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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



®

Check for
updates

Renu Kathpalia and Satish C Bhatla

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
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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 )
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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 minerals. During intercellular transport, mass flow faces many
barriers, viz., cell wall, plasma membrane, tonoplast, and plasmodesmata. Vascular
cells have adopted many changes for bulk movement of water, e.g., removal of end
walls in xylem vessels, enlargement of plasmodesmata, and depletion of protoplasm.

1.2.3 Osmosis

It is a special type of diffusion which takes place in solvents through semipermeable
membrane. Osmosis is a biological process where the solvent molecules move from
their higher concentration (lower solute concentration) to lower concentration
(higher solute concentration) through a semipermeable membrane (Box 1.3). It is
controlled both by concentration and pressure gradient. The rate of osmosis can be
increased by the addition of osmotically active substances and can be measured by
osmometer. Osmosis is the process by which water is transported into and out of the
cell. The growth, development, and turgidity of the cells are maintained by the
process of osmoregulation (Box 1.4). The process of osmosis can be stopped or
reversed by applying pressure. This is called reverse osmosis. This process is now
commercially used for purifying water (Box 1.5).

Box 1.3: Demonstration of the Phenomenon of Osmosis

To understand the process of osmosis, pure water is taken in a beaker, and a
thistle funnel containing sucrose solution is inserted in it, with the dipped end
of the funnel being sealed with a semipermeable membrane. Keep this appa-
ratus undisturbed for some time. Depending on the concentration of sucrose,
water will move from beaker into the funnel by osmosis. Since pure water has
maximum water potential, it will move from its higher potential to its lower
potential, i.e., water will move in the funnel. In other words, water moves from
hypotonic to hypertonic solution or from the direction of lower solute
potential to higher solute potential.

(continued)



1 Plant Water Relations

Box 1.3 (continued)
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Water will keep on moving upward as long as the water potential difference
exits between the two solutions. However, osmosis can be stopped by putting
pressure. If pressure is continuously increased, water moves out from thistle
funnel against the water potential difference.

Box 1.4: Significance of Osmosis

All living cells are like bags carrying solutions in semipermeable membranes.
The survival of a cell depends on the ability to maintain intracellular solute
concentration. Living organisms develop many strategies to maintain a steady
influx of water by osmosis. Some single-celled organisms, such as Parame-
cium, extrude water through special organelles called contractile vacuoles.
Marine organisms adjust their internal concentration of solutes to match that of
sea water. Many terrestrial animals have a circulating fluid which is isotonic
and cells are bathed in it. The blood flowing in our body contains a high
concentration of the protein albumin which elevates solute concentration of
the blood to match with that of cell cytoplasm. The lack of cell wall in animal
cells makes it more susceptible to osmotic lysis. Storing of blood, injecting of
blood and drugs intravenously, and maintaining the pH of blood are very
challenging and require maintaining osmotic concentration. The RBCs imme-
diately burst if there is a slight change in their osmotic concentration. Most of
the plant cells are hypertonic to their immediate environment. They contain a

(continued)
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Box 1.4 (continued)
central vacuole which has high solute concentration, resulting in high hydro-
static pressure inside the cell. This hydrostatic pressure, known as turgor
pressure, keeps the cell turgid and maintains its shape. During osmotic adjust-
ment, vacuole losses solutes and thus protects the cells from turgor loss. The
presence of rigid cell wall in the plant cell makes it sturdier, and it can
withstand adverse environmental conditions. The plasmolyzed cells remain
connected to the cell wall with the help of strands called Hechtian strands.
The transport of water and minerals from roots to leaves and carbohydrates
from leaves to roots is dependent on osmosis. The opening and closing of
stomata, touch response in plants, movement to catch insect by insectivorous
plants are all regulated by osmosis. Dialysis, one of the major vital processes,
where blood is purified by artificial kidney, is also based on the osmosis.
Osmosis is used for preserving fruits, jams, and pickles. Preservation requires
dehydration, which is achieved by the use of salt or sugar solution. The use of
hypertonic solution causes the movement of water from the food tissue and
protects it from microbes. During food preservation, more than 50% of the
tissue water is removed by osmotic dehydration.

Box 1.5: Reverse Osmosis

Water contains significant amount of salts even after purification with high-
grade filters, which poses health hazards. Reverse osmosis (RO) technology is
used to demineralize or deionize water for making it potable. This process is
reverse of osmosis. In reverse osmosis, water moves from its lower potential to
higher potential under pressure through semipermeable membrane. Since it
involves semipermeable membrane and the direction of flow is reverse, it is
known as reverse osmosis. The RO system consists of membrane filters
(usually 5) which do cross filtration. The solution passes through filters with
two outlets. The clean or deionized water having few salts goes one way, and
the rest of it comes out from the waste pipe. Cross filtration helps in cleaning
the filters so that there are no depositions on the filter. The cleaned water is free
from dissolved salts, organic matter, colloids, bacteria, and viruses. In addition
to solvent, solute of smaller size also moves through semipermeable
membrane.

13

(continued)
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Box 1.5 (continued)
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1.3 Short-Distance Transport

The movement of water from root to upper foliar parts of the plant requires integra-
tion of many levels of transport. The long-distance transport of water in xylem is
supplemented by short-distance transport of water from the root to cortex and
ultimately to the xylem. Basically, there are three levels of water transport in plants.
The first level of water transport refers to the entry of water from the soil into the root
cells, through the plasma membrane. At this level, the selective permeability of the
plasma membrane regulates the movement of solutes and the solvent between the
cell and extracellular solutions. The molecules tend to move down their concentra-
tion gradient. This has been already discussed in the above sections. In addition to
active and passive transport, proteins present in the membrane speed up the move-
ment across the membrane. The second level of transport is from root epidermal cells
to the innermost layer of the cortex. This is referred as short-distance transport, and it
includes apoplast, symplast, and transcellular pathways including transporters,
channels, and plasmodesmata. The short-distance transport also includes water
transport from xylem in the leaf veins to substomatal cavity. The third level of
transport is the long-distance transport in xylary elements.
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1.3.1 Water Absorption by Roots

The area covered by the plant roots is generally very high. It is, therefore, appropriate
to call root as the hidden half of the plant body. Growth and development of roots
can be analyzed by special subterranean camera, known as rhizotrons. The region of
maximum water uptake is the region of active root hair development. The root hair
density is an important factor in water uptake, and its extent of proliferation depends
on the ecological conditions in which plants grow. The influx of water into roots is
only through the apical zone just behind the zone of elongation of primary root
where the root hair density is maximum (Fig. 1.3). Increased suberization in the
older parts does not allow entry of the water. Water passes through the lipid layer
(despite nonpolar in nature of lipids) due to water potential gradient between root
cells and soil. As long as the water potential of root cells is more negative than that of
soil, water is continuously being taken into the plant. Depending on the requirement
by the plant, rate of water absorption keeps changing. The water absorption can be
active (ATP is involved) or passive (through osmosis), or it can be facilitated by
special membrane channels for water transport, mainly through aquaporins.

Once water and minerals are absorbed by the roots, they follow three pathways to
reach vascular tissue of the root. These are apoplastic, symplastic, and transcellular
pathways. Water may follow one or more possible pathways across the root
depending on the requirement of water by the plant.

The diffusion of solute or solvent across the lipid membrane or any porous
structure depends on the permeability coefficient (P). It is constant and depends
on the type of membrane and the size of molecule to be diffused (m.s™"). Thus,
diffusion flux (J; mol.m Zs™ "), driven by a concentration gradient (AC;) of
uncharged molecules across a membrane, is given by the equation

Js =P, x ACq

Thus, if molecules of equal size have to cross a membrane, the one with greater
solubility in lipids will pass more quickly into the cell. On the other hand, if
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Fig. 1.4 The entry and pathway of water movement from and across the root. None of the root cells
and apoplast fluid are in equilibrium. Water and solute potential gradient shown are responsible for
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the flow of water. Arrow “a” shows sucrose movement which maintains the solute potential across

9

the root. The symplastic pathway is shown by arrow “b” and apoplastic by arrow “c

molecules of equal solubility have to cross the membrane, the smaller ones penetrate
faster. If diffusion flux is high, then permeability of the membrane will be more. The
permeability of plasmodesmata is 10,000 times more than that of plasma membrane
when the size of the molecule is less than 700 Dalton. The plasmodesmatal
connections present in different regions shows different limits of size exclusion
(ranging from molecule of 1 to 65 kDa). In roots, the size of molecules passing the
plasmodesmatal connection is maximum, i.e., 65 kDa. It increases the flow of water
and solutes between the adjacent cells. None of the root cells and apoplast fluids are
in equilibrium (Fig. 1.4). Macromolecules, like RNA, proteins, and viruses, can also
move through plasmodesmata.

1.3.1.1 Movement of Water Across Endodermis

Once water reaches the endodermis, further passage through the cell wall
(apoplastic) is blocked by Casparian strips. The cells of endodermis have connecting
walls embedded with the waterproof material—suberin. This layer blocks the
apoplastic pathway and controls water and nutrient flow to the xylem. The Casparian
band does not allow passage of water and nutrients across it into the deeper cells
(Fig. 1.5). Some of the endodermal cells show absence of thickenings. These are
referred as passage cells. Water crosses the endodermis layer through these passage
cells or through symplasm. Radial water movement through cortical cells is fast, and
transport rate increases as water moves toward the central stele. The rate of water
movement from xylem parenchyma to tracheary elements (tracheids and vessels)
increases because of aquaporins, which plays a very pivotal role in radial transport.

1.3.1.2 Intercellular Transport Between Xylem and Nonvascular Cells

In roots, loading of water and nutrients into the xylem strands involves multiple
cellular pathways and transporters. Through plasmodesmata and membrane
transporters, water and minerals are transported to xylem parenchyma. Xylem
parenchyma cells also have highly active transporters. Parenchyma surrounding
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Fig. 1.5 The pattern of radial transport or short-distance transport across root. The entry of water
from the soil to root takes place due to water potential difference by osmosis or through water
channels. The intercellular transport through the cortex follows apoplast or symplast pathway. Once
it reaches the endodermis, the apoplastic entry of water is stopped by the Casparian bands in the
endodermis. Water crosses this layer through symplast pathway or passage cells and reaches the
xylary elements

the xylary elements invaginate the cell wall under the pit membrane to increase the
surface area for transport. In addition to water, some of the nutrients are also
transported through xylem. At the root surface, some nutrients and salts enter into
the xylem. One such example is K* which is delivered to xylem at the root surface
and transported to the shoot through xylem. Anions, such as NO ™3 and CI™, are also
released in xylem sap by anion channels. The concentration of nutrients in xylem
varies with water flow rate, soil composition, and nutritional status of the plant.
Similarly, unloading of water and nutrients in the leaves also involves multiple
cellular pathways and specific transporters. These transporters are responsible for
silicon uptake and its loading and unloading in xylem. Loading and unloading of
element in xylem are under the control of abscisic acid (ABA) and signals from the
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shoot. During stress conditions, ABA accumulates and decreases xylem loading of
ions. Roots accumulate more ions keeping solute concentration higher and thus help
to maintain turgor pressure and growth.

1.4  Long-Distance Transport

For the survival of land plants, long-distance transport of water and nutrients is an
important process. Angiosperms and gymnosperms are the most advanced land
plants with well-developed vascular systems. Water and nutrient entry into the
xylary elements in roots and their transport against gravity to the top of the aerial
parts of the plants is referred as long-distance transport.

1.4.1 Water Transport Through Xylem

The upward movement of water through the xylem tissues is referred as ascent of
sap. Water travels long distances in plants through xylem strands (Box 1.6). The
upward movement of water is facilitated by transpirational pull and cohesive-
adhesive properties of water molecules. Mature xylem consists of tracheids and
vessels. It is responsible for upward movement of water. Xylem carries the water
stream from the site of absorption (roots) to the site of evaporation (leaves). Water
potential regulates the entry of water into the xylem. The upward transport of xylem
sap is rapid during the daytime when transpiration rates are high. The ascent of
xylem sap is slowest in evergreen conifers, intermediates in deciduous trees and
herbaceous plants, and is highest in vines and lianas.

Box 1.6: Experimental Evidence for Xylem Transport

In a potted plant, phloem is separated from xylem (approximately at 25 cm
height above soil) with the help of wax paper. The separation of xylem and
phloem stops lateral transport of water in this region. The segment above the
stripped zone is labeled SA and segment below it as SB. There are six
segments in the stripped area numbered as S;—S¢. The roots are exposed to a
soluble dye containing **K, and the different sections are analyzed for radio-
active potassium in both xylem and phloem. The section where xylem is
separated from phloem, the content of potassium is highly reduced in phloem
while it is high in xylem. The sections below and above the stripped region
have the equal content of potassium in both phloem and xylem. This indicates
that water moves through xylem and is laterally transported in phloem.

(continued)



14 Long-Distance Transport

19

Box 1.6 (continued)

23 cm
Stem 5-6
S-1
Potted plant
Stem segment 2K in xylem (ppm) 42K in phloem (ppm)
Above strip SA 47 53
Stripped S6 119 11.6
Section ss 122 0.9
S4 112 0.7
S3 98 0.3
s2 108 0.3
S1 113 20.0
Below stripped SB 58 84.0

1.4.2 Mechanism of Transport Across Xylem

1.4.2.1 Root Pressure
It is a positive hydrostatic pressure (1-2 bars) developed due to the difference in

solute potential between the soil solution and xylem sap. It often develops at night

when the rate of transpiration is low or absent and humidity is high. In roots, the
development of pressure takes place due to high salt concentration and presence of
Casparian bands in endodermis. Ion accumulation decreases the solute potential of
roots, and despite the absence of transpiration, water enters into the root and into the
xylem. Root pressure is insignificant in tall trees but has a significant role in the

young plants (Sect. 1.6; Guttation). During seed germination and bud growth, prior
to the development of leaf and transpiration stream, water uptake is due to root

pressure.
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1.4.2.2 Capillary Rise

Liquids in small tubes show a rise in the meniscus level due to adhesion of liquid
with the wall of tube. This rise of meniscus of liquid in the tube is known as
capillarity or capillary rise. Water has high tensile strength due to cohesion of
its molecules. In addition, water also has adhesion between water molecules and
xylem elements, and there exists surface tension among water molecules. These
factors are responsible for capillary rise of water in plants. The rate of capillary rise is
indirectly proportional to the radii of xylem elements. In order to reach a height of
100 m in tall trees by capillary rise, there have to be cells with diameter of 0.15 pm
(which is much smaller than the diameter of smallest tracheids). Moreover, the
capillary rise in small capillary tubes is due to open space in the tube, whereas
water in xylem does not have open menisci (xylem is filled with water).

1.4.2.3 Cohesion-Adhesion and Tension Theory

H.H. Dixon (1914) stated that water in xylem is under constant tension due to
transpirational pull. Many experiments gave evidence that xylem is constantly
under three types of pressures, viz., the driving force or the transpirational pull,
cohesion force due to cohesion of water molecules, and adhesion force between
water molecules and the wall of xylem elements. These three forces lead to the
formation of a continuous column of water, which is pulled from roots to the leaves.
One of the driving forces for ascent of sap is transpirational pull (Fig. 1.6).
Transpiration is the evaporation of water in the form of water vapor from the
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Fig. 1.6 Demonstration of transpiration pull. (a) Water molecules evaporated from porous pot
create suction pressure leading to a rise in the mercury level. (b) The pot is replaced by a healthy
twig. Due to transpiration pull, suction is created in xylem vessels and mercury level rises. The
suction pressure due to transpiration is very high due to which it can pull heavy metal like mercury.
(c) Pattern of uptake of water in plant begins after a rise in the rate of transpiration. The rate of
transpiration is maximum at noon, and water uptake is also maximum during that period
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aboveground parts of the plant. During rapid transpiration period, water moves in
xylem at an average rate of 4 mm. s, causing development of pressure of more than
—5 MPa. Tension in xylem can be measured using different methods. Water can
withstand tension of —21 MPa which is enough to overcome the gravitational force
in large trees. These tensions and water potential difference in xylem are transferred
to root and finally to the soil, leading to soil-plant-atmosphere continuum
(Table. 1.1). This continuous column can only be maintained due to cohesion of
water molecules by hydrogen bonding. Sometimes the gaps in certain tracheary
elements cannot withstand large tensions, and continuation of column is not
maintained, leading to disruption in transport.

1.4.2.4 Cavitation and Embolism

The continuity of water in the xylem strands is broken down despite filtration
provided by the roots. The reason for breakage of water column in xylem is the
high tension in xylem cells. This tension in xylem causes water to change into vapor
state. The breakage of column can be due to air getting trapped in or water getting
converted to vapors in the xylem. This sudden reversal of liquid water into water
vapors, leading to breakage of water column, is known as cavitation. The presence
of large number of pores in xylem strands breaks surface tension of water, and it
draws minute bubbles in the xylem column. Cavitation due to trapping of air is called
“air seeding.” Air seeding is a very common phenomenon in plants. In this process,
the air enters tracheids through pit membranes. Tension in tracheids causes damage
to pit membrane and increases its pore size, and air gets filled into it. The process of
filling of the vessel or tracheids with air is called embolism (Fig. 1.7). The main
causes of cavitation are water stress during high transpiration, freezing of xylem sap
in winter, and pathogen attack (Fig. 1.8). Whenever there is a breakage of water
column in the tracheids, it creates click-like sound which can be recorded using
acoustic methods. As the plant experiences water stress due to high rate of transpi-
ration during the daytime, the frequency of cavitation increases. The loss of xylem

Table 1.1 Transpiration flow in the leaf is maintained by decreasing water potential from xylem
sap to external atmosphere immediately around the leaf

Solute Pressure Gravitational Water
potential potential potential potential
Leaf
Xylem sap -0.2 -2.5 1.5 -1.2
Bundle -33 0.1 1.5 -1.7
sheath
Apoplast -3.5 0.7 1.5 2.7
Substomatal -8
cavity
External -100
atmosphere

The solute potential and pressure potential show variations, but gravitational pull is the same at
different locations in the leaf cell. All the values are in MPa
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Fig. 1.7 The process of cavitation in xylem. (a) A functional xylary element. (b) and (¢) During the
process of thawing, after freezing temperature, water molecules experience very high negative
pressure resulting in breaking of water column. Air gets trapped and spreads resulting in air seeding
from inter-conduit pits (d) followed by complete embolization of the cell. (e) The air is pulled
through pit membrane from adjacent embolized cell or under water stress conditions. The process of
air getting trapped is called air seeding which results in embolized cell

Bacteria

Fig. 1.8 Causes of cavitation in xylem. (a) Xylem-filled with bacterial pathogen. (b) Xylem
tracheids showing inward bursting of air bubbles. (¢) Blockage of tracheid due to tyloses in
gymnosperms

function due to cavitation varies in different plants. Bordered pits present in gymno-
spermous tracheids act like valves. The torus present in it closes the pit and avoids
spreading of cavitation to adjacent functional tracheids. Vessels are more susceptible
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to air seeding as compared to tracheids. The absence of xylem vessels in
gymnosperms growing in the cold temperate zones is one of the adaptations to
avoid air seeding during freezing temperatures. The embolized xylem cells are
repaired at night when transpiration stops or slows down. Water moves from the
adjacent tracheids and maintains water uptake. At the root level, the solutes are
pumped into xylem, lowering its water potential as compared to the soil. Water
moves from the soil and develops a positive root pressure. This pressure forces water
to move up to 10 m and fills the embolized xylem cells. In herbaceous plants, the
refilling of tracheary elements occurs during night due to root pressure. Aquaporins
in xylem-associated cells are also involved in refilling of the embolized tracheids.

1.4.2.5 Unloading of Water and Nutrients from Xylem in Leaves

In the leaves, a network of major and minor veins helps in the distribution of water
and nutrients throughout. The xylary elements in the leaves are present in minor leaf
veins. The leaf veins are enclosed by a bundle sheath. Water and nutrients in the
minor veins are unloaded in the spongy parenchyma. Water transport from the
spongy parenchyma to the site of evaporation (stomata) may follow symplastic or
transcellular pathways, as in roots. However, apoplastic pathway is blocked in the
leaves. As in roots, unloading of water and nutrients again involves transporters and
specific intercellular pathways. Some of these transporters block the entry of
nutrients in the leaves, and such nutrients are again taken back by the phloem to
the root. Na* is one such example. Plants protect leaves from salt stress by
recirculating Na™. Nutrients are targeted to different cells of the leaves according
to the plant type, and water moves through spongy parenchyma to the substomatal
cavity.

1.5  Water Movement from Leaves to the Atmosphere

The driving force for water movement from soil to leaves and from the leaves to
atmosphere is transpiration. The upward translocation of water in the xylem from
roots to the leaves is coupled with the pressure of transpiration and is referred as
transpirational stream (Fig. 1.9). During the process of rapid evapotranspiration,
the rate of water transport in xylem is about 4 mm.s~'. Water lost by transpiration
must be replenished by the absorption of an equivalent amount of water from the
soil. One sunflower plant “imbibes” and “perspires” 17 times more water than a
human every 24 h. A single maize plant transpires approximately 150 I of water in its
average life span (Box 1.7).
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Fig. 1.9 (a) Evaporation of water from leaf surface. Water from xylem enters into air spaces of
spongy parenchyma and diffuses out through stomata present on the lower epidermis. Gas exchange
takes place when stomata open up. Carbon dioxide is taken in and oxygen is released. (b)
Transpiration from leaf creates a continuous water stream up to the soil

Box 1.7: Transpiration Ratio

It is used to determine the efficiency of plants to fix CO,, relative to the amount
of water loss by transpiration. The opening of stomata during daytime is a
compromise between photosynthesis and transpiration. Plants balance water
loss with photosynthesis. Carbon dioxide concentration in the substomatal
cavity plays a key role in balancing the two processes. This shows that plant
regulates stomatal movement in response to the extent of photosynthesis.
Plants adapt many strategies to reduce transpiration. The relative amounts of
photosynthesis (CO, in) and transpiration (H,O out) occurring at any time
depend on the amount of CO, and H,O in the atmosphere inside and outside
the leaf, respectively. For every unit of CO, used in photosynthesis, plants lose
about 600 units of H,O. The amount of water loss is quite high. Thus,
transpiration as a necessary evil is justified. This ratio of CO, taken in and
water lost by the plant is known as transpiration ratio or water use effi-
ciency. C, and CAM plants are more efficient because they are well adapted to
reduce transpiration. Transpiration ratio usually varies from 100 to 1000
among different plants, depending on the environmental conditions. There is
more than twofold difference in the transpiration ratio between C; and Cy4
plants. This difference is due to leaf anatomy and pathway of CO, fixation.
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1.5.1 Transpiration

The uptake of CO, for photosynthesis requires moist surface, but when water is
exposed, it gets evaporated. Plants face this challenge of taking more carbon dioxide
and at the same time loss of water. Plants lose 400-600 molecules of water while
gaining 1 molecule of carbon dioxide. Thus, both photosynthesis and loss of water
by transpiration are inseparable processes in the life of green plants. Water has high
latent heat of vaporization. At 30 °C, 1000 gm (1 kg) of water absorbs 580 Kcal of
heat from its environment. Large amount of water is being evaporated from plants,
and the heat required for vaporization is being drawn from leaf. It helps plants to
maintain the temperature and tolerate harsh environmental pressures. The main
advantage of transpiration is creation of suction pressure for uptake of water and
minerals from the soil. Once plants build up enough transpirational pull during early
hours of the day, water uptake by the plants begins. Transpiration is definitely a
necessary evil. There are three modes of transpiration in plants, viz., cuticular
transpiration, stomatal transpiration, and lenticular transpiration. The cuticular tran-
spiration is the loss of water from the surface of the plant. This type of transpiration
takes place when cuticle is very thin and there is no water scarcity. It accounts for
only 2% of water loss. The stomatal transpiration takes place through stomata, and
more than 95% of water loss takes place through stomatal openings present on the
leaf epidermis. The third mode of transpiration is through lenticels present on the
bark and in the peel of some fruits (e.g., apple). Water loss through lenticels is
minimal. The driving forces for transpiration are vapor pressure and vapor density
in the substomatal area. The concentration of water molecules in vapor phase is
expressed as vapor mass per unit volume (g.m ) and is referred as vapor density.
Vapors cause pressure on the walls of the stomatal chamber.

The substomatal air space is saturated with water vapors, while the immediate air
around leaves is unsaturated. This gradient around the substomatal area and air
around the leaves lead to vapor loss through transpiration (Table 1.1). The rate of
transpiration (7') is governed by vapor pressure gradient between the leaf (eje,r) and
the surrounding (e,;.):

T X eleat — €air

Transpiration also undergoes considerable resistance by stomata and vapors
present in the atmosphere. There are two main boundaries that create high resistance
to water movement. The first one is at the stomatal pore, called the leaf stomatal
resistance (r..r), and the other is the air immediately around the leaf, called
boundary layer resistance (7;,).
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This can be expressed as

_ €leaf — Cair

Tleaf + Tair

In other words, the rate of transpiration is directly proportional to the difference in
vapor pressure between the leaves and atmosphere divided by the sum of resistance
encountered by air and the leaves. The number and size of stomatal pores contribute
to leaf stomatal resistance (r.,r) and the degree of difference in vapor pressure
between leaf and air to boundary layer resistance (7,;,) (Box 1.8).

Box 1.8: Measurement of Transpiration Rate

Lysimeter or gravimetric method: The amount of water used by plants for
their growth is just 1% of the total water absorbed from the soil. In this
method, it is presumed that loss of weight in plants is due to loss of water,
i.e., transpiration. A potted plant with soil covered with plastic bag is taken.
Plant is weighed at different intervals. The higher the rate of transpiration, the
more will be the loss of weight. On the same principle, a simple method to find
out the rate of transpiration in small twigs is using a device called Ganong’s
potometer. The rate of transpiration is measured by tracking the distance
travelled by the air bubble in graduated tube per unit time.

Gas exchange or cuvette methods: In this method, the twig is kept in a
sealed container with two openings, and relative humidity and temperature of
air going inside and air coming out are measured at the beginning of the
experiment. After an interval, again the relative humidity and temperature are
measured. Absolute humidity (vapor density and vapor pressure) is measured
by hygrometer. The rate of transpiration will be equal to the change of vapor
density in the air going in and air coming out of the container. It can be used
for large number of plants. The relative humidity, however, changes with time
and that affects the rate of transpiration.

Stemflow or thermocouple method: The amount of water flowing through
stem helps to get a reliable calculation of the rate of transpiration. Thermocou-
ple method involves giving a heat pulse to the stem at a given point. The
temperature is then measured above at some point. The time required to reach
the same temperature at the second position indicates the velocity of xylem sap
flow.

(continued)
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Box 1.8 (continued)
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A. Ganong’s potometer. B. A pressure bomb used for measuring the rate of transpiration. C.
Thermocouple

1.5.1.1 Factors Affecting Rate of Transpiration

The rate of transpiration is affected by the plant water status, its anatomy, as well the
environmental factors. The most important environmental factors are humidity,
light, temperature, wind velocity, and availability of soil water. These factors are
discussed here individually, but in natural habitat, they are influencing each other
and affect the rate of transpiration.

Humidity Atmospheric humidity changes with change in temperature or vapor
pressure. A rise or fall in temperature with no change in vapor pressure will drop
or raise relative humidity, respectively. Similarly, with no change in temperature,
rise or fall of vapor pressure will cause rise and fall of relative humidity, respectively.
Whenever there is a rise in relative humidity, the rate of transpiration decreases
(Table 1.2). A vapor pressure gradient in the vicinity of the leaves and in substomatal
chamber determines the rate of transpiration. Whenever this gradient is steep, the
rate of transpiration rises.

Temperature The rise in temperature, with all other factors nearly constant,
increases the rate of transpiration. The increase in temperature also increases the
difference in vapor pressure of the leaf and outside the atmosphere. Hence, the rate of
transpiration increases. However, stomata close at temperature higher than 35 °C.
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Table 1.2 (A) The relative humidity and the water potential of air. At 100% relative humidity, the
water potential is zero leading to highly reduced transpiration. (B) The rate of transpiration reduces
with increase in relative humidity

A) ®)
Relative humidity | Water potential of air
(%) (MPa)
100 0
95 -2.50
90 -14.2 T
50 -93.6 §
Less than 10 =300 g
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e
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Therefore, the rate of transpiration falls beyond that temperature. With the tempera-
ture and stomata showing diurnal variations, transpiration rate also exhibits a clear
diurnal rhythm, i.e., the rate of transpiration is high during daytime, reaches maxi-
mum at midday, and drops during night when stomata are closed and temperature is
low. Temperature and relative humidity modify the magnitude of the vapor pressure
gradient which, in turn, influences the rate of transpiration (Fig. 1.10a).

Wind Velocity An increase in the rate of transpiration is not directly proportional to
wind velocity. During high wind velocity, stomata close. Therefore, the rate of
transpiration also drops. But wind at low velocity increases the rate of transpiration.
As wind disperses the air around the leaf and reduces the vapor pressure in the
immediate vicinity of stomata, it increases the rate of transpiration (Fig. 1.10b).

Internal Factors One of the most important factors affecting transpiration rate is
leaf-shoot ratio. The magnitude of transpiration will be more in leaves with greater
leaf area. However, the rate of transpiration has no correlation with leaf size when
per unit leaf area is considered. The leaf structure is very important in regulating the
rate of transpiration. Leaf adapts many strategies to reduce transpiration (Sect.
1.5.1.3; Antitranspirants). Stomatal frequency (number of stomata present in per
unit area of leaf), pore size, and distribution show tremendous variation in plants
growing in different habitats (Table 1.3).

1.5.1.2 Ecological Adaptations to Reduce Transpiration

Plants develop many adaptations to avoid water loss due to transpiration. The
presence of thick cuticle, sunken stomata, and stomata only on the lower side of
the leaves are some of the adaptive mechanisms developed by plants. Plants growing
in desert experience more water crisis. They need to restrict the rate of transpiration.
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Fig. 1.10 (a) With the increase in temperature, the relative humidity decreases resulting in high
vapor pressure gradient in leaf and outside air, leading to stomatal opening and increase in the rate
of transpiration. (b) Effect of wind velocity on the rate of transpiration. As wind velocity increases,
it reduces the boundary layer resistance around stomata leading to opening of stomata and hence
more transpiration. In still air, the boundary layer resistance is high. Therefore, the rate of
transpiration is same

The ecological adaptations of desert plants are reduction of leaf area, presence of
thick cuticle, sunken stomata, and stomata opening during night, special water
storage capacity, modified root structure, and C, photosynthesis.

1.5.1.3 Antitranspirants

These are the chemicals which decrease water loss from plants due to transpiration.
They are also useful for avoiding transplantation shock to the nursery plants and
plants raised in tissue culture. An antitranspirant should be nontoxic and affect only
stomata. It should not cause permanent damage to stomatal mechanism, and the
effect should persist only for short duration. There are mainly four types of
antitranspirants: stomatal-closing types — some fungicides, like phenyl mercuric
acetate (PMA), and herbicides, like atrazine, act as antitranspirants by closing the
stomata. Film-forming type: These chemicals form coating on the surface of leaves.
Hence, stomatal pores are blocked resulting in reduction in the rate of transpiration.
The material used is either plastic or waxy in nature. Reflectance type: These are
white materials which form a coating on the leaves and increase the leaf reflectance.
Materials like kaolin, hydrated lime, calcium carbonate, magnesium carbonate, and
zinc sulfate are used to reduce transpiration in this category. Growth retardant:
ABA can bring stomatal closure. Chemicals like cycocel reduce shoot growth and
increase root growth, thus enabling the plants to resist drought. It is useful for
improving water status of the plant.
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Distribution and frequency
of the stomata in
horizontally and vertically Horizontal

Orientation of the leaf Upper epidermis Lower epidermis

oriented leaves. (B) Malus 0 38,660
Stomatal frequency in Bean 4051 24,906
monocot leaves is nearly Oak 0 58,040
equal in both upper and Pumpkin 2791 26,932
lower surfaces, while in
dicot leaves, stomatal Vertical
frequency is more on lower Corn 9800 10,900
surface Pine 12,000 11,000
Onion 16,900 16,900
B)
Name of the Upper Lower
Type plant epidermis epidermis
Monocot | Wheat 50 40
Onion 160 160
Barley 75 80
Dicot Sunflower 115 165
Alfalfa 169 182
Geranium 29 175

1.5.2 Stomatal Movement

The stomata make up 15-40% of the total leaf volume. However, the stomatal pore
accounts for only 1% of the total surface area, and it is responsible for more than
90% of water loss due to transpiration. The guard cells are bean-shaped in dicots and
dumbbell-shaped in monocots (Fig. 1.11a). In addition to structural differences from
epidermal cells, guard cells lack plasmodesmatal connections and have chloroplasts.
The wall of the lining of pore is thicker than the outer wall of the guard cells, which
are thin. A fully open stomatal pore measures 5—-15 pm wide and is about 20 pm
long. The ratio of CO, diffusion through a perforated membrane varies in proportion
to the diameter of pore and not the area, i.e., as the pore size decreases, the efficiency
of CO, diffusion per unit area increases severalfolds. This is due to spillover effect
for diffusion of CO, through a stomatal aperture (Fig. 1.11b).

1.5.2.1 Mechanism of Guard Cell Movement

The stomatal opening and closing take place due to the movement of guard cells.
Microfibrils are located around the circumference of the elongated guard cell. This
arrangement of radiating microfibrils is called as radial micellation (Fig. 1.11).
When water enters into the guard cells, it cannot increase much in its diameter due to
the presence of radial microfibrils. However, it increases in length, especially along
its outside thin wall. With the increase in size, guard cells exert pressure on the
microfibrils, and, in turn, microfibrils pull the inner (thicker) wall of the stomata,
leading to the opening of pore. In intact leaf, the guard cells obtain K* from adjacent
cells. There is evidence to show that the level of K™ controls stomatal movement. K*
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Fig. 1.11 (a) Bean-shaped stomata present in dicot leaves (left) and dumbbell-shaped as observed
in monocot leaves. Note the presence of radial micelle in both types of stomata and the deposition of
thickening in boundary around stomatal pore. (b) The spillover effect for diffusion of CO, through a
stomatal pore. The dashed lines are isobar representing region of equivalent CO, partial pressure

.I?brlrfl\/'ll 4 The am(c)iunlt of K*(mM) in stomata
(mM) in open and close Species Open Close
stomata
Vicia faba 552 112
Commelina communis 448 95

levels are high when stomata are open, and it is low when stomata are closed
(Table 1.4). The amount of K* present in the vacuole of guard cells is enough to
cause a decrease in the osmotic potential by 2.0 MPa. The fungal toxin fusicoccin is
known to cause an active proton extrusion, and its treatment stimulates stomatal
opening. Proton extrusion is balanced with K* movement in guard cells resulting in
opening of stomata and wilting of plant. In Vicia leaves, it has been observed that
when K* moves out of guard cells, an equal amount of H" are also released. These H
* are, during the formation of organic acids, mainly malic acid. The rise in H" leads
to a drop in the pH of guard cells. The excessive HY, if not extruded out, will further
drop the pH of the guard cells. Thus, H" is extruded out and is exchanged with K*
influx into the guard cells. If the proton pumps are inhibited, stomata remain closed
even in blue light. Application of inhibitors of photosynthesis prevents organic acid
formation, and stomatal opening is blocked.

carboxylase

Starch — Phosphoglyceric acid ———  Phosphoenol pyruvic acid + CO,

Malic acid + Oxaloacetic acid

The increase in malic acid content and entry of K* further drop the osmotic
potential. K* uptake is balanced by uptake of chloride ion (C17) into the guard cells
and transport of H* released from organic acid (malic acid). Thus, all these factors
are responsible for the opening of stomata. The stomata closure is due to efflux of K*
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and Cl, and conversion of malate into starch results in a decrease in solute potential.
Water moves out from the guard cells leading to stomata closure. Vacuole of the
guard cells has two different classes of K*-permeable channels. The fast-vacuolar
channels (FV) are inhibited by an increase in Ca®* level and are activated when pH
of the cytosol increases. On the other hand, vacuolar K* channels (VK), which are
highly selective for K* over other monovalent cations, are activated by low Ca®*
concentrations and are inhibited by increasing cytosolic pH. Stomatal closure is
usually followed by an increase in Ca®* in the guard cells. So, VK channels actively
release K* from the vacuoles. In the absence of a change in Ca®*, pH plays an
important role in the closing of stomata. FV channels will open leading to release of
K* from the guard cells, and closing of stomata takes place. VK channels have been
identified in Arabidopsis and these channels have Ca**-binding domain.

1.5.2.2 Factors Affecting Stomatal Movement

Environment immediately around the plants keeps changing and so is the stomatal
aperture. Stomata keep adjusting to these changes. Environment signals are per-
ceived by the guard cells. These signals are transduced into ion fluxes leading to
change in the turgor pressure of the guard cells. Some of the important environmen-
tal factors affecting stomatal movement are as follows.

Light Stomata of most plants open during daytime and close during nighttime.
However, in succulent plants stomata open during nighttime and close in the
presence of light. This adaption of CAM plants leads to carbon dioxide absorption
during nighttime when transpiration stress is low. The effect of light on stomatal
movement is independent of photosynthesis. Stomata respond to light even in leaves
where photosynthesis has been reduced to zero by the application of photosynthesis
inhibitor (e.g., cyanazine). Blue light has direct effect on the opening of stomata,
independent of CO, concentration. Thus, in Allium cepa, guard cells swell in the
presence of K™ when blue light is given. Blue light enhances the H* transport leading
to proton gradient which, in turn, causes the opening of K* channels. Red light also
stimulates stomatal opening, but blue light is ten times more effective than red light.

Carbon dioxide It is mainly the internal level of CO, which controls the opening
and closing of stomata. In most plants, low CO, concentration in intercellular spaces
causes the stomatal opening during nighttime as well. High concentrations of CO, in
intercellular spaces cause partial closure of stomata during daytime. Once stomata
closes, external CO, concentration does not affect the stomatal movement. High
level of intracellular CO, induces closure of stomata in the same way as
ABA-induced closure.

Relative Humidity Stomata close when the vapor content of the air and that of
intercellular space exceeds a critical level. The water potential of the leaf also affects
stomatal movement. As water potential decreases (water stress), the stomata are
closed.
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pH Generally high pH favors closing while low pH favors opening of stomata. pH
regulates K™ movement in the guard cells. Mostly alkaline pH enhances the K*
outflow and results in stomatal closure.

Temperature The stomatal pore closes as the temperature rises above 30-35 °C.
To ensure gas exchange at high temperature, stomata opens during nighttime.
Temperature has indirect effect on stomatal movement. It affects the balance of
respiration and photosynthesis. Whenever there is increase in temperature, it leads to
rise in respiration rate. Due to high rate of respiration, the level of CO, increases and
it causes closure of stomata. In some plants, high temperature induces stomatal
opening to increase the transpiration rate (cooling effect) so that temperature of leaf
is maintained.

Water Stress Sometimes, due to water stress, guard cell loses more water as
compared to its intake. It loses its turgidity and stomatal closure takes place. This
is called hydropassive closure of stomata. On the other hand, stomata also experi-
ence ABA-mediated hydroactive closure. ABA is synthesized in leaves, but during
water stress, it is synthesized in roots and quickly transported to leaves. ABA
induces stomatal closure by opening CI™ channels and allows the CI™ efflux from
the guard cells. ABA also inhibit H* pump. This loss of ions further opens up K*
channels and K* also diffuses out of the guard cells. The solute concentration
decreases followed by loss of water and closure of stomata. ABA is also referred
as an antitranspirant. It regulates stomatal closure and thus reduces transpiration rate.
When stomatal closure is induced by ABA, large numbers of ion channels are
regulated by Ca®* signals.

1.6 Guttation

Guttation is the process of extrusion of liquid droplets from the leaves through
special structures called water stomata or hydathodes. During early morning in
summer, when relative humidity is very high, small droplets appear on the vein
endings of grasses or serrate margins of certain leaves (Fig. 1.12a). Guttation takes
place only when relative humidity is high and the rate of transpiration is extremely
low because only in these conditions significant root pressure develops. Thus, this
phenomenon can only be seen in small plants where root pressure has significance.
Although water coming out due to guttation looks like dew drops, it contains
minerals, organic acid, sugars, and even enzymes. On evaporation, the solutes that
remain on the leaves cause salt burning, which is called guttation burn. Hydathodes
are restricted to the apex or the serrated edges of the margins of leaves. It consists of
a simple pore in the epidermal layer found at the tip and is surrounded by a special
parenchymatous tissue, called epithem. The cells of epithem are isodiametric in
shape, are loosely arranged, and enclose lot of intercellular spaces. The xylem
elements of leaf vein terminate in epithem (Fig. 1.12b). Cells of epithem contain a
large number of finger-like projections (a characteristic of transfer cells) to increase
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Fig. 1.12 (a) Grass leaves showing guttation through hydathodes. (b) Sectional view of a
hydathode

the surface area for transport of water. Plants which loose water by guttation are
restricted to few taxons in the plant kingdom. There are about 150-250 plants

showing this phenomenon, e.g., tomato, grasses, Colocasia, cucurbita members,
balsam, etc.

Summary

* The chemical potential of water is the free energy of water. Water moves from its
higher potential to lower potential. The gradient of water potential from soil to
leaf, which creates soil-root-air continuum, is the key to the transport of water.
The additive effects of solute potential and pressure potential ultimately affect
water potential.

* Mode of water transport changes at three different levels. The first level of water

transport refers to entry of water from the soil into the root cells, through the

plasma membrane. The absorption and release of water and solutes by individual
cells occur through diffusion, osmosis, or mass flow. A key component of cellular
transport is crossing the plasma membrane. The second level of transport is from
root epidermal cells to the innermost layer of cortex. This is referred as short-
distance transport, and it includes apoplast, symplast, and transcellular pathways,
including transporters, channels, and plasmodesmata. The third level of transport
is the long-distance transport in xylary elements, also known as ascent of sap.

Water moves against gravity by three forces, viz., transpirational force, cohesion,

and tension. Loading of water into xylem again involves transporters, pumps, and

channels.

The driving force for water movement from soil to leaves and from leaves to

atmosphere is transpiration. Transpiration is the evaporation of water from the
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aerial part of the plants. The most important environmental factors are humidity,
light, temperature, wind velocity, and availability of soil water. Water vapor
leaves the air spaces of the plant via the stomata. Stomata open up during the
day for gaseous exchange. At night when transpirational pull is almost negligible,
roots actively absorb solutes. Water passively enters into roots and creates
pressure. Due to this pressure, water is forced out of the leaf tips through

structures called as hydathodes by a process called guttation.

Multiple-Choice Questions

1.

Which of the following phenomenon is involved in shrinkage of grapes when

placed in hypertonic sugar solution?
(a) Deplasmolysis

(b) Imbibition

(¢) Exosmosis

(d) Osmosis

. Guard cells differ from epidermal cells in having:

(a) Mitochondria
(b) Chloroplast
(¢) Nucleus

(d) Golgi body

. When water enters a cell, it builds up positive:

(a) Osmotic pressure

(b) Turgor pressure

(c) Vapor pressure

(d) Atmospheric pressure

. The surface of leaves remains cool due to:

(a) Transpiration

(b) Guttation

(c) Transport of water
(d) Evaporation

. During daytime, if carbon dioxide concentration around the leaves increases:

(a) Stomata will open gradually.

(b) Stomata will open suddenly.

(c) No change in transpiration.

(d) Decrease in transpiration due to closure of stomata.

. The movement of water in xylem is due to:

(a) Cohesive force among water molecules

(b) Adhesive force between water and wall of xylem element
(c) Transpirational pull

(d) Cohesion and transpirational pull
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. How would you treat an epidermal peel if stomatal pore is to be opened?

(a) Float the peel in abscisic acid.

(b) Take buffer of pH 7 and add KCI and immerse the peel in it.
(c) Use sucrose solution.

(d) Use fusicocin.

. A potato tuber weighing 0.5 gm and water potential of 1 MPa is immersed in

coconut for 1 h. The tuber is removed and again weighed. What do you conclude
about the water potential of coconut water if potato tuber weight after the
treatment is reduced to 0.35 gm?

(a) Less than 1 MPa.

(b) More than 1 MPa.

(¢) 0 MPa.

(d) Itis not possible to find water potential of coconut water.

. Four solutions contain 1 g/L of the following molecules. Which one would have

lowest water potential?

(a) Sucrose

(b) Glucose

(c) DNA

(d) Starch

Guttation is shown by the plants when:

(a) Root pressure is equal to transpiration.

(b) Temperature and relative humidity are low.

(c) Temperature is high and relative humidity is low.

(d) Root pressure is high due to high temperature and relative humidity.

3.b 4.a 5d 6.d 7.b
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Elements mainly derived from soil in inorganic form are known as mineral
elements. The three main sources of nutrients for plants are air, water, and soil.
Elements obtained from air are known as non-mineral elements, such as carbon,
oxygen, and hydrogen. Irrigation water is also a source of mineral elements from
dissolved salts, mainly NaCl, Na,SO,4, NaHCO3;, MgSQO,, CaSO,, CaCl,, KClI, and
K5,S0y. The third environmental source of nutrition for autotrophic plants is soil.
Figure 2.1 shows the relative distribution of various elements in the earth’s crust,
most of which are required for plant growth. Of these, oxygen constitutes about
46.5%, copper being 0.01%, and zinc, nickel, and selenium are present in traces. The
relative percentage of some of the well-known macronutrients required for plant
growth (calcium, potassium, magnesium, and phosphorus) is in the range of
3.6-0.12%. Phosphorus is the least abundant among the four elements. Among
macroelements, nitrogen is the most abundant (44%) followed by potassium, cal-
cium, magnesium, phosphorus, and sulfur. Iron is the most abundant (51%) micro-
element followed by manganese, boron, zinc, and copper. Mineral elements are
essentially used in the synthesis of a variety of important organic compounds. They
also play a variety of roles as ions or as components of inorganic compounds
(Table 2.1). Mineral nutrients continually cycle through all living organisms. How-
ever, they enter biosphere primarily through the roots. Elemental composition of
plants reflects the composition of soil. In soil, more than 60 elements are present, but
not all are absorbed by the plants. At the same time, many of the ions absorbed by the
plants remain in ionic state inside the cells for an indefinite period. Many of these
ions are incorporated either into the structure of more complex molecules, such as
storage proteins, calcium oxalate, glycosides, etc., or into the protoplasm or cell
walls. Some mineral elements are utilized in one organ of a plant and get subse-
quently released by disintegration of cellular constituents. These are further
translocated to other organs of the plant for reutilization. Redistribution of minerals
which have accumulated in cells but have not been actually utilized is also common
in plants. Plants have the ability to accumulate essential elements and exclude
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2 Plant Mineral Nutrition

Main
Groups

Essential Mineral Element
Il Beneficial Mineral Element
B Essential Non-mineral Element

Transition metals Main Groups

Fig. 2.1 Distribution of essential and beneficial mineral elements. All, except molybdenum, are
among the 30 lightest elements. Elements in bold letters are hyperaccumulators in plants

Table 2.1 The roles of various mineral nutrients in plant cells

Mineral nutrients

Role in metabolism

As a constituent of organic compounds

Nitrogen Amino acids, proteins, purines and pyrimidines, chlorophyll, and many
coenzymes

Phosphorus Nucleic acids, phospholipids, ADP, ATP, NAD, NADP, and phosphate
esters of sugars

Sulfur Amino acids like cysteine and methionine, vitamin (thiamine and biotin)

As enzyme activators

Iron Cytochromes, peroxidases, catalases, and metalloflavoproteins

Calcium Hydrolysis of ATP and phospholipids

Magnesium Enzymes involved in carbohydrate metabolism and synthesis of DNA, RNA

Manganese Nitrite reductase and hydroxylamine reductase

Molybdenum Nitrate reductase, nitrogenase (in symbiotic association)

Zinc Alcohol dehydrogenase, glutamic dehydrogenase, lactic dehydrogenase, and
alkaline phosphatase

Copper Cytochrome oxidase, ascorbic acid oxidase, polyphenol oxidase, and
plastocyanin

Other roles

K* and Na* Increase membrane permeability

Ca®* and Mg** Reduce permeability

Calcium As calcium pectate in cell wall

Magnesium Component of chlorophyll molecule and pectate in the middle lamellae

nonessential elements. Some minerals are required in minute quantities, e.g., plant
requires 60 million times less molybdenum than hydrogen (Box 2.1). Such minute
quantities could not be detected by the crude methods which were used earlier. In
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Box 2.1: Mineral Nutrition: Historical Background

Aristotle (384-322 BC) and his student Theophrastus (371-285 BC)
observed that plants require soil for their growth as it provides nutrition to
the plants. Aristotle considered soil as vast stomach for the plants that prepares
and supplies food to the plants. This observation was referred to as “humus
theory of plant nutrition.” According to this theory, humus provides carbon to
the plants. However, according to Thales of Miletus (460-547 BC), “If water
can change into ice and air then perhaps under some circumstances it changes
into a tree or a rock.” In 1648, Van Helmont noticed the requirement of
inorganic nutrition in plants. In an experiment carried with willow plants, he
observed that after 5 years, weight of dry soil decreased by 2 oz., while weight
of the plant increased by 3 oz. He further observed that 61 pounds of gases and
1 pound of ash were produced when he burned 62 pounds of oak charcoal. He
concluded that weight of plant increased by water only. In 1656, Glauber
observed promotion of plant growth when potassium nitrate was added to the
soil. He concluded that potassium nitrate is an “essential principle of vegeta-
tion.” Later in 1699, Woodward observed that the plants grow better in
muddy water as compared to rainwater. Thus, besides water, something else
was believed to be contributing to the growth of plants. Water was only acting
as a vehicle to transport nutrients from soil to the plants. In 1804, Nicolas
Théodore De Saussure provided foundation for present knowledge of min-
eral nutrition. He rejected the theory of humus and demonstrated that plants
obtain minerals from the soil through their root system and gases from air.
Sprengel and Boussingault examined the relationship between fertilizer
application and crop yield. Boussingault is also credited for providing the
first evidence that legumes have the unique capacity to assimilate atmospheric
nitrogen. Sachs and Knops started liquid culture of plants to study the nutrient
requirements of the plants. They identified ten elements which are essential for
the plant growth, viz., C, H, O, N, P, K, Ca, S, Mg, and Fe. Justus von Liebig
was pioneer of agricultural chemistry and proposed the law of minima which
states that productivity depends on the amount of deficient minerals. He
stressed upon the importance of replenishing the mineral nutrients by fertilizer
application. He analyzed ash composition of many plants and recorded
109 mineral elements to be present. Out of these, 20 elements were present
in all plants, and these elements were called as essential elements. J.B. Lawes
and J.H. Gilbert successfully converted insoluble rock phosphate into soluble
phosphate (called superphosphate) by treating with sulfuric acid. Arnon and
Stout in 1939 gave three criteria for an element to be considered as essential
element.

39
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addition to seven ash elements (the incombustible fraction of plant tissue), all
elements which are required in large quantity (except for iron) are now known as
macronutrients. There is another group of minerals, the micronutrients, needed in
only minute quantities. It includes molybdenum, copper, zinc, manganese, boron,
chlorine, and nickel.

In addition to essential elements, there is a small group of beneficial elements
(sodium, silicon, aluminum, selenium, and cobalt) required by some plants. Sodium
is essential for animals but is also required by C, plants. Although aluminum is
found in both plants and animals, it is not essential for either of them. It is toxic to
plants and may even be detrimental to animals. In some plants, aluminum acts as a
functional element. For example, it is beneficial for the growth of tea plants and
combats heavy metal toxicity. Accumulation of some micronutrients leads to toxic-
ity in plants. Toxicity of elements generates reactive oxygen species which causes
cellular damage. Some highly toxic elements, like lead and cadmium, are not
distinguishable by the roots, and they enter the food web via nutrient uptake. Plants
utilize various strategies for mobilization and uptake of nutrients. Soil properties like
humidity, soil pH, and aeration are responsible for the availability of nutrients to the
plants (Box 2.2). Most plants grow in nutrient-limited soils by changing root
structure and increasing overall surface area to increase nutrient acquisition. They
may exhibit elongation of the root system to access new nutrient sources. The most
common change is inhibition of primary root growth (often associated with phos-
phorus deficiency). Other changes include increase in lateral root growth and density
(during nitrogen, phosphorus, iron, and sulfur deficiency) and increase in root hair
growth and density (during iron and phosphorus deficiency). An element present at a
low level in the soil may cause deficiency symptoms in plants, while the same
element at a higher level may cause toxicity. Sometimes, symptoms of deficiency of
one element are similar to symptoms of toxicity of another element. Furthermore,
abundance of one nutrient may cause deficiency of another nutrient. For example,
lower availability of SO4>~ can affect the uptake of NO;~, and K* uptake can be
influenced by the amount of available NH,*. In certain plants, abnormal growth can
be attributed to mineral deficiency, e.g., “heartrot” of sugar beet (boron), “die-
back” in citrus tree (copper), “whiptail” of caulifiower (molybdenum), and “little
leaf”” of apple (zinc). All these are visible symptoms and can also be treated. This
chapter emphasizes on inorganic plant nutrition requirement and their roles in plant
growth and development and also on their deficiency symptoms.
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Box 2.2: Soil-Nutrients Relationship

The concentration of free ions in the soil solution is generally low. The major
portion of the cations is absorbed on the negatively charged sites of clay
micelle and organic material in the soil. Anions, such as nitrate and sulfate,
usually occur as free ions in the soil solution, whereas phosphate is firmly
bound to the clay particles and is found at low concentrations in the soil
solution. Anions are absorbed from the soil solution, but cations are exchanged
directly between roots and soil particle by cation exchange. The soil cations
essential for plant growth include ammonium, calcium, magnesium, and
potassium ions. There are three additional cations which are not essential
plant elements but affect soil pH. These include sodium, aluminum, and
hydrogen. Soil cations are further divided into two categories. Ammonium,
calcium, magnesium, potassium, and sodium are known as base cations,
whereas aluminum and hydrogen are known as acid cations. When soil particles
have a negative charge, they attract and retain cations. Most of the soils are
negatively charged and attract cations. The ability or capacity of the soil colloid
to hold cations is called cation exchange capacity (CEC). Cations in the soil
compete with one another for a spot on the basis of CEC. However, some
cations are attracted and held more strongly than other cations. Holding strength
order of cations as held by soil particles is AI"> > H* > Ca*> > K* > Na*. This is
directly dependent on the amount of charge on the soil colloid. The number of
cations a soil can hold is dependent upon the quality and composition of soil, pH
of soil, and the presence of hydrous oxides of iron and aluminum. CEC is
expressed as milliequivalents per 100 g of soil. CEC is indicative of nutrient-
holding capacity of a soil. Addition of lime and how often it should be added are
determined by CEC. In tropics, many highly weathered soils retain anions,
rather than cations. The anions that are held by soil particles include phosphate,
sulfate, nitrate, and chlorine (in order of decreasing strength). In comparison
with soils with CEC, soils with an anion capacity have net positive charge. Soils
that have an anion exchange capacity (AEC) typically contain weathered
kaolin (hydrated aluminum silicate) minerals, iron and aluminum oxides, and
amorphous materials. AEC is also dependent upon the pH of the soil and
increases as the pH of the soil decreases. Base saturation is a measurement
that indicates the relative amounts of base cations in the soil. It is the percentage
of calcium, magnesium, potassium, and sodium cations that make up the total
CEC. For example, a base saturation of 25% means that 25% of the CEC is
occupied by the base cations. If soil does not exhibit AEC, then remaining 75%
of the CEC will be occupied by acid cations. Generally, the base saturation is
relatively high in moderately weathered soil that is formed from the basic
igneous rocks. The pH of soil increases as base saturation increases. In contrast,
highly weathered and acidic soils tend to have low base saturation. Whenever
there is depletion of any free ions from the soil solution, respective ions are
released from clay particles into the soil solution to maintain the equilibrium.

(continued)
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Box 2.2 (continued)

This is achieved by a process called ion exchange process. This may be due to
contact ion exchange mechanism or by carbonic acid ion exchange mechanism.
Roots respire and liberate significant quantities of CO,, which when dissolved in
soil water produces carbonic acids.

Contact ion exchange mechanism: Plant roots are in contact with soil clay
particles which have colloidal dimensions. Root cells, which are living, secrete
hydrogen ions. Hydrogen ions displace cations like K, Na* ions that are
bound to clay particles. Order of the strength of adsorption of cations by the
soil is AI*® > H* > Ca*? = Mg*? > K* > NH* > Na*. This is called the
lyotropic series or Hofmeister series. It is a classification of ions in the order of
their ability to salt out or salt in water. The sequence of ions is determined by
their charge, size, and hydration. It lists the common soil cations in order of
their strength of bonding to the cation exchange surface.
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The charged soil particle with adsorbed cations and anions at different pH

2.1 Plant Nutrition

On the basis of modes of nutrition, living organisms have been classified into
autotrophs (Greek: auto, self; trophe, nourishing) and heterotrophs (Greek:
hetero, different; trophe, nourishing). Green plants obtain energy from sunlight
and synthesize their own food using raw material by the process known as
photosynthesis and are hence called as autotrophs. Since green plants use light to
synthesize their food, they are called photoautotrophs. Heterotrophs are those
living organisms which cannot synthesize their own food. The heterotrophic plants
are further categorized into three main groups, viz., saprophytes (Greek: sapros,
rotten; phyton, plants), parasites, and insectivorous/carnivorous plants, which
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Box 2.3: Mineral Nutrition of Carnivorous Plants

Plant carnivory is an adaptation strategy to unfavorable conditions, mostly
low-nutrient availability in wet and acidic soils. There are about 600 terrestrial
and 50 aquatic or amphibious species of carnivorous plants (CPs). Some of the
common CPs are Nepenthes sp. (pitcher plant), Drosera sp. (sundew), Dionea
sp. (Venus flytrap), and Utricularia sp. (bladderwort). All CPs are green and
are able to fix CO, (autotrophy) but are partly dependent on organic carbon
uptake from prey ( facultative heterotrophy). Nearly all plants with glandular
hairs are potentially carnivorous. Foliar nutrient uptake from prey is
“ecologically significant” for CPs. The glandular hairs contain phosphatase,
phosphodiesterase, and protease activities. They are generally present in
nitrogen-deficient soil and use insects as a source of nitrogen. CPs are classi-
fied into three main ecophysiological groups. The first group of plants is
“nutrient-requiring species” which increase their growth due to both soil and
leaf nutrient supply. CPs in the group of “root-leaf nutrient competitors” grow
better and accumulate more nutrients because of both root and leaf nutrient
uptake, resulting in a competition between the root and leaf nutrient uptake.
CPs in the third group of “nutrient modest species” have roots with very low
nutrient uptake capacity. Therefore, they depend on leaf for their nutrient
supply. However, terrestrial CPs have considerably lower content of
macroelements per dry weight as compared to aquatic CPs. Nutrient uptake
from prey is advantageous because animal prey is relatively rich in mineral
nutrients. The total nutrient contents found in insects (g.kg~' DW) are N,
99-121; P, 6-14.7; K, 1.5-31.8; Ca, 22.5; and Mg, 0.94.

eat insects. Saprophytic plants grow on dead decaying matter of plant and animal
origin. They release extracellular enzymes which break down complex organic
compounds into simpler forms. Parasitic plants derive food from the host by
penetrating their haustoria into the phloem of the host plants, for example,
Cuscuta. There are certain autotrophic plants which derive nutrition from insects
to supplement the deficiency of a specific mineral in the soil. Such plants are called
insectivorous or carnivorous plants (Box 2.3).

2.2 Essential Elements

At present the list of essential elements includes 13 elements which are essential for
all angiosperms and gymnosperms. Adding carbon, hydrogen, and oxygen makes it
16, and after the addition of nickel (a trace element), it makes a total of 17 essential
elements. The known essential elements have interesting distribution in periodic
table (Fig. 2.1). All, except molybdenum, are among the 30 lightest elements and are
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clustered in such a way that every essential element (except hydrogen) lies adjacent
to another horizontally or vertically placed element. Only molybdenum is present
diagonally to manganese.

2.2.1 The Criteria of Essentiality

The dry matter residue from any plant tissue obtained after desiccation can be
separated into combustible and incombustible fractions. The combustible fraction
represents organic matter, while incombustible element is called ash. Ash roughly
corresponds to the mineral salts absorbed by the plant from the soil. Nitrogen is not
included in ash because it is released during combustion process along with carbon,
hydrogen, and oxygen. The mineral elements occur as oxides in the ash. Hence, the
ash content of a plant tissue gives a crude estimation of mineral content of the tissue.
The presence of a particular element in plant ash does not necessarily mean that it is
an important element for plant growth and development. Roots absorb around
60 elements from the soil, but not all are required for plant growth. The nutrients
or elements necessary for growth or completing life cycle of a plant are considered as
essential elements. Only 16 elements are essential for most of the plants. Criteria to
find out the essentiality of microelements are difficult. The criteria of essentiality of
elements are as follows:

» Deficiency of essential elements prevents completion of life cycle and produces
deficiency symptoms in the plant.

* They cannot be replaced by another element with similar properties.

* They are directly involved in plant metabolism.

* In the absence of essential elements, plants are unable to produce viable seeds.

* Essential elements should be constituents of some essential plant metabolites,
e.g., Mg?* is a constituent of chlorophyll molecule.

2.2.2 Roles of Essential Elements

Essential elements play two major roles in plants: (i) structural role and (ii) activators
of enzymes. There is no sharp distinction between their roles because many elements
form structural components of essential enzymes and help to catalyze the chemical
reactions in which enzymes participate. Carbon, hydrogen, oxygen, nitrogen, sulfur,
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and magnesium perform both the functions. Magnesium is a structural constituent of
chlorophyll molecules and it also activates many enzymes. A number of elements also
regulate osmotic potential. Monovalent ions, potassium and chloride, control osmotic
potential as well as act as activators of certain enzymes (Table 2.1). Depending upon
the role played by essential elements, they can be broadly classified as:

Framework/Structural Elements These elements are components of
biomolecules present in protoplasm, cell wall, and storage products in plants, e.g.,
sulfur in proteins, phosphorus in nucleoproteins and lecithins, magnesium in chlo-
rophyll, and calcium in calcium pectate. Carbon (C), hydrogen (H), and oxygen
(O) are elements which make the structural framework of plants.

Colloidal Elements Cations and anions such as calcium, magnesium, and chloride
ions influence the degree of hydration of the colloidal micelles in the protoplasm and
affect the permeability of the membrane. In general, potassium and sodium enhance
cell permeability, whereas divalent ions, such as calcium and magnesium, reduce
membrane permeability.

Elements Associated with pH Modulation and Buffering Action The mineral
salts absorbed from the soil influence the pH of cell sap. The metabolic activity of the
cell depends on its pH. Two important buffer systems found in the plants are the
phosphate and carbonate systems.

Balancing Elements They minimize the toxic effects of heavy elements, e.g., Ca®*,
Mg**, and K*.

Activator, Cofactor, or Constituent of Enzyme Elements like iron, copper, and
molybdenum are constituents of many enzymes. Some minerals are either the
components of enzymes or are constituents of cofactors or they act as activators of
the enzymes, e.g., Ca®*, Mg?*, K*, Mn, Cu, Ni, Zn, etc. Calcium is required as a
cofactor or enzyme activator for hydrolytic enzymes involved in hydrolysis of ATP
and phospholipids hydrolysis. Magnesium is required by a large number of enzymes
involved in phosphate transfer. Manganese is involved in the activity of some
dehydrogenases, decarboxylases, kinases, and peroxidases.

Osmotic Pressure and Turgor Movements The osmotic pressure of the cell sap is
due to the presence of dissolved mineral salts. The difference in osmotic pressure in
different cells is responsible for intercellular transport. For example, expansion and
contraction of guard cells involve rapid K* fluxes across the cell.
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23 Macroelements and Microelements
2.3.1 Macroelements or Macronutrients

These are mineral nutrients consumed in larger quantities and are present in plant
tissue in quantities ranging from 0.2% to 4.0% on dry matter weight basis. The
primary macronutrients are nitrogen, phosphorus, and potassium, while
secondary macronutrients include calcium, sulfur, and magnesium. Usually,
potassium, calcium, and magnesium are grouped together as they are present as
cations (K*, Ca**, Mg?"). Similarly, nitrogen, phosphorus, and sulfur are grouped
together because they are present as anions (NO;~, SO4~, and HPO, ).

2.3.2 Microelements or Micronutrients

These are the mineral nutrients present in plant tissue in quantities measured in parts
per million (ppm), ranging from 5 to 200 ppm or less than 0.02% of dry weight.
Micronutrients or trace minerals are boron, chlorine, manganese, iron, zinc, copper,
molybdenum, and nickel. Microelements are present as inorganic ions, oxyanions
(anion with one or more oxygen atom), or undissociated molecules of boron or as
organic compound complexes (chelates).

2.4 Beneficial or Functional Elements

Mineral elements which either stimulate growth, but are not essential, or which are
essential only for certain plant species under given conditions are referred to as
beneficial or functional elements. In addition to 17 essential elements, some plants
require certain other elements for their growth. In some cases, a particular element
may substitute an essential element when that element is deficient and thus
produces its beneficial effects. Alternatively, it may stimulate absorption and
transport of an essential element which is in limited supply or inhibit uptake and
distribution of an element that is present in excess. Sodium is required for regen-
eration of phosphoenolpyruvate from pyruvate in chloroplast in CAM and C,
plants. It was first observed in bladder saltbush (Atriplex vesicaria) in which the
absence of sodium resulted in reduced growth, chlorosis, and necrosis of the
leaves. Silicon is the second most abundant element in the earth’s crust. Higher
plants differ characteristically in their capacity for silicon uptake. Depending on
their silicon content, they can be divided into three major groups: (1) wetland
Gramineae, which includes wetland rice and horsetail (10-15%); (2) dryland
Gramineae, which includes sugarcane, most of the cereal species and few dicoty-
ledon species (1-3%); and (3) most of dicotyledons including legumes (<0.5%).
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The long distance transport of silicon in plants is confined to xylem. Therefore, its
distribution within the shoot is determined by transpiration rate. Silicon can
stimulate growth and yield of plants due to several indirect actions. These include
decrease in mutual shading by improving leaf erectness and decrease in suscepti-
bility to lodging and preventing manganese and iron toxicity. It strengthens cell
wall and thus improves drought and frost resistance and boosts the immune system
of the plants. It is responsible for improvement of root mass and density and hence
results in an increase in biomass as well as yield. It is an essential element for plant
growth and development (except for specific plant species, such as sugarcane, and
members of the horsetail family). Silicon is considered a beneficial element in
many countries due to its numerous benefits to various plant species. Silicon is
currently under consideration by the Association of American Plant Food Control
Officials (AAPFCO) for its elevation to the status of a “plant beneficial substance.”
Cobalt is essential for some plants, such as legumes, where it is required by
nitrogen-fixing bacteria rather than the host plant. When legumes are provided
with nitrates, cobalt is not required. In nonleguminous plants, it is beneficial.

2,5 Micronutrient Toxicity

Micronutrient toxicity is the result of accumulation of high levels of trace elements
(primarily iron and manganese) in plant tissues. The critical concentrations (above
which plants exhibit toxic effects) of copper and zinc are 20 and 200 pg.g~' dry
weight, respectively; critical toxicity level of manganese is 200 pg.g ™' dry weight in
corn, while it is 5300 pg.g ' dry weight for sunflower. Root growth is the first one to
be affected by micronutrient toxicity. In vineyards and orchards, excess use of
copper-containing fungicides and subsequent soil pollution lead to copper toxicity.
Acidic soils increase zinc toxicity. The most common symptoms of zinc toxicity are
interveinal chlorosis, necrotic speckling, and leaf deformity. It usually occurs in
older or lower leaves and in mature tissues. The toxicity symptoms are difficult to
predict as an excess of one nutrient may induce deficiency of another nutrient, e.g.,
the toxicity symptoms of manganese (due to MnO,) are brown spots surrounded by
chlorotic veins. Excess of manganese also induces deficiency of iron, magnesium,
and calcium. Manganese competes with iron and magnesium for their uptake. It also
competes with magnesium for binding sites in some enzymes. It inhibits calcium
translocation into the shoot apex and induces deficiency commonly known as
“crinkle leaf” (leaf cups upward and is smaller in size and has chlorotic edges).
The symptoms resemble those of calcium deficiency. Now it has been shown that
these symptoms are due to manganese-induced calcium deficiency. Therefore, the
symptoms of manganese toxicity overlap with the deficiency symptoms of iron,
magnesium, or calcium. Moist, organic soils under acidic conditions are especially
susceptible to manganese toxicity. Manganese toxicity results in the “sudden crash”



syndrome of watermelon which results in wilting and death of plant. When the soil
pH drops below 5.2, manganese minerals become highly soluble and perhaps toxic.
Manganese oxide gets solidified and becomes unavailable to plants, while manga-
nese ions are soluble and are readily available for plant uptake.

MnO, + 4H" + 2¢~ — Mn*" + 2H,0

Farmers may reduce manganese toxicity by liming and aerating the soil. Plants
fertilized with ammonium-nitrogen (NH4*-N) salts may exhibit NH," toxicity
symptoms, accompanied with carbohydrate depletion and reduced plant growth.
Excess phosphorus, manganese, or zinc can cause iron deficiency (chlorosis in
young leaves) and symptoms of nutrient toxicity (old leaves). High nickel
concentrations can also cause iron displacement. Tolerance to aluminum varies
among plant species. Certain crops, such as sugarcane, pineapple, and corn, can
tolerate relatively high levels of aluminum. Aluminum toxicity inhibits root devel-
opment and limits crop growth. It occurs readily under acidic conditions, especially
when pH values are equal to or less than 5.4. In acidic soils of the tropics, aluminum
toxicity may become a serious problem and limit crop yield. Management of soil pH
is a key factor in avoiding aluminum toxicity. Tea plants exhibit a high degree of
tolerance for aluminum toxicity and their growth is stimulated by its application. The
possible reason is the prevention of copper, manganese, or phosphorus toxicity
effects. There have been reports that aluminum may serve as a fungicide against
certain types of root rot. Plants have homeostatic mechanisms to cope with changing
concentrations of toxic inorganic ions (Box 2.4). A variety of naturally produced
organic acids released in soil also play a crucial role in mineral nutrient acquisition
by plants.

Box 2.4: Metal Homeostasis

In plant cells, the major sinks of micronutrient metal cations are chloroplasts
and mitochondria (50% of copper and 80% of iron are present in the
chloroplasts of leaf), whereas the major repository for toxic ions in roots as
well as shoots is vacuoles. Therefore, it is very important to have efficient
mechanism of transport of these toxin ions through cytoplasm to organelles.
The transport of metal ions through cytoplasm is facilitated by proteins that act
as metallochaperones.

Metallothioneins act as metallochaperones and control toxic ion
concentrations in plant cells. These are also present in mycorrhizal fungi.
There are molecules that routinely detoxify or chelate reactive metals. In
general, glutathione and amino/carboxylic acids perform these functions in
plant cells.

(continued)
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Box 2.4 (continued)
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2.6 Deficiency Symptoms of Mineral Elements in Plants

Plants respond to inadequate supply of essential mineral elements by exhibiting
deficiency symptoms (Table 2.2). The characteristic deficiency symptoms can be
correlated with specific deficient mineral element using “hydroponics,” but under
natural environment conditions, this correlation becomes difficult to observe (Box
2.5). Inadequate supply of an element can be due to its low concentration in soil, the
presence of an element in the form that the plant cannot access, or the influence of
other factors, such as soil pH, aeration, water status, or high concentration of
antagonistic elements. Under natural conditions, these symptoms are the indicators
of mineral deficiencies in the soil. Most of the symptoms appear on the shoot system
and are easily observed (Fig. 2.2). Deficiency symptoms are of many types
(Table 2.3):

Table 2.2 Deficiency symptoms of different nutrient elements in plants

Elements Deficiency symptoms Symptoms due to excess supply
Nitrogen Lateral bud dormancy, wrinkled Dark bluish-green leaves; high shoot/
cereal grains root ratio; new growth will be
succulent and susceptible to disease;
insect infestation and drought stress;
flower abort and lack of fruit set
Phosphorus Premature leaf fall and flower bud; No direct effect on the plant, but will
delay in seed germination; chlorosis; show deficiency symptoms of Zn, Fe,
and necrosis first in older leaves Mn, or Ca; maturity often delayed;
poor vascular tissues; shoot growth is
less and root growth is more
Potassium Loss of apical dominance; interveinal | Excess of potassium causes Mg and
chlorosis first in older leaves; Ca deficiency
scorched leaf tips; short internodes;
and dieback
Calcium Stunted growth; degeneration of Deficiency symptoms of magnesium
meristems, especially root meristem; can be seen, and if concentration
growing tips of roots and leaves will further increases, potassium
turn brown and die; fruit quality will deficiency may also occur
be affected; decay of the conductive
tissue in lower region of stem wilt
easily
Magnesium Interveinal chlorosis and anthocyanin | Occurs rarely; results in cation
pigmentation appear; older leaves imbalance; plant shows calcium
affected first; premature leaf and/or potassium deficiency
abscission
Sulfur Chlorosis first in young leaves; Premature senescence of leaves
reduced nodulation in legumes,
stunted and delayed growth;
anthocyanin accumulation;
defoliation in tea
Iron Interveinal chlorosis appearing first in | Occurs rarely; results in bronze-

young leaves, slow growth of the plant

colored leaves with brown spots;

(continued)
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Elements Deficiency symptoms Symptoms due to excess supply
symptoms frequently seen in rice
leaves
Manganese Interveinal chlorosis with gray spots Older leaves show brown spots
on young leaves; malformed leaves, surrounded by a chlorotic zone; tree
white streaks on the leaves of some fruits, referred to as measles
plants; plant growth is slow

Zinc Upper leaves show interveinal Fe deficiency develops; toxicity is
chlorosis; stunted growth; dieback; severe; plants severely stunted and
internodes will be short and plants will | eventually die
be stunted

Copper Leaf tip necrosis; blackening of potato | Fe deficiency may be induced with
tubers; bark becomes rough and splits; | very slow growth; root tips may die
loss of apical dominance

Boron Death of root and shoot tips; Leaf tips and margins turn brown and

abscission of flowers; reduced die; stunted growth toxic to many
nodulation in legumes; interveinal plants
chlorosis with marginal necrosis and
in folding; pollination is reduced; no
internode elongation giving a
compressed appearance
Molybdenum | Similar to nitrogen; slight retardation | Not of common occurrence
of growth; chlorosis and necrosis of
old and middle leaves; sometimes leaf
margins get rolled, new growth is
malformed, and flower formation is
restricted
Chlorine Bronze color in leaves; wilting of Premature yellowing of the lower

leaves; swollen root tips; stunted root
growth

leaves with burning of leaf margins
and tips; wilting and leaf abscission in
woody plants

1. Chlorosis—it refers to yellowing of leaf tissue due to lack of chlorophyll. Poor

drainage in soil, damaged roots, compact roots, high alkalinity, and nutrient
deficiencies are some of the reasons for yellowing of leaves. The affected plants
or leaves are unable to manufacture carbohydrate and they ultimately die.

. interveinal chlorosis—yellowing in between leaf veins though veins remain
green.

. Necrosis—the affected plant tissue usually turns brown to black in color. It is
caused due to the death of plant cells. Necrotic symptoms could appear in any part
of the plant, such as in storage organs, green tissues, or woody tissues.

. Cessation of growth or terminal growth resulting in rosette appearance.

. Pigmentation—when sugars are not metabolized in the plant cells, it results in the
accumulation of anthocyanin. The leaves may become purple because of antho-
cyanin (glycosylated form of anthocyanidins) accumulation. Reduction in
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nitrogen or phosphorus level favors anthocyanin accumulation in various plant
parts. This symptom can be particularly difficult to diagnose because low
temperatures, disease, drought, and even maturation of some plants can also
cause anthocyanin to accumulate.

6. Stunting or reduced growth.

. Premature fall of leaves and buds.

8. Delayed flowering.

<

Box 2.5: Hydroponics

In 1880, two German botanists Julius von Sachs and Knop working indepen-
dently demonstrated that plants can absorb minerals from solution as well. The
plants were grown in Knop’s nutrient solution which consisted of potassium
nitrate, calcium nitrate, potassium dihydrogen phosphate, magnesium sulfate,
and an iron salt. This technique of growing plants in nutrient solution without
soil is known as hydroponics. Inert materials like vermiculite, sand, coir, etc.
can be used as supporting material. Vigorous air bubbling is done to provide
oxygen to the root system.

The most common solution used in hydroponics is Hoagland’s solution. It
consists of all the essential elements in the correct proportion necessary for
growth of almost all plants. The concentration of minerals in most nutrient
solutions is many times greater than in soils in order to maintain continuous
supply of nutrients. The most commonly encountered problem with hydro-
ponics is providing air to roots. The absence of oxygen in solution culture can
result in anoxia or hypoxia in plant roots. Iron absorption poses another
challenge as it needs to be provided in chelated form for ready absorption by
the roots. Hydroponics offers the following advantages: (1) soil-less raising of
plants, (2) the water stays in the system and can be reused, (3) it is possible to
control the nutrition levels in the system, and it reduces nutrients loss, (4) no
nutritional pollutants are released into the environment because of the con-
trolled system, (5) plants show uniform growth and high yields, (6) pests and
diseases are easily eradicated as compared to plants growing in soil, (7) ease of
harvesting, and (8) no pesticide used and consequently no damage to the
plants. However, some of the hurdles experienced in hydroponics are as
follows: (1) any failure in the system that leads to rapid plant death, (2) the
need to replace the solution after every few days in order to achieve good
growth (this is because the composition of nutrient solution changes as certain
ions are absorbed more rapidly as compared to others), and (3) selective uptake
of ions that also changes the pH of the medium. For example, when nitrogen is
given as nitrate, it is rapidly absorbed by the plants along with H* resulting in a
rapid rise of pH. At high pH, iron and other elements precipitate as hydroxides

(continued)
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Box 2.5 (continued)

and hence are not available to the plant. It can be minimized by adding
ammonium salt. Pathogen attack is associated with hydroponics, and
overwatering of soil-based plants can lead to wilting, e.g., damp-off due
to Verticillium wilt caused by the high moisture levels. The mineral require-
ment of each plant is different. Therefore, it is important to find optimal
medium required for growth of different plants.

NAerating tube

Funnel for adding
water and nutrients

Nutrient solution

Hydroponics technique for raising plants

Two main types of hydroponics are solution culture and solid culture.
There are three types of solution cultures, viz., static solution culture, con-
tinuous-flow solution culture, and aeroponics. (i) Static solution culture:
Plants are grown in containers with nutrient solution. If it is unaerated, the
solution level is kept low enough so that enough roots are above the solution
and can get adequate oxygen. Aeration in the medium can also be provided by
a small pump. The nutrient solution is changed either on a schedule, such as
once per week, or when the concentration of nutrients drops below a certain
level, which can be monitored with an electrical conductivity meter. (ii)
Continuous-flow solution culture: In this method, the nutrient solution
constantly flows past the roots. It is much easier to automate than the static
solution culture because sampling and adjustments for the temperature and
nutrient concentrations can be made in a large storage tank that has potential to
serve thousands of plants. Nutrient film technique (NFT) is a popular
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Box 2.5 (continued)

variation of continuous-flow culture, in which a very shallow stream of water
containing all the dissolved nutrients required for plant growth is recirculated
around a thick root mat. Subsequent to this, an abundant supply of oxygen is
provided to the roots of the plants. The main advantage of the NFT system
over other forms of hydroponics is that the plant roots are exposed to adequate
supply of water, oxygen, and nutrients. (iii) Aeroponics: This method requires
no substrate. Roots are suspended in growth chamber with the roots periodi-
cally wetted with a fine mist of atomized nutrients. Aeroponics technique is
commercially successful for micropropagation, seed germination, seed potato
production, tomato production, and leafy crops.

<—Plant tray

Reservoir —>

Nutrient film technique (NFT)

The limitation of conventional hydroponics is aeration of roots. One kilo-
gram of water can only hold 8 milligrams of air, no matter whether aerators are
utilized or not, but excellent aeration is achieved only by aeroponics. Almost
all species of plants can be grown in a true aeroponics system because the
microenvironment around the plants can be finely controlled. However, in
conventional hydroponics, only certain species of plants can survive due to
waterlogged conditions. Plants receive adequate oxygen for the roots which
accelerates biomass growth and reduces rooting time. NASA research has
shown that plants grown using aeroponics have an 80% increase in dry weight
biomass (essential minerals) as compared to plants grown by using conven-
tional hydroponics. Aeroponic-grown plants do not suffer from transplant
shock when transplanted to soil and are less prone to diseases.

(continued)
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Box 2.5 (continued)

Aeroponics
- —
Nutrient h
water mist
TWater X
<— Reservoir
of nutrient
water
Water pump
Advantage of aeroponics over conventional hydroponics

Solid Medium Culture

This method uses solid media for the roots and is named on the basis of the
type of medium used, as discussed below:

Vermiculite: Vermiculite is a hydrated magnesium, aluminum, and silicate
mineral which resembles mica in appearance. Vermiculite has a natural “wick-
ing” property to draw water and nutrients in a passive hydroponic system.
Vermiculite improves aeration, slightly raises pH, enhances drainage, and
does not interfere nutrient availability to the plants.

Sand: Sand is easy to recharge with nutrients and can be washed easily.
However, it is heavy and does not hold water very well. It is recommended for
growing succulents, sand-loving trees, drought-tolerant plants, and Euphorbia
species.

Gravel: Gravel, as used in aquarium, can be used after washing. Plants are
grown in a typical traditional gravel filter bed, with water circulated using
electrically powered head pumps. Gravel drains well and does not get water-
logged. However, it is heavy, and, if not kept wet, the plant roots may dry out.

Polystyrene packing peanuts: These are standard packing peanuts used in
shipping industry. Polystyrene packing peanuts have excellent drainage for
growing plants. Biodegradable packing peanuts, however, decompose into
sludge, and plants may absorb styrene and may cause health risk to their
consumers.

Wood fiber: It is a very efficient organic substrate for hydroponics. For
organic farming the wood fiber is the best medium to supply nutrients. It
maintains its structure for a very long time. However, it reduces the effect of

(continued)
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Box 2.5 (continued)
plant growth regulators and is biodegradable. It is not possible to sterilize it;
therefore, it attracts many pests.

The techniques used to raise plants in solution and solid cultures have been
modified to cater to the needs of different plants. It is difficult to find out the
requirement of trace elements by the above mentioned techniques. Require-
ment for molybdenum, nickel, copper, zinc, and boron is difficult to be
demonstrated for the species with large seeds. Since large seeds contain
enough of these elements, their deficiency symptoms for these elements cannot
be observed.

Visual symptom
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Fig. 2.2 Major diagnostic features to identify the nutritional status of different mineral nutrients in
plants

Leaf edges brown )(
or scorched

Table 2.3 Different types of deficiency symptoms and the elements responsible for those
symptoms

Deficiency symptoms Elements showing the symptom
Chlorosis K, Mg, N, S, Fe, Mn, Zn, Mo
Necrosis P, K, B, Cu

Lack of new growth or terminal growth resulting in rosette N, K, S, Mo

Anthocyanin formation N, P, S, Mg

Stunted/retarded plant growth N, P, K, Zn, Ca

Premature fall of leaves and buds K, P

Delayed flowering N, S, Mo

It is, however, not easy to diagnose elemental deficiency symptoms. For example,
chlorosis of leaves can be caused by the deficiency of iron or nitrogen or due to low
light intensity or insect or fungal infestations, albinism, and senescence. Visual
symptoms of elemental deficiencies have limited use in field crops because they
appear only when deficiency is severe. Appearance of these symptoms depends upon
the role played by these elements or upon their mobility (Table 2.4). Depending on
the mobility of the element, leaf symptoms can occur in the upper, middle, or lower
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Table 2.4 Mobility patterns of elements essential for plant growth

Essential element Mobility pattern

Boron (Bo) Mobile in phloem, degree of mobility varies in plants
Calcium (Ca) Mobile through xylem (and not phloem)

Copper (Cu) Poorly mobile element

Iron (Fe) Mobile as ferrous ions (Fe3 ")

Magnesium (Mg) Good mobility in plants, transported through phloem
Manganese (Mn) Less mobile

Molybdenum (Mo) Relatively less mobile and least abundant microelement
Nitrogen (N) Mobile in the form of nitrates across ammonium transporter
Phosphorus (P) Least mobile, taken up in inorganic form (P;)
Potassium (K) Highly mobile element due to potassium channel
Sodium (Na) Mobile

Sulfur (S) Mobile

Zinc (Zn) Immobile

/
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Fig. 2.3 The experiment to demonstrate the role of inorganic nutrients in plant growth. Plants are
grown in solution with all nutrients (minus one) and compared with plants grown in full nutrient
medium and distilled water

sections of a plant. This can be demonstrated by adding all the nutrients in solution
culture and then transferring plants to solution culture lacking one element each time
(Fig. 2.3). If older leaves remain normal, while the newer leaves develop the
deficiency symptoms, then the deficient element is immobile. On the other hand, if
the deficiency is there in old leaves as well, then the element is mobile. In other
words, those elements which are translocated fast are called mobile elements and
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those which are not translocated are called as immobile elements. Mobile nutrients
include nitrogen, phosphorus, potassium, magnesium, and molybdenum. Immobile
nutrients include calcium, sulfur, boron, copper, iron, manganese, and zinc.

2.6.1 Mineral Deficiencies in Older Tissues

Magnesium is highly mobile within the plant. It is a component of chlorophyll
molecule and its deficiency results in less chlorophyll formation. During magnesium
deficiency, older leaves first turn yellow, and gradually yellowing occurs in younger
leaves as well. Mobile elements like nitrogen, magnesium, phosphorus, chlorine,
molybdenum, cobalt, or potassium satisfy local shortages, particularly in new shoots
or developing seeds. When one of these mobile elements is deficient, older leaves are
first to be depleted and show symptoms.

2.6.2 Mineral Deficiencies in Younger Tissues

Some deficiency symptoms appear first in younger parts and move elsewhere with
difficulty. Less mobile elements, such as iron, copper, boron, zinc, sulfur, or
calcium, do not move readily from older to younger tissues. So, when these elements
are deficient, symptoms appear in the newer or upper leaves or in the flowers or
seeds. The most important diagnostic feature of nutritional disorder symptoms is to
find out the location and pattern of the symptoms. Nutritional deficiency symptoms
generally develop in specific organs, such as leaves, roots, shoots, or growing points.
These symptoms include the following: (1) symptoms that are initially restricted to
leaves of particular age, i.e., young-, old-, or intermediate-aged leaves, and are
closely related to leaf venation; (2) nutritional deficiencies that cause defects in
cell functions and rarely cause mechanical disruption of the cuticle (outer layer) of
the leaf (thus, any damage to the surface of a leaf is not likely to be caused by
nutritional deficiency); and (3) changes in leaf color and tissue death. Visible
changes in a crop, such as yellowing of leaves, development of small leaves, and
poor seed set, are due to breakdown in cell functioning and nutritional disorder. For
example, the distortion of new tissues or flowers or the death of growing points is
typical of boron deficiency. Similarly, the leaves of nitrogen- or magnesium-
deficient plants are pale because nitrogen and magnesium are components of chlo-
rophyll. The nature of symptoms is a useful guide to identify the nutritional disorder.
Diagnostic features help in identifying deficiencies, but sometimes it is difficult to
identify them because of the following reasons:

* Sometimes a disorder is quite advanced before clear visual symptoms appear and
this results in loss of yield or quality.

e The absence of symptoms in a plant does not mean that nutrition is adequate.
“Hidden hunger” is the condition in which yield is poor due to inadequate
nutrition, but no symptoms can be observed.
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e Visual symptoms can be unreliable when more than one element leads to same
deficiency symptoms.
e Some symptoms may appear due to modification in some environmental stress.

2.7 Role, Deficiency Symptoms, and Acquisition
of Macronutrients and Micronutrients

2.7.1 Macronutrients

2.7.1.1 Carbon

Carbon and oxygen account for almost 90% of the dry weight of higher plants.
Carbon forms bonds in the shape of a tetrahedron and is the backbone of many
biomolecules, like starch and cellulose. It is fixed as photoassimilate through
photosynthesis using carbon dioxide drawn from the atmosphere. Nearly, all the
complex molecules of living organisms have carbon.

2.7.1.2 Hydrogen

It plays a central role in plant metabolism and is necessary for the synthesis of sugars.
In its oxidized form, it is responsible for creating proton gradient which in turn
regulates electron transport chain in photosynthesis and respiration. Protons are
ubiquitous and are important for maintaining ionic balance.

2.7.1.3 Oxygen

Like carbon, oxygen is present in all organic compounds of living organisms. Free
oxygen is primarily involved as an electron acceptor in respiration. It functions as a
substrate in reactions involving oxidases. Some hydroxylation reactions use free
oxygen instead of hydroxyl ions. Plants produce oxygen during photosynthesis and
form glucose, while they undergo aerobic cellular respiration by the breakdown of
glucose to generate ATP. The role of oxygen as an inhibitor of metabolism (photo-
respiration) has more problem than its deficiency.

2.7.1.4 Nitrogen

Nitrogen is the most abundant gas (80%) in the atmosphere, but only certain bacteria
and cyanobacteria can utilize gaseous nitrogen directly. It exists in a number of
oxidized and reduced forms and cycles in the atmosphere between organic and
inorganic pools. A number of plant species can fix nitrogen by having symbiotic
association with diazotrophic microorganisms. Nitrate and ammonium ions are two
sources of nitrogen in nonleguminous plants. Most of the nitrogen taken up by the
plants is derived from the soil in the form of nitrate (N 037), which is then converted
into nitrite by nitrate reductase in the cytosol. Nitrite is transported to plastids and is
then converted into NH,", by the action of nitrite reductase. Soluble forms of
nitrogen are transported as amines and amides. Nitrogen is a constituent of all
proteins, enzymes, and various metabolic processes involved in the synthesis and
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Table 2.5 Roles of macronutrients in plants

2 Plant Mineral Nutrition

Nutrients Functions in cell metabolism Functions at whole-plant level

Nitrogen Constituent of amino acids, Enhanced seed and fruit production;
nitrogenous bases, cofactors, alkaloids, | improved leaf and forage crop
coenzymes, and chlorophyll, including | production
some hormones (IAA)

Phosphorus | Required as phosphate in sugar; as ester | Rapid growth; encourages blooming
in DNA, RNA; as phospholipids in and root growth
membrane and is constituent of ATP

Potassium As an activator of enzymes; essential Regulates opening and closing of
ion for protein synthesis; manufacture stomata
of sugar and starches

Sulfur Constituent of amino acids (cysteine Improves root growth and seed
and methionine); vitamins (thiamine production; helps with vigorous plant
and biotin); coenzyme A (required in growth and resistance to cold
respiration); formation of sulpholipids

Calcium Cell wall formation; maintenance of Regulates fruit quality, protects
membrane structure and permeability; against heat stress and disease
cell signaling

Magnesium | Constituent of chlorophyll molecules Nutrient uptake control, root formation

and required as an enzyme activator;
essential for binding of ribosome
subunit

transfer of energy. It is also a constituent of many other important biomolecules,
such as hormones (indole-3-acetic acid and cytokinins) and chlorophyll. Some
plants, such as corn (Zea mays), require very high dosage of nitrogen as compared
to other plants. It facilitates rapid plant growth and helps increase seed and fruit
production (Table 2.5).

Nitrogen is a mobile element. Therefore, older leaves exhibit chlorosis and
necrosis earlier than younger leaves during nitrogen deficiency. During severe
nitrogen deficiency, leaves become completely yellow and fall off. Nitrogen defi-
ciency causes stunted and slow growth because cell division is inhibited and lateral
buds become dormant. Chlorosis and purple appearance on the stems as well as
petiole and underside of leaves are also caused by nitrogen deficiency. Some plants,
such as tomato and maize, also accumulate anthocyanins which accompany nitrogen
deficiency. Plants grown in the presence of excess nitrogen produce dark green
leaves and vigorous foliage as root system is highly reduced resulting in high shoot/
root ratio. In nitrogen deficiency, reverse situation is evident, i.e., low shoot/root
ratio. Potato plants grown in the presence of abundant nitrogen exhibit more foliage
and small tubers. Flower and seed formation are highly reduced due to high nitrogen
in the soil. Excess nitrogen also results in the splitting of tomato fruits as they ripen.
The crops become susceptible to disease, insect infestation, and drought stress,
leading to lodging, when nitrogen content is high. Soils are usually deficient in
nitrogen as compared to other elements. In addition to atmosphere, the primary
source of nitrogen is often provided to cultivated plants from fertilizer application.
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2.7.1.5 Phosphorus

It is required in young meristematic cells as it is utilized in the formation of
nucleoproteins and other phosphorus-containing compounds in the growing tissues.
Requirement of phosphorus in the annual plants is more during the first few weeks of
germination and again near the end of their life cycle (fruit and seed development).
Addition of phosphates in the soil also promotes root development. Like nitrogen,
phosphorus is essential for the process of photosynthesis. It is needed as the
structural component of ATP which is synthesized during light reaction of photo-
synthesis. It is an essential component of many sugars involved in photosynthesis,
respiration, and other metabolic processes. Organic phosphates play an important
role in metabolism. For example, in the metabolism of sugars (which have hydroxyl
groups, -OH), phosphate esters are often formed as intermediate compounds. In
plants, phosphorus is mainly present as phosphate esters which include sugar
phosphates. Phosphate esters are needed for the synthesis of DNA, RNA, and
phospholipids present in the membrane. Phosphorus plays an important role in
membrane biochemistry in the form of phospholipids. Phosphorus is also a constit-
uent of ATP, ADP, AMP, and pyrophosphate (PP;), which are important
components of energy metabolism (Table 2.5). It participates in signal transduction
pathway by phosphorylation and dephosphorylation of receptors, secondary
messengers, and target enzymes. Modification of activity of various enzymes
requires phosphorylation and is also used for cell signaling as inositol triphosphate
(IP3). IP; is a secondary messenger involved in signal transduction and lipid
signaling. In many species, the amount of phosphorus and nitrogen regulates plant
maturation process. Excess nitrogen delays maturation, while abundant phosphorus
speeds up the process of maturation. Phosphate is withdrawn from older senescing
leaves and is redistributed in different plant organs. As a result, first symptoms of
phosphorus deficiency appear in older leaves. It results in stunted growth, poor
vascular tissue formation, dark green coloration in leaves, and necrosis of leaves.
Plant may show premature fall of leaves and flower buds (Fig. 2.4).

Phosphorus is present in various forms in the earth’s crust. It is present in mineral
deposits, as inorganic and organic phosphorus in soil and water and in different
organisms. Although it can react with other elements to make hydrides, halides,
sulfides, and metal phosphides, it is present in neutral state in combination with
oxygen as phosphates. Unlike nitrates and sulfates, phosphates are not reduced in
plants during assimilation. It remains in its oxidized state forming phosphate esters
in a wide range of organic compounds. It combines with hydrogen and oxygen to
form phosphoric acid. Phosphoric acid is tribasic (having three replaceable hydrogen
atoms) and can form monophosphate, diphosphate, and triphosphate salts in which
one, two, or three of the hydrogens of the acid are replaced, respectively. Because
replaceable hydrogen remains in monophosphates and diphosphates, they are called
acid phosphates. The most important inorganic phosphate is calcium phosphate
[Caz(POy4),]. It makes up the larger part of phosphate rock, a mineral that is
abundantly distributed throughout the world. Since calcium phosphate is only
slightly soluble in water, it is not very suitable as a source of phosphorus. However,
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Fig. 2.4 (a) Plant roots exhibiting change in response to phosphorous deficiency. The deficiency
induces inhibition of primary root elongation and increase in growth and density of lateral roots and
root hairs. (b) Plants can increase phosphorous availability by secreting phosphatase, organic acids,
protons, or via involving Pi transporters or gets associated with vesicular arbuscular mycorrhiza
(VAM) to

by treating it with sulfuric acid, the soluble calcium acid phosphate known as
superphosphate [Ca(H,PO,),] is formed. Other important inorganic phosphates
include ammonium phosphate, which is an important fertilizer.

Phosphorus is readily absorbed in the form of monovalent anion H,PO, ™ and less
rapidly in the form of divalent anion, HPO,*". Below pH 7, phosphorus is absorbed
as monovalent anion H,PO,~ and above pH 7 as divalent anion HPO42_. Most
cations (except Na*, K, NH,*, and Li") form insoluble salts with phosphorus
leading to nonavailability of phosphorus for plant growth. Thus, in soils rich in
iron and aluminum, most of the phosphates are not available to the plants. Addition
of chelating agent releases inorganic phosphate (P;) from aluminum and iron. The
concentration of phosphorus in root cells is in the millimolar range, whereas in soil
the concentration is 1 pM or less.

In addition to high-affinity transporters, two groups of low-affinity transporter
have been identified for intracellular transfer of inorganic phosphate across
membranes. During sufficient supply of phosphorus, more than 85% of the inorganic
phosphate is stored in vacuoles. However, when there is deficiency of phosphorus,
vacuolar P; is mobilized to maintain cytosolic P; homeostasis. The import of P; is
inhibited until vacuolar reservoir is over. Availability and acquisition of phosphorus
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from soil are very low. It is because of low solubility, low concentrations in soil
(>1 pM), presence of AIP* and/or Fe?*, and conversion of soil P; to organic forms.
Phosphorus starvation response is observed at whole-plant level. As phosphate
starvation occurs, there is an increased expression of high-affinity transporters.
Phosphorus deficiency also activates several purple acid phosphatases (PAPase)
and ribonucleases (RNase) which accelerate movement of phosphorus from old
tissues to new tissues. Under P;-deficient conditions, root diameter decreases, and
the number of root hairs as well as their length increases which enhances P; uptake
by increasing the root-soil contact area. Plants release phosphatases, organic acids,
and protons to solubilize P;. The other strategy adopted by the plants is mycorrhizal-
mediated phosphorus acquisition with the help of arbuscular mycorrhizal fungi
(Box 2.6).

Box 2.6: Plants and Mycorrhizae

Plant growth is highly dependent on bacteria and saprophytic and mycorrhizal
fungi which facilitate the cycling and mobilization of nutrients. In addition to
bacteria, more than 80% of plants have symbiotic relationship with fungi
(mycorrhizae). This association is mainly of two types and these are
endomycorrhizae and ectomycorrhizae. Endomycorrhizae are those fungi
which develop the association by penetrating into the cortical cells of the
roots of the host plants. On the other hand, ectomycorrhizae develop the
association by developing a vast hyphae network between cortical cells with-
out penetrating the host plants. A variety of plant species develop the
endomycorrhizal association with arbuscular mycorrhizal fungi (AMF) also
known as vesicular-arbuscular mycorrhiza (VAM). Plants release chemicals
which induce the germination of mycorrhizal spores present in the soil. The
germinating spores form a network of hyphae which penetrate the cortical cells
of the roots of host plants forming a highly branched structure called
arbuscule. This symbiotic association facilitates phosphorus uptake from the
soil by increasing root absorptive area of the host plant. The ectomycorrhizal
fungi form symbiotic association with many tree species. The fungi form
extensive hyphal growth around compatible root cap forming a hartig net
surrounding the cells within the root cortex and provide phosphorus and
nitrogen to the host plants. The ectomycorrhizae produce enzymes that digest
organic material present in the litter and mobilize the nutrients to the hartig net,
making it available to the plant. This interaction is essential for the trees, as the
nutrients present in the litter are otherwise not available to long deep roots of
the trees. Absorption of nutrients around the roots depletes nutrients and
results in nutrient depletion zone in the region of the soil near the plant
roots. Root association with mycorrhizal fungi helps plants to overcome this
problem by moving the nutrients from high concentration zone to the depletion
zone. The benefit to the fungal partners in this relationship involves transfer of

(continued)
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Box 2.6 (continued)

carbohydrates from the plant to the microorganism. The symbiotic fungi
obtain water and nutrients, primarily S, P;, and N, from the soil and translocate
them to the host plants helping their growth and development. The presence of
AMEF enhances sulfur uptake in maize, clover, and tomato. At molecular level
AMEF can influence the expression of plant sulfate transporters which improves
the sulfur status of the host plant. Additionally, inoculation with AMF has
been shown to increase both root colonization and the magnitude of the
sulfonate mobilizing bacterial community in the rhizosphere. Whenever
there is lack of readily available sulfate in soil, it leads to reduction in plant
exudates, and as a consequence, soil microbial activity decreases due to
reduced availability of photosynthate as a source of carbon. Inoculation
practices, therefore, have huge potential to sustainably increase crop yield in
areas where sulfur is becoming a limiting factor for plant growth.

Under P; deficiency, plants need to minimize the production of new shoot
branches and direct limited P; resources to already existing shoots while
maximizing P; acquisition from the soil. AMF spores treated with root
exudates from plants grown under P; starvation have more hyphal branching
activity than those treated with exudates from P;-sufficient plants. Moreover,
increased soil P; levels resulted in a decreased AMF colonization of the roots.
Subsequently, a stimulant of hyphal branching and root colonization of sym-
biotic AMF was isolated. This stimulant was found to be a terpenoid lactone
derived from carotenoids and was named strigolactones (SLs). It was origi-
nally derived from plant root exudates and recognized as germination stimu-
lant for root parasites such as Striga, Orobanche, and Phelipanche. SLs play a
dual role in the modulation of P; acquisition and utilization under P;-deficient
conditions. P; deficiency stimulates SL biosynthesis in roots and exudation to
soil. Elevated SLs (acting as endogenous hormones) act locally by modifying
root system to increase root coverage that provides more surface area to
explore more soil volumes and allow higher P; uptakes. SLs are also
transported through the xylem to suppress shoot branching (a means to reduce
P; utilization). SL exudation into the soil serves as a rhizosphere signal for
symbiotic interaction between some host plants and arbuscular mycorrhizal
fungi (AMF), a means to increase P; acquisition. More recently, it has been
demonstrated that SLs act as long-distance signaling molecules that can be
transported from roots to shoots for their specific functional control on shoot
branching. The transport of SLs from roots to shoots is partly mediated by
ATP-binding cassette (ABC) transporters. Nutrient uptake soon depletes
nutrients near the roots and forms nutrient depletion zone in the region of
the soil near the plant roots. Root associations with mycorrhizal fungi help the
plant to overcome this problem.
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2.7.1.6 Potassium

The name potassium is derived from “pot ash.” Plant ash mainly contains potassium,
which constitutes nearly 50% of its total weight. It is absorbed by plants in larger
amounts than any other mineral element except nitrogen. It occurs in plants mainly
as soluble inorganic salts. Cytoplasmic potassium concentration varies from 80 mM
to 200 mM. It varies considerably in subcellular compartments. This fluctuation of
potassium levels is regulated by its accumulation in the vacuoles of plant cells.
Vacuolar potassium can be exchanged against sodium to maintain potassium con-
centration in cytosol. The young and active regions of the plants, especially buds,
young leaves, and root tips, are rich in potassium. Older tissues, such as wood,
contain much less potassium. It is supplied to plants from soil minerals, organic
materials, and fertilizers. Potassium is not used in the building up of any cell
constituents. However, it mainly has catalytic and regulatory roles. It is an activator
of enzymes used in photosynthesis and respiration. It is used to build cellulose and
aids in photosynthesis by the formation of a chlorophyll precursor. K* is highly
mobile and helps in balancing the anion charges within the plant. K*-Na™ pumps
facilitate active transport. K regulates the opening and closing of stomata by
regulating the activity of potassium ion pumps. It also reduces water loss from the
leaves, increases drought tolerance, and maintains turgidity of the cell. Potassium
helps in the buildup of proteins and fruit quality and disease resistance. Starch and
protein syntheses are also affected by potassium ions (Table 2.5).

Like nitrogen and phosphorous, K* is also easily redistributed from mature to
younger organs, so its deficiency symptoms first appear in older leaves. K* defi-
ciency causes necrosis or interveinal chlorosis and leads to the formation of
scorched leaf tips and short internodes. Potassium-deficient plants also exhibit loss
of apical dominance and cambial activity because of its high solubility in water, and
K* leaches out of rocky or sandy soils resulting in potassium deficiency. It may result
in higher risk of pathogen attack, wilting, chlorosis, brown spotting, and chances of
damage from frost and heat. In most of the monocots, cells at the tips and margins of
leaves become necrotic first, and the symptom moves basipetally along the margins
toward younger as well as lower parts of leaf bases. Maize and other cereals develop
weak stalk during deficiency. Their roots are easily infected, and plants show root-
rotting, leading to lodging of the plants by wind and rain. After nitrogen and
phosphorus, potassium is one of the deficient elements in soil. Potassium is generally
provided to agricultural crops as potash (potassium carbonate, K,CO3). In soil,
potassium exists in four different forms, viz., exchangeable, fixed, solution, and
hidden, in molecular lattice of clay particles. Potassium is highly mobile in soil as
well as in plants. More recent work shows that plants contain different transport
systems to acquire potassium from the soil and distribute it within the plants. Plants
utilize both high- and low-affinity transport systems (HATS and LATS, respec-
tively) to acquire potassium from the soil. Low-affinity transport systems generally
function when potassium levels in the soil are adequate. This process is mediated by
ion channels in the plasma membrane of root cells, allowing passive transport of K*
from external areas of relatively high concentration. Under low concentration of
potassium, plants usually induce high-affinity K* transport systems. In both cases,
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plasma membrane proton pumps are activated to restore membrane potential and
generate a proton gradient. High-affinity potassium transport is an active process.
This pattern of K* uptake was described as dual isotherm and reflects the activity of
two families of transporters (Fig. 2.5). In addition to K* uptake from root surface,
potassium channels are also involved in its loading and unloading in both xylem and
phloem. Voltage-gated potassium channels are involved in the regulation of stomatal
movement.

2.7.1.7 Sulfur

Sulfur, an essential macroelement, may be supplied to the soil from rainwater. Use of
gypsum also increases soil sulfur levels. The global sulfur cycle involves microbial
conversion between its oxidized and reduced forms. There are many microorganisms
capable of oxidizing sulfides or decomposing organic sulfur compounds. Heavy
consumption of fossil fuel and natural phenomena such as hot sulfur springs,
volcano, and geysers release large amount of sulfur oxides into the atmosphere.
Sulfur dioxide, an environmental pollutant, can be absorbed by stomata in the leaves.
It is then converted to bisulfate (HSO3 ™) upon reaction with water in the cells which
inhibits photosynthesis and causes chlorophyll destruction. Bisulfate present in air is
oxidized to H,SO,4 which is responsible for acid rain. Sulfur is a structural compo-
nent of some amino acids (cysteine and methionine), vitamins (thiamine and biotin),
and coenzyme A (Table 2.5). It is essential for the biogenesis of chloroplasts. It is
important for the structure of certain proteins where disulfide bonds (-S-S-) between
neighboring cysteine and methionine residues result in folding of polypeptide chain,
producing a tertiary structure. Sulfur improves root growth and seed production and
facilitates vigorous plant growth and resistance to cold. It is also present in the form
of iron-sulfur protein complexes, such as ferredoxin, in the electron transport chain
in photosynthesis. It enhances root development and nodule formation in legumes.
Sulfur-containing thiocyanates and isothiocyanates (also known as mustard oils) are
responsible for the pungent flavor of mustard, cabbage, turnip, horseradish, and
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other members of Brassicaceae. The presence of sulfur in Brassicaceae members
makes it fatal for livestock and forms a line of defense against insects and herbivores.

Sulfur deficiency is not very common and it is an immobile element. Therefore,
sulfur deficiency symptoms appear first on the younger tissues. Yellowing of leaves,
stunted growth, and anthocyanin accumulation are also evident due to its deficiency.
In tea plants, sulfur deficiency causes defoliation, and in legumes it leads to reduced
nodulation. Approximately 95% of sulfur present in soil is bound in the form of
sulfate esters or sulfonates. It is absorbed as divalent sulfate anions (SO, ") through
roots. Plants and microorganisms assimilate sulfur by reducing sulfate and
synthesizing the sulfur-containing amino acid, cysteine, and other organic sulfur
compounds. Some of the sulfur is reduced and assimilated in root plastids, but most
of the sulfur in plants is transported to shoots. Chloroplasts are sites for light-driven
assimilation of sulfate into cysteine, glutathione, and other metabolites. Some sulfate
is transported across tonoplast and stored in the vacuoles. Sulfate is taken against
electrochemical gradient at the plasma membrane by the proton gradient generated
by the plasma membrane H*-ATPase. It is transported into the cytosol by an
electrogenic symport that moves three H* per sulfate ions transported. Sulfite,
selenate, molybdate, and chromate compete with sulfate for binding to sulfate
transporter proteins. The electrochemical gradient favors the diffusion of sulfate
into the vacuole. The transfer across the tonoplast occurs through sulfate-specific
channels. Multiple transporters with variable affinities for sulfates are present in the
roots. In Arabidopsis, 14 genes encoding sulfate transporters have been identified.
Two of these transporters are high-affinity SO,>~ transporters, SULTR1.1 and
SULTRI1.2, which are present in the root epidermis and cortex. Four transporters
are low-affinity transporters: SULTR1.3, SULTR2.1, SULTR3.5, and SULTR2.2.
They are present in the vascular system. SULTR4.1 and SULTR4.2 are tonoplast
transporters facilitating the efflux of vacuolar sulfate.

2.7.1.8 Calcium

Calcium is the second most abundant element in plant ash (K™ being the most
abundant). A large proportion of calcium is located in the leaves. In plant cells,
calcium is present in central vacuoles, ER, and mitochondria, and it is also bound in
cell walls as calcium pectate. High concentration of calcium inhibits cytoplasmic
streaming. All organisms maintain low concentration of free Ca®* in the cytosol
(~100-200 nM) to prevent formation of insoluble calcium salts of phosphates. In the
vacuoles of some plants, calcium gets precipitated as insoluble crystals of calcium
oxalate and in some species as insoluble phosphate, sulfate, or carbonate. It is an
essential constituent of plant cell wall, and as calcium pectate, it helps in joining the
cells together. It plays a key role in transport and retention of other elements and
affects the permeability of the cytoplasmic membrane and hydration of colloids in
the protoplasm. It is required for normal functioning of the membrane, where it binds
phospholipids and membrane proteins. Calcium is supposed to counteract the effect
of alkali salts and organic acids within plants. In meristematic tissues, calcium is
required for cell division (spindle formation) and cell enlargement. It activates the
enzymes required for the growth of root and shoot tip. Calcium regulates the
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transport of other nutrients into the plants and activates various other enzymes
(Table 2.5). Various studies have shown the effect of calcium on diverse develop-
mental processes, such as embryogenesis in sandalwood, cotton fiber elongation,
tuberization in potato, and pollen development.

As calcium is not loaded into phloem and is not highly mobile, deficiency
symptoms first appear in younger leaves. Meristematic tissues of roots, stems, and
leaves are quickly affected by its deficiency as it is required to form middle lamellae
in the dividing cells. Deficiency of calcium causes formation of twisted and
deformed tissues or stunted growth, leading to rapid death of meristematic tissue
especially root meristems. In tomatoes, deficiency of calcium causes degeneration of
young fruits. Natural sources of calcium are dolomite, lime, gypsum, and superphos-
phate. Most soils contain enough calcium, but acidic soils with high rainfall are often
supplemented with lime fertilizer (a mixture of CaO and CaCOs) to raise soil
pH. Calcium is taken up as divalent cations (Ca**) due to which it is unable to
diffuse through the lipid bilayers without channels or pumps. Calcium entry into root
xylem takes place at the apical region of root tip where endodermis has not
differentiated. Casparian strips in endodermis block the diffusion of calcium. It is
distributed within the plant in free form or complexed with organic acid. Pectin and
lignin (both are negatively charged) in the xylem wall do not allow mass flow of
calcium. Significant amount of calcium is lost in the form of calcium oxalate. Ca®*
serves as a universal second messenger whose cytosolic concentration is tightly
regulated by Ca®* transporters. Cells use energy to pump it out across the plasma
membrane or into the storage organelles, such as vesicles, vacuole, or the space
between the inner and outer nuclear membranes (nuclear membrane lumen). In these
organelles, calcium-binding proteins sequester calcium ions to minimize their harm-
ful effects. The low level of calcium in cytosol is sensed by calmodulin (CaM). After
binding, it interacts with target proteins, such as protein phosphatases and protein
kinases. Vacuolar calcium is released through voltage- or ligand-gated calcium
permeable channels in the tonoplast.

2.7.1.9 Magnesium

Plant ash is rich in magnesium. Oilseed crops are richer in magnesium than non-oily
seeds. Magnesium is an important constituent of chlorophyll (mainly in the porphy-
rin moiety) and also acts as an enzyme cofactor for the production of ATP. It is also
essential for binding of ribosome subunits. It is also an activator of ribulose
bisphosphate carboxylase (Rubisco) and phosphoenolpyruvate carboxylase (PEP
carboxylase), two important enzymes involved in dark reaction in photosynthesis.
It is also required for the activity of many enzymes of respiration and nucleic acid
biosynthesis (Table 2.5). Magnesium is a mobile element. The absence of magne-
sium results in interveinal chlorosis. It also results in accumulation of anthocyanin
pigment in older leaves. Magnesium deficiency results in premature leaf abscission.
Magnesium is absorbed as divalent cation (Mg”*) and is transported through the
xylem vessels in free or chelated form. It is never limited in soil, but because of soil
pH, it is not available to the plants growing in acidic and sandy soils. The concen-
tration of magnesium in soil solutions and cytosol is approximately 0.1-8.5 mM and
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0.4 mM, respectively. Entry of magnesium in roots takes place through plasma
membrane magnesium channels of the MSR2 family. Movement across tonoplast
takes place through MHX Mg?*/H* antiporter and TPC1 Mg**-permeable cation
channel.

2.7.2 Micronutrients

2.7.2.1 Iron
Iron is the fourth most abundant element in the earth’s crust. It is an essential
micronutrient with numerous cellular functions, and its deficiency represents one
of the most serious problems in human nutrition worldwide. Plants face two major
problems with iron as a free ion, i.e., its insolubility and its toxicity. To ensure iron
acquisition from soil and to avoid iron excess in the cells, uptake and homeostasis
are tightly controlled. Iron is stored in chloroplasts as iron-protein complexes known
as phytoferritin. The chemical properties of iron are also responsible for its limited
accumulation in plants. Ferrous (Fe?*) and ferric (Fe**) ions catalyze the reduction of
molecular oxygen to damaging ROS (reactive oxygen species). In the symplasm,
iron is maintained in a soluble and transportable form. Iron is necessary for the
synthesis of many proteins (ferredoxin and cytochromes) that carry electrons during
photosynthesis and respiration. Iron is also present as an enzyme cofactor in plants
and activates catalase and peroxidase. Iron is not a structural part of chlorophyll but
is required for its synthesis (Table 2.6). Iron deficiency in plants is caused largely
due to its insolubility in soil rather than its absence. The concentrations of soluble
iron optimal for most plants are in the range of 10~*~10~® M (optimal soils are
usually slightly acidic). However, 10° M or lower concentrations of soluble Fe
(calcareous or alkaline soils with low bioavailable Fe) are insufficient for plant
growth, and plants may develop iron deficiency triggered leaf chlorosis. Iron is
one of the most immobile elements in the plants. Its deficiency causes interveinal
chlorosis and necrosis, like magnesium, but unlike magnesium, symptoms are first
evident in younger leaves. Interveinal chlorosis is followed by chlorosis of the veins,
turning the whole leaf yellow. During severe deficiency, young leaves turn white
with necrotic lesions. Iron deficiency is most common among the members of
Rosaceae, maize, sorghum, and fruit trees. Source of iron for plants is soil, which
is available in the form of iron sulfate and iron chelates. Iron undergoes oxidation
and reduction, forming Fe** and Fe’”, alternatively. Both these forms have limited
solubility, and in well-aerated soil, their concentration is less than 10~ M. This
means, it is not readily available to the plants at physiological pH. Soils with alkaline
pH and bicarbonates are deficient in iron. Iron can be solubilized in soil by its
detachment from mineral soil particles. Mobilization of iron is a prerequisite for its
uptake into the roots. Higher plants can mobilize iron via two distinct strategies
(Fig. 2.6).

According to strategy I, Fe acquisition is regulated by the availability of iron in
the soil and by the developmentally controlled need of the plant. When plants require
additional iron, they are able to enhance the activities of the necessary transporters
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Table 2.6 Role of micronutrients

Micronutrients

Iron

Molybdenum

Boron

Copper

Manganese

Zinc

Chlorine

Nickel

Strategy I
H*
Fe2*-chelate

etk

Fe?*
Outside

Function in cell metabolism

Chlorophyll formation and synthesis
of ferredoxin and cytochromes,
activates catalase and peroxidase and
many enzymes with iron-based
cofactor

Nitrogen metabolism and nitrogen
fixation

Cell wall formation along with
calcium, necessary for sugar
translocation

Activates enzymes necessary for
photosynthesis and respiration,
constituent of cytochrome oxidase
and polyphenol oxidase, present in
the receptor of ethylene signal

Acts as a catalyst in growth process;
constituent of oxygen evolving
complex

Chlorophyll formation; involved in
respiration and nitrogen metabolism;
regulates functioning of DNA/RNA
polymerase

Formation of cytochromes; light
reaction of photosynthesis
Constituent of urease
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Function at plant level

Provides resistance against plant
pathogens

Optimizes plant growth; aids in
nodule formation in leguminous
crops

Promotes maturity; essential for
pollen grain formation and pollen
tube elongation; fruit yield and
quality of temperate fruits
Provides resistance against plant
pathogens

Accelerates seed germination and
maturity; increases the availability of
phosphate and calcium

Provides resistance against plant
pathogens

Regulation of stomatal movement;
delayed senescence

Increases crop yield

ATP Strategy II
ot
ADP+Pi (\.resicle transport)
FRO2 PS PS
NADH* + H*
N Ys1
NAD Fe*-PS —»  Fe*-PS
IRT1
Fe?*
plant cell Outside plant cell

Fig. 2.6 The acquisition of iron by two different strategies in higher plants. Strategy I involves
transporters and enzymes, while strategy II involves phytosiderophores

and enzymes performing this strategy. This strategy is found in most monocotyle-
donous and dicotyledonous plants, except in grasses, and involves the solubilization
of iron by soil acidification.
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Fe(OH), +3H" « Fe'" + 3H,0

The lowering of pH from 8 to 4 increases the concentration of ferric iron in the
soil from 1072° M to 10~? M. This lowering of pH and increase in concentration are
carried out by a root plasma membrane bound H*-ATPase. In Arabidopsis, this
enzyme is encoded by AHA gene family. Before the uptake of iron by roots, it is
essential that Fe®* is reduced to Fe®*. This reduction is catalyzed by an inducible
plasma membrane bound ferric reductase oxidase (FRO). This enzyme is encoded by
the gene FRO2, which is expressed in iron-deficient epidermal root cells. The
enzyme has eight membrane-spanning domains, two histidine-coordinated heme
groups, and site for FAD and NADPH. There are other FRO gene families of
metal reductases in Arabidopsis which are expressed in other cells of the root,
vascular tissues, and shoot. Fe?* is then transported into the root cells by IRT1
(iron-regulated transporterl), a member of ZIP metal transporter family
(Zn transporter). IRT1 is expressed in the plasma membrane of epidermal cells in
iron-deficient roots. Studies with Arabidopsis mutants and yeast cells transformed
with IRT1 gene have shown that this transporter protein can also transport other
divalent metal ions such as zinc, manganese, and cadmium. Strategy II, found in
grasses, is based on solubilization of Fe** by chelation with phytosiderophores
(Box 2.7). Strategy II is restricted to members of Poaceae family (barley, rice, and
maize). According to this strategy, plants release low-molecular-weight
phytosiderophores (PSs) of the mugineic acid family. PSs are chelators that bind
ferric iron in the rhizosphere and make it available to the roots. This chelation-based
response makes it easier for grasses to grow on iron-deficient soils more efficiently
as compared to eudicots and other monocots. Mugineic acid and other related PSs
are produced from S-adenosyl methionine (SAM). Nicotianamine synthase (NAS)
acts upon SAM resulting in the formation of nicotianamine which is a precursor of
PS. Nicotianamine is a common chelator for various metal ions found in all plants.
The enzyme nicotianamine aminotransferase (NAAT) is specific to grasses and
catalyzes the step toward PS production along with a number of other enzymes.

nicotianamine synthase nicotianamine transferase

3 SAM —— — nicotianamine 2'deoxymugineic acid

dioxygenase L. .
——— mugineic acid

The Fe’*-PS complex is transported into the epidermal cells of iron-deficient
roots by high-affinity transporters. These transporters are encoded by YS1 (yellow
stripe 1) and have 12 transmembrane domains. YS1 is expressed in a number of
tissues. This protein is a proton-coupled symporter for PS and mugineic acid metal
chelates. PSs are extruded by the roots and can be reimported as Fe**-PS complexes.
Iron homeostasis is required for building heme and Fe-S prosthetic groups and
assembling them correctly to apoproteins. Storage and buffering of iron at subcellu-
lar level are very essential to ensure protection against iron toxicity and deficiency.
Plastids store iron in the form of phytoferritin, a protein molecule that encloses
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Box 2.7: Chelation and Mineral Nutrition

The word chelate is derived from the Greek word “chel,” meaning a crab’s
claw. Chelation is a natural process that prevents absorbed nutrients from
precipitation. It allows the nutrients to move freely in soil and increases its
availability to plants. In plants, proteins, peptides, porphyrins, carboxylic
acids, and amino acids act as natural chelating agent. Other naturally occurring
organic acids, such as malonic acid and gluconic acid, also play an important
role in plant mineral nutrition. Organic acids and amino acids, such as citric
acid and glycine, are also naturally occurring chelating agents. Chemically, a
chelate is complex of cations with organic compounds resulting in a ring
structure. Chelates of glycine with cations, such as iron, zinc, and copper,
have been well investigated. They usually contain two moles of ligand (gly-
cine) and one mole of metal. There are also synthetic chelating agents with
high stability with divalent and trivalent ions. The proteoid root (clustered
roots) in phosphorus-starved plants releases organic acids, mainly citrate and
malate. Release of these acids binds aluminum and iron in the soil leading to
availability of phosphorus to the plants. A strong chelating agent may bind the
mineral too strongly and make it unavailable to plants. On the other hand, a
weak chelating agent may not be able to protect the chelated minerals from
chemical reactions with other compounds and thereby reduce their availability
to plants. A combination of chelating agents can improve product stability and
broaden product effectiveness. Organic substances in the soil either applied or
produced by plants or microorganisms are the natural chelating agents. The
most important compounds exhibiting this nature are hydroxamate
siderophores, organic acids, and amino acids. Hydroxamate siderophores are
naturally produced by soil microorganisms and are essential in natural
ecosystems to solubilize and transport nutrients, especially iron to plant
roots. Under iron-deficient conditions, microorganisms produce siderophores
to overcome iron starvation. In plant tissue culture, usually Fe-EDTA is added
to the medium to improve the availability of the element. Although low
concentrations of EDTA stimulate the growth of whole plants in tissue as
well as hydroponic cultures, at high concentration tissue may be damaged. For
some plant species, EDTA is inhibitory. In a cell, high concentrations of
chelating acid are phytotoxic, as they competitively withdraw essential
elements from enzymes.

The significance of chelation process are:

» It increases the availability of nutrients, e.g., chelating agent binds rela-
tively insoluble iron in high-pH soil and makes it available to the plants.

(continued)
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Box 2.7 (continued)

* Chelation prevents mineral nutrients to form insoluble precipitates. At high
pH, iron reacts with hydroxyl group and forms ferric hydroxide which is not
available to the plants.

» It reduces toxicity of some metal ions to plants.

» [t prevents nutrients from leaching.

» It increases mobility of nutrients.

o It suppresses the growth of plant pathogens.

Chelated Micronutrient absorption 98%
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EDTA: Ethyl diaminetetraacetic acid

EGTA:Ethyleneglycol-bis(2-aminoethylether) tetraacetic acid
EDDHA: Ethyleanediamine-di(o-hydroxyphenyl)acetic acid

DTPA: Diethylenetriaminepentacetic acid

DHPTA: 1,3-diamino-2-hydroxypropane-tetraacetic acid

A. A chelator with two ligand molecules (glycine) around metal ion (M) in the center forms a
ring-like structure. B. The chelator binds to the nutrients present in the soil and prevents
them from precipitating and leaching, thereby increasing their mobility and making them
available to root. C. Common synthetic chelating agents
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4500 Fe>*. Arabidopsis encodes four ferritins, viz., FER1, FER2, FER3, and FER4.
Root and seeds have FER1 and FER2, respectively, whereas FER3 and FER4 are
expressed in shoot tissues. The sensing mechanism of iron deficiency is not yet
clearly understood. However, the expression of a transcription factor F1 T1
(Fe-induced deficiency transcription factor) is upregulated as a result of iron
deficiency.

2.7.2.2 Molybdenum

Molybdenum is essential to plants but is toxic to animals. Among all the nutrients,
molybdenum is required in least concentration. In order to gain biological activity,
Mo has to combine with a pyranoprotein, thus forming a prosthetic group named
molybdenum cofactor (Moco). It is involved in maintaining the activity of more
than 60 enzymes. The crystallographic analysis of molybdenum enzymes made it
evident that the cofactor (Moco) is deep seated within the holoenzyme. Thus, Moco
could have been added prior to or during the completion of folding and dimerization
of the apoprotein monomers. Therefore, during the biosynthesis of enzymes, the
formation of molybdenum cofactor is the first step. It is required as a cofactor of
enzymes involved in nitrogen metabolism (Table 2.6). Molybdenum is a
constituent of nitrate reductase enzyme, which reduces nitrate ions (NO3™) to
nitrite ions (NO, ). The other enzyme used by prokaryotes to reduce atmospheric
nitrogen is dinitrogenase, which also contains molybdenum. It plays an important
role in the breakdown of purines and is an essential part of an oxidase that converts
abscisic acid aldehyde to ABA. Molybdenum also plays a role in sulfur metabo-
lism during oxidation of sulfite (SO5>7) to sulfate (SO, ").

Molybdenum deficiency increases many folds in acidic soils due to precipitation
of molybdenum by hydrous iron and aluminum oxides. Molybdenum is highly
mobile in xylem and phloem tissues. Therefore, its deficiency symptoms often
appear on the entire plant. Only under extreme deficient conditions, molybdenum
deficiency symptoms can be observed. The complication in the diagnosis of molyb-
denum deficiency symptoms is due to its manifestation as nitrogen deficiency
symptoms, which are clearly visible in legumes. These symptoms are related to
the function of molybdenum in nitrogen metabolism. In legumes, the requirement of
molybdenum is higher as compared to other crops. Its deficiency symptoms in
legumes are chlorosis, stunted growth, and small root nodules. In other dicotyledon-
ous species, its deficiency leads to drastic reduction in leaf size and yellowing of the
leaves. The absence of leaf tissue at the edges of the leaf results in the formation of
narrow, distorted leaves that are usually slightly thickened, causing leaf edges to curl
upward, a symptom commonly referred as “whiptail.” The whiptail disorder is
observed in crucifers with caulifiower being the most sensitive to molybdenum
deficiency. Twisting of young leaves, which eventually die, can be seen in whiptail
of cauliflower and broccoli. Marginal and interveinal necrosis is associated with
elevated nitrate concentration indicating a lack of nitrate reductase activity under
molybdenum deficiency.
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In soils, molybdenum can occur in four different fractions, viz., as dissolved
molybdenum in soil solution, with oxides, as a constituent in minerals, and
associated with organic matter. The availability of molybdenum for plant growth
is highly dependent on soil pH, concentration of adsorbing oxides, soil drainage, and
interaction with organic compounds present in the soil colloids. It exists in soil as
molybdate (M00O,>") and as sulfide (MoS,). It is absorbed by roots as Mo0O,>~
under neutral or slightly alkaline conditions. It can be stored as MoO,*~ in vacuoles.
However, in acidic soils, the availability of molybdenum is limited due to fixation of
MoO,4>" by iron, aluminum, and manganese oxides. Molybdenum uptake increases
with liming of soil (addition of lime increases the soil pH). The use of phosphate
helps in the release of adsorbed MoO4>~ from iron oxides (phosphate has high
affinity for iron oxides) and increases water-soluble MoO,4>~ concentration in the
soil. There are many chemical similarities in SO4>~ and MoO,>~ acquisition by
plants due to which SO,>~ inhibits uptake of MoO,>~ as both compete with each
other during root absorption. Fertilizers containing phosphorus and sulfur facilitate
higher MoO4>~ uptake. It is highly mobile, and its long-distance transport occurs
through xylem and phloem. The high-affinity ABC transporters encoded by the
modA, modB, and modC genes are responsible for molybdenum uptake in bacteria.
Specific transporters of molybdenum in plants have still not been identified. How-
ever, the MOO427 behaves similar to SO427, and their uptake is decreased in the
presence of high concentrations of SO,*~. So, it is possible that both these anions
use the same transporters.

2.7.2.3 Boron

At biochemical and physiological level, the role of boron is not clearly understood. It
is only when boron is supplemented to the plant-growth medium/soil that its role
becomes evident. It is present in the cell wall and is an important part of pectins.
Boron is required for maintaining structural stability of cell wall since primary walls
of boron-deficient cells show deformities. Boron plays an important role in the
elongation of pollen tubes (Table 2.6). In diatoms, it forms a part of silicon-rich
cell wall. It is also involved in sugar translocation and is an essential element for seed
and fruit development. It also helps in the use of nutrients and regulates other
nutrients. Other secondary roles of boron may be in sugar transport, cell division,
and synthesizing certain enzymes. Sources of boron are organic matter and borax. It
is absorbed from soil as undissociated boric acid (H3BOs) at pH < 8. Its deficiency is
not very common, but several disorders related to disintegration of internal tissues
result. These include “heartrot” of beets, “stem crack™ of celery, “water core” of
turnip, and “drought spot” of apples. It causes necrosis in young leaves and also
stunting of growth. Boron is involved in nucleic acid synthesis during cell division in
apical meristems, resulting in the loss of apical dominance, death of root and shoot
tips, abscission of flowers, shortened internodes, and reduced nodulation in legumes.

2.7.2.4 Copper
It is an important component of the electron transport chain in photosynthesis and
is also involved in manufacture of lignin. It is a component of oxidase enzymes
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(cytochrome oxidase) and plastocyanin (chloroplast protein). It also aids in root
metabolism and helps in the utilization of proteins. It is absorbed as a divalent
cupric ion (Cu2+) in aerated soils or as monovalent ion (Cu") in wet soils. The
browning of freshly cut apple and potato is due to the activity of copper-containing
polyphenol oxidases which leads to the production of red or brown-colored
polyphenols. Superoxide dismutase (SOD) is another copper-containing enzyme,
which is an antioxidant and protects the cell from oxidation from reactive oxygen
species. Copper deficiency symptoms are chlorosis, leaf tip necrosis, and the bark
becomes rough and splits. Leaves turn dark green and develop necrosis. Citrus
orchards show dying young leaves which is commonly referred to as “dieback”
disease. In potato, it causes blackening of tubers. The Cu transporter (COPT)
mediates Cu™ uptake in plants.

2.7.2.5 Manganese

Manganese exists in three oxidation states, viz., Mn?*, Mn>*, and Mn**, as insoluble
oxides as well as in chelated form in soils. It is mostly absorbed as divalent
manganese cation (Mn2+) after its release from chelates or reduction in higher
valence oxides. Manganese ions (Mn>") are readily taken up by roots and transported
to shoots. The movement of manganese ions from roots to shoots is very rapid due to
which it is less toxic to roots as compared with other metals present in the soil. Mn**
is required for chloroplast development and also for activation of many enzymes of
photosynthesis, respiration, and nitrogen metabolism. It acts as electron donor for
chlorophyll b and is involved in decarboxylation reaction during respiration
(Table 2.6). Mn>* deficiency causes interveinal chlorosis and gray spots on leaves.
It also results in coloration abnormalities, such as discolored spots on the foliage.
Various disorders, such as “gray speck” of oats, “marsh spot” of peas, and “speckled
yellows™ of sugar beets, are due to Mn?* deficiency. The absence of manganese ions
also causes disorganization of thylakoid membranes.

2.7.2.6 Zinc

It is distributed within the cytoplasm (50%), nucleus (30—40%), and cell membrane
(10%). It can bind tightly to metalloproteins as a structural component or to
metalloenzymes as a cofactor. Zinc binds metallothioneins (MTs) with low affinity,
which constitutes about 5-15% of the total cellular zinc pool. It can be
compartmentalized into intracellular organelles and vesicles for storage, which
serve as a supply for zinc-dependent proteins. Cytosolic free zinc is maintained at
very low concentrations. MTs and two zinc transporter families, Zrt- and Irt-like
proteins (ZIP) and Zn transporters (ZnT), play crucial roles to maintain this cellular
zinc homeostasis. Zinc plays a pivotal role as a structural, catalytic, and signaling
component that functions in numerous physiological processes. It participates in
chlorophyll formation and prevents its destruction. It is a component of the enzyme
carbonic anhydrase (CA). It also regulates the transformation of carbohydrates and
consumption of sugars. Zinc has a role in the formation of tryptophan synthase, an
enzyme responsible for the synthesis of tryptophan. Tryptophan is a precursor of
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indole acetic acid (IAA). Thus, zinc has indirect role in IAA synthesis and activates a
large number of enzymes, e.g., dehydrogenases (e.g., alcohol dehydrogenase, ADH,
and carboxylases). It is also associated with important enzymes, such as SOD. It
plays an essential role in maintaining the structure and function of DNA transcription
factors, including Zn finger, Zn cluster, and RING finger domains (Table 2.6). Zinc
deficiency results in malformed or stunted leaves, commonly known as “little leaf”
and “rosette” of apples and peaches. It is caused by oxidative degradation of auxin,
the growth hormone. Auxin level in zinc-deficient plants is very low. Leaf margins
are often distorted and puckered. Other zinc deficiency symptoms include interveinal
chlorosis and stunted growth in the leaves of maize, sorghum, beans, and fruit trees.
Sources of zinc are soil, zinc oxide, zinc sulfate, and zinc chelates. It is absorbed as
divalent cations (Zn**) from zinc chelates. A group of genes that encode Zn**
micronutrient transporters (ZIPs) have been isolated. ZIP transporters are ubiquitous
having been identified in bacterial fungi, mammals, and plants. Most ZIP proteins
have eight transmembrane helices, and in many cases, a loop region is present
between transmembrane domains 3 and 4 containing a histidine-rich sequence
which binds to metal and regulates zinc transport. ZIP1, ZIP3, and ZIP4 are high-
affinity zinc transporters which bind to other divalent cations like Cd** and Cu**.
Both ZIP1 and ZIP3 are expressed in response to zinc deficiency in roots, whereas
ZIP4 is expressed in both root and shoot (Box 2.8).

Box 2.8: Hyperaccumulators

Some plants take up high concentration of metal elements from the soil and
store them in their aerial tissues. These plants are known as
hyperaccumulators or metallophytes. The elemental concentration in the
above ground part ranges from 100- to 1000-fold higher than the observed
concentration in non-hyperaccumulators species. They are unique as they can
be utilized in biogeochemical and phytoremediation studies. There are around
450 hyperaccumulators plants and nickel is the most accumulated metal. In
addition to nickel, arsenic, cobalt, manganese, lead, cadmium, zinc, selenium,
and copper too are also being accumulated by the plants. For example,
Brassica can accumulate up to 30,000 pg.g ™" zinc and 1300 pg.g ™' cadmium.
The three main characteristic features of hyperaccumulators are:

(1) Greater capability of heavy metal uptake: The metal uptake by roots is
more because of constituted overexpression of the genes responsible for
normal uptake of nutrients. In some species zinc uptake is more because
of the overexpression of ZIP (zinc- and iron-regulated protein trans-
porter) family gene coding for plasma membrane cation transporters.

(i1) Higher root to shoot translocation of metals: In non-accumulator plants,
the metal ions are detoxified by chelation and stored in vacuoles of root
cells. On the contrary, the hyperaccumulators rapidly translocate the

(continued)
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Box 2.8 (continued)
metals to shoot via xylem. Overexpression of HMA (heavy metal-
transporting ATPase) proteins is responsible for rapid loading of metals
into xylem.

(iii) Detoxification and sequestration of metals: It mainly consists of ligation
organic components with metal ions and their removal from metaboli-
cally active cytoplasm to non-active compartments of the cell, mainly
vacuoles and cell wall. Comparative genomics have shown that
overexpression of CDF (cation diffusion facilitator) genes removes diva-
lent metal cations from the cytoplasm to vacuole.

Why should some plant accumulate metals at such high concentration?
Most probably hyperaccumulated metals provide defense against herbivores
and pathogens. In Nicotiana caerulescens, there is significant inhibition of the
bacterial pathogen P. syringae by zinc accumulation. They also have signifi-
cant roles in phytoremediation, an eco-friendly method of removal of heavy
metals from the polluted soils. Hyperaccumulators also have potential signifi-
cance in phytomining, recovering, or phytoextraction of metals from plants.

2.7.2.7 Chlorine

Chlorine is universally present in plants in the form of inorganic chlorides. Plants
growing in salt marshes and saline soils can tolerate high concentrations of chlorides.
Chlorine is essential for photolysis of water leading to oxygen evolution during
photosynthesis. It is also essential for roots and for cell division in leaves and
maintains ionic balance in cells. It is one of the osmotically active elements in
vacuoles. It is involved in transporting cations, such as potassium, calcium, and
magnesium, using antiporters. It is required to chemically balance potassium ion
concentration that increases during the opening and closing of stomata (Table 2.6).
Chloride ions are rarely deficient because of their high solubility and availability in
soils as well as in dust or in tiny moisture droplets. Chlorine deficiency causes
reduced growth, wilting and bronze coloration of leaves, and swelling of root tips.
Leaf mottling and chlorine deficiency in cabbage are marked by the absence of
cabbage odor from the plant. Chlorine is absorbed as chloride ions (C1™) and remains
in the same form in approximately 130 organic compounds, but still it is present in
trace amounts in plants. Most species absorb 10-100 times more Cl~ than required.
Asparagus requires sodium chloride for its profuse growth.

2.7.2.8 Nickel

It is an abundant metallic element in soil, absorbed in the form of Ni*? ion. It is
present in plant tissues in the range of 0.05-5.0 mg.kg ™' dry weight. It is essential
for activation of urease, an enzyme involved in nitrogen metabolism. In legumes,
removal of nickel from nutrient solutions leads to accumulation of large amount of
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urea in leaves resulting in necrotic spots. Beneficial effects of nickel on the growth of
oats, wheat, and tomato have been reported.

Summary

e Plant nutrition is the study of the nutrients necessary for plant growth and
development. Roots absorb around 60 elements from the soil, but not all are
required by the plant growth. The nutrients or elements necessary for growth or
completing life cycle of a plant are considered as essential elements. There are
17 essential plant nutrients. They mainly serve structural roles, act as enzyme
activators, and act as osmotic regulators in plants. The elements which stimulate
growth but are not essential, or which are essential only for certain plant species,
are referred to as beneficial or functional elements.

» Carnivorous, insectivorous, and parasitic plants are different in acquiring mineral
nutrients. Macronutrients are consumed in larger quantities and constitute
0.2-4.0% on a dry matter weight basis. Micronutrients are present from 5 to
200 ppm, or less than 0.02% dry weight, in plant tissues. Most of the
micronutrients have very narrow adequate range and very minute change in
their concentration leads to symptoms.

e Mobility of nutrients within the soil is related to chemical properties of the soil,
such as cation exchange capacity and anion exchange capacity, as well as the soil
conditions, such as moisture, pH, etc. The movement of nutrients from soil to root
takes place when root comes in physical contact with nutrients. Root hair, along
with the rest of the root surface, is the major site for water and nutrient uptake by
the plants. The selective permeability features of plasma membrane make it
impermeable to certain ions and allow entry of other ions.

e The absence or deficiency of any nutrient causes the development of specific
symptoms. Appearance of these symptoms depends on the role played by these
elements or upon their mobility in the plants. Depending on the mobility of the
element, leaf symptoms can occur in the upper, middle, or lower regions of a plant.
When nutrients are mobile, deficiency symptoms are apparent first on the older
leaves, e.g., in case of nitrogen, phosphorus, and potassium deficiency. When
nonmobile nutrients are deficient, the younger leaves show deficiency symptoms,
as the nutrients are utilized in the older leaves and do not move up to the young leaves.
This phenomenon is significant in determining which nutrients a plant may be
lacking.

Multiple-Choice Questions

1. Which element plays an important role in pollen germination?
(a) Potassium
(b) Magnesium
(c) Zinc
(d) Boron
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. Which of the following elements is immobile in plants relative to all others listed

below?

(a) Magnesium
(b) Potassium
(c) Calcium
(d) Nitrogen

. Which of the following cannot be considered as a criterion for essentiality of an

element for plants?

(a) Element must be an essential for normal growth and reproduction.
(b) Element must be easily absorbed by plant roots.

(c) Specificity for element’s role in plant growth and development.
(d) Element’s direct involvement in plant metabolism.

. Senescing leaves export much of their mineral content to the younger, healthy

leaves. Element most mobilized is:
(a) Calcium

(b) Sodium

(¢c) Sulfur

(d) Magnesium

. The macronutrients potassium, calcium, and magnesium are the examples of:

(a) Metallic essential elements

(b) Nonmetallic essential elements

(¢) Nonmetallic nonessential elements
(d) Metallic nonessential elements

. Which of the following element is required in least quantity?

(a) Zn
(b) Mn
(c) Mo
(d) Co

. Which of the following element is a constituent of biotin and coenzyme A?

(a) Copper

(b) Molybdenum
(¢c) Sulfur

(d) Iron

. An element is considered essential if it:

(a) Is found in plant ash

(b) Induces flowering

(c) Is present in the soil where the plant is growing

(d) Is not replaceable and is indispensable for the growth of the plant

. Which of the following mineral nutrients is not involved in redox reactions in

plant cells?
(a) Iron
(b) Zinc
(c) Copper
(d) Sodium
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10. The photosynthetic and mitochondrial transports are affected by which of the
following three elements?
(a) Cu, Mn, and Fe
(b) Co, Mn, and Fe
(¢) Cu, Mg, and Cl
(d) Zn, Cu, and Fe

Answers

1.d 2.¢ 3.b 4.¢ 5.b 6.¢ 7T.cC
8.d 9.d 10.a

Suggested Further Readings
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Jones RL, Ougham H, Thomas H, Waaland S (2013) The molecular life of plants. Wiley-Blackwell,
Chichester, pp 455-503

Taiz L, Zeiger E (2010) Plant physiology, 5th edn. Sinauer Associates Inc, Sunderland, pp 107-126



®

Check for
updates

Satish C Bhatla

Movement of water and solutes from soil solution to the seed tissue is one of the first
processes occurring during seed germination in soil. Mature seeds contain less than
10% water and imbibition leads to hydration of its cells and tissues. With the
exception of oxygen and carbon, which are readily available to plants from air,
terrestrial plants generally take up water and dissolved nutrient elements from the
soil through the root system. Molecular and ionic movements from one site to
another are known as transport. Long-distance transport of solutes from one tissue
system to another is referred to as tramslocation. Intracellular and intercellular
distribution of water, ions, and organic molecules is crucial for plant growth, cell
signaling, nutrition, and cellular homeostasis. To fulfill these essential functions,
plants have evolved various transport mechanisms through apoplast and symplast.
Membranes act as barriers which separate cells from the environment. The hydro-
phobic nature of the lipid bilayer of cell membranes ensures that hydrophilic
compounds, including most metabolites, are sequestered in one or the other
organelles or in the cytosol. Development of endomembrane system in the cells
has facilitated homeostatic functions of membranes through compartmentalization
of solutes. The major advantage of the compartmentalization of solutes and
macromolecules within the membrane-bound organelles is that it concentrates the
reactants and catalysts. It also segregates incompatible processes taking place in a
cell. Recent advancements in our understanding of the membrane transport process
have benefitted significantly from the isolation and characterization of a variety of
mutants. Electrophysiological analysis, using techniques like patch clamp, has
provided useful information on the modulation of the activity of a number of
membrane transport proteins. In this chapter, we will discuss the physical and
chemical principles which govern movement of water and ions into and across the
plant cells. Attention is further being paid to understand the molecular mechanisms
of various transport processes taking place across cells, which are mediated by the
large variety of transport proteins, and also about the intracellular distribution of
proteins required for maintaining the required ionic balance.
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3.1 Water and lon Uptake from Soil into Roots

Water in soil is adsorbed on the surface of soil particles (sand, clay, silt, and organic
material). It enters plant roots most readily across the cells near the root tip. Root
hairs further increase the surface area of roots for absorption of water and mineral
ions. Once water reaches inside the epidermis, it can be transported up to the
endodermis through one or more of the three pathways—apoplast, symplast, and
transcellular pathways (Fig. 3.1). Apoplast represents a continuous system of cell
walls in which water moves without crossing any membrane as it travels across the
root cortex. The symplast refers to continuation of the cytosol of neighboring cells
via cytoplasmic canals in the plasmodesmata. In the transcellular pathway, water
enters a cell from one side and exits the cell from the other side across the plasma
membrane, again entering the next cell in series and so on. In this pathway water
crosses the membrane of each cell twice, once to enter and second time to leave the
cell. Solutes must be dissolved in soil solution before they can be taken up by roots.
Ions vary in their solubility, which is also affected by the soil pH. With the
absorption of water by the plant, soil solution recedes into small pockets, channels,
and crevices having concave menisci (curved interface between air and water). As a
result, soil solution develops negative pressure due to surface tension. Clay particles,

) Root hair

Epidermis

Cortex

Endodermis

Root Hair
Symplastic path
@

Endodermis

Casparian strip

Xylem vessels

Fig. 3.1 Routes of water and ion transport across various regions of plant root
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being negatively charged, attract positively charged cations. Protons can displace
these cations by cation exchange, releasing them into the soil solution. Plant roots
may facilitate cation exchange to acquire bound cations either by releasing H*
directly from their surface or because of carbonic acid formed in soil solution
through CO, emission from roots during respiration (Fig. 3.2). During the passage
of a solute from soil solution into the cortical cells in a root, it has to traverse several
regions exhibiting varying degrees of resistance in different regions. First, solutes
encounter an unstirred film of water which adheres to the exterior of the cell wall of
root hairs and other water-absorbing regions of the growing root. Generally, ions
penetrate this layer quickly by diffusion. Next, solutes have to penetrate and pass
through cell wall. Three major polysaccharide constituents are recognized in the
primary cell wall. (i) Cellulose: It consists of linear chains of 2000-20,000
(1 — 4)-3-D-linked glucose molecules. These chains are packed together in regular,
partially crystalline arrays (microfibrils) embedded in an amorphous matrix of
noncellulosic  polysaccharides. (ii) Cross-linking glycans (earlier called
hemicelluloses): These are mainly composed of xyloglucan polymers and
glucuronoarabinoxylans. (iii) Pectic substances: They are a group of
polysaccharides rich in polygalacturonic acid. They have weakly acidic carboxyl
groups (-COOH) which ionize and give rise to fixed negative charges (-COO™) and
loosely held H* charges. Positively charged cations (K*, Mg?*, Ca®") passing
through cell wall displace hydrogen ions on the carboxyl groups of polygalacturonic
acid molecules and are held there by relatively weak interionic forces on the fixed
negative charges (COO ™). These fixed negative charges in plant cell wall (carboxyl
groups of polygalacturonic acid) are called cation adsorption sites or cation
exchange sites. Different cations dissolved in soil solution exhibit different affinities
for cation exchange sites, depending on their charge. A cation with a relatively high

Root hair

cations for
hydrogen ions
obtained from Binding of negatively Release of

carbonic acid or charged clay particle ~ Mineral cations

from the plant itself with cations into the soil
solution

Fig. 3.2 The process of cation exchange between soil particles and roots through displacement of
protons
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adsorption affinity (e.g., Ca®*) will displace another one with lesser adsorption
affinity (e.g., K*). The adsorption affinity of a cation will determine its ability to
diffuse across the wall in a “leap frog” manner by migrating from one negatively
charged adsorptive site to another by displacing other cations. Water forms a large
part of the cell wall. It adheres to both cellulosic and noncellulosic cell wall
components. Primary cell wall has an “open” structure with large passageways filled
with water for migration of ions. Except for the relatively weak cation exchange
sites, primary cell wall does not offer any resistance to solute movement across
it. Cell wall also contains a variety of noncellulosic constituents, such as extensins
and lignin, for providing rigidity to cell wall.

Generally, water, nutrient molecules, and ions dissolved in water readily diffuse
across primary cell wall. The fraction of the plant tissue (apoplast) readily accessible
for diffusion of an externally applied solute dissolved in water is referred to as free
space. Free space includes primary wall since it offers relatively less hindrance to
diffusion of dissolved solutes. The plasma membrane forms the boundary of free
space because most solutes do not diffuse readily across it without active transport.
Limit of free space (in a primary root) is up to endodermis. Casparian strips in the
endodermal cells are suberized in the transverse and radial walls. Suberization of cell
walls blocks the movement of water and dissolved ions. But in young primary roots
undergoing gradual maturation, the limit of free space may be even further because
Casparian strips in the endodermal cells are either poorly developed or they exhibit
discontinuity. Free space is a functional concept and its dimensions can be measured
by physiological experiments. Apoplast, on the other hand, is an anatomical term
and includes all interconnected cell walls of a plant tissue. Inward movement of ions
dissolved in water is most rapid in the root region where root hairs have attained their
maximum length. In this region, vessels and tracheids are fully mature (dead and are
without protoplasts).

3.2  Symplastic Transport Across Plasmodesmata

From the free space, nutrient ions in solution are absorbed by root cortical cells by
transport across the plasma membrane. Solutes then move from the cytoplasm of one
cell to another through the plasmodesmatal connections. This cytoplasmic continuity
of many cells through the plasmodesmata is called symplasm/symplast. Symplast
extends from cortex into the stele, and it penetrates through endodermis. Solutes
leave symplast after passing through the cortex, endodermis, and pericycle. Thus,
movement of solutes across the primary root requires their transport across the
plasma membrane at two sites: uptake at the plasma membrane of cortical cells
and secretion at the plasma membrane of xylem parenchyma cells. Plasmodesmata
are membrane-lined channels connecting adjacent cells through the cell wall. They
form a continuity of cytoplasm of adjacent cells and consist of a central rod
(desmotubule) derived from ER. They allow movement of molecules from cell to
cell through symplasm. Plasmodesmata may be formed during cell division (primary
plasmodesmata) or later in preexisting cell walls as well (secondary



3.2 Symplastic Transport Across Plasmodesmata 87

plasmodesmata). Secondary plasmodesmata are generally branched, and their for-
mation is most evident during the development of host-parasite connections, in graft
unions and in organs post-genitally fused (e.g., some carpels). In vascular plants, the
basic plasmodesmatal structure consists of a cell-to-cell tubule of the plasma mem-
brane which surrounds a cylindrical strand of appressed endoplasmic reticulum (the
desmotubule). A cytoplasmic sleeve lies between the desmotubule and the plasma
membrane (Fig. 3.3). A central rod occupies the center of the desmotubule which
contains lipid polar groups and some proteins. Outer surface of the desmotubule and
inner surface of the plasma membrane are studded with protein subunits. The gaps
between the protein particles constitute the physical basis of molecular sieving
during transport across plasmodesmata. Actin filaments have been reported to spiral
along the length of plasmodesmatal channels. They regulate channel diameter by an
actin-myosin-based mechanism of contraction or expansion. Furthermore, actin can
also serve as a track to facilitate movement of solutes along the length of
plasmodesmata. Calcium-regulated centrin filaments are localized along the neck
region of plasmodesmata. They may be involved in the closing of the neck region of
the plasmodesmata by pulling the endoplasmic reticulum and plasma membrane

Fig. 3.3 Structure of
plasmodesmata along its
length and in cross section
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closer to each other. The size of solute particles is the principal factor governing their
symplastic mobility across plasmodesmata. It may also depend on charge of the
molecules. Since plasmodesmatal channels are aqueous pathways lined with polar-
charged groups and hydrogen-bonding groups, these structural components can be
expected to interact with solutes being transported, especially those with size close to
size exclusion limit (SEL). The size exclusion limit of a symplastic pathway through
plasmodesmata is typically referred to as the molecular mass of the smallest solute
excluded from movement across the plasmodesmatal channels. Molecular weights
and radii of some common cytoplasmic constituents presented in Table 3.1 indicate
the range of biomolecules which can pass through the cytoplasmic canal of the
plasmodesmata (generally 20—-50 nm in diameter). SEL of plasmodesmatal channel
depends on the type of tissue, its developmental state, and physiological conditions.
The plasmodesmatal connections between meristematic cells in roots permit the
passage of macromolecules up to 65 kDa. A variety of proteins, such as actin and
myosin, which are involved in macromolecular trafficking, have also been detected
in plasmodesmatal channels. At times, plant viruses use plasmodesmata for their
spread from cell to cell using “movement proteins” encoded by virus genome.
Movement proteins from some viruses cover virus genome (mainly RNA) forming
ribonucleoprotein complexes (e.g., 30 kDa movement protein of tobacco mosaic
virus). By this process, virus genome can move in between the cells in leaves where
it can recruit other cellular proteins leading to a reduction in callose deposition in the
plasmodesmata, consequently increasing the size of plasmodesmatal pore for the
movement of viruses. Experiments performed by injecting plant cells with fluores-
cently labeled molecules of known molecular weight have facilitated the micro-
scopic determination of SEL of plasmodesmata. By this approach, SEL of most
plasmodesmata have been estimated to be around 800 Da. Stress conditions, such as
anoxia, can increase SEL from 800 Da to much higher values. On the contrary,
increase in cytosolic Ca** concentration from the usually resting state concentrations
of =100 nM to 1 pM has been reported to reduce SEL in the stamen hair cells. It is
thus evident that SEL of plasmodesmata can vary in response to a wide variety of
environmental conditions, allowing plants to regulate the intercellular flow of water
and solutes accordingly.

Table 3.1 Molecular

- > Compound MW (Da) Radius (nm)
weights and radii of some
. . Water 18 0.15
biomolecules present in cell
cytoplasm. The diameter of ~_Glucose 180 0.35
cytoplasmic canal in Sucrose 342 0.47
plasmodesmata varies from  Raffinose 504 0.57
20 to 50 nm Cytochrome C 12,400 1.65
Bovine serum albumin 67,000 3.55

The data from the above table provides information about the solute
transport range of plasmodesmatal connections in terms of their SEL
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3.3 Diffusion vs Bulk Transport of Water and Solutes

Diffusion is a spontaneous process which does not involve energy. It occurs in
biological systems within the cells or from cell to cell across the plasma membrane.
The rate of diffusion is related to the size of the molecule, its concentration gradient,
viscosity of the medium, and temperature (Boxes 3.1 and 3.2). Diffusion across a
cell membrane begins with the solute partitioning from solution into the membrane,
then diffusing across it, and then partitioning back into the solution on the other side.
Apoplastic or symplastic diffusion is the simplest way for intercellular transport of
water and solutes in plant cells. According to diffusion theory, sucrose molecules
require 4.8 s to reach 37% of their equilibrium concentration over a distance of
100 pm in a typical cell. The time required for diffusion of sucrose across ten such
cells arranged end-to-end and interconnected by plasmodesmata is about 8 min.
Thus, ion movement due to diffusion is not a viable option to meet metabolic
demands for transcellular migration of metabolites beyond 1 mm. Cytoplasmic
streaming does, however, partially enhance diffusion rate within the cells. Cytoplas-
mic streaming is facilitated by the action of cytoskeletal motor proteins and is
powered by ATP hydrolysis. This mode of intracellular transport (cytoplasmic
streaming) is critical not only for ordinary parenchyma cells in vascular plants but

Box 3.1: Diffusion is a Spontaneous Process Which Obeys Fick’s Law

The rate of diffusion of a molecule, from one point in a cell to another or across
a membrane, is related to its size, its concentration gradient, viscosity of the
medium, and temperature. This relationship is referred to as Fick’s law and is
represented in an equation as follows:

Js = —Ds(AC/A,) (3.1)

where J; represents rate of diffusion of the molecular species which is deter-
mined by its diffusion coefficient (D) and concentration gradient (AC{/A,),
i.e., the concentration difference (AC;) between two points (A,). Ji is
expressed as moles per unit area per unit time. The negative sign in the
equation shows that substances move by diffusion down a concentration
gradient. The time taken by a substance to a move distance L is expressed as L
%/D. Thus, the time taken by molecules to diffuse increases with the square of
the distance. The value of D for ions is 10~° m? s~ ' and for larger molecules
Dy is around 107" to 107° m? s~!. A molecule with D, of 107" m? s~ " will
take 2.5 s to move a distance of 50 pm in a plant cell but will take 32 years (!)
to move a distance of 1 m. Thus, the process of diffusion is effective for
migration of molecules in cellular distance but is not effective for long-
distance movement of ions.
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Box 3.2: Nernst Equation Predicts Internal and External lon Concentrations at
a Given Membrane Potential
According to Nernst equation:

AE; =59 mV log (C?/CY) (32)

Solutes moving into and out of cells by diffusion are expected to reach
equilibrium. AE; represents the electric potential difference between the inside
and the outside of the cell. AE for a specific ion is known as Nernst potential.
Nernst equation can be used to predict whether or not ions will accumulate
against their chemical gradient. If the solute concentrations inside (CJ) and
outside (C,°) a cell are known, and if the membrane potential of cell can be
determined, then it is possible to know whether the solute moves down the
electrochemical gradient.

also for solute transport in giant algal cells (e.g., Nitella sp.) which can be several
millimeters in diameter and many centimeters in length. In view of these limitations
of diffusive movement of water and solutes, plants have evolved pressure-driven
bulk flow for long-distance transport of water and dissolved solutes in xylem and
also through the cell wall in plant tissues. In contrast to diffusion across membranes,
pressure-driven bulk flow is independent of solute concentration gradients. Pressure
potential gradients generated through different means are responsible for bulk flow
of water and dissolved solutes in opposite directions through xylem (tension) and
phloem (hydrostatic pressure). In this context, it may be noted that vessel elements
up to 500 pm in diameter occur in the stem of climber plants. Such large vessels
permit vines to transport large volume of water in spite of the slenderness of
the stem.

3.4  Structural Features of Xylem Elements Which Facilitate
Water and Solute Transport

Water-conducting cells of xylem (vessels and tracheids) are collectively known as
tracheary elements. Mature vessels and tracheids are dead and hollow, lack plasma
membrane, and have a rigid cell wall impregnated with lignin (Fig. 3.4). Water
movement between adjacent tracheids occurs through pits in the cell wall. Pits lack
secondary wall but primary wall is retained. Among vessels, water movement is
unobstructed from one vessel element to another, across scalariform perforation
plates in the end walls. Physical forces, like wind, can sometimes cause trapping
of air bubbles in the tracheary elements leading to disturbance in the process of water
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Fig. 3.4 Structure of (a) vessels, (b) tracheids, and (c) pits in higher plants

and solute transport. Absence of lipid membranes, significant length and diameter of
the trachedial elements, and hydrogel nature of pectic membrane of pits and lignifi-
cation of cell walls are the major structural features of xylem elements which
regulate water and solute transport through them. The absence of lipid membranes
in vessels and tracheids enhances hydraulic conductance severalfold as compared to
cells with intact plasma membrane. Since end walls account for 60-80% of hydraulic
resistance accompanying water transport, length of vessels is an important determi-
nant of their water transport efficiency. It may be noted that tracheids generally have
smaller diameter (10-15 pm) and are longer than individual vessel elements
(50-100 pm long). Thus, the smaller diameter and greater number of end walls per
unit length are also responsible for much lower water transport efficiency of
tracheids than vessels. Pit membrane consists of microfibrils and a pectin/hemicel-
lulose matrix with a number of pores (5-20 nm in diameter). The pectin component
of the pit membrane can respond like a hydrogel to alterations in ion concentrations
in the xylem sap which can alter pore size in the pit membrane. Thus, high K*
concentrations increase the hydraulic conductance of pit membrane, thereby acting
as an important regulatory mechanism for diverting the flow of water to different
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plant parts. Lignification of tracheary elements provides water proofing of walls and
strengthens them against collapse from large tensions developing within. The variety
of thickening patterns of lignification of vessels offer substantial scope for cell wall
stretching during solute transport.

35 Membrane Transport System

Biological membranes are hydrophobic in nature and are selectively permeable. For
most of the small, uncharged solutes, the ability to permeate biological membranes is
related to their ability to dissolve in the hydrophobic phase. The plasma membrane is
freely permeable to gaseous molecules, such as CO,, N,, and O,, and to small,
uncharged polar molecules, such as ethanol. Other uncharged molecules, such as
urea and water, have limited permeability. Charged solutes and larger polar
molecules, such as nucleotides and sugars, do not readily cross the membrane
directly (Fig. 3.5). Specific transport proteins embedded in the bilayer membrane
are required to facilitate transport of ions. An electrical membrane potential (voltage)
develops when salts diffuse across a membrane. If two KCl solutions are separated
by a membrane, K™ and CI™ will permeate the membrane independently and diffuse

K*, CI-, Ca?*, Mg?*, Yo
HCOs~, HPO4?"
[
-] ATP, Amino acids, Charged polar
o) glucose-6-phosphate, molecules
nucleic acids, proteins
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Fig. 3.5 Differential permeability of phospholipid bilayer membrane
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Fig. 3.6 Various ways of solute transport across the phospholipid bilayer membrane

according to their respective gradients of electrochemical potential. This creates an
electrical potential across the membrane (Fig. 3.6). Biological membranes are
usually more permeable to K* than to Cl™, leading to faster migration of K™ and
causing the cell to develop an inside negative charge with respect to extracellular
medium. A potential that develops as a result of diffusion is known as diffusion
potential. Upon attainment of equilibrium, both concentration gradient and diffu-
sion potential across the membrane collapse. All living cell membranes exhibit
membrane potential due to asymmetric distributions of ions inside and outside the
cell. Membrane potential can be determined by inserting a microelectrode into the
cell and measuring the voltage difference between the inside of the cell and the
extracellular medium. When the rate of influx and efflux of a given solute are equal,
the cell is said to have attained steady state. During steady state, the occurrence of
active transport across the membrane prevents many diffusive fluxes from attaining a
state of equilibrium. A number of ions permeate cell membrane simultaneously, but
K* has the highest concentration in plant cells and also highest permeability across
membrane. Since transport proteins mostly exhibit specificity for the solutes they
transport, cells require a great diversity of transport proteins. Haemophilus
influenzae, a simple prokaryote and the first organism for which complete genome
was sequenced, has only 1743 genes. Out of this, more than 200 genes encode
various proteins involved in membrane transport. In Saccharomyces cerevisiae,
nuclear genome, about 2000 of the nearly 6000 genes encode for membrane-
associated proteins, of which a large proportion are transport proteins. In
Arabidopsis, out of a predicted 33,000 protein-coding genes, as many as 1300
may encode proteins with transport functions.

1. Membrane transport in plants is crucial for a wide range of essential processes.
These include: (1) Nutrient acquisition: Uptake of a number of inorganic nutrients
(nitrogen as NH4" or NO5 ™, sulfur as SO42*, and phosphorus as PO43*, K*, and
Ca”* and a number of trace elements) is mediated by specialized nutrient transport
proteins. Their uptake is vital for plants since, unlike animals, plants synthesize
organic biomolecules from inorganic nutrients, most of which must be absorbed
by roots from soil.
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2. Metabolite distribution: Loading of sucrose and amino acids from the sites of
their biosynthesis for subsequent long-distance transport in plants requires
specialized nutrient transport proteins.

3. Metabolite compartmentalization: Compartmentalization of enzymes and
metabolites prevents their futile cycling. For example, starch can be synthesized
and stored in amyloplasts even when glycolysis proceeds in the cytosol. Com-
partmentalization also enhances metabolic efficiency. Thus, for example, the
ratios of ADP/ATP and NADH/NAD" are greater in mitochondrial matrix than
in cytosol, thereby favoring respiratory activity. Specific transport mechanisms
are required for the export of ATP and NAD*. NDT1, NDT2, and PXN are some
NAD" transporters found in plants.

4. Energy transduction: Membrane transport is crucial for conversion of free energy
into biologically useful forms. Thus, light energy stimulates photosynthetic
electron transport chain to pump H into the thylakoid lumen.

5. Turgor generation: This is accomplished in plant cells by accumulating salts via
specific membrane transporters. In most mature cells of plants, potassium ions
accumulate in the cytosol and vacuole which are balanced with anion (mostly C17)
uptake to maintain electroneutrality. This leads to water accumulation in cells.

6. Waste product excretion: Proton pumps play critical role in the removal of H*
from the cytosol. Likewise, other energy-driven transporters in the tonoplast
membrane can play significant roles in removing metabolic wastes from the
cytosol and accumulating them in vacuoles.

7. Signal transduction: Modulation of intracellular Ca®* concentration in the cells is
achieved through a regulated activity of membrane localized Ca**-ATPases and
Ca”* channels, thereby affecting signaling mechanisms operating through
calcium.

3.6 Uniporters and Cotransporters

Although particular transporter proteins are usually specific for the solute to be
transported across membrane, their specificity is at times not absolute. Likewise,
proteins involved in the transport of neutral amino acids, such as glycine, alanine,
and valine, may not accept acidic or basic amino acids as aspartic acid or lysine,
respectively. Solutes may get freely transported across the lipid bilayer of
membranes, moving down their electrochemical potential gradient by simple diffu-
sion (Fig. 3.6). Movement of specific solutes using membrane transporter proteins to
diffuse across the membrane according to their concentration gradient is referred to
as facilitated diffusion. Transporter proteins associated with this process include
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uniporters (also called carriers) and ion channels (Fig. 3.6). On the contrary when
transporter proteins facilitate solute movement against their electrochemical gradi-
ent, the process is called active transport. Active transport can be of two types:
primary active transport and secondary active transport. Primary active trans-
port accompanies ATP or pyrophosphate hydrolysis to provide energy for ion
transport against concentration gradient. Such transporters which perform primary
active transport are called pumps. Secondary active transporters (also called
cotransporters), however, utilize ion gradients established by primary active trans-
port to move other solutes against their electrochemical gradients. Thus, secondary
active transporters facilitate movement of two solutes simultaneously. One solute
moves down its electrochemical gradient (which is created due to the activity of
pumps), whereas the second one moves up along its electrochemical gradient.
Secondary active transporters (or cotransporters) can be further divided into two
groups: symporters and antiporters (Fig. 3.6). Symporters move both the solutes
across the membrane in the same direction. For example, proton flux according to
concentration gradient across membrane provides energy to move K+ and NO3- into
the cell along with proton flux. Antiporters move the two solutes in opposite
directions across the membrane. In plants, secondary active transport normally
exploits H* gradients established by proton pumps. Thus, sodium ions move out
of cells against the flux of protons using specific antiporters. Potassium level is
maintained high in plant cells as compared to sodium. This is just opposite of what is
seen in animal cells (high sodium and low potassium levels).

Proton-coupled symporters are generally required for substrate uptake into the
cytosol, while antiporters function to export solute out of the cytosol. In both types of
secondary transport, the ions or solutes being transported move against their con-
centration gradient. The energy driving secondary transport is provided by proton
motive force (PMF) rather than directly by ATP hydrolysis. Figure 3.7 shows an
overview of the subcellular location of H* pumps in plant cells. In chloroplasts and
mitochondria, energy in H* gradients is utilized to synthesize ATP. Proton gradients
are also established across the plasma membrane and tonoplast by pumps which
utilize ATP or PP;. The electrochemical potential thus generated is used by plant
cells to transport various ions and metabolites across the plasma membrane and
tonoplast using various integral membrane channels and cotransporters. In the
transport mediated by uniporters and cotransporters, the solute to be transported
binds to the transporter and causes confirmation change in the transporter protein,
leading to solute movement across the membrane. The solute-transporter protein
interaction is generally selective to the extent that these proteins can even distinguish
between stereoisomers of sugars and amino acids.

In addition to their association with plasma membrane and tonoplast, uniporters
and cotransporters are found in the endomembrane system as well as in the
envelopes of chloroplasts and mitochondria. They play roles in the uptake of
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Fig. 3.7 Generation of proton gradients across the plasma membrane and cell organelles leading to
solute transport by various transporters

inorganic nutrients, such as NH4*, NO;~, S0,%>, and H,PO, . They are also
important for loading of sugars into phloem for long-distance transport. Proton-
coupled symporters include H/sucrose symporter (involved in loading of sucrose
into phloem), several H/anion symporters, and a number of H/amino acid
symporters. The most abundant protein in the chloroplast membrane is a phosphate
translocator that exchanges inorganic phosphate for triose phosphate. Proton-
coupled antiporters include H*/Ca** antiporter in the tonoplast and Na*/H*
antiporter in the plasma membrane. Na*/H* antiporters on the plasma membrane
of glycophytes enhance their sensitivity to salt. These antiporters, identified as “salt
overly sensitive” or SOS1 in roots, extrude Na* from the cell, thereby lowering their
internal concentration. Vacuolar Na* sequestration also occurs by the activity of a
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subset of cation/H" antiporter (CPAs)—a Na*/H* antiporter, which couples down-
hill movement of H" into the cytosol across the tonoplast with Na* uptake into the
vacuole. The Arabidopsis AtNHX1 Na™/H" (NHX) antiporter gene overexpression
confers increased salt tolerance in various crop species, such as wheat, maize, and
tomato, as also in Arabidopsis. In contrast with SOS1 and NHX antiporters, which
reduce cytosolic Na* concentration, HKT1 transporters transport Na* from the
apoplast into the cytosol.

3.7 lon Channels

Hodgkins and Huxley, while working on squid exons in 1950, described ion
channels as:

elements in the plasma membrane that respond to electrical stimuli by opening and
facilitating fluxes of selective ions during action potentials.

Action potentials are generated when the bilayer membrane is depolarized to a
voltage more positive than the threshold voltage. A few terrestrial plants are excit-
able; e.g., in Mimosa pudica, leaf stroking evokes an action potential that causes the
pulvinus (at the leaf base) to lose turgor, causing collapse of the leaf. Some
insectivorous plants (e.g., Dionaea muscipula, Drosera sp.) also use action potential
to couple the sensing of prey to subsequent leaf movement. First reports on the
existence of ion channels in non-excitable plant cells came in 1980s in guard cells.
The guard cell ion channels were identified to play key role in mediating solute
fluxes accompanying stomatal opening and closing. Ion channels are now known to
be present in all plant cells on the plasma membrane and tonoplast and are studied
with electrophysiological techniques—such as patch clamp (Box 3.3). It utilizes
pushing a blunt-tipped glass micropipette (microelectrodes) against biological mem-
brane to measure pico ampere currents. In essence, the patch clamp technique allows
detection of tiny electrical currents that ions carry as they flow through channels. The
outstanding capability of patch clamp is that it can resolve the activity of single
protein molecules (channels) as they catalyze ion translocation. Using the whole-cell
patch clamp technique, the activity of several ion channels in a single cell can be
quantified. Ion fluxes through channels are driven solely by electrical potential
difference. Ion flow through channels is passive. Thus, in contrast to ATPases or
carriers, the direction of flow through ion channels is dictated simply by electro-
chemical potential gradient for that ion. In addition to their activation by
electropotential difference, channels exhibit two additional properties essential to
their function, i.e., ionic selectivity and gating.
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Box 3.3: Patch Clamp Technique to Measure lon Channel Activity
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The patch clamp technique involves pushing a blunt-tipped, glass micropi-
pette against a biological membrane and simultaneously applying suction to
the inside of the micropipette to form an electrically tight seal (a). Initial seal
formation attains cell-attached mode which can record the activity of individ-
ual ion channels without any control over the cytosolic ionic composition.
Pulling the pipette away from the membrane generates an inside-out patch in
which cytosolic face is exposed to the bathing solution. In this situation, the
solution composition on both sides of the membrane is defined, and the
electrical activity across single channels can be assessed under controlled
conditions. In the third alternative, the membrane patch that covers the pipette
tip can be disrupted with a high-voltage pulse or suction, leading to electrical
access to the inside of the cell. Current flow can thus be monitored across the
entire membrane in this whole-cell mode of recording. The large volume of
medium in the pipette exchanges with cell contents, thereby defining the
intracellular solution composition. Finally, if the pipette is pulled away from
the cell after attaining the whole-cell mode, a membrane bleb is also pulled
away, and it reseals itself across the pipette tip as an outside-out patch. This
recording mode is useful for testing the effects of putative cytosolic regulators
on ion channel activity. In this way patch clamp technique can be used to
record electrical properties of pumps and carrier proteins on plant protoplasts
and endomembranes.

Major cation channels in plants include K*-selective (inward or outward) and Ca**-
selective channels. Anion channels, in general, allow permeation of a wide range of
anions, including C1~, NO; ™, and organic acids. Specific anion channels exist for
organic acids, such as malate. Channels are tightly controlled by conformational shifts
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between permeable (or open) and non-permeable (or closed) states. This alteration
between open and closed states of channels is known as “gating.” Gating is controlled
either by voltage or by a ligand (chemicals that bind to channel proteins), such as
hormones, Ca®", G-proteins, and pH. Some channels are stretch-sensitive and are
gated by changes in turgor pressure of a cell. Guard cells have at least four types of Ca
#* channels, one regulated by voltage, one by Ca**, and the other two by ligands. This
kind of multiple channels for Ca®*, gated by different signals, allows for dynamic
changes in cytosolic Ca>* in response to a variety of stimuli. Of the six types of plant
cation channels, the shaker channels are well characterized. They are named so after a
Drosophila K* channel whose mutation causes flies to shake or tremble. Plant Shaker
channels are highly K* selective and are responsible for K* flux across guard cell
plasma membrane. They also help in K* uptake from the soil, participate in K* release
from living stelar cells to xylem vessels, and also play a role in K™ uptake in pollen.

3.7.1 Potassium Channels

The ability of an ion channel to permit transport of ions only in one direction is called
rectification. Inward and outward currents are carried by separate classes of ion
channels. The channels carrying these currents are said to rectify. Rectifying
channels carry current in one direction only. K* inward rectifiers and K* outward
rectifiers have been identified and characterized in guard cells and are now known to
be present in a wide variety of plant cells. Inward-rectifying K* channels (K* influx
channels) are activated by hyperpolarization of the membrane. First eukaryotic K*
influx channels were cloned from plants and characterized by expression in Xenopus
oocytes. K* influx channel subunits in plants are products of a multigene family and
exhibit tissue-specific expression. Thus, one member, KAT]I, is expressed in guard
cells, and another, AKT1, is expressed in roots and hydathodes. The ak?/ mutant of
Arabidopsis exhibits reduced K* uptake.

K* channel AKT1 has six transmembrane spans, S1 through S6, with a
membrane-intrusive loop between S5 and S6. This loop makes up the pore domain
of the channel (P-domain). The fourth transmembrane helix, known as S4 domain,
exhibits a regular pattern of positively charged residues (lysine or arginine) every
third residue, so that the charged residues tend to project from one side of the helix
(Fig. 3.8a). This region of the protein forms the voltage sensor, which is involved in
the opening and closing of the channel in response to permissive voltage. The
functional channel works as a tetramer, with the P-domains (between S5 and S6)
of four monomers interacting to form a narrow constriction that contains the K*
binding and recognition site. P-domain is responsible for ion selectivity due to a
conserved sequence of amino acids (Gly-Tyr-Gly). TPK1 from Arabidopsis has been
identified at the molecular level as an outward K* rectifier. It has just four trans-
membrane spans but two P-domains (Fig. 3.8b). Toward the C-terminus are two
high-affinity Ca**-binding motifs known as EF hands. These channels are activated
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Fig. 3.8 Structure of (a) an inward-rectifying K* channel (AKT1), (b) an outward-rectifying K*
channel (TPK1)

upon elevation of cytosolic free calcium concentration in plant cells. Thus, K* efflux
channels are activated as a result of Ca®* at the EF hand on the C-terminal of the
channel protein. Outward K* rectifiers in yeast and humans do not possess EF hands.

Four P-domains form the ion selectivity filter for K™ outward-rectifying channel.
The structure of P-domains is highly homologous in all known K* channels and
different from that in other ion channels. Sodium ions are smaller than K*. Still they
cannot pass through K* channels. Pore segment contains conserved Gly-Tyr-Gly
residues. As K* enters the selectivity filter, it loses its water of hydration and gets
bound instead in the same geometry to eight backbone carbonyl oxygens of Gly-Tyr-
Gly sequence (carbonyl oxygens). Thus, little energy is required to strip off the eight
waters of hydration of a K, and a relatively low activation energy is required for
passage of K* ions through the channel. A dehydrated Na™, however, is too small to
bind to all eight carbonyl oxygens which line up at the selectivity filter. As a result,
Na" prefers to remain in water rather than enter the selectivity filter. Thus, the
activation energy for Na* passage across the potassium channel is high. This
difference in activation energy favors K™ by a factor of 1000 over Na* to pass
through K* channels. Like Na*, Ca’* is also smaller than K* and cannot interact
properly with the oxygen atoms in the selectivity filter. Also, more energy is required
to strip the water of hydration from Ca®* than from K*. The inward and outward K*
channels in plant cells are also regulated by factors other than membrane voltage and
Ca”*, respectively. Increase in cytosolic pH in the guard cells due to increase in
ATPase mediated ATP H* pumps elicited by abscisic acid also activates outward K*
channels. Inward channels have also been reported to be regulated by phosphoryla-
tion. In guard cells, two different K* channels are responsible for K* transport across
vacuole. Both are voltage sensitive for gating. One of them (FV, fast vacuolar) is
inhibited by high cytosolic Ca®* concentration (>1 uM). It is activated with an
increase in cytosolic pH and does not exhibit much selectivity among monovalent
cations. The other K*-permeable channel (VK, vacuolar K¥) is, however, highly
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Table 3.2 Salient features of vacuolar potassium channels in guard cells

Fast vacuolar channels (FV) Vacuolar K* channels (VK)

Nonselective for monovalent cation efflux into Selective for K* efflux into cytosol

cytosol

Inhibited by high [Caz”]Cyl > 1pM) Activated by [CazJ']cyl in nanomolar
range

Activated by increase in cytosolic pH Inhibited by increase in cytosolic pH

Molecular identity not yet known A member of “two-pore” H* channel

Both channels are voltage sensitive for gating

selective for K* over other monovalent cations. It is activated by cytosolic Ca** in
nanomolar to micromolar range and gets inhibited by increasing cytosolic pH
(Table 3.2). Closure of stomata generally precedes an increase in [Ca2+]cy[, thereby
triggering the opening of VK channels leading to K* release from vacuole. Closure
of stomata in the absence of a change in [CazJ’]Cyt coincides with an increase in the
sensitivity of signaling proteins to [Ca2+]cyt. Increase in guard cell cytosolic pH is
also likely to play a role in stomata closure and FV channels open in this situation. A
coordinated action of FV and VK channels thus demonstrates how parallel
mechanisms often mediate biological processes. The molecular identity of FV
channels is not yet known. A VK channel, TPK1, has been identified in Arabidopsis.
It is a member of “two-pore” K* channel family, has only four transmembrane spans
in each subunit, and has two Ca2+ motifs at the C-terminus.

3.7.2 Calcium Channels

Calcium uptake into the cytosol largely takes place by ion channels rather than
proton-coupled transporters presumably because cytoplasmic [Ca®*] is maintained at
very low levels (0.0001 mM or 10~7 M) in the eukaryotic cells by the activity of Ca
**_ATPase. In contrast, [Ca®*] in soil, apoplast, and vacuole can be in the range of
0.1-1 mM. Because of the existence of such a steep [Ca®*] gradient (soil cell or
vacuole cytosol), the plasma membrane- and tonoplast-associated calcium channels
can easily pull Ca** into the cytosol (Table 3.3). Plant Ca®* channels are usually not
specific for Ca®* transport but are also permeable to other cations. But because of the
steep [Ca®*] gradients across the plasma membrane and tonoplast, opening of even
nonselective Ca**-permeable channels will cause a rapid rise in [Ca2+]cyt. One of the
major calcium channels in the guard cell plasma membrane is activated by
hyperpolarizing potentials, ABA and reactive oxygen species (ROS). The molecular
identity of these Ca”* channels is still not known. Other well-characterized plant Ca
** channels are cyclic nucleotide-gated (CNGC), calcium-permeable channels in
Arabidopsis which function in transducing a Ca®* signal in response to pathogen-
specific molecules, such as lipopolysaccharides. Another category of calcium
channels called glutamate (Glu) receptors has been implicated in microtubule depo-
lymerization and growth inhibition in Arabidopsis roots. Induction of transient
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Table 3.3 Major calcium channels in plants

Channel Location Function Activated by
Two-pore channel Tonoplast Turgor regulation, cation ROS, ABA,
1 (TPC1) homeostasis hyperpolarization
Cyclic nucleotide-gated Notknown | Ion homeostasis Lipopolysaccharides
channels (CNGC)
Glutamate receptors (GLR) | Ubiquitous | Microtubule Not known
polymerization, NH,*
uptake

depolarization and Ca®* influx upon exposure of roots to wounding, glutamate (Glu),
and few other amino acids is correlated with the expression of GLR3.3 gene. The
biological function of Glu receptors in plants still needs to be investigated.
Ca”**-permeable channels in plant cell endomembranes are activated both by
voltage and ligands. Several different classes of Ca**-permeable channels may be
present in the intracellular membranes of plants. The slow vacuolar (SV) Ca’*-
permeable cation channels located on the plant vacuolar membrane are activated
slowly in response to membrane depolarization and are strongly activated by Ca**-
calmodulin. SV channels are permeable to several cations including Ca%*, K*, Na*,
and Mg?*. Their role in conditional release of Ca®* from vacuoles has been
established in plant roots. SV channel activity is regulated by multiple factors.
Enhanced [Cz;12+]Cyl levels induce channel opening through the presence of calmod-
ulin and magnesium. Vacuolar [Ca**] has opposite effect and promotes channel
closure. SV channel activity is also regulated by phosphorylation and acidification
on either side of tonoplast. Positive membrane potentials promote SV opening. A SV
channel, TPC1, has been cloned from Arabidopsis. It contains two homologous
domains, each having six transmembrane helices and one pore domain in each set.
The channel is regulated by calcium through two Ca**-binding EF hands (EF1 and
EF2) in the cytosolic loop linking transmembrane helix S6 with S7 (Fig. 3.9).

3.7.3 Anion Channels

Some of the major inorganic anions in plant cells are NO5~, CI~, SO,>~, and H,PO,
~, and malate is a major organic anion. The free energy gradients of anion channels
are in the direction of passive efflux. Among plants, anion channels were first
characterized in guard cells as Ca**-activated, rapidly activating R-type and slowly
activating S-type. These channels are also gated by voltage, and their opening leads
to massive efflux of ClI™ ions from the cells and membrane depolarization. The
resulting depolarization activates outward rectifying K channels during salt loss.
Anion channels, thus, serve as pacemakers of plant turgor reduction. S-type anion
channels are gated by ABA, elevated CO,, pathogenic elicitors, and ozone, thereby
triggering stomatal closure. Both Ca**-dependent and Ca®*-independent protein
kinases regulate anion channel activation in guard cells indicating their activity
modulation through phosphorylation. Malate is a major organic anionic vacuolar
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Fig. 3.9 Predicted structure of calcium channel (SV) from Arabidopsis

constituent in many glycophytic plants. CAM plants diurnally take up or release
malate from vacuoles. Malate uptake channels are activated by Ca**-dependent
protein kinases. Due to acidic pH inside the vacuole, malate®~ rapidly gets
protonated upon influx into the vacuole as Hemalate™ and H,* malate forms. The
pH difference of the tonoplast allows maintenance of malate concentration differ-
ence to facilitate malate®™ entry into the vacuole. Reverse flow (to cytosol) is
energetically very unfavorable. Therefore, malate migration out of vacuoles in
CAM plants is likely to take place through an independent route involving
cotransporters. Analysis of Arabidopsis mutants has shown at least two kinds of
vacuolar malate channels, namely, ALMT (aluminum-activated malate transporter)
and AttDTa (tonoplast dicarboxylic acid transporter). Both genes are preferentially
expressed in mesophyll cells.

3.7.4 Aquaporins

Most biological membranes exhibit high degree of permeability toward water in
spite of the fundamentally hydrophobic characteristics of the fatty acyl chains in the
phospholipid bilayer. The rapid rate of plasmolysis of plant tissues under
hyperosmotic conditions, making tissue flaccid, provides clear evidence for rapid
water permeability across the plasma membrane. In terms of water potential, the
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direction of water flow across the membranes is determined by two factors: the
hydrostatic pressure potential difference (AWp) across the membrane and the solute
potential difference (AW¥s) across the membrane. Most of the osmotically active
solutes present in the cytosol in physiological conditions (e.g., ions, sugars, etc.) are
much less permeable across membranes than water. A major pathway for bulk and
rapid movement of water molecules across membranes is through water channel
proteins called aquaporins. Additionally, water transport also occurs through
proteins associated with other functions (e.g., uniporters and cotransporters of
glucose). Only a small fraction of water is simply able to pass through the plasma
membrane simply through diffusion. Aquaporins are membrane integral channel-
forming proteins in the phospholipid bilayer membranes, allowing cell-to-cell rapid
transport of water molecules. Although by definition aquaporins act as water
channels, some plant aquaporins have now been reported to additionally transport
other small, uncharged solutes, stress response factors, or signaling molecules. This
includes NH,*, H,O,, arsenic, CO,, urea, boron, and silicon. The first protein with
water transport activity was identified from the plasmalemma of erythrocytes by
M. L. Zeidel et al. in 1992 and was referred to as “‘channel-forming integral protein”
(CHIP), with a molecular weight of 28 kDa. It was subsequently renamed as
aquaporin 1 (AQP1). It is now established that aquaporins are present in bacterial,
plant, and animal cell membranes. Among plants, aquaporins were initially
identified from the tonoplast of the vegetative and seed cells of Arabidopsis. In
some cells, vacuoles may make up to 95% of the cell volume. Abundance of water
channels (aquaporins) on the tonoplast allows rapid and regulated movement of
water across the tonoplast in response to changing extracellular and cytosolic solute
concentrations. Aquaporins belong to large gene families. Thus, Arabidopsis has
35 aquaporin genes, maize has 36, and rice has 33. Aquaporins in plant cells can be
grouped into four categories: plasma membrane intrinsic proteins (PIPs), tonoplast
intrinsic proteins (TIPs), nodulin intrinsic proteins (NIPs) found on the peribacteroid
membranes of symbiotic nitrogen-fixing nodules, and small basic intrinsic proteins
(SIPs) found in the endoplasmic reticulum. The four categories of aquaporins have
been reported from practically all groups of land plants, ranging from mosses to
angiosperms.

Structurally, aquaporins are very hydrophobic proteins (25-30 kDa), with six
transmembrane spans (Fig. 3.10). The C- and N-terminals of aquaporins are
localized in the cytosol. Four aquaporin monomers make a functional complex,
but each subunit of the tetramer can form a water channel. The connecting loops I,
III, and V face the apoplast. Highly conserved asparagine-proline-alanine (NPA)
residues are located on the connecting loops II and V. The pore (water channel) is
formed by the two loops (Il and V) containing NPA domains. In a functional
monomer, these hydrophilic loops reconfigure themselves so that two NPA motifs
face each other across the bilayer membrane to form a water-selective channel. The
hydrogen-bonding properties of the amino side groups of the two Asn residues
facing the lumen of the channel are thought to regulate water transport across the
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Fig. 3.10 (a) Structure of an aquaporin monomer, (b) mechanism of water transport across the
aquaporin channel

channel. The channel has a passageway of about 3 A which is only slightly larger
than a typical water molecule (2.8 A). As the water molecule approaches the
channel, its oxygen atom orients toward the two Asn residues creating a positive
electrostatic field. As a result, water molecules break their hydrogen bonds with each
other and instead form hydrogen bonds with the amino groups on the Asn residues.
By this mechanism a string of hydrogen bonds is generated, enabling rapid transport
of water across the aquaporin channel at a rate of about 10° water molecules per
second.

The expression of aquaporin genes in plants is regulated by a variety of environ-
mental factors, such as water and nutrient availability, salt stress, drought, anoxia
and light quality, and intensity. Changes in cytosolic pH also alter water movement
across aquaporins. Thus, in the roots of Arabidopsis plants subjected to anoxic
conditions, cytosolic pH becomes highly acidic and leads to dramatic reduction in
water transport. Aquaporins are extensively post-translationally modified by phos-
phorylation and methylation at the C- and N-terminals, respectively. Phosphoryla-
tion of aquaporins at the conserved serine residues also leads to channel closing.
Since this phosphorylation is catalyzed by Ca**-dependent protein kinases, a link
between Ca®* signaling and the regulation of water movement is evident.
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3.8 Pumps

Movement of solutes against their electrochemical gradient takes place by
membrane-associated pumps using ATP or pyrophosphate as a source of energy.
The rate of solute transport by pumps is much faster than that with transporters and
can be up to hundreds of molecules per second. The ATP-hydrolyzing ability of
ATPases is coupled so that the energy stored in phosphoanhydride bond in ATP is
used to move ions across membrane uphill against a potential or concentration
gradient. ATP-hydrolyzing pumps can be structurally grouped into P-type, F-type,
or V-type ATPases (Table 3.4).

3.8.1 P-Type ATPases

These are reversibly phosphorylated by ATP and are, therefore, called P-type ATPase.
They are cation transporters. There is conformational change in structure due to

Table 3.4 Major classes of ATP-powered ion pumps in plant cells

H*-
Properties P- type F- type V- type pyrophosphatase
No. of 2 8 (3 intrinsic, 7 (2 intrinsic, 2 (1 intrinsic,
subunits 5 cytosolic) 5 cytosolic) 1 cytosolic)
Tons H*, Na*,K*, Ca |H* H* H*
transported 2
Location Plasma Mitochondrial Tonoplast Tonoplast,
membrane, membrane, Golgi bodies,
chloroplast thylakoids of plasma
chloroplast membrane
Characteristics | Activity of H+ Function to Causes 80 kDa protein
pump modulated | synthesize ATP, acidification of
by powered by the vacuolar
phosphorylation | movement of H* contents, no
at C-terminal down its phosphorylated
100 kDa protein | electrochemical intermediates 17 subunits,
(H*-ATPase) gradient formed functions as a
homodimer
110 kDa (Ca*-
ATPase)
10 membrane- 750 kDa protein
spanning
domains
Establish PMF 320 kDa 13 subunits Activated by
Ca?*-ATPase (cytosolic cytosolic K* or
activity component) Ca**

modulated by
CaM binding at
N-terminal
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phosphorylation and dephosphorylation. Plant and fungal plasma membrane-
associated H*-ATPase and Ca®*-ATPase are members of P-type ATPases. Members
of ABC (ATP-binding cassette) superfamily of transporters are also of P-type
ATPases. H"-ATPase expression is high in cells involved in nutrient movement.
Plasma membrane H*-ATPase is regulated by ATP concentration in the cell, pH,
and temperature. Their activity is modulated by the phosphorylation/dephosphoryla-
tion of the autoinhibitory domain at the C-terminal. H*-ATPases are encoded by
11 genes in Arabidopsis. Some H*-ATPases exhibit cell-specific expression. Several
H'-ATPases are expressed in guard cells to drive solute uptake during stomatal
opening. Plasma membrane-associated H*-ATPase is a Mg>*-dependent, P-type
ATPase. Its single subunit is a 100 kDa protein with ten membrane-spanning domains.
For each ATP hydrolyzed, one H" is pumped out of the cytosol. This pump establishes
the proton motive force in the cell which enables the activity of various symporters and
antiporters.

Movement of protons by H" pumps is generally not balanced by the movement of
anions and establishes a charge gradient leading to a change in membrane potential
(Box 3.4). Such pumps which create a charge gradient are called electrogenic

Box 3.4: Electrophysiological Processes in the Plant Cells

Most cytosolic proteins bear a net negative charge at the physiological pH of
7.2-7.5. This excess of negative charge on proteins is countered by cytosolic
K* accumulation. Membranes are impermeable to proteins, but they show
finite K* permeability through K* channels. Cytosolic K™ concentration is
generally maintained high (about 100 mM) compared to outside the cell. Thus,
the tendency of K* to leak outside generates an inside negative charge. This
combination of fixed (immobile) negative charge of proteins and mobile
positive charge of K* is known as Donnan potential. Membrane potential
refers to the difference in electrical potential between two aqueous media
separated by a membrane. It is presented as Vm. Normally, Vm across the
plasma membrane of plant cells is about —150 mV. Other membranes are less
polarized. A value of —20 mV is commonly cited for tonoplast. A membrane
potential is created by an imbalance in the number of cations and anions in the
aqueous media separated by the membrane. Electrogenic transport of H" (by H
*-ATPases) out of the cytosol tends to drive Vm to more negative values. This
results in hyperpolarization of the membrane. In some conditions, a high
flow of anions out of the cells (or of Ca’* into the cell) leads to transient
positive swing in Vm. In other words, membrane depolarization leads to
action potential and opening of ion channels. The electrochemical potential
difference for an ion is the sum of chemical and electrical potential difference.
When chemical potential is equal and opposite to electric potential, the sum is
zero, and there is no overall driving force.
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pumps. Activity of H" pumps at the plasma membrane makes it more positively
charged on the outer surface, leading to hyperpolarization. Reverse happens
(depolarization) when H*-ATPase activity decreases. Cell wall acidification by
plasma membrane H*-ATPase influences growth and development. Auxins are
known to activate H" pumps causing cell wall acidification followed by cell wall
extension in a turgid cell. Plasma membrane H'-ATPase is also responsible for the
maintenance of cytosolic pH in the range of 7.3-7.5 in spite of the fact that many
reactions of the intermediary metabolism generate excess of H'. Since the pH
optimum for plasma membrane H™-ATPase is 6.6, an accumulation of H" in the
cytosol activates its activity. Plant cells differ from animal cells in exploiting H*
concentration across the plasma membrane to drive movement of solutes through
generation of proton motive force (pmf). Animal cells, on the other hand, maintain a
gradient of Na* and K* through the activity of Na*-/K*-ATPase. Like pmf, Na*
accumulation in animal cells is used to drive uptake of other solutes.

3.8.2 Endomembrane-Associated Ca>* Pump

Like H*-ATPase, Ca>* pump belongs to P-type of ATPases. It is a single polypeptide
of 110 kDa, and ATP hydrolysis by this enzyme brings about transport of two Ca**
across the membrane. Ca** pumps are found on almost all membranes, including
those of chloroplasts and mitochondria. Since calcium can form insoluble salts with
phosphate, its (Ca®*) concentration is maintained low in the cytosol. Ca** pumps
serve to maintain cytosolic [Ca**] in the range of 50-200 nM by pumping Ca** out
of the cell or its sequestration into the vacuoles or in the lumen of ER. The
calmodulin-binding Ca”*-ATPases possess an N-terminal autoinhibitory domain
which binds with calmodulin in a Ca**-dependent manner, leading to inhibition of
pump activity and consequent increase in [Caz"]CyL Thus, a negative feedback loop
maintains cytosolic Ca®* homeostasis.

3.8.3 F-Type ATPases

These pumps are identified as energy coupling factors and are, therefore, known as
F-type ATPases. The cytosolic component of F-type ATPases has a molecular mass
of about 320 kDa. They use energy of ATP hydrolysis to drive protons across the
membrane and also are responsible for the synthesis of ATP in reverse direction
utilizing the proton gradient. They are located on mitochondrial and thylakoid
membranes.
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3.8.4 V-Type ATPases

V is for vacuolar, since these pumps are proton-transporting ATPases and are
responsible for maintaining acidic pH of vacuoles (between 3 and 6) in the cells of
fungi and higher plants. These pumps are responsible for acidification of lysosomes,
endosomes, and Golgi complex. The size of plant cells is regulated by water uptake
into the vacuole. Cytosolic entry of water under these conditions is possible if the
osmotic pressure of the vacuole is kept high. The pH of most plant vacuoles is mildly
acidic (about 5.5). In lemon fruits, however, pH of the vacuole is much lower—a
phenomenon termed as hyperacidification (Fig. 3.11). Vacuolar acidification is the
cause of sour taste of lemon fruits (pH around 1.7). This is due to a combination of
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factors: (i) low vacuolar membrane permeability to protons, leading to buildup of
steep pH gradient; (ii) more efficient vacuolar ATPase; (iii) accumulation of organic
acids, such as citric, malic, and oxalic acids, in the vacuole to help maintain low pH;
and (iv) H'-pyrophosphatase activity on the tonoplast. In Arabidopsis, V-type
ATPases are 750 kDa enzymes made up of 13 subunits. They pump three H" per
ATP hydrolyzed. They are electrogenic pumps and contribute to generation of
proton motive force (pmf) and membrane potential of the tonoplast. Unlike plasma
membrane H*-ATPases, V-ATPases do not form phosphorylated intermediates
during ATP hydrolysis. Because of their similarity and common origin with
F-type ATPase (located in chloroplast and mitochondrial membranes), V-ATPase
are assumed to operate like tiny motors.

3.8.5 H'-Pyrophosphatase (PPase)

Tonoplast of plant cells also uses free energy of hydrolysis of pyrophosphate (PP;) to
pump H* (Fig. 3.11). In addition to tonoplast, PPase is also localized on Golgi and
plasma membrane. The need for pyrophosphatase on tonoplast in addition to V-type
ATPase action is because pyrophosphate is continuously generated in the cytosol
accompanying the synthesis of ADP-glucose (for starch formation) and UDP-glucose
(for cellulose formation). Through PPase activity plant cells have devised safe
mechanism of PP; utilization and its conversion to inorganic phosphate so that it (P;)
does not adversely affect carbohydrate metabolism. The process also facilitates faster
acquisition of low pH in the vacuole. In contrast to V-type ATPase, PPase is a simple
enzyme composed of 80 kDa polypeptide which has 17 membrane-spanning domains.
The functional unit of PPase is a homodimer. Two types of PPase are found in plants.
Type I PPase is activated by cytosolic K* and inhibited by Ca®*, whereas type I H*-
PPase is strongly activated by Ca®* and is insensitive to K*. Release of energy coupled
with hydrolysis of PP; is lesser in comparison to energy released coupled with ATP
hydrolysis. One H* is transported per PP; molecule hydrolyzed in comparison with 2H
* transported with hydrolysis of each molecule of ATP.

3.8.6 ABC-Type Pumps

Vacuoles are known to sequester a wide range of secondary metabolites (flavonoids,
anthocyanins, chlorophyll degradation products) and several xenobiotics (synthetic
compounds such as herbicides). These compounds are moved across tonoplast by
pumps known as ATP-binding cassette (ABC) transporters. Plants possess well
over a hundred ABC transporter genes, thus constituting the largest transporter gene
family. ABC transporters belong to P-type of ATPases and possess two structural
elements—integral, membrane-spanning domains and cytoplasmically oriented
nucleotide-binding folds which are involved in ATP hydrolysis. Many xenobiotics
are sequestered in plant vacuoles after glycosylation, and ABC pumps are possibly
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involved in their sequestration. Flavonoids are known to be transported by ABC
transporters as glutathione conjugates (GS-conjugates) facilitated by glutathione
S-transferase reaction. Chlorophyll degradation products are, however, transported
without prior conjugation. ABC transporters have also been implicated in the
transport of waxes to the surface of leaf cells.

Summary

* Water can be transported up to endodermis by one or more of the three
pathways—apoplast, symplast, and transcellular pathways. Cations (K*, Mg**,
Ca”") passing through the cell wall displace hydrogen ions on the carboxyl groups
of polygalacturonic acid molecules and are held there by relatively weak inter-
ionic forces on the fixed negative charges (COO™) (carboxyl groups of
polygalacturonic acid) called “cation absorption sites” or “cation exchange
sites.” Size of solute particles is the principal factor governing their symplastic
mobility across plasmodesmata. The “size exclusion limit” of a symplastic
pathway through plasmodesmata is typically referred to as the molecular mass
of the smallest solute excluded from movement across the plasmodesmatal
channels. SEL of most plasmodesmata has been estimated to be around
800 Daltons. Stress conditions, such as anoxia, can increase SEL from 800 to
much higher values. Pressure potential gradients generated through different
means are responsible for bulk flow of water and dissolved solutes in opposite
directions through xylem (tension) and phloem (hydrostatic pressure). Absence of
lipid membranes, significant length and diameter of the trachedial elements,
hydrogel nature of pectic membrane of pits, and lignification of cell walls are
the major structural features of xylem elements which regulate water and solute
transport through them. The absence of lipid membranes in vessels and tracheids
enhances hydraulic conductance severalfold as compared to cells with intact
plasma membrane.

* Solutes may get freely transported across the lipid bilayer of membranes, moving
down their electrochemical potential gradient by simple diffusion. Movement of
specific solutes using membrane transporter proteins to diffuse across the mem-
brane according to their concentration gradient is referred to as “facilitated
diffusion.” Primary active transport accompanies ATP or pyrophosphate hydro-
lysis to provide energy for establishing ion gradients. Such transporters which
perform primary active transport are called pumps. Secondary active transporters
(also called cotransporters) utilize ion gradients established by primary active
transport to move another solute against its electrochemical gradient. Secondary
active transporters (or cotransporters) can be further divided into two groups:
symporters and antiporters. Symporters move both the solutes across the mem-
brane in the same direction, while antiporters move the two solutes in opposite
directions across the membrane. Proton-coupled symporters are generally
required for substrate uptake into the cytosol, while antiporters function to export
solute out of the cytosol. The energy driving secondary transport is provided by



112 3 Water and Solute Transport

proton motive force rather than directly by ATP hydrolysis. The solute-
transporter protein interaction is very selective to the extent that these proteins
can distinguish between stereoisomers of sugars and amino acids.

¢ Jon fluxes through channels are driven solely by electrical potential difference.
Ion flow through channels is passive. Channels also exhibit two additional
properties essential to their function, i.e., ionic selectivity and gating. Anion
channels in general allow permeation of a wide range of anions, including Cl—,
NOj; 7, and organic acids. Channels are tightly controlled by conformational shifts
between permeable (or open) and non-permeable (or closed) states. This alter-
ation between open and closed state of channels is known as “gating.” Gating is
controlled either by voltage or a ligand (chemicals that bind to channel proteins),
such as hormones, Ca2+, G-proteins, and pH. Some channels are stretch-sensitive
and are gated by changes in turgor pressure of a cell. The functional K™ inward
channel works as a tetramer, with the P-domains of each subunit interacting to
form a narrow constriction that contains the K* binding and recognition site.
P-domain is responsible for the ion selectivity due to a conserved sequence of
amino acids (Gly-Tyr-Gly). Outward K* rectifiers are activated with elevated
cytosolic free calcium in plant cells. The difference in the activation energy favors
K* by a factor of 1000 over Na* to pass through K* channels. Inward channels are
downregulated by increased cytosolic [Ca**] and have also been reported to be
regulated by phosphorylation. Plant Ca®* channels are usually not specific for Ca
2+ transport but are also permeable to other cations. Anion channels, thus, serve as
pacemakers of plant turgor reduction. S-type anion channels are gated by ABA,
elevated CO,, pathogenic elicitors, and ozone, thereby triggering stomatal clo-
sure. Malate uptake channels are activated by Ca®*-dependent protein kinases.
Due to acidic pH inside the vacuole, malate®~ rapidly gets protonated upon influx
into the vacuole as Hemalate™ and H,* malate forms. The pH difference of the
tonoplast allows maintenance of malate concentration difference to facilitate
malate?” entry into the vacuole.

* Aquaporins are membrane integral channel-forming proteins in the phospholipid
bilayer membranes, allowing cell-to-cell rapid transport of water molecules.
Aquaporins in plant cells can be grouped into four categories: plasma membrane
intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), nodulin intrinsic
proteins (NIPs) found on the peribacteroid membranes of symbiotic nitrogen-
fixing nodules, and small basic intrinsic proteins (SIPs) found in the endoplasmic
reticulum. Structurally, aquaporins are very hydrophobic proteins (25-30 kDa),
with six transmembrane spans. Four aquaporin monomers make a functional
complex, but each subunit of the tetramer can form a water channel. The
expression of aquaporin genes in plants is regulated by a variety of environmental
factors, such as water and nutrient availability, salt stress, drought, anoxia, and
light quality and intensity.

e Movement of solutes against their electrochemical gradient takes place by
membrane-associated pumps using ATP or pyrophosphate as a source of energy.
ATP-hydrolyzing pumps can be structurally grouped into P-type, F-type, or
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V-type ATPases. Members of ABC superfamily of transporters are also of P-type
ATPases. Movement of protons by H" pumps is generally not balanced by the
movement of anions and establishes a charge gradient leading to a change in
membrane potential. Such pumps which create a charge gradient are called
electrogenic pumps. Ca>* pumps serve to maintain cytosolic [Ca**] in the range
of 50-200 nM by pumping Ca®* out of the cell or its sequestration into the
vacuole or in the lumen of ER. V-type ATPases are electrogenic pumps and
contribute to PMF and membrane potential on the tonoplast. Through
pyrophosphatase (PPase) activity plant cells have devised safe mechanism of
PP; utilization and its conversion to inorganic phosphate so that it (PP;) does not
adversely affect carbohydrate metabolism. Vacuoles are known to sequester a
wide range of secondary metabolites (flavonoids, anthocyanins, chlorophyll
degradation products) and several xenobiotics (synthetic compound such as
herbicides). These compounds are moved across tonoplast by pumps known as
ATP-binding cassette (ABC) transporters. ABC transporters also belong to
P-type class of ATPases.

Multiple-Choice Questions

1. The energy source utilized for antiport:
(a) ATP hydrolysis.
(b) The movement of one of the transported substances up its concentration
gradient.
(c) The movement of one of the transported substances down its concentration
gradient.
(d) It requires no energy.
2. Which of the following is true for H*-ATPase?
(1) It uses energy of hydrolysis of ATP.
(if) It maintains a high H* concentration inside the cell.
(iii) It is also responsible for the maintenance of cytosolic pH in the range of
7.3-17.5.
(iv) It results in the generation of proton motive force (pmf).
(a) Only i and ii
(b) Only i and iii
(¢) Only i, iii, and iv
(d) All of the above
3. Long-distance transport of solutes from one tissue system to another is known
as:
(a) Transport
(b) Translocation
(¢) Transduction
(d) None of the above
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. Which of the following mechanisms of transport involves the movement of

water through the cytoplasm of cells?
(a) Apoplastic transport

(b) Symplastic transport

(c) Transcellular transport

(d) Both (b) and (c)

. Which of the following is true for the movement of water and nutrients through

“free space”?
(1) It can occur only up to the endodermis.
(i) It is restricted by the presence of suberized Casparian strip.
(iii) It involves the movement across the plasma membrane.
(a) Onlyi
(b) Only ii
(c) Only i and ii
(d) All of the above

. Which of the following is not a property of SOS1—a sodium ion transporter?

(a) Ttis a Na*/H" antiporter.

(b) Tt helps in lowering of the internal Na* concentration of the cell.
(c) Itis present on the plasma membrane.

(d) Ttis involved in the cotransport of H" and Na* outside the cell.

. Rectification is:

(a) The ability of a channel to transport ions only in one direction

(b) The ability of an ATPase pump to hydrolyze ATP

(c) The ability of a channel to transport ions in both direction

(d) The property of a channel to cotransport two species of molecules or ions

. The transport of sugars and amino acids is facilitated by:

(a) Diffusion

(b) Osmosis

(¢) Symport with Na* or H*
(d) Antiport with Na* and H*

. The cylindrical strand of endoplasmic reticulum running through the cytoplas-

mic connections is known as:
(a) Plasmodesmata
(b) Desmotubule
(¢) Plasmalemma
(d) None of the above
Which of the following is not true for electrogenic pumps?
(i) They create a charge gradient.
(i1) Their activity results in generation of proton motive force (pmf).
(iii) They cause hyperpolarization of the membrane.
(a) Only i and ii.
(b) Only i and iii.
(c) All of the above.
(d) None of the above.
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Though the vitalist group initially used the term “organic” for compounds produced
only by organisms, it was later on used for carbon compounds. Wohler (1928)
discovered that urea, which otherwise was thought to be produced only in the living
beings, could also be produced in the laboratory from ammonia and bicarbonate. In
1897, German chemists Eduard Buchner and Hans Buchner demonstrated that
fermentation could be carried out by the cell-free extract of yeast. These
observations lead to the development of the science of biochemistry. In the early
twentieth century, due to discovery of various metabolic pathways, biochemistry
was dominated by organic chemistry, followed by enzymology and bioenergetics.
Some of the analytical techniques which made study of biochemistry possible
included isolation of organelles, high-performance liquid chromatography, electro-
phoresis, use of radioactive tracers, plant transformation techniques using
Agrobacterium tumefaciens, gene silencing, forward genetics, reverse genetics,
mass spectrometry, and DNA microarray, among others. With computational tech-
nology, it is now possible to have complete understanding of the interconnectivity of
metabolic pathway.

Autotrophs are able to synthesize organic material from CO, and H,O, deriving
energy either from the chemical reactions (chemoautotrophs) or by utilizing light
energy (photoautotrophs). Heterotrophs, including mammals, have to depend on the
autotrophs for the availability of complex carbon containing organic substances.
Sum total of all chemical reactions occurring in a living being are called as
metabolism. These occur through enzyme-catalyzed reactions that constitute meta-
bolic pathways. Metabolic pathways include precursors, which are converted to
products. Various intermediates are called metabolites. Combined activity of all
metabolic pathways involved in interconversion of precursors, metabolites, and
products is called intermediary metabolism. Primary metabolites are the
intermediates or the products of a pathway, which are used for growth, development,
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and reproduction of the organism. Secondary metabolites are bioactive specialized
compounds produced in a metabolic pathway which are used to protect plants
against herbivory and microbial pathogen infection or to attract pollinators or seed
dispersal animals. Metabolism includes both anabolic and catabolic reactions. The
terms anabolism and catabolism were first used by the physiologist Gasket in 1886.
Anabolism includes all the reactions involved in conversion of simpler molecules to
complex ones. This requires input of energy and the pathway involved is a divergent
pathway (Fig. 4.1). On the contrary, catabolism involves conversion of complex
substances into simpler molecules, which is coupled with release of energy. The
catabolic pathways are convergent pathways since many of the metabolic reactions
converge to join the pathway involved with release of simpler molecules. The energy
transitions in these pathways are mediated through two high-energy molecules
which are reduced form of nicotinamide dinucleotide (NADH), and adenosine
triphosphate (ATP). ATP is a high-energy phosphate compound, which mediates
energy transfer, while NADH is the donor for high-energy electron transfer
(Fig. 4.2).

All living organisms have the unique ability to adjust to the changing environ-
ment through alteration in their metabolism even though maintaining their internal
cellular environment. Unlike animals, plants are sessile and are exposed to harsher
conditions. They have more robust metabolism, which is evident from flexibility in
their metabolism and metabolic redundancy. Not only that, metabolic flux (rate of
movement of metabolites in a pathway) should also be regulated according to the
need of the cell, tissue, or the organism. The metabolic flux is achieved through
regulation of metabolism by pacemaker enzymes which are responsible for
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catalyzing rate-determining steps of metabolic pathways. Understanding the regula-
tion of such enzymes at the expression of gene level or at the level of protein
degradation would help in producing plants with altered metabolism (metabolic
engineering). Many enzymes involved in a pathway have been proposed to exist as
multi-enzyme complexes (metabolons) as means of metabolic channeling. Meta-
bolic channeling allows direct transfer of biosynthetic intermediates from one
enzyme to another in a pathway, minimizing their loss due to diffusion. Each cell
compartment provides optimal conditions for specific metabolic pathways to occur
at the optimal level (Fig. 4.3). Exchange of metabolites between the compartments is
regulated by the transporters localized in the membranes. Plants are unique in having
plastids which house the enzymes for photosynthesis. Besides photosynthesis, the
enzymes for lipid and terpenoid biosynthesis, for biosynthesis of chlorophyll and
related pigments, and for starch biosynthesis as well as many enzymes of nitrogen
metabolism are also present. Both plastids and cytosol contain enzymes of glycolysis
as well as for oxidative pentose phosphate pathway. Besides occurrence of various
metabolic activities among cell organelles, various metabolic processes are also
compartmentalized between soluble phase and the membranes. Thus, enzymes
required for CO, reduction are present in stroma of the chloroplasts, while those
involved in harvesting the solar energy and electron transport process are localized in
the thylakoids.
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4.1 Basic Energetic Principles that Govern Metabolism

Sun is the ultimate form of energy for most carbon-based life forms. Thermonuclear
fusion reactions in sun convert four protons (4H*) to one helium (He). During this
conversion, there is 0.72% loss in total mass of H' (atomic weight of H* is 1.0079,
while helium has an atomic weight of 4.0026). The missing mass is converted into
energy in the form of electromagnetic radiations. Flow of energy is central to
maintenance of life (Fig. 4.4 and 4.5). A living cell is a system in which all the
reactants and products of a reaction are present along with the solvent. It is neither an
isolated nor a closed system since there a continuous exchange of energy and matter
with the surroundings, making it an open system. The science which deals with
energy transduction within a living system is called bioenergetics. An understand-
ing of integration of bioenergetics with biochemical reaction is central for under-
standing cell physiology. The energy released during reactions is utilized by the cell
to perform work, e.g., for creation of proton gradient across the membrane. To
understand the energy transduction within a cell, we need to revise the laws of
thermodynamics (Box 4.1).
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used for cellular work

Box 4.1: Laws of Thermodynamics

First law of thermodynamics states that the total energy of the universe is
constant and it can neither be created nor destroyed. Different forms of energy
such as light energy, chemical energy, thermal energy, mechanical energy, etc.
are interconvertible. A living cell is an open system which can exchange
energy and the matter with the surroundings. According to the second law of
thermodynamics, there is increase in disorder during any spontaneous reaction
which is coupled with release in energy. Energy is required to put the system in
order. Extent of disorder of any system is measured by entropy, a term which
was coined by the German physicist Rudolf Clausius. It is a thermodynamic
quantity which represents the amount of energy that is no longer available for
doing mechanical work. Higher is value of entropy, high is the disorder of the

(continued)



124 4 Concepts in Metabolism

Box 4.1 (continued)

system and lesser energy will be available to do the work. Enthalpy (H) refers
to the total potential energy of a molecule which is determined by its chemical
structure. It includes the number and the type of chemical bonds which make
up the molecule. During any spontaneous reaction, a complex molecule
(having more ordered structure) is converted to the simpler molecules (having
less ordered structure), which is coupled with release of energy. In a living
cell, which is an isothermal system, released energy may be utilized for doing
work. Thus, in an isothermal system out of total energy of a system (H), only
some amount of energy is available for doing work, which is called as Gibbs
free energy, in the, honor of J. Willard Gibbs, who developed the theory of
energy exchanges during chemical reactions. Relationship between these
thermodynamic quantities at the absolute temperature (T) can be expressed as,

G=H-TS

Since measurement of absolute values is not possible, changes in these
three thermodynamic quantities during a reaction are expressed as

AG = AH — TAS

where AG refers to change in free energy during a chemical reaction, AH is
the change in enthalpy, and AS is change in entropy. Since conditions which
occur in a biological system include constant temperature and pressure, free
energy is defined as the energy isothermally available to do work. AG refers to
the difference in free energy of the products and the free energy of the reactants
during a reaction. In a spontaneous reaction, AG value is negative, i.e., energy
is released during reaction (exergonic). On the contrary, a positive value of AG
indicates the reaction to be endergonic and would require input of energy. In
case value of AG is 0, the reaction will be at equilibrium and will occur in
either forward or backward direction depending upon concentrations of
reactants and the products. AG values are expressed in terms of calories
(cal) or joules (J) per mole (1 cal = 4.184 J). Joule is the official term used
now. The magnitude of free energy change is also determined by the
conditions in which the reaction is taking place, which include the molar
concentrations of the reactants, pH, and temperature of the medium. Standard
free energy change refers to free energy change during a reaction that occurs
at physiological pH (7.0), at 25 °C and under conditions when both reactants
and products are at unit concentrations (1 M) and is expressed as AG’.
Relationship between AG and AG%in a reaction, which is not at equilibrium,
is expressed as

(continued)
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Box 4.1 (continued)
AG = AG” +RT In K¢

where R is the universal gas constant, T is the absolute temperature, and K is
the equilibrium constant of a reaction. The standard free energy changes are
directly related to the equilibrium constant. For a reaction at equilibrium, value
of AG will be 0. The relationship between AG® and K.q is expressed as

AG” = —RT In K,

The standard free energy change (AG") is a constant value which tells us a
characteristic unchanging value for a given reaction, while actual free energy
change (AG) is a function of reactants and products concentrations in the cell
and the temperature prevailing at the time of occurrence of chemical reactions.
Value of AG changes with the reaction proceeding spontaneously toward
equilibrium and becomes O at the point of equilibrium. Thus, criterion for
spontaneity of the reaction is AG and not AG”. Equilibrium of the reaction
plays a very important role. Value of AG” of a reaction at equilibrium is zero.
It is important to maintain a reaction far from equilibrium since amount of
work done depends on how far a reaction is maintained away from equilib-
rium. Thus, maintaining a disequilibrium is key to all the life processes.

The standard free energy changes occurring during sequential reactions
in a metabolic pathway are additive. The overall change in standard free
energy (AG?(;ml) in two sequential reactions having standard free energy
change values of AG?' and AGg', respectively, sharing common intermediate
will be = AG(I)’ 4 AGg’ . This explains how a thermodynamically unfavor-
able reaction (endergonic) is driven forward by its coupling with the ther-
modynamically favorable reaction (exergonic) through a common
intermediate.

Glucose + P; — Glucose 6-phosphate + H,O AG?’ = 13.8 kJ/mol
ATP + H,0 — ADP +P;  AG) = —30.5 kJ/mol

These two reactions share the common intermediates P; and H,O. Overall
reaction is the sum of these reactions, which can be written as,

Glucose + ATP — ADP + Glucose 6-phosphate

Overall standard free energy change (AG?[;tal) is obtained by adding the
values of AGY and AGY.

(continued)
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Box 4.1 (continued)
AGH, = AGY + AGY
= 13.8 kJ/mol + (—30.5 kJ/mol) = —16.7 kJ /mol

Overall reaction is exergonic. Exergonic ATP hydrolysis is coupled to the
endergonic reaction involving synthesis of glucose 6-phosphate. The common
intermediate-strategy is used by all of living cells.

There are many cellular reactions, which cannot occur spontaneously without
input of required energy. These reactions are coupled to the energy releasing
reactions. This is possible as long as the net AG (free energy change) value of the
combined reactions is negative. Such reactions are known as coupled reactions.
Coupled reactions occur simultaneously since one reaction is necessary for the other
one to occur. These are reactions, which share common intermediates, and the
product of one reaction becomes the reactant for another. For example, the product
of ATP hydrolysis is the reactant for phosphorylation of glucose. Coupled reactions
can be either energy-coupled reactions or oxidation-reduction reactions.

4.2  Energy Coupled Reactions

Adenosine triphosphate (ATP) is synthesized from ADP and P; during exergonic
reactions and is hydrolyzed to provide energy for reactions requiring energy. It was
first isolated from muscles in 1929 by Cyrus H. Fiske in the USA and Yellapragada
Subbarao and Karl Lohman in Germany independently. Fritz Lipmann along with
Herman Kalckar proposed in 1941 the possible involvement of ATP in bioenergetic
processes in cells. Lipmann was awarded Nobel Prize in 1953 for his work. He
introduced the “squiggle” notation (~) for the energy-rich bonds of biomolecules
such as ATP and ADP. A high-energy bond generally refers to unstable or labile
bond. For the sake of simplicity, high-energy bond refers to ATP or any other
phosphate compound with large, negative, standard free energy. The P-O bond itself
does not contain energy. Free energy that is released from hydrolysis of P-O bond
does not come from breaking of specific bond. It results from the products of the
reaction that have lower free energy content than the reactants. ATP, ADP, AMP are
charged molecules which are not able to diffuse through cell membrane. Since cells
cannot get them from outside, each cell synthesizes the entire molecules by itself.
Intracellular ATP/ADP exchange occurs between different compartments of the cell.

4.2.1 Structure of ATP
The phosphate groups attached to 5’ hydroxyl group of a nucleoside result in

formation of trinucleoside phosphates, which include UTP, GTP, CTP, and ATP.
ATP is the nucleoside triphosphate most widely used as a high-energy phosphate
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compound. The three phosphates are labeled as o, f, and y (Fig. 4.6). The bond
between ribose and a-phosphate is an ester bond, while a-f and -y linkages are
phosphoanhydrides. Hydrolysis of ester bond yields about 14 kJ/mole under
standard conditions, while phosphoanhydride bonds yield 30.5 kJ/mole. However,
actual free energy change during the hydrolysis of phosphoanhydride bonds in
cellular conditions also known as phosphorylation potential (AG,,) is very different
since concentrations of ATP, ADP, and P; are not identical and is very much lower
than 1.0 M. Secondly since Mg?* forms complex with ATP, it is the Mg-ATP which
is the true substrate for enzyme-catalyzed reactions (Fig. 4.6). ATP is not complexed
with Mg®* when being transported across membranes within the cell.

Fig. 4.6 (A) Structure of

NH2
ATP; the two A.
phosphoanhydride bonds y-f f N,
and B-a are high-energy ester \
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4.2.2 ATP Is the High-Energy Molecule

Standard free energy change (AG”) is determined by unstability or stability of the
reactants/products of the chemical reaction and also by subsequent fate of the
products. Large negative value of standard free energy (AG”) of ATP hydrolysis
is associated with unstability of the reactant (ATP) and stability of its products
(ADP + P;) of hydrolysis. The electronegative oxygen in the P=O bond of ATP
molecule attracts electrons creating a partial negative (8™ ) charge on oxygen atom
and a partial positive (8%) charge on phosphorus atom. As a result, two strongly
electron withdrawing groups must compete for the lone pair of electrons of its
bridging oxygen making the molecule less stable than its hydrolysis products. At
the physiological of around pH 7.0, ATP molecule has four negative charges
because of which an electrostatic repulsion is established between the adjacent
oxygen atoms causing a strain on the phosphoanhydride bond (Fig. 4.6). A sufficient
internal energy is required to overcome this repulsion like charges. At the time of
hydrolysis of ATP, the internal energy which is required to maintain the strained
phosphoanhydride bonds is released resulting in large negative value of AG” of the
reaction. Low AG  associated with hydrolysis of ester bond of AMP is due to fewer
electrostatic repulsion forces associated with it. On the contrary, at the time of ATP
synthesis, electrostatic repulsion between two negatively charged groups needs to be
overcome, which requires expenditure of energy. The phosphoanhydride bond
formation can be compared with the analogy of compressing a spring, which
requires work to be done, but as soon as the hand is removed, energy is released
in the form of popping up of the spring. Another reason for ATP to be a high-energy
molecule is that the products of hydrolysis of ATP, i.e., ADP and P;, are resonance
stabilized. Stability of the products increases with increase in resonance, which
results increase in entropy and decrease in the energy level of the products of the
reaction. As a result, there is release of energy coupled with ATP hydrolysis
(Fig. 4.7). Probability of reverse reaction decreases due to stability of the products.
In aqueous environment of the cell, hydration of the reactants and products also
plays a significant role in AG of the reaction. Thus, large negative value of AG” of
ATP hydrolysis is due to electrostatic repulsion in the molecule and resonance and
hydration of the products.

It is not only the intrinsic property of ATP molecule that determines high value of
AG of its hydrolysis but also the cellular reactions, which are responsible for holding
high cellular ATP concentrations far above than required to maintain the equilibrium
of the hydrolysis reactions. AG of a reaction is also determined by how far the rate
constant of the reaction is from the equilibrium constant at a given time. Potency of
the hydrolysis of ATP is lost at the equilibrium of the reaction; thus it is necessary
that effective intracellular concentration of ATP should be maintained high so as to
keep the rate of the reaction higher than the equilibrium rate constant. When the ATP
level is dropped, not only the amount of fuel decreases, but there is also a decline in
phosphorylation potential of the molecule. Thus, living cells have developed effec-
tive mechanisms to maintain high intracellular ATP concentrations. Even though
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Fig. 4.7 (a) ATP hydrolysis leading to formation of ADP and P;; (b) ATP hydrolysis leading to
formation of AMP and P;; (¢) conversion of AMP to ADP in a reaction catalyzed by adenylate
kinase. (d) Products of hydrolysis of ATP (P;) are resonance stabilized. This increases entropy and
therefore decreases the energy level of the products so that on breaking of the bond there is larger
yield of energy. In an inorganic phosphate ion, all the P-O bonds are partially double-bonded in
character rather than proton being associated with any one oxygen, resulting in increase in entropy
and a lowering of their energy level. «» symbol indicates the structure which exists in an interme-
diate one in which all oxygen have partial negative charge and proton is not associated with
any form

ATP hydrolysis is a highly exergonic reaction, it is kinetically stable because high
amount of activation energy is required for uncatalyzed hydrolysis (200—400 kJ/mol)
of the phosphoanhydride bonds of the molecule. Enzymes lower the requirement of
activation energy, and phosphoryl group transfer occurs either to water or to any
other acceptor of the group.
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4.2.3 ATP Is the Energy Currency of the Cell

Besides ATP, there are other phosphoryl group carrying compounds which can be
divided into two categories. One category of compounds includes those which have
AG” of hydrolysis larger than —25 kJ/mol. These compounds are high-energy
phosphate compounds, while the other category of compounds are low-energy
phosphate compounds whose hydrolysis is associated with negative AG” value of
about 9-20 kJ/mol. ATP serves as the energy currency in the cell since it has AG”
value—30.5 kJ/mol. It occupies intermediate position in phosphoryl group transfer
potential. It can carry energy from high-energy phosphate compounds, which are
produced during catabolism (such as phosphoenolpyruvate) to compounds such as
glucose, converting them into more reactive compounds, such as glucose
6-phosphate (Fig. 4.8). Transfer of phosphoryl group results in adding more free
energy to a molecule, which is given up during subsequent metabolic reactions. This
activation is called “priming” of the molecule. ATP itself can be synthesized by
coupling with exergonic reactions of hydrolysis of compounds which have higher
value of AG ™ of hydrolysis than ATP itself. ATP synthesis by this means is referred
to as substrate-level phosphorylation and has been dealt in the chapter dealing with
ATP synthesis.

During group transfer all three phosphate groups of ATP molecule can take part.
Depending on the site of action of nucleophilic group (e.g., -OH group of attacking
molecule) on ATP molecule, it can be phosphoryl (attack at y-phosphate),
pyrophosphoryl (attack at f-phosphate), or adenylyl moiety (attack at a-phosphate)
transfer. It is the phosphoryl group (-PO5”") of ATP which is transferred and not the
phosphate (PO,>") since oxygen (-O-) that bridges the group with the attacking
molecule does not come from ATP; rather it comes from the attacking molecule.
Free energy release during pyrophosphoryl (PP;) transfer (hydrolysis of o-f

hosphoenolpyruvate, AGY = -61.9 kJ/mol
-60 +
S _—1, 3 Biphosphoglycerate, AG” = -49.4 kJ/mol
/

-50 + Y 5
AG” of ;{F’)/ _—Acetyl phosphate, Phosphocreatin, AG” = -43.1 k]/mol
hydrolysis —40 T .-"f /@ . "
(k3/mol) NARTARY High-energy
~ Phosphate compounds
=30=m= ATP ) : :
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| L "
| A Low-energy
B \ G& Phosphate compounds
P — . ]
U:& —Glucose 6-phosphate, AG” = -13.8 kl/mol
-10 T S

—= Glycerol 3-phosphate, AG”Y = -9.2 kJ/mol

Fig. 4.8 ATP is the “energy currency” of the cell since free energy of hydrolysis (AG™ ) of ATP is
between the “high-energy” and “low-energy” phosphate compounds. Transfer of phosphoryl group
from “high-energy” compounds to “low-energy” acceptor compounds occurs via ATP-ADP system
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phosphoanhydride bond) is much more (~46 kJ/mol) than the hydrolysis of -y bond
(~31 kJ/mol), making the reaction irreversible. PP; formed is hydrolyzed to two P; by
the ubiquitous enzyme inorganic pyrophosphatase, resulting in further release of
energy (19 kJ/mol). The adenylation reaction is particularly useful to drive thermo-
dynamically unfavorable reactions, e.g., fatty acid activation. During fatty acid
activation, first adenylyl (AMP) is transferred from ATP to carboxylic group of
the fatty acids resulting in the formation of fatty acid adenylate and PP;. The adenyl
group is replaced by thiol group of Coenzyme A, resulting in the formation of
thioester. Net free energy change in these two reactions is negative and energetically
equivalent to hydrolysis of ATP to AMP and PP; (—45.6 kJ/mol). AMP has to be
converted to ADP since it the ADP, which is required for conversion to ATP
(Fig. 4.7).

AMP + ATP — 2ADP

The reaction is catalyzed by adenylate kinase (or AMP kinase). Kinase is the
term used for the enzymes which transfer the phosphoryl group from ATP to other
molecules. Such reactions, in which hydrolysis of ATP is not involved, occur
frequently during the metabolic pathway.

4.3 Reduction-Oxidation Coupled Reactions

Photoautotrophs utilize radiant energy from the sun to remove electrons from water
(oxidation of water) and transfer them to CO, resulting in its reduction. As a result,
solar energy is trapped in the form of reduced organic molecules:

6CO; + 12 H,O — CgH2,0¢ + 60, + 6H,O

Chemoautotrophs derive energy from the oxidation of the chemical compounds.
For doing work, organisms obtain energy by removing electrons from organic
molecules (oxidation) and recycle them to O, (reduction) resulting in synthesis of
water.

CgH 206 + 60, — 6CO, + 6H,O

Thus, there is global recycling of O, and CO, accompanied with the oxidation-
reduction reactions which are responsible for energy release and energy conserva-
tion. In a cell, many reactions involved in energy transductions require electron flow
from one molecule to another. These are called reduction-oxidation reactions or
redox reactions (Box 4.2). In cells oxidation-reduction reactions are part of meta-
bolic pathways. Electrons removed during hundreds of oxidative reactions
are channeled through only just a few types of universal electron carriers such as
NAD*, NADP", FMN, and FAD (Figs. 4.9, 4.10 and 4.11). These undergo revers-
ible oxidation and reduction in many of the redox reactions of cellular metabolism.
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Box 4.2: Redox Potential and Redox Couples
In an oxidation-reduction reaction,

AH, + B — A + BH,

AH, is oxidized to A and B is reduced to BH,. The reaction can be
understood as two half reactions; oxidation of AH, (removal of electrons
coupled with removal of protons) and reduction of B (acceptance of electrons
and protons) separately,

AH, — A +2e” +2HT
B +2¢ +2H' — BH,

AH, is the reductant (electron donor), while B is the oxidant (electron
acceptor) in this redox reaction. In any redox reaction electron transfer may or
may not be coupled with proton transfer. The following redox reaction
involves transfer of electrons only,

Fe’™ + Cu™ — Fe*t 4+ cu?t

Cu* is the reductant since it is the electron donor while Fe** as an oxidant as
it is the electron acceptor.
The two half reactions can be written as,

Cu™ — Cu®* +e (oxidation)
Fe’t + e~ — Fe’*  (reduction)

Both reactions occur simultaneously as oxidation of Cu* to Cu®* is coupled
with reduction of Fe** to Fe**. Cu* and Cu** are called conjugate redox
couple since Cu™ serves as electron donor while Cu”* will serve as conjugate
electron acceptor. In the similar way Fe?*/Fe** will be another redox couple of
the reaction.

There are four ways in reduction/oxidation, i.e., involving only electron
transfer, as hydrogen atom (hydrogen atom consists of a proton and an
electron), as hydride ion (H™) (hydride ion has two electrons; net charge on
hydrogen atom will be negative), e.g., hydride ion transfer in the reduction of
NAD*/NADP", involvement of oxygen in the redox reaction which is cova-
lently incorporated in the product. Reducing equivalent term is used to
express transfer of single electron, which participates in the redox reaction
either as electron or hydrogen atom or hydride ion. Direction of electron flow
is determined by affinity of the compounds for electrons. Electron will flow

(continued)
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Box 4.2 (continued)

from the compounds having lower affinity to those which have higher affinity
for the electrons. Relative affinity of compounds for the electrons is expressed
as their redox potential. Standard reduction potential (E°) is a measure of
this affinity, which is expressed in volts and standard of reference is half-cell
where hydrogen ion in aqueous solution is in equilibrium with hydrogen gas.
The standard reduction potential (E°) of the conjugate redox pair represents the
potential difference at 1M concentration, 25 °C and pH 7.0 with reference to
the standard (pH 0) hydrogen electrode.

The oxidized form of a redox couple with a large positive standard reduc-
tion potential has a high affinity for electrons and is a strong oxidizing agent,
while its conjugate reductant is a weak electron donor. Electron flow occurs
from the redox couple with less positive reduction potential to the redox
couple with more positive values. Thus, direction of the electron flow in
between electron donor of a redox couple to electron acceptor of another
redox couple is determined by difference in their standard reduction potential
(AE®). It is measured in volts (V).

0 0 0
AE" = E(e* acceptor) E(e* donor)
Standard reduction potential is used to calculate free energy change during
the electron transfer which can be calculated by the following formula,

AG = —nFAE or AGY = —nFAE®

where n is the number of electrons transferred in the reaction and F is
Faraday’s constant (a proportionality constant that converts volts to joules
(F = 96,480 J/V.mol)).

NAD™ and NADP" are loosely bound with enzyme protein. So, they can move from
one enzyme protein to another enzyme protein, while FMN and FAD are tightly
bound to the enzyme protein and form prosthetic group of the enzyme. Besides these
iron-sulfur proteins, cytochromes also have tightly bound prosthetic groups that
undergo reversible reduction and oxidation on accepting and removal of electron.
Quinones, such as ubiquinone and plastoquinone, serve as the mobile carriers of
electrons as they become lipid soluble on being reduced. NADH produced in
mitochondria during catabolic oxidative reactions is oxidized, and electrons which
are removed are finally accepted by O,. Since O, accepts one electron at a time,
electrons removed in pairs (from a metabolite to NADH) are transferred further to
other intermediate carriers that can undergo both two-electron and one-electron
redox reactions. O, accepts electrons from cytochromes which facilitate
one-electron transfer. Electrons move through various electron carriers in order of
their increasing positive AE” values.
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These can be reduced both by single electron and two electron pathways. These are reoxidized by
molecular oxygen
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Fig. 4.11 Isoalloxazine ring of flavin nucleotide (FMN and FAD) undergoes reversible reduction.
Unlike reduction of NAD* and NADP™, reduction of these nucleotides occurs on accepting either
one or two electrons in the form of one or two hydrogen atoms (each atom is in the form of an
electron and one proton). On accepting one hydrogen atom, semiquinone form of isoalloxazine ring
is formed. These are abbreviated as FADH (FMNH) which on accepting one more hydrogen atom is
fully reduced to FADH, (FMNH,). Since these nucleotides can participate in either one or two
electron transfer reactions, flavoproteins are involved in a greater diversity of reactions

4.4 Enzymes

Enzymes are central to metabolism since these are the biocatalysts catalyzing almost
all cellular reactions. These include slow but thermodynamically feasible reactions at
ambient cellular conditions, which include biological pH, temperature, as well as the
molar concentrations of the reactants and the products. The metabolic pathways need
to be modified in response to the cellular needs. This occurs through regulation of the
activity of various enzymes. Discovered in yeast for the first time, the biocatalysts
were called “enzyme” by Wilhelm Kuhne in 1878 which in Greek means “in yeast”
(en, in; zyme, yeast). Earlier Louis Pasteur had called these vital factors present in
intact yeast cells as “ferments,” since these were thought to be responsible for
carrying out fermentation. Chemical nature of enzymes was not established till the
time Sumner crystallized urease from jack beans and established their proteinaceous
nature in 1926. Earlier enzymes were thought to be small biologically active
molecules analogous to hormones. Sumner postulated that all enzymes were
proteins. It was after John Northrop and Moses Kunitz had crystallized trypsin and
pepsin in 1930 that Sumner’s conclusions were widely accepted. Sumner was
awarded the Nobel Prize in 1946. At the same time in a treatise entitled “enzymes”,
J.B.S. Haldane postulated that the weak bonding between enzyme and substrate
might be responsible for the reactions catalyzed by them. Since then thousands of
enzymes have been isolated and characterized. A new science called “enzymology”
developed, which dealt with study of enzymes. Barring ribozymes (catalytic RNA
molecules), all enzymes are proteins. While some of the enzymes consist of proteins
only (simple proteins), in others a non-protein part is also part of their structures
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Fig. 4.12 Enzymes consist
of non-protein part in addition
to the proteinaceous structure
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(conjugated proteins). The non-protein part of these enzyme-conjugated proteins is
called cofactor. In case where cofactor is inorganic, such as metals (Mg**, Zn>*, Fe**),
the enzymes are called as metalloenzymes. The organic cofactors are called
coenzymes. Cofactors may be loosely bound with the enzyme proteins or may be
tightly associated through a covalent bond. Cofactors, which are tightly associated
with the protein part of the enzymes, are called prosthetic group, which may be
inorganic or organic in nature (Fig. 4.12). Sometimes both metal and the organic
molecules are required as the cofactors for enzyme activity. In case of cytochromes,
the prosthetic group heme, along with a metal ion (Fe>*), is bound to enzyme protein
through hydrogen bonding, hydrophobic interactions, and the covalent bonding to a
specific site of the enzyme protein. The functionally active enzyme, in case of
conjugated proteins, is called holoenzyme, and the protein portion of the enzyme is
called apoenzyme. Loosely bound coenzymes, such as NAD* or NADP*, are
transiently associated with enzyme proteins. These function as co-substrates, which
need to be regenerated maybe through independent reactions. Contrary to this in case
of prosthetic groups, regeneration of the group occurs as a part of enzyme-catalyzed
reaction. Catalytic activity of enzymes depends on the integrity of constituent protein
conformation, which is determined by the primary, secondary, and tertiary protein
structures. Besides, in case of enzyme molecule requiring two or more than two
subunits, the intact quaternary structure is also important for the catalytic activity.
Any factor, which is responsible for destroying the conformation, would lead to loss
in their activity.

4.4.1 Nomenclature and Classification of Enzymes

After thousands of enzymes had been discovered, different strategies were adopted,
namely:

(i) By adding suffix “-ase” to the name of the substrate: Substrate is the substance
on which the enzyme acts upon. For example, enzymes acting upon proteins
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were called proteinases, those acting upon lipids were called as “lipases,” and
the ones acting on nucleic acid were named as “nucleases.” Specific names
were also given to enzymes acting on specific substrates, such as “urease,”
“lecithinase,” or “maltase,” for the enzymes acting on urea, lecithine, or
maltose, respectively.

(i1) Another strategy adopted to name the enzymes was to add suffix “-ase” to the
kind of reaction catalyzed by the enzymes, e.g., isomerases (which catalyze
isomerization), hydrolases (catalyzing hydrolysis reactions), transaminases
(catalyzing transamination), etc.

(iii) Both of the above systems of naming the enzymes appeared inadequate since
the naming was either based on the type of molecules on which the enzyme
acted upon or the type of reaction catalyzed by them. Another system was
adopted in which some of the enzymes were named both on the basis of
substrate utilized and the reaction catalyzed by them. For example, succinic
acid dehydrogenase signifies both the name of the substrate succinic acid as
well as the reaction catalyzed by them dehydrogenation.

To maintain uniformity in naming enzymes the International Union of Biochem-
istry and Molecular Biology IUBMB) set up an Enzyme Commission (EC) on
enzyme nomenclature, which gave its first recommendations in 1961. Some of the
recommendations given by EC are as follows:

1. Each enzyme can have a trivial name, which is short and is easy to use. The
systematic name of the enzyme however should be formed according to the
definite rules showing the action of the enzyme as much as possible. It should
have two parts: the first name denotes the substrate, the second one with the suffix
“-ase” which specifies the reaction catalyzed by them. Additional information, if
there is any, is given in parenthesis. For example, malate dehydrogenase which
catalyzes the following reaction:

L — Malate + NAD'* — Pyruvate + CO, + NADH + H"

The enzyme can be called L-malate: NADH oxidoreductase (decarboxylating).

2. All enzymes were classified into six classes depending upon the type of reaction
catalyzed by them (Table 4.1). Each enzyme is given a classification number.
The classification number is known as Enzyme Commission (EC) number
assigned by the nomenclature committee of [UBMB. The classification number
has four digits, e.g., if the classification number of an enzyme is a, b, ¢, and d, a
stands for the number of the class given in the classification number, b is the
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Table 4.1 Major classes of enzymes

Class Name of the
No. class Nature of the reaction catalyzed

1. Oxidoreductases | Catalyze transfer of hydrogen or oxygen atoms or electrons from
one substrate to another, also called oxidases, dehydrogenases, or
reductases. Substrate that is oxidized is electron donor. Systematic
name is based on donor: acceptor oxidoreductase. Common name
will be dehydrogenase except where electron acceptor is oxygen,
then called oxidases

2. Transferases Catalyze group transfer reactions. Systematic names are formed
according to the scheme donor: acceptor group transferase.
Common name according to acceptor group transferase or donor
group transferase

3. Hydrolases Catalyze hydrolytic cleavage of C-C, C-O, and C-N bonds and
some other bonds including phosphoanhydride bonds. Common
name in many cases formed by the name of the substrate with suffix

“« ”

ase

4. Lyases Catalyze cleavage of C-C, C-O, C-N, or other bonds by
elimination, leaving double bonds or rings, or catalyze addition of
groups to double bonds. Systematic name is formed according to
the pattern substrate group-lyase. Hyphen is important part of the
name

5. Isomerases Catalyze transfer of groups within molecule to yield isomeric form.
According to type of isomerism, these can be accordingly called
isomerases, epimerases, mutases, etc. Subclass is formed according
to type of isomerism and sub-subclass according to type of
substrate

6. Ligases Catalyze joining together two molecules forming C-C, C-O, C-S,
and C-N bonds by condensation reactions coupled with hydrolysis
of ATP or similar triphosphate

number of subclass, ¢ is the number of sub-subclass, while d represents the
number of sub-sub-subclass which specifies the actual substrate of the enzyme
which distinguishes it from other enzymes catalyzing similar reactions. In the
following enzyme-catalyzed reaction:

ATP + D — glucose — ADP + glucose 6 — phosphate

The trivial name of the enzyme is hexokinase/glucokinase, which is commonly
used. The systematic name of the enzyme catalyzing the reaction is ATP: glucose
phosphotransferase which indicates that the enzyme catalyzes transfer of phosphoryl
group from ATP to glucose. The classification number (Enzyme Commission
number) is E.C 2.7.1.1. The first number 2 signifies class number (transferase); the
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second number 7 is about the phosphate group transferred; the third number 1 is
about the number of the sub-subclass which signifies a phosphotransferase with a
hydroxyl group as an acceptor, while the last digit 1 is the number of sub-sub-
subclass which includes D-glucose as the phosphoryl group acceptor.

4.4.2 General Characteristics of Enzyme-Catalyzed Reactions

Most of the chemical reactions require presence of a catalyst and generally occur in
extreme conditions, such as high temperatures or a low or high pH, or may require
organic solvents. However, enzymes enable the chemical reactions to occur in
ambient cellular conditions, i.e., at temperature 37 °C, biological pH of 6.5-7.5,
and in aqueous medium. Enzymes are very efficient in catalyzing the reactions 10°—
10'* times faster than those not catalyzed by enzymes. One of the most catalytically
potent enzymes, carbonic anhydrase has a turnover number of 600,000 per second.
Even in a spontaneous thermodynamically feasible reaction where free energy of the
product is less than that of reactants, i.e. AG’' of the reaction is negative, the reaction
does not start by itself. A substrate needs to be converted into an intermediate state
before being converted to products. The intermediate state known as transition state
refers to energy requiring molecular arrangement in a substrate molecule which
makes it easy for the substrate to get converted to product. Free energy of transition
state is higher than either substrate or the product. The starting point for either in
forward or reverse direction is known as ground state. Difference in free energy of
ground state and transition state is known as energy of activation of that reaction.
During interconversion of substrate (S) and the product (P), change in free energy is
plotted against progress of a reaction in a reaction coordinate diagram (Fig. 4.13).
Substrate exists for a very short period in transition state, i.e., 10701073 of a
second, after which it is converted to product. Energy of activation refers to the
energy required to initiate a reaction. It constitutes the barrier to any chemical
reaction. Higher activation energy of a reaction corresponds with slower reaction
rate. Enzymes do not alter equilibrium constant but enhance reaction rates by
lowering activation energies. Though activation energy is lowered, there is no
alteration of AG  of enzyme-catalyzed reaction. Interconversion of two sequential
reaction intermediates constitutes a reaction step. In case there are several reaction
steps in a pathway, the one which requires highest activation energy is the rate-
limiting step.

Transition state is achieved when enzymes bind with the substrates to form
enzyme-substrate (ES) complex. The region of an enzyme molecule by which it
binds with substrate is called the active site. Active site of an enzyme molecule is a
three-dimensional structure formed due to the folding of constituent polypeptides
leading to specific conformation of the molecule. Though active site occupies only a
very small fraction of the large structure of an enzyme, it is needed to keep the
interacting groups properly positioned so as to prevent active site from collapsing.
Residues which constitute active site are responsible both for binding with substrate
and holding it in specific orientation (binding residues), and also for carrying out
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Fig. 4.13 Reaction coordinate diagram showing changes in free energy during uncatalyzed and
enzyme-catalyzed reaction. Changes in free energy during reaction is plotted against progress of
reaction. AG; is the energy of activation for uncatalyzed conversion of substrate to product (S — P)
which is required for bond breakage and formation. AG, is energy of activation for reversible
reaction P — S. AG™ is the overall change in standard free energy in a spontaneous exergonic
reaction during § — P. AGs is the energy of activation for enzyme-catalyzed reaction

catalysis (catalytic residues). In some enzymes, binding and catalytic residues may
be same. Any change in protein conformation will result in alteration of the structure
of active site, and enzyme will not be able to carry out catalysis. Enzymes differ from
other catalysts in being highly specific for a particular substrate. Specificity is
derived from formation of many weak interactions between the active site of the
enzyme and the substrate. Specific groups of R-side chains of both binding and
catalytic residues interact with specific substrate, which provides specificity to the
enzyme-catalyzed reactions. For example, if a hydroxyl group of a substrate interacts
with a specific residue of the active site, any compound lacking a hydroxyl group
will be a poor substrate for that enzyme. Many enzymes act only on one biological
substrate (absolute substrate specificity); others act on broader range of substrates,
which are structurally similar (relative group specificity). Glucose 6-phosphatase
catalyzes hydrolysis of only glucose 6-phosphate, while acid and alkaline phospha-
tase can act on various phosphorylated substrates, thus displaying absolute substrate
specificity and relative group specificity, respectively. Hexokinase adds a phosphate
group to D-glucose and not to its optical isomer (L-glucose) displaying stereospeci-
ficity. Stereospecificity makes them unique and highly useful in pharmacology
industry. This property of enzyme is due to their inherent chirality (proteins consist
of only L-amino acids), which leads to formation of asymmetric active site.
Binding of substrate with active site of the enzyme involves non-covalent bonds
such as ionic, hydrogen, and hydrophobic bonds and van der Waals interactions. It is
the binding energy which is responsible for lowering of activation energy. Two
models have been proposed to describe the binding process. According to lock and
key model proposed by Emil Fischer in 1894, there is a structural similarity between
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Fig. 4.14 Two proposed models of enzyme action: lock and key and induced fit

active site of the enzyme and the substrate. As there is a specific key, which fits into
the grooves of a lock, a compound having a unique structure, which fits into the
active site, will be the substrate of the enzyme (Fig. 4.14). Compounds having
structural similarity to the substrate have been found to inhibit the enzyme activity
(competitive inhibition). A competitive inhibitor binds with the active site of the
enzyme forming enzyme-inhibitor complex, thus preventing the binding of the
substrate molecule, which does not get dissociated to form products. However, the
model suggests structural rigidity for the enzyme, which is otherwise a dynamic
structure. Change in protein conformation is possible due to formation and breaking
of non-covalent bonds giving flexibility to the enzyme molecule. X-ray studies have
indicated that the active sites undergo conformational changes on binding with
substrate. In 1959, Daniel E. Koshland proposed induced-fit model, according to
which the active site of an enzyme is flexible. Presence of a substrate induces a
conformational change resulting in alteration of the active site, which can now bind
with the substrate. “Induced-fit” model is more attractive since it provides flexibility
and dynamicity to enzyme molecule. The model was first established for the enzyme
hexokinase. Hexokinase catalyzes transfer of phosphoryl group from ATP to
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glucose. Active site of enzymes may be complimentary not to the substrate rather to
transition state of the substrate. Substrate in transition state binds more tightly with
the active site, resulting in lowering of activation energy requirement in enzyme-
catalyzed reactions. Transition state analogs (molecules which have structure
similar to transition state) have been found to bind with active site of the enzyme
more tightly than either the substrate or the product. The fact that active site is less
perfect fit to the substrate than to the transition state, binding of substrate will cause
strain on the substrate molecule to fit properly into the active site which favor
formation of its transition state resulting in lowering of activation energy. The
products are released since these bind less tightly with the active site resulting in
enhancement of rate. A very small reduction in activation energy can increase rate of
the reaction many times. Decrease in activation energy by 84 kJ/mole by urease can
result in increase in reaction rate by a factor of 10",

4.4.3 Enzyme Kinetics

Enzyme kinetics is the study of enzymes by determining their reaction rates.
Laboratory measurement of rate of enzyme-catalyzed reaction is called enzyme
assay. Enzyme assays are developed either to measure the amount of substrate
used up during the reaction or amount of products formed in a unit time. Measuring
amount of products formed is preferred since it is a direct method. In case the product
formed is colored or produces colored compounds on reacting with some chemical,
colorimetric assay is possible. Enzyme assay by spectrophotometric method is
possible for the enzymes which utilize NAD* or NADH during a reaction. Since
NADH (not NAD™) has absorption peak at 340 nm, change in absorption of that
wavelength will indicate appearance or disappearance of NADH. Rate of an
enzyme-catalyzed reaction decreases with time because of either depletion of sub-
strate or accumulation of products while enzyme is kept constant. The decrease may
also be due to denaturation of protein in case of a sensitive enzyme. The most rapid
reaction rate is observed at the start of reaction and is known as initial velocity (v).
Vo is used in enzyme kinetic studies. Adrian Brown had started enzyme Kkinetic
studies in 1902. Substrate concentration is one of key factors affecting velocity of
enzyme-catalyzed reaction. In case initial velocity of a reaction (vy) is plotted against
substrate concentration [S], the graph obtained is hyperbolic (Fig. 4.15). At low
substrate concentration, v is considered as function of [S]. Increase in vy becomes
smaller with increasing [S] until a plateau-like region for v is achieved which is
close to maximum velocity (V;,.x), beyond which substrate concentrations do not
increase the reaction rate substantially. V,,,,« is the function of the amount of enzyme
present in a given experiment. Briggs and Haldane introduced the concept of steady
state in 1925 when P is produced at the same rate at which S is consumed. Lower
region of the graph displays first-order kinetics since increase in vy is proportional to
increase in substrate concentration. At lower substrate concentrations, active sites of
the enzyme molecules are not saturated and are free to bind with the substrate
molecules. It is this transient pre-steady phase when the concentration of ES builds
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Fig. 4.15 Effect of substrate concentration on the reaction rate catalyzed by an enzyme following
Michaelis-Menten kinetics. K,,, (Michaelis constant) is a constant, which is the substrate concentra-
tion at which velocity of the reaction is half of the maximum. The dashed line which is below
represents the reaction rate of a non-catalyzed reaction which has been given for comparison

up for a very short duration and generally lasts microseconds. Steady state is
achieved when all of the enzyme molecules are saturated and the reaction becomes
independent of further increase in substrate concentrations. Since pre-steady state
lasts only for a very short time, v, generally reflects steady state, and analysis of
these reaction rates refers to steady-state kinetics. The reaction displays mixed order
in the intermediate portion of the curve when there is increase in reaction rate with
increasing substrate concentration, but increase is not proportional with substrate
concentration. Victor Henri in 1903 had proposed the idea of formation of enzyme-
substrate complex as an explanation for the kinetic pattern of the enzyme-catalyzed
reactions. This was further expanded in 1913 by Leonor Michaelis and Maud
L. Menten into a general theory of enzyme action. An enzyme displaying this
kinetics is referred as Michaelis-Menten enzyme and the kinetics as hyperbolic
kinetics or Michaelis-Menten kinetics. In 1913, Michaelis and Menten proposed a
general theory of enzyme action and enzyme kinetics. Hyperbolic kinetics of
enzymes can be expressed algebraically by Michelis-Menten equation.

Derivation of the Michaelis-Menten equation has been given in the Box 4.3.
Enzymes initially interact with the substrate in a relatively faster reaction forming
enzyme-substrate complex [ES]. This (ES) then breaks down in a slower second step
to yield free enzyme and the product. Both reactions are considered reversible
reactions. The substrate concentration at which the velocity of an enzyme-catalyzed
reaction is half of its maximum is defined as Michaelis constant (K,,). K, is
expressed in mM. For many enzymes, K,, is in the range of 10™* to 107° M.
Measured values of K,, can provide an estimate of intracellular concentration of
the substrate. Generally, most of the enzymes function at subsaturating levels in the
cell. In case enzymes can use different substrates, their K,,, values can be used for
differences in their relative affinity for the substrates. Greater K, value indicates
lesser affinity of enzyme for the substrate and vice versa. An enzyme’s biological
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Box 4.3: Derivation of Michaelis-Menten Equation
Michaelis-Menten theory explains the course of enzyme catalyzed reaction as
follows:

ki ks
E+S=EsSE+P

Assuming that reverse reaction P—S is negligible, vy can be determined by
breakdown of [ES]:

vo = ka[ES] @

Since neither k, nor [ES] can be measured in a reaction, an alternative
expression was found.

e Rate of formation of [ES]

4IES| _ g, ([E) — [ES))[S]

e Rate of breakdown of [ES]

—4ES) _ k| [ES] + ko[ES]

* Since initial rate (v,) represents steady state, i.e., in which [ES] is con-
stant—i.e., rate of formation of ES is equal to rate of its breakdown,

ki([Et] — [ESDIS] = k_1[ES] + k[ES]

* Equation is simplified to find value of [ES]

_ KI[E][S]
[ES] - ky [L[Sg—ﬁsli,l + ko [Ez] [S]
S | S Ty o
[S] + (kflk“li’ kZ)

Since rate constants can be combined into one expression Km, which is
defined as Michaelis constant.
By substituting value of [ES] in equation (i),
_ k[E][S]

Y0 = Ts|+Km (i)

Maximum velocity (V,.x) occurs when the enzyme is saturated, i.e.,
[ES] = [E/]

Vinax = kalE7]

Substituting the value in equation (ii),

(continued)
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Box 4.3 (continued)

_ Vinax[S]
Y0 = Kin+[s]

This is rate equation for one-substrate enzyme catalyzed reaction
(Michaelis-Menten equation)
In case vy is exactly one-half of V..

Vmax — Vmax [S]
2~ Km+[5]

On dividing by V ,.x, the equation will be,
1 5]

2~ Km+p|

i.e., Km = [S], when vq is 1/2 V..

Thus Km (Michaelis constant) can be defined as the substrate concentration
at which velocity is half of the maximum. The term is sometimes used as an
indicator of the affinity of the enzyme for its substrate.

function can be estimated from the K, value for its substrate. For example, K,
values of glutamate dehydrogenase and glutamine synthetase with reference to
utilization to NH,* were found to be 30 mM and 0.015 mM, respectively, during
an experiment conducted with Lemna. Tissue concentration of NH,* was estimated
to be 1/30 of those required for glutamate dehydrogenase but was saturating for
glutamine synthetase, indicating that the enzyme glutamine synthetase may be
having a primary role in NH," assimilation. Function of glutamate dehydrogenase
predominantly is to release NH,* from glutamate by the reverse of assimilatory
reaction. V., is related to turnover number, which refers to the number of moles of
substrate that react to form product per mole of enzyme per unit time. This assumes
that the enzyme is fully saturated with substrate and the reaction is proceeding at
maximum rate. It is also expressed as K ... A straight line obtained, when reciprocal
of vy is plotted against reciprocal of [S], is known as Lineweaver-Burk double
reciprocal plot which is used to study enzyme kinetics (Box 4.4).

4.4.4 Factors Affecting Enzyme-Catalyzed Reactions

Effect of pH Protein conformation is influenced by the state of its ionizable groups,
thereby affecting the structure and function of active site of the enzyme. pH of the
medium influences ionic status of the R-side chains of the amino acid residues of
proteins affecting the non-covalent bonds responsible for holding the protein mole-
cule in correct conformation. Furthermore, residues present at the active site need to
be in appropriate ionic status required for binding with the substrate as well as for
catalyzing the reaction. pH also affects the ionic status of the substrate. Generally, a
typical bell-shaped plot is obtained on studying the effect of pH on enzyme activity.
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Box 4.4: Lineweaver-Burk Double Reciprocal Plot

It is quite difficult to estimate V,,,,, in the hyperbolic curve which describes the
rate of non-allosteric enzymatic reaction. V;,,,x value is never reached with any
finite substrate concentration that could be used in lab and it becomes difficult
to determine Km of the enzyme. Michaelis-Menten equation can be algebrai-
cally transformed into equation by which a straight line is obtained instead of
hyberbolic curve which becomes more useful. Michaelis-Menten equation,

_ VmaX[S]
Vo= Km+]S]
By taking reciprocals on both sides of equation:
1 _ Km+[s]
vo Vmax[s]
The reaction is simplified to give:
1 _ Km 1 1

% — Vmax [S] Vmax
This equation now has a form of a straight line equation, y = mx+b, where

o is plotted on y-axis and []ﬂ on x-axis; it gives straight line, where - is

represented by slope of reaction. Intercept of straight line on y-axis represents

7— while on the horizontal axis it gives value of —z-.

Vmax’

This form of the Michaelis-Menten equation is called Lineweaver-Burk
equation and the graphic representation of same is called Lineweaver-Burk
double reciprocal plot.

-
-

1 /’/

g AT ine i em
v /__/ slope of line is Vs
P it -
-~
~
-~
-~
1 - e
Vimax \\'//
_L E
KmY .-~
-<—0 >+
1/[S]

Effect of Temperature Increase in temperature is responsible for increase in
kinetic energy of the reactant molecules as it increases their chances of collision
and therefore increasing the rate of any chemical reaction. In an enzyme-catalyzed
reaction, temperature adversely affects enzyme structure because of the thermolabile
nature of the non-covalent bonds maintaining the protein structure. An optimum
temperature for the enzyme-catalyzed reaction is the balance of the two. Optimum
temperature is also determined by the time of exposure of enzyme to that tempera-
ture. Temperatures above 50 °C are generally destructive for the enzyme protein.
However, some enzymes are stable even at high temperatures.
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4.4.5 Role of Inhibitors

Various compounds inhibit or alter the activity on binding with enzyme molecules.
Inhibitors act through a variety of mechanisms. An inhibitor which binds reversibly to
the enzyme molecule thereby lowering its activity causes reversible inhibition. On the
contrary, the inhibitor which results in permanent damage to enzyme molecule results in
irreversible inhibition. Removal of such inhibitor does not result in resumption of the
enzyme activity. Reversible inhibitors generally bind with the enzyme molecules
through non-covalent bonds, altering their conformation temporarily or they bind with
the active sites due to similarity of their structure with the substrate molecules. Revers-
ible inhibition can be competitive, uncompetitive, or noncompetitive. In presence of
competitive inhibitors, availability of free enzyme to bind with the substrate is reduced
since, unlike ES, EI complex does not break down to form product. This type of
inhibition can be reversed by increasing the substrate concentration since it increases
the possibility of the substrate binding to the active sites of enzyme molecules rather than
with the inhibitor. V., of the reaction is not altered; however, K, increases (Fig. 4.16).
This demonstrates a decrease in sensitivity of the enzyme for the substrate in presence of
competitive inhibitor. Inhibition of succinic acid dehydrogenase by malonate is an
example of competitive inhibition. Succinic acid dehydrogenase catalyzes conversion
of succinate to fumarate. Malonate competes for binding with the active site of the
enzyme since it resembles succinate in its structure. Inhibition of Rubisco by CO, and
0, is also an example of competitive inhibition in plants. These two gases compete with
each other for binding with the active site of the enzyme. Oxygenase activity of the
enzyme can be reduced by increasing concentration of CO,, Transition state analogues
are specifically effective competitive inhibitors since active site of the enzyme specifi-
cally catalyzes the reaction on binding with transition state of the substrate. Noncompet-
itive inhibition is reversible inhibition. It is also known as “mixed type” of inhibition as
the inhibitor binds either with free enzyme or with the enzyme-substrate complex.
Inhibitor binds to a site of the enzyme distinct from the active site. As a result, active
site of the enzyme is not blocked for binding with the substrate, but subsequent reaction
is inhibited, resulting in decrease in V,,,, of the reaction. Since affinity of the enzyme for
substrate is not reduced, K, does not change. This kind of inhibition is not reversed by
an increase in substrate concentration because inhibitor and substrate are not competing
for the same active site. In the uncompetitive inhibition, inhibitor binds only with
enzyme-substrate complex and not with free enzyme. As a result of this, inhibition
increases with increase in substrate concentration. Both V., and K., are affected. V.«
is reduced while there is increase in K, (Fig. 4.16).

During irreversible inhibition, an inhibitor binds covalently to the enzyme
protein forming a complex which does not dissociate to release free enzyme from
the product. Organophosphorus compound—diisopropylfluorophosphate (DIFP)—
is an irreversible inhibitor of the enzyme acetylcholine esterase which catalyzes
hydrolysis of ester bond in acetylcholine, producing inactive molecules, acetate and
choline. DIFP covalently binds to the seryl residue of active site of the enzyme,
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Fig. 4.16 Double reciprocal plot showing three types of reversible inhibition of enzyme activity

thereby inhibiting its activity (Fig. 4.17). Irreversible inhibitor may not bind cova-
lently in some cases, but binding is strong enough so that the inhibitor does not get
dissociated easily from the enzyme, e.g., transition state analogues. Though bonding
is non-covalent, these compounds bind with active site of the enzyme so tightly that
the two rarely get dissociated, thus inhibiting the enzyme activity. Transition state
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Fig. 4.17 Irreversible inactivation of enzyme acetylcholine esterase. Active serine residue of the
enzyme binds covalently with DIFP, and the resulting complex of the enzyme is not reactive toward
its own substrate

analogues cannot perfectly mimic the transition state. Even then they bind to the
target enzyme 10°-10® times more tightly. This concept of enzyme inhibition by
transition state analogs is important in pharmaceutical industry for designing new
drugs. Another class of irreversible enzyme inhibitors includes suicide inactivators.
After allowing first few reactions to happen normally, instead of being converted to
product, these compounds are converted to highly reactive molecules which com-
bine irreversibly with the enzyme and inhibit its activity.

4.4.6 Regulatory Enzymes

Metabolic pathways in a cell are regulated according to the requirement of a cell.
One of the mechanisms for regulation of metabolism is determined by the amount
and availability of a particular enzyme, indicating control being at the transcription
or translational level. This is a slower process and regulation through this mechanism
will require a longer time period. A quicker regulation of the metabolic pathway
occurs through regulation of activity of enzymes. Regulatory enzymes catalyze the
slowest reactions of a pathway and the occurrence and pace of that pathway is
determined by activity of these enzymes. Generally, it the first reaction which is
regulatory besides other steps in a pathway. Metabolic pathways may be linear or
branched. In addition to the first step, the reactions at the branching point of the
pathway are also regulated since conversion of common metabolite to the products
may depend upon the need of the cell for a particular end product (Fig. 4.18). In case
the end product of a particular branched pathway is not required and its production in
the cell is stopped and the enzyme at the branching of the pathway is inactivated,
activity of the regulatory enzymes may increase or decrease in case of positive or
negative regulation, respectively, which in turn influences the metabolic reactions
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accordingly. There are different mechanisms in the cell by which the activity of an
enzyme is regulated.

4.4.6.1 Allosteric Regulation

Allosteric regulation of enzyme activity is important in control of metabolism. The
term allosteric is derived from Greek word allos which means “other” and stereos
meaning “three-dimensional.” Activity of allosterically regulated enzymes is deter-
mined by the metabolites known as allosteric modulators. These modulators act by
inducing change in the conformation of the enzyme upon binding to a site other than
the active site by non-covalent bonds. Enzyme activity may be either inhibited or
activated on binding with the allosteric modulator which are called allosteric inhibi-
tor or allosteric activator, respectively. Ligand refers to the end product of a reaction
(in case of feedback regulation) or a metabolite. Feedback inhibition is instantaneous
and can be reversed quickly. Enzyme activity is inhibited in case the product of a
reaction accumulates and will start functioning when the concentration of the
product falls down. NADH/NAD™" and ADP/ATP are some of the important alloste-
ric modulators of enzyme activity. For example, ADP may act as positive modulator
for several enzymes which are involved in the oxidation of sugars, thereby
stimulating the conversion of more ADP to ATP. Allosteric enzymes are much
larger and complex in structure. They generally consist of more than two subunits.
The catalytic sites present on subunits are different from the modulator sites.
Different subunits communicate with each other through change in conformation.
Binding of a modulator to the modulator site of the enzyme subunit induces change
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Fig. 4.19 Subunits of allosteric enzymes can exist in two conformations, T (tense) conformation,
which has less affinity for substrate, or R (relaxed) conformation, which has more affinity for
binding with substrate. Substrate may act as allosteric activator (homotropic allosteric enzymes) or
other metabolite may act as allosteric activator or allosteric inhibitor (heterotropic allosteric
enzymes)

in the conformation, resulting in increased or decreased affinity of the catalytic site
for the substrate in case of positive or negative regulation, respectively. Generally,
modulators have shapes different from that of the substrates. Besides enzymes, there
are non-enzymatic proteins which alter their conformation on binding with ligand.
The protein subunits can exist in two conformations, one which has lesser affinity for
the substrate, i.e. T (tense) conformation, and the one having more affinity for the
substrate R (relaxed) conformation (Fig. 4.19). Two principal models have been
proposed to explain the behavior of the enzyme subunits upon binding with the
modulators. These are the “concerted model” and “sequential model.” Both of these
models are used as the basis for interpreting experimental results. The “concerted
model” was proposed by Jacques Monod, Jeffries Wyman, and Jean-Pierre
Changeux in 1965. According to this model, conformation of all the subunits of
an enzyme changes from T state to R state simultaneously on binding with the
positive modulator, and vice versa on binding with negative modulator. Binding of
positive modulator to the subunit is cooperative and stabilizes all the subunits in R
conformation resulting in shifting of equilibrium, while reverse happens when
negative modulator is bound. This results in T conformation of all the subunits
simultaneously (Fig. 4.20). Positive cooperativity is also seen on binding with
substrate in case of homotropic allosteric enzymes. The “sequential model” was
proposed by Daniel Koshland in 1966 based on “induced-fit theory” of substrate
binding. According to this model, binding of substrate induces conformation change
in the subunit of allosteric enzyme from T to R which makes conformational change
in other subunits of the enzyme easier. Similarly, binding of activators or inhibitors
also takes place by induced-fit mechanism. Conformation change in one subunit
influences the conformation change in other subunits also. In presence of an inhibi-
tor, substrate is less likely to bind to the active site in T conformation, thus affecting
the sensitivity of the subunits. Similarly, in presence of an activator, sensitivity of the
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Fig. 4.20 Hypothetical models given for allosterically regulated enzymes. (a) Concerted model:
on binding with substrate S (homotropic) or activator (A) other than substrate (heterotropic) affinity
of all the subunits is increased for binding with substrate. (b) Sequential model: on binding with the
substrate (homotropic) or activator other than substrate (heterotropic) affinity of other subunits to
bind with substrate changes one by one as a result of which all intermediate species are present

subunits to bind with the substrate increases substantially. Thus, conformational
change is passed to all other subunits making them more or less likely to bind with
substrate in presence of activator or inhibitor, respectively. Sequential model has
also been able to incorporate negative cooperativity, which did not find any provi-
sion in concerted model (Fig. 4.20).

Kinetics of Allosteric Enzymes When effect of [S] on vy of enzyme-catalyzed
reaction is studied, allosteric enzymes do not display Michelis-Menten kinetics.
Instead of hyperbolic graph, the allosteric enzymes usually produce sigmoid satura-
tion curve (Fig. 4.21). Sigmoid kinetics usually displays cooperative interactions
between multiple subunits. Change in conformation in one subunit triggers change
in all other subunits mediated by non-covalent interactions at the interface between
subunits. Sigmoid kinetic behavior of allosteric enzymes is explained by subunit
interactions in both concerted and sequential models. Value of v at half of [S] is not
referred as K,, because enzymes do not follow hyperbolic kinetics, rather it is
expressed as K 5. One characteristic of sigmoid curve is that a small change in the
concentration of modulator can bring about large changes in the velocity of the
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reaction. For heterotropic allosteric enzymes, a positive modulator may change the
sigmoid curve to more of a hyperbolic curve with a decrease in K 5. On the contrary,
presence of a negative modulator may increase sigmoid nature of the curve with an
increase in K 5. There are some heterotropic modulators which increase or decrease
Vmax With little changes in Ko 5 (Fig. 4.22).

4.4.6.2 Covalently Modulated Enzymes

Another way by which activity of enzymes is regulated is by reversible covalent
attachment of a group such as phosphoryl, adenylyl, adenosine, ribosyl, etc. to
specific amino acid residues of the enzyme protein. Covalent attachment of a protein
such as ubiquitin may also alter the activity of an enzyme. The most significant
group which alters the enzyme activity on being covalently attached is phosphoryl
group. Phosphoryl group is generally attached reversibly to a specific serine, threo-
nine, or tyrosine residue of the enzyme protein, resulting in alteration of structural
and functional properties of the molecule. Since phosphoryl group carries two
negative charges, it will attract positively charged amino acids of the molecule
while repelling amino acids with negatively charged side chains. As a result,
conformation of the enzyme protein is altered. Phosphoryl group bound to the
enzyme protein may also influence interaction with substrate molecule. Removal
of phosphoryl group reverses the effect of phosphorylation. Phosphorylation and
dephosphorylation of enzyme protein are catalyzed by protein kinases and phospho-
protein phosphatases, respectively. Phosphorylation may result in activation or
inhibition of enzyme activity which will depend on a particular enzyme. However,
reverse will be true on dephosphorylation of that enzyme (Fig. 4.23). One example is
the regulation of pyruvate dehydrogenase activity, which is a component of pyruvate
dehydrogenase complex and catalyzes conversion of pyruvate to acetyl-CoA.
Phosphorylation of pyruvate dehydrogenase makes it inactive, while removal of
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Fig. 4.22 Effect of a modulator on the kinetics of an allosterically regulated enzyme. Curves are
drawn arbitrarily
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Fig. 4.23 Interconversion of phosphorylated and dephosphorylated forms of an enzyme through
the action of protein kinase and protein phosphatase. Some enzymes are active when they are
phosphorylated while others are active when they are dephosphorylated

the phosphate group restores the active enzyme. Phosphorylation and dephosphory-
lation of the enzyme protein are carried out by ATP-dependent pyruvate dehydroge-
nase kinase and phosphopyruvate dehydrogenase phosphatase, respectively.
Additionally, covalently modulated enzymes include enzymes in which protein
conformation changes in response to reversible reduction and oxidation of sulfur-
containing groups of cysteine residues, which occurs in response to the redox status
of the cell. Interconversion of sulfur-containing groups of the cysteine residues
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between dithiol (-SH SH-) and disulfide (-S-S-) is mediated by thioredoxin.
Activities of four of the Calvin cycle enzymes are regulated through this type of
covalent modification. Alternate oxidase activity is also regulated through reversible
oxidation and reduction of sulfur-containing groups of cysteine. Covalent addition
of a hydrophobic group may also affect conformation of some of the enzymes
altering their activity. Enzyme regulation also occurs through proteolytic cleavage
or through calcium-mediated calmodulins.

Summary

* A sum total of all the chemical reaction occurring in a cell is called as metabolism
and study of metabolites of a cell is called metabolomics. Since plants are sessile
organisms and are exposed to harsher environmental conditions, they have more
flexible and diverse metabolic pathways. Metabolic pathways are
compartmentalized in a cell and regulated movements of metabolites occur
through the cell membranes.

* Metabolism is classifi