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Lecture-1

(A)Introduction to crop physiology 

&

(B) Importance in Agriculture



Plant Physiology:
It is study of internal processes and their functional

aspects such as photosynthesis, respiration, transpiration,
translocation, nutrient uptake, plant growth regulation
through hormones and other biological processes.
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(A) Introduction to crop physiology 



Crop:

It is group of plants grown as a community in a

specific locality and, for a specific purpose.

Crop physiology:

It is a study in which plant physiological

processes are integrated to cause whole plant

responses in communities.



BRIEF HISTORY OF CROP PHYSIOLOGY:

1627 - Sir Francis Bacon published one of the first plant physiology

experiments in the book, Sylva Sylvarum.

1648 - Jan Baptist & Van Helmont published what is considered the

first “quantitative experiment in plant physiology.”

1699 - John Woodward published “experiments on growth of

spearmint in different sources of water”.

1771 - Joseph Priestly: Plants could generate oxygen in the

atmosphere.

1779 - Ingenhouz: Studies the role of light in photosynthesis.

1727 - Stephen Hales is considered the Father of Plant Physiology for

the many experiments in the field of Plant Physiology.

1865 - Julius von Sachs published “Experimentelle

Pflanzenphysiologi” which unified the spieces of plant

physiology and put them together as a discipline. His

“Lehrbuch der Botanik” was the plant physiology bible of its

time.



 He calculated influx of
water into the plant with
the amount of water
leaving the plant by
transpiration through the
leaves.

 He also measured 'the
force of the sap' or root
pressure.

 Hales commented that
"plants very probably draw
through their leaves some
part of their nourishment
from the air".

STEPHEN HALES
He studied transpiration: The loss of water from the leaves of plants.
He estimated the surface area of the leaves of the plant and the length

and surface area of the roots.

http://en.wikipedia.org/wiki/Root_pressure
http://en.wikipedia.org/wiki/Transpiration


1915 - W. L. Balls: Stated dynamics of yield development in crops.

1947 - D. J. Watson: The concept of LAI (leaf area index) was

developed .

1950 - D. J. Watson: Development of Infra Red Gas Analysis

(IRGA) method for estimation of photosynthesis and

respiration by crops in the field.

1953 - Monsi and Saeki: He explained light interception by the

crop canopy (Concept of light interception coefficient)

1963 - Hesketh and Moss: Research on photosynthetic CO2

fixation path ways like C4 and CAM mechanisms.



(B) IMPORTANCE OF CROP PHYSIOLOGY IN 

AGRICULTURE AND HORTICULTURE:

1. It provide understanding about seed germination, seeding

growth, crop establishment, vegetative development,

flowering, fruit and seed setting and crop maturity.

2. It provides knowledge of seed physiology that helps in

understanding of physiological and morphological changes

occur during germination.

3. It helps in predicts higher yield in crops is high total dry

matter production per unit area (CGR).

4. It gives the estimates of photosynthetes used in respiration

process and photosynthetes synthesized during

photosynthesis.

5. The knowledge of nutrio-physiology has helped in

identification of essential nutrients, ion uptake mechanisms,

their deficiency symptoms and corrective measures.



6. Photoperiodism

7. It helps to know requirement of concentration of

hormone application.

8. Physiological approaches helps in calculating water use

efficiency (WUE).

9. Knowing physiological changes, helps in reduction in

post harvest losses of agriculture and horticulture crops.

10. Useful in understanding the various aspects of

metabolism, growth and development.

IMPORTANCE OF CROP PHYSIOLOGY IN 

AGRICULTURE AND HORTICULTURE:



Lecture-2

(A) Introduction to Plant Cell

(B) Cell Theory & 

(C) Cell wall



Plant cells are eukaryotic cells that differ in several key aspects from the cells of other eukaryotic organisms.
These distinctive features include the following:

A large central vacuole, a water-filled volume enclosed by a membrane known as the tonoplast that
maintains the cell's turgor, controls movement of molecules between the cytosol and sap, stores useful
material and digests waste proteins and organelles.
A cell wall composed of cellulose and hemicelluloses, pectin and in many cases lignin, is secreted by
the protoplast on the outside of the cell membrane. This contrasts with the cell walls of fungi, which are
made of chitin, and of bacteria, which are made of peptidoglycan. Cell walls perform many essential
functions: they provide shape to form the tissue and organs of the plant, and play an important role in
intercellular communication and plant-microbe interactions.
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.
Plastids, the most notable being the chloroplast, which contains chlorophyll, a green-colored pigment that
absorbs sunlight, and allows the plant to make its own food in the process known as photosynthesis.
Other types of plastids are the amyloplasts, specialized for starch storage, elaioplasts specialized
for fatstorage, and chromoplasts specialized for synthesis and storage of pigments. As in mitochondria,
which have a genome encoding 37 genes, plastids have their own genomes of about 100–120
unique genes and, it is presumed, arose as prokaryotic endosymbionts living in the cells of an
early eukaryotic ancestor of the land plants and algae. Cell division by construction of a phragmoplast as a
template for building a cell plate late in cytokinesis is characteristic of land plants and a few groups of
algae, notably the Charophytes and the Chlorophyte Order Trentepohliales.
The motile, free-swimming sperm of bryophytes and pteridophytes, cycads and Ginkgo are the only cells
of land plants to have flagella similar to those in animal cells, but the conifers and flowering plants do not
have motile sperm and lack both flagella and centrioles.

(A) Introduction to Plant Cell
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DIFFERENT TYPES OF CELLS:
Parenchyma cells:
They are living cells that have functions ranging from storage and support
to photosynthesis and phloem loading (transfer cells).
Apart from the xylem and phloem in their vascular bundles, leaves are composed mainly of
parenchyma cells.
Some parenchyma cells, as in the epidermis, are specialized for light penetration and focusing
or regulation of gas exchange, but others are among the least specialized cells in plant tissue,
and may remain totipotent, capable of dividing to produce new populations of undifferentiated
cells, throughout their lives.
Parenchyma cells have thin, permeable primary walls enabling the transport of small molecules
between them, and their cytoplasm is responsible for a wide range of biochemical functions
such as nectar secretion, or the manufacture of secondary products that discourage herbivory.
Parenchyma cells that contain many chloroplasts and are concerned primarily with
photosynthesis are called chlorenchyma cells. Others, such as the majority of the parenchyma
cells in potato tubers and the seedcotyledons of legumes, have a storage function.

Collenchyma cells:
collenchyma cells are alive at maturity and have only a primary wall.
These cells mature from meristem derivatives that initially resemble parenchyma, but
differences quickly become apparent.
Plastids do not develop, and the secretary apparatus (ER and Golgi) proliferates to secrete
additional primary wall. The wall is most commonly thickest at the corners, where three or
more cells come in contact, and thinnest where only two cells come in contact, though other
arrangements of the wall thickening are possible.
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Sclerenchyma cells:

Sclerenchyma cells (from the Greek skleros, hard) are hard and tough cells with a function
in mechanical support. They are of two broad types – sclereids or stone cells and fibres.
The cells develop an extensive secondary cell wall that is laid down on the inside of
the primary cell wall.
The secondary wall is impregnated with lignin, making it hard and impermeable to water.
Thus, these cells cannot survive for long' as they cannot exchange sufficient material to
maintain active metabolism.
Sclerenchyma cells are typically dead at functional maturity, and the cytoplasm is missing,
leaving an empty central cavity.

Functions for sclereid cells:

Hard cells that give leaves or fruits a gritty texture include discouraging herbivory, by
damaging digestive passages in small insect larval stages, and physical protection (a solid
tissue of hard sclereid cells form the pit wall in a peach and many other fruits).

https://en.wikipedia.org/wiki/Ground_tissue
https://en.wikipedia.org/wiki/Sclereid
https://en.wikipedia.org/wiki/Fibre
https://en.wikipedia.org/wiki/Primary_cell_wall
https://en.wikipedia.org/wiki/Lignin


 In biology, cell theory is the historic scientific theory, now universally accepted, that living
organisms are made up of cells, that they are the basic structural/organizational unit of all
organisms, and that all cells come from pre-existing cells.

 Cells are the basic unit of structure in all organisms and also the basic unit of reproduction.
With continual improvements made to microscopes over time, magnification technology
advanced enough to discover cells in the 17th century.

 This discovery is largely attributed to Robert Hooke, and began the scientific study of cells,
also known as cell biology. Over a century later, many debates about cells began amongst
scientists. Most of these debates involved the nature of cellular regeneration, and the idea of
cells as a fundamental unit of life.

 Cell theory was eventually formulated in 1839. This is usually credited to Matthias
Schleiden and Theodor Schwann. However, many other scientists like Rudolf
Virchow contributed to the theory.

 It was an important step in the movement away from spontaneous generation.

Cell theory are as described below:

(i) All living organisms are composed of one or more cells.
(ii) All Cells arise from pre-existing cells.
(iii) All cells are basically alike in chemical composition and metabolic activities.
(iv) The cell is the basic unit of structure and organization in organisms.
(v) The function of an organisation as a whole is the outcome of the activities and interactions of
the constituent cells.

https://en.wikipedia.org/wiki/Biology
https://en.wikipedia.org/wiki/Scientific_theory
https://en.wikipedia.org/wiki/Cell_(biology)
https://en.wikipedia.org/wiki/Microscope
https://en.wikipedia.org/wiki/Robert_Hooke
https://en.wikipedia.org/wiki/Cell_biology
https://en.wikipedia.org/wiki/Matthias_Schleiden
https://en.wikipedia.org/wiki/Theodor_Schwann
https://en.wikipedia.org/wiki/Rudolf_Virchow
https://en.wikipedia.org/wiki/Spontaneous_generation






Lecture-3 & 4 

Protoplasm and Cell 

Membrane

Cell organelles and its 

functions





Sr. No. Details Animal Cell Plant Cell

1 Cell wall Absent Present (formed of cellulose)

2 Shape Round (irregular shape) Rectangular (fixed shape)

3
Vacuole

One or more small vacuoles 

(much smaller than plant cells).

One, large central vacuole taking 

up 90% of cell volume.

4
Centrioles Present Only present in lower plant forms.

5 Chloroplast

Absent Plant cells have chloroplasts 

because they make their own 

food.

6 Cytoplasm Present Present

7 Endoplasmic Reticulum 

(Smooth and Rough)

Present Present

8 Ribosomes Present Present

9 Mitochondria Present Present

10 Plastids Absent Present

11 Golgi Apparatus Present Present

12
Plasma Membrane Only cell membrane Cell wall and a cell membrane

13 Microtubules/ 

Microfilaments

Present Present

14
Flagella May be found in some cells Not found

15
Lysosomes Lysosomes occur in cytoplasm. Lysosomes usually not evident.

16 Nucleus Present Present

17 Cilia Present It is very rare





Sr. No. Details Eukaryotic Cell Prokaryotic Cell (Bacteria) 

1 Nucleus Present Absent

2 Number of 

chromosomes

More than one One--but not true chromosome: 

Plasmids

3 Cell Type Usually multicellular Usually unicellular (some 

cyanobacteria may be multicellular)

4 Membrane 

bound Nucleus

Present Absent

5 Example Human, Animals, Plants, 

Amoeba, Paramecium, 

Euglena etc.

Cyanobacteria, Staphylococcus aureus

E. coli, Lactobacillus and Salmonella

6 Genetic 

Recombination

Meiosis and fusion of 

gametes

Partial, undirectional transfers

DNA

7 Lysosomes and 

peroxisomes

Present Absent

8 Microtubules Present Absent or rare

9 Endoplasmic 

reticulum

Present Absent

10 Mitochondria Present Absent

11 Cytoskeleton Present May be absent



Sr. No. Details Eukaryotic Cell Prokaryotic Cell (Bacteria) 

12 DNA wrapping on 

proteins.

Eukaryotes wrap their DNA around 

proteins called histones.

Multiple proteins act together to fold 

and condense prokaryotic DNA. Folded 

DNA is supercoiled and wound around 

tetramers of the HU protein.

13 Ribosomes larger smaller

14 Vesicles Present Present

15 Golgi apparatus Present Absent

16 Chloroplasts Present (in plants) Absent; chlorophyll scattered in the 

cytoplasm

17 Flagella Microscopic in size; arranged as nine 

doublets surrounding two singlets

Submicroscopic in size, composed of 

only one fiber

18 Permeability of 

Nuclear 

Membrane

Selective not present

19 Plasma membrane 

with steroid

Yes Usually no

20 Cell wall Only in plant cells and fungi 

(chemically simpler)

Usually chemically complexed

21 Cell size 10-100um 1-10um



NUCLEUS CYTOPLASM

1. Nuclear 

membrane 

1. Plasma 

membrane 

6. Mitochondria 

2. Nucleoplasm 2. Endoplasmic 

reticulum

7. Plastids 

3. Chromatin 3. Ribosomes 8. Lysosomes 

4. Nucleolus 4. Golgi body 9. Microtubules

5. Vacuoles 



NUCLEUS
Functions :

(1) NUCLEAR MEMBRANE : 
 It protect the chromosomes from cytoplasmic effetcts
 It permits transport of electrons and exchange of 

materials between nucleus and cytoplasm 
 It give rise to some cell organelles 

(2) NUCLEOPLASM :
Functions :
 Its watery substances in higher nucleolus 
 It is also known as nucleoplasm or nuclear sap or 

Karyolymph
 It is shapeless and contain dissolved phosphorous ribose 

sugar proteins, nucleotides and had nucleic acid



(3) CHROMATIN OR NUCLEAR RETICULUM:
Functions :
1. Chromatin is the basic unit of chromosomes contain 

genes and thus play important role in the inheritance of 
the character from the parents to offspring. 

(4) NUCLEOLUS:

Functions : 
1. Formation of ribosome and synthesis of proteins 
2. It provide energy for all nuclear activities 



CYTOPLASM
(1) Plasma lemma or plasma membrane:
Functions
1. It regulates the passage in and out of the cell
2. It act as selective permeable membrane
3. It checks the entry of toxic elements from outside into cytoplasm
4. It permits passage of molecules like minerals into the cell and restrict

their outward movement

(2) Endoplasmic Reticulum (E. R.) :

Functions : (E.R.)
1. It is associated with the synthesis of proteins (rough E. R.), lipids and
phospholipids (Both E. R.)
2. Provide channels for the transportation of synthesized material to
various parts
3. Provide controlled passage for the export of m-RNA from nucleus to
rough E. R.
4. Several enzymes are embedded in the membrane eg. Glucose-6-
phosphate, ATPase etc.



(3) Ribosomes :

Functions : 
1. To carry out protein synthesis with the help of m-RNA

(4) Golgi complex : 
Functions : 
1. Packaging food materials such as proteins, lipids and 

phospholipids for transport to other cells 
2. It secrete many granules and lysosomes

(5) VACUOLES:
Functions : 
1. Storage and transmission of the materials and
maintenance of the internal pressure



(6) Mitochondria:
Functions : 
1. It involved in respiration, oxidation and metabolism of 

energy (Power house of the cell) 
2. They contain circular DNA and ribosomes, so they are 

capable of synthesis of certain proteins 
3. They contain DNA, so also contribute to heredity by the way 

of cytoplasmic inheritance 



(7) Plastid : 
They are the self replicating cytoplasmic organelles founds in plant cell 
They are absent in bacteria, cerain fungi and animals 

Mainly three types : Leucoplast, Chromoplast and Chloroplast
1. Leucoplast:

They are colourless and associated with storage of starch, protein and fats
2. Chromoplast: Coloured but other than green viz., Plucoxanthin and Phycocynin.
There functions are still not clear. They contain pigments of different colour –
Yellow, orange and red. The coluring matter is associated with Xanthophyll and
Carotene.
3. Cloroplast: They are green in colour due to chlorophyll pigment. They are acting
as the sites of photosynthesis. The ultra structure of chloroplast consist three parts
– Membrane, Stroma and Granna

Stroma : It consist the enzymes related to dark reaction of photosynthesis 
Granna : It is associated with electron transport and photophosphorilation



(8) Lysosomes : 

Functions :
1. It is responsible for digestion of intracellular substances

and foreign particles.
2. When cell dies lysosomes releases its enzymes, which 
digest the dead cell resulting in cleaning of debris. 

(9) Microtubules :

1. Complex structure made up of 13 individual protofilaments
arranged to form hallow cylinder 

2. Responsible for transportation of small molecules 



Lecture-5

(A) Diffusion Processes

(B) Osmosis Processes

(C) Cell as an osmotic system

(D) Importance of osmosis



(A) Diffusions:

 When sugar cube or piece is put inside a liquid, the sugar molecules are diffused through

the liquid, giving uniformly sweet taste.

 The fragrance from an opened bottle of perfume diffusing through of air.

 This mainly due to the kinetic properties of matter posses certain amount of energy.

Definition:
 In general “the movement of any particles/ molecules from a region of high concentration

to a region of lower concentration due to their own kinetic energy in order to equalize the
concentration of the two region” is called diffusion.

 Factors determined the rate of diffusion:

 Relative density, Temperature, Concentration Gradient and Concentration of medium

 Hydrogen diffuse 4-times faster than oxygen

 Rise in temp. increase diffusion
 Stepper (rising or falling sharply ) the conc. gradient increase diffusion

 High conc. Of medium reduce diffusion rate

 Diffusion pressure:

 The potential ability of a gas, liquid or solid to diffuse from an area of its greatest

concentration to an area of lower concentration that create pressure is called as diffusion

pressure. A gas filled in balloon has greater Diffusion pressure than the gas surrounds it.



OSMOSIS and DIFFUSION



Examples of Diffusions of different states of Matter:

FORMS EXAMPLES

Gas into gas Diffusion of Ammonia into air

Gas into Liquid Foam

Gas into Solid Precious stone

Liquid into Gas Clouds

Liquid into Liquid Alcohol in to water

Liquid into Solid KOH solution into Solidified Agar

Solid into Gas Smoke

Solid into Liquid KMnO4 crystal placed into water

Solid into Solid Copper into zinc  metals are kept 
press with one another.



Osmosis is a special type of diffusion, which involves the movement of water

through a differentially permeable membrane, from an area where it is in high

concentration to an area where it is in low concentration. Osmosis is similar to diffusion,

the only difference being, and the presence of a differentially permeable membrane.

Osmosis Process or Phenomenon:

It is the spontaneous net movement of solvent molecules through a selectively permeable

membrane into a region of higher solute concentration, in the direction that tends to

equalize the solute concentrations on the two sides. It may also be used to describe a

physical process in which any solvent moves across a selectively permeable membrane

(permeable to the solvent, but not the solute) separating two solutions of different

concentrations. Osmosis can be made to do work.

Osmotic pressure:

It is the pressure developed by the presence of solute particles in a system.

The osmotic pressure is directly proportional to the number of solute molecules in a

given amount of solvent.

Eg: 1 molar solution of an undissociated substance at 0C has a theoretical

osmotic pressure of 22.4 atm.

https://en.wikipedia.org/wiki/Solvent
https://en.wikipedia.org/wiki/Selectively_permeable_membrane
https://en.wikipedia.org/wiki/Solution


Turgor pressure /wall pressure :

The presence of cell wall and plasma membrane in plant cell

allows it to exist in a relatively wide range of osmotic concentration.

When plant cells are placed in pure water, they swells up to

small extent, but do not burst. Because of the high osmotic pressure of

the cell content, water will move into the cell resulting in the cell

membranes being pressed against the cell wall. Simultaneously the wall

also exerts an equal amount of pressure towards the inner side of the

cell. This pressure is called as Turgor pressure under this conditions the

plant cell is said to be turgid.



Osmosis Diffusion

In osmosis, movement of molecules
takes place through a semi-permeable
membrane.

In diffusion, there is no role of semi-
permeable membrane.

It involves movement of only solvent
molecules from one side to the other.

It involves passage of solvent as well
as solute molecules from one region
to the other.

In osmosis, diffusion of only solvent
molecules from lower concentration of
solution to higher concentration of
solution take place.

In diffusion, a net downward
movement of given substance from
higher conc. to lesser conc. is found.

Osmosis is limited to solutions only. Diffusion can take place in liquids,
gases and solutions.

Osmosis can be stopped or reversed by
applying additional pressure on the
solution side.

Diffusion can neither be stopped nor
reversed

Differences Between Osmosis and Diffusion



Osmosis is a of diffusion of liquids. When two solutions of different concentrations
are separated by a selectively permeable membrane, diffusion of water or solvent
molecules takes place from the solution of lower concentration to the solution of
higher concentration is called Osmosis



Hypotonic – The solution on one side of a membrane where the solute 

concentration is less than on the other side. 

Hypertonic – The solution on one side of a membrane where the solute 

concentration is greater than on the other side. 



Green & Turgid Grapes Shrunken & Dry Grapes 

(A). HYPERTONIC SOLUTION: Higher conc. of solvent  

(B). HYPOTONIC SOLUTION: Lower conc. of solvent 

Watery & Turgid Grapes 

Shrunken & Dry Grapes 

Grapes soaked in 
simple water



Osmosis is a of diffusion of liquid and solid. When two solutions of different
concentrations are separated by a selectively permeable membrane, diffusion of
water or solvent molecules takes place from the solution of lower concentration (5%)
to the solution of higher concentration (10%) is called Osmosis.



Osmosis
• Osmosis is the movement of WATER across a 

semi-permeable membrane

• At first the concentration of solute is very high on 
the left.

• But over time, the water moves across the semi-
permeable membrane and dilutes the particles. 



The cells are restrained from
swelling by inwardly exerted
cell wall pressure. The water
pressure exerted by the cell
contents against the cell wall is
called turgor pressure. Turgor
pressure is the actual pressure
exerted by the protoplast of
the turgid cell against the cell
wall, while osmotic pressure,
often used erroneously as a
synonym of turgor pressure, is
actually the maximum
pressure which can be
developed in the cell sap
solution separated from pure
water by a rigid membrane
which is permeable to only
water (Fig. 1.4).

A cell, the protoplasm of which exhibits turgor pressure, is said to be turgid or to
possess turgidity. Turgidity is responsible for the rigidity of most soft tissues of
plants, such as leaves and young stems, and is essential to their mechanical
support.

http://cdn.biologydiscussion.com/wp-content/uploads/2015/10/image128.png


Flaccid cellPlasmolysis

Turgor Pressure

Fully Turgid cell

Decreased Increased

DPD (SP) NIL-0

DPD Increased

O P & T P

equilibrium

Diagram showing relationship of OP, TP & DPD. 
As TP increased DPD (SP) decreased.



 The > DPD (Diffusion Pressure Deficit), there is a > suction

pressure, hence > (greater) amount of water is absorbed in the

cells, result in increase osmotic pressure.



 In cell during osmosis the increasing turgor pressure forces to

the cytoplasm out against cell wall, thereby cell wall pressure

is exerted to restore normalcy in cell size.

 Turgor pressure is equal & opposite to wall pressure in fully

turgid cell.

 DPD (SP, suction pressure) = OP – TP (WP, Wall Pressure)



 Endo-osmosis: Entrance of water stops.

 Exo-osmosis: Loosing of water from the cell



Molecules are always moving

Molecules move randomly and bump into 

each other and other barriers



Concentration gradient

Concentration Gradient - change in the concentration of a 
substance from one area to another.



Molecules in solution tend to slowly spread 

apart over time.  This is diffusion.

T1

T2 T3

Diffusion



Diffusion

• Movement of molecules from an area of high
concentration to an area of lower concentration.

• Factors that affect the rate of diffusion: size of
molecules, size of pores in membrane,
temperature, pressure, and concentration.



Diffusion

[High] [Low]

concentrated, high energy molecules

diffuse, low energy molecules



Diffusion will continue until equilibrium is reached.

This means there will be an equal distribution of

molecules throughout the space. This is why food

coloring moves throughout a beaker of water; why odors

smell strong at first and then disappear over time.

Equilibrium, a result of diffusion, shows the uniform distribution of

molecules of different substances over time as indicated in the

above diagram.



Which molecules will diffuse in 
each of the figures below?

1 2 3 4

5 6



ANSWERS

1 2 3 4

5 6

No Movement

No Movement



Osmosis – A Special kind of Diffusion

Diffusion of water across a selectively permeable membrane (a 

barrier that allows some substances to pass but not others).  

The cell membrane is such a barrier.

Small molecules pass through – ex: water

Large molecules can’t pass through – ex: proteins and 

complex carbohydrates



Over time molecules will move across the 

membrane until the concentration of 

solutes is equal on both sides.  This type of 

solution is called ISOTONIC.



1. Due to osmosis, plant cells maintain their water content despite the loss of water to the air 

that is constantly occurring.

2. It provides turgidity to the softer tissues which leads to mechanical support to the plant 

and give definite shape to young plant organs.

3. It controls the absorption of water by root hairs from the soil and equal distributiobn of 

water.

4. Diffusion pressure deficit is responsible for the movement of water across the cortical 

cells of the roots.

5. Cell to cell diffusion of water is also affected by osmosis.

6. Conduction of water from xylem elements to the neighboring cells is controlled by 

osmosis.

7. Growing tips of roots remain turgid because of osmosis and are, thus, able to penetrate 

into the soil.

8. Higher osmotic pressure of the cells provides resistance to the plants against drought and 

freezing injury.

9. It controls opening and closing of stomata during transpiration through its regulation of 

the turgidity of guard cells.

10. Movement of plants and plant parts (e.g., movement of leaflets of the sensitive plant 

Mimosa pudica) are controlled by cell turgor which is induced by osmosis.

11. It greatly influences the meristematic activity of the cells and hence growth of the plant is 

occurred.

12. Dehiscence of fruits and sporangia are also controlled by osmosis.



Lecture-6

(A) Imbibition

(B) Plasmolysis and 

(C) Water potential



 Imbibition: Q-1A (a) Seme. End Exam-June -2017
The Absorption of water by hydrophic colloidal particles without forming substances is called as
Imbibition.

 Imbibant: The substance which can imbibe or absorb a liquid without forming a solution is
called Imbibant.

 Imbibitional Pressure:
The imbibition of water is increase the volume of the imbibant due to which pressure is created
is known as Imbibitional Pressure.
Imbibitional pressure is the potential maximum pressure that an imbibant will develop if it is
submerge in water.

Different types of organic substances have different imbibing capacity such as

protein, starch, cellulose etc.

 Protein has high amount of imbibing capacity compare to starch and cellulose,

whereas starch has low imbibing capacity compare to protein.

 Cellulose has least imbibing capacity then protein and starch. That’s why

proteinaceous pea seeds swell more on imbibition than starchy wheat seeds.

 The amout of water imbibed by a substance is also determined by the degree of

cohesion of the molecules of the imbibing substances.

 Wood swell more than gelation because there is more of cohesive attraction

between wood molecules than gelation.

 The imbibition rate is affected by increase in temperature, presence of solute and

types of solution, pH of solution and permeability of seed coat.



Factors associated with imbibition:

 Increase in concentration of solute , decrease the imbibition rate.

 Some ions inhibits imbibition

 Imbibition also affected by acidity and alkalinity.

During imbibition energy is also release as a heat.

Imbibitional pressure helps in breaking soil profiles by germinating

seeds.

The relationship of DPD, IP and TP is as follow:

DPD= IP-TP



When plamolysed cell placed again in hypotonic

solution having less conc. Than cell sap, Water

from out side enters in protoplasm, Hence

endosmosis is occur, it comes back in original

position and stretches up with the cell wall. This

process is called deplasmolysis. Turgor

Pressure builds in the cell and causes osmosis

to stopbecause of the rigid cell wall.

When cell is placed in higher conc.

Solution, exoosmosis is occure and water

comes out from protoplasm, shrinks and

leave the cell wall, this is called

plasmolysis. Plants will wilt when cells

lose water through osmosis.

Hypotonic 

Solution
Hypertonic

Solution



Protoplast

Cell wall

Vacuole

Vacuole

Protoplast

STAGES IN PLASMOLYSIS: 



ELODEA CELLS
As viewed under the microscope





 Water is the most abundant constituent of all organisms including

plants. Virtually, all physiological and biochemical functions of all

plants cells and tissues take place due to water.

 The lower the water potential cell or tissue means this cell or tissue

has greater the ability to absorb water from the surrounding cells.

 The higher the water potential cell means this cell has the greater is

the ability to supply water to other surrounding cells and tissues

which having lower water potential. In other words, water loose from

the region of higher water potential to the region of lower water

potential.

 The movement of H2O stops when difference in water potential

between two regions is zero and at this stage, equilibrium is said to be

achieved.

 Water potential of pure liquid is set equal to zero. Thus water potential

of a cell or plant tissue or an aqueous solution is always less than

zero and has negative number. It is never in positive number like 1,1.5,

2.0 or more.



•DEFINITION: WATER POTENTIAL

Water potential is defined as the difference between

free energy of water molecules in pure water and energy of

water on any other system (e. g. water in solution or in a plant

cell). It is represented by greek letter psi(Ψ) and is measured in

bars/Mpa. (a pressure unit =14.5 lb/inch², 750 mm Hg or 0.987 atm)

•For the solution the Water potential is determined by three

internal factors.

•COMPONENT OF WATER POTENTIAL :-

1. Solute potential. (Ψs) = Osmotic potential (OP)

2. Pressure potential. (Ψp) = TP or WP

3. Matric potential. (Ψm)
Water potential in case of soil (Ψw) = Ψs + Ψp + Ψm

Water potential in case of plants = Ψs + Ψp

sIMILARLY, osmotic pressure is equivalent to osmotic potential

(ᴫ) but opposite in sign, i.e. ᴫ = -OP (ᴫ is characteried by negative

value as ᴫ for pure water is zero)



• Solute potential:-

The change in free energy of water molecules, produced by

the addition of solute is called as solute potential. It is also

known as Osmotic potential. It is always negative.

• Matric potential:-

A potential is exerted on the surface soil particles or on the

surface cell wall to which water molecules are absorbed is

called as matric potential.

• Pressure potential:-

Generation of pressure due to entry of water molecules in

system is called as pressure potential.



 Osmotic potential depends upon the concentration of solute in cell

sap. Higher the concentration, higher is the osmotic potential.

 The equation Ψw = Ψs + Ψp shows that higher the osmotic potential of

a cell sap, more negative is the water potential and greater the ability

to absorb water from the surrounding, when a plant cell is placed in

water, it will absorb water until the pressure potential attains the

maximum value and no further absorption of water is possible. At this

stage, the cell achieves full turgidity and its water potential is equal to

zero.

When plant tissue is immersed in solution, a concentration of plant

tissue will change (increase or decrease) depending upon water

potential of the tissue and solution.

(A). If solution is hypertonic (with lower Ψw) the tissues lose water

and solution becomes dilute.

(B). If the solution is hypotonic (with higher Ψw) the tissue absorbs

water and the solution becomes concentrated.

(C). If solution is isotonic (with Ψw = tissue sap) the tissue neither

loses nor absorb water and solution concentration does not change.



 Water potential of protoplasm is equal but opposite to DPD or suction

pressure (SP).

Ψw = - DPD

 The equation Ψw = Ψs + Ψp shows that higher the osmotic potential of

a cell sap, more negative is the water potential and greater the ability

to absorb water from the surrounding, when a plant cell is placed in

water, it will absorb water until the pressure potential attains the

maximum value and no further absorption of water is possible. At this

stage, the cell achieves full turgidity and its water potential is equal to

zero.

 Full turgid cell, value of DPD is zero. WP=OP

 Non turgid cell, DPD= OP – WP OR Ψ = ᴫ + WP

 In fully turgid cell, Ψs and Ψp are equal but opposite in sign,

so that Ψw is zero.

Concentration of solution in which a plant tissue is immersed

changes (increase or decrease) depending upon water potential of the

tissue and solution.

(A). If solution is hypertonic (with lower Ψw) the tissues lose water

and solution or cell sap becomes concentrated.

(B). If the solution is hypotonic (with higher Ψw) the tissue absorbs

water and the solution becomes dilute.

(C). If solution is isotonic (with Ψw = tissue sap) the tissue neither

loses nor absorb water and solution concentration does not change.



Ψs is -10 bars and Ψp is 10 bars, Ψ will be zero

Ψ = Ψs + Ψp

Ψ = -10 bars + 10 bars

Ψ= 0 bars

And in case of flaccid cell, Ψp will zero…

Ψ = Ψs + Ψp

Ψ = -10 bars + 0 bars

Ψ= -10 bars (it is less compare to pure water i.e. zero)

In case of plasmolysed cell, suppose, Ψs = -10 bars and Ψp = -2 bars

Ψ = Ψs + Ψp

Ψ = -10 bars + -2 bars

Ψ= -12 bars, then value of Ψ will be more negative

Adjecent cells are A & B,

A cell Ψs = -16 and Ψp= 8; B cell Ψs = -12 and Ψp= 2;

Hence,

Ψ in cell A will be -8 (-16 – 8) and Ψ in cell B will be -10 (-12 – 2).

Since, water moves from higher water potential to lower to water

potential i.e. flow of water from cell A (-8) to Cell B (-10).





Root pressure: Q-1A (2) Seme. End Exam-June -2016 & Q-1A (d)

Seme. End Exam-June -2017

Definition:

In plants, osmotic pressure force to drive fluids upward into the

xylem from the roots and exudation of fluid when the stem is cut

off just aboveground, this pressure is called as root pressure.





Lecture-7

Absorption of water



Life processes are driven by energy

• Plants are dynamic & metabolic systems

– 1000s of reactions occur every second.

• Processes can be ……

1. Energy consuming or utilizing Reactions OR 

Endergonic Reactions OR

Anabolic  Reactions (synthesis of food materials) .

2.  Energy releasing Reactions OR 

Exergonic Reactions OR

Catabolic Reactions (breakdown of  molecules).



The life is originated in an aqueous environment in the

course of evolution…, hence water is essential for life…

 The substances, necessary to plant life, water is required in

the largest amount.

 Most cells and tissues: ≥ 80%

 Growing cells: ≥ 90%

 Dormant seeds and buds: ≤10%

GENERAL INFORMATION RELATED TO CROP WATER RELATIONS



(A)  Importance / Functions  /  Role of 

Water in Plants:

 Water is a major constituent of protoplasm.

 Water is the solvent in which mineral nutrient enter a plant from the

soil solution.

 Mineral nutrients are transportation from one part of cell to another

and from cell to cell, from tissue to tissue and organ to organ with

the help of water.

 Water is the medium / reactant of metabolic as well as biochemical

reactions.

 In photosynthesis, the hydrogen atom in water molecule is

associated to organic compound and oxygen atom was released as

gas.

 Water present in vacuoles imparts turgidity to cells, thus maintain

their form and structure.

Q-3 d) Seme. End Exam-June -2015 & Q-3A (a) Seme. End Exam-June -2017



(Conti…)

 Gain and loss of water from the cells and tissues is

responsible for variety of movements of plant parts. E. g.

Mimosa pudica

 The elongation phase of cell growth depends on absorption of

water.

 Water is a metabolic product of respiration.

 More water is absorbed by plant and greater amount of water

are lost by transpiration.

 Water maintains the temperature in plant tissues.

 Water helps in energy transfer and storage.

 Water provides support to aquatic plants.

 Water helps in mobility of gamates/ pollen grains.

 Water play an important role in dessimination of spores, fruits

and seeds.

 It affects morphological, anatomical and physiological

processes directly or indirectly.



Nature of cellular water:

 A large fraction of water in plant cells is free and mobile.

 Much of this water is present in vacuoles.

 The vacuolar water is similar to a dilute salt solution.

 This adsorbed water is especially greater in the vicinity of cell membranes

namely, the membrane present in endoplasmic reticulum, chloroplast,

mitochondria, tonoplast and plasma membrane.

 Further, more the interspaces within the protein and lipid layers of cell

membranes are occupied by water molecules. This water has a very high

density, than liquid water due to semi-crystalline in structure.

 Wood (1925) reported that Kochia biosia and Rhagoida absorbed water from

atmosphere.

Uptake of water by leaves is influenced by:

(i) Structure and permeability of cuticle and epidermis

(ii) Hairiness and wetting of leaf surface

(iii) Deficiency of water in parenchyma cells close to epidermis.



Types:

 Gravitational water:- Q-1A (f) Seme. End Exam-June -2017.

The water which reaches deep beyond root zone into the soil after rains due to

gravitation is called as gravitational water. The plants cannot absorb this water

through their roots.

 Capillary water:- The water which remains present in inter spaces (capillary

pores or micro pores) of particles is called capillary water. It is held so strongly

that gravity cannot remove it from the soil particles. It is the only available water

is absorbed by plant roots.

 Hygroscopic water:- The water that held tightly on the surface of soil colloidal

particle (held so tenaciously -31 to -10000 atmospheres due to adhesion forces)

and present around the soil particles in the form of thin vapour layer is called as
hygroscopic water. It cannot be separated from the soil unless it is heated. It is

also not absorbed by the plant roots. Microbes use it for biological activities.

 Crystalline water or chemically combined water:- the water which remains

chemically bound to the soil particle is called crystalline water. It is also non-

available water. E.g. CuSO4 5H2O; FeSO4, 7 H2O etc.

 Running water: - after the rains, a part of water drains away. It is known as run

away water and is not available to plants.



from -0.1 to -0.5 bar all gravitational water leach in to soil
from -0.5 to -31 bars capillary water is available to plant
from > -31 bar on we have hygroscopic water



1. Gravitational water
2. Capillary water
3. Moisture around particles contains

soluble salts available for root.
4. Hygroscopic water
5. Soil Particle
6. Air pocket



Field capacity is depend on size 
of soil particles ….

5% in sandy soil
35% in loamy soil
45% in clay soil
Negligible in gravel and rocks



DEFINITIONS:-

The following are the technical terms must be understood while the 

availability of water from soil.

 1. Field capacity,

 2. Permanent wilting percentage (PWP)

 3. Total soil moisture stress (TSMS)

 4. Soil moisture tension (SMT).

1. Field Capacity:  

It may be considered as water saturation point of the soil. Field

capacity of the soil water content hold by a soil after thoroughly wetting.

This is the water in the soil after allowing the surplus water to drain off till

the capillary movement of after water stops.







2. Permanent Wilting Percentage (PWP) :-

 This is also called wilting percentage, wilting point or wilting

coefficient.

 Permanent wilting percentage is defines as the percentage of soil

water left when leaves of plant growing in the soil first exhibit the

symptoms of permanent wilting i.e. the leaves will not recover their

turgidity when placed in a sarurated atmosphere. It may be 1% in

some coarse to approximately 24% in heavy clay soil.

 Permanent wilting percentage is the percentage of the soil moisture

below which no growth of a plant occurs. Wilted plants cannot

restore their turgidity as the rate of water absorption.



3. Total Soil-moisture Stress (TSMS) :-

TSMS is defines as the sum of the solute

potential of the solution and the soil moisture

tension (TSMS).

4. Soil moisture tension :-

 It means total sum of hydrostatic force,

adsorptive force and gravitational force, which

are responsible for holding the water in the

soil.



(C)  ROOT STRUCTURE

Meristematic zone

Cell Elongation zone

Maturation 
zone

Tracheid / vessel



Root absorb water mainly from the apical region.
ROOT HAVING A FOUR ZONES:
1. Meristematic zone
2. Elongation zone
3. Differentiation zone: consist of dermal (Epidermal cells), cortical (Parenchyma 

cells) & stellar tissue  ((Pericycle, Phloem 7 Xylem cells)
4. Maturation zone
ROOT HAIR :
 Root hair is the special modified cell of epidermis meant for absorption of water.
 Root hair wall consists cellulose and pectin substances both are hydrophillic in

nature.
 Cell membrain enclosing cytoplasm, nucleus & vacuole (water controller)
ENDODERMIS:
 It is a bounding layer of stele and  cell are thickening by suberian or cutin or some 

time lignin is called Casparian strips . 
 Certain cells of endodermis , opposite to protoxylem have no such thickness, they 

are thin wallwhich provide passage to the water.
 XYLEM:
 Xylem consist of tracheids, vessels and xylem parenchyma cells of which first two 

are thick walled due to  deposition of lignin. 
 Thickening areas facilitate movement of water because of lignin is a hydrophilic 

substance. 
 Transverse walls are perforated and continuous channel is maintained in the plant.



(D)  PATHWAY OF WATER IN ROOT

Sutcliffe (1969) proposed two path ways of radial movement of water.

1. cell to cell across the root 2. Across the cortex

The water is absorbed from the soil by the root hair cells.

From the root hair cell, the water reaches the leaves by passing through a number of cell

from the root hair to stem xylem.

Water and ions enter root hairs. Water is move through cortex cells and enter in to

endodermis.

The endodermal cells lying opposite to root hair are specially modified to transport the

absorbed water.

These endodermal cells are called passage cells.

The passage cells are permeable to water because they lack casparian thickening in their

walls.



Other endodermal cells are provided with casparian thickening and are

impermeable to water. (Thickening by suberian or cutin or some time lignin) block

water movement hence, force water is arise and water get entry into pericycle

(yellow color) and finally goes in to Xylem (Pink part). Green cells indicates

phloem.

Endodermal cells and pericycle selects nutrients that enter into the phloem

(Green part).

The water from the passage cell pass into the pericycle cells and goes into the

xylem cells.

Through the xylem tubes, the water moves up through stem xylem to leaf xylem.

The movement of water from one cell to another is brought about by turgor

pressure.



Phloem Cells

Xylem Cells

http://www.botany.hawaii.edu/faculty/webb/BOT41

0/Xylem/Xylem-1.htm



PART-1





Lecture-8

Absorption of water



SITE OF WATER ABSORPTION:

 Major portion of water required by plants is

absorbed by roots. Water is absorbed through roots hairs.

 The roots hair are located in a group just above the root cap. This area of the root

is called as root hair zone.

 Root hairs are tubular hair like projection of the epidermal cells. So root hair is in

the form of a single cell.

 The epidermis bearing root hair is also known as piliferous layer of the roots.

 The wall of root hairs is permeable. It consists of cellulose and pectic substances

which are strongly hydrophilic (water loving) in nature. Next to cell wall there is

plasma membrane enclosing cytoplasm, nucleus and vacuole. Vacuole is filled

with cell sap.



Lack casparian

thickening 





(A) Mechanism of water absorption:
The uptake of water by plants is called water absorption.

Water is absorbed from the soil mainly through root hairs. Kramer

(1949) proposed the water is absorbed by two mechanisms they

are

1. Active absorption and

2. Passive absorption

1.  ACTIVE  ABSORPTION:

When the root hairs absorbed water by their own efforts, it is known

as active absorption. In this process the root cells play active role in

absorption of water. Metabolic energy released through respiration is

consumed in water absorption.

THE ACTIVE ABSORPTION IS TWO TYPES:

(I). Active Osmotic Absorption

(II). Active Non osmotic Absorption



(I). Active Osmotic Absorption:

 The water is absorbed by the root hairs by the operation of osmotic forces. Its

called Active Osmotic Absorption. Atkins (1916) and priestly (1922) first

postulated the Active Osmotic Absorption.

 Osmotic pressure (o.p) of the cell sap of the root hair is usually higher (2 atm)

than the o.p of soil water (1 atm).

 As the root hair cell-contains less water, it has less turgor pressure (T.P.) and

less T.P. of root hair cell result in increased diffusion pressure deficit(D.P.D)

this leads to the increase in the suction pressure (S.P.) of root hairs. Hence,

soil water enters into the root hair cell through its semi-permeable plasma

membrane by endosmosis.

 The water moves gradually by cell to cell and reaches the innermost cortical

cells and the endodermis.

 Osmotic diffusion of water into endodermis take place through special thin

walled passage cell which lack casparian thickenings. Water from endodermal

cells is drawn into the cell of pericycle by osmotic diffusion which now

becomes turgid.

 In the last step, water is drawn in to xylem from turgid pericycle cells.



(II). Active Non-osmotic Absorption of water:

Thimann(1951) and Bogen and Peru (1953) suggested that absorption of

water is an active process but occures due to non-osmotic reasons even against

DPG (Diffusion Pressure Gradient) that requires extra energy supplied by cellular

respiration.

The root hair absorbs water without the involvement of osmotic forces.

Some times absorption of water take place even when the O.P. of the soil water is

higher than the O.P. of the cell sap. This type of absorption, which is non-osmotic

and against the osmotic gradient is called active non-osmotic absorption of water.

Following are supporting points of this theory-

• Wilting of roots occurs in non-aerated soils such as flooded areas.

• The factor which inhibits respiration also decreased water absorption.

• Poisons which retard metabolic activities of the root cells also retard water

absorption.

• Auxins which increase metabolic activities of the cells stimulate absorption of

water.



2. Passive Absorption:

* It takes place mainly due to transpiration.

* Movement of water against osmotic gradient .

* Rate of absorption is equal to rate of transpiration

* It is purely a physical process.

* Faster movement of water than osmotic diffusion.

 Passive absorption the roots remain inactive.

 The water absorption forces are first produce in the cell of the leaves thus

absorption of water governed by other cells than root itself.

 DPD of leaf cells increases, resulted in movement of water from xylem to leaf.

 Passive absorption of the water takes place, when the rate of transpiration is

usually high.

 Rapid evaporation of water from the leaves during transpiration create a tension

in water in the xylem of the leaves, this tension is transmitted to water in the

xylem of the root through the xylem of the stem and the water rises upward to

reach the transpiring surfaces.

 As a result, soil water enters into the cortical cells through root hair to reach the

xylem of the roots to maintain the supply of the water. So the root cells remain

passive during these processes.

 ------------------------------------------------------------------------------------------------------------

* 5- Supporting points for Passive absorption of the water



Sr. Active water absorption Passive water absorption

1. Active absorption of water occurs due 

to the activity of root and particularly 
root hairs.

The passive water absorption occurs due to 

the activity of upper part of plant, such as 
shoot and leaves.

2. It requires energy or ATP. It does not require energy.

3. Active absorption creates root 
pressure.

Root pressure is not created due to passive 
absorption.

4. The movement of water takes place 

from the solution of lower 

concentration i.e. against the 
concentration of gradient.

The movement of water takes place from the 

solution of lower concentration to the higher 

concentration solution i.e. according to 
osmotic gradient.

5. The absorption of water occurs by the 
osmotic and non osmotic processes.

The water is absorbed due to the active 
transpiration in aerial parts.

6.
The rate of absorption of water depend 

upon the DPD.

The rate of absorption of water depend upon 

the transpiration.

7. In the movement of water, living part of 

protoplast is involved. Show symplast
pathway.

The movement of water is through free 

spaces or apoplast of root and it may 
include cell wall and inter cellular spaces.

8.
Evidences in support of active water 

absorption are root pressure, bleeding 
and guttation.

Evidence in support of passive absorption 

can be given by cutting the roots under 

water. The absorption of water will occur if 
all the roots are removed.

Q-2A (iii) Seme. End Exam-June -2015 & Q-2A (5) Seme. End Exam-June -2016

Differences between Active and Passive water absorption



Sr. Osmotic theory: Non Osmotic theory:

1. It is proposed by Atkins (1916) and 

priestly (1922) 

Thimann (1951) and Kramer (1959).

2. Water is absorbed due to osmotic 

difference between soil water and that of 

tonoplasm. 

Water absorption is an active process occurs 

due to non osmotic reason against the DPD. 

3. D.P.D. of root hair is increased due to 

high O.P and low TP of root water is 

absorbed by endosmosis . 

Occurs against the D.P.D. gradient and 

requires the expenditure of energy released 

from respiration.

4. TP of root hair increase and D.P.D. 

decreases water moves from root hair to 

inner cells and finally reaches into the 

xylem.

There may be some carrier substances in the 

wall of root cells, which bind with water and 

carry, it to the inner tissue, (certain bacteria in 

higher plants).

5. Process require no energy (ATP).  Process require energy (ATP) comes from 

respiration.

6. Operate in fast transpiring plants. Operate in very slowly transpiring plants.

Q-2A (a) Seme. End Exam-June -2017

DIFFERENCES BETWEEN OSMOTIC THEORY NON-OSMOTIC THEORY:



Q-1A (g) Seme. End Exam-June -2015 



FACTOR AFFECTING WATER ABSORPTION RATE

A. EXTERNAL ENVIRONMENTAL FACTOR:

1. Available soil water:

 Capillary water is readily available for absorption.

 If the amount of water in the soil that increased the field capacity, it create a

bad effect on soil aeration and also reduce the rate of absorption.

 Similarly, on shortage of soil water cause permanent wilting percentage and

plant die off.

2. Concentration of soil Solution:

 If the soil solution is highly concentrated, high osmotic pressure than cell sap,

water is not absorbed.

 It is one reason that the plants fail to grow in highly saline fields. This is

popularly known as physiological dryness.

Q-2B (c) Seme. End Exam-June -2017



3. Soil Temperature:

 200 to 300 C temperatures is most suitable for absorption.

 The low temperature reduces the rate of absorption.

 A very high temperature kills the cells.

Low temp. cause negative influence on absorption….

Slower rate of root elongation

Slower rate of metabolic activities

Reduced rate of soil water diffusion

Decrease permeability of cell membrane

Increased viscosity of water and protoplasm as well as

colloidal gels in cell wall.

4. Soil aeration:

 Oxygen deficiency retards the growth and development of plant

roots and disturbed their metabolic activities.

 High CO2 increases the viscosity of the protoplasm and reduce the

rate of absorption of water under water-logging soil. This is also

known as physiological dryness.



B. INTERNAL ENVIRONMENTAL FACTORS:

1) Transpiration:

 A higher rate of transpiration increases the rate of absorption of water.

 Transpiration produces a tension or pull, transmission of water from roots

xylem to stem xylem through hydrostatic system of plants.

2) Root system of plant:

 Hairy, abundent and well developed root hair system show higher rates of

water absorption than very small roots and less number of root hairs.

 In moist condition, root hairs are well developed and in large quantity.

 Conifer plants bear few roots but absorb large amount of water with the help

of mycorrhizal haphae.

 Maize plant does not produced root hair in culture solution but, produce

abundent roots in field condition.

3) Metabolism:

Poor aeration, application of pesticides / anesthetic (chloroform) and KCN

(Potassium cynide) reduces the absorption rate due to hindrance in metabolic

activities.
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Stomatal Physiology



Stomata was discovered by Pfeffer & name ‘stomata’ was given by Malphigii.

Stomata cover 1-2% of leaf area.

It is tiny and minute pore present in epidermis layer of leaf and soft aerial parts
of the plant. Algae, fungi and submerged plants do not possess stomata.

(a) Stomata are minute pores of eliptical shape, consists of two specialized
epidermal cell called guard cells.

(b) The guard cells are kidney shape in dicotyledon and dumbell shape in
monocotyledon and they remain joined at the end.

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

(d) Each guard cell has a cytoplasmic lining & streaming, central vacuole. It
cytoplasm contains single nucleus, starch molecules floating under cytoplasmic
fluid and number of chloroplast. The chloroplast of guard cell are capable of
very poor photosynthesis, because the absence of RUBISCO enzyme.

(e) Stomata generally occur higher in number upon the lower surface than
upper surface of the leaf.

(A) STOMATA







STOMATAL SIZE 

♠ The Size and shape of stoma and guard cell vary from plant to plant.

When fully open, the stomatal pore measures 10-40 µ in length and 3-12 µ

in width.

♠ Size may be ranged from 7X3 µ (Phaseolus vulgris) and 38×8 µ (in Avena

sativa) and 4X26 (Zea mays L.).

♠ Guard cells are also known as modified epidermal cells, subsidiary cells

or accessory cells.

♠ Each stoma is normally surrounded by two specialized epidermal cells

known as Guard cells.

♠ The wall of the guard cells surrounding the pore is thin and elastic (outer

layer) and inside the layer is thick and inelastic due to the presence of a

secondary layer of cellulose.

♠ 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.



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

Stomata frequency of trees and shrubs is higher than herbs.
In isobilateral leaves (in monocots), approximately the same
number of stomata are found on upper surface (adaxial) and
lower (abaxial) surface.

 In some others especially woody species they are confined to

the lower epidermis.

 In floating leaves, such as water lilies, lotus, stomata are

occurred only in the upper epidermis.



(B) TYPES OF STOMATA BASIS ON 

DISTRIBUTION :
Depending upon the distribution and arrangement of stomata in the leaves five
categories of stomatal distribution have been recognized in plants.

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.
Metacalf and Chalk recognized four types of stomata on the basis of their
structure-



Sr. 
No.

Name of the plant No. of stomata 
per sq. cm. upon 
the upper
surface

No. of stomata 
per sq. cm. upon 
the upper
surface

1 Helianthus annus (Sunflower) 58 156

2 Lycopersicum esculentum
(Tomato)

12 130

3 Phaseolus vulgaris (Mung) 40 281

4 Solanum tuberosum (Potato) 51 161

5 Zea mays (Maize) 52 68

6 Avena sativa (Jav) 40 43

DISTRIBUTION OF STOMATA IN DIFFERENT PLANTS



a. Anomocytic type:

In these stomata, accessory cells are absent. The guard cells are surrounded by
ordinary epidermal cells, e.g., families Ranunculaceae, Cucurbitaceae,
Papaveraceae and Malvaceae.

b. Anisocytic type:

In these stomata the guard cells are surrounded by three accessory cells. Of
these two are larger whereas one is smaller in size.g., family Brassicaceae.

c. Diacytic type:

In these stomata the guard cells are surrounded by two accessory cells. Their
common walls are at right angle to the walls of guard cells, families
Caryophyllaceae, Acanthaceae.

d. Paracytic type:
In these stomata the guard cells are also surrounded by two accessory cells, but
their common walls are parallel to guard cells, e.g., families Rubiaceae,
Fabaceae etc.

X- TYPES OF STOMATA BASIS ON ARRANGMENT:

http://cdn.biologydiscussion.com/wp-content/uploads/2015/10/image142.png


X- TYPES OF STOMATA ON THE BASIS OF DEVELOPMENT 
(PANT, 1965):

There are three types of stomata:

1. Mesogynous type:

In this type of stomata guard cells as well as subsidiary or Accessory
cells both are developed from one mother cell. e.g. Rubiaceace &.
Brassicaceae family.

2. Perigynous type:

In this type guard cells are formed from mother cell while subsidiary
cells from nearby mother cells, eg.: Cucurbitaceae family.

3. Mesoperigynous type:

In this type guard cells & one subsidiary cells is formed from mother
cell while other subsidiary cells develop Independently. e.g.:
Ranunculaceae, Caryophyllaceae family.



(3) STOMATAL MOVMENTS WITH EXAMPLES:

Considering the behavior of stomatal movements, five categories have
been recogniosed.

(1) Photoactive movements:
Light directly and indirectly controls stomatal movement. Such stomata
remain open during daytime and closed at night (dark).

(2) Skotoactive movements:
Stomata remain closed during daytime and open at night (dark). E. g.
succculent plants.

(3) Hydroactive movements:
In certain cases, stomata open due to excessive loss of water from
epidermal cells and cloised due to turgor conditions of epidermal cells.

(4) Autonomous movements:
In some cases, Such stomata open and close at a rate of 10-15 minutes
showing diurnal rhyhmic pulsation.

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





♠ When turgidity increases, the outer thin walls of guard cells

stretch outward thereby inner wall is also stretching outward.

♠ The inner wall becomes concave (Antargol) and result is the

space is occur, pour widens and pore opens. Stomatal Turgor

Mechanism is involved in opening and closing of stomata.

♠ K+ (Potassium ions) play crucial role.

♠ The opening of stomata are the result of active transport of K+

from epidermal adjacent cells into the guard cells.

♠ Malic acid is synthesized in subsidiary cells from starch and

goes into cytoplasm of guard cells in the presence of light.

Dissociation

♠ Malic acid -R(COOH)2 Malate R (COO- )2 + 2H+ (Hydrogen ions)

Exchange

♠ H+ K+ (adjacent cells)

♠ Influx of K+ and efflux of H+ that increase concentration of K+

in guard cell (Vacuoles) thereby Osmotic pressure is

developed; water is enter into the guard cells; increase turgor

pressure; guard cells becomes turgid and finally open the

stomata.



Subsidiary 

cells

Nucleus of

Sub. cells

Nucleus of 

Guard cells 

Vacuoles

KK

K

KH

H
H

H

K+ ions + 

Malic Acid



Fig. 39.12b

Guard cell 
become turgid

Guard cell 
become flaccid



♠ ABA play important role in closing of stomata.

♠ ABA inhibits K+ uptake by changing diffusion and permiability

of guard cells. The K+ moves out to the subsidiary cells.

♠ ABA induces the process of acidification that lowering the pH.

At the low pH, starch is synthesized and osmotic pressure of

guard cells falls and water moves out of guard cells to

subsidiary cells.

♠ Guard cells then become flaccid and stomatal pore is thus

closed.



Mechanism of Stomatal opening and closing: (Discussed in Pl. Phy. 3.1)

 Enzymatic conversion of starch into soluble sugar increases the osmotic concentration

of cell sap of guard cells.

 With the result that these cells absorb more water from their adjoining cells and their

turgor pressure increases, this results in the opening of stomata.

 In night the sugar is formed again into starch and their turgidity decreases leads to

closing of stomata.

 This conversion of starch into sugar occurs in presence of ip (inorganic phosphate) and the

reaction is catalysed by enzyme phosphorylase.

Starch + ip (insoluble)
Light, high pH 7.0

Glucose-1-phosphate

Dark, Low pH 5.0
phosphorylase

Hydrogen ion concentration and CO2 concentration are also responsible for the opening and

closing of stomata. If the CO2 concentration is low, stomata open more widely. Starch is

converted into soluble sugar. If the H ion concentration decreases i.e. if it is less than 7

then Glucose-1-phosphate is converted into starch and if the pH is 7 then the starch is

converted in Glucose-1-phosphate.



Very little CO2 Fixation in Guard Cells Reduced CO2 in Guard Cells 

ATP Synthesis

Respiration occurs

Possible Photosynthesis
ATP Synthesis

ATP-Mediated H+ / K+ pump
H+ out of and K+ into Guard
cells of cl- anion s follow

Increase K+ / Cl- and malate
concentration into Guard
cells

Decreased osmotic potential 
in Guard cells

Water potential of Guard cells
more negative relative to
surrounding cells

Osmotic entry of water 
into Guard cells

AN INTEGRATED SCHEME OF THE PROBABLE MECHANISMS OF STOMATAL OPENING

Increase pH in Guard cells

Starch phosphorylase 
activated

Hydrolysis of starch

Concentration of soluble 
sugar increased

Sugar concentration may be 
insufficient to affect water 
potential

ATP Synthesis

HCO3+ increases combines 
with PEP  to form malic acid

Turgor pressure increasedStomata open

LIGHT





Hugo von Mohl (1856) A German botanist from Stuttgurt -
prepared a stomatal clock and observed the changes occur in
day and night times.







Q-1 Select appropriate answer and tick mark on it.

1. It is the process by which movement of carbohydrates

through vascular system (Phloem) is called

(a) Translocation (b) Transformation (c) Transpiration (d) Transduction

Objective  Questions



2. The theory of plant transport water & minerals through

vascular system is known as

(a) Munch’s Mass-

Flow of

Assimilate

(b) Specific Mass

Transfer

(c) Pressure-

Flow

Hypothesis

(d) All of these



3. Sieve tube cell is the member of

(a) Vessel (b) Xylem (c) Tracheid (d) Phloem



4. Energy consuming during various metabolic reactions in

the cells for synthesis of food materials is called

(a) Endergonic

Reactions

(b) Anabolic

Reactions

(c) Utilizing

Reactions

(d) All of these



5. Water and ions enter into root hairs and move between the

membranes of

(a) Endodermis cells (b) Epidermal cells (c) Cortex cells (d) Pericycle



6. The narrow slip that block the water movement and force

the water through cell membranes of endoderm is refer as

(a) Casparian strips (b) Cortical strips (c) Pericycle

strips

(d) None of these



7. The hollow & tubular shape, small in diameter and side to

side overlap structure found in Xylem is called

(a) Tracheid (b) Vessel (c) Cortex (d) Vesicle



8. Water molecules sticks to cell walls of xylem through

specific force is called

(a) Cohesion (b) Adhesion (c) Cohesion and

Adhesion both

(d) None of these



9. The location where all plant parts are meet their own

nutritional needs (roots, stems, fruits) is refer as

(a) Growing regions (b) Sink (c) Storage

organs

(d) Source



10

.

Phloem consists

(a) vascular

parenchyma cells

(b) sieve tube cells (c) companion

cells

(d) All of these



11. Energy releasing during various metabolic reactions in the

cells is called

(a) Exergonic

Reactions

(b) Catabolic

Reactions

(c) Breakdown of

molecules

(d) All of these



12. Osmotic potential is also called as

(a) Solute potential (b) pressure

potential

(c) Both (d) None of these



13

.

The leaf synthesis sugar that transfer into phloem sieve

tubes cells is known as

(a) Phloem unloading (b) Phloem loading (c) Both (d) None of these



14

.

Pits are observed in following part of the xylem

(a) Cortex (b) Vessel (c) Tracheid (d) Vesicle



15. During photosynthesis, sources are places where sugars are

being

(a) Consumed (b) Inhibited (c) Reduced (d) Produced



16. In symplastic transport, neighboring cells of cytoplasms are

interconnect by

(a) Primary cell wall (b) Plasma

membrane

(c) Plasmodesmata (d) None of these



17. Which part of the root that selects nutrients and then they

enter into the phloem?

(a) Casparian strips (b) Epidermal cells (c) Cortex cells (d) Pericycle



18. The hollow & tubular shape, large in diameter and cells

stacked structure found in Xylem of angiosperms

(flowering plants) is known as

(a) Tracheid (b) Vessel (c) Cortex (d) Vesicle



19. The mesophyll cells (symplast) of leaf synthesis sugar that

move into companion cells and finally transfer into phloem

sieve tubes cells through

(a) Plasma lemma (b) Plasma

membrane

(c) Plasmodesmat

a

(d) Plasmodia



20. The sugar (photosynthates) are transfer from phloem sieve

tube elements to the cells of a sink is called

(a) Phloem unloading (b) Phloem loading (c) Both (d) None of these



21. Water molecules are tightly binds with each other through

hydrogen bonds that provide unbroken column is called

(a) Cohesion (b) Adhesion (c) Cohesion and

Adhesion both

(d) None of these



22

.

During the evaporation of water into air from the

surfaces of leaf that cause pulling of water from

downward to upward and creating a ‘pull’ on the water

column is called

(a) Transpirational

pull

(b) Transcription

al pull

(c) Transductio

nal pull

(d) All of these



23

.

From which part of the leaf, water vapor is release in the

atmosphere during transpiration

(a) Mesophyll cell (b) Stoma (c) Xylem vessel (d) All of these



24

.

Photo-assimilates importer is

(a) Source (b) Sink (c) Both (d) None of

these



25

.

Limitation of sink is not found in

(a) Maize (b) Pulses (c) Bajra (d) Ragi



26

.

Following is not an example of source

(a) Fruit (b) Young stem (c) Peduncle (d) Leaves



27

.

Pores are observed in following part of the xylem

(a) Cortex (b) Vessel (c) Tracheid (d) Vesicle



28

.

The location where food is produced by

photosynthesizing leaves is called

(a) Growing

regions

(b) Sink (c) Storage

organs

(d) Source



29

.

During photosynthesis, sink are places where sugars are

being

(a) Consumed (b) Inhibited (c) Reduced (d) Produced



30

.

Companion cell is attached with

(a) Sieve plate (b) Vessel (c) Tracheid (d) Sieve tube

cell



31

.

Low canopy photosynthesis and low optimum LAI is a

limitation

(a) Source (b) Sink (c) Both (d) None of these



32

.

Photo-assimilates exporter is

(a) Source (b) Sink (c) Both (d) None of these



33. Transport of assimilates/ Photosynthates/ food materials

from one cell to another cell through cell wall is known

as

(a) Symplast (b) Cytoplast (c) Chloroplast (d) Apoplast



34

.

Limitation of source is not found in

(a) Wheat (b) Sorghum (c) Oilseeds (d) Rice



35

.

Following is not an example of sink

(a) Fruits (b) Seeds (c) Nuts (d) Stipules



36

.

Transport of assimilates/ Photosynthates/ food materials

from one cell to another cell through plasmodesmata in

cytoplasm is known as

(a) Symplast (b) Cytoplast (c) Chloroplast (d) Apoplast



37

.

Hormonal imbalance is sign of

(a) Source (b) Sink (c) Both (d) None of these



38

.

Vegetative growth at Reproductive phase, there is

limitation of
(a) Source (b) Sink (c) Both (d) None of these



39

.

Early leaf senescence from the plant is limitation of

(a) Source (b) Sink (c) Both (d) None of these



40

.

Late anthesis in plant due to long vegetative phase is an

example of
(a) Sink limitation (b) Source

limitation

(c) Both (d) None of these



Lecture-10

Under Chapter: Mineral Nutrition of Plants, Functions and 
Deficiency symptoms of nutrients



1. Nutrients:
A substance/chemical require to survive of plant or necessary for the synthesis of organic
compounds in plants.

2. Mineral: An inorganic element.

3. Plant Nutrition / Mineral nutrition:
The supply and absorption of chemical compounds needed for growth and metabolism of
plants may be defined as Plant Nutrition.

4. Nutriophysiology:
It deals with metabolic and biochemical functions of the elements and their interaction with
aspects of plant physiology and plant biochemistry.

5. Heterotrphic:
The both organic and inorganic substances are supply needed to an organism to complete the
life cycle is called Heterotrphic.

6. Autotrophic:
The organisms which synthesis their own organic requirement a are called as Autotrophic.

(A)INTRODUCTION



Plant Ash - 40 Elements

Essential elements Non-essential elements

Necessary for normal growth & 

Development

Not Necessary for normal growth & 

Development

17 Elements



(B) CRITERIA FOR ESSENTIALITY OF ELEMENTS
(ARNON and STOUT)

An element to be considered essential, It must fulfill following criteria

1. Plant unable to complete its life cycle

in the absence of that element.

2. The function of element must not replaceable

by another element.

3. The element must be directly involved in plant metabolism



(C) Classification of Nutrient



(A) Mengel and Kirkby - Classification

a. Group 1 - Part of C compounds - N & S

b. Group 2 - Energy storage - P & B

c. Group 3 - Remain Ionic form - Ca, K, Mg, Mn & Cl

d. Group 4 - Redox reactions - Fe, Cu, Zn, Mo & Ni



(A) Macro nutrients or Major elements:

The elements that required by plants in concentration greater

than 0.5 m mol/l are called to as macronutrients or major

elements.

(B) Micro nutrients or Minor elements:
The elements that required by plants in concentration

less than 0.5 m mol/l are called as micronutrients or minor
elements or trace elements.

Micronutrients are required in extremely small
quantity for the healthy growth of plants. They are the
components of plant cell proteins of metabolic and
physiological importance.



(B) ESSENTIAL ELEMENTS (17)

MACRO NUTRIENTS 

or

MAJOR ELEMENTS

MICRO NUTRIENTS

or

MINOR ELEMENTS

or

TRACE ELEMENTS

C, H, O, N, P, K, Ca, Mg and S
Fe, ZN, B, Cu, Mn, Mo, Cl and Ni

9 ELEMENTS
8 ELEMENTS

The elements are essential for

plant growth & complete life

cycle is called E.E.

The variable micro-elements Ti, Br, Li,

Rb, Ag, Be, Si,Sr, Cd, Pb, As, Cr, Ni, Al,

Co, Ba, Cs, Ge, Sn, and V are found in

some plants.



(C) Classification  of Plant Nutrients according to 
Dry weight Basis (%) 



Macro Nutrients

Frame Work Nutrients
(High quantity-

>6.0%)
--------------

Carbon Hydrogen 
Oxygen

Primary Nutrients
(Medium quantity-

0.2-1.5%)
-------------
Nitrogen 

Phosphorus 
Potassium

Secondary Nutrients
(Micro quantity-

<0.2%)
--------------

Calcium Magnesium 
Sulphur



(D) Classification based on structural and 

functional role of elements:

1. Structural elements

Frame work elements + Protoplasmic elements

(C, H & O) (N, P & S)

2. Balancing Elements - K, Ca & Mg

3. Catalytic Elements - Fe, Cu, Zn, Mo, Mn & Cl

4. Chlorophyll Element - Mg

5. Cell wall Element – Ca

6. Osmotic Balance Element - K



(E) Classification based on 
mobility of elements

 Mobile Elements:

Nitrogen, Phosphorus, Potassium and Magnesium

 Immobile Elements:

Calcium, Boron, Iron, Copper and Sulphur

Mobile and Immobile Elements:

Zinc, Molybdenum, Manganese



Beneficial Elements

Definition: Elements which are not required for all plants

but they can promote plant growth and essential for

particular plant spp.

Elements which promote plant growth in particular / many

plant species but are not absolutely necessary for

completion of the plant life cycle, or fail to meet Arnon

and Stout's criteria .

1.Silicon, 2. Sodium, 3. Selenium, & 4. Cobalt



1. Silicon – Rice
↑the availability of P, Ca & Mg
 Prevents Mn & Fe toxicity
 Keeps the leaves to erect and uncurved –Stiffness
 Prevents lodging –Mechanical strength
 Pest & disease resistance

2. Sodium--Regeneration of PEP in C4 & 
CAM plants:

 Replace K to some extent
 Essential for Atriplex vesicaria (Halophyte)
 Essential for Glycolysis process



3. Selenium

Analog of Sulphur –Compete with SO4 uptake

Benefit by reverse the P toxicity.

Composition of Cysteine and methionine in the place 

of S.

4. Cobalt

Component of Vitamin B12

 Involved in Carbohydrate metabolism

Required for bacteria–N fixation in root nodules



(F) CLASSIFICATION OF PLANT NUTRIENTS BASED ON 

THEIR UPTAKE & BIOCHEMICAL FUNCTION: 

Nutrient

elements

Uptake Biochemical function

1st group 

C,

H,

O,

N,

S,

In the form of

CO2,

HCO3, H2O,

O2,

NO3, NH4+, N2(SO4)2”

SO2.

The ions from the soil

solution and 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.

 Borate and silicate esters which 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 bound ions such as

the pectic acids present in the

plant cell wall.

 Act as enzyme cofactors in

regulation of osmotic potentials.

4th Group

Fe, Cu, Zn,

Mo

In the form of ions or

chelates from the soil

solution.

 Present in a chelated form

Incorporated in prosthetic groups.

 Enable in electron transport by

valency change.



Mobile Intermediate Immobile

Nitrogen Iron Calcium 

Phosphorus Manganese Boron

Potassium Zinc

Magnesium Copper

Chlorine Molybdenum

Rubidium

Sodium

Sulphur

(G) CLASSIFICATION ACCORDING TO MOBILITY OF ELEMENTS 

(PHLOEM TRANSPORT) OF INORGANIC SOLUTES

The mineral nutrients initially acquired by the roots move upward 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.



Lecture -11



FUNCTIONS OF PLANT 

MACRO NUTRIENTS



Nitrogen

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

 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.

 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.

 Being essential for the formation of protoplasm, the deficiency of N

inhibits cell enlargement

 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.

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



Phosphorus

It is a structural component of the membrane systems of the cell and the

mitochondria.

 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.

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

 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).

 Being a constituent of ADP, Phosphoglyceradehyde and ribulose

phosphate, P is involved in the basic reactions of photosynthesis.

 Phosphorus is relatively more abundant in the growing & storage organs.



Potassium:

 K plays a significant role in stomatal opening and closing. The mechanism of

stomatal closure and opening depends entirely on the K flux.

 K+ enhances the translocation of assimilates and promotes rate of CO2

assimilation.

 K activates the number of enzymes involved in incorporation of amino acids into

proteins and the synthesis of peptide bonds.

 Potassium regulates the membrane permeability and keeps the protoplasm in

proper degree of hydration.

 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.

 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.



Calcium

 Calcium is required for cell elongation and cell division

 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.

 Germination and growth of pollen as well as the growth of rhizobium root

nodules is affected under low levels of Ca2+ supply.

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

senescence.

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

concerned with hydrolysis like lipase and a-amylase

 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.

 Calcium plays an important role in neutralizing acids. Particularly citric acid, malic

acid, oxalic acid which may become injurious to plants.



Magnesium

 The most well known role of magnesium is its occurrence at the centre

of the chlorophyll molecule. It is therefore essential for photosynthesis.

 Mg is a constituent part of the chromosomes and also essential

constituent of polyribosomes, the key organelle concerned in protein

synthesis.

 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.

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

 Nitrogen metabolism is also influenced by Mg nutrition.



Sulphur (Plants mainly absorb S in the form of SO4
2-)

 Sulphusr is a constituent of amino acids, cystine, cysteine, and

Methionine.

 The characteristic odour of cuciferous plants , onion and garlic is due to the

presence of sulphur as a constituent of volatile oils.

 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.

 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.

 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



IRON

 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 photophosphorylation

(photosynthesis). The iron containing protein feredoxin plays an important role

in the reduction of CO2, atmospheric nitrogen and of sulphate.

 The leghaemoglobin present in the root nodules of leguminous crops contains

iron as an essential constituent.

 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.

 The important iron containing enzymes of higher plants is succinic

dehydrogenase, cytochrome oxidase, catalase, peroxidase and aconitase.



MANGANESE

 Manganese is believed to be specific activator of some enzyme like

oxidases, peroxidases, dehydrogenases and kinases.

 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 plays a key role in carbohydrate metabolism and also

affects the absorption of calcium and potassium ions.

 Manganese is involved in the oxygen evolving step in photosynthesis -

of PS II (water oxidizing enzyme complex)



COPPER

 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.

 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.



BORON

 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.

 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.

 Boron is required for the proper development and differentiation of

vascular elements.



ZINC

 Zinc is a metal component of a number of metallo enzymes like alcohol

dehygenase and lactic dehydrogenase.

 Zinc is essential for the synthesis of the amino acid tryptophan, a

precursor of an important plant growth hormone indole acetic acid (IAA).

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

 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.



MOLYBDENUM

 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.

 By virtue of being a constituent of nitrate reductase, Mo plays direct role

in nitrogen metabolism of plants.

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



CHLORINE

 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)

 It raises the cell osmotic pressure.

 Chlorine accelerates the activation of amylase which

converts starch into soluble sugars.



FUNCTIONS OF BENEFICIAL NUTRIENTS

a) COBALT

 Cobalt is required by rhizobia for the fixation of elemental nitrogen both by 

leguminous and non-leguminous symbionts.

 It is a structural component of vitamin Bi2 (cyanocobalamine).

 B12 is essential for the formation of hemoglobin concerned in nitrogen 

fixation.

b) SODIUM

 In higher plants, sodium has so far been shown to be essential only for 

two halophytic species Atriplex vasicaria and Hologeton glomeratus.

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

of the cell.

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



c) SILICON

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

rice crop.

 Recent studies have shown that, Silicon imparts disease resistance 

and lodging resistance in paddy

 The grain yield of the plants with Si is twice more than the plants 

without Si.

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



Lecture -12





Nitrogen being a mobile element within a plant, it's deficiency results in

movement of N from older to younger (upper) leaves. As a result the older leaves turn

yellow in colour.

 In young plants, growth is stunted with yellowish green leaves. Yellowing of

leaves is due to the collapse of chloroplasts resulting in decrease of chlorophyll

content.

(A) NITROGEN



 Yellowing always starts from the older leaves and spreads to young

ones.



 Severe N deficiency affects the leaf tissue to become dry and necrotic.

 Older leaves are shed prematurely.

 Root growth is affected and branching is restricted.



 Shoot become short, thin with upright growth and spindly appearance.

 Flowering is reduced.

 In cereals, tillering is poor, number of ears per unit area and number of

grains per ear head is reduced.



Generally the symptoms of P deficiency appear in the older leaves.

 Young plants are stunted with dark blue green leaves.

 Stems become slender

 Root system is limited. Primary and secondary roots elongate in length with short

tertiary roots.

(B) PHOSPHORUS



 In many plant species P deficiency induces the formation of anthocyanin

pigment and the leaves acquire purple color primarily along margins and on the

lower stalk (eg. Maize)



 The formation of fruits and seeds is depressed and ripen

slowly.



 Plant often dwarfed at maturity.

 In potato, tubers may develop rusty lesions in the flesh.



 The most characteristic symptom of K deficiency is tip and marginal 

scorching of most recently matured leaves.

Maize Tomato

(C) POTASSIUM



 In barley which is the most susceptible of the cereals, numerous small 

brown areas develop in the areas between the veins.

 Roots are slender and poorly developed in sugar beet.

 In certain temperate fruit trees, K deficiency may result in severe "die-

back“

 Resistance of plants to infection by bacterial and fungal pathogens is 

reduced.

 Putriscine (foul-smelling organic chemical compound) accumulates under 

K+ deficiency.



 Symptoms of Ca deficiency appear earliest and severely in meristametic

regions and young leaves because it is immobile one.

 Breakdown of meristemetic tissues in stems and roots occur.

 Roots poorly developed, lack fiber and may appear gelatinous.

 Little or no fruiting.

(D) CALCIUM



 The apical bud "dies off" and thus small branches arise from lower leaf

axils giving the plant bushy appearance.



 Calcium deficiency causes "bitter pit" disease in apple and "blossom

end rot" in tomato and watermelon.

"BITTER PIT" DISEASE IN APPLE 



"BLOSSOM END 
ROT" IN TOMATO 



"Blossom End Rot" in Watermelon.



 Interveinal yellowing or chlorosis occurs in older leaves and under severe deficiency

the areas become necrotic.

(E) MAGNESIUM





 In cotton, Mg deficiency induces formation of anthocyanin

pigments and a reddish coloration of leaves during winter.



 In citrus, the chlorosis commences at the tips and margins of the leaf and

spread in ward towards midrib by leaving inverted V shape at the bottom of the

leaf.



 In general fruit trees are susceptible to Mg deficiency and show varied patterns

of chlorosis, necrosis and pigmentation of old leaves which shed pre maturely.



 Due to sulphur deficiency Chlorotic symptoms first appear in younger most 

recently formed leaves.

(F) SULPHUR



Sulphur deficiency: Shoot growth is more affected than 

root growth.



 Sulphur deficiency:  stems often become slender.



 Sulphur deficiency: Leaves become narrow and 

chlorotic in cruciferae.



 Being relatively immobile, Fe deficiency appears first on the younger leaves of

the plant.

(G) IRON



 Iron deficiency: In most species chlorosis is interveinal and a fine

reticulate pattern can be observed in the newly formed leaves, the darker

green veins contrasting markedly against a lighter green or yellow

background. The youngest leaves may often be completely white and

totally devoid of chlorophyll.



 Sulphur deficiency: In the leaves of cereals the deficiency is shown by

alternate yellow and green strips along the length of the leaf.

 In fruit trees, iron deficiency is associated with high leaves of Ca Co3 in the

soil, where it is called "lime induced iron chlorosis"





 Mottled (Spotted or blotchy) chlorosis with veins green which appears first on

younger leaves.

 Stem becomes yellowish green, often hard and woody.

(H) MANGANESE



 Manganese Deficiency: In groundnut leaves, the veins are surrounded by a

definite zone of non chlorotic interveinal tissue.

 Characteristic symptoms of Manganese deficiency in certain crops have been

given specific names. They are

 grey speck of oats,

 speckled yellow of sugar beet,

 marshy spot of peas,

 pahala blight of sugarcane etc.



 B is immobile in most plant species and symptoms appear first at tops and roots.

 The youngest leaves are misshaped, wrinkled and are thicker and of a dark

bluish green color, shed prematurely.

(I) BORON



 Boron Deficiency: Plants dwarfed, stunted, flower development and seed

production usually impaired.



 Boron Deficiency: Roots exhibits swollen root tips.

 Characteristic symptom of B deficiency in certain crops are

Heart rot in sugar beet Hollow stem in cauliflower
Brown heart of turnip Corky pith of apples
Hard fruit of citrus

Brown heart of turnip



Boron Deficiency: Hollow stem in cauliflower



 Young leaves show chlorosis

 Terminal leaves, shoots are wilted and distorted, frequently followed by death

resulting in development of several auxillary buds.

(J) COPPER



 Copper  Deficiency: Cereals show bushy growth with 
white twisted tips and reduced panicle formation



 Copper Deficiency: Poor or no heading in cabbage and

lettuce.

 In citrus, Cu deficiency leads to exanthema or die-back.



 Little leaf and rosette are the common symptoms of Zn deficiency.

 Leaves chlorotic and necrotic, young growth first affected, resulting,

premature shedding.

(K) ZINC



Zinc Deficiency: 



 Zinc Deficiency: In maize, results in white or yellow emerging leaves, a

condition called white bud.



 Zinc Deficiency: In monocots and particularly in maize, chlorotic bands form

on either side of the midrib of the leaf.



 In Rice Zn deficiency causes 'khaira disease'



 Symptoms of Mo deficiency are similar to those of N deficiency because in the 

absence of Mo, nitrate is not metabolized.

 Leaves show marginal scorching and rolling or cupping.

(L) MOLYBDENUM



 MOLYBDENUM Deficiency: In extreme deficiency, the leaf lamina is not formed 

and only the rib is present in cauliflower which is called whiptail disorder.



 Chlorosis of younger leaves and an overall wilting of the plant.

 In some plant species, like tomato, leaves show chlorotic mottling, bronzing and

tissue necrosis.

 Withering of leaves and wilting of plants, which are called weeping willow habit of growth.

 In cereals and grasses, necrotic spots develop on leaves.

(M) CHLORINE

(N) SILICON



NUTRIENT DEFICIENCIES AND SOME SPECIFIC NAMES

Specific names have been given to symptoms of certain nutrient deficiencies. They are:

Calcium Bitter pit in apple, Blossom end rot in tomato

Manganese Grey speck of oats, speckled yellow of sugar beat, Marsh spot of 

pea pahala blight of sugarcane, Frenching of tung tree.

Boron Heat rot in sugar beat, Browning or hollow stem in cauliflower, 

Top sickness of tobacco, Brown heart of turnip, Cracked stem of 

celery, Corky pith of apple, hard fruit of citrus.

Copper Exanthema or dieback in citrus

Zinc White bud in maize, khaira disease in Rice.

Molybdenum Whiptail in cauliflower



TOXICITY SYMPTOMS OF 

PLANT NUTRIENTS



TOXICITY SYMPTOMS OF PLANT NUTRIENTS

 Definition: As excess supply of one or more of the essential elements,

particularly the heavy metals brings about a reduction in growth and

often leads to the production of visual symptoms at times is called

toxicity in plant.

 The visual effects of excess supply of elements may be due to a direct

effect of toxicity of elements or by inducing deficiency of another

element.

Eg. Excess Phosphorus supply may retard the uptake and translocation

of Cu and Zn, thus shows Cu and Zn deficiency symptoms.

 Under field conditions N, S and Al toxicities are common. Mn toxicity is

observed in acid soils.



A) NITROGEN

 As a Nutrient - excessive nitrogen commonly produces plants that vegetative so

that yield is reduced.

 In sugarcane both juice quality and sugar recovery is reduced. Fruit quality is

impaired.

 Cereals receiving excess N have been shown to exhibit lodging as a result of the

decreased thickness of the cell walls or due to the poor development of the

mechanical tissues of the stem or due to both.

 In tomato, plants are highly vegetative and fruit production is reduced.

 As a salt a high level of N application increases the salinity of the soil.

 Also the form of nitrogen (NH4+ or NO3
--) and associated ions (SO4

-, NA+ Ca++)

may markedly affect soil structure and plant response.



B) SULFUR

Excess sulfur causes interveinal yellowing in sorghum and lemon leaves.

Growth and leaf size was considerably reduced in all the crops.

Excessive concentrations of sulfur dioxide in the atmosphere also cause

toxicity in the plants. The symptoms produced by excessive SO2 was divided

into (a) acute injury (b) Chlorotic injury.

 The acute injury consists of collapsed (distorted or malformed) marginal or

interveinal areas which at first have a dull, water soaked appearance, later

drying and bleaching to an ivory color in most species.

Chlorotic injury is a yellowing of the leaf which may progress slowly and

bleaches completely, bleaching most of the chlorophyll and carotenoids.



 Another type of S toxicity is Hydrogen sulfide toxicity (sulfide injury). In

poorly drained rice soils, the H2S toxicity is common. This disorder

is commonly called as "akagare" or "akiochi".

 This anaerobic disorder is characterized by inhibited root

development and browning (or blackened) and death of roots which

precede the stunting of shoots.

 The H2S toxicity also depresses the uptake and translocation of P and

other nutrients.



C) ALUMINUM

 Aluminum toxicity is wide spread in most of the acidic soils.

 In general, roots are affected first, more severely than the tops under aluminum

excess.

 In most species, roots appear thick and brown and the tips of the root lets

often appear enlarged.

 In barely, the general growth of the plants and tillering are severely restricted.

 Leaf tips often turn brown and wither.

 The stem becomes dark brown, no ears are formed and plants often die

prematurely.

 The root growth is severely restricted and the root tips appear dark brown and

enlarged.



Lecture-13

Under Chapter: Nutrient Uptake Mechanism



 Soil serve as a main source of Mineral salts in which clay

crystals with a central nucleus called micelle are present in

colloidal form.

 Micelle are negatively charged in order to maintain a balance,

by attracting and hold positively charged ions on the surface of

colloidal clay crystals.

 Mineral nutrients in complex combined forms become available

to plant root only when they are broken down physically or

chemically.

 The available minerals of soil occur in ionic form.
 The common catonic (+) forms are K, Mg, Ca, Fe, Mn, Cu, Zn, Co.

 The common anionic (-) forms are P, Cl, S and Cl.

 The loosely absorbed ions can be easily displaced from the

colloid on decreasing their own concentration in soil solution.

While, firmly absorbed ions can be replaced by other ions

which have more affinity for the colloids.

Introduction of Minerals Salt Absorption



 The order for cation retentive capacity of colloids is as below:

H+ > Ca++ > Mg++ > K+ > NH4+ > Na+

 In plants electrolytes are penetrate in form of ions is accompanies by entry of

another ions of equal electrostatic charge.

 The mono-valent cations such as K and Na are absorbed more rapidly as

compare to bi-valent or polyvalent cations such as Ca and Mg.

 Example: when cation uptake is more , the cell produces organic acids

resulting in more anions to balance the excess cations. The hydrogen ions (H+)

of the organic acids, however, pass out into external medium (soil solution) to

compensate for the cations (K+) which have been removed.

 The readily available ionic form of water , H+ and OH- also compensate for the

shortage of cation and anaions whereever required.

Conti…… Introduction of Minerals Salt Absorption





 Mineral ions are found in soil solution or as ions on the surface of colloidal

particles.

 Two theories for ionic exchange:

(i) Carbon dioxide hypothesis (ii) Cation exchange hypothesis

(i) Carbon dioxide hypothesis:

 According to this theory, CO2 produced by roots during respiration, reacts

with water to produced carbonic acid which dissociates into hydrogen ions

and bicarbonate ions.

 The hydrogen ions change places with cation absorbed on the colloidal

particles and bicarbonate ions release the adsorbed anions to make cation

and anions available to roots of plants close by.

 This hypothesis is the movement of ions between adsorption sites in the soil

particle and roots.

(A) Availability of Minerals

K+ HCO¯3

CO2 + H2O
H+ HCO¯3

K+ 

Root Clay micelle



(ii) Cation exchange hypothesis (Contact exchange theory):

This theory eliminating the shortcomings of ionic movement between

adsorption sites in the soil and roots, postulate that ions are not completely

static.

ions are always oscillating around their adsorption surface and overlap each

other, hence ion exchange occurs.

An equilibrium is always maintained between the dissolved fractions as any

depletion in the soil solution is immediately covered by movement of ions.

Though the these both theories are not universally accepted.

(A) Availability of Minerals

K+ 

Root

Clay micelle

H+ 

K+ 
H+ 

Clay micelle

Root



The availability of soil water and minerals

Long-distance transport of water from roots to 
leaves





(B) Mechanism of Nutrient uptake
 Mechanism of Nutrient / Mineral salt / ions uptake/absorption placed under two

broad categories.

I. Passive Absorption:

 It includes the theories of Mass flow, ion exchange, Donnan equilibrium and

diffusion.

II. Active Absorption:

 It includes the theories related to carrier concepts theory, Protein lecithin theory,

cytochrome pump hypothesis, and ATP theories.

I. PASSIVE ABSORPTION:

Briggs and Roberston (1957) demonstrated Passive Absorption of ions by root

system in contact with soil colloids and root solution.

1. MASS FLOW THEORY (BULK FLOW):

 According to this theory, ions are taken up by the roots along with mass flow of

water under the influence of transpiration.

 Lopushiinsky (1964) found that high hydrostatic pressure of water, increase ion

uptake in the roots using radioactive isotopes P32 and Ca45.

 Researchers fail to explain this theory when there is high amount salt

accumulation in the soil (in such condition water is not enter in the root) against

osmotic gradient.



(B) Mechanism of Nutrient uptake
2. IONS EXCHANGE:

 Ions may be exchange with

the ions absorbed on the

surface of cell wall of tissue

immersed in external

solution.

 As hydogen ions (H+) and

hydroxyl ions (OH+) both are

ready available on the

surface of cell membrane, the

cations and anaions are

exchange freely without

involve of metabolic energy.

 Experiment carried out with

excised barley roots treated

with the use of radioactive

K+. After sometimes,

radioactive K+ ions

exchange place with non-

radioactive K+ ions present

in the solution.

Cl-

Br-

Figure explaining ion exchange theory. Negatively Cl-

and Br- exchange without disturbing electric neutrality

3 Br, 3Cl 6 Br,  0Cl 

Left 

column

0Br,  6CL3 Br, 3Cl

A - PART B - PART

Right

column

Right

column

Left 

column



Donnan equilibrium showing ion 

pair diffusion:

3. DONNAN EQUILIBRIUM:

 This theory accounts for non-

diffusible ions for control of

electrochemical equilibrium.

 In order to maintain an internal

balance of cell or tissue, such ions

would require ions of other charge.

 In figure, ion exchange is

prevented due to non-diffusible

ions (R-) in side cell.

 Fixed anaions (Cl-) are present on

the inner side of the membrane,

cations (K+) in addition to normal

exchange would be absorbed to

maintain the equilibrium.

 Thus increasing the cations

concentration of the internal

solution in comparison to external

solution.

External 

solution

Internal 

solution

Internal 

solutionExternal 

solution



II.  ACTIVE ABSORPTION:

Active absorption is supported by

metabolic energy.

1. THE CARRIER CONCEPT THEORY:

 This theory proposed by Honert (1937) ,

ion transport is carried out by organic

molecules or vesicles as a carrier which

are present in plasma membrane.

 Ions under goes reversible binding with

constituent of outer space designated as

a carrier and pass through the

impermeable boundary of outer and

inner space in the form of ion and

carrier complex. On reaching it separate

from the carrier.

 This is theory of selectivity, abundant of

selected ions in membrane and their

chemical affinity with the carrier

molecules. Carrier are also known as

translocators when translocates specific

large protein molecules.



2. PROTEIN – LECITHIN AS CARRIER:

According to the theory

proposed by Bennet Clark

(1956), carrier can be

protein associated with

phosphatide i.e. lecithin,

synthesized and hydrolyzed

in cyclic manner.

 Ions k+ and cl- are picked

up by lecithin from outer

space to produce lecithin-

ion complex which move in

inner space and release the

ions (k+ and cl-) on

hydrolysis of complex.

ATP is require for

resynthesis of lecithin.



3. CYTOCHROME_PUMP 

HYPOTHESIS:

 According to the theory

proposed by Lundegardh

(1950), stated that anion

absorption is independent of

cation absorption.

 Proton (H+) and electron (e-)

are produced on inner surface

as a result of Dehydrogenase

reaction.

 Via cytochrome chain, electron

moves outward to be release

and united with protons (H+)

and oxygen (O) to form water.

 Reduction of Iron ( From Fe++

to Fe+++) of cytochrome on the

outer surface get oxidized by

losing the electron.

 The anion picked up by

oxidized iron of cytochrome on

outer surface.



4. ATP THEORIES:

 According to the theory

proposed by Laties (1957) and

Sutcliffe (1959), stated that ion

absorption in the cell is

energized by ATP.

 The energy from hydrolysis of

ATP molecules can be made

available to energized ion pump

through action of enzymes

present in the cell membrane.

 In first case, organic compound

(adenine) first phosphorylased

(addition of inorganic

phosphorus) on

dephosphorylased organic

compound.

 The cation is released when

phosphorylation is occur (cation

uptake requires ATP) and anion

uptake is linked to electron

transfer .



(C) Factors affecting Nutrients uptake OR Salt Absorption

(i) Temperature:

Increase in temperature increase both active and passive absorption.

Beyond maximum limit of temperature, absorption get inhibited

because of denaturation of enzyme s in the processes.

(ii) pH:

pH affect the availability of ions in the medium.

The pH values outside the physiological range damage to plant

tissue and inhibit salt absorption.

(iii) Light:

Light indirectly affect the salt absorption by affecting the opening

and closing of stomata during the process of transpiration and

photosynthesis.

(iv) Oxygen tension:

The deficiency of oxygen decrease salt absorption.

(v) Interaction of ions:

Absorption of one ion may be influence of another ion. Interaction

is appear in primary stage when less availability of ion and specific

binding site on carrier. However, if enough binding site on carrier are

present , Interaction does not appear.



Lecture-14

(A) Photosynthesis & its Importance

(B) Chloroplast Structure

(C) Pigments

(D) Evidence in Support of Light & 

Dark Reaction





Light Energy Harvested by Plants & Other 
Photosynthetic Autotrophs

6 CO2 + 6 H2O + light energy → C6H12O6 + 6 O2

(A) Photosynthesis 



• Photosynthesis is the vital physiological process occur in the
chloroplast of green plants (autotrophic organisms) use light
energy to synthesizes sugar and oxygen gas from carbon dioxide
and water.

• 2500 chlorophyll molecules are require fixing one molecule of
CO2 in photosynthesis.

OVERVIEW OF PHOTOSYNTHESIS

Carbon
dioxide

Water Glucose Oxygen
gas

PHOTOSYNTHESIS

+ 686 K Calories energy



1. Photosynthesis helps to purify air and also maintain balance of oxygen and
carbon dioxide in the ecosystem.

2. It provide food either directly as a vegetables & fruits, cereals and pulses
to vegetarian peoples or indirectly provide meat or milk of animals which
are feed on plants to non-vegetarian peoples.

3. It provide vast reservoir of energy to mankind in the form fuel, such as
coal, petroleum(oil), wood, natural gases, lignite etc. all energy-rich
materials of an organic origin that also provide power to industries.

4. Oxygenic photosynthesis was responsible for converting the totally
anaerobic condition on earth into aerobic atmosphere.

5. Excess sugars produced in photosynthesis are either stored in the form of
carbohydrates or used in the biosynthesis of other organic compounds.



Life on Earth 
depends on 
flow of energy 
from sun





Definition: Chloroplast is a double membrane structure, green in color &

ellipsoidal in shape that contain chlorophyll molecules inside the quantasomes

which are identified as a site of photosynthesis , are of a great biological

importance.

Leeuwenhock (1679) has isolated separate structure of chloroplast.

Chloroplasts in higher plants, mainly found in palisade and spongy tissue of

leaves.

Haberlandt (1882) found an average of 36 Chloroplasts in each palisade cell

and 20 in each spongy parnchyma cell.

palisade mesophyll (sometimes called palisade parenchyma, the cells are

intact means no space among the cells, contains huge amount of chloroplasts)

and Other is spongy mesophyll (spongy parenchyma, the cells are loosely

arranged and larger space among the cells, contains less chloroplasts).

The leaf is arranged like a different layers of cake.

Chemical composition of chloroplast :

Content Per cent Content Per cent

Proteins 35-55 % Carotenoids 4-5%

Lipids 20-30% RNA 3-4%

Chlorophyll a 75%
Chlorophyll b 25%

least DNA <0.02-0.1 %





STRUCTURE OF CHLOROPLAST

Soluble proteins & 
RUBISCO enzyme 

in stroma



Envelop: Made of double membrane across molecular interchange.
 Stroma: Internally, the chloroplast is filled with a hydrophilic matrix called

as stroma (fills more gel fluid volume of chloroplast) embedded with
grana. It contain 50% of soluble proteins of chloroplast, DNA, 70S type
ribosomes & RUBISCO enzyme.

Thylakoids: A flattened vesicles arranged like stacked piles of coins
forming grana. Each granam consists of 5-25 disc shaped grana lamellae
(thylakoid) placed one above the other. It contains 50% of proteins.

 It contain 5 super-molecular complexes:
1. Photosystem -I (PS I) 2. Photosystem -I I (PS II)
3. Cytochrome b/f 4. ATP synthase
5. Light Harvesting Complex (LHC): Chlorophyll a & b

Each grana lamella of thylakoid encloses a space called loculus and the
thylakoid membrane consists of alternating layer of lipids and proteins.
Some of the grana lamella of thylakoid of is connected one grana to
another grana by somewhat thinner stroma lamella membrane.

Chlorophyll and other photosynthetic pigments are confined to grana.
The chlorophylls are the site of photochemical reactions.



(Inner side of 
Membrane is made up 
of D1 & D2 sub-units)

(Outer side of 
Membrane-Core is made 
up of psaA & psaB sub-

units)





Plant Physiology III Edition 
By

S.N. Pandye & B. K. Sinha



Thylakoids in prokaryotes :

In prokaryotes like cyanobacteria,
purple bacteria, etc., thylakoids
are present but they lie naked in
the cytoplasm. Chloroplasts are
absent. In prokaryotes, pigments
are distributed uniformly on or in
the lamellae.



WHY ARE PLANTS GREEN?
Plant Cells 
have Green 
Chloroplasts

The thylakoid membrane
of the chloroplast is
impregnated (saturated)
with photosynthetic
pigments (i.e.,
chlorophylls, carotenoids).



Chemical Structure Chlorophyll a & b

Chlorophyll a: C55H72O5N4 Mg and 
Chlorophyll b: C55H70O6N4 Mg.

Mg porphyrin head which is hydrophilic and a phytol tail - lipophilic

Two chlorophylls
differ because in
chlorophyll b
there is a –CHO
group instead of
CH3 group at the
3rd C atom in
pyrrol ring II.



Fracture surface A: contains rare & small size of quantasomes;
Surface B & D: contains the large size of quantasomes seen on adjacent thylakoid membranes;
Fracture face C: contains tightly packed small quantasomes.

Two major sizes of particles are seen when mature
plant chloroplasts:
Large particles: 17.5 nm and small particles: 11 nm. 

Ultra Microscopic 
Structure of Thylakoid



No. Types of Molecules Numbers / quantasome

1. Chlorophyll a 160

2. Chlorophyll b 70

3. Carotenoids 48

4. Quinones 46

5. Phospholipids 116

6. Mono-galactosyl-di-Glyceride 346

7. Di-galactosyl-di-Glyceride 144

8. Sulpholipid 48

9. Phosphatidyl choline 58

10. Phosphatidyl glycerol 47

11. Phosphatidyl inositol 27

12. Some sterols & Osmiophilic granules -

Total ≈1110



• Chloroplasts 
absorb light 
energy and 
convert it to 
chemical energy

Light
Reflected

light

Absorbed
light

Transmitted
light

Chloroplast

THE COLOR OF LIGHT SEEN IS THE COLOR NOT 
ABSORBED



The various portions of E.S. are Gy, U.V. rays, visible rays and infrared rays, the 
wavelength of these rays ranges from 280 nm to 1000 nm.



No. Wavelengths Electromagnetic

radiation

1. Below 280 nm X rays, Gamma rays and 

Cosmic rays

2. 280 - 390 nm Ultra violet radiation

3. 430 - 470 nm Blue light

Visible light (PAR)4. 470 - 500 nm Blue green light

5. 500 - 560 nm Green light 

6. 560 – 600 nm Yellow light

7. 600 – 650 nm Orange light

8. 650 - 760 nm Red light (VIBGYOR)

9. 760 - 1000 nm Far red light (IR)

Different  Electromagnetic radiations of  various  Wavelengths (nm)



Different pigments absorb light differently

The absorption of different wavelengths of light by a particular pigment is called
absorption spectrum.
Chlorophylls absorb maximum light in the violet blue and red part of the spectrum.
The absorption peaks of chlorophyll a are 435 violet blue and 662 red part Sky blue
line); for chlorophyll b 453 and 642 (Pale green line) respectively. Chlorophyll c has
absorption peak in blue region at 447; Chlorophyll d has absorption peak in red region
at 688 and in 435 violet blue region.
Carotenoids absorb light energy in blue (449) and blue green part (478) of spectrum.

(Orange line).

435 
violet 
blue 

662 
red part

453
blue 

642
Red 
part 



Water-splitting
photosystem

NADPH-producing
photosystem

ATP
mill

• Two types of photosystems cooperate in the light reactions

The normal state of the chlorophyll molecule or atom is called as
ground state or singlet state. When an electron of a molecule or an atom
absorbs a quantum of light, it is raised to a higher energy level which is called
as excited second singlet state. This state is unstable and has a life time of 10-
12 seconds.

The electron comes to the next higher
energy level by the loss of some of its
extra energy by following ways:
i) By losing its remaining extra

energy in the form of heat.
(ii) By losing extra energy in the form

of radiant energy
(phosphorescence) and after the
incident radiant light is cut off,
the chlorophyll molecules emit
phosphorescent light.

(iii) Electrons carrying the extra energy
may be expelled from the
molecule and is consumed in
some further photochemical
reaction

Ground state or
singlet state

Exited state or
second singlet state





(C) Chloroplast Pigments

Figure 7.7

PHOTOSYNTHETIC PIGMENTS ARE OF THREE TYPES WHICH ARE 
DISTRIBUTED IN PLANT KINGDOM
(A) CHLOROPHYLLS:
Chlorophyll a :    All photosynthesizing plants & only in Green-sulphur bacteria
Chlorophyll b :    Higher plants and green algae
Chlorophyll c :     Diatoms and brown algae
Chlorophyll d :    Red algae
Bacteria chlorophylls: Purple and green bacteria
a, b, c, d & e
Chlorobium, Chlorophyll 650, Chlorophyll 660 are
distinguished

(B) CAROTENOIDS:
B-Carotenes:       Higher plants and algae (Orange)
Xanthophylls:     Higher plants and algae  (Yellow)
Lutein:                 Green leaves and Green and Red algae
Fucoxanthin:       Brown algae
Neoxanthin :      Higher plants-Green leaves
Violaxanthin:     Higher plants-Green leaves

(C) PHYCOBILLINS:
Phycocyanins:        Blue green algae and red algae
Phycoerythrins:     Blue green algae and Red algae
Allophycocyanin:  Blue – green and Red algae



(A) BIOSYNTHESIS OF 

CHLOROPHYLLS:

ALA – is a primary precursor of

chlorophyll .

It is catalysed by enzyme

Coproporphyrinogen oxidative

decarboxylase converted into

protoporphyrin IX.

DV=Divinyl

MV= Monovinyl

Catalysed by enzyme 

Co-pro-porphyrinogen

oxidative decarboxylase



(B) BIOSYNTHESIS OF 

CAROTENOIDS:

Acetate is a primary

precursor . First acetyle

CoA is synthesized.

Role of carotenoids:

1. It protect the

chlorophyll against

photodynamic

destruction.

2. It absorb and transfer

light energy to

chlorophyll a.

MEP= Methyl Eno

Phosphate

DMAPP = Di-Methyle Amino 

Pyro-Phosphate



(C)BIOSYNTHESIS OF 

PHYCOBILLINS

Occuing only algal divisions, 

Rhodophyta, Cyanophyta

and Cryptophyta .

Red and blue 

phycobiliproteins called 

phycoerithrins and 

phycocyanins, respectively.

It also act as photosynthetic 

pigments.

Light  harvested is not 

utilized but transferred to 

chlorophyll a, that’s why 

they are called as accessory 

pigments. 



(D) Evidences in support of  light and Dark reaction 

(i) Evidence from temperature coefficient:

 Temperature coefficient is always represented as symbol Q10.

 For the photochemical reaction, Q10 is almost unity i. e. Q10= 1; as it show no

increase in the rate with the rise in temperature.

 For the dark reaction, Q10 is always equal to 2 or 3 (Q10=2 or 3). The light and

dark reactions are independent but interlinked.

(ii) Evidence from intermittent light:

Warburg (1920) observed that when intermittent light about 1/16 seconds were given

to green algae photosynthetic yield per second was higher than continuous supply

of same intensity of light.

Explanation:

In photochemical reaction, A is convert into B and by chemical reaction B is convert

into C. Under continuous light, Conversion A into B proceed with faster rate than

Conversion B into C. As a result, B shows tendency of accumulation. While in

intermittent light, the dark phase enables B to convert into C and the rate of

photosynthesis increases.

(III) Evidence from carbon dioxide reduction in dark:

 Tracer technique was used in which used heavy carbon in carbon dioxide (C14O2).

 The leaves were put first in light, but when they transferred in to the dark, are

found to reduced CO2, purely a chemical phase.



Lecture-15



1. Light reaction / Primary photochemical

reaction / Hill’s reaction/ Arnon’s cycle

(Activities found in thylakoids or grana)

2. Dark reaction / Black man’s reaction / Path

of carbon in photosynthesis.

(Activities found in Stroma)

The whole mechanism of photosynthesis
consists of two parts.





The light reaction phase of photosynthesis is complicated
process with several events can be studied under the
following headings.

(I) (a) Red drop and Emerson effect
(b)Two pigment system

(II) (a) production of assimilatory powers
(b) Photo phosphorylation
(i) Non cyclic Photo phosphorylation
(ii) Cyclic Photo phosphorylation
(iii) Pseudocyclic Photo phosphorylation

(III) Energy relationships and efficiency of photosynthesis
(IV)Interrelationship of Light & Dark Reaction





Photosynthesis is considered as a two quanta process, i.e. takes

two light quanta energy to drive each electron. Since 4 electrons are

required for reduction of one molecules of CO2, 8 quanta light will be

required to reduce it or to evolve one molecule of oxygen.

O2 + 4H+ CH2O + H2O

Radiant Energy

4H2O 4(H+ + e-) + 2H2O + O2

Light rays consist of tiny particles called photons.
The energy carried by a photon is called quantum.
The number of photons (quanta) required to release one molecule of

oxygen in photosynthesis is called quantum requirement.
The number of oxygen molecules released per photon (light quanta) of

light in photosynthesis is called as quantum yield.

 The quantum yield is always in fraction of one.

 In the process, one mol. Of O2 is evolved utilizing 8 quanta energy,

i.e. quantum yield is 1/8 = 0.12 X 100 = 12% quantum yield.



RED DROP:
Robert Emerson Chalmers noticed that there is a sharp decrease in
quantum yield at wavelength greater than 680 nm in photosynthesis
(chlorella plant) in the red part of the spectrum, the phenomenon
was called as red drop.

X- Later, they found that the inefficient far-red light beyond
680 nm could be made fully efficient if supplemented with light of
shorter wavelength (blue light).

EMERSON’S ENHANCEMENT EFFECT:
The quantum yield from the two combined beams of light

was found to be greater than the sum effects of both beams used
separately. This enhancement or increasing of photosynthesis
process is called as Emerson’s Enhancement.



PIGMENT system I PIGMENT system II
Chlorophyll a 670 Chlorophyll a 660

Chlorophyll a 680        200 mole. Chlorophyll a 670      200 mole.

Chlorophyll a 695 Xanthophylls

1 cyt. f, 1 plastocynin, 2 cyt. b 563, FRS 

(Ferredoxin Reducing Substance, iron & 

copper

4 plastoquinone, 4 Mn molecules, 2 cyt. b

559, 1 cyt. b6, Chloride

Carotenoids - 50 molecules  carotenes Xanthophylls, violaxanthin, r-neoxanthin

Phycobillins

Chlorophyll a absorbing light 700 nm wave 

length or called P700 form

Chlorophyll a  absorbing light  is 680 nm 

wave length or P680 form

P700 form of Chlorophyll a is the active 

reaction centre

P680 form of Chlorophyll a is the active 

reaction centre

The two pigment systems I (PS I) and pigment systems II (PS II) are interconnected by a
protein complex called cytochrome b6–f complex.
Two systems are based on chloroplast fragmentation process which showed two types
of particles within chloroplast membrane, smaller and lighter particles of PSI and larger
and heavier particles of PS II.
Salisbury and Ross (1986) proposed that grana mainly contain PSII while stroma
lamellae PSI.
In PS II, primary electron acceptor is colorless chl.a that lacks Mg hence called
pheophytin.



(Inner side of 
Membrane is made up 
of D1 & D2 sub-units)

(Outer side of 
Membrane-Core is made 
up of psaA & psaB sub-

units)

Cyto- b6f connect 
PS I & PS II



Arnon (1956) used the term assimilatory powers to refer to
ATP and NADPH2 (Reduced Nicotinamide adenine
dinucleotide phosphate).

The process of reduction of NADP into NADPH + H+ maybe
denoted as Electron transport system in photosynthesis.

While the process of formation of ATP from ADP and
inorganic phosphate (Pi) utilizing light energy is called
photophosphorylation.

Production of assimilatory powers in photosynthesis







 In 1937, Robert Hill demonstrated that isolated chloroplasts evolved oxygen
(photolysis of water) when they were illuminated in the presence of a
suitable electron acceptor, such as acceptor ferricyanide.

 The ferricyanide reduced to is ferrocyanide by photolysis of water. This
reaction is called Hill Reaction and it explain that water is used as a source
of electrons for CO2 fixation and oxygen is evolved as a by-product.

 Light reaction is also called as Hill’s reaction. It is also called as Arnon’s cycle
because Arnon showed that the H+ ions released by the break down of
water are used to reduce the coenzyme NADP to NADPH.

 Light reaction includes photophosphorylation as ATP is synthesized in the
presence of light in grana portion of the chloroplast and it is faster than
dark reaction.

HILL REACTION:



Difference between 
Photosystem I and II





Plastoquinone (PQ) and Plastocyanin (PC) act as mobile electron 
carriers between the two pigment systems.

NON CYCLIC ELECTRON TRANSPORT OR NON CYCLIC 
PHOTOPHOSPHORYLATION
(Occur in all green plants in Z shape Model (Up-Down) Reaction

2e-

2e-

2e-

2e-

Pheophytin -
First Electron 

Accepter

Exited P700 gives electron to Fe3+ in one of the
Fe-S protein called FRS-Ferredoxin Reducing Subs.

NADP

NADPH +H

Fd

2e-

NADPH2 = Reduced Nicotinamide Adenine Dinucleotide Phosphate)

Mn -protein
Act as Mediator

683nm

673nm

2OH + 2H+ ↔ 2H2O
Mg ++ & Cl-

O2 + H2O

Loss of electron
from P680 then it
attract electron from
adjacent Mn-protein

2ADP + 2Pi + 2NADP + 2H20 
2ATP + 2NADPH + H+ + O2

b6 (0.03 V 
–f (0.36 V) 
=0.33 V

Enter in to stroma for 
synthesis of carbohydrate 

-2e Drain out from 
thylakoid granam

PQH₂

-2e



NON CYCLIC PHOTOPHOSPHORYLATION



Electron from Pheo is used in reduction of Plastoquinone (PQ to PQH₂) .  
This steps require two electrons and two protons (2H+). 

Four Types of Plastoquinones reported from chloroplast:
3 are tocopherol quinones + 1 is vit. K ( 1,4-naphtho – quinone acetate)

REDUCTION OF PLASTOQUINONE 

+2e,   +     2H+

PQ PQH2

+2e,   +     2H+

From PQH₂ electron move to cytochrom b6.   





 Arnon and his associates (1954) showed isolated chloroplast can
produced ATP when exposed to light from ADP + Pi is called Photo-
phosphorylation.

 But which is different from oxidative phosphorylation occur in
mitochondria.

THE ROLE OF ATP IN PHOTOSYNTHESIS IS IN TWO STEPS:

1. Reduction of CO2
2. Phosphorylation of ribulose 5-phosphate into ribulose 5-diphosphate

which is CO2 acceptor of C3 plants

THREE TYPES OF PHOSPHORYLATION HAVE BEEN RECOGNISED:

(i) CYCLIC PHOTOPHOSPHORYLATION
(ii) NON-CYCLIC PHOTOPHOSPHORYLATION
(iii) PSEUDOCYCLIC PHOTOPHOSPHORYLATION

PHOTOPHOSPHORYLATION



(i) Cyclic electron transport and cyclic photophosphorylation
(Photosynthetic Bacterium- Rhodospirillum rubrum.) 

P700 (PI)

P700 (PI)

Photon 
683 mµ light 

Cyt- b6

Cyt- f

2 Molecules of 
ATP are formed

1 Molecule

1 Molecule



Differences between Photosynthesis found in Bacteria and green plants

No. Photosynthesis in Bacteria No. Photosynthesis in Plant
1 Bacteria have no distinct chloroplast. 1 Chloroplast is well developed

2 Bacteria absorb light of longer wave
length (800-900 nm or infra red)

2 These absorb light of shorter wave length
(450-700 nm)

3 P890 is the reaction centre. 3 P680 and P700 are two reaction centre.

4 Chlorophyll a is absent and

bacteriochlorophyll and carotenoids takes
its function.

4 Chlorophyll a is present which converts
radiant into chemical energy.

5 The Carotenoids are open chain aliphatic
type.

5 The Carotenoids are bicyclic.

6 Oxygen is not evolved (anoxygenic
Photosynthesis)

6 Oxygen is evolved (oxygenic
Photosynthesis)

7 Water does not serve as a source of
reducing power.

7 Water is serve as a source of reducing
power.

8 Bacteria can use CO2 as well as organic

compounds such as hydrogen sulfide and
sulfur compounds as a source of carbon.

8 Only CO2 is a source of carbon.

9 The photo-reductant is NAD 9 The photo-reductant is NADH2

10 The process occurs in the presence of
light but in the absence of O2.

10 Both present during the process.

11 Emerson effect is not found. 11 Emerson effect is found.

12 Cyclic photophosphorylation is dominant. 12 Non-Cyclic photophosphorylation is
dominant.

13 Lycopene is not found 13 Lycopene is found



(1) Anoxygenic phototrophic bacteria:

(2) Oxygenic phototrophic bacteria:

(1) Anoxygenic phototrophic bacteria are the gram-negative

bacteria that can use light as an energy source and they

are anaerobic as they do not evolve oxygen during

photosynthesis. Aerobic anoxygenic phototrophic bacteria

are another group, which are obligate aerobes that capture

energy from light by anoxygenic photosynthesis.

(2) Oxygenic phototrophic bacteria can also use light as an

energy source but they are aerobic as they evolve oxygen

in a manner similar to as that of green plants.



 Aerobic anoxygenic phototrophic bacteria are the obligate aerobes

that capture light energy by anoxygenic photosynthesis.

 Anoxygenic photosynthesis is the phototrophic process where light

energy is captured and stored as ATP.

 The production of oxygen is non-existent and, therefore, water is not

used as an electron donor. Aerobic anoxygenic phototrophic bacteria

are photoheterotrophic (phototroph) microbes that exist in a variety

of aquatic environments.

 Photoheterotrophs use light to produce energy but are unable to

utilize carbon dioxide as their primary carbon source.

 This group of bacteria are unable to utilize the photosynthetic

pigment bacteriochlorophill for anaerobic growth.

 Aerobic anoxygenic phototrophic bacteria (AAPB) are classified in

two marine (Erythrobacter and Roseobacter) and six freshwater

(Acidiphilium, Erythromicrobium, Erythromonas, Porphyrobacter,

Roseococcus, and Sandaracinobacter) genera.

 AAPB are usually pink or orange in colour when isolated from water.

AAPB are obligately aerobic bacteria except for Roseobacter

dentrifiicans which can use nitrite or trimethylamine N-oxide as an

electron acceptor for photosynthesis under anaerobic conditions.



 Unlike anaerobic phototrophic bacteria that have several species of

photosynthetic pigments, such as bacteriochlorophyll a, b, c, d, e, f,

etc., AAPB contain only bacteriochlorophyll a.

 The content of photosynthetic pigments in AAPB is low, while the

accessorial pigments carotenoids in AAPB are abundant in

concentration and diverse in species.

 AAPB have light harvesting complex I (LHI) but usually lack of light

harvesting complex II (LHII).

 AAPB cannot grow on photosynthesis independently.

 The key enzyme of calvin cycle ribulose bisphophate carboxylase

(Rubp) has not been found in any AAPB species. But light energy can

enhance the transportation and assimilation of substrate for

biosynthesis.

 AAPB also have great potentials in bioremediation of polluted

environments, such as decomposition of toxic organics and

reduction, adsorption, precipitation and transformation of toxic heavy

metals to less toxic forms.

 These specific functions can be applied to bioremediation of industrial

waste with heavy metal pollution as well as bioleaching of metals

from ores or mining tailings with metal levels too low for smelting.



 These are Gram-negative bacteria that contain bacteriochlorophyll

and can use light as an energy source.

 These organisms are anaerobic and they do not evolve O2 during

photosynthesis.

 The anoxygenic bacteria grow phototrophically only under anaerobic

conditions and are incapable of forming O2.

 Anaerobic anoxygenic phototrophic bacteria occur in anaerobic

freshwater or marine environments.

 They may occur beneath the surface of shallow aquatic

environments rich in organic matter, such as stagnant ponds,

ditches and salt marsh pools, or in sometimes they have a much

deeper habitat, as at the bottom of a lake.

 These bacteria contain various water-insoluble carotenoid pigments,

which can absorb light energy and transmit it to the

bacteriochlorophyll.

 The bacteriochlorophyll absorbs light more strongly when the light is

of long wavelength, i.e., about 725 to 745 nm long wavelength.



The light is of longer wavelength than that

absorbed by the chlorophyll of oxygenic bacteria. The

bacteriochlorophyll and the carotenoid pigments of

anoxygenic bacteria can also absorb light energy in

the blue to blue-green range. This is important when

anoxygenic bacteria occur in the depths of a lake,

because blue light can penetrate water a more great

distance than red light.

The colour of anoxygenic phtotrophic bacteria is

determined by the carotenoids. The anaerobic

anoxygenic phototrophic bacteria can be divided into

two major groups on the basis of their pigmentation,

i.e., (A) Purple bacteria and (B) green bacteria.



(A) PURPLE PHOTOTROPHIC BACTERIA :

Purple bacteria are proteobacteria that are phototrophic in

nature. They are pigmented with bacteriochlorophyll a or b,

together with various carotenoids, which give them colours

ranging between purple, red, brown, and orange.

Photosynthesis takes place at reaction centers on the cell

membrane, which is folded into the cell to form sacs, tubes, or

sheets, increasing the available surface area.

Like most other photosynthetic bacteria, purple bacteria do not

produce oxygen, because the reducing agent (electron donor)

involved in photosynthesis is not water. In some, called purple

sulfur bacteria, it is either sulfide or elemental sulfur.

Purple bacteria or purple photosynthetic bacteria are

proteobacteria that are phototrophic, that is, capable of

producing their own food via photosynthesis.

They are pigmented with bacteriochlorophyll a or b, together

with various carotenoids, which give them colours ranging
between purple, red, brown, and orange.



 The family Rhodospirillaceae contains the purple non-sulphur bacteria. The

purple non-sulfur Photosynthetic Bacteria constitute a non-taxonomic group of

versatile organisms in which most can grow as photoheterotrophs,

photoautotrophs or chemoheterotrophs – switching from one mode to another

depending on conditions available, especially the following: degree of

anaerobiosis, availability of carbon source (CO2 for autotrophic growth, organic

compounds for heterotrophic growth), and availability of light (needed for

phototrophic growth).

 Under aerobic conditions, cultures appears orange-brown to purple-red. Under

anaerobic conditions, cultures may appear same as under aerobic conditions

otherwise some appear greenish-yellow.

 The habitat of these organisms include anaerobic aquatic environments, such

as mud and stagnant water, although they are able to survive in air.

 The purple non-sulphur bacteria exhibit a diversity of shapes, i.e., helical,

nonprosthecate rod-shaped, ovoid or spherical cells.

 The purple non-sulphur bacteria are photoorganotrophs, i.e., organic

substances serve both as carbon sources and as electron donors for the

reduction of carbon dioxide.

 Some species can grow autotrophically by using hydrogen sulphide as the

electron donor. Photosynthesis occurs only under anaerobic conditions in the

light.

 Chemotrophic growth for the purple non-sulfur bacteria is achieved by

respiration, although there are some exceptional strains and species which can

obtain energy by fermentation or anaerobic respiration.



 The family Chromatiaceae contains the purple-sulphur bacteria.

 The purple sulfur bacteria are a group of anaerobic proteobacteria

capable of photosynthesis, and are often found in hot springs or

stagnant water.

 Unlike plants, algae, and cyanobacteria, they do not use water as

their reducing agent, and so do not produce oxygen. Instead they use

hydrogen sulfide, which is oxidized to produce granules of elemental

sulfur.

 This in turn may be oxidized to form sulfuric acid.

 Cultures appear orange-brown to purple-violet.

 Purple sulfur bacteria are generally found in illuminated anoxic zones

of lakes and other aquatic habitats where hydrogen sulfide

accumulates and also in "sulfur springs" where geochemically or

biologically produced hydrogen sulfide can trigger the formation of

blooms of purple sulfur bacteria. Anoxic conditions are required for

photosynthesis; these bacteria cannot thrive in oxygenated

environments.

 Purple-sulphur bacteria may be ovoid to rod-shaped, coccoid, or

helical. All the genera of this bacteria are capable of photolithotrophic

growth, using H2S or elemental sulphur as the electron donor for

CO2 fixation.

 Most species are anaerobic and cannot grow in the dark.



(B) GREEN BACTERIA

Green phototrophic bacteria contain bacteriochlorophyll types c or d and

minor amounts of bacteriochlorophyll a.

The pigments involved in photosynthesis are located in membrane-bound

vesicles within the cell. Cultures are generally green or brown in colour.

The family Chlorobiaceae contains the green-sulphur bacteria. These are

obligatory anaerobic photoautotrophic bacteria.

The organisms can't grow in the dark even under microaerophilic

conditions.

The cells are ovoid, bean-shaped or rod-shaped. Multiplication takes place

only by binary fission. Photosynthesis is achieved using

bacteriochlorophyll (BChl) c, d, or e, in addition to BChl a and chlorophyll

a. Green-sulphur bacteria live as photolithotrophs, using H2S as the

electron donor for CO2 fixation.

Granules of elemental sulphur are deposited only outside the cells and the

sulphur can eventually be oxidized to SO4
2-. Chlorobium tepidum has

emerged as a model organism for the group, and although only ten

genomes have been sequenced, these are quite comprehensive of the

family's biodiversity.

The organisms can't grow in the dark even under microaerophilic

conditions. Their small dependence on organic molecule transporters and

transcription factors also indicate that these organisms are adapted to a

narrow range of energy-limited conditions.



The family Chloroflexaceae contains the green non-sulphur bacteria.

In this group of bacteria flexible filaments are formed and so these

are also called as the green flexi bacteria.

They possess gliding mobility. Most of them do not have gas

vesicles. The organisms are mainly photoorganotrophic, as the

purple non-sulphur bacteria, but they can also grow as

photolithotrophs as the purple non-sulphur bacteria, but they can

also grow as photolithotrophs with H2S as the electron donor.

In the dark they can grow aerobically as chemoheterotrophs.

The main genus, Chloroflexus, is thermophilic and occurs in hot

springs where it forms green or orange mats.

In hot springs, with H2S, Chloroflexus will form mat without

cyanobacteria and may be green in colour. In these conditions, these

are photoautotrophic, with sulphide as the electron donor.

These strains are obligately anaerobic and thogh phtoautotrophic but

grow best as photoheterotrophs. Chloroflexus auranticus is found in

alcaline hot springs (pH 5.5-10), where it occurs in an orange mat

below a layer of cyanobacteria. Under these conditions, Chloroflexus

is probably living photoheterotrophically, dependent upon the

cyanobacteria for fixed carbon.

These strains are facultatively aerobic. Chloroflexus cells occur as

filaments or trichomes and exhibit gliding motility.



Chromatophores contain bacteriochlorophyll pigments and carotenoids. In purple bacteria, such

as Rhodospirillum rubrum, the light-harvesting proteins are intrinsic to the chromatophore

membranes. However, in green sulfur bacteria, they are arranged in specialised antenna

complexes called chlorosomes.

Chromatophores

http://cdn.biologydiscussion.com/wp-content/uploads/2016/09/clip_image0042.jpg
https://en.wikipedia.org/wiki/Bacteriochlorophyll
https://en.wikipedia.org/wiki/Purple_bacteria
https://en.wikipedia.org/wiki/Rhodospirillum_rubrum
https://en.wikipedia.org/wiki/Green_sulfur_bacteria
https://en.wikipedia.org/wiki/Antenna_complex
https://en.wikipedia.org/wiki/Chlorosome


Photosynthetic bacteria are currently being

used in various applications which include

water purification,

bio-fertilizers,

animal feed and

 bioremediation of chemicals among

many others.

They are used in the treatment of

polluted water since they can grow and

utilize toxic substances such as H₂S or

H₂S₂03.

Useful Applications for Photosynthetic Bacteria



Green phototrophic bacteria contain bacteriochlorophyll types c or d and

minor amounts of bacteriochlorophyll a. The pigments involved in photosynthesis

are located in membrane-bound vesicles within the cell. Cultures are generally green

or brown in colour.

 The family Chlorobiaceae contains the green-sulphur bacteria. Clorobium

sp., Chloropseudomonas sp.

 These are obligatory anaerobic photoautotrophic bacteria.

 The organisms can't grow in the dark even under micro-aerophilic

conditions.

 The cells are ovoid, bean-shaped or rod-shaped.

 Multiplication takes place only by binary fission.

 Photosynthesis is achieved using bacteriochlorophyll (BChl) c, d, or e, in

addition to BChl a and chlorophyll a.

 Green-sulphur bacteria live as photolithotrophs, using H2S as the electron

donor for CO2 fixation. Granules of elemental sulphur are deposited only

outside the cells and the sulphur can eventually be oxidized to SO4
2-.

 Chlorobium tepidum has emerged as a model organism for the group, and

although only ten genomes have been sequenced, these are quite

comprehensive of the family's biodiversity.



 The family Chloroflexaceae contains the green non-sulphur bacteria.

 In this group of bacteria flexible filaments are formed and so these are also

called as the green flexi bacteria.

 They possess gliding mobility. Most of them do not have gas vesicles.

 The organisms are mainly photoorganotrophic, as the purple non-sulphur

bacteria, but they can also grow as photolithotrophs as the purple non-sulphur

bacteria, but they can also grow as photolithotrophs with H2S as the electron

donor.

 In the dark they can grow aerobically as chemoheterotroph.

 The main genus, Chloroflexus, is thermophilic and occurs in hot springs where

it forms green or orange mats.

 In hot springs, with H2S, Chloroflexus will form mat without cyanobacteria and

may be green in colour. In these conditions, these are photoautotrophic, with

sulphide as the electron donor. These strains are obligately anaerobic and

thogh photoautotrophic but grow best as photoheterotrophs.

 Chloroflexus auranticus is found in alcaline hot springs (pH 5.5-10), where it

occurs in an orange mat below a layer of cyanobacteria. Under these

conditions, Chloroflexus is probably living photoheterotrophically, dependent

upon the cyanobacteria for fixed carbon. These strains are facultatively

aerobic.

 Chloroflexus cells occur as filaments or trichomes and exhibit gliding motility.



 Cyanobacteria are aquatic and photosynthetic gram positive prokaryotes,
live in the water, and can manufacture their own food. Because they are
bacteria, they are quite small and usually unicellular.

 Cyanobacteria have an elaborate and highly organized system of internal
membranes which function in photosynthesis. Cyanobacteria get their
colour from the bluish pigment phycocyanin, which they use to capture
light for photosynthesis.

 Blue phycocyanin occur in all cyanobacteria and absorb light at wavelength
between 500 and 650nm.

 Cyanobacteria possessing phycoerythrin have a red or brown colour
instead of the usual bluish-green colour.

 Cyanobacteria contain chlorophyll a rather than bacteriochlorophyll;
because of this chlorophyll the cells absorb red light of 680 to 683 nm.

 Other pigments include water-insoluble carotenoids and also water-
insoluble phycobilins, which are the major light absorbing pigments in
cyanobacteria and which can transmit the energy of absorbed light to the
chlorophyll.



 Photosynthesis in cyanobacteria generally uses water as an electron donor
and produces oxygen as a by-product, though some may also use hydrogen
sulfide as occurs among other photosynthetic bacteria.

 Carbon dioxide is reduced to form carbohydrates via the Calvin cycle. In
most forms the photosynthetic machinery (chlorophyll a, carotenoid
pigments, photochemical reaction centers, and the photosynthetic
electron transport chain) is embedded into folds of the cell membrane,
called thylakoids. Thylakoids are the flattened membranous sacs located
within the cell. The surface of the thylakoids is studded with granules
called phycobilisomes, which contain the phycobilin pigments.

 The phycobilisome components (phycobiliproteins) are responsible for the
blue-green pigmentation of most cyanobacteria.



 Prochlorophytes are unicellular, spherical organisms, photosynthetic

Prokaryote member of the phytoplankton group Picoplankton.

Prochlorophytes are very small microbes generally between 0.2 and 2 µm.

 They morphologically resemble Cyanobacteria, but unlike cyanobacteria,

these unicellular organisms contain chlorophyll b in addition to chlorophyll a.

 They also possess staked thylakoids and can be distinguished from

cyanobacteria.

 They also lack phycobillin pigments and the cells appear grass-green rather

than blue-green.

 Members of Prochlorophyta have been found as coccoid (spherical, coccus)

shaped, as in Prochlorococcus, and as filaments, as in Prochlorothrix.

 These oligotrophic organisms are abundant in nutrient poor tropical waters

and use a unique photosynthetic pigment, divinyl-chlorophyll, to absorb light
and acquire energy.

 The structure of the light-harvesting complexes (LHC) from prochlorophytes

is very different from those of chloroplast systems, and is evolutionarily very

ancient. The functional association of the light-harvesting apparatus with

photosystem I (PSI) in both Prochlorothrix and Prochloron, as well as a

demonstrated capacity for PSI-dependent anoxygenic photosynthesis in

Prochlorothrix, may indicate that there is an increased dependence on cyclic

photophosphorylation in these organisms.



Photosynthesis occurs in plants and some bacteria, wherever
there is sufficient sunlight – on land, in shallow water, even
inside and below clear ice.

All photosynthetic organisms use solar energy to turn carbon
dioxide and water into sugar and oxygen.

There is only one photosynthetic formula:
CO2 + 6H2O -> C6H12O6 + 6O2.

Chemosynthesis is the use of energy released by inorganic
chemical reactions to produce food. Chemosynthesis is at the
heart of deep-sea communities, sustaining life in absolute
darkness, where sunlight does not penetrate.

All chemosynthetic organisms use the energy released by
chemical reactions to make a sugar, but different species use
different pathways.

For example, the most extensive ecosystem based on
chemosynthesis lives around undersea hot springs. At these
hydrothermal vents, vent bacteria oxidize hydrogen sulfide,
add carbon dioxide and oxygen, and produce sugar, sulfur,
and water: CO2 + 4H2S + O2 -> CH20 + 4S + 3H2O.



(i) Cyclic Photophosphorylation
• Process for ATP generation associated with some 

Photosynthetic Bacteria

• Reaction Center => 700 nm



The cyclic electron transport involves only pigment 
system I. (Bacterium-Rhodospirillum rubrum.)  (Activity of 
pigment system II is blocked)

Under this condition,
1. Only pigment system I remain active
2. Photolysis of water does not take place
3. Blockage of non-cyclic ATP formation and this 

causes a drop in CO2 assimilation in dark 
reaction

4. There is a consequent shortage of oxidized NADP



1. Photolysis of water, O2 evolution and reduction of
NADP do not take place.

2. The electron returns or cycles back to original
position in the P700 form of chlorophyll a. Here,
chlorophyll molecule serves both as donor and
acceptor of the electron.

3. It generates energy rich ATP molecules at two sites
and which is not occur in dark reactions of
photosynthesis.



Plastoquinone (PQ) and Plastocyanin (PC) act as mobile 
electron carriers between the two pigment systems.

(II) NON CYCLIC ELECTRON TRANSPORT OR NON CYCLIC 
PHOTOPHOSPHORYLATION

(Occur in all green plants in Z shape (Up-Down) Reaction

2e-

2e-

2e-

2e-

Pheophytin -
First Electron 

Accepter

Exited P700 gives electron to Fe3+ in one of the
Fe-S protein called FRS-Ferredoxin Reducing Subs.

NADP

NADPH +H

Fd

2e-

NADPH2 = Reduced Nicotinamide Adenine Dinucleotide Phosphate)

Mn protein



Electron from Pheo is used in reduction of Plastoquinone (PQ to PQH₂) .  
This steps require two electrons and two protons (2H+). 

Four Types of Plastoquinones reported from chloroplast:
3 are tocopherol quinones + 1 is vit. K ( 1,4-naphtho – quinone acetate)

REDUCTION OF PLASTOQUINONE 

+2e,   +     2H+

PQ PQH2

+2e,   +     2H+

From PQH₂ electron move to cytochrom b6.   





Role of ATP in photosynthesis is essential at two steps:

Firstly, it supplements energy for the reduction of CO2
utilizing NADPH + H+. NADPH + H+ is the end-product of light
reaction.
NADPH + H+ move the electrons to phosphoglyceric acid
(PGA) and into the carbon cycle.

Secondly, ATP is used in the phosphorylation:

Ribulose-5-phosphate Ribulose-1, -5-diphosphate
in calvin cycle.

Ribulose-1, -5-diphosphate is the CO2 acceptor of C3 plants.
1 Glucose molecule synthesized 18 of ATP is necessary in C3
plants.



2 H + 1/2

Water-splitting
photosystem

Reaction-
center

chlorophyll

Light

Primary
electron
acceptor

Energy
to make

Primary
electron
acceptor

Primary
electron
acceptor

NADPH-producing
photosystem

Light

NADP

1

2

3

How the Light Reactions Generate ATP and NADPH



• The production of ATP by chemiosmosis in 
photosynthesis

Thylakoid
compartment
(high H+)

Thylakoid
membrane

Stroma
(low H+)

Light

Antenna
molecules

Light

ELECTRON TRANSPORT 
CHAIN

PHOTOSYSTEM II PHOTOSYSTEM I ATP SYNTHASE





1. It involves PS I and PSII
2. The electron expelled from P680 of PSII is transferred to PS I and hence

it is a non cyclic electron transport.
3. In non cyclic electron transport, photolysis of water (Hill’s reaction and

evolution of O2) takes place.
4. Phosphorylation (synthesis of ATP molecules) takes place at only one

place.
5. The electron released during photolysis of water is transferred to PS II.

6. The hydrogen ions (H+) released from water are accepted by NADP and
it becomes NADPH2

7. At the end of non cyclic electron transport, energy rich ATP,
assimilatory power NADPH2 and oxygen from photolysis of water are
observed.

8. The ATP and NADPH2 are essential for the dark reaction wherein,
reduction of CO2 to carbohydrate takes place.



Comparison of cyclic and non cyclic electron transport and 
photophosphorylation in Chloroplasts

Cyclic electron transport and

photo phosphorylation

Non cyclic electron transport and 

photo phosphorylation

1. Associated with pigment system

I

1. Associated with pigment system I

and II

2. The electron expelled from

chlorophyll molecule is cycled

back.

2. The electron expelled from

chlorophyll molecule is not cycled

back. But, its loss is compensated

by electron coming from photolysis

of water.

3. Photolysis of water and

evolution of O2 do not take

place

3. Photolysis of water and evolution

of O2 take place

4. Phosphorylation takes place at

two places (FD-PQ + Cyto. b-f)

4. Phosphorylation takes place at only

one place (Cyto. b-f)

5. NADP + is not reduced 5. NADP + is reduced to NADPH+ + H+



Illuminated 

chloroplast

FMN + H2O FMNH2 + 1/2O2

ADP + Pi ATP

 Arnon and his coworkers (1954) demonstrated another kind of
photophosphorylation in which even absence of CO2 and NADP, if
chlorophyll molecules are illuminated , they can produced ATP from
ADP+ Pi in presence of FMN or Vit. K and oxygen.

 Hence, Arnon called it FMN catalysed photophosphorylation which
involves the reduction of FMN into FMNH2 and yield ATP.

 The FMN with the help of light and chlorophyll that breaks and
rejoined the water molecules.

 A single water molecule is sufficient to operate Pseudocyclic
photophosphorylation.

Flavin Mono 
Nucleotide





Energy relationship has been calculated in terms of electrochemical

potential (eV).

The oxygen water potential is about -0.8 eV (E’ₒ = - 0.8V) and CO2

potential is - 0.4eV (E’ₒ = - 0.4V). Thus single electron transfer requires -

1.2 eV energy (= -0.8 eV plus -0.4 eV).

During reduction of 1molecule of CO2 into carbohydrate four electrons

must be transferred.

Therefore, the total energy needed in the reduction of a molecule of CO2

would be 4.8 eV. (1.2 X 4 electrons) which works out to be 1,12,000

cal/mole.

The maximum quantum yield of photosynthesis is 1/8 = 12%. Since for the

reduction of 1 molecule of CO2 into carbohydrate the transfer of 4

electrons are required.

It was suggested that it makes two light quanta to move each electron. As

energy of each light quantum is 1.9 eV, it would be sufficient for these

steps.

CO2 is reduced to carbohydrate at - 0.4eV (E’ₒ = - 0.4V) and reduced NADP

alone has – 0.33 eV (E’ₒ = - 0.33V), hence NADP cannot provide sufficient

energy to reduce CO2 complex. At this stage, NADPH + H+ is supported

by supply of additional energy in the form of high energy compound ATP.



ATP molecule at the time of removal of terminal phosphate

provides 7,600 cal. Energy which is sufficient to boost the NADPH

+ H+.

During the synthesis of 1 glucose molecule, 18 ATP and 12 NADPH

+ H+ are required. For the formation of 1 ATP molecule from ADP,

7.6 kcal (7600 cal) energy is required and for reduction of NADP

52.60 kcal (52,600 cal/mole) energy is required.

Total energy required for synthesis of 1 glucose molecule will be –

1,36, 800 (18X 7600) + 6,31,200 (52,600 X 12) = 7,68,000 cal

Whereas free energy required for the synthesis of 1 hexose

molecule from CO2 is 6,73,000 cal; that means the utilization of 18

ATP and 12 NADPH + H+ are more than sufficient for the purpose.

12H2O + 12NADP + 18ADP + 18Pi 12NADPH + H+ + 18ATP + 6O2



1st Method of calculation Efficiency of photosynthesis on the basis of

energy stored by ATP & NADPH + H+ :

ATP stores energy nearly 7.6 kcal + NADPH + H+ about 52 kcal (Total

59.6 kcal is utilized).

Light energy synthesized is 4 quanta (two per photosystem) , each of

quanta is 40 kcal of light energy (4 X 40 = 160 kcal is synthesized).

Now, if we measure the efficiency (always expressed in %) of

photosynthetic conversion of light energy in term of ATP and 12

NADPH + H+, it will be,

= 37. 25 %

Efficiency of photosynthesis is 100% - 37.25% = 62.75% . Thus majority

portion of absorption of light energy is wasted.

59.2
(Stores energy utilized)

Efficiency (%)  = --------------------------------- X 100

160
(Light energy synthesized) 



2nd Method of calculation for Efficiency of photosynthesis on the

basis of CO2 assimilation:

Efficiency of photosynthesis, calculation in terms of CO2 assimilated

or oxygen evolved is made.

For every molecule of CO2 assimilated or oxygen evolved nearly 112

kcal of light energy is stored, hence 6 molecules of CO2 assimilation

i.e. 673 kcal is utilized (112 X 6 = 673 kcal) .

1 molecule of CO2 consume 8 quanta, hence 6 molecules of CO2 (Each

molecule of carbohydrate reduced in 6 molecules of CO2) required 48

quanta (6X8=48) per hexose molecule formed.

Now, if we assuming 40 kcal energy present in most efficient red light,

hence total 48 X 40 = 1920 kcal is synthesised the efficiency of

photosynthetic will be,

= 35. 052 %

Efficiency of photosynthesis is 100% - 35% = 65%. Thus majority portion

of absorption of light energy is wasted.

673  (Stores energy utilized)

Efficiency (%)  = ----------------------------------- X 100

1920    (Light energy synthesized) 





Interrelationships between light & Dark Reaction

Light reaction is commonly called photo-stage or hydrogen transfer

phase and dark reaction is known as synthesis stage or carbon

assimilation phase.

Levitt (1969) showed Interrelationships between light & Dark

Reaction.

Reduction of each molecule of CO2, 3 ATP & 2 NADPH + H+

molecules are required.

12 ATP molecules are required for uplifting 12 NADPH2, because the

redox potential of NADPH2 is much lower (E’0 = - 0.33 V) than

required (E’0 = - 0.4 V) to act as hydrogen donor during the process.

Another 6 molecules of ATP are utilized during phosphorylation of

ribulose- 5 phosphate to regenerate ribulose-1,5 diphosphate.

Similarly, 12 molecules of NADPH2 are utilized because for the

reduction of each molecules of CO2, 4 electrons (Hydrogen atoms)

are required.



Schemetic Representation of Interrelationships between light & Dark Reaction



1. Light reaction takes place in chlorophyll in the presence of

light.

2. During light reaction, the assimilatory powers ATP and

NADPH2 are synthesized.

3. The assimilatory powers are used in dark reaction for the

conversion of CO2 into Sugars molecules.

4. Photolysis of water occurs in light reaction. The H+ ions

released from water are used for the synthesis of NADPH2

5. Plants release O2 during light reaction



Lecture-16 



The fact that non-photochemical process (only chemical processes) is
involved in photosynthesis occurring independent of light was
established by Blackman (1905) is called dark reaction. This reaction is
also called as Blackman’s reaction.
It takes place in the stroma of chloroplast.
The dark reaction is purely enzymatic and it is slower than the light
reaction.
In dark reaction, the sugars are synthesized from CO2.
The energy rich compound, ATP and the assimilatory power, NADPH2 of
light reaction used in it.
Later on, Calvin & Coworkers advanced study on unicellular green alga
Chlorella pyrenoidosa –Classic material for study stated following points:
It grow luxuriantly (rapidly dividing), avoids contamination, and

synchronous culture.
The entire plant behave as a single protoplast and contains all
photosynthesis pigments.

In dark reaction two types of cyclic reactions occur

1. Calvin cycle or C3 cycle
2. Hatch and Slack pathway or C4 cycle





Why it is called C3 cycle?
1. In this cycle, the first formed stable compound is a 3 carbon

compound viz., phosphoglyceric acid (PGA).

Why it is called Bassham calvin cycle?
2. The path of carbon in photosynthesis was first demonstrated

by J. A. Bassham and M. Calvin in 1957 at Englewood Cliffs, N. J. Prentice
Hall, Steinberg, Howard.

Why it is called calvin cycle?
3. It was first observed by Melvin Calvin in chlorella, unicellular

green algae. Calvin was awarded Nobel Prize for this work in 1961.

Why it is called Carbon assimilation cycle?
4. Synthesis of Carbohydrates by long chain chemical reactions

using carbon dioxide.

Why it is called Reductive pentose phosphate cycle?
5. The ATP produced in photophosphorylation is used to convert

Ribulose 5-(pentose) phosphate [C5H11O8P] Ribulose 1,5-bisphosphate (RuBP) [C5H12O11P2.]

Why it is called path of carbon in photosynthesis?
6. Carbon compound CO2 is used for Synthesis of Carbohydrates.



C3 - Calvin Cycle
• C3 plants (80% of plants on earth).

• Occurs in the stroma.

• Uses ATP and NADPH from light rxn & atmospheric CO2 .

• To produce glucose:  it takes 6 turns and uses 18 ATP and 12 NADPH.

♠ Wheat (Triticum aestivum L. )
♠ Rice (Oryza sativa L.)
♠ Barley (Hordium vulgare L.)
♠ Oat (Avena sativa L.)
♠ Rye (Secale cereale L.)
♠ Pigion pea(Cajanus cajan L.)
♠ Chick pea (Cicer arietinum L. )
♠ Sweet pea (Pisum sativus L. )
♠ Black gram (Phaseolus mungo L.) 
♠ Groundnut (Arechis hypogea L.)
♠ Sasame (Sesamum indicum L.)
♠ Cotton  (Gossypium spp.)



STRUCTURAL PECULIARITIES OF C4 PLANTS:

 The most distinguishable anatomical feature of the leaves of C4 plants is the presence bundle sheath 

cells containing chloroplasts. 

 These cells are radially arranged around a vascular bundle. 

 The bundle sheath cells lack grana in chloroplasts, while mesophyll cells have well-developed grana

in sugarcane. However, in Bermuda grass, the chloroplasts of bundle sheath cells possess grana. So 

dimorphic chloroplasts by no means occur in all C4 plants.

 The arrangement of chloroplast containing cells (bundle sheath cells) around vascular bundle is also 

a characteristic feature of C4 plants. 

 These are arranged one or more wreath like layers consisting of large thick-walled cylindrical cells. 

Bundle cells remain surrounded by one or more wreath like layers of mesophyll.

 This anatomical arrangement is called Kranz type (Kranz = wreath, a German term). 

 The mesophyll cells almost three

times more active in non-cyclic

electron transport system (Green

plants) than bundle sheath cells.

But, For cyclic electron transport

system both cells were equally

efficient.

Besides, PEP carboxylase

(PEPCO) occurs in mesophyll

cells.

While most of ribulose-1, 5-

diphosphate carboxylase

(RUBISCO) and malic enzymes are

remain in bundle sheath cells.



• The location and structure of chloroplasts

LEAF CROSS SECTION MESOPHYLL CELL
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The reactions of Calvin’s
cycle occur in three phases.

1. Carboxylative phase
2. Reductive phase
3. Regenerative phase



Review: Photosynthesis uses light energy to 
make food molecules

Light

Chloroplast

Photosystem II
Electron transport 

chains 
Photosystem I

CALVIN 
CYCLE Stroma

LIGHT REACTIONS CALVIN CYCLE

Cellular 
respiration

Cellulose

Starch

Other organic 
compounds

• A summary of 
the chemical 
processes of 
photosynthesis



Light Independent Reactions 
Calvin Cycle

♠CO2 is added to the 5-C sugar RuBP by the
enzyme rubisco.

♠This unstable 6-C compound splits to two
molecules of PGA or 3-phosphoglyceric acid.

♠PGA is converted to Glyceraldehyde 3-phosphate
(G3P), two of which bond to form glucose.

♠G3P is the 3-C sugar formed by three turns of the
cycle.



1. 3 CO2 + 3 Ribulose Carboxy dismutase 3-unstable intermediate
biphosphate 6 carbon compound

2. 3 unstable + 3 H2O Carboxy mutase 3 phosphoglyceric acid
Intermediate
6-C compound

1. Carboxylative phase

1.   3 Phospho + ATP 
glyceric acid

2.  Reductive phase
Kinase 1,3 diphospho

glyceric acid
+ ADP

2.   1,3 diphospho
glyceric acid

+ NADPH2
Triose phosphate
Dehydrogenase

3 phospho
glyceraldehyde

+NADP + H3PO4

1.   3 phospho Triose phosphate isomerase
glyceraldehyde

Dihydroxy acetone PO4
(DHAP)

3.  Regenerative phase

2.     3 phospho +   DHAP                               Aldolase
glyceraldehyde

Fructose 1,6 diphosphate



3.     Fructose 1,6 diphosphate Fructose 6 phosphate
Phosphorylase

4.    3 phospho glyceraldehyde Ribulose 1,5 biphosphate

5. 3 phospho +
glyceraldehyde

Fructose 6
phosphate

Transketolase Xylulose 5 
phosphate

Erythrose 4   + 
phosphate

6.  Erythrose 4 phosphate + DHAP           Aldolase Sedoheptulose 1 ,7
diphosphate

7. Sedoheptulose 1 ,7
Diphosphate

+    ADP 
Phosphatase

Sedoheptulose 7
phosphate

+    ATP

8. Sedoheptulose +     3 phospho Transketolase
7 phosphate           glyceraldehyde

Xylulose
5 phosphate

Ribose 5
phosphate

+

9.    Ribose                +     ATP        Phophopentokinase
5 phosphate

Ribulose 1,5
diphosphate

+    ADP





2- turn = 6X2
=12 ATP used

2- turn = 3X2
=6 ATP used

2- turn = 6X2
=12 NADPH used



IMP



Calvin Cycle

• Remember: C3 = Calvin Cycle operates only 
in mesophyll cells.

C3

Glucose



 Synthesis of carbohydrates from CO2 (assimilation of
carbon).

 Uses of the assimiatory power (ATP and NADPH2)
required for carbon assimilation.

 It stores the ATP energy formed during light reaction in
the carbohydrate molecules as the food energy.

 It is the primary source of organic food and food energy
for all the organisms.

 Calvin Cycle(C-3 cycle) reaction occur in all
photosynthetic plants i.e. C-3, C-4 and CAM plants,
during the dark phase of photosynthesis.



LIGHT REGULATING ENZYMES

1. RuBP carboxylase (Rubisco or RuDP carboxylase)

2. NADP – linked Glyceraldehyde-3-phosphate-dehydrogenase (GAPDH)

3. Fructose-1,6-bisphophate phosphatase (FBPase)

4. Sedoheptulose-1,7-bisphosphate phosphatase (SBPase)

5. Phosphofructokinase

INHIBITORS OF PHOTOSYNTHETIC PROCESS

1. Urea derivatives: Herbicide CMU 3-(p-Chlorophenyl)-1,1-Dimethylurea, 
Simazine, atrazine, bromacil and isocil block ETC between Q and PQ.

2. Azide and Cyanide CN− or N3
−, accumulation of H2O2 is observed, parallel to 

inhibition of photosynthesis.

3. Diquat and paraquat herbicides are referred as viologen dyes accept electron 
from PS I and produce toxic forms of oxygen (superoxide and hydroxy) common 
inhibitors of photosynthetic process.
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Why it is called C4 cycle?

1. In this cycle, the first formed stable compound is a 4 carbon
compound viz., oxaloacetic acid (OAA).

Why it is called Hatch and Slack cycle?

2. Australian scientists M. D. Hatch and C. R. Slack had worked
out the pathway in 1966.

Why it is called dicarboxylic acid cycle?

3. Kortschak and his coworkers (1954) reported the formation of
two carboxylic acids as primary products of photosynthesis in sugarcane
with the action of two carboxylase enzymes are used –(i) PEP carboxylase
(ii) RuBP carboxylase .

Why it is called cooperative photosynthesis?

4. Photosynthesis is take place in both the cells : In Mesophyll &
Bundle sheath cells.



C4 Plants
• Hot, moist environments.

• 15% of plants (grasses, corn, sugarcane).

• Divides photosynthesis spatially.

• Light rxn - mesophyll cells.

• Calvin cycle operates only in bundle sheath cells.

• About 8,100 plant species use C4 carbon fixation.

• C4 carbon fixation is more common in monocots compared
with dicots, with 40% of monocots using the C4 pathway,
compared with only 4.5% of dicots.

• C4photosynthetic pathway most. 46% of grasses are C4.

https://en.wikipedia.org/wiki/Monocot
https://en.wikipedia.org/wiki/Dicot


C4 Plants
♠ Bajra (Pennisetum glaucum L.)

♠Maize (Zea mays L.)

♠Sorghum (Sorghum bicolor L.)

♠Sugarcane (Sachharum officinarum L. )

♠Bermunda grass (Panicum maximum L.) 

♠Chidho grass (Cyperus rotandus L.)

♠Crabgrass  (Digitaria samguinalis L. ) 

♠Pigweed  grass(Amaranthus spp. L.)

♠Rhodes grass (Chloris gayana L.)

♠ Salt bush ( Atriplex spongiosa L.)

♠ Guard cells of Tulip (Tulipa gesnariana L. )

♠ Dayflower (Commelina communis L.)



FOUR STEPS IN HATCH AND SLACK 
CYCLE:

1. Carboxylation
2. Breakdown of Oxaloacetate
3. Splitting malate and aspartate
4. Phosphorylation



1. Carboxylation:
It takes place in the chloroplasts of mesophyll cells.
Phosphoenolpyruvate (PEP), a 3 carbon compound picks
up CO2 and changes into 4 carbon oxaloacetate in the
presence of water. This reaction is catalysed by the
enzyme, phosphoenol pyruvate carboxylase (PEPC).
2. Breakdown:
Oxaloacetate breaks down readily into 4 carbon malate
and aspartate in the presence of the enzyme,
transaminase (TS) and malate dehydrogenase (MD).
These compounds diffuse from the mesophyll cells into
bundle sheath cells.
3. Splitting:
In the sheath cells, malate and aspartate split
enzymatically to yield free CO2 and 3 -carbon pyruvate.
The CO2 is used in Calvin’s cycle in the sheath cell.

Decarboxylation
Malate CO2 + Pyruvate (Pyruvic acid)

The second Carboxylation occurs in the chloroplast of bundle sheath cells (C3 cycle). The CO2 is accepted by
5 carbon compound ribulose diphosphate in the presence of the enzyme, carboxy dismutase and ultimately yields 3
phosphoglyceric acid. Some of the 3 phosphoglyceric acid is utilized in the formation of sugars and the rest regenerate
ribulose diphosphate.
4. Phosphorylation:

The pyruvate molecule is transferred to chloroplasts of mesophyll cells where, it is phosphorylated to
regenerate phosphoenol pyruvate in the presence of ATP. This reaction is catalysed by pyruvate phosphokinase (PPK) and
the phophoenol pyruvate is regenerated.

In Hatch and Slack pathway, the C3 and C4 cycles of carboxylation are linked and this is due to the Kranz
anatomy of the leaves. The C4 plants are more efficient in photosynthesis than the C3 plants.

The enzyme, phosphoenol pyruvate carboxylase of the C4 cycle is found to have more affinity for CO2 than
the ribulose diphosphate carboxylase of the C3 cycle.

Mesophyll cell of chloroplast

Bundle sheath cell 
of chloroplast

PEPC

1

2

4

3

MD

TS

PPK



(i) The first group includes maize and
sugarcane where CO2 is initially fixed to
phosphoenol pyruvate and oxaloacetate is
formed. The malate produced from it is
transported to bundle sheath cells. This plants
have NADP dependent malic enzyme (NADP-
ME).

(ii) The second group includes plants such as
Panicum maximum and Chloris gayana, in
which case, it is aspartate, rather than malate,
transported to bundle sheath cells. There it is
transaminated (Removal of NH2 molecule) to
oxaloacetate which becomes converted into
pyruvate and CO2, by PEP carboxykinase.
These are aspartate former type 1.

(iii) The third group includes Atriplex
spongiosa. In this case, the aspartate
produced in mesophyll cells is transported to
bundle sheath cells where it is transaminated
and reduced to malate. The malate is
decarboxylated to form pyruvate and CO2.
These are aspartate former type 2.

Mesophyll cell of chloroplast

Bundle sheath cell 
of chloroplast

Chollet and Ogren(1975) recognised three categories of C4 plants:

3

2

1

Trans-

amination

NADP-ME 
enzyme



The CO2, released is re-fixed by Rubisco in bundle sheath chloroplast but pyruvate is transported to
cytosol. Now, pyruvate transaminated to alanine and transported back to mesophyll cell of
chloroplast.
Pyruvate is converted in to Phosphoenolpyruvate by the enzyme pyruvate phospho dia-kinase
(PPDK) and it is enter into the cytosol and synthesis of aspartate via OA by the action of PEPC. OA
is produced aspartate with the enzyme AspAT (Aspartic acid Translocator).
The bundle sheath mitochondria are functionally containing different enzymes than chloroplast.
It has been assumed that an Asp/Glutarate translocator / oxoglutarate translocator /malate
translocator / pyruvate translocator are function in bundle sheath mitochondria.
These discoveries provide new inspiration for efforts to convert C3 crops into plants because the
anatomical changes required for C4 photosynthesis might be less stringent than previously thought.

Recent studies: Some plants 
have NAD-dependent malic
enzyme (NAD-ME): 

Aspartate is transported from
mesophyll cell to bundle sheath
mitochondria, where it is trans-
aminated to oxaloacetate by
mitochondrial aspartate
aminotransferase.

Oxaloacetate is further reduced
to malate, which is then
decarboxylated to pyruvate by
NAD-ME in the bundle sheath
mitochondria.

Mesophyll cell

Cytosol

Bundle sheath
mitochondria

Cytosol

Bundle
sheath

Chloroplast
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Kranz Anatomy Is Not Essential For C4 Plants:
An important adaptation to CO2-limited photosynthesis in cyanobacteria, algae and some plants, in which
CO2-concentrating mechanism (CCM) was developed during developmental era.

Evolution of a CCM occurred from the beginning at least 15-20 million years ago.

During developmental era, they responsed to atmospheric CO2 reduction, climate change, geological trends,
and evolutionary diversification of species, under high temperature, drought and saline conditions.

In plants, this is achieved through a biochemical inorganic carbon pump called C4 photosynthesis, discovered
35 years ago.

Recent studies on Borszczowia aralocaspica and Bienertia cycloptera of the family Chenopodiaceae (dicot)
have shown to C4 – photosynthesis with a single chlorenchyma cell without presence of Kranz anatomy by
intra-celluar partitioning of enzymes and dimorphic chloroplasts in two cytoplasmic compartments within
single cell.

Dimorphic chloroplasts are located between their two cytoplasmic compartments.

The atmospheric CO2 enter the chlorenchyma cell at the distal end and convert into C4 acids (Oxalo acetic
acid and malic acid). The C4 acid diffuse to the proximal part through thi cytoplasmic space at the periphery
of the middle of the cell.

Now, in proximal side, C4 acids is decarboxylated by NAD-ME in mitochondria and released CO2 which is
captured by Rubisco enzyme which is present out of surrounding the mitochondria.

Thus sufficient amount of CO2 assimilation is take place.



Figure 1 Light microscopy of leaves (transverse sections). a, Borszczowia aralocaspica; b, Salsola laricina; and c, Suaeda heterophylla. ch,
chlorenchyma cell; h, hypodermal cell; k, Kranz cell; p, palisade cell; v, vascular tissue; w, water storage cell. Scale bars, 50 mm.

Figure 2 Immunolocalization of photosynthetic
enzymes in leaves of Borszczowia aralocaspica
by confocal laser scanning microscopy.
Immunolocalization of Rubisco (a), PEP
carboxylase (b), higher magnification showing
Rubisco in chloroplasts in proximal end of cell
(c), higher magnification showing PEP
carboxylase in cytosol (d), pyruvate,Pi dikinase
(PPDK) (e) and NAD-malic enzyme (f). Red dots
indicate where the enzyme is present. cp,
chloroplast; ch, chlorenchyma cell; h,
hypodermal cell; n, nucleus; v, vascular tissue;
w, water storage cell. Scale bars, 50mm.

proximal end 

Borszczowia
aralocaspica

Distal end - few chloroplasts, few mitochondria, large central vacuole, 
lack of grana,no starch, and air space between distal parts. 

Proximal end- High density of cytoplasm with numerous chloroplasts and 
large mitochondria  at cell periphery, presence of Rubisco, grana, starch, 
and  no air space between proximal parts. 

chlorenchyma cells

Rubisco

Rubisco

PPDK- Distal end

Proximal end-
NAD-ME

C4 acid diffuse from 
cytoplasmic space at 
the periphery of the 
middle of the cell

CO2 Enter

OAA & MA 
Diffusion



Biological significance / Advantages of C4 cycle

Resistance to Water stress:
 In hot and dry environments C4 photosynthesis is more efficient than C3 photosynthesis.

This is due to two reasons.
1. System does not undergo photorespiration
2. Plants can able to shut (close) their pores for longer periods of time, thus avoiding water
loss.

Photorespiration:
 This is a process adding of CO2 to the growing sugar, at that time Rubisco also adds oxygen.

In situations, photosynthesis is occur very fast (at high temperature, high levels of light or
both), there is so much O2 available otherwise reaction becomes a significant problem (As in
C3). C4 plants solve this problem by maintaining a high concentration of CO2 in the relevant
portion of the leaf (the bundle sheath cells).

Water Loss:
 Plants exchange gases, CO2 and O2, with their environment through pores known as stomata.

When the stomata are open CO2 can diffuse in to be used in photosynthesis and O2, a
product of photosynthesis can diffuse out. However, when the stomata are open the plant
also loses water due to transpiration, and this problem is enhanced in hot and dry climates.
Plants that perform C4 photosynthesis can keep their stomata closed more time than their
C3 equivalents because they are more efficient in incorporation CO2. This minimizes their
water loss.





CAM Plants:

• Hot, dry environments.

• 5% of plants (cactus and ice plants).

• Stomates closed during day.

• Stomates open during the night.

• Light rxn - occurs during the day.

• Calvin Cycle - occurs when CO2 is present.



CAM Cycle: 
Definition: CAM plants (Crassulacean Acid Metabolism plants) -
In certain plants, CAM Cycle is operated is called CAM plants.

The families of CAM plants are
1. Crassulaceae 2. Cactaceae 3. Euphobiaceae
4. Liliaceae 5. Orchidaceae 6. Vitaceae

They shows diurnal pattern (Day & Night) of organic acid
formation (Malic acid).

Most of the CAM plants are succulents e.g.,
Pine apple, Bryophyllum, Cactus, Crassula, Kalanchoe, Kleinia,
Opuntia, Orchid,, Sedium.

In CAM plants possess two cycles (CAM cycle-Dark & Calvin
cycle-Day) occur in the mesophyll cells, while In C4 plants,
calvin cycle occurs only in bundle sheath cells (not in
mesophyll cells).



1. Crassulaceae

48 plant Genera in Crassulaceae:

Adromischus, Aeonium, Afrovivella, Aichryson, Altamiranoa, Amerosedum, Bryophyllum

Chiastophyllum, Cotyledon, Crassula, Cremnophila, Dudleveria, Dudleya, Echeveria

Graptopetalum, Graptoveria, Hylotelephium, Jovibarba, Kalanchoe, Kungia, Lenophyllum

Meterostachys, Monanthes, Ohbaea, Orostachys, Pachyphytum, Pachyveria, Parvisedum

Perrierosedum, Phedimus, Pistorinia, Poenosedum, Pseudosedum, Rhodiola, Rosularia,

Sedastrum, Sedum, Sempervivum, Sinocrassula, Stylophyllum,Tacitus, Tetraphyle,

Thompsonella, Tillaea,Tolmachevia, Tylecodon, Umbilicus, Villadia.

The Plant List includes 5,399 species rank for the family Crassulaceae. Of these

1,312 are accepted species names.

2. Cactaceae

The cactus family consists of about 131 genera and 1,866 species of flowering plants.

3. Euphobiaceae:

It comprises some 7,500 species and 275 genera of flowering plants distributed primarily in

the tropics.

Some Important plants arranged alphabetically by common name.

cassava (Manihot esculenta), castor-oil plant (Ricinus communis),

copperleaf (genus Acalypha), croton (Codiaeum variegatum), jatropha (genus Jatropha),

manchineel (Hippomane mancinella), mercury (genus Mercurialis), purging croton (Croton

tiglium), rubber tree (Hevea brasiliensis), sandbox tree (Hura crepitans and H. polyandra),

spurge (genus Euphorbia), crown of thorns (E. milii), poinsettia (E. pulcherrima), slipper

spurge (E. tithymaloides), snow-on-the-mountain (E. marginata), tallow tree (Triadica

sebifera), tung tree (Vernicia fordii)

http://www.theplantlist.org/browse/A/Crassulaceae/Adromischus/
http://www.theplantlist.org/browse/A/Crassulaceae/Aeonium/
http://www.theplantlist.org/browse/A/Crassulaceae/Afrovivella/
http://www.theplantlist.org/browse/A/Crassulaceae/Aichryson/
http://www.theplantlist.org/browse/A/Crassulaceae/Altamiranoa/
http://www.theplantlist.org/browse/A/Crassulaceae/Amerosedum/
http://www.theplantlist.org/browse/A/Crassulaceae/Bryophyllum/
http://www.theplantlist.org/browse/A/Crassulaceae/Chiastophyllum/
http://www.theplantlist.org/browse/A/Crassulaceae/Cotyledon/
http://www.theplantlist.org/browse/A/Crassulaceae/Crassula/
http://www.theplantlist.org/browse/A/Crassulaceae/Cremnophila/
http://www.theplantlist.org/browse/A/Crassulaceae/Dudleveria/
http://www.theplantlist.org/browse/A/Crassulaceae/Dudleya/
http://www.theplantlist.org/browse/A/Crassulaceae/Echeveria/
http://www.theplantlist.org/browse/A/Crassulaceae/Graptopetalum/
http://www.theplantlist.org/browse/A/Crassulaceae/Graptoveria/
http://www.theplantlist.org/browse/A/Crassulaceae/Hylotelephium/
http://www.theplantlist.org/browse/A/Crassulaceae/Jovibarba/
http://www.theplantlist.org/browse/A/Crassulaceae/Kalanchoe/
http://www.theplantlist.org/browse/A/Crassulaceae/Kungia/
http://www.theplantlist.org/browse/A/Crassulaceae/Lenophyllum/
http://www.theplantlist.org/browse/A/Crassulaceae/Meterostachys/
http://www.theplantlist.org/browse/A/Crassulaceae/Monanthes/
http://www.theplantlist.org/browse/A/Crassulaceae/Ohbaea/
http://www.theplantlist.org/browse/A/Crassulaceae/Orostachys/
http://www.theplantlist.org/browse/A/Crassulaceae/Pachyphytum/
http://www.theplantlist.org/browse/A/Crassulaceae/Pachyveria/
http://www.theplantlist.org/browse/A/Crassulaceae/Parvisedum/
http://www.theplantlist.org/browse/A/Crassulaceae/Perrierosedum/
http://www.theplantlist.org/browse/A/Crassulaceae/Phedimus/
http://www.theplantlist.org/browse/A/Crassulaceae/Pistorinia/
http://www.theplantlist.org/browse/A/Crassulaceae/Poenosedum/
http://www.theplantlist.org/browse/A/Crassulaceae/Pseudosedum/
http://www.theplantlist.org/browse/A/Crassulaceae/Rhodiola/
http://www.theplantlist.org/browse/A/Crassulaceae/Rosularia/
http://www.theplantlist.org/browse/A/Crassulaceae/Sedastrum/
http://www.theplantlist.org/browse/A/Crassulaceae/Sedum/
http://www.theplantlist.org/browse/A/Crassulaceae/Sempervivum/
http://www.theplantlist.org/browse/A/Crassulaceae/Sinocrassula/
http://www.theplantlist.org/browse/A/Crassulaceae/Stylophyllum/
http://www.theplantlist.org/browse/A/Crassulaceae/Tacitus/
http://www.theplantlist.org/browse/A/Crassulaceae/Tetraphyle/
http://www.theplantlist.org/browse/A/Crassulaceae/Thompsonella/
http://www.theplantlist.org/browse/A/Crassulaceae/Tillaea/
http://www.theplantlist.org/browse/A/Crassulaceae/Tolmachevia/
http://www.theplantlist.org/browse/A/Crassulaceae/Tylecodon/
http://www.theplantlist.org/browse/A/Crassulaceae/Umbilicus/
http://www.theplantlist.org/browse/A/Crassulaceae/Villadia/
https://www.britannica.com/plant/angiosperm


4. Liliaceae

Liliaceae is in the major group Angiosperms (Flowering plants).

16 plant Genera in Liliaceae

•Amana, Calochortus, Cardiocrinum, Erythronium, Fritillaria, Gagea, Lilium, Lloydia,

Medeola, Nectaroscordum, Nomocharis,Notholirion, Prosartes, Scoliopus, Tulipa,

Zygadenus

The Plant List includes 1,991 scientific plant names of species rank for the family Liliaceae.

Of these 712 are accepted species names.

5. Orchidaceae:

925 plant genera. The Plant List includes 69,900 scientific plant names of species rank for

the family Orchidaceae. Of these 27,135 are accepted species names.

6. Vitaceae

14 plant Genera in Vitaceae

Acareosperma, Ampelocissus, Ampelopsis, Cayratia, Cissus, Clematicissus, Cyphostemma,

Leea, Parthenocissus, Psedera, Rhoicissus, Tetrastigma, Vitis, Yua

The Plant List includes 3,038 scientific plant names of species rank for the family Vitaceae.

Of these 950 are accepted species names.

http://www.theplantlist.org/browse/A/
http://www.theplantlist.org/browse/A/Liliaceae/Amana/
http://www.theplantlist.org/browse/A/Liliaceae/Calochortus/
http://www.theplantlist.org/browse/A/Liliaceae/Cardiocrinum/
http://www.theplantlist.org/browse/A/Liliaceae/Erythronium/
http://www.theplantlist.org/browse/A/Liliaceae/Fritillaria/
http://www.theplantlist.org/browse/A/Liliaceae/Gagea/
http://www.theplantlist.org/browse/A/Liliaceae/Lilium/
http://www.theplantlist.org/browse/A/Liliaceae/Lloydia/
http://www.theplantlist.org/browse/A/Liliaceae/Medeola/
http://www.theplantlist.org/browse/A/Liliaceae/Nectaroscordum/
http://www.theplantlist.org/browse/A/Liliaceae/Nomocharis/
http://www.theplantlist.org/browse/A/Liliaceae/Notholirion/
http://www.theplantlist.org/browse/A/Liliaceae/Prosartes/
http://www.theplantlist.org/browse/A/Liliaceae/Scoliopus/
http://www.theplantlist.org/browse/A/Liliaceae/Tulipa/
http://www.theplantlist.org/browse/A/Liliaceae/Zygadenus/
http://www.theplantlist.org/browse/A/Vitaceae/Acareosperma/
http://www.theplantlist.org/browse/A/Vitaceae/Ampelocissus/
http://www.theplantlist.org/browse/A/Vitaceae/Ampelopsis/
http://www.theplantlist.org/browse/A/Vitaceae/Cayratia/
http://www.theplantlist.org/browse/A/Vitaceae/Cissus/
http://www.theplantlist.org/browse/A/Vitaceae/Clematicissus/
http://www.theplantlist.org/browse/A/Vitaceae/Cyphostemma/
http://www.theplantlist.org/browse/A/Vitaceae/Leea/
http://www.theplantlist.org/browse/A/Vitaceae/Parthenocissus/
http://www.theplantlist.org/browse/A/Vitaceae/Psedera/
http://www.theplantlist.org/browse/A/Vitaceae/Rhoicissus/
http://www.theplantlist.org/browse/A/Vitaceae/Tetrastigma/
http://www.theplantlist.org/browse/A/Vitaceae/Vitis/
http://www.theplantlist.org/browse/A/Vitaceae/Yua/




During night (Dark
period) when stomata
are open;

In the 1st step, CO2 is
fixed by PEP through the
carboxylation action of
enzyme PEP carboxylase
into Oxaloacetic acid.

In the 2nd step, this
Oxyloacetic acid is
subsequently converted
into malic acid (malate)
by enzyme malic
dihydrogenase.

Night (Stomates Open) Day (Stomates Closed)

Vacuole

C-C-C-C

MalateMalate Malate

C-C-C-C

CO2

CO2

C3

C-C-C

Pyruvic acid
ATP

C-C-C

PEP glucose

Oxalo
Acetic  acid

CAM Plants 1. Acidification:

PEP 
Carboxylase

Malic Acid

Malic
dihydrogenase

The malic acid produced in dark is stored in the
vacuole. The malic acid increases the acidity of the
tissues hence it is called as acidification.



During Day (Light period) when
stomata are closed;

 Malic acid is formed in the night, is
converted into pyruvic acid in day
time hence, acidity due to Malic
acid decreases in the cells. This is
called deacidification; + one
molecule of CO2 is produced due to
the action of malate enzyme.

 The released CO2 is used in
carboxylation of RuDP in the
presence of enzyme
carboxydismutase to produce PGA
(1st stable product of calvin cycle).

 PGA acid is reduced to phospho-
glyceraldehyde by NADPH + H+ in
the presence of Triose phosphate
dehydrogenase (TPD).

Night (Stomates Open) Day (Stomates Closed)

Vacuole

C-C-C-C
Malate

C-C-C-C
Malate Malate

C-C-C-C
CO2

CO2

C3

C-C-C
Pyruvic acid

ATP
C-C-C
PEP glucose

CAM Plants
2. Deacidification:



Day (Light period) when stomata
are open;

 Phospho-glyceraldehyde-(a)
converted into Dihydroxy-
acetone-phosphate(DAP)-(b) in
the presence of triose
phosphate isomerase.

 Now, one molecule of both (a
& b)united to form fructose-
1,6-diphosphate in the
presence of aldolase enzyme.

 From fructose-1,6-
diphosphates different types of
compound formed such as
glucose or starch.

Remaining Pyruvic acid is
converted into PEP by
reduction of ATP into ADP. PEP
later synthesis starch. This
starch is used for dark reaction
cycle.

Night (Stomates Open) Day (Stomates Closed)

Vacuole

C-C-C-C
Malate

C-C-C-C
Malate Malate

C-C-C-C
CO2

CO2

C3

C-C-C
Pyruvic acid

ATP
C-C-C
PEP glucose

CAM Plants
Conti…
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No. C3 cycle No. C4 cycle

1. Only C3 cycle is found in C3 plants. 1. Both C4 and C3 cycles are found in

C4 plants.
2. The efficiency of C3 plant for CO2

absorption at low concentration is far less

and hence, they are less efficient.

2. The efficiency of C4 plant for CO2

absorption at low concentration is quite

high and hence, they are more efficient

plants.

3. The CO2 acceptor is Ribulose-1, 5-

diphosphate.

3. The CO2 acceptor is phospho

enolpyruvate (PEP).

4. The first stable product is phospho

glyceric acid (PGA).

4. Oxaloacetate (OAA) is the first stable

product.

5. Plants show one type of chloroplast

(monomorphic type).

5. Plants show dimorphic (Kranz) type of

chloroplast. The chloroplasts in bundle

sheath cell are centripetally arranged.

6. In each chloroplast, has two pigment

systems (PS I and II) are present.

6. In the chloroplasts of bundle sheath cells

PS I is present but PS II is absent.

7. The Calvin cycle enzymes are present in

mesophyll chloroplast. Thus, the Calvin

cycle occurs.

7. Calvin cycle enzymes are absent in

mesophyll chloroplasts. The cycle occurs

only in the chloroplasts of bundle sheath

cells.



No. C3 cycle No. C4 cycle

8. The CO2 compensation point is 50-150

ppm CO2.

8. The CO2 compensation point is 0-10

ppm CO2.

9. Photorespiration is present 9. Photorespiration is absent or slight

degree.

10. The CO2 concentration inside leaf

remains high (about 200 ppm).

10. The CO2 concentration inside the leaf

remains low (about 100 ppm).

11. During photosynthesis, in full sunlight

(10,000 – 12,000 ft. c.) 15-25 mg. of

CO2 is produced /cm2 leaf area / hour.

11. During photosynthesis, 40-80 mg. of

CO2 is produced /cm2 leaf area / hour.

12. The light saturation intensity reaches

in 1000-4000 ft. c.

12. It is difficult to reach saturation even in

full sunlight.

13. Bundle sheath cells are not found. If

found they are undeveloped & non-

functional.

13. The bundle sheath cells are highly

developed.

14. Maximum photosynthesis is occur at

optimum temperature range is 10-

25°C.

14. Photosynthesis is occur even at high

temperature range is 30-45°C. At this

temperature, the rate of photosynthesis

is double than that is in C3 plants.



No. Features C3 C4 CAM

1. Leaf structure Bundle sheath  cells 
lacking chloroplast

Bundle sheath  cells 
having chloroplast

Bundle sheath  cells lacking 
chloroplast, Large vacuoles 
in MS  cells

2. Enzyme utilized to fix CO2 Rubisco PEP Carboxylase PEP Carboxylase

3. Optimum photosynthesis 10-25°C 30-45°C 35°C

4. Environment/ Adapted  
Climate

Efficient at Cool & 
Moist

Efficient at Hot & 
Moist-Dry 
Environment

Efficient at Hot, Dry (in arid 
and stressful)

5. CO2 fixation in Mesophyll cell fix CO2 
and produce Glucose

Mesophyll cell fix CO2 
and Bundle sheath  
cells produce Glucose

Mesophyll cell fix CO2 and 
Bundle sheath  cells 
produce Glucose

6. Product G3P Day and Night Malate Day and Night Malate Night only

7. No. of stomata 2000-31000 10000-16000 100-800

8. Photorespiration Up to 40% Not Detectable Not Detectable 

9. Stomata open during day 
time

Yes Yes No (Opening in Night)

10. Inhibition of 
photosynthesis by oxygen

Yes No Yes during the day and no 
in night

11. Separation of 
photosynthetic process

None Spetial Temporal

12. Taxonomy diversity Very wide Many grasses & very 
few trees

Very few species



No. Features C3 C4 CAM

13. Light saturation point (lux) 65000 >80000 Like C3

14. Maximum Photosynthates
(mg/dm/h)

30 60 3

15. Max. growth rate 
(g/dm/day)

1 4 0.02

16. WUE 600 300 50

17. The CO2 compensation 
point (ppm)

50 5 2 (in dark)

18. The first stable product C3 Compound
(Phospho glycerate)

C4 Compound
(Aspartate & Malate)

C4 & C3 Compound
(Night & Day respectively)

19. Leaf Chlorophyll a to b 
ratio

2.8 ± 0.4 3.9 ± 0.6 2.5 ± 3.0

20. Theoretical energy 
required for net CO2 
fixation 

1 : 3 : 2
( CO2: ATP: NADPH)

1 : 5 : 2
( CO2: ATP: NADPH)

1 : 6.5 : 1
(CO2: ATP: NADPH)

21. Type of Chloroplast Monomorphic Dimorphic Monomorphic

22. Leaf Isotopic ratio (δ13 C) -22 % to -34 % -11 % to -19 % -13 % to -34%

23. Examples Cool season grasses
(Monocot: wheat,
oat, rye
Dicot: Legumes, 
tobacco, potato)

Worm season grasses
(Monocot: Maize, 
Sugarcane
Dicot: No major crops 
but some weeds)

About 6 families
(Pineapple, Orchids, Agave, 
Opuntia etc.)



SYNTHESIS OF POLYSACCHARIDES
1. SUCROSE:
 The combination of two molecules i.e. fructose-6-phosphate and Uridine diphosphate

glucose (UDP-glucose) in the presence of enzyme sucrose phosphate synthetase,
produce sucrose-6-phosphate which on hydrolysis yields sucrose.

 In the form of sucrose, carbohydrate is translocations from one region to other.

In certain Bacteria, 

Sucrose

Glucose -1-phosphate   +  Fructose Sucrose  + Pi

Phosphorylase

2.  STARCH:
 Hexosan polysaccharide made up of large nos. of glucose units
 Two components: In general, starch contain Amylose 20-30% and rest is amylopectin.
 Starch syntheses in amyloplasts of chloroplasts. It can be formed from the

condensation of α-D-glucose.

 Starch grains are strong resistance to action of hydrolysing enzymes.

3. CELLULOSE: 
 It is chief constituent of cell wall of autotrophic plants.

 It is made up of glucosan of 500-20000 β-D- glucose units connected with oxygen

bridge.

 It is occure in microfibril consisting of 2 parts-

 Crystalline core- pure cellulose & Non-Crystalline core- hemicellulose (with many

substances).



POTATO

RICE

PEA
MAIZE

BANANA

WHEAT

OAT





I. INTERNAL FACTORS

1. Breakdown of Chlorophyll Molecules:
The breakdown of chlorophyll pigment or chlorophyll-protein structure

during metabolism exhibit inefficient photosynthesis.

2. Hydration of protoplasm:

some unknown factors probably enzymatic in nature affect
photosynthesis. Photosynthesis is yet not start in the protoplasm of young
seedling. The decrease in Hydration (Water) of protoplasm reduce the rate of
photosynthesis.

3. Protosynthetic enzyme systems:
The amount and nature of enzymes play a direct role as Muller and Ziegler (1969)
demonstrated that NADP-linked glyceraldehyde-3- phosphate dehydrogenase
showed light response curved similar to photosynthetic activity. Similarly PEP
carboxylase activities of CO2 fixation in C4 plants. Greater the enzyme activity at
higher light intensity increase the capasity of a leaf to absorb more light.



4. Leaf structure/anatomy and leaf resistance:
The leaf characters such as leaf size, chlorophyll content, number

of stomata, and Leaf orientation are some of the factors that are
responsible for photosynthesis.

Kreidemann (1975) stated that in C4 plants, leaf resistance
controlled by stomatal aperature which regulate photosynthesis. But in C3
plants, internal factors include carboxylation effeciency play role for leaf
resistance than stomatal resistance.

5. Demand for photosynthetes:
Rapidly growing plants show increase rate of photosynthesis than

mature plants. Neales & Incoll (1968) observed that if the area of leaf
surface is reduced, CO2 assimilation per leaf increases. The demand of
photosynthetes is lowered by removal of meristem.

6. Role of Phytohormones:
Treharne and his coworkers (1970) reported first that

photosynthesis may be regulated by plant hormone system. He found that
gibberellic acid and cytokinin increase the carboxylating activity and
photosynthetic rates. Meidner (1967) also reported that kinetin @ 3μm
(micromoles) causes 12 per cent increase in photosynthesis within one
hour of the treatment.



7. Genetic control:
The fixation of CO2 is controlled by the chloroplast’s own genes.

Elmore (1967) worked out photosynthetic activity of hybrid and inbred
lines of corn and found consistence difference due to genetic alteration in
both.

8. Leaf Age:
The newly expanded leaves show a sigmoid curve (Maximum

photosynthetic activity) and chloroplast function declines as leaves age.
Kriedmann (1970) explained that it not only the consequences of

increased chlorophyll content but also an alteration in internal anatomy
and diffusive resistance to enhance CO2 uptake.

9. Translocation of Carbohydrates in leaf:

If the accumulated carbohydrates are not translocated, the
photosynthetic rate is reduced and respiration is increased. Sugar is
converted into starch and gets accumulated in the chloroplasts, hence rate
of photosynthesis is decreased.



I. EXTERNAL FACTORS

External Environmental factors affecting the rate of photosynthesis as
concepts of limiting factors.

Under the principle of limiting factors, the magnitude of photosynthesis is
limited only by one of a set of factors at a time.

The rise of photosynthesis is stops abruptly when another factor becoming
limiting.

Example:
Suppose, leaf is exposed to perticular light intensity to utilize 5mg of CO2
/hr but only 1 mg is available, here CO2 is limiting factor. Incase of supply of
CO2 it increased 2 mg /hr.

But if the CO2 supply is raised to 6mg/hr, the condition is changed and now
light is becomes the limiting factor.



A) LIEBIG LAW OF MINIMUM:
This concept was formulated by German chemist Justin von Liebig,

often called the “father of the fertilizer industry”. This is an example of Liebig’s
Law of the Minimum, which states that plant growth will continue as long as all
required factors are present (e.g. light, water, nitrogen, phosphorus, potassium
etc.).

When one of those factors is depleted, growth stops. Increasing the
amount of the “limiting” component will allow growth to continue until that
component (or another) is depleted.

The nutrient most typically “limiting” algae growth in lakes is
phosphorus. If phosphorus concentrations can be maintained, then algal growth
would be controlled.

In Mark Twain Lake, (the largest reservoir in northern Missouri), light is
the factor that most often limits algae. (http://www.lmvp.org)

A deficiency or absence of any one necessary component, when all
others are present, renders the soil barren for crops for which that nutrient or
factor is needed. It is also called as "barren concept".

http://www.lmvp.org/


B) BLACKMAN'S LAW OF LIMITING FACTORS (1905)
The law states that “When a process is conditioned as to its rapidity by a
number of separate factors, the rate of process is limited by the pace of the
slowest factor”. To explain the principle of limiting factor, Blackman gave the
following illustration which is also shown graphically in below Fig.

AB= increase in amount of CO2 (up to 5mg)
BC= CO2 becomes the limiting factor
BD= increase CO2 with medium light

intensity that increases rate of
photosynthesis.

DE= Light intensity becomes the limiting
factor

DF= increase in light intensity from the
medium to high with CO2, the rate of
photosynthesis is maximum at F.

FG= further, increase in CO2 will not
increase the rate of photosynthesis,
which becomes constant along the line
FG. It indicates that sunlight again
becomes the limiting factor.



 Suppose a leaf is exposed to a certain light intensity which allows the leaf to utilize 5
mg of CO2 per hour in photosynthesis. The photosynthesis will not occur if the CO2
is totally absent in the atmosphere.

 If one mg of CO2 is available, the rate of photosynthesis is limited due to CO2 factor.
If the CO2 concentration is increased in the atmosphere from 1 mg to 5 mg / hour,
the rate of photosynthesis increases along the line AB.

 Thus, the increase in photosynthetic rate will be proportionate with the increase in
CO2 concentration up to 5 mg. Any further increase in amount of CO2, will not
increase the rate of photosynthesis and the rate becomes constant along the line
BC. This is because the light factor (low intensity) has now become the limiting
factor. Addition of CO2 with increase in light intensity increases the rate of
photosynthesis along the line BD. Under these conditions increase of CO2 will not
increase the rate of photosynthesis.

 The rate becomes constant along the line DE. Here also the light intensity becomes
the limiting factor. Further, increase in light intensity from the medium to high,
increases the rate of photosynthesis along the line DF by adding CO2. When the rate
attains maximum at F, further, increase in CO2 will not increase the rate of
photosynthesis, which becomes constant along the line FG. It indicates that sunlight
again becomes the limiting factor.

 Besides, light and CO2, other factors such as temperature, water, etc may also
become limiting under certain conditions.



I. EXTERNAL FACTORS

1. Light:
a. Light intensity:

The rate of photosynthesis is greater in intense (Bright- full) light than in
diffused (Dimed -muted) light. The plants are grouped into two types on the basis of
light requirement.
i. Heliophytes (Sun plants, plant require high light intensity for optimum
photosynthesis & grow in full sun light)
ii. Sciophytes (Shade plants, plant require less light intensity for optimum
photosynthesis & grow in shady places)
b. Light quality (wavelength):

Photosynthesis occurs only in the visible part of the light spectrum i.e.,
between 400 and 700 nm. The maximum rate of photosynthesis occurs at red light
followed by blue light. The green light has minimum effect and photosynthesis
cannot take place either in the infrared (IR) or in the ultraviolet (UV) light.
c. Light duration:

In general tropical plants get 10-12 hours of light per day and this longer 
period of light favours photosynthesis.



2. Carbon dioxide: The increses in CO2 concentration up to 1% increased the rate of
photosynthesis increases. But, very high concentration of CO2 is toxic to plants inhibiting
photosynthesis.

3. Temperature: The rate of photosynthesis increases by increase in temperature up to
40 ºC and after this, there is reduction in photosynthesis. High temperature results in the
proteins coagulation and denaturation of enzymes. The temperature requirement for
optimum photosynthesis varies with the plant species. For example, photosynthesis
stops in many plants at 0 ºC but in some conifers, photosynthesis can occur even at -35
ºC.

4. Water: The amount of water utilized in photosynthesis is quite small and even less
than 1 per cent of the water absorbed by a plant. Water rarely acts as a limiting factor
for photosynthesis. During water scarcity, the cells become flaccid and the rate of
photosynthesis might go down.

5. Oxygen: Oxygen is a by-product of photosynthesis and an increase in the O2
concentration results in a decrease in the rate of photosynthesis. The phenomenon of
inhibition of photosynthesis by O2 was first discovered by Warburg (1920) in green alga
Chlorella and this effect is known as Warburg’s effect. In plants that show Warburg’s
effect, increased O2 concentration result in diversion of higher rate of photorespiration
and lower photosynthetic productivity.

6. Mineral nutrient elements: The absence of element copper is component of
photosynthetic enzymes & Mg is component of chlorophyll are affects photosynthesis.

7. Osmotic relations of plant: It is Indirectly affected as affect the availability of water.







Respiration 
• The cellular oxidation or
break down of carbohydrates into
CO2 and H2O, and release of
Kinetic energy which is utilized in
various vital processes is called as
respiration.



Respiration

 The plant breathing

 At all times day and night

 Done for energy purposes



What is ATP?
• Adenosine Triphosphate.

• It is an energy rich compound

• A source of energy for the cell

• ATP is the energy currency of the cell as it
is spent during cellular work.

• Energy is mainly released as heat and ATP
during respiration in cells however, during
respiration, some ATP should be consumed
first before other ATP can be formed.

• Glucose is broken down during cellular
respiration. It is stored when energy is not
needed straight away.



What is ATP?
• Adenosine Triphosphate is a molecule 

composed of:
• 1 x Adenosine

• 3 x phosphate

Phosphate

Adenosine

High 
energy 
bond



How is it formed?
When ADP and Pi combine together…

(Pi = inorganic phosphate)



How is it formed ?
energy

ADP + Pi ATP

release of energy

ADP = adenosine    

diphosphate



Uses of ATP in cells are:

• Driving chemical reactions in cells.

• Active transportation of substances 

in phloem & xylem.

• Synthesis of protein. 

• Transmission of messages from 
cytoplasm to nucleus and vice-versa. 



The most common and important forms of 
cellular energy.

• Chemical bonds (e.g., ATP, CH2O)

• Electrons (redox reactions)

• Electrochemical gradients

An electrochemical gradient: An ion that can move across a
membrane.
The gradient consists of two parts, the chemical gradient, or
difference in solute concentration across a membrane, and the
electrical gradient, or difference in charge across a membrane.



Fig. 8.14





Cellular respiration

• Chemical-bond energy in sugars is 
converted to energy-rich compound ATP 
which can then be used for other 
metabolic reactions



Differences between       

Respiration and Photosynthesis
aerobic 

respiration
photosynthesis

2. energy is 

released

2. energy (light) is 

absorbed

1. produces carbon 

dioxide and water
1. requires carbon 

dioxide and water

3. an oxidative 

process

3. a reductive 

process



aerobic 

respiration
photosynthesis

5. occurs in all 

living cells at 

all times

5. occurs in green 

plants only when 

light is available

4.  Catabolic/ breaking 

down process
4. Anabolic /a synthetic 

process

6. occurs in 

mitochondria

6. occurs in 

chloroplasts



aerobic 

respiration
photosynthesis

8. Light is not 

essential
8. Light is essential 

7.  Include dehydrolysis

& decarboxylation

7. Include hydrolysis & 

carboxylation

9.  38 ATP molecules 

are formed from 1 G
9.  To form 1 G, 18 ATP 

molecules are used



Importance / Significance of Respiration:

• 1. It release energy which is used in metabolic 
processes (Cell division).

• 2. Formation of compounds for cell constituents.

• 3. It converts insoluble food into soluble form.

• 4. It liberate CO2  to maintain carbon cycle in 
nature.

• 5. It converts store (potential) energy to kinetic 
energy.

• 6. It forms intermediate products, Fats & Proteins





(1) Mitochondria is provide energy hence it is called “Power
House of cell”.

(2) They are present in eukaryotic cell which respire aerobically
but absent in procaryotic cell like bacteria respire
anaerobically.

(3) It is rod shape, size -1-3 mm in length & 0.5 -1 mm in
width.

(4) It covers two membrane of lipoprotein –outer membrane is
smooth while inner membrane is folded to form many finger
like projection is called “Cristae”. The place between two
membranes is called “Inter membrane space or Outer
Chamber” which is filled with watery fluid.

(5) Inner membrane encloses cavity which is filled with granular
substance is known as Matrix.

(6) “Cristae” contains F1 particles that consist of Base, Stalk
and Head. Cristae & F1 particles have a various cytochromes

viz.,Cyt. b,c,a, a3 that forming ETS chain.
(7) ATP and Terminal oxidation is take place on cristae.
(8) Matrix contain enzymes required for Kreb’s cycle.





Matrix contain enzymes required for Kreb’s cycle







(1) Mitochondria is provide energy to various organalles hence it
is called “Power House of cell”.

(2) 2 ATP molecules per glucose molecule oxidation are formed in
GTP mills.

(3) Mitochondria release CO2 during respiration which is useful
for plants.

(4) Biogenesis of ribosomes (70S type) take place in matrix of
mitochondria.

(5) Structural Protein synthesis take place in mitochondria.
(6) Nucleic acid metabolism (Formation of new DNAs) and

transcription (Formation of RNAs) is found in mitochondria.
(7) Mitochondrium is capable to change the shape and replicate

itself by budding or by constriction.





Respiration Quotient:

It is a ratio between the volume of
CO2 Given out and oxygen taken by
specific weight of tissue in given period of
time at standard temperature and
pressure.

Respiration Quotient: _____________
volume of O2 absorbed

volume of CO2 evolved



1. RQ OF CARBOHYDRATE:
For carbohydrate oxidation glucose yields 6 CO2 for 6 O2 consumed.

C6H12O6 + 6 O2 → 6 CO2 + 6 H2O 
RQ or RER = 6 CO2 / 6 O2 = 1.00 

 The ratio of hydrogen to oxygen in carbohydrates is equal to that of water.
 All of the oxygen consumed by cells is used to oxidize the carbon in the carbohydrate

to carbon dioxide.
 In turn, the resultant production of carbon dioxide is equal to oxygen consumed and

the ratio is 1.00.

2. RQ OF FATS:
Lipids contain considerably fewer oxygen atoms in proportion to atoms of hydrogen and
carbon.
Thus, when fat is degraded relatively more oxygen is needed to oxidize fat to carbon
dioxide and water.
In the example of palmitic acid, 23O2 molecules are consumed for the oxidation of 16
CO2 molecules:

C16H32O2 + 23 O2 → 16 CO2 + 16 H2O RQ or 
RER = 16 CO2 / 23 O2 = 0.696 or 0.7
(Means RQ is less than Unity i. e. 1.0)

In case of acetic acid, liberate equal amount of CO2 molecules, hence RQ is unity.
CH3COOH (Acetic acid) + 2O2 → 2CO2 + 2H2O

RQ = 2CO2/2O2 =1



3. RQ OF PROTEINS & DERIVATIVES:
The normal cells consume protein only during starving conditions, hence
seldom respired.
Like fats, proteins are compounds with lesser oxygen as compared to
carbohydreate, O(oxygen)/C (carbon) ratio is very low.
The hydrolysis products of proteins require more oxygen for their
complete oxidation.
Thus, RQ value of protein fluctuates around 0.79 ex. Ammonia, Amides.
If complete oxidation of protein is take place, RQ value is 1.0.
The protein is deaminated and the nitrogen and sulphur are excreted.
The resulting keto-fragments are then oxidized.

4. RQ OF SUCCULENTS:

In these plants such as Opuntia or members of Crassulaceae having
anthocyanin rich in leaves, no complete oxidation of carbohydrate is take
place. At night, when stomata open, oxygen is absorbed and intermediate
compounds are formed due to partial oxidation. RQ is mostly 0 (zero).

2C6H12O6 + 3O2 → 3C4H6O5+ 3H2O (Malic acid)
2C6H12O6 + 3O2 → 2C6H8O7+ 4H2O (citric acid)

RQ =CO2/O2 = 0/3 =Zero



5. RQ OF ORGANIC ACID:
They are rich in oxygen O/C is vry high. Hence, lesser oxygen is needed to be
absorbed and more CO2 is evolved. RQ is >1.0

2C4H6O6 (Tartaric acid) + 5O2 → 8CO2+ 6H2O
8CO2/5O2= 1.6

2(COOH)2 (Oxalic acid) + O2 → 4CO2+ 2H2O
4CO2/1O2= 4.0

6. RQ OF WHEN OXYGEN IS UTILISED FOR OTHER METABOLIC PROCESSES:

Synthesis of anthcyanine and convertion of fats to carbohydrate also require
oxygen and CO2 is not evolved more , therefore RQ is fall below unity (<1.0).
7. RQ OF MATURING FATTY SEEDS:

During maturation of seeds, simple carbohydrate is converted into fats. In this
process oxygen is released but it used up in respiration. Therefore RQ is more
than unity (>1.0).
But in germinating fatty seeds, seeds using fat for respiration and carbohydrate
is also synthesizing from fat, hence RQ is fall below unity (<1.0).
8. RQ OF TISSUE RESPIRING IN ABSCENCE OF OXYGEN:

In anaerobic respiration in which CO2 is evolved without absorption of O2,
therefore RQ is more than unity (>1.0).

C6H12O6 → 2C4H5OH+ 2CO2
2 CO2/0 O2= 2/0 = infinity







Energy yield depends on 
oxygen

Two types of Respiration 

• Aerobic (with oxygen)
– 38 ATP molecules per glucose molecule

• Anaerobic (without oxygen)
– 2 ATP molecules per glucose molecule



Aerobic respiration 
• Release of energy from glucose

involves oxygen.



Breakdown of Pyruvic 
Acid

• Pyruvic acid is broken down to carbon 
dioxide and water

• Needs oxygen

• Lots of energy is produced (enough 
to make 38 ATP’s)

• Controlled by enzymes



Anaerobic respiration
• In plants and yeast

– Two stages

– No lactic acid produced

– Not reversible 

– Little ATP produced



Anaerobic respiration
• In plant and yeast cells:

• Release of energy from glucose in the absence of oxygen.

Glucose 

• This reaction is irreversible since there is a loss of
carbons (as CO2). This process is also called
fermentation.

pyruvic acid 

ethanol  + CO2

2ADP+2Pi --->2ATP 



Differences

aerobic 

respiration

anaerobic 

respiration

complete 

oxidation

incomplete 

oxidation

2. oxidation 

of sugar

essential
1. oxygen 

requirement
nil

3. energy 

released

large  

amount  -38 

ATP

small 

amount – 2 

ATP



aerobic 

respiration

anaerobic 

respiration

in most  

living cells

in lower organisms 

(e.g. bacteria and 

yeast)
5. occurrence

inorganic: 

CO2 and H2O

4. end  

products

organic: ethanol 

or lactic acid + 

CO2



aerobic 

respiration

anaerobic 

respiration

Long time Short time7. Continue For

Glycolysis, 

ETS, Kreb

cycle

6. Involves Glycolysis, 

Fermentation

8. Toxic Product Not Formed Formed





Respiratory substrate:

A respiratory substrate is an organic substance which can be
degraded to produce energy which is required for various activities of
the cell. The respiratory substrates include carbohydrates, fats, organic
acids, protein etc.

Respiration in which carbohydrate is used is called as floating
respiration and if proteins are used, protoplasmic respiration.

During respiration, complex substrates are broken into simple
ones and finally CO2 is liberated and water is formed.

1. Carbohydrates:
The all complex carbohydrates are first hydrolyzed to simple

hexose sugars (glucose and fructose) and then they are utilized.

Starch → Disaccharides → Hexoses sugars 
2. Fats:

Fats are first broken down to glycerol and fatty acids. The
fatty acids are broken down to acetyl coenzyme by oxidation. It enters
Kreb’s cycle for further degradation and releases energy.

Glycerol can directly enter the respiratory channel via
glyceraldehyde.



3. organic acids:

Organic acids normally do not accumulate in
plants to any appreciable extent except in the members
of the family, Crassulaceae. Organic acids are oxidized
under aerobic conditions to carbon dioxide and water.

4. Proteins:

Proteins are used up as respiratory substrate
only in seeds rich in storage proteins. The proteins are
hydrolyzed to form amino acids. Later, the amino acids
undergo deamination (Removal of amino group –NH4)
forming organic acids and the organic acids can enter
Kreb’s cycle directly.







Glycolysis Kreb’s cycle                      ETS Chain

Glucose          + Pyruvic Acid NADH2 +FADH2               ATP (Energy)

In cytoplasm                                                 In Mitochondria

NADH =  
FADH = 





1. Glycolysis
• Breakdown of glucose to pyruvic acid
Controlled by various enzymes that Produces a little
energy (enough to make 2 ATP’s) is called Glycolysis.

• Gycolysis, fermentation, anaerobic respiration
and lactic acid formation processes occur freely in the
cytoplasm while, Krebs cycle occurs in the matrix of
mitochondria in the eukaryotic cells and on the
surface of mesosomes in prokaryotic cells. Enzymes of
glycolysis are found in the soluble portion of
cytoplasm, called cytosol. These enzymes are remain
active life time and required again and again called
constitutive enzymes.



Step -1 Step -2

Step -5

Step -4

Step -3



Step -6

Step -7 Step -8

Step -9

Step -10



Phosphorylation in Glycolysis 
(Trans- Phosphorylation) 

• With the production of pyruvic acid the
Gycolysis comes th an end. Now if ATP
molecules used up and produced during Gycolysis
are calculated as follow:

• It is found that during the whole sequence of
reactions, Two molecules of ATP are used up:

• One when Glucose is phosphorylated and
converted into Glucose-6-phophate and

• Other when Fructose-6-phophate is
phosphorylated and converted into Fructose-1-
6-diphophate.



Phosphorylation in Glycolysis(Trans- Phosphorylation) 

• It is found that Four molecules of ATP are produced:

• Two ATP molecules are produced during conversion of

1,3-Diphosphoglyceric acid converted into 3-phosphoglyceric acid.

• Another Two ATP molecules are produced during conversion of 2-
phospho-enol-pyruvic acid into pyruvic acid.

• This means that in the sequence of reactions of Glycolysis there
is a net gain of Two ATP molecules.

• Steps are follows: (Two ATPs are used up)
• Glucose + 2ATP Fructose-1-6-diphophate + 2ADP

(Four ATPs are produced)

• 2(1,3-Diphosphoglyceric acid)+2ADP     2(1,3-phosphoglyceric acid)+2ATP

• 2(2-phospho-enol-pyruvic acid)+ 2ADP        2Pyruvic acid + 2ATP



C6H12O6 + 2ATP + 2NAD + 4ADP+2H3PO4

Significance / Importance of Glycolysis in plants  
The overall glycolytic process can be summarized as follows:

↓
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.

• During aerobic respiration, these two NADH2
molecules are oxidized via the electron transport
chain to yield 3 ATP molecules each. Thus 6 ATP
molecules are formed.



• However, Two molecules of NADH2 are also
produced in this process and from its each molecule
3 ATP molecules are produced (But one ATP is loss
to transfer NADH2 into ETS Chain).

• As a results, 4 ATP molecules are formed instead of
6 ATP in eukaryotes, while in prokaryotes 6 ATP are
produced.

• The molecules of NADH2 generated during glycolysis
remains in the cytoplasm it can not enter into
mitochondria but directly transferred to ETS of
mitochondria through shuttle system (Translocation
of solutes).



Pyruvate

Kreb Cycle

Alanine AA &
α -Ketoglutarate

Ethanol

Lactate

NAD

CO2 +H2O +ATP + 
Electrons + Protons

NADH+H

NAD

NADH+H

Break down of Pyruvic Acid metabolised through four different paths 

Glutamate

1

2

4

3

Lactic acid 
dehydrogenase

Alcohol 
dehydrogenase

Pyruvate decarboxylase

Acetaldehyde and CO2 





Break down of Pyruvic acid to lactic acid is not much familiar in
higher plants but is common in animal tissues and muscle in
gycolysis.

Lactic acid dehydrogenase
Pyruvic Acid Lactic acid + NAD

In gycolytic reaction , lactic acid are produced, where 3-
Phosphoglyceraldehyde is oxidised to 1, 3-Diphosphoglyceric acid.
Look on the balance balance of ATP molecules shows same path
way as earlier.

1. Formation of lactic acid: 

Steps are follows: (Two ATPs are used up)
Glucose + 2ATP Fructose-1-6-diphophate + 2ADP

(Four ATPs are produced)
• 2(1,3-Diphosphoglyceric acid)+2ADP     2(1,3-phosphoglyceric acid)+2ATP

• 2(2-phospho-enol-pyruvic acid)+ 2ADP        2Pyruvic acid + 2ATP



When needed Pyruvic acid can be utilized to synthesise
Amino acids. Nos. of biosynthetic transminations reactions are
involved but simply,

2. Fate (out come) of Pyruvic acid to Alanine:

Pyruvic acid + Glutamate                   Alanine + α -Ketoglutarate



First Step: In alcoholic fermentation, pyruvic Acid is first
converted into Acetaldehyde and CO2 (with the action of
pyruvate decarboxylase).

pyruvate decarboxylase
Pyruvic Acid Acetaldehyde and CO2

Second Step: Acetaldehyde is now converted into Ethanol (with
action of alcohol dehydrogenase) and NADH is reduced in NAD.

Alcohol dehydrogenase
Acetaldehyde +NADH2 Ethyle alcohol + NAD

The utilization of Pyruvate by fermentation is very common in
yeast cells and many plant tissues. The process stops when
concentration of alcohol exceeds 15 per cent, there after it
becomes toxic to growth of yeast.

3.Alcoholic fermentation (Anaerobic Respiration(without oxygen)



Anaerobic (without oxygen)



Fate of Pyruvate is to degrade up to CO2 and H2O level
through Krebs cycle and respiratory chain in which energy is
trapped in the form of ATP molecules. All the enzymes of
TCA cycle are found in mitochondrial matrix.

(i) Pyruvate CO2 + Electrons + Protons

(ii) Pi+ ADP Water + ATP

4.Fate of Pyruvate to CO2 and H2O 
(Aerobic Respiration(with oxygen)



The oxidative decarboxylation of Pyruvate into Acetyl CoA involves
the presence of at least five essential cofactors and a complex
enzyme.
The cofactors involved:
(i) Mg ions,
(ii) Thiamine Pyro-Phosphate (TPP)
(iii) NAD+
(iv) Coenzyme A (CoA)
(v) Lipoic acid

Pyruvate + TPP TPP-complex + CO2
TPP-complex + Lipoic acid Acetyl lipoic acid complex + TPP
Acetyl lipoic acid complex+CoA Acetyl CoA +lipoic acid
Lipoic acid + NAD Lipoic acid + NADH + H+ (NADH2)

Fate

Reduced form Oxidised form



Krebs cycle

3

4

2

1

Pyruvate + TPP 

TPP-complex + 
Lipoic acid

Acetyl lipoic
acid complex 

Acetyl CoA

Pyruvic acid

Release of 
Lipoic acid



Acetyl lipoic
acid complex 







 Pyruvic acid is converted into Acetyl –CoA (with
the action of pyruvate dehydrogenase enzyme
and release CO2 + NADPH2.

 Acetyl CoA is the connecting link between
Glycolysis (EMP pathway) and Kreb cycle.

 Acetyl CoA is React with a Oxalo-acetic acid
with the use of 1 molecule of H2O and Citric
acid is formed.



Significance/ importance of Kreb cycle:

(1) Per Glucose of molecule, 24 molecules of ATP are formed

in Kreb cycle.

(2) It provides common pathway for break down of

carbohydrates and fats.

(3) It forms a number of intermediate products which serve as

building blocks to synthesis other complex organic

compounds (8) such as citrate, Iso-citrate, α – kito-

glutarate, succinatyl CoA, succinate, fumarate, malate,

oxyloacetate etc.

(4) It forms a number of reduced coenzymes like NADH2 and

FADH2 which release electrons through ETS.

(5) Release CO2 is utilized in fixation in chloroplast.











Goal: to break down NADH and
FADH2, pumping H+ into the outer
compartment of the mitochondria
In this reaction, the ETS creates a
gradient which is used to produce
ATP, Electron Transport
Phosphorylation typically produces
32 ATP's.



Kreb cycle is occur in the 
matrix of the mitochondria 

1

2

3

45

6

7

8

Coenzyme A with Sulfhydryl



No. Substrates Products Enzyme Reaction type

1 Oxaloacetate +

Acetyl CoA + H2O

Citrate +

CoA-SH

Citrate synthase Aldol 

condensation

2 Citrate Isocitrate+ H2O Aconitase Dehydration

3 Isocitrate + NAD+ α-Ketoglutarate +

CO2

Isocitrate

dehydrogenase

Oxidation

4 α-Ketoglutarate +

NAD+ +CoA-SH

Succinyl-CoA +

NADH + H+ + 

CO2

α-Ketoglutarate

dehydrogenase

Oxidative

decarboxylation

5 Succinyl-CoA +

GDP + Pi

Succinate +

CoA-SH + GTP

Succinyl-CoA 

synthetase

substrate-level 

phosphorylation

6 Succinate +

ubiquinone (Q)

Fumarate +

ubiquinol (QH2)

Succinate

dehydrogenase

Oxidation

7 Fumarate +H2O L -Malate Fumarase H2O addition 

(hydration)

8 L-Malate +

NAD+

Oxaloacetate +

NADH + H+

Malate

dehydrogenase

Oxidation

Steps of Kreb cycle :

http://en.wikibooks.org/w/index.php?title=Oxaloacetic_acid&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Acetyl_CoA&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Citric_acid&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Coenzyme_A&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Citrate_synthase&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Aldol_condensation&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Citrate&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Isocitrate&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Aconitase&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Dehydration_reaction&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Isocitrate&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Nicotinamide_adenine_dinucleotide&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Alpha-Ketoglutaric_acid&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Isocitrate_dehydrogenase&action=edit&redlink=1
http://en.wikibooks.org/w/index.php?title=Oxidation&action=edit&redlink=1
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Electron Transport Chain (ETS): 

Respiration is a biological oxidation and this oxiative catabolism can be
represented as
C6H12O6 + 6O2 ----- 6H2O + 6CO2 + 686 K. cal.
Out of four types of oxidations:
1. By gain of molecular oxygen
2. By removal of hydrogen (dehydrogenation)
3. By change in valency
4. By hydration followed by dehydrogenation

The most common type of oxidation found in respiration is removal of
pair of hydrogen from oxidizing substrate, pair of hydrogen ultimately
dissociated into two protons and two electrons 2H = 2H+ + 2e.
Two protons released in medium as hydrogen ions (H+) are available
for combination with O2 to form water.
In actual reduction of O2 to water, four electrons are taken up by
oxygen followed by addition of four protons.

O2 +4e (2e +2e) -- 2O2

2O2 + 4H+ - - 2H2O



The linking of enzymes of the respiratory chain is in the form of a forked chain connected with a
communal chain of cytochromes leading to molecular oxygen.
For channelizing pairs of hydrogen from substrates - Pyruvic acid, Iso-citric acid, α- Kitoglutaric

acid and Malic acid into a one branch having a separate enzyme system functions.
These hydrogen pairs ended ultimately in combination with the prosthetic group NAD+. High
electron pressure reduced NAD+ into NADH2 and 2 electrons & 2 protons released (one
transferred to P group & an.
other released in the medium as H+ ion.

2H ---- 2H+ + 2e
NAD + 2H+ +2e --- NADH + H+

Now two electrons & one proton transferred to FAD prosthetic group.
In second branch, Hydrogen pair removed from Succinic acid and transferred to FAD which reduced

into FADH2 and released 2H+ + 2e and converted into Fumaric Acid.
Succinic acid + FAD ---- Fumaric Acid+ FADH2

In next step, electrons are step-wise passed through cytochromes b,c,a and a3 with the help of iron
atom to oxygen.

1-Branch

2-Branch

Figure showing two branches, one electron coming from Pyruvic acid, Iso-citric acid, α- Kitoglutaric

acid and Malic acid and other from Succinic acid.

2e-+ 2H+



In higher plants, Ubiquinone is acted as reservior of electrons.
Prosthetic groups are non-peptide (non-protein) compounds that
mostly attach to proteins and assist them in different ways. They
can be inorganic (like metals) or organic (carbon-containing) and
bind tightly to their target.
Prosthetic groups can bind via covalent (electron-sharing) or non-
covalent bonds.



Schematic diagram showed
oxidation-reduction potential in
whole series of steps.
Reductional potential push the
electrons into the cytochromes
chain and oxygen pull the electron
from cytochrome.
Therefore it develops a Push-Pull
system during electron transfer.
At three different steps ATP is
released.
1. NADH -- FAD
2. Cyt. b -- Cyt. C
3. Cyt. a -- Cyt. a3
At certain steps, the enegry
released by electron is not
sufficient to bind inorganic
phosphate (Pi) with ADP, it will be
wasted in form of heat or
fluorescence light.
In fact, 0.28 eV (electric volts)
or more energy is require to form
ATP.
Thus respiratory chain function as
chemical machinery of
mitochondria.

volts



Chemiosmotic Theory (Mitchell,1961):
1. NADH2 reduced in NAD and 2H+ +2e-released in ETS.

Conversion of chemical energy (NADH) into osmotic energy
(Differences in concentration of protons on two sides of
mitochondrial membrane) is called chemiosmosis.

2. Mitchell explain process of ATP formation, both in
respiration & photosynthesis (i.e. Oxidative and photo-
phosphorylation).

3. ATPase enzyme is behave like a reversible enzyme.
4. As a result of accumulation of H+ ions to outside of the

mitochondrial membrane, a concentration gradient of H+
ions between out side and inside of mitochondria is
established.

5. Accumulation of H+ ions serve as potential energy for ATP
formation.

6. When these H+ ions re-enter in mitochondria, from High
Proton concentration through Fo particle (stalk) to F1
particles of oxysome potential energy is used to drive the
ATPase for ATP formation.

ATPase (dehydrated)
ADP Pi ------------------- ATP + H2O

ATPase (hydrated)
ATP + H2O -------------------ADP + Pi

9. These H+ ions combined with oxygen to form water leading to dehydration and as a result of ATP
are formed. Thus, oxygen is the final electron acceptor at the end of the ETS; as oxygen
accepts a pair of electrons & two protons, so these protons are join with the electrons to
produce the two hydrogen atoms, thus forming water.

O+2e -- ½O2
½O2 + 2H+ - - H2O 

OR O2 +4e (2e +2e) -- 2O2
2O2 + 4H+ - - 2H2O



Cytosol-8 ATP
+ 

Mitochondria (Out of 
kreb cycle) – 6 ATP

+
Mitochondria (in kreb

cycle) – 24 ATP
=

Total 38 ATPs are 
formed

-----------------
Glucose  Glucose 

Pyrophosphate=2 ATP
Glycolysis=4 ATP
NADH=28 ATP
FADH2 = 4 ATP



Because NADH gives up its electron to Complex I, which is
at a higher energy level than the other Complexes. When Complex I
transfers the electron to Complex III, energy is given off to pump
protons across the membrane, creating a gradient. The electron
moves again to Complex IV and again pumps more electrons across
the membrane. Because NADH started with Complex I, it had more
chances to pumps more protons across the gradient, which powers
the ATP synthase and gives us 3 ATP per molecule of NADH. FADH2
produces 2 ATP during the ETC because it gives up its electron to
Complex II, bypassing Complex I. By bypassing Complex I, we missed
a chance to pump protons across the membrane, so less protons have
been pumped by the time we get to Complex IV. Protons still have
been pumped, enough to fuel 2 ATP created by ATP synthase.



(A) AEROBIC RESPIRATION:

1 Glucose molecule contains about 6,86,000 calories (686 K cal.) of
energy in the form of bond.
1 ATP molecule 7600 calories of energy is trapped.
In oxydative phosphorylation via Gycolysis and Kreb cycle 36 ATP
are gained.

This means 36X7600X100/ 6,86,000 = 39.8 i.e. 40% of total
energy is trapped in the form of ATP molecules, while remaining
60% energy lost/waste as heat or florescence light.

(A) ANAEROBIC RESPIRATION:

2 ATP molecules are formed per Glucose molecule. The efficiency of
this respiration will be
C6H12O6 ---- 2C3H4O3 + 4H + 52 K cal
2X7600X100/ 52,000 = 29.23% of total energy is trapped in the

form of ATP molecules, while remaining 70.77% energy lost/wastage
in such respiration.



Electron Transport Chain (ETS):

Mitochondrial inner membrane proteins form a transport chain for
electrons and protons.

NADH + H+ arrives at the first carrier and transfers 2 e-
and 1 H+ another H+ is picked up from the matrix solution the 2 e-
and 2 H+s are carried from the inner to outer face, where the 2
H+s are deposited in the intermembrane space thus produes 4H+; the
2 e-s return, pick up another pair of H+ and repeat the trip 2 more
times, for a total of 3 round trips.

FAD (Flavin Adenine Dinucleotide) is reduced to FADH2 that
enters into the ETS further along, and thus pumps only 2 pairs of
H+s (4H+) into the intermembrane space.

The alternate reduction and oxydation of ubiquinone (a
component of ETS chain) is also pumps 2 pairs of H+s (4H+) into the
intermembrane space.

When electron flow through complexes,I,II,III,IV, these
complexes act as a proton pumps. They pump out protons across the
inner membrane from matrix.





Cytoplasm
Mitochondria



No. OXIDATIVE PHOSPHORYLATION No. PHOTO -PHOSPHORYLATION

1. It is occur during respiration. 1. It is occur during photosynthesis.

2. It is found inside mitochondria

particularly, electron transport

system involving cytochromes.

2. It is found inside chloroplast

particularly, pigment system I and

II.

3. The processes occur on inner

membrane of cristae.

3. The processes occur in thylakoid

membrane.

4. Oxygen needed during terminal

oxidation.

4. Oxygen is not needed.

5. ATP formation is due to energy

produce from electron transfer

5. ATP formation is due to light

energy

6. The ATP molecules are utilized in

various metabolic activities take

place cytoplasm.

6. The ATP molecules are used up

for CO2 assimilation in dark

reaction.

Comparison between oxidative phosphorylation and 
photo-phosphorylation



5 –Types
(1) Growth Respiration:

It is defined as the amount of carbohydrate respired
in the process that results in a net gain in plant biomass.

(2) Maintenance Respiration:
A respiration which provides the energy for living

organisms to maintain their biochemical and physiological
process is called Maintenance Respiration.

(3) Salt Respiration:
It is defined as increase in oxygen uptake and

emission of CO2 when salt is added to tissue respiring in
water.



(4) Alternate respiration :

In higher plants, the activities of cytochrome oxidase are
inhibited in presence of cyanide. Under such conditions, cyanide
resistance oxidase enzyme becomes functional. Electron from
Ubiquinone passes to flavo-protein complex to alternate oxidase
(cytochrome oxidase to cyanide resistance oxidase) and finally,
electron is accepted by oxygen. This is known as “alternative
respiration or alternative respiratory pathway”.

This pathway dissipates (disperse) most of the chemical
energy of respiratory substrates as heat (burn excess
metabolites and enhance the synthesis of secondary metabolites,
which perform protective functions).

Complex I
ATP flavo-protein complex

NADH
e-

Succinate

Complex II

Fig: Cyanide Resistant Respiration or alternative pathway

Fe-S

Fe-S
Alternate oxidaseUQ

O2



(5) Wound respiration:

Wound increase the Rate of respiration due to increases
concentration of phosphatidylcholine in tissues.

According to Hopkins (1927) when a portion of plant is
woulded, starch is converted into sugars that increase rate of
respiration. After sometimes, respiration restores normally.

Formation of Actinomycin D, prevents wound respiration
and cyanide resistance only when given in the first 10 to 12
hours after the cutting of potato tuber slices. The
phosphatidylcholine increases with slice aging and it is inhibited
by actinomycin D. The synthesis of three critical enzymes of
phosphatidylcholine, namely,

(i)    phosphorylcholine-glyceride transferase, 
(ii)   phosphorylcholine-cytidyl transferase, and 
(iii)  phosphatidylphosphatase. 

Neither succinic dehydrogenase nor cytochrome oxidase activity
increases with time in aging potato slices.



Summary
Aerobic 

respiration
Anaerobic 

respiration in 
plants and 

yeast

Glycolysis YES

(Cytoplasm)

YES

(Cytoplasm)

ATP Yield 38/1G 2/1G

Product(s) CO2 + H20 + 
Energy (ATP)

CO2 + Ethyle
Alcohol









In higher plants, the activities of cytochrome oxidase are inhibited in the presence
of cyanide. Under such conditions, cynide resistance oxidase or alternate oxidase
(AOX) becomes functional from ubiquinone of ETS chain.

Once AOX becomes functional, it reduce the effect of cyanide and it helps in
respiration against cyanide and to run/operate the krebs cycle by provide
intermediary organic acids.

Kreb cyle is inhibited when ATP or electron (NADH) from it are not sufficiently
taken out.

Cyanide-resistant respiration was discovered at the beginning of the 20th century.

During the study of anthesis in thermogenic plants, found to be a typical feature
of plant respiration.

The phenomenon of respiration resistant to cyanide is connected with the presence
in the respiratory chain of an additional terminal oxidase — alternative oxidase
(AOX).

The presence of AOX in higher plant mitochondria poses the role in plant
metabolism.

AOX genes expressed in Sauromatum guttatum, Arabidopsis thaliana, Glycine max,
Pisum sativum and Nicotiana tabacum that altered the physiological, developmental
and environmental conditions.

AOX was found to be encoded by a small family of nuclear genes (subfamilies
AOX1, AOX2a and AOX2b, formerly named AOX3).

The AOX1 gene is most widely known for its expression by stress stimuli in many
tissues and is present in both monocotyledon and dicotyledon plant species.

CYANIDE RESISTANCE RESPIRATION



Plant respiratory chain branches at the level of ubiquinone from where the
electrons flow through the cytochrome pathway or to alternative oxidase.

Transfer of electrons from ubiquinone to oxygen by alternative oxidase and
has a non-proton-motive character and, by bypassing two sites of H+
pumping in complexes III and IV, lowers the energy efficiency of
respiration.

The physiological role of alternative oxidase as a “survival” protein that
allows plants to cope with the stressful environment.

Alternative oxidase in plant mitochondrial respiratory chain



AOX= alternative oxidase; 
Cyt c = cytochrome c; 
QH2 = ubiquinol (reduced ubiquinone); 
ND ex/in = NAD(P)H dehydrogenases, respectively external/internal

I, NADH —
ubiquinone

oxidoreductase

II, succinate —
ubiquinone

oxidoreductase

V, ATP 
synthase

IV, cytochrome c 
Oxidase

III, ubiquinol —
cytochrome c 
oxidoreductase

AOX branch from the main respiratory chain at the level of ubiquinone and catalyses
the four-electron reduction of oxygen to water)





The details pathway were worked out by
Horecker (1951) and Racker (1954) with
radioactive carbon C14.

In Pantose Phosphate Pathway, Glucose -
6-phosphate is finally converted into Fructose-
6-phosphate after completion of cycle.

In PPP, complete oxidation of one glucose
molecule, six CO2 molecules are produced, the
number of NADPH2 will be 6X2=12,so 12
molecules of NADPH2 will produced 12X3 ATP =
36 molecules of ATP which is equal to Gycolysis
+ Kreb cycle.





1

2

3

4

5

6

2

78



Significance/ importance of Pantose Phosphate Pathway:

(1) Haxose sugar is break down into CO2 and H2O without

participation of glycolysis and Kreb’s cycle.

(2) Oxygen is required for synthesis of H2O.

(3) It is source of 5 carbon sugars which are constitute of

nucleotides and nucleic acids.

(4) Oxidation of one molecule of glucose, 12 NADPH are

formed and 36 ATP molecules are synthesised.

(5) Reaction take place in cytoplasm.

(6) NAD is electron acceptor and NADPH is used for further

reactions.





(I)Internal Factors :

(1) Protoplasmic factors:

Young cells have more active protoplasm respire more
rapidly than Older cells (large vacuole and thick cell wall).

Rate of respiration is also affected by quality of
enzymes present in protoplasm.

(2) Concentration of respiratory material:

Rate of respiration increase with the increase
respiratory substracts such as after photosynthesis
respiratory rate is higher.



(II) External Factors :

(1)Temperature:
Increase in temperature, Rate of respiration is

increased. For every 10° C rise in temperature, Rate of
respiration is doubled, if no any factors are limiting.

(2) Light:
Rate of respiration increase with the increase light

intensity, opening and closing of stomata rapidly when
respiratory rate is higher.

(3) Oxygen:
When oxygen content is reduced to 1% the Rate of

respiration reaches its minimum and evolution of CO2 is
raised up.



(II) External Factors :

(4) Carbon Dioxide:
Increase in CO2 concentration in atmosphere, Rate of

respiration is fall down.
(5) Water:

Storage of water reduce the rate of respiration because
it maintain turgidity of the cells. But small storage of water
increase respiratory rate because under such condition, starch
is converted into sugars that increase rate of respiration.

(6) Injury:
Injury increase the Rate of respiration. According to

Hopkins (1927) when a portion of plant is injured, starch is
converted into sugars that increase rate of respiration. After
sometimes, respiration restores normally.



(II) External Factors :

(7) Effect of certain chemical substances:

Chemicals such as Azides, Cyanides, Carbon monoxide,
Ethanol, Hydrogen Paroxide, Iodo-acetate, and Lactic acid;
some anaesthetics group chemicals such as chloroform,
ether, acetone and formaldehyde; various alkaloids and
different glycosides synthesised and present in the cells, are
increased the rate of respiration.

(8) Mechanical Effects:

Mechanical treatments such as rubbing the leaves by
hand and even slight bending of leaves is sufficient to
increase the rate of respiration.



Lecture-21 





INTRODUCTION
In earlier literature, growth regulators were referred as

hormones. Hormone is a greek word derived from hormao
means to stimulate.

Thimann (1948) suggested the term for hormones of the plants.

Philips (1971) defined growth hormone as substances which are
synthesized in particular cells.

Definition:

They are organic compounds synthesized in very low
concentration, translocation from one part of a plant and to
another part responsible for physiological responses such as
growth promotion, differentiation or inhibition of growth.



 COMMON PHYTOHORMONES :

Auxins, Gibberellins, Cytokinines, Ehtlene, Dormin and Florigen

 But now, PHYTOHORMONES are broadly classified into two groups:

 growth promoting substances and

 growth retarding substances

 Vitamins are also growth regulator

whether they are naturally occurring growth
substances or synthetic growth substances.



 GROWTH REGULATING HORMONES CAN BE CLASSIFIED AS UNDER:

NATURAL GROWTH HORMONES:

 - Auxins: IAA

 - Gibberellins: GA3

 - Cytokinines: Kinetin, Zeatin

 - Ethylene: Ethylene

 - Dormin: ABA, Phaseic acid, Xanthoxin

 Flowering Hormones: Florigen, Anthesin, Vernalin

 Miscellaneous natural growth substances: Vitamins, Phytochrome,
Traumatic substances

 Phenolic substances: Caumarin

SYNTHETIC GROWTH HORMONES:

 Synthetic growth Promoters: Synthetic auxins, Synthetic cytokinines
etc.

 Synthetic growth retardants: CCC (Chloromequat Chloride), AMO
1618 (Ammonium Tri-methyl Chloride Carboxylate), Phosphon D,
Morphactins, Malformins, Maleic Hydrazide (MH).



THE RELATIVE CONCENTRATION OF SOME PLANT 

HORMONES: 

No. Plant Part Auxins Gibberellins Cytokinines ABA

1 Shoot tip +++ +++ +++ +

2 Young leaves +++ +++ +++ +

3 Elongated stem ++ ++ +++ +

4 Lateral buds + ++ + ++
5 Flowers and fruits + + ++ +
6 Developing seeds + +++ ++ ++

7 Mature leaves + + + +++

8 Lateral shoot +++ ++ ++ +

9 Mature stem + + + +

10 Root + + + +

11 Root tip +++ ++ +++ +

+++ = denotes high concentration, ++ = denotes medium concentration, 
+ = denotes low concentration



THE RELATIVE CONCENTRATION OF SOME PLANT 

HORMONES: 

No. Plant Part Auxins Gibberellins Cytokinines ABA

1 Shoot tip ? ? ? ?

2 Young leaves ? ? ? ?

3 Elongated stem ? ? ? ?

4 Lateral buds ? ? ? ?

5 Flowers and fruits ? ? ? ?

6 Developing seeds ? ? ? ?

7 Mature leaves ? ? ? ?

8 Lateral shoot ? ? ? ?

9 Mature stem ? ? ? ?

10 Root ? ? ? ?

11 Root tip ? ? ? ?

+++ = denotes high concentration, ++ = denotes medium concentration, 
+ = denotes low concentration





 The very existence of growth substances was proposed by Charles Darwin
(1880) in his book “The Power of Movments in Plants”. He worked on canary
grass and conceived the idea , when seeding are freely exposed to lateral
light some influence is transmitted from the upper to lower part causing the
later bend.

 Auxins are a group of phytohormones produced in the shoot and root apices
and they migrate from the apex to the zone of elongation.

 Auxins promote the growth along the longitudinal axis of the plant and
hence the name (auxeing : to grow).

 Went (1928) isolated auxin from the Avena coleoptile tips by a particular
method called Avena coleoptile or curvature test and concluded that no
growth can occur without auxin.

 The term, auxin (Derived from Greek word ‘Auxein = to grow) was
introduced by Kogl and Haagen- Smit (1931).

 Thimann & Skoog (1933) noted that auxin inhibited lateral bud formation

 Indole Acetic Acid (IAA) is the only naturally occurring auxin in plants.



Avena Curvature Test IBA :

Cut off the tip of Avena coleoptile

Place on agar block

Auxin diffuses into agar block

Place the agar block asymmetrically 
on cut coleoptile stump 

Coleoptile showed 
typical curvature

The auxin cause cell wall loosening,
hence auxin treated cell wall become more
extensible thereby helps in cell elongation.

Why cell wall loosening is take place?

Auxin cause receptiveness in the

cells of coleoptile that secrete H˖ ions thereby

pH is reduced. Increase in acidity loosening cell
wall and finally fast growth is occur. Reduced pH
promotes the activity of hydrolysis and breaking
the polysaccharide bond and allow to stretch cell
wall more rapidly.

Auxin diffused / 
treated cell wall

Stretch more rapidly

Auxin untreated cell wall

Auxins are abundant in
the growing tips such
as coleoptile tip, buds,
root tips and young
leaves.



Tropism

Higher concentration of Auxin is accumulated at dark side and
causing more growth as compared to illuminated side. Thus due
to unequal growth of the two sides, causes bending of the stem
towards light.



They are characterized by the following features:

1. Polar translocation :

The transport of auxin is predominantly polar. In stems, polar transport of auxin

is basipetal i.e., it takes place from apex towards base. 

1. Apical bud dominance

2. Variable behavior of root and shoot growth

3. Root initiation

4. Delay in abscission

5. Differentiation of xylem elements



Kogl and Smit (1931) isolated 40 mg of
auxin a from 150 litres of human
urine.
Kogl , Erxleben and Smit (1934)
isolated auxin b from corn germ oil.
Later they also isolated another auxin
from human urine that is heteroauxin,
which was lately called IAA, they are
naturally in all higher plants and fungi.
Chemically, it was recognized as
auxentriolic acid (C18H32O5).
Some other auxins viz, Indole-3-
acetaldehyde, Indole-3-acetonitrile,
Indole-3—ethanol, 4- chloro-IAA are
also found in plants.

Chemical Structure of Auxins



In plants, auxin (IAA) is synthesized in growing tips or
meristematic regions from where; it is transported to other
plant parts.

In monocot seedling, the highest concentration of
auxin is found in coleoptile tip which decreases
progressively towards its base.

In dicot seedlings, the highest concentration is found
in growing regions of shoot, young leaves and developing
auxiliary shoots.



X -Destruction & Inactivation  of Auxin in plant

₪ Destruction of auxins due to Oxidation by O2 in the presence
of the enzyme IAA-oxidase or peroxidase.

Oxidation involves removal of CO2 from the
carboxylic group of auxin (IAA) and results in the formation
of 3-methyl-oxindole.

₪ Inactivation of auxins in plants by its conversion free form
into bound form is called bound auxin or conjugated auxin;
in which auxin is conjugated to a variety of substances such
as carbohydrates, amino acids, proteins etc.

₪ Rapid inactivation of auxin may occur by irradiation with X-
rays and gamma rays and Ultra violet light.



1. IBA :             Indole Butyric Acid

2. NAA :           Naphthalene Acetic acid (α and β)

3. MENAA:        Methyl ester of Naphthalene acetic acid

4. MCPA:         2 -Methyl -4 -chloro phenoxy acetic acid

5. TIBA :           2, 3, 5 - Tri iodo benzoic acid

6. 2, 4-D :         2, 4- dichloro phenoxy acetic acid

7. 2, 4, 5-T:      2, 4, 5 – Trichloro phenoxy acetic acid

8. Picloram:    Tordon



1. Apical bud dominance – Inhibition of lateral buds

2. Cell enlargement and elongation - Strafford (1967) stated that Amylase activity,
Permeability, ATP formation, cell wall plasticity is increased and viscocity & wall
pressure is decreased

3. Acid growth Hypothesis: Auxin is suggested to activate H+ /K+ pump, so K+ enter in
cell in exchange of H+ which break acid labile bonds and activate wall hydrolysis
enzymes which render the cell wall soft.

4. Cell wall synthesis: Auxin increase the activity of cellulose synthetase responsible for
synthesis of wall materials during cell expansion and some other enzymes namely,
catalase, invertase, amylase, cellulase etc. It also promote mRNA directed protein
synthesis.

5. Vascular differentiation: Auxin helps in establishing the contact between xylem and
callus tissue for producing new shoot after bud grafting.

6. Nucleic acid activities: Setterfield (1963) reported IAA increase total RNA synthesis
activities and some specific enzymes. IAA acts upon DNA to influence the
production of mRNA. The mRNA codes for specific enzymes responsible for
expansion of cell walls (Wlikins, 1969) .

7. Manifold activities: Listed in next slide



1. Seed germination

2. Root initiation & Root growth

3. Uniform Flowering –Tobacco, Mango, Pineapple and lettuce -NAA

4. Parthenocarpy- Grapes, Cucumber, Watermelon, Brinjal -NAA, IBA 

5. Control Fruit setting and quality, mechanical harvesting of fruits

6. Prevention of premature drop of fruits

7. Tissue and organ culture

8. Eradication of weed –Selective killers-2,4-D, 2-4,5-T, MCPA, Picloram

9. Auxins as growth inhibitor: At high concentration

10. Development of fruits and seeds

11. Callus formation

12. Auxin promote ethylene production

13. Sex expression – Promote female flowering -Cotton

14. Respiration- Rapidly supply of ATP Abscission

15. Defoliation of plants

16. Inhibition of prolonged dormancy



Role of Auxins 

Apical Dominance – Growth is like a Christmas Tree
1



Removal of 
apical bud

Growth of 
lateral buds

Apical bud

lateral 
buds

Thimann & Skoog (1933) noted that auxin
inhibit s lateral bud formation. If apical bud
is removed, lateral buds sprout, this
phenomenon is referred as apical bud
dominance.

1



Controlling leaf Abscission3



Vascular differentiation5



Parthenocarpy



Sex Expression: 

In cucurbits (Monoecious)

application of Auxin reduce male

flowers and increase female flower.

In Hemp (dioecious) auxin

induce production of female flowers

on male plants.



Cell enlargement and Cell 
Elongation: 

Auxin stimulate Cell enlargement and
Cell Elongation and in the apical
region.
Because Auxin increases:

Cell permeability

Cell wall plasticity



Tissue Culture Propagation

Auxin:Cytokinin Ratio

 High – Low  Root formation

 Low – High  Shoots formation

 Equal  Callus formation



Actinomycin – D

Puromycin

Chloromphenicol

Trans cinnamic acid

Naphthyl thalamic acid (NTA)

CCC



1. Auxin cause loosening cell wall.

2. IAA cause organ bending.

3. Removal of apical bud the lateral buds start their

growth and development.

4. Auxins applied in monocious plants.

5. Nodules are formed in leguminous plants.

6. Auxins can be used as a herbicides.

7. Auxin movement is basipetal.

AUXIN





It is a second important hormone found in plants.

Konishi (1898) -A Japanese farmer first known Gibberellin.

A Japanese scientist Kurosawa (1926) found that the rice seedlings infected by
the ascomycete fungus Gibberella fujikuroi (F. moniliforme).

The infected seedlings grow very tall, thin and turned pale yellow in color. It is
also known as “Foolish seedling of Rice or Bakanae disease of rice”.

Yabuta, Hayashi and Kahnbe (1935) first isolated active secreted principle
substance (GA) from fungus. An active substance was isolated from the
infected seedlings and named as Gibberellin.

Yabuta and Sumuki (1938) isolated Gibberellins A and B in crystal form from
fungus.

West and Phinney (1956) discovered GAs as natural product of plants

MacMillan and Suter (1958) isolated Giberellic acid first time from immature

seeds of Phaseolus cocineus.



Extremely 
elongated 
seedlings of rice 
is called 

“Foolish seedling 
of Rice” 



They are characterized by the following features:

1. Prevention of genetic and physiological  dwarfism. 

2. Breaking of domancy

3. Induce flowering in long day plants

4. Increase amylase activity

5. Substitute for chilling effect



Chemistry of Gibberellins

Giberellin are cyclic diterpenes.
Chemically represented by molecular
formulae such as C19H24O6 (GA1), C19H26O6

(GA2), C19H22O5 (GA3) etc.
More than 110 different Gibberellins are
known and are named as GA1, GA2, GA3

upto GA76…
25 types are reported from Gibberella fujikuroi

51 Types are found in higher plants.

Chemical Structure of Giberellic acid-3

H

H



Site of synthesis of gibberellins :
Gibberellins are synthesized by young leaves (Major site), root tips and immature
seed (embryo).

Distribution of gibberellins:
Gibberellins moves readily in all direction and all tissues including phloem and
xylem.
McComb (1964) reported that GA moves the same type as the carbohydrate
translocate system with similar velocity (5 cm/hr).
They found in all parts of higher plants including shoots, roots, leaves, flower,
petals, anthers and seeds. In general, reproductive parts contain much higher
concentrations of gibberellins than the vegetative parts.
It is passive, no-polar and diffuse type.

 Immature seeds are especially rich in gibberellins (10-100 mg per g fresh weight of
the seeds).

 In plants, gibberellins occur in two forms free gibberellins and bound gibberellins.
Bound gibberellins usually occur as gibberellin – glycosides.



1. Apical bud dormacy – In certain cases, dormancy regulated by Gibberellins via
counteracting effect of endogeneous growth retardant dormin and cease meiotic
activity. Cold treatment break the dormancy.

2. Role of sub-apical meristem: It regulate mitotic processes in this region. growth
retardant AMO 1618 cease cell division and dwerfing of stem but is restore by
Gibberellins .

3. Cell elongation – Interaction of light and Gibberellins indicate that red light dwarf pea
was 37mm in ht, But when treated with GA1 & GA3, it attained 120 cm ht that
showed enhancement of cell elongation.

4. Fruit growth: Crane (1964) produced normal looking fruits from unfertilized flower of
tomato, apple and peaches using Gibberellins .

5. Flowering: Lang (1960) demostrated that added gibberellins at proper stage of
hyoscyamus niger (long day flowering plant) caused flowering on short days as
gibberellins florigen synthesised through GA.

6. Seed germination: GA synthesis in scutellum (cotyledon) and stimulate the enzyme α
– amylase and other hydrolytic enzymes as well as gluconeogenic enzymes
(Means synthesis of sugar from substances other than carbohydrate). In fat-rich
seed, source of sugar is lipid.

7. Metabolism of food in seed storage cells: Akazawa and Miyata (1982) suggested that
GA stimulate conversion of storage polymers into sucrose and others.



1. Seed germination:

2. Root initiation & Root growth:

3. Leaf expansion :

4. Hyponasty of leaves:  GA3 treated chrysanthemum leaves more erect.

5. Flowering: –Sex expression – Increase male flowers in Maize and other crops

6. Parthenocarpy- tomato, apple and peach

7. Increase Fruit setting: Krishnamurthi et al. (1959) increase Fruit setting in pusa seedless grapes. 
Increase size of fruits, Increase sugar yield, control creaking in fruits

8. Decrease Fruit drop: Reduction in fruit drop in citrus reticulata.

9. Stem elongation: Elongation of internodes thereby increase plant height in sugarcane, tobacco, 
pea, bean, tomato, sweet corn, lettuce. Role of leaf expansion.

10. Pollen germination: Ethirajan et al. (1963) stated that  in sugarcane, normally pollens are not 
germinate, but pollens treated with GA3 are germinated. similarly, pollen tube growth  
accelerated in Vinca rosea and Eichhornia crassipes.

11. Breaking Dormancy : GA application  helps in breaki ng of bud and seed Dormancy in potato.

12. Commercial  uses of GA: 
 Bolting and flowering
 GA3 use in breweries to increase rate of malting and sugar content in sugarcane.
 GA3 Prevent rind disorders during storage(Barley).
 Increase latex production in rubber trees.
 Thompson seedless grape and less susceptible to fungal infections.



1. Seed germination - Synthesis of the enzyme α – amylase.
2. Breaking Dormancy of buds -Inhibit activity of dormin.
3. Sex expression – Increase male flowers
4. Bolting and flowering
5. GA3 enhance Gluconeogenesis (synthesis of sugar from

substances other than carbohydrate)
6. Parthenocarpy –tomato, apple and peach
7. Elongation of internodes & Increase plant height, leaf

expansion, size of fruits, Increase sugar yield, control
creaking in fruits

8. GA3 use in breweries to increase rate of malting
9. GA3 Prevent rind disorders during storage(Barley).
10.  Hyponasty of leaves
11.  Induces pollen germination in sugarcane
12.  Increase latex production in rubber trees



Definition:
Bolting: It is process in which stem elongates
rapidly and is converted into floral axis
bearing flower primordia due to application of
gibberellins even under non-inductive short
days is called bolting



Gibberellins and Fruit Size

• Fruit Formation:
• "Thompson Seedless" grapes grown in

California are treated with GA to increase size
and decrease packing.



There are numbers of synthetic compounds which prevent
the gibberellins from exhibiting their usual responses in plants
such as cell enlargement or stem elongation, hence they are
called as anti gibberellins or growth retardants.

1. Phosphon -D 4. AMO – 1618
2. CCC                                                          5. Ancymidol
3. Peclobutrazol (Cultar)               6. B-9

•B-9 : N - dimethyle - amino succinic acid
•AMO – 1618: Ammonium Trimethyl Chloride Carboxylate
•Phosphon -D: 2,4-Dichloro-benzyl Tributyl Phosphonium Chloride



GIBBERELLIN AND AUXIN INTER-RELATIONSHIP: 

No. Response of Plant Auxins Gibberellins

1 Polar translocation ? ?

2 Promote root initiation ? ?

3 Lateral buds inhibition or Apical
dominance

? ?

4 Leaf Abscission delay ? ?

5 Prevent Dwarfism

(Genetic & Physiological)

? ?

6 Seed germination & Breaking of
Dormancy

? ?

7 Induction of flowering in long day
plant

? ?

8 Promote elongation of cells ? ?



GIBBERELLIN

1. GA3 plays an important role in seed germination.

2. GA3 promotes flowering in long day plants

3. GA3 is applied for sex expression in cucurbites.

4. GA3 is applied on grapes and its branches…..

5. GA3 is used by breweries.





 Skoog (1955) demonstrated that when pith tissues of Nicotiana tabacum were
separated from vascular tissues and these vascular tissues grew in auxin
containing medium that showed only enlargement without cell division. But again
pith tissues placed in contact with vascular tissues resumed /started cell division.
This observation proved pith tissue contain cytokinins responsible for cell division.
The chemical substance was identified as 6-furfuryl amino-purine.

 Miller, Skoog, Saltza and Strong (1955) isolated substance from herring sperm DNA
and named it Kinetin.

 Letham (1963) proposed the term, cytokinin.

 Fairley and Kingour (1966) used the term, phytokinins for cytokinins because of
their crucial role in plant origin.

 Various terms have been used for kinetin-like substance such as Kinetenoid and
phytocytonin.

 Naturally occurring cytokinins are Kinetin, Zeatin, Zeatin- riboside, Zeatin ribotide,
Dihydro-Zeatin and Isopentyl adenine

 Synthetic cytokinins are Benzyl adenine (BA) and 6-BAP (6- Benzyl aminopurine),
Thidiazuron.



They are characterized by the following features:

1. Initiation of cell division

2. Delay of senescence ( Richmand - Lang effect) –Working 

with Xanthium 

3. Use in tissue culture

4. Counteract apical bud dominance

5. Induces flowering in short day plants



Chemistry of Kinetin

Kinetin is Chemically represented by
molecular formulae such as C10H9 N5O.
Strong (1956) suggested that kinetin was
an adenine bearing a furfuryl substituent
at 6 position.
Miller et al. (1965) proposed methyl on

furan ring or as a methylene radical
between furan and purine nuclei.

Chemical Structure of Kinetin



Chemical Structure of cytokinins



NATURALLY OCCURRING CYTOKININS FOUND IN PLANTS:

No. Short  Name Chemical Name

1 2 ip 2-Isopentyl

2 2iPA 2-Isopentyl adenine 

3 Cis –ribosyl-zeatin 9-B-D- ribo-furanosyl purine

4 Zeatin 6- (4-Hydroxy-3-Methyl-2- trans-butenyl-aminopurine) 
purine

5 Ms 2iPA 6- (-3 Methl-2- butenylamino)-2-Methylthio-9-B-D-
ribofuranosyl purine

6 Ms- ribosyl-zeatin 6- (4-Hydroxy-3-Methyl-1-2- butenyl-amino)- 2- Methylthio-
9-B-D- ribofuranosyl purine

7 Dihydro-Zeatin 6-(-3-Mehtyl-4 butenyl-aminopurine) purine

 Several substances have cytokinin-like activities such as kinetin , 6- aminopurine
(adenine), 6- benzimadazole, 6- benzyl adenine (6-BAP), 1- benzyl adenine
considered as synthetic cytokinins.

SYNTHETIC CYTOKININS :

Note: *kinetin is not generally accepted as natural occurring substance found in plants. 
Some cytokinins reported in tRNA of wheat germ & yeast. Zeatin riboside found in 
coconut milk.



 Extracted from coconut milk & tomato juice

 Flowers and fruits of Pyrus malus Pear, plum and bhendi

 Cambial tissues of Pinus radiata Peach, Eucalyptus

regnans and Tumour tissues of Nicotiana tabacum

 Immature fruits of Zea mays, Juglans sp. (Black walnut)

and Musa sp.

 Female gametophytes of Ginkgo biloba

 Fruitlets, embryo and endosperms of Prunus persica

 Seedling of Pisum sativum

 Root exudates of Helianthus annuus



Site of synthe=sis of cytokinines :

cytokinines are synthesized by root, also reports for basipetal
movement in petiole and isolated stem (Osborne & Black,
1964).

Distribution of cytokinines :

Kende (1965) stated that cytokinines moves upward perhaps
in xylem stream .
Seth and his coworkers (1966) reported that auxins enhances
kinetin movement in beans stems.



1. Cell division and Differentiation:

IAA aloe produces a few mitoses in tobbaco pith tissue but kinetin in combination wit
IAA induced many mitoses.

Cytokinins almost never acts alone. In conjunction with auxins, it stimulate cell division
even in non-meristematic tissues.

2. Cell enlargement: Cell enlargement by Cytokinins, effect is doubled in combination with
auxins. Similar results were obtained in tobacco pith and cortical cells of tobbaco roots
(Arora et al., 1959).

3. Morphogenesis: Skoog & Miller (1957) observed morphogenesis that when balanced
level of IAA + K  Callus induction tobacco pith tissue and if balance is altered; (Low
IAA / High K) Regeneration, (Low K/ High IAA) Root formation occur in some sp.

4. Breaking of Dormancy of seeds: The seeds of Lactuca sativa required red light for
breaking of Dormancy but this effect is overpowered by the application of kinetin.
Similarly in the seeds of Xanthium pennsylvanicum, carpet grass, tobacco reported by
Khan (1964)..

5. Removal of apical dominance: Wikson and Thimann (1958) found that cytokinins
counteract (Controversial effect) the usual apical dominance of bud contain high auxins
and induce lateral bud formation with vascular differentiation.

6. Initiation of interfascicular cambium: Sorokin and his coworkers (1962) observed
kinetin induce interfascicular cambium in pea stem sections.



7. Richmand - Lang effect (1957): It is also referred as Delay of senescence working with
attached leaves of Xanthium, disappearance of chlorophyll and degradation of protein
with aging yellow leaves. But treated these leaves with kinetin were became green after
the period of 20 days, that indicates kinetin delay of senescence.

8. Mobility: Sachs and Thimann (1964) stated that cytokinins are practically immobile in
plant but exogenous application on bud tip visualized its movement polar & basipetal
direction.

9. Nucleic acid metabolism: Guttman (1957) found quick response of increase amount of
RNA in nuclei of onion root; similarly, DNA is rapid increase in tobacco pith cells after
kinetin treatment.

10. Protein synthesis: Protein synthesis take place in large quantity in meristematic cells
when treated with kinetin. The presence of several nucleotides as potent cytokinins in
tRNA provides support in Protein synthesis .

11. Incorporation of RNA from nucleus to cytoplasm : Ford and Srivastava (1966) indicated
that plant tissue requiring cytokinins incorporate the RNA from nucleus to cytoplasm.

12. Cytokinins and florigines: Maheshwari (1982) shown that cytokinin is abundant in
flowering of short day plants (Duckweed, Spirodela, Lemna, Wolffia) which appears as
a florigins in plant.

13. Commercial applications: listed below



13. COMMERCIAL APPLICATIONS: 

1) Increase self life of fruits & flowers

2) Quickening of root induction and producing efficient root system.

3) Increasing yield of crops.

4) Increasing oil content in seeds like ground nut.

5) Synthesis and Accumulation of amino acids, phosphates & other
substances and translocation of solutes-Predominantly polar

6) Cytokinins provide resistance to extremely high temperature, cold and
diseases;

7) Synthesis of several enzymes involved in photosynthesis.





 Nelijubou (1901) stated that ethylene gas alter the Tropistic (negative
phototropism) responses of root.

 In blue or white light, roots exhibit, but red light induces positive phototropism. In
the flowering plant Arabidopsis, the photosensitive pigments phytochrome A
(phyA) and phytochrome B (phyB) mediate this positive red-light-based
photoresponse in roots since single mutants (and the double phyAB mutant) were
severely impaired in this response. While blue-light-based negative phototropism is
primarily mediated by the phototropin family of photoreceptors, the phyA and
phyAB mutants (but not phyB) were inhibited in this response relative to the WT.

 Denny (1924) suggested that ehylene is highly effective in inducing fruit ripening.

 Gane (1934) established relationship between ethylene and induction of ripening
of fruits.

 Pratt and Goeschi (1969) had first reported that ripening in climacteric fruits is
due to emission of Ethylene.



Chemistry of Ethylene

Ethylene (IUPAC name: ethene) is
a hydrocarbon which has the formula C2H4 or
H2C=CH2. It is a colorless flammable gas with a
faint "sweet and musky" odour when
pure.[4] It is the simplest alkene (a
hydrocarbon with carbon-carbon double
bonds).

Chemical Structure of Ethylene



♠ It is a stage of fruit ripening associated with ethylene
production and cell respiration rise.

♠ Maximum respiration rate just before senescence in many fleshy
fruits is called Climacteric rise.

♠ Climacteric is the final physiological process that marks the end
of fruit maturation and the beginning of fruit senescence.

♠ Its defining point is the sudden rise in respiration of the fruit
and normally takes place without any external influences. After
the climacteric period, respiration rates (noted by carbon
dioxide production) return to or below the point as before the
event.

♠ The climacteric event also leads to other changes in the fruit
including pigment changes and sugar release.

♠ The fruits are used as food purpose when the climacteric event
is peak and their edible ripeness. At this stage, fruits having the
best taste and texture for consumption.

♠ After the event fruits are more susceptible to fungal invasion
(diseases) and begin to degrade with cell death.

http://en.wikipedia.org/wiki/Fruit_ripening
http://en.wikipedia.org/wiki/Ethylene
http://en.wikipedia.org/wiki/Cell_respiration
http://en.wikipedia.org/wiki/Senescence
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Pigment
http://en.wikipedia.org/wiki/Sugar
http://en.wikipedia.org/wiki/Agriculture
http://en.wikipedia.org/wiki/Plant_pathogen
http://en.wikipedia.org/wiki/Cell_death


No. Climacteric fruit No. Non-climacteric fruits

1. Climacteric fruits entering in ‘climacteric

phase’ even after harvest i.e. they continue to

ripen.

1. Non-climacteric fruits once harvested do not

ripen further.

2. In Climacteric fruits, During the ripening fruits

emit ethylene with increased rate of respiration.

2. In Non-Climacteric fruits, the rate of respiration

remains steady during their ripening.

3. In Climacteric fruits, the period of occurrence

of climacteric peak in fruits shows variation in

different fruit species. Banana climacteric

(ripening) rapidly than apple and mango.

3. In Non-Climacteric fruits, period of occurrence

of climacteric peak in fruits is same in all fruit

species.

4. These fruits are harvested hard and green in

color, but harvested fully mature when

transported to near consumption areas.

4. Generally, These fruits are harvested in soft and

in ripen stage. But, In order to improve external

skin color and market acceptance; citrus fruits

like orange, lemon, mousambi and kinnow can be

treated with ethylene, as a de-greening agent.

5. Climacteric fruits produce very high amount of

ethylene within a fruits.

5. Non-climacteric fruits produce very small

amount of ethylene within a fruits.

6. Small dose of ethylene is used to induce ripening

under controlled conditions of temp. &

humidity.

6. High dose of ethylene is required to induce

ripening process.

7. Climacteric fruits are:

*Mango *Banana *Papaya *Guava *Sapota

*Kiwi *Fig *Apple *Passion fruit *Apricot

*Plum *Pear.

7. Non-climacteric fruits are:

*Orange, *Lemon, *Mousambi *Kinnow

*Grapefruit *Grapes *Pomegranate *Litchi

*Watermelon *Cherry *Raspberry *Blackberry

*Strawberry* Carambola *Rambutan * Cashew.



 Membrane permeability: Ethylene increase cell
permeability

 Nucleic acid and protein metabolism:
Tissues treated with ehylene enhance the activities
of genes, synthesis of mRNA and enzymes such as
cellulase, chlorophyllase, protease, amylase,
catalase, peroxydase, invertase and others.

 Reduction in auxin metabolism: It reduces
biosynthesis of auxins and inhibits its transport from
site of synthesis.



 Ethylene is remain in the plant as a gaseous form at
normal temperatures under which a plant can live
hence, it is difficult to visualized and very
complicated to determine that how it is distributed
in the plant.

 But now days, it is well known that it is produce by
flowers, leaves, stems, roots, tubers and seeds.



1. Abscission: Ehylene is a principal accelerator of abscission. It cause abscission by
promoting cell wall destroying enzymes. Hence, it is called as phytogerontological
hormone.

2.Natural Ripening and climacteric rise: Ehylene leads to cell permeability
Degradation of phospholipid caused by an increase in the activity of
phospholipase.
Climacteric rise Seen earlier slides.

3. Activation of malic enzyme and pyruvate decarboxylase enzyme: During climecteric
rise, CO2 production is increase thus RQ value also increases. This system shown
to be decarboxylation of malic and pyruvic acids catalyzed by both the enzymes.
Climacteric respiration is insensitive to cyanide.

4. Degreening of citrus and banana fruits: Green citrus and banana fruits are not
acceptable in market, therefore artificial Degreening is required. In USA,
degreening is done by ethylene treatment (5-10 ppm) in an air-conditioned
room, hence this method is called ‘Tricle’ method.

5. Chlorophyllase activity: Ethylene increase the Chlorophyllase activity which leads
to Degreening.

6. Ripening: Ripening and maturity of fruits are two basic properties of this gas
hormone. Uniform Ripening in pineapple, fig; induced fruiting in ornamental
plants and pre-harvest defoliation.



1. Hastens the ripening of fleshy fruits ex. Banana, tomatoes, citrus, pears etc.
2. It is used as sugarcane ripener.
3. It promotes latex production in rubber plant.
4. Sex expression - ↑ numbers ♀ flowers

5. It release seed dormancy and improved seed germination.
6. It improve nut quality in walnut fruits.
7. It promotes bulb, tubers and rhizome formation.
8. It used as a fruit thinner.
9. It promotes female to male ratio in cucurbites.
10. Breaking dormancy of seeds, tubers and bulbs
11. Prevention of sprouting in onion.
12.It stimulates senescence and abscission of leaves
13. It is effective in inducing flowering in pineapple
14. It causes inhibition of root growth
15. It stimulates the formation of adventitious roots
16. It stimulates fading of flowers and inhibit flowering
17. It stimulates epinasty of leaves





Abscissic acid is a naturally occurring growth inhibitor and accelerators of
abscission.
Hemberg (1949) observed the presence of substance responsible for the
growth inhibitory activities in plants.
Adicott (1963) isolated Abscissin I from the burrs of mature cotton fruits
and another a substance strongly antagonistic to growth from young
cotton fruits and named Abscissin II. Later on two names of same
compound was changed to Abscissic acid.
Wareing (1965) identified the substance in Acer psuedoplantanus leaves
and buds that induces dormancy in buds therefore gave the named as
Dormin .
ABA is sesqui-terpenoid, (Sesquiterpenes, are an important constituent
of essential oils in plants) it found in all plants except algae, bacteria and
liverworts.



Chemistry of Abscissic acid

ABA possess asymmetrical carbon atom
therefore exist as either (+) or (-)
enantiomers.
Naturally, occurring ABA is always in (+)
and active form (2-cis-ABA) than 2-
trans-ABA is not biologically active but it
can be transformed into cis form in the
presence of ultraviolet rays.

Chemical Structure of 
Abscissic acid



Wareing and his co-workers (1965) observed that
in Acer psuedoplantanus and Ribes nigrum ABA is
manufactured in matured leaves and move up /
transported to shoot apex through xylem and phloem
and also in parenchyma cells out side the vascular
bundles.

In leaves, it is synthesized from degradation of
carotenoids pigment present in chloroplast.

It is No polarity in transports.



 1. Induce bud dormancy: Wareing and his co-workers (1965) observed that in birch, sycamore
(Acer psuedoplantanus) and black current (Woody trees) ABA induce dormancy. The endogenous
level of abscissic acid is influence by day length and chilling effect

 2. Senescence: Wareing and Hillman(1967 reported that) Senescence of isolated excised leaf discs
of Acer psuedoplantanus is promoted by ABA. Natural leaf Senescence determined by ABA.

 3. Abscession: Adicott and his coworkers (1964) observed universal role of ABA accelerate leaf
abscission in cotton plants.

 4. Flower initiation: In certain short day plants such as ribes nigrum, Pharbitis nil and Fragaria,
ABA induces flowering during short days and inhibits flowering in long day plants.

 5. Stomatal physiology: ABA alter plasma membrane by affecting changes in bioelectrical
potential across them and efflux of K+ ions.

 6. Release of ethylene: ABA stimulate release of ethylene.

 7. Counteract GA: Such as induction of hydrolases, amylase activities in barley seedlings , these
effect may be due to DNA dependent RNA synthesis which may accelerated by GA.

 8. Stress Hormone: ABA is also act as stress hormone helping the plants to cope with the adverse
environmental conditions such as moisture stress, flooding, injury, mineral deficiency etc.



1. Geotropism in roots

2. Stomatal closing: Defense against moisture, salinity, 
chilling and freezing stress

3. Besides other effects:

i.      Induce bud dormancy and seed dormancy

ii.     Induce flowers & tuberisation

iii. Induces senescence of leaves, fruit ripening, abscission of 

leaves, flowers and fruits

iv. Increasing the resistance of temperate zone plants to frost 

injury

iv. ABA stimulates and release of ethylene

v. Induction of red coloration in tomato 





 Brassinosteroids (BRs) are a class of
polyhydroxysteroids that have been recognized as a
sixth class of plant hormones.

 Brssins were first explored nearly forty years ago
when Mitchell et al. reported promotion in stem
elongation and cell division by the treatment of
organic extracts of rapeseed (Brassica napus) pollen.
And now found in tea, bean and rice.

 Brassinolide was the first compound isolated
brassinosteroid in 1979.

 10 mg yield of brassinosteriods required 230 kg of
Brassica napus pollen grains.

 Since their discovery, >70 BR compounds have been
isolated from plants.

HISTORY OF BRASSINOSTEROIDS



Chemistry of brassinosteroids
Brassinosteroids are hydroxylated

derivatives of cholestane and their
structural variations comprise the
substitution pattern at rings A and B as
well as the C-17 side chain. They can be
classified as C27, C28, and
C29 compounds, depending on the alkyl-
substitution pattern of side chain. Up to
now 65 free brassinosteroids and 5
brassinosteroid conjugates have been
characterized.

Chemical Structure of 
brassinosteroids



• Promote cell expansion (cell elongation), Cell division and

cell wall regeneration.

• Promote vascular differentiation.

• Promote pollen elongation for pollen tube formation.

• Protection to plants during chilling and drought stress.

• Delayed senescence

IMPORTANCE OF BRS IN NUMEROUS PLANT PROCESSES:



PHYSIOLOGICAL EFFECTS OF BRASSINOSTEROIDS IN 
PLANTS:

No. Cell level Whole plant level

1 Stimulation of elongation
and fission

Growth promotion

2 Effect on hormonal balance Increase in the success of fertilization

3 Effect on enzyme activity; H.-
pump activation

Shortening the period of vegetative
growth

4 Activation of protein and
nucleic acid synthesis

Size and quantity of fruits increase

5 Effect on the protein spectrum
and on the amino acid
composition of proteins

Effect on the content of nutritive
components
and fruit quality improvement

6 Enhancement of the
photosynthetic capacity and
of translocation of products

Crop yield increase





1. Triacontanol: It saturated alcchol Isolated from shoots of alfalfa. 20% growth is
enhanced in foliage of seeding of maize and rice.

2. Salicilic acid (2- hydroxy benzoic acid): Responsible for production of aroma in leaf
& inflorescence for attract pollinators. It also confer disease resistance in tobacco –
TMV and necrosis virus.

3. Turgorines: Responsible for nyctinastic movement (sleeping in day like night) eg.
Mimosa, acasia leaves controlled by activation of pulvini by turgorines substance.

4. Traumatic acid: Wound Hormone : It is extracted during wound or injury in plant
which stimulate meristematic activities of cork cambium to cover the wound.

5. Florigen: It is reponsible for initiation of flowering in plants. It synthesis in older
leaves and transferred to flower bud growing regions. Florigen = GA3 + A
(Anthesin). Synthesis of Florigen depends on duration of light.

6. Anthesins: Newly discovered group and it is responsible for flower formation.

7. Vernalin: A substance is formed during vernalisation.

(A) Natural Growth Promoters:





(A) Natural Growth Inhibitors:

(A) Batasins: It is present in yam (Discorea bbatatus) plants. It cause dormancy of
bulbils. i.e. continue vegetative growth and swelling of aerial lateral buds.

1. Jasmonic acid: It is present in oil of jasmine, promotes leaf senescence.
2. Lunularic acid: Present in liverworts (non-vasculars such as mosses, Bryophytes)

where it prevent germination of gemme before fall from mother plant.
3. Xanthoxin: Potent growth inhibitor that convert violaxanthin into ABA.
4. Uniconazole: Retards bolting in radish
5. Paclobutrazol: Suppression of growth of leaves and stems e.g. rice.
6. Dormin: Growth inhibitor derived from sycamore (fig sp. of Africa) leaves.
7. Abscisin II: Isolated from cotton fruits (Ohkuma et al., 1963)
9. Phaseic acid: Present in seeds of bean (Phaseollus multiflorus)
10. Theospirone: Natural inhibitor in tea leaves.
11. Juglone: A lactone present in roots of black walnut & henna leaf.
12. Unidentified toxin: Buffalo gourd (Cucurbita foetidissima) weedy vine in semiarid

cause allelopathy in rhizosphere.
13. Chlorogenic acid: Found in Green coffee beans -an antiseptic to bacteria in plant

wounds.
14. Terpenoid, such as ABA
15. Phenolic and Benzoic acid derivatives and lactones found in most of plants.



Buffalo gourd (Cucurbita
foetidissima) weedy vine in
semiarid cause allelopathy in
rhizosphere.



(B) Artificial / Synthetic Growth Inhibitors:

1. Cycocel: (2- chloroethyl trimethyl ammonium chloride (CCC) reduce plant height in
cotton.

2. Phosphon - D: (2, 4 – dichlorobenzyl – tributyl phosphonium chloride): Shorten the
length of internodes in flax.

3. AMO – 1618 : Reduce the stem length in many cereal grain crops.
4.Morphactins: Chloroflurenol, Chlorflurun, Flurenol, Methylbenzilate,

Dichloroflurenol . All are responsible for inhibit seed germination, seedling growth
and stem elongation; Demorphogenesis in Begonia; induce flowering; Break down
of apical dominance.

5. Maleic hydrazide (MH): Use as a defoliants in cotton that aid in mechanical harvest
and control suckers in tobacco.

6. TIBA: Regim-8, an inhibitor to IAA transport cause more upright leaves in soybean
(Plant like a christmas tree) that harvest more light and pod and seed yield is
increased.

7. SADH / Diaminozide (marketed as Kylar): used in runner type of peanut var. Dixie in
US on large scale that reduce lodging, curtail late vegetative growth of vine
thereby increase yield.



1. Reduce height and internodes elongation to prevent
lodging.

2. TIBA inhibits IAA transport results in upright leaves for
better light penetration.

3. Defoliants facilitates mechanical harvesting of cotton.

4. CCC enhance tiller formation and prevent lodging in
wheat and barley.

5. MH is used for suckers control in tobbaco
Peclobutrazol (Cultar) used in suckers control in
banana.
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Thimann (1935) found that an amino acid, tryptophan is converted 
into Indole 3 acetic acid. Tryptophan is the primary precursor of IAA in plants. 

Decarboxylation of tryptophan 

Tryptamine

Indole-3-acetaldehyde

Deamination

Tryptophan decarboxylase

Tryptamine oxidase

Indole 3-acetic acid (IAA) 

Indole 3-acetaldehyde dehydrogenase





The primary precursor for the formation of gibberellins is
acetate. ( 14 steps Biosynthesis)

→ Acetate + COA → Acetyl COA

→ Mevalonate 5-phosphate (Mevalonic acid) → Mevalonate pyrophosphate

→Isopentanyl pyrophosphate → Dimethylallyl pyrophosphate

→ Geranylgeranyl pyrophosphate monoterpene (GGPP) → Farnesyl

pyrophosphate (sesquiterpene)

→trans-Geranylgeranyl pyrophosphate, diterpene (T-GGPP) → Copalyl

pyrophosphate

→ Kaurene → Kaurenoic acid

→ Hydroxy Kaurenoic acid → Aldehyde

→Gibberellins. (GA1 to All other GAs –at 19 -20 Centigrade)



It is assumed that cytokinins are synthesised as in
the case of purines in plants (nucleic acid synthesis).

Root tip is an important site of its synthesis.
However, developing seeds and cambial tissues are also
the site of cytokinin biosynthesis.

Kende (1965) reported that cytokinins move
upwards perhaps in the xylem stream. The root-produced
cytokinins are transported acropetally to the shoot tip.
However, basipetal movement in petiole.

The precursor for the side-chains of adenine in
cytokinins is generally isoprene, so the terpenoid
biosynthesis pathways are partially shared with
gibberellins. The material made in this case is isopentenyl
pyrophosphate.



Di-methyl-allyl
pyro-phosphate





The immediate precursor of ethylene is Methionine. Chemically ethylene is  called as 2-
Chloro-ethyl-phosphonic acid. The compound which liberate ethylene is called ethrel. 

CH3 – S - CH2 – CH2 – CH (NH2) – COOH   --- Methionine

Methional

FMN (Flavin mononucleotide)  + Light

CH2 =CH2 Ethylene

Transminase

Butyric Acid

Peroxidase + 
H2O2 

Peroxidase + 
H2O2 

Flavin

Ethylene may be formed from Methionine either in the presence of Transminase and
Peroxidase or in the presence of FMN and Peroxidase. Both the processes, hydrogen
peroxide is utilized.



Adam and Yang (1977) have worked out the pathway for the biosynthesis of ethylene
from amino acid methionine.
Methionine is activated by ATP to give rise to S- adenosyl-methionine (SAM)in the
presence of an enzyme methionine adenosyl transferase.
The compound SAM in presence of enzyme ACC synthetase break into S-Methyl-Thio-
Adenosine (MTA) and Amino-Cyclo-propane Carboxylic acid (ACC).
ACC is finely converted into ethylene.

(SAM)



Arabidopsis thaliana.

The formation of S-AdoMet (S-adenosyl

methionine) from methionine is catalysed by SAM

synthetase at the expense of one molecule of ATP

per molecule of S-AdoMet synthesized

(i). A rate-limiting step of ethylene synthesis is the

conversion of S-AdoMet to ACC by ACC synthase

(ii). MTA (methylthioadenosine) is the by-product

generated, along with ACC, by ACC synthase.

Recycling of MTA back to methionine conserves

the methylthio group and is able to maintain a

constant concentration of methionine in cells even

when ethylene is rapidly synthesized and the

methionine pool is small. Malonylation of ACC to

malonyl-ACC (MACC) depletes the ACC pool and

reduces ethylene production.

(iii) ACC as substrate convert into ethylene

catalyses by ACC oxidase and generates carbon

dioxide (CO2) and hydrogen cyanide (HCN)

(iv). Cyanide is metabolized by β-cyanoalanine

synthase enzyme to produce non-toxic

substances. Transcriptional regulation of both

ACC synthase and ACC oxidase by homeotic
proteins indicated by dashed arrows.

(ACC)

(MTA)

This reaction is presumed to be triggered by ethylene
forming enzyme( EFE) present in cell membrane.
Aerobic process requiring oxygen which is later on
converted into water.



Light enhances the occurrence of the most
effective activated form, the cis form of ABA
that suppress/ inhibit the growth.
Deactivation of ABA is occur when cis form
converted into trans form of ABA.
Synthesis of ABA requires presence of light.
However, wheat leaves, Avacado fruit show
synthesis of ABA in dark.
ZEP= zeaxanthin epoxidase
VDE= violaxanthin de-epoxidase

Farnesyl pyro-phosphate

Xanthoxin is precursor of ABA 

(ii) Carotenoid pathway for 
biosynthesis of abscissic acid 

(i) Isoprenoid pathway for 
biosynthesis of abscissic acid 

Geranyl pyro-phosphate

(Isopentyl pyro-phosphate)

1

4

3
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mutant in the tobacco gene (N. 
plumbaginifolia ABA2)

ABA1 (AT5G67030) locus of Arabidopsis

carotenoid and chloroplast regulation

ABA4 locus (AT1G67080), a highly conserved 
unique plastid membrane

DPA (Dihydrophasic acid

AAO3 (Arabidopsis Aldehyde Oxidase-3), and 
MCSU (LOS5/ABA3 and molybdenum cofactor 
sulfurase).

DXP (1-Deoxy-D-Xylulose

https://www.qiagen.com/us/shop/genes-and-pathways/pathway-details/?pathwayID=9&ID=NM_001084497


ABA-GE = ABA Glucose Ester

NCED     = 9-cis-epoxycarotenoid dioxygenase

ABA1 = AT5G67030 locus of Arabidopsis

ABA2     = Mutant in the tobacco gene (N. plumbaginifolia)

ABA4    = Locus (AT1G67080), a highly conserved unique plastid

AAO3    = Arabidopsis Aldehyde Oxidase-3 

MCSU   = Molybdenum Cofactor Sulfurase membrane-localized protein

DXP       = 1-Deoxy-D-Xylulose-5-Phosphate

CCR-2 = Carotenoid and chloroplast regulation-2

DPA       = Dihydrophasic acid 

SDR       = Short-chain alcohol dehydrogenase/reductase encoded by 

the At ABA2 gene





 ABA is derived from
C40 epoxycarotenoid precursors
through an oxidative cleavage reaction
in plastids.

 The C15 intermediate xanthoxin is
converted to ABA by a two-step
reaction via ABA-aldehyde in cytosol.

 Abiotic stresses such as drought and
salt activate the biosynthetic genes
(italicized), probably through a Ca2+-
dependent phospho-protein cascade
as shown on the left. ABA feedback
stimulates the expression of the
biosynthetic genes, which is also likely
through a Ca2+-dependent
phosphoprotein cascade.

 Among the biosynthetic
genes, NCED is strongly up regulated
by stress (indicated with a thick
arrow), whereas SDR is regulated by
sugar.

 ABA biosynthetic enzymes are shown in small ovals.
 The NCED step probably limits ABA biosynthesis in leaves (indicated with a dashed arrow).
 ZEP, zeaxanthin epoxidase; NCED, 9-cis-epoxycarotenoid dioxygenase; AAO, ABA-aldehyde

oxidase; MCSU, MoCo sulfurase are trans factors, all are induced by sugars to various extents.



Pro-plastid can be transmitted
into Etioplast or Leucoplast or
Chloroplast.

Etioplast converted into
Chloroplast.

Chloroplast change into
Chromoplast.

Leucoplast is converted into
Amyloplast or Elaioplast or
proteinoplast.



Chloroplasts:

They are probably the most known of the plastids. These are responsible

for photosynthesis. The chloroplast is filled with thylakoids containg

chlorophyll , which is where photosynthesis occurs.

Chromoplasts:

The chloroplasts actually convert over to chromoplasts. There are

carotenoid pigments allow for the different colors you see in fruits and the

fall leaves. One of the main reasons is to attract pollinators.

Leucoplasts:

They are the non-pigmented, colorless organelles. They are found in the

non-photosynthetic parts of the plant, such as the roots. Depending on

what the plant needs, they may become essentially just storage sheds for

starches, lipids, and proteins.

Leucoplasts are further subdivided into three different plastids:

 Amyloplasts are the largest of the three and are charged with storing

starch.

 Proteinoplasts that help to store the proteins that a plant needs and are

typically found in seeds.

 Elaioplasts are used to store fats and oils that are needed by the plant,

specifically in seeds.
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 It is defined as “a vital process which brings about an increase that is an irreversible or

permanent change in size form, weight and volume of cell, organ or whole organism”.

OR

 Plant growth defined as it is a combination of processes of cell division, elongation and

differentiation.

 Growth Regions:

 First Kind of Growth regions in plants are the apices of shoot and roots.

 It is also known as apical meristems, primary meristems or regions of primary growth.

 Apical meristems is responsible for increase the length, differentiation of various

appendages and formation of plant tissues.

 Second kind of Growth regions, In case of bamboo and mint, increase in length is occurs

due to intercalary meristems which are separated by permanent tissue.

 Third kind of Growth regions, is region of lateral meristem which brings about secondary

growth to increase the thickness of plant in girth (secondary growth).

 Additional:

 Growth is restricted only to living cells and is accomplished by metabolic processes

involving synthesize of macromolecules, such as nucleic acids, proteins, lipids and

polysaccharides at the expense of metabolic energy.

 Growth at cellular level is also accompanied by the organization of macromolecules into

assemblages of membranes, plastids, mitochondria, ribosomes and other cell organelles.

Cells do not definitely increase in size but divide, giving rise to daughter cells.

 An important process during cell division is synthesis and replication of nuclear DNA in

the chromosomes, which is then passed into the daughter cells. Therefore, the term growth

is used to denote an increase in size by cell division and cell enlargement, together with the

synthesis of new cellulose materials and the organization of cellulose organelles.



PATTERNS & FEATURES OF PLANT GROWTH:

Growth in plants is restricted to certain zones, recently produced by

cell division in a meristem. Cell division alone does not cause increased

size, but the division of cellular products also increase in volume and

cause growth. Root and shoot tips (apices) are meristematic in nature.

Shoot system with apical meristem       Root system with apical meristem



ADDITIONAL: EXAMPLES OF GROWTH IN PLANTS:

1. Germination: increase in length of radicle and plumule

2. Leaf growth: increase in size and number of leaf

3. Flower: increase flower number in inflorescence

4. Seed growth: increase seed size, weight after fertilization

MEASUREMENT OF GROWTH: 

Growth can be measure by a variety of parameters as follows:

A. Fresh Weight:

Determination of fresh weight is an easy and convenient method of measuring

growth. For measuring fresh weight, the entire plant is harvested, cleaned for dirt particles if

any and then weighted.

B. Dry Weight:

The weight of the plant organ is usually obtained by drying the materials for 21 to 48

h at 70 o C to 80o C and then weighing it. The measurements of dry weight may give a more valid

and meaningful estimation of growth than fresh weight. However, it measuring the growth of

dark grown seeding it is desirable to take fresh weight.

C. Length:

The measurement of length is a suitable indication of growth for those organs which

grow in one direction with almost uniform diameter such as roots and shoots. The length can be

measured by a scale. The advantage of measuring length is that it can be done the same organ

over a period of time without destroying it.

D. Area:

It is used for measuring growth of plant organs like leaf. The area can be measured

by a graph paper or by a suitable mechanical device. Nowadays modern laboratories use a

digital leaf area meter (photoelectric device) which reads leaf area directly as the individual are

fed into it.



PHASES OF GROWTH:

Growth is not a simple process. It occurs in meristematic regions where before completion

of growth, a meristematic cell has to pass through the following phases:

(A)Cell Formation Phase:

(B)The dividing meristematic cells are thin walled iso-diametric (having diameters of the

same length) and dense protoplasm with large nucleus without vacuoles and interspaces.

The newly formed cells after the first phase of cell division to pass through second phase

i.e. cell enlargement.

(B) Cell Elongation Phase:

In this phase, large quantity of solutes inside growing cells, water enters the cells due to

osmotic effect, increase turgidity and expansion of cells and dilation of the thin and elastic

cell wall. During cell elongation of cell wall Cellulose molecules deposition in primary cell

wall hence increase in volume of cell which absorbed more water and increase turgidity.

(C) Cell Differentiation (Cell Maturation ) Phase:

In this last phase of results, appearance of large vacuoles and cell maturation secondary

cells formation are laid down and cell matures and get differentiated into permanent cell.

Germinating seeds showing

phases of growth



Figure growth and differentiation regions and representative cell types of 

maize root tip (From Baldovinos, 1953)



KINETICS OF GROWTH AND SIGMOID (S’ SHAPED) GROWTH 

CURVETURE:

Definition:

If the growth rate of a cell, organ, whole plant or whole plant or

whole life cycle of plant measured in terms of length, size, area, volume

dry weight, it has been found that different growth phases results in ‘S’
shaped curvature (Sigmoid curvature). In a standard growth curve 3 well

marked regions can be observed,

1. Logarithmic phase
2. Linear phase/

Exponential Phase
3. Steady phase/

Stationary phase/
Static phase/
Maturity phase/
Senescence phase:

The overall growth may be affected by external or internal
factors but ‘S” shape curved never influenced



Three stage of growth :

1.

This growth curve suit well to entire life of annual plants when measured
in terms of dry weight against time.
In senescence plant, there is a fall in the growth rate because of increased
catabolic processes against anabolic processes while in case of early stage
of seed germination and sprouting tubers a decrease in dry weight is due
to utilization of stored food.
Logarithmic phase:
It is an adjustment phase in which the cells adjust to the new environment
and starts getting the nutrients.
It is the phase growth of cells (in log numbers) are slow but continuous.

2. Linear phase:
It is a phase in which maximum growth is occur in any organism. It is
exponential phase as the number of cells increased. Growth is increase as
money invested to draw compound interest.

3. Stationary phase/ Static phase/ Steady phase/ Maturity phase/ Senescence
phase:
The cell growth & cell density becomes static (No further growth is took
place) because of …
1. exhaustion of nutrients 2. depletion of oxygen and
3. increase in the concentration of toxic compounds.
In this phase, decreases growth, organism begins to senesce and finally,
death of organism take place.







AGR =      dw

dt

W2 - W1

AGR =

T2 - T1

1. ABSOLUTE GROWTH RATE (AGR):-
AGR is the total growth per unit area and determined when the field of 

the plant or organ is to be calculated. 

RGR is growth of each per unit time expressed per unit of the critical 

weight or volume. 

RGR is measured when growth rates of two plants are compared.

Example is given.

Where, W2 and W1 are dry weights at the time

interval T1 and T2. Its unit is gram/ day.



2. RELATIVE GROWTH RATE:- (RGR)

It is an increase in plant material per unit plant material per

unit time. It represents the efficiency of a plant as a producer of a

new plant material. It means efficiency index of dry weight

production. It is based on compound interest law derived by

Blackman (1919).

The concept of RGR is given by West, Kidd, Driges and Fisher

in 1921.

RGR =  L  × dw

W         dt

RGR = loge W2 - log W1

T2 - T1

Where,   log W1 = dry weight of plant at time interval T1

loge W2 = dry weight of plant at time interval T2

Its unit is gram/gram/ day.



3. BIOMASS DURATIONS:-

It expresses dry matter production efficiency of 

the crop during growing period.

BMD = dw × dt

2

BMD =  W1 + W2 × T2 - T1

2

Its unit is gram/day.



4. LEAF AREA INDEX (LAI):-

It describes size of assimilatory apparatus (Leaf) of 

a plant in relation to land area occupied. It is ratio of 

leaf area to land area occupied.

It means how much leaf area to unit area of land 

can be measured by 1. graphic method 2. Planimeter

method and 3. leaf area meter devices. 

LAI =      LA

P

P

Leaf area

LAI = 

Land area



5. Net ASSIMILATION RATE (NAR) OR Unit Leaf Rate (ULR) 

It is an index of productive efficiency of the plant. It is 

an increase in dry weight per unit leaf area or photosynthetic 

area. Unit is gm/M2

NAR =     L     × dw

A                dt

W2 - W1 × loge LA2 - loge LA1

Where, W2 -W1 is change in dry weight at time interval T2 and T1. A2

and A1 is change in leaf area at time interval T1 and T2

LA2 - LA1 T2 - T1

= 



6. LEAF AREA DURATION (LAD):-

We take into account both the magnitude of leaf area

and its persistence in time. Thus, it represents the leafiness of

the crop during growing period. In other words, it gives an

estimate for the whole opportunity for photosynthesis that the

crop possesses during the period under consideration.

LAD = LA2 - LA1 × T2 - T1

Where, LA1 and LA2 are leaf area at time interval T1 and T2.

2 



7. LEAF AREA RATIO (LAR):-

LAR characterized the relative size of assimilatory 

apparatus. It is product of two simple ratio.

LAR = SLW × LWR

Where, SLW = Specific leaf weight

It is defined as mean area of leaf displayed per unit 

leaf weight.

It is measure of leaf density or relative thickness.



SLW =       Leaf area

Leaf dry weight

LWR: It is ratio of leaf dry weight to total dry weight.

LWR =    Leaf dry weight

Total plant dry weight

LAR = SLW × LWR

Leaf area       × Leaf dry weight

Leaf area

LAR  = 

Total plant dry weight

Leaf dry weight  X   Total plant dry weight 
= 



8. CROPGROWTH RATE (CGR):-

It can be defined as increase in dry weight per unit time per

unit area. It can be expressed as gram/m2/day . It is based on

simple interest law.

CGR is measured by harvesting plant at frequent intervals

and calculating increase in dry weight from one harvest to next.

W2 -W1

CGR =  -----------------

(T2 -T1) × GA

1   × dw
=                  ------- ---------

P      dt

Where, W1 and W2 are dry weight at time interval T1 and T2

and GA is Ground area occupied by plant at each sampling.



9. HARVEST INDEX (HI):

It is also known as coefficient of effectiveness for

formation of economic part of the total dry matter

produce.

The ratio of Economical yield to Biological yield is

known as Harvest Index.

Economical yield × 100

HI (%) =

Biological yield



♠ The measurement of growth is possible in terms

of increase of weight or increase in height

(length), volume, area etc.

♠ The simplest method for measurement of growth

is using scale and measure the growth at regular

intervals from beginning to end.

♠ Some other method are used for measurement of

growth such as Horizontal microscope,

Auxanometers, Bose’s Crescograph, Space

marker disc etc.

THE MEASUREMENT OF GROWTH 



(1) HORIZONTAL 

MICROSCOPE FOR 

GROWTH 

MEASUREMENT: 

It can measure the

increase in length with the

help of microscope which

slides on a vertical scale.

A point is marked on the

growing object by India ink

and focused again and again

in the sliding microscope at

regular intervals.

The distance travelled by

the microscope (on vertical

scale) gives the measure of

growth (Fig.1).

Figure: 1



(2) AUXANOMETER

(A) Arc Auxanometer:

It consists of vertical stand

with a pulley connected to a

pointer on an arc scale as shown in

the Fig. 2.

A thread can be passed over

the pulley with one end tied to the

growing point of the plant and

other end carrying a weight to keep

the thread stretched. With the

growth, pulley moves resulting in

movement of the pointer to indicate

the rate of growth on the arc scale.

The rate of growth can be

easily calculated. If auxanometer

pulley is of 4” size and pointer is

20” long from the center, the

growth will be indicated ten times

magnified.

Figure: 2

Stand

Weight
Top of Plant

Arc scale

Pully

Pointer

Potted 

Plant



(B) Pfeffer’s automatic auxanometer:

It consists of a vertical stand holding to

two pulleys (One is small diameter pulley

inside the wheel + One is outside wheel). On

wheel, passes a thread carrying the weights at

two ends to keep it stretched.

The thread (cord) on one side of the

wheel is also connected with a fine scratching

pointer which touches a smoked paper drum

rotating automatically (see Fig.3).

Over the other small pulley also passes

a thread one end of which is connected to the

growing point of the plant and the other end

tied with a weight to keep it stretched.

When the growth takes place the

small pulley is moving, the wheel is also moves

the pointer to continuously make a scratching

mark on the rotating smoked drum to record

growth on paper. With the help of radii of

both the pulleys and rate of rotation of the

drum the actual rate of growth can be

calculated.

Figure: 3



(B) Pfeffer’s automatic auxanometer:



(3)  CRESCOGRAPH: 

(A) Bose Crescograph:

Indian Scientist, 

Sir Dr. Jagadish Chandra Bose

Nov. 30, 1858 – Nov. 23, 1937

India, in 1958 issued a 

commemorative postage stamp in 

honor of the centennial of his birth.



Bose invented the

Crescograph an electrical

instrument that could measure the

growth of a plant. He worked as a

physicist, biologist, botanist,

archaeologist and was a writer.

He is recognized as the

inventor of the first wireless

detection device and for his

discovery of millimeter length

electromagnetic waves.

In the Fig. 4, Crescograph

monitoring a Mimosa pudica

(Sensitive Plant). It is very

sensitive apparatus based on a

system of compound levers.

It can magnify growth one

thousand to ten thousand times

and can record its progress by

minutes and even by seconds on a

plate which oscillates (swing) to

and fro at regular intervals.

(A) Bose Crescograph:

Figure: 4



(B) Modern electronic crescograph

designed by Randall Fontes to

measure plant movement:

However, its normal operating

range is from 1/1000 to 1/10,000 of

an inch. The component which

actually measures the movement is

a differential transformer (A).

Its movable core is hinged

between points (B) and (C).

Two lever arms hinged at

points (D), (B) and (E), (C), form a

parallelo-gram that holds the core

centered within the opening of the

differential transformer as it moves

up and down.

A micrometer (F) is used to

adjust and calibrate the system (see

in below Fig.5A).

Figure: 5A



Detect the movement of Mimosa pudica:

The electrodes shown within circle (c)

and in the blow-up to the right, were

developed to monitor electrical potentials

for long periods of time dependably

without damaging the plant (used for to

Water flows down from the upper

beakers along polyester wicks (D), over the

electrodes (F), onto a second set of wicks

(E), and finally into the lower set of

beakers (see in Fig. 5B). This process keeps

the electrodes constantly wet and in

electrical contact with the plant stem. In

the previous picture, the philodendron leaf

was shown supporting the chain which was

attached to the movement detector directly,

while in this figure the chain is supported

by the lever arm (A). This has been done,

in order to keep the weight of the chain

from pulling down on the delicate leaf. The

Mimosa Pudica moves such relatively large

distances (1 or more inches) in such short

periods of time that a 20 to 1 reduction

lever arm (A) must be used just to keep its

movements within the range of the

movement detector.

The plant movement detector above is capable of 

measurements as small as 1/1,000,000 of an inch

Figure: 5B



(4) SPACE MARKER DISC:

By Space marker disc the area of leaf

is measured and marked at regular intervals

and it is recorded to calculate the rate of

growth.





DEVELOPMENT:

Definition: It may be is defined as “an orderly change or

progress, often towards a higher, more ordered/complex

stage. Changes may be gradual or very abrupt”.

Examples of development in plants are: 

1. Development during germination

2. Change from vegetative to a flowering condition

3. Development during senescence

4. Development during leaf: From single leaf primordium

to a complex mature leaf.



The developmental phases in plants are:

(1) Juvenile phase  

(2) Vegetative phase 

(3) Reproductive phase 

(4) Senescence phase

Thus growth refers to quantitative changes and

development refers qualitative changes are known as

DIFFERENTIATION.



1. Initiation of flower primordial

2. Bud development

3. Development and maturation of sepal, petal,stamen,pistil and nectory etc.

4. Development of embryo sac with enclosed egg, synergid, antipodal cell/polar

nuclei

5. Development of pollen grain within anthers

6. Anthesis (Opening of flower)

7. Pollination

8. Transfer of pollen grain from anther to stigma and then pollen tube reach in

to embryosac through style

9. Formation of two male gamates from generative nucleus in the pollen tube

10. Formation of zygote through fertilization between egg nuclei and sperm (male

gamete) called fertilization. Another male gamete is fused with the polar nulei

(2n) and form the primary endosperm (3n) is called double fertilization.

11. Development of embryo from zygote

12. Development of endosperm from the primary endosperm nuclei

13. Development of seed from the ovule

14. Development of fruit from the tissues that support to the ovule (ovary)

15. Fruit ripening

PRINCIPAL EVENTS OF REPRODUCTIVE GROWTH AND DIFFERENCIATION OR

MICROSCOPIC / SUBMICROSCOPIC EVENTS ARE AS UNDER:





No. Determinate Plant Species No. Indeterminate Plant Species

1 In this species, the shoot apex
of main shoot and tillers get
transformed into flowering
apex. Means reproductive
phase will start after
completion of vegetative phase.

1 Even on set of reproductive
differentiation, the vegetative
growth of apical meristems
(vegetative) is remain continue
to produce vegetative organs.

2 Wheat, maize, bajara,rice etc. 2 Groundnut, cotton, pulses, okra,
soybean etc. This is also true for
perennial crops.

No. Monoecious Plant Species No. Dioecious Plant Species

1 In this speices, male and female

flower are born on same plant

at different position on plant.

1 In this speices, contain imperfect

staminate (male) and pistilate

(female) flowers on different

plants.

2 Wheat, Maize, Bajara,Rice etc. 2 Papaya, Date palm, Parwar etc.



No. Determinate Tomato Plant Species No. Indeterminate Tomato Plant Species

1 Sometimes referred to as "bush" tomatoes. 1 It also known as "vining" tomatoes.

2 Plant completing most of its growing before
the fruit are set.

2 It will grow as large as you allow them too.

3 Fruit generally ripen at once over a period of
a couple of weeks

3 Fruit will ripen continuous on number of
branches through out life span.

4 After which, fruit production is limited. 4 It will produce fruit all season long.
5 The plant will generally die at this point. 5 It will live for long time, usually killed by frost.

6 Tend to grow only a few feet tall 6 Generally need support or structure on which
to grow very tall.

7 They are best to be planted as container
plants and no require pruning.

7 They are best to be planted in field and
require pruning.





GROWTH FACTORS AND GROWTH CORRELATION:

(A) INTERNAL FACTORS: 

1. Resistance to biotic and abiotic stresses

2. Photosynthetic rate 

3. Respiration 

4. Partitioning of assimilate and nitrogen

5. Chlorophyll, carotene and other pigment contents

6. Types and location of meristems

7. Capacity to store food resources

8. Enzyme activity

9. Direct gene effects (e.g. Heterosis).

10.Differentiation

11. The rate at which plants show resistance towards biotic and abiotic stresses

Genetic factors:

Nucleus, cytoplasm, chloroplast and mitochondria are controlling centers of

cell responsible for providing information and manage all the activities of

cell.



1)      Environmental / Climatic factors:

i.      Light – intensity, quality and duration 

ii. Temperature 

iii.     Water 

iv.     Photoperiod 

v.      Gases – Co2, O2, N, SO2, Fe, Cl, O3

vi.     Wind 

vii.    Gravity 

viii.   Nearness to sea 

ix.     Elevation from sea level 

x.      Others- sound, music, magnetic field, electromagnetic radiation.

2)      Edaphic (soil factors):

i.       Soil Texture

ii.      Soil Structure

iii.     Organic matter

iv.     CEC

v.      Soil pH, base saturation 

vi.     Nutrient availability (Fertility status): 16 elements

vii.    Soil moisture

viii.   Soil temperature

ix.     Soil aeration

x.      Drainage

3)      Biological factors:

i.       Weeds

ii.      Insects

iii.     Diseases

iv.     Nematodes

v.      Soil microorganisms – N2 fixation, Bacteria, Fungi, Algae

vi.     Man & Grazing animals

vii. Other Plant Species: Some plants of species that release chemicals which cause toxic effect to the main 

crop plants, this phenomenon is called as allelopathy and species are known as allelopathic plants.

viii. Various types of herbivorous, mycorrhiza (symbiotic fungal association with plant roots)
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Definition:
Growth analysis:

The analysis of yield influencing factors and plant development as net
photosynthate accumulation integrated over time is known as growth analysis.

 Growth analysis can be made at individual plant level or plant communities.

 The analyses made at individual plant level are RGR, AGR, NAR, LAR, SLA, SLW
and allometry (shoot/root ratio).

 The analyses made at plant community level are LAI, LAD, CGR and DMA.

 The technique of growth analysis is advantageous to crop scientist as it helps
to find out the relationship between photosynthetic production and rate of
increase in dry matter.



GROWTH ANALYSIS - CALCULATION OF GROWTH

PARAMETERS:

 Plant Growth Analysis is a standard method of estimating

net photosynthetic production of individual plant and plant

population.

 Based on differences between the primary/ initial value of

dry weight of whole plant or plant parts (leaf, stem, root)

and finally dry weight of fully grown plant after synthesis of

assimilatory / photosynthetic products at certain time

intervals.

 Various indices and characteristics calculated to describe

growth rate of various plants or plant population.

 Relationship between the assimilatory apparatus and dry

matter production by following two methods:

1. Non destructive plant growth Analysis.

2. Destructive plant growth Analysis.



1.) Non Destructive Plant Growth Analysis:-

Without any destruction /injure / damage of plant parts

observations are to be recorded from minimum five plants per

treatment and replication which are to be selected and tagged

randomly. All observations to be recorded of specific time

interval right from crop growing period to harvesting and

superiority is desired.

Following are observation / characters for Non

destructive plant growth analysis:-

1. Plant height 7. Length of earhead

2. Number of branches 8. Number of earhead per plant

3. Number of leaves 9. Number of spikelets per earhead (in

cereals), balls per plant (in cotton),

pods per plant (Pegionpea)

4. Number of tilering 10. Number and length of internode

(Sugarcane)

5. Number of flowering 11. Length and diameter of fruits

6. Number of fruits



When crop is matured then harvest it at time of

harvesting, following observations are to be

recorded:-

1. Number of grains per earhead.

2. Test weight.

3. Number of pods per plants

4. Number of grains per pod

e.g. in case of groundnut

i) Number of flowers.

ii) Number of pegs.

iii) Number of pods .

iv) Number of kernel per plant.

v) Number of individual kernel.



2.) Destructive Plant Growth Analysis:-

In this methods, plant population can be destructed on basis

of separation of root, straw, leaves, reproductive organs (fruits

and grains). In this method, plant per unit area and fresh dry

weight to be considered and recorded in the laboratory.

Destructive plant growth analysis is a standard method of

estimating net photosynthetic production of individual plant and

plant population.

Based on primary value of dry weight (DW) of a whole plant

or plant parts (leaf, stem, root etc) and dimension of assimilatory

/ photosynthetic apparatus (leaf area) assessed in growing plant

material at certain time intervals.

Various indices and characteristics calculated to describe

growth rate of various plants/plant parts and relationship

between the assimilatory apparatus and dry matter production.
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LIMITATION OF GROWTH FACTORS

The plant response to nutrient limitation was the earliest subjects of scientific plant
investigators which are too extensive and complex to predict.
However, knowledge of the theories lead to better understanding of plant response and
can aid in planning and management strategies (see in figure)

The classic works was done by Liebig, Sachs, Blackman and Mitscherlich
on this aspect.

Figure: 
Some limiting factors in 
crop production



LIMITATION OF GROWTH FACTORS

(1) LIEBIG LAW OF MINIMUM:

This concept was formulated by German chemist, Justis von Liebig,
often called the “father of the fertilizer industry”.
This Law of the Minimum, which states that plant growth will
continue as long as all required factors are present (e.g. light, water,
nitrogen, phosphorus, potassium etc.).
When one of those factors is depleted, growth stops.
Increasing the amount of the “limiting” component will allow growth
to continue until that component (or another) is depleted.
Ex. The nutrient most typically “limiting” algae growth in lakes is
phosphorus. If phosphorus concentrations can be maintained, then
algal growth would be controlled.
In Mark Twain Lake covered by forest area, (the largest reservoir in
northern United state Missouri), light is the factor that most often
limits algae.



MARK TWAIN LAKE 
COVERED BY FOREST 
AREA

THE LARGEST 
RESERVOIR IN 

NORTHERN UNITED 
STATE MISSOURI



 Liebig (1862) stated “A deficiency or absence of one necessary constituent, all other
being present, renders the soil barren (thin soil, sand, or rocks, ⅓ area has vegetation)

for crop for which nutrient is needed”. It is referred as the “Barrel concept”.
 If barrel has staves (narrow strips of wood or iron plates that form the sides & covering)

of different heights, the lowest one etablishes the capacity of the barrel (Fig.).
 Accordingly, the growth in low supply (whether, it is climatic, biological or genetic

components) that set the capacity of yield).



Frederick Frost 
Blackman, 1866-1947 (2) BLACKMAN: OPTIMA AND LIMITING FACTORS 

F.F. Blackman ‘s theory of optima and limiting factors (1905) was stated as
follow:
“When a process is conditioned (outcome) as to its rapidly by a number of
separate factors, the rate of process is limited by pace of the slowest factor.”
Light and CO2 are required for photosynthesis.
Blackman ‘s theory suggests that there is an abrupt cessation of the process,
the “Blackman Response,” if one factor becoming limiting (Fig.1). However ,
nature seems to abhor angle (adverse condition) and this type of response is
seldom found.

Response lines to factors limiting photosynthesis are curvilinear and
approach a maximum limit asymptotically i.e. distance between the
curve line approaches zero(Fig.2).

Fig.1. Assimilation of CO2 and
its interaction with light
intensity

Fig.2. Photosynthesis of a cucumber leaf in relation to
light intensity, temperature and CO2 concentration
(Gaastra, 1963)

Fig.2

Fig.1



(3) MITSCHERLICH: LAW OF DIMINISHING RETURNS

A German soil scientist E. A. Mitscherlich (1909), developed an equation related to
growth to supply of growth factors.
He observed that when plants had adequate amounts of all but one limiting element
the growth response was proportional to the limitation element.
The Mitscherlich “law of diminishing returns” states, “The increase in any crop
produced by a unit increment of a deficient factor is proportional to the decrement of
that factor fro maximum”. The response is curvilinear instead of linear, as Blackman
had suggested.

Fig. Growth response curve Described by Mitscherlich equation

Amount of nutrient or factor required to give one-half yield

(Baule unit) as applied in the Mitscherlich equation

Baule Unit Added

(x)

Predicted Yield % of 

Maximum (y)

0 0.00

1 50.00

2 75.00

3 87.50

4 93.75

α 100.00

Mitscherlich equation is as follows:
Dy/dx =C(A-Y)

 Where, d is increment of change,
 dy is the amount of increase in yield (y) resulting from an

increment of the growth factor (dx),
 A is maximum possible yield obtained with any given

quantity of the factor x, and
 C is a proportionality constant that depends on the nature

of the growth factor

 The growth increase in yield (y) is the greatest for the first
increment of X.

 The amount of increased yield (y) becomes progressively
smaller with each added increment of x, theoretically
about ½ the response from the previous increment called

Baule Unit.

 When, yield A=100, C=0.301. If A is 100% ,

the equation is … Log (100 – Y) = Log 100 - 0.301x
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Location of growth: In higher plants growth is restricted to certain

embryonic zones/regions called MERISTEMS.

TYPES OF MERISTEMS:
(A) BASE ON DURATION:

1. Indeterminate meristems: Apical meristems of axil organs such as stem and root

apex that grow for longer time.

2. Determinate meristems: Leaves, flowers and fruits which grow for limited period

time.

(B) BASE ON LOCATION:

1. Apical meristems: Growth is located at the tip stem and root which are responsible

for the growth in terms of increase in length or height.

2. Lateral meristems: Growth is located in cambium and cork cambium, responsible

for increase in girth / thickness.

3. Intercalary meristems: Growth located between regions of mature differentiated

tissues (node & internode helps in stem regain upright position; leaf blade & sheath

helps in extend leaf length) e.g. in mint, bamboo, grasses internodes and leaf sheath

continues growth at basal regions after that upper part is differentiated.

Meristem may be diffuse (less cell number, cell activity, self-generating

hormone capacity as compared to massed meristem (apical bud). Maize & wheat

shoot from main apical massed meristem developed productive & vigourous tillers

than tillers developed from pseudostems .



Sugarcane stem Neem Tree stem



TYPES OF GROWTH:

1. PRIMARY GROWTH:

It is resulted into increase in length or height of plant axis. It is

responsible for formation of lateral appendages like branches, roots,

leaves, floral parts etc.

2. SECONDARY GROWTH:

It is responsible for growth diameter /girth of root and stem. The

activity in lateral meristems is located in cambium and cork cambium.

This consists of uniseriated layer of cells located between regions of

mature differentiated tissues i. e. xylem and phloem.
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Plant growth is a combination of a complex processes of growth and differentiation

that leads to accumulation of dry matter.

Differentiation processes have 3- requisite:

(1) Favorable temperature

(2) Available assimilates in excess of most metabolic uses

(3) Proper enzyme system to mediate differentiation

If , 3 – requisite are meet, 3- differentiation responses occurred:

(1) Cell wall thicking

(2) Deposit of cell inclusions

(3) Hardening of protoplasm (Loomis 1953) preventing from natural stresses such as cold,

heat or drought

First essential to differentiation processes is availability of carbohydrate & enzymes while

growth required factors for synthesis such as water, N and some other elements.

The limit of photosynthesis when there is water or N deficiencies result in cell wall thickening,

alkaloids accumulation, protoplasm hardening that causes chemical anatomy and morphology

changes.

The production of quality of crop products often require balance between growth and

differentiation.

Cereal crops grown under high-water and high N regimes, have thin wall in stem and tend to

lodge. Limiting these factors cause reverse. While, thin walls are desirable in the petioles of

celery for tenderness.

GROWTH AND DIFFERENTIATION



 Sugar in sugar beet & sweet melons accumulate poorly if N & water are excessive.

 N promote biomass of tops & root which is negatively correlate with sucrose.

 Production of good assimilatory and sugar-storage system in vegetative growth require high

radiation cool temperature, sandy loam soil, less than optimum N & water.

 Alfalfa accumulates starches in fleshy taproots in sunny days, cool nights. The photosynthesis output

is exceeds growth and maintenance respiration requirements. This result was accumulation of

carbohydrate food reserve in taproots and hardening of the protoplasm for overwintering (Escalada

and Smith, 1972)
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INTRODUCTION (pp. No. 90).

……

The water is absorbed by root hairs of plant from where it reaches xylem via cortical

cells and passage cells and it reaches top of plant where it is transpired by leaves

and used for other metabolic activities.

The xylem is main water conducting tissue.

The upward movement of water from stem base to tree top of the plant through

xylem is called “ASCENT OF SAP.”

Sometimes it covers a height of more than 90 mt. against gravitational pull in

Australian Eucalyptus and Californian Sequoia.

10 meters height of water column lift the water required pressure of one

atmosphere.

To raise of water up that required some special mechanism.

Before discussion of THREE THEORIES, Give you General information.

Q-4A (2) Seme. End Exam-June -2016



– Xylem is hollow & tubular. Xylem are of 2 types: 

– Vessel : slightly large diameter; cells stacked. 

Vessel members only occur in angiosperms (flowering plants)

– Tracheid: smaller diameter; side to side overlap

–



coast redwood 
(Sequoiadendron giganteum)

Lift of water column over 
10 mt. require pressure of 
1 (one) atmosphere



How water goes up to the 
top of the tree? 



How water goes up to the 
top of the tree? 
coast redwood 

(Sequoiadendron giganteum)



The coast redwood (Sequoiadendron giganteum) , the
world's tallest tree. Another is the coast Dawn redwood
(Metasequoia glyptostroboides).

The tallest living tree, named Hyperion, is 115.55 m or
379.1 ft (measured in 2006) at coastal area of Pacific Ocean in
the Northwest of the US (California).

In view of fact that it is not possible to lift of water
column over 10 mt. because this is the height of water column
that can be made to stand at pressure of 1 (one) atmosphere,
hence rise of water up to such height (115.55 m) needs some
special mechanism.





(pp. No. 90).

THEORIES FOR ASCENT OF SAP / TRANSLOCATION OF WATER / TRANSPORT OF

WATER

Various theories have been proposed to explain the

mechanism involved in ascent of sap.

The rise of water to such a great height becomes a

problem to explain.

These can be grouped under three heading:

1. Vital Theories

2. Root Pressure Theory

3. Physical Force Theories

Q-4A (2) Seme. End Exam-June -2016



1) VITAL THEORIES: (pp. No. 90).

 In 1880, German Scientists- Westermeir, Godlewski and Janse stated that the
living cells of a stem play an essential role in the ascent of sap.

 In 1883, Westermeir stated that the upward passage of water in the stem was
affected in wood parenchyma and that tracheids and vessels acted as water
reserviors rather than conducting elements.

 Godlewski (1884) proposed clambering (or relay pump) theory. He proposed that
xylem bring water by pumping action of water in an upward direction.

 Ascent of sap takes place due to the pumping activity of the cells of xylem
parenchyma which are living. The cells of the medullary rays which are also living,
in some way change their O.P. When their O.P. becomes high they draw water
from the lower vessel and their O.P. becomes low. Now due to the low O.P., water
from the cells of xylem parenchyma is pumped into the above vessel. This process
is repeated again and again and water rises upward in the xylem.

 Janse (1887) supported the theory of Godlewski and showed that if the lower
portion of a branch is killed, the leaves of above the branch are affected within a
few days.

Q-4A (2) Seme. End Exam-June -2016



According to J. C. Bose Theory (1923) : (pp. No. 91).

An Indian Scientist, proposed “Pulsation theory of ascent of sap.’’
The upward translocation of water takes place due to the pulsatory activity of living
cells of inner most cortical cells layer just outside the endodermis that absorbed
water from outside and pump the same in to the vessels . This theory was also
rejected because many workers could not repeat his experiment and many others
found no correlation between pulsatory activity and the ascent of sap.

(Bose, in his experiment used an electric probe which was connected to a
galvanometer. When the needle of the electric probe was inserted into the stem
slowly and slowly, the pointer of the galvanometer showed some oscillations but
when the electric probe needle reached the innermost layer of cortex, the pointer of
galvanometer showed violent oscillations. He attributed this to the pulsating activity
of these cells.)

Objections to Vital Theories :
Strasburger (1891) and Overton (1911) who demonstrated that ascent of

sap was continues in 75 years old oak tree, even in the stems in which living cells
have been killed by the uptake of poisons like picric acid and carbolic acid. The
ascent of sap does not affected. These above vital theories seemed only
hypothetical, and was further discarded by the experiments.

Q-4A (2) Seme. End Exam-June -2016



2) ROOT PRESSURE THEORY:  (pp. No. 91).

 If plant stem is cut a few inches above from its base with a sharp knife,

the xylem sap is seen flowing out through the cut end. This phenomenon

is called “exudation or bleeding”.

 Priestey Stocking(1956) first time explained that the process of upward

flow of water (exudation) is due to a hydrostatic pressure developed in

the root system. In the root, the pressure is developed due to

accumulation of absorbed water, this is known as root pressure.

 The term root pressure was given by Stephan Hales in 1727.

 She proposed that Root pressure developed largely due to osmotic

phenomenon.

 Root pressure usually in a range of +1 to +2 bars.

 Root pressure is affected by respiratory poisons and even O2 supply.

This indicates that it requires expenditure of metabolic energy and it is

an active process.

 It is believed by some scientists that root pressure is responsible to drive

water to any height of the plant.



2) ROOT PRESSURE THEORY:

 Objections to Vital Theories : (pp. No. 91-92).
Kramers, Unger, Renner, Dixan and Jolly, Steward etc. have objected this theory.
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 has not been observed in all plants. In gymnosperms (naked seed
without ovary or in fruit) root pressure has rarely been observed.

(ii) Water is continues to rise upward even absence of roots. Magnitude of root
pressure is very low (about 2 atms).

(iii) In actively transpiring plants , root pressure is not observed.
(iv) Root pressure is commonly observed during favourable period of growth when

transpiration rate is low. 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 sufficient long time.

(v) The amount of water exuded by root pressure is very low. Only 5% of total water
loss during excessive transpiration.

(vi) The rate of rise water is by root pressure is too slow to explain the rate of ascent of
water in a plant.

(vii) In plants, root pressure, is always below 2 atmosphere and therefore water due to
root pressure can rise up to 21 mts. If, favourable conditions are available. It may
have in young plants before leaves are developed and before transpiration
becomes a dominant feature.



3) PHYSICAL FORCE THEORIES:  (pp. No. 92).

Profounder of physical force theories believed that living cells are not involved in ascent of sap
and It is purely a physical phenomenon.

(1) Capillarity  Theory OR 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.
 Boehm (1809) proposed this theory and stated that water rises in narrow tubes due to force

of surface tension.
 He stated that water rises up through the or in the walls of xylem channels due to capillary

action. But some investigators did not supported this theory of lumen of the tracheids.
 The theory says that ascent of sap takes place due to atmospheric pressure. But, it is not

accepted because the atmospheric pressure cannot raise water beyond 34 feet.

Objections to Theory of Capillarity:
(i) The value of capillarity is very small. It can raise water to a height of about 150 cm in vessels 

of normal diameter (0.032mm) where as large vessels with diameter 0.5 mm, it will rise up to 
6.0 cm. Therefore, Only the capillaries of 1µm can rise up to 29.95 mts. 

(ii) Capillarity occurs only when base of the tube dips in container having water. Xylem vessels 
are not directly connected with soil water, hence this theory cannot be function.

(iii) Rise due to capillarity will increase when the lumen of vessels is less. Tall plants should, 
therefore, have narrow vessels as compared to smaller plants. The truth is, however, reverse.

(iv) Capillarity cannot operate in plants having tracheids due to the presence of end walls.
(v) In Gymnosperms, usually the vessels are absent. Other xylem elements do not form

continuous channels.



Conti…..3) PHYSICAL FORCE THEORIES: (pp. No. 93).

(2) Imbibitional  Theory :

 Propounded by Unger (1868) and advanced Sachs (1878) supported the view that ascent of
sap/ water moves upward in stem entirely through the walls of xylem elements due to
process of imbibition.

 Though the movment of water through by colloids is extremely slow.
 The imbibition theory was discarded because, at present evident that xylem wall do not carry

water, it moves through the lumen of the xylem.

Objections to Theory of Capillarity Imbibition :

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).

The Imbibitional movement of water has been not found only slow but also negligible.



Conti…..3) PHYSICAL FORCE THEORIES:

(3) Atmospheric Pressure Theory :   (pp. No. 93).

 This theory stated that Atmospheric Pressure is responsible for ascent of sap. Water moves up
ward to fill up the gap in the fall of atmospheric Pressure at the transpiring surface due to loss
of water during transpiration.

Two Main Objections to Theory of Capillarity Imbibition :
(i) For the operation of atmospheric pressure, the presence of free surface at lower end of the

plant is essential which can not found in plant.

(ii) It is not applicable because even if complete vacuum is created at the transpiring surface,
the maximum rise of water can be 10 mts. Whereas, no vacuum is observed in the plants
and certain plants are far more taller.

(4) Transpiration Pull / Cohesion Theory of Water / Cohesion-Tension Theory : (pp. No. 93).

This theory was originally proposed by Dixon and Jolly (1894) and greatly supported by Curtis
and Clerk (1951), Milburn & Johnson (1966) and Levitt (1969). This theory is very convincing and
universally accepted.

It is based on the following features / characteristics:
(i) Cohesive and Adhesive properties of water molecules to form a continuous water column in

the xylem from base to the top of the plant.
(ii) Water is loss from mesophyll cells due to transpiration hence, pulling force develops and

that put the cells under tension.
(iii) Tension may cause a break in the water column but due to the tensile strength (cohesive

property of water molecules -Strong Hydrogen Bonds), continues column is not broken.
(iv) The tension of transpiration pull is transmitted to water in column from root region.



• How do plants get nutrients and water up xylem?

1. Transpiration: Process of evaporation /loss of water from the

aerial parts of plants in the form of vapor is called transpiration.

2. Adhesion: Water molecules sticks or adhere to cell walls of xylem

through adhesion force is called “Adhesion”.

3. Cohesion: Water molecules are tightly binds with each other

through hydrogen bonds is called “Cohesion”. Water moves through
xylem with unbroken column (No gap between water molecules)

4. Transpirational pull: During the evaporation of water into Air

from the surfaces of leaf that cause pulling of water from downward
to upward and creating a ‘pull’ on the water column is called
Transpirational pull.

Essentially, osmotic pressure of air is greater than osmotic pressure
within leaves .

: (pp. No. 93).



•Transpiration: 
Transpirational pull

•flow from greater to lower water 
concentration 

•relies on cohesion & 
adhesion of water

–cavitations breaks chain of water 
molecules

Ascent of sap (xylem)



Xylem vessel 

surface 



• How do plants get nutrients and water into roots?

The loss of water from leaf surface of mesophyll cells due to transpiration, reduces
the water amount and cause an increase in the osmotic pressure of these cells.
Thus a reduced water potential is increases DPD.

Water from the adjacent cells is pulled to meet this loss of water and as a result, a
pull is developed in mesophyll cells and xylem cells of leaves. This tension
ultimately transmitted to root through the stem tracheids.

Root hairs greatly increase surface area over which to ‘absorb’ water. Root hairs
have greater osmotic potential than soil.

Why ?  Because …..

High concentration of ions creates a greater osmotic pressure in plant than
surrounding soil water; hence, Root cells actively pumping ions inside or into
cells (by using ATP) from the soil and water moves into cells by osmosis.

•Osmotic or Solute potential = pressure

Mechanism of Ascent of Sap

(pp. No. 94).



Mechanism of Ascent of Sap (pp. No. 94).

Fig. V.S. of a Leaf showing 
stomatal transpiration 
generating a transpiration pull



EVIDENCE (8 Nos.) IN SUPPORT OF THE THEORY  OF COHESION – TENSION:
(pp. No. 94 - 95).

When there is a comparison between two identical conditions:

A. Transpiration through porous pot and
B. Transpiration through living plant

In porous pot experiment, i. e. at the top of a continuous water column a porous
pot is placed and its water is subjected to evaporation, the water column is put under
pressure/ tension.
This column is not broken due to the cohesive property of water molecules while
evaporation continues. Thus, it is believed that a similar kind of mechanism may operate in
plant.

Fig.: Demonstration
of cohesion – tension
theory by physical
system
(Evaporation of
water from porous
pot pulls up the
column of mercury
due to tension)



The magnitude of this force is very high (sometimes up to 350
atmos.), therefore the continuous water column in the xylem cannot
be broken easily due to the force of gravity or other obstructions
offered by the internal tissues in the upward movement of water.

The adhesive properties of water i.e. the attraction between the
water molecules and the container’s walls (here the walls of xylem)
further ensure the continuity of water column in xylem.

According to some workers, the main objection against this theory is
that certain air / gas bubbles present in the conducting channels will
break the continuity of the water column. Is called as “cavitation.”

This has been counteracted by others who say that there are no air
bubbles and if at all are present, they will not break the water
column which will remain continuous through other elements of the
xylem parallel column of vessels side by side hence, temporarily c
cavitation is eliminated. When tension is relived by rain or simply at
night the gases are dissolved in solution and column became
continuous.(Fig. ).

 In case of water, the elec-
tropositive H-atoms of
one water molecule are
connected with
electronegative O-atoms
of other water molecules
by H-bonds).

 Although H-bond is very
weak (containing about
5k. cal. energy) but when
they are present in
enormous numbers as in
case of water, a very
strong mutual force of
attraction or cohesive
force develops between
water molecules and
hence they remain in the
form of a continuous
water column in the
xylem.

Objection to cohesion
– tension theory

Explanations

PP. No. 96

Fig. L.S. of a portion of stem showing the pathway of water 
when disrturbed due to air vacuole

http://cdn.biologydiscussion.com/wp-content/uploads/2016/02/clip_image004-129.jpg
http://cdn.biologydiscussion.com/wp-content/uploads/2016/02/clip_image006-109.jpg


Lecture- 26





 Definition: The loss of water from aerial parts of

plants in the form of vapor is known as transpiration

and in form of liquid is known as guttation.

 The microscopic pores in a great numbers present

on the epidermal surface of the leaf is called

stomata.



It is regulated by vapour pressure, diffusion pressure, osmotic pressure

PP.  No. 98



Subgenus Equisetum:

• Equisetum arvense L. – field horsetail, common horsetail or mare's tail; circumboreal down through temperate 

zones.

• Equisetum bogotense L. – Andean horsetail; upland South America up to Costa Rica; includes E. rinihuense, 

sometimes treated as a separate species.

• Equisetum diffusum L. – Himalayan horsetail; Himalayan India and China and adjacent nations above about 1500 

feet (450 m).

• Equisetum fluviatile L. – water horsetail; circumboreal down through temperate zones.

Strawberry leaf



NO. TRANSPIRATION NO. GUTTATION

1 It occurs mostly during the day time when

temperature is comparatively higher.

1 It occurs during the cold hours of night and

early morning.

2 Water is given out / lost in the form of

vapours.

2 Water is given out / lost in the form of liquid

droplets.

3 Water lost is pure water. 3 Water lost contains dissolved salts, sugars

and amino acids.

4 It occurs through stomata lenticel or cuticle

are open. It occurs through all aerial plant

parts.

4 It occurs at vein-ends on the margin or tips of

the leaves where hydathodes are present.

5 Transpiration is a controlled and regulated

phenomenon.

5 Guttation is an uncontrolled phenomenon.

6 Transpiration maintain the temperature of

plant.

6 It has no relation with temperature.

7 It takes place under dry conditions which do

not favour water loss through diffusion.

7 It takes place under humid conditions which

favour water loss through diffusion.

8 It is regulated by a number of factors, the

chief being the opening & closing of

stomata.

8 It continues as long as adequate supply of

water is maintained and the environment is

cold and humid.

9 Excessive transpiration under deficit water

(stress) supply can cause wilting of plant.

9 It does not take place under deficit water

(stress) and never results in wiltingof plant.

DIFFERENCES BETWEEN TRANSPIRATION AND GUTTATION
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AMOUNT OF WATER TRANSPIRED:

Huge amount of water transpired by plants

In Zea mays (corn plant)

Water occuring as constituent              = 1872 g

Water Used in matabolic activities       =   250 g

Water Transpired                                   = 2,02,106 g

Total water used in growing season      = 2,04228 g

Crotolaria juncea = 27 kg in 140 days

Helienthus annus 56 Kg in 120 days

Birch tree (with 2,00, 000 nos. of leaves) = 300-400 kg of water per hot day

Birch forest of 400-600 trees evaporates some 20,000 barrels of water per day
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Transpiration is Unavoidable and Dangerous but necessary evil
It is evil because…

Transpiration is purely incidental due to structural arrangements of plants for

exit and entry of gases.

Loss of water does not serve any good purpose in the plant life which results in

wilting, serious desiccation and often death of a plant if a condition of drought is

experienced.

A loose soil and exposed situation, sudden extreme evaporation due to high light

intensity, hot winds, high temperature, blazing sun prolonged drought, depleted

soil moisture and poor water retentive capacity of soil etc. are the relative causes

of such deaths.

It also consumed energy and causes unnecessary absorption of excess water by

roots.

Transpiration is Unavoidable. As long as there is need of ingress and egress of

CO2 and O2 during metabolic processes photosynthesis and respiration, living

cells have to be exposed, the transpiration of water loss will be unavoidable.

Even mild water stress due to transpiration results in reduced growth rate and

reduction of yield.

Injury in plant, dehydration take place and heavy transpiration loss when the

atmospheric conditions are aggressive .
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Transpiration is Advantageous / great significance / 

Transpiration is necessary for the plant
because…

It create suction force and helps in ascent of sap.

It affects the diffusion pressure deficit, thereby indirectly helping diffusion

through the cells.

It affects the absorption of water and minerals by roots.

It helps in Evaporation of excess water from the exposed surface of cells

Translocation of Food / Minerals dissolved in water are distributed throughout

plant body by transpiration stream.

Maintain tem. of leaves has cooling effect on plant.

It bring about the Opening & closing of stomata

Wet surface of leaf cells allow gaseous exchange.

Water is conducted in most tall plants due to transpiration pull.

Transpiration affects indirectly the processes of respiration and photosynthesis.

PP.  No. 99



PP.  No. 100

Two stages:

1. Evaporation of water from the cell walls in to the intercellular spaces.

2. Intercellular spaces in to out side the atmosphere.

The loss of water from leaf surface of mesophyll cells due to
transpiration, reduces the water amount and cause an increase in the
osmotic pressure of these cells. Thus a reduced water potential is
increases DPD.



 Water vapor lost directly through cuticular layer (water-impervious

protective outer layer covering the epidermal cells of leaves, consists

of cutin, waxy, water-repellent substance allied to suberin, found in the

cell walls of corky tissue) present on epidermal cells of leaves is

reffered cuticular transpiration ….

 Water is lost as vapor directly through lenticels (small opening in the

corky tissue covering stems and twigs) is called as lenticular

transpiration…

 The thin walled loosely arranged mesophyll cells, have an abundance

of intercellular space, provides an ideal condition for the evaporation

of water from internal leaf surface, Water vapor diffuse into the

atmosphere through the open stomata termed as stomatal

transpiration.. ..



Cuticular Transpiration

The cuticular transpiration accounts to 2 to 20% of the total

transpiration loss from plant (xerophytes to mesophytes). The cuticle

although retards water loss, is some what 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.

Stomatal Transpiration:

The stomatal transpiration accounts to 80 to 98% 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.





Stomata was discovered by Pfeffer & name ‘stomata’ was given

by Malphigii. Stomata cover 1-2% of leaf area.

It is minute pore present in soft aerial parts of the plant. Algae,
fungi and submerged plants do not possess stomata.

(a)Stomata are minute pores of eliptical shape, consists of two
specialized epidermal cell called guard cells.

(b) The guard cells are kidney shape in dicotyledon and dumbell
shape in monocotyledon.

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

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

STOMATA



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

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

(g) 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.

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.



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

Stomata frequency of trees and shrubs is higher than herbs.
Stomata nearly occupy 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.

In dorsiventral leaves (indicots) the number of stomata on the
upper surface is much less in comparison to those found on the
lower surface.





Sr. 
No.

Name of the plant No. of stomata 
per sq. cm. upon 
the upper
surface

No. of stomata 
per sq. cm. upon 
the upper
surface

1 Helianthus annus (Sunflower) 58 156

2 Lycopersicum esculentum
(Tomato)

12 130

3 Phaseolus vulgaris (Mung) 40 281

4 Solanum tuberosum (Potato) 51 161

5 Zea mays (Maize) 52 68

6 Avena sativa (Jav) 40 43

DISTRIBUTION OF STOMATA IN DIFFERENT PLANTS



DISTRIBUTION OF STOMATA

1. Only on the lower surface – Oak, apple, orange

2. More on lower surface and less on upper surface –

Bean, sunflower

3. Equally on both surfaces - maize, oats

4. Only on upper surface – water lily

5. Absent or functionless – hydrophytes (Hydrilla)



DISTRIBUTION AND TYPES OF STOMATA:
Depending upon the distribution and arrangement of stomata in the leaves
Five categories of stomatal distribution have been recognized in plants.

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.
Metacalf and Chalk recognized four types of stomata on the basis of their
structure-



Fig.  Stomatal clock as observed in the
lower epidermis of a leaf

Hugo von Mohl (8 April 1805 – 1 April 1872)
He was a German botanist from stuttgart



Hugo von Mohl (8 April 1805 – 1 April 1872)
He was a German botanist from stuttgart





STOMATAL FREQUENCY AND INDEX:

♠ Stomata are tiny or minute pores of elliptical shape

surrounded by two subsidiary cells found in the epidermis

of leaf.

♠ Size may be ranged from 7X3 µ (Phaseolus vulgris) and

38×8 µ (in Avena sativa) and 4X26 (Zea mays L.).

♠ Each stoma is normally surrounded by two specialized

epidermal cells known as Guard cells.

♠ The guard cells are kidney-shaped in dicotyledonous

plants and dumble-shaped in the members of graminceae

family (monocotyledonous plants) and they remain joined

at the end.

♠ The wall of the guard cells surrounding the pore is thin and

elastic (outer layer) and inside the layer is thick and

inelastic due to the presence of a secondary layer of

cellulose.



♠ When turgidity increases, the outer thin walls of guard cells

stretch outward thereby inner wall is also stretching outward.

♠ The inner wall becomes concave (Antargol) and result is the

space is occur, pour widens and pore opens. Stomatal Turgor

Mechanism is involved in opening and closing of stomata.

♠ K+ (Potassium ions) play crucial role.

♠ The opening of stomata are the result of active transport of K+

from epidermal adjacent cells into the guard cells.

♠ Malic acid is synthesized in subsidiary cells from starch and

goes into cytoplasm of guard cells in the presence of light.

Dissociation

♠ Malic acid -R(COOH)2 Malate R (COO- )2 + 2H+ (Hydrogen ions)

Exchange

♠ H+ K+ (adjacent cells)

♠ Influx of K+ and efflux of H+ that increase concentration of K+

in guard cell (Vacuoles) thereby Osmotic pressure is

developed; water is enter into the guard cells; increase turgor

pressure; guard cells becomes turgid and finally open the

stomata.





Fig. 39.12b

Guard cell 
become turgid

Guard cell 
become flaccid



♠ ABA play important role in closing of stomata.

♠ ABA inhibits K+ uptake by changing diffusion and permiability

of guard cells. The K+ moves out to the subsidiary cells.

♠ ABA induces the process of acidification that lowering the pH.

At the low pH, starch is synthesized and osmotic pressure of

guard cells falls and water moves out of guard cells to

subsidiary cells.

♠ Guard cells then become flaccid and stomatal pore is thus

closed.





Very little CO2 Fixation in Guard Cells Reduced CO2 in Guard Cells 

ATP Synthesis

Respiration occurs

Possible Photosynthesis
ATP Synthesis

ATP-Mediated H+ / K+ pump
H+ out of and K+ into Guard
cells of cl- anion s follow

Increase K+ / Cl- and malate
concentration into Guard
cells

Decreased osmotic potential 
in Guard cells

Water potential of Guard cells
more negative relative to
surrounding cells

Osmotic entry of water 
into Guard cells

AN INTEGRATED SCHEME OF THE PROBABLE MECHANISMS OF STOMATAL OPENING

Increase pH in Guard cells

Starch phosphorylase 
activated

Hydrolysis of starch

Concentration of soluble 
sugar increased

Sugar concentration may be 
insufficient to affect water 
potential

ATP Synthesis

HCO3+ increases combines 
with PEP  to form malic acid

Turgor pressure increasedStomata open

LIGHT





Antitranspirants:
In transpiration, almost 98% of water lost which is absorbed by

plants and only insignificant amount (2%) is utilized by plants.

In this view, Antitranspirants are asset to agriculturist and also

to nature to save water, but it cause negative effect on plant

processes.

Definition:

Any Chemicals or substances when applied to plants for

the purpose of to retard / reduce transpiration is known as

Antitranspirants.

THREE TYPES OF ANTITRANSPIRANTS:

1. Stomatal Closing Type

2. Film Forming Type

3. Reflective Type



(1) STOMATAL CLOSING TYPE

When antitranspirants are applied in low concentration (10-4M), it exerted

very little toxic effect upon leaves and resulted in partial closure of stomatal pores

for two weeks.

1. Phenyl Mercuric Acetate (PMA)

2. Abscisic Acid (ABA)

3. Carbon-di-Oxide (CO2)

4. CCC

5. Salicylic acid

6. M 8-hydroxy-quinoline sulfate (8-HQS)

7. Mono-methyl

8. Mono-glyceryl

9. Esters of n-decenyl-succinic acid

10. Thiodan

CO2 is an effective antitranspirant. A little rise in its concentration from

natural 0.03-0.05% induced closure of stomata. The higher rate of CO2 diffusion into

the leaf is also reduced transpiration and adversly affect on photosynthesis and

respiration. However , usage of CO2 has one advantage that it inhibits

photorespiration. But overall it is not economical and practically feasible in field

(Only feasible in glass houses).



2. FILM FORMING TYPE:

This type forms a thin film coating on the surface of leaf and inhibits

the loss of water vapour from the leaf. A forming film permeable to

CO2 and O2 but not to water.

Mostly reduces cuticular transpiration.

E.g. Colourless plastics, Silicone oils, low viscosity Waxes, Hexa-

decanol, Ethyl alcohol etc.

3. REFLECTIVE TYPE:

This type of chemicals increases the light reflection by the leaves,

thus decreasing the leaf temperature.

The water loss is reduced without affecting the CO2 assimilation.

E.g. Kaolinite (Kaolin), Lime water (Lime wash)



(I) WEATHER FACTOR 

1. Light:

Light is present then only stomata will be opened but in dark they do not.

2. Temperature:

 If the temperature is more, there will be more rates of transpiration and vice versa.

 A high temperature opens stomata even in darkness.

 Besides increase in temperature, it lowers the relative humidity of the air and increases vapour

pressure inside transpiring organ.

 For 10°C rise in atmospheric temperature, vapour pressure inside leaves doubles while relative

humidity decreases by 50%, Consequently, rate of transpiration increases.

3. Humidity:

 If the humidity is more there will be a less rate of transpiration and vice-versa, because in humid

condition the absorption rate is less.

4. Wind:

 Wind while blowing through plant removes water vapor from the vicinity of plant and ultimately it

increases the rate of transpiration due to dry condition.

 DPD of atmospheric air is higher at low relative humidity, more of water vapours will diffuse out

of the leaf interior as compared to high RH when DPD is lower.

 Transpiration is lower in the still air because water vapours accumulate around the transpiring

organs and reduce the DPD of the air.

 Wind velocity up to 20-30 km/hr the rate of transpiration is normal, at 40-50 km/hr increases

transpiration by opening.

EXTERNAL FACTORS:   Environmental Factors



5. Atmospheric pressure:

 Lower atmospheric pressure at higher altitude the rate of transpiration

increase but the increase is offset (balanced) by the prevailing low

temperature at these heights.

 Low atmospheric pressure enhances evaporation, produces air currents and

increases the rate of transpiration.

1. Available Soil water:

 If the water is sufficient in the soil there is proper absorption of water by

plant and ultimately it increases the rate of transpiration and vice-versa.

 A decrease in water uptake by the root causes partial dehydration of the leaf

cells resulting in closure of stomata and wilting.

(II) Soil  Factors



A. Plant Factors B. Environmental Factors

 Stomata frequency:

Nos. of stomata, Size of stomata, Position of stomata, Shrunken stomata

I)Weather Factors II) Soil 

Factors

 Structural pecularies of Leaf:

Simple leaf, Compound leaf, Palmately compound leaf, Pinnately

compound leaf, Thickness of Cuticle

 1.Light 1.Available 

soil water

 Leaf Area

 LAI: A large leaf area will show more transpiration than plant with less

leaf area. The rate of transpiration decreases in a canopy due to density

of foliage, shading effect and decrease of air movement inside the

canopy.

 Stationary layer of air (boundary layer): The thicker the stationary layer,

the lower is the rate of transpiration.

 Type of Mesophyll: Compact Mesophyll layer (having more of palisade

tissue and fewer intercellular spaces) reduces transpiration than loose

mesophyll.

 2(A).Temp.

 2(B). Vital

activities:

They produced

heat from

energy by

respiration that

increase

transpiration.

 Root-shoot ratio:

 A low root/shoot ratio increases the rate of transpiration while a high

ratio decreases the rate of transpiration.

 3.Atmospheric

Humidity.

 Leaf orientation

Upright leaf position

Straight leaf position

 4. Wind

 Water content of the leaves:

Water content is more in the leaves, increases the rate of transpiration.

 5. Atmospheric

Pressure

 Mucilage and Solutes:

 They decrease the rate of transpiration by holding water tenaciously.

 Spray & dusts

 Fungal infection: Increases the rate of transpiration due to destruction of the leaf

cuticle, loss of more water. (Pea infected by Peronospora viciae).

INTERNAL FACTORS : FACTORS AFFECTING TRANSPIRATION



GUTTATION



Strawberry leaf



Equisetum spp.

Prayer plant – Maranta arundinacea



NO. STOMATA NO. GUTTATION BY HYDATHODES 

1 They are found in epidermis of leaves, stems and

fruits.

1 They are found on the tips and margins of

young leaves at their vein endings.

2 It is the opening present for loss of water in

the gaseous form.

2 It is the opening present for loss of water in the

liquid form.

3 They are surrounded by pairs of chlorophyllous

guard cells.

3 They are surrounded by a ring of cuticularised

achlorophyllous cells.

4 The stomata leads to a cavity into the interior of the

epidermis called as the respiratory chamber or

substomatal chamber.

4 The hydathode is followed by a

large intercellular space or air chamber. The

loosely arranged cells beneath the air chamber

at the end of the xylem element are known

as epithem.

5 The stomata are surrounded by subsidiary

epidermal cells.

5 Subsidiary cells are absent.

6 The stomata have no connection with main ends. 6 They are situated on the vein ends.

7 Their opening and closing is regulated by guard

cells.

7 They are always open not regulated by guard

cells.

8 Usually the stomata remain open during the day

time and closed during the night time

8 The hydathode remains open during the day as

well as the night time.

9 They are concerned with the process of ‘transpi-

ration’.

9 They are concerned with the process of

‘guttation’.

10 Stomatal transpiration is controlled by the opening

and closing of the stomata.

10 Guttation takes place due to the root pressure.

11 The guard cells surrounding the stomata contain

chloroplasts.

11 The cells surrounding the hydathodes do not

contain chloroplasts.

DIFFERENCE BETWEEN STOMATA AND HYDATHODES



END



TRANSPIRATION IN RELATION TO PRODUCTIVITY:  

The importance of water use efficiency (WUE) in influencing grain

yield under water limited conditions can be explained by the following

model give by Passioura.

Grain Yield = T x TE x HI

Where ,

• T = Total transpiration by the crop canopy

•TE = Transpiration Efficiency or WUE

•HI = Harvest Index (Economic Fraction of Dry matter)

This relationship provides an analytical tool to select the genotype with

high levels of T and TE.



SIGNIFICANCE / IMPORTANCE 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 plays a role in translocation of food from one part of the plant to the 

other.

 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 .



•AIM:-

To determine the stomatal frequency and stomatal index

of some plants.

•PRINCIPLE:-

The number of stomata per unit area of the leaf is

described as Stomatal frequency.

Stomatal Index (SI):

It is defined as the per cent of stomata as compared to

all the epidermal cells (including the cells containing

stomata) in a unit area of leaf.

I = S × 100

T

Where, I = Stomatal Index, S = Number of stomata per

unit area, T = Total number of epidermal cells per unit area

(Nos. of epidermal cells + Nos. of Stomatal cells)



• EXPERIMENT NO. 1:-

To determine the phenomenon of transpiration through

stomata.

MATERIALS:

A potted healthy plant, a bell jar which can cover the potted

plant, a rubber sheet or oil cloth, a glass sheet and grease are

required for the experiment.

PROCEDURE:

The pot is properly covered either with rubber sheet or oil cloth

leaving out the aerial parts of the plant. This is done to prevent

direct evaporation of water from soil surface and from the surface

of pot. This pot is kept on glass plate and covered air tight by the

bell jar with grease on its rim. Observations are made after

sometime.

CONCLUSION:

The water drops appear on the inner wall of the bell jar which

come from the only plant by phenomenon of transpiration.









Flowering is an important phase of life cycle because the transition from vegetative
growth to reproductive phase involves several changes in the physiology of plant.

Flowering is a decisive (determining) stage. It require definite period of vegetative
growth. The period may vary from plant to plant. E.g. Fruiting tree requires several years to flower
while an annual herb flowers in a few months only.
Physiological mechanism responsible for flowering has been found to controlled by
(i) Periodicity of light (photoperiodism) and
(ii) Temperature (vernalisation)

The trole of light has been studied in photosynthesis, growth and development where the intensity
and quality of light play an important role. The phenomenon of photoperiodism was first observed
and discovered by Garner and Allard (1920) that the mutant variety of tobacco (Nicotiana
tabacum) Maryland Mammoth flowers when the relative length of the day was shorter than the
length of the dark period, led to the discovery photoperiodism.
Thus the phenomenon in which the influence of day length on plants is studied is called
photoperiodism.
It may also defined as the relative length relative length of the day and night.
On the basis of length of photoperiod requirements, they have classified plants into:
(i) Short day plants
(ii) Long day plants
(iii) Day-neutral plants

PP. No. 485



“The response of plants to the relative length
of light and dark period and order of sequence of
light and dark to induce flowering”.

Each and every plant species require a definite
number of cycle of dark and light period for flower
induction.

PP. No. 485



(1920) 
GARNER ALLARD

Discovered the phenomenon of photoperiodism and coined 
the term PHOTOPERIODISM

PP. No. 485



1. Short day plants (SDP):
For flowering of short day plants the day length must not exceed a

certain critical value, the day length required is less then a certain critical
length. . Such plants require the day length less than the critical day
length for flower induction is called short day plants.

“A particular period of day light given to plant for
drastic/extreme/profuse increase in flowering is known as critical day length”.

The critical day length is varies from species to species.
These plants require a relatively short day light period (usually 8-10

hours) and a continuous dark period of about 14-16 hours for subsequent
flowering. These plants are also known as Short day plants or Long-night
plants.

PP. No. 485



THREE CATEGORIES 
OF PLANTS

These plants are not capable of flowering if short dark and short light are provided
alternately.
Hilman (1959) showed that short-day plants are capable of flowering even if kept
continuous in dark but provided with sucrose.
This shows that the short-day plants require light period only for the carrying on
photosynthesis.
In short –day plants flowering can be induced even during long days by increasing the
dark period by putting them in the dark for some time before sunset or after sunrise.
In these plants , cutting short of the light period up to 2 hours or less induces flowering
in them.

PP. No. 486



Coffee 
 Corn
Datura
Karnchoe
Hemp
Potato
Onion
Rice
Sesame
Soybean 
Straw berry
Sugarcane
Sunnhemp
Tobacco

General plants:

Aster
Begonia
Chrysanthemum
Cocklebur
Cosmos
Dahlia
Duckweed
Pharbitis nil
Poinsettia
Tuberose

Examples of  short day plants:

Ornamental plants:
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Kalanchoe tomentosa Coffea arabica

Crotolaria Juncea Asters
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Begonia semperflorens Cocklebur plants (Xanthium strumarium)

Cosmos bipinnatus Duckweed flowering aquatic plants
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Pharbitis nil
Poinsettia

Tuberose
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Dahlia
PP. No. 486



Dark

Critical Day 
Length 

- - - Dotted line

A B C D E F

Light

Case

Phenomenon occur in 
SHORT DAY PLANTS:
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Plants are placed in 
Control conditions



Example of  Long day plants:

Alfalfa
Barley
Chicory
Dill seed
Mustard
Oat
Opium
Rye
Sugar beet
Wheat

Blue grass
Henbane
Petunia
Sweet clover grass

General plants: Ornamental plants:Vege. Salad plants:

Beet
Cabbage
Lettuce
Peppermint
Radish
Spinach
Turnip

2. Long day plants (LDP):
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2. Long day plants (LDP):

 Long day plants require photo / light period of more than critical length which

may vary from 14-16 hours.

 The best flowering long day plants usually occurs in continuous light.

 For flowering they required either no dark period or a very short dark period.

 A flash / brief exposure of white /red light in the dark period or the

prolongation of light period stimulates flowering in long day plants even during

short day period. Here, darkness has an inhibitory effect on flowering.

 Long day plants require 16 hours light period in 24 hours can made tro flower

if it is provided with a cycle of 8 hr of light period and 4 hr of dark period.

 In long day plants, the darkness has an inhibitory effect on flowering.

 These plants are also called as Long day plants or short night plants.

 In long day plants, light period is critical.
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No. Event SD Plants LD Plants

A 9 hr light + 15 hr dark Flower Vegetative

B 9 hr light + White light (Artificial) + 15 hr

dark
? ?

C 9 hr light + Red light (600 -700nm) + 15 hr

dark
? ?

D 9 hr light + Far Red light (700 -760nm) + 15

hr dark
? ?

E 9 hr light + Red light + Far Red light + 15 hr

dark
? ?

F 9 hr light + Far Red light + Red light + 15 hr

dark
? ?



No. Event SD Plants LD Plants

A 9 hr light + 15 hr dark Flower Vegetative

B 9 hr light + White light (Artificial) + 15 hr

dark

Vegetative Flower

C 9 hr light + Red light (600 -700nm) + 15 hr

dark

Vegetative Flower

D 9 hr light + Far Red light (700 -760nm) + 15

hr dark

Flower Vegetative

E 9 hr light + Red light + Far Red light + 15 hr

dark

Flower Vegetative

F 9 hr light + Far Red light + Red light + 15 hr

dark

Vegetative Flower



Chicory
Dill seed

Sugar beet

Henbane
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Blue grass Petunia

Opium Sweet clover grass
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DN plants in which flowering occurs irrespective of the day length

or they give the least response to change in day length Or light is not more
affect on flowering. These plants can flower even if the light period is
provided from few hours to continuous illumination.

These plants flower in all photoperiod ranging from 5 hours to 24
hours continuous exposure.

3. Day neutral plants (DNPs):

 Brinjal
Peas 
Carrot
Chilli
Cucumber
 Onion
Tomato
Kidney bean
Lima bean
Indian bean 

 Balsum
Jerusalam artichoke

• The site of perception of photoperiodic stimulus is
perceived by leaves or in Pharbitis nil by the fully
expanded cotyledons.

Cotton
Sunflower

Ornamental plants:Oil seed plants:Vegetable plants:
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Balsam

Jerusalam artichoke
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Differences between short day and long day plants

No. Short day plant No. Long day plant

1 Plants flowered when

photoperiod is less than the

critical day length.

1 Plants flower when

photoperiod is more than the

critical day length.

2 Interruption during light

period with darkness inhibit

flowering.

2 Interruption during light

period with darkness does

not inhibit flowering.

3 Long, continuous and

uninterrupted dark period is

critical for flowering.

3 Dark period is not critical for

flowering.

4 Flowering does not occur

under alternating cycles of

short day and short dark

period.

4 Flowering occurs under

alternating cycles of short

day followed by shorter dark

period.

5 Give Examples Give Examples



Based on experiential findings it has been observed that a continued favourable photoperiods
till blossoming is not essential but short and appropriate photoperiods is required for
production of flowers.
“Flowering will also occur if a plant receives inductive cycles after intervals of unfavourable
photoperiods (i.e., discontinuous inductive cycles.) Plants may require one or more inductive
cycles for flowering.
Definition:
Photoperiodic induction:
This phenomenon / persistence of producing photoperiodic effect/ influence is called
photoperiodic induction.”
‘AN APPROPRIATE PHOTOPERIOD IN 24 HOURS CYCLE CONSTITUTES ONE INDUCTIVE CYCLE.
For instance, Xanthium, Pharbitis nil, Lolium etc., (a short day plant) requires only one(1) day
inductive cycle and normally flowers after about 64-days. It can be made to flower even after
13 days if it has received 4-8 inductive cycles.
2 days in soybean (SDP), 3 days in henbane or 15-20 days in beet or even more.
The dark interruption of the day had little or no effect, but night interruption by light
inhibited flowering in short day plants and promoted flowering in long day plants.
If a plant which has received sufficient inductive cycles is subsequently placed under
unfavourable photoperiods, it will still flower.
Continuous inductive cycles promote early flowering than discontinuous inductive cycles.
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These kind of observations on photo-inductive perception was made by
Knott (1934) and confirmed by Chailakhyan (1936) that photo-induction is perceived by
leaves.

Chailakhyan had made first experiment for photo-inductive perception on
Xanthium pennysylvanicum (Cocklebur). He isolated leaves and a single leaf in the
plant capable of receiving photo-inductive influence have been observed.

The sensitivity of perceiving photo-induction is increase with growth of fully
expanded leaf and decreases in the older leaves. Thus , it depends on the age of plant.

Cocklebur plant will flower if it has previously been kept under short-day
conditions. If the plant is defoliated and then kept under short day condition, it will not
flower.

Xanthium pennysylvanicum (Cocklebur) 
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A careful observation reveals the fact that through photoperiod
influence is induce in leaves and flower are formed elsewhere in the specialized
region (translocated to the apical tip, subsequently causing the initiation of floral
primordial) of plant. Means stimulus must travel from leaves to flower forming
region through phloem.

Wardlaw (1966), his experimental finding stated that stimulus travels
in phloem (independent to the transport of photosynthate) at the rate of 10-24
mm/hr while assimilate (photosynthate) at 1000 mm/hr. During the further
observation it was determined that stimulus moves at the rate of

Short day plant: 2.4 cm/hr
Long day plant: 30 cm/hr

However, the degree of stimulus mobility varies from plant to plant.
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The transmission of stimulus indicate that it is the form of some chemical.
Chailakhyan (1937) named this flower inducing chemical “FLORIGEN” (In Latin flora means flower
and genon means to produce.
Leaf detect the photoperiod but bud becomes the flower (stimulus florigen transmit from leaf to
bud).
 Chailakhyan had made grafting experiment for knowing the chemical nature of stimulus

(florigen) on Maryland mammoth variety of tobacco for flower induction.
 In this experiment a branch or leaf of plant which received the proper photoperiodic induction

could induced flowering in a plant exposed to unfavorable photoperiods.
 By such experiments long day plants could be made to flower under short day through

grafting.
 Grafting experiment of Maryland mammoth variety of tobacco (SDP) with Hyoscyamus niger

(LDP).
 The production of florigen is depend on critical length of the day or night
 It is surprising that hormones, ions like calcium and iron can also induced plants to flower.
 Several plants such as bulbs, winter wheat would not flower until they experience a cold

environment.
 Wellenseik (1973) observed that Lunaria (a biennial plant) would not flower unless it is

subjected to cold treatment. This effect cannot be replaced by photoperiodic treatment, but
its annual variety can flower when subjected to long days.

 It also bring one more fact that there is genetic photoperiodic and vernalisation relationship
responsible for flowering.
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Scion: 
SDPs (Tuberose) 
grafted to LDPs 

Root Stock: 
LDPs (Petunia) 

SD condition 
induced LDPs to flower

 SDPs (Tuberose) when grafted to LDPs (Petunia) in SD condition induced
LDPs to flower (see in next slide).

 Florigen is produced in response to different environmental conditions.
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Grafting experiments in cocklebur plants have even proved that the floral hormone
can be translocated from one plant to another.

For example, if one branched cocklebur plant (Fig. 18.4 A) which has been exposed to
short day conditions is grafted to another cocklebur plant kept under long day conditions,
flowering occurs on both the plants (Fig. 18.4 B).

Obviously, the floral hormone has been transmitted to the receptor plant through
graft union. But if a cocklebur plant is grafted to another similar plant both of which have been
kept under long day conditions, flowering will not occur on either of the two plants (Fig. 18.4 C).

PP. No. 489



According to this theory, photoperiods affect the daily endogenous rhythms
(everyday internal activities) which consist of two phases:

(a) Photophilous phase:
It occurs in light and is characterize by intensive photosynthesis and weak
respiration. In this phase , synthetic process (anabolic activities) are dominant.

(a) Skotophilous phase:
It occurs in dark and is characterize by intensive respiration. In this phase,

hydrolytic activities are increased and decomposition of starch into sugar take
place (catabolic activities).

Several theories have been proposed by scientists to explain physiology of flowering
and concepts of photoperiodism. The important theories are as following:
1. Theory of endogenous rhythms
2. Phytochrome theory
3. Theory on relation of light and dark reaction
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Similarly, Bunning (1958) assumes the presence of endogenous rhythms consist of
two half cycles.
The first half cycle occurs in day for 12 hrs. and is called photophilous phase. During
this, anabolic process predominates including flowering in plants.
The other second half cycle is dark for 12 hrs, it is sensitive and decomposition
activities are activated is called skotophilous phase. In this, catabolic process
(dehydration of starch) predominates.

In L.D. plants oscillator is close /near to photophilous phase. The L.D. plants have a
critical day length of 15 hours and some light remain in photophlilus (12 hrs.) and
rest of other period (3hrs.) is falls in the skotophilous phase. Under these
conditions in L.D. plants will flower.
In S.D. plants oscillator is present close /near to skotophilous phase, SD plants have
a critical day length of 9 hours. This period is remained/fall within the photophilous
phase (as per calculation of 12 hrs light & 12 hrs dark in night). Light during
scotophil phase (3 hrs.) will inhibit photo process which is initiated during
photophase.

According to view of scientist Bunning, in this method some kind of time regulating
mechanism is present in the cell is called “ oscillator.”

Oscillator is thought to be automatic acting with auto-fluctuative processes.
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Phytochrome Theory believes that the Perception of light in photoperiodism take
place through photoreceptor chromo-protein (Chromo = Color) pigment called as
“phytochrome”. It has two inter-convertible forms.

Phytocrome is present in the plasma membrane of cells and it has two components,
chromophore and protein. Phytochrome is present in roots, coleoptiles, stems, hypocotyls,
cotyledons, petioles, leaf blades, vegetative buds, flower tissues, seeds and developing fruits of
higher plants.

The pigment, phytochrome exists in two different forms i.e., red light absorbing form
which is designated as Pr and far red light absorbing form which is designated as Pfr.

Active 

form

Inactive 

form

P660 P730
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Under short day photoperiods, P660 which absorbed light at 660nm and this form is
retained for longer period, which stimulates flowering of short-day plants and
suppresses flowering of long day plants.

On Oppositely,
Under long-day photoperiods, P730 which absorbed light at 730nm and this form is
retained for longer period, which stimulates flowering of long-day plants and
suppresses flowering of short ay plants.

PP. No. 490



PP. No. 490



Differences between Pr and Pfr forms of phytochrome

No. Pr form No. Pfr form

1 It is blue green in colour. 1 It is light green in colour.

2 It is an inactive form of

phytochrome and it does not

show phytochrome responses.

2 It is an active form of

phytochrome and hence shows

phytochrome responses.

3 It has maximum absorption in

red region (about 670nm).

3 It has maximum absorption in

far-red region (about 730nm).

4 Pr form is converted into Pfr

form in day time in red region

(660-670nm).

4 Pfr form converted into Pr form

during night time in far red

region (730-735nm).

5 It is diffused throughout the

Cytosol.

5 It is found in discrete areas of

cytosol.

6 The Pr form contains many

double bonds in pyrrole rings.

6 The Pfr form helps in

rearranged double bonds in all

pyrrole rings.
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Lobimenka and Scheglova (1938) propose this hypothesis and according to
this theory, flowering is depends on physiological process (photosynthesis
& Respiration) during the period of light and dark reactions.

They observed the ratio of energy in between photosynthesis & Respiration
is almost equal in long day and lower in short day plants , means light
reaction is fully decomposed the photosynthetic products in SDPs but partly
(less) in LDPs, which is reverse in dark reaction.

This hypothesis, further supported by studies on inhibitors (cynide, sodium
azide and dinitrophenol) suppressed oxidative processes in LDPs means it
inhibit the flowering in LDPs and promote the flowering in SDPs . But
oxidative processes in SDPs means it inhibit the flowering in SDPs and
promote the flowering in LDPs.

However, the effects of inhibitors are not fully convincing in darkness under
long day condition, hence this theory is not widely accepted.
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Chailakhyan (1968) proposed this hypothesis by named “Concept of two phase
flowering” in which he presumed that flowering plant passes two phases of life.

1. Flower stem formation phase: This phase requires metabolic changes as observed
under LD species flower under LD condition:

The day length affects a plant metabolism by increasing carbohydrate contents
and metal containing oxidases in leaves, auxins in stem apices and gibberellins in
leaves, but decrease in content of Nitrogenous compounds.

2. Flower formation phase: This phase requires metabolic changes as observed under
SD species flower under SD condition:

The process is followed by increasing Nitrogenous compounds reduce
respiration, oxidases in leaves, metabolites of nucleic acid, metabolism in stem
apices and anthesin in leaves.

Chailakhyan assumed that two reverse kind of metabolism involved in
flowering is an adaptation occurred during the course of evolution in SDPs & LDPs.

But this theory has two difficulties that...

(i) The influence of day length is similar on the contents of nutrients and hormonal
substances in both long day & short day plants , is not believable.

(ii) Existence of anthesin in leaves is not proved.
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(1) PHOTOPERIODISM IN RICE: 
Kar & Adhikari (1945): Winter varieties of rice, flower earlier under short days (SD).
Sircar andGhose (1947): Summer varieties of rice, delay in flowering under short days (SD) due to high
temperature treatment.
Misra, 1954: Reported while working on 4 long days varieties of rice, given different response under short
photoperiod and concluded that response of short photoperiod varied from variety to variety.
Ghose and Shastry(1954): worked on 50 varieties of rice and succeeded in producing synchronise flowering for
hybridization programme by giving an 8-hours to 30 days photoperiod. Old seedling required 30 days
treatment of photoperiod.

(2) PHOTOPERIODISM IN WHEAT: 
Kar (1940), Pal & Murty (1951) and Misra (1958): Revealed that long photoperiod increased flowering in
Indian wheats for normal growth, and yield but it require low temperature at early stages and high
temperature at ear formation. Long photoperiod hasten earing but reduce size of ears and suppress tillering.
Chinoy and Nanda (1951 & 1957): Summer They stated that the varies NP 16, NNP52,and PBC 591 treated
with long photoperiods during germination showed shorting of vegetative growth. Short days photoperiod
reduced stem elongation, decrease weight of plant and less tillering due to reduction in the duration of
photosynthesis. The experimental finings revealed that the absorption of nutrients is determined more or less
by pattern of growth imposed by photoperiod.
Nanda, Chinoy and Sirohi (1958 to 1961): They have done many experiments on wheat and confirmed that
short day and long day treatments reduce the grain straw ratio. In short day, due to reduction in NAR (Net
assimilation rate and in long day due to interference with synthesis of regulatory substances (plant hormones
(auxins, cytokinins, gibberellins, abscisic acid and ethylene are growth regulatory substances). The
photoperiodic treatment affects on nos. of fertile pollen grains, weight of ear and nos. of grains/ear.



(3) PHOTOPERIODISM IN SUGARCANE: 

Vijayasardhy and Narsimhan (1953):

They observed that any variation in day length suppress the flowering in sugarcane by
alteration in vegetative phase before the formation of floral primordial, delay flowering. If
photoperiod is changed after flowering, there is no marked effect on plant.

However, dark period is prolonged of 4 hrs after normal night produced
simultaneous (at exactly the same time) flowering in both early and late varieties of sugarcane
which is advantageous for breeders, a crossing between them is possible. The effect of , dark period
was increase with the age of the plant.

(4) PHOTOPERIODISM IN JUTE: 

Kundu, Basak & sarkar (1959):

They observed that photoperiod of 10-12 hrs is induced flowering in in both
the species of jute i.e. Corchorurus olitorius and C. Capsularis (short days Plants) in 30
days. But the critical period is 12½ hrs beyond which flowering is retarded.



1. Hastening of Ear head production:

During long light exposure Photoperiodism is an example for
physiological preconditioning. The stimulus is given at one time
and the response is observed after months. Exposure to longer
photoperiods hastens flowering.
Example, wheat is long light exposure, Pr form is converted into
Pfr form and flowering is initiated. The advantage is that crop can
harvest earlier. If dark period is greater, Pfr is converted into Pr
form that inhibits flowering.

2. The phytochrome mediated photo responses in plants:

It is useful in photoperiodism, seed germination, sex expression,
bud dormancy, rhizome formation, leaf abscission, epinasty, flower
induction, protein synthesis, pigment synthesis, auxin catabolism,
respiration and stomatal differentiation.



3. Annual plants flowered twice in year:
The vegetative growth, time of flowering and fruiting in different

species can be controlled artificially by giving varying length of
day, hence in annual plant sp., flowering may come twice in year
thereby farmers get benefit two crops and doubling their yield.

4. Synchronous flowering for breeding purpose:
Normally, crossing is not possible when there is a early (f) and late
variety (m) or vice-versa. But by controlling length of a day
artificially that helps in brought flowers at a same time
(synchronous flowering) in varieties thereby crossing is possible
otherwise it is not feasible in nature. Hence, breeding point of
view, it is very important aspect.

5. Seasonal Production Approach in Poly house:
Commercial production of flowers can be increased even under
different seasons under controlled condition (Poly house).





 Klippart in 1857, while working with two varieties of wheat the winter and spring wheat,

noticed the low temperature requirement for flowering.

 T.D. Lysenko in 1920s The term vernalization was coined by him and the original Russian

word is “Jarovizacija” –A true meaning of it is “transformation of winter forms to spring”.

 Lysenko (1929-30) observed that, if seeds of winter wheat are germinated in an ice box and

subjected to suitable light, moisture, these can be shown in spring season and will flower with

spring varieties of wheat.

 Chourad (1960) has defined vernalization as the “Acquisition of the ability to flower by a

chilling treatment.

 F.G. Gregory and O.N. Purvis (1961) have also contributed to the study on vernalization.

Purvis stated that seed must contain at least 90% water of their absolute dry weight for

adequate vernalization.

 This type of agricultural practices results in shortening of the interval between sowing and

flowering.

 Vernalization method can be successfully applied in families Graminae (oat, Wheat),

leguminaceae (Pea, Clover), Cruciferae (Cabbage) etc.

 In many plants the flowering is influenced not only by the correct photoperiod but also by

the temperature.



 Definition:
“Acquisition or Acceleration of the ability of plants to
flower earlier due to the stimulation of florigen hormone
by cold treatment(s) is called “Vernalization”.



Hyoscyamus niger (henbane), has two types of plants one is annual and other is
biennial. Both of them are long day plants and when exposed to short day will grow
vegetatively. Even the biennial type can be made to flower if its ten days old seedling
are subjected to cold treatment (vernalised).

PRACTICAL UTILITY OF VERNALIZATION: EXPLOITED BY RUSSIAN SCIENTIST LYSENKO

 Crop can be produced earlier because of vernalization shortens the vegetative
period of plants & induce flowering.

 Crop can be grown in the regions where they do not naturally reproduced;

 Plant Breeding work can be accelerated.

 In colder countries like Russia, wherein the winters are severe, vernalization has
been of great importance in agriculture. By this process certain crop plants could
be made to escape the harmful effects of severe winters, thus improving the crop
production.

 In warmer countries like India vernalization practice has not been in use mainly
because it’s a costly process and winters are comparatively not very serve winter
as to harm the crop plants like in Russia.



 The termed “Vernalization” was given by
Lysenko (1928).

Scientist Lysenko 



Site of Vernalization:

 Apical meristem, Embryo, Young leaves (Cabbage)
 The stem apex mainly perceive the effect of Vernalization but

Wellensick (1961-62) has succeeded in vernalizing leaves and roots
of Lunaria biennis.

Transmission of Vernalization Effect:

 Through cell division from a parent cell to daughter cell but not
through a graft union as in case of photoperiodism. In some plants
vernalization can be affected only after some vegetative growth.

Devernalization:

 It is the process by which the vernalized seeds can be devernalized
by reverse effect i.e. seeded are again treated with higher
temperature (25 - 40°C). Devernalization can be affected by exposure
of vernalized plants to high temperature, high nitrogenous
atmosphere and High CO2 in atmosphere(20%).



In the process of vernalization, the completion of one stage is absolutely necessary for

the commencement of next one. Each of these stages required –suitable dose of temperature,

humidity, light, aeration etc. In lack of any one, further process is checked.

(A)Thermostage:

First stage is quite necessary also referred as vernalization stage or Lysenko stage.

Conditions required for successful passage are

(i) Temperature: Low temperature ranging from 0º C to 20º C, according to species.

(ii) Moisture : Moisture is equal important for neat completion of stage.

(iii) Aeration : Proper aeration is required otherwise may become a critical factor.

(iv) Time: Time or period for completion of thermo stage is not maintained, the response of

vernalization is decreased.

(B)Photo stage:

When thermo stage is complete, plant pass through another stage called photo stage There is

pronouced effect of relatve length of day & night on flower production. This phenomenon is

more correctly called photoperiodism.

(C)Gametogenesis stage:

While it is poorly known, it is a quite necessary for seed formation in connection with the

formation of sexual elements [(male gamete-microspores) +(female gamete-megaspores)] .

The photoperiod requirement for this stage is little shorter than photo stage in general.



 For vernalization, the seeds are allowed to germinate for some time.

 Given cold treatments by keeping them at 0-5º C.

 After, cold treatment seedling are allowed to dry for some time and then

sown. They should not be sown immediately after the cold treatment. The

drying period should not be long otherwise response of vernalization

decreases.

 The response of vernalization decreases if the period of vernalization is

interrupted by periods of heat treatment.

 Not only seeds but isolated embryos can be vernalized.





Gregory and Pulvis performed a series of experiments & concluded that leaf

numbers are deciding factor in vernalization for flowering.

Pohl and Cholodny (1935) stated that some substances of hormonal nature found in

leaves and are responsible for vernalization. They further observed that the itself

embryo devoid of hormones for growth, it must received from endosperm.

Maxmova performed an experiment in which endosperms of spring and winter

varieties of cereals were successfully interchanged.

Gregory and Pulvis (1936) observed that excised embryo separated completekly

from endosperm and grown on agar medium containing 2% glucose and mineral

nutrients can be vernalized in the same way as seeds. By this experiment it can be

concluded that embryo is alone able to synthesis hormones and not received

hormones from endosperm.

But in the absence of sugar supply the excised embryo fails to show

vernalization response.

Lysenko (1934) proposed the Phasic development theory in which growth and

development of an annual seed plant consists of series of phases which must

occur in some predetermined sequence. Commencement will take place only when

preceding phase is over. The phases require different external conditions for

completion like light and temperature. Vernalization accelerates the thermophase.





Melchers (1936) stated there is exists a hormone which is responsible for flowering. In

some plants gibberellins spray on shoots unvernalized plant can induce flowering. The

hormone has been named “vernalin” by Melchers (1939).

Lang and Melcher (1966) postulated that hormone called vernalin is produced on the

meristematic shoot apex of the embryo due to vernalization treatment which is

responsible for flowering.

Lang stated that there is a direct connection between vernalin and florigen. He

proposed the following scheme:

Hormonal Theory of G Melchers:

He suggested that low temperature induces the formation of vernalin. It

initiates the synthesis of the flower stimulus. The vernalin has not yet been isolated.

But some indirect evidence supports the existence of vernalin. He performed two

experiments:

(a) He grafted a plant part, stem, of a vernalized henbane (Hyoscyamus) to a – non-

vernalized henbane plant. He found that the non-vernalised henbane flowered.

(b) Florigen also passes through graft union. Some physiologists suggest that florigen

may be vernalization stimulus.

The experiments of Melchers and Lang proved it wrong. They grafted non-

vemalized henbane (Hyoscyainus niger) plant to vernalized Maryland Mammoth

tobacco plant. The henbane plant flowered. The stimulus transmitted from tobacco

plant to the henbane may be through photo inductive cycle or non-inductive.

Low temp.
Thermo-induced 
condition Vernalin Florigen Floweing



HORMONAL THEORIES :
First Hormonal Pathway was proposed by Lang and Melchers (1947) is schematically
shown below.

D
Higher temp.

Cold Normal temperature
A B C Flowering

Precursor Thermo -labile

According to the scheme, precursor A is converted into a thermo-labile
compound B during cold treatment. Under normal conditions, B changes into C which
ultimately causes flowering. But at higher temperature B is converted into D and
flowering does not take place (devernalization).

Chailakhyan (1968)

He refuted (disproved) the Lang’s experiment because under long day conditions

vernalins turn into gibberellins. Vernalin hormone is precursor of gibberellin. Vernalin is

doubtful hormone.

Hirono and Redei (1966)

He suggested gibberelins, uridylic acid and pyrimidine bases can replaced

vernalization.



VERNALIZATION OF DIFFERENT 
CROPS IN INDIA:

1. Rice
2. Wheat
3. Barley
4. Pea
5. Arhar
6. Gram
7. Mustard
8. Linseed
9. Sugarcane
10.Jute

Cereals

Pulses

Oilseeds

Others



India being a non-industrial country, its wealth lies in agriculture. But to

the ill-luck of Indian peasants, uncertainties of weather conditions offer great

hindrances in maintaining a good crop. Indian climate does not allow crops to

stand for a long period of time in a normal state.

During the period of development, crops are usually damaged by frost,

high temperature, excessive rainfall and floods. In India, peas (Pisum sativum)

and arhars (Cajanus cajan) crops are damaged every year by frost.

Similarly, certain strains of wheat at milk stage of maturation sad often

damaged by high temperature and summer crops like melons and watermelons

fall an easy victim to the early setting in of rains.

Under such circumstances utilizing vernalization if the crop could be

harvested within a brief span during which no adverse conditions may set in, the

condition of Indian peasantry can be actually bettered. Vernalization may resolve

this problems.

These kinds of temptations and considerations invited Indian scientists.

like other European countries, India, too, became lured by the practical utility of

vernalization.

Various attempts were made to vernalize plants. Scientific laboratories

were opened and both agriculturists and scientists worked regularly on crop

plants like wheat, barley, sugarcane and peas. But that was a hard time to

achieve any goal and soon enthusiasm evaporated because the experiments

performed could not yield any positive result.

VERNALIZATION IN INDIA:



At the same time, against failure from different places Vivekanand
Laboratories, Almora, offered promising results on vernalization of a number of crop
plants like mustard (Brassica juncea), pea, wheat and linseed (Linum usitatissimum).

Sen and Chakravarty vernalised B. juncea T-27 at two different stages, (i)
soon after sprouting, seeds with upslit seed coat soaked in water for 24 hours. The
result showed definitive earliness of about 23 days in the flowering.

RICE:

Kar and Adhikary (1945) and Sircar (1948) reported that low temperature
vernalisation induced some lateness in flowering rice crops. The chief objective of rice
vernalisation was to find possibilities saving the crop from flood and drought.
Parija and Pillay (1944) observed that pre-sowing low temperature and anaerobiosis
induced flood resistance in certain varieties of rice crops.
Hidayatulla and Sen (1941) and Kar and Adhikary (1945) reported that pre-sowing
high temperature appeared to induce early flowering in a number of varieties.

WHEAT:

Kar (1940, 1943), Pal and Murty (1941) and Sen and Chakravartv (1945) found that
wheat, in general, did not respond to vernalization.
It may be due to their short life cycle.
Chinoy (1963) reported that vernalized seeds of NP 165 under long-day, treatment
scored increased auxin content.



JUTE:

Kar (1943) studied the effect of vernalisation on jute (Corchorus capsularis) and
found that presowing cold treatment of seeds led to delayed germination, increased
production of green pigments in leaves and more vigorous growth in early state, but
no significant effect could be observed in the date of flowering.

Sen Gupta and Sen (1943-44) reported similar results, i.e., no effect of cold
treatment as flowering time or on vegetative growth.

Sen Gupta (1953) observed that cold treatments with longer periods led to some
earliness (up to 40 days) of lowering and fruiting. These findings were later
confirmed by Kundu, Basak and Sarcar (1959).

PULSES:

Pal and Murty (1941) and Pillay (1944) found that Gram (Cicer sp.) responded to
vernalisation which could flower under natural days in summer.



World’s Biggest Seed with Embryonic Root 
or Radicle

• The Royal Botanic Garden in Edinburgh
germinated this bowling ball-like coco
de mer (Lodicea maldivica) palm.

• The seed weighs 35lb (16kg) and can
produce a tree that will live up to 300
years.

• Scottish botanists put in a dark case,
and now a root has developed. It will
produce one leaf a year for the next few
years. The tree will begin to flower in
20-30 years and produce its own seeds
after another five to seven years (Seed
formation Dt. 10-09-2003).

• Source: http://www.crocus.co.uk/whatsgoingon/regionalscotland/

Radical





Chilakhyan’s hypothesis: This hypothesis 
assumes that flowering hormone – florigen is a 
complex of two types of substances –
gibberellin and anthesins. Gibberellin is 
essential for growth of the plant stems and 
anthesins are required for flower formation. 
According to him, flowering in all annual seed 
plants requires two phases: (i) Floral stem 
formation phase (ii) Flower formation phase. 
First phase involves increased carbohydrate 
metabolism and respiration with increased 
content of GA in leaves. Second phase requires 
intensive nitrogen metabolism, higher content 
of anthesins in leaves and nucleic acid 
metabolites in stem buds. Long day conditions 
favour the first phase while short day 
conditions favour second phase. In long day 
plants gibberellins are critical, while anthesins
are critical in short day plants. However, 
anthesin is hypothetical; it has not been 
isolated as yet. 



PHOTOPERIODISM IN SUGARCANE: 

J. Midmore (1956) studied the Effects of photoperiod on flowering and
fertility of sugarcane (Saccharum spp.) and revealed that the night light break regime
(NLB) is effective treatment to delay flowering when interrupted the natural
inductive day lengths.

Clones responded to a 10 min difference between inductive day lengths.
When the NLB was followed by natural days (shorter than normal for induction of
flower) all stages of development were hastened and also produced male sterile
plant.

(i) When Periods of NLB after floral initiation in general delayed development.
(ii) When applied at the spikelet initiation stage, flowering of clones was delayed by

1–2 weeks and pollen fertility was reduced.
(iii) When applied at the earlier stage of branch initiation, flowering of some clones

was delayed flowering and others were did not emerge.
(iv) When applied at Flag leaves inflorescence emerge but flowers longer than those

of control plants.



Arabidopsis thaliana as a
model system:

In flowering plants, the
transition from vegetative
growth to flowering is
controlled by both
developmental and
environmental signals.

Epigenetics-flower that comes from cold; A model for the action of the Polycomb
group protein VRN2 in vernalization, based on the results of Gendall et
al. vrn2 mutants show an increased DNAse sensitivity of FLC after vernalization
suggesting that VRN2 changes the structure at the FLC locus by recruiting a protein
complex with chromatin remodeling activity. This could establish or maintain the
epigenetic mark, which enables the plant to remember periods of cold temperature
for several weeks.

FLOWERING LOCUS C (FLC) blocks
flowering prior to vernalization

After vernalization 

Protein 

recruiting a protein 
complex with chromatin 



The GA-deficient na-1 mutant,
elongates dramatically when grafted to
a NA stock with mature leaves of pea
plant.

The na-1 plant on the left was
ungrafted, and remained short.

Ungrafted
GA-deficient
short plant

Arabidopsis; Winter annual requires cold
treatment for flowering but Rapid recycler
does not require vernalization

Gibberellins are known to overcome both cold treatment and
photoperiodic treatment in long day plants, but it has no effect on short day
plants. Synthesis of some unknown substance called ‘Vernalin’ during the period
vernalization has been clearly demonstrated by grafting experiments.



→ If, winter (Oct.- Nov.) varieties of wheat : Sonalika and Rye : Pusa Rabi, planted in spring season
(Feb.) only vegetative growth is occur, suppose if it flowered, it 1. delay flowering, 2. delay seed
setting 3. poor seed development in summer and 4. give low yield.

The winter rye called Secale cereale or Petkus rye is a binnial plant which requires cold
treatment for successful cultivation as one season crop. The grains of these plants are known for
their hardiness and quality for the purpose of milling and baking.

Procedure: Imbibed/soaked seeds (in water) are treated with chilling temperature i. e. 2-
5°C for 5-6 weeks (1.5 month before Feb, i.e. 15th Dec.) it produces normal flowering in spring
season, good seed development and harvest high yield.

→ By shortening the vegetative period of cereals by chilling treatment provides the escaping
mechanism against drought condition (May-June) that set the time of ripening period of crop.

→ Flowers can be produce in out of season.

→ Crop yield can be increased through vernalization treatment.

→ In fact, farmers used to cultivate this variety after subjecting the water imbibed grains to cold
treatment and growing them in the spring and harvesting in the same in summer. Among many
plants, Petkus rye (short day plants) was the first to be used for experimentation.

The other examples are Hyoscyamus niger (long day plant) Triticum aestivatum (CV
winter wheat), Lunaria bienensis, Arabidopsis thalliana, Lolium perennial, Beta Vulgaris, Brassica
oleracea, and others.



• Crops can be produced earlier and crops can be grown in the region

where they do not grow naturally.

• Plant breeding can be accelerated by the application of vernalization

technique.

• It increase the cold and drought resistance power of the plant.

• Helps to reduce incidence of diseases in several plants .

• Enhance the yield of crops.

• Vernalization is required to break dormancy and induce growth.

• Off season vegetables and crops and flowers can be produced by

vernalization.

• May help to resolve the adverse condition during the period of

development of crops.

• Devernalization helps in the control of flowering of onion, garlic, potato,

and other no. of plants.

• It shortens the vegetative period and hasten flowering period which will

make a benefit to the farmer.

IMPORTANCE OF VERNALIZATION:



CONDITIONS NECESSARY FOR VERNALIZATION:

1. Age of the plant:
It determines the responsiveness of the plant to cold stimulus and it differs in
different species. In case of biennial variety of henbane (Hyoscyamus niger), the
plants will respond only when they are in rosette stage and have completed at least
10 days of growth.

2. Appropriate low temperature and duration of the exposure:
Most suitable temperature is 1-6°C. The effectiveness decreases from 0 to -4°C and
Temp. above 7°C --14°C are almost ineffective in vernalizing the plants.

3. Oxygen:
Oxygen requirement low but absolute. Vernalizing is an aerobic process and
requires respiratory energy. In its absence, cold treatment becomes completely
ineffective. If respiratory inhibitors are used Vernalization decreases.

4. Water:
Sufficient amount of water is also essential. Vernalization in dry seeds is not
possible.
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DEFINITION:
Translocation of organic solutes: The movement of organic food
materials or the solutes in soluble from one place to another in
higher plants is called as translocation of organic solutes.

Why Translocation of organic solutes is essential in higher plants?
because:

(i) In higher plants, only the green parts can manufacture food and
it must be supplied to other non-green parts for consumption and
also for storage.

(ii)During the germination of the seeds, the insoluble reserve food
material of the seed is converted into soluble form and is
supplied to the growing regions of young seedling till it has
developed its own photosynthetic system i.e., leaves.

Translocation of organic solutes always takes place from the
region of higher concentration of soluble form i.e., the supply
end (source) to the region of lower concentration of its soluble
form i.e., the consumption end (sink).
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DIRECTIONS OF TRANSLOCATION:
Translocation of organic solutes may take place in the following 
directions:

1. Downward Translocation:
Mostly, the organic food material is manufactured by leaves and is 
trans located downward to stem and the roots for consumption and 
storage.

2. Upward Translocation:
It takes place mainly during the germination of seeds, tubers etc. 
when stored food after being converted into soluble form is 
supplied to the upper growing parts of the young seeding till it has 
developed green leaves.
Upward translocation of solutes also takes place through stem:
(i) To buds which resume growth in the spring
(ii) To developing leaves situated closer to its apex
(iii) To opening flowers and developing fruits which are situated 
near the ends of the branches.

3. Radial Translocation:
Radial (horizontal) translocation of organic solutes also takes place
in plants particularly in stem from the central cells of the pith to
cortex cells.
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1. PATH OF DOWNWARD TRANSLOCATION:

Downward translocation of the organic solutes takes place through phloem.
This view is supported by the following FIVE Evidences:

(i) Tissues other than phloem cannot account for downward translocation:

Ascent of sap takes place through xylem, so naturally organic solutes
are not trans located through it. The cells of the ground tissue are structurally
neither suitable for translocation nor they contain soluble organic solutes
which could be trans located.

These xylem cells usually have organic solutes in insoluble form. Thus,
only phloem is left which can account for translocation of the organic solutes in
soluble form. The end to end arrangement of the sieve tubes in phloem whose
cross walls (sieve plates) are perforated by sieve pores form continuous
channels and is best suited for it (Fig. 15.1).

Further, in Cucurbits where the leaves are usually larger, the stem
contains bicollateral vascular bundles to cope with the rapid translocation of
food materials through it.

(ii) Blocking of phloem:
Translocation of food materials stops when sieve pores are plugged 

due to the deposition of a chemical compound, the callose.
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Collateral Vascular Bundles-

1. This type of vascular bundle is found in
both dicot and monocot stems.
2. It is conjoint and may be open or closed
type depending on the presence and
absence of fascicular cambium.
3. Presence of one patch of phloem
towards outer side and one patch of xylem
towards inner side. A strip of cambium may
or may not be present between phloem
and xylem patches.
Example: Tridax, Zea.

Bicollateral Vascular Bundle:

1. It is confined to certain dicot stem only.
2. It is also conjoint but always open type
due to presence of fascicular cambium.
3. It consists of two patches of phloem
(outer and inner), two strips of cambium
(outer and inner) one patch of xylem at the
center.
Example: Cucurbia.
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(iii) Chemical analysis of phloem sap:

Cells of phloem contain large quantities of organic solutes

mainly sugars such as sucrose in soluble form.

(iv) Isotopic studies:

It has been observed that if a leaf of the plant is allowed

to photosynthesize in presence of labelled 13CO2 the translocation of

carbohydrates labelled with 13C isotope takes place through the

stem. But, if some segments of the stem including phloem, no

movement of carbohydrates could be detected upward.
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(v) Ringing experiment:

If a ring of bark including

phloem is removed from the stem of

a plant, the downward translocation

of food material stops and food

material accumulates just above the

ring.

As a result after some time,

the tissue above the ring swells and

may even develop adv. roots (Fig.

15.2) while the lower parts of the

plant below the ringed portion

gradually dry up.
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2. Path of  Upward Translocation:

Translocation of  organic solutes  takes place through phloem, but 

under certain conditions it may take place through xylem. 

3. Path of Radial Translocation:

Radial translocation of organic solutes also takes place in 

plants from the cells of the pith to cortex via medullary rays. 
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medullary rays
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Various theories have been put forward to explain
the mechanism of phloem conduction but they are not fully
satisfactory. Among them Munch’s (1930) hypothesis is
most convincing.

MUNCH’S MASS FLOW OR PRESSURE FLOW HYPOTHESIS:

This hypothesis put forward by Munch (1930) and
elaborated by Craft (1938) and others.

Translocation of organic solutes takes place in mass
through phloem along a gradient of turgor pressure from
the region of higher conc. of soluble solutes i.e., supply end
to the region of lower conc. i.e., consumption end.

The principle involved in this hypothesis can be
explained by a simple physical system as shown in Fig.
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Diagram illustrate the principle 
of Munch mass for hypothesis

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

Due to higher osmotic pressure of
the concentrated sugar solution in
membrane X, water enters into it so that its
turgor pressure is increased. The increase in
the turgor pressure results in mass flow of
sugar solution to membrane Y through the
tube T till the concentration of sugar solution
in both the membranes is equal.

As a result of photosynthesis,
mesophyll cells in the leaves contain higher
concentration of organic food material in
them in soluble form and correspond to
membrane X or supply end. The cells of stem
and roots where the food material is utilized
or converted into insoluble form correspond
to membrane Y or consumption end. While
the sieve tubes in phloem which are placed
end to end correspond to the tube T.
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 Mesophyll cells draw / absorbed water from the xylem of the leaf due to higher osmotic

pressure and suction pressure of their sap so that their turgor pressure is increased.

 The turgor pressure in the cells of stem and the roots is comparatively low and hence, the

soluble organic solutes begin to flow en mass from mesophyll through phloem down to the cells

of stem and the roots under the gradient of turgor pressure.

 In the cells of stem and the roots the organic solutes are either consumed or converted into

insoluble form and the excess water is released into xylem through cambium (Below Fig.).
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Fig. 15.4

The diagram showing

mechanism of solute

translocation according to a

the Munch’s hypothesis

http://cdn.biologydiscussion.com/wp-content/uploads/2016/02/clip_image007-52.jpg


DEMERITS OF MUNCH’S HYPOTHESIS:

(1) This hypothesis accounts for the translocation in only
one direction at a time, although there may be
simultaneous upward and downward translocation of
solutes.

(2) There is considerable doubt regarding the magnitude of
the turgor pressure at the supply end which may not be
sufficient enough to overcome the resistance offered by
the sieve plates in the translocation of solutes through
sieve tubes.

(3) Turgor pressure may not always be higher at the supply
end.

(4) This hypothesis is based on purely physical assumptions
and does not take into account the fact that whole of the
translocation process is may dependent upon the plant’s
metabolism and the metabolic energy.
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(1) PROTOPLASMIC STREAMING THEORY:

According to this hypothesis first proposed by De Vries (1885)

and later supported by Curtis (1935) protoplasmic streaming occurs

in sieve tube elements of phloem and the solute molecules caught up in

the circulating cytoplasm are carried from one end to the other

end of sieve tube from where they diffuse to the next sieve tube elements

through the cytoplasmic strands in the sieve plates.

This theory was supported because:

(i) It accounted for simultaneous movement of solutes in both upward and downward directions

in the same sieve tube and

(ii) That the factors like low temperature and oxygen deficiency which retard protoplasmic

streaming also checked the translocation of solutes.

But, the strongest objection against this theory is that the protoplasmic streaming has

not been observed in mature sieve tube elements.

Protoplasmic theory has recently been re-emphasized by Cany (1952) and Thaine (1962, 64) who

observed the ‘trans cellular strands’ (cytoplasmic strands) traversing the sieve tube elements in

petiolar tissue.

They also observed:

(i) The movement of solute particles from one sieve tube element to another

(ii) Particles moving in opposite directions in adjacent trans cellular strands in the same sieve

tube element.
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(2) INTERFACIAL FLOW HYPOTHESIS:

According to this hypothesis proposed by Van den Honert (1932) the solute
particles could move along the interfaces such as between the vacuole and the
protoplast. But this theory did not find support, the main objection against this theory
being
(i) the lack of evidences in support of such a mechanism in plants and
(ii) that the plant membranes are not static but constantly changing.

(3) ACTIVATED DIFFUSION HYPOTHESIS:
According to this hypothesis put forward by Mason and Phillis (1936) the

protoplasm of sieve tube elements in some way hastens the diffusion of the solutes
probably
(i) by activating the diffusing molecules or
(ii) by decreasing the resistance of the protoplasm to their diffusion. Although they

could think of the participation of the respiratory energy during this process but
were unable to give details of such a mechanism, and hence, this theory also has not
been accepted.

(4) ELECTRO-OSMOTIC THEORY:
According to this theory put forward by Fensom (1957) and Spanner (1958)

the translocation of solutes through sieve tubes takes place probably due to an electric
potential across the sieve plates. The electric-potential could be maintained by the
circulation of K+ at the sieve plates. But due to lack of evidences this theory could not be
elaborated further.
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Translocation:

It is the process by which movement of
carbohydrates/sugar through vascular system
(Phloem) from one part to the other parts of the
plant is called translocation.

Plasmodesmeta

PP. No. 365

Phloem consists of several types of 

cells: 

 sieve tube cells, companion

cells, and the vascular

parenchyma cells.

 Sieve cells are tubular cells with

end walls known as sieve plates.

 Sieve cells lost their nuclei but

remain alive, as empty cell.

Parenchyma cell



Source

Sink
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• Source is the location where food is produced 
(photosynthesizing leaves or storage tissue).

• Sink is the location where all plant parts are 
meet their own nutritional needs (roots and 
stems).

First Paragraph Information :
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No. Source: No. Sink:
1. It is the regions of photo-assimilates

production
1. Regions of photo-assimilates

consumption

2. Export photo-assimilates 2. Import photo-assimilates

3. Source is occur in chlorophyllous tissues 3. Source is occur in growing regions –
Stem & Root

4. High sugar concentration at “source”
(sugar loaded site)

4. Sugar unloaded at “sink” where it is
metabolized or converted to starch

5. ATP: energy is required when sugar
moves from a source to a sink by
osmotic pressure.

5. ATP: energy is required when sugar is
converted into starch as a storage or
metabolized for various functions.

6. e. g. Leaves, stipules, fruit wall, young
stem, pedicel, awns, peduncle, calyx,
bract etc.

6. e. g. Storage organs – Fruit and Seed

7. Source is limited in the such crops like
wheat, rice, pulses and oilseeds

7. Sink is limited in the such crops like
sorghum, maize, bajra and ragi.

8. Auxin promotes source uptake 8. Cytokinin increases photo-assimilates
import in sink.

Additional Information:
PP. No. 365



Last paragraph  of PP. No. 365:
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(1.) Apoplastic Movement / Pathway:

Transport of assimilates/ Photosynthates / food materials from one cell
to another cell through cell wall is known as Apoplastic Pathway.

(2) Symplastic Movement / Pathway:
Transport of assimilates/ Photosynthates/ food materials from one cell
to another cell through plasmodesmata in cytoplasm is known as
symplastic Pathway.

Transport of food materials from root to xylem 
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Food moves through the phloem by a Pressure-Flow Mechanism OR Mass Flow Mechanism.

Sugar moves (by an energy-requiring ATP) from a source (usually leaves) to a sink (usually

roots or fruit) by osmotic pressure. Translocation of sugar into a sieve element increase

osmotic potential that causes water to enter in sieve cell. Now, sugar + water mixture

(phloem sap) increasing the pressure, hence sap to flow toward an area of lower pressure,

the sink through companion cells. In the sink, the sugar is transferred from the phloem to

sink (fruit) by further ATP is requiring and starch is used in for various metabolic functions.

Excess water again re-back into xylem.

Phloem loading for Sugar

Translocation:
The mesophyll cells (symplast) of

leaf synthesis sugar that move into

companion cells and finally transfer into

phloem sieve tubes cells through

plasmodesmata is called “phloem

loading”.

Phloem unloading:
The sugar (photosynthates) are

transfer from phloem sieve tube elements

to the cells of a sink is called “phloem

unloading”.

Sources are places where sugars

are being produced.

Sinks are places where sugar is

being consumed or stored. If it is unable to

utilize, it inhibit or reduce photosynthesis.

ATP 
Require

ATP 
Require

Water 

Re-back 
into Xylem
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 In later case, the sugars are actively

loaded from apoplast to sieve tubes by

an energy driven transport located in

the Plasma Membrane of these cells.

The mechanism of phloem loading in

such case is called Sucrose -H+

symport or cotransport mechanism.

 According to this mechanism protons

(H+) are pumped out through the

plasma membrane using the energy

from ATP and ATPase carrier enzyme,

so that concentration of H+ becomes

out side (in the apoplast) than inside

the cell.

 Spontaneous tendency towards the

equilibrium causes protons to diffuse

back into the cytoplasm through

plasma membrane coupled with

transport of sucrose from apoplast to

cytoplasm through Sucrose -H+

symporter located plasma membrane .

Cell wall
Apoplast

Cytoplasm
Symplast

Plasma 
Membrane

PP. No. 366Fig. 15.5 Sucrose -H+ Symport or Co-transport Mechanism

Phloem loading is specific and selective for transport sugars & differed in various spp..



Details Apoplastic loading / 
Movement / Pathway

Symplastic loading / 
Movement / Pathway

Types of sugar transport Sucrose Sucrose + other oligo-
sachharides

Types of  companion cells in 
small veins

Ordinary or transfer cells Intermediary cells

No. of plasmodesmata
connecting sieve tubes 
(including companion cells) 

Fewer Abundant

Table 15. 1 patterns in apoplastic and syplastic phloem loading

PP. No. 366

Experimental findings revealed that the patterns in apoplastic and syplastic phloem
loading is relates with type of sugar, type of companion cells9ordinary, transfer or
intermediatery) and nos. of plasmodesmata.

To some extent, phloem loading is also relates with the family of plant, its habit
(shrubs, vines and herbs) and different climates (temperate, tropical or arid).



ASSIMILATES PARTITIONING 

The products of carbon assimilation or photosynthesis such as hexoses; sucrose,

starch etc (i.e.. fixed carbon) are called as photosynthates or photo-assimilatcs or

simply as assimilates.

These assimilates are produced in green leaves of higher plants which constitute

the sources. Within various compartments of photosynthesizing cells (sources), these

assimilates are

(i) Metabolically utilized,

(ii) Stored or

(iii) Converted into transport sugars mainly sucrose for export to various sinks

(through phloem) such as young leaves, roots, tubers, stems, fruits and seeds.

At the sinks, assimilates are metabolically utilized and/or stored in receiver cells

of sinks. Depending upon the nature and specific requirement of the sinks, the

photo-assimilatcs are differentially distributed in different sinks. This differential

distribution of photo-assirnitates in different sinks of plant is called as assimilates

partitioning.
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Usually, the amount of assimilates transported to the harvest organ is much more in

comparison to other organs of the plant.

Therefore, transport of assimilates and their partitioning are of great research interest

in agricultural plant physiology because of their roles in crop productivity.

Although attempts to increase photosynthetic activities of the leaves have met with only

very little success, but the harvest index (j. e., the ratio of the harvest yield such grains to

the total shoot yield) or yields of many crop plants such as oats, barley, wheat, cotton,

soybean, peanuts etc., has considerably been increased during recent years by sustained

plant breeding efforts in selecting and developing varieties with improved transport of

assimilates to edible or economically important portions of the plant.
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FACTORS  AFFECTING TRANSLOCATION AND 
ASSIMILATES PARTITIONING IN HIGHER PLANTS 

1. Competition among sink tissue for available translocated assimilates:

Competition among various sink tissues or organs such as young leaves,

stems, roots fruits and seeds for transport sugars is an important factor in determining

translocation pat. tern in whole plant.

Experiments have shown that if a sink is removed from a plant, there is

increased translocation of assimilates to other competing sinks.

Reproductive tissues such as fruits and seeds for instance, can compete with

growing vegetative tissues such as young leaves and roots. On the other hand, sudden

and drastic curtailing of sources (such as by shading all the leaves except one) and

keeping the sinks intact in sugar beet and bean plants, resulted in increased supply of

assimilates to young leaves than lo roots indicating thereby that young leaves are

stronger sinks than roots in these plants.

The sink strength i.e., the ability of the sink to mobilize photosynthates or

assimilates toward it depends on sink size and sink activity:

Sink strength = Sink size X Sink activity

Sink size is the total weight of the sink tissue while sink activity is defined as

the rate of uptake of assimilates per unit weight of the sink. Sink activity is in turn

governed by various enzymes that are involved in metabolic utilization and storage of

assimiltes.
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2. Photosynthesis and sink demand:

 Rate of photosynthesis (i.e.. the net amount of carbon fixed per unit area of

leal per unit time) is strongly influenced by sink demands.

 A substantial increase in sink/source ratio results in increased rate of

photosynthesis in the source leaves.

 Rate of photosynthesis declines when sink demand decreases or in other

words sink/source ratio is decreased.

 Under such condition, rate of photosynthesis is markedly inhibited especially

in those plants which usually store starch instead of sucrose during the day.

 It is believed that under reduced sink demand in plant, assimilates pile up in

the leaves (sources) which cause product inhibition of photosynthetic

reactions.
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3. Long Distance Signals Between Sources and Sinks:
The signals between sources and sinks may be physical such as turgor pressure or chemical such as

phytohormones (plant growth regulators).

(i) Turgor Pressure:

Rapid phloem unloading results in decrease of turgor pressure in sieve elements of phloem in sink

tissues which is transmitted to the sources via interconnecting system of sieve elements. Consequently,

rapid phloem loading occurs in sieve elements of phloem at the sources which increases their turgor and

the translocation of assimilates from sources to sinks is increased.

Rate of translocation of assimilates or organic solutes would be decreased if phloem unloading at the

sinks is slow.

It is believed that turgor affects transport of assimilates across the plasma membranes by modifying

the activities of proton pumping ATPase located in the membranes.

(ii) Phytohormones or Plant Growth Regulators:

Phytohormones such as auxin, gibberellins, cytokinins and ABA are transported through out the

plant in vascular system and evidences are now accumulating that these growth regulators might regulate

source-Sink relationships at least partially and affect assimilates partitioning by controlling growth of

sinks, senescence of leaves and other developmental processes.

The best studied cases involve remobilization of stored reserves in storage tissues such as tap roots

or sugarcane stem parenchyma, from where they are directed to new typically reproductive sinks.

Formation of these new reproductive sinks is itself often under the control of growth regulators. These

new sink tissues may in turn also synthesize and release growth regulators which act as strong mobilizing

agents.

According to Gifford and Evans (1981), combinations of plant growth regulators may have

additive, synergistic or inhibitory effects on assimilates partitioning.
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4. Plasmodesmata:

It play important role in phloem loading and unloading-large

pressure differences between the closed cells. Closing of

plasmodesmata and sieve pores are operates by deposition of callose

which regulated by cytoplasmic calcium level, markedly inhibits

translocation.
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• How does plants transport water & carbohydrates or minerals?

– Mass-flow or pressure-
flow hypothesis:



X- Source sink Relationship / interaction:

1. Source sink equilibrium

2. Small surplus source for stress 

3. High source size during sink differentiation

4. Improve strength by activity

5. Synchrony of sink - organ development

6. Increased HI is reached – increase DMA

7. Reduce photorespiration in C3 plants

Additional Information:



X  Limitations:

Source: wheat, rice, pulses, oilseeds
Sink: bajra, ragi
Transport: sorghum, maize (green leaf at harvest; senescence of phloem Parenchyma)

Sink limitation:

 Late anthesis (Long Vegetative phase)
 Indeterminate (Vegetative & Reproductive growth)
 Vegetative growth at Reproductive phase
 Less sink number and size
 Hormonal imbalance
 Any Stress
 Multi-sink demand (nodules supply 25 – 75 % of N demand)

Source limitation:

 Low canopy photosynthesis
 Low optimum LAI
 Slow peak LAI (lag vegetative growth)
 Low LAD at filling
 Early leaf senescence
 Stress – nutrients, water

Additional Information:



 ABA inhibit sucrose uptake in source (Loading)

 Auxin promotes source uptake

 Starch accumulation in chloroplast inhibit photosynthesis

 ABA in leaves causes closer of stomata (Inhibit CO2 fixation)

 Cytokinin delays senescence of source and sink

 Cytokinin in sink increases photo-assimilates import 

 Ethylene induces senescence process.

Additional Information:



Radial transport of boron uses several plasma membrane–localized
transporters: the BOR exporters and the NIP influx carriers.

BOR1 localizes to the endodermis and pericycle and get entry in xylem vessel.
BOR4 type boron is secreting from the root which is detoxified by epidermal

cells and disposed/eliminated from the cell immedietly.
BNIP5 localizes to the epidermal, cortical and endodermal cells,
BNIP6 is localized between the xylem and the phloem flows and then

transported into Phloem, but not in xylem.
 In the apoplastic distribution of boron is limited by the Casparian ring (barrier)

in endodermis. Out of two Boron molecules, only one is enter in pericycle.

Boron transport as an example that combines different transport mechanisms



During the first visible signs of tuberization, a
transition occurred from apoplastic phloem unloading to
symplastic transport. After that switch on symplastic sucrose
unloading by sucrose metabolism (several genes are
responsible).

The activity of invertase enzyme in nontuberizing and
tuberizing stolons revealed a marked decline in the sub-
apical region of swelling stolons indicating switch from
apoplastic to symplastic unloading.

However, cell wall–bound invertase activity remained
high in the apical 1 to 2 mm of tuberizing stolons. The apical
and lateral tuber buds function to sucrose unloading and
metabolism.

Phloem unloading in potato plants in early 
stages of tuberization: 



Symplastic transport (left)
uses plasmodesmata that
interconnect the
cytoplasms of neighboring
cells. A modified
endoplasmic reticulum
(ER) forms part of the
plasmodesmata structure.
Apoplastic transport
(right) involves passive
diffusion of molecules in
the extracellular space, the
cell wall. Transcellular
transport (center)
combines apoplastic
transport with a secretion-
and endocytosis-based or
channel- and carrier-based
transport pathway to cross
plasma membranes.



Translocation of Assimilates by Phloem 
loading & Unloading OR Source –Sink Concept

• Pressure flow due to translocation or
movement of food from “source” to
“sink(s)”.

1 High sugar concentration at
“source” (sugar loaded site)

2 Sugar diluted with water from
xylem creating pressure for flow

3 Sugar unloaded at “sink” where it
is metabolized or converted to
starch

4 Excess water flows to xylem back
to “source”

5 Water goes upward in xylem vessel
through transpiration stream.

Loading site

Unloading 
site


