
Plant cell:  an Overview 

The cell (from Latin cella, meaning "small room") is the basic structural, functional, 
and biological unit of all known living organisms. A cell is the smallest unit of life. Cells 
are often called the "building blocks of life". The study of cells is called cell biology. The 
cell was discovered by Robert Hooke in 1665, who named the biological units for their 
resemblance to cells inhabited by Christian monks in a monastery. Cell theory, first 
developed in 1839 by Matthias Jakob Schleiden and Theodor Schwann, states that 

1) All organisms are made up of one or more cells and the products of those cells. 

2) All cells carry out life activities (require energy, grow, have a limited size). 

3) New cells arise only from other living cells by the process of cell division. 

Plant cells are the basic unit of life in organisms of the kingdom Plantae. They are 
eukaryotic cells, which have a true nucleus along with specialized structures called 
organelles that carry out different functions. Animals, fungi, and protists also have 
eukaryotic cells, while bacteria and archaea have simpler prokaryotic cells. Plant cells are 
differentiated from the cells of other organisms by their cell walls, Pastids (chloroplasts 
and chromoplasts), cell to cell communication by plasmodesmata and central vacuole. 

The brief description of the plant cell and various organelles and their functions are 
as follows: 

Cell wall : 

Cell wall is a non-living component of the cell and is secreted and maintained by the living 
portion of the cell, called protoplasm. A typical cell wall is composed of three different 
regions 1. Middle Lamella 2. Primary cell wall (1-3 μm thick and elastic) 3. Secondary cell 
wall (5-10 μm thick and rigid) 

Functions of cell wall : 

1. It protects the inner contents of the cell. 2. It gives definite shape to the cell. 3. It provides 
mechanical support to the tissues and act as a skeletal framework of plants. 4. It helps in 
transport of substances between two cells. 5. The cell wall is hydrophilic in nature and it 
imbibes water and helps in the movement of water and solutes towards protoplasm. It also 
acts as a permeable structure during absorption of minerals and solutes. 
 

 
Figure 1: Cell wall  



Protoplasm : 

It is the living, colloidal and semi fluid substance. It is also called as cytoplasm. Cell devoid 
of cell wall is called protoplast. Protoplast is enclosed by a membrane called as cell 
membrane or plasma membrane. 

Cell membrane : 

All cells are enclosed by a thin, membrane called plasma membrane or plasmalemma. The 
plasma membrane and sub cellular membrane are collectively called biological membrane. 
Cell membrane consists of proteins, lipids and other substances. 

1. Proteins:- The proteins present in the membranes can be categorized into two types 

a. Intrinsic proteins or integral proteins: - Which are embedded or buried in the lipid layer. 
These proteins associate with hydrophobic interactions to the tails or fatty acid chains of 
the lipid layer. In addition to the hydrophobic associations, integral proteins also posses 
hydrophilic amino acid residues which are exposed at the surface of the membrane. 
These proteins cannot be removed easily. 

b. Extrinsic proteins or peripheral proteins: - They are attached to the membrane surface 
by weak ionic interactions. These proteins are not much involved in the architecture of 
membrane. Peripheral proteins are bound to hydrophilic proteins of the integral proteins 
protruding from the lipid layer. 

2. Lipids: - The cell membrane consists of phospholipids and glycolipids. The fatty acid 
chains in phospholipids and glycolipids usually contain 16-20 even numbered carbon 
atoms. Fatty acids may be saturated or unsaturated. 

3. Other substances like polysaccharide, salicylic acid etc. are found attached to the proteins 
or lipids on the membrane. 

 

 Figure 2: Lipid bilayer model of plasmamembrane 

Functions of cell membrane: 

1. The cell membrane surrounds the protoplasm of the cell, thus separating the 
intracellular components from the extracellular environment. 



2. It anchors the cytoskeleton to provide shape to the cell, and in attachment to the 
extracellular matrix. 

3. The plasma membrane is differentially permeable and able to regulate the transport 
across the membrane. 

4. The cell membranes maintain the cell potential. 
 
Cell nucleus : 

It is oval or spherical in shape and is generally larger in active cells than in resting cells. A 
nucleus consists of three main parts viz. nuclear envelope, nucleolus and chromatin. The 
nucleus is separated from the cytoplasm by a double membrane called the nuclear envelope. 
The space between the outer and inner membrane is known as nuclear pores which provide 
direct connection between nucleus and cytoplasm. Nucleolus is a spherical, colloidal body 
found in the nucleus and is the place where almost all DNA replication and RNA synthesis 
occur. Chromatin is the basic unit of chromosome and contains genes which play important 
role in the inheritance of characters to offspring from parents. 

 

                        

Figure 3: Structure of nucleus 

 

Functions of cell nucleus: 

1. It regulates growth and reproduction of cells. 

2. The nuclear envelope allows the nucleus to control its contents, and separate them from 
the rest of the cytoplasm where necessary. 

3. The DNA replication, transcription and post transcriptional modification occur in the 
nucleus. 

 
 

Chloroplast : 

Chloroplasts are organelles found in plant cells and other eukaryotic organisms that 
perform photosynthesis because of the presence of green pigment, chlorphyll. They are 
flattened discs usually 2-10 micrometers in diameter and 1 micrometer thick. The 
chloroplast is surrounded by double layered membrane. The space between these two layers 



is called intermembrane space. Stroma is the aqueous fluid found inside the chloroplast. 
The stroma contains the machinery required for carbon fixation, circular DNA, 70 S 
ribosomes (thatswhy called as semiautonomous organelle) etc. within the stroma the stacks 
of thylakoids are arranged as stacks called grana. A thylakoid has a flattened disc shape 
and has a lumen or thylakoid space. The light reactions occur on the thylakoid membrane. 

 

      

Figure 4 : Structure of chloroplast 

 

Functions of chloroplast: 

1. The important processes of photosynthesis i.e, light and dark reactions occur within the 
chloroplast. 

2. The granum is the site of NADP reduction forming NADPH+H+ and 
photophosphorylation i.e., formation of ATP in presence of light. Thus, light reaction of 
photosynthesis takes place in the granum region. 

3. The stroma is the main site for the dark reaction of photosynthesis. 

4. The chloroplast has its own genetic system and is self replicating. Thus, associated with 
cytoplasmic inheritance. 

 
Mitochondria : 

Mitochondria are rod shaped cytoplasmic organelles, which are main sites of cellular 
respiration. Hence, they are referred to as power house of the cell. Each mitochondrion is 
enclosed by two concentric unit membranes comprising of an outer membrane and an inner 
membrane. The space between the two membranes is called perimitochondrial space. The 
inner membrane has a series of infoldings known as cristae. The inner space enclosed by 
cristae is filled by a relatively dense material known as matrix. The matrix is generally 
homogeneous but may rarely show finely filamentous or fibrous structures. The matrix 
contains several copies of round or circular DNA molecules and 70 S ribosomes (thatswhy 
it is also called as semiautonomous organelle). 



 

 

 

Figure 5 : Structure of mitochondria 

 

Functions of mitochondria: 

1. ATP, the readily available form of energy is produced in mitochondria. 

2. Krebs cycle takes place in the matrix of mitochondria. 

3. The enzymes of electron transport chain are found in the inner membrane or cristae of 
mitochondria. 

4. Heme synthesis occurs in mitochondria. 

5. Controls the cytoplasmic Ca2+ concentration 
 
 

Ribosomes : 

Chemically, ribosomes are ribonucloprotein complexes. This is a membrane less 
Ribosomes are of two types. Ribosomes of prokaryotes have sedimentation coefficient of 
70 S and consist of two sub units of unequal sizes 50S and 30 S subunits. Ribosomes of 
eukaryotes have 80 S sedimentation coefficient (40S & 60 S). The two or more ribosomes 
become connected by a single m RNA and then may be called polyribosome. The major 
function of the smaller subunit of ribosome is to provide proper site for binding of mRNA 
and its translation. The larger subunit of ribosome supports translation and translocation 
processes coupled with polypeptide synthesis. 

Functions of Ribosomes: 1. They provide the platform for protein synthesis 2. They have 
the machinery for protein synthesis. 

 
Golgi complex : 

Golgi bodies is an assemblage of flat lying cisternae one above the other in close parallel 
array. Each golgi complex has 3 to 12 interconnected cisternae which are composed of 
lipoproteins. 

Functions of Golgi complex: 1. It helps in Packaging of proteins for exporting them. 2. It 



plays a role in sorting of proteins for incorporation into organelles. 3. It is involved in the 
formation of the cell wall of plant cells. 

 

 
 
 
Figure 6: Structure of Golgibodies 
 
Endoplasmic reticulum : 

Endoplasmic reticulum arises from the outer membrane of the nucleus forming an 
intermediate meshed network. It is of two types. The granular or rough endoplasmic 
reticulum in which the outer surface of endoplasmic reticulum is studded with ribosome 
and agranular or smooth endoplasmic reticulum in which the ribosomes are not attached. 

Functions of Endoplasmic reticulum: 1. Rough endoplasmic reticulum is associated with 
the synthesis of proteins. 2. Smooth endoplasmic reticulum is associated with synthesis of 
lipids and glycogen. 3. It acts as an inter-cellular transport system for various substances. 
4. It contains many enzymes which perform various synthetic and metabolic activities. 

 

Figure 7: Structure of endoplasmic reticulum 

Vacuole : 

It is a membrane bound organelle found in plant cell and occupies most of the area in the 
plant cell. A vacuole is surrounded by a single layer membrane called tonoplast. It is an 



enclosed compartment filled with water containing inorganic and organic molecules 
including enzymes in solution. It maintains the cell's turgor, controls movement of 
molecules between the cytosol and sap, stores useful material and digests waste proteins 
and organelles. 

Functions of vacuole: 

1. Isolating materials that might be harmful or a threat to the cell. 

2. Stores waste products. 

3. Maintains internal hydrostatic pressure or turgor within the cell. 

4. Maintains an acidic internal pH. 

5. Exports unwanted substances from the cell. 

6. Allows plants to support structures such as leaves and flowers due to the pressure of the 
central vacuole. 

7. Most plants stores chemicals in the vacuole that react with chemicals in the cytosol. 

8. In seeds, stored proteins needed for germination are kept in protein bodies which are 
modified vacuole. 

 
 

Microbodies : 

Microbodies are ubiquitous organelles found in the majority of eukaryotic plant cells. They 
are mostly spherical and have a diameter ranging from 0.2um to 1.5um. Two types of 
microbodies, peroxisomes and glyoxysomes, have been characterized. These organelles 
differ in their distribution and enzyme composition, although both have the capacity to 
transform non-carbohydrate material into carbohydrate. 

Peroxisomes : 

Peroxisomes are found in leaves of higher plants. It is a small organelle present in the 
cytoplasm of many cells, which contains the reducing enzyme catalase and usually some 
oxidases. 

Functions of Peroxisomes: Peroxisomes act in parallel with chloroplast in higher plants and 
are believed to undertake photorespiration. 

Glyoxysomes : 

A glyoxysome is a specialized form of peroxisome (a type of microbody) found in some 
plant cells, notably the cells of germinating seeds. Glyoxysomes are temporary as they 
occur during transient periods in the life cycle of a plant such as in certain beans and nuts 
which store fats in their seeds as energy reserves. Glyoxysomes appear in the first few days 
after seed germination in endosperm cells and associate closely with lipid bodies. They 
disappear after the storage fats are broken down and converted into carbohydrate. 

Functions of Glyoxysomes: Glyoxysomes are involved in the formation of sugars by the 
breakdown of fatty acids in germinating seeds. 



 

Cytoskeleton : 

The cytoskeleton is scaffolding contained within the cytoplasm and is made up of protein. 
The cytoskeleton is present in all cells. The cytoskeleton provides the cell with structure 
and shape. 

There are three main kinds of cytoskeleton filaments: 

1. Microfilament: - They are composed of actin subunits. 

2. Intermediary filaments: - They function in the maintenance of cell shape by bearing 
tension. They also participate in the cell-cell and cell matrix junctions. 

3. Microtubules: - They are like hollow cylinders mostly comprising of 13 protofilaments 
which in turn are alpha and beta tubulin. They are commonly organized by the 
centrosome. 

Functions of cytoskeleton: 1. Provides mechanical support 2. Anchors organelles 3. Helps 
to move substances intracellular. 

 

 

 
 
 
Figure 8: Structure of cytoskeleton 
 
 
Plasmodesmata : 

Plasmodesmata (singular: plasmodesma) are microscopic channels which traverse the cell 
walls of plant cells and some algal cells, enabling transport and communication between 
them. Specialized cell-to-cell communication pathways known as plasmodesmata, pores in 
the primary cell wall through which the plasmalemma and endoplasmic reticulum of 
adjacent cells are continuous. Unlike animal cells, almost every plant cell is surrounded by 
a polysaccharide cell wall. Neighbouring plant cells are therefore separated by a pair of cell 
walls and the intervening middle lamella, forming an extracellular domain known as the 



apoplast. Although cell walls are permeable to small soluble proteins and other solutes, 
plasmodesmata enable direct, regulated, symplastic transport of substances between cells. 
There are two forms of plasmodesmata: primary plasmodesmata, which are formed during 
cell division, and secondary plasmodesmata, which can form between mature cells. 

 
 

 
 

Figure 9. Diagramatic representation of typical plant cell showing all 
organelles clearly  



 



Diffusion and osmosis & Absorption of water 

 

Diffusion and Osmosis : 

Diffusion occurs when the spontaneous net movement of particles or molecules spreads 
them from an area of high concentration to an area of low concentration. It is simply the 
statistical outcome of random motion. As time progresses, the differential gradient of 
concentrations between high and low will drop (become increasingly shallow) until the 
concentrations are equalized. Molecules will always move down the concentration 
gradient, toward areas of lesser concentration. Think of food coloring that spreads out in 
a glass of water, or air freshener sprayed in a room. Diffusion increases entropy 
(randomness), decreasing Gibbs free energy, and therefore is a clear example of 
thermodynamics. 

Equilibrium - When the molecules are even throughout a space. 

Concentration gradient - a difference between concentrations in a space. 

 

                                  

Osmosis - Osmosis is the process of diffusion of water across a semipermeable membrane. 
Water will move in the direction where there is a high concentration of solute (and hence a 
lower concentration of water). Water molecules are free to pass across the cell membrane 
in both directions, either in or out, and thus osmosis regulates hydration, the influx of 
nutrients and the outflow of wastes, among other processes. 

 

                                      
 

Type of Solutions : 

1. Isotonic Solutions 

The word iso means the same. If the concentration of solute (salt) is equal on both sides of 
membrane. 



2. Hypotonic Solutions 

The word "HYPO" means less.  If the concentration of solute (salt) is less on out side of 
membrane. The cell will gain water and grow larger.  

3. Hypertonic Solutions 

The word "HYPER" means more. If the concentration of solute (salt) is more on out side of 
membrane. The cell will lose water.  

Both Diffusion and Osmosis are types of passive transport, that is, no energy is 
required for the molecules to move into or out of the cell. Sometimes, large molecules 
cannot cross the plasma membrane, and are "helped" across by carrier proteins - this 
process is called facilitated diffusion. 

 
Water potential and its components : 

Water potential or chemical potential of water is a quantitative expression of the 
free energy associated with water. Water potential is symbolized by the Greek letter ψ (psi) 
and is defined relative to the water potential of pure water, which is zero. Hence the value 
of psi is always negative. The units of water potential are mega Pascal (MPa). It is a relative 
quantity and depends on concentration, pressure and gravity at the same temperature. 

Water potential as the sum of component potentials which may be written 
as 

Ψ= Ψs+ Ψm+ Ψp + Ψg 

Where, Ψs = Solute osmotic potential (symbol π) 

Ψm = Matric potential (symbol T) 

Ψp = Pressure potential (symbol P) 

Ψg = Gravitational potential (symbol G) 

Osmotic potential : 

The osmotic potential, Ψs (or π) is the component produced by the solute 
dissolved in the cell sap, chiefly vacuolar sap. 

Matric Potential : 

The matric potential Ψm (or T) refers to water held in micro capillaries or bound 
on surfaces of the cell walls and other cell components. 

Pressure potential : 

The pressure potential Ψp (or P) is the turgor pressure produced by diffusion of water 
into protoplasts enclosed in walls which resist expansion. In the xylem of transpiring plants 
Ψp is usually negative and in guttating plants it is positive as a result of root pressure. 

Gravitational Potential : 

The effect of gravity, Ψg (or G) is a term of negligible importance within root or a 
leaf but becomes important in comparing potentials in leaves at different heights on trees 
and in soils. 

Upward movement of water in a tree trunk must overcome a gravitational force of 



0.01 Mpa/m and gravity causes drainage of water downward in soil. The volume of matric 
water is very small as compared to the volume of vacuolar water in parenchyma, therefore 
potential water constitutes a small fraction of the total water, matric potential can control 
the cell water potential. Thus, for herbaceous plants and annual field crops of a short 
vertical height (less than 10 m) the values of the matric potential and gravitational potential 
are small and are commonly omitted. Thus 

Water always moves from less negative water potential to more negative water 
potential.(Figure) 

 

Reference: Hopkins WG & Huner NPA. 2004. 

Introduction to Plant Physiology. John Wiley & Sons 
 

Importance of water potential : 

Water potential is a diagnostic tool that enables the plant scientist to assign a precise 
value to the water status in plant cells and tissues. The lower the water potential in a plant 
cell or tissue, the greater is its ability to absorb water. Conversely, the higher the water 
potential, the greater is the ability of the tissue to supply water to other more desiccated 
cells and tissues. 

Thus, water potential is used to measure water deficit and water stress in plant cells 
and tissues. As a general rule, leaves of most plants rooted in well watered soils are likely 
to have water potentials between about -2 to -8 bars. With decreasing soil moisture supply, 
leaf water potential will become more negative than -8 bars and leaf growth rates will 
decline. Most plant tissues will cease growth completely (i.e., will not enlarge) when water 
potential drops to about -1.5 bars. 

Uptake of water : 

The way in which water is entered into the root hair and the precise mechanism of 
water absorption can be explained by two different approaches: 

(a) Active uptake: Water is absorbed because of activities in the root itself and does not 
concern with any process in shoot. 

(b) Passive uptake of water: The governing force of water absorption originates in the cells 
of transpiring shoots rather than in root itself. 



Although the absorption of water by roots is believed to be a passive, pressure 
driven process, it is nonetheless dependent on respiration. Respiratory inhibitors (such as 
cyanide), anaerobic conditions (waterlogged condition) decrease in the hydraulic 
conductance of most roots. These are some supporting points for active absorption of water. 
However, the exact role of respiration and active uptake is not clear. 

Except for few exceptions, it is now believed that uptake of water is a passive 
process. Tension or negative pressure originating at the actively transpiring leaf surface 
creates a pulling force for water movement in xylem (Cohesion-tension theory of Dixon 
and Jolly). 

The movement of water inside the plant is driven by a reduction in free energy, and 
water may move by diffusion, by bulk flow or by a combination of these fundamental 
transport mechanisms. Water diffuses because molecules are in a constant thermal 
agitation, which tends to even out concentration differences. Water moves by bulk flow in 
response to a pressure difference, whenever there is a suitable path way for bulk movement 
of water. Thus, water potential difference (i.e., solute potential and pressure potential) 
across the cells starting from root hairs to xylem plays an important role in uptake and 
transport of water. 



 

 

 
 
Water uptake and movement (transpiration stream) : 

Air (atmosphere) usually has extremely low water potential, compared with plants 
or soils, so water gradient develops from the soil to the air. Since water moves from a high 
water to a low water, water will flow from roots to leaves. 

Water lost by transpiration must be replenished by absorption of an equivalent 
amount of water from the soil through the root system. This establishes an integrated flow 
of water from the soil through the plant, and into the atmosphere, referred to as the soil- 
plant-atmosphere continuum (SPAC) (transpiration stream). 

Soil is a very complex medium, consisting of solid phase comprised of inorganic 
rock particles and organic material, a soil solution containing dissolvent solutes and a gas 
phase generally in equilibrium with the atmosphere. Soil structure affects the porosity of a 
soil and ultimately, its water retention and aeration. When a soil is freshly watered, such by 
rain or irrigation, the water will percolate down through the pore space until it has displaced 



most of the air. The soil is then saturated with water. Water will drain freely from the large 
spore space due to gravity. 

The water that remains after free drainage is held in the capillary pores. At this point, 
the water in the soil is said to be at field capacity. Consequently, soil water at or below field 
capacity will be under tension and its water potential will be negative, as the water content 
of the soil decreases, either by the evaporation from the soil surface or because it is taken 
up by the roots the air water interface will retreat into capillary spaces between the soil 
particle. 

As water is removed from the soil by a root, tensions in the soil will draw more bulk 
water toward the root. The effectiveness of the roots as absorbing organs is related to the 
extent of the root system. Plant can only absorb water from the soil when the water potential 
of the plant sap (cell sap) is lower than water potential of the soil. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Movement of water towards more negative water potential  

 

 

 

 

 



Stomata Physiology and Transpiration 

Stomata was discovered by Pfeffer & name ‘stomata’ was given by Malphigii. 
Stomata are minute pores of eliptical shape, consists of two specialized epidermal 
cell called guard cells. 

Characteristics:  

(a) The guard cells are kidney shape in dicotyledon and dumbell shape 

 in monocotyledon. 

(b) The wall of the guard cell surrounding the pore is thicken and inelastic due to 
rest of the walls those are thin, elastic and semi-permeable. 

(c) Each guard cell has a cytoplasmic lining, central vacuole. Its cytoplasm 
contains single nucleus and number of chloroplast. The chloroplast of guard 
cell is capable of very poor photosynthesis, because the absence of RUBISCO 
enzyme. 

(d) Guard cells are surrounded by modified epidermal cells, known as subsidiary 
cells or accessory cells, which supports in the movement of guard cells. 

(e) The Size and shape of stoma and guard cell vary from plant to plant. When 
fully open, the stomatal pore measures 3-12 µ in width and 10-40 µ in length. 

(f) In many gymnosperms and xerophytic plants (plants growing in desert), the 
stomata are present embedded deeply in the leaves, so that they are not exposed 
to sunlight directly. Such deeply embedded stomata are called sunken 
stomata. This is an adaptation to check excessive transpiration in these 
plants. 

 
STRUCTURE  OF  STOMATA  (MONOCOT AND DICOT SPECIES) 

The appearance of the guard cells differs characteristically from the 
surrounding epidermal cells. The guard cells of some plant species, particularly 
grasses (monocots), are dumbbell shaped and are associated with epidermal cells 
that also differ in appearance from the rest of the epidermal cells. These epidermal 
cells are called subsidiary cells or accessory cells. In case of dicots, the guard 
cells are generally bean shaped (Fig. 1). One other distinguishing feature of 
guard cell is the presence of chloroplasts. Epidermal cells do not possess 
chloroplasts. 

 



 

 

Figure.1: Structure of  stomata in dicots and monocots 

Distribution and Types of Stomata : 

A. Depending upon the distribution  

1. Apple or mulberry (hypostomatic) type: 

Stomata are found distributed only on the lower surface of leaves, e.g., apple, 
peach, mulberry, walnut, etc. 

2. Potato type: 

Stomata are found distributed more on the lower surface and less on its upper 
surface, e.g., potato, cabbage, bean, tomato, pea, etc. 

3. Oat (amphistomatic) type: 

Stomata are found distributed equally upon the two surfaces, e.g. maize, oats, 
grasses, etc. 

4. Water lily (epistomatic) type: 

Stomata are found distributed only on the upper surface of leaf, e.g., water 
lily, Nymphaea and many aquatic plants. 

5. Potamogeton  (astomatic) type: 

Stomata are altogether absent or if present they are vestigeal. e.g., Potamogeton and 
submerged aquatics. 

 

B. Based on Movement 

Loftfield (1856) classified three main groups of stomata in accordance with their daily 
movement: 

1. Alfalfa Type: The stomata remain open throughout the day and closed all night, 



eg., peas, bean, mustard etc. 

2. Potato Type: The stomata will open throughout the day and night except for 
few hours in the evening, eg., Allium, cabbage, pumpkin, etc. 

3. Barley Type: The stomata open only for a few hours in a day, eg., Barley and 
other cereals. 

C. Based on Behavior 

Considering the behavior of the stomatal movements, five categories have 
been recognized: 

1. Photo-active movements: Light directly or indirectly controls stomatal 
movements. Such stomata remain open during day time and closed in nights 
(dark). 

2. Skoto-active movements: Stomata remain closed during day time and open 
during night. Such cases are found in succulent plants and other CAM Plants. 

3. Hydro-active movements: In some cases, stomata open due to excessive loss 
of water from the epidermal cells and close due to turgid conditions of 
epidermal cells. This is usually found during mid-day. 

4. Autonomous movements: In certain cases, stomata open and close at a rate of 
10-15 minutes showing diurnal or rhythmic pulsation. 

5. Passive and Active movements: Opening of stomata is considered as active 
process and closing is the passive process and this is caused by the turgor 
changes in the guard cells. 

 

 

POTASSIUM ION PUMP THEORY FOR OPENING AND CLOSING OF STOMATA  

 K+ ion theory was proposed by Levitt in 1974. He states that:-  

During light:- Starch is converted to PEP ( phosphoenol pyruvic acid) which combines with 
CO2 to form oxaloacteic acid (OAA) and finally to malic acid. This malic acid dissociates 
into malate anions and H ions in guard cells. H ions are transported to subsidiary cells and in 
exchange of which K ion move inside the guard cells. This is called ion exchange. K ions are 
balanced by malate ions present in guard cells and also by taking in some Cl ions. This ion 
exchange occurs by the expenditure of ATP energy. Increased concentration of K and malate 
ions in the guard cells vacuole, will cause sufficient osmotic pressure to absorb water from 
surrounding cells. This in turn will increase turgor pressure of guard cells and lead to the 
opening of stomatal pores.  



During dark:- Carbon-dioxide concentration increase in sub-stomatal spaces because of 
initiation of respiration which will prevent the H - K ion exchange. Due to this malate ions 
present in the vacuole of guard cells combine with the H+ ions and form malic acid. Increase 
in the concentration of malic acid will inhibit its synthesis. K ion move out of guard cells, 
osmotic pressure decrease. Water will move out of guard cells into subsidiary cells which 
makes cell flaccid  and cause the closure of stomatal pore.  

Number of Stomata (Stomatal Frequency) : 

The number of stomta per unit area of leaf is called Stomatal Frequency. 

The number of stomata in a definite area of leaf varies from plant to plant. 
Xerophytes possess larger number of stomata than mesophytes. Number of 
stomata/sq cm. is 1000-60,000 in different plant species.  

Stomata frequency of trees and shrubs is higher than herbs. Stomata occupy 
nearly one to two percent of total leaf area when fully open. In isobilateral leaves 
(in monocots) approximately the same number of stomata are found on upper 
surface (adaxial) and lower (abaxial) surface. But in dorsiventral leaves (in dicots) 
the number of stomata on the upper surface is much less in comparison to those 
found on the lower surface. 

Factors affecting stomatal opening and closing: 

i) The water balance of a plant affects stomatal aperture. Wilting plants close 
their stomata. The plant growth regulator abscisic acid (ABA) seems to act 
as a mediator under these conditions. Water stress in the roots can transmit its 
influence to stomata in leaves by the signal of ABA. 

ii) Low concentrations of CO2 cause stomata to open. If CO2 free air is blown 

across stomata in darkness, their stomata open. High CO2 causes stomata to 

close. 

iii) Light causes stomata to open. The minimum light level for opening of stomata 
in most plants is 1/1000 to 1/30 of full sunlight, just enough to cause some net 
photosynthesis. Blue light (430-460nm) is nearly 10 times as effective as red 
light (630-680nm). The wavelengths that are effective in the red part of the 
spectrum are the same as those that are effective in photosynthesis that is 
absorbed by chlorophyll. However, the blue light effect is quite independent of 

photosynthesis. Photosynthesis will change intercellular CO2 concentrations 

and may have its effect through the mechanism written in point iii) above. 
 
TRANSPIRATION 
 

The loss of water from aerial parts of plants in the form of vapor is known as 



transpiration. The loose arrangement of mesophyll cells in leaves, results in an abundance 
of inter cellular space provides an ideal condition for the evaporation of water from internal 
leaf surface. Part of the epidermal surface of the leaf is made up of a great number of 
microscopic pores called stomata. Water vapor collected in the intercellular spaces of leaf 
mesophyll diffuse into the atmosphere through the open stomata. This form of transpiration is 
termed as stomatal transpiration. In addition to stomatal transpiration, water is lost as vapor 
directly from leaf surfaces and through lenticels (small opening in the corky tissue covering 
stems and twigs). The former is called cuticular transpiration and the later lenticular 
transpiration. 
Stomatal Transpiration 

The stomatal transpiration accounts to 80 to 90% of the total transpiration loss 
from plants (tree to herbaceous plants). Under very dry conditions, stomata are closed 
and water loss occurs through the cuticle and lenticels. 
Cuticular Transpiration 

The cuticular transpiration accounts to 2 to 5% of the total transpiration loss 
from plant (xerophytes to mesophytes). The cuticle although retards water loss, is 
somewhat permeable to water vapor. In plants with thick cuticles, this form of 
transpiration is insignificant. 
Lenticular Transpiration 

The lenticular transpiration amount to 0.1 to 1% of the total transpiration loss 
from plants which is insignificant when compared to stomatal transpiration. However, 
lenticular transpiration may cause some desiccation in those trees that shed their 
leaves at the onset of the winter. During cold winter water absorption by roots is at a 
minimum, thus the importance of lenticular transpiration is increased. 
 
SIGNIFICANCE OF TRANSPIRATION 

Transpiration is advantageous because. 

 It creates suction force and help in the ascent of sap. 

 It helps in the absorption of water and minerals by roots. 

 It helps in evaporating excess amount of water from moist soil. 

 It brings opening and closure of stomata which indirectly influences 
the gaseous exchange for the processes of photosynthesis and 
respiration. 

 It helps in dissipating the excess energy absorbed from the sun, which 
will otherwise raise the leaf temperature. 

 It maintains suitable temperature of leaves by imparting a cooling effect. 



 
Transpiration is regarded as an unavoidable (necessary) evil.  
- It is unavoidable because leaf structure (stomata) favorable for uptake of 

CO2 and O2 necessary for photosynthesis and respiration is also favorable 
for the loss of water through transpiration. 

- Transpiration is an ‘evil’ because often it causes injury by dehydration due 
to heavy transpiration loss when the atmospheric conditions are aggressive 
such as high light intensity, hot winds, and depleted soil moisture and poor 
water retentive capacity of soil. 

 
 
FACTORS AFFECTING TRANSPIRATION  
 
1. Temperature : Increase in temperature causes an increase in the evaporation of water vapour 
and hence transpiration increases. 
2. Light : Adequate light conditions causes the opening of stomata hence transpiration increases. 
3. Humidity: High humidity reduces the rate of transpiration as the nearby atmosphere is 
somewhat saturated by water vapour. 
4. Number of stomata: Higher number of stomata cause increase in transpiration. 
5. Distribution of stomata : Stomata on the upper epidermis of the leaf are more involved in 
transpiration whereas stomata on the lower epidermis are less involved in transpiration. 

 



ABSORPTION OF WATER. 
 

Intimate contact between the surface of the root and the soil is essential for effective water 
absorption by the root. Water uptake is maximized by the growth of the root and root hairs as 
well. Root hairs are microscopic extensions of root epidermal cells that greatly increase the 
surface area of the root, and provide greater capacity for absorption of ions and water from the 
soil. Water enters the root most readily in the apical part of the root that includes the root hair 
zone.  

  A root's epidermis is its outermost layer of cells (Fig 1). These cells are responsible for 
absorbing water and minerals dissolved in water. Cortex cells are involved in moving water from 
the epidermis to the vascular tissue (xylem and phloem) and in storing food. Vascular tissue is 
located in the center of the root and conducts food and water. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1. Internal structure of a typical root 
. 

 
There are two areas of importance: the root cap and the root hairs (Figure 2). The root cap 

is the root's outermost tip. It consists of cells that are sloughed off as the root grows through the 
soil. Its function is to protect the root meristem. 
 

Root hairs are delicate, elongated epidermal cells that occur in a small zone just behind 
the root's growing tip. They generally appear as fine down to the naked eye. Their function is to 
increase the root's surface area and absorptive capacity. Root hairs usually live 1 or 2 days. When 
a plant is transplanted, they are easily turn off or may dry out in the sun. 
 



Internally, there are three major parts of a root (Fig. 2): 
 

 The meristem is at the tip and manufactures new cells; it is an area of cell division 
and growth. 

 Behind the meristem is the zone of elongation. In this area, cells increase in size 
through food and water absorption. As they grow, they push the root through the 
soil. 

 The zone of maturation is directly beneath the stem. Here, cells become specific 
tissues such as epidermis, cortex, or vascular tissue. 

 

 
 

Fig 2. Different parts of root 
 
 
 
 
 



WATER MOVEMENT MECHANISM IN PLANTS 
 
In plants, following pathways are involved in the water movement (Fig 3)  
 

(1) Apoplastic pathway 
(2) Symplastic pathway 
(3) Transmembrane pathway 

 
Apoplastic pathway  

The apoplastic movement of water in plants occurs exclusively through the cell wall 
without crossing any membranes. The cortex receive majority of water through apoplastic way as 
loosely bound cortical cells do not offer any resistance. But the movement of water in root beyond 
cortex apoplastic pathway is blocked by casparian strip present in the endodermis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3: Apoplastic pathway 
 
 
2. Symplastic pathway ( Fig 4)  
 

The movement of water from one cell to other cell through the plasmodesmata is called 
the symplastic pathway of water movement. This pathway comprises the network of cytoplasm of 
all cells inter-connected by plasmodermata. 

 



 
                                                                 Fig 4. Symplastic pathway 
 
3. Transmembrane pathway (Fig 5) 
 

In plant roots, water movement from soil till the endodermis occurs through apoplastic 
pathway i.e. only through cell wall. The casparian strips in the endodermis are made-up of wax -
like substance suberin which blocks water and solute movement through the cell wall of the 
endodermis. As a result water is forced to move through cell membranes and may cross the 
tonoplast of vacuole. This movement of water through cell membranes is called transmembrane 
pathway. 
 
 
 
 
 
 
 
 
 
 

 
 

Fig 5: Transmembrane pathway 
 
 
 

With the help of the following schematic arrow flow chart, you can understand the path of 
water from soil to root xylem. 

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Apoplastic (Red) and symplastic (Blue) and 
transmembrane (green) pathways of movement of 
substances in a plant cell 
 
Fig 6: Schematic diagram showing the apoplastic, symplastic and transmembrane pathway 
of water movement through root  
 
 
 
 

 
MECHANISM OF WATER ABSORPTION 

 
 

1. Active absorption of water 
 
 

In this process the root cells play active role in the absorption of water and metabolic 
energy released through respiration is consumed. The  active absorption may be of two kinds. 

 
- Water is absorbed from the soil into the xylem of the roots according to osmotic 

gradient known as osmotic absorption. 
- Water is absorbed against the osmotic gradient. Sometimes, it has been observed that 

absorption of water takes place even when OP of soil water is high than OP of cell sap. 
This type of absorption which is non-osmotic and against the osmotic gradient 
requires the expenditure of metabolic energy probably through respiration. 

 



2. Passive absorption of water 
 
It is mainly due to transpiration, the root cells do not play active role and remain passive. It  takes 
place when rate of transpiration is usually high. Rapid evaporation of water from the leaves 
during transpiration creates a tension in water in the xylem of the leaves. This tension is 
transmitted to water in xylem of roots through the xylem of stream and water rises upward to 
reach the transpiring surfaces. As the results soil water enters into the cortical cells through root 
hairs to reach the xylem of roots to maintain the supply of water. The force of this entry of water 
is created in leaves due to rapid transpiration and hence, the root cells remain passive during this 
process and do not require energy. 

 
Root Pressure 
Plants sometimes exhibit a phenomenon referred to as root pressure. For example, if the stem of 
a young seedling is cut off just above the soil, the stump will often exude sap from the cut xylem 
for many hours. If a manometer is sealed over the stump, positive pressures can be measured.  
These pressures can be as high as 0.05 to 0.5 MPa. Root pressure is most likely to occur when soil 
water potentials are high and transpiration rates are low. When transpiration rates are high, water 
is taken up so rapidly into the leaves and lost to the atmosphere that a positive pressure never 
develops in the xylem.  
 
 
Factors affecting absorption of water 
 
 
1. Available soil water 
 

Sufficient amount of water should be present in the soil in such form which can easily be 
absorbed by the plants. Usually the plants absorb capillary water i.e water present in films in 
between soil particles other forms of water in the soil eg. Hygroscopic water, combined water, 
gravitational water etc. is not easily available to plants.  

Increased amount of water in the soil beyond a certain limit results in poor aeration of the 
soil which retards metabolic activities of root cells like respiration and hence, the rate of water 
absorption is also retarded. 
 
2. Concentration of soil solution 
 

Increased concentration of soil solution (due to presence of more salts in the soil) results 
in higher OP. If OP of soil solution will become higher than the OP of cell sap in root cells, the 
water absorption particularly the osmotic absorption of water will be greatly suppressed. 
Therefore, absorption of water is poor in alkaline soils and marshes. 



 
 
3. Soil air 
 

Absorption of water is retarded in poorly aerated soils because in such soils deficiency of 
O2 and consequently the accumulation of CO2 will retard the metabolic activities of roots like 
respiration. This also inhibits 
rapid growth and elongation of the roots so that they are deprived of fresh supply of water in the 
soil. Water logged soils are poorly aerated and hence, are physiologically dry. They are not good 
for absorption of water. 

 
4. Soil temperature 

 
Increase in soil temperature up to about 30°C favours water absorption. At higher 

temperature water absorption is decreased. At low temperature also water absorption decreased 
so much so that at about 0°C, it is almost decreased. This is probably because at low 
temperature. 

 
1. The viscosity of water and protoplasm is increased 

 
2. Permeability of cell membrane is decreased 

 
3. Metabolic activity of root cells are decreased 

 
4. Root growth and elongation of roots are checked. 

 
 
 



Water Absorption By Roots



There are two ways for water to enter into the plant roots

 Active Transport

 Passive Transport

Active Transport:

Water is absorbed due to activities going on in roots. 
Absorption of water occurs with the help of energy in the 
form of ATP. Absorption takes place against concentration 
gradient - even when the concentration of cell sap is 
lower than that of soil water.



.

Passive Transport:

Passive absorption is by osmosis. Passive absorption takes 
place along the concentration gradient - when the 
concentration of cell sap is higher than that of soil water. 
Water is absorbed when transpiration rate is high or soil is dry. 
Due to high transpiration rate, water deficit is created in 
transpiring cells. Rapid transpiration removes water and 
reduces turgor pressure in living cells of root. The suction 
force thus developed is transmitted to root xylem. It pulls 
water from surrounding root cells to make up water deficit.



 Diffusion:

Diffusion is the movement of molecules from a region of 
high concentration to a region of low concentration by 
means of random molecular motion.

Diffusion requires kinetic energy from the environment 
but does not require cellular energy. Hence diffusion is a 
form of passive transport.



 Osmosis:

Omosis is diffusion of water across a semipermeable 
membrane. Again Osmosis like diffusion in general does 
not require any cellular energy but just the kinetic energy 
related to the heat on either side of the membrane. 
Hence its also a passive transport. 

 Aquaporins:

Are transport proteins in the cell membrane that allow 
the passage of water.



Most of the water absorbed by plants comes in through 
root hairs

-Collectively provide enormous surface area.



Three transport routes exist through cells 

-Apoplast route = Movement through the cell walls and 
the space between cells

-Symplast route = A cytoplasm continuum between cells 
connected by plasmodesmata

-Transmembrane route = Membrane transport between 
cells and across the membranes of vacuoles within cells

-Permits the greatest control



1. Apoplastic pathway   
The apoplastic movement of water in plants
occurs exclusively through the cell wall without
crossing any membranes. The cortex receive
majority of water through apoplastic way as
loosely bound cortical cells do not offer any
resistance. But the movement of water in root
beyond cortex apoplastic pathway is blocked by
casparian strip present in the endodermis.



2. Symplastic pathway
The movement of water from one cell to other
cell through the plasmodesmata is called the
symplastic pathway of water movement. This
pathway comprises the network of cytoplasm
of all cells inter-connected by
plasmodesmata.



3. Transmembrane pathway
In plant roots, water movement from soil till the
endodermis occurs through apoplastic pathway
i.e. only through cell wall. The casparian strips in
the endodermis are made-up of wax -like
substance suberin which blocks water and
solute movement through the cell wall of the
endodermis. As a result water is forced to move
through cell membranes and may cross the
tonoplast of vacuole. This movement of water
through cell membranes is called
transmembrane pathway.



Schematic diagram showing apoplastic and symplastic pathway 
of water movement through root 



Cell wall PlasmodesmaPlasma membrane

Apoplast route

Symplast route

Transmembrane route
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Uptake of soil solution by the 
hydrophilic walls of root hairs 
provides access to the apoplast. 
Water and minerals can then 
soak into the cortex along 
this matrix of walls.

Minerals and water that cross
the plasma membranes of root
hairs enter the symplast.

As soil solution moves along
the apoplast, some water and
minerals are transported into
the protoplasts of cells of the
epidermis and cortex and then
move inward via the symplast.

Within the transverse and radial walls of each endodermal cell is the 
Casparian strip, a belt of waxy material (purple band) that blocks the
passage of water and dissolved minerals. Only minerals already in 
the symplast or entering that  pathway by crossing the plasma 
membrane of an endodermal cell can detour around the Casparian 
strip and pass into the vascular cylinder.

Endodermal cells and also parenchyma cells within the
vascular cylinder discharge water and minerals into their
walls (apoplast). The xylem vessels transport the water
and minerals upward into the shoot system.

Casparian strip

Pathway along
apoplast 

Pathway
through
symplast

Plasma
membrane

Apoplastic
route

Symplastic
route

Root 
hair

Epidermis Cortex Endodermis Vascular cylinder

Vessels
(xylem)

Casparian strip

Endodermal cell
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 Lateral transport of water in roots



Factors Affecting Absorption of Water:
1. Available Soil Water:
Sufficient amount of water should be present in the soil in such form
which can easily be absorbed by the plants.
Usually the plants absorb capillary water i.e., water present in films
in between soil particles. Other forms of water in the soil e.g.,
hygroscopic water, combined-water, gravitational water etc. are not
easily available to plants. Increased amount of water in the soil
beyond a certain limit results in poor aeration of the soil which
retards metabolic activities of root cells like respiration and hence,
the rate of water absorption is also retarded.



2. Concentration of the Soil Solution:
Increased conc. of soil solution (due to the presence of more salts in the 
soil) results in higher osmotic pressure. If the O.P. of soil solution will 
become higher than the O.P. of cell sap in root cells, the water absorption 
particularly the osmotic absorption of water will be greatly suppressed. 
Therefore, absorption of water is poor in alkaline soils and marshes.

3. Soil Air:
Absorption of water is retarded in poorly aerated soils because in such soils 
deficiency of O2 and consequently the accumulation of CO2 will retard the 
metabolic activities of the roots like respiration. This also inhibits rapid 
growth and elongation of the roots so that they are deprived of the fresh 
supply of water in the soil. Water logged soils are poorly aerated and 
hence, are physiologically dry. They are not good for absorption of water.



4. Soil Temperature:
Increase in soil temperature up to about 30°C favours water 
absorption. At higher temperatures water absorption is decreased. 
At low temp, also water absorption decreases so much so that at 
about 0°C it is almost checked.

This is probably because at low temp:
(i) The viscosity of water and protoplasm is increased,
(ii) Permeability of cell membranes is decreased,
(iii) Metabolic activities of root cells are decreased, and
(iv) Growth and elongation of roots are checked.



Types of water in soil:
1. Adhesion water
2. Cohesion water
3.Gravitaional water
4.Run off water not in soil but runs off from 
slopes



Gravitational Water
Gravitational water is free water moving through soil by the force of
gravity. It is largely found in the macropores of soil and very little
gravitational water is available to plants as it drains rapidly down the
water table in all except the most compact of soils. Small pores can
hold water against pull of gravity through capillarity



Hygroscopic Water (Adhesion water)
Hygroscopic water forms as a very thin film surrounding soil particles and is
generally not available to the plant. This type of soil water is bound so tightly
to the soil by adhesion properties that very little of it can be taken up by plant
roots. Since hygroscopic water is found on the soil particles and not in the
pores, certain types of soils with few pores (clays for example) will contain a
higher percentage of it.

Capillary Water(Cohesion water)
Capillary water is water held in the micropores of the soil, and is the water
that composes the soil solution. Capillary water is held in the soil because the
surface tension properties (cohesion and adhesion) of the soil micropores are
stronger than the force of gravity. However, as the soil dries out, the pore size
increases and gravity starts to turn capillary water into gravitational water and
it moves down.

Capillary water is the main water that is available to plants as it is trapped in
the soil solution right next to the roots of the plant.





Ascent of sap can be studied under the following heads:

(A) Path of Ascent of Sap, and

(B) Mechanism of Ascent of Sap

Path of Ascent of Sap:

• Ascent of sap takes place through xylem. 99.5% of the water is  

transported through the  xylem

• In most plants, xylem constitutes the longest part of the

pathway of water transport. Compared with the complex

pathway across the root tissue, the xylem is a simple pathway

of low resistance.





The Xylem Consists of Two Types of Tracheary 

Elements : Tracheids and vessels



• The conducting cells in the xylem have a specialized 

anatomy that enables them to transport large quantities of 

water with great efficiency. 

• Vessel elements are found only in angiosperms, a small 

group of gymnosperms called the Gnetales, and perhaps 

some ferns.

• Tracheids are present in both angiosperms and 

gymnosperms, as well as in ferns and other group of 

vascular plants.



• The maturation of both tracheids and vessel elements 

involves  “death” of the cell.

• Thus, functional water-conducting cells have no 

membranes and no organelles.

• Only thick, lignified cell walls, which form hollow tubes 

through which water can flow with relatively little 

resistance . 



• Tracheids are elongated, spindle-shaped cells that are

arranged in overlapping vertical files.

• Water flows between tracheids by means of the

numerous pits in their lateral walls . Pits are

microscopic regions where the secondary wall is

absent and the primary wall is thin and porous.

• Pits of one tracheid are typically located opposite pits

of an adjoining tracheid, forming pit pairs. Pit pairs

constitute a low-resistance path for water movement

between tracheids.



• The porous layer between pit pairs, consisting of two

primary walls and a middle lamella, is called the pit

membrane.

• Pit membranes in tracheids of some species of conifers

have a central thickening, called a torus (pl. tori) .

• The torus acts like a valve to close the pit by lodging

itself in the circular or oval wall thickenings bordering

these pits. Such lodging of the torus is an effective way

of preventing dangerous gas bubbles from invading

neighboring tracheids.



• Vessel elements tend to be shorter and wider than 

tracheids and have perforated end walls that form a 

perforation plate at each end of the cell. Like tracheids, 

vessel elements have pits on their lateral walls.

• Unlike tracheids, the perforated end walls allow vessel 

members to be stacked end to end to form a larger 

conduit called a vessel. 

• Vessels vary in length both within and between species.

• Because of their open end walls, vessels provide a very 

efficient low-resistance pathway for water movement.

• The vessel members found at the extreme ends of a 

vessel lack perforations  and communicate with 

neighboring vessels via pit pairs.







Root Pressure Theory:
Given by Priestley (1916).

Although, root pressure which is developed in the xylem of the roots can

raise water to a certain height but it does not seem to be an effective

force in ascent of sap due to the following reasons:

(i)Root pressure not always found in plants

(ii)Magnitude of root pressure is very low (about1- 2 atms) which is

unable to raise the sap to the top of trees. Higher values (e.g., 5-10 atm)

are observed occasionally

(iii) Even in the absence of root pressure, ascent of sap continues. For

example, when a leafy twig is cut under water and placed in a beaker full

of water it remains fresh and green for a sufficient long time.

(iv) In gymnosperms root pressure is rarely observed.



Root Pressure :  
• Roots generate positive hydrostatic pressure by absorbing ions from the dilute

soil solution and transporting them into the xylem.

• The buildup of solutes in the xylem sap leads to a decrease in the xylem osmotic

potential (Ys) and thus a decrease in the xylem water potential (Yw).

• This lowering of the xylem Yw provides a driving force for water absorption,

which in turn leads to a positive hydrostatic pressure in the xylem.

• In effect, the whole root acts like an osmotic cell; the multicellular root tissue

behaves as an osmotic membrane , building up a positive hydrostatic pressure

in the xylem in response to the accumulation of solutes.



• Root pressure occurs when soil water potentials are high and 

transpiration rates are low. When transpiration rates are high, 

water is taken up so rapidly into the leaves and lost to the 

atmosphere that a positive pressure never develops in the xylem. 

Plants that develop root pressure frequently produce liquid 

droplets on the edges of their leaves, a phenomenon known as 

guttation . 

• Positive xylem pressure causes exudation of xylem sap through 

specialized pores called hydathodes that are associated with 

vein endings at the leaf margin. 

• The “dewdrops” that can be seen on the tips of grass leaves in 

the morning are actually guttation droplets exuded from such 

specialized pores.

• Guttation is most noticeable when transpiration is suppressed 
and the relative humidity is high, such as during the night.



Imbibition

Sachs (1878) supported the view that ascent of sap

could take place by imbibition through the walls of

xylem. Now it is well known that imbibitional force is

insignificant in the ascent of sap because it takes

place through the lumen of xylem elements and not

through walls.

(A leafy twig is cut under water and the cut end is

dipped in melted paraffin wax for some time. A thin

section of stem near cut end is removed to expose the

cell walls. The twig is transferred to a beaker

containing water. The twig soon wilts because the

lumens of xylem elements have been plugged by

wax).



Capillary Force:
In plants the xylem vessels are placed one above the other

forming a sort of continuous channel which can be compared with

long capillary tubes and it was thought that as water rises in

capillary tube due to capillary force, in the same manner ascent of

sap takes place in xylem.

There are many objections to this theory:

(i) For capillarity a free surface is required.

(ii) The magnitude of capillary force is low.

(iii) In spring when there is more requirement of water due to the

development of new leaves, the wood consists of broader

elements. While in autumn, when water supply decreases, the

wood consists of narrow elements. This is against capillarity.

(iv) In Gymnosperms usually the vessels are absent. Other xylem

elements do not form continuous channels.







There are three main forces for water movement trough 
xylem

 Transpiration Pull

 Cohesion Adhesion Forces and surface Tension 

(Cohesive Tension Theory)

 Root Pressure   



Cohesion Tension Theory (Cohesion-Tension and Transpiration Pull Theory): 

Given by Dixon and Joly in 1894. The main features of this theory are: 
(a) Continuous Water Column: 

• There is a continuous column of water from root through the stem and into the leaves. 

• The water column is present in tracheary elements. 

• There are a large number of tracheary elements running together, so blockage in one or a 
few of them does not cause any breakage in the continuity of water column. 

• The water column  does not fall down under the impact of gravity because forces of 
transpiration provide both energy and necessary pull. 

• Cohesion, adhesion and surface tension keep the water in place. 



(b) Cohesion or Tensile Strength: 

Water molecules remain attached to one another by a strong 
mutual force of attraction called cohesion force. The mutual 
attraction is due to hydrogen bonds formed amongst adjacent 
water molecules. On account of cohesive force, the water 
column can bear a tension or pull.

• The water under tension transmits an inward force to the 
walls of the xylem. If the cell walls are weak, they can 
collapse under the influence of this tension. 

• The secondary wall thickenings and lignification of tracheids
and vessels are adaptations that offset this tendency to 
collapse.  

• Therefore, the cohesion force is also called tensile 
strength.  



• Water column does not further break its connection from 
the tracheary elements (vessels and tracheids) because 
of another force called adhesive force between their 
walls and water molecules. Water molecules are 
attracted to one another more than the water molecules 
in the gaseous state.Therefore,it produces surface 
tension that accounts for high capillarity through 
tracheids and vessels.  



(c) Development of Tension or Transpiration Pull: 

• Intercellular spaces present in mesophyll cells of leaves are always 

saturated with water vapours. 

• The intercellular spaces of mesophyll are connected to the outside air 

through stomata.

• Outside air is seldom saturated with water vapours.

• It has a lower water potential than the moist air present inside the leaf.

• Therefore, water vapours diffuse out of the leaves.

• The mesophyll cells continue to lose water to the intercellular spaces



Water movement in leaf and development of pressure

Gradient between outside air and leaf air spaces



• As a result curvature of meniscus holding water increases

resulting in increase in surface tension and decrease in

water potential, sometimes to -30 bars.

• The mesophyll cells withdraw water from the deeper cells

as its molecules are held together by hydrogen bonds.

• The water in the tracheary elements would, therefore,

come under tension.

• On account of tension created by transpiration, the water

column of the plant is pulled up passively from below to the

top of the plant. Thus the motive force for xylem transport is

generated at the air– water interfaces within the leaf.



Xylem Transport of Water in Trees Faces Physical Challenges 

• The large tensions that develop in the xylem of trees and other 

plants can create some problems.

• First, the water under tension transmits an inward force to the 

walls of the xylem. If the cell walls are weak, they would collapse 

under the influence of this tension.The secondary wall 

thickenings and lignification of tracheids and vessels are 

adaptations that offset this tendency to collapse.

• A second problem is that water under such tensions is in a 

physically metastable state. However, as the tension in water 

increases, there is an increased tendency for air to be pulled 

through microscopic pores in the xylem cell walls. This 

phenomenon is called air seeding



• A second mode by which bubbles can form in xylem conduits is 

due to the reduced solubility of gases in ice .The freezing of 

xylem conduits can lead to bubble formation. Once a gas 

bubble has formed within the water column under tension, it will 

expand because gases cannot resist tensile forces. This 

phenomenon of bubble formation is known as cavitation or 

embolism.

• Air bubbles(cavitation/embolism) could break the continuity of 

water column and stop ascent of sap due to transpiration pull. 

These breaks water continuity in xylem and if not repaired, 

would be disastrous to the plant. By blocking the main transport 

pathway of water, such embolism would cause  dehydration and 

death of the leaves.



 Transpiration Pull:

It is the pulling force responsible for lifting the water 
column. As water is lost in form of water vapour to 
atmosphere from the mesophyll cells by transpiration, a 
negative hydrostatic pressure is created in the mesophyll 
cells which in turn draw water from veins of the leaves.



➢ The negative tension is then gradually transmitted 
downwards via xylem tissues of the leaf, stem and 
finally to the roots. As a result there is a continuous 
upward movement of water column in the plant.

➢ Thus the transpiration pull acts as pull from above on 
the-whole of water column of the plant which pushes 
the water column of xylem vessels of roots This is how 
ascent of sap takes place in plants.



 Cohesion Adhesion Forces:

(Cohesive Tension Theory)

➢ The water molecules in the chain are held together by 
hydrogen bonds which exist between neighboring 
water molecules. (cohesion)

➢ The chain of molecules is prevented from being pulled 
down because each water molecule in the chain is 
attracted to the walls of the xylem by hydrophilic 
attraction between water and the cellulose in the cell 
walls. (Adhesion)



➢ Hence the water column which is held together by 
cohesion and prevented from lowering by adhesion is 
pulled up by the tension generated from above by 
transpiration.

It is valuable both for herbaceous grasses as well as 
vascular plant.



Water
• WATER PLAYS A CRUCIAL ROLE in the life of the plant because 

it makes up 80-90%  of the mass of  most plant cells. 
• For every gram of organic matter made by the plant,

approximately 500 g of water is absorbed by the roots,
transported through the plant body and lost to the
atmosphere. Even slight imbalances in this flow of water can
cause water deficits and severe malfunctioning of many
cellular processes

• Water has special properties that enable it to act as an 
excellent solvent and be readily transported through  plant 
body. 



These properties derive primarily from the polar structure of
the water molecule. The Polarity of Water Molecules Gives
Rise to Hydrogen Bonds responsible for many of the unusual
physical properties of water.
The unusual thermal properties of water result from
Hydrogen Bonding
Water has high specific heat and high latent heat of
vaporization.

Specific heat is the heat energy required to raise the
temperature of a substance by a specific amount.
This large energy input requirement is important for plants
because it helps buffer temperature fluctuations



Latent heat of vaporization is the energy needed to
separate molecules from the liquid phase and move
them into the gas phase at constant temperature—a
process that occurs during transpiration

The high latent heat of vaporization of water enables
plants to cool themselves by evaporating water from
leaf surfaces, which are prone to heat up because of
the radiant input from the sun. Transpiration is an
important component of temperature regulation.



The Cohesive and Adhesive Properties of Water Are Due
to Hydrogen Bonding

Water molecules at air–water interface are more strongly
attracted to neighboring water molecules than to the gas
phase in contact with the water surface. Because of this
unequal attraction, an air–water interface minimizes its
surface area. To increase the area of an air–water interface,
hydrogen bonds must be broken, which requires an input of
energy.



The energy required to increase the surface area is known as
surface tension.

Surface tension not only influences shape of the surface but
also create a pressure in the rest of the liquid.

Surface tension at the evaporative surfaces of leaves generates
the physical forces to pull water through the plant’s vascular
system.



The extensive hydrogen bonding in water also gives rise to 
the property known as cohesion, the mutual attraction 
between molecules. A related property, called adhesion, is 
the attraction of water to a solid phase such as a cell wall or 
glass surface. Cohesion, adhesion, and surface tension give 
rise to a phenomenon known as capillarity, the movement 
of water along a capillary tube. 



Water Has a High Tensile Strength

Cohesion gives water a high tensile strength, it is the maximum 
force per unit area that a continuous column of water can 
withstand before breaking. We do not usually think of liquids as 
having tensile strength; however, such a property must exist for a 
water column to be pulled up a capillary tube.

The presence of gas bubbles reduces the tensile strength of a 
water column



If a tiny gas bubble forms in a column of water under
tension, the gas bubble may expand indefinitely, with the
result that the tension in the liquid phase collapses, a
phenomenon known as cavitation or embolism.

Vessels(Left)
Tracheids (right) 



Types of Solution 

Hypotonic Solution  (HYPO = the cell is going to BLOW) 
a. Cell increases in size.
b. WATER enters the cell
c. Solution has MORE water and the cell has LESS water 

Example:  Raisin getting bigger in water
Isotonic Solution ( Same in and Out) 
a. Cell remains the same size. 
b. WATER moves in and out of the cell equally. 
c. Solution and cell have EQUAL amounts of water.
d. Hypertonic Solution 
a. Cell shrinks in size. b. WATER leaves the cell. c. Solution has 
LESS water and the cell has MORE water. Example:   carrot in salt 
water 



The Chemical Potential of Water Represents the Free-
Energy Status of Water

All living things, including plants, require a continuous input
of free energy to maintain and repair their highly organized
structures, to grow and reproduce. All processes are driven
by an input of free energy into the plant.
The chemical potential of water is a quantitative expression
of the free energy associated with water.
In thermodynamics, free energy represents the potential to
do work.



Note that chemical potential is a relative quantity: It is
expressed as the difference between the potential of
a substance in a given state and the potential of the
same substance in a standard state. The unit of
chemical potential is energy per mole of substance (J
mol–1).



Plant physiologists most often used a related term called
water potential, defined as the chemical potential of water
divided by the partial molal volume of water (the volume of 1
mol of water).

Water potential is a measure of the free energy of water per
unit volume (J m–3).

These units are equivalent to pressure units such as the
pascal, which is the common measurement unit for water
potential.



WHAT IS WATER POTENTIAL?

Water potential is the potential energy  or a measure of  
free energy of water

Difference in potential energy between water sample 
and pure water at atmospheric Pressure and ambient 
temperature. 

Denoted by Ѱ (Greek letter “psi) 

Potential energy of Pure free water is ѰW pure is Zero in 
reference conditions( although pure water has plenty of 
potential energy BUT that energy is ignored )

ѰW of water in plant root stem and leaf is therefore 
expressed in relation to pure water ѰW pure



• The major factors influencing the water potential in plants
are concentration, pressure, and gravity.

• Components of water potential are

• 1.) pressure potential

• 2.) solute potential

• 3.) gravitational potential

• 4.) matric potential



COMPONENT OF WATER POTENTIAL 

Pressure potential: Pressure potential (Ψp) is the hydrostatic 
pressure of the solution. Positive pressures raise the water 
potential; negative pressures reduce it. 

Pressure potential increases as water enters a cell. As water 
passes through the cell wall and cell membrane, it increases 
the total amount of water present inside the cell, which exerts 
an outward pressure that is retained by the structural rigidity 
of the cell wall. The positive hydrostatic pressure  in a living 
plant cell is usually referred to as turgor pressure.  



1. In plasmolysed cells, pressure potential is almost zero. 
2.The value of Ψp can also be negative, as is the case in

the xylem and in the walls between cells, where a
tension, or negative hydrostatic pressure can develop.
Withstanding negative pressure potentials (frequently
called tension) is an important adaptation of xylem
vessels Negative pressures outside cells are very
important in moving water long distances through the
plant.

3.Negative pressure potentials occur when water is 
pulled through an open system such as a plant xylem 
vessel



2.Solute potential or the osmotic potential,is the effect of dissolved 
solutes on water potential. Pure water is usually defined as having a 
solute potential (Ψs) of zero  and solute potential can never be 
positive. Solutes reduce the free energy of water by diluting the 
water. This is primarily an entropy effect coz the mixing of solutes 
and water increases the disorder of the system and thereby lowers 
free energy. This means that the osmotic potential is independent of 
the specific nature of the solute. For dilute solutions of 
nondissociating substances, like sucrose, the osmotic potential may 
be estimated by the Van’t Hoff equation:



where R is the gas constant (8.32 J mol–1 K–1), T is the 
absolute temperature (in degrees Kelvin, or K), and cs is  
concentration of solute in the solution, expressed as 
osmolality (moles of total dissolved solutes per liter of 
water [mol L–1]). The minus sign indicates that dissolved 
solutes reduce the water potential of a solution relative to 
the reference state of pure water.(Ψs) of any solution at 
atmospheric pressure is always negative – why

Solutes bind water molecules reducing the number of free 
water molecules lowering waters ability to do work



Plant cells can manipulate solute pot. By adding or
removing solute molecules. Therefore plants can control
their water potential.

3. Gravity (Ψg): 
Contributions due to gravity  generally omitted because it 
is negligible compared  to the osmotic potential and the 
hydrostatic pressure.Therefore :



4.Matrix potential (Ψm):
Matrix potentials are very important for plant
water relations. Strong (very negative) matrix
potentials bind water to soil particles within very
dry soils. Plants then create even more negative
matrix potentials within tiny pores in the cell walls
of their leaves to extract water from the soil and
allow physiological activity to continue through dry
periods.Also impt. In very dry seeds



Some points to remember

• Water Potential represented by the Greek letter Ψ= psi

• WP is the measure of free energy of water

• Ψ is measured in units of pressure i.e. megapascals (MPa)

• 1 Mpa = 10 atmospheres of pressure

• 1 bar of pressure = 1 atmosphere

• It quantifies the tendency of water to move from one area
to another due to osmosis, gravity, mechanical pressure, or
matrix effects including surface tension.i.e. Drives
movement of water through plants

• This concept has proved especially useful in understanding
water movement within plants, animals, and soil.



➢Water always moves from [hi] to [lo] potential. 

➢ Water moves from hypo to hypertonic.
➢ [Solute] is related to osmotic potential. Pressure is 

related to pressure potential. 

➢ Pressure raises water potential. 

➢ When working problems, use zero for pressure 
potential in animal cells & open beakers. 

➢ This is second law of thermodyanamics-energy flows 
along the gradient of intensive variable.



Potentials are a way to represent free energy

Water potential (yw) is used to predict which way water 
will move 

-Measured in units of pressure called megapascals (MPa)



Diffusion of water across a semi-permeable membrane is 
termed osmosis

If a plant cell is placed in a solution with high water 
potential (low osmotic concentration)

-It will become swollen or turgid

If a plant cell is placed in a solution with low water 
potential (high osmotic concentration)

-It will exhibit shrinkage or plasmolysis



Pressure potential (yp): Turgor pressure against the cell 
wall

-As turgor pressure increases, yp increases

Solute potential (ys): Pressure arising from presence of 
solute in a solution

-As solute concentration increases, ys decreases (< 0 
MPa)

The total potential energy of water in the cell

yw = yp +ys



When a cell is placed in pure water, water moves into the 
cell because the water potential of the cell is relatively 
negative

When a cell is placed in a solution with a different ys, 
water moves in the direction that eventually result in 
equilibrium

-Both cell and solution have the same yw



Water potential regulates movement of water through the 
whole plant as well

-Water moves from the soil into the roots only if the soil’s 
water potential is greater

-It then moves along gradients of successively 
more negative water potentials in the stems, leaves 
and air



Evaporation of water in a leaf creates negative pressure or 
tension in the xylem

-This “negative water potential” literally pulls water up 
the stem from the roots

The driving force for transpiration is the gradient in vapor 
pressure

-From 100% relative humidity inside the leaf, to much 
less than 100% outside the stomata



Thanks



Ascent of Sap 
 

Ascent of Sap is the movement of water from a region of positive pressure such as the root to 

a region of negative pressure such as the shoot regions which is caused by multiple forces like 

transpiration pull and root pressure. The xylem tissues are involved in such movement. 

 Xylem are complex tissues consisting of living and non-living cells. In most plants, the xylem 

constitutes the longest part of the pathway of water transport. There are two important types of 

tracheary elements in the xylem: tracheids and vessel elements (Figure 1). 

• Tracheids are present in both angiosperms and gymnosperms, as well as in ferns and 

other groups of vascular plants. Tracheids are elongated, spindle-shaped cells that are 

arranged in overlapping vertical files. Water flows between tracheids by means of the 

numerous pits in their lateral walls  

• Vessel elements are found only in angiosperms, a small group of gymnosperms called 

the Gnetales, and perhaps some ferns Vessel elements tend to be shorter and wider than 

tracheids and have perforated end walls that form a perforation plate at each end of the 

cell. Like tracheids, vessel elements have pits on their lateral walls 

 

 

                   

Fig 1:  Structure of tracheid and vessels 



 
 

FIGURE 2. Tracheids (right) and vessels (left) form a series of parallel, interconnected 

pathways for water movement  

  

The elongate, hollow, dead cells with highly lignified trachied walls contain numerous pits— 

regions where secondary wall is absent but primary wall remains. The shape and pattern of wall 

pitting vary with species and organ type. Tracheids are present in all vascular plants. Like 

tracheids, vessel elements are dead cells and are connected to one another through perforation 

plates— regions of the wall where pores or holes have developed. 

Vessels are connected to other vessels and to tracheids through pits.  

 

The Cohesion–Tension Theory Explains WaterTransport in the Xylem (Ascent of sap) 

 

In theory, the pressure gradients needed to move water through the xylem could result from the 

generation of positive pressures at the base of the plant or negative pressures at the top of the 

plant. Some roots can develop positive hydrostatic pressure in their xylem called root pressure. 

However, root pressure is typically less than 0.1 MPa and disappears when the transpiration rate 

is high, so it is clearly inadequate to move water up a tall tree. 

 



The water at the top of a tree develops a large tension (a negative hydrostatic pressure), 

and this tension pulls water through the xylem. Cohesion tension theory says that the movement of 

water in the upwards direction against gravity is guided by the attractive forces between the particles 

of water which is known as cohesion and thus gives rise to surface tension which pulls the water 

upwards from the root through the xylem and this is aided by Transpiration pull and capillary action 

of water. This is the main mechanism of transport of water in plants. Transpiration pull causes a 

suction effect on the water column and water rises up, aided by its capillary action. Cohesion (with 

other water molecules) and adhesion (with the walls of xylem vessels) helps in a continuous flow of 

water without breaking the column.  

 

Challenge of this theory 

 

The large tensions that develop in the xylem of trees and other plants can create a problem. The 

water under tension transmits an inward force to the walls of the xylem. If the cell walls were 

weak, they would collapse under the influence of this tension. The secondary wall thickenings 

and lignification of tracheids and vessels are adaptations that offset this tendency to collapse. 

 

The factors responsible for ascent of xylem sap: 

 

1. Transpiration pull : The Transpiration being carried out in the upper regions of the plant causes a 

continuous loss of water which causes a negative pressure to develop which drives the water 

upwards. Water has high tensile strength hence the continuous flow of water is not broken. 

2. Root pressure : It is the positive pressure developed in the roots due to absorption of water and 

minerals from the soil which forces the water upwards to a certain range as well as prevents the 

formation of air bubbles. 

3. Capillary action : It is the ability of water to rise up in thing tubes or columns. Water has the 

property of cohesion that binds the water molecules together as well as adhesion which helps the 

water molecules to stay attracted to the xylem walls.  

4. Imbibition : It is the phenomenon in which colloidal particles attract a large amount of water. This 

also adds up in the overall process of ascent of xylem sap. 



 

 

 

 

 
Mineral Nutrition of Plants

The supply and absorption of chemical compounds needed for growth and metabolism of plants 

may be defined as Plant Nutrition and the chemical compounds required by the plants are 

termed as Nutrients. 

Higher plants are autotrophic organisms that can synthesize their organic molecular components 

out of inorganic nutrients obtained from their surroundings. For many mineral nutrients, this 

process involves absorption from the soil by roots and incorporation in to the organic compounds 

that are essential for growth and development. This incorporation of mineral nutrients into 

organic substances such as pigments, enzyme cofactors, lipids, nucleic acids and amino acids is 

termed as nutrient assimilation. Nutrition and metabolism are thus very closely related. 

 
  ESSENTIAL PLANT NUTRIENTS AND CRITERIA OF ESSENTIALITY: 

Plants contain about 80 to 90 percent of water by weight and the remaining 10 to 20 percent 

is the dry weight. The dry matter consists of a number of organic compounds such as 

carbohydrates, proteins, lipids and others. Nearly 90 percent of the dry weight of the plant 

consists of carbon, hydrogen and oxygen. All the mineral elements together contribute only about 

6 percent of the dry weight of the plant. 

The finding of certain element in plant does not signify that this element is essential 

for the growth of the plant. For finding out whether an element is essential or not, Arnon and 

Stout (1939) proposed the criteria of essentially. These criteria are as follows. 

A. A deficiency of the element makes it impossible for a plant to complete its life cycle. 

B. The functions of an element cannot be replaced by another element. However, recent 

studies have shown that some of these elements can be partially replaced by others for 

example magnesium (Mg) by manganese (Mn) and Potassium (K) by rubidium (Rb) 

C. The essential element must be directly involved in the metabolism of plant or it may 

be required for the activation of an enzyme system. 



Based on the above criteria the following elements are now known to be essential 

for higher plants. 

 

 

 
 

Carbon C Magnesium Mg 

Hydrogen H Iron Fe 

Oxygen O Manganese Mn 

Nitrogen N Copper Cu 

Phosphorus P Zinc Zn 

Sulphur S Molybdenum Mo 

Potassium K Boron B 

Calcium Ca Chlorine 

Sodium 

Silicon 

Cobalt 

Cl 

Na 

Si 

Co 
 

 

MACRO AND MICRO NUTRIENTS: 

Based on the element concentration in plant material, the essential plant nutrients 

may be divided into macronutrients and micronutrients. Macronutrients are found or 

needed in relatively higher amounts than micronutrients. For example, the content of the 

macronutrient N is thousand times grater than the content of micronutrient Zn in plant tissue. 

Following this classification C,H,O,N,P,K,Ca,S,Mg may be defined as macronutrients. The 

micronutrients are Fe,Mn,Cu,Zn,Mo,B,Cl. 

 
BENEFICIAL ELEMENTS: 

Sodium has beneficial effect and in some cases it is essential. There are some plant 

species, particularly the chenopodiaceae plants and species adapted to saline conditions that 

take up this element in relatively high amounts. Na is also required for turnips, sugar beets 

and celery.  

The same is true for Si, which is an essential nutrient for rice. Cobalt is an essential 

element for the growth of the blue- green algae, but it has not been shown to be essential for 

other algae or for higher plants. It is also required by certain legumes to fix atmospheric 

nitrogen. Here, however the cobalt ion is necessary for the symbiotic bacteria present in the 

nodules associated with the roots. 

 
CLASSIFICATION OF PLANT NUTRIENTS BASED ON THEIR BIOCHEMICAL 

FUNCTION 

 Essential elements are now classified according to their biochemical role and physiological 

function. Based on the biochemical behavior and physiological functions, plant nutrients may 

be divided into four groups. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Esterification: 

Compounds formed by condensation of an acid and alcohol with elimination of water ADP + Pi = ATP (Source 

: Taiz and Zeiger 2002) 

******* 

Nutrient 

elements 
Uptake Biochemical function 

1st group 

C,H,O,N,S 

In  the  form  of  CO2, HCO-
3, 

H2O, O2, NO3, NH+
4, N2SO 2- 

4 

, SO2. The ions from the soil 

solution, the gases from the 

atmosphere. 

Major constituents of the organic 

compounds of the plant. Essential 

elements of atomic groups which are 

involved in enzymatic processes. 

Assimilation by oxidation reduction 

reactions. 

2nd Group 

P, B, Si 

In the form of phosphates, 

boric acid or borate, silicate 

from the soil solution. 

They are important in energy storage 

reactions or in maintaining structural 

integrity. Elements in this group are often 

present in plant tissues as phosphate, 

Borate and silicate esters in which the 

elemental group is bound to the hydroxyl 

group of an organic molecule 

(i.e sugar-phosphates) (Esterification*). 

The phosphate esters are involved in 

energy transfer reactions. 

3rd Group 

K, Na, Mg, 

Ca, Mn, Cl 

In the form of cations from 

the soil solution except 

chlorine 

Present in plant tissues as either free ions 

or ions bound to substances such as the 

pectic acids present in the plant cell wall. 

Of particular importance of their roles as 

enzyme cofactors and in regulation of 

osmotic potentials. 

4th Group 

Fe, Cu, Zn, 

Mo 

In the 

chelates 

solution 

form 

from 

of ions 

the 

or 

soil 

Present predominantly in a chelated form 

Incorporated in prosthetic groups. Enable 

electron transport by valency change. 
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 PHYSIOLOGY OF NUTRIENT UPTAKE 

Mineral nutrients are found either as soluble fractions of soil solution or as adsorbed ions 
on the surface of colloidal particles. Various theories proposed to explain the mechanism of mineral 
salt absorption can be placed in two broad categories: 

I) Passive Absorption 

II) Active Absorption 

ION UPTAKE IS BOTH ACTIVE AND PASSIVE: 

After several decades of research on this process of ion uptake it is now believed that 
the process involves both passive and active uptake mechanisms. 

Whether a molecule or ion is transported actively or passively across a membrane 

(casparian band, plasma membrane or tonoplast) depends on the concentration and charge of 

the ion or molecule, which in combination represent the electrochemical driving force. 

Passive transport across the plasma membrane, occurs along with the electrochemical potential. 
In this process Ions and molecules diffuse from areas of high to low concentrations. It does not 
require the plant to expend energy. 

Active transport: In contrast, to passive transport energy is required for ions diffusing against the 
concentration gradient (electro chemical potential). Thus active transport requires the cell to 
expend energy. 

 

PASSIVE TRANSPORT MECHANISM: 

A) Diffusion: Simple diffusion to membranes occurs with small, non polar molecules (i.e 
O2, CO2). In this process ions or molecules move from the place of higher concentration to 
lower concentration. It needs no energy. 

B) Facilitated diffusion: For small polar species (i.e H2O, Ions and amino acids) 

specific proteins in the membrane facilitate the diffusion down the electrochemical 

gradient. This mechanism is referred to as facilitated diffusion. 
a) Channel proteins: The specific proteins in the membrane form channels (channel 
proteins), which can open and close, and through which ions or H2O molecules pass in 
single file at very rapid rates. 

A K+ and NH4
+ channel also operates by the same process of facilitated diffusion. In addition 

Na+ can also enter the cell by this process. 

b) Transporters or Contransporters: Another mechanism involves transporters or 
contransporters responsible for the transport of ions and molecules across membranes. 
Transporter proteins, in contrast to channel proteins, bind only one or a few substrate 
molecules at a time. After binding a molecule or ion, the transporter undergoes a 

structural change specific to a specific ion or molecule. As a result the transport rate 
across a membrane is slower than that associated with channel proteins. 

Three types of transporters have been identified. 

➢ Uniporters transport one molecule (i.e. glucose, amino acids) at a time down a 
concentration gradient. 

➢ Antiproters : catalyze movement of one type of ion or molecule against its 

concentration gradient. This is coupled with the movement of a different ion or molecule 

in the opposite direction. Examples of antiporter transport are H+ - Na+ and H+ - Ca+2 
transport into the vacuole. 

➢ symporters catalyze movement of one type of ion or molecule against its 
concentration gradient coupled to movement of a different ion or molecule down its 

concentration gradient in the same direction. The high H+ concentration in the 
apoplast provides the energy for symporter transport of NO - and the other anions. 

Therefore, the energy for antiporter and symporter transport originates from the electric 
potential and/or chemical gradient of a secondary ion or molecule, which is often H+. 



 

 
*Figures are from reference 6 

 

 ACTIVE TRANSPORT MECHANISM: Larger or more-charged molecules have great 

difficulty in moving across a membrane, requiring active transport mechanisms (i.e., 
sugars, amino acids, DNA, ATP, ions, phosphate, proteins, etc.) Active transport across a 

selectively permeable membrane occurs through ATP-powered pumps that transport 
ions against their concentration gradients. This mechanism utilizes energy released 
byhydrolysis of ATP. The Na+ - K+ ATP pump transports K+ into the cell and Na+ out of the 
cell, another example is the Ca +2 ATP pump. 

Thus, it can be understood from the above discussion that the ion transport 
mechanisms operate both actively and passively. For some of the ions the uptake 
mechanism is active and for some others it is passive. 

 
FUNCTIONS OF ESSENTIAL ELEMENTS 

The functional roles of essential elements in plants vary greatly from element 
to element. 

A) Nitrogen 

Nitrogen is the fourth most abundant element in plants following C, O and H. 

1. N is a major structural constituent of the cell. The cytoplasm and the cell 
organelles contains varying amount of nitrogen largely in combination with C, 
H, O, P and S. 

2. It is an essential constituent of the different types of metabolically active 
compounds, like amino acids, proteins, nucleic acids, prophyrins, flavins, 
enzymes and co-enzymes. 

3. Being essential for the formation of protoplasm, the deficiency of N inhibits cell 
enlargement 

4. As much as 70 Per cent of the total leaf N may be in chloroplast. Thus the 
early symptoms of N deficiency are general yellowing or chlorosis. 

5. Plants contain about 1 to 3 per cent of N on dry weight basis. 

B) Phosphorus 



1. It is a structural component of the membrane systems of the cell and the 
mitochondria. 

2. It is an essential constituent of nucleoproteins, organic molecules (ATP, ADP 
etc) which play an important role in the energy transfer reactions of cell 
metabolism, nucleic acids, and coenzymes like NADP. 

3. Phosphorus in the phytin of seeds is regarded as a reserve. 

4. The unique functions of phosphate in metabolism are its formation of 
pyrophosphate bonds which allow energy transfer, Uridine triphosphate (UTP) 
Cytidine triphosphate (CTP) and guanosine triphosphate (GTP) are involved 
in the synthesis of ribonucleic acids (RNA). 

5. Being a constituent of ADP, Phosphoglyceradehyde and ribulose phosphate, 
P is involved in the basic reactions of photosynthesis. 

6. Phosphorus is relatively more abundant in the growing an storage organs. 

C) Potassium: 

1. K plays a significant role in stomatal opening and closing. The mechanism 
of stomatal closure and opening depends entirely on the K flux. 

2. K+ enhances the translocation of assimilates and promotes rate of Co2 
assimilation. 

3. K activates the number of enzymes involved in incorporation of amino acids 
into proteins and the synthesis of peptide bonds. 

4. Potassium regulates the membrane permeability and keeps the protoplasm in 
proper degree of hydration. 
5. Potassium is known to increase the resistance of plants to moisture stress, to 

heat and to diseases caused by pathogenic fungi and other micro organisms. 
6. Inadequate K restricts the formation of xylem and phloem tissue. Lignification 

of the vascular bundles is generally impaired by K+ deficiency. This effect 
probably makes K deficient crops more prone to lodging. 

D) Calcium 

1. Calcium is required for cell elongation and cell division 

2. Calcium plays an essential role in biological membranes. Calcium is deposited 
in the cell wall as calcium pectate. Ca deficiency obviously impairs membrane 
permeability and membranes become more leaky. 

3. Germination and growth of pollen as well as the growth of rhizobium root 
nodules is affected under low levels of Ca2+ supply. 

4. Ca appears to play a role in the inhibition of abscission and delays leaf 
senescence. 

5. Calcium is an essential co-factor or an activator of a number of enzymes 

concerned with hydrolysis like lipase and α-amylase 

6. Ca is a structural component of the chromosomes. Where in it possibly binds 
the DNA to protein. Ca deficiency is known to result in chromosomal 
abnormality. 

7. Calcium plays an important role in neutralizing acids. Particularly citric acid, 
malic acid, oxalic acid which may become injurious to plants. 

E) Magnesium 

1. The most well known role of magnesium is its occurrence at the centre of 
the chlorophyll molecule. It is therefore essential for photosynthesis. 

2. Mg is a constituent part of the chromosomes and also essential constituent 
of poly ribosomes, the key organelle concerned in protein synthesis. 

3. Magnesium is known to play a catalytic role as an activator of a number of 
enzymes, most of which are concerned in carbohydrate metabolism, 
phosphate transfer and decarboxylations. The enzyme inorganic 
pyrophosphatase, as such is inactive. It becomes functional only in the 
presence of Mg. 

4. It is also required for the activation of the enzyme RuBP carboxylase. 

5. Nitrogen metabolism is also influenced by Mg nutrition. 

F) Sulphur 

Plants mainly absorb S in the form of SO4
2- 



1. Sulphusr is a constituent of amino acids,cystine, cysteine, and Methionine. 

2. The characteristic odour of cuciferous plants , onion and garlic is due to the 
presence of sulphur as a constituent of volatile oils. 

3. Several other biological active compounds like vitamins (Thiamine and biotin), 
lipoic acid, acetyl co-enzyme A, ferredoxin and glutathione contain sulphur as 
an essential part. 

4. The active adenosine-5-phospho sulphate (APS) is an important sulphate 
donor which is involved in the synthesis of glycosides in mustard oil. Being 
involved in the activation of number of enzymes, participating in the dark 
reactions of photosynthesis, sulphur is involved in carbohydrate metabolism of 
the plants. 

5. The total S content in plant tissues is in the order of 0.2 to 0.5 percent in the 
dry matter. 

 FUNCTIONS OF PLANT MICRO NUTRIENTS 
A. IRON 

1. Iron is a constituent of cytochromes, ferredoxin, catalase and peroxidase. The 
cytochromes(cyt b6 and cyt-f) play an important role in electron transport 
process of oxidative phosphorylation (respiration) and photo phosphorylation 
(photosynthesis). The iron containing protein ferredoxin plays an important 
role in the reduction of CO2, atmospheric nitrogen and of sulphate. 

2. The leghaemoglobin present in the root nodules of leguminous crops contains 
iron as an essential constituent. 

3. Although iron is not a component of the chlorophyll molecule, it is essential for 
its synthesis. It has some role in the synthesis of the chlorophyll precursor 
protoporphyrin –IX. Most of the iron (60-80% of the iron content of the leaves) 
is found in the chloroplasts. 

4. The important iron containing enzymes of higher plants is succinic 
dehydrogenase, cytochrome oxidase, catalase, peroxidase and aconitase. 

 
B. MANGANESE 

1. Manganese is believed to be specific activator of some enzyme like oxidases, 
peroxidases, dehydrogenases and kinases. 

2. Manganese is known to be a constituent of nitrite reductase and 
hydroxylamine reductase, both of which are concerned in nitrogen 
assimilation. In the absence of manganese, nitrite accumulates and leaves 
show symptoms of nitrogen deficiency. Manganese regulates the reduction of 
nitrite into hydroxylamine and subsequently into ammonia by influencing 
hydroxylamine reductase. 

3. Manganese plays a key role in carbohydrate metabolism and also affects the 
absorption of calcium and potassium ions. 

4. Manganese is involved in the oxygen evolving step in photosynthesis –of PSII 
(water oxidizing enzyme complex) 

 
C. COPPER 

1. The copper containing compounds plastoquinones and plastocyanins are 
involved in the electron transport from chlorophyll to NADP during the primary 
reactions in photosynthesis. Thus copper stress in plants has been shown to 
result in a decreased rate of photosynthesis. 

2. Copper is a constituent part of several enzymes like nitrite reductase, 
cytochrome oxidase and ascorbic oxidase.Relatively, high concentrations of 
Cu occur in chlorophasts. About 70 percent of the total Cu in the leaf is found 
in these organelles. 

D) BORON 

1. Boron is associated with the reproductive phase in plants and its deficiency is 
often found to associate with sterility and malformation of reproductive 
organs. Boron is thus required for the germination of pollen and growth of 
pollen tube. 

2. Boron plays an important role in carbohydrate metabolism, particularly in the 
translocation of photosynthates. Boron was considered to be involved in 



the translocation of sugars in the form of sugar borate complexes. These 
complexes pass more rapidly through cell membranes than the free sugars. 

3. Boron is required for the proper development and differentiation of vascular 
elements. 

 
E) ZINC 

1. Zinc is a metal component of a number of metallo enzymes like alcohol 
dehygenase and lactic dehydrogenase. 

2. Zinc is essential for the synthesis of the amino acid tryptophan, a precursor 
of an important plant growth hormone indole acetic acid (IAA). 

3. Zinc is closely involved in N-metabolism of the plant. 

4. Zinc plays a role in plant metabolism involved in starch formation. Zinc along 
with Cu has been shown to be a constituent of the enzyme super oxide 
dismutase. 

 
F) MOLYBDENUM 

1. Mo is an essential component of two major enzymes in plants viz.,nitrate 
reductase and nitrogenase. Nitrate reductase concerned with the reduction of 
nitrate to nitrite in both microorganism and higher plants. 
Nitrogenase consists of two enzyme protein complexes, the bigger of which 
contains Fe and Mo in a ration of about 9:1 

2. By virtue of being a constituent of nitrate reductase, Mo plays direct role in 
nitrogen metabolism of plants. 

3. Mo is known to be a specific inhibitor of acid phosphatase. 

 
 

G) CHLORINE 

1. Chlorine has been shown to be involved in the oxygen evolution in photo 
system II in photosynthesis ( Cl and Mn are important for this reaction) 

2. It raises the cell osmotic pressure. 

 Chlorine accelerates the activation of amylase which converts starch into 
soluble sugars. 

  

 FUNCTIONS OF BENEFICIAL NUTRIENTS 

a) COBALT 

1. Cobalt is required by rhizobia for the fixation of elemental nitrogen both by 
leguminous and non-leguminous symbionts. 

2. It is a structural component of vitamin B12 (cyanocobalamine). 

3. B12 is essential for the formation of hemoglobin concerned in nitrogen fixation. 

b) SODIUM 

1. In higher plants, sodium has so far been shown to be essential only for two 
halophytic species Atriplex vasicaria and Hologeton glomeratus. 

2. The best known role of sodium is in the maintenance of osmotic relations of 
the cell. 

3. Sodium has beneficial effect on growth and water relations of sugar beet. 

c) SILICON 

1. The effect of Si is especially important in the yield and quantity of the rice 

crop. 

2. Recent studies have shown that, Silicon imparts disease resistance and 
lodging resistance in paddy 

3. The grain yield of the plants with Si is twice more than the plants without Si. 

4. The concentration of Si in rice will be around 100 mg g-1. 

   MOBILITY (PHLOEM TRANSPORT) OF INORGANIC SOLUTES 



The mineral nutrients initially acquired by the roots move up ward in xylem. 
Many of them are then subjected to redistribution via the phloem but a few are not. 
Immobility in the phloem presumably is caused by failure of these elements to enter 
the sieve tube. 

Bukovac and Wittwer (1957) studied the mobility of many radio actively 
labeled mineral elements applied to leaves of bean plants and classified them into 
three groups based on the mobility in phloem. 

Mobile Intermediate Immobile 

Nitrogen Iron Calcium 

Phosphorus 

Potassium 

Manganese 

Zinc 

Boron 

Magnesium 
Chlorine 
Rubidium 
Sodium 
Sulphur 

Copper 
Molybdenum 

 





 



PHOTOSYNTHESIS 
 

DEFINITION: Photosynthesis is the process by which organisms convert light 

energy into chemical energy in the form of reducing power as NADPH and 

ATP. This reducing power is used to fix carbon dioxide as carbohydrates 

(sugars). In oxygenic photosynthetic organisms, including higher plants, the 

source of reducing equivalents is H2O, releasing O2 as a by product. 

Thus, the overall reaction of oxygenic photosynthesis can be represented as. 

LIGHT 

  
 

    

CHLOROPHYLL 

 

This equation is frequently represented by the simplified form: 

CO2 +2 H2O (CH2O) + H2O + O2 

Reactions of Photosynthesis: 

 
During the normal functioning of the photosynthetic system, light serves to reduce 

nicotinamide-adenine dinucleotide phosphate (NADP). This in turn serves as a 

reducing agent for carbon fixation in the carbon reduction cycle. ATP is also formed 

during the electron flow from water to NADP, and it too used in carbon reduction. 

The chemical reactions in which water is oxidized to oxygen, NADP is reduced, and 

ATP is formed are generally known as the light reactions while the carbon reduction 

reactions are called the dark reactions. All most all reactions up to NADP reduction 

takes place with in the thylakoids, while the carbon reduction reactions take place in 

the aqueous region of chloroplast, the stroma (fig 1).  

 

 

 

Fig1: the link between light reaction and dark reaction. 



*Figure.2 

 ENERGY SYNTHESIS: 

 
Energy synthesis is the prime function of photosynthesis. It involves the role of 

various aspects like chloroplast and its structure, pigments present in chloroplast, 

electro magnetic spectrum, photosynthetically active radiation, light interception by 

canopy, capturing of light by pigment molecules, light reaction (photolysis of water, 

electron transport between photo systems, generation of reducing power) and 

utilization of this reducing power in fixation of CO2 to carbohydrates (dark reaction). 

Each of this aspect is briefly explained here. 

 CHLOROPLAST AND ITS STRUCTURE: 
 

In photosynthetic eukaryotes, photosynthesis takes place in the sub cellular 

organelle known as chloroplast (fig.2). 

 

The most striking aspect of the structure of the chloroplast is this extensive 

system of the internal membranes known as thylakoids. All the chlorophyll is 

contained within this membrane system, which is the site of the light reactions of 

photosynthesis. The carbon reduction reactions or dark reactions which are 

catalyzed by water soluble enzymes, takes place in the stroma, the region of the 

chloroplast outside the thylakoids. Stroma forms the matrix of the chloroplast. In this 

portion of chloroplast, lamellae are loosely arranged. The lamellae which are found in 

this region are called stroma lamellae. 

 PHOTOSYNTHETIC PIGMENTS: 
 

There are four different pigments in higher plants- two chlorophylls (Chl. A and 

Chl. B) and two carotenoids (carotene and xanthophyII). The chlorophylls are green 

in color whereas carotene and xanthophylls are orange and yellow, respectively. 

Magnesium present in chlorophyll molecule is crucial to the capture of light energy. 



All organisms actually contain a mixture of more than one kind of pigment, 

each serving a specific function. As the energy of light absorbed by 

carotenoids is rapidly transferred to chlorophylls, carotenoids are termed as 

accessory pigments. 

  ELECTRO MAGNETIC SPECTRUM: 

 

 
In the electromagnetic spectrum the wavelengths between 400-700nm 

(visible reason) is called as PHOTOSYNTHETICALLY ACTIVE RADIATION 

(PAR). 

 

   PRINCIPLE OF LIGHT ABSORPTION BY PLANTS: 
 

The depression of light intensity within the plant community is mainly 

due to interception of light by leaves. The absorption of radiant energy by a  

plant community would follow the Lambert-Beer’s Law. 

Beer’s Law states that the absorption of light by a solution is 

proportional to the concentration of the solution and the distance through 

which the light travels 



 

 
Here the absorbance is defined as A = log I0 / I where I0 is the intensity of light that is 

incident on the sample and I is the intensity of light that is transmitted by the sample. 

Lambert expressed this relationship 

mathematically as I = I0e-KX 

 
 
 

Where I0 = Incident light intensity 

I = Intensity of the light after passing through the solution 

K = Absorption coefficient. 

X = Distance or path length . 

Davidson and Philip  modified this equation for absorption of energy by a plant 

canopy. They substituted LAI for x (i.e the path length). The hypothesized 

equation for absorption of radiant energy by a plant canopy then becomes 

I = I0 e –KA 

 
(or) K = log e (Io/I) / A 

 
The proportion of incident light that is intercepted by the canopy does 

not depend on leaf area index alone, but also on the architecture of the 

canopy. In a crop the leaves are not isolated, but are arranged in a canopy. 

The way they are arranged will affect the proportion of incident light that is 

intercepted by the crop canopy as a whole. Thus, the extinction coefficient (K) 

is a measure of the light intercepting efficiency of the leaf area. Leaf 



characters of importance in this respect are: leafEangle, leaf area, continuity 

of leaf layers etc. 

 THE TWO PHOTO SYSTEMS: 
 

Evidence for the existence of PSI and PSII. (Red drop & emerson 

enhancement effect) 

Experiments measuring the quantum yield (i.e. the number of O2 

molecules released for each Quanta absorbed) is approximately 0.1. The 

reciprocal of  quantum yield is quantum requirement i.e. the number of quanta 

required for each  O2 molecule evolution. It is 10). If the quantum yield of 

photosynthesis is measured at different ranges of wave lengths most of the 

ranges are remarkably constant. However at the extreme red edge of the 

chlorophyll absorption (>680nm), the yield drops drastically. The phenomenon 

is known as RED DROP.

 

 

Fig.3: Red drop effect 

 

Another puzzling experimental result was the enhancement effect, 

discovered by Emerson. The rate of photosynthesis was measured separately 

with light of two different wave lengths and then the two beams were used 

simultaneously. When exposed to a wavelength more than 680 nm (far red 



region) a specific rate of photosynthesis was observed. Likewise when the 

exposure was given at wavelengths less than 680 nm some other effect was 

observed. When the system was exposed to the light of both wavelengths 

simultaneously, the effect on photosynthesis exceeded the sum of the two 

effects caused separately. This provided evidence that the two pigment 

systems worked in co-operation with each other and the increase in 

photosynthesis was due to synergism. This phenomenon  is known as 

Emerson Enhancement effect. This experiment also explained that, there 

exist two photo systems (PS-I & PS-II) 

 

  

 Fig. 4: Emerson enhancement effect 



PHOTOSYNTHESIS 

 

 LIGHT REACTIONS: 

Almost all the chemical processes that make up the light reactions of 

photosynthesis are carried out by four protein complexes; photo system II (P 680), the 

cytochrome b-f complexes, photo system I (P 700) and the ATP synthase. 

SEQUENCE OF LIGHT REACTIONS: 

 

 Water is oxidized to oxygen by Photo system II: 

 

The chemical reaction by which water is oxidized is given by the following 

equation. 

2H2O O2 + 4H+ + 4e- 

This equation indicates that four electrons are removed from two water molecules, 

generating an oxygen molecule and four hydrogen ions. 

Robert Hill demonstrated that isolated chloroplasts evolved Oxygen when 

they were illuminated in the presence of suitable electron acceptor, such as 

ferricyanide. The ferricyanide is reduced to ferrocyanide by photolysis of water .This 

reaction is now called as photochemical reaction and it explains that water is used as 

a source of electrons for CO2 fixation and Oxygen is evolved as a by product. 

The protons produced by oxidation of water is released into the lumen of the 

thylakoid. These protons are eventually released from the lumen to the stroma 

through the process of ATP synthesis. In this way the electro chemical potential 

formed by the release of protons during oxidation of water contributes to ATP 

formation. Manganese (Mn) is an essential cofactor in the water oxidizing process. 

ELECTRON TRANSPORT AND PHOSPHORYLATION: 

The Z scheme (named because of its shape) illustrates electron transport and 

the production of NADPH and ATP in chloroplasts. 

 

 NON CYCLIC PHOTOPHOSPORYLATION:  

Non cyclic photophosphorylation involves integration of two photo systems 

(PS-I and PS-II). This is one of the means of ATP production in chloroplasts.This can 

also be termed as non-cyclic electron transport to refer to the manner of electron flow 

during the process. 

MECHANISM: 

The primary flow of electrons within a given granum thylakoid may be 



*Figure.5  

initiated almost simultaneously for each photo system (PS I and PS II). 

After excitation of P700 the electrons are passed on to a chlorophyll molecule 

(Ao). The electrons are then passed to series of Iron-sulfur proteins (Fe-S) and  finally 

to ferridoxin (Fd). The ferridoxin-NADP reductase serves to reduce NADP to 

NADPH which is used in the Calvin cycle to reduce CO2(Fig.5). 

The transfer of electrons to NADP creates debit (commonly referred to as a 

hole) in photo system I. However this deficit is made up by the excitation of P680 of 

photo system II. The excited P680 of PS II transfers electrons to pheophytin, 

plastoquinones, and cyt b6-f complex. Cytochrome b6-f complex transfers electrons to 

plastocyanin (PC), which in turn reduces P700* (excited P700). The hole created in 

photo system II is filled by-electrons that are derived from the oxidation of water. 

 

 



In addition to the energy stored as redox equivalents (NADPH) by the light 

reactions a portion of the photons energy is utilized for the synthesis of ATP during 

the transfer of electrons between plaotoquinone and cyt b6-f complex. This 

phenomenon of synthesis of ATP in light reactions of photosynthesis is known as 

photophosphorylation. It is now widely accepted that photophosphorylation works 

via the chemi-osmotic mechanism first proposed in 1960 by Peter Mitchell. 

 

 

The basic principle of chemi-osmosis is that in concentration differences and 

electrical potential differences across the membranes are a source of free energy that 

can be utilized by the cell for the synthesis of ATP. In the light reactions electron 

flow is coupled to proton translocation, creating transmembrane proton motive force 

(pmf). The energy in the proton motive force is then used for synthesis of ATP by the 

enzyme called ATP synthase. 

  CYCLIC PHOTOPHOSPHORYLATION: 

 

The cyclic photophosphorylation operates when chloroplasts are illuminated 

with wave lengths of light greater than 680nm. Under these circumstances only  photo 

system I is activated and electrons are not removed from H2O. When the flow of 

electrons from H2O is stopped, non cyclic assimilation retarded, oxidized NADP is no 

longer available as an electron acceptor. Activation of photo system I by wave lengths 

of light greater than 680 nm causes electron to flow from P700 to chlorophyll molecule 

and Ferridoxin. Then the electrons instead of pass on to NADP return back to P700 via 

cyt b6-f complex, plastoquinone and plastocyanin. Cyclic transport system is likely to 

result in the synthesis of ATP at two locations. One is between Fe-s protein and cyt-b6 

complex and another between cyt-b6 and cytochrome f. 

Significance 

 

Evidence for the operation of cyclic electron transport in C3 plants in vivo is 

limited but it has been demonstrated under physiological conditions in vivo in C4 

plants where there is an additional ATP requirement in their carbon fixation pathway. 

It may also play an important role in the synthesis of ATP required for protein 



synthesis during PS II repair following photo inhibition. 

 

CARBON DIOXIDE FIXATION /DARK REACTIONS OF PHOTOSYNTHESIS: 

During the light reactions of photosynthesis, the photochemical oxidation of 

water to molecular oxygen is coupled to the generation of reduced pyridine nucleotide 

(NADPH) and ATP. The reactions associated with the reduction of CO2 to 

carbohydrate are coupled to the consumption of NADPH and ATP. These reactions 

are referred to as the Dark reactions of the photosynthesis. 

The C3 Cycle (C3 Photosynthetic Carbon Reduction Cycle) 

 

The PCR cycle is also referred as the Calvin cycle in honor of its discoverer, 

the American biochemist Melvin Calvin, other pathways associated with the 

photosynthetic fixation of CO2, such as the C4 photosynthetic carbon assimilation 

(PCA) cycle and the C2 photo respiratory carbon oxidation cycle (PCO), are either 

auxiliary to or dependent on the basis PCR cycle. 

In the C3, PCR cycle, carbon dioxide from the atmosphere and water are 

enzymatically combined with a five-carbon acceptor molecule to generate two 

molecules of a three carbon intermediate. These intermediates are reduced to 

carbohydrate using the photo chemically generated ATP and NADPH in the light 

reactions. The cycle is completed by the generation of five-carbon acceptor.(Fig.6) 

The C3 PCR cycle proceeds in three stages: 

 

1. Carboxylation of the CO2 acceptor, ribulose 1,5 – bisphosphate, to form  

2 molecules of 3. Phosphoglycerate, the first stable intermediate of the 

PCR cycle. 

2. Reduction of this carboxylic acid to a carbohydrate in the form 

glyceraldehydes 3- phosphate. 

3. Regeneration of CO2 acceptor, ribulose 1.5-biophosphate  

from glyceraldehydes 3-phosphate. 

 

The Carboxylation of Ribulose Bisphosphate: 

 

CO2 enters the PCR cycle by reacting with ribulose 1,5-bisphosphate to yield 

two molecules of 3-phosphoglycerate, a reaction that is catalyzed by the chloroplast 

enzyme ribulose bisphosphate carboxylase/oxygenase, referred to by the acronym 

RUBISCO. 

 



*Figure : 8  

The reduction step of the C3 PCR cycle: 

 

In this stage, the 3-phosphoglycerate formed as a result of the carboxylation of 

RuBP (Ribulose 1,5-bisphosphate) is first phosphorylated to 1,3-bis phospho 

glycerate by the ATP generated in the light reactions and is then reduced to 

glyceraldehyde 3-phosphate, using the NADPH generated by the light reactions.  The 

chloroplast enzyme NADP-glyceraldehyde 3-phosphate dehydrogenase catalyzes this 

step. 

 

Regeneration of Ribulose 1, 5 -Bisphosphate: 

One molecule of glyceraldehyde 3-phosphate is converted to dihydroxy 

acetone 3-phosphate (DHAP). The DHAP then undergoes aldol condensation with a 

molecule of glyceraldehydes 3-phosphate to form fructose 1,6-bis phosphate. This 



product is hydrolyzed to fructose 6 phosphate. This fructose 6 phosphate combines 

with third molecule of glyceraldehyde 3-phosphate to give erythrose 4-phosphate and 

xylulose 5-phosphate. This reaction is catalyzed by transketolase. 

Erythrose 4-phosphate then combines with DHAP to yield a seven 

carbon sugar, sedoheptulose 1,7-bisphosphate which is further hydrolyzed to give 

sedoheptulose 7-phosphate. Sedoheptulose 7-phosphate donates a two carbon unit to 

the fifth molecule of glyceraldehyde 3-phosphate and produce ribose 5-phosphate 

and xylulose 5-phosphate as its products. Two molecules of xylulose 5-phosphate are 

epimerized to give ribulose 5-phosphate. The third molecule of ribulose 5- phosphate 

is formed by the isomerization of ribose 5-phosphate. Finally, ribulose 5- phosphate is 

phosphorylated with ATP. Thus generating CO2 acceptor ribulose 1,5- bisphosphate. 

Energy requirement: In order to synthesize the equivalent of 1 molecule of hexose 

sugar, 6 molecules of CO2 are fixed at the expense of 18 ATP and 12 NADPH. In 

other words, the PCR cycle consumes 2 molecules of NADPH and 3 molecules of 

ATP for every CO2 fixed.\ 

 

 

 



 

 

PHOTOSYNTHESIS 
 

 THE C4 PHOTOSYNTHETIC CARBON ASSIMILATION (PCA) CYCLE 
 

H Hatch and R Slack established that the C4 acids malic acid and aspartic 

acid were the first stable detectable intermediates of photosynthesis in leaves of C4 

plants. The primary carboxylation in these leaves was not catalyzed by Rubisco but 

by PEP carboxylase. 

The C4 cycle was  known for tropical grasses (e.g., sugarcane and maize), 

but now it is reported many  families of both monocortyledons and dicotyledons, 

and it is particularly prominent in Gramineae (sugarcane, com, sorghum), 

Chenopodiaceae (Atriplex), and Cyperaceae (sedges).  

 

The basic C4 PCA cycle consists of four stages. 

 
1. Assimilation of CO2 involving carboxylation of phosphoenol pyruvate (PEP) in 

the mesophyll cells to form C4 acids (Malate and / or aspartate) 

2. Transport of C4 acids to the bundle sheath cells. 

3. Decarboxylation of C4 acids within in the bundle sheath cells and generation 

of CO2 which is reduced to carbohydrate via the C3 PCR cycle. 

4. Transport of the C3 acid formed by the decarboxylation (pyruvate or alanine) 

back to the mesophyll cell and regeneration of the CO2 acceptor, 

phosphoenol pyruvate. 

Anatomical differences 

 
A cross section of a typical C3 leaf reveals essentially one type of 

photosynthetic, chloroplast containing cell, the mesophyll. In contrast, a typical  

C4 leaf has two distinct chloroplast containing cell types, the mesophyll and the 

bundle sheath cells, called KRANZ ANATOMY. Bundle sheath cells are 

compactly arranged and surrounded by mesophyll cells and connected by 

Plasmodesmata.  

The primary carboxylatiion reaction, catalyzed by PEP carboxylase, which is 

common to all three variants, occurs in the cytosol of the mesoophyll chloroplasts 

by NADPH using NADP malate dehydrogenase. The malate formed enters the 

chloroplast of the bundle sheath cell and there undergoes oxidative 

decarboxylation, yielding pyruvate. The CO2 released within the bundle sheath 

cells is converted to carbohydrate by the Calvin cycle. ( Fig.9) 

The residual C3 acid is transported back to the mesophyll as pyruvate and 

converted to phosphoenolpyruvate in the mesophyll chloroplast. 
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Energy Requirement 

Total energy requirement for fixing one molecule of CO2 in C4 plants is 5 ATP 

plus 2 NADPH. This includes the cost of concentrating CO2 with in  the bundle 

sheath cell i.e. 2ATP per CO2 

 CRASSULACEAN ACID METABOLISM (CAM) 
 

CAM is an acronym for crassulacean acid metabolism, but the mechanism is 

not restricted to the family crassulaceae alone, like the C4 PCA cycle, it is found in 

many angiosperm families. The CAM mechanism is similar in many respects to the 

C4 PCA cycle, but differs from it in two important features. 

1) In C4 plants the formation of C4 acids is spatially, but not temporally, separated 

from the decarboxylation of the C4 acids and re fixation of the resulting CO2 by the 

PCR cycle. In CAM plants, the formation of C4 acids is temporally but not spatially, 

separated from decarboxylation and refixation. CAM plants lack the specialized leaf 

anatomy kranz leaf anatomy typical of C4 plants. 

2) CAM plants open their stomata during the cool, desert nights and closed during 

the hot, dry days. This minimizes water loss. The CO2 is assimilated at night.  

(Fig.10) 



 
 

The CO2 assimilation is accomplished by carboxylation of phosphoenol 

pyruvate to oxalo acetate, which is then reduced to malate. The PEP originates from 

the breakdown of starch and other sugars by the glycolytic pathway. The C4 acid 

accumulates as malic acid in large vacuoles. The accumulation of substantial 

amounts of malic acid has long been recognized as dark acidification of leaf. 

With the onset of day, the stomata close, preventing loss of water and further 

acquisition of CO2. The leaf cells become deacidified as the reserves of vacuolar 

malic acid are consumed. Decarboxylation is achieved by the action of NADP malic 

enzyme on malate. Because the stomata are closed, the internally released CO2 

cannot escape from the leaf and instead is reduced to carbohydrate by operation of 

the C3 PCR cycle. The C3 acid remaining after decarboxylation is thought to be 

converted into starch or sucrose thus recovering the original starting material. 

Significance: 

 
The CAM mechanism enables plants to maximize their water – use efficiency 

due to skoto active opening of stomata.  

*Figure 10 



 

 

 THE C2 PHOTO RESPIRATORY CARBON OXIDATION (PCO) CYCLE 
 

All land plants have an additional metabolic activity and loose a considerable 

amounts of their photosynthates as CO2 with in a few seconds of its being fixed.It 

occurs when plants are illuminated. This process of CO2 release is light dependent 

and because of its otherwise superficial resemblance to respiration, it has been given 

the name Photorespiration. During the process O2 is consumed and CO2 is 

generated in light. It is independent of mitochondrial respiration but occurs in 

chloroplasts and peroxisomes and only a few reactions occur in mitochondria.  

Mechanism: 

 

RuBISCO is a by bifunctional enzyme capable of carboxylation as well as 

oxygenation of RuBP. The operation of the PCO cycle involves cooperative 

interactions between three organelles, Chloroplasts, mitochiondria and 

peroxisomes.(Fig.11) 

 

Figure.11 



The oxygenation of RuBP results in the formation of 2-phosphoglycolate and 

3-phosphoglycerate.The phospho glycolate is rapidly hydrolyzed to glycolate by a 

specific enzyme phosphatase. Glycolate leaves the chloroplast and diffuses to 

peroxisome. There it is oxidized by glycolate oxidase to glyoxylate and hydrogen 

peroxide. The peroxide is destroyed by the action of catalase and glyoxylate 

undergoes transamination and the product is the amino acid glycine. 

Glycine leaves the peroxisomes and enters mitochondria, where two 

molecules of glycine are converted to serine. Glycine is thus, the immediate 

source of the photo respiratory CO2. Serine leaves the mitochondrion and enters 

peroxisome, where it is converted first by transamination to hydroxy pyruvate and 

then by reduction to glycerate. 

Finally, glycerate reenters the chloroplast, where it is phosphorylated to yield 

3-phosphoglycerate. 

 Significance: 

 
Photorespiration is a response to the low CO2/O2 ratios prevalent in the 

present day atmosphere and has no functional role. Another possible explanation is 

that photorespiration is necessary under conditions of high light intensities and low 

CO2 concentration ( e.g. when stomata are closed because of water stress ) to 

dissipate excess ATP and reducing power from the light reactions, thus preventing 

damage to the photosynthetic apparatus. Today, there is no conclusive evidence for 

the role of photorespiration in the carbon metabolism of the leaf. 

Many plants do not photo respire, this is not because that RUBISCO have 

different properties, rather, it is a consequence of interesting mechanisms that 

concentrate CO2 in the RUBISCO environment is in the case of C4 and CAM plants. 

(CO2 concentration mechanism) 

 Energy requirement 

 
Oxygenation of ribulose bis phosphate and operation of PCO cycle consumes 

2ATP and 2.5 NADH for each ribulose bisphosphate oxygenated. 



 

The Meiosis 
Sexual reproduction requires fertilization, the union of two cells from two individual 

organisms. If those two cells each contain one set of chromosomes, then the 

resulting cell contains two sets of chromosomes. Haploid cells contain one set of 

chromosomes. Cells containing two sets of chromosomes are called diploid. The 

number of sets of chromosomes in a cell is called its ploidy level. If the 

reproductive cycle is to continue, then the diploid cell must somehow reduce its 

number of chromosome sets before fertilization can occur again, or there will be 

a continual doubling in the number of chromosome sets in every generation. So, in 

addition to fertilization, sexual reproduction includes a nuclear division that reduces 

the number of chromosome sets. 

Most animals and plants are diploid, containing two sets of chromosomes. In 

each somatic cell of the organism (all cells of a multicellular organism except the 

gametes or reproductive cells), the nucleus contains two copies of each 

chromosome, called homologous chromosomes. Somatic cells are sometimes 

referred to as “body” cells. Homologous chromosomes are matched pairs containing 

the same genes in identical locations along their length. Diploid organisms inherit 

one copy of each homologous chromosome from each parent; all together, they are 

considered a full set of chromosomes. Haploid cells, containing a single copy of 

each homologous chromosome, are found only within structures that give rise to 

either gametes or spores. Spores are haploid cells that can produce a haploid 

organism or can fuse with another spore to form a diploid cell. All animals and most 

plants produce eggs and sperm, or gametes. Some plants and all fungi produce 

spores. 

The nuclear division that forms haploid cells, which is called meiosis, is related to 

mitosis. As you have learned, mitosis is the part of a cell reproduction cycle that 

results in identical daughter nuclei that are also genetically identical to the original 

parent nucleus. In mitosis, both the parent and the daughter nuclei are at the same 

ploidy level—diploid for most plants and animals. Meiosis employs many of the 



same mechanisms as mitosis. However, the starting nucleus is always diploid and the 

nuclei that result at the end of a meiotic cell division are haploid. To achieve this 

reduction in chromosome number, meiosis consists of one round of chromosome 

duplication and two rounds of nuclear division. Because the events that occur during 

each of the division stages are analogous to the events of mitosis, the same stage 

names are assigned. However, because there are two rounds of division, the major 

process and the stages are designated with a “I” or a “II.” Thus, meiosis I is the first 

round of meiotic division and consists of prophase I, prometaphase I, and so 

on. Meiosis II, in which the second round of meiotic division takes place, includes 

prophase II, prometaphase II, and so on. 

Meiosis I 

Meiosis is preceded by an interphase consisting of the G1, S, and G2 phases, which 

are nearly identical to the phases preceding mitosis. The G1 phase, which is also 

called the first gap phase, is the first phase of the interphase and is focused on cell 

growth. The S phase is the second phase of interphase, during which the DNA of the 

chromosomes is replicated. Finally, the G2 phase, also called the second gap phase, 

is the third and final phase of interphase; in this phase, the cell undergoes the final 

preparations for meiosis. 

During DNA duplication in the S phase, each chromosome is replicated to produce 

two identical copies, called sister chromatids, that are held together at the 

centromere by cohesin proteins. Cohesin holds the chromatids together until 

anaphase II. The centrosomes, which are the structures that organize the 

microtubules of the meiotic spindle, also replicate. This prepares the cell to enter 

prophase I, the first meiotic phase. 

Prophase I 

Early in prophase I, before the chromosomes can be seen clearly microscopically, the 

homologous chromosomes are attached at their tips to the nuclear envelope by 

proteins. As the nuclear envelope begins to break down, the proteins associated 

with homologous chromosomes bring the pair close to each other. Recall that, in 

mitosis, homologous chromosomes do not pair together. In mitosis, homologous 



chromosomes line up end-to-end so that when they divide, each daughter cell 

receives a sister chromatid from both members of the homologous pair. 

The synaptonemal complex, a lattice of proteins between the homologous 

chromosomes, first forms at specific locations and then spreads to cover the entire 

length of the chromosomes. The tight pairing of the homologous chromosomes is 

called synapsis. In synapsis, the genes on the chromatids of the homologous 

chromosomes are aligned precisely with each other. The synaptonemal complex 

supports the exchange of chromosomal segments between non-sister homologous 

chromatids, a process called crossing over. Crossing over can be observed visually 

after the exchange as chiasmata (singular = chiasma). 

In species such as humans, even though the X and Y sex chromosomes are not 

homologous (most of their genes differ), they have a small region of homology that 

allows the X and Y chromosomes to pair up during prophase I. A partial 

synaptonemal complex develops only between the regions of homology. 

 
Fig. 1. Early in prophase I, homologous chromosomes come together to form a synapse. 
The chromosomes are bound tightly together and in perfect alignment by a protein lattice 
called a synaptonemal complex and by cohesin proteins at the centromere. 
 

The crossover events are the first source of genetic variation in the nuclei produced 

by meiosis. A single crossover event between homologous non-sister chromatids 

leads to a reciprocal exchange of equivalent DNA between a maternal chromosome 

and a paternal chromosome. Now, when that sister chromatid is moved into a 



gamete cell it will carry some DNA from one parent of the individual and some DNA 

from the other parent. The sister recombinant chromatid has a combination of 

maternal and paternal genes that did not exist before the crossover. Multiple 

crossovers in an arm of the chromosome have the same effect, exchanging 

segments of DNA to create recombinant chromosomes. 

 
 
Fig.2. Crossover occurs between non-sister chromatids of homologous chromosomes. The 
result is an exchange of genetic material between homologous chromosomes. 

 

Prometaphase I 

The key event in prometaphase I is the attachment of the spindle fiber microtubules 

to the kinetochore proteins at the centromeres. Kinetochore proteins are 

multiprotein complexes that bind the centromeres of a chromosome to the 

microtubules of the mitotic spindle. Microtubules grow from centrosomes placed at 

opposite poles of the cell. The microtubules move toward the middle of the cell and 

attach to one of the two fused homologous chromosomes. A spindle fiber that has 



attached to a kinetochore is called a kinetochore microtubule. At the end of 

prometaphase I, each tetrad is attached to microtubules from both poles, with one 

homologous chromosome facing each pole. The homologous chromosomes are still 

held together at chiasmata. In addition, the nuclear membrane has broken down 

entirely. 

Metaphase I 

During metaphase I, the homologous chromosomes are arranged in the center of 

the cell with the kinetochores facing opposite poles. The homologous pairs orient 

themselves randomly at the equator.  

To summarize the genetic consequences of meiosis I, the maternal and paternal 

genes are recombined by crossover events that occur between each homologous 

pair during prophase I. In addition, the random assortment of tetrads on the 

metaphase plate produces a unique combination of maternal and paternal 

chromosomes that will make their way into the gametes. 

 

Anaphase I 

In anaphase I, the microtubules pull the linked chromosomes apart. The sister 

chromatids remain tightly bound together at the centromere. The chiasmata are 

broken in anaphase I as the microtubules attached to the fused kinetochores pull 

the homologous chromosomes apart. 

Telophase I and Cytokinesis 

In telophase, the separated chromosomes arrive at opposite poles. The remainder of 

the typical telophase events may or may not occur, depending on the species. In 

some organisms, the chromosomes decondense and nuclear envelopes form around 

the chromatids in telophase I. In other organisms, cytokinesis—the physical 

separation of the cytoplasmic components into two daughter cells—occurs without 

reformation of the nuclei. In nearly all species of animals and some fungi, cytokinesis 

separates the cell contents via a cleavage furrow (constriction of the actin ring that 

leads to cytoplasmic division). In plants, a cell plate is formed during cell cytokinesis 

by Golgi vesicles fusing at the metaphase plate. This cell plate will ultimately lead to 

the formation of cell walls that separate the two daughter cells. 



Two haploid cells are the end result of the first meiotic division. The cells are haploid 

because at each pole, there is just one of each pair of the homologous 

chromosomes. Therefore, only one full set of the chromosomes is present. This is 

why the cells are considered haploid—there is only one chromosome set, even 

though each homolog still consists of two sister chromatids. Recall that sister 

chromatids are merely duplicates of one of the two homologous chromosomes 

(except for changes that occurred during crossing over). In meiosis II, these two 

sister chromatids will separate, creating four haploid daughter cells 

Meiosis II 

In some species, cells enter a brief interphase, or interkinesis, before entering 

meiosis II. Interkinesis lacks an S phase, so chromosomes are not duplicated. The 

two cells produced in meiosis I go through the events of meiosis II in synchrony. 

During meiosis II, the sister chromatids within the two daughter cells separate, 

forming four new haploid gametes. The mechanics of meiosis II is similar to mitosis, 

except that each dividing cell has only one set of homologous chromosomes. 

Therefore, each cell has half the number of sister chromatids to separate out as a 

diploid cell undergoing mitosis. 

Prophase II 

If the chromosomes decondensed in telophase I, they condense again. If nuclear 

envelopes were formed, they fragment into vesicles. The centrosomes that were 

duplicated during interkinesis move away from each other toward opposite poles, 

and new spindles are formed. 

Prometaphase II 

The nuclear envelopes are completely broken down, and the spindle is fully formed. 

Each sister chromatid forms an individual kinetochore that attaches to microtubules 

from opposite poles. 

Metaphase II 

The sister chromatids are maximally condensed and aligned at the equator of the 

cell. 

Anaphase II 

The sister chromatids are pulled apart by the kinetochore microtubules and move 

toward opposite poles. Non-kinetochore microtubules elongate the cell. 



 
 

Fig. 3. The process of chromosome alignment differs between meiosis I and meiosis 

II. In prometaphase I, microtubules attach to the fused kinetochores of homologous 

chromosomes, and the homologous chromosomes are arranged at the midpoint of 

the cell in metaphase I. In anaphase I, the homologous chromosomes are separated. 

In prometaphase II, microtubules attach to the kinetochores of sister chromatids, 

and the sister chromatids are arranged at the midpoint of the cells in metaphase II. 

In anaphase II, the sister chromatids are separated. 

 

Telophase II and Cytokinesis 

The chromosomes arrive at opposite poles and begin to decondense. Nuclear 

envelopes form around the chromosomes. Cytokinesis separates the two cells into 

four unique haploid cells. At this point, the newly formed nuclei are both haploid. 

The cells produced are genetically unique because of the random assortment of 

paternal and maternal homologs and because of the recombining of maternal and 

paternal segments of chromosomes (with their sets of genes) that occurs during 

crossover. The entire process of meiosis is outlined in Figure 4. 

https://cnx.org/contents/GFy_h8cu@9.87:GYZS3DDP@8/The-Process-of-Meiosis#fig-ch11-01-05


Fig. 4. An animal cell with a diploid number of four (2n = 4) proceeds through the stages of meiosis 

to form four haploid daughter cells. 
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❑ INTRODUCTION

 The cellular oxidation or break down of carbohydrates into CO2 and 

H2O, and release of energy is called as respiration. It is a reverse 

process of photosynthesis.

C6H12O6 + 6O2 → 6CO2 + 6H2O + Energy (686 kcal)

 It requires substrate, it may be carbohydrate, fats and in certain 

condition protein. Among these, glucose is the commonest.

 Carbohydrates are firstly hydrolysed by the appropriate enzyme 

system to the hexose sugar.

 Actively respiring regions are growing regions like floral and 

vegetative buds , germinating seeds , stem and root apices.



❑ Types of respiration

 Degradation of organic food for the purpose of releasing energy can 

occur with or without the participation of oxygen. Hence, respiration 

can be classified into two types; aerobic and anaerobic respiration.

 Aerobic respiration Aerobic respiration takes place in the presence of 

oxygen and the respiratory substrate gets completely oxidized to 

carbon dioxide and water as end products. 

C6H12O6 + 6O2 → 6CO2 + 6H2O + Energy (686 kcal) (Glucose)

 Anaerobic respiration It takes place in the absence of oxygen and the 

respiratory substrate is incompletely oxidized. Some other compounds 

are also formed in addition to carbon dioxide. This type of respiration 

is of rare occurrence but, common among microorganisms like yeasts. 

C6H12O6 → 2C2 H5OH + 2CO2 + 56 kcal Glucose

(Ethanol)



AEROBIC                ANAEROBIC

RESPIRATION            RESPIRATION

 Oxygen is used for the process.

 Takes place in the cells of all 

the higher plants and animals.

 Glucose is completely oxidized.

 The end products are carbon 

dioxide and water.

 Complete oxidation of one 

molecule of glucose yields 38 

ATP molecules.

 Process takes place in both 

cytoplasm and mitochondria of 

the cell

 Oxygen is not utilized for the 

process. 

 Takes place in some bacteria, fungi 

and certain endoparasites. 

 Glucose is partially oxidized 

 The end products are carbon dioxide 

and either ethyl alcohol or lactic acid 

 Partial oxidation of one molecule of 

glucose yields only 2 ATP molecules. 

 Takes place only in cytoplasm of the 

cell



❑ Mechanism of Respiration

1. Glycolysis

2. Aerobic breakdown of pyruvic acid (Kreb’s cycle)

3. Electron Transport System/ Terminal oxidation / oxidative 

phosphorylation



❑ Glycolysis – (Embden , Mayerhof and Paranas

pathway(EMP) , common respiratory pathway, 

cytoplasmic respiration)

 Glycolysis can take place even in the absence of O2.

 In this there is degradation of glucose(6 C) to pyruvic acid(3 C) without utilizing 

oxygen. 

 It takes place in the cytoplasm of the cell and is common to aerobic and 

anaerobic respiration.





❑ To Be Remember:

 Phosphate Group is always donated by ATP which in turn becomes ADP. 

Similarly, Phosphate Group is accepted by ADP which in turn becomes 

ATP.These reactions are assisted with the help of an enzyme Kinase.

 H+ ion is always donated by NADH2 which in turn becomes NAD. This reaction 

is assisted with the help of an enzyme Hydrogenase.Similarly, H+ ion is 

accepted by NAD which in turn becomes NADH2. This reaction is assisted with 

the help of an enzyme Dehydrogenase.

 Isomers- Molecules or polyatomic ions with identical molecular formulas —

that is, same number of atoms of each element — but distinct arrangements 

of atoms in space .Example- Glucose and fructose(C6H12O6)

 Glucose can be isomerise into fructose in the presence of an enzyme 

Isomerase.

 ATP- Adenosine triphosphate

ADP- Adenosine di-phosphate

NADH2- Nicotinamide Adenine Dinucleotide

FADH2-Flavin Adenine Dinucleotide



1. Glucose molecules react with ATP molecules in the presence of the 

enzyme hexokinase to form glucose -6- phosphate. 

Glucose + ATP → Glucose -6- phosphate + ADP

2. Glucose-6-phosphate is isomerised into fructose-6-phosphate in the 

presence of phospho-hexose isomerase. 

Fructose + ATP → Fructose -6- phosphate + ADP

3. Fructose-6-phosphate reacts with one molecule of ATP in the presence 

of phospho-hexo kinase forming fructose 1, 6-disphosphate.

Fructose – 6- phosphate + ATP → Fructose -1,6- biphosphate + ADP

4. Fructose 1, 6 diphosphate is converted into two trioses, 3-phospho 

glyceraldehyde and dihydroxy acetone phosphate in the presence of 

aldolase.

Fructose -1,6- biphosphate → 3-phospho glyceraldehyde+ DHAP

5. 3-phosphoglyceraldehyde reacts with H3PO4 and forms 1,3-

diphosphoglyceraldehyde where, the reaction is non –enzymatic



6. 1, 3-Diphosphoglyceraldehyde is oxidized to form 1,3- diphosphoglycerate 
in the presence of triose-phosphate dehydrogenase and coenzyme NAD+ . 
The NAD+ acts as hydrogen acceptor and reduced to NADH+ + H+ in the 
reaction.

Glyceraldehde -3- phosphate + NAD + Pi → 1,3- diphosphoglycerate + NADH 

7. 1, 3-Diphosphoglycerate reacts with ADP in the presence of 
phosphoglyceric transphorylase (kinase) to form 3 phosphoglyceric acid and 
ATP

1,3- diphosphoglycerate + ADP → 3, Phosphoglycerate + ATP

8. 3, Phosphoglycerate → 2, Phosphoglycerate acid is isomerized into 2 
phosphoglyceric acid in the presence of the enzyme, phospho glycero mutase 

3, Phosphoglycerate → 2, Phosphoglycerate 

9. 2 phosphoglyceric acid is converted into 2-phosphoenolpyruvic acid in the 
presence of enolase.

2, Phosphoglycerate → Phosphoenol pyruvate + H2O 

10. 2 phospho enol pyruvic acid reacts with ADP to form one molecule each 
of pyruvic acid and ATP in the presence of pyruvate kinase. 

Phosphoenol pyruvate + ADP → Pyruvate + ATP



❑ SUMMARY-

 The overall glycolytic process can be summarized as follows 

C6H12O6 + 2ATP + 2NAD + 4ADP+2H3PO4 

↓

2 CH3COCOOH + 2ADP + 2NADH2 + 4 ATP 

Pyruvic acid 

 Thus there is a gain of 4-2 = 2 ATP molecules per hexose sugar 

molecule oxidized during this process. 

 Besides this, 2 molecules of reduced coenzyme NADH2 are also 

produced per molecule of hexose sugar in glycolysis. 



❑ KREBS’ CYCLE / CITRIC ACID CYCLE 

/TCA CYCLE

 The pyruvic acid produced in glycolysis enters into Krebs’ cycle for further 

oxidation.

 Krebs’ cycle is also known as citric acid cycle or Tri carboxylic acid (TCA) 

cycle. 

 This aerobic process takes place in mitochondria where necessary enzymes 

are present in matrix



 Pyruvic acid reacts with CoA and NAD and is oxidatively decarboxylated. One 

molecule of CO2 is released and NAD is reduced. Pyruvic acid is converted into 

acetyl CoA.         

Pyruvic acid + CoA + NAD                 Acetyl – COA + CO2 + NADH2

Pyruvate dehydrogenase

POINT TO BE NOTED-

1. Two conditions are possible-

❖ When Oxygen and Mitochondria are absent- In such cases , Anaerobic Respiration 

occurs and Pyruvic Acid is converted into Lactic Acid.

❖ When Oxygen and Mitochondria are present- In such cases , Aerobic Respiration 

occurs. Pyruvic Acid enters into the peri-mitochondrial space and is converted 

into acetyl CoA.

2. In peri-mitochondrial space, five co-factors are present Mg+, Lipoic acid, TPP,       

NAD and CoA.





1.Acetyl-CoA condenses with oxaloacetic acid in the presence of 
condensing enzyme and water molecule to form citric acid. CoA becomes 
free.

Condensing enzyme 

Acetyl CoA + Oxaloacetic acid                        Citric acid + CoA + H2O

2. Citric acid is dehydrated in the presence of aconitase to form cis –
aconitic acid

Aconitase

Citric acid                         Cis – Aconitic acid - H2O

3.Cis-aconitic acid reacts with one molecule of water to form Iso citric 
acid 

Cis-aconitic acid + H2O             Iso citric acid

4. Iso-citric acid is oxidized to oxalo-succinic acid in the presence of Iso 
citric dehydrogenase. NADP is reduced to NADPH2 in the reaction. 

Iso citric acid + NADP             Oxalo-succinic acid + NADPH2

IC dehydrogenase



5.Oxalo succinic acid is decarboxylated in the presence of oxalo-succinic 

decarboxylase to form α - ketoglutaric acid and a second molecule of CO2 is 

released.

Oxalo-succinic

Oxalo-succinic acid                              α-ketoglutaric acid + CO2 Decarboxylase 

6.α - ketoglutaric acid reacts with CoA and NAD in the presence of α -

ketoglutaric acid dehydrogenase complex and is oxidatively decarboxylated to 

form succinyl CoA and a third mole of CO2 is released. NAD is reduced in the 

reaction. 

α-keto glutaric acid + CoA                    Succinyl-CoA + CO2 + NADH2

NAD        NADH2

7.Succinyl CoA reacts with water molecule to form succinic acid. CoA becomes 

free and one molecule of GDP (Guanosine diphosphate) is phosphorylated in 

presence of inorganic phosphate to form one molecule of GTP.

H2O Succinyl-CoA + GDP + ip Succinic acid + GTP



8.Succinic acid is oxidized to fumaric acid in the presence of succinic 

dehydrogenase and co enzyme FAD is reduced in this reaction.

Succinic acid dehydrogenase 

Succinic acid + FAD                      Fumaric acid + FADH2

9. One mole of H2O is added to Fumaric acid in the presence of fumarase to form 

malic acid

Fumarase

Fumaric acid + H2O                          Malic acid

10. In the last step, malic acid is oxidized to oxaloacetic acid in the presence of 

malic dehydrogenase and one molecule of coenzyme i.e. NAD is reduced. 

Malic dehydrogenase 

Malic acid + NAD                             Oxaloacetic acid + NADH2



❑ ATP FORMED-

1. GLYCOLYSIS : 2 ATP and  2 NADH2 = 6  ATP

TOTAL= (2+6)ATP = 8 ATP

2. LINKED REACTION : 2 NADH2 = 6 ATP

TOTAL= 6 ATP

3.KREB CYCLE : 3 NADH2 = 9 ATP , 1 FADH2 = 2 ATP  and 1 ATP

TOTAL=12*2=24 ATP

THUS, TOTAL ATP FORMED FROM 1 MOLECULE OF GLUCOSE = (8+6+24) ATP

=38 ATP



❑ ELECTRON TRANSPORT SYSTEM (TERMINAL 

OXIDATION OF THE REDUCED COENZYMES/OXIDATIVE 

PHOSPHORYLATION)

 There are two pathways in cellular respiration—glycolysis and the 

citric acid cycle—that generate ATP. However, most of the ATP 

generated during the aerobic catabolism of glucose is not generated 

directly from these pathways. Rather, it is derived from a process that 

begins with moving electrons through a series of electron transporters 

that undergo redox reactions: the electron transport chain.

 The last step in aerobic respiration is the oxidation of reduced 

coenzymes produced in glycolysis and Krebs’ cycle by molecular 

oxygen through FAD, UQ (ubiquinone), cytochrome b, cytochrome c, 

cytochrome a and cytochrome a3 (cytochrome oxidase)

 This causes hydrogen ions to accumulate within the matrix space. 

Therefore, a concentration gradient forms in which hydrogen ions 

diffuse out of the matrix space by passing through ATP synthase. The 

current of hydrogen ions powers the catalytic action of ATP synthase, 

which phosphorylates ADP, producing ATP.





 oxidation of one molecule of reduced NADH2 or NADPH2 will result in 

the formation of 3 ATP molecules while the oxidation of FADH2 lead to 

the synthesis of 2 ATP molecules.

 Since huge amount of energy is generated in mitochondria in the form 

of ATP molecules, they are called as Power Houses of the cell

 ATP molecules contain energy in terminal pyrophosphate bonds. When 

these energy rich bonds break, energy is released and utilized in 

driving various other metabolic processes of the cell.





FAT METABOLISM 

 

Fats and oils belong to the general class lipids, a structurally diverse group of hydrophobic 

compounds that are soluble in organic solvents and highly insoluble in water. Lipids represent a 

more reduced form of carbon than carbohydrates, so the complete oxidation of 1 g of fat or oil 

(which contains about 40 kJ, or 9.3 kcal, of energy ) can produce considerably more ATP than the 

oxidation of 1 g of starch (about 15.9 kJ, or 3.8 kcal). 

Fatty acids are carboxylic acids of highly reduced hydrocarbon chains. The typical fatty 

acids found in the embranes of plants contain 16 or 18 carbons and are listed in following table 

given below, along with some unusual fatty acids that typically accumulate only in the storage 

triacylglycerols of seeds. Some. A major fraction of the fatty acids in plants are the polyunsaturated 

fatty acids linoleic acid (18:2Δ9,12) and α‐linolenic acid (18:3Δ9,12,15). Only a few plants 

accumulate fatty acids with double bonds closer to the carboxyl group than the Δ9 position. In 

addition to the C16 and C18 common fatty acids, some plants also produce fatty acids of 8–32 

carbons in length that usually accumulate in storage lipids or epicuticular wax.  

Fats and oils exist mainly in the form of triacylglycerols (acyl refers to the fatty acid 

portion), or triglycerides, in which fatty acid molecules are linked by ester bonds to the three 

hydroxyl groups of glycerol (see Figure 1). The fatty acids in plants are usually straight-chain 

carboxylic acids having an even number of carbon atoms. The carbon chains can be as short as 12 

units and as long as 20, but more commonly they are 16 or 18 carbons long. Oils are liquid at room 

temperature, primarily because of the presence of unsaturated bonds in their component fatty acids; 

fats, which have a higher proportion of saturated fatty acids, are solid at room temperature.  

  
FIGURE 1. Structural features of triacylglycerols and polar glycerolipids in higher plants. The carbon chain lengths 

of the fatty acids, which always have an even number of carbons, range from 12 to 20 but are typically 16 or 18. 

Thus, the value of n is usually 14 or 16. 

 



 

 

 

 

 

 

 

 

 

 



Fatty Acid Biosynthesis  

 

Fatty acid biosynthesis involves the cyclic condensation of two-carbon units in which acetyl-

CoA is the precursor. In plants, fatty acids are synthesized exclusively in the plastids; in animals, 

fatty acids are synthesized primarily in the cytosol. The enzymes of the pathway are thought to be 

held together in a complex that is collectively referred to as fatty acid synthase. The complex 

probably allows the series of reactions to occur more efficiently than it would if the enzymes were 

physically separated from each other. In addition, the growing acyl chains are covalently bound to 

a low-molecular-weight, acidic protein called acyl carrier protein (ACP). When conjugated to 

the acyl carrier protein, the fatty acid chain is referred to as acyl-ACP.  

• The first committed step in the pathway (i.e., the first step unique to the synthesis of fatty 

acids) is the synthesis of malonyl-CoA from acetyl-CoA and CO2 by the enzyme acetyl-

CoA carboxylase (Figure 2) 

• The malonyl-CoA then reacts with ACP to yield malonyl-ACP:   

1. In the first cycle of fatty acid synthesis, the acetate group from acetyl-CoA is 

transferred to a specific cys-teine  of condensing enzyme (3-ketoacyl-ACP synthase) 

and then combined with malonyl-ACP to form acetoacetyl- ACP. 

2. Next the keto group at carbon 3 is removed (reduced)  by the action of three enzymes 

to form a new acyl chain(butyryl-ACP), which is now four carbons long  

3. The four-carbon acid and another molecule of malonyl- ACP then become the new   

 substrates for condensing enzyme, resulting in the addition of another two-carbon unit 

to the growing chain, and the cycle continues until 16 or 18 carbons have been added. 

4. Some 16:0-ACP is released from the fatty acid synthase machinery, but most  

molecules that are elongated to 18:0-ACP are efficiently converted to 18:1- ACP by a 

desaturase enzyme. The repetition of this sequence of events makes 16:0-ACP and 

18:1-ACP the major products of fatty acid synthesis in plastids   

 

Fatty acids may undergo further modification after they are linked with glycerol to form 

glycerolipids. Additional double bonds are placed in the 16:0 and 18:1 fatty acids by a series of 

desaturase isozymes. Desaturase isozymes are integral membrane proteins found in the chloroplast 

and the endoplasmic reticulum (ER). Each desaturase inserts a double bond at a specific position 



in the fatty acid chain, and the enzymes act sequentially to produce the final 18:3 and 16:3 

products. 

 

Figure 2. Fatty acid synthesis  

 

  

 



Conversion of Storage Lipids into Carbohydrates in Germinating Seeds 

After germinating, oil-containing seeds metabolize stored triacylglycerols by converting 

lipids to sucrose. Plants are not able to transport fats from the endosperm to the root and shoot 

tissues of the germinating seedling, so they must convert stored lipids to a more mobile form of 

carbon, generally sucrose. This process involves several steps that are located in different cellular 

compartments: oleosomes, glyoxysomes, mitochondria, and cytosol.  The conversion of lipids to 

sucrose in oilseeds is triggered by germination and begins with the hydrolysis of triacylglycerols 

stored in the oil bodies to free fatty acids, followed by oxidation of the fatty acids to produce 

acetyl-CoA (Figure 3). The fatty acids are oxidized in a type of peroxisome called a glyoxysome,  

an organelle enclosed by a single bilayer membrane that is found in the oil-rich storage tissues of 

seeds. Acetyl-CoA is metabolized in the glyoxysome  to produce succinate, which is transported 

from the glyoxysome to the mitochondrion, where it is converted 

first to oxaloacetate and then to malate. The process ends in the cytosol with the conversion of 

malate to glucose via gluconeogenesis, and then to sucrose. 

 

 The initial step in the conversion of lipids to carbohydrate is the breakdown of triglycerides 

stored in the oil bodies by the enzyme lipase, which, at least in castor bean endosperm, is located 

on the half-membrane that serves as the outer boundary of the oil body. The lipase hydrolyzes 

triacylglycerols to three molecules of fatty acid and glycerol.  

 

Beta Oxidation of fatty acids. After hydrolysis of the triacylglycerols, the resulting fatty acids 

enter the glyoxysome,  where they are activated by conversion to fatty-acyl-CoA by the enzyme 

fatty-acyl-CoA synthase. Fatty-acyl-CoA is the initial substrate for the beta-oxidation series of 

reactions,  in which Cn fatty acids (fatty acids composed of n number of carbons) are sequentially 

broken down to n/2 molecules of acetyl-CoA.  In mammalian tissues, the four enzymes associated 

with beta-oxidation are present in the mitochondrion; in plant seed storage tissues, they are 

localized exclusively in the glyoxysome. Interestingly, in plant vegetative tissues (e.g., mung bean 

hypocotyl and potato tuber), the beta-oxidation reactions are localized in a related organelle, the 

peroxisome . 

 

 



The glyoxylate cycle. The function of the glyoxylate cycle is to convert two molecules of acetyl-

CoA to succinate.  The acetyl-CoA produced by beta-oxidation is further metabolized in the 

glyoxysome through a series of reactions that make up the glyoxylate cycle (see Figure).  Initially, 

the acetyl-CoA reacts with oxaloacetate to give citrate,  which is then transferred to the cytoplasm 

for isomerization to isocitrate by aconitase. Isocitrate is reimported into the peroxisome and 

converted to malate by two reactions that are unique to the glyoxylate pathway. 

   1. First isocitrate (C6) is cleaved by the enzyme isocitrate lyase to give succinate (C4) and 

glyoxylate (C2). This succinate is exported to the motochondria.  

   2. Next malate synthase combines a second molecule of acetyl-CoA with glyoxylate to produce 

malate. Malate is then oxidized by malate dehydrogenase to oxaloacetate, which can combine with 

another acetyl-CoA to continue the cycle (see Figure). The glyoxylate produced keeps the cycle 

operating in the glyoxysome, but the succinate is exported to the mitochondria for 

furtherprocessing.  

 

 

 

 
 

 

 



 
 

 

 

Malate is transported into the cytosol and oxidized to oxaloacetate, which is converted to 

phosphoenolpyruvate by the enzyme PEP 

carboxykinase. The resulting PEP is then metabolized to produce sucrose via the gluconeogenic pathway.  

 

FIGURE 3. The conversion of fats to sugars during germination in oil-storing seeds.  

Carbon flow during fatty acid breakdown (beta oxidation) and gluconeogenesis. 

 



                                                      PLANT GROWTH REGULATORS 

 

Growth of the plant has for long been believed to be due to the minerals absorbed from 

the soil and the food materials synthesized by the plant. It is now however recognized that the 

growth of the plant is very much regulated by certain chemical substances known as growth 

regulators. These substances are formed in one tissue or organ of the plant and are then 

transported to other sites where they produce specific effects on growth and development. 

Philips (1971) defined growth hormones as a substance which is synthesized and is 

transported to other cells where in extremely small quantities influences development 

processes. 

The plants are known to produce 5 classes of hormones namely auxins, gibberellins, 

cytokinins, abscisic acid and ethylene. A plant tissue may contain more than one of these 

growth regulators at the same time.  

AUXINS: 

 

The idea of the existence of auxins in plants was for the first time conceived by Charles Darwin 

in 1881. He showed that coleoptile of canary grass could bend towards light when it is 

unilaterally illuminated. However the coleoptile failed to bend when its tip was covered with 

an opaque cap. Most of the knowledge about auxins comes from the work on oat (Avena sativa) 

coleoptile. Went (1926) demonstrated that coleoptile tips contain a substance capable of 

elongation of decapitated coleoptiles. He placed several freshly cut coleoptile tips on an agar 

block which was kept on a piece of inert material like glass. After several hours he cut the agar 

block into small cubes. He placed the agar cubes accentrically on decapitated coleoptile stumps 

for 2 hours in the dark. The effect of agar cube was similar to that of the tip as was shown by 

curvature of the coleoptiles( Avena coliaptile curvature test) 

The first higher plant from which auxin could be extracted was maize kernels. 

It was identified as Indole Acetic Acid (IAA) is the major auxin occurring in plants. 

 

The major sites of auxin production are the shoot tip, developing seeds and buds. The 

amount of auxin present in different parts of the plant varies greatly. The amount is highest in 

the stem tip and coleoptile tip and decreased gradually down words. 

Synthetic auxins: 

 

There are a number of synthetic chemicals which are similar to IAA in their biological 

activity. However they do not occur in any plant. The important synthetic auxins are IBA 

(Indole Buteric Acid), NAA (Naphthalene Acetic Acid), 2, 4-D (2, 4 Dichloro Phenoxy Acetic 

Acid) and 2,4,5-T (2,4,5-Trichloro Phenoxy Acetic Acid). 

  

TRANSPORT: 

 

Auxin moves towards morphological basal end in stem cuttings. The movement of 

auxin is polar and basipetal. In roots it is polar but acropetal. In xylem it moves along the 



transpiration stream. 

 PHYSIOLOGICAL ROLE OF AUXINS: 

 

A. Cell division: 

 

Auxin has been found to be responsible for initiating and promoting cell division in 

certain tissues eg. Cambium. Whenever wound is caused in the plant a swelling called callus is 

developed because of the proliferation of the parenchyma cells stimulated by auxin. 

 

B. Root initiation: 

 

      Although elongation of the primary root is inhibited by auxin concentrations greater than 10–8 M, 

initiation of lateral (branch) roots and adventitious roots is stimulated by high auxin levels. Lateral roots 

are commonly found above the elongation and root hair zone and originate from small groups of cells in 

the pericycle. Auxin stimulates these pericycle cells to divide. The dividing cells gradually form into a 

root apex, and the lateral root grows through the root cortex and epidermis. 

C. Apical dominance: 

 

The presence of apical bud causes a complete or partial inhibition of lateral buds. This 

is due to the presence of higher concentration of auxin at the apical bud, which causes a 

preferential movement of nutrients towards it. 

D. Inhibition of abscission layer: 

 

Abscission is a process of dissolution of the middle lamella and primary walls of the 

cells at the base of the petiole, pedicle or peduncle. Abscission refers to detachment of plant 

organs. It is a balance between the inhibition of auxin and promotion of substances like ABA, 

Ethylene etc several auxins (2,4-D, IAA, NAA) inhibits the abscission of both leaves and fruits. 

E. Flower initiation. 

 

Application of auxin inhibits flowering in several photoperiodically sensitive plants 

such as xanthium, soybean and others. But the exception is pineapple (Ananas comosus) a day 

neutral plant. This plant can be made to bloom promptly with the application of NAA or 2,4-

D. However in this plant the effect of auxin is not direct but is mediated through ethylene 

formation. 

Application of auxin also alters the sex ratio of flowers. In monoecious cucurbits 

increase the number of female flowers but the decrease the number of male flowers. Similarly 

in dioecious plants like cannabis, the male plants start producing female flowers when auxin is 

applied.  

F. Production of parthenocarpic fruits: 

 

It is a general observation that in the absence of pollination and fertilization the ovary 

of the flower does not develop into the fruit, but the flower abscises and falls. However 

application of auxin causes development of ovary into the fruit in several plants such as tomato, 

brinjal and others. Such fruits are seedless as these have developed without the normal process 



of fertilization these are known as parthenocarpic fruits.  

G. Eradication of weeds: 

 

Plant roots are extremely sensitive to auxins. Very high concentration of auxins over 

stimulates growth promoting activities of root cells resulting in distorted roots with blocked 

sieve tubes. The roots ultimately decay and the plant is killed. 2,4- D and 2,4,5-T are effective 

weedicides at higher concentration of 1 to 3 percent . 2,4- D is selective weed killer. It is highly 

toxic to broad leaved plants or dicotyledons while relatively non toxic to narrow leaved plants 

or monocot. 

H. Growth in thickness: 

 

The stem of dicots and gymnosperms not increase in length but also in thickness. 

Increase in thickness of the stem and root is due to radial growth. The process is termed as 

secondary growth. 

I. Vascular differentiation: 

 

Not only the activation of cambial rings but also the differentiation of cambial 

derivatives into xylem and phloem is also under the control of hormones. Interaction of both 

auxin and GA is involved in this. 

J. Prevention of lodging: 

 

Naphthyl acetamide when applied on the base of oats and flax, they grow stiff, woody 

and erect. Thus lodging in these crop plants is prevented. 

****** 

GIBBERELLINS 

 

The discovery of Gibberellins was quite accidental. Japanese worker Kurosawa (1926) 

in Japan while conducting experiments on rice disease caused by Gibberella fujikuroi (causal 

organism for foolish seedling of rice or bakane disease) observed that the fungus caused 

excessive growth in rice. He applied the fungal extracts to intact healthy plants and observed 

enhanced growth. Later Yabuta and Sumuki (1938) named the active principle as gibberellin. 

Further it was purified, crystallized and named as gibberellic acid (Curtis and Cross 1954). 

Now gibberellins are designated as GA1, GA2 and so on. The common gibberellic acid is GA3. 

At present 112 types of gibberellins are known. 

 Occurrence and Site of synthesis: 

 

Gibberellins are synthesized in the young leaves (major site), shoot tip, root tip and the 

developing seeds. Acetyl co A is the precursor for the biosynthesis of gibberellins.  

Transport 

 

Transport of gibberellins is passive and non polar. Gibberellins move both in xylem and 

phloem and vice versa through vascular ray cells. 



 Mode of action: 

 

There are several hypotheses to explain the mechanism of GA in the plants. 

 

1. Increase in the endogenous auxin content: 

 

Whenever GA causes cell enlargement, the effect is not considered to be direct. The 

effect is indirectly mediated through formation of auxin, in turns is held responsible for the cell 

elongation. Gibberellin has been shown to cause synthesis of amylase in barley aleurone 

cells. This enzyme converts starch to reducing sugars resulting in an increase of osmotic 

pressure, causing entry of water into the cells and cell enlargement. 

PHYSIOLOGICAL EFFECTS: 

 

A. Stimulation of stem growth: 

 

The most important effect of GA is the stem elongation when GA is applied the stem 

elongates markedly. As a result such plants grow taller. GA caused stem elongation has the 

following characteristic features (1) enhanced stem growth is not due to increased formation of 

nodes and internodes but results from rapid elongation of internodes. Elongation of internodes 

is due to both cell division and cell elongation. Younger internodes respond better than older 

ones and plants grown in light respond better to GA than those grown in the dark.  

B. Bolting: 

 

Production of floral axis is called bolting. Bolting and flowering are induced normally 

after photo induction or vernalisation. Bolting however can be induced without vernalisation 

by the treatment of the plant with gibberellins. 

Many plants require a period of low temperature for flowering. Application of GA replaces the 

vernalization (0-50C) requirement for the flowering of carrot, beetroot, chicory and others. 

Vernalization or low temperature requirement is usually met with when the plants pass through 

natural winter. However this low temperature requirement can be completely overcome and 

plants can be made to flower in high temperatures by applying GA. 

C. Flowering in long day plants: 

 

Gibberellins promote flowering in long day plants under un favorable SD conditions. 

Ex: Niger. 

 

D. Parthenocarpic fruits: 

 

Gibberellins have been found to be more effective than auxins in causing 

parthenocarpic development of fruits in plants like tomatoes, apples, pears and stone fruits. 

Gibberellin application promotes panicle exertion. Generally 30% of the panicle is 

covered by leaf sheath. Application of GA + Brassinosteroids is practically used in commercial 

seed production of Rice. 

E. Breaking of dormancy: 

 

Gibberellins are effective in breaking the dormancy in potato tubers and in tree buds in 



winter. 

In potato the tubers remain dormant for weeks after harvest. However when GA is applied 

the buds sprout soon after the tubers are harvested. This will be useful to use the freshly 

harvested tuber for sowing. The seed material has to be dipped in 0.5 to 1.0 g of GA /lit of 

water. 

******* 

CYTOKININS 

 

Skoog and his coworkers discovered cytokinins when they were trying to identify a 

compound to initiate and sustain the proliferation of cultured tobacco pith tissue. Crystals of a 

cell division inducing substance was later isolated for the first time by Miller, from an 

autoclaved herring sperm DNA in 1951 and named it as Kinetin. The liquid endosperm of 

coconut (coconut milk) is also found to be rich in cell division causing factors. Letham (1963) 

extracted, purified and crystallized cytokinin from immature kernels of maize and named it as 

zeatin. 

 OCCURRENCE: 

 
Naturally occurring cytokinins are N6- substituted adenine derivatives. Usually Zeatin 

is the most abundant naturally occurring free cytokinin. There are also synthetic cytokinin 

compounds that have not been identified in plants, most notably of which are the diphenyl 

urea type cytokinins, such as thidiazuron, which is used commercially as a defoliant and an 

herbicide. 

Cytokinins, occur freely and also as a component of RNA of plants, microorganisms 

and animals. In higher plants root tips, shoot tips, developing fruits, xylem sap and germinating 

seeds are rich sources of cytokinins. Root tips synthesize cytokinins and transport them through 

the xylem to all parts of the plants. This might explain their accumulation in young leaves, 

fruits and seeds in to which xylem transport occurs. 

TRANSPORT: 
 

When cytokinin is applied to leaves and stems, the hormone does not move and the 

effect is localized. Cytokinin is carried passively along the transpiration stream in xylem from 

root. It moves in phloem in a basipetal polar direction in very small quantities. 

MODE OF ACTION: 
 

Cytokinin is a structural component of transfer RNA molecule. They may help in 

binding of mRNA with tRNA - amino acid complex during protein synthesis. Cytokinins 

increase the synthesis of nucleic acid by increasing the enzyme t RNA synthatase and decrease 

the degradation by reducing the activity of ribonuclease. Cytokinin increases the incorporation 

of phosphorous in to nucleic acids and adenine into RNA. 

 PHYSIOLOGICAL ROLE: 
 



Cell division 

Cytokinins are known to be regulators of cell division in mature cells. The most 

important effect of cytokinins is stimulation of cell division in excised tissues. The number of 

cell divisions increases proportionally to the concentration of added cytokinin when auxin is 

not limiting. Cytokinins alone does not promote cell division. When both auxin and cytokinins 

are added together, cells divide rapidly and the callus tissue grows. 

 
Root and bud differentiation  

Cytokinins in interaction with auxins control morphogenesis. The cells of tobacco pith 

do not either grow or differentiate when only auxin or only cytokinin is added to the medium. 

However when the medium contains both auxin and kinetin in the ratio of 10:1 pith cells grow 

and forms a mass of unorganized cells (callus). 

If the ratio of auxin to cytokinin is more in the medium, a number of roots are initiated 

from the callus. If the ratio is less (which means more cytokinins than Auxins) a number of 

shoot buds are initiated. 

Anti Senescence hormone (Richmond - Lang effect) 

 
Cytokinins delay senescence. Generally, protein and chlorophyll content of the leaf 

decreases with the increase in age. Thus, when leaf becomes old, it turns in to yellow, become 

senescent and finally shed of. Senescence of leaves can be delayed by application of kinetin. 

Cytokinins delay senescence by increased synthesis of proteins. The delay of senescence of 

leaves and other organs of the plants by cytokinins is called as Richmond - Lang effect. 

Promotion of lateral bud growth 

 
Application of cytotinins reduces apical dominance. The action of cytokinin is 

antagonistic to that of auxin in apical dominance. The lateral buds of intact plants which 

otherwise remain arrested; can be made to grow by applying kinetin. It may be due to the 

differentiation of vascular tissue in the presence of cytokinins. 

The pathogen Corynebactrerium facians causes a disease called Witches broom in 

many plants. This symptom is characterized by loss of apical dominance and emergence of 

numerous lateral branches which give the appearance of a broom. This effect is due to the 

secretion of cytokinin namely isopentenyl adenine by the pathogen. 

Breaking of dormancy 

 
Cytokinins can replace the red light (660 nm) requirement in seed germination of lettuce 

and tobacco. Lettuce seeds require the presence of red light for germination in addition to 

moisture, air and suitable temperature. However the seeds can be made to germinate in the dark 

by applying Kinetin. Thus, Kinetin replaces the red light requirement for germination. 

Cell enlargement 

 
Cortical cells of tobacco root were observed to enlarge four times of their normal size 



in the presence of kinetin. 

******* 



 

 



 



19. GROWTH ANALYSIS  
Growth analysis can be used to account for growth in terms that have functional or 

structural significance. The type of growth analysis requires measurement of plant biomass 

and assimilatory area (leaf area) and methods of computing certain parameters that describe 

growth. The growth parameters that are commonly used in agricultural research and the name 

of the scientists who proposed the parameters are given below. 

 LAI - Williams (1946) 

 LAR     -          Radford (1967)  

            LAD - Power et al. (1967) 

 SLA - Kvet et al. (1971) 

 SLW - Pearce et al. (1968) 

 NAR - Williams (1946) 

 CGR - Watson (1956) 

 RGR - Williams (1946) 

 HI -  Nichiporovich (1951) 

i. Leaf Area  

            This is the area of photosynthetic surface produced by the individual plant over a 

period of interval of time and expressed in cm2 plant-1. 

ii. Leaf Area Index (LAI) 

           Williams (1946) proposed the term, Leaf Area Index (LAI). It is the ratio of the leaf 

of the crop to the ground area over a period of interval of time. The value of LAI should be 

optimum at the maximum ground cover area at which crop canopy receives maximum solar 

radiation and hence, the TDMA will be high. 

      Total leaf area of a plant 

                    LAI =  

                                    Ground area occupied by the plant 

 iii. Leaf Area Ratio (LAR) 

 The term, Leaf Area Ratio (LAR) was suggested by Radford (1967), expresses the 

ratio between the area of leaf lamina to the total plant biomass or the LAR reflects the 



leafiness of a plant or amount of leaf area formed per unit of biomass and expressed in cm-2 

g-1 of plant dry weight. 

   Leaf area per plant                                

LAR =       

                         Plant dry weight  

 

iv. Leaf Weight Ratio (LWR)   

            It was coined by (Kvet et al., 1971) Leaf weight ratio is expressed as the dry weight 

of leaves to whole plant dry weight and is expressed in g g –1
. 

                        Leaf dry weight                                

LWR =     

                     Plant dry weight  

v. Leaf Area Duration (LAD) 

                    To correlate dry matter yield with LAI, Power et al. (1967) integrated the LAI 

with time and called as Leaf Area Duration. LAD takes into account, both the duration and 

extent of photosynthetic tissue of the crop canopy. The LAD is expressed in days. 

L1 + L2  

                     LAD =    X     (t2 – t1) 

         2                          

             L1   = LAI at the first stage 

                       L2   = LAI at the second stage, (t 2 - t 1) = Time interval in days 

                     

vi. Specific Leaf Area (SLA) 

 Specific leaf area is a measure of the leaf area of the plant to leaf dry weight and 

expressed in cm2g-1 as proposed by Kvet et al. (1971). 

         Leaf area 

                       SLA = 

                                         Leaf weight 

 



 Hence, if the SLA is high, the photosynthesizing surface will be high. However no 

relationship with yield could be expected. 

vii. Specific Leaf Weight (SLW) 

 It is a measure of leaf weight per unit leaf area. Hence, it is a ratio expressed as    g 

cm-2 and the term was suggested by Pearce et al. (1968). More SLW/unit leaf area indicates 

more biomass and a positive relationship with yield can be expected.  

                                         Leaf weight 

                       SLW = 

                                          Leaf area 

viii. Absolute Growth Rate (AGR) 

 AGR is the function of amount of growing material present and is influenced by the 

environment.  It gives Absolute values of biomass between two intervals. It is mainly used 

for a single plant or single plant organ e.g. Leaf growth, plant weight etc. 

      h2 – h1  

AGR =   cm day-1 

                  t2 – t1 

Where, h1 and h2 are the plant height at t1 and t2 times respectively. 

ix. Net Assimilation Rate (NAR) 

 The term, NAR was used by Williams (1946). NAR is defined as dry matter 

increment per unit leaf area or per unit leaf dry weight per unit of time.  The NAR is a 

measure of the average photosynthetic efficiency of leaves in a crop community.     

 

          (W2 –W1)              (loge  L2  - loge  L1) 

NAR =                       x 

                            (t2 – t1)                   (L2  -  L1) 

 

Where, W1and W2 is dry weight of whole plant at time t1 and t2 respectively 

                    L1 and L2 are leaf weights or leaf area at t1 and t2 respectively 

                    t1 – t2 are time interval in days 



NAR is expressed as the grams of dry weight increase per unit dry weight or area per   unit 

time (g g -1day-1) 

x. Relative Growth Rate (RGR) 

 The term was coined by Williams (1946). Relative Growth Rate (RGR) expresses the 

total plant dry weight increase in a time interval in relation to the initial weight or Dry matter 

increment per unit biomass per unit time or grams of dry weight increase per gram of dry 

weight and expressed as unit dry weight / unit dry weight / unit time (g g -1day-1) 

 

    loge W2 – loge W1 

RGR = 

                                             t2 – t1  

Where, W1 and W2 are whole plant dry weight at t1 and t2 respectively 

             t1 and t2 are time interval in days 

 

xi. Crop Growth Rate (CGR) 

           The method was suggested by Watson (1956). The CGR explains the dry matter 

accumulated per unit land area per unit time (g m-2 day-1) 

 

    (W2 –W1)  

CGR = 

                           ρ (t2 – t1) 

Where, W1 and W2 are whole plant dry weight at time t1 – t2 respectively 

           ρ is the ground area on which W1  and W2  are recorded. 

           CGR of a species are usually closely related to interception of solar radiation 

xii. Total dry matter production (TDMP) and its distribution 

 The TDMP is the biomass accumulated by the whole plant over a period of interval of 

time and its distribution (allocation) to different parts of the plant such as roots, stems, leaves 

and the economic parts which controls the sink potential. 

xiii. Translocation percentage (TP) 



 The term translocation percentage indicates the quantum of photosynthates 

translocated from source (straw) to the grain (panicle/grains) from flowering to harvest. 

         

 Straw weight at flowering – straw weight at harvest 

TP =     

            Panicle weight at flowering – panicle weight at harvest 

 

xiv. Light extinction coefficient 

It is the ratio of light intercepted by crop between the top and bottom of crop canopy 

to the LAI. 

loge  I / Io  

K= 

                                                 LAI 

Where, Io and I are the light intensity at top and bottom of a population with LAI 

xv. Light Transmission Ratio (LTR) 

 It is expressed as the ratio of quantum of light intercepted by crop canopy at top to the 

bottom. Light intensity is expressed in K lux or W m-2 

 

             LTR = I / Io 

Where, I : light intercepted at the bottom of the crop canopy 

            Io: light intercepted at the top of the crop canopy 

 

xvi. Dry Matter Efficiency (DME)                                                                                    

It is defined as the percent of dry matter accumulated in the grain from the total dry 

matter produced over the crop growth period. 

 

     Grain yield   100  

DME =      x 

                       TDMP              Duration of crop 

xvii. Unit area efficiency (UAE) 



It is expressed as the quantum of grain yield produced over a unit land area for a 

specified crop growth period.  

  Grain yield         1  

UAE =    x 

                          Land area            Duration of crop 

xviii)  Harvest Index  

 The harvest index is expressed as the percent ratio between the economic yield and 

total biological yield and was suggested by Nichiporovich (1951).  

    Economic yield  

HI =            x 100 

                        Total biological yield 


