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Plants serve as a source for sustainable food and biofuel and also play crucial roles in
maintaining human health and ecosystem. Thus, it becomes imperative to under-
stand the mechanisms of plant growth and development. Plant physiology is that
significant branch of plant science which deals with understanding the process of
functioning of plants at cell, molecular, and whole plant levels and their interaction
with the surrounding environment. In spite of being static in nature, plants can
withstand adverse growth conditions due to a variety of adaptive mechanisms.
Intracellular compartmentalization of biochemical pathways, expression of
membrane-associated transporter proteins specific for various ions and metabolites,
production of secondary metabolites with multiplicity of protective functions, and a
wide variety of photoreceptors biochemically synchronized with various environ-
mental and developmental conditions are some of the noteworthy adaptive features
of plants enabling them to survive in almost all possible situations. The plethora of
information available today has been made possible through interaction of cell and
molecular biology, biochemistry, and genetics to understand plant processes.

Plant physiology is an experimental science. Plant water relation is the first area
of research in plant physiology which caught attention of scientists. Stephen Hales,
also called as the Father of Plant Physiology, published the book Vegetable Staticks
in 1727, highlighting various experimental studies on transpiration and root pres-
sure. In the beginning of twentieth century, the development of physicochemical and
biochemical techniques further facilitated the understanding of the plant processes.
These techniques include spectral analysis, mass spectrometry, differential centrifu-
gation, chromatography, electrophoresis, and the use of radioisotopes, besides many
others. In the last two decades, plant physiologists made an extensive use of the
molecular tools and Arabidopsis as a model organism to facilitate learning about the
role of genes and the crosstalk among various biomolecules affecting plant functions
and development. Lately, chemical biology has also contributed significantly
through the use of small molecules to identify intracellular targets, thereby
facilitating development of new herbicides and plant growth regulators. They are
also used to identify novel signaling pathways. Small molecules are used to alter
protein structure and explore the biological roles of target proteins (an area termed as
chemical genetics). Low-molecular mass molecules are used as probes to modify
biological processes. Major areas in plant physiology which have gained a lot of new
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information include growth and development (both vegetative and reproductive),
physiology of nutrition, metabolism, and plant responses to the environment.

Compilation of this volume was very enlightening as it demonstrated the extent to
which information and concepts in plant physiology have changed over the years.
The writing of this book began in July 2015 and took almost 3 years of persistent
reading, assimilating, and consolidating of relevant information from various
sources into 34 chapters. While presenting the current concepts in an understandable
manner, due emphasis has also been laid on historical aspects, highlighting how the
concepts evolved. All contributors are associated with Delhi University and have
firsthand experience of the problems being faced by undergraduate students of plant
science discipline in assimilating meaningful information from the vast literature
available in plant physiology. So, the need for an easy-to-understand, systematic,
and up-to-date account of plant physiology has led to writing this book. The book is
well illustrated, and all illustrations have been either drawn in original by an expert
or designed from experiments in the laboratory or field. The volume has been
brought into its present form through strong technical support from the very sup-
portive bright members of the research group of Professor Bhatla.

Dr. Manju A. Lal would like to thank her father, late Shri V. P. Gupta, who was
instrumental in her taking up teaching science as a career choice. Dr. G. S. Sirohi,
former head of the Division of Plant Physiology, Indian Agricultural Research
Institute, initiated her into research and guided her Ph.D. work. Thanks are due to
him. Last but not the least, Dr. Manju A. Lal would like to acknowledge the
unstinted support of her husband, Dr. Anandi Lal, and son- Nitin A. Lal, during
the long and arduous task of writing this book.

Professor Bhatla takes this opportunity to dedicate this work to his teachers,
Professor R. C. Pant (former Head and Dean, College of Basic Sciences at G. B. Pant
University of Agriculture and Technology, Pantnagar, India) and Professor Martin
Bopp (former Director, Botanical Institute, University of Heidelberg, Germany).
Professor Bhatla remains highly appreciative of the strong support and encourage-
ment from his wife, Dr. Rita Bhatla, and children- Rajat, Vrinda, and Sahil. They
were fully aware of the intensity with which this work was being pursued and also
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Transport of Water and Nutrients

Mechanism of water transport across plasma membrane through aquaporins. More details are
provided in Chap. 3, Sect. 3.7.4, Fig. 3.10

Chapter 1 Plant Water Relations
Chapter 2 Mineral Nutrition
Chapter 3 Water and Solute Transport
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Water is one of the most important constituents of life. Chemically, water is the
hydride of oxygen. Oxygen, being more electronegative, exerts a strong attractive
pull on its electrons. This unequal attraction results in small positive charge on
two hydrogen molecules and a small negative charge on the oxygen molecule. The
two lone pairs of electrons of the oxygen molecule result in bending of water
molecule. The partial charges on oxygen and hydrogen molecules result in high
electric dipole moment and polarity of water molecule. The distinct physical and
chemical properties of water, namely, cohesion, surface tension, high specific
heat, high heat of vaporization, lower density of ice, and solubility, are due to
hydrogen bonding between water molecules (Fig. 1.1). Water forms solution with
large number of compounds. It is thus usually referred as a universal solvent. The
solvent action of water is of tremendous importance for the cells. All cells require
water, dissolved ions, and sugars to survive. Cells undergo oxidation-reduction
reactions, and water serves as the medium in which all these reactions are carried
out. Plants, being immobile and autotrophic, have to depend on the supply of
water and minerals from the soil and carbon dioxide and light from the atmo-
sphere. Transport of water and minerals in the vascular strands is based on the
differences in pressure and concentration gradients of both solutes and the solvent
(water). The transport of minerals and water from the soil to xylem and from
xylem to substomatal cavity is referred as short-distance transport. Once water
enters the xylem elements, it is transported up to 100 m or more by the
transpirational pull created in the leaves. Therefore, there is need to have an
essential long-distance transport by two different transport systems involving
transport in opposite directions. This chapter shall focus on various mechanisms
of short- and long-distance transport in plants.
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Fig. 1.1 Structure and unique features of water. (a) The two hydrogen atoms in water molecule
carry partial positive charges, whereas oxygen atom carries a partial negative charge. (b) Water
molecule has a bent geometry, thereby causing asymmetric distribution of charge. So, water is
polar. (¢) Neighboring water molecules are linked through hydrogen bonding between oxygen atom
of one with hydrogen of the other

1.1 Water Potential and Its Components

The free energy of any molecule determines its capacity to perform work. The
chemical potential is the free energy per mole of any substance in a chemical system.
Chemical potential is a relative term. It is expressed as the difference between the
potential of a substance in a given state and the potential of the same substance in a
standard state. The chemical potential of water (plant physiologists use the term
water potential) is the free energy of water. It is the chemical potential of water
divided by partial molar volume. In other words, water potential is a measure of free
energy of water per unit volume (Jm ). In terms of pressure units, water potential is
expressed as MPa (megapascal). The lower the water potential of the plant, the
greater is its ability to absorb water and vice versa. It also helps to measure the water
deficit and stress in plants. Water potential is not an absolute value and is symbolized
by the Greek letter W, (psi). Water potential of pure water is maximum and its value
is zero at the atmospheric pressure. In a living cell, water potential refers to the sum
of the following components:

\Pw:lPs + le + le + ng

where W, is the water potential, ¥, solute/osmotic potential, ¥, pressure potential,
W, gravitational potential, and ¥, matric potential.

1.1.1 Solute Potential
Osmotic potential (W,) or solute potential refers to the effect of solutes on water

potential. Solutes reduce the free energy of water. The addition of solutes also
changes the colligative properties of solutions. Macromolecules, like proteins,
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nucleic acids, and polysaccharides, have far less effects on the solute potential as
compared to their respective monomers. The cell stores fuel as macromolecules
(starch in plant cells or glycogen in animal cells), rather than glucose or other simple
sugars to avoid drastic changes in osmotic potential.

For dilute solutions, the osmotic potential can be calculated by using Van’t Hoff
equation

Y, = —iCRT

where i is the ionization constant (for sucrose the value is 1, but for ionic solutes, it is
multiplied by the number of dissociated particles), C solute concentration in moles,
R gas constant (8.314 ] .molfl), and T temperature in Kelvin (273 + Cof solution).
The —ve sign indicates that dissolved solutes reduce the water potential of the
solution. This equation is valid for dilute solutions only. Using this equation,
water potential and solute potential of a cell or tissue can be measured (Box 1.1).

Box 1.1: Methods to Measure Osmotic Potential

Plasmolytic method: A series of sucrose solutions with different osmotic
potentials are prepared. Epidermal peels of Rhoeo, red onion containing
anthocyanin, are placed in different solutions, and after about half an hour,
the peels are observed under the microscope. Some of the peels from different
solutions will show the cells to be fully turgid, or they become flaccid
(plasmolyzed). The number of plasmolyzed and unplasmolyzed cells is
counted and their percentage calculated. In some epidermal peels, 50% of
the cells are just beginning to show the signs of plasmolysis (incipient
plasmolysis). During incipient plasmolysis, the turgor pressure of the cell is
zero, and the osmotic potential of the cell contents is equal to the water
potential and osmotic potential of the external solution.

Hypertonic Isotonic Hypotonic

0
sopia 0
o 0 Apoplast [ ‘\ Plasmamembrane

Hechtian —
) \

U \ -~
H:0 @ | H:0 \,‘mo| H;0 | H:0

% 7/ /

strand A\
v h Vacuole
\ \ }-7 Tonoplast

= Cell wall Cytoplasm

T 0\ =
Plasmolyzed Flaccid Turgid
Cell placed in hypertonic solution (left) undergoes plasmolysis due to loss
of water from vacuole. In an isotonic solution (center), cell remains flaccid, but
in a hypotonic solution, the cell is fully turgid (right). Plasma membrane is

(continued)
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Box 1.1 (continued)
connected to cell wall. These connections are retained in the form of thin
strands at the time of plasmolysis. These are known as Hechtian strands.

Methods to Measure Water Potential

Gravimetric method: This method is the same as volumetric method. It
involves the placement of pre-weighed plant tissue (potato tissue cylinders)
into graded series of solutions of sucrose or other osmoticum (osmotically
active solutes) at a defined osmotic potential. After 1 h of incubation, Tissue
weight gain or loss is plotted against the water potential (¥, = ¥;) of each
solution. The water potential of the solution in which there is no net gain is
equal to that of tissue.

Charadakov’s or Falling drop method: Two series of sucrose solutions
(ranging from 0.15 to 0.5 molal, in increments of 0.5 molality) are placed in
two sets of test tubes. An equal amount of tissue is placed in the two sets of test
tubes. In another set, equal and minute amount of methylene blue is added.
After half an hour, incubated tissue is removed; a small drop of respective
control solution is added in test solution. If the drop rises in the test solution,
this indicates that the test solution is concentrated, i.e., water from the solution
has entered into the tissue, making it more concentrated. If the drops fall, this
indicates that water has come out from the tissue making the tissue lighter than
the control solution. On the other hand, if drops float, it means there is no net
movement of water. At this point, water potential of the tissue is equal to that
of the sucrose solution of that particular concentration.

1.1.2 Pressure Potential

It is the hydrostatic pressure of the solution. It is denoted by y,, and is measured in
MPa. It is always positive. Pure water has minimum pressure potential, i.e., zero.
Increase in pressure increases the water potential of a solution. In other words,
pressure potential of a cell is the amount of pressure required to stop further entry
of water in the cell. In a cell, pressure potential is responsible for maintaining the
turgidity, and hence it is known as turgor pressure (TP). The turgor pressure
(TP) of a cell is the difference between inside and outside hydrostatic pressures
across the plasma membrane and cell wall. At equilibrium (i.e., when inside water
potential is equal to outside water potential), TP will be equal to the difference in
internal solute potential and that of external solute potential.

TP = lI‘s(inside) - lIIs(outside)
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In plants a fully turgid cell experiences an equal and opposite pressure, known as
wall pressure. The presence of cell wall in plant cells allows it to withstand a wide
range of osmotic variations. In contrast, an animal cell can only survive in an
isotonic solution. The plant cell placed in pure water swells but does not burst.
The negative osmotic potential in vacuolated solution (cell sap) causes the move-
ment of water only in the cell. Due to entry of water, plasma membrane is pressed
against the cell wall.

1.1.3 Gravitational Potential

Gravitational pull has the same effect on water potential as the effect of pressure, and
it is expressed as gravitational potential (¥,). It is the sum of three forces:
gravitational acceleration, height of water column, and density of water. When
dealing with water transport at the cell level, the gravitational component is usually
omitted because it is negligible as compared to solute potential and pressure poten-
tial. However, gravitational pull definitely affects water movement in tall trees.

1.1.4 Matric Potential

It is expressed as the adsorption affinity of water to colloidal substances and surfaces
in plant cells. Matric potential is negligible in a hydrated cell but is of considerable
importance in dehydrated cells and tissues such as seeds and desert plants. Under
these conditions, water exists as a very thin layer bound to solid surfaces by
electrostatic interactions. These interactions are not easily separated into their effects
on solute and pressure potential and thus sometimes combined into matric potential.
The adsorption of water by hydrophilic surfaces is known as hydration or imbibition
(Box 1.2). Matric potential is measured in the same unit as water potential. A dry or
hydrophilic substance has extremely negative potential (as low as —300 MPa).
Figure 1.2 illustrates the changes in water potential, pressure potential, and osmotic
potential as the cell volume changes. The relationship is expressed considering that
there is no movement of solute into or out of the cell, and the cell volume changes
because of movement of water only. It describes the status of a mature cell when
placed in solutions of different osmotic potentials. There is gain or loss of water from
the cells, but the total quantity of solute within the cell remains constant. Water
potential and osmotic potential are always negative in a cell. In a fully turgid cell, the
water potential becomes zero even in the presence of solute. As in plants, cell wall
exerts pressure, and with the dilution of the cell sap, the water potential at that
pressure becomes zero. The plant cell volume changes, but small change in it causes
large changes in turgor pressure. A 10% increase in cell volume due to uptake of
water gives rise to a fully turgid cell with a small change in solute potential. But



8 1 Plant Water Relations

Box 1.2: Imbibition

It is a special type of diffusion involving adsorbents. During imbibition, the
molecules of a liquid or gas diffuse into a solid substance, causing it to swell.
In biological systems, it is the liquid water or water vapor diffusing into the
colloidal matrix, causing it to swell. There is a need to have strong binding
force between the molecules of the imbibant and the substance being imbibed.
Such an intermolecular force exists between cellulose and water. If dry plant
material is placed in water, it swells and results in considerable increase in
volume. For imbibition to occur, a water potential gradient must exist between
the surfaces of the adsorbent and liquid being imbibed, and an affinity is also
essential between the components of the adsorbent and the imbibed substance.
In some dry seeds, water potential of up to —900 bars has been observed.
Therefore, dry seeds immediately imbibe water, and this is the first step in seed
germination. This is followed by swelling of seeds and mobilization of reserve
food materials and, finally, the emergence of root and shoot. The great
reduction in the potential of the imbibed water is a result of the greatly
decreased kinetic energy. The lost energy appears as heat. Imbibition invari-
ably accompanies release of heat. Unlike osmosis imbibition does not require
semipermeable membrane. Because of the high matric force of the cellulose,
cell wall still retains water after complete desiccation of the cell. Only com-
plete desiccation of a plant tissue, as by drying in an oven at relatively high
temperature, will remove all the water imbibed in the cellulosic cell walls. Cell
wall of dry seeds has minimum water, but it germinates only when it acquires
water by imbibition. Imbibition also takes place in plants and animal products
such as wood, cork, and sponge. In ancient times, this concept was used for
stone-cutting technique. People used to place dry wooden logs into holes in
rocks. The swelling of these logs would result in breaking the rocks. In nature,
plants survive in the crevices of rocks because swollen seeds create space in
the rocks and allow roots to grow.

growing cells do not show this relationship because, in these cells, cell wall expands
and cell wall pressure decreases.

1.2 Intercellular Water Transport

All living cells contain approximately 60-95% of water, and water is required for
their growth and reproduction. Even the dormant cells and tissues also have 10-20%
of water. Water flow is a passive process, and it moves in response to physical forces
toward regions of low water potential or low free energy. The intercellular or short-
distance water transport takes place through diffusion, mass flow, or osmosis.
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Fig. 1.2 The relationship Hypotonic Hypertonic
between change in cell 3 )

. maximum turgor pressure
volume and change in water P
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1.2.1 Diffusion

It is a physical process where movement of any substance or molecule takes place
from the region of its higher concentration to the region of its lower concentration
due to kinetic energy. Diffusion can take place in all three phases of matter. The rate
of diffusion is affected by temperature, molecular density, diffusion medium, and
chemical potential gradient. In plants, diffusion occurs in stomata to facilitate the
exchange of carbon dioxide, oxygen, and water vapors between leaf cells and
external atmosphere. Diffusion also plays an important role in gas exchange in
lenticels present in the stem. The apoplastic and symplastic pathway of intercellular
transport also involve diffusion. Imbibition during seed germination is also a special
type of diffusion.

The rate of diffusion is directly proportional to the concentration gradient (ACs/A
X), which can be expressed as (Fick’s equation)

AC;
Js
AC,
Js = —Ds
where Js is the flux density, ACy is the difference in the concentration of substance in
two media, and AX is the distance travelled in cm by substance, i.e., substance
(s) crossing a unit area per unit time. It is expressed in mol.m 2.s™'. Ds is the
diffusion coefficient that measures the movement of a particular substance through a
medium. The diffusion coefficient is characteristic of a substance and depends on the
medium in which diffusion is taking place. The larger molecules have smaller

diffusion coefficient, and diffusion in air is much faster than diffusion in a liquid
medium. The negative sign in the equation is due to movement taking place down
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the gradient. In other words, Fick’s first law of diffusion states that a substance
diffuses faster if there is more difference in its concentration gradient or the diffusion
coefficient is higher. Diffusion is rapid if the distance is small but it is extremely slow
over long distances.

The time taken (z.) for diffusion to reach one half of the concentration from the
starting point is given by the formula

1 (Dist 2
;. — L _ (Distance)”
2 Ds

where K is constant which depends on the shape of the system. For example, in a cell
of 50 um diameter with diffusion coefficient of glucose being 10~ m*.s™', the
diffusion of glucose molecule from one point to another to reach half the concentra-

tion will take 2.5 s.

2
1 (50x107°m
2 10°m2.s~!
But if we consider the diffusion of glucose molecule to 1 meter distance, it will
take up to 32 years.

1 (1 m)?
tc=—=—7-——=732years
cT 2T 10 % ms Y
At intercellular level, the movement of water can be due to diffusion, but it is not a
viable option for long-distance travel.

1.2.2 Mass Flow

Mass flow or bulk flow is pressure-driven movement of molecules. In contrast to
diffusion and osmosis, mass flow is independent of solute concentration. The
protoplasm streaming in plant cells during active growing season is an example of
mass flow. The rate of flow of protoplasm is approximately 25 mm.h.”' at room
temperature. The upward longitudinal transport of water and dissolved substances in
the xylem elements and in phloem transport takes place through mass flow. The
xylem and phloem strands undergo many development changes to increase their
conductance for bulk flow. The rate of flow in xylem vessels can be calculated by
Hagen-Poiseuille’s equation:
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dV _ zAP.R

Vol fl te =
olume flow rate ar S

where AP is the pressure difference, R is the radius of xylem vessel, 7 is the viscosity
of xylem sap, and L is the length of xylem vessel. The bulk flow rate is very sensitive
to the radius of the vessel. If radius is doubled, then the rate of flow of water in xylem
vessels will increase by 16-fold. Mass flow has a significant role in long-distance
transport of water and mine