaction is a thermochemical
reaction. The unit of photosynthesis is believed to consist of two types of centres,
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photosystem | and photosystem II. These are excited at different wavelengths of light. The two
systemsare  linked by redox catalysts. The light reaction involves two processes,
photophosphorylation and photolysis of water. In photophosphorylation there is conversion of
light energy into chemical energy. Photophosphorylation is of two types, cyclic
photophosphorylation and noncyclic photophosphorylation.

2. The dark reaction takes place through a series of steps known as the Calvin-Benson cycle. The
details of different stages of photosynthesis will now be taken up.

In higher plants and algae two pigment systems are involved in photophosphorylation. These are
called photosystems | and Il. The pigments of the two systems are known as pigment system |
(PS I) and pigment  system Il (PS 1), respectively. PS | and PS Il are structurally distinct. PS |
and PS 11 both contain chlorophyll a, chlorophyll b and carotenoids. The distribution of the two
pigments however, varies in the two systems. PS | contain more carotenes than PS Il
Xanthophyll predominates in PS Il.  The primary photosynthetic pigment of both systems is
chlorophyll a. In blue-green and red algae phycobiliproteins (formerly phycoerythrin and
phycocyanin) are present as accessory pigments.

5.6.1 The Photosynthetic Apparatus

The membranes of the thylakoids are the seat for the light reactions of photosynthesis. The
reactions are accomplished with the involvement of a large variety of proteins. They are all
intrinisic proteins. They project on one side into the lumen of the thylakoid and on the other side
into the stroma. They include some of the enzymes of the electron transport chain, the reaction
centres and the antenna pigment protein complexes. The chlorophylls and carotenoids are linked
to these proteins in a highly specific manner. Fig.5.5 shows the organization of the protein
complexes within the membranes of the thylakoids. Park and sane (1971) assumed that the
stromal lamellae has PS | whereas granal lamellae has both PS I and PS II. The stromal lamella
can carry on cyclic photophosphorylation while the granal lamellae carry on the non cyclic
photophosphorylatioin. The PS Il occurs in the appressed region of grana thylakoids and PS 1
occurs in the stroma thyakoids and non-appressed regions of grana thylakoids.
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nmer bef cimer synthase complexes are distributed all over in a uniform manner.

(Redrawn from Allen and Forsberg, 2001).

Fig. 5.5 A segment of thylakoid membranes

Anderson and Anderson (1988) have reported that PS Il reaction center and antenna chlorophylls
as well as electron transport proteins are concentrated in the stacked regions of grana lamellae.
The PS I reaction center, its associated antenna pigments, electron transfer proteins as well as
ATP synthase occur only in the stroma lamellae and at the edges of the grana lamellae. The
cytochrome bgf complex of the electron transport chain are present all over the grana and stroma
lamellae. The electron carriers are placed in such a manner that they transfer the electron lost by
PS 11 in the grana to the stroma region where PS 1 is situated.

PS Il is present in large amount in the thylakoids of grana. The ration of PS Il and PS | has been
found to be 1.5:1 in majority of the species. The PS 1 is, however, in plently in cyanobacteria and
the cells of the bundle sheath of C, plants.

5.7 PHOTOPHOSPHORYLATION

There are two types of phtophosphorylations in the chloroplasts of plants:

1. Non cyclic photophosphorylation

2. Cyclic photophosphorylation.

1. Non-Cyclic Photophosphorylation

The famous Z scheme of non-cyclic phtophosphorylation was developed as a result of work of
several research workers. According to Hill and Bendall (1960), Rabinowithch and Govindjee
(1965) and others the photochemical reactions occur in series, the product of one being used up
by the other. It has undergone modifications from time due to discovery of new electron carriers.
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When the chlorophyll is photoexcited the electron gets dislodged from the chlorophyll molecule
leaving a ‘hole’ in it. The ‘hole’ left by displaced electron is soon filled up by the return of the
same electron or another one (cyclic and non-cyclic electron transport). In pigment system |
there are 200 chlorophyll a molecules and just one P700 molecule. Any one or all of the
chlorophyll a molecules can absorb red or blue photons of light and can pass on the excitation
energy to P700 molecule which alone can lose the electron. Due to very tight arrangement of the
chlorophyll a 683 molecules within PS | the singlet excitation energy resulting from the
absorption of a light quantum by Chl a 683 migrates from one molecule to another by resonance
transfer until it reaches a chlorophyll a 683 molecule which is adjacent to the long wave
absorbing pigment (P700). The energy is then passed as an excitation to the P700 molecule
which is the reaction centre. P700 attains the first excited singlet state and loses an electron to an
electron acceptor. The PSI function has been compared to an antenna which causes the
‘funneling’ of photons into an ‘energy trap’ or ‘sink’ (P700) or to a lens which concentrates light
into a focal point (P700).

The sequential steps in the electron transport chain are discussed under the following headings:

a) PS Il AND Photolysis of water: One of the two primary photochemical reactions in
photosynthesis is the absorption of red light by PS 1. According to Barber et al. (1999) PS I
IS a multi subunit protein super complex which has two unique chlorophyll a P680 reaction
centers (dimer) and some antenna complexes. After receiving light the P680 reaction center
gets photoexcited as a result of which an electron is ejected. The excited form of P680 known
as P680* loses its electron to pheophytin, which is the primary electron acceptor. Pheophytin
is a type of chlorophyll a in which magnesium is substituted by two hydrogens. According to
Okamura et al. (2000) the electron is transferred from pheophytin to plastoquinones Qa and
then to Qg. The two are bound to the reaction center. The second plastoquinone Qg after
receiving two electrons is reduced to Qg-> which reacts with two protons of the stroma to
form QH; (plastohydroquinone). QH, which is a small nonpolar molecule was earlier bound
to PS Il is freed from it. It moves into the non-polar part of the phospholipids and transfers
the electrons to cytochrome bgf complex. (Fig 5.6)

b) The Cytochrome Complex : The cytochrome bgf complex is also a large multi subunit
protein. It has many prosthetic groups. There are two b type hemes. a ¢ type heme
(cytochrome f), and a Rieske iron sulphur protein (FeSr) present in the complex.

In the non-cyclic or linear type of electron transfer QH; transfers one electron to Rieske FeS

protein which is present on the side of the lumen and transfers another electron to one or the

cytochrome b. The Rieske FeS protein transfers its electron to cytochrome f, which is also
present on the lumelal side of the thylakoid membrane. In the process two H™ ions are released
into the lumen.

In another mechanism for the transfer of protons and electrons in the cytochrome bef complex,
called cyclic process, the other QH, electron received by cytochrome b is transferred which after
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passing through the two b type cytoquinone reduces the semiquinone to plastohydroquinone. In
the process two protons are taken up from the stroma so that a total of 4 protons are released in
the lumen. ( Fig 5.6).

| (A) First QH, oxidized|

- Cytochrome by [ oxidized
Q
Thylakoid membrane Q. ----.?
I. H e b g e A e ?‘d e .\;{‘:_,:_‘3,\‘:"".&?&?_3_’__%4_, ‘-l
QHz | 7w Cyt 5-==" ~—PSi
Y e'@ P700
I‘ﬁ ‘
e G eS| e
T R A oyt 7
LUMEN 2H* 6 Plastocyanin
['(B) Second QH, oxidized L
STROMA. Cytochrome bef oxidized

Thylakoid membrane

*
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l .
2H* 6 Plastocyanin

Fig.5.6 Diagram to show the non-cyclic type of electron transport in the cytochrome bgf complex.
A. Linear or cyclic transport; B. Cyclic transport (Redrawn from Taiz and Zeiger, 2002)

¢) Plastocyanin, the Electron Donor to PS I: The plastocyanin accepts electrons from
cytochrome bgf complex and donates them to PS I. It is the only copper containing electron
carrier in the electron transport chain of photosynthesis. It is a small water soluble protein
and is present on the side of the lumen. Plastocyanin does not appear to be indispensable
since in some algae non-cylic electron transport chain occurs even in its absence.
d) The PS I: According to Jordan et al., the PS | is also a large multi subunit complex. It
contains not only the reaction center P700 but also a number of components which participate in
the transfer of electrons. They are all present around two big sized proteins called PsA and PsB
and some small proteins. The P700 is positioned in such a manner in the membrane that the
electron is easily ejected. The primary electron acceptor is Ay which is a type of chlorophyll. The
next electron acceptor is Al which is a quinone. The electron is then transferred to soluble
ferredoxin (Fd) through a series of iron sulphur proteins namely Fe Sx, Fe SA and Fe SB.
The electrons far transferred from ferredoxin to ferredoxin-NADP™ reductase (FNR) which
donates them to NADP" to produce NADPH (Vishniac and Ochoa, 1951).
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e) The ATP Synthase: It is a large complex enzyme and is known by several names such as
ATPase, the coupling factor, and CFo-CF.« This enzyme is situated only at the edges of granal
thylakoids and in the stroma lamella and therefore, the protons coming from photolysis of H,O
and from cytochrome bgf complex have to move great distances laterally to reach it. One of the
two components of the enzyme called CF, is hydrophobic and is bound to the membrane. The
other component termed CF; projects into the stroma.

According to Peter Mitchell’s chemiosmotic theory the energy required for the synthesis of ATP
is provided by proton motive force. The proton motive force is created by the proton chemical
potential and the transmembrane electrical potential. The H* ions released during photolysis of
water accumulate in the lumen of the thylaoids.. The accumulated H* ions in the lumen try to
leak back into the stroma through the ATP synthase. The protons enter the channel formed by
CFo and when they cross through the catalytic sites of B-polypeptide of CF;, the proton motive
force breaks, releases energy as a result of which ATP is generated . The latest detailed Z scheme
is given in Fig. 5.7.
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Fig. 5.7 Current concept of the Z-scheme of light phase of photosynthesis. (After Blankenship and
Prince, 1985). The cyclic electron transport is indicated by dotted line.

2. Cyclic Photophosphorylation
Another type of photophosphorylation can also take place under certain conditions e.g. when the
amount of available NADP" is low or PS Il is absent or monochromatic light beyond 680 nm is
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given to the plant in the laboratory. This process involves only pigment system | and, therefore,
photolysis of water and the consequent evolution of oxygen does not take place . Non cyclic
electron transfer does not take place and NADPH is not formed. The CO, assimilation is retarded
(red drop). The photosynthetic enhancement can, however, take place if PS Il wavelength of
light is also given to bring into action the noncyclic phtophosphorylation.

In cyclic electron transfer the electron flows from photoexcited P700 to X, A and B, FRS and
then to ferredoxin, which unable to pass electrons to NADP™ transfers them to cytochrome
be (E° = - 0.06 V). The electron is ultimately cycled back to P700 via PQ, FeS, cytochrome f and
plastocyanin. ATP molecule is formed either between ferredoxin and cytochrome bg or between
cytochrome bg and cytochrome f or at both steps.

It is however, doubtful whether cyclic process occurs in normal photosynthesis (VAN Niel,
1962), According to Ramirex et al. (1968) it may serve as the source of ATP for biosynthetic
processes occurring in chloroplasts that are not on the main photosynthetic path of carbohydrate
synthesis but branch off from this path for the synthesis of protein, DNA, RNA, starch, lipids,
pigments etc. Part of the ATP requirement of the dark phase of photosynthesis is also met with
by this process.

The cyclic electron transport chain was studied by Arnon. It is not inhibited by 3(3), 4-
dichlorophenyl 1, 1-dimethylurea: DCMU). This inhibitor, however, inhibits non-cyclic transport
of electrons. Cytocrome bg is an electron carrier which participates exclusively in cyclic electron
transport chain.

Table 4: Difference between cyclic and non cyclic photophosphorylation

S.No. Cyclic Photophosphorylation Noncyclic Photophosphorylation

1 Only photosystem | functions in cyclic | Both photosystem | and Il function in
photophosphorylation. noncyclic photophosphorylation.

2 Cyclic photophosphorylation functions | An independent electron donor s

in a closed loop. Electrons released | necessary. Water is the ultimate source of
from chlorophyll to acceptor return to | electrons. NADP™ is the final electron

chlorophyll. acceptor.

3 There is no net production of reduced | NADPH, is the reduced compound
compounds. NADPH; is not formed | formed. It is utilized in carbon
and assimilation of CO is retarded. assimilation.

4 Oxygen is not evolved. ATP formation is coupled to evolution of

oxygen.

5 In bacteria only cyclic | In green plants noncyclic
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photophosphorylation takes place. photophosphorylation also occurs.

6 Cyclic photophosphorylation is not | DCMU inhibits flow of electrons from
sensitive to either antimycin or | water to NADP+ and thus stops noncyclic
dichlorophenyl-dimethly-urea photophosphorylation.

(DCMU).

7 The flow of electrons is as follows The flow of electrons is as follows:

Chl (PS-1)-FRS-Fd-Cyt. be-Cyt. f-PC- | PS-11-Q-PQ-Cyt.f-PC-PS-1-FRS-NADP+
Chl (PS-1)

5.8 CALVIN CYCLE / DARK REACTION

During the dark reactions of photosynthesis carbon dioxide is reduced to form carbohydrates.
The term dark reaction implies that the reaction is not dependent on light. Synthesis of
carbohydrates proceeds in the dark. The dark reaction has been worked out mainly by Calvin,
Bensn and Bassham. The pathway by which carbon dioxide is fixed into carbohydrates is called
the Calvin-Benson cycle or Calvin-Bassham cycle. Carbon dioxide and water are used to
generate carbohydrate in the presence of ATP and NADPH. (Fig.5.8).

- ________________________________________________________________________________________]
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Outline of the durk reactions

6 Ribulose-1-5-diphosphate - 6 CO3+6 HyO-> 12 3-Phosphoglyceric acid
(RudP) (3 PGA)

12 3-phosphoglyceric acid -+ 12 ATP—>12 1-3-Diphosphoglyceric 4 12

(3 PGA) acid ADP

12 1-3-Diphosphoglyceric+ 12 NADPH—» 12 Phosphoglyceraldehyde +
acid (PGAL) 12NADP-12Pi

5-Phosphoglyceraldehyde (PGAL)—>5-Dihydroxyacetone phosphate (DHAP)

3 PGAL+3 Dihydroxyacetone phosphate=» 3 Fructose-1-6 diphosphate
(DHAP)

3 Fructose-1-6-diphosphate-+ 3 HgO—>3 Fructose-6-phosphate+3 Pi

2 Fructose-6-phosphate-+2 PGAL— 2 Xylulose-5-phosphate 4 2 Erythose-
4-phosphate

2 Erythrose-4-phospate +-2 DHAP— 2 Sedoheptulose-1-7-diphosphate
2 Sedoheptulose-1-7-diphosphate+2 HyO—>2 Sedoheptulose-7-phosphate+ 2Pi

2 Sedoheptulose-7-phospate+2 PGAL—2 Ribose-5-phosphate 2
Xylulose-5-Phosphate
2 Ribose-5-phosphate—»2 Ribulose-5-phosphate
4 Xylulose-5-phosphate—+4 Ribulose-5-phosphate (Ribose monophosphate)
(RumP)
6 Ribulose-5-phosphate+ 6 ATP—»6 Ribulose-1-5-diphosphate+6 ADP

Sum

1 6CO3+18 ATP+12 NADPH + 12H* 411 HO— Fructose-6-phosphate
18 ADP+ 12 NADP+ 417 H,PO, (Pi)

Fig.5.8 Outline of the dark reactions

1. Production of PGA
Calvin and his co-workers found that the first product to accumulate during photosynthesis was

phosphoglyceric acid (PGA). This arises as follows.

UTTARAKHAND OPEN UNIVERSITY Page 115



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

Carbon dioxide is first attached to ribulose-1-5-diphosphate (RudP) a 5-carbon atom compound,
to from an intermediate 6-carbon compound. Each molecule of this compound then splits to form
two molecules of PGA. Radioactive carbon dioxide (*CO,) was used in the experiment, and this
CO;, contributed one carbon atom of the two PGA molecules formed only one has radi  oactive
carbon. Thus only one free molecule of PGA is formed per molecule of CO; entering the cycle.
Actually, 6 molecules of RudP and 6 molecules of CO, react to produce 12 molecules of PGA.

CH,0PO,H, CH,OPO,H, CH,0PO,H,
(IIO HOOC~C!:HO Ho:CH
H(!OH + @ lco + @ COOH
HC|OH —i HICOH e—— ICOOH
C'H,OPO,H, éH“OPO,H, HCOH
Ribulose-1-5-diphosphate |CH,OPO‘H,
(RudP)

3 Phosphoalyceric acld (PGA)

2. Production of PGAL

Phosphoglyceric acid (PGA) is reduced to phosphoglyceraldehyde (PGAL). This Process is the
reverse of the oxidation step in glycolysis when PGA is oxidized to PGAL. In all 12 molecules
of PGAL are produced from the 6 molecules of RudP. The reaction takes place in two steps.
Firstly, PGA is phosphorylated by ATP to 1, 3-diphosphoglyceric acid.

CH,OPO,H, rl..napo.u.
HCOH 4+ ) Y. P + ADP
| N

COOH CH,OPO,H,

3 Phosphoglycenc acld .
og 1-3-Diphosphoglyceric acid

Secondly, 1, 3- diphosphoglyceric acid is reduced by NADPH + H* to Phosphoglyceraldehyde

(PGAL)
(|:00P03H, lCHO
HCOH -+ NADPH + H¥) oo HCOH 4
I \ [
CH,OPO,H, CH,0PO,H,
1-3-Diphosphoglyceric acid Phosphoglyceraldehyde (PGAL)
3. Production of Fructose-6- phosphate

PGAL is converted into its isomer dihydroxyactone phosphate (DHAP), as in glycolysis. DHAP
condense with PGAL to from fructose-1-6-diphosphate.
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CHO CH,OH ?H,OPO,H.
|
HCOH + 0 f.O
CH,OPO,H, CH,0PO,H, =i HOTH
Phosphoglyceraldehyde  Dihydroxyacetone phosphate HCOH
(PGAL) (DHAP)
HCOH
|
CH,0PO,H,

Fructose-1-6-diphosphate
This process is the reverse of the breakdown of fructose-1-6-diphosphate in glycolysis.

One phosphate group is removed from fructose 1-6 diphosphate (dephosphorylation) resulting in
the formation of fructose-6-phosphate.

CH,OPOH, CH,OH
I i
co co
| |
HOCH HOCH
. l
HCOH HCOH
! |
HCOH HCOH
CH,OPO H, CH,OPO H,
Fructose-1-6-diphosphate Fructose-6-phosphate

4. Production of Xylulose Phosphate
Fructose-6-phosphate reacts with PGAL to yield a pentose (5C), xylulose-5-phosphate, and a
tetrose (4C), erythrose-4-phosphate the reaction is catalysed by the enzyme transketolase.

(l:H,OH CH,OH CHO
(’:O (l:HO c:o H(!.OH
HOCH + HCOH —pp HOCH + HCOH
H(l:OH CH,OPO4H, HCOH CH,0PO,H,
HCOH CH,OPO4H,
ClH,OPO_.H,
Fructose-6-phosphate PGAL Aylulose-5-phosphate Erythrose-4-phosphate

Xylulose-5-phosphate readily isomerizes to ribulose-5-phosphate.

5. Formation of Sedoheptulose-1, 7-diphosphate
Erythrose-4-phosphate reacts with DHAP to from sedoheptulose-1-7 disposphate, the reaction
being catalysed by the enzyme transaldolase.
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CH,0PO,H,
CH,0H CHO co
(|:0 + HC,OH B e HOCH
(I:H,OPO.H, H(!OH HCOH
CH,O0PO,H, H('ZOH
HCOH
cIH,opo,H,
Erythrose-4-phosphate DHAP Sedoheptulose - 1-7-diphosphate

Sedoheptulose 1-7-diphosphate loses one phosphate (dephosphorylation) and becomes
sedoheptulose-7-diphosphate.

6. Formation of Ribose-5-phosphate

Sedoheptulose-7-phosphate reacts with another molecule of PGAL to from ribose-5-phosphate
and xyluose-5-phosphate. Both these products readily isomerizes to ribulose-5-phosphate or
ribulose monophosphate (RumP)

(':H.OH
co CHO CH,0H

HOCH CHO H(!OH |C0
| * ] + l

HCOH H(I:OH HCOH HOCH

H?OH CH,OPO,H, H(I:OH H!:OH

HCOH CH,OPO,H, (‘3H,OP0,H,
CH,O0PO,H,

So.’d-c:;]e:sl‘;n'l‘c;f;- PGAL Ribose-5-phosphate Xylulose-5-phosphate

5.9 C4 PATHWAYS

Most of the C, plants are monocots. There are also about 300 species of C,4 plants in dicots.
About 900 species belonging to 19 families are C,4 plants. The primary objective of the Hatch
Slack cycle is to trap atmospheric CO, in the maximum amount and to transport it into the
bundle sheath cells so that the rate of Calvin cycle is enhanced.

Till 1965 the mechanism of the photosynthetic CO, fixation was believed to occur only by
means of what is popularly known as Calvin cycle. In 1965 H.P. Kortschak, C.E. Hart can G.O.
Burr working with C**02 on sugar cane leaves found highly efficient photosynthesis and C,
dicarboxylic acid, malate and aspartate to be the major labeled products (80% of radio activity)
in very short periods of photosynthesis. Working on grasses this observation was confirmed by
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M.D. Hatch and C.R. Slack of David North Plant Research Centre, Queensland, Australia in
1967. The Hatch Slack pathway, as this alternative CO, fixation is called, has been found to
occur in tropical and subtropical grasses and some dicotyledons. Some of the important C,4 plants
are sugarcane, maize, sorghum etc. It is interesting to note that even within a single genus a sub-
tropical species Atriplex rosea exhibits Hatch Slack pathway whereas the temperate species
Atriplex hastata has only the Calvin cycle.

There are 4 distinct stages in the C,4 cycle:

1. CO; fixation in the mesophyll by phosphoenol pyruvate to form C, acids: malic and aspartic
acids.

2. The transfer of C,4 acids into the bundle sheath through plasmodesmata.

3. Decarboxylation of the C,4 acids in the bundle sheath.

4. The diffusion of pyruvate or alanine back into the mesophyll for the regeneration of CO,
acceptor pyruvate.

In Hatch Slack cycle the first step occurs in the cytoplasm of the mesophyll where PEP
Carboxylase (PEPcase) brings about the following reaction in the presence of water.

CO, + H, — HCO, + H*

IR P

PEP + HCO, Oxaloacetate

-::;u'hm.yl'.lrac
The oxaloacetate then moves into the chloroplast where it is reduced to malate by the enzyme
malic acid dehydrogenase which is present inside the chloroplast.

alate
e+ Malate + NADP"

dehydrogenase

Oxaloacetate + NADPH + H*

The oxaloacatate is also transaminated into aspartate. The malate diffuses into the cells of bundle
sheath through plasmodesmata. (Fig.5.9).The malate is decarboxylated within the cells of the
bundle sheath by NADP* dependent malic enzyme to produce CO, and pyruvate. While CO; is
taken up by RuBP to accelerate the calvin cycle the pyruvate diffuses back to the mesophyll cell.
The pyruvic acid reacts with ATP and an inorganic phosphate in the presence of an enzyme
present in the chloroplast known as pyruvate phosphate dikinase to produce phosphoenolpyruvic
acid, AMP and pyrophosphate.

pvruvate phosphate y ' :
* Phosphoenol pyruvic acid + AMP + P-Pi

Pyruvic acid + ATP + Pi T
The number of ATP molecules required to synthesis one hexose is, therefore, much more than
that of the Calvin cycle. The enzyme pyruvate orthophosphate dikinase brings about the
conversation of pyruvic acid into phosphoenol pyruvic acid by breaking up of two energy rich
bonds of ATP. The conversion of AMP back into ATP requires expenditure oftwo ATP
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molecules. While in Calvin cycle the requirement is 18 ATP in C4 plants, 12 extra ATP are
required because two additional ATP per CO, are essential for regenerating ATP from AMP.
The reactions of the Hatch-Slack cycle are given in Table 5.

Phosphophenolpyruvate carboxylase, pyruvate phosphate dikinase and the NADP® specific
malate dehydrogenase are present in the chloroplasts of the mesophyll cells, whereas RUBP
carboxylase NADP specific malic enzyme , and the remaining Calvin cycle enzymes have been
found to be present in the chloroplasts of a layer of paranchymatous cells which form a sheath
around the vascular bundle. Plasmodesmata have been observed to connect adjacent cells of the
bundle sheath and mesophyll layer in maize and sugarcane.

Table: 5
Reactions of C, photosynthetic carbon cycle.
‘SN, ~ Reaction Enzyme
I. | Phosphoenolpyruvate + HCO,” — oxalocaetate + P, Phosphoenolpyruvate(PEPcase)
carboxylase
2. | Oxaloacetate + NADPH + H' = malate + NADP* NADP : malate dehydrogenase |
3. | Oxaloacetate + glutamate — aspartate + o-ketoglutarate Aspartate aminotransferase
4. | Malate + NAD(P)* = pyruvate + CO, + NAD(P)H + H' NAD(P) malic enzyme

5. | Oxaloacetate + ATP — phosphoenolpyruvate + CO, + ADP | Phosphoenolpyruvate carboxykinase

6. | Pyruvate + glutamate - alanine + o-ketoglutarate Alanine aminotransferase

7. | AMP + ATP - 2 ADP Adenylate kinase

8. | Pyruvate + Pi + ATP — phosphoenolpyruvate + AMP + PPi | Pyruvate-orthophosphate dikinase

9. |PP+HO-2P Pyrophosphatase
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Hatch-slack cycle in the mesophyll

Transaminase

Ll

Aspartate (4c)

[Oxaloacetate (4c)|
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[Pyruvate (3c) | [ Malate (4c)

Malic enzyme |
I Pyruvate Mﬁ!ata (4¢c) l

‘:"-:'2

RuElF
Frucinae
?c 1, B-bis phasphate

Calvin cycle in the bundle sheath I

Fig.5.9 Hatch-Slack cycle and Calvin cycle as they occur within the mesophyll and bundle sheath of
the C, plants

5.10 CAM PLANTS

The members of the family Crassulaceae have a special type of metabolism called Crassulacean
acid metabolism (CAM) which is also exhibited by member of other families. CAM plant are
succulents with thick fleshy leaves, or, when leaves are absent, a swollen photosynthetic stem.
CAM plant can synthesize large amounts of malic and isocitric acids at night. Photosynthesis
occurs during the day and these acids disappear. The stomata of the leaves remain closed during
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the day and open only at night. This is an adaptation to conserve water, since succulents
exhibiting CAM are found in dry habitats. During the night Co, is taken into the leaves through
the open stomata. Because photosynthesis is limited by the storage pool of organic acid and
carbohydrate, CAM plants are generally slow growing. (Fig.5.10)

STARCH P
'

~ P1
GLUCOSE-6-P <= - FRUCTOSE-1, 6-dP
INADP - 5
WADPH e
RIBULOSE-5-P 2 TRIOSE PHOSPHATE
ea, ATP ? NADPH
RIBULOSE-1, 5-dP * ATP
(RudP)
RudP carboxylase 1
2 3-PHOSPHOGLYCERATE 2 PHOSPHOENOL PYRUVATE
(PGA)
‘ AMP + P1
‘ ATP
2 PHOSPHOENOL PYRUVATE 2 PYRUVATE

(PER) G
L \ / NADPH coy-e cc‘yc"f:
Fz P1 i

2 OXALOACETATE —g»- MALIC ACID

Fig.5.10 Crassulaecean acid metabolism

The CAM mechanism shows various modifications. Well watered Agave americana shows some
normal daytime photosynthesis along with some CO; fixation at night. In watered Agave deserti,
however, dark carboxylation stops and is replaced by normal C3 daytime photosynthesis.

5.10.1 Reactions of CAM
1) Formation of oxaloacetate. The requirements for formation of oxaloacetate are CO,
and phosphoenol pyruvic acid (PEP). PEP is formed from stored carbohydrate in leaves,
particularly starch. In CAM species the stomata remain open at night and CO; entering the leaves
are fixed by PEP to form oxaloacetate.

CO,+PEP  ———— Oxaloacetate + Pi

2 Formation of Malic acid- Oxaloacetate is reduced by malic dehydrogenase to malic
acid, which accumulates in the vacuoles of leaf cells. During this step NADPH, formed in the
pentose phosphate pathway is utilized, and the NADP formed enters the pentose phosphate
pathway.
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NADPH,; - NADP
OXAlOACEI AT —— Y qlic acid

3) Release of CO, from malic acid. — During the day ATP and NADPH are abundantly
available from the photosynthesis reactions. The stomata of the leaves are closed and malate is
transported back out of the vacuoles to the cytoplasm. Here malic acid is decarboxylated by an
NADP-linked malic enzyme to yield pyruvate and CO,. Thus the CO, stored at night is made
available for synthesis. The release of CO;, from malic acid is by the same mechanism as
employed by C, plants.

NADP — NADPHy

Malic acid =  Pyruvate -+ C0;
Malie epzyme

4) Formation of sugar — Photoactivation of the reductive pentose pathway in
chloroplasts results in the reduction of CO, released from malic acidto  hexose sugar
through this pathway.

Malic acid -+ COy + RudP Reductive pentose

£ ¥ hosphate cy
PGA -+ Hexose Fnsphnte iy

5.11 PHOTORESPIRATION

Although C; plants respire in the dark, the rate of oxygen utilization increases markedly when
the plants are illuminated. Photorespiration is a light driven efflux of CO, which proceeds
alongside with net CO, influx during photosynthesis. Photorespiration may attain 50% of the net
rate of photosynthesis. Photorespiration results in CO, evolution in light. This has the net effect
of decreasing photosynthesis which takes up CO; in light. It is therefore a wasteful process
which prevents plants from achieving a maximum yield in photosynthesis. In crop species the
yield would be greater if photorespiration did not occur. The substrate for photorespiration is
glycollate. Breeding of plants with lower photorespiration rates, or inhibiting glycollate
synthesis, would be means of increasing crop yields.

Photorespiration is exhibited by crop plants like wheat, rice, other cereals, many legumes and
sugar beets, while crops like corn, sorghum and sugarcane do not have photorespiration. (Fig. 5.
11)
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The CO, compensation point is the CO, concentration at a given constant light intensity at which
there is a balance between photosynthetic assimilation and respiration. The enzymes of the photo
respiratory pathways are present in both C3 and C, plants. The carbondioxide compensation point
for common Cs crop plants is about 40-60 ppm at 25° C, while that for C, plants is often less
than 10 ppm. The CO; generated in C, plants during photorespiration is trapped and re-cycled
internally by cytoplasmic PEP carboxylase of mesophyll cells. Thus CO, efflux is prevented.

Glycollic acid is a 2-carbon compound which is formed in large quantities in the chloroplasts of
Cs plants, from where it moves out into the cytosol.

5.12 SUMMARY

In this unit you have learnt about the mechanisms of photosynthesis occuring in plants. So let us

sum it up.

1. Photosynthesis is the chemical change which happens in the leaves of green plants. It is the
first step towards making food - not just for plants but ultimately every animal on the planet.
All green parts of a plant have chloroplasts.

However, the leaves are the major site of photosynthesis for most plants. There are about half
a million chloroplasts per square millimeter of leaf surface.

4. The color of a leaf comes from chlorophyll, the green pigment in the chloroplasts.

Chlorophyll plays an important role in the absorption of light energy during photosynthesis.
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10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

Powered by light, the green parts of plants produce organic compounds and O, from CO, and

H.0.

The equation describing the process of photosynthesis is:

a. 6CO,+ 12H,0 + Iight energy —» CgH1,06 + 605+ 6H,0

b. Ce¢H120¢ is glucose.

Water appears on both sides of the equation because 12 molecules of water are consumed,

and 6 molecules are newly formed during photosynthesis.

We can simplify the equation by showing only the net consumption of water:

a. 6CO, + 6H,0 + light energy —» CsH1,06 + 60,

Photosynthesis is two processes, each with multiple stages.

The light reactions (photo) convert solar energy to chemical energy.

The Calvin cycle (synthesis) uses energy from the light reactions to incorporate CO; from the

atmosphere into sugar.

In the light reactions, light energy absorbed by chlorophyll in the thylakoids drives the

transfer of electrons and hydrogen from water to NADP+ (nicotinamide adenine dinucleotide

phosphate), forming NADPH.

a. NADPH, an electron acceptor, provides reducing power via energized electrons to the
Calvin cycle.

b. Water is split in the process, and O, is released as a by-product.

The light reaction also generates ATP using chemiosmosis, in a process called

photophosphorylation.

Thus light energy is initially converted to chemical energy in the form of two compounds:

NADPH and ATP.

The cycle begins with the incorporation of CO, into organic molecules, a process known as

carbon fixation.

The fixed carbon is reduced with electrons provided by NADPH.

ATP from the light reactions also powers parts of the Calvin cycle.

Thus, it is the Calvin cycle that makes sugar, but only with the help of ATP and NADPH

from the light reactions.

The metabolic steps of the Calvin cycle are sometimes referred to as the light-independent

reactions, because none of the steps requires light directly.

Nevertheless, the Calvin cycle in most plants occurs during daylight, because that is when the

light reactions can provide the NADPH and ATP the Calvin cycle requires.

While the light reactions occur at the thylakoids, the Calvin cycle occurs in the stroma.

There are two types of photosystems in the thylakoid membrane.

a. Photosystem | (PS I) has a reaction center chlorophyll a that has an absorption peak at
700 nm.

b. Photosystem Il (PS 1) has a reaction center chlorophyll a that has an absorption peak at
680 nm.

UTTARAKHAND OPEN UNIVERSITY Page 125



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

c. The differences between these reaction centers (and their absorption spectra) lie not in the
chlorophyll molecules, but in the proteins associated with each reaction center.
d. These two photosystems work together to use light energy to generate ATP and NADPH.
23. During the light reactions, there are two possible routes for electron flow: cyclic and
noncyclic.
24. Noncyclic electron flow, the predominant route, produces both ATP and NADPH.
25. Under certain conditions, photoexcited electrons from photosystem I, but not photosystem I,
can take an alternative pathway, cyclic electron flow.
a. Excited electrons cycle from their reaction center to a primary acceptor, along an electron
transport chain, and return to the oxidized P700 chlorophyll.
b. As electrons flow along the electron transport chain, they generate ATP by cyclic
photophosphorylation.
c. There is no production of NADPH and no release of oxygen.
26. Certain plant species have evolved alternate modes of carbon fixation to minimize
photorespiration.
27. Cy4 plants first fix CO; in a four-carbon compound.
a. Several thousand plants, including sugarcane and corn, use this pathway.
28. A unique leaf anatomy is correlated with the mechanism of C, photosynthesis.
29. In C4 plants, there are two distinct types of photosynthetic cells: bundle-sheath cells and
mesophyll cells.
a. Bundle-sheath cells are arranged into tightly packed sheaths around the veins of the leaf.
b. Mesophyll cells are more loosely arranged cells located between the bundle sheath and
the leaf surface.
30. C4 photosynthesis minimizes photorespiration and enhances sugar production.
31. A second strategy to minimize photorespiration is found in succulent plants, cacti,
pineapples, and several other plant families.
a. These plants are known as CAM plants for crassulacean acid metabolism.
b. They open their stomata during the night and close them during the day. Temperatures
are typically lower at night, and humidity is higher.
c. During the night, these plants fix CO; into a variety of organic acids in mesophyll cells.
d. During the day, the light reactions supply ATP and NADPH to the Calvin cycle, and CO,
is released from the organic acids.
32. Both C; and CAM plants add CO, into organic intermediates before it enters the Calvin
cycle.

5.13 GLOSSARY

ADP- Adenosine diphosphate, product of the Calvin cycle that is used in the light-dependent
reactions.
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ATP- Adenosine triphosphate. ATP is a major energy molecule in cells. ATP and NADPH are
products of the light-dependent reactions in plants. ATP is used in reduction and regeneration of
RuBP.

Autotrophs- Photosynthetic organisms which convert light energy into the chemical energy they
need to develop, grow, and reproduce.

Calvin cycle- Set of chemical reactions of photosynthesis that does not necessarily require light.
The Calvin cycle takes place in the stroma of the chloroplast. It involves the fixing of carbon
dioxide into glucose using NADPH and ATP.

Carbon fixation- ATP and NADPH are used to fix CO, into carbohydrates. Carbon fixation
takes place in the chloroplast stroma.

Chemical equation of photosynthesis - 6 CO, + 6 H,O — CgH1,06 + 6 O,

Chlorophyll- Primary pigment used in photosynthesis. Plants contain two main forms of
chlorophyll: a & b. Chlorophyll has a hydrocarbon tail that anchors it to an integral protein in the
thylakoid membrane of the chloroplast. Chlorophyll is the source of the green color of plants and
certain other autotrophs.

Chloroplast - Organelle in a plant cell where photosynthesis occurs.

G3P - Isomer of PGA formed during the Calvin cycle

Glucose (CgH1206) - Sugar that is the product of photosynthesis. Glucose is formed from 2
PGAL's.

Granum - Stack of thylakoids (plural: grana)

Light - Electromagnetic radiation; the shorter the wavelength the greater amount of energy.
Light supplies the energy for the light reactions of photosynthesis.

Light harvesting complexes (photosystems complexes) - Multi-protein unit in the thylakoid
membrane that absorbed light to serve as energy for reactions

Light reactions (light dependent reactions) - Chemical reactions requiring electromagnetic
energy (light) that occur in the thylakoid membrane of the chloroplast to convert light energy
into chemical forms ATP and NAPDH.

Lumen - Region within the thylakoid membrane where water is split to obtain oxygen. The
oxygen diffuses out of the cell, while the protons remain inside to build positive electrical charge
inside the thylakoid.

Mesophyll cell - A type of plant cell located between the upper and lower epidermis that is
the site for photosynthesis

NADPH — A high-energy electron carrier used in reduction

Oxidation - The loss of electrons

Oxygen (O,) - Gas that is a product of the light-dependent reactions

Palisade mesophyll - Area of the mesophyll cell without many air spaces

PGAL - Isomer of PGA formed during the Calvin cycle.

Photosynthesis - The process by which organisms convert light energy into chemical energy
(glucose).
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Photosystem — A cluster of chlorophyll and other molecules in a thylakoid that harvest the
energy of light for photosynthesis

Pigment - Colored molecule. A pigment absorbs specific wavelengths of light. Chlorophyll
absorbs blue and red light and reflects green light, so it appears green.

Reduction - The gain of electrons

Rubisco - An enzyme that bonds carbon dioxide with RuBP

Thylakoid - Disc-shaped portion of chloroplast, found in stacks

5.14 SELF ASSESSMENT QUESTIONS

5.14.1 Very Short Answer Type Questions

1. RUBISCO enzyme is also called as?

2. Which photosynthetic pigments contains open pyrolle ring?

3. What is the visible product of photosynthesis?

4. What is the source of CO2 during calvin cycle in C4 plant ?

5. Absorption spectrum of chlorophyll is maximum in which light?

5.14.2 Objective type questions:

1. During light phase of photosynthesis is oxidized and IS reduced.
(a) CO, and Water (b) Water and CO;

(c) Water and NADP (d) NADPH; and CO,

2. During dark phase of photosynthesis is oxidized and is reduced.
(a) CO, and Water (b) Water and CO,

(c) Water and NADP (d) NADPH; and CO,

3. The visible product of photosynthesis is
(@) glucose (b) cellulose
(c) starch (d) fructose

4. Glycolytic reversal is a part of
(a) aerobic respiration (b) anaerobic respiration

(c) light phase of photosynthesis (d) dark phase of photosynthesis

5. The source of CO2 during calvin cycle in C4 plant is

(a) Malic acid (b) OAA

(c) PEP (d) RuDP

6. Absorption spectrum of chlorophyll is maximum in light.
(@) red (b) blue
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(c) yellow (d) blue-violet

7. The oxygen molecule in glucose formed during photosynthesis comes from
(a) Water (b) Organic acids
(c) CO, (d) atmosphere

8. Light reaction of photosynthesis results in formation of
(@) O (b) NADPH +H+
(c) ATP (d) All of these

9.Reduction of co-enzyme NADP depends on
() Reduction of CO, (b) Evolution of O,
(c) Photolysis of water (d) Formation of ATP

10.Calvin cycle involves
(a) Oxidative phosphorylation (b) Oxidative carboxylation
(c) Reductive carboxylation (d) Reductive phophorylation

5.14.3 True/ False

. Photosynthesis takes place only in high intensity of light.

. During photosynthesis the reaction when PGA is converted into PGAL, is called reduction.

. During light reaction CO; reacts with Hy,

. In C3 pathway, the first stable compound is PGA.

. The source of oxygen evolved during photosynthesis is H,O.

. In C4 plants, synthesis of glucose occurs in bundle sheath cells.

. In cyclic and non-cyclic photophosphorylation, the first acceptor of electron are ferridoxin and
plastoquinone respectively.

8. Release of oxygen occurs during both cyclic and non-cyclic photophosphorylation.

9. During Photosynthesis water is oxidized and CO; is reduced.

10. Calvin was given Nobel prize in 1961 for his discovery of photolysis of water.

~N o ok W DN

5.14.1 Answer keys:

1. RUBISCO is called marker enzyme of chloroplast since it can perform carboxylation as well
as oxidation, therefore also called carboxydimutase.

2. Chlorophylls are made of closed pyrolle, whereas Phycobilins are made of open pyrolle,
Carotenoids are carbon hydrogen derivatives.

3. Starch is visible product since it can be stained with iodine.
During C4 pathway malic acid undergo decarboxylaton to release CO2.

5. Absorption spectrum of chlorophyll is maximum in blue light whereas action spectrum is
maximum in red light.
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5.14.2 Answer Keys: 1- (c), 2-(d), 3-(c), 4-(d), 5-(a), 6-(b), 7-(c), 8-(d), 9-(c), 10-(c)
5.14.3 Answer Keys: 1-False, 2-True, 3-False, 4-True, 5-True, 6-True, 7-True, 8-False, 9-
True, 10-False
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5.17 TERMINAL QUESTIONS
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5.17.1 Long Answer Questions:

1. What is photosynthesis? Describe the role of light and chlorophyll in photosynthesis.

2. Give an account of the mechanism of CO 2 fixation, explaining major s teps and the end
products in photosynthesis.

Comment on major chemical events occuring in the dark reactions of photosynthesis.
Write a concise account of photophosphorylation.

Give an account on Calvin cycle.

Explain why does photolysis of water take plac e only in pigment system Il and not in
pigment system 1.

7. What is photorespiration and how is it related to photosynthesis?

8. Give evidences for the existance of two photosystems in light reaction.

9. Write a short account on factors which affect photosynthesis.

10. Schematically represent the Z scheme of photosynthesis electron transport.

© 0ok~ w
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6.1 OBJECTIVES

After reading this unit students will be able to-
e Understand the significance and mechanism of respiration.
e Learn the mechanism of aerobic and anaerobic respiration.
e Understand Kreb’s cycle and electron transport mechanism and fermentation mechanism.
e Explain how actually energy is released and stored in the form of ATP in the cell.
e Account for 38 ATP molecules that are released during aerobic respiration.

6.2 INTRODUCTION

You know that all living organisms respire in order to release energy from glucose and make it
available in the form of ATP for chemical, osmotic and other work. Plants are no exception.
They need to respire virtually all the time in order to supply their energy needs. They are not able
to use the ATP generated in photosynthesis for these purposes. Plants respire in the normal way
using glycolysis, Krebs cycle, oxidative phosphorylation etc.

Often, the respiration is masked by the fact that photosynthesis produces oxygen faster than
respiration takes it up and photosynthesis uses carbon dioxide faster than respiration produces it.
It is only in the dark that the full effects of respiration become apparent when photosynthesis is
brought to a halt.

Plants need energy to take in mineral salts from the soil where they are present in very low
concentration - this needs work (energy) to concentrate the mineral inside the plant. Plants
growing in waterlogged soils (which are short of oxygen) cannot respire in their roots and soon
show the symptoms of shortage of minerals (like yellow leaves). (Rice is interesting because it
has a pithy stem through which it enables oxygen from above the water to get down to the roots
and therefore rice thrives in "paddy fields".)

Respiration is one of the many processes needed for survival. It is the process by which energy is
released from food by oxidizing the organic molecules. Respiration may occur in the presence of
oxygen, in which case it is called aerobic respiration or it may occur in the absence of oxygen
and is called anaerobic respiration. The main organic molecules used in respiration are
carbohydrates, such as the monosaccharide glucose and fructose, and fats. Proteins may also be
oxidized however it is a secondary source as protein is needed for other things such as cell
growth and repair.

6.3 ATP- THE BIOLOGICAL ENERGY CURRENCY
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Adenosine triphosphate (ATP) is a nucleoside triphosphate, a small molecule used in cells as a
coenzyme. It is often referred to as the "molecular unit of currency” of intracellular energy
transfer. ATP transports chemical energy within cells for metabolism.

ATP transports chemical energy within cells for metabolism. Most cellular functions need
energy to be carried out: synthesis of proteins, synthesis of membranes, movement of the cell,
cellular division etc.

The ATP is the molecule that carries energy to the place where the energy is needed. When ATP
breaks into ADP (Adenosine diphosphate) and Pi, the breakdown of the last covalent link of
phosphate (a simple -P04) liberates energy that is used in reactions where it is needed.

It is one of the end products of photophosphorylation, aerobic respiration, and fermentation, and
is used by enzymes and structural proteins in many cellular processes, including biosynthetic
reactions, motility, and cell division. One molecule of ATP contains adenosine, ribose, and three
phosphate groups, and it is produced by a wide variety of enzymes, including ATP synthase,
from adenosine diphosphate (ADP) or adenosine monophosphate (AMP) and various phosphate
group donors. Substrate-level phosphorylation, oxidative phosphorylation in cellular respiration,
and photophosphorylation in photosynthesis are three major mechanisms of ATP biosynthesis.

The structure of this molecule consists of a purine base (adenine) attached by the 9’ nitrogen
atom to the 1’ carbon atom of a pentose sugar (ribose). Three phosphate groups are attached at
the 5’ carbon atom of the pentose sugar. It is the addition and removal of these phosphate groups
that inter-convert ATP, ADP and AMP. When ATP is used in DNA synthesis, the ribose sugar is
first converted to deoxyribose by ribonucleotide reductase.

Respiration results in the formation of ATP (adenosine triphosphate) (Fig.6.1) through a process
called the Kreb’s cycle which takes place on the membranes of the mitochondrion. ATP is the
form of energy used in the body and provides cells with all the energy needed to carry out their
daily functions such as drive metabolic reactions which must occur fast enough if life is to be
sustained. If there is an excess of ATP then this will be stored in the mitochondrion for later use.
ATP HzN
=N

OHCH
Fig. 6.1 Adenosine triphosphate
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6.4 TYPES OF RESPIRATION

Respiration starts with glucose (usually). In aerobic and anaerobic respiration initial reactions are
common as a result of which pyruvic acid is formed by breakdown of glucose. The process is
called Glycolysis or EMP Pathway (Embden-Meyerhof-Parnas Pathway). This process does not
require O, although this can take place in the presence of oxygen. After this stage, the fate of
pyruvic acid is different depending upon the presence or absence of oxygen. (Fig.2).

If oxygen is present there is complete oxidation of pyruvic acid into H,O and CO, and chemical
reactions through which this occurs is called Tri-Carboxylic Acid cycle (TCA Cycle) or Krebs
Cycle. This cycle occurs in mitochondria. If oxygen is absent, pyruvic acid forms ethyl alcohol
(C2HsOH) and CO, without the help of any cell organelle. This process is called anaerobic
respiration.

Respiratory substrate
(Hexose)

Glycolysis or Pathway common to both-
EMP pathway ' aerobic and anaerobic respiration

Pyruvic acid

Absence of O, Presence of O,

Anaerobic respiration Aerobic respiration

C,H,OH+CO,+Energy CO,+H,O+Energy

Fig.6.2 Schematic representation of interrelationship between aerobic and anaerobic respiration

6.5 AEROBIC RESPIRATION

Aerobic respiration is an enzymatically controlled release of energy in a stepwise catabolic
process of complete oxidation of organic food into carbon dioxide and water with oxygen acting
as terminal oxidant. The common mechanism of aerobic respiration is also called common
pathway because its first step, called glycolysis, is common to both aerobic and anaerobic modes
of respiration. The common aerobic respiration consists of three steps—glycolysis, Krebs cycle
and terminal oxidation.

6.5.1 GLYCOLYSIS

It is also called EMP pathway because it was discovered by three German scientists Embden,
Meyerhof and Parnas. Glycolysis is the process of breakdown of glucose or similar hexose sugar
to molecules of pyruvic acid through a series of enzyme mediated reactions releasing some
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energy (as ATP) and reducing power (as NADH,) (Fig 6.3). It occurs in the cytoplasm. It takes
place in the following sub steps.

a. Phosphorylation:
Glucose is phosphorylated to glucose-6-phosphate by ATP in the presence of enzyme hexokinase
(Meyerhof, 1927) or glucokinase (e.g., liver) and Mg**.

hexokinase
Glucose +ATP ——> Glucose-6-phosphate+ADP
Mg=*

b. Isomerization:
Glucose-6-phosphate is changed to its isomer fructose-6-phosphate with the help of enzyme
phosphohexose isomerase.

Phosphohexose
Glucose 6-phosphate ======Fructose-6-phosphate
Isomerase, Mg“"

Fructose-6-phosphate can also be produced directly by phosphorylation of fructose with the help
of enzyme fructokinase.

Fructokinase
Fructose + ATP —————> Fructose-6-phosphate + ADP
Mg**

c. Phosphorylation:
Fructose-6-phosphate is further phosphorylated by means of ATP in presence of enzyme
phosphofructo-kinase and Mg?*. The product is Fructose-1, 6 diphosphate.

Phosphofructo-
Fructose-6-ohosphate + ATP ——>2Fructosc-l, 6-diphosphate + ADP
kinase + Mg**

d. Splitting:

Fructose-1, 6-diphosphate splits up enzymatically to form one molecule each of 3- carbon
compounds, glyceraldehyde 3-phosphate (= GAP or 3-phosphoglyceraldehyde = PGAL) and
dihydroxy acetone 3-phosphate (DIHAP). The latter is further changed to glyceraldehyde 3-

phosphate by enzyme triose phosphate isomerase (= phosphotriose isomerase).
Aldolase
Fructose-1, 6-diphosphate mm——==== Glyceraldehyde 3-phosphate (GAP) or Phosphyg]l-
yceraldehyde (=PGAL) + Dihydroxyacetone
3-phosphate
Triose phosphate
Dihydroxy acetone 3-phosphate === Glyceraldehyde 3-phosphate
isomerase

e. Dehydrogenation and Phosphorylation:
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In the presence of enzyme glyceraldehyde phosphate dehydrogenase, glyceraldehyde 3-
phosphate loses hydrogen to NAD to form NADH; and accepts inorganic phosphate to form 1, 3-
diphosphoglyceric acid.

Glyceraldehyde

Phosphate
Glyceraldehyde 3-phosphate + H,PO,+NAD* m======1,3-diphosphoglycericacid +
Dehydrogenase NADH + H*

f. Formation of ATP:

One of the two phosphates of diphosphoglyeerie acid in linked by high energy bond. It can
synthesise ATP and form 3-phosphoglyceric acid. The enzyme is phosphoglyceryl inase. The
direct synthesis of ATP from metabolites is called substrate level phosphorylation.

Phosphoglyceryl

—_

1, 3-diphosphoglvceric acid + ADP 3- phosphoglveeric acid + ATP

g. Isomerization:
3-phosphoglyceric acid is changed to its isomer 2-phosphoglyceric acid by zyme
phosphoglyceromutase.

phosphoglyceromutase
3-diphosphoglyceric acid 2-phosphoglyceric acid

h. Dehydration:
Through the agency of enzyme enolase, 2-phosphoglyceric acid is converted to phosphoenol
pyruvate (PEP). A molecule of water is removed in the process. Mg®* is required.
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Enolase

2-Phosphoglyceric acid ss=====Phosphoenol Pyruvate + H,0

Mg (PEP)
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ATP
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Fig. 6.3 Schematic representation of glycolysis or EMP pathway
i. Formation of ATP:
During formation of phosphoenol pyruvate the phosphate radical picks up energy. It helps in the
production of ATP by substrate level phosphorylation. The enzyme is pyruvic kinase. It produces
pyruvate from phosphoenol pyruvate.

Pyruvic Kinase
Phosphoenol Pyruvate + ADP.—e=—====="Pyruvate (Pyruvic acid) + ATP
MgZQ’ K'

NET PRODUCTS OF GLYCOLYSIS:

In glycolysis two molecules of ATP are consumed during double phosphorylation of glucose to
form fructose-1, 6 diphosphate. In return four molecules of ATP are produced by substrate level
phosphorylation (conversion of 1, 3 diphosphoglyceric acid to 3-phosphoglyceric acid and
phosphenol pyruvate to pyruvate). Two molecules of NADH, are formed at the time of oxidation
of glyceraldehyde 3-phosphate to 1, 3-diphosphoglyceric acid. The net reaction is as follows:
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Glucose+2NAD+2ADP+2H3P04+2H3P0, -> 2 Pyruvate+2NADH+2H +2ATP

6.5.2 KREBS CYCLE

The cycle was discovered by Hans Krebs (1937, 1940, Nobel Prize 1953). It occurs inside mito-
chondria. The cycle is also named as citric acid cycle or tricarboxylic acid (TCA) cycle after the
initial product. Krebs cycle is stepwise oxidative and cyclic degradation of activated acetate
derived from pyruvate (Fig. 6.4).

Oxidation of Pyruvate to Acetyl-CoA:

Pyruvate enters mitochondria. It is decarboxylated oxidatively to produce CO, and NADH. The
product combines with sulphur containing coenzyme A to form acetyl CoA or activated acetate.
The reaction occurs in the presence of an enzyme complex pyruvate dehydrogenase (made up of
a decarboxylase, lipoic acid, TPP, transacetylase and Mg?*).

Pyruvate n
Pyruvate + NAD" + CoA.__‘—L> Acetyl CoA + NADH + H* + CO,
Dehyrogenase

Acetyl CoA functions as substrate entrant for Krebs cycle. The acceptor molecule of Krebs cycle
is a 4-carbon compound oxaloacetate. Kerbs cycle involves two decarboxylations and four
dehydroge- nations. The various components of Krebs cycle are as follows.

a. Condensation:

Acetyl CoA (2-carbon compound) combines with oxalo-acetate (4-carbon compound) in the
presence of condensing enzyme citrate synthetase to form a tricarboxylic 6-carbon compound
called citric acid. It is the first product of Krebs cycle. CoA is liberated.

Citrate
Acetyl CoA + Oxaloacetate + Hz()__—>Citrale + CoA

Synthetase

b. Dehydration:
Citrate undergoes reorganisation in the presence of aconitase forming cis aconitate releasing
water.

Aconitase
Citrate ———— cis-aconitate + H,O
Synthetase

c. Hydration:

Cis-aconitate is converted into isocitrate with the addition of water in the presence of iron
containing enzyme aconitase.
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< g Aconitase ;
Cis-aconitate + H,0 ——— Isocitrate

d. Dehydrogenation:
Isocitrate is dehydrogenated to oxalosuccinate in the presence of enzyme isocitrate
dehydrogenases and Mn**. NADH, (NADPH)) is produced.

Isocitrate . N ’
Isocitrate + NAD* — 5 Oxalosuccinate + NADH + H

dehydrogenase, Mn?*

e. Decarboxylation:
Oxalosuccinate is decarboxylated to form a-ketoglutarate through enzyme decarboxylase.

Carbon dioxide is released.
Decarboxylase
Oxalosuccinate ————> u-Ketoglutarate + CO,

f. Dehydrogenation and Decarboxylation:

o-Ketoglutarate is both dehydrogenated (with the help of NAD™) and decarboxylated by an
enzyme complex a-ketoglutarate dehydrogenase. The enzyme complex contains TPP and lipoic
acid. The product combines with CoA to form succinyl CoA.

a-ketoglutarate

a-kethylutoxate + CoA+NAD* — 5 Succinyl CoA + NADH + H* + CO,-
dehydrogenase
(TPP. Lipoic acid Mg:‘)

g. Formation of ATP/GTP:
Succinyl CoA is acted upon by enzyme succinyl thiokinase to form succinate. The reaction
releases sufficient energy to form ATP (in plants) or GTP (in animals).

Succinyl CoA + GDP/ADP + H,PO, — ™ gyccinate + CoA + GTP/ATP

Thiokinase

h. Dehydrogenation:
Succinate undergoes dehydrogenation to form fumarate with the help of a dehydrogenase.
FADH; (reduced flavin adenine dinucleotide) is produced.

Succinate + FAD Succinate, — Dehydrogenase, Fumarate + FADH,

i. Hydration:
A molecule of water gets added to fumarate to form malate. The enzyme is called fumarase.

Fumarase
Fumarate + H,0 =—=——===Malate
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Fig.6.4 Schematic representation of Krebs cycle or TCA cycle

j. Dehyrogenation:

Malate is dehydrogenated or oxidised through the agency of malate dehydrogenase to produce
oxaloacetate. Hydrogen is accepted by NADP* NAD*

Malate
Malate + NAD (P)" mm——=—===—0xaloacetate + NAD (P)H + H*
Dehydrogenase

Oxaloacetate picks up another molecule of activated acetate to repeat the cycle.
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A molecule of glucose yields two molecules of NADH,, 2ATP and two pyruvate while undergo-
ing glycolysis. The two molecules of pyruvate are completely degraded in Krebs cycle to form
two molecules of ATP, 8NADH, and 2FADH,.

Glucose + 4ADP + 4H3PO,+10NAD" + 2FAD -> 6CO; + 4ATP + 10NADH + 10H" +2FADH;

6.5.3 TERMINAL OXIDATION

It is the name of oxidation found in aerobic respiration that occurs towards the end of catabolic
process and involves the passage of both electrons and protons of reduced coenzymes to oxygen.

FADHZv_——_;FAD+2H' + 2e
30, +2H" +2¢- —— H,0

Terminal oxidation consists of two processes-electron transport and oxidative phosphorylation.

6.5.3.1. ELECTRON TRANSPORT CHAIN:

Inner mitochondrial membrane contains groups of electron and proton transporting enzymes. In
each group the enzymes are arranged in a specific series called electron transport chain (ETC) or
mitochondrial respiratory chain or electron transport system (ETS). (Fig.6.5)

An electron transport chain or system is a series of coenzymes and cytochromes that take part in
the passage of electrons from a chemical to its ultimate acceptor. The passage of electrons from
one enzyme or cytochrome to the next is a downhill journey with a loss of energy at each step.
At each step the electron carriers include flavins, iron sulphur complexes, quinones and
cytochromes.

Most of them are prosthetic groups of proteins. Quinones are highly mobile electron carriers.
Four enzymes are involved in electron transport—(i) NADH-Q reductase or NADH-
dehydrogenase (ii) Succinate Q-reductase complex (iii) QH,-cytochrome ¢ reductase complex
(iv) Cytochrome c oxidase complex. NADH-Q reductase (or NADH- dehydrogenase) has two
prosthetic groups, flavin mononucleotide (FMN) and iron sulphur (Fe-S) complexes. Both
electrons and protons pass from NADH, to FMN. The latter is reduced.
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Fig.6.5 Electron Transport System (ETS)
NADH + H" + FMN——> FMNH, +NAD"

Electron now moves to the FeS complex and from there to a quinone. The common quinone is
co-enzyme Q, also called ubiquinone (UQ).

FMNH, + 2Fe®* S— >FMN + 2Fe?** S + 2H"
2Fe?* S+ Q + 2H'—>2Fe** S + QH;

FADH; produced during reduction of succinate also hands over its electrons and protons to co-
enzyme Q through FeS complex. The enzyme is succinate-Q reductase complex.

FADH, + 2Fe** S— > 2Fe’* S + 2H" + FAD

2Fe®* S+ Q+2H —> 2Fe** S + QH,
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QH,-cytochrome ¢ reductase complex has three components—cytochrome b, FeS complex and
cytochrome c;. Coenzyme Q may also be involved between FeS complex and cytochrome c;.

QH, + 2Fe®+ cytb — > Q + 2H" + 2Fe®+cyt.b
2Fe? + cyt.b + 2Fe®* S — > 2Fe® + cyt.h + 2Fe?+ S
2Fe?" S+ Q + 2H"—> 2Fe®*+ S + QH, (?)

QH, + 2Fe®* cyt.c, ——> Q + 2H" + 2Fe?*cyt.cy

Cytochrome c; hands over its electron to cytochrome c. Like co-enzyme Q, cytochrome c is also
mobile carrier of electrons.

2Fe?* cyt.cy + 2Fe cyt.c — > 2Fe®cyt.c; + 2Fe® cyt.c

Cytochrome c oxidase complex comprises cytochrome a and cytochrome as. Cytochrome as also
possesses copper. The latter helps in transfer of electron to oxygen.

2Fe?* cyt.c + 2Fe* cyta ——> 2Fe®* cyt.c + 2Fe®* Cyta

2Fe?* cyt.a + 2Fe®* cyt.as Cu® —> 2Fe** cyt.a + 2Fe®* cyt.as Cu?
2Fe? cyt.az Cu?* ——> 2Fe® cyt.c3 Cu?

2Fe3 cyt.az Cu'* + [O] ——> 2Fe® cyt.az Cu®*+ [O]

Oxygen is the ultimate acceptor of electrons. It becomes reactive and combines with protons to
form metabolic water.

2H" +0” > 2H,0

Energy released during passage of electrons from one carrier to the next is made available to
specific transmembrane complexes, which pump protons ((H") from the matrix side of the inner
mitochondrial membrane to the outer chamber. There are three such sites corresponding to three
enzymes present in the electron transport chain (NADH-Q reductase, QH,-cytcxhrome c
reductase and cytochrome c-oxidase).

This increases proton concentration in the outer chamber or outer surface of the inner
mitochondrial membrane. The difference in the proton concentration on the outer and inner sides
of the inner mitochondrial membrane is known as proton gradient. (Fig 6.6)
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Fig.6.6 Diagrammatic representation of ATP synthesis in mitochondria

6.5.3.2. Oxidative Phosphorylation:

Oxidative phosphorylation is the synthesis of energy rich ATP molecules with the help of energy
liberated during oxidation of reduced co-enzymes (NADH,, FADH,) produced in respiration.
The enzyme required for this synthesis is called ATP synthetase.

It is located in F; or head piece of Fo-F; or elementary particles present in the inner
mitochondrial membrane. ATP-synthetase becomes active in ATP formation only where there is
a proton gradient having higher concentration of H" or protons on the Fq side as compared to F;
side (chemiosmotic hypothesis of Peter Mitchel, 1961).

Increased proton concentration is produced in the outer chamber or outer surface of inner
mitochondrial membrane by the pushing of protons with the help of energy liberated, by passage
of electrons from one carrier to another.

Transport of the electrons from NADH; over ETC helps in pushing three pairs of protons to the
outer chamber while two pairs of protons are sent outwardly during electron flow from FADH;
(as the latter donates its electrons further down to the ETC).

Higher proton concentration in the outer chamber causes the protons to pass inwardly into matrix
or inner chamber through the inner membrane. The latter possesses special proton channels in
the region of Fq (base) of the Fo—F; particles.

The flow of protons through the Fo channel induces F, particles to function as ATP-synthetase.
The energy of the proton gradient is used in attaching a phosphate radicle to ADP by high energy
bond. This produces ATP. Oxidation of one molecule of NADH, produces 3 ATP molecules
while a similar oxidation of FADH, forms 2 ATP molecules.

2 ATP molecules are produced during glycolysis and 2 ATP (GTP) molecules during double
Krebs cycle. Glycolysis also forms 2NADHs. Its reducing power is transferred to mitochondria
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for ATP synthesis. For this a shuttle system operates at the inner mitochondrion membrane. (i)
NADH, —> NAD -> NADH;. (i) NADH; -> FAD -> FADH.

The former operates in liver, heart and kidney cells. No energy is spent. The second method
occurs in muscle and nerve cells. It lowers the energy level of 2NADH2 by 2ATP molecules. A
total of 10 NADH, and 2FADH, molecules are formed in aerobic respiration.

They help in formation of 34 ATP molecules. The net gain from complete oxidation of a
molecule of glucose in muscle and nerve cells is 36 ATP molecules (10 NADH; = 30 ATP, 2
FADH, = 4 ATP, four formed by substrate level phosphorylation in glycolysis and Krebs cycle
and two consumed in transport of theNADH, molecules into mitochondria). (Fig 6.7)

In procaryotes, heart, liver, and kidneys, 38 ATP molecules are produced per glucose molecules
oxidised. Passage of ATP molecules from inside of mitochondria to cytoplasm is through

facilitated diffusion.

Since, one ATP molecule stores 8.9 kcal/mole (7 kcal/mole according to early estimates) the
total energy trapped per gm mole of glucose is 338.2 kcal (266 kcal) or an efficiency of 49.3%
(38.8% according to older estimates). The rest of the energy is lost as heat.

INADH+H- |
ADP + Pj .\FMN
Yy S |

ATP ez}
[ Cyte
; 2e
| -
h . . ThE Cyta
. ape-mi_ Lo ]
N
v 2¢
H,0¢ 0 ~ 120,

Fig.6.7 A simplified system of terminal oxidation and oxidative phosporylation

Significance of Krebs cycle:

1. Apart from serving as an energy-generating system, Krebs cycle yields several substances that
figure as starting points for a number of biosynthetic reactions. Ordinarily Krebs cycle of
respiration is considered catabolic in nature, but it provides a number of intermediates for

UTTARAKHAND OPEN UNIVERSITY Page 146



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

anabolic pathways. Therefore Krebs cycle is amphibolic (both catabolic and anabolic). A few
examples are cited below:

(a) The synthesis of sucrose by way of glyoxylytic acid cycle is an instance in point. A slightly
modified Krebs cycle leads to the formation of glyoxylate, malate, oxaloacetate, phosphoenol
pyruvate and then by a reversed glycolytic pathway, sucrose is formed.

(b) There are two keto acids in Krebs cycle and on amination they yield the respective amino
acids- Pyruvic acid —> alanine; Oxaloacetic acid —> aspartic acid; and oc-ketoglutaric acid —>
glutamic acid.

The last of these opens up new pathways leading to the synthesis of glutamine, ornithine, proline,
hydroxyproline, citruiline and arginine.

(c) Succinyl-CoA is the starting point for the biosynthesis of several porphyrins.

2. Krebs cycle is a common pathway of oxidative breakdown of carbohydrates, fatty acids, and
amino acids.

6.6 ANAEROBIC RESPIRATION

Anaerobic respiration is synonymous with fermentation. It is also called intermolecular respi-
ration.

Here the carbohydrates are degraded into two or more simple molecules without oxygen being
used as oxidant. In anaerobic respiration (fermentation) the carbon-skeleton of glucose molecule
is never completely released as CO, and in some it may not appear at all. It does not require
mitochondria and is completed in cytoplasm.

The reason for believing that the two processes, fermentation and anaerobic respiration are
identical, are:

1. Hexose sugar is respiratory substrates in both.

2. The principal end products are same (CO, and C,HyOH) in both the cases.

3. The same enzyme systems drive both the processes.

4. Pyruvic acid and acetaldehyde are formed as intermediates in both the processes.

5. Both the processes are accelerated by addition of phosphate.

But it must be mentioned that fermentation is an in vitro process, referring to an occurrence out-
side of a living system while anaerobic respiration is a cellular process, occurring in vivo. Also
the energy produced during fermentation is totally lost as heat but the energy produced during
anaerobic respiration, some of it at least, is trapped into ATP (Fig.6.8).

The term anaerobic respiration is often used in connection with higher organisms where it occurs
in the roots of water-logged plants, muscles of animals and as supplementary mode of respiration
in massive issues. Anaerobic respiration is the exclusive mode of respiration in some parasitic
worms and micro-organisms (e.g., bacteria, moulds). In micro-organisms, the term fermentation
is more commonly used where anaerobic respiration is known after the name of product like
alcoholic fermentation, lactic acid fermentation.
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Fig.6.8 Schematic representation of alcoholic fermentation or anaerobic respiration yielding ethyl
alcohol

6.6.1. Ethyl Alcohol Fermentation

It is quite common in fungi (e.g., Rhizopus, Yeast) and bacteria. Yeast can respire both
aerobically and anaerobically. Anaerobic respiration occurs in sugary solution if the fungus is not
in contact with atmosphere. It causes fermentation. In the presence of pyruvate decarboxylase
and TPP (thiamine pyrophosphate), pyruvate is broken down to form acetaldehyde. Carbon
dioxide is released.

Pyruvate
2CH,COCOOH et 2CH,CHO +2CO,

Pyruvate decarboxylase Acetaldehyde

In the second step, acetaldehyde is reduced to alcohol by alcohol dehydrogenase. Hydrogen is
obtained from NADH-, produced during oxidation of glyceraldehyde 3-phosphate to 1,3-
diphospho- glvceric acid in glycolysis.
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. Alcohol
2CH, CHO + NADH — 5 C,H.OH+NAD"
Acetaldehyde dehydrogenase Ethyl alcohol

Thus from 1 molecule of glucose, 2 molecules of pyruvic acid are formed and from 2 molecules
of pyruvate (pyruvic acid) 2 molecules of ethyl alcohol and 2 molecules of CO, are produced.
The overall equation is as follows:

Zymase
CH,,0, — = 5 2C,H,OH +2CO, + 58 Keal.

emzyme

6.6.2. Lactic Acid Fermentation

Less familiar in higher plants but quite common in animal tissue, this pathway leads to the
formation of lactic acid. A NADH-requiring lactic dehydrogenase brings about this reaction. The
NADH required for the reaction is produced in glycolysis.

o
CH,COCOOH + NADH, — 5. C.H,0, + NAD*

Dehydrogenase Ldctic Acid
FMN, Zn?*

6.6.3 Alternate Anaerobic Respiration

The EMP pathway of glycolysis is no doubt the main anaerobic process but not the only channel
of glucose metabolism. There are other pathways by which glucose is metabolised anaerobically
in both plants and animal tissues. Two such systems discovered working in cells are Pentose
phosphate pathway and Entner Duodoroff pathway.

6.6.3.1 Pentose Phosphate Pathway:

Variously called Direct Oxidation Pathway, Pentose Phosphate Pathway, Warburg-Dickens
Pathway and Hexose Monophosphate Shunt, this metabolic pathway had been discovered
through a number of experiments of Lippman, Warburg (1935) and Dickens (1938). Later
Horacker (1955) and Racker (1954) worked out the sequence of events in the pathway.

Pentose Phosphate Pathway could be considered to proceed in two phases, a decarboxylative
phase and a subsequent regenerative phase, in the first phase, the hexose is converted into a
pentose. Two reactions, a decarboxylation and two dehydrogenations bring this about.

NADP functions as the coenzyme in both these reactions. In the second phase, there is
reorganisation of the pentoses formed in phase | to produce a hexose. Therefore, in this pathway
there is no cleavage of hexose to trioses as in glycolysis, and in PPP, NADP serves as the
coenzyme and not NAD as in glycolysis.

Phase I. Decarboxylative phase:
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a. Glucose-6-phosphate, which is the starting point for the operation of this pathway, is oxidised
to phospho-gluconic acid by the mediation of NADP-linked glucose-6-phosphate dehydrogenase.
Magnesium serves as an activator for this enzyme. The production of NADPH, marks the first
dehydrogenation in this reaction.
G-6-P dehydrogenase
Glucose-6-phosphate + ———— 6-Phosphogluconic acid + NADPH,

++
NADP + H,0 Mg

b. The 6-phosphogluconic acid is oxidised and decarboxylated by the NADP-linked 6-
phosphogluconic acid dehydrogenase. The reaction is activated by Mg*™
6-phosphogluconic
6-phosphogluconic acid + NADP —————=_ Ribulose-5 phosphate + NADPH, + CO;
acid dehydrogenase, Mg*™*

The production of NADPHj is the final dehydrogenation occurring along this pathway.

Phase 1. Regenerative Phase:
c. Here, ribulose-5-phosphate is converted to its aldopentose isomer, ribose-5-phosphate and is
mediated by phosphoriboisomerase.
Phosphoribo
Ribulose-5-phosphate  ——————> Ribose-5-phosphate
isomerase

d. Some of the ribulose-5-phosphate formed in reaction 2 is isomerised to xylulose-5-phosphate,
ketopentose. This is effected by phosphoketopento-epimerase.

Phosphoketo
Ribulose - 5 - phosphate === Xylulose - 5 - phosphate
pentoepimerase

e. Ribose-5-phosphate and Xylulose-5-phosphate produced in reaction 3 and 4 form the sub-
strates for this reaction. The enzyme, transketolase, transfers the ketol group from xylulose-5-
phosphate to ribose-5-phosphate. As a result, a seven-carbon keto sugar, sedoheptulose-7-
phosphate and a triose, glyceraldehyde-3-phosphate are formed. TPP and Mg"™" serves as
cofactors for this enzyme.

Transketolase
Xylulose - 5 - phosphate + =====——- Sedoheptulose - 7 - phosphate +
Ribose - 5 - phosphate rpp, Mg**  Glyceraldehyde - 3 - phosphate

f. Sedoheptulose-7-phosphate and glyceraldehyde-3-phosphate are converted into fructoses-
phosphate and erythrose-4-phosphate by the mediation of transaldolase.
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Transaldolase

Sedoheptulose - 7 - phosphate + ===—=====Fruclose - 6 - phosphate +
Glyceraldehyde - 3 - phosphate Erythrose - 4 - phosphate

g. The erythrose-4-phosphate of reaction 6 and xylulose-5-phosphate of reaction 4 react through
the agency of transketolase, forming fructose-6-phosphate and glyceraldehyde-3-phosphate.

Iransketolase
Xylulose - 5 - phosphate + —====———— Fructose-6- phosphate +
Erythrose - 4 - phosphate TPP,Mg" " Glyceraldehyde - 3 - phosphate

Eventually, the fructose-6-phosphate formed in reactions f and g and glyceraldehyde-3-
phosphate from reactions e and g, are converted into glucose-6-phosphate and this is further
utilised to promote the pathway, until all of its carbon go off as C0,. These reactions do not form
part of the pathway.

Phosphohexokinase
Fructose - 6 - phosphate ==——====Glucose - 6 - phosphate

By reversal
2 Glyceraldehyde - 3 - phosphate =<=====—-=Glucose - 6 - phosphate + ATP
of glycolysis

Thus the PPP may be summarized as follows:

2Glucose — 6 — phosphate + 12 NADP + 6H,0 ——> 2 Glyceraldehyde — 3 — phosphate + 12
NADPH; + ATP + 6CO,

Significance of Pentose Phosphate Pathway

(a) The NADPH, produced drive a number of reactions leading to the conversion of glucose to
sorbitol pyruvic acid to malic acid and phenylalanine to tyrosine.

(b) NADH;, also plays a key role in the production of fatty acid and steroids.

(c) In this cycle several metabolically important intermediates such as ribose-5-phosphate and
erythrose-4-phosphate are generated.

6.6.3.2 Entner Duodoroff Pathway:

In some bacteria like Azotobacter, the enzyme phosphofructokinase is absent. Such organisms
naturally cannot phosphorylate glucose in the usual EMP pathway. They dissimilate glucose by a
combination of pentose phosphate pathway and an aldolase type of reaction as in glycolysis.

Here, glucose is oxidized to 6-phosphogluconic acid, in the same manner as in reaction 1 of PPP.
In the next step, 6-phophogluconic acid undergoes a dehydration and a conformational change,
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resulting in a oc-keto deoxysugar phosphate which is then cleaved into pyruvate and
glyceraldehyde phosphate. GAP is converted to pyruvic acid. This pathway also produces 2
pyruvic acids from one molecule of glucose.

6.7 SUMMARY

In this unit you have learnt about the mechanisms of aerobic and anaerobic respiration occurring
in plants. So let us sum it up.

1. Respiration is a cellular catabolic process where in glucose is oxidized to produce ATP,
carbon dioxide and water.

2. It is of two types- aerobic and anaerobic.

3. Aerobic respiration is seen in higher plant and animal cells and it involves complete oxidation
of glucose producing 38 ATP molecules.

4. Aerobic respiration takes place in three stages- Glycolysis, Kreb’s cycle and Electron transport
system (ETS).

5. Glycolysis is common to both aerobic and anaerobic respirations and it takes place in the
cytoplasm of the cell. The other two steps are seen only in aerobic respiration and takes place in
the mitochondrial matrix and the cristae present in the inner membrane of mitochondria.

6. Anaerobic respiration is also called fermentation. It is seen in microorganisms and incomplete
oxidation of glucose yields only 2 ATP molecules.

7. Aerobic respiration is more efficient than anaerobic in terms of ATP production.

8. Value of Respiratory quotient (RQ) indicates the type of respiratory substrate used.

6.8 GLOSSARY

Acetyl Coenzyme A - A small molecule that carries acetyl functional groups in cells. Composed
of an acetyl group attached to a coenzyme A molecule. The starting product of the citric acid
cycle.

Adenosine Triphosphate (ATP) - The molecule from which cells derive energy. Comprised of
an adenosine molecule bonded to three phosphates, each phosphate bond contains energy,
especially the third bond. By breaking that one bond and reducing ATP to adenosine diphosphate
(ADP), the cell can get the energy to carry out its various processes.

Aerobic Respiration - A metabolic process involving oxygen in the breakdown of glucose.
Anaerobic Respiration - A metabolic process that does not involve oxygen in the breakdown of
glucose.

Carbohydrate - A molecular compound containing carbon, hydrogen, and oxygen. Subunits are
sugars.

Citric acid cycle - Also known as the Krebs Cycle; a metabolic pathway found in aerobic
organisms that oxidizes acetyl coA groups to carbon dioxide and water.
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Coenzyme - A molecule that participates in an enzyme-catalyzed reaction and functions to
transfer atoms or electrons between itself and various molecules.

Elimination reaction - A reaction that involves the ejection of a specific group from a molecule,
often resulting in the formation of a carbon-carbon double bond.

Glycolysis - A metabolic pathway occurring in the cell cytosol that during a series of reactions
converts glucose to pyruvate and synthesizes ATP.

Isomerization - A reaction that does not change the atomic make-up of a molecule, but rather
changes its geometric conformation, yielding a slightly different molecule.

Metabolism - All the reactions occurring in an organism that participate in the acquisition or
conversion of energy for use in the organism.

Nicotinamide Adenine Dinucleotide - A coenzyme that participates in oxidation and reduction
reactions. An important electron carrier in oxidative phosphorylation.

Oxidation - A reaction that involves the overall loss of electrons from a specific molecule or
atom. Can occur with the addition of an oxygen or by the removal of a hydrogen.

Oxidative Phosphorylation - A process occurring in the mitochondria that results in the
formation of ATP from the flow of electrons to oxygen.

Photosynthesis - A process in which plants convert sunlight into energy sources that can be used
inside the cell to sustain life.

Reduction - A reaction that results in the overall gain of electrons to a specific molecule or
atom. Can occur with the addition of a hydrogen atom or by the removal of an oxygen atom.
Respiration- A process that occurs in cells in which cells breakdown food molecules to yield
ATP. Can be either aerobic or anaerobic.

6.9 SELF ASSESSMENT QUESTIONS

6.9.1 Very short answer type:

1. Name the most common substrate used for respiration.

2. Name the two types of respirations.

3. What is the product of glycolysis?

4. How many ATP are formed for complete oxidation of one molecule of glucose.
5. Name the hydrogen acceptors in respiratory cycle.

6. Where does ETS operate?

6.9.2 Objective type questions:

1. The process of respiration in green plants occurs

(a) only when stomata are open (b) only when photosynthesis ceases
(c) only when photosynthesis is in progress (d) At all times

2. Respiratory enzymes are located in
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(a) mitochondrial matrix (b) cristae
(c) perimitochondrial space (d) outer membrane

3. The net gain of ATP produced during the oxidation of one glucose molecule in a plant cell
(a) 38 ATP molecules (b) 30 ATP molecules
(c) 36 ATP molecules (d) 24 ATP molecules

4. The ultimate respiratory substrate, yielding maximum number of ATP molecules, is
(a) glycogen (b) glucose
(c) amylose (d) ketogenic amino acid

5. End product of fermentation are
(a) 0O, and C,HsOH (b) CO; and O,
(c) COz and C,Hs0OH (d) CO; and acetyaldehyde

6. Out of 36 ATP molecules produced per glucose molecule during respiration
(a) 2 are produced outside glycolysis and 34 during repiratory chain

(b) 2 are produced outside mitochondria and 34 inside the mitochondria

(c) all the formed inside mitochondria

(d) 2 during glycolysis and 34 during Krebs cycle

7. Incomplete oxidation of glucose into pyruvic acid with several intermediate steps is known
as:

(a) TCA pathway (b) Glycolysis

(c) HMS pathway (d) Glycolysis

8. When one glucose molecule is completely oxidised, it changes
(a) 36 ADP molecules into 36 ATP molecules
(b) 38 ADP molecules into 38 ATP molecules
(c) 30 ADP molecules into 30 ATP molecules
(d) 32 ADP molecules into 32 ATP molecules

9. Link between glycolysis, Kreb’s cycle and B oxidation of fatty acid or carbohydrate and fat
metabolism is

(a) citric acid (b) succinic acid

(c) acety CoA (d) Oxaloacetic acid

6.9.3 Fill in the blanks:

1. Conversion of pyruvic acid into ethyl alcohol is facilitated by .......................... enzymes.
2. End product of citric acid/ Kreb’s cycle is ...........ccovvvvennn.n.

3 is the common immediate source of energy in cellular activity.
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4. The first phase in the breakdown of glucose, in animal cell, is ...........................
5. Kreb’s cycle take place in ...........ccoeevviiiiiiinn.n.

6.9.4 True/ False

1. The site of glycolysis in a cell is cytoplasm.

2. Respiration is endothermic process

3. The final acceptor of electrons in the electron transport chain is oxygen
4. Photorespiration involves calvin cycle.

5. During respiration yeast converts glucose to ethanol and CO,

6.9.1 Answer Keys:

1. Glucose.
2. Aerobic respiration and Anaerobic respiration
3 Two molecules of 3C pyruvic acid.
4. 38 ATP molecules.
5. NAD (Nicotinamide adenine dinucleotide) and FAD (Flavin adenine dinucleotide)
6. On the FO- F1 particles present on the cristae of mitochondria.

6.9.2 Answer Keys: 1. (d), 2. (b), 3. (c), 4. (b), 5. (c), 6. (b), 7. (b), 8. (b), 9. (c).
6.9.3 Answer keys:

1) carboxylase and dehygrogenase

2) Carbon Dioxide and water

3) ATP

4) Glycolysis

5) Mitochondrial matrix

6.9.4 Answer keys: 1. True, 2. False, 3. True, 4. False, 5. True
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6.12 TERMINAL QUESTIONS

6.12.1 Short Answer Type Questions:

1. Define respiration.

2. Write the equation for aerobic and anaerobic respiration.
3. List the three steps of aerobic respiration.

4. What is glycolysis? Where does it take place in the cell?
5.  What is oxidative phosphorylation?

6. What is fermentation? Name the different types.

7.  Why is anaerobic respiration less efficient than aerobic respiration?
8.  Write a note on the application of fermentation process.
9. Define RQ.

10. Why is respiration called an amphibolic pathway?

6.12.2 Long answer type Questions:

1. Oxygen is critical for aerobic respiration. Explain its role with respect to electron transport
system.

2. Give an account on glycolysis. Where does it occur? What are the end products? Trace the fate
of these production both aerobic and anaerobic respiration.

3. What is the significance of pentose phosphate pathway? Write the mechanism of respiration.
4. Differentiate between aerobic and anaerobic respiration.

5. How are glycolysis, Kreb TCA cycle and electron transport chain linked.

6.12.1 Answer Key:
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1.

10.

The process of harvesting chemical energy for metabolic activities in the form of ATP by

oxidising the food molecules is called ‘respiration

Aerobic respiration-

Glucose (C6 H12 06 ) + 602---------=-=-=-m-mnmmmmmemmam —6CO2 + 6H2 O+38ATP

Anaerobic respiration-
Glucose (C6 H12 O6 ) ------------------ —2C2 H5 OH +2ATP +2CO2 (alcohol
fermentation)

OR

Glucose (C6 H12 O6 ) ---------------- — 2CH3CHOHCOOH +2ATP (Lactic acid

fermentation)

The three steps of aerobic respiration are glycolysis, Kreb’ cycle and Electron transport
System.

Glycolysis is the first step in aerobic respiration in which, glucose (6C) is broken in a
stepwise manner into two molecules of 3C Pyruvic acid, without utilizing oxygen. It takes
place in the cytoplasm of the cell.

Synthesis of ATP during the oxidation of NADH and FADH 2 in electron transport system
is called oxidative phosphorylation.

The anaerobic respiration that takes place in microorganisms , where glucose is

partially oxidized to form ethyl alcohol or lactic acid and 2 ATP molecules is called
fermentation. The two types of fermentation are ethyl alcohol fermentation and lactic
acid fermentation.

Because in anaerobic respiration only 2 ATP are produced per glucose molecule as
against 38 in aerobic respiration.

Fermentation process has wide application in food, pharmaceutical and chemical
industries. The process is used in the production of alcohol and in bakeries.

Respiratory quotient is defined as the ratio of volume of CO2 evolved to the volume of
Oxygen consumed during respiration

During aerobic respiration the organic substrates are broken down into simple
substances such as carbon dioxide and water (Catabolism). However it also produces
many intermediate organic compounds/acids during kreb’s cycle which form the starting
compound for the synthesis of other complex substances, needed for the cell. Hence
respiration is said to be both catabolic and anabolic and is referred to as ‘amphibolic
pathway’.
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UNIT-7 NITROGEN METABOLISM
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7.1 OBJECTIVES

After reading this unit students will be able to-
e Explain and define the nitrogen metabolism.
e Describe various steps of atmospheric nitrogen fixation.
e Write an account of nitrogen cycle
e Describe the process of Nitrogen assimilation

7.2 INTRODUCTION

In this section first we will try to know about the existence of nitrogen in atmosphere. We all
know that, Nitrogen in its elemental form is considered to be as the major component of the air
constituting about 78% of the gases in the earth atmosphere. In the atmosphere, there are also
different nitrogen gaseous compounds that exist in form of NH3;, NO and N,O. The importance
of nitrogen to life is that it constitutes (with carbon, hydrogen and oxygen) the major part of
proteins of all living materials. Except few microorganisms (nitrogen fixing bacteria, algae and
fungi), living organisms are not able to use N directly as a source of nitrogen and need different
forms of fixed nitrogen (NH4"and NO;” for plants and organic nitrogen for animals and humans)
as a supply for their requirement of protein synthesis. Nitrogen is also considered to be an
important part of many cells and several processes such as synthesis of amino acids, proteins and
even DNA. It is also needed to make chlorophyll in plants, and chlorophyll is used
in photosynthesis to make their food.

The continuous process by which nitrogen is exchanged between organisms and the
environment known as nitrogen metabolism. Few of the atmosphere’s free nitrogen combine
with other elements to form compounds are deposited into the soil. By means of nitrification
these nitrogenous compound are then converted by prokaryotic microorganisms i.e. bacteria, into
the nutrients that are absorbed by the roots of green plants. Thereafter, nitrogen is passed into the
food chain and returned back to the soil as result of the metabolism and decaying of plants and
animals.

On this basis we can say that Nitrogen metabolism, an important biochemical process
which can also be described as the important part of plant metabolism. Nitrogen is a very
important constituent of cellular components. Alkaloids, amides, amino acids, proteins, DNA,
RNA, enzymes, vitamins, hormones and many other cellular components contain nitrogen as one
of the elements. It is not overstating to say that Nitrogen is the key element for it is the most
important constituent of proteins and nucleic acids. Thus N, plays a significant role in the
formation of proteins and nucleic acids which in turn control cellular activities. Without
nitrogen, no living organism can survive. In reality, all the living organisms are virtually
submerged in a sea of atmospheric nitrogen (i.e. 78%), but unfortunately not all organisms are
capable with the potentiality to utilize this abundantly available molecular N,. Only some
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microorganisms like certain bacteria, blue green algae and few fungi, have the potentiality to
utilize molecular N, directly.

Here in the figure given below, we will see that Nitrogen enters roots in form of NO3™ or
NH,". We can see in figure 1, How NH," is formed as a result of nitrate reduction or N, fixation
and NH," is incorporated into amino acids by the glutamine synthetase (GS) reaction. The
NH,4" is incorporated into amino acids in roots as well as in leaves and the accumulation of
amino acids into proteins.

LEAF and SHOOT SEED
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Fig.7.1- Nitrogen Meabolism

7.3 SOURCES OF NITROGEN

Usually the plants get nitrogen in a fixed form from the soil except those plants having the ability
to fix the nitrogen. Here we will discuss first various forms of nitrogen available to plants.

7. 3.1 Ammonical form of nitrogen: Ammonical form of N in soil in the form of urea or
NH, in free state is available. Urea is often supplied to the plants as nitrogenous fertilizer either
by means of soil or foliar application. Urea, if present in the soil is first split into NH3; and CO..
In many plants foliar application of urea is to be considered as a very effective method of
relieving of nitrogen storage. During urea assimilation urea is hydrolysed by the enzyme urease
to form ammonia and CO,.
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UREASE
NH,CONH, +H,0 " 2NH; + CO,
Thus the ammonia is absorbed by water to form ammonium ion, which is assimilated
later by the process ammonium assimilation.

NH, + H,0 " NH,* + OH

It is also necessary to know, that free ammonium is the only utilizable form of N, that can
be directly incorporated into amino acids.

7.3.2 Organic Form of Nitrogen: Organic forms are a very diverse group of nitrogen-
containing organic molecules including simple amino acids through to large complex proteins
and nucleic acids in living organisms and humic substances in soil and water. As result of
decaying of dead plants and animals, releasing of different nitrogenous compounds of which
amino acids, amides and other such Nitrate compounds constitute organic form of N,. These are
absorbed by the root system and utilized directly. Thus the decaying organic matter acts as the
rich source of organic nitrogen that can be utilized by not only higher plants but also by micro-
organisms.

7.3.2.1. Nitrate / Nitrite Form: N, available in the soil is in the form of nitrates and nitrites
are also found but in small quantities. These are available ionic forms and easily absorbed by the
roots or cellular surfaces from its surrounding soil solution. The physiological mechanism i.e.
diffusion process involves in the absorption of NO3 or NO, ions and this absorption process is
also facilitated by specific carriers. Once the nitrate or nitrite ions enter into cellular environment
they have to be converted to NH,, before the same can be incorporated into cellular components.

The Mechanism of Conversion of NO3; and NO, to NH,4

Plant roots as well as leaves can utilize nitrates and can be converted to NH4. But more of
nitrate reductive activity is found in leaves than in roots. However, the mechanism of nitrate and
nitrite reduction is performed by different enzymes as NOj3 is reduced by nitrate reductase
enzymes and the NO, is reduced by nitrite reductases.

Nitrate Reductase is an Inducible Enzyme

The presence of Nitrate reductase enzyme is very low in the tissues in the absence of NO3". With
the addition of NOj™ as the substrate, the amount of nitrate reductase enzyme increases. Light
must be needed for the enzyme induction to the fullest extent. Moreover, phytohormones,
particularly cytokinin also induces nitrate reductase synthesis initially even in the absence of
light and NO3". Thus we can say that the nitrate reductase is an inducible enzyme.
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Nitrate Reduction

Nitrate reduction to NHy is not a single step process, but it involves a series of reactions in which
the first step is performed by nitrate reductase. The occurrence of this enzyme is well known in
various organisms like bacteria, Chlorella, blue green algae, alfa alfa, ectomycorrhizal fungi and
other higher plants. Nitrate reductase enzyme is associated with 2 cofactors i.e. FAD and two
molybdenum ions. Nitrate reductase enzyme also requires reducing power supplied by
NADH+H or NADPH+H. The former is available in non chlorophyllous tissues and the latter is
found in chloroplast containing leaves.
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Fig.7.2 Nitrate Reduction

The reduction of nitrate to ammonia is a multistep reaction in which nitrates are reduced
to nitrites, which are then converted to hyponitrites then to hydroxylamines and finally to
ammonia.

AtmosphericN, ———= Nitrates —> Absorbedby plants

Nitrate E— Nitrite — Hyponitrite — Hydroxylamine

|

FORMS AMINO ACIDS e Ammonia
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Depending upon the tissues involved nitrate reductase accepts NADH, (roots) or
NADPH+H (leaves), where hydrogen is transferred to the coenzyme FAD to form FADH,. In
the next step, protons (H") and electrons are transferred to NOs; simultaneously. However,
electrons are transferred to NO3; through molybdenum ions.

For the maximal activity of nitrate reductase, it requires an optimal concentration of
MO;", Fes" and Ca," ions. Though calcium has no catalytic activity in this enzymatic reaction,
unlike iron and molybdenum which are involved in electron transport and it facilitates the
transport of nitrite across the chloroplast membranes. Thus the nitrite synthesized in this
reductive step in the cytoplasm is transported into chloroplasts. But in roots, lower fungi and
bacteria, the entire process takes place in the cytoplasm.
Nitrite Reduction

The production of nitrite is carried out by the activity of nitrate reductase to be converted
to ammonia by the presence of nitrite reductase enzyme in the plant tissues in maximum quantity
as compared to nitrate reductase.

6 Fd (red)
NO, + 6e” NH,*+ 2 H,0
Nitrate reductase

In most of the higher plants so far studied, the nitrites synthesized in cytoplasm or
transported into plastids, where the nitrites are reduced to hyponitrite by an enzyme called nitrite
reductase. The enzyme has a mol. Wt. of 60-70KD and it has a special heme component called
siroheme.

Actually there are two forms of nitrite reductases, of which one form uses NADPH+H as
the proton/electron donor in photosynthetic tissues, but root tissues and others including bacteria
and fungi use NADH+H as the hydrogen donors. The enzyme nitrite reductase possesses flavin
and iron groups. Surprisingly, these enzymes are induced by nitrates than nitrites. However,
nitrite reductase leads to the reduction of nitrite to NH4 in a multistep reaction, where the
intermediary products remain attached to the surface of enzyme and only the final product is
release from the surface. In this process, we will see that, a total of six electrons and six protons
are transferred to nitrite to produce ammonia.

Fd red Fd oxin SHOOTS

NADPH .
NADP in ROOTS

L

Nitrate Reductase
Fig. 7.3 Nitrite Reduction
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Nonetheless in some cases one of the intermediate products like hydroxylamine has been found
to be converted to NH, by the activity of hydroxylamine reductase. Such reactions have been
observed in mesophyll tissues of higher plants, Neurospora, Aspergillus and some bacteria. The
overall pathway from NO3; or NO; to NH, is catalyzed by a group of enzymes or multi enzyme
complexes, but the synthesis of NH, is very essential for amino acid synthesis.

Here we will discuss little bit about the Amino acid synthesis. Basically amino acid
synthesis showing the conversion of ammonia nitrogen to amine nitrogen. Amino acids are the
organic compounds having carboxyl group (COOH) and amino groups (NH,). The general
formula of amino acid can be written as:

H

NH,

HOOC

R

R is a variable grouping of atoms, fundamentally a carbon chain or ring. As we can say that in
case of glycine R is H, in Valanine R is expressed by CH3-CH,-CH etc.

HOOC
" H
H C HOOC NH, C HOOC NH, C H
NH, CH; CH, CH CH,OH

On this basis we can say that amino group is usually incorporated into amino acid. For
the biosynthesis of amino acids point of view we will discuss two possible ways-

Reductive amination: During reductive amination the ammonia formed by the reduction of
nitrate combines with a ketoglutamic acid of Kreb’s cycle to form glutamic acid. This is a
reversible reaction. During the synthesis of glutamic acid, Ammonia is first incorporated into a
ketoglutamic acid to produce the aminoglutamic acid. As result of this aminoglutamic acid is
converted to glutamic acid with the help of enzyme glutamate dehydrogenase and coenzyme
NADH+H". Glutamate dehydrogenase (GLDH) is an enzyme present in most microbes and the
mitochondria of eukaryotes, as are some of the other enzymes required for urea synthesis, that
converts glutamate to a- ketoglutarate, and vice versa.
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a-Ketoglutaric Acid+ NH, - a—Aminoglutamic Acid

o —AminoglutamicAcid +NADH+H" — — * GlutamicAcid+ NAD~

Transamination: Transamination is a chemical reaction that transfers an amino group to a keto
acid to form new amino acids. This is one of the major degradation pathways which convert
essential amino acids to nonessential amino acids. The most usual and major keto acid involved
with transamination reactions is alpha-ketoglutaric acid, an intermediate in the citric acid cycle.
A specific example is the transamination of alanine to make pyruvic acid and glutamic acid. Here
it involves the transfer of an amino acid to carboxy keto group as keto acid. These reactions
catalyzed by the enzyme transaminases and coenzyme pyridoxal phosphate.

Glutamicacid+ OxaloaceticAcid — «a-ketoglutaricacid+ Aspartic Acid

In these transamination reactions, the a-amino group is transferred to the a-carbon atom
of a-ketoglutarate, leaving behind the corresponding a-keto acid analog of the amino acid. The
effect of transamination reactions is to collect the amino groups from many different amino acids
in the form of only one, namely, L-glutamate. The glutamate channels amino groups either into
biosynthetic pathways or into a final sequence of reactions by which nitrogenous waste products
are formed and then excreted.

7.3.2.2. Molecular Nitrogen

Abundantly available molecular N, is more or less inert. Molecular Nitrogen or diatomic
nitrogen (N2) is better known as highly stable because of its triple bonded (N=N) nature. Because
of this, molecular nitrogen as such is not very reactive in the atmosphere under normal
conditions. In the atmosphere, molecular nitrogen is about 78.03% by volume and it has a very
low boiling point (-195.8°C) which is even lower than oxygen. Proteins present in living
organisms contain about 16% nitrogen.

N=N 0 N,0
&=H,0
20 2H l
N=N-—""9"N-NO0O——0 o— N=N—o0n
|
2H,0 2H

4H 2H
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With the exception of some bacteria, fungi and blue green algae none of the higher plants
are capable of utilizing molecular N, directly. However, nature has devised mechanisms to fix
this type of N, into utilizable form of N, i.e. NH4 by non biological and biological methods.

After getting the knowledge about the existence of nitrogen in the atmosphere and
various sources of nitrogen which becomes available to the plant, now we will discuss the
process of nitrogen fixation.

7.4 NITROGEN FIXATION

Nitrogen fixation is a process in which Nitrogen in the atmosphere is converted into ammonia
NHs. Nitrogen fixation, whether natural or synthetic, is essential for all forms of life because
nitrogen is required to biosynthesize the basic building blocks of plants, animals and other life
forms. For example, nucleotides are required for the synthesis of DNA and RNA and we should
be very clear that the coenzyme NAD (Nicotinamide Adenine Dinucleotide) acts its role in
metabolism (transferring electrons between molecules) as well as the synthesis of amino acids
for proteins. Therefore, as part of the nitrogen cycle we can say that it is essential for agriculture
and the manufacture of fertilizer.

7.4.1 Atmospheric Nitrogen Fixation

Nitrogen in its gaseous form (N,) cannot be used by most of the living organisms. It has to be
converted or ‘fixed’ to a more usable form through a process called fixation There are two ways
by which nitrogen can be fixed to be useful for living things:

Biological Method of Nitrogen Fixation: Nitrogen gas (N,) diffuses into the soil from the
atmosphere, and species of bacteria convert this nitrogen to ammonium ions (NH4"), which can
be used by plants. Legumes (such as clover and lupins) are often grown by farmers because they
have nodules on their roots that contain nitrogen-fixing bacteria. The direct use of molecular
nitrogen is known as asymbiotic nitrogen fixation and the indirect use of molecular nitrogen is
known as symbiotic nitrogen fixation.

Through lightening: Lightning converts atmospheric nitrogen into ammonia and nitrate (NO 3)
that enter soil with rainfall.

Industrially: People have learned how to convert nitrogen gas to ammonia (NH3) and nitrogen-
rich fertilizers to supplement the amount of nitrogen fixed naturally.

By means of two methods of atmospheric nitrogen fixation is carried out:-

(A) Non Biological or Physico-chemical Fixation

(B) Biological Nitrogen fixation

(A) Non Biological or Physico-chemical Fixation (By Electric Discharge and Rainfall)

UTTARAKHAND OPEN UNIVERSITY Page 166



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

Air, in which 79% nitrogen gas (N), is the major reservoir of nitrogen. The enormous energy of
lightning breaks nitrogen molecules and enables their atoms to combine with oxygen in the air
forming nitrogen oxides. These dissolve in rain, forming nitrates that are carried to the earth.

N2 + O3 ——————> 2NO
2NO + O, — 2NO;
2NO; + H;0 — > HNO,+ HNO3

These nitrite and nitrates react with many saline substances in soil and forming salts.
These salts especially in form of calcium nitrite, calcium nitrate, potassium nitrite and potassium
nitrate are ionized in the presence of water. These ionized salts are absorbed by the plant roots. It
should be importantly noticed by us that generally main absorbed ionized nitrogen radicals are
nitrates (NOj3") because nitrites are to be converted into nitrates by many processes. It is to be
understood that atmospheric nitrogen fixation probably contributes some 5— 8% of the total
nitrogen fixed with this process.

(B) Biological Nitrogen Fixation: Biological nitrogen fixation was discovered by the German
agronomist Hermann Hellriegel and Dutch microbiologist Martinus Beijerinck. Biological
nitrogen fixation (BNF) occurs when atmospheric nitrogen is converted to ammonia by an
enzyme called a nitrogenase. The overall reaction for BNF can be given as:

N2+8H++8e_—>2NH3+H2

The process is coupled to the hydrolysis of 16 equivalents of ATP and is accompanied by
the co-formation of one molecule of H,. The conversion of N into ammonia occurs at a cluster
called FeMoco, an abbreviation for the iron-molybdenum cofactor. The mechanism proceeds via
a series of protonation and reduction steps wherein the FeMoco active site hydrogenates the
N2 substrate.

Biological nitrogen fixation is the process whereby atmospheric nitrogen is reduced to
ammonia in the presence of nitrogenase. Nitrogenase is a biological catalyst found naturally only
in certain microorganisms such as the symbiotic Rhizobium and Frankia or the free-living
Azospirillum and Azotobacter and Cyanobacteria (BGA). Biological nitrogen fixation can be
categorized into two types as Asymbiotic and Symbiotic.

7.4.2 Asymbiotic Nitrogen Fixation

Asymbiotic nitrogen fixation is carried out by means of free-living microbes (non-symbiotic
microbes) including the cyanobacteria or blue-green algae (Anabaena and Nostoc) and genera
such as Azotobacter, Beijerinckia, and Clostridium. In free-living microbes the nitrogenase-
generated ammonium is assimilated into glutamate  through the glutamine synthetase /
glutamate synthase pathway. The microbial genes required for nitrogen fixation are widely
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distributed in diverse environments. Enzymes responsible for nitrogenase action are very
susceptible to destruction by oxygen. For this reason, many bacteria cease production of the
enzyme in the presence of oxygen. Many nitrogen-fixing microorganisms exist only in anaerobic
conditions, respiring to draw down oxygen levels, or binding the oxygen with a protein such as
leghemoglobin.

Among the living plant world, some free living bacteria, fungi and blue green algae
(Cyanobacteria) are capable of fixing molecular nitrogen into utilizable form of N i.e. NHa.
Azatobactor veinlandi, Clostridium pasteurianum, Rhodospirullum rubrum, Chromatium,
Nostoc, Anabaena, Rivularia etc are the microbes having the ability to fix the molecular
nitrogen. In recent years, the above said organisms are made available to farmers as bio-
fertilizers. When the cultures of them are spread in the fields and allowed to grow, they enrich
the soil with a lot of nitrogen as a natural fertilizer. One important aspect of it is to maintain
moisture in the soil. Such living fertilizer renewable and enriches the soil all the time.

/_> ATMOSPHERIC NITROGEN (N,)
Bv(__

FIXATION by
Aerobic f/Anaerobic (Azotobacter, Clostridium ) Photoautotrophic
bacteria (Rhodospirillum and Chromatium) Cyanobacteria (Anabaena,
MNostoc, Aulosira fertilissima, Cylindrospermum)

MNitrosomonas 1 zl:

NH,*

Wp2O0Z200CmMUT

|20-'|I’r‘r-'ﬂ-x-|—zrng|

Fig.7.4 Asymbiotic Nitrogen fixation

7.4.3. Symbiotic Nitrogen Fixation

The process which is performed by bacteria found in the nodules of leguminous plants and
thereafter forming nitrogenous compounds available to the host plants known as symbiotic
nitrogen fixation. Symbiotic nitrogen fixation occurs in plants that harbor nitrogen-fixing
bacteria  within  their  tissues. The best-studied example is the association
between legumes and bacteria in the genus Rhizobium. On the other hand some other forms of
bacteria are also being reported as symbiont in root nodules of many non-leguminous plants
(Frankia as symbiont in the roots of Casuarina and Alnus). Each of these is able to survive
independently (soil nitrates must then be available to the legume), but life together is clearly
beneficial to both. Only together can nitrogen fixation take place. A symbiotic relationship in
which both partners get benefits is called mutualism.
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Symbiotic nitrogen fixation takes place by the activities of Rhizobium, which is
pleomorphic bacteria, that enters the root of leguminous plant through the root hair and causes
the nodule formation on the roots. There is a symbiotic relationship between Rhizobium and
legumes.

Before the entrance of Rhizobium into the roots of leguminous plants first they sense
flavanoids secreted by the root hairs of leguminous plants. These flavanoids activates the
secretion of nod factors which are in turn recognized by the host plant and then lead to root hair
deformation. Then these bacteria modify themselves in form of infection threads and enter the
roots through deformed root hairs.

The Rhizobium after entering intracellularly reached the parenchymatous cells of
cortex. The infection triggers cell division in the cortex of the root where a new organ, the
nodule, appears as a result of successive processes (Fig.7.5).

Infection threads grow to the nodule, infect its central tissue and release the Rhizobia in
these cells, where they differentiate morphologically into bacteroids and fix nitrogen from the
atmosphere into a plant-usable form, ammonium (NHs;+ H" — NH;"), using the enzyme
nitrogenase. The reaction for all nitrogen-fixing bacteria can be given as:

N2+8H++88_—>2NH3+H2

For the continuation of symbiotic nitrogen fixation, bacterial requirements are fulfilled by
means of supplying the carbohydrates, proteins and sufficient oxygen from the plant.
Leghaemoglobin, a plant protein helps to provide oxygen for maintaining the free oxygen
concentration just to continue the nitrogenase activity.

It is necessary for us to know about Leghaemoglobin (also termed as leghaemoglobin or
legoglobin), which is a nitrogen or oxygen carrier and hemoprotein found in the nitrogen fixing
root nodules of leguminous plants. It is produced by legumes in response to the roots, which
colonized by nitrogen-fixing bacteria, known as Rhizobia, a key player of the symbiotic
interaction between plant and bacterium.

Thus we can say that those roots, which are not colonized by Rhizobium not able to
synthesize leghaemoglobin. Any how, the final compounds formed by bacteria during the
symbiotic nitrogen fixation are either Ammonia or Hydroxyamine (NH3; or NH,OH). Thus
leguminous plants or any plants where such kind of association is found with soil increase the
fertility of soil.

As the nod genes are activated and nodule formation is continued, on the contrary aspect
host cellular factors in turn activate the expression of nitrogen fixing genes found in rhizobial
cells. The nif genes remain unexpressed whenever the rhizobial cells are free from host cells. As
the bacterial cells are associated with the host cells, then the genes remain unexpressed if the
nitrogen sources like nitrate and ammonia are present in the medium.

As in this section we have studied that the nitrogenase and other related enzymes are
considered as inducible enzymes. So it is very important for us to know that, the interaction
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between the host cellular components and bacterial cellular components is very important in the
expression of each other’s genomes for N2 fixation.

Bacteria
! 2
Interaction
Soil particles of Bacteria
Boundary of
Stimulated Area
__—~Epidermis
~ Cortex i Curled Root

I\ \"‘\m-ﬂnfecrjon Hair

Young Nodule

Fig.7.5 Entrance of Rhizobium into the roots of Leguminous plant and as result of infection
formation of nodule

The primary enzyme encoded by the nif genes is the nitrogenase complex which is
involved to convert atmospheric nitrogen (N2) to other nitrogen forms such as ammonia which
the organism can use for various purposes. The nif genes also encode a number of regulatory
proteins involved in nitrogen fixation. The nif genes are also found in both free living nitrogen
fixing bacteria and in symbiotic bacteria associated with various plants.

7.5 NITROGEN CYCLE

The significance of nitrogen can be explained in such a way that it is the major builder of
proteins and nucleic acids. These proteins and nucleic acids are well known as the essential
constituents of living organisms and regulators of biological functions. The nitrogen cycle is the
biogeochemical cycle by which nitrogen is converted into various chemical forms as it circulates
among the atmosphere, terrestrial and marine ecosystems. The conversion of nitrogen can be
carried out through both biological and physical processes.

Important processes in the nitrogen cycle include fixation, ammonification, nitrification
and denitrification. Nevertheless plants obtain most of their nitrogen from soil as nitrate or
ammonium ions. Globally, atmospheric fixation accounts for around 10 kg per hectare/ year of
the biospheric nitrogen flow. Overall, atmospheric fixation represent 2-3% of global nitrogen
assimilation and the rest being cycled in nongaseous forms. However, atmospheric nitrogen has
limited availability for biological use, leading to a scarcity of usable nitrogen in many types of
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ecosystems. Much of the terrestrial fixation is carried out by symbiotic bacteria in plant roots and
to a lesser amount by free living soil bacteria. Cyanobacteria (blue green algae) also fix nitrogen
and are of much significance in aquatic ecosystems.

During the process of nitrification (oxidation of the ammonium compounds to nitrates)
some specialized soil bacteria play their vital role. Some bacteria oxidize ammonium ions to
nitrite and others convert nitrite to nitrate. We should also known that during this process energy
is also obtained by the cemoautotrophs as result of such transformations.

Table 1: Important organisms of Nitrogen Cycle

S. No | Mechanisms Microbial Type Name of Microorganism
1. Symbiotic Rhizobium  leuminosarum,  Rhizobium
Nitrogen Bacteria phaseolin, Rhizobium trifoli
Fixation
2. Asymbiotic Free  living  or | Chromatium, Chlorobium, Clostridium
Nitrogen fixation | Saprophytic pasteruianum, Azatobactor, Pseudomonas
Bacteria

Blue green Algae Anabaena, Phormidium, Nostoc

3. Ammonification | Bacteria Bacillus mycoides, Bacillus ramosus,
Bacillus vulgaris, Clostridium

4, Nitrification Bacteria Nitrosomonas, Nitrosococcus, Nitrobacter

5. Denitrification Bacteria Thiobacillus  denitrificans, Micrococcus

denitrificans

Nitrogen is present in the environment in a wide variety of chemical forms including
organic nitrogen, ammonium (NH,"), nitrite (NOy), nitrate (NO3), nitrous oxide (N,O), nitric
oxide (NO) or inorganic nitrogen gas (N.).

The processes of the nitrogen cycle transform nitrogen from one form to another. Many
of those processes are carried out by microbes, either in their effort to harvest energy or to
accumulate nitrogen in a form needed for their growth. The following diagram below shows how
these processes fit together to form the nitrogen cycle.

- ________________________________________________________________________________________]
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Fig.7.6 Nitrogen cycle in nature

7.6 NITROGEN ASSIMILATION

Nitrogen assimilation is the formation of organic nitrogen compounds like amino acids from
inorganic nitrogen compounds present in the environment. Organisms like those plants, fungi
and certain bacteria which cannot fix nitrogen gas (N;) but able to assimilate nitrate or
ammonia for their needs. Other organisms, like animals, depend entirely on organic nitrogen
from their food.

During the growth and development of plants, Nitrogen is moved into and out of proteins
in different organs and transported between organs in a limited number of transport compounds.
Plants obtain the nitrogen from soil in form of nitrite or ammonium ions. Active processes are
mediated for the transportation of nitrate into the root cells. A proton gradient is generated by a
H+- ATPase across the plasma membrane is to be responsible for uptake of nitrate against the
concentration gradient. Assimilation of mineral nitrogen into organic molecules is to be
understood as a complex process. Nitrate is first reduced to ammonium ion before it can be
assimilated by plants. The reduction mechanism of nitrate to ammonia by higher plants is
completed in two steps:
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e In first step, nitrate is reduced to nitrite by enzyme nitrate reductase. This reaction takes
place in the cystol. Nitrate reductases are composed two identical subunits and each
containing three prosthetic groups which are FAD, heme (cyt-bss;) and a Mo containing
organic molecule termed as pterin. It requires reducing agent NAD(P)H

e Nitrite is reduced to ammonia by nitrite reductase. Nitrite reductase constituting Fe;S;and
siroheme. This reaction is carried out in root’s protoplastids and shoot’s chloroplasts.

NAD(P) H Ferrodoxin (Red)
NITRATE
INSIDE NITRITE AMMONIUM
T NITRATE REDUCTASE NITRATE REDUCTASE
NITRATE
OUTSIDE THE
ROOT

There after the ammonia is converted into amino acids and this conversion mechanism
involves the sequential action of two enzymes glutamine synthetase and glutamate synthase.
Glutamine synthetase combines ammonium ion with glutamate to form glutamine.

NH4*

Glutamate Glutamine
ATP

Glutamine is then converted back to glutamate by transfer of the amide group to a
molecule of a- ketoglutarate. It is catalyzed by glutamate synthase (GOGAT= Glutamine-2-
oxoglutarate amino-transferase) and requires reducing potential in form of NADH. Plants
constitute two type of GOGAT i.e. one type which accepts electrons from NADH and another
type which accepts electron from ferredoxin. Thus we will see that during the reaction two
molecules of glutamate are formed:

NADH

Glutamine ; - ketoglutarate 2- GLUTAMATE

Ammonium ions can also be assimilated by an alternative pathway i.e. reductive
amination. Glutamate dehydrogenase catalyses the reductive amination of a- ketoglutarate which
leads to the formation of glutamate. Glutamate dehydrogenase is an unusual enzyme as it is also
able to utilize either NAD" or NADP.

Once the assimilation of nitrogen into glutamine or glutamate form, nitrogen is
incorporated into other amino acids by transamination reactions. The enzymes which are
responsible for catalyzing transamination reactions called aminotransferases.
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Plants absorb nitrogen from the soil in the form of nitrate (NO3 ") and ammonium (NH;").

In aerobic soils where nitrification can occur and nitrate is usually the predominant form of

available nitrogen which is absorbed by the plants.
We can also sum up the nitrogen assimilation process with the figure.7.7 given below:

Amino acids e Proteins
A N Alkaloids
|

thrcrgmasell'-, ,'I ;
[ AMIAES  weet Chlorophylls
|II III

Nitrate Nitrate ,
" |
Reductase | Ammonium——> Nucleotides

Nitrate  Reductase .
nside — WNitrite
A
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Urea Wucleic
Acids

Nitrogen

Nitrate
Outside the
root

Fig.7.7 An outline of Nitrogen Assimilation

Plants can absorb nitrate or ammonium ions from the soil via their root hairs. If nitrate is
absorbed, it is first reduced to nitrite ions and then ammonium ions for incorporation into amino
acids, nucleic acids, and chlorophyll. In plants that have a symbiotic relationship with Rhizobia,
some nitrogen is assimilated in the form of ammonium ions directly from the nodules. Animals,
fungi, and other heterotrophic organisms obtain nitrogen by ingestion of amino acids, nucleotides

and other small organic molecules.
Several reports have confirmed that cereals utilize nitrate better than ammonium however

some plants viz., potato, pine apple and rice prefer ammonium over nitrate. Therefore such
preferences for the utilization of different salts might be dependent upon the pH and soil

condition.

7.7 SUMMARY

In this unit we have discussed the existence of nitrogen in the atmosphere and how this nitrogen
is being utilized by the living organisms and how the nitrogen is metabolized and assimilated. So

let we summarize the whole section in form of specific points:

1. Nitrogen is a very important constituent of cellular components.
2. N2 plays a significant role in the formation of Alkaloids, amides, amino acids, proteins,

DNA, RNA, enzymes, vitamins, hormones and many other cellular compounds which in turn

control cellular activities. Without nitrogen, no living organism can survive.
Page 174
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The nitrogen cycle involves three major steps: nitrogen fixation, nitrification, and
denitrification.

Nitrogen cycle is a cycle within the biosphere including the atmosphere, hydrosphere, and
lithosphere.

Nitrogen is found in several locations, or reservoirs. It is most prevalent in sediments and
rocks, second in the atmosphere (78%).

Nitrogen is considered to be an important for life because it is a major part of amino and
nucleic acids. Also, it is well known as important part of Adenosine Tri Phosphate, which is
the basic energy molecule for all living things.

Neither plants nor animals can obtain nitrogen directly from the atmosphere.

Therefore, they depend on a process which is known as nitrogen fixation.

Some free living bacteria, fungi and blue green algae (Cyanobacteria) are capable of fixing
molecular nitrogen into utilizable form of N; i.e. NHs4. Azatobactor veinlandi, Clostridium
pasteurianum, Rhodospirullum rubrum, Chromatium, Nostoc, Anabaena, Rivularia etc are
the microbes having the ability to fix the molecular nitrogen (asymbiotic Nitrigen Fixation).
Another biological method of nitrogen fixation is known as symbiotic nitrogen fixation.

Key components in this process are legumes and the symbiotic bacteria which are associated
with the legume's root nodules. These bacteria are known as nitrogen-fixing bacteria.
Leghemoglobin (also termed as leghaemoglobin or legoglobin), which is a nitrogen or
oxygen carrier and hemoprotein found in the nitrogen fixing root nodules of leguminous
plants.

These organisms convert nitrogen in the soil to ammonia, which can then be taken up by
plants.

This process also occurs in aquatic ecosystems, where Cyanobacteria (Blue green algae i.e.
Nostoc, Anabaena) participate.

After nitrogen has been fixed, other bacteria convert it into nitrate, in a process known
as nitrification.

In the first step of this process, Nitrosomonas convert ammonia into nitrite, and in the second
step, nitrite is converted into nitrate, by Nitrobacter. This nitrate is then consumed by plants.
The final step of the nitrogen cycle is called denitrification. This process is performed by a
variety of microscopic bacteria, fungi, and other organisms. Nitrates in the soil are broken
down by these organisms, and nitrogen is released into the atmosphere. This step completes
the cycle.

7.8 GLOSSARY

Protein synthesis: Combination of inorganic compound of nitrogen and their derivatives with
carbohydrate for the formation of proteins
Photosynthesis is the process used by plants, algae and certain bacteria to utilize energy from
sunlight and convert into chemical energy.

UTTARAKHAND OPEN UNIVERSITY Page 175



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

Alkaloids: The group of naturally occurring chemical compounds that mostly contain basic
nitrogen atoms.

An amide: A functional group contains a carbonyl group linked to a nitrogen atom and It is the
conjugate base of ammonia (NHs).

Glutamine synthetase (GS): An enzyme that plays an essential role in the metabolism of
nitrogen by catalyzing the condensation of glutamate and ammonia to form glutamate.

Urease: An enzyme that changes urea into ammonium carbonate, occurring in microbes i.e.
bacteria, fungi etc.

Humic Substance: An organic residue of decaying organic matter

Nitrite reductase: An enzyme that catalyze the reduction of nitrite.

Nitrate reductases: Molybdoenzymes that reduce nitrate (NO3’) to nitrite (NOy)).

Diffusion Movement of gaseous molecules from higher concentration region to lower
concentration region

Phytohormone: Plant hormone that control or regulate the germination, growth, metabolism or
other physiological activities

Eectomycorrhizal fungi: A symbiotic relationship that occurs between a fungal symbionts and
the plant roots.

Molybdenum: An essential trace element in plant metabolism.

Siroheme: A heme like prosthetic group used by some enzyme to attain the six electron
reduction of sulfur and nitrogen.

Amino acid: An organic compound serves as a building block for proteins and contains
an amino group and a carboxylic acid group.

a- ketoglutarate: As anion, a-ketoglutarate (a-KG, also called oxo-glutarate) is an important
biological compound.

Transaminase (aminotransferase): An enzyme that catalyzes a type of reaction between an
amino acid and an a-keto acid.

Pyridoxal phosphate: A major coenzyme which is involved in amino acid metabolism.

ATP (Adenosine Tri Phosphate) An organic compound (CioH16NsO13P3) is composed of
adenosine and three phosphate groups and acts as a source of energy for many metabolic
processes.

GTP (Guanosine Tri  Phosphate): A nucleotide composed of guanine, ribose, and three
linked phosphate groups

ADP: An organic compound CioH15NsO10P, is converted to ATP for the storage of energy
during cell metabolism.

TCA (Tri Carboxylic Acid) cycle: It is a series of enzyme-catalyzed chemical reactions that
form a key part of aerobic respiration in cells.

NADPH (Nicotinamide adenine dinucleotide phosphate): It leads to the reduction of nitrate
into ammonia for plant assimilation in nitrogen cycle.

NADH(Nicotinamide adenine dinucleotide): It exists in reduced form.

Legumes: Any plant of the legume family

UTTARAKHAND OPEN UNIVERSITY Page 176



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

FeMoco: The primary cofactor (Containing iron and molybdenum) of nitrogenase acts during
nitrogen fixation.

Leghaemoglobin: a haemoglobin like red pigment in the root nodules of leguminous plants is
essential for nitrogen fixation

Bio-fertilizers: Any fertilizer of biological origin, which is a substance contains living
microorganisms.

Pleomorphic bacteria: Some bacteria having the ability of to alter their shape or size in
response to environmental conditions.

Flavanoids: Large group of water-soluble plant pigments constitute antioxidant, anti-
inflammatory, and antiviral properties that are beneficial to health

Intracellularly: Occurring within a cell or cells

Biogeochemical cycle: The flow of chemical elements and compounds between living
organisms and the physical environment.

Ammonification: The formation of ammonia or its compounds by decomposition of organic
matter.

Nitrification: Oxidation of an ammonium compound into a nitrite or nitrite into nitrate by the
action of nitrifying bacteria

Denitrification: Reduction of nitrates or nitrites commonly by bacteria (as in soil) that usually
results in the escape of nitrogen into the air.

GOGAT (Glutamine-2-oxoglutarate amino-transferase) :An enzyme manufactures
glutamate from glutamine and o-ketoglutarate and also plays a central role in the regulation of
nitrogen assimilation in photosynthetic eukaryotes and prokaryotes.

7.9 SELF ASSESSMENT QUESTIONS

7.9.1 One word answer Questions:

In nitrogen cycle, which bacteria change proteins to ammonia?

Which organism is participated most actively in nitrogen cycle in nature?
Where free living nitrogen fixing bacteria are found?

Which pigment is essential for nitrogen fixation by leguminous plants?

What is most limiting factor for nitrification in the in the soil?

Which enzyme is essential for the reduction of nitrogen into ammonia?

What is the name of enzyme, which changes urea into ammonium carbonate?
Give an example aerobic symbiotic nitrogen fixing bacterium?

Which pigment protects the enzyme nitrogenase from the inhibitory effect of Cp,?
10 Which water fern is used as bio fertilizer?

11. Which gymnosperm fixes nitrogen?

12. Which organism is found in Anthoeceros to fix the nitrogen?

© Nk WNRE

7.9.2 Multiple Choice Questions:
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1. Leghaemogolobin is a pink coloured pigment found in:
(a) Leg of Monkey (b) Brain of cat
(c) Root of leguminous plants (d) Leg of dog

2. Which of the following is a free living nitrogen fixing organism?
(a) Nitrosomonas (b) Azotobactor
(c) Bacillus ramosus (d) Azatobactor

3. Which bacteria convert NO, to NO3?
(a) Nitrobactor (b) Bacillus vulgeris
(c) Nitrosomonas (d) Nitrosococcus

4. Which enzyme becomes inert in contact of oxygen?
(a) Nitrogenase (b) Amylase
(c) Nitrate reductase (d) Nitrite reductase

5. Most plants obtain their nitrogen from the soil in form of:
(a) Nitric acid (b) Nitrates
(c) N2 gas (d) nitrogen oxides

6. Which of the following plants cannot fix atmospheric nitrogen directly?
(a) Pea (b) bean
(c) Castor (d) horse gram

7. Organisms which fix atmospheric nitrogen are:
(a) Mosses (b) bacteriophages
(c) Liverworts (d) blue green algae

8. Plants incorporate nitrogen into:
(a) Carbohydrates (b) cellulose
(c) Fats (d) proteins

9. Which of the following elements is involved in nitrogen metabolism in reduction of nitrates:
(@) Zn (b) Bo
(c) Mn (d) Mo

10. Which of the following does not contribute to the available nitrogen compound in soil:
(a) Electric discharge (b) Animal remains
(c) Plant remains (d) Liming
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11. In nitrogen cycle which of the following does not play an important role:
(a) Rhizobium (b) Mucor
(c) Nitrobactor (d) Azatobactor

12. Nitrogen fixing bacteria are associated with the family:
(a) Leguminaceae (b) Gramineae
(c) Malvaceae (d) Crucifereae

13. Free living nitrogen fixing bacteria are found in:

(@) Soil (b) root nodule
(c) Air (d) none of these

7.9.3 Fill up the following blanks:-

1. - plants absorb ammonium ions more rapidly.

2. - IS the simplest amino acid.

R is the pigment present in root nodules.

4. Utilization of different salts might be dependent upon the ----- and soil condition.

5, - is the final step of nitrogen cycle.

6. In----mmmmmmee- thallus Anabaena or Nostoc are found.

7. - enters roots through root hairs of leguminous plants in form of infection thread.
8. - are a diverse group of prokaryotes that includes Cyanobacteria.

9. Relationship between nitrogen fixing bacteria and a legume plant is described as--------- .

7.9.1 Answer key: 1. Decaying bacteria, 2. Bacteria, 3. Soil, 4. Leghaemoglobin, 5.
Temperature, 6. Nitrogenase, 7. Urease, 8. Azatobactor, 9. Leghaemoglobin, 10. Azolla, 11.
Cycas, 12. Cyanobacteria

7.9.2 Answer key: 1. (c), 2. (c), 3. (a), 4. (a), 5. (b), 6. (), 7. (d), 8. (d), 9. (d), 10. (d), 11.
(b), 12. (a), 13. (a)

7.9.3 Answer key: 1. Rice, 2. Glycine, 3. Leghaemoglobin, 4. pH, 5. Denitrification, 6.
Anthoeceros, 7. Rhizobium, 8. Diazotrophs, 9. Mutualistic
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7.12 TERMINAL QUESTIONS

7.12.1 Long Answer Type Questions:

Q.1. Write an account of nitrogen metabolism.

Q.2. Write an account of nitrogen cycle and nitrogen fixation in plants.

Q.3. Describe in brief about the reduction of nitrates in plant.

Q.4. Describe in brief about the nitrogen assimilation.

Q. 5. Describe about the asymbiotic and symbiotic nitrogen fixation.

Q. 6. Describe the biosynthesis of amino acids.

Q. 7. What are the various forms of nitrogen available to plant? Describe in brief.
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Q. 8. Describe in brief about the atmospheric nitrogen fixation.

7.12.2 Short Answer Type Questions:

Q.1. Make a list of microbial involvement during biological nitrogen fixation.
Q.2. Describe in short the role of blue green algae in nitrogen fixation.

Q.3. Write in brief about the role of leghaemoglobin.

Q.4. Describe in short about the occurrence of Rhizobium in soil.

Q.5. Write a short note on symbiotic nitrogen fixation

Q.6. Write a short note on ammonia assimilation.

- ________________________________________________________________________________________]
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8.10BJECTIVES

After reading this unit students will be able to-

e Explain and define the meaning of growth and development

e Describe the phases of growth and developmental patterns in plant.

e Describe the concept of photoperodism

e Describe the physiology of flowering, biological clocks and physiology of senescence.

e Describe the fruit ripening process

e Explain the term seed dormancy and describe various methods to break the dormancy in
seeds

e Define the term of seed germination and describe the types of seed germination in dicot and
monocots

8.2 INTRODUCTION

It is well known fact, whether the plant grows to be as giant plant or not, all plants start their
development as unicellular zygotes and by repeated cell divisions and differentiation they grow
into fully developed plants. The development of a plant is a highly complex phenomenon. A
zygote in the embryo sac utilizing available nutrients starts dividing mitotically into two, and
then 4 and so on. During divisions, cellular orientation determines the future developmental
pattern in which a group of cells develop, into stem and the other group into root system. This
type of polarity is determined and fixed at a stage as early as 4-8 called embryo. Even at this
stage, all cells look alike, but as the predetermined cell division continues, one finds that some of
the cells remain exclusively for cell divisions and the other cell derivatives develop into different
cell types which in turn develop into different but specific structure of different organs. Cells
derived from such a single or a group of mother cells either divide further and increase their
number and then differentiate or directly differentiate and develop into new cell types.

Thus we can say that the growth involves an irreversible increase in size which is
usually, but not necessarily, accompanied by an increase in dry weight. The basic process of
growth is to be considered as the production of new protoplasm, which is clearly evident in the
regions of active cell division. The next stage in growth is increase in plant size, which is the
result of absorption of water and the consequent stretching of the tissues, a process which in the
strict sense is not growth at all, since it involves little or no increase in the characteristic material
of the plant itself. The third and the last stage in growth constitute the entry of plenty of building
materials, chiefly carbohydrates, into the expanded young tissues. This results in an increase in
the dry weight but no visible increase in external size of the plant. Growth is, however, more
than just an increasing amount of the plant. Differential growth of plant parts results in a
characteristic shape. Each plant species has a distinctive form, development by growth patterns.

UTTARAKHAND OPEN UNIVERSITY Page 183



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

The growth is followed by the differentiation. Differentiation can be recognized at cell
level, tissue level, organ level, and at the level of an organism. It becomes more obvious at the
level of organ and organism. For example, if we consider flower as an organ of plant, is bears
sepals for photosynthesis and protection of inner floral parts followed by beautiful, coloured
petals to attract insects for cross-pollination and stamens for producing male gametes as well as
the carpel for bearing the ovules which after fertilization produce seeds.

Considering a flowering plant as an organism, we observe that its roots are used for
absorption of water and minerals and fixation in the soil; the trunk and stem branches bear leaves
for photosynthesis, flowers and fruits and the fruits for bearing the seeds which on germination
form each a new plant.

Development implies a whole sequence of qualitative structural changes that a plant
undergoes from the zygote stage to its death. The developmental changes may be gradual
(slowly) or abrupt. Abrupt changes might be expressed in form of germination, flowering and
senescence (ageing leading to death).

Slow developmental changes include formation and maturation of tissues, formation of
vegetative and floral buds and the formation of reproductive organs. Unlike growth, development
is a qualitative change. Development includes growth (cell division, enlargement and
differentiation), morphogenesis, maturation and senescence.

The growth cycle of annual, monocarpic, flowering plants (angiosperms) begins with the
fertilized egg, the zygote. The zygote develops into an embryo following cell divisions and
differentiation (embryonal stage). The embryo is enclosed within a seed where it undergoes a
period of inactivity (dormancy). The resting embryo resumes growth during the germination of
seed and develops into a seedling (seedling stage).

The seedling grows into a vegetative plant (vegetative phase). After some period of
vegetative growth, the plant undergoes maturation and enters the reproductive phase. It develops
flowers and fruits, the latter containing the seeds. Finally senescence sets in (senescence stage)
leading to the death of the plant.

8.3 DEFINITION OF GROWTH AND DEVELOPMENT

Before going towards the definition of growth and development we will try to understand this
aspect through a practical aspect. If we sow a seed in our garden or in a pot, after few days we
will observe that a tiny seedling coming out from the seed. After this, as days pass, the tiny
seedling grows in size, the number of leaves increases, and later, it grows into a mature plant and
produces flowers and fruits. This is the process of growth and development. In this chapter, you
will learn about growth and phases of development in plants.

You must have noticed that all living organisms grow in size. But have you ever thought
how do they grow? Growth takes place due to cell division, which increases the number of cells
in the body. This process continues and we observe increase in weight, size and volume of all
plants. This is called growth.
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“Growth in living organisms may be defined as an irreversible increase in the number
and size of a cell, organ or whole organism”,

Growth in living organisms is not uniform throughout the life span. Growth takes place at
a faster rate till the plants attain maturity. Then it slows down and at a particular time it stops.
Later in life death occurs. All these changes that occur in an organism starting from its beginning
till its death may collectively be termed as development. Development is associated with
morphogenesis and differentiation.

Morphogenesis is the process of development of shape and structure of an organism
however the differentiation is the process of change in cells, tissues or organs to carry out
different functions.

“Development is the whole series of qualitative and quantitative changes such as growth,
differentiation and maturation, which an organism undergoes throughout its life cycle”.

8.4 PHASES OF GROWTH AND DEVELOPMENT

8.4.1 Growth

A vascular plant starts its life from a single celled zygote formed by fertilization of an egg cell by
a sperm cell. Then it begins to divide to form a plant embryo through the process of
embryogenesis. As this happens, the resulting cells will organize so that one end becomes the
first root (underground), while the other end forms the tip of the shoot (above ground). In
phanerogams, the embryo will develop one or more "seed leaves". By the end of embryogenesis,
the young plant will have all the parts necessary to begin in its life.
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Fig.8.1 Showing Growth phases of plant
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Once the embryo germinates from its seed or parent plant, it begins to produce additional
organs (leaves, stems, and roots) through the process of organogenesis. New roots grow from
root meristems located at the tip of the root, and new stems and leaves grow from shoot
meristems located at the tip of the shoot (Fig.8.1).

Here we can understand how primary and secondary growth is carried out? Growth from
any such meristem at the tip of a root or shoot is termed primary growth and results in the
elongation of that root or shoot. Secondary growth results in widening of a root or shoot from
divisions of cells in a cambium

In addition to growth by cell division, a plant may grow through cell elongation. This
occurs when individual cells or groups of cells grow longer. The variation occurs in different
growth patterns for different plant cells. When cells on one side of a stem grow longer and faster
than cells on the other side, as result of this the stem bends to the side of the slower growing
cells.

On the basis of these concepts growth can be categorized as primary, secondary, unlimited,
limited, vegetative and reproductive growth:-

1-Primary and secondary growth- The mitotic divisions of meristematic cells present at the
root and shoot apex increases the length of the plant body. This is called the primary growth. The
secondary meristem increases the diameter of the plant body and it is called the secondary
growth.

2-Unlimited Growth- The root and the shoot system of plants grow continuously from
germination stage to the death or throughout the life span of the plant. It is called ‘Unlimited’ or
‘indeterminate’ type of growth.

3- Limited growth - The leaves, fruits and flowers stop growing after attaining certain size. This
is called ‘limited’ or ‘determinate’ type of growth.

4- Vegetative growth- The earlier growth of plant producing leaves, stem and branches without
flowers is called ‘vegetative growth’/ Phase.

5-Reproductive growth- After the vegetative growth, plants produce flowers which is the
reproductive part of the plant. This is called reproductive growth/phase.

8.4.2 Phases of Plant Growth

As all we know that, a plant is made up of cells and its growth might be considered as the sum
total of the growth of its cells (Fig.8.2).

The growth of cells involves three main phases:

(1) The phase of cell division (formative phase),

(2) Cell enlargement and cell differentiation.

(3) Cell Differentiation or Cell Maturation.
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Fig.8.2 Region of Growth phases in root

1- Phase of Cell Division (Formative Phase)

Cell division is the basic event for the growth of multicellular plants. All cells in an organism
result from the division of pre-existing cells. The type of cell division that occurs during the
growth of an organism is mitosis. It is a quantitative as well as qualitative division that is
generally completed in two stages: the division of the nucleus (karyokinesis), followed by the
division of the cytoplasm (cytokinesis).

During mitosis, the cell passes through prophase, metaphase, anaphase and telophase,
resulting in equal distribution of the genetical material and the cytoplasm in each of the two
daughter cells thus formed. Further, the daughter cells are genetically similar to the parent cell.
As a result of this process, cells having the same genetic constitution get multiplied. In higher
plants, cell divisions continuously occur in the meristematic regions, such as apical meristem. As
a result, an increase in the number of cells takes place in the meristematic region. Some of the
daughter cells retain the meristematic activity, while others enter the next phase of growth— the
phase of cell enlargement.

2 -Phase of Cell Enlargement

The cell enlargement plays an important role in contributing to the size of the tissue and organs.
The enlargement occurs by synthesizing protoplasm, absorbing water (hydration), developing
vacuoles and adding new cell wall material to the stretched, thin elastic walls to make them
slightly thicker and permanent. Cell enlargement may be linear or in all directions.

3- Phase of Cell Differentiation or Cell Maturation

During the last phase, the enlarged cells eventually acquire a specific size and form according to
their location and role following biochemical, physiological and morphological changes, i.e., the
cells undergo specialization or transformation. As a result, various kinds of cells get
differentiated. These differentiated cells form different kinds of simple and complex tissues
which perform different functions.
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8.4.3 Growth Curve

The rate of growth of a plant or plant part is not always the same during its life span. Sometimes
it is slow and at other times rapid. If we plot the increase in cell number (growth rate) against
time, a typical S-shaped curve is obtained. This is called growth curve or sigmoid growth curve.
This curve has three phases of growth.

(i) Lag Phase — This is the initial phase of growth when the rate of growth is very slow.

(if) Log Phase — It shows rapid growth and is maximum during the entire life span.

(iii) Stationary Phase — Here the rate of growth starts decreasing and finally it stops.
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Fig.8.3 Sigmoid Curve

Thus, the total time period during which the fastest growth of the organ or organism occurs is
known as grand period of growth.

Here we will learn how plant growth is influenced by a number of factors both external
and internal.

8.4.4 External growth factors

Simply, external factors are those factors which present in the environment and that affect the
growth of the plants directly or indirectly. These factors are light temperature water and mineral
nutrients. Let we know about these factors in breif:

1- Light: As all we have already learnt about the necessity of light for the process of
photosynthesis. Besides photosynthesis, light is also essential for seed germination, growth of
seedling, differentiation of various tissues and organs, and reproduction.

2- Temperature: For growth point of view, we see that some plants grow in cold climate and
some in hot climate. The optimum temperature required for growth of plants ranges between 28-
30°C, but it may occur in the temperature range of 4-45°C. All metabolic activities of plants are
directly affected by variation of temperature. A very low temperature causes injuries to the plant
due to chilling and freezing, and very high temperature stops its growth.
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3-Water: You have already learnt that a plant absorbs water by its roots, uses it in
photosynthesis and other biochemical processes and some of it is lost through transpiration. For
proper growth of plants a particular quantity of water is required. Both deficiency and excess of
water retards the growth of plants.

4 - Mineral Nutrients: Since our primary level we are always studying about the importance of
mineral nutrients for plant growth and development. All metabolic processes require inorganic
nutrients. Plant growth is adversely affected by the deficiency of nutrients.

8.4.5 Internal Growth Factors
In addition to the external factors as discussed above, there are some substances produced in the
plant body itself, which affects the growth of the plant. These are called plant hormones or
phytohormones or growth hormones.

The growth and development of the plant can also be influenced by certain synthetic
chemicals resembling plant hormones both in structure and functions. These are called growth
regulators. They are not produced by plants naturally. Growth regulators are chemical
substances, other than naturally produced hormones, which promote, inhibit or modify growth
and development in plants.

The naturally produced growth hormones are broadly grouped under five major classes.

They are
(i) Auxins (ii) Gibberellins (iii) Cytokinins (iv) Ethylene (v) Abscissic acid
Let us know details about these hormones.
(i) Auxins: Auxin is a growth promoter, generally produced by the growing apex of stem and
root of the plants. It helps in the elongation of shoot and root tips behind apical meristem. The
naturally produced auxin is Indole-3-Acetic Acid (IAA). They are also produced by chemical
synthesis, which show same physiological responses like Auxin. Some of the synthetic auxin are
Indole-3-butyric acid (IBA), 2,4- Dichlorophenoxy Acetic Acid (2,4-D), and Naphthalene acetic
acid (NAA).

The Greek word Auxin means “to grow”. It was first isolated from human urine. An
experiment was performed by Fritz Went on oat seedling to see the effect of auxins. When tip of
oat coleoptile (early shoot) is removed, growth stops. Then the removed tip is placed on a block
of agar (gelatinous material from sea weeds) for about an hour. This agar block is then placed on
the cut end of the seedling.

It was observed that the growth of the seedling started again. It shows that there is
something that has passed from the cut tip into the agar block, which helps to restart the growth.
This was named Auxin, a plant hormone.

Functions of Auxins

(a) It promotes cell elongation;

(b) It suppresses the growth of lateral bud. If the tip of a plant is removed, the lateral branches
begin to grow; In most of the plants apical bud suppresses the development of lateral buds. This
is called apical dominance.
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(c) It delays fall of leaves. (leaf abscission)

(d) NAA (Naphthalene acetic acid) is used for preventing fruit drop in apples before they are
ripe.

(e) 2, 4-D (2, 4-dichlorophenoxy acetic acid) acts as a dicot weedicide.

(if) Gibberellins: Gibberellin or Gibberellic Acid (GA) was initially isolated from a fungus
Gibberella fujikuroi. In plants, it is produced in embryos, roots, and young leaves and it
enhances growth.

Functions of Gibberellins

(@) It helps in elongation of stems in genetically dwarf plants. By using gibberellin the height of
the dwarf plants can be increased.

(b) It breaks dormancy of seeds and buds.

(c) It induces parthenocarpy. (Formation of seedless fruits without fertilization) or provides
stimulus received by pollination.

(iii) Cytokinins: They were extracted from coconut milk. Cytokinins are synthesized in root
apex, endosperm of seeds, and young fruits where cell division takes place continuously.
Functions of Cytokinins

(a) They stimulate cell division, cell enlargement and cell differentiation.

(b) They prevent aging of plant parts.

(c) They inhibit apical dominance and help in growth of lateral buds into branches.

(iv) Ethylene

Ethylene is a gaseous hormone. It is found in ripening fruits, young flowers and young leaves.
Functions of Ethylene

(@) It induces ripening of fruits.

(b) It promotes senescence and abscission of leaf, and flowers.

(c) In cells it only increases the width not the length.

(v) Abscissic acid

Abscissic acid also known as Dormin is a naturally occurring growth inhibitor found in wide
variety of plants. It is synthesized in leaves.

Functions of Abscissic acid:

(@) It induces dormancy of buds and seeds as opposed to Gibberellin, which breaks dormancy.

(b) 1t promotes the senescence of leaf, i.e., fall of leaves happen due to abscissic acid.

(c) It inhibits seed germination and development.

(d) It causes closing of Stomata.

8.4.6 Development
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As we know the developmental process is started through embryogenesis, the formation of a
multicellular embryo from a single-celled zygote, is one of the most dramatic and best-
characterized aspects of plant development. Four key developmental processes take place during
embryogenesis (Fig.8.1). First, the zygote expresses apical -basal polarity, meaning that the
apical and basal ends of the zygote cell differ structurally and biochemically. When the zygote
divides, it typically divides asymmetrically, giving rise to a small apical cell with
dense cytoplasm and a large basal cell with watery cytoplasm. Although these two cells have
identical nuclei, their fates differ dramatically. The apical cell gives rise to the embryo itself,
while the basal cell gives rise to a short-lived structure called a suspensor and the tip of the root
system. The progeny of the apical cell grow and divide to form a spherical mass of cells, the
globular-stage embryo. Second, differential growth within the globular embryo gives rise to the
"heart" stage embryo, the earliest stage when the precursors of cotyledons, root, and stem can be
recognized. This key embryogenic process is called organogenesis. Third, distinctive planes of
cell divisions bring about histogenesis, the process by which cells within embryonic cotyledons,
root, and stem acquire different shapes, forming the precursors of the plant tissue systems. Last,
the apical meristems of the shoot and root systems are formed at the apical and basal ends of the
embryo.

In broad terms, the stages of development in plants can be divided into the following:
vegetative, reproductive, ripening, and senescence. Each stage can be subdivided into various
component sub stages or phases.

Although plant development is cyclical, here the seed is considered as the starting point
for the sequential events leading to a mature plant, the formation of seed, and finally death. The
stages of development are listed hereunder in order of occurrence and should also provide at
least a general picture of how plants grow from seeds until they die. Here let we discuss about
the major stages of development in plants (Fig.8.4):-
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Fig.8.4 Major stages of development in plants
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1-Vegetative Stage - This is generally a lengthy period of development in plants, starting from
seed germination until prior to reproductive stage. In seed germination the young, quiescent plant
(embryo) within the seed initiates active growth and ultimately the embryonic root (radicle) and
the embryonic shoot (epicotyl) extend outward from the seed (Fig.8.5).
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Fig.8.5 Seed germination and formation of vegetative parts of plant

2-Reproductive Stage - This stage of development in plants occurs after the vegetative or
juvenile stage is completed. At this stage the plants are considered mature, that is, they are
physiologically capable of commencing the production of reproductive parts: the flowers, fruits
and seeds.

This stage consists of the period from the time that the plant starts to form inflorescence
or flower primordia (called booting in rice) until flowering, pollination, and fertilization.
Therefore, in fruit trees the reproductive stage commences with a transition phase during which
few flowers are produced.

3-Ripening stage - In annual crops, this is the developmental stage during which fruits and
seeds are formed. But for horticultural crops, ripening has been defined as “the composite of the
processes that occur from the latter stages of growth and development through the early stages of
senescence and that results in characteristic food quality, as evidenced by changes in
composition, color, texture, or other sensory attributes”.

We can understand the ripening stage in rice, as ripening starts after fertilization
(syngamy) and ends when the grains (commonly called seeds) become mature. A seed
is physiologically mature when it has achieved maximum accumulation of dry matter (and dry
weight). However, at this stage of maturity the seeds would have high moisture content.

4-Senescence - This is the final stage of development in plants during which physical and
chemical changes occur leading to the death of the whole plant. In annual plants, senescence may
start during the reproductive stage and plant death sets in soon after seed maturity which marks
the end of irreversible growth.
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Progressive change in color from green to yellowish (chlorosis) is a major indicator of
leaf senescence and the start of whole-plant death.

8.5 CONCEPT OF PHOTOPERIODISM

As we always observe that some plants like spinach, wheat, etc. which produce flowers in
summer and dahlia, cosmos etc. produce flower in winter. Why is it so? Because the plants that
bear flower in summer require longer duration of light per day than those flowering in winter.
Thus, we can say that duration of light plays an important role in flowering of plants. This effect
of duration of light on the growth of plants is known as photoperiodism (Fig.8.6).
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Fig.8.6 Effect of duration of light on the growth of plants

Photoperiodism is the response in growth, transpiration, photosynthesis, and reproduction
(flowering) of a plant to the specific duration of light, which falls on it per day. On the basis of
day-length required by the plants for flowering, the plants are classified into the following three
categories:
1-Short-day Plants (SDP): Some plants produce flowers when exposed to a light period shorter
than a required day-length. These are called Short-day Plants. Chrysanthemum, Cosmos, Dahlia,
Soyabean, are short-day plants.
2-Long-day Plants (LDP): They produce flowers when exposed to a light period longer than a
fixed day-length. Gulmohar, radish, spinach, are long-day plants.
3-Day-neutral Plants (DNP): In these plants flowering is not affected by length of light period
i.e. they produce flower in almost all photoperiods. Cucumber, Tomato, and Sunflower, are day-
neutral plants.
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Though flowering is the best known example of photoperiodism, many other plant
processes are also controlled by duration of light. Bud dormancy, bulb formation in onion, and
tuber formation in potato are affected by period of light.

8.6 PHYSIOLOGY OF FLOWERING

We know that plants start their life through a period of vegetative growth. The extent of
vegetative growth is well furnished with its genetic potentiality. Accordingly, they may grow
into herbs or shrubs and some may develop into trees or climbers. Generally, every plant after
going through a period of vegetative growth, responds towards environmental aspects, start
producing floral structures, which may be in the form of characteristic single flowers or
inflorescences. All plants have to acquire ripeness to flowering. Annuals complete their
vegetative growth and flowering in one season and then they die. Biennials produce vegetative
growth in one season and flower in the next season. But perennials remain for many years and
flower seasonally.

Plants growing in different regions of the globe are exposed to different climatic
conditions and different day length periods. In fact they are adapted to environs in such a way,
they exhibit alternate vegetative and flowering cycles. It means that plants with their inherent
genetic potentiality interact with environmental conditions according to their response and
behaviour. Photoperiodism and vernalization are two most important mechanisms underlying
flowering response. Phytochromes being omnipresent in the plant body, they are always
subjected to both red and far red radiations in the day conditions. Accumulation of PR forms and
PFR forms of phytochrome in sufficient amounts in plants is critical and important. The
effective concentration of any of these forms over a threshold values in the perceptive organs
like leaves is absolutely essential to bring about certain biochemical functions which may
ultimately lead to the induction of flowers.
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Fig.8.7 Accumulation of PR forms and PER forms of phytochrome for Induction of Flowering

8.6.1 Discovery of flowering response
Though it is a common knowledge that different kinds of plants respond to different seasons of

the year and produce flowers, it was left to G. Gassner & W.W. Garner to explain the

UTTARAKHAND OPEN UNIVERSITY Page 194



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

phenomenon by their pioneering scientific studies. Gassner observed that winter variety of
petkus rye plants called Secale cereale, responded favorably to cold treatments. Almost at the
same period of time, Garner and Allard demonstrated how plants produce flower in response to
different lengths of the day and night in a 24 hours day cycle. The above two phenomenon are
popularly called as Vernalization and Photoperiodism respectively. The above studies have lead
to the discovery of how plants rhythmically respond and behave to the day and night duration or
to temperature fluctuation in different seasons of the year and they also observed rhythmical
behavior of the plants which is referred to as ‘biological rhythm’ or circadian rhythm. And the
operational time measuring system found within the plant structures is called ‘Biological Clock’.

8.7 BIOLOGICAL CLOCKS

In the 1920s, when two scientists in Germany, Erwin Buenning and Kurt Stem, were studying
the movement of bean plant leaves, they saw that the plants were moving their leaves towards
the sun throughout the day, and that at night they were gathering their leaves vertically upwards
and assuming a sleeping position. The ability to measure time is an ability that one does not
usually expect to see in other living things other than man. It may be thought that this is limited
to man, but both plants and animals possess a time-measuring mechanism, or "biological clock."”

The existence of this biological clocks points to a single reality, the fact of Creation.
Under natural conditions, plants select certain times for certain activities. They do this in line
with certain changes in the sunlight. Because their internal clocks are tuned to sunlight, they
complete their rhythmic activities in 24 hours. In other cases, there are some rhythms which are
much longer than 24 hours. For example, in most plants flowers open at a particular time of year,
i.e. at the best possible time. Plants' clocks, which regulate this time, also calculate the duration
of sunlight falling on the leaves. Every plant's biological clock calculates this period in
accordance with the plant's particular features.

Plants use this perfect sense of timing in many of their functions, not just opening
flowers. For example, it causes the time the poppy flower disperses its pollen to coincide with
the days and hours when pollinators are most prevalent. Thus, on the basis of this fact we can
say that the plant must have accurate knowledge of the time when the creatures which will
fertilize it emerge, the length of the journey they will undertake, and the times they feed. The
mechanisms of biological clocks inside every cell of the plant and are controlled by a series of
components. To describe these components to you, let we know more about the secret life of
plants. Plants, just like us, are very diverse and each plant is totally different. If you look at
various people you will see that each one of us is unique. Some people have blue eyes and some
have brown eyes, some people are tall and others are shorter and such kind of differences is
endless.

Let we try to understand the mechanism of biological clocks in the plants. This
mechanism is tiny and is found inside each of the cells that make up your body. In scientific
terms it would be called your "DNA" and the instructions inside mechanism are your "genes".
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Each plant also has its own mechanism (DNA) complete with instructions (genes) and some of
these genes work like a clock.

The clock genes work on a central feedback loop. This central feedback loop means that
three genes work together in a seesaw-like action. These genes have the curious names of CCA1l
(Circadian Clock Associated 1 is a gene that is central to the circadian oscillator of angiosperm).
It was first identified in Arabidopsis thaliana in 1993. Another one is LHY (Late Elongated
Hypocotyl) and last one is TOC1 (TOC1 is named after the sound a clock makes). TOC1
(Timing of CAB expression 1) is a protein that in Arabidopsis thaliana is encoded by the TOC1
gene. TOC1 is also known as two-component response regulator-like APRR1. TOC1 was the
first plant gene that, when mutated, yielded a circadian phenotype. Each gene tells the plant to
make a protein bearing the same name as the gene. These proteins are like little engines that
drive certain processes inside the plant.

The whole mechanism starts with when the sun rises, the relevant instructions tell the
plant to make the CCAL and LHY proteins. When these are being made the plant knows that it
is daytime. These two proteins prevent the plant from making TOC1. In the afternoon the plant
destroys CCAL and LHY, which allows TOC1 to be made. When there is lots of TOC1, the
plant knows it is night time. TOCL1 is destroyed just before dawn, but the last job it does is to tell
the plant to make CCAL and LHY, starting the whole process off again. This complicated
feedback loop is actually only the central part of a network of interacting genes but it acts like
the tiny cogs on the inside of a watch that move the hands around.

Of course all this activity is well hidden inside the plant and it's not easy to get physical
evidence of it. However we can play smart by coupling the activity of CCA1 with a sort of
"glow-in-the-dark” luminous marker. Such a marker is found in fireflies. The pulse of light
generated by a firefly is the result of the activity of a gene inside the fly called Luciferase. We
have replicated this gene, and inside the plant have linked it to the CCA1 gene. So under certain
conditions, we can see light coming from the plant as a consequence of CCAL activity. The
intensity of this light equals the activity of the gene: high intensity equals high gene activity.

INPUT

A
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OSCILLATOR

5 OUTPUT

Evening genes

Morning genes

Fig.8.8 Circadian Rhythms
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Throughout each day the daisy's leaves flap, the flower petals open and close, the stem
grows in spurts, and small pores on the leaf surface called stomata open and close. As these
events take place every day, they are known as "Circadian Rhythms". Circadian rhythms are
controlled by the biological clock that is found in each cell of the daisy. The central part of this
clock is made up of three instructions (genes): CCAL, LHY and TOC1 which run together in a
loop. CCA1 and LHY activity is highest in the morning while TOCL is highest in the evening.
Light and temperature are the inputs from the environment the clock uses to maintain this loop at
24 hours.

8.8 PHYSIOLOGY OF SENESCENCE

As the young plant grows, it undergoes ageing and develops into mature plant in an orderly
fashion. The later part of the developmental process which ultimately leads to death is called
senescence. Senescence may be defined as the period between reproductive maturity and death
of a plant or a part of it. It is characterized by a collective, progressive and deteriorative
developmental process which ultimately leads to complete loss of organization and function of
the plant or parts of it. The study of plant senescence is called phytogerontology.

By means of three ways plants can senescence:

a. They die simply because of aging i.e. accumulated entropy causes increased sensitivity to
environmental stress, bringing on death.

b. Simple nutrient withdrawal by the seeds from the leaves eventually brings on starvation or
some other nutrient deficiency, causing death i.e. the seeds take what nutrients they need by
diffusion from the adjacent cells and this sets up a source sink diffusion gradient where the
nutrients pass from the leaves to the seeds, with no active breakdown of the leaves.

c. A hormonal or other kind of signal is released by the developing flower or seed, or the photo-
induced leaves. This causes the plant to begin degrading itself and transporting the resulting
nutrients out of the cells into the developing seed.

8.8.1 Types of Senescence

Leopold (1961) has recognized 4 types of senescence patterns, which are as follows:-

1. Whole plant senescence

2. Shoot Senescence

3. Sequential senescence of Organ senescence

4. Simultaneous senescence

1-Whole plant senescence: It is found in monocarpic plants which produce flower and fruit
only once in their life cycle. The plants may be annual (e.g. rice, wheat, gram, mustard etc.),
biennials (e.g. cabbage, henbane) or perennials (e.g. certain bamboos). The plant dies soon
after ripening of seeds.
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Fig. 8.9 Types of Senescence

2-Shoot senescence: This type of senescence is found in certain perennial plants which possess
underground perennating structures like rhizomes, bulbs, corm etc. The above ground part of the
shoot dies each year after flowering and fruiting, but the underground part (stem and root)
survives and puts out new shoots again next year. For example; banana, gladiolus, ginger etc.
3-Sequential Senescence: This is found in many perennial plants in which the tips of main
shoot and branches remaining a meristematic state and continue to produce new buds and leaves.
The older leaves and lateral organs like branches show senescence and die. Sequential
senescence is apparent in evergreen plants. e.g. Eucalyptus, Pinus etc.

4-Simultaneous or Synchronous senescence: It is found in temperate deciduous trees such
as elm and maple. These plants shed all their leaves in autumn and develop new leaves in spring.
Because of this shedding of leaves, autumn season is also called fall. Such a senescence of leaves
or plant organs is called synchronous.

8.8.2 Physiology of senescence

The process of senescence involves a number of structural and physiological changes in the
senescing organs. Some of the important changes are:

1. Cells undergo reduction in their size.

The membrane bound sub-cellular inclusions are disrupted.

Photosynthesis is reduced and starch content decreases in the cells.

Breakdown of chlorophyll is accompanied by synthesis and accumulation of anthocyanin
pigments.

Protein synthesis is decreased and protein break down enhances.

Amino acids are withdrawn from senescing leaves and transported to the growing regions.
RNA content is decreased.

Chromatin material changes its property and DNA molecules degenerate.

o
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8.9 FRUIT RIPENING

Ripening is a process in fruits that causes them to become more palatable. In general, fruit
becomes sweeter, less green, and softer as it ripens. Even though the acidity of fruit increases as
it ripens, the higher acidity level does not make the fruit seem tarter. This is attributed to the
Brix-acid ratio. The ripening process makes the fruit more appealing — the color of the skin
changes as chlorophyll (the green stuff in plants) is broken down and in some cases new
pigments are made, the acids that make the fruit sour are broken down, the mealy starches are
converted into sugar, hard pectin is softened, and larger molecules are made into smaller ones
that then evaporate as aroma. Suddenly, we have a soft, juicy, sweet, fragrant, colorful animal-
attractor.

This produce makeover is accomplished by a group of enzymes that are made on cue.
They take their cue from a ripening signal — a burst of a gas called ethylene. Ethylene is a simple
hydrocarbon gas produced when a fruit ripens. Ethylene flips the switch to trigger the genes that
in turn make the enzymes that cause ripening. Plants send signals all the time using hormones.
This ripening signal is unique, though, because it involves an airborne hormone (the ethylene).
Ethylene is produced by rapidly growing tissue (the tips of roots, flowers, ripening fruit,
damaged tissue). Thus, a wound can activate ethylene production; just the act of picking green
fruit can cause the ripening process to begin.

Colour change is the result of pigments, which were always present in the fruit, becoming
visible when chlorophyll is degraded. However, additional pigments are also produced by the
fruit as it ripens. In fruit, the cell walls are mainly composed of polysaccharides including pectin.
During ripening, a lot of the pectin is converted from a water-insoluble form to a soluble one by
certain degrading enzymes. These enzymes include polygalacturonase. This means that the fruit
will become less firm as the structure of the fruit is degraded.

Enzymatic breakdown and hydrolysis of storage polysaccharides occurs during
ripening. The main storage polysaccharides include starch. These are broken down into shorter,
water-soluble molecules such as fructose, glucose and sucrose. During fruit ripening,
gluconeogenesis also increases. Acids are broken down in ripening fruits and this contributes to
the sweeter rather than sharp tastes associated with unripe fruits. In some fruits such as guava,
there is a steady decrease in vitamin C as the fruit ripens. This is mainly as a result of the general
decrease in acid content that occurs when a fruit ripens.

Ethylene: The Ripening Hormone

Ethylene is a small hydrocarbon gas. It is naturally occurring, but it can also occur as a result of
combustion and other processes. You can't see or smell it. Some fruit will produce ethylene as
ripening begins. Apples and pears are examples of fruit that produce ethylene with ripening.
Ethylene is responsible for the changes in texture, softening, colour, and other processes
involved in ripening. Fruits such as cherries and blueberries do not produce much ethylene and it
doesn't influence their ripening.
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Ethylene is thought of as the aging hormone in plants. In addition to causing fruit to ripen, it can
cause plants to die. It can be produced when plants are injured, either mechanically or by disease.
Ethylene will cause a wide range of effects in plants, depending on the age of the plant and how
sensitive the plant is to ethylene. Ethylene effects include fruit ripening, loss of chlorophyll,
abortion of plant parts, stem shortening, abscission of plant parts, and epinasty (bending of
stems).

8.10 SEED DORMANCY

A dormant seed is one that is unable to germinate in a specified period of time under a
combination of environmental factors that are normally suitable for the germination of the non-
dormant seed. Dormancy is a mechanism to prevent germination during unsuitable ecological
conditions, when the probability of seedling survival is low.

Therefore dormancy can be defined as the share of inhibited growth of seeds or other
plant organs as result of internal reasons. One important function of most seeds is delayed
germination, which allows time for dispersal and prevents germination of all the seeds at the
same time. Another form of delayed seed germination is seed quiescence, which is different from
true seed dormancy and occurs when a seed fails to germinate because the external
environmental conditions are too dry or warm or cold for germination. Many species of plants
have seeds showing delay germination for many months or years, and some seeds can remain in
the soil seed bank for more than 50 years before germination. Some seeds have a very long
viability period.

True dormancy or innate dormancy is due to conditions within the seed that prevent
germination under normally ideal conditions. Often seed dormancy can be categorized into two
major types based on what part of the seed showing dormancy i.e., exogenous and
endogenous. There are three types of dormancy based on their mode of action: physical,
physiological and morphological.

8.10.1 Exogenous Dormancy

Exogenous dormancy is caused by conditions outside the embryo and of three types such as
physical, mechanical and chemical.

1-Physical dormancy: Dormancy that is caused by an impermeable seed coat is known as
physical dormancy. Physical dormancy is the result of impermeable layer that develops during
maturation and drying of the seed or fruit. This impermeable layer prevents the seed from taking
up water or gases. As a result, the seed is prevented from germinating until dormancy is broken.
In natural systems, physical dormancy is broken by several factors including high temperatures,
fluctuating temperatures, fire, freezing/thawing, drying or passage through the digestive tracts of
animals.
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Generally, physical dormancy might also be due to one or more palisade layers in the
fruit or seed coat. In few families such as Anacardiaceae and Nelumbonaceae the seed coat is not
well developed. Therefore, palisade layers in the fruit perform the functional role of preventing
water uptake. Specialized structures in Ipomoea lacunosa (Convolvulaceae) which function as a
"water-gap"” are associated with the impermeable layers of the seed to prevent the uptake of
water. The water-gap is closed at seed maturity and is opened in response to the appropriate
environmental signal. For example, legume (Fabaceae) seeds become permeable after the thin-
walled cells of lens (water-gap structure). Following disrupted pulls apart to allow water entry
into the seed.

2- Mechanical dormancy: Mechanical dormancy occurs when seed coats or other coverings
are too hard to allow the embryo to expand during germination. These endogenous factors
include low embryo growth potential.

3-Chemical dormancy: Chemical dormancy is associated with growth regulators that are
present in the coverings around the embryo. They may be leached out of the tissues by washing
or soaking the seed, or deactivated by other means. Other chemicals that prevent germination are
washed out of the seeds by rainwater or snow melt.

8.10.2 Endogenous dormancy

Endogenous dormancy is caused by conditions within the embryo itself, and it is categorized into
three subgroups such as physiological dormancy, morphological dormancy and combined
dormancy.

1-Physiological dormancy: Physiological dormancy prevents embryo growth and seed
germination until chemical changes occur. These chemicals include inhibitors that often retard
embryo growth to the point where it is not strong enough to break through the seed coat or other
tissues. Mostly Seeds with physiological dormancy do not germinate even after the seed coat or
other structures that interfere with embryo growth are removed. We should be also aware with
the fact that some conditions also affect physiological dormancy of seeds including drying, photo
dormancy and thermo dormancy.

(a) Drying: Some plants including a number of grasses and those from seasonally arid regions
need a period of drying before germination. If the seeds remain moist after dispersal, germination
can be delayed for many months or even years. Many herbaceous plants from temperate climate
zones have physiological dormancy that disappears with drying of the seeds. Other species will
germinate after dispersal only under very narrow temperature ranges, but as the seeds dry they
are able to germinate over a wider temperature range.

(b) Photo dormancy or light sensitivity affects germination of some seeds. These photoblastic
seeds need a period of darkness or light to germinate. In species with thin seed coats, light may
be able to penetrate into the dormant embryo.

(c) Thermo dormancy is seed sensitivity to heat or cold. Some seeds including cocklebur
(Xanthium) and amaranth germinate only at high temperatures. Many plants that have seeds that
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germinate in early to mid summer have thermo dormancy and germinate only when the soil
temperature is warm. Often thermo dormancy requirements disappear as the seed ages or dries.

2-Morphological dormancy: In morphological dormancy, the embryo is underdeveloped or
undifferentiated stage. Some seeds have fully differentiated embryos that need to grow more
before seed germination, or the embryos are not differentiated into different tissues at the time of
fruit ripening.

3-Combined dormancy: Seeds have both morphological and physiological dormancy.
Combinational dormancy occurs in some seeds, where dormancy is caused by both exogenous
(physical) and endogenous (physiological) conditions. Some Iris species have hard impermeable
seed coats and showing physiological dormancy.

8.10.3 Methods of Breaking Seed Dormancy

Here we will discuss about various methods used to break the dormancy of seed. Simple and
widely used methods are as following:-

1-Scarification: Any treatment i.e. physical or chemical that weakness the seed coat, is known
as scarification. Scarification method is applied, when dormancy is imposed by hard seen coat e.
g. in legumes- Cajanus cajan (tur), gram etc.

In this method there are various ways to break hard seed coat such as:

(a) Seeds are either rubbed on a sand paper manually. At the time of rubbing care should be
taken that not to damage the axis of the seed e.g. Green gram & subabool.

(b) When seed coat is too hard i.e. of woody nature, the seed coat has to be removing completely
by breaking it. E.g. Rubber (Havea app) seed India teak wood seed.

(c) Soaking treatment: Soaking hard seed coat in concentrated or diluted solution of sulphuric
acid for 1 to 60 minutes, it removes seed coat impermeability.

2-Temperature Treatments:

(2) When the dormancy is due to embryo factor i.e. the seed is incubating at low temp. (0- 50°C)
over a substratum for 3 to 10 days placing it at optimum temp. Required for germination. E.qg.
mustard. — (Brassica campestrits)

(b) Some seeds required a brief period of incubation (from a few hours to one to five days) at 40
to 50°C before germinating at required temp. ( in this method care should be taken that moisture
content of the seed is not more than 15% e.g. paddy (Oryza Sativa)

(c) Hot water treatment is also an effective method of breaking hard- seed ness in legumes. In
this method the seeds are soaked in water at 80°C temp. For 1 — 5 minutes (depending up on the
type of seed) before putting for germination.
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3- Light Treatments: Same seeds do not germinate in dark thus it provides continuous or
periodic exposure of light is essential e. g. Lettuce (Lactuca sativa) required red light (660nm) or
white light is essential for germination to occur.

4-Exposure to light: As we know that light has the effect on hastening the germinability of
seeds of some species while in other it has retarding effect. The seeds of Vernonica longifolia
show better germination in the presence of light and at low temperature.

8.11 SEED GERMINATION

Germination may be defined as the activation of dormant embryo so as to initiate growth with
the result that the embryo comes out of seeds in form of seedling.

Several factors i.e. water availability, air, temperature and sunlight and food material are
necessary for the seed germination. Water is crucial to seed germination. The seed must go
through imbibition to activate root growth. However, too much water can be a bad thing, as most
gardeners know. When a plant is still growing underground, during root formation, it cannot use
the sun to make food, like most grown plants do. It must rely on the stored food inside the seed,
and oxygen from the environment to make energy. If the soil is too soggy, there will not be
enough oxygen and the plant will not thrive.

1-Water: Water or moisture is considered as to be most essential for the germination of seeds.
This is due to no vital activity is possible in high concentration of protoplasm of reserve food
material. The seeds when kept in moist soil, they absorb water through micropyle, swell up and
bring about the activation of dormant protoplasm. Due to the moisture the seed coat get softens
and through softened seed coat embryo core comes out easily.

2- Temperature: Temperature is also an important factor. Some seeds germinate when it is cold,
such as plants in northern environments. Other seeds only germinate when the weather reaches
spring temperatures, which is why we see so much plant growth in the spring in temperate
climates. Other seeds only germinate after extreme temperatures, such as after a fire in the
grasslands. For the proper germination of seeds a suitable temperature is required ( 25°C to
30°C temperature is required for most of seeds and some time above 45°C to 50°C).

3-Oxygen (Air): It is essential during germination for respiration and other physiological
activities. For proper germination of seeds the much amount of oxygen is essential. This is why
the seeds which are deeply sown and fail to germinate, the soil is ploughed so that air may
penetrate in between the soil particles.

The following three types of seed germination are being described here as:
(a) Hypogeal Germination
(b) Epigeal Germination
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(c) Vivipary (Viviparous Germination).

Here Fig.8.10 showing the glimpse of two modes of seed germination. All
monocotyledons show hypogeal germination. Among dicotyledons such as gram, pea and
groundnut are some common examples of hypogeal germination.

Plumule

ypocotyl

H}?OCO&

Extension
—_——

Epigeal
Hypocotyl Germination
Plumule

—_—

Hyvpocotyl

Fig.8.10 Epigeal and Hypogeal Germination
(2) Hypogeal Germination: In this kind of germination, the cotyledons do not come out of
the soil surface. In such seeds the epicotyl (i.e., part of embryonic axis between plumule and
cotyledons) elongates pushing the plumule out of the soil. Among dicotyledons groundnut, pea

(Fig.8.11) are some common examples of hypogeal germination. All monocotyledons show
hypogeal germination (Fig.8.12).
Secondary
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Fig.8.11 Hypogeal germination in Pea (Dicot) Seed
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(i) Germination of Maize Grain: The grain imbibes water from moist soil. The coleorhiza
pierces the base of caryopsis (fruit) and appears as a shining knob. After sometimes, the
coleorhiza gets ruptured due to growth of radicle. After sometime coleoptile comes out. Three
seminal roots develop from above the radicle (but variation in number). The radicle and seminal
roots with two branches persist throughout the life of the plant. Adventitious roots are formed
from the lowermost nodes above the mesocotyl (Fig.8.12).

Radicle '/

Coleorhiza

Primary Root
(Dies)

Fig.8.12 Hypogeal germination in Maize (Monocot) seed

(b) Epigeal Germination: In seeds with epigeal germination, the cotyledons are brought
above the soil due to elongation of the hypocotyl. Here the cotyledons, besides food storage, also
perform photosynthesis till the seedling becomes independent. In some other plants like bean, the
cotyledons being thick, do not become leaf-like; they shrivel and fall off after their food reserves
are consumed by the seedling.

(i) Germination of Gourd (Cucurbita maxima): The straight radicle comes out of the seed
and fixes the seed to the soil with the secondary roots developing from the radicle. Next, the
hypocotyl grows so quickly that it forms a loop which comes out of the soil and pulls out the rest
of the seed. The seed coat is cast off and the cotyledons open out like two leaves, become green,
large and thin so that they look and behave like ordinary leaves. The plumule within the
cotyledons becomes exposed and soon grows into the aerial shoot (Fig.8.13).
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Seed Coat
Tap Root

Fig.8.13 Epigeal germination in Gourd (Dicot) seed

(c) Vivipary (Viviparous Germination): Vivipary can be defined as the giving birth to
young ones in advanced stage of development. It might be occurred in mammals (among
animals) and mangrove plants. In mangrove plants (e.g., Rhizophora, Sonneratia, Heritiera) the
seeds cannot germinate on the ground because of the excessive salt content and lack of oxygen in
marshy habitat. In such plants seed dormancy is absent.

Let we see in the Fig.8.14, the embryo of the seed (present inside the fruit) continues
growth while the latter is attached to the parent plant. Hypocotyl elongates and pushes the radicle
out of the seed and the fruit. Growth continues till the hypocotyl and radicle become several
centimetres long (more than 70 cm in Rhizophora). The seedling becomes heavy. As a result it
breaks its connection with the fruit and falls down in the salt rich muddy water in such a position
that the plumule remains outside the saltiest water while the tip of the radicle gets fixed in the
mud. This protects the plumule. The radicle quickly forms new roots and establishes the seeding
as a new plant
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Fig.8.14 Viviparous germination in Rhizophora twig

8.12 SUMMARY

In this unit we have discussed the meaning of growth and development in plants and their unique
features related to growth phases and developmental patterns. We also learnt how various
changes are carried out since the development of seedling to the death of plant. So, let us try to
summarize the whole process during the growth and development of plant in key points:

1.

Plant growth and development are controlled by several environmental and genetic factors.
Growth is any irreversible increase in size of an organism or its parts.

Development and differentiation involve the progressive specialization of cells into tissues
and then plant organs.

The growth involves an irreversible increase in size which is usually, but not necessarily,
accompanied by an increase in dry weight.

The basic process of growth is to be considered as the production of new protoplasm, which
is clearly evident in the regions of active cell division.

The next stage in growth is increase in plant size, which is the result of absorption of water
and the consequent stretching of the tissues, a process which in the strict sense is not growth
at all, since it involves little or no increase in the characteristic material of the plant itself.
The third and the last stage in growth constitute the entry of plenty of building materials,
chiefly carbohydrates, into the expanded young tissues. This results in an increase in the dry
weight but no visible increase in external size of the plant.

Growth is, however, more than just an increasing amount of the plant. Differential growth of
plant parts results in a characteristic shape. Each plant species has a distinctive form,
development by growth patterns.
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8. The growth cycle of annual, monocarpic, flowering plants (angiosperms) begins with the
fertilized egg, the zygote. The zygote develops into an embryo following cell divisions and
differentiation (embryonal stage).

9. The embryo is enclosed within a seed where it undergoes a period of inactivity (dormancy).
The resting embryo resumes growth during the germination of seed and develops into a
seedling (seedling stage).

10. The growth is followed by the differentiation. Differentiation can be recognized at cell level,
tissue level, organ level, and at the level of an organism.

11. It becomes more obvious at the level of organ and organism. For example, if we consider
flower as an organ of plant, is bears sepals for photosynthesis and protection of inner floral
parts followed by beautiful, coloured petals to attract insects for cross-pollination and
stamens for producing male gametes as well as the carpels for bearing the ovules which after
fertilization produce seeds.

12. Considering a flowering plant as an organism, we observe that its roots are used for
absorption of water and minerals and fixation in the soil; the trunk and stem branches bear
leaves for photosynthesis, flowers and fruits and the fruits for bearing the seeds which on
germination form each a new plant.

13. The seedling grows into a vegetative plant (vegetative phase). After some period of
vegetative growth, the plant undergoes maturation and enters the reproductive phase.

14. Flowering is an example of environmental responses during plant development.
Phytochrome, a photo reversible protein pigment, is involved in light-sensing responses in
plants and is associated with several responses including flowering, photoperiodism and
vernalization.

15. As result of flowering fruits are developed and latter containing the seeds. Finally senescence
sets in (senescence stage) leading to the death of the plant.

8.13 GLOSSARY

Zygote: After fertilization, the fertilized egg is termed as zygote

Embryo Sac: The megaspore of a seed-bearing plant, situated within the ovule, giving rise to the
endosperm and forming the egg cell or nucleus from which the embryo plant develops after
fertilization.

Differentiation: It involves a series of qualitative changes occurring in plants

Pollination: The transfer of pollen from the male part (anther) of a flower to the female part
(pistil).

Cross-Pollination: The transfer of pollen from an anther of a flower of one plant to a stigma of a
flower of another plant of the same species.

Stamen: Typically consists of a stalk called the filamentand an anther which contains
microsporangia
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Fertilization: The action or process of fertilizing an egg or a female animal or plant, involving
the fusion of male and female gametes to form a zygote.

Seed: a structure containing a tiny embryo plant and stored food which can give rise to a new
plant under suitable conditions.

Germination: Resumption of active growth in an embryo which results in its emergence from
the seed and development of those structures essential to plant development.

Epicotyl: Portion of the axis of a plant embryo or seedling stern between the cotyledons and the
primary leaves

Hypocotyl: That part of the embryonic axis which is between the cotyledons and the radicle.
Ageing: The process of becoming older.

Tissue: Group or layer of similarly specialized cells that together perform certain
special functions.

Floral Buds: A plant bud that produces only a flower.

Morphogenesis: Formation of the structure of an organism or part

Irreversible Increase: Increase in cell numbers by cell division and an increase in cell size.

Dry Weight: Weight of any plant (or other organism) part after all its water content has been
removed by drying.

Protoplasm: The semi fluid, translucent substance that forms the living matter in all plant
Carbohydrate: Neutral compound of carbon, hydrogen and oxygen. Sugar, starch and cellulose
are carbohydrates.

Plant Development: It is an overall term which refers to the various changes that occur in a
plant during its life cycle.

Plant Growth: It is the irreversible, quantitative increase in size, mass, and/or volume of a plant
or its parts.

Annual: Refers to a plant that completes its entire life cycle in growing season. Marigolds are
examples of an annual plant.

Biennial: Those plants that sprout from seed and grow through one season, overwinter then
flower, go to seed and die in the second growing season.

Perennial: A plant which completes its life cycle over several to several hundred years.
Cotyledon: Energy storage components of a seed that feed the plant before the emergence of its
first true leaves.

Dormant: To remain inactive when conditions are not suitable. Seeds are often dormant until
conditions are right for germination.

Dormancy: This term is most often used when referring to a seed’s inability to sprout for a
given time after it is produced.

Hormone: Chemical substance that modifies the growth and development of a plant.
Inflorescence: The name for the structure on the plant that carries the flower.

Meristem: Tip of a plant's growth.

Nutrient: An Element Fundamental to Plant Life.

Oxygen: Tasteless, colourless element, necessary in soil to sustain plant life

Photoperiod: The relationship between the length of light and dark in a 24 hour period
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Photosynthesis: The building of chemical compounds (carbohydrates) within a plant through the
use of light energy, water and carbon dioxide.

Phototropism: The specific movement (often termed bending) of an entire plant or just a plant
part towards a light source.

Prune: To purposely alter the shape and growth pattern of a plant by cutting stems, shoots or
roots

Stratification: The process by which seed dormancy is broken and hence germination
percentages improved.

Flower Induction (floral induction, flower initiation) : The process where the leaf generates a
flowering stimulus in response to appropriate photoperiods.

Long-Day Plants: The plants which flower under dark period shorter than the critical night
length (light period longer than the critical day length).

Long-Short-Day Plants: The plants which flower when placed under long-day conditions and
then under short-day conditions.

Photoperiodic Cycle: The cycling of day and night (light and darkness).

Photoperiodic Flowering: The flowering which occurs in response to the photoperiodic cycle.
Short-Day Plants: Plants which flower when exposed to a dark period longer than the critical
length (light period shorter than the critical length).

Vernalization: The flowering induced by low temperature (0 to 5°C). Also the promotive effects
of low temperatures on flowering. Sometimes spelled "vernalization™.

CCAL1: Circadian Clock Associated 1is a gene that is central to the circadian oscillator of
angiosperm.

LHY: Late Elongated Hypocotyl gene

TOC1 Gene: Responsible for encoding TOC1 (Timing of CAB expression 1) a protein that in
Arabidopsis thaliana

Ethylene: The Ripening Hormone

8.14 SELF ASSESSMENT QUESTION

8.14.1 Very Short Answer type Question:

What is the basic process of growth is to be considered as?

By which process the growth is followed?

Which part of plant is used for absorption of water and minerals and fixation of plant in the soil?
Which process is responsible for the development of shape and structure of an organism?
What term is used for growth from any such meristem at the tip of a root or shoot?

Which growth of plant responsible for producing leaves, stem and branches without flowers?
Name the phase of the growth when the rate of growth is very slow?

Which stage of development in plants occurs after the completion of vegetative or juvenile
stage?

N Ok wDdNE
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9. At what stage of development in plants physical and chemical changes occur leading to the
death of the whole plant?

10. What phenomenon is used for effect of duration of light on the growth of plants?

11. What was the first plant gene that, when mutated, yielded a circadian phenotype.

12. The central part of biological clock is made up of which three instructions (genes)?

13. What is the name of Ripening Hormone?

14. Which dormancy is caused by conditions outside the embryo?

15. Which factor is regarded to be as crucial to seed germination?

8.14.2 Multiple choice questions

1. Which one of the followings is a gaseous plant hormone?
(a)Ethylene (b) Gibberellin
(c) IAA (d) Abscisic acid

2. Importance of day length in flowering of plants was first shown in:
(a) Petunia (b) Letting
(c) Tobacco (d) Cotton

3. Seed dormancy is due to the:
(a) Ethylene (b) Abscisic acid
(c) IAA (d) Starch

4. Flowering of plants depend on duration and timing of light and dark periods, is termed as
(a) photoperiodism (b) Differentiation
(c) Both (d) None

5. Which are of the following the sites of vernalisation.
(a) Apical buds (b) Roots
(c) Laeves (d) None

6. Miniature plants contains one or two seed leaves called
(a) Radicle (b) Plomule
(c) Cotyledon (d) Zygote

7. When seed is sown into soil, first thing it does is
(a) take up water (b) take up oxygen
(c) burst apart (d) split in two parts

8. A photoreceptor molecule which mediates several developmental and morphogenetic
responses of plants to light
(a) Phytochrome (b) Gibberellin
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(c) auxins (d) ethylene

9. Which of the following hormones can replace vernalisation?
(a) auxin (b) Cytokinins
(c) Gibberellin (d) ethylene

10. What will be the effect on phytochrome in a plant subjected to continuous red light?

(a) phytochrome synthesis will increase (b) level of phytochrome will decrease
(c) phytochrome will be destroyed (d) first (b) then (a).

8.14.3 Fill up the following blanks:

1. involves a series of qualitative changes occurring in plants

2. is the specific movement (often termed bending) of an entire plant or just a plant
part towards a light source

3. is the process by which seed dormancy is broken and hence germination percentages
improved.

4. is the energy storage components of a seed that feed the plant before the emergence of
its first true leaves

5. are the plants which flower under dark period shorter than the critical night length

6. The seedling grows into a

7. involves the formation of the structure of an organism or part

8. iIs referred to be as the Ripening Hormone

9.1n plants the seeds cannot germinate on the ground because of the excessive salt content and
lack of oxygen in marshy habitat.

10.In___ germination the cotyledons are brought above the soil due to elongation of the hypocotyl.

8.14.1 Answer key: 1. The production of new protoplasm, 2. The differentiation, 3. Roots, 4.
Morphogenesis, 5. Primary growth, 6. Vegetative growth, 7. Lag phase, 8. Reproductive stage, 9.
Senescence, 10. Photoperiodism, 11. TOC1 gene, 12. CCA1, LHY and TOC1, 13. Ethylene, 14.
Exogenous dormancy, 15. Water

8.14.2 Answers Key: 1. (a); 2. (c); 3. (b); 4. (a); 5. (a); 6. (c); 7. (a); 8. (a); 9. (c); 10. (d)
8.14.3 Answers Key: 1. Differentiation; 2. Phototropism; 3. Stratification; 4. Cotyledon;
5. Long-day plants; 6. vegetative plant (vegetative phase); 7. Morphogenesis; 8. Ethylene; 9.
Mangrove plants; 10. Epigeal germination
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8.17 TERMINAL QUESTIONS

8.17.1 Long answer type questions:

Describe the different stages of cellular growth.

Define the terms growth and development. Differentiate the growth and development.

Define the term Photoperiodism. Describe the physiology of flowering.

Explain the role of Cytokinins and Ethylene in growth and development of plants.

What is meant by seed germination? Describe the various factors responsible for seed

germination.

What is senescence? Write an essay on types of senescence.

What do you meant by seed dormancy? Describe the exogenous and endogenous dormancy.

8. What do you understand by biological clocks? Describe the mechanism of biological clocks
in the plants.

9. Write a short essay on fruit ripening process.

10. What is auxin? What is its role in the growth of plants?
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8.17.2 Short answer type questions:

Distinguish between growth and development.

What is differentiation?

What role does differentiation play in plant growth and development?

What is a sigmoid growth curve? State the different phases of sigmoid curve.
State any two functions of Gibberellin?

Distinguish between epigeal germination and hypogeal germination.

What is senescence?

Nooabkohe
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BLOCK-3 : BIOCHEMISTRY
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UNIT-9 CARBOHYDRATES AND LIPIDS
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9.1 OBJECTIVES

After reading this unit students will be able-
e To understand the structure and classification of carbohydrates.
e To study physical and chemical properties of carbohydrates.
e To study biological role of carbohydrates.
e To understand the structure and classification of lipids.
e To study physical and chemical properties of lipids.
e To study biological role of lipids.

9.2 INTRODUCTION

Carbohydrates are organic and biological molecules. They are an instant energy source for our
body. They are very important in the form of dietary fibers like cellulose, pectin, mucilage etc.
Dietary fibers like pectin and mucilage are important for proper intestinal health. Consumption
of fiber makes waste elimination easier. The excess pressure during defecation may cause
hemorrhoids and diverticulitis. Fiber intake reduces the risk of obesity and diabetics also benefit
from fiber intake. It also decreases absorption of cholesterol. Carbohydrates also are important in
the cellular recognition process. Example: Immunoglobulin’s or antibodies and peptide hormone
contain glycoprotein sequences. The liver can recognize the glycoprotein sequence and this way
carbohydrates mark proteins passages.

The lipids are a large and diverse group of naturally occurring organic compounds that are
related by their solubility in nonpolar organic solvents (e.g. ether, chloroform, acetone &
benzene) and general insolubility in water. There is great structural variety among the lipid Fatty
Acids, Soaps, and Detergents, Fats and oils, Waxes, Phospholipids, Eicosonoids, Terpenes,
Steroids, Lipid Soluble Vitamins, etc.

This chapter deals with structure properties of carbohydrates and lipids.

9.3 CARBOHYDRATES

Carbohydrates are the most abundant class of organic compounds which are found in living
organisms. They originate as products of photosynthesis, an endothermic reductive condensation
of carbon dioxide requiring light energy and the pigment chlorophyll.

nCO, + nH,O + energy CnH2:0n + N O,

Carbohydrates can be defined as chemically as neutral compounds of carbon, hydrogen and
oxygen. Carbohydrates form the basic constituent of diet of all living beings exist widely in

UTTARAKHAND OPEN UNIVERSITY Page 217



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

animal and vegetable tissue. The composition of carbon, hydrogen and oxygen is in the ratio of
1:2:1. The empirical formula of carbohydrates is Cn(H,O)n where n usually ranges from 3-7.
Carbohydrates are present in sugars and starches. They make up parts of nucleotides (the energy
currency of a cell, and the building blocks for genetic information). They are also present in
some components of all cell membranes. They are the central components of energy producing
pathways in biology. Carbohydrates may be defined as polyhydroxyl aldehydes or ketones or
compounds which produce them on hydrolysis. The term sugar is applied to carbohydrates
soluble in water to taste.

Or
Carbohydrates are that substance which on hydrolysis yields either ketones or aldehyde group.

The carbohydrates are sometimes known as saccharides. Sacchrides comes from a Greek word
Sacharon meaning Sugar, Glucose, Fructose, Sucrose, Starch, Cellulose, Glycogen are some of
the common carbohydrates.

9.3.1Classification of Carbohydrates

The name carbohydrate literally means Hydrates of carbon. They are often known as saccharides
which mean sugar.

There are a variety of interrelated classification schemes.

Based on functional groups:

1-Aldoses.They contains the aldehyde group - Monosaccharides in this group are glucose,
galactose, ribose, and glyceraldehyde.

2-Ketoses .They contains the ketone group - The major sugar in this group is fructose.
3-Reducing: They contain a hemiacetal or hemiketal group. Sugars include glucose, galactose,
fructose, maltose, lactose

4-Non-reducing: They contain no hemiacetal groups. Sucrose and all polysaccharides are in
this group.

Classification based on number of Carbons:
Monosaccharides can be further classified by the number of carbons present.
Hexoses (6-carbons) are by far the most prevalent.

Number of Carbons
Three = Triose Five = Pentose Six = Hexose
Glyceraldehyde Ribose Glucose
Galactose
Fructose
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They are broadly classified into 3 groups based on sugar unit:-

1. Monosaccharides

2. Oligosaccharides

3. Polysaccharides

Mono and oligosaccharides are sweet to taste, crystalline in character and soluble in water, hence
they are commonly known as sugar.

1-Monosaccharides
Mono means one. Monosaccharides are a simple group of carbohydrates. The general formula is
Cn(H20),.These contain a single carbon chain Monosaccharides are divided into two categories

based on the functional group and number of a carbon atom.
H O

N
Sugars which have aldehyde ( T ) group are called aldoses(e.g.: glyceraldehydes,
glucose.) and sugars with keto group arecalled ketoses (e.g: dihydroxy acetone, fructose).
Depending on the number of carbon atoms monosaccharides are named as

1. Triose (C3)

2. Tetrose (C4)

3. Pentose (C5)

4. Hexose (C6)

1. Triose (C3): These have three carbon atom.

Glyceraldehyde and dihydroxy acetone are the simplest carbon hydrates with three carbon

compounds. Glceraldehyde have aldolase group and dihydroxy acetone ketone group.

H

I

C=0

I
CHOH

I
CH,OH

Glyceraldehyde

2. Tetrose (C4): These have four carbon atom Erythrose (C4H804) is an important
carbohydrate, whose structure is as follows:
CHO

I
CHOH

I
CHOH

I
CH,OH

Erythrose

UTTARAKHAND OPEN UNIVERSITY Page 219



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

3. Pentose (C5):-These have 5 carbon atoms. Ribulose and Xylose are common pentoses.
Riboses have aldehyde while xylose has ketone group.

CHO

|
CHOH

|
CHOH

|
CHOH

|
CH,OH

Ribose

4. Hexoses (C6):-Hexoses have common formula CsH12,06 and commonly meet with in plants in
free conditions. Glucose and fructose are more common carbohydrates. Glucose is aldohexose
while fructose in a keto hexose.

H_ =0 s CH,0H
3
H—C—OH 5 O
3
HO 4? H 4 O H 1
H— ?— OH )
HJ?—OH OH OH
‘CH,OH OH
Glucose (Fischer projections) Glucose (Haworth projections)

1CH,OH O

s HO /

HO——H
H——OH ) CH,OH
H—1—OH 2
6 CH,OH OH
Fructose (Fischer projections) Fructose (Haworth projections)

Note - Fischer projections and Haworth projections of structure
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Fisher projections show sugars in their open chain form. In this type, the carbon atoms of a sugar
molecule are connected vertically by solid lines, while carbon-oxygen and carbon-hydrogen
bonds are shown horizontally.

Haworth projections are often used to depict sugars in their cyclic forms. It is a common way to

draw a structural formula which represents the cyclic structure of monosaccharides with a simple
three-dimensional perspective

Stereoisomers

CHO CHO
| I
H— (I:_ OH OH— (l:— H
CH,0H CH,OH
D(+)Glyceraldehyde L(-) Glyceraldehyde

Stereoisomers compounds have a same structural formula but differ in the spatial configuration.
While writing the molecular formula of monosaccharides, the spatial arrangements of H and OH
groups are important, since they contain asymmetric carbon atoms. Asymmetric carbon means
four different groups are attached to the same carbon. The reference molecule is glyceraldehyde
which has a single asymmetric carbon.

The number of possible sterioisomers depends on the number of asymmetric carbon atoms by the
formula 2n where n is the number of asymmetric carbon atoms.

Reference carbon atom of sugars

The configuration of H and OH at the second carbon of glyceraldehyde makes two mirror images
denoted as D and L form. All monosaccharides are derived from glyceraldehyde by successive
addition of carbon atoms. Therefore the penultimate carbon atom is the reference carbon atom
for naming the mirror images. This is also referred to as absolute configuration.

Optical activity

Optical activity is caused by due to the presence of asymmetrical carbon atom. When a beam of
plane polarized light is passed through a solution of carbohydrates, it will rotate the light either
to right or to left. Depending on the rotation, molecules are called dextrorotatory (+) (d) or
levorotatory (-).

Racemic mixture
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If D and L- isomers of a carbohydrate are present in unequal concentration, it is known as
racemic mixture or DL mixture. The racemic mixture does not exhibit any optical activity
because dextro- and levorotatory activities cancel each other.

Epimers

Epimer refers to one of a pair of stereoisomers. In this, sugars are different from one another,
only in configuration with regard to the single carbon atom, other than the reference carbon
atom, they are called Epimers. Example Glucose and Mannose are an epimeric pair because they
differ only with respect to C2. Similarly, galactose is epimer of glucose which differs at C4.

H\l{";,/(} H\‘C"f{} H\‘C /0
[[—3[’!_‘—[)][ H{}—(]_'—H ][—(l_'—UH
HO —C—H HO—C—H HO—C—H
[1—41‘1‘—[)1[ ][—t{‘—()][ H()—Ll‘—[i
[[—Zf;‘—()l[ l[—ti‘—()][ ][—(_:‘—()]l
CH,OH CH,OH CH,OH
D-Glucose D-Mannose D-Galactose

Anomers

An anomer is a type of stereoisomer and epimer found in carbohydrate chemistry. When D-
glucose is crystallized at room temperature and a fresh solution is prepared, its specific rotation
of polarized light is +112°; but it changes to +52.5° after 12-18 hours. If initial crystallization is
taking place at 98° C and thensolubilized, the specific rotation is found to be +19°, which also
changesto+52.5° within few hours. This change in rotation with time is called

Mutarotation

D-glucose has two anomers, alpha and betaform. The alpha and beta form are produced by the
spatial configuration withreference to the first carbon atom in aldoses and second carbon in
ketoses. Therefore these carbon atoms are called anomeric carbon atoms. a-D-glucose has
specific rotation of +112° and B-D-glucose has specific rotation of +19°. Both undergo
mutarotation and at equilibrium one-third molecules are alpha type and two-thirdare beta variety
to get the specific rotation +52.5°.
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CHO

| CH,OH CH,OH

CHOH I o |

0

I H \\| i H OH
CHOH

| OH H OH H
CHOH OH | | OH OH 1 H
::H OH H OH H OH

| a-D-glucose B-D-glucose
CH,OH
glucose

Disaccharides

When two monosaccharides are combined together with the elimination of a water molecule it is
called disaccharide. Monosaccharides are combined by a glycosidic bond. They are crystalline,
water- soluble and sweet to taste. The disaccharides are two types:

1. Reducing disaccharides with free aldehyde or keto group e.g. maltose lactose

2. Non -reducing disaccharides with no free aldehyde or keto group. e.g. sucrose, trehalose

Disaccharide Description Component monosaccharides

Sucrose Common table sugar glucose al —» 2 fructose

Maltose Production of starch hydrolysis glucose al —p 4 glucose

Trehalose Found in fungi glucosea 1 —» 1glucose

Lactose Main sugar in milk galactose Bl —» 4glucose

Melibiose Found in legumes galactose 1 —» 6 glucose
Sucrose

Sucrose also called saccharose, is ordinary table sugar refined from sugar cane or sugar beets.
Sucrose is not a reducing sugar. This is because of the glycosidic linkage inolves first carbon of
glucose and second carbon of fructose, and hence there are no free reducing groups. When
sucrose is hydrolyzed the resulting products have reducing property. Hydrolysis of sucrose
(optical rotation +66.5°) will produce one molecule of glucose (+52.5°) and one molecule of
fructose (92°). Therefore the products will change the dextrorotation to levorotation, or the plane

of rotation is inverted. An equimolecular mixture of glucose and fructosethus formed is called
invert sugar.
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CH,OH

H o H CHQ%H H
QH H HO

OH O CH,OH
H OH OH H

Sucrose

Lactose
Lactose is the sugar present in milk. It is reducing disaccharide.
CH,OH
O. OH

CH,OH OH
OH o_O
OH OH

OH Lactose

Maltose
Maltose consists of two a-D-glucose molecules and joined by a(1—4) bond. It is a reducing
disaccharide.

CH,0OH CH,0OH

O O
OH OH
OH O OH
OH OH

Maltose

Maltose is common example of oligosaccharides. It is produced when amylase breaks down
starch. It is found in germinating seeds as they break down their starch stores to use for food.

Polysaccharides
Polysaccharides are polymerized products of many monosaccharide units. They may be homo or
hetero polysaccharides. Many polysaccharides, unlike sugars, are insoluble in water. Dietary
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fiber includes polysaccharides and oligosaccharides that are resistant to digestion and absorption
in the human small intestine but which are completely or partially fermented by microorganisms
in the large intestine.

Homopolysaccharides

Which on hydrolysis yield only a single type of monosaccharide. They have only one type of
monosaccharide units. Thus glucans are polymer of glucose where as fructosans are polymer of
fructose.

Heteropolysaccharides
They vyield a mixture of a few monosaccharides or their derivatives on hydrolysis. Example-
glycoproteins.

Starch

Starch or amylum is the major form of stored carbohydrate in plants. Starch is composed of a
mixture of two substances: amylose which is a linear polysaccharide, and amylopectin that is a
highly branched polysaccharide. Both forms of starch arepolymers of a-D glucose which is
joined by 1, 4-alpha bonds. Natural starches contain 10-20% amylose and 80- 90% amylopectin.
Amylose forms a colloidal dispersion in hot water (which helps to thicken gravies) whereas
amylopectin is completely insoluble. Starch consist two polysaccharides component water
soluble amylase and a water insoluble amylopectin.

Amylose molecules consist typically of 200 to 20,000 D-glucose units held by(a 1->4)glycosidic
linkage.

/OH /OH /OH /OH
O O O O
OH OH OH OH IV
O O O O
OH OH OH OH
- —n
Amylose

Amylopectin is a branched chain with o 126 glycosidic bond at the branching points and «
1->4 linkage everywhere else.
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CH,OH (H,OH

OH H OH
CH,OH CH,OH

H OH
Amylopectin

Glycogen

Glucose is stored as glycogen in animal tissues by the process of glycogenesis. The excess
glucose which cannot be stored as glycogen or used immediately for energy is converted to fat.
Glycogen is a polymer of o D-Glucose which is identical to amylopectin, but the branches in
glycogen are shorter (about 13 glucose units) and more common. The glucose chains are
organized globularly and look like branches of a tree originating from a pair of molecules of
glycogenin which an enzyme and convert glucose to glycogen. Glycogen is easily converted
back to glucose to give energy.

CH,OH CH,0H

Non reducing sugar ____ @

CH,0H CH,0H

H H
OH H OH

OH

H OH H OH I H

Alpha 1,4 bond

Glycogen
Dextran

Dextran is a polysaccharide similar to amylopectin, but the main chains areformed by a-
1,6glycosidic linkages and the side branches are attached by a-1,3 linkages. Dextran found in
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oral bacterial helpto adhere tothe teeth, creating a film called plaque. It is also used
inconfections, in lacquers, as food additives, and as plasma volume expanders.

--f--o-cH,

===t =O=CHs
(@)
-n
OH
OH e in
OH
= - m
o-1,6

Dextran unit

Cellulose

Cellulose is a polymer of B-D-Glucose joined by B 1, 4 bond. It in contrast to starch is oriented
with —CH20H groups alternating above and below the plane of the cellulose molecule thus
producing long, unbranched chains. C¢H100s is the general formula of cellulose. The absence of
side chains allows cellulose molecules to lie close together and form rigid structures.

It is the major structural material of plants. The cotton is almost pure cellulose. Cellulose can be
hydrolyzed to its constituent glucose units by microorganisms that are found in the digestive tract
of termites and ruminants. Cellulose could be may be modified by nitric acid (HNO3) to replace
all the hydroxyl groups with nitrate groups (-ONO2) resulting cellulose nitrate (nitrocellulose or
guncotton) which is an explosive. Pyroxylin is partially nitrated cellulose that is used in the
manufacture of collodion, plastics, lacquers, and nail polish.

CH,OH CH,OH CHZOH

— 0
|/(F \I\ I/H \l\

Nyl ﬁ\?‘—? L \?—?

(;—O

H OH
Bl—4
Cellulose
Chitin
Chitin is an unbranched polymer of N-Acetyl-D-glucosamine. It is found in fungi and is the
principal component of arthropod and lower animal exoskeletons, e.g., insect, crab, and shrimp
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shells. It may be regarded as a derivative of cellulose, in which the hydroxyl groups of the
second carbon of each glucose unit have been replaced with acetamido (—NH(C=0) CH3)
groups.

CH_ OH CH,OH

H NHCOCH. H NHCOCH:

Chitin

Heteropolysaccharides

Heteropolysaccarides contain two or more different kind of monosaccharides. Generally, they
provide extracellular support for organisms of all kingdoms. They give protection, specific
shape, and support to cells, tissues and organs. Together with fibrous proteins, like collagen,
elastin, fibronectin, laminin and others, heteropolysaccharides are the most important
components of the extracellular matrix. Example; Hyaluronic acid, condroitin sulfates and
dermatansulfates. They are found in the extracellular matrix. The heteropolysaccharides usually
are made up by the repetition of a disaccharide unit of an aminosugar and an acid sugar.

Heteropolysaccharides combine with proteins to form proteoglycans, glycosaminoglycans or
mucopolysaccharides. Such heteropolysaccharidesarefound abundantly inmucous secretions.
They are involved in diverse functions: structural, water metabolism regulation cellular cement,
biological sieve, biological lubricant, docking sites for growth factors, among other functions.

Hyaluronic Acid (Hyaluronate): It acts as lubricant in the synovial fluid of joints, provides
consistency to vitreous humor, contributes to tensile strength and elasticity of cartilages and
tendons.

Chondroitin Sulfates: It contributes to tensile strength and elasticity of cartilages, tendons,
ligaments and walls of the aorta.

Dermatan sulfate: It is found mainly in skin, but also is present lungs, vessels, and heart. It
considered being involved in coagulation and vascular diseases and other conditions.

Keratan sulfate: Present in the cornea, cartilage bone and a variety of other structures as nails
and hair.
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9.3.2-Properties

Physical Properties of Monosaccharides

Most monosaccharides have a sweet taste (fructose is sweetest; 73% sweeter than sucrose).

They are solids at room temperature.

They are extremely soluble in water: — Despite their high molecular weights, the presence of
large numbers of OH groups make the monosaccharides much more water soluble than most
molecules of similar MW.

Glucose can dissolve in minute amounts of water to make syrup (1 g /1 ml H20).

Chemical Properties of Monosaccharides

Monosaccharides do not usually exist in solution in their “open-chain” forms: an alcohol group
can add into the carbonyl group in the same molecule to form a pyranose ring containing a stable
cyclic hemiacetal or hemiketal.

OQ\\& /H
CH20H ?f CH>0H
H—C—OH
0 | 0 OH
OH i HO—(IZ—H OH
H—C—OH
OH OH I OH
H—C—O0OH
OH | OH
CH>0H
a-D-glucose D-glucose B-D-glucose
36% 0.02% 64%

Oxidation of Monosaccharides

Aldehydes and ketones that have an OH group on the carbon next to the carbonyl group react
with a basic solution of Cu2+ (Benedict’s reagent) to form a red-orange precipitate of copper(l)
oxide (Cu20).  Sugars that undergo this reaction are called reducing sugars. (All of the
monosaccharides are reducing sugars.)

. oy Cu20
Reducing sugar =+  Cu?*—> oxidation product - (red-orange precipitate)
Deep blue
solution

Chemical properties of Carbohydrates
Monosaccharides have carbonyl (>C=0) group and hydroxyl (-OH) group.
The properties are as follows:-
1) Reduction
There are reduced with sodium amalgam and water.
CH,OH(CHOH),.CHO + 2H— CH,0OH(CHOH), + 2Ag
Glucose Sorbitol Silver
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2) Oxidation
CeH 12056 +2CU(OH)2—> CeH120O7 + Cu,O + H,O
Glucose Fehling’s Gluconic Red ppt
Solution acid

CeH1206 + Agzo — CeH1207 + 2Ag
Glucose Tollen’s Gluconic Silver

reagent acid

3) Fermentation- Monosaccharides form ethyl alcohol on fermentation.

CeH1206 CoHsOH + Yeast CO,
Glucose Zymase > ethyl alcohol

C1pH2041 + HO Yeast —>C6H1205 + CgH1206
Sucrose Glucose

4) Optical activity

Usually, the soluble carbohydrate shows optical activity in solution.Opticalactivity of
carbohydrates refers to its property of rotating the plane of polarized light.The expression of
rotating power of solution is explained in terms of the number of degree of angular rotation of
the plane of polarized light.

Dextrorotatory compounds are such compounds can rotate in theplane of polarized light to the
right of clockwise direction while Levorotatingcompound canrotate left in anticlockwise
direction. The optical activity of fresh glucose solution is +113° but this value gradually falls to
+50°. This change of rotation is known as mutarotation. This occurs due to theestablishment of
an equilibrium between two anomers (o and f3).

5) Acetylation

Monosaccharide when treated with acetic anhydride forms penta acyl derivatives.
CeH1206 + 5(CH3CO) ;0 » S5CH;COOH
Glucose  Acetic anhydride in presence of penta-acyl-glucose

ZnC|2
6) Hydrolysis
1. The hydrolysis oligosaccharides forms glucose and fructose.

C1oH2011 + H2 SOy —» CH120s +  CgH1206
Glucose Fructose
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2. The hydrolysis Polysaccharides forms glucose and

(CeH1005) —>»  n(CeH10(Os5)1  ——» CsH1206
Starch Dextrin Glucose

9.3.3 Biological role of Carbohydrates

1. Carbohydrate like glucose is source of energy for the body. Glucose is a simple sugar and
found in many basic foods.

2. Carbohydrate are starting material in biosynthesis

3. Carbohydrates may be soluble and insoluble. The insoluble carbohydrate which is like fiber
promotes regular bowel movement, regulates the rate of consumption of blood glucose, and
also helps to remove excess cholesterol from the body.

4. To provide immediate source of energy, glucose is broken down during the process of
cellular respiration, which produce ATP, the energy currency of the cell.

5. Carbohydrates are an important part of the human nutrition.

6. Since carbohydrates are main source of energy, they are essential to all animal life.

7. Carbohydrates are immediate source of energy while lipids are long-term source of energy
Carbohydrates work as energy stores of animals and plants.

8. Carbohydrates are instant source of energy while lipids are long-term source of energy.

9. Glucose is a free sugar and circulates in blood. Therefore it is an important substance for
normal cell functioning.

10. Regulation of glucose metabolism is | for survival. Usually carbohydrates content of most of
the plant is about 60-80% of its dry mass.

11. In plants they are used for storage of energy in the form of starch.

12. Cellulose is a polysaccharide which is an important structural component in the cell wall of
plants.

13. Sucrose, a disaccharide is formed by photosynthesis and is transported internally.

14. Carbohydrates are an important component of diet in animals.

15. Carbohydrates act as fuel to physical body parts on daily basis.

16. They help in breakdown of fatty acids and prevent ketosis.

17. They minimize the use of proteins for energy.

18. They also act as flavor and sweeteners.

9.4 LIPIDS

The word lipid is derived from a greek word “lipos” which means FAT. Lipids are biological
molecules and commonly known as fats. They are largely hydrocarbon in composition. They
represent highly reduced forms of carbon. Lipids can be defined as either the esters of fatty acids
and glycerol, or as fatty acid triglycerides. They yield large amounts of energy upon oxidation
in metabolism in the cells. They act as building blocks of the structure and function of living
cells.
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Examples of lipids include fats, oils, waxes, certain vitamins, hormones and most of the non-
protein membrane of cells

Lipids are non-polar and are thus soluble in nonpolar environments like in chloroform but not
soluble in polar environments like water.

Lipids can be extracted from plants and animals using nonpolar solvents such as ether,
chloroform and acetone. Fats (and the fatty acids from which they are made) belong to this group
as do other steroids, phospholipids forming cell membrane components etc.

Lipids that contain a functional group ester are hydrolysable in water. These include neutral fats,
waxes, phospholipids, and glycolipids. Nonhydrolyzable lipids lack such functional groups and
include steroids and fat-soluble vitamins (e.g. A, D, E, and K).

Fats and oils are composed of triacylglycerols or triglycerides. These are composed of glycerol
(1,2,3-trihydroxypropane) and 3 fatty acids to form a triester. Triglycerides are found in blood
tests. Complete hydrolysis of triacylglycerols yields three fatty acids and a glycerol molecule.

9.4.1 Classification
Lipids can be classified in following major groups based on structure

LipFids
Simple Comrlex Derived
1. Triacylglycerol 1. Fatty acids
2. Waxesters I | ; gterl’ols ’
3. Sterol esters .. - Diglycerides
Glycolipids Phospholipids 4 monoglycerides

1.Cerebrosides
2.Gangliosides

l ' I
Glycerophospholipids
1.Phosphatidylethanolamine (PE)
2.Phosphatidylinositol (PI)
3.Phosphatidylcholine (PC)

Sphingolipids
1. Sphingomyelin
2. Ceramides

A-Simple lipids

They are esters of fatty acids with various alcohols. Simple lipids belong to a heterogeneous
class of nonpolar compounds, mostly insoluble in water. They are but soluble in nonpolar
organic solvents such as chloroform and benzene.

They include:

1-Fat and oils: They are esters of glycerol and fatty acids. Fatty acids may be saturate or
unsaturated. They may be same or mixed. Fats are also known as triglycerides because all the
three hydroxyl groups of glycerol are esterified. Oils are fats in the liquid state.
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Triglyceride

1
CH—0—C—CHy)yy—CH; Fatty Acid
0

I
Glycerol CH—'O‘—'C—(CH2)7—CH=CH—(CH2)7—CH3 «— FattyAcid

i
CH,—0—C—(CH,);s—CH; <~ FattyAcid

A triglyceride containing mix type fatty acid

Table-1: Some saturated and unsaturated fatty acids, formula and melting point

Saturated Fatty Acids Formula Melting Point (°C)
Butyric C4HsO, Liquid
Palmitic C16H20, 63
Stearic Ci1sH360 70

Unsaturated Fatty Acids | Formula Melting Point (°C)
Oleic C18H3402 LICIUId
Linoleic C18H3,0, Liquid
Linolenic C18H300- Liquid

UTTARAKHAND OPEN UNIVERSITY Page 233



PLANT PHYSIOLOGY AND BIOCHEMISTRY BSCBO-303

2-Waxes-They are esters of long-chain alcohols and fatty acids. The alcohol may contain from
12-32 carbon atoms. Many of the waxes are used in ointments, hand creams, and cosmetics.

Table-2: The waxes with their component alcohols and fatty acids are listed in the table-2
on the left.

Wax Alcohol Fatty Acid
found on the leaves of | CH3(CH,),sCH-

Carnuba Brazilian palm trees OH CHy(CH2)24COOH
secreted Dby bees to

H3(CH,)2sCH,-

Beeswax make cells for honey gHg(C 2)asCH: CH3(CH;)14COOH
and eggs
found in the head

Spermacetic | cavities and blubber of gl:'?’(CHZ)“CHZ- CHj3(CH3)14COOH
the sperm whale

Paraffin wax is used for making some candles. Ear wax is a mixture of phospholipids and esters
of cholesterol.
The waxes with their component alcohols and fatty acids are listed in the table on the left.

3-Ceramides-They are amides of fatty acids with long-chain di- or trihydroxy bases containing
12-22 carbon atoms in the carbon chain: e.g. sphingosine.

OH

HHZ

Sphingosine
4- Cholesteryl esters. They are dietary lipids and are esters of cholesterol and fatty
acids.Cholesteryl esters have a lower solubility in water due to their increased hydrophobicity.
They are hydrolyzed by pancreatic enzymes, cholesterol esterase resulting free fatty acids and
cholesterol. They have been found associated with atherosclerosis. Example- Cholesteryloleate

B-Complex lipids

Lipids which contain parts other than or including fatty acids and glycerol are called complex
lipids. They are found in most cell membranes, in blood platelets and especially brain tissue.
Example-

1. Phosphatidic acid that is diacylglycerol esterified to phosphoric acid.

2. Phosphatidylcholine that is phosphatidic acid linked to choline, also called lecithin.

3. Phospholipids that is glycerol esters of fatty acids.

4. Phosphoric acid and other groups containing nitrogen.
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Phosphatidylethanolamine.

phosphatidylserine;

posphatidylinositol;

phosphatidylacylglycerol in which more than one glycerol molecule is esterified to

phosphoric acid: e.g. cardiolipin and diphosphatidylacylglycerol;

9. gangliosides that are glycolipids that are structurally similar to ceramide polyhexoside and
also contain 1-3 sialic acid residues; most contain an amino sugar in addition to the other
sugars;

10. sphingolipids, derivatives of ceramides;

11. sphingomyelin that is ceramide phosphorylcholine;

12. cerebroside: they are ceramide monohexoside that is ceramide linked to a single sugar
moiety at the terminal hydroxyl group of the base);

13. ceramide di- and polyhexoside that is linked respectively to a disaccharide or a tri- or
oligosaccharide;

14. Cerebroside sulfate that is ceramide monohexoside esterified to a sulfate group.

N o O

C- Derived lipids
They are produced from simple and compound lipids through the process of hydrolysis.
They include:

1. Fatty acids and alcohols

2. Fat soluble vitamins A, D, E and K;

3. Sterols, e.g., Cholesterol.

A X A OH

Vitamin A |

Vitamin D

Vitamin E
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Vitamin K
Cholesterol is the precursor to our sex hormones and Vitamin D. Vitamin D is formed by the
action of UV light in sunlight on cholesterol molecules that have "risen™ to near the surface of
the skin. Our cell membranes contain a lot of cholesterol, in between the phospholipids, to help
keep them fluid. Excess cholesterol levels can exceed the saturation level in bile, causing
gallstones to form. Gallstones are almost all cholesterol with a small amount of minerals, like
calcium. Maximum cholesterol levels in the blood would be 220 mg/dl of blood plasma.

\
N

OH

Cholesterol

9.4.2 Properties of Lipids

Physical Properties of Fatty Acids

1. The physical properties of fatty acids are largely determined by the length and degree of
unsaturation of the hydrocarbon chain.

2. The longer the chain and the fewer the double bonds, the lower is the solubility in water, and
higher is the melting point.

3. Addition of double bonds decreases the melting point whereas, increasing the chain length

increases the melting point. For example; 4:0 MP -7.9 C, 12:0 MP 44.2 C, 16:0 MP 62.7 C,

18:1MP 10.5C, 18:2MP -5.0 C, 18:3 MP -11 C.

Trivial names of fatty acids refer to the natural sources of derivation: eg

Lauric (12:0) isolated from seed fat of Lauraceae

Myristic (14:0) —seed fat Myristaceae

Palmitic (16:0) —seed fat of palmae

Oleic (18:1) —seed fat of olive oil.

© N ks

Chemical Properties of Lipids
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1. Acid number: The acid number is defined as the mg of KOH necessary to neutralize the free
fatty acids present in 1g of fat or oil. The acid number tells the quantity of free fatty acid present
in a fat. A high acid value indicates a state oil or fat stored under improper conditions. The acid
value is important because it measures hydrolytic rancidity. FFA=ml alkali * N of alkali * 28.2
mg/sample weight

2. Saponification: Saponification is the process of breaking down or degrading a neutral fat into
glycerol and fatty acids by treatment of with alkali. Saponification number is defined as the mg
of KOH required to saponify 1g of fat. Saponification number=(S-B) *N*56.1/sample weight.

3. lodine Number: It is a measure of thedegree of unsaturation, the number of carbon-carbon
double bonds in relation to the amount of fat or oil. It is defined as the g iodine absorbed per
100g of thesample. lodine number = (B-S)*N*12.69/sample weight

4. Peroxide value: Peroxide value is the measures the degree of lipid oxidation in fats and oils.
It isused to check rancidity in unsaturated fats and oils. Peroxide value is the number of milli
equivalents of peroxide per kg fat. It is a measure of the formation of peroxide or hydroxide
groups that are initial products of the lipid oxidation. Peroxide value=(S-B)*N*1000/sample
weight.

5. Riechert Messel Number: Riechert Messel Number is a mea the amount of H20 soluble
volatile fatty acids. It is defined as the number of milliliters of 0.1 N alkali necessary to
neutralize the volatile H20 soluble fatty acids in a 5g sample of fat.

6. Polenkee number: Polenkee number refers the required the amount of volatile insoluble fatty
acids. It can be defined as the no: of millilitres of 0.1N alkali necessary to neutralize the volatile
H.0 insoluble fatty acids which are present in the5g sample.

7. Hydrolysis: When fats react with water, it results in the splitting of some of the fatty acids
from the oil or fat, yielding some free fatty acids, monoglycerides and diglycerides. It is
accelerated by high temperatures & pressures & an excessive amount of water.

8. Hydrogenation: Hydrogenation is used to make hydrogenated fats are unnatural fats that are
detrimental to health. Hydrogenation (or, more accurately, "partial hydrogenation™) is the forced
chemical addition of hydrogen into omega-6 polyunsaturated oils to make them hard at room
temperatures, The rate of hydrogenation depends on nature of thesubstance to be hydrogenated,
type and concentration of the catalyst, concentration of hydrogen, temperature, pressure etc.

9. Isomerization: Isomerization is the process by which one molecule is transformed into
another molecule that has exactly the same atoms, but different arrangement. The two important
types of isomerism are Geometric & Positional isomerism. Geometrical isomerism: -

(i) In geometrical Isomerism a double bond can have two configurations;- Cis or Trans. When
the H, atoms are on the same side of the carbon chain, the arrangement is called Cis. H, atoms
are on opposite sides of the carbon chain, the arrangement is called trans. Natural fats & oils
contain cis form.

(i) Positional Isomerism: In positional Isomerism unsaturated fatty acid can be isomerised in
acid or alkaline conditions or by high temperatures where the double bond move from one
position to another. Hydrogenation process can cause shifts double bonds in the fatty acid chains
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causing cis - transisomerisation. Cis isomers found in food fats & oils & trans isomers occur in
fats from remnants. Most Trans isomers result from the partial hydrogenation of fats & oils.

10. Esterification: Esterification is the reverse of hydrolysis which combines free fatty acids
with glycerol to form triglycerides. Mono & diglycerides are produced by esterification.
Monoglycerides are important emulsifying agents in food products. Emulsifying agents are
called emulsifiers which are made either by alcoholysis or by direct esterification. In direct
esterification, fatty acids & polyalcohol are reacted together under controlled conditions to form
esters.

11. Interesterification: It takes place when the fatty acids have been moved from one
triglyceride molecule to another This process is also referred to as Randomization,
rearrangement or modification. It is used for processing edible fats & oils to produce
confectionery or coating fats, margarine oils, cooking fats, frying fats, shortenings & other
special application products.

12. Oxidation: The oxidationreaction of an oil or fat occurs with O2 in the air, and with the food
at the double bonds or points of unsaturation. This reaction affects the flavour of the fat. The rate
of oxidation increases with increase in temperature, exposure to 02, presence of light& pro-
oxidants like Metal Cu. Oxidation which takes place by air at room temperature is referred to as
Autoxidation.

13. Polymerization: Excessive oxidation of fatty acid results Polymerization. Thedeepfrying of
foods at temperatures ranging from 3250 F -3750 F lead to polymerization due to heat stress,
oxidation & presence of the radical & polar catalyst. The rate of polymerization increases with
the amount of unsaturation & viscosity of fat or oil.

14. Halogenation: The halogens include Chlorine, Bromine & lodine can readily add to the
double bonds of unsaturated fatty acids. In halogenation, measured quantities of iodine are added
to measure quantities of fats or oils to determine the average degree of unsaturation of fat or oil.
This results in iodine number, an important analytical measurement.

9.4.3-Biological role of lipids:
Lipids perform several biological functions:
Lipids are storage compounds. The triglycerides serve as reserve energy of the body.
Lipids are important component of cell membranes structure in eukaryotic cells.
Lipids regulate membrane permeability.
They serve as source for fat soluble vitamins like A, D, E, K.
They act electrical insulators to the nerve fibers, where the myelin sheath contains lipids.
Lipids are components of some enzyme systems.
Some lipids like prostaglandins and steroid hormones act as cellular metabolic regulators.
Cholesterol is found in cell membranes, blood, and bile of many organisms.
As lipids are small molecules and are insoluble in water, they act as signaling molecules.
. Layers of fat in the subcutaneous layer, provides insulation and protection from cold. Body
temperature maintenance is done by brown fat.
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11. Polyunsaturated phospholipids are important constituents of phospholipids, they provide
fluidity and flexibility to the cell membranes.

12. Lipoproteins that are complexes of lipids and proteins, occur in blood as plasma lipoprotein,
they enable transport of lipids in aqueousenvironment, and their transport throughout the
body.

13. Cholesterol maintains fluidity of membranes by interacting with lipid complexes.

14. Cholesterol is the precursor of bile acids, Vitamin D and steroids.

15. Essential fatty acids like linoleic and linolenic acids are precursors of many different types of
ecosanoids including prostaglandins, thromboxanes. These play animportant role in pain,
fever, inflammation and blood clotting.

9.5 SUMMARY

Carbohydrates are complex biochemical structures and have vital functions in the human body.
They are the main energy source for the human body. There are two major types of
carbohydrates in foods: 1-simple and 2-complex. Simple carbohydrates are found in refined
sugars, white sugar. 2-Complex carbohydrates: In complex carbohydrates, more than one sugar
make link together to form carbohydrates of different types. Complex carbohydrates consist of
thousands of repeating sugar units. Example; starch and glycogen. In the body, carbohydrates are
broken down into simple sugars and absorbed into the bloodstream. Carbohydrates come from a
wide array of foods - bread, beans, milk, popcorn, potatoes, cookies, spaghetti, corn, and cherry

pie.

Lipids-The lipids are a large and diverse group of naturally occurring organic compounds. They
show differential solubility in nonpolar organic solvents (e.g. ether, chloroform, acetone &
benzene) and are generally insoluble in water. Fatty acids are the hydrocarbon chain with one
carboxylic acid (-COOH) group. Fatty acids are main components of many lipids, constitutes an
even number of carbon atoms (generally 12 to 24). Lipids include fats, waxes, sterols, fat-soluble
vitamins (such as vitamins A, D, E, and K), monoglycerides, diglycerides, triglycerides,
phospholipids, and others. Lipids that contain a functional group ester are hydrolysable in water.
These include neutral fats, waxes, phospholipids, and glycolipids. Nonhydrolyzable lipids
include steroids and fat-soluble vitamins (e.g. A, D, E, and K). Fats and oils are made of
triacylglycerols or triglycerides which are composed of glycerol (1, 2, 3-trihydroxypropane) and
3 fatty acids to form a triester. Complete hydrolysis of triacylglycerols yields three fatty acids
and a glycerol molecule. The plasma membrane is made up of proteins and lipids. The main
biological functions of lipids include storing energy, functioning as structural components of cell
membranes and acting assignaling molecules.

9.6 GLOSSARY
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Acid number- acid value / "neutralization number"/ or "acid number™ or "acidity” is the mass of
potassium hydroxide (KOH) in milligrams that is required to neutralize one gram of chemical
substance like a fatty acid, or in a mixture of compounds.

Aldoses- Monosaccharides with one aldehyde (—-CH=0) group per molecule. Example-
glyceraldehyde,erythrose,ribose, arabinose, xylose, glucose, mannose, glucose, etc.
Amylopectin- Awater-solublepolysaccharide,highlybranched polymer of glucosefound in plants.
Anomers - A type of stereoisomer and epimer found in carbohydrate chemistry. Example o-D
glucose and -D glucose.

Cellulose- Cellulose is polysaccharide with the formula (CsH10Os)n that contains a linear chain
of several hundred to many thousands of B(1—4) linked D-glucose units.

Ceramides- It is a family of waxy lipid molecules. A ceramide is composed of sphingosine and
a fatty acid.

Cholesterol- A type of fatty acid that is vital for the normal functioning of the body.

Chitin - Chitin (Cg H130sN)n is a long-chain polymer of an N-acetylglucosamine. It is a
derivative of glucose, and is found in many organisms. It is a characteristic component of the cell
walls of fungi.

Disaccharides- It is made up of two sugar molecules, examples are sucrose, lactose and maltose.
Enantiomers- also known as optical isomers, are two stereoisomers that are related to each other
by a reflection .They rotate polarized light. Example D- glucose and L-Glucose

Glycogen- A multi-branched polysaccharide of glucose that serves as a form of energy storage in
humans, animals, and fungi.

Haworth projection- A Haworth projection is a common way of writing a structural formula to
represent the cyclic structure of monosaccharides with a simple three-dimensional perspective.
Hormones- A chemical substance produced in the body that controls and regulates the activity
of certain cells or organs.eg insulin.

lodine Number- The iodine value (or “iodine adsorption value™ or "iodine number" or "iodine
index") is the mass of iodine in grams that is consumed by 100 grams of a chemical substance.
lodine numbers are often used to determine the amount of unsaturation in fatty acids.
Mutarotation- Mutarotation is the change in the optical rotation because of the change in the
equilibrium between two anomers; a and B anomeric forms.

Starch or amylum is a polymeric carbohydrate consisting of a large number of glucose units
joined by glycosidic bonds.

Saponification value- Saponification value /saponification number/Koettstorfer number
represents the number of milligrams of potassium hydroxide required to saponify 1g of fat under
the conditions specified.

Vitamins -Vitamins are biomolecules, required to grow and develop by our body. There are 13
vitamins your body needs. Examples; vitamin A,B,C,D,K,B-6, B-12 etc.

9.7 SELF-ASSESSMENT QUESTION
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9.7.1 Objective type Questions:

1. The chemical formula of carbohydrate is
(@) (CHxO)n

(c) (CHO)n

2. Which of the following is an aldotriose?
(a) Dihydroxyacetone
(c) Ribulose

3. The molecular formula of sucrose is-
(@) Ci2H22011
(c) CeH1206

BSCBO-303

(b) (CH,0)2n
(d) CnH,nO

(b) Glyceraldehyde
(d) Erythrose

(b) C10H20010
(d) C12H20011

4. The correct glycosidic linkage between glucose molecule in maltose is

(@)p1-4
c)al-4

5. The number of sterecisomers of a keto pentose is -

(a) 4
(c)8

6. The reserve food material of green algae is

(a) Laminarin
(c) Floridian starch

(byal—2
(dp1-2
(b) 6
(d) 10

(b) Chrysolaminarin
(d) Starch

7. The only carbohydrate which is not having any chiral carbon atom is

(a) Glyceraldehyde
(c) Dihydroxyacetone

8. Choose the odd carbohydrate from the following.

(a) Arabinose
(c) Lyxose

(b) Erythrose
(d) Erythrulose

(b) Xylose
(d) Erythrose

9. A pentose sugar reported to be present in heart cells

(a) Xylose
(c) Lyxose

10. Which of the following is an epimeric pair?

(a) D-glucose and D-mannose
(c) D-glucose and L-glucose

(b) Arabinose
(d) Xylulose

(b) D-glucose and D-galactose
(d) Both A and B
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11. Fats are abundantly present in
(a) Reproductive tissue
(c) Bothaand b

12. Lipids are readily soluble in
(a) Oil
(c) Water

13. Select unsaturated fatty acids.
(a) Linoleic acid
(c) Palmitoleic acid

BSCBO-303

(b) Vegetative tissue
(d) None of these

(b) Mercury
(d) None of these

(b) Oleic acid
(d) All of these

14. Liquid form of triglycerides at ordinary room temperature are called

(a) Oils
(c) Fats

15. The synthesis of glucose from fat is called

(@) Glycolysis
(c) Saponification

(b) Solid
(d) None of these

(b) Krebs cycle
(d) Gluconeogenesis

16. Hydrolysis of fats by alkalies into fatty acids and glycerol is called

(a) Coagulation
(c) Suspension

17. The fats and oils are respectively rich in
(a) Unsaturated fatty acids
(c) Saturated and unsaturated fatty acids

18.B-oxidation takes place in
(a) Mitochondria
(c) Chloroplasts

19. Which is a phospholipid
(a) Lecithin
(c) Sterol

(b) Saponification
(d) Colloidal

(b) Saturated fatty acids
(d) None of these

(b) Cytoplasm
(d) Nucleus

(b) Cholesterol
(d) Steroid

20. The number of double bonds in Arachidonic acid

@1
(€3

(b) 2
(d)4
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9.7.1 Answers Key: 1-(), 2-(b), 3-(@), 4-(c), 5-(a), 6-(d), 7-(c), 8-(d), 9-(c), 10-(d), 11-(a),
12-(d), 13-(d), 14-(a), 15-(d), 16-(b), 17-(c), 18-(a), 19-(a), 20-(d)
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e Lehninger Principles of Biochemistry 5th Edition by David L. Nelson (Author), Michael
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e Biochemistry by Berg JM,Tymoczko JL, and Stryer L, published by W.H. Freeman and
Company.

e Biochemistry, 4th Edition by Donald Voet, Judith G. Voet

e Biochemistry By J L Jain

e Fundamentals of biochemistry by satyanarayana

e Bios Instant Notes in Biochemistry by David Hames, Nige

¢ Instant Notes in Biochemistry by B.D. Hames, N.M. Hooper

e Principles and Techniques of Biochemistry and Molecular Biology by Wilson, K. & Walker,
J.

9.10 TERMINAL QUESTIONS
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1-What are carbohydrates?

2- Describe the classification of carbohydrates?

3- The molecular formula of galactose is CsH12,06.What is molecular formula of lactose?
4-What are Monosaccharides, Oligosaccharides, and Polysaccharides?

5- What are difference between Monosaccharides and Disaccharides explain with example?
6- What is sterioisomers explain with example?

7- What is difference between reducing disaccharides and non-reducing disaccharides?
8- Write short note on biological function of carbohydrates?

9- What is recemic mixture?

10- Describe the structures and functions of any two homo and hetropolysaccharides?
11-What is lipids?

12- Describe the structure and classification of lipids?

13- Write the biological significance of phospholipid?

14- Difference between saturated and unsaturated fatty acid?

15-Explain different type of fatty acid and their functions?

16-Describe the structure of steroids with suitable example?

17- Write the short note on essential fatty acid?

18- Describe in brief the properties of fats and oils?

19- Distinguish between fats and steroids?

20-Write some difference between carbohydrates and lipids?
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UNIT-10 PROTEINS, AMINO ACIDS AND VITAMINS

10.1 Objectives

10.2 Introduction

10.3 Proteins
10.3.1-Classification
10.3.2-Properties
10.3.3-Biological role

10.4 Amino acids
10.4.1-Classification
10.4.2-Properties
10.4.3-Biological role

10.5 Vitamins
10.5.1- Classification
10.5.2-Properties
10.5.3-Biological role

10.6 Summary

10.7 Glossary

10.8 Self Assessment Question

10.9 References

10.10 Suggested Readings

10.11 Terminal Questions
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10.1 OBJECTIVES

After reading this unit students will be able to
e Study about proteins, their occurrence and importance.
e Know amino acids and its properties.
e understand about vitamins and its classification

10.2 INTRODUCTION

Biologically active proteins are polymers consisting of amino acids linked by covalent peptide
bonds. Many different conformations (three-dimensional structures) are possible for a molecule
as large as a protein. Of these many structures, one or (at most) a few have biological activity;
these are called the native conformations. Many proteins have no obvious regular repeating
structure. As a consequence, these proteins are frequently described as having large segments of
“random structure” (also referred to as random coil). The term random is really a misnomer,
because the same nonrepeating structure is found in the native conformation of all molecules of a
given protein, and this conformation is needed for its proper function. Because proteins are
complex, they are defined in terms of four levels of structure.

Among all the possible amino acids, only 20 are usually found in proteins. The general structure
of amino acids includes an amino group and a carboxyl group, both of which are bonded to the a-
carbon (the one next to the carboxyl group). The a-carbon is also bonded to hydrogen and to the
side chain group, which is represented by the letter R. The R group determines the identity of the
particular amino acid. The two-dimensional formula shown here can only partially convey the
common structure of amino acids because one of the most important properties of these
compounds is their three-dimensional shape, or stereochemistry.

The term ‘vitamin’, in its modern sense, usually refers to the substances distinct from
majorcomponents of food, required in minute quantities (i.e. oligodynamic in nature) and whose
absence causes specific deficiency diseases. Asthe living organisms cannot synthesize most of
these compounds, asteady supply of them for life. Their ultimate source is the plant or bacterial
world.

This chapter deals with structure, properties and function of proteins, amino acids and vitamins.

10.3 PROTEINS

Proteins are the macromolecules responsible for the biological processes in the cell. They
consist at their most basic level of a chain of amino acids, determined by the sequence of
nucleotides in a gene. Depending on the amino acid sequence (different amino acids have
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different biochemical properties) and interactions with their environment, proteins fold into a
three-dimensional structure, which allows them to interact with other proteins and molecules and
perform their function. They are naturally occurring polypeptides made up of 40 to 4000 amino
acids. Proteins serve many functions in living systems. More than 28 million proteins are known.
Examples of the Diverse Functions of Proteins in Living Systems:

Structural Proteins -These proteins impart strength to biological structures or protect
organisms from their environment. For example, collagen is the major component of bones,
muscles, and tendons; keratin is the major component of hair, hooves, feathers, fur, and the outer
layer of skin.

Protective Proteins- Snake venoms and plant toxins are proteins that protect their owners from
predators.

Blood-clotting proteins protect the vascular system when it is injured. Antibodies and peptide
antibiotics protect us from disease.

Enzymes- Enzymes are proteins that catalyze the reactions that occur in cells.

Hormones -Some hormones, compounds that regulate the reactions that occur in living
systems, are proteins.

Proteins with Physiological Functions-These proteins include those that transport and store
oxygen in the body, store oxygen in the muscles, and contract muscles.

10.3.1 Classification

Different methods of protein classification have been proposed, but currently none of them is
universally valid. Below, some examples based on chemical composition,structure, functions,
and solubility in different solvents.

Protein classification based on chemical composition

On the basis of their chemical composition, proteins may be divided into two classes: simple and
complex.

1. Simple proteins: Also known as homoproteins, they are made up of only amino acids.
Examples are plasma albumin, collagen, and keratin.

2. Conjugated proteins: Sometimes also called heteroproteins, they contain in their structure
a non-protein portion. Three examples are glycoproteins, chromoproteins, and phosphoproteins.

(a) Glycoproteins- They are proteins that covalently bind one or more carbohydrate units to the
polypeptide backbone.Typically, the branches consist of not more than 15-20carbohydrate units,
where you can find arabinose, fucose (6-deoxygalactose), galactose, glucose, mannose, N-
acetylglucosamine (GIcNAc, or NAG), and N-acetylneuraminic acid (NeuSAc or NANA).
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Examples of glycoproteins are: glycophorin, the best known among erythrocyte membrane
glycoproteins fibronectin, that anchors cells to the extracellular matrix through interactions on
one side with collagen or other fibrous proteins, while on the other side with cell membranes;

all blood plasma proteins, except albumin; immunoglobulins or antibodies.

(b) Chromoproteins -They are proteins that contain colored prosthetic groups.

Typical examples are: hemoglobin and myoglobin, which bind, respectively, one and four heme
groups; chlorophylls, which bind a porphyrin ring with a magnesium atom at its centre;
rhodopsins, which bind retinal.

(c) Phosphoproteins- They are proteins that bind phosphoric acid to serine and threonine
residues. Generally, they have a structural function, such as tooth dentin, or reserve function,
such as milk caseins (alpha, beta, gamma and delta), and egg yolk phosvitin.

Protein classification based on shape
On the basis of their shape, proteins may be divided into two classes: fibrous and globular.
Fibrous proteins

Fig.10.1 — Collagen

They have primarily mechanical and structural functions, providing support to the cells as

well as the whole organism. These proteins are insoluble in water as they contain, both internally

and on their surface, many hydrophobic amino acids. The presence on their surface of
hydrophobic amino acids facilitates their packaging into very complex supramolecular
structures.

In this regard, it should be noted that their polypeptide chains form long filaments or sheets,

where in most cases only one type of secondary structure, that repeats itself, is found.

In vertebrates, these proteins provide external protection, support and shape; in fact, thanks to

their structural properties, they ensure flexibility and/or strength.

Some fibrous proteins, such as o-keratins, are only partially hydrolyzed in the intestine.

Here are some examples.

1. Fibroin: It is produced by spiders and insects. An example is that produced by the
silkworm, Bombyxmori.

2. Collagen: The term “collagen” indicates not a single protein but a family of structurally
related proteins (at least 29 different types), which constitute the main protein component of
connective tissue, and more generally, the extracellular scaffolding of multicellular
organisms.
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3. In vertebrates, they represent about 25-30% of all proteins.
They are found in different tissues and organs, such as tendons and the organic matrix of
bone, where they are present in very high percentages, but also in cartilage and in the cornea ,
In the different tissues, they form different structures, each capable of satisfying a particular
need. For example, in the cornea, the molecules are arranged in an almost crystalline array, so
that they are virtually transparent, while in the skin they form fibers not very intertwined and
directed in all directions, which ensure the tensile strength of the skin itself.
Note: the different types of collagen have low nutritional value as deficient in several amino
acids (in fact, they contain no tryptophan and low amount of the other essential amino acids).
The gelatin used in food preparation is a derivative of collagen.

4. a-Keratins: They constitute almost the entire dry weight of nails, claws, beak, hooves, horns,
hair, wool, and a large part of the outer layer of the skin.
The different stiffness and flexibility of these structures is a consequence of the number of
disulfide bonds that contribute, together with other binding forces, to stabilize the protein
structure. And this is the reason why wool keratins, which have a low number of disulfide
bonds, are flexible, soft and extensible, unlike claw and beak keratins that are rich in disulfide
bonds.

5. Elastin: This protein provides elasticity to the skin and blood vessels, a consequence of its
random coiled structure that differs from the structures of the a-keratins and collagens.

Fig. 10.2 Haemoglobin

Globular proteins

Most of the proteins belong to this class. They have a compact and more or less spherical
structure, more complex than fibrous proteins. In this regard, motifs, domains, tertiary and
quaternary structures are found, in addition to the secondary structures. They are generally
soluble in water but can also be found inserted into biological membranes (transmembrane
proteins),thus in a hydrophobic environment.

Unlike fibrous proteins, that have structural and mechanical functions, they act as:

1. enzymes

2. hormones

3. membrane transporters and receptors
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4. transporters of triglycerides, fatty acids and oxygen in the blood

5. immunoglobulins or antibodies

6. grain and legume storage proteins

Examples of globular proteins are myoglobin, hemoglobin, and cytochrome c. At the intestinal
level, most of the globular proteins of animal origin are hydrolyzed almost entirely to amino
acids.

Protein classification based on biological functions

The multitude of functions that proteins perform is the consequence of both the folding of the
polypeptide chain, therefore of their three-dimensional structure, and the presence of many
different functional groups in the amino acid side chains, such as thiols, alcohols, thioethers,
carboxamides, carboxylic acids and different basic groups.

From the functional point of view, they may be divided into several groups.
1. Enzymes (biochemical catalysts): In living organisms, almost all reactions are catalyzed by
specific proteins called enzymes. They have a high catalytic power, increasing the rate of the
reaction in which they are involved at least by factor 10°. Therefore, life as we know could not
exist without their “facilitating action”.
Almost all known enzymes, and in the human body they are thousand, are proteins (except some
catalytic RNA molecules called ribozymes, that is, ribonucleic acid enzymes).
2. Transport proteins: Many small molecules, organic and inorganic, are transported in the
bloodstream and extracellular fluids, across the cell membranes, and inside the cells from one
compartment to another, by specific proteins.
Examples are: hemoglobin, that carries oxygen from the alveolar blood vessels to tissue
capillaries; transferrin, which carries iron in the blood; membrane carriers; fatty acid binding
proteins (FABP), that is, the proteins involved in the intracellular transport of fatty acids;
Proteins of plasma lipoproteins, macromolecular complexes of proteins and lipids responsible for
the transport of triglycerides, which are otherwise insoluble in water; albumin, that carries
free fatty acids, bilirubin, thyroid hormones, and certain medications such as aspirin and
penicillin, in the blood.

Many of these proteins also play a protective role, since the bound molecules, such as fatty

acids, may be harmful for the organism when present in free form.
3. Storage proteins: Examples are: ferritin, that stores iron intracellularly in a non-toxic form;
milk caseins, that act as a reserve of amino acids for the milk; egg yolk phosvitin, that contains
high amounts of phosphorus; prolamins and glutelins, the storage proteins of cereals.

Protein classification based on solubility
The different globular proteins can be classified based on their solubility in different solvents,
such as water, salt and alcohol.
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10.3.2 Properties

A protein is a biological macro molecule composed of one or more chain of amino acids linked
by peptide bonds. In general, we speak of protein when the string contains more than 50 amino
acids. For smaller sizes, we speak of peptide and polypeptide, but more often they are simply
"small protein”.

The Dutch chemist Gerhard Mulder (1802-1880) discovered proteins. The word protein comes
from the Greek “protos” which means first, essential. This probably refers to the fact that
proteins are essential to life and they often constitute the majority share (60%) of the dry weight
of cells. Another theory that would make reference protein as the adjective protean, with the
Greek God Proteus who could change shape at will. The proteins indeed adopt many forms and
provide multiple functions. But, this was not discovered until much later, during the twentieth
century.

Solubility in Water

1. The relationship of proteins with water is complex. The secondary structure of proteins
depends largely on the interaction of peptide bonds with water through hydrogen bonds.

2. Hydrogen bonds are also formed between protein (alpha and beta structures) and water. The
protein-rich static balls are more soluble than the helical structures.

3. At the tertiary structure, water causes the orientation of the chains and hydrophilic radicals to
the outside of the molecule, while the hydrophobic chains and radicals tend to react with each
other within the molecule (cf. hydrophobic effect).

4. The solubility of proteins in an aqueous solution containing salts depends on two opposing
effects on the one hand related to electrostatic interactions (“salting in™) and other
hydrophobic interactions (salting out).

Denaturation

A protein is denatured when its specific three-dimensional conformation is changed by breaking
some bonds without breaking its primary structure. It may be, for example, the disruption of
helix areas. The denaturation may be reversible or irreversible. It causes a total or partial loss of
biological activity. This is an important property of protein.

There are a number of Denaturing agents as follows.

(a) Physical agents: Heat, radiation, pH

(b) Chemical agents: Urea solution which forms new hydrogen bonds in the protein, organic
solvents, detergents.

10.3.3 Biological role
Proteins have a pivotal role in the stabilization of many structures. Examples are a-keratins,
collagen and elastin. The same cytoskeletal system, the scaffold of the cell, is made of proteins.
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They generate movement. They are responsible, among others, for the contraction of the muscle
fibers (of which myosin is the main component); the propulsion of spermatozoa and
microorganisms with flagella; the separation of chromosomes during mitosis. They are involved
in nerve transmission. An example is the receptor for acetylcholine at synapses.

1. They control development and differentiation: Some proteins are involved in the regulation
of gene expression. An example is the nerve growth factor (NGF), discovered by Rita Levi-
Montalcini, that plays a leading role in the formation of neural networks.

2. Hormones: Many hormones are proteins. They are regulatory molecules involved in the
control of many cellular functions, from metabolism to reproduction. Examples are insulin,
glucagon, and thyroid-stimulating hormone (TSH).

3. Protection against harmful agents: The antibodies or immunoglobulins are glycoproteins
that recognize antigens expressed on the surface of viruses, bacteria and other infectious agents.
Interferon, fibrinogen, and factors of blood coagulation are other members of this group.

4. Storage of energy: Proteins, and in particular the amino acids that constitute them, act as
energy storage, second in size only to the adipose tissue, that in particular conditions, such as
prolonged fasting, may become essential for survival. However, their reduction of more than
30% leads to a decrease of the contraction capacity of respiratory muscle, immune function, and
organ function that are not compatible with life. Therefore, proteins are an extremely valuable
fuel.

10.4 AMINO ACIDS

Amino acids are commonly known as the building blocks of proteins and they are the key
molecules that regulate structure and function of the proteins. They are organic acids that contain
an amine group. Common amino acids are a-L amino acids. The dramatic diversity of the
enormous no of proteins found in nature result from the intrinsic properties of only 20
universally occurring amino acids. Some of these features include:

(1) Polymerization capacity

(2) Acid—base properties

(3) Varied structure and chemical functionality in the amino acid side chains

(4) Chirality

The general structure of amino acids consists of an amino group and a carboxyl group where
both of them are bonded to the a-carbon (the carbon next to the carboxyl group).

The a-carbon forms bond with a hydrogen and to the side chain group, which is generally
represented by the letter R.

The R group determines the individuality of the particular amino acid (Fig.10.3).
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Side Chain 1
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Fig.10.3-General structure of amino acids

Amino acids (except glycine) are non superimposable and four different groups attached with the
chiral carbon. There are two stereoisomers of each amino acid known as L and D -amino acids
on the basis of their similarity to the glyceraldehyde standard. The terminology comes from the
Latin words laevus and dexter, meaning “left” and “right,” respectively, that denotes the ability
of optically active compounds to rotate polarized light to the left or the right. When drawn in a
certain orientation, the L form of amino acids has the hydroxyl group on the left side of the
molecule, and the D form has it on the right side, as shown in perspective in Fig.10.4.
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CH,OH