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Preface

The history of this book dates back to the late 1960s, when the
publishers Edward Arnold launched a series of student textbooks as
the Contemporary Biology series, designed to provide up-to-date
texts at elementary university and final-year school level. One of
the first authors who was asked to contribute, on the topic of
flowering plant physiology, was Professor H. E. Street, then
Professor of Botany at the University of Wales, Swansea. He asked
one of us (H.O.) to collaborate, and the first edition was duly
published by Edward Arnold in 1970 under the authorship of
H. E. Street and Helgi Opik, and entitled The Physiology of Flowering
Plants: Their Growth and Development. The emphasis of the text was on
the ‘whole plant’ aspects of physiology. The second edition followed
in 1976 and the third in 1984, although Professor Street sadly
deceased in 1977.

While the second and third editions were still very much revisions
of the original text, the longer time interval since the last edition, and
the rapid pace at which biological knowledge has grown in the last
few decades, have now necessitated a very thorough rewriting of
large sections of the book, and the task has been quite challenging
in the face of an accumulation of facts that on occasion has seemed
quite overwhelming. It is not possible now to interpret many aspects
of plant physiology without reference to molecular biology, even
when one is basically interested in functioning at the organismal
level. This applies particularly to the developmental aspects of physi-
ology. Some reorganization of the text and shift of emphasis has
accordingly been necessitated, though we have tried to retain the
overall spirit of the original book.

One thing has remained unchanged during the preparation of this
book from the first edition to the fourth: the unfailing encourage-
ment and help from our editor, Professor A. J. Willis. Without him,
the present text would not have been written. We are also grateful for
the support of Dr Ward Cooper, Commissioning Editor, and Dr Alan
Crowden, Editorial Director, of Cambridge University Press. Thanks
are due for reading, and advising on, parts of the manuscript, to
Professor Richard C. Leegood, Professor David Read and Dr Julie
Gray of the University of Sheffield.

H.0. would like to acknowledge the generosity of Professor Ray
Waters, Head of the School of Biological Sciences at the University of
Wales, Swansea, for use of departmental facilities in preparing illus-
trations. H.O. also would like to thank Ken Jones of the School of
Biological Sciences, Swansea, for printing figures; my nephew Kevin
Miller and my niece, Heather Nagey, for help with word process-
ing; and Professor Kevin Flynn and Dr Charles Hipkin of the
University of Wales, Swansea, for helpful discussions.
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We are grateful to all the people who have permitted us to repro-
duce their published data, and have provided material and helpful
advice for figures; particular thanks are due to Professor Jane Sprent
and Dr Euan James of the University of Dundee for supplying the
original micrograph of bacteroids (Fig. 4.7).



Chapter |

Introduction

1.1 | Appreciating plants

During a public open day at a university, a child trying to look at a
botanical exhibit was dragged away by an impatient parent with the
words ‘Come on - we can’t spend all day looking at dull green things!’

There is a tendency to consider plants as somewhat dull, passive
and inactive. Yet plants face and overcome the same problems as
animals: how to obtain nutrients and water, how to survive extreme
environmental conditions, how to ensure reproduction and the survival
of the next generation. The photosynthetic mode of life has conditioned
plants to evolve as sessile organisms; their basic necessities - light,
carbon dioxide, water and mineral ions - are ubiquitous and there
has therefore been no selection pressure for mobility. An animal may
obtain its nutrients and water by skilfully stalking its prey, and learning
the path to a pool; this catches human attention as interesting beha-
viour. A flowering plant obtains nutrients and water by millions of
minute root tips constantly growing through the soil, and by pumping
ions across root cell plasma membranes with molecular-sized pumps.
This is plant behaviour: plant physiology is plant behaviour. It need
not be considered dull because it is less spectacular to the eye than what
is called animal behaviour. The subsequent hauling up of the absorbed
water and minerals to the top of a tree, 100 metres high, might indeed
be considered a quite spectacular feat (imagine doing it with a bucket!).
Without stirring from the spot, flowering plants are unceasingly
monitoring their environment and responding to environmental
signals. For them as for us, light is an information medium; they
contain optical sensors (pigments) with which they perceive and
respond to light direction, wavelength composition (i.e. colour) and
the duration of daylight. They are sensitive to touch, with some
responses as fast as animal movement: a Venus flytrap leaf
snaps shut in a second or two to catch (and digest!) insects as
big as wasps or small moths. Pea tendrils are a bit slower to
react, but can be seen curling around a support within minutes
of making contact. Plants respond also to the direction of gravity;
it is the continuous responses to gravity and light that are largely



2

INTRODUCTION

responsible for plants growing ‘the right way up’, and with roots,
branches and leaves orientated at various angles. Temperature
changes are sensed. Signals with a regular annual variation -
such as the changes in daylength - enable plants to synchronize
their life cycles with the seasonal cycles in their environment.
Even the embryo in a dormant seed, apparently quite inactive in
its coat, is able to receive specific signals that stimulate it to
commence germination at the appropriate season. Flowering
plants, when looked at from the physiologist’s point of view,
are not merely alive, they are very lively. We hope that the
readers of our book will be led to appreciate how marvellous
and varied in their activities flowering plants are.

There are other reasons, too, for studying flowering plants. We are
utterly dependent on them. Being the dominant plants in present-day
terrestrial (land) vegetation, they are the primary producers, by
photosynthesis, of organic material - food - on which all other
terrestrial organisms including ourselves rely. We moreover need
plants for wood, textiles, drugs, and hundreds of household chem-
icals; their very presence gives us joy, even comfort. Gardens are a
main source of pleasure for many individuals; windowsills get filled
with house plants, floral baskets are hung from balconies of high-rise
flats. Animals not only feed on plants, but live in them, on them and
under them. The oxygen we breathe is formed as a by-product of
photosynthesis. Soil and climate, too, are influenced by plants; vege-
tation may for instance stabilize soil against physical erosion. Thus
the importance of understanding the activities of flowering plants
cannot be overemphasized. With the changes currently being imposed
on the biosphere of this planet by human activities, it has become more
imperative than ever to study the physiology of plants, if there is to be
any hope of predicting how vegetation, all-important for life on earth,
might respond to such changes in the environment. An understanding
of flowering plant physiology is also vital for any attempts to improve
plant productivity.

1.2 | What kind of plant physiology?

Plant physiology is the functioning of plants. This can be studied at
several levels of complexity and organization, as indicated by such
terms as metabolic physiology, cellular physiology, or whole-plant physiology.
The aim of the current text is to give an account of the physiology of
flowering plants mainly from the whole plant or organismal point
of view. Moreover, since an organism functions within its environ-
ment, and by virtue of its physiological activities continuously inter-
acts with its environment, plant-environment interactions are
emphasized throughout the book. But many plant life processes are
carried out at the level of the individual cell, even of the individual
organelle. Physiological processes of plants can therefore be
described only to a limited degree without reference to activities at
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the cellular or subcellular level. Water movement through an intact
plant is a whole-plant level process; for some specified ecophysio-
logical project, it may be adequate to discuss it, say, in terms of
quantities of water absorbed by the roots, and the amounts lost by
transpiration from the leaves. If, however, one wishes to understand
the control exerted on the process by the plant, one is soon involved
with the cellular physiology of the stomatal guard cells, which move
to open and close the stomatal pores through which most of the
transpiration occurs. Equally relevant to an understanding of physio-
logical processes is a knowledge of cellular structure. To continue
with the example of stomata, the opening and closing movements
are also dependent on the shapes of the guard cells and on the pattern
of their cell wall thickenings, right down to the precise arrangement
of the cellulose microfibrils. Whilst the goal of this book is to pro-
mote the understanding of flowering plants as organisms, one can-
not escape consideration of information from the realms of cellular
physiology, biochemistry, cell structure and ultrastructure, and
molecular biology. In this respect we have had to exercise our judge-
ment about the depth to which such information should be pre-
sented, and the extent to which it might be taken for granted. In
fact an elementary knowledge of basic metabolism, biochemistry,
plant anatomy and plant cell structure has been assumed. Textbooks
listed at the end of this chapter as Complementary reading will
serve to fill in the background for readers who find this necessary,
and will enable all interested readers to extend their knowledge of
the more cellular aspects of plant physiology, and of plant structure,
beyond this text.

1.3 | Molecular biology and plant physiology: the
integration of disciplines

References to molecular biology will be found to figure liberally in
parts of the text. The discipline of molecular biology embraces the
study of genes: their isolation and identification, analysis (molecular
sequencing) and their manipulation, i.e. modification and introduc-
tion of selected genes into cells at will. Gene expression, their
‘switching on and off”, can also be manipulated. This is a branch of
science that is enabling biologists to identify and study the roles of
specific genes in specified activities.

Molecular biology techniques have led to considerable advances
in the understanding of plant physiology, particularly of develop-
ment and differentiation. Every activity of a living organism can
ultimately be traced to control by some gene(s) at some stage of its
life history; the entire blueprint for everything that a flowering plant
is capable of performing is inscribed in the DNA of the single-celled
zygote from which it develops. Some physiological functions can be
discussed with minimal reference to genetic activity. These include
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numerous aspects of the processes of nutrition and transport
described in the first part of this book. Such processes may also
show some short-term, quantitative, reversible responses to environ-
mental factors, which are not mediated at the genetic level. When
one comes to the physiology of growth and differentiation, however,
as covered in the second part of the book, the need arises to refer
constantly to genetic control. One tends to think of growth as a
quantitative increase in mass. Growth is, however, almost always
accompanied by differentiation, a change of form and/or physio-
logical activity, and this results in the process termed development:

development = growth + differentiation

The growing seedling, for instance, does not become an enlarged
version of the embryo in the seed, it develops into the adult form of
the plant. Differentiation means differential activity of genes, i.e.
activation and suppression of specific (sets of) genes at particular
developmental stages. Developmental processes all involve qualita-
tive as well as quantitative changes in response to environmental
conditions. Environmental factors act as specific stimuli calling forth
specific and generally irreversible changes in physiological activities
and morphology. This applies to such events as the onset of repro-
ductive growth, and reactions to environmental stresses. Such pro-
cesses are the result of interactions between the external factors and
the genome of the plant, and our understanding of such processes is
dependent on studies of gene activity. Paradoxical as it may seem at
first sight, it is the most conspicuously organism-oriented activities,
such as the onset of flowering - which entails profound changes in
the physiology of the whole plant - that need the molecular biology
approach to the greatest extent. These are the processes which are
most strongly under control at the genetic level.

We started this chapter with a very wide view, considering the
overall role of flowering plants in the biosphere. We now have
reached consideration of the finest, ultimate level of biological analy-
sis - the individual gene. Flowering plants, like any other organisms,
are complex entities and understanding of them as organisms can be
achieved only by studying them at various levels of organization and
integrating knowledge obtained by numerous biological disciplines,
from molecular biology to ecology. The division of biology into
various disciplines is an artificial one, made for the convenience of
handling a vast field of knowledge; no such division exists in the
plant. We hope that we have been able to keep the organism, the
‘whole’ plant, in sight throughout this text, even when interpreting
events in terms of molecular biology.

Plant physiology also has something to offer to molecular biolo-
gists. The science of molecular biology has led to applications known
under the general term of genetic engineering, i.e. the production of
transgenic (transformed) organisms, containing selected genes which
may come from other species. Basic gene structure being identical in
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all organisms on planet earth, genes from animals and even from
prokaryotes can be inserted into the flowering-plant genome.
Flowering plants possess great regenerative powers; single cells from
vegetative organs are able to grow into fully formed plants. This makes
them ideal subjects for genetic transformations. Some transgenic crop
plants are already being grown commercially and many more poten-
tial transformations are being investigated. While some scientists see
genetic engineering as a wonderful tool for improving plants as eco-
nomic resources, many people regard transgenic operations with
strong reservations, fearing that, accidentally or deliberately, new
and dangerous organisms might be let loose upon the world. There
can be no scientific safeguards against the deliberate misuse of genetic
engineering. The defence against accidental disasters lies in know-
ledge and understanding. For successful engineering of ‘plants for the
future’, it is imperative that the physiology of plants should be under-
stood, and moreover understood at the organismal level. A particular
transformation may be undertaken with one single activity in mind;
but that activity needs to be studied in the context of the plant as a
whole if one is to have a reasonable chance of predicting the result of
the operation.

1.4 | Outline of the text

The book falls essentially into two parts: Nutrition and transport
(Chapters 2 to 5) and Growth and development (Chapters 6 to 13).

Flowering plants are essentially autotrophic, photosynthetic
organisms, with basic requirements of light, CO,, water and some
17 elements as inorganic mineral ions. The survey of plant physi-
ology accordingly begins with photosynthesis (Chapter 2), detailing
how the flowering plants obtain and process the first two necessities
listed above, light and CO,. This is followed by respiration, the
process providing energy and intermediates for metabolism. Next it
is considered how they obtain and transport water (Chapter 3), and
then how mineral ions are absorbed and assimilated (Chapter 4).
The translocation of organic materials, the products of photo-
synthesis, is covered in Chapter 5, completing the first part of
the book.

The second part of the text starts with treatment of growth as a
quantitative process and covers some simple mathematical analy-
sis of growth (Chapter 6). Then we proceed to discussions of the
physiology of growth and development, beginning with surveys
of plant growth hormones (Chapter 7) and cell growth and
differentiation (Chapter 8). These are followed by consideration
of vegetative development, photomorphogenesis, reproduc-
tive development, and growth movements (Chapters 9 to 12).
Finally, in Chapter 13, the reactions of flowering plants to some
environmental stresses are discussed.
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Chapter 2

Flow of energy and carbon
through the plant: photosynthesis
and respiration

2.1 ‘ Introduction

All living organisms need a supply of raw materials from which their
bodies can be constructed, and a supply of energy. This energy is
needed for growth, i.e. for the formation of their bodies, also for the
maintenance of their bodies, and for all the various types of work,
chemical and mechanical, that are carried out by living systems.

Life as we know it is based on organic compounds of carbon (C).
This element accordingly occupies a central place among the raw
materials and it is found on earth abundantly in its inorganic forms
as carbon dioxide (CO,), carbonate (CO3>) and bicarbonate (HCO5").
The ultimate energy source for most life forms on earth is the thermo-
nuclear energy of the sun, transmitted to earth as electromagnetic
radiation, light. Photosynthesis is the process by which the solar
light energy is transformed into the chemical bond energy of organic
carbon compounds. Photosynthesis is thus simultaneously a process
of energy transduction, and a process by which inorganic carbon is
converted to organic form and incorporated into living organisms.
Chemically it is a reductive process. Respiration is the process of
oxidative breakdown by which the energy stored in the organic
products of photosynthesis is tapped for driving metabolism, for
growth, for movements, and by which the C is returned to inorganic
form again as CO,.

2.2 | Energy flow and carbon turnover in the biosphere

2.2.]1 Plants and the biosphere

The flow of energy and the turnover of C in the biosphere
are illustrated in Fig. 2.1. Photosynthesis utilizes relatively high
energy quanta, ‘light’, from the electromagnetic spectrum and
these quanta energize the combination of hydrogen from water
with CO, to organic compounds. In flowering plants, the first stable
photosynthetic products are predominantly sugars. These sugars
form the starting point of other plant constituents, including the
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m The flow of carbon and

energy through the biosphere. The
term ‘plant’ is used here to denote
all photosynthetic autotrophs and
‘protoplasm’ for all parts of an
organism. The energy that is lost as
heat is irradiated into space as
infrared (long wavelength) radiation
and cannot be recycled, but the C
and other elements recycle as
indicated.
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macromolecules which are the units of cellular architecture. The
sugars and polysaccharides (sugar polymers), sometimes also lipids,
form a store of potential energy for plant cells. This store is continu-
ously being drawn upon during respiration. The substrates are oxi-
dized to CO, and water again, while some of the potential energy of
the sugar molecules is transferred to molecules of ATP (adenosine
triphosphate). This extremely reactive compound has been termed
the energy currency molecule of living cells and its potential energy
can be harnessed for cellular work - biosynthesis, growth, membrane
transport, movement. During biosynthesis, other elements (Chapter 4)
may be incorporated into organic combination. In the course of these
activities the ATP is broken down to ADP or AMP (adenosine
di- or monophosphate) respectively and it must be unceasingly
resynthesized. In photosynthetic cells in the light, some cellular
work may also be driven by photosynthetically formed ATP (see
Section 2.3.2) without the intervention of respiration.



ENERGY FLOW AND CARBON TURNOVER IN THE BIOSPHERE

Photosynthesis is carried out by virtually all land plants. The only
exceptions are some non-green parasitic or saprophytic species. The
algae are also photosynthetic and land plants plus algae are some-
times collectively referred to as ‘the green plants’. The green plants
are photoautotrophic (literally ‘light-self-feeding’), needing only
light and inorganic compounds: CO,, water and mineral ions. There
are also photosynthetic bacteria (although some of these are photo-
heterotrophic, i.e. they need a supply of organic C compounds). The
photoautotrophs are the primary producers and they form the
basis of food chains. Plant organic matter is ingested as food by
animals, fungi and other microorganisms. Any organic material
synthesized by these non-photosynthetic organisms is regarded as
secondary production, being derived from the photosynthetic prod-
ucts. As indicated in the lower part of Fig. 2.1, the cycles of biosyn-
thesis and respiration are repeated in the secondary producers.
Secondary producers in turn feed on each other and the cycles are
multiplied, until ultimately microorganism action, decay, returns
the last of the elements again to their inorganic forms of CO,,
water and mineral ions. The chemicals are recycled, although the
recycling may take a long time. A living tree may retain organic
materials in its body for thousands of years. Carbon fixed by the
Carboniferous forests over 300 million years ago is only now being
returned to the atmosphere by the burning of coal. The energy, however,
cannot be recycled. In every process illustrated in Fig. 2.1, there occurs
some energy loss as heat; this is in due course irradiated back into
space as infrared radiation, low-energy quanta which can never drive
photosynthesis again. The laws of thermodynamics make this energy
loss inevitable: reactions are possible only if they proceed with an
overall free energy loss.

Photosynthesis means a steady input of energy into the biosphere,
vital for the continuance of most life. Hence photosynthesis occupies
a central position, not only in the life of the green organisms which
carry it out, but for life on earth in general. (An exception is provided
by chemosynthetic bacteria.) On dry land, flowering plants are
responsible for the major proportion of photosynthesis.

The global turnover of carbon

It is estimated that around 10'! tons of C are fixed annually in
photosynthesis, representing a primary production of some 1.7 x 10
tons of dry matter, while the total C held in the earth’s biomass at any
one time amounts to about 5.6 x 10"" tons. This, however, is a minute
fraction of the C present on earth. Much of this C is present as
carbonates in rocks and as sedimentary organic material in the deep
oceans, unavailable for photosynthesis. But even the available stores
are enormous: atmospheric CO, holds 7.5 x 10'! tons of C, and the
oceans, which equilibrate with the atmosphere, contain in their
upper, accessible, layers some 420 x 10** tons as dissolved CO,, carbo-
nate and bicarbonate.
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The site of photosynthesis

Any part of the shoot can be green and photosynthetic to some degree -
stem, leaf, flowerbud, or young fruit; but the photosynthetic organ
par excellence is the leaf, an outgrowth from the stem; by far the
greater part of land plant photosynthesis is achieved in the leaves.
The variety of leaf shapes and sizes may seem bewildering, but they
mostly share a common basic structure which is adapted to obtain
light and CO,. Sunlight is diffuse and atmospheric CO, is present at a
low concentration; a large aerial surface is required to collect these
necessities efficiently. Essentially, the typical leafis a thin, flat struc-
ture, often less than a millimetre thick. The photosynthetic cells
make up the mesophyll (‘mid-leaf’) enclosed by an epidermis,
usually non-photosynthetic, on both surfaces. Where the leaf has
distinct upper and lower surfaces (a dorsiventral leaf), the mesophyll
is generally differentiated into an upper palisade layer of elongate,
cylindrical cells and a lower spongy mesophyll of more rounded,
loosely packed cells. A transparent cuticle, relatively impervious to
water, water vapour and other gases, covers the epidermis. The
vascular bundles (veins) run through the mesophyll, supplying
water and minerals, and translocating away the photosynthate.
Even superficially such a leaf presents a large surface : volume
ratio. From the point of view of cell surface, the ratio is even greater,
for most of the leaf surface is inside, the mesophyll containing much
air space, which communicates with the external air via stomatal
pores in the epidermis. This structural arrangement enables the
photosynthetic cells to function in an internal environment pro-
tected against excessive water loss. The physiological efficiency of
the leaf may be inferred from the fact that it has arisen independently
on numerous occasions during the evolution of land plants, and in
nearly all except the most primitive groups.

Not all leaves conform to the ‘typical’ pattern. There are succulent
leaves where the thickness may exceed a centimetre; there are plants
with vestigial leaves, the stems taking over the function of photo-
synthesis. These variations represent adaptations to extreme envir-
onmental conditions, and are considered in connection with water
conservation in Chapters 3 and 13.

Mlustrated accounts of leaf structure may be found in the texts
by Mauseth listed under Complementary reading at the end of this
chapter.

2.3 | Photosynthesis: light absorption and utilization

2.3.1 The capture of light

The photosynthesis of green plants requires light in the visible range
of the spectrum, with wavelengths approximately in the range of
400-700 nm; this range is called the photosynthetically active
radiation (PAR). The photosynthetic pigments have their absorption



PHOTOSYNTHESIS: LIGHT ABSORPTION AND UTILIZATION

13

peaks in the blue and red wavelengths (chlorophylls a and b) or in the
blue (carotenoids, comprising carotenes and carotenols), i.e. at the
two ends of the visible spectrum (Fig. 2.2). Since sunlight that has
penetrated the atmosphere has its maximum energy output almost
in the middle of the visible spectrum, in the green and blue-green
range (Fig. 2.2; see also Fig. 10.1), the photosynthetic pigments may
seem at first sight to be somewhat poorly adapted to capture solar
energy. When, however, the action spectrum of photosynthesis for a
whole leaf is considered, i.e. the rate of photosynthesis for the same
number of incident photons (quanta) is plotted against the wave-
length, only a moderate dip in the rate is seen in the green region
of the spectrum (Fig. 2.3). A photon of green light which is not
absorbed immediately is likely to be reflected and refracted between
many internal leaf surfaces. If it spends long enough inside the leafit
may eventually be absorbed by a photosynthetic pigment molecule in
spite of the low absorptivity of pigments in the green region.
Carotenoid absorption is shifted towards green wavelengths through
their association with chloroplast membranes, and this improves
absorption in the green wavelengths. With high irradiance, it may
be advantageous for pigments not to absorb too strongly in the green,
for excessive energy absorption can damage the photosynthetic
system.

2.3.2 The utilization of light

It is convenient to divide photosynthesis into two stages: (1) the
reactions which achieve the transduction of light energy to chemical
bond energy; and (2) the reactions in which the chemical energy is
utilized - in flowering plants mainly for CO, fixation. In the living
plant these stages proceed simultaneously, but they can be separated
experimentally.

Violet Blue Green Yellow Orange Red

N Chlorophyll 2 (in ether)
“ ------- Chiorophyll b (in ether)
I‘ ssssee (-Carotene (in hexane)
i
1

----- *+ Fucoxanthin (in hexane)

Absorbance

400 500 600 700
Wavelength (nm)

m Absorption spectra of

chlorophyll a, chlorophyll b,
B-carotene and fucoxanthin

(a carotenol/xanthophyll). Maximal
energy of sunlight lies in the green
and yellow regions of the spectrum,
the minimum region of absorption
by chlorophylls and carotenoids.
Adapted from Goodwin & Mercer
(1972).
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m The efficiency of energy A

utilization at different wavelengths
in leaves of 8 species of crop plants
grown in the field (A), and 20
species grown in a growth chamber
(B). The efficiency is expressed as
quantum yield, i.e. amount of C
fixed for the same number of
quanta, setting the maximum yield
at unity. From McCree (1972).
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The entire process of photosynthesis is carried out within the
chloroplasts. The light-driven reactions occur in the thylakoid mem-
branes (Fig. 2.4) which provide a very large surface area for light
absorption and associated reactions. The thylakoid membranes con-
tain a number of multimolecular protein complexes including the
photosystems I and II (PSI, PSII), each consisting of several hundred
pigment molecules and a number of specific proteins. One ‘average’
chloroplast may contain some 2 million photosystems. Each photo-
system has a reaction centre containing a pair of chlorophyll a
molecules in a special position. Only the reaction centre chlorophyll
a molecules can undergo the photochemical reactions which are at
the heart of photosynthesis. The remaining pigment molecules make
up the light-harvesting pigment complexes, LHPC (also known as
antenna pigments) and their function is to absorb photons and to
channel the energy to the reaction centres. The LHP include carot-
enoids as well as most of the chlorophyll. The presence of LHPC
enhances the efficiency of light capture very greatly over what it
would be if the reaction centres had to rely on direct hits.

The energizing of the reaction centres by quanta of light energy
results in a flow of electrons from water, the source, to the coenzyme
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NADP" (nicotinamide adenine dinucleotide phosphate) along a pre-
cise path via the multimolecular complexes in the thylakoid
membranes:

water-splitting complex — PSII — PSI — NADP-reducing system

The electrons together with the protons from the water reduce the
NADP* to NADPH, while the oxygen (O,) of the water is released as a
by-product. In both PSI and PSII the electron receives a boost of
energy. This means that two quanta of energy are used per electron,
enabling green plants to use water as a reductant. Photosynthetic
bacteria (cyanobacteria excepted) possess only PSI, use one quantum
per electron, and utilize reductants which require a lower energy
input than water. Concurrent with electron flow there is a synthesis
of ATP from ADP and inorganic phosphate (Pi), the process of photo-
phosphorylation, by a mechanism known as chemiosmosis,
which can be summarized as follows:

(1) Inside the thylakoid lumen, hydrogen ions (H') accumulate
from water splitting and from a coupling of the electron flow with an
inward transfer of H" from the stroma. The H" being positively
charged, this also makes the lumen more electropositive and the
stroma more electronegative.

(2) The combined concentration gradient and electric potential
gradient make a free energy gradient for the H*, favouring their
outward movement from the lumen into the stroma.

(3) The thylakoid membrane is highly impermeable to H*. But it
contains ATP-synthase enzyme complexes, with a proton channel
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A AW (A) Low-power and (B)
high-power electron micrographs
of chloroplasts from the grass
Agrostis stolonifera sectioned mainly
at right angles to the thylakoid
membranes. In three dimensions,
the thylakoids are flattened
membrane-bound sacs enclosing a
narrow lumen. In a granum, G, the
thylakoids are like stacked hollow
disks; grana are joined by larger
intergrana thylakoids, IG, so that
the lumen within the thylakoids is
probably a continuous if tortuous
compartment through the whole
chloroplast. The ground material or
stroma contains some very densely
stained lipid globules (plastoglobuli).
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Box 2.1

ROS, reactive oxygen species
(alternative: AOS, active oxygen
species) are extremely unstable,
reactive and potentially destruc-
tive; they attack membranes by
lipid peroxidation, and degrade
DNA, RNA and proteins. From the
superoxide radical O2@-, reactions
with cellular protons and electrons
produce further ROS: the perhy-
droxyl radical HO2e, the hydroxyl
radical OHe® and hydrogen perox-
ide, H20O2. The symbol | denotes
an unpaired electron. Small
amounts of ROS are inevitably
produced during photosynthetic
and respiratory electron transport,
and continually removed.
Superoxide is broken down by the
enzyme superoxide dismu-
tase, SOD, and hydrogen perox-
ide by catalase, two very fast-
acting enzymes. SOD exists in
several forms with different metal
cofactors, FeSOD, MnSOD and
Cu-ZnSOD, specific to subcellular
locations. Cells also produce
reductive antioxidants which react
with ROS, including ascorbic acid
(vitamin C) and glutathione.
Numerous stresses stimulate the
formation of ROS to levels which
can be dangerous (Chapter | 3).

through which the H" move to the stroma, and this movement, down
their free energy gradient, is coupled with ATP synthesis.

The net result of the light reactions is thus the synthesis of ATP
and NADPH, which can be utilized in CO, fixation (but can also be
channelled into other processes, e.g. nitrate reduction). Normally all
photosynthetic reactions occur simultaneously: ATP and NADPH
cannot be stored and the cessation of illumination results in a stop-
page of CO, fixation within a second or two. Several enzymes of CO,
metabolism need light activation.

2.3.3 Levels of irradiance and rates of photosynthesis

Photometric units

In view of the basic role of light in photosynthesis, the rate of photo-
synthesis would be expected to vary with the amount of light avail-
able. Here it is appropriate to consider what exactly is meant by the
‘amount’ of light.

Since light is the energy source for photosynthesis, one’s first
instinct might be to measure it in energy units, say ] m™ s (energy
per unit area, as joules per square metre per second). For energy
balance sheets this may be appropriate. However, photochemical
reactions are energized by individual quanta, the units of light
energy carried by individual photons of light. One pigment molecule
absorbs one quantum of energy at a time, to undergo one photo-
chemical reaction. Hence, for many studies, the most meaningful
measure of the ‘amount’ of light is the number of photons (or
quanta), this number being given in moles. One mole of quanta
can energize one mole of pigment molecules. The number of moles
of photons of PAR, per unit area and unit time, is called the photon
flux density or PFD. It is the PFD that exhibits the most direct
relationship with the rate of photosynthesis. Bright sunlight has a
PFD of 2000-2300 pmol m™2 s™2.

Effects of varying the PFD: reactions of sun and shade
plants

As the level of irradiance on a photosynthetic organ is increased,
the rate of photosynthesis at first rises linearly, then levels off to
a steady rate as light saturation is reached (Fig. 2.5). But the
absorption of light does not fall proportionately, so that at
increasing PFD, less CO, fixation takes place per photon absorbed:
photoinhibition occurs. This was originally interpreted as due
to photochemical damage. Excess light-excited chlorophyll can
energize the formation of reactive oxygen species, ROS, from
0,: singlet oxygen 'O,* and the superoxide radical O,* (oxygen
with an extra unpaired electron). These chemicals and their deri-
vatives (Box 2.1) can destroy components of the photosystems.
There is good evidence now that photoinhibition is in fact a
protective process, during which excess energy is dissipated
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harmlessly (ultimately to heat) by reactions involving carotenoids
in the thylakoids and preventing the buildup of ROS (Bartley &
Scolnick 1995). When the PFD is too high to be counteracted by
this process, then damage does occur, though it may still be
repairable if not too extreme.

The irradiance level at which saturation occurs depends on
a number of factors. If the temperature is very low, for instance,
light saturation is reached at a low PFD: the rate of thermochemical
reactions soon becomes limiting. Similarly, at low CO, concentra-
tions, light saturation is reached once CO, has become limiting.
Conversely, at higher temperatures and higher levels of CO,, light
saturation is reached at a higher PFD. However, other conditions
being equal, significant differences in light saturation values
are shown by individual photosynthesizing systems. Some species,
e.g. plants of forest floors, are obligate shade plants, able to live
only at low irradiance levels; examples include dog’s mercury
(Mercurialis perennis) and the enchanter’s nightshade (Circaea luteti-
ana). There are also obligate sun plants, such as the aptly named
sunflower (Helianthus annuus) and the daisy (Bellis perennis), plants of
open habitats. Such species are genetically adapted for extremes of
sun or shade. But for many species individuals can adjust appreci-
ably to the light levels to which they are exposed during growth, as

m Light saturation curves of

photosynthesis for plants of Sinapis
alba grown either under strong
illumination, ‘light (sun) plants’
(dashed lines), or weak illumination,
‘shade plants’ (solid lines). The rate
of photosynthesis changes similarly
with change of irradiance whether
expressed per unit of leaf area or
unit of chlorophyll, showing that the
differences in rates between sun
and shade plants do not just result
from a difference in total
chlorophyll per unit area of leaf.
Where the curves cut the x-axis is
the light compensation point, below
which respiration exceeds
photosynthesis (negative CO,
uptake = CO, output); this point
lies at a lower irradiance for the
shade plants. From Grahl & Wild

(1972).
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shown in Fig. 2.5. Trees commonly produce ‘sun leaves’ on the
outside of the canopy, and ‘shade leaves’ within it. Shade plants
(or leaves) become light-saturated at a much lower PFD than sun
plants (or leaves). At low levels of light flux they have higher rates
of photosynthesis than sun plants/leaves, whether the rate is mea-
sured per unit leaf area or per unit weight of chlorophyll. Shade
plants have a low light compensation point, the value of irradiance at
which photosynthesis exactly equals respiration, and below which
respiration exceeds photosynthesis, leading to a net loss of organic
matter. Numerical values of PFD at the light compensation point
have been quoted as 20 pmol m™ s™! for shade plants, 80 ymol m™
s™! for sun plants. The shade plants can therefore survive at levels
of light too low to support the growth of sun plants. In deep shade
the PFD can fall below 50 ymol m™ s™'. Adaptations to growth in
the shade include thin leaves (see Fig. 9.8) and very pigmentrich
chloroplasts; there is a high proportion of LHPC to reaction centres,
which increases the efficiency of light capture. In bright light the
shade plants are relatively inefficient with respect to photosynthesis
(Fig. 2.5) because of their low density of reaction centres, and there-
fore they are likely to be outcompeted by sun species. The shade
plants are also highly susceptible to photochemical damage by
bright light. The capacity for energy dissipation in shade plants is
limited, whereas adaptable plants grown at a high PFD show
increased levels of carotenoid pigments.

For whole plants, light saturation requires much higher levels of
irradiance than for single leaves, because in an intact plant outer
and upper leaves shade inner and lower ones. This shading is kept to
a minimum by the arrangement of leaves in ‘leaf mosaics’, leaves
arranging themselves so as to shade each other minimally (seen
easily by looking up through the foliage of a tree!). Nevertheless,
whereas a single leaf may be light-saturated with c. 25% of full
sunlight, an entire plant may not reach light saturation even with
the PFD of the full midsummer sun. Heavy clouding may bring a
plant as a whole to its light compensation point.

2.4 ‘ The fixation of carbon dioxide

2.4.1 The absorption of carbon dioxide

Gaseous diffusion

In the atmosphere CO, is present at an average concentration of
about 370 pmol mol™* (see Box 2.2). The leaf provides a large absorb-
ing surface, and in this surface the stomata provide pores for entry.
Within the leaf, the abundant air spaces permit gaseous diffusion
between the cells and the large internal surface of the leaf is the
main area for absorption of the gas into cells. The internal CO,
concentration is kept below the atmospheric by photosynthesis.
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The driving force for the inward movement of CO, is the concentra-
tion gradient, ACO,, between the sites of fixation and the external
atmosphere:

ACO; = [COZ}external - [Coz]internal (2'1)

The ACO, is equivalent to a gradient of free energy: higher concen-
tration is equivalent to higher free energy. The steepness of the
gradient depends on both the external and internal concentrations.
Under field conditions, photosynthesizing plants do not deplete the
CO, supply in their vicinity greatly, for air mixes rapidly (though see
below on boundary layers); however, CO, concentrations of about
270 pmol mol " have been measured within a crop.

During diffusion to the photosynthetic sites, the CO, molecules
encounter resistances at various points: at the boundary air layer just
outside the leaf; at the cuticle; at the stomata; and in the mesophyllL
Since CO, concentration is often the limiting factor in photosynthesis,
these resistances can determine the photosynthetic rate.

The boundary-layer resistance is the result of a layer of rela-
tively still air, also known as the unstirred layer, immediately adja-
cent to the outside of the leaf. In this layer the CO, concentration is
lower than in the bulk atmosphere owing to depletion by the leaf. Its
presence has the effect of decreasing the effective ACO,. In still air, a
relatively thick boundary layer builds up over a plant surface and
this slows down the rate of diffusion of CO, into the leaf; but usually
there is sufficient air movement to keep the boundary-layer resis-
tance low.

The cuticle, which forms a continuous layer over the epidermis,
presents a very high resistance to CO, diffusion. As long as the
stomata are open at all, the proportion of CO, entering through the
cuticle is very small.

The mesophyll resistance is a combination of all the resistances
that a CO, molecule meets while diffusing through the mesophyll
air spaces, the cell walls, the plasma membrane, the cytosol and
the chloroplast envelope, until it finally reaches the carboxylation
sites within the chloroplast. This resistance accordingly depends
on leaf structure and is more or less fixed once growth of the leaf
has ceased.

The stomatal resistance depends on stomatal density (number
per unit area) and the size of the stomatal pores. The stomatal
density, like mesophyll structure, is fixed during leaf development.
But the size of the pore is variable: stomata respond to several stimuli
by ‘stomatal movements’, i.e. by opening or closing (partly or fully).
The stomatal resistance is under physiological control.

Box 2.3 | Diffusion of CO, and resistances

The rate of diffusion is inversely proportional to the resistance, R. If we denote the
rate of entry of CO,, which equals the rate of photosynthesis, by P, then

Box 2.2

There are several ways of expres-
sing the atmospheric concentration
of CO2 or other gases. The Sl unit is
used here, pmol mol ", micromoles
per mole. Another unit in frequent
use is ppm, parts per million,
numerically equal to pmol mol”!
(since | pmol = | millionth of a
mole). Other alternative units are %
(per cent, parts per 100), or partial
pressure as Pa, Pascals. Thus 370
pmol mol™' = 37 Pa = 370 ppm =
0.0370%.
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_ACO,

P
R

(2.2)

R comprises components contributed respectively by the stomata, Rg; the cuticle,
R the boundary air layer, R,, and by the mesophyll tissue, R,. (Some authors refer
to conductances rather than resistances; conductance is the reciprocal of resistance,
[/R.) Because the stomatal and cuticular resistances act in parallel rather than in
series, the mathematical relationship between them is

(2.3)

=— 4 —

R(s+c) Rs  Re
But since values of R are 5001000 times higher than values of R, I/R. is negligible
compared with |/R and is consequently often omitted in calculations. The boundary
layer, stomatal and mesophyll resistances all act in series and consequently can be
added up to make R. If cuticular resistance is ignored, we can now expand Equation 2.2 :

ACO,

= ——— 2.4
R+ R+ R @4

Usually there is sufficient air movement to keep R, low relative to Rs and R, and
variation in wind speed, once above a minimum, does not have much effect on CO,
uptake. As stated in the text, mesophyll resistance R, does not vary once growth
has ceased. Hence R, the stomatal resistance, becomes the critical one.

Stomata

Most of the entry of CO, into photosynthetic tissues occurs through
the stomata (singular: stoma). These are minute structures in the
epidermis, consisting of two highly specialized elongate guard cells
enclosing a pore between them (Fig. 2.6). The guard cells are often
flanked by a few subsidiary (accessory) cells differing morphologic-
ally from the remaining epidermal cells. The shape of the guard cells
and the arrangement of their cell-wall thickenings ensure that when
the guard cells are more turgid than the subsidiary cells, the guard
cells bulge outwards into the subsidiary cells and separate in the
middle, opening the pore. When the guard cell turgor equals or is
less than that of the adjacent cells, the guard cells shrink together
and the pore closes. All intermediate stages between maximal open-
ing, as permitted by the elasticity of the walls, and complete closure
are possible. At full opening, the stomatal apertures of Phaseolus
vulgaris measure only 3x7 um, while fully open stomata of Zebrina
pendula reach pore sizes of 12x31 pm. In the grass family, Poaceae,
stomata are very elongate; a fully open stomatal pore of Avena sativa
(oat) measures 8x38 um. The stomatal frequency per cm? of leaf
surface usually ranges from c. 1000 to 200 000. The apertures are so
small that at the most 3% of the total leaf surface is occupied by the
pores. Yet an illuminated leaf absorbs CO, from the atmosphere with
great efficiency. A leaf can maintain a steep diffusion gradient for the
gas, and many small pores have a large amount of edge in relation to
their surface area. Gas diffusion through a hole is more rapid round
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the edges, where the molecules can fan out into the region of lower
concentration.

The stomatal resistance Ry is nevertheless appreciable and the rate
of photosynthesis depends very much on stomatal aperture; stomatal
closure can reduce photosynthesis almost to zero. Itis generally agreed
that stomata have evolved in response to the need of land plants to
permit the entry of CO, without excessive water loss. The high surface :
volume ratio of a leaf, which makes it an efficient absorber of CO, and
light, is equally conducive to water vapour loss. The cuticle protects
against water loss, but, as stated, is also highly impermeable to CO,. The
stomatal pores which provide for CO, entry obviously act also as chan-
nels for the exit of water vapour, but they can open or close according to
circumstances. Water stress has an overriding effect over all other
stimuli, causing stomatal closure. This occurs at quite moderate levels
of water stress, before wilting, i.e. the stomata do not close because of
flaccidity of the guard cells, but the decline in the plant’s water status
acts as a specific stimulus for closure. A hormonal signal appears to be
involved: the concentration of the hormone ABA (abscisic acid; see
Section 7.2.7) rises rapidly in response to water stress and ABA causes
stomata to close. The associated inhibition of photosynthesis is less
detrimental than desiccation would be.

In many species stomata show a diurnal rhythm, opening by day
and closing by night, light stimulating stomatal opening with blue
wavelengths being most effective. Accordingly the pores are open
during the period when light is available for photosynthesis; in the
dark, when CO, cannot be assimilated, water loss is minimized.
Stomatal opening is also promoted by low concentrations of CO,
within the leaf - a feedback type of control.

m The structure of stomata.

The drawings show surface views of
stomata. (A) Open stoma in a leaf of
mung bean (Vigna radiata) and (B)
closed stoma from a grass leaf.

G =guard cell; S = subsidiary cell.
The diagrams at the bottom of each
drawing indicate the direction of
cellulose microfibrils in the guard
cell walls. When the guard cells are
sufficiently turgid, they bulge apart
(A\), since the microfibrils cannot
stretch, and open the pore; in the
case of the grass stoma, only the
bulbous cell ends are able to
expand, again forcing the cells apart

in the centre. See also Fig. 3.15.
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Box 2.4

‘Phosphoglycerate’ is the anion of
phosphoglyceric acid, which can
dissociate to phosphoglycerate
ions and H™. The organic acids
found in cells are weak acids and at
the cytosolic pH they are largely
dissociated. Hence they are often
referred to by their anionic names
— phosphoglycerate, pyruvate, glu-
tamate, etc, although in formulae
the acid form is commonly given;
this terminology is followed in the
present text.

Complex physiological mechanisms underlie the changes
in guard cell turgor. The current view is that, basically, increases in
guard cell turgidity follow from an active pumping of K" (potassium)
ions into the guard cells, water then entering by osmosis. Decreases
in guard cell turgor are attributed to an outward leakage of K*
because of an opening of K" channels (Chapter 4) in the plasma
membranes. This opening is promoted by increases in cellular Ca**
concentrations caused by the closing stimulus. Chloride and malate
anions accompany the K* cations so that ionic balance is maintained.

242 The pathways of carbon dioxide fixation

The mechanisms of energy transduction and the synthesis of ATP and
NADPH are essentially the same not only in all flowering plants, but
in all land plants, algae and cyanobacteria. The mechanism of CO,
fixation, however, shows variations. The flowering plants can be
divided into three categories according to their strategies for CO,
fixation: the C; plants, the C4 plants and the CAM (crassulacean acid
metabolism) plants.

The C; cycle and C; plants

The C; cycle is the universal CO,-fixing cycle present in all CO,-fixing
photosynthetic organisms (Fig. 2.7). It is located in the chloroplast
stroma. The CO,-fixing enzyme of this cycle is Rubisco (ribulose-1,
5-bisphosphate carboxylase-oxygenase). Rubisco catalyses the reaction
of CO, with the 5-carbon (5-C) phosphorylated sugar, ribulose-1,
5-bisphosphate (RuBP), the CO, acceptor. The resulting 6-C compound
immediately splits into two molecules of phosphoglycerate, PGA (see
Box 2.4) and the PGA is reduced to triose (3-C, or C3) sugar in reactions
utilizing the products of the light reactions, ATP and NADPH:

CO, + RuBP — 2PGA (2.5)

and
2PGA + 2ATP + 2NADPH — 2C; + 2ADP + 2NADP* (2.6)

The name of the cycle derives from the fact that the first stable
products are three-carbon compounds. Some of the sugar formed is
withdrawn as C gain from the cycle and may be further processed to
starch; the rest is recycled to replenish the acceptor RuBP, using one
more molecule of ATP for every molecule of CO, fixed. The overall
stoichiometry is therefore

1 CO; : 3 ATP : 2 NADPH

A plant which fixes CO, exclusively by the C; cycle is known as a C3
plant. The great majority of flowering plant species are Cz plants.
Export of carbohydrate from the chloroplast is mainly as triose
phosphate, which is exchanged across the inner envelope membrane
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for Pi from the cytosol by a specific transport protein, the phosphate
translocator.

Whilst carbohydrate is the main photosynthetic product in flower-
ing plants, a proportion of the C; cycle intermediates is channelled
into the synthesis of amino acids and lipids.

Photorespiration
The net rate or amount of CO, fixation is given by the difference
between photosynthetic fixation and respiratory loss:

net photosynthesis = total (gross) photosynthesis — respiration

When leaf respiration rates are measured in the dark, they are low
compared with the net rate of photosynthesis under favourable con-
ditions of PFD, CO, concentration and temperature. Accurate values
for the respiration rate of a photosynthesizing organ in the light are
very difficult to obtain, for while respiration utilizes O, and evolves
CO,, photosynthesis utilizes CO, and evolves O,. Estimates can be

- MW A Summary of the C;

cycle of photosynthetic CO,
fixation. The enzymes catalysing
the numbered steps are:

® Rubisco; @ phospho-
glycerokinase; @ glyceraldehyde
phosphate dehydrogenase;

@ phosphoribulokinase.

® = phosphate group.
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made by the use of isotopes; for instance, radioactive *CO, can be
supplied for photosynthesis, while respiration is evolving unlabelled
CO,. By such means it has been found that in photosynthetic tissues
of C; plants, respiration is strongly stimulated by light. The light-
stimulated respiration does not follow the same biochemical path-
ways as the ‘dark’ respiration proceeding in all organs in darkness
and light. It is a distinct photorespiration, involving a special
organelle, the peroxisome, in addition to chloroplasts and mito-
chondria (Fig. 2.8). The substrate is the newly fixed organic carbon,
and a considerable loss of photosynthate can occur. Photorespiration
can reduce net photosynthesis by up to 50%; 15-25% reductions are
commonly quoted.

Photorespiration results from the potential for dual action by
Rubisco. In addition to carboxylating RuBP with CO,, the enzyme
can also oxygenate RuBP with O, to give one molecule each of PGA
and phosphoglycolate, a two-C compound (Fig. 2.9). The phospho-
glycolate becomes the substrate for photorespiration, with eventual
loss of CO,, the intermediates reacting in turn with enzymes in
chloroplasts, peroxisomes and mitochondria. The two gases CO,
and O, compete in the reaction catalysed by Rubisco. Hence
high levels of O, and low levels of CO, favour photorespiration,
while high CO, concentrations suppress it. Photorespiration is stimu-
lated by high irradiance, which may create a CO, shortage by
promoting rapid assimilation. High temperatures also promote

SR B Electron micrograph

from leaf of Agrostis stolonifera,
showing a ‘photorespiratory
assembly’ of closely adpressed
organelles: chloroplast, C;
mitochondrion, M; and peroxisome,
P. The crystal in the peroxisome is
catalase, an enzyme involved in
photorespiration.
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PHOTOSYNTHESIS PHOTORESPIRATION

HoCO(®) + CO, H2CO®) +0, H.co(®
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2 HCOH -— =0 ———————9p HCOH
I Carboxylation | Oxygenation I
COOH HCOH COOH
PGA | PGA
HCOH +
1 COOQH
H.CO@) |
Ribulose -1,5 - bisphosphate H.CO®
C3 CYCLE Phosphoglycolate

Photorespiratory reactions
CO; + PGA4——— in —

peroxisome and mitochondrion

photorespiration through rapid assimilation of CO,. Additionally,
with rising temperature the affinity of Rubisco for O, relative to
CO, becomes greater, whilst the solubility of CO, relative to O,
falls; this is relevant, for both gases must dissolve in cell water to
reach the reaction sites.

Photorespiration seems to be a wasteful process, dissipating
newly fixed C to CO, again and although some ATP is produced,
there is no net ATP gain. One view regards photorespiration as an
evolutionary accident. We know that photosynthesis originally
evolved in an atmosphere rich in CO, but devoid of O,. If
Rubisco by chance evolved with an oxygenase activity, this
would have been latent, with no evolutionary pressure against
it. Then, when O, accumulated in the atmosphere - as a result of
photosynthesis - the series of reactions we term photorespiration
evolved in response to the need to metabolize the phosphoglyco-
late, which must be removed or it accumulates indefinitely. A
mutant of Arabidopsis thaliana is unable to metabolize the phos-
phoglycolate and in normal air it dies; it can survive in an atmo-
sphere of 1% O,, which suppresses the oxygenase activity of
Rubisco. Alternatively, photorespiration has been assigned the
function of protecting the photosynthetic apparatus from damage
under conditions of high PFD and high temperature. Under these
conditions, the pigments may absorb more energy than can be
utilized in CO, reduction. As stated earlier (Section 2.3.3), if
photoexcited chlorophyll is unable to pass on electrons to normal
acceptors, ROS such as the superoxide radical are formed and
react destructively with photosynthetic pigments and other

Photorespiration: initial
reactions and summary.

® = phosphate group;

PGA = phosphoglycerate. The
oxygenation and carboxylation
reactions are both catalysed by
Rubisco.
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Box 2.5

Strictly speaking, the substrate for
PEP carboxylase is bicarbonate,
HCOs3', derived from CO2 by the
action of carbonic anhydrase
(Section 4.2.2, p. 105). The cellular
concentration of bicarbonate
depends on that of CO2 and it is
customary to give the Km value of
the enzyme in terms of CO2
concentration.

B ) . plane (barley,

Hordeum vulgare) and (B) C,4 plant
(maize, Zea mays) leaf cross-section,
both to same scale. The C4 plant is
distinguished by large bundle sheath
cells, B, rich in chloroplasts. E =
epidermis; chloroplasts shown
black.

components of thylakoid membranes. Photorespiration can dis-
sipate surplus energy by recycling the COs.

Photorespiration also results in a considerable cycling of nitro-
genous compounds; one can talk of the photorespiratory nitrogen
cycle. The processing of the glycolate involves amino acids as inter-
mediates, and for every molecule of CO, released, a molecule of
ammonia (NH3) is also produced. This is assimilated to glutamate
in the usual way (see Chapter 4), and the glutamate then returns to
the cycle.

The C,4 cycle and C, plants
Rubisco is not the only plant enzyme capable of fixing CO,. In some
species application of radioactive *C-labelled CO, to photosynthesiz-
ing leaves results in the tracer appearing first in the 4-C acids malate
and/or aspartate. Only after a time-lag does the radioactivity appear
in PGA and other Cj; cycle intermediates. As these experiments indi-
cate, these species run an additional reaction series, the C, cycle,
preceding the C; cycle in which the final CO, fixation takes place. The
C, cycle by itself cannot achieve a net fixation of CO,_ These plants are
known as the C, plants. In such plants there is typically a division of
labour between two types of photosynthetic cells, mesophyll and
bundle sheath. Both cell types are concentrically arranged round
the vascular bundles. In the mesophyll, which contacts the epider-
mis, the cells are loosely packed with air spaces into which the
stomata open. The bundle sheath cells are tightly packed around
the vascular bundles and have large chloroplasts (Fig. 2.10). This
leaf structure is known as ‘Kranz’ anatomy, from the German word
for wreath; the appearance of the bundle sheaths as seen in cross-
section is reminiscent of wreaths. The primary CO,-fixing enzyme of
the C, cycle is PEP carboxylase (phosphoenolpyruvate carboxylase)
which catalyses the reaction of CO, (see Box 2.5) with a 3-carbon
acceptor, phosphoenol pyruvate, to produce the 4-C acid oxalo-
acetate (Fig. 2.11). The PEP carboxylase is confined to, or mainly
concentrated in, the mesophyll cells and is present in their cytosol.
The oxaloacetate does not accumulate but is immediately either
reduced to malate or transaminated to aspartate, according to spe-
cies. These 4-C acids then travel to the bundle sheath cells where they
are decarboxylated to yield CO, again, which is fixed by Rubisco and
the C; cycle proceeds in the normal way. The Rubisco is confined to,
or concentrated in, the bundle sheath cells. The 3-C fragment left
after the decarboxylation of malate or aspartate returns to the meso-
phyll where it is reconverted to PEP, ready for another carboxylation.
There is much chemical traffic between the mesophyll and bundle
sheath cells, believed to occur by diffusion through plasmodesmata.
There is no evidence for active transport; the plasmodesmata are very
abundant and calculations indicate that, over the distances involved,
diffusion should be adequate.

The above may seem to be a roundabout way of fixing CO,. Extra
ATP, too, is needed; there are three biochemical variants of the C,
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cycle, requiring, according to the variant, four or five molecules of
ATP for every molecule of CO, finally fixed, compared with the three
ATP per CO, as needed for the C; cycle by itself. Actually the C, plants
are very efficient at fixing CO,. Firstly, PEP carboxylase has a higher
substrate affinity than Rubisco and, being in the outer cells, PEP
carboxylase captures the gas efficiently from its low concentration
in the air. But even more importantly, the C4 cycle acts as a mechan-
ism for concentrating CO, at the site of Rubisco; the cycle has been
called a CO, pump. The decarboxylation of the 4-C acids in the bundle
sheath cells results in a localized concentration of CO, 10-20 times
higher than the CO, concentration in photosynthetic cells of Cs

m Summary of the C4

cycle of photosynthetic CO,
fixation with particular reference to
the most common malate pathway.
Black arrows denote chemical
reactions, grey arrows movement of
chemicals between cells and
subcellular compartments. The
enzymes catalysing the numbered
steps are: O PEP carboxylase;

@ glutamate, 2-oxoglutarate
aminotransferase; @ malate
dehydrogenase; @ malicenzyme;

® pyruvate, inorganic phosphate
dikinase. ® = phosphategroup;

Pi =inorganic phosphate;
Pi~Pi=inorganic pyrophosphate.
Details of reactions involved in the
decarboxylation and recycling of the
malate to pyruvate have been
omitted. Aspartate, if formed, is
decarboxylated in the bundle sheath
cytosol and also eventually yields

pyruvate.
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Table 2.1 | Maximum rates of dry matter production by C; and C, crop
and pasture plants in the field, per unit leaf area. Energy conversion
efficiency is given as the percentage of intercepted light energy utilized.
From Hatch (1992).

Plant Dry matter production Energy conversion

type (g m? day ") efficiency (%)
Range Average Average

Cy 37-57 49 4.1

G 13-43 26 2.6

plants. Back-diffusion of the CO, is prevented by a very low perme-
ability to the gas at the bundle sheath/mesophyll interface. The high
concentration of CO, suppresses the oxygenase activity of Rubisco
and consequently suppresses photorespiration in C,4 plants, in which
photorespiration is virtually undetectable. The photorespiratory
enzymes are present in small amounts, and probably a low level of
photorespiration does occur, but the CO, thus released would be
captured by the PEP carboxylase in the mesophyll cells before it
could diffuse outside and be detected. Thus C4 plants can synthesize
efficiently at high PFD and high temperature; the optimum tempera-
ture for net photosynthesis in normal air is 30-40 °C for C4 plants,
against 10-25 °C for many Cs; species. Under optimal conditions of
light and temperature, C4 plants can attain, in the field, rates of net
photosynthesis averaging about twice those of C; plants (Table 2.1).
Sometimes the C, species have been termed ‘high photosynthesis
plants’ contrasted with the ‘low photosynthesis’ C; species, but this is
too sweeping a statement. When photorespiration is suppressed in C3
plants by high external levels of CO,, they can reach rates of net
photosynthesis as high as C, plants at high irradiances and high
temperatures. At lower levels of irradiance and temperature, when
CO, concentration is not limiting, C4 plants do not have an advan-
tage. It might be more appropriate to term C,4 species ‘low photo-
respiration plants’ than ‘high photosynthesis plants’.

C, plants also are more efficient at using water; they can photo-
synthesize efficiently without full opening of the stomata, and
thereby suffer less water loss per unit of C fixed.

Crassulacean acid metabolism (CAM) plants

There is a third strategy of fixing CO,, crassulacean acid metab-
olism or CAM. The name is derived from the family Crassulaceae in
which CAM was first observed, although it is by no means confined to
this family. In CAM plants the stomata typically open at night and
close by day. During darkness, CO, is fixed by PEP carboxylase to
form malate, as in C,4 plants, and the malate is stored in vacuoles. The
PEP is derived from stored carbohydrate. The photosynthetic tissues
of CAM plants are succulent, with very large vacuoles, and the
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vacuolar pH falls sharply at night (dark acidification). The nightly
fixation is promoted by low temperatures. During the day, the PEP
carboxylase is inactivated by light, and the malate is transported to
the cytosol and decarboxylated to provide CO, for Rubisco and the C3
cycle. Biochemically CAM is very similar to C, photosynthesis, but
whereas in C,4 plants CO, fixation by PEP carboxylase and by Rubisco
occur simultaneously but separated in space, in different cells, in
CAM plants the two enzymes act in the same cells but sequentially,
separated in time. CAM metabolism enables plants to conserve water
by closing the stomata in the heat of the day, when transpiration
would be most rapid. The large vacuoles also serve for water storage.
CAM plants are extremely economical on water. But the advantage
has its price. To provide a supply of PEP during the night requires
both substrate and energy; in CAM plants the ATP requirement is
5.5-6.5 ATP molecules per molecule of CO, fixed, and substrate
equalling 20% leaf dry weight can be respired nightly. The small
surface : volume ratio of succulent organs is moreover unfavourable
for gas exchange, and the rate of net photosynthesis of CAM plants is
low, as is their growth rate.

The taxonomy, ecology and evolution of C3, C, and CAM plants
The majority of flowering plant species are C; species, with C4 plants
accounting for only about 1%, while species exhibiting CAM have
been estimated at 5-10%. In assessing their importance, however,
their overall biomass as well as species numbers must be considered,
and in fact C4 and CAM plants are of considerable importance eco-
logically and to some extent also agriculturally.

Both groups of plants are confined to a limited number of families
and also have characteristic ecological distributions. C4 photosynthesis
is particularly associated with tropical and semitropical grasses.
Sixty per cent of all C4 species belong to the Poaceae (grasses including
cereals); this includes the two very important and highly productive
crops, maize (Zea mays) and sugarcane (Saccharum officinarum). It also
includes eight grasses considered at least by some authors to be among
the world’s most troublesome weeds. Another 32% of C, species
can be found in five other families: Amaranthaceae, Asteraceae,
Chenopodiaceae, Cyperaceae and Euphorbiaceae, with the remainder
scattered as odd genera or species amongst another dozen families. No
flowering plant family is known to consist exclusively of C, species.
Almost all C, species are natives of warm habitats; few are found in
temperate zones and none in arctic regions. C4 plants are, as stated
earlier, adapted to take advantage of high temperatures and high
irradiance and to conserve water, which also can run short in warm
climates.

CAM plants are found in about 30 flowering plant families,
although 80% of the species belong to five families: Cactaceae and
Crassulaceae (consisting exclusively of CAM species), Aizoaceae,
Bromeliaceae, and Orchidaceae. Some families include examples
of both CAM and C, plants, e.g. Asteraceae and Euphorbiaceae.
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Economically CAM plants do not make a great contribution; the
pineapple (Ananas comosus), the vanilla orchid (Vanilla fragrans) and
agave (Agave americana) are CAM crops. The significant feature of CAM
plants is water conservation, and they are found in arid regions. The
succulent flora of a hot desert may consist nearly entirely of CAM
species. But CAM plants are found also in water-poor niches in tem-
perate climates; such are, for example, the stonecrops (Sedum spp.)
which grow on stony ground. Another large group of CAM plants
embraces the bromeliads and orchids growing epiphytically on trees
in tropical rainforests. One thinks of rainforests as very wet areas; but
epiphytes, which have no access to soil water, may be water-limited
even in a humid climate and at the top of the canopy, humidity levels
during the day can be very low.

There are facultative CAM plants (C;-CAM intermediates), which
can switch from C3; metabolism to CAM in response to water stress;
an example is the ice plant (Mesembryanthemum crystallinum) from the
Mediterranean region. The aquatic plant Hydrilla verticillata on the
other hand develops C, characteristics in response to a low level of
CO,. In some species the induction of CAM is rapidly reversible, in
others it is permanent. Under certain environmental conditions,
some CAM intermediates do not close stomata fully by day and thus
fix CO, by day and night.

It is believed that both C4 photosynthesis and CAM arose several
times independently in evolution, since both types of metabolism are
found in totally unrelated families, including monocotyledons and
dicotyledons, which diverged very long ago; CAM is exhibited also by
some spore-bearing plants. One genus can contain representatives of
all three photosynthetic types: Euphorbia corcollata - Cz; E. maculata -
C4; E. grandidens - CAM. The selection pressure for CAM has obviously
been water stress. It has been suggested that the evolution of C,4
photosynthesis has been stimulated by the decline in atmospheric
CO, levels which occurred from 120 to 30 million years ago.
Evolution is considered further in Section 2.7.1.

2.5 | Limiting factors for photosynthesis

A leaf is photosynthesizing in a garden. What determines its rate of
photosynthesis at a given moment? This is not an easy question to
answer.

2.5.1 Limitation in the short term

The rate of photosynthesis is affected by the PFD, CO, concentration,
temperature, wind speed, the plant’s water status and the degree of
stomatal opening. The levels of some inorganic nutrients, too, may
affect the rate; e.g. an adequate phosphate supply is critical for
maintaining the levels of phosphorylated intermediates, and for
normal opening of stomata. The effect of varying any one of these
factors depends on the value of the others so that, in a sense, the rate
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is determined by all these factors acting together. The rate also
depends on the intrinsic capacity of the particular system being
observed; the leaves of two different species side by side in the garden
will probably not have the same photosynthetic rates. It is, however,
possible that one particular factor is limiting the process at a par-
ticular time. If photosynthesis is light-limited, then only an increase
in the PFD will achieve an increase in the rate (and of course a
decrease in PFD will cause a fall in the rate). But an increase in the
irradiance level may bring the plant to a state where the CO, con-
centration becomes limiting, or temperature. At dawn on a warm
summer morning, a well-watered plant would be light-limited; by
midday the CO, concentration is most likely to have become the
limiting factor. A final maximal limit to the rate of photosynthesis
would be set by the plant’s photosynthetic system. In the field, a
plant would very seldom be functioning at its theoretical maximal
photosynthetic capacity, i.e. with all the external controlling factors
at their optimum levels. Photosynthesis is also subject to controls
from the rate of utilization of photosynthate: accumulation of end
products in leaves is inhibitory, utilization by growing areas (‘sinks’)
is stimulatory.

The effects of temperature on photosynthesis are complex.
Temperature has no effect on light absorption and on the primary
photochemical reactions, which proceed with a Q¢ of 1. (The Q40 is
the ratio of the rate of a process at [x + 10] °C to its rate at x °C.) Except
for the primary energizing of the reaction centres, photosynthesis
involves thermochemical reactions and the overall process shows a
Q 1o of 2-3 (except at a very low PFD when the photochemical reac-
tions are limiting), up to the temperature optimum of the particular
plant. But temperature has indirect effects on photosynthesis, high
temperatures promoting water loss, with decrease or even complete
closure of stomatal apertures.

2.5.2 Long-term effects; global limitation

The photosynthetic capacity of a plant, or plant organ, depends on
the conditions under which it develops. A deficiency of inorganic
nutrients will result in poor development of the photosynthetic
apparatus. In particular, nitrogen is needed in relatively high
amounts; Rubisco normally forms 20-25% of total leaf protein and
the thylakoid membranes have a high protein content; chlorophylls
are nitrogenous compounds. Leaves grown under N-deficient con-
ditions will therefore have lowered rates of photosynthesis. The
temperature at which a plant develops affects the amount of photo-
synthetic apparatus formed per unit leaf area, lower temperatures
resulting in higher levels of chloroplast components. The effect of
irradiance levels on the development of the photosynthetic appar-
atus has already been discussed (sun and shade plants, Section 2.3.3).
Thus while the rate of photosynthesis of the leaf photosynthesizing
in the garden may at a particular moment be limited by one
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particular factor, it is also limited by the capacity of its photosyn-
thetic system, which during leaf growth will have been subject to
various influences.

To take a global and long-term view, the availability of water is
thought to be the most critical limiting factor for photosynthesis
on dry land, and hence for agricultural production; famine caused
by drought has scourged humanity down the ages. Not only is
water one of the raw materials for photosynthesis, but water stress
causes stomatal closure and has deleterious effects on numerous
plant processes, which can impinge on photosynthesis. The most
productive plant communities are the ones best supplied with
water.

So here is the paradox. The basic requirements for photosynthesis
are light, CO, and water. Of the PAR reaching the earth’s surface,
perhaps some 0.15% is used in photosynthesis; of the available CO,,
only a fraction is fixed. Nearly four-fifths of the globe is covered by
water. Yet shortages of light, CO, and water keep limiting photo-
synthesis. One aspect of the problem is that all the necessities are not
always plentiful in the same place simultaneously, and combined with a
suitable temperature and an adequate nutrient supply. A bright
sunny day may be too dry; a rainy day may have a limiting level of
irradiance. There is an inexhaustible supply of water in the oceans,
but a cactus in the Arizona desert is in a decidedly dry place. Light is
bound to become limiting at dawn and dusk. As regards CO,,
although the total global store is very large, its concentration in the
air (and water in equilibrium with the air) is low, and reaction rates
are determined by concentrations.

2.6 | The efficiency of energy conversion in
photosynthesis

As discussed at the beginning of this chapter, photosynthesis is
essentially a process of energy conversion. The efficiency of this
conversion can be considered at a range of levels, from the quantum
efficiency (thermodynamic efficiency) of the biochemical energy
conversion process, to the efficiency of biomass production on the
ecological scale, or even ultimately the efficiency of yield of an
agricultural product. These levels are treated in turn.

2.6.1 Quantum efficiency
The overall process of photosynthesis can be expressed by the van
Niel equation:

CO; + 2H,0 — [CH,0] + H30 + O, (2.7)

where [CH,O] represents one-sixth of a carbohydrate molecule.
However, the radiant energy is used in the first instance to synthesize
ATP and NADPH, of which minimally three and two molecules
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respectively are needed to reduce one molecule of CO,; hence the
gain in free energy, AG, per mole of CO, fixed into carbohydrate,
must be calculated as follows (Pi = inorganic phosphate):

2H;0 + 3ADP + 3Pi + 2NADP* — 3ATP + 2NADPH + 2H"

AG = 565 k] (2.8)

The positive value of the free energy, AG, indicates an energy gain, or
input. For C; and CAM plants the extra synthesis of ATP must be
taken into account. The energy input of course comes from the light.

Light has a dual nature. Although it travels as a continuous wave
motion, it can also be regarded as composed of particles, photons,
each associated with one quantum of energy. Quanta are indivisible
and as explained in Section 2.3.3, one quantum at a time is absorbed
by amolecule and energizes one photochemical reaction. The energy
per quantum is not a constant but it varies inversely with the wave-
length, i.e. light with twice the wavelength has half the energy per
quantum. Taking red light at 670 nm as an example, it can be
calculated that if one quantum at 670 nm is allowed per every
molecule of CO,, the energy provided per one mole of CO, is
179 KJ. This is well short of the theoretical minimum of 565 k] needed
per mole CO,; obviously more than one quantum is used for every
molecule of CO,. Many experimental measurements have given
values of 8-12 quanta per molecule of CO, and the most generally
accepted scheme of the light-driven reactions is compatible with a
value of 8. This corresponds to an efficiency of energy conversion of
about 30%. Some reports claim a higher efficiency with only 5-6
moles quanta required per mole CO,, which would raise the effi-
ciency of energy conversion to 40-48%. On the other hand, for C,
and CAM plants the quantum efficiency is lower because of their
need for more ATP per mole CO,.

Quanta at the blue end of the spectrum, with shorter wave-
lengths, have a higher energy value per quantum. However, the
quantum requirement per molecule of CO, is the same throughout
the PAR range: the higher energy of the shorter-wavelength quanta is
lost as heat because, as a first approximation, the energy level of
light-excited chlorophyll molecules corresponds to the quantum
energy of red light. In terms of joules of energy conserved, red light
can be said to be most efficient. According to the wavelength, the
efficiency of energy conversion (taking the quantum requirement as 8
quanta per 1 molecule of CO,) varies over the spectrum from about 22
to 35%, whilst the quantum requirement does not vary throughout the
PAR. (Some workers prefer to use the quantum yield, molecules of CO,
fixed per quantum, instead of the quantum requirement; e.g. a quan-
tum requirement of 8 corresponds to a quantum yield of 1/8 = 0.125.)

2.6.2 Efficiency in the field; crop efficiency
The efficiency of energy conversion as calculated above applies only
for the quanta actually utilized by the photosynthetic pigments. Of the
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radiation absorbed by a photosynthetic organ, some will also be
absorbed by other molecules and will be transformed to kinetic
energy, heat, to be ultimately re-emitted as infrared radiation. The
quantum efficiency calculated for the total light absorbed by a leaf
will therefore be less than the values presented in Section 2.6.1. The
efficiency in terms of total incident radiation falling on an area of
vegetation will be much lower still, for some of the light will be
transmitted or reflected and some will fall on barren ground. Thus
the proportion of incident light energy utilized for photosynthesis in
the field is much lower than the 22-35% efficiency of energy con-
version calculated in the preceding section. Under the best field
conditions, the maximum gross photosynthesis may achieve a util-
ization of the order of 10% of the incident PAR. The efficiency
becomes much lower if averaged over an extended timescale includ-
ing unfavourable seasons and periods of dormancy. Water stress,
limiting availability of CO,, and disease can further decrease the
efficiency. Moreover, a considerable proportion of the photosynthate
is respired by the plant. When all these losses are taken into account,
even under conditions of intensive agriculture, dry matter production
by a crop over a growing season works out at equivalent to a conserva-
tion of less than 1% of the solar energy available. The energy conserved
in the utilizable harvest product (seeds, tubers) will be less still.

2.6.3 Prospects for improving crop efficiency

We have just seen that less than 1% of the available PAR is realized as
harvestable product. Earlier (Section 2.2.1) we also saw that global
photosynthesis utilizes only a fraction of the atmospheric and oceanic
C stores per annum. The potential for improved photosynthetic effi-
ciency of crops is theoretically present as far as the supplies of light
and CO, go.

The quantum efficiency of energy conversion, equivalent to a
utilization of some 22-35% of the available energy, is much higher
than the overall storage of less than 1% of the available incident
energy in organic material, over a growing season. The efficiency of
energy conversion, once a quantum has been absorbed by a pigment
molecule, is thus not the limiting factor. Since an appreciable frac-
tion of the incident PAR fails to be absorbed by plants, one approach
might be to try to increase the absorption of light by crops. The ratio
of leaf area to ground area is called the leaf area index (LAI), and an
increased LAI might lead to increased light absorption; on the other
hand, an excessive LAl would lead to severe mutual shading of leaves
and defeat the object by decreasing light absorption by the lower
leaves. The ideal values can be determined by computer modelling.
Plants with roughly vertical leaves, such as cereals, are the best
candidates for benefiting from a high LAI, since with vertical leaves
mutual shading is minimal. Photosynthetic yields have been
improved in wheat (Triticum aestivum) and maize by breeding for an
increased LAI.
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C4 plants can attain, in the field, rates of net photosynthesis aver-
aging twice those of C; plants (Table 2.1). Nearly all important crop
plants of the world are C; species, but the C, crops maize and sugar-
cane are very productive. Ever since the C, pathway was discovered,
scientists have been mooting the idea of trying to convert C; crops to
C, metabolism, with the hope of boosting net photosynthesis and
harvest yield. Techniques of genetic engineering now permit us to
transfer genes between species, but C, photosynthesis does not
depend on a single extra gene or even on a few defined extra genes.
The enzymes of the C, cycle are in fact not unique to C4 plants; nearly
all are present in all flowering plants, though amounts may be low.
What is unique to C, plants is a combination of properties: the quan-
tity in which the enzymes are found and the way in which they are
partitioned between the mesophyll and bundle sheath cells; the
morphology of the leaves; and the transport and permeability proper-
ties of the mesophyll/bundle sheath interface. To transfer the entire
‘C4 syndrome’ is a pretty tall order. Many genes - including some as yet
unidentified - must be involved. Any genetic engineering not only
needs to achieve transfer of genes, but must also ensure that particular
genes are expressed in the appropriate cells only. Nevertheless, pro-
gress in understanding genetic control of the cycle is being made. Even
single-gene transfer has potential: the transfer of multiple copies of
the maize PEP carboxylase gene into the C; cereal rice has resulted in
high levels of the enzyme and a reduction in photorespiration (Ku et al.
1999). But overexpression of C, enzyme genes has also led to metabolic
disturbances and stunted growth.

It should also be remembered that C, photosynthesis is not
a universal prescription for high photosynthetic rates, but confers
an advantage only under appropriate environmental conditions,
i.e. high temperature and high PFD, when the CO, concentration
becomes limiting. Hence the value of converting temperate-zone
crop plants is doubtful, especially since now the atmospheric CO,
concentration is increasing and the CO, limitation of Cz plants
should become less marked (Section 2.7).

The high net rates of photosynthesis of C, plants are in the last
analysis largely the result of their lack of photorespiration. Perhaps
then one can improve the photosynthetic performance of C; plants
by the simpler expedient of suppressing photorespiration? Since
phosphoglycolate cannot be permitted to accumulate, suppression
must be achieved at its source: one needs to eliminate the oxygenase
activity of Rubisco, or at least to lower it substantially. Attempts
in this direction by modifying the protein’s structure are, how-
ever, being frustrated by the fact that the two gases react at the
same catalytic site. To date, modifications to the active site have
changed the reactivity of the enzyme more or less equally towards
both substrates (e.g. Whitney et al. 1999, Spreitzer & Salvucci
2002). There are naturally occurring variations in the carboxylase/
oxygenase ratio of the enzyme, but a reduced oxygenase activity is
associated with an overall lowering of the catalytic rate. That is
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undesirable: Rubisco already has a low turnover number, presum-
ably compensated for by its concentration in chloroplasts, which is
unusually high for an enzyme. Whether suppression of the oxygen-
ase activity is a viable proposition depends also on whether photo-
respiration can be eliminated without inducing photooxidation; but
this can be tested only on a plant where the suppression has been
achieved.

The introduction of C, photosynthesis, or changing the molecular
structure of Rubisco, would be direct ‘improvements’ of the photo-
synthetic apparatus. One can also try to improve yield by means
which do not target the photosynthetic apparatus directly. One pos-
sibility is the introduction of genes for drought resistance, for photo-
synthesis is very sensitive to water stress (Chapter 13). Similarly,
since pests and diseases account for enormous agricultural losses,
yields would be increased by engineering pest-resistant and disease-
resistant crop plants. In many situations, such indirect approaches
indeed seem more promising, for water stress, disease, and damage
by animals, especially insects, frequently limit the harvest yield to a
greater extent than the capacity of the photosynthetic apparatus.
Some progress has already been made along these lines. The genes
for the toxin synthesized by Bacillus thuringiensis have been inserted
into plant genomes and have conferred protection against insect
attack. Another approach has been to breed for an increased harvest
index, that is for more partitioning of the photosynthate to the
harvestable product - seeds, fruits - compared with the rest of the
plant body. Seed weights of up to 50% of the above-ground biomass
have been obtained in wheat, rice (Oryza sativa), oats (Avena sativa) and
barley (Hordeum vulgare) in this way. Before any attempts to improve
productivity, one needs to understand what is limiting the product-
ivity, so that this limitation can be targeted.

2.7 | Photosynthesis and the increase in atmospheric
carbon dioxide

The concentration of CO, in the earth’s atmosphere is increasing
rapidly. After remaining essentially steady at 280 pmol mol™* for the
last 50 000-60000 years, as indicated by air bubble analysis from
Antarctic ice, it started rising in the early 1800s. By now the value is
around 370 pmol mol ™" and it is rising at a rate of about 1.8 pmol mol™*
per year. The rise is accelerating, so that by the end of the twenty-first
century the concentration may be expected to have doubled to about
700 pmol mol ™. This rise is the result of human activity - the burning
of coal, oil, gas and wood. The destruction of forests, both tropical and
north temperate/boreal, is moreover decreasing the potential for
photosynthesis. Fear of the ‘greenhouse effect’ and rising of global
temperatures as a result of the accumulation of CO, is spurring the
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world’s governments to contemplate the curbing of CO, emissions, but
action has been minimal and it is obvious that no curbs will make a
significant impact before global CO, levels are much higher than now.
Too many people derive an economic advantage from activities that
contribute to rising CO, levels.

Atmospheric CO, levels have been very far from constant during
the history of the earth. The recent level of 280 pumol mol™" was
probably the lowest since the dawn of life some 3500 million years
ago. Analysis of ocks has suggested a value of around 5600 ymol mol™*
for the Upper Ordovician, shortly before the first land plants emerged,
and 1500-3000 pmol mol ™" for the Mid-Cretaceous period, when the
flowering plants began to spread and evolve rapidly. Since then the
levels have been falling (with some fluctuations) until the current rise
began. Flowering plant evolution has proceeded during a period of
(mostly) falling CO, concentration and, as indicated previously
(Section 2.4.2, p. 30), this drop in CO, levels has been suggested as
the evolutionary pressure responsible for the emergence of C, photo-
synthesis. The present-day existence of C; - C4 intermediate plants,
with partial C4 characteristics, has been interpreted as evidence that
the evolutionary pressure is still acting on plants. One possible
response of flowering plants to rising CO, levels could be that such
evolution is slowed, if not stopped. This, however, is a long-term effect;
most interest is concentrating on the direct effect of the rise in CO,
concentration on the flora as it currently exists.

Experiments have of course been carried out on the effects of
exposing plants to raised levels of CO,, usually up to 700-1000 pmol
mol™'. The immediate response of Cs plants is an increased rate of
photosynthesis per unit leaf area. In longer-term studies, the
enhancement of photosynthesis is usually accompanied by increased
growth and greater accumulation of biomass. But stomatal conduct-
ance decreases: CO, stimulates (partial) stomatal closure and, in
plants grown at elevated CO, levels, stomatal density per unit
leaf area is reduced. In C, plants the stimulatory effect of higher
CO; concentration is less; one review quotes growth enhancements
of 40-44% for C; plants and 22-23% for C, species. For CAM
plants, data are fewer but dry mass increases of 17-51% have been
reported.

Numerous earlier studies on plants exposed to high CO, con-
centrations showed what has been termed acclimation: the initial
stimulation of rates of photosynthesis and growth failed to be
maintained. But this applied to plants grown in containers,
where nutrient shortage was possible. Acclimation has not been
detected over several years in field experiments where trees grow-
ing in a forest have been treated in situ by pumping CO,-enriched
air around them (this technique is known as FACE, Free Air CO,
Enrichment). It has, however, become clear that for increased crop
yields under increased CO, levels, maintenance of adequate levels
of nutrients, especially nitrogen, is vital, otherwise nutrient lim-
itation sets in.
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Predictions of the effect of atmospheric CO, enrichment are ham-
pered by the complexity of interaction between all the factors that
influence photosynthetic rate (Section 2.5). Nevertheless the general
consensus of opinion, based on experimental studies complemented
with mathematical modelling, is that the rising CO, level will result
in a rise in the overall global rate of photosynthesis: plants would
benefit (Kirschbaum 1994). Photosynthesis being more sensitive to
CO, concentrations at higher temperatures, the stimulation would
be more pronounced in warmer regions. The stimulation would also
be particularly important under conditions of water shortage, when
stomatal apertures are small; a higher CO, concentration increases
its rate of diffusion. C3 plants would gain more than C, plants and
become more competitive in the warmer and drier regions of the
world. Over the long term, species composition of plant communities
would change. There is already evidence that in the Great Plains of
the USA, C; plants have gained in dominance since the end of the
nineteenth century.

Plants are not passively at the mercy of ambient CO, levels. As
elevated CO, levels stimulate the rate of photosynthesis, this will
remove the gas at a faster rate. The fall in atmospheric CO, levels
through the geological ages has been attributed at least partly to
photosynthesis. Possible effects on plant respiration, too, have to be
remembered, but the data on this are unfortunately very contradic-
tory. On average, there is some evidence for a lowering of plant
respiration rates by increased CO, concentrations, of the order of
10%, but doubt is being cast on earlier reports on the grounds of
methodology. There are altogether still too many unknowns to
predict when or at what concentration of CO, an equilibrium might
be re-established. Our understanding of the effects of CO, concentra-
tions on plants in the long term is still very modest, especially when it
comes to mixed natural communities. The effect would depend
strongly on temperature. The majority opinion associates the rise in
atmospheric CO, levels with the ‘greenhouse effect’, a rise in tempera-
ture. An opposing view is that there will be increased cloud cover
which will reflect so much of the incoming solar radiation back into
space that the net effect will be a cooling - and increased cloudiness
will decrease photosynthesis. Finally, the potential for photosynthesis
will depend on the amount of plant biomass, and this is being dimin-
ished by deforestation, by desertification following agricultural mis-
management, and by urban development.

2.8 | Respiration: the oxidative breakdown of
organic compounds

2.8.1 The overall process and respiratory substrates
Earlier in this chapter (Section 2.2.1, Fig 2.1) it was discussed how
respiration counterbalances photosynthesis in the biosphere,
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oxidizing the C fixed in photosynthesis to CO, and water again.
Most of the respiration is aerobic and utilizes the O, produced in
photosynthesis, so that the O, is recycled as well. The primary
function of respiration is to provide for the energy needs of living
cells: some of the potential energy of the oxidizable substrates is
conserved in ATP (Fig. 2.1). Respiration is sometimes described as
being ‘the reverse of photosynthesis’. Chemically, the overall result
of respiration is the reverse of that of photosynthesis; taking carbo-
hydrate as the end product of photosynthesis or the substrate of
respiration, one can write

respiration

[CH,0], + x O,

photosynthesis

With respect to the reaction mechanism, however, respiration as a
whole is not the exact reverse of photosynthesis, although there are
many common intermediates, and some reactions do run in the
reverse direction in the two processes. Quantitatively, the amount
of photosynthesis by a plant must exceed its respiration or a positive
mass balance would be impossible. It has been estimated that a
flowering plant respires daily 30 to 70% of its photosynthate, not
counting any photorespiratory losses that may have occurred
(Lambers 1997).

In most plant tissues, carbohydrate is the main respiratory sub-
strate, entering the oxidative pathways as hexose sugars. Such sugars
are metabolically reactive and are not stored in cells in large
amounts. Carbohydrate is stored as polysaccharides of which starch,
a glucose polymer, is the most common; it is insoluble and forms
starch grains in plastids. Some species store fructosans, soluble poly-
mers of fructose, in vacuoles. The disaccharide sucrose is the main
vacuolar store in yet other plants, and sucrose is also the most
common form in which carbohydrate is transported in plants. All
these more complex carbohydrates have to be hydrolysed to their
hexose monomers for respiration. Many seeds store lipids as oil and
this can serve as respiratory substrate, although most of the lipid
store is converted to carbohydrate before being respired. Protein is
not commonly utilized as a respiratory substrate, but C skeletons
from amino acids can enter the respiratory pathways. During starva-
tion, or senescence, and during reserve mobilization in seed storage
tissues, there is large-scale hydrolysis of proteins and respiration of at
least part of the amino acid pool.

Much of the basic biochemistry of respiration is common to
organisms from all the living kingdoms, though some details may
be specific to plants. With reference to photosynthetic organisms,
the respiration which passes through the universal respiratory path-
ways, as described below, is often termed dark respiration, to distin-
guish it from the unique, photosynthesis-linked photorespiration
(Section 2.4.2). The so-called dark respiration still proceeds in photo-
synthetic tissues in the light.
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m Summary of

glycolytic pathway of respiration.
The enzymes catalysing

the numbered steps are:

@ hexokinase; @ glucose
phosphate isomerase;

® 6-phosphofructokinase;

@ aldolase; © triosephosphate
isomerase; ® glyceraldehyde
phosphate dehydrogenase;

@ phosphoglycerate kinase;
phosphoglyceromutase;

® enolase; @ pyruvate kinase.

® = phosphate group; Pi = inorganic
phosphate. Reactions 2 and 5 are
isomerization reactions. Note that
all reactions from 6 onwards occur
twice for every molecule of hexose

entering the pathway.

As in the case of photosynthesis, which proceeds in two stages,
one can distinguish two stages in respiration: the stage of breakdown
of substrate, which yields CO, and reduced coenzymes, NAD(P)H; and
the stage of terminal oxidation, which achieves oxidation of the
reduced coenzymes. Both of these stages yield ATP, but by far the
greater proportion is produced during terminal oxidation.

2.8.2 Pathways of substrate breakdown

Glycolysis

The word glycolysis means ‘sugar breakdown’; it brings about the
oxidative breakdown of glucose to pyruvate, as illustrated in Fig. 2.12.
The glucose is first converted to fructose-1,6-bisphosphate by
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phosphorylation at the expense of ATP, catalysed by hexokinase,
followed by isomerization and a second phosphorylation by
phosphofructokinase. The fructose-1,6-bisphosphate is cleaved by
aldolase to the two triose sugar phosphates, 3-phosphoglyceraldehyde
and dihydroxyacetone-3-phosphate. Now comes the oxidative reaction:
the 3-phosphoglyceraldehyde is oxidized by glyceraldehyde-phosphate
dehydrogenase to 1,3-phosphoglycerate (PGA) and the coenzyme NAD"
is reduced. The 1, 3-PGA donates a phosphate group to ADP to synthesize
ATP, catalysed by PGA kinase, a process known as substrate level phos-
phorylation. After some molecular rearrangements, phosphoenolpyru-
vate, PEP, is formed and pyruvate kinase catalyses a second substrate
level phosphorylation to give the end product of glycolysis, pyruvate.
Since all the reactions from the oxidation step onwards proceed twice
per molecule of glucose, 4 ATP per 1 glucose can be formed; but 2 ATP
are used to prime the system, so that the net gain is 2 ATP per 1 glucose:

CgH1206 + 2 ATP + 2 NAD* — 2 C3H4O5 + 4 ATP + 2 NADH + 2 H*
(2.10)

All the C of the glucose is still in organic combination, i.e. no CO, has
been evolved and most of the potential energy of the glucose is still
present in the pyruvate and the NADH; the net gain of 2 ATP repre-
sents a very small percentage of the potential total energy. It may also
be noted that no O, has been used: glycolysis is an anaerobic
pathway.

Substrates can enter the glycolytic pathway at several points.
Fructose-6-phosphate may come from the hydrolysis of fructans or
sucrose, or from the PPP (see below). Triose sugar phosphates are
transported out of chloroplasts in the light and may also be derived
from the PPP. Starch hydrolysis by the starch phosphorylase enzyme
produces glucose-1-phosphate, which is easily isomerized to glucose-
6-phosphate. When such phosphorylated sugars enter glycolysis, one
or both of the priming reactions with ATP is/are bypassed and the ATP
gain is correspondingly greater. Intermediates can also be withdrawn
into other metabolic sequences from the glycolytic pathway at vari-
ous points before pyruvate is produced.

The complete glycolytic sequence is located in the cytosol. In
plant cells, however, isozymes of all the glycolytic enzymes are
additionally found in plastids. (Isozymes are variants of an
enzyme, catalysing the same reaction, but differing slightly in
structure and properties such as substrate affinity; isozymes may
be coded by different genes, or their differences may result from
post-transcriptional or post-translational modifications.) The func-
tion of glycolysis in plastids appears to be the production of
pyruvate for fatty acid biosynthesis, a process confined to plastids
in plant cells and particularly active in seed tissues synthesizing
oil as nutrient store. Photosynthetic CO, metabolism involves
several reactions catalysed by glycolytic isozymes, but in the
opposite direction to respiratory reactions. For instance, in the
Cs cycle (Fig. 2.7) chloroplast aldolase catalyses the condensation of
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m Summary of the

pentose phosphate pathway (PPP)
of respiration. The enzymes
catalysing the numbered steps are:
@ glucose-6-phosphate
dehydrogenase and @ 6-
phosphogluconate dehydrogenase.
® = phosphate group. One turn of
the cycle effects the oxidation of
one-sixth of an individual molecule
of glucose; or, as shown, if

six molecules of glucose enter the
cycle, the equivalent of one
molecule of glucose is lost as CO,,
and the equivalent of five molecules

is recycled.
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triose phosphates to fructose-1,6-bisphosphate; in glycolysis, cyto-
solic aldolase cleaves the sugar.

The pentose phosphate pathway, PPP

This reaction series is also known as the hexose monophosphate
shunt, or as the oxidative pentose pathway, OPP, to distinguish it
from an alternative name for the C; cycle, which is sometimes
termed the reductive pentose phosphate pathway. The PPP is
located in the cytosol. It is outlined in Fig. 2.13.

The starting substrate for the PPP is glucose-6-phosphate (or glu-
cose followed by the hexokinase reaction). The PPP commences with
the oxidation of glucose-6-phosphate to 6-phosphogluconate, fol-
lowed by an oxidative decarboxylation of the gluconate to ribulose-
5-phosphate with the release of CO,. The respective enzymes for
these two reactions are glucose-6-phosphate dehydrogenase and
phosphogluconate dehydrogenase; the coenzyme which receives
the H equivalents from both reactions is NADP*. The ribulose-5-
phosphate is recycled to glucose-6-phosphate:

6 ribulose-5-phosphate —— 5 glucose-6-phosphate (2.11)

The recycling reactions here are largely a reversal of the C3 cycle
reactions which regenerate the CO, acceptor ribulose-1,5-bisphosphate,
but no ATP is expended and the chloroplast and the cytosol each has a
distinctive set of isozymes, just as for glycolytic ones.

The balance sheet for the PPP is shown in Equations 2.12 and 2.13;
to be able to work with whole molecules, one must start with 6
hexose (Cg) molecules. Phosphates have been omitted for simplicity.

6 C¢ + 12 NADP" —— 6 CO, + 5 Cg + 12 NADPH + 12 H"
(2.12)
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This reduces to:
Cg + 12 NADP' — 6 CO, + 12 NADPH + 12 H* (2.13)

The PPP thus does achieve the complete oxidation of glucose to CO-,
but without ATP formation; there is no substrate-level phosphoryl-
ation involved. The major function of the PPP is thought to be the
provision of NADPH for reductive biosyntheses, e.g. lipid formation,
and for the production of metabolic intermediates; the pentose
sugars can be utilized for nucleotide synthesis. (Some of the NADPH
may be oxidized by mitochondria with ATP formation: see Section 2.9,
terminal oxidation.)

The Krebs cycle

The Krebs cycle is the reaction series which achieves the complete
oxidation of pyruvate (coming mainly from glycolysis) to CO,, It is
located entirely and exclusively in the mitochondria. The reactions
are summarized in Fig. 2.14.

The pyruvate (with three C atoms) first loses CO, by oxidative
decarboxylation catalysed by the enzyme pyruvate dehydrogenase,
which also links the remaining 2-C fragment, an acetyl moiety,
to coenzyme A producing acetyl-CoA. This condenses with the 4-C
acid oxaloacetate to form the 6-C acid citrate. Then, as indicated in
Fig. 2.14, there follows a series of molecular rearrangements, oxida-
tion steps and oxidative decarboxylation steps, until the equivalent
of the pyruvate has been converted to CO, and the oxaloacetate has
been regenerated. There is one substrate-level phosphorylation pro-
ducing ATP, associated with the oxidation of 2-oxoglutarate. At three
steps, a molecule of water is added to the reactants. The overall final
balance sheet for respiration shows water as a product (Equation 2.9),
but water is also a substrate in respiration. (Compare with photo-
synthesis, where water is not only consumed as indicated by the
overall equation, but is also a product.) The 5 pairs of H equivalents
removed from the substrates in the Krebs cycle reduce NAD*, except
for the succinate oxidation step, where no coenzyme is involved. The
enzymes are present in the mitochondrial matrix, but succinate
dehydrogenase is again an exception, being bound to the crista
membrane of the mitochondrion.

Between them the Krebs cycle and glycolysis can carry out the
complete oxidation of glucose. With 2[H] representing the pairs of H
equivalents removed from substrates, one can write

Glycolysis C6H1205 —>C3H403 + 2 x Z[H} (2‘14)

Krebs cycle 2C3H,0;3 + 6H,0 —— CO, + 10 x 2[H] (2.15)

Sum C5H1206 + 6H20 —>C02 + 12 x Z[H] (216)
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m An outline of the Krebs

cycle. CoA = coenzyme A. The
numbers of C atoms in the
intermediates are given as 2C, etc.
The enzymes catalysing the
numbered steps are: @ pyruvate
dehydrogenase; @ citrate synthase;
® and @ aconitase (aconitate
hydratase); ® isocitrate
dehydrogenase; ® 2-oxoglutarate
dehydrogenase; @ succinyl CoA
ligase; ® succinate dehydrogenase;
® fumarase (fumarate hydratase);
® malate dehydrogenase. All the
reducing equivalents, 2[H], are
passed to NAD except from the
succinate dehydrogenase reaction
(which enter the electron transport
chain as indicated in Fig. 2.17). For
every molecule of glucose oxidized,
two molecules of pyruvate enter
the cycle. Substrate level
phosphorylation is associated with
reaction 7. Adapted from Opik
(1980).
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The H equivalents can be oxidized in the terminal oxidation
reactions using molecular O,, and producing 12 H,0 per 1 molecule
glucose.

Like glycolysis and the PPP, the Krebs cycle can oxidize inter-
mediates fed in at any place in the sequence; its role in this
respect is discussed later. The Krebs cycle is also an important
source for metabolic intermediates. Malate, oxaloacetate and 2-
oxoglutarate are C skeletons for amino acids. Running down of
the cycle by removal of intermediates is prevented by the occur-
rence of anaplerotic reactions which replenish it. One such reaction is
the carboxylation of PEP by PEP carboxylase to give oxaloacetate;
this is of course the initial reaction in C, and CAM photosynthesis,
but it takes place also in non-photosynthetic cells, at a lower rate.
Malate can be produced by malic enzyme from pyruvate, CO, and
NADPH.
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Lipid oxidation

Lipids are frequently stored in seeds as oil bodies (oleosomes,
sphaerosomes), where they may account for over 50% of the tissue
mass. The storage oils are triglycerides consisting of a glycerol mol-
ecule esterified with three long-chain fatty acids, mostly with 16 or 18
C atoms per chain. The first step in lipid oxidation is hydrolysis by
lipase enzymes within the oil body to glycerol and fatty acids.
Glycerol, a 3-C sugar alcohol, is closely related to triose sugars and
is converted to dihydroxyacetone-3-phosphate, which can then enter
the glycolytic pathway. The fatty acids are activated by linkage to
coenzyme A and are metabolized in the glyoxysomes (specialized
microbodies of oily seeds) by two metabolic sequences. Firstly, the
process of B-oxidation results in the cleavage of the fatty acid chain
into 2-C fragments, acetyl-CoA. Secondly, the glyoxysomes process
the acetyl-CoA via the glyoxylate cycle to succinate and this can,
through a series of reactions in the cytosol and the mitochondria,
finally be synthesized to sucrose. Most of the lipid stored in seeds is
converted to sucrose and transported to the growing parts of the
seedling. Some of the acetyl-CoA is utilized in the mitochondria of
the storage cells as respiratory substrate in the Krebs cycle.

2.8.3 Interactions of pathways

In the cell, none of the pathways of respiratory substrate oxidation
functions in isolation. A summary overview of all the pathways, and
their interrelationships, is presented in Fig. 2.15. The first stage,
‘hydrolysis’ in Fig. 2.15, does not involve oxidations and is not specific
to respiration: the monomers produced from the polymers serve as
substrates not only for respiration but for numerous other metabolic
sequences. The free energy change associated with the hydrolytic
reactions is minimal, less than 1% of the total available, and cannot
support ATP synthesis. The ‘incomplete oxidation’ stage produces a
small number of fairly simple organic acids and the free energy con-
tent of the substrate falls by about 33%; some of the energy is con-
served in ATP during substrate level phosphorylations, and also in
NADH. The organic acids feed into the ‘complete oxidation’ stage,
the Krebs cycle, which in association with the mitochondrial electron
transport chain forms the final stage for most aerobic respiratory
activity and where most of the ATP synthesis takes place. The PPP
does not appear to fit the overall pattern in that it is a direct oxidative
pathway; sugars metabolized exclusively by the PPP do not pass through
the Krebs cycle. However, the PPP and glycolysis share common inter-
mediates, fructose-6-phosphate and triose phosphates. Since both
reaction series take place in the cytosol, it is almost inevitable that
some exchange of metabolites between the two pathways should
occur. If, say, there is a high demand for NADPH, the flow of
material through the PPP might be boosted by intermediates from
the glycolytic sequence. A large demand for pyruvate, on the other
hand, could result in the channelling of PPP intermediates into
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m Interactions of

pathways of substrate breakdown in
plant cells. The Krebs cycle and
terminal oxidation via the
mitochondrial electron transport
chain are so closely integrated that
they are here considered together,
although strictly speaking the
electron transport chain is not part
of the substrate breakdown system.
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glycolysis. The PPP accordingly should be considered an integral
part of a glycolysis - Krebs cycle - PPP network. This network in
turn interacts with the rest of cellular metabolism via interchange
of metabolites, at many steps. The provision of intermediates and
reduced coenzymes is just as much a function of respiration as
provision of ATP; respiration, defined as a substrate breakdown pro-
cess, is also the starting point of many biosyntheses.

29 ’ Terminal oxidation and oxidative
phosphorylation

2.9.1 The mitochondrial electron transport chain

The pathways of substrate breakdown considered in the preceding
section are all concerned with the oxidation of substrate to CO,, the
oxidative reactions throughout these pathways have consisted of the
removal of pairs of H atoms from the substrates, producing reduced
coenzymes, NADH in glycolysis and the Krebs cycle and NADPH in
the PPP. Terminal oxidation is the oxidation of the reduced coen-
zymes to water, with molecular O,. Most of the respiratory ATP is
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produced during the terminal oxidation stage, by the process of
oxidative phosphorylation.

The mitochondria are the main site for terminal oxidation and the
sole site for oxidative phosphorylation. The reactions take place in
thecrista membranes of the mitochondrion. The cristae, infoldings of
the inner envelope membrane, give the mitochondrion a large internal
area for the accommodation of the enzyme systems (Fig. 2.16). Electron
transfer occurs, in principle similar to the electron transfer occurring
in the chloroplast thylakoid membranes during photosynthesis
(Section 2.3.2). In photosynthesis, light energy was harnessed to split
water and to produce NADPH using the resulting electrons and pro-
tons. Now, however, the electrons and protons are removed from
NADH and combined with O, so that water is the product of the
electron transfer reactions and energy becomes available for ATP
synthesis. The mitochondrial electron transport chain is shown in
Fig. 2.17. Electrons are fed in at separate points from NADH and
succinate respectively and passed to molecular O,; the enzyme
which achieves the reduction of O, is cytochrome oxidase, the
terminal oxidase of the system. The H* from the coenzyme and succin-
ate react with O, to form water. The flow of electrons and protons
drives oxidative phosphorylation as during photophosphorylation. H*
and positive charge accumulate in the intracristal spaces and move out
to the matrix through the proton channel of the mitochondrial ATP
synthase complex, driving ATP synthesis. Respiratory electron trans-
port via the cytochrome chain and oxidative phosphorylation are
essentially the same in flowering plants and in other organisms includ-
ing prokaryotes. The ATP is transported out of mitochondria by a
translocator in the mitochondrial inner membrane, which exchanges
it for ADP produced in the cytosol from ATP utilization.

2.9.2 The alternative oxidase

One peculiarity of higher plant respiration is that it is not fully
inhibited by cyanide, a very potent inhibitor of cytochrome oxidase
(hence the great toxicity of cyanide to animals). Plant mitochondria
contain an additional terminal oxidase, known as the alternative
oxidase or cyanide-resistant oxidase. This siphons off electrons as
shown in Fig. 2.17 and passes them to O, so that cytochrome oxidase
is bypassed. When the cytochrome oxidase pathway is blocked by
cyanide, the rate of respiration may be 50% of the original rate,
but growth and other metabolic activities are inhibited: terminal
oxidation exclusively through the alternative oxidase cannot support
normal physiological function. Electron transport through the

Alternative oxidase
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| S- MV RWE The electron transport
chain of plant mitochondria. The
bold arrows denote the direction of
electron flow through the
cytochrome chain, terminating in
cytochrome oxidase; ATP
formation is associated with the
activities of Complexes |, lll and IV,
but the actual synthesis of ATP is
mediated by a separate system,
Complex V (ATP synthase), not
illustrated. The alternative oxidase
bypasses the cytochrome system
(fine arrows) and is not associated
with ATP synthesis.
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Table 2.2 | Respiration rates of a variety of plant tissues at 25 °C. Where the
rate has been measured at some other temperature, the rate for 25 °C has been
calculated assuming a Q ;o of 2 (i.e. a 2-fold change per 10 °C). Rates are given as
O, uptake per unit dry weight; the Arum spadix exhibits thermogenic
respiration. From Opik (1980).

Tissue Respiration rate
(UL O, h™'(mg dry weight) ™)

Resting dry seeds < 0.0005
Resting tubers, storage roots 0.23-2.6
Leaves 0.80-5.9
Young growing root tips up to I5

Flower spadix of Arum maculatum 600

alternative oxidase is not coupled to ATP synthesis and the energy is
liberated as heat. One ATP per NADH can be formed before the
electrons enter the alternative pathway but presumably this does
not suffice to cover the cell’s energy needs. The physiological signifi-
cance of the alternative pathway is therefore much disputed. There is
one situation in which a clear physiological role can be ascribed to
the alternative oxidase, namely in the floral organs of certain species
of the Araceae, the arum family. In these plants, when the flowers are
ready for pollination, a sterile part (spadix) of the inflorescence
undergoes extremely rapid thermogenic respiration (Table 2.2)
which causes the tissue to heat up by 10-20°C above the ambient.
This thermogenic respiration utilizes the alternative oxidase; it can
proceed so fast because the alternative oxidase is not subject to the
feedback controls associated with ATP-producing electron transport
(see below, Section 2.11.2). The heat volatilizes chemicals which
attract pollinating flies (although to the human nose the smell is
horrible!). In some Araceae, the inflorescence melts its way up
through snow. But the aroid inflorescence is a special case; the alter-
native oxidase is found in many species and in all types of plant
organ. Attempts have been made to explain the alternative oxidase
as an ‘overflow system’ enabling plants to dispose of surplus redu-
cing power when a large amount of C skeletons is withdrawn from
respiratory pathways while there is a low demand for ATP. The
weakness of this argument is that a process requiring large amounts
of metabolic intermediates (e.g. growth) is also likely to require a
large supply of ATP and/or reductant. Another suggestion is that the
alternative oxidase prevents the build-up of damaging superoxide
radicals during electron transport via the cytochrome system.

2.9.3 The ATP balance sheet and energy-conversion
efficiency of respiration

The theoretical balance sheet for respiratory ATP production is easily

drawn up. If glucose is completely oxidized via glycolysis and
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Table 2.3 | The balance sheet for respiratory production of molecules of ATP
per 1 molecule of glucose, assuming complete coupling and complete oxida-
tion via glycolysis, Krebs cycle and cytochrome oxidase system.

Substrate level oxidation in glycolysis 4
Substrate level oxidation in Krebs cycle 2
Terminal oxidation, 2 NADH from glycolysis 4
Terminal oxidation, 8 NADH from Krebs cycle 24
Terminal oxidation, 2 succinate 4
Total produced 38
Used up in glycolysis, priming reactions 2
Net gain 36

the Krebs cycle, with terminal oxidation through cytochrome oxi-
dase, one can add up the ATP molecules per 1 molecule glucose
(Table 2.3).

The NADH from glycolysis, reacting with mitochondria from the
outside, is oxidized with the production of only 2 ATP per NADH,
whilst mitochondrially produced coenzyme oxidation yields 3 ATP
per 1 NADH. The free energy of complete oxidation of glucose is
2880 k] mol ™. The free energy of hydrolysis of ATP is highly depend-
ent on factors such as ATP concentration and pH, but under cellular
conditions is at least 42 k] mol™’. Assuming this value, a gain of
36 ATP per molecule of glucose is equivalent to an energy conserva-
tion of [36 x 42], 1512 k] mol?, or 52% of the total available, a very
high degree of energy conservation. (The value would be pushed
even higher if phosphorylated sugars enter the glycolytic pathway,
Section 2.8.2.)

The calculation in Table 2.3 is, however, based on an assumption
of complete coupling of substrate breakdown and terminal oxidation to
ATP synthesis. This is unlikely to be the situation in a cell, at least not
in all circumstances. Any NADH which is used in reductive reactions
does not yield ATP, and terminal oxidation by the alternative oxidase
produces only 1 ATP per molecule of NADH oxidized. The 12 NADPH
formed per molecule of glucose in the PPP could theoretically be
oxidized by the mitochondria with the production of 24 ATP, but,
as stated, the PPP probably provides NADPH mainly for reductive
reactions rather than for terminal oxidation. It is therefore not pos-
sible to say exactly how much ATP is produced per glucose molecule
in a particular situation.

2.10 | Anaerobic respiration

2.10.1 Occurrence and endurance of anaerobiosis in plants
Flowering plants are obligate aerobes: no flowering plant can complete
its life cycle without O,. Most flowering plant organs, except dormant
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seeds, are killed by anoxia (complete lack of O,) within hours or a few
days at most. Nevertheless there are also many situations in which
plant tissues regularly survive at least hypoxia, O, concentrations too
low to support a normal level of aerobic respiration. Anaerobic res-
piration (fermentation) is therefore not unusual in plants. In hypoxia,
both aerobic and anaerobic pathways operate simultaneously.

Germinating seeds often undergo a period of O, shortage during
imbibition, because the testa can be highly impermeable towards O,;
also before the cells are fully hydrated and expanded there are hardly
any air spaces between them. Respiration during this period has a
high RQ, respiratory quotient, i.e. the ratio CO, evolution : O, uptake.
For aerobic respiration this ratio is unity (Equation 2.9); in anaerobic
respiration, CO, is evolved without any O, uptake, raising the RQ.
Analysis shows an accumulation of end products of fermentation,
such as ethanol, in the seed tissues. When the emerging radicle splits
the testa, the RQ falls. Complete anoxia is, however, tolerated by seeds
of very few species.

Meristematic tissues carry out partly anaerobic respiration. Cells
in meristematic regions are closely packed, without air spaces, mak-
ing diffusion of O, a problem. The vascular cambium lies quite deeply
within plant organs and outside it lies the phloem, a living tissue
without intercellular air spaces and with a high demand for O,. In
apical meristems the mitochondria are immature, with few cristae
per unit volume, so that their capacity for terminal oxidation is low.
All these factors favour anaerobic respiration.

Inside bulky organs - large fruits, tubers, thick stems and thick
roots - the level of O, may be under 2.5% and partially anaerobic
respiration would be expected; ethanol accumulation has been
detected. However, some bulky organs are well supplied with air
spaces and then the problem of O, diffusion is much reduced.

In seeds, large organs and meristems, hypoxia is the result of the
structure of the plant itself. In aquatic plants hypoxia is imposed by the
environment. The solubility of O, in water is low. Water at 10°C in
equilibrium with normal air, which is 21% O, by volume, contains only
about 0.80% O, and the solubility falls with rising temperature. Roots
and rhizomes growing in mud at the bottom of a body of water, or in
boggy ground, will be in an essentially anoxic environment. By day-
time, green parts of submerged aquatics can respire aerobically on the
O, evolved in photosynthesis and O is then also conducted to the roots
through the extensive air spaces of these plants. By night the O, levels
in and around the plants will fall very low, especially for the parts in
the muddy substratum. These parts are highly tolerant of anoxia. The
marsh plant Acorus calamus grows from a rhizome and normally over-
winters in a submerged resting state, with a low metabolic rate.
Explants from the resting plants, consisting of segments of rthizome
with attached roots and small leaves, have survived laboratory incuba-
tion under total anoxia, in the dark, for two months.

Seeds of a limited number of aquatic species can germinate in a
totally anaerobic environment. Examples are rice, a few species of the
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grass Echinochloa found as a weed in rice fields, and the yellow water lily
(Nuphar luteum). This is obviously an adaptation to their natural envir-
onment, where these seeds germinate at the bottom of the water. Rice
and Echinochloa seedlings can survive for at least four days anaerobically.

As the above examples demonstrate, varying degrees of anaer-
obiosis are normal for, and tolerated by, numerous plant species or
tissues. On the other hand, many species are intermittently damaged
by anaerobiosis owing to flooding. Once the air spaces in the soil are
filled with water, the limited amount of O, that is dissolved is rapidly
used up by the respiration of plant roots and soil microorganisms
and the roots then suffer an O, shortage; this can have serious
consequences for an agricultural crop. An understanding of
anaerobic respiration is therefore of considerable practical interest.
Knowledge of how e.g. aquatic plants endure anaerobiosis might help
the development of flooding-tolerant crop plants.

2.10.2 Respiratory metabolism under anaerobiosis

The respiratory pathway which is functional in anaerobic plant tissues is
glycolysis, just as it is in anaerobic microorganisms; this pathway is
essentially an anaerobic reaction sequence. On transfer to anoxic or
hypoxic conditions, the transcription and translation of most plant
genes is inhibited, but there is enhanced transcription and translation
of some 20 genes, a major part of which code for glycolytic enzymes:
aldolase, glucose-phosphate isomerase, enolase and glyceraldehyde
phosphate dehydrogenase, including some isozymes not synthesized
aerobically. The pyruvate produced in glycolysis in the absence of O,
becomes the oxidant which receives the H equivalents from glycolytic
NADH and recycles it to NAD", which is vital for the continuance of
glycolysis; cells contain only very small amounts of the coenzyme. Three
pathways of fermentation have been demonstrated in plant tissues:

(1) Lactic fermentation: the enzyme lactate dehydrogenase cata-
lyses the reaction:

pyruvate + NADH —— lactate + NAD™ (2.17)

(2) Alcoholic fermentation: firstly pyruvate decarboxylase decar-
boxylates the pyruvate to acetaldehyde, then this is reduced with
NADH by alcohol dehydrogenase (ADH):

pyruvate —— CO; + acetaldehyde (2.18)

acetaldehyde + NADH —— ethanol (2.19)

(3) Malic fermentation: malic enzyme carboxylates the pyruvate
to malate:

pyruvate + CO; + NADH —— malate + NAD" (2.20)

Increased transcription of mRNA for lactate dehydrogenase, pyruvate
decarboxylase and ADH occurs as a response to anaerobiosis.
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Why should anaerobiosis be so harmful to plants? There is still no
clear answer to this, nor to what confers tolerance on such plants as
show it. One serious drawback of anaerobic metabolism is the
extremely low yield of ATP per unit of substrate respired. A switch
from complete aerobic oxidation to complete anaerobiosis could
mean a fall from 36 to 2 ATP produced per molecule of glucose
oxidized, a decrease to 5.5%, insufficient to keep a cell alive
(Section 2.11). Even if aerobic respiration were producing only
half the theoretical maximal ATP, the decrease induced by anaero-
biosis would still be drastic. The low ATP yield can be offset to some
degree by the increases in the rate of glycolysis which typically
occur under anaerobiosis (the Pasteur effect). But increases in the
rate of glycolysis induced in plant tissues by anaerobiosis are only
1.5- to 6-fold. With high rates of glycolysis there is a danger of
substrate exhaustion and starvation, and also much accumulation
of potentially harmful products of fermentation. Lactate and malate
are acids and acidification of the cytoplasm has been cited as the
main cause of cell death in some instances. Acetaldehyde, the inter-
mediate in alcoholic fermentation, is highly toxic; ethanol is, how-
ever, tolerated comparatively well. Maize mutants deficient in an
ADH gene succumb rapidly to anaerobiosis, presumably because
they cannot remove the acetaldehyde. There is also, strange as it
may seem, evidence of oxidative stress, with formation of hydrogen
peroxide, a dangerous oxidant, from trace amounts of O,. Tissue
damage and death could result from substrate exhaustion, acidifica-
tion, lipid peroxidation and toxin accumulation, singly or in
combination.

In plant tissues tolerant to anoxia or hypoxia, no basic differences
in anaerobic metabolism have been detected, in comparison with
sensitive material. Differences seem to be quantitative rather than
qualitative; alcoholic fermentation predominates. In submerged
plants, at least a sizeable proportion of the ethanol leaches out into
the surrounding water, the permeability of cellular membranes
towards ethanol being high. This helps to keep down the concentra-
tion of alcohol in the tissues. The Acorus calamus rhizome which
overwinters in mud (Section 2.10.1), lays down an abundant store
of starch during the summer. Rice grains, which are very tolerant to
anaerobiosis, are able to synthesize a-amylase in anoxic conditions
and hence can mobilize their starch reserves. The sensitive wheat
grain is unable to synthesize the enzyme and cannot mobilize starch
in the absence of O,, but can be induced to germinate anaerobically
by feeding with sucrose or glucose. These examples show that an
ability to maintain an adequate supply of respiratory substrate can be
a factor in survival under anaerobiosis.

Tolerance towards anaerobiosis may need induction. Rice seed-
lings (as distinct from the ungerminated grains), which are killed
within 24 hours when suddenly exposed to complete anoxia, can
survive anoxia for several days when first pretreated at low O, levels.
During the pretreatment period, there are increases in the activities
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of ADH and pyruvate decarboxylase, giving the plants a greater
potential for alcoholicfermentation. In maize, development of flood-
ing tolerance involves increases in activity of several genes coding
for ADH and other enzymes of anaerobic respiration (Sachs et al.
1996).

211 | Respiration and plant activity

2.11.1 Correlation of respiration rate with physiological
activity

Respiration proceeds unceasingly in all active (i.e. non-dormant) liv-
ing cells. Even when a cell is not performing any net metabolic work
and is simply subsisting unchanged - say a mature pith parenchyma
cell - it still requires repair and resynthesis of protoplasmic compon-
ents, which are labile and in a constant state of turnover. Membrane
potentials are sustained only by continued pumping of ions across
membranes, requiring ATP. This aspect of cellular activity has led to
the concept of maintenance respiration, required for such pro-
cesses. The proportion of respiration that supports net cellular work
is then termed growth respiration (synthetic respiration). More
precise definitions of the terms have been attempted, while some
plant physiologists have disputed the validity of any division of
respiration into these components. The general concept of mainten-
ance respiration is, however, useful as a reminder that cells must
spend energy for their survival, without cessation. It is not implied
that there is a biochemical distinction between growth respiration
and maintenance respiration. Measurement of the proportion of
maintenance respiration is even more controversial than its defini-
tion, but for plant cells, its magnitude has been estimated at up to
50% of the total.

Respiration rates are positively correlated with physiological
activity. On a unit mass basis (fresh or dry mass), high rates are
found in young, actively growing regions, such as growing apices,
or in tissues performing metabolic work at a high rate, such as glands
(Table 2.2). To some extent this is the result of the higher ratio of
living protoplasm per unit mass in such tissues; mature and metabol-
ically more inert tissues have larger proportions of cell wall and/or
vacuoles and storage materials per unit mass, and these tissue com-
partments do not contribute to respiratory activity. On a unit
nitrogen basis, which reflects more truly the ‘living’ mass, differ-
ences between tissues of varying maturity and metabolic activity
become less marked. But in the same tissue, respiration rate can be
shown to increase with increasing activity. For instance, when roots
are washed in distilled water and then transferred to a nutrient
solution from which they proceed to take up ions, their respiration
rate increases concomitantly with ion absorption. In nectaries, the
period of rapid sugar secretion coincides with a period of rapid
respiration.
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The relationship between respiration and growth has been the
subject of much study and speculation. As already noted, growing
tissues are characterized by high rates of respiration. The quantita-
tive relationship between growth rate and respiration rate is, how-
ever, not a simple one. On the whole, plants with higher growth rates
tend to have the higher respiration rates, although there are also
reports to the contrary, e.g. of faster-growing genotypes of a grass
(Lolium perenne) having lower respiration rates. When plant systems
are compared, the differences in their rates of respiration are typ-
ically less than the differences in their growth rates. In a study with
nine species of grasses, for a 2-3-fold higher relative growth rate, RGR
(for definition of RGR see Section 6.6.1), the increase in respiration
was only 1.4-1.7-fold (Scheurwater et al. 1998). Explanations must be
sought in differences in metabolism, resulting in a greater efficiency
of respiratory energy production (or utilization) in the faster-growing
species. One such difference might be in the degree to which the
alternative oxidase (Section 2.9.2) participates in the respiration of
different tissues. In a study of root respiration and growth in four
inbred lines of the greater plantain (Plantago major) it was found that
higher RGR were associated with a higher proportion of respiration
passing through the more energy-efficient cytochrome pathway as
opposed to the alternative oxidase.

An understanding of relationships between growth and res-
piration is of great relevance to considerations of plant productiv-
ity. Respiration results in a loss of biomass, even while it is
necessary to support growth. There have been arguments as to
whether it is more favourable to breed a crop with a low respiration
rate, for minimal loss of biomass, or with a high rate, associated
with a high RGR. It appears now that it is not just overall respiration
rate that is relevant to productivity. To maximize productivity, one
would need to maximize the efficiency with which the potential
energy of the respiratory substrates is converted to usable form -
ATP and reduced coenzymes. We are not yet certain wherein this
efficiency lies.

2.11.2 Metabolic control of rates: feedback mechanisms

Respiration rate is geared to the requirements of tissues by numerous
mechanisms. One of these is the cellular concentration of ADP, and
the ATP : ADP ratio. Respiration produces ATP, growth and mainte-
nance processes consume it and produce ADP, the total cellular
amount of [ATP + ADP] remaining constant for prolonged periods.
ADP is an essential reactant in respiration. It is directly used in
substrate-level phosphorylations, and mitochondrial electron trans-
port through cytochrome oxidase is normally coupled to oxidative
phosphorylation, which requires ADP. When there is an increase in
an ATP-utilizing cellular activity, more ATP per unit time is converted
to ADP. The higher ADP concentration stimulates a faster rate of
substrate breakdown and mitochondrial electron transport - with a
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higher rate of ATP synthesis. The result is a higher rate of respiration
and a higher turnover of ATP and ADP. The ratio ATP : ADP seems to
be fairly constant in cells.

The effects of ATP and ADP are not only simple concentration
effects. The glycolytic enzyme phosphofructokinase is inhibited by
ATP, which is one of its substrates; pyruvate kinase is also inhibited
by ATP. On the other hand, ADP activates pyruvate kinase. These
effects would result in slowing glycolysis by an increase in ATP
concentration and a speeding up by a rise in the concentration
of ADP.

Accumulation of intermediates of the respiratory pathways
causes inhibition of enzymes acting earlier in the pathways - the
well-known phenomenon of feedback inhibition. Phosphofructo-
kinase, one ofthe first enzymes of the glycolytic pathway, is inhibited
by phosphoglycerate and by phosphoenolpyruvate. Citrate (from
the Krebs cycle) inhibits both phosphofructokinase and pyruvate
kinase. A fall in the demand for ATP would slow down the mitochon-
drial electron transport; citrate metabolism would slow down corre-
spondingly, being dependent on the mitochondrial terminal
oxidation. The accumulating citrate would cause slowing down of
glycolysis. Similarly, a fall in the demand for biosynthetic intermedi-
ates would result in a build-up of these intermediates, and in an
inhibition of preceding steps. Any change in requirement for ATP
orfand metabolic intermediates would result in an adjustment in
respiration rate, until a new equilibrium between supply and
demand was established. For the PPP, the ratio of NADP" : NADPH
is a regulatory factor.

When metabolic pathways were first elucidated, rate control was
postulated to be concentrated at a few key steps catalysed by ‘pace-
maker’ enzymes. For glycolysis, phosphofructokinase and pyruvate
kinase were considered to be pacemakers, these being the two gly-
colytic enzymes for which the reactions are irreversible under
physiological conditions. Several metabolites are moreover known
to regulate the activities of these enzymes, as noted in the previous
paragraph. But changing the amounts of individual enzymes in cells
by genetic manipulation has shown that large changes in the activ-
ities of phosphofructokinase and pyruvate kinase have little effect on
respiration rate. It now appears that all steps in glycolysis and the
Krebs cycle contribute to regulation of respiration rate, though not
all to the same degree. From the viewpoint of the cell, the larger the
number of control points, the more opportunities there are for fine-
tuning and interactions between pathways. From the viewpoint of
the investigator, it makes the study of rate control exceedingly com-
plex. There is nevertheless no doubt regarding the basic principle:
respiration rate is integrated with cellular activity so that a depletion
of respiratory products (ATP and metabolites) leads to an increase in
the rate of respiration. An accumulation of the same leads to a
decrease in the respiration rate and in each case a new steady state
is achieved.
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2.11.3 Plants at work: energy, ATP and heat production

In Table 2.3 it is shown that the respiration of 1 molecule of glucose
can result in the synthesis of up to 36 molecules of ATP, equivalent to
a conservation of about 52% of the potential energy of the glucose.
One can compare this value with the actual amounts of energy
conserved as measured experimentally. If E represents the total
amount of energy produced by the complete oxidation of glucose
(i.e. 2880 k] mol™), calculated for a tissue from its measured res-
piration rate, then some of this energy will be released as heat, H;
some will be expended on physical work, W (e.g. movement), and
some on synthetic work, S:

E=H+W+S$ (2.21)

The energy used for W and S would be in the first instance conserved
in ATP. The value of H can be measured directly by calorimetry. When
such measurements are carried out on plant tissues, it is found that
90-99% of the potential energy of the oxidation of glucose is actually
released as heat, leaving only 1-10% to cover work, W + S. This is a
very low value compared with the maximum possible conservation
of 52% in ATP. What has happened to all the ATP?

This loss of nearly all the respiratory energy, as heat, has caused
some plant scientists to wonder whether most of plant respiration
might be a wasteful process. If, however, the way in which ATP is
utilized in biosyntheses is considered, it is seen that energy released
as heat during metabolism does not necessarily represent a waste.
The high reactivity of ATP is utilized to make phosphorylated or
nucleotide-linked derivatives of metabolites such as sugars or
amino acids. This synthesis entails the loss of some energy as heat.
The ‘activated’ derivatives are themselves now highly reactive and
able to participate in reactions not possible with the parent com-
pounds - these reactions again releasing energy as heat. When
macromolecules are synthesized from monomers, in many instances
for each bond made one phosphorylated (or nucleotide-linked) reac-
tant molecule is needed and one ATP molecule is used up while most
of the energy of the ATP is released as heat. It is this loss of heat energy
that makes the reactions possible, according to the laws of thermodynamics. In
the case of protein synthesis, there is an expenditure of at least five
molecules of ATP for every peptide bond formed, equivalent to a
conservation of ATP energy of no more than 1%. Yet the 99% of energy
released as heat is not wasted: it is needed for the information
transfer, for the placing of each amino acid in its correct location.
The electrical energy used in transmitting a telephone call is not
conserved in the transmitted message, but it is not wasted. Most of
the energy conserved in cellular macromolecules is expended in the
original synthesis of the monomers, and most of this energy input
has already occurred during photosynthesis. The transport of many
chemicals across cellular membranes is linked to the hydrolysis of
ATP (Chapters 4 and 5); again the energy of hydrolysis is released as
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heat. The energy output of maintenance respiration must appear
entirely as heat, there being no net work or synthesis accomplished.

Nevertheless it cannot be assumed that the coupling of respira-
tion to ATP synthesis is 100% efficient, so some of the observed heat
release can represent a waste in the sense of failure to synthesize ATP.
The problem of the alternative oxidase has already been discussed
(Section 2.9.2). But respiration which is (partially) uncoupled could
still be fulfilling a vital function in producing metabolites.

According to the laws of thermodynamics, any system should
assume the state of maximum entropy, i.e. maximum randomness,
disorganization, and minimum free energy. A growing plant increases
in complexity and organization both at the chemical and at the struc-
tural level. This is possible only at the expense of entropy increasing
somewhere else, in the plant’s environment. The high energy quanta
from the sun are transformed during photosynthesis to chemical bond
energy, but always with some energy loss as heat, low energy quanta.
Then, as the products of photosynthesis are incorporated into cells,
more heat energy is released during respiration and the subsequent
utilization of the respiratory ATP. All this heat loss represents an
increase in entropy and dissipation of energy, which compensates
for the increased complexity and free energy content of the living
plant. In this sense again, the loss, the ‘waste’ of energy as heat, is
necessary to keep living systems functional.

Complementary reading

Ainsworth, E. A., Davey. P. A., Hymus, G. ]. et al. Is stimulation of leaf
photosynthesis by elevated carbon dioxide concentrations maintained
in the long term? A test with Lolium perenne for 10 years at two nitrogen
fertilization levels under Free Air CO, Enrichment (FACE). Plant, Cell and
Environment, 26 (2003), 705-14.

Bowes, G. Facing the inevitable: plants and increasing atmospheric
CO,. Annual Review of Plant Physiology and Plant Molecular Biology, 44 (1993),
309-32.

Bryce, J. H. & Hill, S. A. Energy production in plant cells. In Plant Biochemistry
and Molecular Biology, 2nd edn, ed. P. ]. Lea & R. C. Leegood. Chichester:
Wiley, 1999, pp. 1-28.

Bunce, J. A. Responses of respiration to increasing atmospheric carbon
dioxide concentrations. Physiologia Plantarum, 90 (1994), 427-30.

Dennis, D. T., Huang, Y. & Negm, F. B. Glycolysis, the pentose pathway and
anaerobic respiration. In Plant Metabolism, 2nd edn, ed. D. T. Dennis,

D. H. Turpin, D. D. Lefebvre & D. B. Layzell. Harlow: Addison Wesley
Longman, 1997, pp. 105-23.

Dodd, A. N., Borland, A. M., Haslam, R. P., Griffiths, H. & Maxwell, K.
Crassulacean acid metabolism: plastic, fantastic. Journal of Experimental
Botany, 53 (2002), 569-80.

Drake, B. G., Gonzalez-Meler, M. A. & Long, S. P. More efficient plants: a
consequence of rising atmospheric CO,. Annual Review of Plant Physiology
and Plant Molecular Biology, 48 (1997), 609-39.



58

FLOW OF ENERGY AND CARBON THROUGH THE PLANT

Drennan, P. M. & Nobel, P. S. Responses of CAM species to increasing atmos-
pheric CO, concentrations. Plant, Cell and Environment, 23 (2000), 767-81.
Ehleringer, J. R., Sage, R. F.,, Flanagan, L. B. & Pearcy, R. W. Climate change and
the evolution of C, photosynthesis. Trends in Ecology and Evolution, 6

(1991), 95-9.

Hall, D. O. & Rao, K. K. Photosynthesis, 5th edn. Cambridge: Cambridge
University Press, 1994.

Hamilton, J. G., Thomas, R. B. & DeLucia, E. H.. Direct and indirect effects of
elevated CO, on leaf respiration in a forest ecosystem. Plant, Cell and
Environment, 24 (2001) 975-82.

Lawlor, D. W. Photosynthesis, 2nd edn. Harlow: Longman, 1993.

Leegood, R. C., Sharkey, T. D. & Von Caemmerer, S. Photosynthesis, Physiology
and Metabolism. Dordrecht: Kluwer, 2000.

Mauseth, J. D. Plant Anatomy. Menlo Park, Benjamin/Cummings, 1988.

Mauseth, J. D. Botany: an Introduction to Plant Biology, 2nd edn. Sudbury, MA:
Jones & Bartlett, 1998.

Nishio, J. N. Why are higher plants green? Evolution of the higher plant
photosynthetic pigment complement. Plant, Cell and Environment, 23
(2000), 539-48.

Norby, R.]., Kobayashi, K. & Kimball, B. A. Rising CO, - future ecosystems. New
Phytologist, 150 (2001), 215-21.

Perata, P. & Alpi, A. Plant responses to anaerobiosis. Plant Science, 93 (1993),
1-17.

Reiskind, J. B., Madsen, T. V., Van Ginkel, L. C. & Bowes, G. Evidence that
inducible C, photosynthesis is a chloroplastic CO,-concentrating
mechanism in Hydrilla, a submerged monocot. Plant, Cell and Environment,
20 (1997), 211-20.

Rolletschek, H., Borisjuk, L., Koschurreck, M., Wobus, U. & Weber, H. Legume
embryos develop in a hypoxic environment. Journal of Experimental Botany,
53 (2002), 1099-107.

References

Bartley, G. E. & Scolnick, P.A. (1995). Plant carotenoids: pigments for photo-
protection, visual attraction and human health. The Plant Cell, 7, 1027-38.

Goodwin, TW. & Mercer, E. I. (1972). Introduction to Plant Biochemistry. Oxford:
Pergamon Press.

Grahl, A. & Wild, A. (1972). Die Variabilitdt der Grépe der
Photosyntheseeinheit bei Licht und Schattenpflanzen. Zeitschrift fiir
Pflanzenphysiologie, 67, 443-53.

Hatch, M. D. (1992). C, photosynthesis: an unlikely process full of surprises.
Plant and Cell Physiology, 33, 333-42.

Kirschbaum, M. U. F. (1994). The sensitivity of C; photosynthesis to increasing
CO, concentration: a theoretical analysis of its dependence on temperature
and background CO, concentration. Plant, Cell and Environment, 17, 747-54.

Ku, M. S. B., Agarie, S., Nomura, M. et al. (1999). High-level expression of maize
phosphoenol pyruvate carboxylase in transgenic rice plants. Nature
Biotechnology, 17, 76-80.

Lambers, H. (1997). Oxidation of mitochondrial NADH and the synthesis of
ATP. In Plant Metabolism, 2nd edn, ed. D. T. Dennis, D. H. Turpin,



REFERENCES

59

D. D. Lefebvre & D.B. Layzell. Harlow: Addison Wesley Longman, pp.
200-19.

McCree, K. J. (1972). The action spectrum, absorptance and quantum yield of
photosynthesis in crop plants. Agricultural Meteorology, 9, 191-216.

Opik, H. (1980). The Respiration of Higher Plants. Studies in Biology, 120.
London: Edward Arnold.

Sachs, M. M,, Subbaiah, C. C. & Saab, I. N. (1996). Anaerobic gene expression
and flooding tolerance in maize. Journal of Experimental Botany, 47, 1-15.
Scheurwater, I., Cornelissen, C., Dictus, F., Welschen, R. & Lambers, H. (1998).
Why do fast- and slow-growing grass species differ so little in their rate of
root respiration, considering the large differences in rate of growth and ion

uptake? Plant, Cell and Environment, 21, 995-1005.

Spreitzer, R. J. & Salvucci, M. E. (2002). Rubisco: structure, regulatory inter-
actions and possibilities for a better enzyme. Annual Review of Plant Biology,
53, 449-75.

Whitney, S. M., von Caemmerer, S., Hudson, G. S. & Andrews, T. J. (1999).
Directed mutation of the Rubisco large subunit of tobacco influences
photorespiration and growth. Plant Physiology, 121, 579-88.



Chapter 3

Water relations

3.1 ‘ Introduction

Liquid water is absolutely necessary for life as we know it. Firstly
it is the solvent and reaction medium of all living cells, which
contain some 75-90% water by weight; secondly it is a reactant in
many metabolic processes; and thirdly, as the hydration water
of macromolecules, it forms part of the structure of protoplasm,
existing as ‘liquid ice’ in a labile but ordered structure. The
physicochemical properties of water (H,O) are unique; heavy
water (D,O or DHO), containing deuterium, the heavy isotope of
hydrogen, differs sufficiently to be toxic. In multicellular organ-
isms, water provides the transport medium. Additionally, for
plants, water is one of the raw materials for photosynthesis and
produces the turgor pressure of water-filled vacuoles which gives
mechanical rigidity to thin-walled tissues, while some movements
of plant organs occur as a result of turgor pressure changes. Plant
cell expansion is driven by turgor pressure and hence growth rates
depend on hydration levels.

On ‘dry’ land, the highly hydrated body of a terrestrial plant in
many situations tends to lose water to the environment, especially to
the atmosphere, in accordance with gradients of free energy of water.
There are few habitats where plants do not suffer some water short-
age atleast intermittently. The necessity for maintaining an adequate
internal water content has been a major factor in the evolution of
land plants with respect to structure and numerous aspects of physi-
ology. It is not an exaggeration to say that the colonization of land by
plants has depended upon the evolution of systems for the absorp-
tion and conservation of water. Another difficulty for land plants is
the transport of water from the underground supply tapped by the
roots to the aerial shoots. For the tallest flowering plants this may
mean moving water some 100 m against gravity.

This chapter deals with the forces and factors involved in water
uptake and loss in flowering plants, the mechanisms of water move-
ment within the plants, and the controls exerted on water exchange
and water transport by the plant and the environment respectively.
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3.2 | Water movement and energy: the concept of
water potential

Water moves into plants, in the case of terrestrial plants mainly from
the soil; and water moves out of plants, mainly into the atmosphere.
There is also much movement of water within plants. Movement
implies the involvement of energy. It was noted at the end of the
last chapter that metabolism is driven by changes in free energy.
Water movement, too, is driven by energy levels. Water will move
from a system or area where it is at a higher free energy, to a system
where it is at a lower free energy. If we consider a plant cell and its
environment, we can therefore say:

When the free energy of cell water is lower than the free energy
of external water, net flux will be into the cell.

When the free energy of cell water is higher than the free energy
of external water, net flux will be out of the cell.

When the free energy of water is equal inside and outside, there
will be no net movement in or out, and if water movement results in
equalization of the energy levels, net movement will cease. In
both cases, however, a flux (exchange) of water may still proceed,
equal quantities moving in each direction per unit time. (This can
be demonstrated by applying radiolabelling to the water.)

In order to predict the direction of movement of water intojout of
plants, plant cells or tissues, we therefore need a measure for the free
energy of water. This measure is the water potential,denoted by the
Greek letter W (psi), or ¥,,. Water moves along gradients of water
potential, from higher to lower water potential. Although ¥, is
basically a measure of free energy, for plant physiology it is most
often expressed in pressure units, since hydrostatic pressures and
tensions (negative pressures) contribute to water potential and play a
very important part in the water relations of plants. The pressure unit
is the pascal Pa and its multiples, the pascal being rather small.
Throughout this text, the megapascal MPa (10° Pa) is used. For the
derivation of water potential from basic principles, see note at end
of chapter; for the relationship of MPa to the older pressure units,
atmospheres and bars, see Appendix.

It should be noted that water potential applies to water in any
situation, and in any form, liquid, ice, or water vapour. Wherever
there is water, it has a water potential.

3.3 | Water potentials of plant cells and tissues

3.3.1 Forces determining cellular water potential
The water potential of a plant cell is determined by three kinds of
forces which affect the free energy of the cellular water.
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(1) In plant cells, the cell wall exerts a hydrostatic pressure, the
turgor pressure (wall pressure) on the protoplast; a cell within a
compact tissue may also be under pressure from surrounding cells.
Hydrostatic pressure in excess of atmospheric increases the free
energy and raises water potential; thus the pressure potential V', is
a positive value.

(2) Plant cells contain low-molecular-weight solutes, mainly
vacuolar in a vacuolated cell. These exert osmotic forces, which
decrease the free energy and lower the water potential; the osmotic
potential V¥, is therefore a negative value. (Osmotic pressure is
numerically equal to osmotic potential, but has a positive sign.)

(3) Plant cells contain high-molecular-weight colloids, in the
cytoplasm and the cell wall. Matric forces exerted by colloids
decrease the free energy of water and lower the water potential;
their effect is represented by the matric potential V¥,,. Surface
tension forces at airfwater interfaces in cell wall capillary spaces
also contribute to ¥,,.

The overall water potential of a plant cell is the sum of these three
quantities:

Y=%,+Y¥:+%n (3.1)

One can think in terms of the wall pressure tending to squeeze the
water out, while osmotic and matric forces tend to draw the water in.
In vacuolated cells of high water content, the matric potential is
thought to make a relatively minor contribution and, for such cells,
the water potential is often given simply as

Y=, + ¥, (3.2)

But matric potential is important in controlling water uptake and
retention by tissues of low water content, such as ‘dry’ and partly
imbibed seeds and in the soil. In the soil, colloid content also can
be high.

Osmosis of water is water movement driven by an osmotic poten-
tial gradient through a semipermeable membrane, i.e. a membrane
permeable to water but impermeable, or very much less permeable,
to solutes that are present. Osmosis drives water movement from a
lower to a higher solute concentration: a high solute concentration
gives a low osmotic potential, hence a low Y. All membranes of living
cells are semipermeable towards nearly all the solutes within the cell,
or encountered in the environment, hence osmosis is important in
plant water relations. However, as the preceding discussion shows,
osmosis is not the only process involved in plant water relations.
Hydrostatic pressure (or tension) can overrule osmotic forces.

A cell with a positive V', is said to be turgid, though the degree of
turgidity varies according to water content. As a cell takes up water,
its ¥ rises and its volume expands as the wall is stretched (Fig. 3.1).
When a cell is fully water-saturated, i.e. the wall can yield no more,
the cell can take up no more water even from pure water. Its ¥ is zero
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(= that of pure water, with which it is in equilibrium), the osmotic
potential of the cell contents being balanced by the pressure
potential:

¥Y=0and -¥, =Y, (3.3)

This cell is at full turgidity, at maximal volume, maximal wall pres-
sure and maximal water potential - of 0 MPa! The values of plant cell
Y usually vary from 0 down, i.e. are negative, and negative values are
less than zero.

On the other hand, as water is progressively lost from a cell, its ¥
decreases, both as a result of the reduction of the pressure, as the

FULLY TURGID

-V TURGID 177 ¥ =0
Maximum water Wp positive
content :
Water absorbed

TURGID ¥ negative

Wp positive
\V
FLACCID

¥ negative = ¥x
Yp=0

~\

More water lost in solution

WILTED

PLASMOLYSED

W very negative = Wy (+ ¥p)
wp = 0 or negative (tension)

W very negative = Wy
Yp=0

m Effect of water

absorption and water removal on a
plant cell. Starting with a turgid cell
(second from top), absorption of
water leads to increase in turgidity
and ¥ increases up to a maximum
of 0. Water loss beyond a certain
level in a solution of low ¥ results in
plasmolysis, shrinkage of cell
contents from the wall. Water loss
in dry air results in wilting and the
pull of the shrinking contents on the
wall can lead to a wall tension
instead of a pressure. V = vacuole.
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Box 3.1

There is some variation in notation
regarding the components of
water potential. Osmotic potential,
which here is represented by W=,
has by various workers been called
Ys (for solute), Wo (for osmotic),
orjust plain 7. It is also quite com-
mon to find subscripts such as
Woiant or Wsoil used to denote the
water potentials of various
systems.

shrinking cell contents press less strongly on the wall, and as a
consequence of the solutes being concentrated into a smaller volume
and lowering the ¥, component. When the stage is reached where
the protoplast no longer presses against the wall, the cell is said to be
flaccid; now

Y, =0, and ¥ =¥, (3.4)

If still more water is removed, the effect depends on the mode of
removal (Fig. 3.1). If the water is removed by evaporation, drying out
in air, the cell shrivels in size and the wall caves in or folds as the
shrinking protoplast pulls on it. The degree of flexibility of the wall
may determine how much water can be removed. The tissue becomes
wilted. If, however, the water is removed by immersion of the cellin a
solution of low ¥, plasmolysis results: the protoplast shrinks away
from the wall and the external solution fills the space between the
plasma membrane and the wall; there is no further decrease in over-
all cell size. The relationships between ¥, ¥, and ¥, are shown
graphically in Fig. 3.2. Under field conditions, wilting is more usual
than plasmolysis. Loss of water beyond a limit, which varies with the
tissue, is fatal; this is discussed in Chapter 13 under desiccation
stress.

Actual values of cell ¥ of plants growing in the field in a temper-
ate climate and with a fairly adequate supply of water fall mostly in
the range of -0.1 to -2.0 MPa, but may fall well below this in times of
water shortage, and in extreme climates or habitats such as deserts or
salt marshes; in the latter the apparently generous external water
supply is at a low ¥ owing to the osmotic effect of the salt. Plant ¥
values below -10 MPa have been recorded.

Quantitative consideration of plant water potentials needs clear
thinking. Because values of ¥ of plants and in the natural envir-
onment are negative, one must be careful to keep in mind that
e.g. -2 MPa is lower than -1 MPa. Sometimes the terms ‘higher’ and
‘lower’ are avoided by referring to ‘less negative’ and ‘more negative’
values. One must also accustom oneself to thinking of zero as a high
value, the highest that the ¥ of plant or soil in most cases can attain.
(Plant tissues under high pressure, such as squirting glands or squirt-
ing fruits, which can eject their contents to considerable distances,
may have positive ¥ values. But these play no significant part in
overall plant water relations.)

3.3.2 Measurement of water potential and its components in
plant cells and tissues

The overall ¥ of a cell or tissue can be measured by exposing replicate

samples of the tissue to a graded series of ¥, either by immersing the

samples in solutions of known W, or by enclosing them in atmos-

pheres of known ¥ (vapour pressure). Changes in water content of

the samples are detected by weighing the samples before and after
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the incubation period; the tissue ¥ equals that of the environment in
which it neither gains nor loses water.

Another method for measuring tissue water potential is the
thermocouple psychrometer. The tissue is allowed to equilibrate
with the atmosphere in a small chamber which houses a thermo-
couple junction and which is incubated at constant temperature. The
Y of the chamber atmosphere will become equal to that of the tissue.

m Generalized quantitative

relationship between overall cell P,
‘{’P, ¥, and cell volume. Note that
the x-axis scale runs from a
maximum value for the volume on
the left, at full turgor, to a minimum
value at the point of limiting
plasmolysis/ wilting. The extent to
which the cell volume varies
between these points depends
greatly on the extensibility of the
cell wall; hence no numerical values
are given, but if the volume at full
turgidity is taken as 100%, the
minimum values quoted for
different cells vary from about 95%
to 70%. The dashed lines indicate
what happen:s if the cell wall caves in
under tension after limiting wilting:
the volume decreases still further,
W, becomes negative (top section
of graph), and the cell ¥ falls below
Y. (bottom section of graph). If the
wall does not cave in, but the cell
wrinkles, ¥ continues to equal ¥,
with further water loss.
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A small drop of pure water is then introduced on to the thermocouple
junction. As this water evaporates, it causes cooling of the thermo-
couple, causing a current to flow. The current is proportional to the
rate of cooling; the rate of cooling depends on the rate of evaporation,
which in turn depends on the ¥ of the vapour in the chamber - and
this equals the ¥ of the tissue. The instrument is calibrated with
material of known W, so that the tissue ¥ can be obtained from the
current reading.

The pressure bomb method for obtaining water potentials,
which is more controversial, is discussed later in connection with
xylem transport (Section 3.4.3, p. 80).

It may also be relevant to measure the individual components of
Y. The osmotic potential can be obtained by finding the point of limit-
ing plasmolysis, when the V', has been just reduced to 0 and the cell’s
Y equals its ¥, (Equation 3.4 and Fig. 3.2). This is done by immersing
the plant material samples in a series of graded Y. Since the precise
point at which a cell just becomes flaccid is in practice almost
impossible to see, the point is found at which 50% of the cells can
be seen to be plasmolysed, i.e. have gone beyond the limiting point,
while the remainder still appear turgid. This point is taken as equiva-
lent to an average limiting plasmolysis value for all the cells. The
method does have an inherent error. By the time the point of limiting
plasmolysis is reached, the cell volume has shrunk somewhat
because of the loss of water and cellular solutes have become more
concentrated, lowering the value of the ¥,. Fortunately the volume
change is small and the error is estimated at less than 10%. An
alternative method for obtaining the W, is to express the cell sap
and to measure its ¥, by physicochemical methods applicable to any
solution. Errors can be introduced here through dilution of the sap
with water from the cell walls, and by chemical changes resulting
from the mixing of the vacuolar contents with the cytoplasm.

The pressure potential is more difficult to measure and is often
taken as the difference between the overall ¥ and the ¥,. However,
there is an instrument, the pressure probe, which does measure
pressures directly. It consists of a very fine hollow glass capillary
needle, oil- or water-filled, which is inserted into the cell and at the
other end joined to a pressure sensor. The operation is followed
under a microscope, and requires skill. It may be difficult to see
precisely where the probe tip is positioned and not all types of cell
are amenable to this method.

3.3.3 Water permeability of plant membranes

Gradients of ¥ determine the direction of water movement between
cell and environment, and between cell and cell. The speed of water
movement into or out of living cells is controlled by membrane
permeability. In plant cells, two membranes need to be considered:
the plasma membrane (plasmalemma) which surrounds the cell; and
the tonoplast, the membrane surrounding the vacuole, which con-
tains the bulk of the water in most mature plant cells.
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The permeability of biological membranes towards water is gen-
erally high. The permeability of plant cell plasma membranes
towards water has been estimated to be from several hundred to
several thousand times higher than for such small uncharged organic
compounds as urea, glycerol or sugars, and for charged ions the
difference is greater still. Nevertheless, the resistance of biological
membranes towards water is not negligible. The quantitative meas-
ure of the permeability of a membrane towards a chemical is the
permeability coefficient, the rate of diffusion per unit area, unit
time and unit concentration gradient. The permeability coefficients
of biological membranes towards water are so high that they are
difficult to measure; the concentration gradients are small and equili-
bration between external and internal water is reached rapidly. Very
variable values have been reported for the permeability coefficients
of plant cell plasma membranes. Because of the practical problems in
measuring the permeability coefficient for water, the hydraulic
conductivity is often measured instead, the rate of diffusion of
water per unit area and unit time per unit hydrostatic pressure
gradient. This can, however, be used only to compare water perme-
abilities of various systems, not for comparing the permeabilities of
water and other chemicals.

The ease with which water, and other small hydrophilic mol-
ecules with masses not above 46 Da, traverse biological membranes
was first attributed to minute pores opening up transiently in the
bimolecular lipid leaflet of the membrane by the random thermal
vibrations of the lipid molecules. Subsequently membrane proteins
named aquaporins, which make water-specific channels through
biological membranes, have been identified in all types of organisms
(Box 3.2; Tyerman et al. 2002). Plants contain a greater variety of
aquaporins than organisms from other kingdoms; over 30 aquapor-
ins are known from maize, for instance. Aquaporins show specificity
with respect to organ and membrane, i.e. plasma membrane or
tonoplast. Evidence is accumulating that the variability of the
reported values of the water permeability coefficients of different
plant cells results at least partly from differences in the concentra-
tions (and maybe types) of aquaporins. Development and differentia-
tion are associated with changes in aquaporin density; e.g. during the
cell elongation stage which is accompanied by rapid water uptake,
aquaporins are particularly abundant. A diurnal rhythm in expres-
sion of aquaporin genes has been correlated with leaf movements
which depend on turgor changes in their motor cells, mediated by
water movements in and out of the cells.

It must be emphasized that all water movement into or out of
plant cells is along the ¥ gradient. There is no active pumping of
water against its free energy gradient, at the expense of metabolic
energy, as occurs with many other metabolites. The permeabilities of
the plasma membrane and tonoplast towards water are so high that
the water would leak out very fast; the amount of metabolic energy
needed to pump it against the leakage would be unrealistic.

Box 3.2

The plasma membrane aquaporins
are collectively termed the PIPs
(plasma membrane intrinsic
proteins) and the tonoplast-located
ones, TIPs (tonoplast intrinsic
proteins). There exist also
aquaglyceroporins, which permit
passage of small non-electrolyte
molecules as well as water. All the
above-mentioned are classed
together as MIP, major intrinsic
protein family, found in organisms
of all kingdoms. Each aquaporin
molecule has six transmembrane
a-helices embedded in the
membrane, and forms one
transmembrane water channel; the
molecules are commonly grouped
in the membrane as tetramers.
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3.4 | Water relations of whole plants and organs

The water relations of a whole plant, or even an organ such as a leaf,
are much more complex than those of individual cells. The formulae
given in the preceding section, relating water potential to pressure
and osmotic (and matric) potentials are applicable only at the cellular
level. There is no such thing as the V', of a whole plant; the value will
vary between different tissues. The overall ¥, too, usually varies
between different parts of a plant. Most flowering plants are land
plants and, in the terrestrial environment, the ¥ of the atmosphere is
nearly always much lower than that of plant tissues, often by tens of
MPa, and hence there is a great tendency for water loss from the
plant. The large surface area necessitated by the photosynthetic
mode of life provides a large surface for evaporation of water, tran-
spiration. This loss must be made good from the soil, which is
generally at a much higher ¥ than the atmosphere or the plant.
Hence for most of the time there is a flow of water through the
plant, along a ¥ gradient, as below:

soil root stem leaf air

This flow is frequently termed the transpiration stream. Only in times
of a water-saturated atmosphere, or in times of extreme drought,
may there be equilibrium, more or less, between plants and the
environment, with gradients within the plant eliminated and water
movement nearly at a standstill. Of the water absorbed by the roots,
only a very small fraction is retained by the plant in temperate
habitats. For maize, an annual, this fraction has been estimated at
less than 1% of the water absorbed during its growing season. During
one bright sunny day leaves may transpire several times their own
weight of water; a leaf of Senecio jacobaea growing on a sand dune can
transpire its own weight in water in 45 minutes. The water content of
aerial organs of a plant is generally lower in the daytime, when the
rate of transpiration is high, than during the night, when the tran-
spiration rate is much lower (owing to the lower temperature and
closure of stomata) and the deficit is made good. In the roots, which
experience much less temperature change over the diurnal cycle and
which have no stomata, the water content fluctuates much less.

3.4.1 Absorption of water by roots

The root systems of plants are often very extensive. Roots of some
plants extend much further underground than the shoot rises into
the air (Fig. 3.3). The roots of apple tree (Malus domestica) may go down
to about 10m, and even in herbaceous plants such depths can be
reached, e.g. in alfalfa (Medicago sativa). The actual area of a root
system is formidable. It has been reported that a rye (Secale cereale)
plant had a root surface area of over 600 m?*, of which two-thirds was
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root hair area, and the total length of the root system was over 11 000
km, including 10 000 km of root hairs. The total area of the shoot
(including areas of cells bordering leaf air spaces) was only 28 m?.
Most of the water absorption takes place near the root tips, where
there is a thin epidermis with root hairs (Fig. 3.4). Not only do the root
hairs provide a large area, but they make intimate contact with the
soil, bending around soil particles and penetrating into tiny crevices.
As the root tissues mature, the epidermis with its hairs is replaced by
a more impermeable suberized periderm. For efficient water uptake,
root growth must continuously regenerate the absorbing zone
behind each growing apex. Continuous growth is also necessary to
invade new areas of soil, for there is little lateral movement of water
in soil compared with downward drainage directly after water add-
ition. Water will not move to the roots, so roots must grow to the
water. Positive hydrotropism (Chapter 12) may direct root growth
towards water. Roots can grow rapidly; a rate of 10 mm per day is
common for grasses; maize (Zea mays) roots can extend by as much as
50-60 mm per day. The average daily increase in length of the total

Semi-diagrammatic
sketch of the root system of a
Californian woody shrub, the
chamise (Adenostoma fasciculatum).
From Hellmers et al. (1955).
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Scanning electron
micrograph of root hairs on a radish
(Raphanus sativus) root tip. The root
hairs appear at a distance of about
1.8 mm from the apex. From
Troughton & Donaldson (1972).

root system of the rye plant discussed above (hairs excluded) was
almost 5 km.

Though the root hair zones provide the most efficient water-
absorbing surfaces, uptake in older regions is still appreciable,
particularly during conditions of water shortage and at times when
root growth is slow, such as in winter. Points of emergence of lateral
roots break the suberized layers and enable the entry of water.

3.4.2 The route of water movement through the plant

The xylem as the water-transporting system

The main channel for upward/long-distance movement of water in
the plant is the xylem, the wood. When the tissues outside the xylem
are peeled off over a short length of woody stem where the xylem is
central, the conduction of water beyond the stripped region con-
tinues unimpeded. The non-living cells of the xylem are filled with
a watery sap, at least in young wood, and dyes and Indian ink can be
seen to move in the xylem. Toxic solutions have been shown to pass
from roots to leaves, indicating that the route does not involve living
cells; heat-killed stems, too, can conduct water. Chilling does not stop
water movement as long as no freezing occurs. All this points to non-
living cells of the xylem as the water-conducting cells. When the
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lumina of these cells are blocked with mercury or cocoa butter, water
movement is inhibited.

The xylem is a complex tissue. In addition to water-conducting
cells and lignified fibres which all are dead at maturity, it contains
living parenchyma cells and sometimes also living transfer cells (for
transfer cells, see Section 5.4.1). Functional xylem is accordingly not a
dead tissue, though it contains a large proportion of dead cells. In
flowering plants there are two kinds of conducting cells, the trac-
heids and the vessel elements. They have lignified secondary walls
with the secondary thickening laid down in distinctive patterns
leaving areas of primary wall as pits; these facilitate the passage of
water from cell to cell (Fig. 3.5). Somewhat confusingly, the thin
primary wall across the pit is often called the pit membrane.

The tracheids function as single cells, but vessel elements are
joined to make elongate vessels by the perforation or partial break-
down of end walls in files of cells; these end walls are then known as
perforation plates (Fig. 3.5). Their possession is the distinguishing
feature of the vessel element. The diameters of vessel units range
from below 10 um to several hundred pm, even 1000 pm in some
lianas. Tracheid diameters overlap with those of the narrower vessel
elements. Any one piece of xylem has conducting elements of varied
width; this may be of functional importance (Section 3.4.4). The
lengths of vessels range from under 1 cm to 10 m or more, and are
very variable even within the same plant. In some trees some continu-
ous vessels run right from the crown to the roots, but most vessels are
shorter than the height of the plant, and even in trees many vessels
measure only a few centimetres. The possession of vessels making
long continuous channels for water movement is considered to be
one of the advanced features of flowering plants; the earliest land
plants had only tracheids, and while the evolution of vessels has
occurred in several divisions of land plants they are lacking in the
conifers. Tracheids offer much more resistance than vessels to water
movement.

In woody perennials, new layers of xylem known as annual rings
are produced each year during the growing season. The older regions
of xylem eventually lose their water-conducting capability and
become air-filled or blocked by ingrowths (tyloses) from adjacent
living parenchyma cells, or by gums, resins and tannins. The water
then moves only through the young, outer xylem, the sapwood,
which may comprise only the current year’s growth or include a
few youngest annual rings. The inner non-conducting xylem is
known as the heartwood.

Living parenchyma cells make up rays in secondary wood, run-
ning radially through the xylem from the pith towards the cortex
(Fig. 3.6) and lying also among the conducting cells. They store
organic nutrients, and some botanists have assigned a role in water
transport to them (Section 3.4.4). Transfer cells are not always pre-
sent in xylem, but may occur next to conducting cells especially in
leaf veins; they have highly involuted cell walls, which gives them a
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m The structure of xylem

conducting cells as seen by light
microscopy, all to the same scale.
(A)Tracheid with helical wall
thickening from beech (Fagus
sylvatica); (B) pitted tracheid from
lime (Tilia sp.); (C) vessel element,
sparsely pitted, with simple

perforation plates seen in side view,

from oak (Quercus robur); (D) vessel
tip showing slanted perforation
plate in face view, from oak; (E) two
ends of vessel element with barred
perforation plates, also bordered

S R ihadiad

pits, from oak; (F) very wide pitted

vessel element from a vine (liana,

Aristolochia brasiliensis); (G) and (H)
diagrams of longitudinal sections of
vessels; in (G) the perforation plates
are simple and at right angles to the

LTS

walls; in (H) the plates are barred
and oblique, the oblique orientation
giving a larger total plate surface
area, which compensates for the
loss of open area owing to the
barring. (F) from Esau (1965).

© John Wiley & Sons. Reprinted by
permission.

large surface area of plasma membrane, and they function in the
transfer of solutes into and out of the conducting cells.

The movement of water into and out of the xylem

In the root, the xylem is the central tissue; to reach it, water must
pass radially through the epidermis, cortex, endodermis and peri-
cycle (Fig. 3.7). The precise radial movement pathway is still under
discussion. There are three possible routes for the water: the apo-
plastic route, the symplastic route and the transcellular route
(Fig. 3.8). The apoplast is the collective term for all the non-living
parts of the plant body: cell walls, intercellular spaces and xylem
conducting cells. Apoplastic water movement would occur in the
capillary spaces of the root cell walls and perhaps in the intercellular
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m Scanning electron

micrograph of wood from Knightia
excelsa showing mainly a transverse
section, with a small area of
tangential longitudinal section
visible at bottom left. The vessel
elements are grouped into bands,
with associated bands of
parenchyma cells (thin-walled),
separated by wide bands of thick-
walled fibres. The three bands of
cells, R, running diagonally are the
parenchymatous rays. From Meylan
& Butterfield (1972).

- BKWM Transverse section of a

portion of a young maize root (Zea
mays), showing the tissues through
which water must pass on its way
from the soil to the xylem. The
epidermis, endodermis and
pericycle (to the inside of the
endodermis) are single cell layers,
but the number of cell layers in

the cortex varies widely according
to species and type of root. From
Frensch & Hsiao (1993).

© Springer-Verlag GmbH &

Co. KG.
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XYLEM
EPIDERMIS CORTEX ENDODERMIS PARENCHYMA

VESSEL

Vessel lumen

APOPLASTIC —

TRANSCELLULAR —»{—E1 —» it
Vacuole

Vacuole Vacuole

SYMPLASTIC —»

Diagram of the postulated apoplastic, symplastic and transcellular routes of water movement through the root to the
xylem. The arrowed lines represent the pathway of water; the symplast (cytoplasm and plasmodesmata) is stippled; the apoplast is
white and the Casparian strips of the endodermal wall are shown in black. The xylem vessel wall and lumen are both parts of

the apoplast, but their outlines are shown with dashed lines. For simplicity, all but one cortical cell layer and the pericycle

(a parenchymatous layer inside the endodermis) are omitted. The transcellular route is shown in two variations; in the strictest sense
it crosses every plasma membrane and tonoplast (upper arrows) but could also combine passage through membranes with passage
through plasmodesmata (lower arrows). It is not certain to what extent the water in the apoplastic route has to bypass the Casparian

strips as indicated by the curved arrows: see text for discussion.

spaces; there are reports of these spaces in roots containing fluid. The
symplast is the collective living part of the plant; nearly all the living
cells of the plant body are joined by plasmodesmata, submicroscopic
protoplasmic connections of diameters around 50 nm. In the sym-
plastic route, water has to cross a plasma membrane to enter the
cytoplasm of an outer root cell; it would then move in the cells within
the cytoplasm, around the vacuoles, and from cell to cell through the
plasmodesmata without the necessity to cross more membranes, till
it exited into a xylem conducting cell. The transcellular route envis-
ages movement ‘straight’ through the vacuoles, crossing the tono-
plasts of each cell; cell-to-cell movement could be via plasmodesmata
or crossing the plasma membranes.

The apoplast route has been supported on the grounds that it is
the path of least resistance, with minimal traversing of membranes.
However, the radial walls of endodermal cells at the level of most
active water absorption develop strips of wall thickening, the
Casparian strips, chemically resembling the water-impermeable
suberin (Fig. 3.9). In older parts of the root, all endodermal walls
except the outer tangential ones become heavily thickened. It is
therefore frequently suggested that at least at the endodermis
water must pass through living protoplasts, and that this layer reg-
ulates water movement to the root xylem. There is some evidence to
support this idea, but also data to the contrary, probably reflecting
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the extent of wall thickening in the material studied. Decreased
aquaporin content in plasma membranes of tobacco roots (Nicotiana
tabacum), achieved by antisense repression of an aquaporin mRNA
synthesis, has decreased greatly the roots’ hydraulic conductivity.
This indicates that there is movement through the plasma mem-
branes and certainly supports the symplast route. But the data do
not exclude the transcellular route. This route has been criticized as
being the path of greatest resistance in view of the large number of
membranes traversed. However, the density of aquaporins in tono-
plasts is very high (up to 40% of total tonoplast protein), which may
give them a much higher permeability towards water than is shown
by the plasma membranes, and crossing the vacuole may offer less
resistance than originally supposed. The three routes are not
mutually exclusive and it is quite possible that all three contribute
to water movement in proportions varying according to circum-
stances. When the rate of water movement is slow, most of the
movement might be along the low-resistance apoplastic route, the
higher resistance pathways beginning to contribute when demand
increases. But the opposite has also been suggested, with a strong
transpiration pull (Section 3.4.3) increasing the apoplastic flow.

In a herbaceous plant, where the vascular strands of the stem have
not been joined to a continuous vascular cylinder by secondary
growth, any part of the root system normally supplies those parts
of the shoot which are directly above it, these being the parts with
which it is in direct vascular connection; lateral movement does not
occur or is very restricted. But if a part of the root system is deprived
of water, lateral movement is activated and the overlying aerial parts
receive a water supply from other root sectors. In trees with a

m The structure of young

endodermal cells of a root, showing
the Casparian strips in the radial
walls. (A) transverse section,
Casparian strip black; (B)
3-dimensional diagram with the
cortex-facing wall cut away,
Casparian strip shaded. Any water
moving in the cell walls from the
cortex towards the stele (arrows)
will encounter the Casparian strip,
which runs like a girdle around all
the radial walls. Cell contents not
shown. In older endodermal cells,
all the walls except the cortex-
facing ones may get heavily
thickened.
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continuous cylinder of wood, dye injection has shown that the path
of water movement frequently spirals round the stem, following a
helical arrangement of the conducting cells around the trunk.

The route of water movement through stem and leaf tissue after
its exit from the xylem is also problematic. Fluorescent dyes intro-
duced into the xylem to act as tracers for water movement move from
the conducting cells into cell walls or crystallize out in intercellular
spaces in the shoot. Such observations have been interpreted as
indicating an apoplastic route for water passing out of the xylem.
However, careful analysis of the data points to the opposite view: the
dye becomes concentrated in the apoplast precisely because the
water passes into the living cells near the xylem, leaving behind
the dye to which the plasma membranes are impermeable (Canny
1990). It is therefore likely that water in leaves and stems first moves
symplastically from the xylem, before it finally passes into cell walls
again and evaporates.

3.4.3 The motive forces for water movement: root pressure
and transpiration pull

The rate of water movement through plants is very variable; Table 3.1
gives examples of maximum rates attained in a number of types of
flowering plants, and conifers for comparison. In any individual
plant the rate is of course also highly variable, depending on envir-
onmental conditions (Section 3.6.2). The order of increasing maximal
speed of water movement is the order of anatomical development
towards wider and more numerous vessels in the xylem. Conifers,
with the lowest maximal speeds, lack vessels, having only tracheids,
while lianas may have very wide vessel elements (Fig. 3.5).

Water moves through the xylem along a ¥ gradient, from roots to
all parts of the shoot, most of the flow terminating in the leaves.
There must be some motive force, some energy input, which main-
tains the ¥ gradient and overcomes the frictional and gravitational
resistances along the way. There are two possibilities: the xylem sap

Table 3.1 | The midday maximum speeds of the transpiration stream,
measured by observation of dye movement or heat conduction. Sclerophylls
are plants with tough, woody leaves; diffuse-porous wood has large vessels
evenly scattered throughout the secondary xylem; in ring-porous wood the
large vessels are concentrated into bands. After Huber (1956). © Springer-
Verlag GmbH & Co. KG.

Plant type Speed (m h™")
Evergreen conifers 1.2
Mediterranean sclerophylls 04-1.5
Deciduous diffuse-porous trees -6
Deciduous ring-porous trees 4-44
Herbaceous plants 10-60

Lianas 150
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could be pumped up under pressure, or it could be pulled up under
tension, negative pressure. Capillary rise (a surface tension phenom-
enon) could not account for a rise of more than 1 m in the finest
conducting elements; many plants are much taller than this, trees
reaching 90-100 m.

Root pressure

In certain circumstances, the xylem sap is under positive hydrostatic
pressure; when the plant is decapitated just above root level, the
stump exudes sap, a phenomenon often called ‘bleeding’. A man-
ometer fitted over such a bleeding stump registers a pressure known
as the root pressure, usually in the range of 0.1 to 0.2 MPa, excep-
tionally reaching 0.5 to 0.6 MPa. The development of this pressure is
dependent on the metabolic activity of the roots. No positive root
pressure is found when the roots are subjected to treatments inhibit-
ing metabolic activity, such as lack of oxygen, application of respira-
tory inhibitors, low temperature, or starvation. The mechanism is
thought to be osmotic. The exuded sap has a ¥ value below that of the
soil because of a higher concentration of solutes, mainly inorganic
ions, but sometimes including organic solutes, too. It is postulated
that the living parenchyma and transfer cells of the xylem secrete the
solutes into the conducting cells using respiratory energy. The low-
ering of ¥ causes water to follow the ions into the xylem, building up
a pressure - the classical osmotic pressure - which pushes up the sap.
The xylem ¥ does not equilibrate with that of the soil, since the ions
are continuously swept away with the water movement, and the root
cells continuously secrete more. In favour of this hypothesis is the
fact that when the ¥ of the medium around the roots is suddenly
lowered, reversing the gradient, exudation rate falls and may even
become negative, so that externally applied liquid is sucked in at the
cut stump. Root pressure can result in guttation, drops of liquid
appearing at leaf tips and edges where the xylem sap is forced out
through pores overlying vein endings. This liquid is much more
dilute than bleeding sap at a stump, solutes having been absorbed
by leaf cells. The manifestation of root pressures in temperate cli-
mates is most frequent during warm humid weather and the pressure
shows a diurnal rhythm with maxima at nights, often dropping to
near zero by day. The drops of guttation fluid are easily mistaken for
dew in the morning, but an attentive examination shows that the
drops are arranged regularly, corresponding to the positions of the
pores. In a strawberry (Fragaria ananassa) leaf, for instance, there is a
neat droplet at the tip of every tooth of the leaf edge. In tropical
rainforests, where it is warm and humid all the time, guttation fluid
drips from shrubs and small trees, mimicking rain.

Although the development of root pressures is well authenti-
cated, in the majority of cases root pressure cannot account for
water movement. Some species apparently never develop root pres-
sure. The observed pressures are too low to raise water to the
required level in tall plants. A pressure of 0.2 MPa can raise water
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maximally to 10 m, so root pressures in the usual range could raise
water no higher than 10 m. The maximal values of 0.6 MPa could raise
water to 30 m, still far short of the height of many trees. The quantity
of water that can be moved by root pressure is small: e.g. wheat
seedlings (Triticum aestivum), which transpired about 3 mL water per
hour, exuded only 0.5 mL per hour by root pressure. In many
instances maximum bleeding rates are only 1-2% of the water loss
occurring by transpiration. Root pressure persists only as long as the
water-yielding capacity of the soil is high, but plants can still extract
and transport water after root pressure becomes inactivated through
a lowering of the soil W. As stated, root pressures in temperate
climates are most frequently developed during warm nights; most
of water transport occurs during daytime. It is moreover mostly
herbaceous species that develop root pressures. In deciduous trees
root pressures are demonstrable in the spring before the buds open,
but once the leaves have expanded and rapid water movement
through the plant begins, root pressures can no longer be detected.

During the periods of rapid water movement associated with
rapid transpiration, the vast majority of evidence in fact indicates
that the water is not under positive pressure but under tension. In
such circumstances, a cut in the xylem does not result in sap exuda-
tion, but if the cutis made under water, the water is sucked in (as seen
if a dye is added to the water). Transpiring twigs can pull water
against an artificial resistance more effectively than a vacuum
pump; leafy twigs can raise a column of mercury to heights greater
than can be supported by atmospheric pressure. On the basis of such
evidence it is generally accepted that water movement in plants,
particularly in woody species, is the result of water being pulled up
to replace that lost by transpiration. We therefore need to explain
how water can be pulled up under tension to the topmost leaves of
the tallest trees.

The cohesion-tension theory (transpiration-cohesion theory)
for the ascent of xylem sap

A theory of the ascent of sap based on the cohesive properties of

water was advanced independently in 1894 by Dixon and Joly, and in

1895 by Askenasy. This theory, as described below, is still supported

in its essentials by most plant physiologists, although alternatives

have also been postulated (Section 3.4.4).

The motive force for root pressure is generated at the root end of
the plant. The generation of tension takes place at the leaf end. The
living cells of the leaf contain solutes and commonly have a ¥ well
below 0, say down to -2 MPa under ‘average’ conditions in a temper-
ate climate. But they are still relatively water-saturated compared
with the atmosphere for most of the time in most climates. The ¥ of
the atmosphere is usually very much lower than that of the leaf cells,
say -10 to -50 MPa. To put it another way, the atmospheric vapour
pressure is usually very much lower than would be in equilibrium
with the leaf cells. There are of course occasions when the
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atmosphere is very humid and water may condense out as mist or
dew. But generally, there being a tremendous drop in ¥ between leaf
and atmosphere, amounting to tens of megapascals, there is a great
tendency for water to evaporate, or transpire from the leaf. The cells in
contact with air lose water, mainly into the intercellular air spaces: it
should be remembered that most of the leaf surface is inside the leaf,
as discussed in the preceding chapter. Moreover the external surfaces
are covered by a cuticle which strongly impedes the passage of water
vapour. As the cells bordering the air spaces lose water, their ¥ drops
and water moves into them by osmosis from the deeper-seated cells
with which they are in contact. These in turn replenish their loss
from cells still deeper in the tissue, until water is extracted from the
xylem conducting cells, especially at the veinlet endings. The ‘pull’
on the water is transmitted right down the xylem and the water loss
is made good by further uptake of water from the soil by the roots.
There is thus envisaged an uninterrupted column of water being
pulled under tension from the roots to the leaves. The energy for
the movement comes from solar heat, which provides the latent heat
of evaporation: transpiration is the one plant process which uses
solar energy directly without the intervention of photosynthesis.
Lignification gives the xylem conducting cells the strength to endure
the tensions without collapsing inwards. This briefly summarizes
the transpiration-cohesion theory for the movement of water in a
qualitative way. The quantitative aspects are now considered.

It was stated (p. 77) that the positive pressure needed to pump water
up the xylem by 10 m is 0.2 MPa; the negative tension needed to pull it
up by 10m is numerically equal but opposite in sign, -0.2 MPa. Of
this, -0.1 MPa is needed to counteract the force of gravity and a
further -0.1 MPa is needed to overcome frictional forces opposing
the flow. If 100m is taken as the height of the tallest tree, the
mechanism for xylem transport under tension requires that tensions
of at least -2 MPa must be generated by transpiration. That is per-
fectly feasible. The final evaporation of water takes place from the
capillary spaces between cell wall fibrils; these spaces may be as
narrow as 5 nm and the tensions generated at the tiny menisci (the
curved air-water interfaces) can be calculated to reach -29 MPa
(Canny 1995). There is accordingly no problem with the generation
of tensions.

A second requirement for this mechanism of water movement is
that the water in the xylem must be able to withstand the necessary
tensions without the columns breaking. Here the situation is more
complicated. The cohesive power of water is great, resulting from
hydrogen bonding between the molecules: theoretical calculations of
the tensile strength of pure water have given values as low as -1400
MPa. Tensions of -20 to -30 MPa are claimed to have been withstood
experimentally. But xylem sap is not pure water: it contains dissolved
materials. Taking into account the presence of these, together with
the diameters of xylem cells and the adhesive properties of their
walls, the expected tensile strength of xylem sap in situ has been
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put at about only -3 MPa. This, however, would still be enough to
raise the sap to 150 m, higher than the tallest trees.

The experimental measurement of tensions in the xylem is not
easy and most workers have relied on indirect estimates. One tech-
nique is known as the pressure bomb method of Scholander, who
introduced it in the 1960s. Branches or leaves are cut from transpir-
ing plants, where, if the cohesion theory is correct, the xylem fluid
should be under tension. The leaf/branch is enclosed in a pressure
chamber with the cut end protruding and nitrogen gas at increasing
pressures is applied inside the chamber; eventually a liquid droplet is
seen appearing at the cut end. The xylem tension before cutting is
taken to equal the pressure at this point, only with a minus sign. The
argument is that, when the cut is made, the water column in the
xylem snaps and the water retreats deep into the xylem strand; to
force it back to its original position, a pressure is needed numerically
equal to the original tension. With this technique, tensions of - 0.5 to
-8.0 MPa have been recorded, the highest values occurring in halo-
phytes and desert plants, which must extract their water against a
very low ¥ in the soil. Twigs of trees have been centrifuged, the
centrifugal force exerting a tension on the xylem water until the
water columns broke; according to species, tensions from -0.4 to
below -3.5 MPa were endured (Pockman et al. 1995). Another indirect
method for estimating the xylem tension is to measure the water
potentials of living leaf cells in contact with the xylem. In wilted
plants of tomato (Lycopersicon esculentum), privet (Ligustrum lucidum)
and cotton (Gossypium barbadense), leaf W values were found to reach
-4.1, -7.0 and -14.3 MPa respectively. It was then assumed (without
direct proof) that the xylem sap was under a tension of the same
magnitude, since the tension must be balanced by the ¥ of the leaf
cells if any water is to move into the leaves. If numerical values for
xylem tensions of magnitudes as quoted above are accepted, these
support the cohesion theory. There have also been measurements
showing gradients of tension or leaf water potential, with the values
becoming progressively more negative higher up the plant - as is of
course required for the flow.

There is nevertheless a serious problem which has led to reserva-
tions in accepting the transpiration-cohesion theory. Water col-
umns under tension are liable to cavitate (embolize) on
mechanical disturbance, breaking up into droplets of water and
water vapour. When water is sealed into a glass capillary under
tension, the slightest tapping or shaking will bring about cavitation.
Plants are buffeted by the wind, sometimes very violently. Any
introduction of an air bubble would similarly break up the column.
Twigs, even large branches, are broken off by the wind; animals bite
away pieces; any such damage might be expected to let air spread
through large expanses of xylem, if not the whole plant. Even with-
out external damage, air seeding, i.e. the sucking in of air through
the cell walls, is very likely when the xylem water is under high
tension. Yet the plants go on conducting water. The actual great
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stability of the water-conducting system under natural conditions
seems at variance with the metastable state of water columns under
tension. Twigs which are cut so as to allow air into the vessels will
resume water uptake when the severed end is placed in water. In the
winter xylem sap may freeze; the dissolved air trapped as bubbles in
the ice should remain as bubbles when the sap thaws - yet sap flow
is resumed in the spring. On the other hand, cavitation does cer-
tainly occur in plants. Each cavitation event in the xylem makes a
minute noise that can be amplified by means of suitable electronic
equipment to an audible ‘click’. These clicks can then be counted
and recorded over time. During rapid drying out one can count
several hundred clicks per minute in a wilting leaf. When the
water supply is restored, cavitation ceases and water uptake is
resumed. Another method for detecting cavitation is to freeze
plant material very rapidly with liquid nitrogen and then to exam-
ine the xylem in the frozen state by cryoscanning electron micro-
scopy. Empty (i.e. embolized) and ice-filled vessels are easily
distinguished. Cavitation has turned out to be frequent in the field
under natural conditions. These observations are difficult to recon-
cile with the cohesion theory and some plant physiologists postu-
late alternative mechanisms.

3.4.4 Validity of the cohesion—tension theory

Alternative hypotheses

All the experimental values for xylem tensions quoted above in
support of the cohesion-tension theory have been obtained by indir-
ect means. It was considered for many years that the direct measure-
ment of tensions in the xylem was not practicable. Since 1990,
however, a group of workers led by U. Zimmermann has published
measurements which are claimed to be direct readings of pressures
within intact, water-conducting xylem using a pressure probe
(Section 3.3.2). It is not feasible to insert this delicate glass needle,
10 um in diameter, into thick wood, but fine veins such as in leaf
midribs were probed and the probe failed to register tensions as
strong as obtained by the indirect methods, -0.4 MPa being the
usual limit (Zimmermann et al. 1994). Occasionally down to -0.6
MPa was registered, but then the xylem vessels cavitated within
minutes of probe insertion. Moreover, many of the probe readings
failed to register any tensions at all but recorded weak positive pres-
sures, up to 0.1 MPa.

On the basis of the pressure probe readings, alternative mechan-
isms for xylem transport have been put forward. Zimmermann and
coworkers suggest that the mass flow of sap in the xylem is aided
osmotically (in a manner similar to the building up of root pressures),
by the secretion of solutes into the conducting cells, from the living
cells of the xylem. There would still occur a transpiration pull, but the
magnitude of the tension would be reduced and hence there would
be no high tensions and less risk of cavitation. Zimmermann claims
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that xylem sap is quite rich in solutes, contrary to the generally
accepted view that it is extremely dilute (except in early spring,
before transpiration commences). Another idea (Canny 1995) is
that, whilst transpiration provides the driving force, there is no
building up of large tensions because the living turgid cells of the
xylem exert a positive pressure on the vessels and tracheids, as does
the phloem, where cells are under a high positive pressure.

In defence of the cohesion-tension theory

The majority of plant physiologists nevertheless support the cohe-
sion-tension theory. The new postulates of Zimmermann and Canny
rely on tension measurements from one single type of instrument,
the pressure probe, whereas evidence for strong tensions has been
obtained with several methods, with consistent results. The discre-
pancy may be due to problems with handling the pressure probe
(Milburn 1996). Its insertion could cause cracks in the xylem cell
walls, letting air in and causing cavitation. The probe diameter of
10 pm is not negligible compared with the diameters of the xylem
vessels probed, 50-90pm; the insertion of the probe could do appreci-
able damage. With living cells, the plastic cell contents pressing
against a pierced wall could seal up cracks, but in the xylem conduct-
ing cells there is nothing to protect against air entry. Claims for a
high solute content could derive from the probe sampling preferen-
tially the young xylem (which is outermost), where immature cells
might still contain solutes derived from the breakdown of cell con-
tents (Milburn 1996); such cells might also be under more positive
pressures. Later experiments by other workers have succeeded in
measuring stronger tensions in the xylem with the probe, down to
-1 MPa, and have shown agreement between pressure-bomb and
pressure-probe data. The osmotic theory implies a high energy
expenditure by the living xylem parenchyma cells for pumping
solutes into the xylem, but the low O, level in the xylem of woody
axes precludes high aerobic respiration rates and the limited volume
of living cells would moreover have to control a large volume of dead
conducting cells (Richter 1997). There would also have to be a
mechanism for recycling the solutes. Mercury is pulled up by a
leafy, transpiring twig inserted into the top of a water-filled glass
tubing, which has its bottom end in a reservoir of mercury. The twig
sucks the mercury into the xylem and right into very narrow tapering
cell tips, which would require a tension of -2 MPa, and there is of
course no question of osmotic forces acting on the mercury. Strong
positive pressures, postulated to be exerted by living xylem parench-
yma and by the living phloem, would probably have little effect on
the conducting cells with their rigid walls.

At present, the bulk of the evidence seems to be in favour of the
cohesion-tension theory; but then one has to account for the fact
that airlocks can be introduced into the xylem in nature by cavitation
owing to water stress, freezing, mechanical damage - or experimen-
tally, without permanently or even temporarily stopping the overall
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flow. How is this to be reconciled with the need of continuous water
columns for the movement under cohesion?

To account for the resumption of sap flow in the spring after
freezing, the suggestion has been made that the air bubbles released
from thawing ice might be forced into solution again by root pres-
sures, which are highest in early spring, although root pressures tend
to be low in trees. Another mechanism by which cavitated vessels
could be refilled at any season is by capillary forces. Perhaps refilling
of cavitated cells is a situation where the activities of the living cells of
the xylem and of the phloem, emphasized by Canny and Zimmermann,
do come into play in building up pressures and forcing fluid into the
empty vessels. Counts of embolized vessels in sunflower leaves at
different times of day, and at various stages of drying out, have revealed
far fewer empty vessels than expected from the rate of cavitation. From
this it was deduced that the embolized vessels were refilled within
minutes by pressure from living cells (Canny 1997). A similar conclu-
sion was reached from scoring maize roots from dawn to dusk for
embolized vessels (McCully et al. 1998). It is also possible that many
airlocked conduits never resume water conduction, since in perennials
anew ring of fresh sapwood is produced annually; in some species, only
the current year’s growth is active in transport. Redundancy of xylem
does occur. The total amount of xylem in a plant is generally much in
excess over that needed to satisfy the plant’s water requirements, as
shown when large amounts of wood are removed. The presence of quite
large numbers of cavitated vessels can therefore be tolerated without
too much ill effect.

There is also evidence that airlocks produced by cavitation do not
necessarily spread from their origins over large volumes of xylem.
Vessels are formed by perforation of end walls between individual
vessel element cells, but very often a perforation plate is crossed by
bars of cell wall material (Fig. 3.5 E, H) which break up the opening
into numerous fine slits. It is suggested that in such vessels an airlock
may remain confined to the single vessel element in which it forms,
unable to pass the perforation plate due to water menisci holding
firm in the narrow openings because of surface tension forces. Even if
awhole vessel cavitates, its length may be limited compared with the
height of the plant. In trees, some vessels may extend to over 10 m,
but most are much shorter; e.g. in a holly (Ilex verticillata) the max-
imum vessel length was 1.3 m, but 99.5% of the vessels were under
5 cm long. Similar data can be quoted from other species. Cavitations
of limited extent can be bypassed by lateral flow through the cell
walls (Fig. 3.10), mainly through pits. Water movement can continue
even in the presence of two overlapping cuts from two sides of a
stem, as long as the distance between the two cuts is great enough to
leave some intact vessels within this region. An increase in the
resistance to flow can be detected when such cuts are made, as
would be expected: cell walls offer more resistance to flow than the
lumina of vessel elements. But the cohesive system as a whole is not
seriously reduced.
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Bypassing an airlock
(embolism) in the xylem following a
cut at the right. The slanted dashed
lines represent vessel end wall
perforation plates; the arrows show
the pathways of water flow.
Air-filled vessel elements are
shaded. The necessity to move
sideways through cell walls (via pits)
increases the resistance to water
movement in the damaged area.

The necessity to protect the xylem transport system against the
effects of cavitation and airlocks may explain why tracheids have
persisted in the flowering plants alongside vessels. The vessels, with
no barriers to water flow between cell and cell, offer much less
resistance to water flow than tracheids, where water must pass
from tracheid to tracheid through the cell wall, mainly through
pits. Moreover some vessel elements are extremely narrow, there
being normally a range of widths of vessel elements in the same
plant organ. Volume flow through a tube is proportional to the fourth
power of the radius of the tube. Hence a two-fold increase in the radius
of a vessel from say, 5pm to 10 pm would increase volume flow (for
the same tension) 16-fold (2* = 16). Since wide vessels are so much
more efficient for a bulk flow of water, why should a vascular bundle
contain, in addition to wide vessels, narrow vessels and tracheids?
The most probable answer is that this gives the plant the flexibility to
react efficiently to varying environmental water status. When the
soil ¥ is high the plant does not require very high tensions in the
xylem to extract the water; in such a situation, most of the transpir-
ation stream would pass through the widest vessels, which offer the
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least resistance. But when water stress sets in and xylem tension
increases, it will be the widest vessels that are the most vulnerable
to cavitation. The narrower vessels and the tracheids then can take
over the function of water conduction; the same high tensions which
cause vessels to cavitate also overcome the resistance in the narrower
conducting cells. In tracheids, any cavitation event is confined to one
single cell, and tracheids are also relatively narrow, so they are the
least vulnerable to water stress.

The movement of cohesive water columns in the xylem under
transpiration pull may thus be buffered against serious disruption
from cavitation by excess capacity; by the regular annual replace-
ment of old xylem by new in perennials; by refilling of air-filled
vessels by root pressures, by capillarity and by pressure from adjacent
living cells; by the bypassing of airlocks in cell walls; and by the
presence in xylem of tracheids and narrow vessels, which are less
susceptible to cavitation. There is not enough evidence for accepting
alternative theories for the ascent of sap which deny the existence of
high tensions in the xylem. Nevertheless, data from the pressure-
probe measurements, and other apparently anomalous observations,
are drawing attention to the possible functions of the living cells of
the xylem, and of the neighbouring phloem, in water movement.

3.5 | The transport of solutes in the xylem

Xylem transport is often considered primarily in terms of water
movement, but the xylem also has an important function in the
transport of solutes. Samples of xylem sap can be obtained for ana-
lysis by collecting the exudate when it is under pressure (the bleeding
sap); or it can be sucked out under vacuum, pressed out or centri-
fuged out, from pieces of wood. The concentration of dry matter in
xylem sap is low, commonly 0.1 to 0.5%, but the total volume of sap
moved in the xylem is high, so the amount of solute that is carried in
the xylem is significant. The mineral ions absorbed by the roots are
distributed around the plant in the xylem; this can be shown by
tracing the pathways of the ions with radioactive labelling, as well
as from sap analysis. From two-thirds to three-quarters of the solids
are, however, organic, including amino acids, amides and carboxylic
acids, giving the sap a pH of about 5. The xylem sap composition in
any individual plant varies with the environmental conditions; dur-
ing rapid transpiration, when large amounts of water are passing
through the xylem, the concentration of solids may fall very low.
There are also more regular seasonal variations correlated with plant
development. In woody perennials, the mineral content of xylem sap
is highest in the spring, when active growth is resumed.

The carbohydrate content of xylem sap is usually below 0.05% and
may be undetectable. But in woody species in the early spring, before
leaf expansion and the onset of transpiration, there may be a period
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of high sugar content in the xylem sap, up to 8%. This sugar is derived
from reserve starch, stored in the woody stem over the winter.
During this period of sugar mobilization, the xylem sap acquires a
positive pressure. The sugary sap flows out in quantity from cuts
made into the wood, and the tapping of birch (Betula spp.) and sugar
maple (Acer saccharum) in the spring has been a tradition in northern
regions of Europe and America probably for millennia. Maple syrup is
commercially produced from sugar maple sap.

Plant hormones can also move in the xylem; e.g. the sensing of
water stress in roots stimulates the synthesis of abscisic acid, which is
transported in the transpiration stream to leaves, where it induces
stomatal closure. Other hormones transported up in the xylem are
important in growth correlations between root and shoot.

3.6 | Water uptake and loss: control by
environmental and plant factors

The rates of water absorption and water loss, and consequently of
water movement through the plant, are determined by an interaction
between plant and environmental factors. The environmental factors
can be classified as soil (edaphic) and atmospheric. With regard to the
soil, important considerations are the amount and availability of soil
water, soil temperature and soil aeration. Above ground, the relevant
factors are atmospheric humidity, temperature, wind speed and
light. The plant factors are the area and water permeability of
the absorbing surface in the roots; the area and water permeability
of the evaporating surfaces of the shoot; the frequency of stomata
and the degree of their opening.

3.6.1 Soil water and uptake by the roots

The soil is a complex system. Physically, it consists of particles with
sizes ranging from large stones to submicroscopic colloidal material,
and it contains pores of varied dimensions. Chemically the particles
are of various composition, organic and inorganic, and there are
many solutes in the soil water. The high colloidal content of most
soils (coarse sand is an exception) gives it a significant matric
potential; solutes such as mineral ions give it an osmotic potential.
The pressure potential is represented by tensions (negative), i.e. the
surface-tension forces at water menisci in small pores. Electrostatic
forces around particles and capillary forces in pores also decrease
free energy and help to retain water in the soil.

When a soil is saturated with water, all the pores are filled, but a
well-drained soil does not remain water-saturated for long. Water
drains away quickly under gravity from the larger spaces, but some is
retained in the smaller pores by the colloidal, surface-tension and
capillary forces, and as adsorbed surface films around soil particles.
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When a soil contains as much water as it can hold against gravity, it is
said to be at field capacity. The amount of water present at field
capacity depends on the soil type. Soils with fine particles have many
small pores and much total particle surface area, and can hold more
water than coarse soils (Fig. 3.11). A clay soil at field capacity may
hold 55% water on a dry-weight basis (i.e. 55g water per 100g dry
soil), while a coarse sand may hold only 17%. Once the water content
has fallen to field capacity, there is almost no movement of liquid
water in the soil, though water evaporates to the atmosphere.

The W of a soil at field capacity is very high, just below zero (unless
the soil is highly saline) and uptake by plants can proceed freely. As
the water content of a soil falls, its ¥ decreases progressively. The
concentration of solutes rises and the W, falls and the smaller
volumes of water between soil particles have more curved menisci;
this increases the surface tension forces and lowers the . Also, as the
outer layers of water are removed from the surface films, the inner
layers are held more strongly by electric charges and van der Waals
forces. At first the lowering of the soil ¥ is matched by lowering of
the ¥ in the plant and water absorption continues. Eventually a stage
is reached, however, when the soil ¥ falls so low that the plant can no
longer obtain enough water to compensate for transpirational losses,
and it wilts. At first this may be temporary, the plant wilting by day
but recovering at night, when the transpiration is low and water
uptake catches up with water loss. Eventually there comes the per-
manent wilting point (PWP), defined as the stage when the plant
will not recover from wilting unless more water is added to the soil.
Numerically the PWP is expressed as the percentage of water left in
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the soil. The value of the PWP depends on the species as well as on the
soil, different species reaching the PWP at different values of soil V.
Water uptake does not totally cease at the PWP but leaf turgor
pressure remains at zero. Once the PWP has been reached, removals
of very small amounts of soil water cause very large decreases in the
soil ¥: the relationship between soil water content and soil ¥ is not a
linear one (Fig. 3.11). Whether the plant can survive wilting depends
on the species, on the degree of water loss and on the length of time
in the wilted state.

Most of the water uptake by a plant takes place when the soil
moisture is between field capacity and PWP. As the soil dries out, the
forces opposing plant water uptake increase; the rate of water
uptake, plant hydration and plant growth rate can be impaired by
water stress even if wilting is not reached. This reduction of growth
rate can aggravate the effect of water shortage, for the slowing down
of root growth decreases the rate at which new areas of the soil are
tapped by the roots.

Soil aeration affects water uptake. Field capacity is the ideal state
of soil for plants since it has a high ¥ but also has air-filled spaces.
A fully water-saturated soil has an even higher ¥, but it is water-
logged, without air spaces. An adequate O, supply is necessary for
root growth; a lack of O, and a high concentration of CO, (accumulat-
ing from anaerobic respiration of roots and soil microorganisms) are
moreover reported to decrease the permeability of roots to water. Soil
temperature affects root growth and root permeability, both being
decreased at low temperatures. The viscosity of water on the other
hand increases as the temperature falls; low soil temperature may
thus considerably reduce the uptake of water by roots under tran-
spiration pull, leading to ‘physiological drought’ when there is water
available in the soil, yet the plants suffer water stress. Root pressures
develop only in warm, well-aerated soils of favourable moisture
content.

3.6.2 The atmosphere and transpiration

The daily course of water absorption by plants closely follows, with a
time lag, the course of transpiration (Fig. 3.12). Thus the atmospheric
factors which determine the rate of transpiration also largely deter-
mine the rate of water uptake.

The rate of transpiration, the outward diffusion of water vapour
from plants, is subject to the same physical laws as the inward
diffusion of CO,, as discussed in Chapter 2. Transpiration is directly
proportional to the water potential gradient AY between the leaf
and the air. Or, since atmospheric water status is often expressed in
terms of vapour pressure e, which is proportional to ¥ (Equation 3.7,
page 97), we can substitute Ae, the water vapour pressure gradient,
for AY. Transpiration, on the other hand, is inversely proportional to
R, (boundary layer resistance) and R, (stomatal resistance). Denoting
the rate of transpiration by T, we have:
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(3.5)

There is no term in this equation to correspond with the mesophyll
resistance which is involved in CO, diffusion (Section 2.4.1), for water
vapour does not pass through cells on its way to the outside.

Transpiration rate increases with increasing temperature, a rise
in temperature resulting in a steeper concentration gradient of water
vapour out of the leaf, i.e. Ae increases. The air spaces within the leaf
are normally at near saturation vapour pressure, c. 100% RH (relative
humidity, the ratio of actual vapour pressure to saturation vapour
pressure as a percentage). The absolute concentration of water
vapour at a given RH increases with increasing temperature, i.e. air
at 100% RH at 20 °C will contain more water vapour than air at 100%
RH at 10 °C. Arise in leaf temperature therefore increases the vapour
pressure in the leaf without a corresponding rise in the external air.
The gradient is approximately doubled for a 10°C rise in temper-
ature. Transpiration decreases with increasing atmospheric humidity,
for this decreases the Ae. Wind stimulates transpiration, decreasing
R, as it sweeps away the water vapour accumulating in the boundary
layer at the leaf surface. By causing bending of the leaf it may cause
mass flow of air into and out of the leaf, thereby enhancing water
loss. Light has no direct effect on water loss, but it does have
a profound effect on transpiration indirectly: it warms up the
tissues, increasing transpiration, and it promotes stomatal opening
(Section 2.4.1). The combined effects of light and temperature result
in the diurnal changes in the rates of transpiration (and hence of
water uptake) illustrated in Fig. 3.12.

The daily course of rate
of transpiration and rate of water
absorption by some plants. From
Kramer (1937).
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m The relationship

between stomatal aperture
measured by stomatal conductance
(A) and the rate of evaporation (B)
in an attached leaf of the strawberry
tree (Arbutus unedo) under
conditions typical of a
Mediterranean day. Note the
marked midday decrease in
stomatal aperture and
transpiration. Adapted from
Raschke & Resemann (1986). ©
Springer-Verlag GmbH & Co. KG.

3.6.3 Stomatal control of transpiration

The features of the plant which control the rate of passage of water
through it act largely through controlling the rate of transpiration. If
comparison is made between plants of different species, or different
individuals of the same species (which can show variation according
to their growing conditions), the following shoot characters are seen
to favour rapid transpiration: a thin cuticle; lack of hairs; a high
stomatal frequency per unit area; a large surface area and a large
ratio of internal to external surface area. The water uptake capacity of
the roots can also limit the rate; when half the leaves are removed
from a plant, the remainder may transpire more rapidly per unit area
of leaf, being now able to draw on the whole root system rather than
on half of it.

However, when an individual plant is considered over a short
term so that developmental changes in, say, the extent of the root
system do not come into play, the degree of opening of the stomata is
often the most important single plant factor directly controlling the
rate of transpiration. By far the greater proportion of the water lost
from the leaf comes from the leaf air spaces via the stomata, although
the stomatal pore area may be only 1-2% of the total leaf surface. The
daily course of transpiration rate follows closely the course of stoma-
tal opening (Fig. 3.13). Where there is a midday closure of stomata,
this is always accompanied by a reduction of transpiration rate, as
shown in Fig. 3.13. In plants with a thick cuticle, such as the bay
laurel (Laurus nobilis) water loss through the epidermal surface
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excluding stomata, the ‘cuticular transpiration’, may be as low as 2%
of the total transpiration. When the cuticle is thinner, cuticular
transpiration can constitute up to about 50% of the total; the
cuticular transpiration of the ‘average’ mesophyte is 10-25% of the
total. Closing of the stomata will therefore, according to species,
reduce transpiration to some 2-50% of that occurring with fully
open stomata.

Transpiration is slowest when stomata are completely closed and
increases with increasing stomatal opening. If the atmospheric con-
ditions favour rapid transpiration, the increase continues right up to
maximum opening, the stomatal aperture being the limiting factor.
But if the atmospheric conditions do not favour rapid transpiration,
maximal transpiration rate may be reached when the stomata
are only partly open, the external conditions becoming limiting
(Fig. 3.14). In the pathway of water movement from soil to atmo-
sphere, the stomata are situated between the leaf air spaces and the
atmosphere:
stomata —— air

soil root stem leaf

A
600 A) 00

500
T 400
§ / °
S <
g 300 ’
o °
g |

%) 370
//

200
/./

° 230 o}—o00=—"
—
g o / 00 ﬁ
100 3=

/ /( o8 Aan —0

Oo -’.——— hd

2 110

| | [ | |

0 2 4 6 8 10

Stomatal aperture, um

m The relationship

between transpiration rate and
stomatal aperture in birch (Betula
pubescens) under different
conditions of evaporation. The
number by each curve equals the
rate of evaporation of water, in mg
per hour, from 25 cm? wet blotting
paper surface under the same
conditions. At low rates of
evaporation (and of transpiration),
full transpiration rate is reached ata
stomatal aperture of only 2 pm
since the atmospheric conditions
are limiting. At high evaporation
rates, maximal transpiration rate is
scarcely reached with a stomatal
aperture of 8 um because now the
stomata are limiting. From Stélfelt
(1956). © Springer-Verlag GmbH &
Co. KG.
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m Scanning electron

micrographs showing the cuticle
ridge C arching over stomata. (A)
Open stoma in a leaf of mung bean

(Vigna radiata); wax granules are
visible on nearby cells. (B) Closed
stoma in wilting leaf of bean
(Phaseolus vulgaris); the edges of the
guard cells can be seen closely
adpressed. Photo (B) courtesy of
Dr. J. M. Milton.

That is the point where the drop in W is the greatest, and therefore
the stomata can exert very effective control over water movement
when, in moving air, the boundary layer resistance is low. In still air,
however, the boundary layer resistance may become the limiting
factor and be more important than the stomatal resistance. Partial
stomatal closure cuts down the rate of transpiration more than the
rate of CO, diffusion; there being no mesophyll resistance for water
vapour movement, the stomatal resistance assumes proportionally
more importance.

As already mentioned in Chapter 2, stomata are highly sensi-
tive to water stress and some species react by (partial) closure at
quite low levels of water deficit, protecting the plant against
further water loss. In wilted plants the stomata are shut. The
early stages of wilting may, however, be accompanied by a
widening of the stomatal aperture, the guard cells being pulled
apart by the shrinking of surrounding epidermal cells, which lose
water more rapidly. In extreme wilting, too, the protective
mechanism may break down as the epidermal cells shrink and
again pull the pores open.

3.6.4 Waterproofing the surface: cuticle and wax

One of the key features that arose during the evolution of terrestrial
plants is the xylem, which makes possible the transport of water to
parts of the organism not in contact with a water supply. Another key
feature was the evolution of waterproofing chemicals which cut
down the rate of evaporation from plant surfaces. The control of
water loss by stomata can be significant only if the rest of the surface
is waterproofed to some extent. This is achieved by the presence of
the cuticle and wax.

The whole outer surface of all land plants (even the Bryophyta) is
covered by a cuticle. In the flowering plants, the cuticle covers not
just the external surface, but the walls of cells lining internal air
spaces, although here it is extremely thin; there is a very thin cuticle
on the root epidermis, too. A cuticular ridge commonly overarches
stomata (Fig. 3.15). The cuticle is a continuous skin over an organ, not
separate for each individual cell; it can be detached by chemical
treatment in one piece from e.g. a leaf. The cuticle is made up of
several layers which differ in chemical composition, but the main
component in all layers is cutin, a complex hydrophobic polymer of
mainly hydroxy fatty acids. Some wax (see below) may be present in
the cuticle, and secondary compounds such as tannins. The inner-
most layer of the cuticle is rich in pectins; when the pectins are
hydrolysed, the cuticle is detached. The thickness of the cuticle varies
from a fraction of a pm to over 10 um, being thick in plants of dry
habitats.

On top of the cuticle aerial organs have a layer of epicuticular wax.
This is attached only loosely and can be wiped or rubbed off. The wax
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gives the ‘bloom’ to glaucous leaves and fruits; some dark plums and
so-called black grapes look almost sky-blue when untouched, owing to
the wax, but much of that gets rubbed off when the fruit is handled.
The sheen and texture of many floral parts result from their wax layer.
The wax is not a pure chemical, but a mixture of long-chain hydro-
carbons, long-chain fatty acids, long-chain hydroxy acids, esters, alco-
hols, aldehydes and terpenoids. Each species produces its own
mixture; about 50 different chemicals have been detected in apple
wax. Even as for the cuticle, the thickness varies from a fraction of a
pm upwards. The wax palm (Klopstockia cerifera) native to the Andes, has
5 mm of wax on its leaves; carnauba wax, from the leaves of Copernicia
cerifera, is harvested commercially in Brazil.

The thickness and chemical composition of the cuticle and wax
determine the extent of transpiration with closed stomata, the ‘cuti-
cular transpiration’ discussed in Section 3.6.3. The more imperme-
able these layers, the smaller is the cuticular transpiration (and the
more complete is the control exerted by the stomata).

The cuticle and wax also prevent the entry of water. It would not be
a healthy situation if rain penetrated plants freely, flooded the air
spaces, soaked the cell walls and leached out solutes from the apo-
plast. Raindrops largely roll off owing to the hydrophobic nature of
the surface. The wettability is determined mainly by the epicuticular
wax, its thickness and even more by its structure. To the eye a waxy
leaf or fruit looks smooth. Microscopy, especially scanning electron
microscopy, reveals that the wax is present as plates, rods, granules
or tufts (Fig. 3.15, 3.16). These formations increase the hydrophobi-
city; even smooth wax is water-repellent, but a surface bristling with
small wax projections is almost unwettable. Agricultural and horti-
cultural sprays are mixed with detergent to lower the surface tension
and enable the fluid to wet plant surfaces. The cuticle and wax also
give some protection against the penetration of pathogens, and
against ultraviolet radiation.

The mode of production of these extracellular layers by the plant
is something of a puzzle. The components are generally assumed to
be secreted as liquid precursors by the epidermal cells and to solidify
on the outside, otherwise continuous layers cannot be produced, nor
can solid wax rods be transported through a cell wall. The most
difficult problem is the wax, which must move not only through
the cell wall, but through the cuticle as well. It might be suggested
that the wax layer is formed first and then the cuticle under it; but
when the wax is wiped off, leaving the cuticle intact, a new layer of
wax is formed by young leaves (and in some species by mature leaves
also). Searches for channels in the epidermal cell walls have not given
clear-cut results. There have been reports of channel-like structures
in cell walls seen by light microscopy, but these have not been
confirmed by electron microscopy. Another idea is that the wax
molecules are carried along with water vapour molecules during
cuticular transpiration, a process that has been compared to steam
distillation.
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Scanning electron
micrograph of the leaf surface of
wheat (Triticum aestivum) showing a
meshwork of wax rodlets. From
Troughton & Sampson (1973).

The patterns of the wax can be produced physically, with no con-
trol from the living cells. Waxes from various species dissolved in
organic solvents and allowed to crystallize out as the solvent evap-
orates have been found to crystallize into the pattern originally
exhibited on the epidermis. However, in some cases the pattern has
differed from the original.

3.6.5 s transpiration really necessary?

To put it another way, could water be moved to the tops of plants in
sufficient quantities by any other mechanism, root pressure having
been shown to be insufficient?

Continuous columns of water under tension could in fact be
maintained as water is used up in photosynthesis, and in any
other chemical reactions where it is a reactant. As long as some-
thing removes water at the leaf end, the water would be pulled
up; it does not have to be removed by evaporation. Osmotic
forces in the leaf cells could also maintain ¥ gradients between
the leaf and the root (and soil). But the amount of water moved
in such circumstances would be no more than is used up in
growth, in chemical reactions, and in maintaining the hydration
levels of the leaf cells. Xylem transport is important also in
distributing mineral ions, organic nitrogenous compounds
(Chapter 4) and hormones. The critical question is whether the
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much slower water movement that would be maintained in the
absence of transpiration would suffice for the distribution of
these solutes. Information on this is limited. One investigation
with sunflower plants (Tanner & Beevers 2001) indicated that the
suppression of transpiration had no adverse effect on mineral ion
uptake and distribution over 30 days. But one wonders whether
rapid xylem transport might be advantageous for the transmis-
sion of hormonal stimuli in situations such as the sensing of
drought by the roots.

The cooling effect of transpiration is also very important in keeping
down the temperatures of plant organs, especially in hot weather.
Throughout the day, a leaf absorbs radiant energy. The amount of
energy stored in photosynthate is about 1% of that absorbed, maybe
up to 4% in some C, species. The rest of the absorbed energy is
converted to heat. If the leaf is not to heat up steadily, this heat
must be dissipated, and it has been calculated that transpirational
cooling accounts for about half of this heat dissipation. (The remain-
der is lost through convection and conduction.) Hence transpiration
is generally regarded as a ‘necessary evil’.

3.7 | Water conservation: xerophytes and
xeromorphic characters

Plants growing in extremely dry habitats (*xeric habitats’) are termed
xerophytes. They exhibit a number of structural features which are
regarded as potentially conserving water and are called xero-
morphic characters. Some of these features may also be found in
plants of habitats which are not particularly deficient in water. It is
common to find xeromorphic characters in evergreen plants of tem-
perate and cold climates, where the plants may suffer water shortage
during cold seasons owing to an inability to absorb water adequately
by chilled roots, or even because of the soil water freezing. The
character of succulence is typical of plants of saline habitats, where
water is abundant, but the plants must absorb it from a medium of
low ¥. Xeromorphic characters include:

(1) Deep and/or extensive root systems. These enable the plant
to reach water at considerable depths. In the Mediterranean region,
tree roots grow right into the porous limestone rock. In some species,
the ratio of root weight to shoot weight is very high, as is root length
to shoot height.

(2) Water storage organs and tissues: succulence. Any part of
the plant may store water - root, stem or leaf. The storage organs are
succulent; they contain large, highly vacuolate cells which swell up
when water is available and gradually release water to growing
regions when there is no external supply, shrinking in the process.
Examples of stem succulents are cacti, whilst Aloe species and stone-
crops (Sedum spp.) have succulent leaves.
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(3) Low surface : volume ratio of shoot organs. Leaves usually
are the organs with the highest surface : volume ratios. Xeromorphic
plants tend to have small leaves, or succulent leaves, succulence
leading to a decrease in the ratio and hence a low water loss by
transpiration. Sometimes the leaves lose photosynthetic activity
altogether and are replaced by scales or spines - the cacti are the
classic example of the latter. The stem then becomes the photosyn-
thetic organ. The possession of spines discourages animals from
using the plants as their supply of water and food in an area where
both are scarce.

(4) Hidden stomata. The stomata may lie in deep depressions
or grooves, which trap a volume of still air and increase the boundary
layer resistance. In dry conditions, the leaves may roll up and
protect the stomata. Sometimes the surface cuticle and wax form a
dome over the stoma, with a small aperture, again enclosing a region
of still air.

(5) Thick cuticle and wax. These clearly serve to conserve
water by preventing evaporation through the outer epidermal
surface.

(6) Hairiness. The hairs trap air and effectively increase the
boundary layer. The hairs also help to keep the temperature down
since they are usually colourless or weakly pigmented, resulting in a
pale surface which reflects light and decreases heat absorption.

(7) Lignified leaves. When the tissues do become dehydrated,
lignification prevents collapse.

Several of these features can be present simultaneously. It may
be noted that the xeromorphic features are incompatible with fast
growth rates. A high root-to-shoot ratio puts a burden on the lim-
ited amount of photosynthetic tissues. A low surface : volume ratio
as in cacti (and other succulents) results in slow diffusion of CO,
into the photosynthetic organs and only the outermost cell layers
are well illuminated, so that photosynthesis is confined to these
layers. In succulent leaves and stems, the ratio of photosynthetic
cells to total mass is low. The net assimilation rate is consequently
low and growth is slow; cacti are notorious for their low growth
rates. The sinking or overarching of stomata, and hairy surfaces,
increasing the boundary layer, slow down the inward diffusion of
CO; even as these features protect against excessive outward diffu-
sion of water. That is the price the plants pay for survival in xeric
habitats.

Box 3.2 Derivation of water potential and its
relationship to vapour pressure

Water potential is derived from basic principles as follows. The amount of free
energy contributed per mole water in a system is called its chemical potential, p,,.
This quantity cannot be measured directly, but the chemical potentials of water in
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different systems can be compared against p°, the chemical potential of pure
water at atmospheric pressure and the same temperature as the system being
studied:

_,0
P — M (3.6)
Vv
The term V., is the partial molal volume of water, i.e. the volume of | mole water, |8
mL. By dividing through by this value, the water potential is obtained in convenient
units:

Y = (energy per mole water)/(volume per mole water)
= energy per unit volume of water

The basic units of ¥ are thus energy per unit volume, e.g. | m >, But energy per unit
volume can easily be converted to an equivalent force per unit area, i.e. pressure, in
pascals Pa:

| Jm™3 = IPa, or 10° ) m—> = | MPa

Water potential of the atmosphere is of great importance in plant water
relations and can be calculated from its water vapour pressure according to
the formula:

RT In(e/e%)
Vi

Y= (3.7)
where R is the gas constant, T the absolute temperature, e the vapour pressure
of water in the air and € the vapour pressure of pure water at the same
temperature.

The water potential of pure distilled water at STP (standard temperature
and pressure, i.e. 0°C and | atmosphere) is by definition zero. See Equation 3.6,
above: for pure water, the right-hand side becomes (u°,, — p°,)/V.,, which = 0.
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Chapter 4

Mineral nutrition

4.| ‘ Introduction

Of the naturally occurring 92 elements of the periodic table, about a
quarter are essential to plants. Water and CO, provide the plant with
the elements C, H and O; the remaining necessary elements are
obtained by flowering plants as inorganic mineral ions, mostly
from the soil solution. Water uptake and ion uptake are to some
extent linked, e.g. water uptake mediated by root pressure depends
on ion uptake, and the rate of ion uptake tends to increase with
increasing rate of transpiration. But the uptake of mineral ions
differs greatly from water uptake in that it proceeds against the
free energy gradient of the ions and is dependent on metabolic
energy. The transport of ions through cellular membranes is
mediated by numerous membrane-bound transport proteins which
enable the plant to exert considerable control and selectivity over the
process. This is vital if the nutritional needs of the plant are to be
satisfied. Heterotrophic organisms obtain nearly all their essential
elements via plants and the element composition of plants is accord-
ingly of major interest and importance also for human nutrition.

472 ‘ Essential elements

4.2.1 Definition: macronutrients and micronutrients

An element is classed as essential to a plant if the plant cannot
complete its life cycle without it and no other element can substitute
for it. The effect of the element must also be direct, i.e. it should not
act by promoting the uptake of another essential element, or by
retarding the absorption of a toxic one. To test for the essentiality
of an element, the test plants must be placed in an environment
totally free from that element. In practice this means growing the
plants in a liquid culture medium of precisely known composition.
Some elements are required in such minute amounts that they are
very difficult to eliminate from solutions to levels below those
required by plants. Even distilled water, glass of containers, gaseous
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pollution of the atmosphere and dust particles may provide enough
of certain elements to support plant life. Specially purified water,
spectroscopically pure chemicals and a filtered air supply must be
used. As techniques have been refined, elements have been added
gradually to the list of those needed. Whilst the macronutrient ele-
ments (see below) were known by the second half of the nineteenth
century, the essentiality of chlorine was not established until 1954.
Nickel was added to the essential list even later, in 1987. There is the
further problem of the minerals already present in the propagule
used to start the culture; the supply in this may suffice for a consider-
able period of growth. More elements may possibly be added to the
current list, which stands at 18-21 (Table 4.1). The precise number
depends on the species studied, some elements being apparently
essential for certain species but not for others; it also depends on
how strictly the criteria for essentiality are applied. It may well be
that some elements, hitherto known to be required by only a few
plants, may eventually be found to be universally essential.

As shown in Table 4.1, the essential elements are classified as
macronutrients and micronutrients. The macronutrients are
required in large amounts relative to the micronutrients; in culture
solutions, macronutrients are supplied at 10~ to 107 mol L™, whilst
the micronutrient concentrations may be as low as 10”7 mol L™*. Most
of the micronutrients become toxic at quite moderate concentra-
tions, say above 10™* mol L.

In addition to essential elements there are beneficial elements,
as indicated in Table 4.1, which are not absolutely necessary for
survival but promote the growth and vigour of plants. Non-essential
elements are also taken up by plants; any element present in the
environment will be absorbed at least in small amounts. For plants
grown in the soil, large amounts of Al and Na are frequently present
as these are common in soils. Though inessential, such elements are
far from being inert. They influence the ionic balance and osmotic
potential of the cells and may affect the uptake of essential ions.
Many non-essential elements are toxic in quite low amounts and
their uptake is detrimental to the plants and to the animals which
feed on them.

4.2.2 The physiological functions of the elements in plants
The roles of the essential elements in plants are at least partly known;
the majority of the essential elements are indeed universal for all
living organisms and many of their functions are the same in plants,
animals, fungi and prokaryotes. In discussing the functions of the
elements, most emphasis is here put on those functions that are
characteristic of flowering plants. The macronutrient elements are
constituents of cellular macromolecules, including all the major
building blocks of protoplasm, whereas many micronutrients are
enzyme cofactors or occur as parts of prosthetic groups of enzymes.
Carbon and hydrogen are of course constituents of all organic
molecules and the majority of organic molecules of living cells
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Table 4.1 | Macronutrients, micronutrients and beneficial elements for flowering plants, and the main forms in
which they are obtained. An asterisk® marks elements so far found to be essential only in some species; of these,

silicon, chlorine and sodium are beneficial in numerous other species. Additional beneficial species are listed at the
end of the table. Nitrate is the main N source. Of the three types of phosphate, the most important P source for plants

is H,PO,; all three phosphates can be referred to as Pi, inorganic phosphate, especially when it is uncertain which

ion(s) is/are involved.

Element Symbol Form absorbed

Essential macronutrients

Carbon C CO,, CO5* (carbonate), HCO5 ™ (bicarbonate)
Hydrogen H H,O

Oxygen O O,, H,O, CO,

Nitrogen N NO5~ (nitrate), NH, " (ammonium)
Sulphur S SO.* (sulphate)

Phosphorus P HZEJFOJ, HPO,*", PO4>" (phosphates)
Calcium Ca Ca

Potassium K K"

*Silicon Si H4SiO4 (silicic acid)

Essential micronutrients

Iron Fe Fe’* (ferrous)

Magnesium Mg Mg**

Manganese Mn Mn**

Copper Cu Cu*" (cupric)

Zinc Zn zn**

Boron B HsBO5 (boric acid)

Nickel Ni Ni**

*Cobalt Co Co™*

*Molybdenum Mo MoO,4* (molybdate)

*Chlorine Cl CI” (chloride)

*Sodium Na Na*

Beneficial elements

Selenium Se SeO,4* (selenate)

Rubidium Rb Rb*

Strontium Sr St

Aluminium Al AP

contain oxygen as well; these three elements are present in the
greatest amounts.

Nitrogen, too, is a constituent of many cellular molecules, in
particular proteins and nucleic acids, the key macromolecules of life
as we know it. There are many lower molecular weight nitrogenous
organic compounds vital to cell metabolism - vitamins, cofactors,
hormones, the chlorophyll pigments and the phytochrome photo-
receptors. Flowering plants additionally contain an extraordinary
variety of nitrogenous secondary compounds not involved in basic
metabolism. These include alkaloids, among which are compounds
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used as drugs, e.g. morphine, nicotine and quinine. Plants also con-
tain numerous non-protein amino acids, which are not incorporated
into normal proteins. There has been much dispute about the pos-
sible physiological functions of the secondary chemicals. Both the
alkaloids and the non-protein amino acids are toxic and often bitter
tasting; one possible function is protection against herbivores. In
seeds, non-protein amino acids, with a high proportion of N by
weight, can act as N storage compounds. Some non-photosynthetic
pigments contain N, e.g. betacyanin, the red pigment of beetroot
(Beta vulgaris).

Sulphur performs an important structural role in proteins where
the disulphide bridges -S-S- stabilize tertiary protein structures.
Sulphydryl groups, -SH, are found in the active sites of many
enzymes. There are also -SH-containing coenzymes, e.g. coenzyme
A, whilst glutathione, again with a -SH group, is an important anti-
oxidant. Several iron-sulphur proteins, e.g. ferredoxins, occur in the
electron transfer systems of chloroplasts and mitochondria; these
proteins contain clusters of linked S and Fe atoms at their reactive
sites. Membrane sulpholipids are structural molecules which contain
a sulphate group, found in chloroplast thylakoid membranes.
Numerous flowering plants contain pungent secondary S-containing
compounds appreciated as flavours; these are very common in the
Brassicaceae (cabbage family) which includes mustard (Sinapis alba).
Onions (Allium cepa), garlic (Allium sativum) and related species are also
flavoured with S-containing chemicals. The presence of such com-
pounds may deter some herbivores.

Phosphorus is contained in nucleic acids and also in mem-
brane phospholipids which make up the bimolecular lipid leaflet
of biological membranes. As a component of the adenosine phos-
phates (ATP, ADP and AMP) and related nucleotides, the phosphate
group is involved in ‘energy metabolism’ and intermediary meta-
bolism involves many phosphorylated intermediates. In metabolically
active cells there is a continuous turnover of phosphate from organic
combination to Pi (inorganic phosphate) and back again.

Calcium, as in cells of other kingdoms, contributes to membrane
stability in plant cells by its association with membrane phospho-
lipids, and it is necessary for the maintenance of the normal permea-
bility of the plasmalemma. In plants it also contributes to cell wall
structure as calcium pectate; this is a major component of the middle
lamella which cements adjacent cell walls together. The Ca®" ion is
extremely important in stimulus perception; one of the first effects
in the chain of reactions set off by a stimulus, environmental or
hormonal, is very often a change in the cellular concentration of
Ca** which is termed a ‘second messenger’ (see Section 7.4.4). Ca**
further acts as activator to some enzymes - amylases, ATPases and
phospholipases.

Potassium is something of a mystery element. It is present in
cells as the free K* ion; it does not enter into organic combination. It
is known to be the activator of some enzymes, but other elements
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which act as enzyme activators are required only in micronutrient
amounts. The affinity of proteins for K is, however, low and it may
be that fairly high concentrations are needed to make enzyme-
potassium complexes. It is the chief cation of protoplasm and as
such it balances the charges on cytoplasmic anions, organic cations
being few. Chloroplasts have a high content of K*; the movement of
H* from the stroma into the thylakoid lumen during photosynthesis
(Section 2.3.2) is electrically balanced by a movement of K* into the
stroma from the cytosol and a shortage of the element leads to a low
rate of photosynthesis. The K" ion is very important in controlling ¥
(the water potential) and hence the water content of plant cells. Cell
expansion is associated with the accumulation of K™ in vacuoles,
which induces water uptake into the vacuoles and an increase in
size. In plant cells which function in movements involving turgor
changes, K* ions are concerned in turgor control; such cells are
stomatal guard cells and the pulvinar cells (hinge cells) of leaves
and petioles. In these cells, increases and decreases of turgor are
achieved by K" moving in or out, water following according to the
resulting W gradient. Since so many of the effects of K™ are physical
effects on P or electric potential, the question is why K* should be so
specifically required and why the very similar Na* can replace it to
only a limited extent.

Silicon in the form of silica gel, a hydrated oxide of Si, gives the
cell walls of grasses, including cereals, their characteristic rigidity;
this is very conspicuous in the dried-out straw. Siis not known to take
part in any biochemical reactions within cells and Si-requiring plants
can be nursed to maturity in culture in the absence of the element.
Lack of Si does, however, result in some wilting, withering and
necrosis, and under natural conditions such Si-deficient plants
would have little chance of survival; hence it is reasonable to con-
sider Si as an essential element for species which normally have
highly silicified cell walls, e.g. wetland grasses. Many other species
contain smaller amounts of Si in their walls and Si can be regarded
generally as a beneficial element. It can ameliorate toxic effects of Al
and Mn and can increase resistance to fungal disease.

Many of the micronutrients have been identified as enzyme acti-
vators or as parts of the prosthetic groups of enzymes. Iron and
copper are present in the respiratory and photosynthetic electron
transfer chain cytochromes. They are also needed for other oxidative
enzymes: Fe for catalase and peroxidase, Cu for ascorbic acid oxidase
and polyphenol oxidase; Fe is present in iron-sulphur proteins, as
mentioned in connection with S (p. 103) and Fe is necessary for
chlorophyll synthesis.

Magnesium and manganese activate many dehydrogenases
and phosphate transfer enzymes and are also important in photo-
synthesis, a Mg atom being part of the chlorophyll molecule whereas
Mn is present in the O,-evolving complex. All the three elements
Fe, Cu and Mn are transition metals, able to change valency as
they lose or gain an electron; hence their association with
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oxidoreduction activities, which involve the transfer of electrons
between reactants.

Zinc is again an activator for many enzymes. Particularly import-
ant in plants are alcohol dehydrogenase, superoxide dismutase
(which degrades the highly reactive and dangerous superoxide radi-
cals formed during certain oxidative and photosynthetic reactions),
and carbonic anhydrase. The last-named catalyses the reaction

CO; + H,0 H,CO;3(carbonic acid) (4.1)

<—
In aquatic plants, where carbonate is the main C source for photo-
synthesis, this reaction produces CO, as substrate for Rubisco. In C,4
plants the reverse reaction occurs, resulting in the formation of
carbonic acid which dissociates to form bicarbonate, the substrate
for PEP carboxylase.

Nickel is a constituent of the enzyme urease, which hydrolyses
urea; the enzyme is needed for N metabolism in plants.

Molybdenum is present in the enzyme nitrate reductase, which
is needed to utilize nitrate, the major source of inorganic N for most
plants, and it is needed for symbiotic N, fixation. It is also part of the
cofactor (Moco) for aldehyde oxidase, an enzyme involved in the
synthesis of ABA, and in a few other oxidases (Mendel & Hédnsch
2002). The amount required is extremely small.

Cobalt also is needed in minute quantities only, and is known to
be needed for symbiotic N, fixation, which involves the Co-
containing vitamin B,. Since plants normally associated with sym-
biotic N, fixers can survive without the symbionts, Co might be
argued to be beneficial rather than essential. However, symbiotic
N, fixation is very important not only for the species in which it
occurs, but in the overall ecological context. Hence it seems appro-
priate to include Co in the essential list.

Chlorine is required for the O,-evolving system of photosyn-
thesis. For this it is needed in only micronutrient amounts.
However, the element is taken up by cells in large quantities and
the chloride ion Cl” is the chief inorganic anion in cells, often accom-
panying K*, e.g. during K" fluxes in stomatal guard cells, so that it is
beneficial in much larger amounts than required to fulfil its essential
biochemical role.

Sodium is required for C, photosynthesis in some C, species
where it seems to be involved with the conversion of pyruvate to
PEP. It is present in cells as the free Na* ion and like Cl” is tolerated in
relatively high concentrations. Chemically it is very similar to K and
to some extent it can interchange with that element; e.g. in Commelina
benghalensis Na can replace K in the control of turgor of the stomatal
guard cells. In succulent halophytes, plants which live in saline
habitats, Na™ acts as an osmoregulatory ion, with CI".

Boron is the element for which the physiological role has proved
most difficult to elucidate. Much of the B in the plant is associated
with cell walls where it cross-links cell wall polymers, such as pectins.
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It also is needed for normal membrane function. In B-deficient roots,
ion uptake capacity deteriorates but when such roots are supplied
with B, recovery is considerable by 20 minutes and complete within
an hour. Such fast action suggests a primary action at the membrane
level, B either affecting membrane permeability or acting on mem-
brane-bound enzymes. There is also some evidence for B affecting
enzymes of auxin and ascorbate metabolism. The greatest demand
for B is during the reproductive phase; in the absence of B, pollen
grain formation fails, and pollen tubes germinating in the absence of
B swell and burst.

Regarding the beneficial elements, individual species differ in
their requirements. Sodium benefits many species, being able to
substitute to some extent for K. Rubidium and strontium also
probably owe their beneficial effect to an ability to replace some of
a plant’s requirements for K and Ca respectively. Rubidium enhances
growth most markedly in K-deficient media. Aluminium is more
limited in its beneficial effects; it is beneficial to tea (Camellia sinensis),
Fallopia sachalinensis, and a number of grasses. Selenium is accumu-
lated in large amounts by some ‘accumulator species’ e.g. certain
species of Astragalus growing in Se-rich soils, also by Lupinus albus and
Phleum pratense; it affords some protection against insect attack and
protects against toxicity from excess Pi. The beneficial effects of
silicon have already been discussed in connection with its essenti-
ality for some species.

Complex interactions take place between mineral elements and
metabolism over and above the primary roles of the minerals. Several
examples of interactions between mineral supply and growth hor-
mone metabolism have been reported. In sunflower plants, deficiency
of N, P or Kin the rooting medium has been found to decrease the flow
of cytokinin hormones from the roots to the shoots. Macronutrient
deficiency can thus act on plant development not only through direct
shortage of elements, but via the hormone supply. The biosynthesis of
the gaseous hormone ethylene is promoted by Ca** ions. Ethylene acts
antagonistically to the hormone auxin in a number of effects. Thus
Ca** antagonizes auxin by promoting ethylene biosynthesis. Cobalt
inhibits the biosynthesis of ethylene and hence Co salts are used to
prolong the life of cut flowers, ethylene being normally produced by
the flowers and promoting senescence. More such interactions have
been reported and undoubtedly more still remain to be noted.

4.3 | lon uptake and transport in the plant

4.3.1 lons in the soil

With the exception of C, H and O, which are derived from water and
CO, and are incorporated by photosynthesis as described in Chapter 2,
plants acquire all other elements as inorganic ions. Even C can be
obtained as the carbonate or bicarbonate ion. Organic nitrogenous
compounds can act as the N source, but normally are available to



ION UPTAKE AND TRANSPORT IN THE PLANT

107

plants in limited amounts if at all. The ions which serve as sources of
the essential elements for flowering plants are listed in Table 4.1. For
terrestrial flowering plants the chief source of mineral ions is the soil.
The mineral rock particles of the soil yield ions by weathering which
gradually brings them into solution; ions are also released by the
action of microorganisms on dead organic material. The ion concen-
tration of the soil solution rises as the water content of the soil falls,
but except under very dry conditions the solution is very dilute. It has
been shown that a solution corresponding in ionic composition to
that of a soil solution will support good growth of crop plants pro-
vided it is frequently renewed or applied as a flowing solution so that
it is not depleted. In a natural soil the ions in the solution are
constantly being replenished. The laws of physicochemical equilib-
rium ensure that, as ions derived from soil solids are removed from
the solution, more ions dissolve from the rock particles. Soil Pi
concentration is always low, 1 mg L ™" or less; it has been calculated
that the Pi of the soil solution may need to be renewed 10 or more
times per day to meet the P demands of a growing crop. Nitrate also
needs rapid replenishment; it is absorbed rapidly by plants, N being
needed in larger quantities than most other elements, and being
extremely soluble, nitrate is easily washed downwards in rainwater.

Not all the ions in the soil are totally free in the soil solution. The
colloidal matter in the soil, both inorganic clay particles and organic
particles, ‘humus’, which help to retain water in the soil (Chapter 3)
also serve to retain ions by adsorption. The colloidal constituents of
the soil usually carry a net negative charge; cations, being positively
charged, are adsorbed to the negatively charged groups on the clay
and on the organic particles. These ions are held at the surface of the
soil particles by electrostatic attraction only loosely and can be
exchanged for other cations; by washing a soil with a concentrated
solution of a salt such as NH4NO; the soil cations can be displaced
into the solution in exchange for the ammonium ions (NH,'). For
most of the anions, there is little adsorption because of the lack of
positive charges on the soil colloids. There may be some adsorption of
phosphate ions, especially of the trivalent PO,*~ which has a high
electric charge density, and phosphate ions can also replace hydroxyl
and silicate anions in clays.

4.3.2 lon uptake by the root

Adsorption, absorption and accumulation

The region of most active ion uptake by roots is the same as for water
uptake, i.e, the young region of the root behind the apical meristem,
the root hair region. The uptake of cations begins with the adsorp-
tion of the cations to the cell walls where polysaccharides carry
negative charges, which attract H" ions moving out of cells by the
action of proton pumps (Section 4.3.4, p. 117). These H* are then
accessible to be exchanged for soil solution cations, which thus
become electrostatically bound to the cell walls. The binding sites
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Processes involved in ion
uptake by plant cells.

lie not just on outer surfaces of walls, but inside the capillary spaces
within the cell walls; a living cell’s wall may be thought of as a
hydrated sponge, with much ‘wet space’ and much adsorptive sur-
face inside it. There is also the possibility of some cation exchange,
termed contact exchange, between H' ions adsorbed on the root
surface and the cations adsorbed onto solid colloidal soil particles.
Anions have few adsorption sites in cell walls; they must simply
diffuse into the water-filled capillary spaces of the cell walls before
passing through the plasmalemma. To some extent, they ‘follow’ the
cations by electrostatic attraction.

The adsorption of ions may then be succeeded by absorption,
passage through the plasma membrane. There is an important dif-
ference in meaning between these very similar words, adsorption for
attraction outside the plasma membrane, absorption for actual entry
into the cell, to the inside of the plasma membrane. When the ions
are taken up to a greater concentration inside the plasma membrane
than outside, this is termed accumulation (Fig. 4.1).

Uptake of ions is by no means confined to root cells. Roots take up
the ions in the first instance, but these ions are distributed around
the whole plant in the xylem, where they are in the apoplast, outside
living cells, and cells in various parts of the plant have to take up ions
from the supply carried up in the xylem sap. All living cells of the
plant are capable of ion uptake from their environment; in the

UPTAKE

lons within plant body

ADSORPTION » ABSORPTION
Outside plasmalemma Inside plasmalemma
In free space = apoplast In symplast

ACCUMULATION

Internal concentration > external concentration
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natural state, for cells other than the outer root cells, the environ-
ment for ion uptake is the apoplast.

Compartmentation of the plant cell and the concept of free
space

Throughout discussions of ion uptake reference is made to ‘inside’
and ‘outside’. Plant cells are, however, more complicated than a
sac surrounded by a membrane. When plant tissue is thoroughly
prewashed and then immersed in a solution containing mineral
ions, there is first a very rapid uptake, followed by a much slower
rate (Fig. 4.2). When the immersion takes place at low temperature,
around 4 °C, or under anaerobic conditions, only the initial rapid
uptake occurs, suggesting that the initial uptake is a physicochemical
process not requiring metabolic energy. When the tissue is washed in
distilled water after a period of uptake, some of the ions taken up are
quickly washed out. These ions are said to occupy the ‘water free
space’ which seems to correspond to the cell walls of the tissue. Some
more cations can be removed from the tissue by immersion in a
solution of cations, e.g. K" might be washed out in exchange for
excess NH,*. The exchangeable cations are again present in the cell
walls, but they are associated with the negative charges on the cell
wall polysaccharides and at the plasma membrane surface; these ions
are described as being in the ‘Donnan free space’, named after
Donnan, an investigator in this field. A certain fraction of ions is,
however, retained firmly; these are the ions which have passed

m Diagrammatic

representation of a typical time

H20 course of ion uptake by plant tissue.

Curve (A) under aerobic conditions

‘ and at a relatively high temperature,
say 15-25 °C; curve (B) under

anaerobiosis, or in the presence of
respiratory inhibitors, or at a low

A X4 temperature, say 0-5 °C. The grey
curves indicate what happens when
the tissue is placed in distilled water
at the time indicated by the arrow.

@
f‘g The initial rapid uptake lasts 10-20
3 minutes and represents uptake
5 HZO into the free space; in water, the
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through the plasma membrane. Quantitatively, the fraction that is
washed or exchanged out with ease corresponds to the fraction
acquired during the rapid uptake phase; the firmly held fraction
corresponds to what was taken up in the slow, energy-requiring pro-
cess. Diffusion and adsorption into the free space or apoplast, being
physicochemical processes, do not use metabolic energy and hence
proceed even at low temperature or under anaerobic conditions, but
passage through the plasma membrane, into the symplast, requires
ATP. Only what has passed through the plasma membrane is truly
inside the living cell, although free space ions are inside the plant or
tissue as a whole.

The cell wall is not a highly selective barrier to movement of
solutes except in so far as, owing to negative charges on the wall
polysaccharides, it tends to attract cations. The larger pore spaces
between the wall macromolecules reach dimensions up to about
5 nm; the diameters of the ions, including water of hydration, are
below 1 nm. The wall does slow down the diffusion of chemicals with
masses above some 200-300 Da, but usually transmits molecules up
to several thousand Da.

The plasma membrane is generally regarded as the primary bar-
rier to ion movement. There are, however, further barriers within
plant cells. In mature cells the vacuole forms a compartment occupy-
ing 80-90% of the protoplast volume and the tonoplast (vacuolar
membrane) is an important barrier to ion movement, for a large
proportion of the free inorganic ions in a plant cell passes into the
vacuole. The organelle membranes constitute further barriers limit-
ing the free diffusion of ions.

4.3.3 The transport of ions within the plant

The long-distance transport of ions takes place in the xylem concur-
rently with water transport (Chapter 3). Just as for water, it has been
questioned whether the ions move through the outer root tissues by
an apoplastic, symplastic or transcellular route (Fig. 3.8).

Apoplastic ion movement could be partly by diffusion, partly
along with the flow of water moving into the transpiration stream.
The endodermal Casparian strips are believed to form a barrier to ion
movement, as for water. Indeed for ions there is more direct evidence
for this being so. Solutions of salts of the heavy elements lanthanum
(La), lead (Pb) and uranium (U) have been used as tracers for ion
movement. These elements can be located by electron microscopy
because of their high atomic masses (La =139, Pb =207, U=238) and
can be seen in cell walls of the root cortex and in the endodermal cell
walls as far as the Casparian strips, but not beyond; La and U are
apparently unable to cross the plasmalemma and are excluded from
the stele; Pb, however, enters the endodermal cell cytoplasm and also
the stele. The above observations strongly support the suppositions
that (1) ions move in the apoplast; (2) the Casparian strip is an
effective barrier to ion movement; and (3) the endodermis can be
crossed by ions only if they can enter the symplast. The weakness of
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the argument lies in extrapolating from data obtained with these
ions of high atomic weight to the behaviour of ions of essential
elements, with lower masses. There is, however, indirect evidence
for similar behaviour by the nutrient ions. In barley (Hordeum vulgare)
roots, Pi ions and K*, which readily enter the symplast, are translo-
cated to shoots even from the older parts of the roots, where the
endodermal Casparian strips are fully developed. The ion Ca**, which
penetrates the symplast with difficulty, is translocated to the shoots
mainly from apical regions where the endodermal cell walls are still
permeable.

When the cortex was stripped from a segment of barley roots (still
attached to the shoots) so as to break the endodermal cells across at
the Casparian strips, the concentrations of **Pi and ®°Sr** in the
transpiration stream equalized with the external medium, which
was not the case when the endodermis was intact. The endodermis
can thus regulate the entry ofions into the stele. The endodermis also
acts as a barrier against the outward leakage of ions from the stele.
Experiments with **Ca®* in barley roots have shown that over 60% of
the radioactivity was exchanged out from the cortex for excess
unlabelled Ca®* ions in 10 minutes; but from the pericycle (the cell
layer just inside the endodermis), only 19% was lost.

In summary, the mineral ions absorbed by roots can travel to the
xylem in both the apoplast and the symplast. In the extreme apices of
the roots, the apoplastic pathway is continuous, but once the
Casparian strips have fully developed (this may occur within a few
millimetres of the tip) the endodermis can be crossed only via the
symplastic route. In regions of the root where secondary rootlets
emerge, the endodermis may be interrupted, giving freer access to
the stele again. Control of what passes into the xylem is possible by
the selective transfer of ions to the symplast anywhere between the
epidermis and the endodermis, by the retention of ions by living root
cells, and perhaps by a filtering action in the endodermis. The sap
composition is further modified during long-distance transport by
the absorption of ions from the flowing stream by living xylem
parenchyma cells adjacent to the conducting cells.

When the rate of water transport from the soil to the xylem
is increased, particularly by increased transpiration, ion uptake
and transport to the shoots are also increased. It may be that the
additional ions entering the xylem represent a passive mass flow
of ions carried along in the water current through the apoplast.
Alternatively, it has been suggested that the dilution of the xylem
sap by an increased rate of water uptake into the conducting cells
stimulates a higher rate of ion secretion into the sap from the sym-
plast of living xylem cells. A still further possibility is that the tension
pull created by a high transpiration rate lowers the resistance to ion
(and water) movement through membranes and thereby increases
the rate of secretion or of passive leakage from the symplast. There is
evidence that tensions developed in the xylem vessels are trans-
mitted across the root diameter.
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Movement in the xylem is one-way traffic. In leafy plants, most of
the solution in the xylem eventually arrives in the leaves, though
some solutes and water are of course absorbed on the way by older
root segments, stems and petioles. For the ions moving away from
the conducting cells, there are again the two possible pathways: via
diffusion through the apoplast, or by absorption into adjacent living
cells with subsequent distribution through the symplast.

Some of the elements are retained in the tissues to which they
were first transported; these are known as immobile elements. One
such example is Ca. Crystals of calcium carbonate or calcium oxalate
are often precipitated in vacuoles of older cells of leaves and stems.
Silicon is deposited as the insoluble silica and is immobile. In many
species B also is not relocated; a common symptom of B deficiency is
the death of meristems: once the external supply fails, the newly
formed tissues immediately run short, while the older tissues still
have the B originally deposited in them. There are, however, species
which can translocate and redistribute B in the phloem; in these
species the phloem sap contains sugar alcohols, with which B can
form complexes. Other ions, the mobile ones, can be transported out
of old, senescing tissues and relocated to young, growing regions; K*
is amobile ion. This transport occurs in the phloem (Chapter 5). Some
elements can be moved around the plant in organic combination: N
can move as amides or amino acids, S as S-containing amino acids.
Proteins in senescing tissues are largely hydrolysed and the soluble
amino acids transported to regions of growth and storage, so that
most of the N is conserved.

The constant supply of minerals in the xylem stream leads to the
accumulation of ions in the leaves. It has been suggested that the
shedding of leaves is equivalent to excretion, ridding the plant of
waste minerals (and organic waste, too). There occurs also some
leaching of minerals by rain. Around trees one can sometimes distin-
guish a drip-zone flora, which thrives on the leachings from the tree.

4.3.4 lon transport across cellular membranes

Methods of study of ion concentrations, and ion fluxes

In studies of ion uptake, it is often necessary to measure the cellular
concentration of an ion in order to determine concentration gradi-
ents, or to follow the increase in concentration, during an uptake
period. But the various cellular compartments all have their own
specific ion concentrations, and an average concentration from
whole tissue analysis may not be sufficient or meaningful for a
particular study. Obtaining separate analyses for individual sub-
cellular compartments is on the other hand difficult and may not
be feasible for all types of plant material. Much of the work on ion
uptake by ‘plants’ has been carried out on algae with giant cells
allowing the separate sampling of cytosol, vacuole and sometimes
also chloroplasts. These algae include Nitella translucens, Hydrodictyon
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sp. and Valonia sp. One Nitella cell, 1 mm wide and up to 100 mm long,
yields 40-60 pL of vacuolar sap, ample for analysis, and the cytoplasm,
too, can be sampled separately. By contrast, the vacuolar volume of a
barley root cortex cell is 7x107 pL.

X-ray microanalysis under the electron microscope has been
used to estimate the ion concentrations in individual cells and sub-
cellular compartments. The electron beam which produces the
image also causes the emission of X-rays from the atoms of the
specimen; each element emits X-rays at specific wavelengths. By
collecting the X-rays the elements present can be identified and
quantitative analysis can be carried out by measuring the intensity
of X-ray emission. To avoid the loss of the water-soluble ions during
specimen preparation, they may be immobilized by precipitation, or,
better still, by very rapid freezing. The frozen but still fully hydrated
cells can then be analysed in the deep-frozen state.

Radioisotopes have proved invaluable in studies of ion move-
ments. On the whole-plant scale, they can be used to trace the path-
ways of movement. At the cell or tissue level, radioisotopes are the
routine means for measuring rates of ion flux, in or out. For short-
term experiments (minutes to hours) it would be impossible to detect
reliably the changes in concentration of an ion within a tissue by
chemical analysis, because the amounts would be too small. But
radioactivity can be detected accurately when the total amount of
chemical is minute. Radioisotopes with a suitable half-life are not
available for all elements of interest; thus K has no ‘good’ isotope.
In such cases, it may be possible to substitute the radioisotope
of another element with similar physicochemical properties as a
marker. Plants may transport such markers by the same mechanisms
as the ion of interest, even though the marker cannot substitute
metabolically for the essential element.

For detailed studies on cellular physiology and molecular biology,
the whole plant cell, with its numerous compartments and several
barrier membranes, is too complex. Intact vacuoles can be isolated
from cells to investigate transport properties of the tonoplast. The
plasma membrane breaks up during cell fractionation, but the ves-
icles formed from it can be isolated and purified for experimentation.
Small areas of plasma membrane or tonoplast can be sealed across
the tip of a glass microcapillary for study, a technique known as
patch-clamping, enabling the detection of movement of as few as
60 ions (Tester 1997).

Reference to the literature on ion transport at the cellular level
shows that much of the work has been carried out on the three ions K*,
Na* and CI". There are two reasons for this. Firstly, these ions are taken
up by cells in large amounts, and are tolerated in the external medium
in relatively high concentrations. This makes them convenient to
handle. Secondly, they remain in the cells as free ions. The ions
NO;~, NH,", SO,*>" and phosphates are also taken up by plants in
large amounts, but are rapidly incorporated into organic combination.
Analytical methods such as use of radioisotopes or X-ray analysis
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detect the element only, with no information as to the form in which it
is present. If cellular CI” concentration is estimated by X-ray analysis,
one can be confident that a count of the Cl wavelength X-rays gives a
measure of ion concentration. But X-rays at the P wavelength would
come from organic compounds as well as from Pi and would be
unreliable as an estimate of the concentration of phosphate ions.

Active accumulation: the electrochemical potential gradient
Ion uptake usually is a process of ion accumulation, plant cells
acquiring a total ion content greater than that in their environment,
and this applies for many individual ions as well. For some ions, the
internal concentration can be very much higher than the external;
several hundred-fold accumulation is common. Phosphate, which is
present in very low concentrations in natural soils, can be accumu-
lated several thousand-fold. This immediately suggests movement
against a free energy gradient, for higher concentration of a solute
means higher free energy. However, there is another component to
the free energy gradient of ions, namely the electric field. For elec-
trically charged particles, an electric potential gradient is a free
energy gradient. A cation, being positively charged, will move
towards a more electronegative region. An anion, being negatively
charged, will move towards an electropositive region. For ions there-
fore the free energy gradient is the combined electrochemical
potential gradient to which both the concentration of the ion
(determining its chemical potential) and the electric potential con-
tribute. This is highly relevant to ion uptake by plant cells, because
there does exist an electric charge difference across the membranes
of cells. As mentioned earlier, positively charged protons are pumped
to the outside of plant cells, into the walls; this results in the inside of
the plasma membrane being left electronegative with respect to the
outside. The potential difference is in the range of 100-250 millivolts
(mV). Similarly, pumping of protons from the cytoplasm across the
tonoplast into the vacuole makes the cytosol side of the tonoplast
electronegative with respect to the vacuolar side.

The cytoplasm is accordingly more electronegative than the apo-
plast outside it. Therefore, when a cation, say K*, is found to be in a
higher concentration within a cell than outside it, the question
arises: has it been moving against the free energy gradient (as sug-
gested by the concentration gradient) or along the free energy gradi-
ent (as suggested by the electric potential gradient)? When the overall
electrochemical potential gradient is taken into account, it is found
that the accumulation of cations, even allowing for the electronega-
tivity of the cytoplasm, is very often, though not exclusively, against
the electrochemical potential gradient. For anions, any accumulation
into the cytoplasm must be against the free energy gradient, for
anions are negatively charged particles moving into a more
electronegative area as well as against the concentration gradient.
Movement against the free energy gradient is often termed active and
requires an input of energy by the cell. Where an ion is accumulated
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along the free energy gradient, the cell is still not getting something
for nothing, since maintenance of the potential difference across
membranes requires energy. As knowledge of the mechanisms of
ion uptake has developed, the distinction between active and passive
accumulation has become rather blurred. It is perhaps best to regard
accumulation generally as an active process, and then to consider, for
individual cases, precisely how the energy input is achieved, directly
or indirectly: see below on mechanisms of membrane transport.

When concentrations of ions in the cytoplasm and vacuole are
analysed separately, and the electric charge difference across the
tonoplast is measured, it is found that the movement of ions from
the cytoplasm to the vacuole is also an active process. In mature
vacuolated plant cells most of the ions of the cell are in fact trans-
ferred to the vacuole, which occupies much of the volume inside the
cell wall. The vacuolar store is tapped as required. It is also found that
ions may be actively transported out of cells. This is commonly the
situation with Na*. Although the cytoplasmic concentration of Na* is
generally higher than the external, it is usually lower than would be
in electrochemical equilibrium with the external medium. Indeed
the active transport of ions into the vacuole can also be regarded as
being out of the cytoplasm into a non-living space. Some cells are
specialized for the outward transport of ions: these include the cells
of salt glands of halophytes, which secrete excess Na* and Cl” ions
from the plants; and xylem parenchyma and transfer cells, which
secrete ions into the xylem conducting cells. Directions of active flux
of some nutrient ions across the plasmalemma and the tonoplast of
plant cells are shown in Fig. 4.3.

The maintenance of physiological concentrations of ions in plant
cells is thus an active process requiring an energy supply in the form
of ATP. It is estimated that up to half of the energy from root respir-
ation is expended on membrane transport of ions. In photosynthetic
tissues, ATP from the photochemical reactions can be utilized to
power ion transport.

Medium Plasmalemma Cytoplasm Tonoplast Vacuole
» K+ >
- Nat >
» Ci— >
- Ca2+ »
» NO3— »
> Pi g >

m Directions of active flux

of some important ions across the
plasmalemma and the tonoplast of
plant cells. Phosphate is recorded as
Pi since several ionic species may be
involved and the (main) species may
differ according to the membrane.
The direction of movement of Pi
between cytosol and vacuole
depends on the Pi concentrations in
the two compartments: the vacuole
acts as a reservoir, releasing Pi to
the cytosol when the cytosolic

concentration falls low.
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Mechanisms of membrane transport

The two main characteristics that determine the ease with which a
particle can diffuse through a biological membrane are the lipid-
solubility of the particle and its molecular size.The more lipid-soluble
(lipophilic) and the smaller the particle, the easier the penetration.
The mineral ions are very hydrophilic, so they do not dissolve in the
lipid bilayer. The atomic weights of some of the nutrient ions are
quite low. However, the electric charge on the ions attracts hydration
shells of water molecules; e.g. K" (mass 39 Da) carries 4 molecules of
water whereas the divalent Ca®* (mass 40 Da) has about 12 associated
water molecules. These hydration shells increase the effective size of
the ion considerably. The permeability of biological membranes
towards ions is therefore very low. The flux of ions across membranes
is enabled by specific transport proteins in the membranes which
facilitate the movement of ions and not only provide the physical
means of passage for the ions, but utilize the energy of ATP to
transport the ions against their electrochemical potential gradients.
The total number of ion transport proteins in plant membranes is
much greater than the number of nutrient ions, there often being
more than one transport protein for the same ion. In Arabidopsis, 16
genes have been identified coding for proteins involved with nitrate
uptake, and the same number for phosphate (Vance 2001). The spe-
cificity of transport proteins varies; some are highly specific to single
ions, but often they can transport several related ions, i.e. ions of
similar physicochemical properties such as valency and size. The
rubidium ion, for instance, is transported by a number of cellular
systems for K* transport, and the radioactive ®®Rb is often used in
experiments as a substitute for K*, there being no convenient K
radioisotope available.

The ion transport proteins can be divided into the pumps, the
porters (carriers) and the channels; their main characteristics are
summarized in Table 4.2 and Fig. 4.4. The term ‘carrier’ was originally
used for all membrane transport proteins, before different types
were distinguished.

(1) Pumps.These are transport proteins which hydrolyse ATP
and simultaneously transfer an ion across the membrane. The energy
is derived from the ATP hydrolysis, directly. Pumps are vectorial, i.e. a

Table 4.2 ‘ Plant ion transport systems and their basic features. Porters and channels exist also for organic
chemicals. All cellular membranes contain transport proteins, mostly specific for a particular membrane.

Pump Porter Channel
Energetics Uses ATP directly Uses H" gradient from Movement along free
H* pump energy gradient
lons moved s up to 5x 107 5% 10° to 107 10° to 10°
Examples of ions H*, Ca*" Most if not all Ca®" K", I, HT

transported




ION UPTAKE AND TRANSPORT IN THE PLANT

17

Pump Symporter Antiporter Channel
H+ H+ CI- H* Nat Ca2+
A A

Qutside

e (1) 010

—

inside ATP ADP

\ B | \/
H+ H+ CI- H* Nat Ca2+

particular pump can move an ion only in one direction. The hydroly-
sis of the ATP results in a conformational change in the pump
protein, which causes the transmembrane passage of the ion. Two
of the most important ion pumps of plant cells are noted in Table 4.2.
Ca®* pumps are situated in both the plasma membrane and the
tonoplast and they pump Ca®" ions out of the cytosol (Fig. 4.3),
keeping the cytosolic concentration very low, 1-5x1077 mol L™
(compare with c. 2.5x1072 mol L™ for K*), much lower than in the
vacuole and the apoplast. Another supremely important ion pump is
the proton pump, also known as the proton ATPase. One might not
tend to think of H" as an important metabolite. In fact the proton
pumps constitute the metabolic machinery driving the porters and,
in some instances, controlling the channels. Most of the energy
utilized in membrane transport in plant cells is via the proton
pumps. The previously mentioned movement of protons out of cyto-
plasm across the plasmalemma and the tonoplast, building up the
potential differences across these membranes, is achieved by proton
pumps. Their activity of course builds up also a proton gradient. In
combination the electric gradient and proton concentration gradient
make up an electrochemical potential gradient for protons, favour-
ing the inward movement of the protons. This free energy gradient is
harnessed by the porters.

(2) Porters are mostly transport proteins which couple the
transport of an ion with the inward movement of a proton or
protons. The transport can be symport (cotransport), the proton
and the ion moving in the same direction, or antiport (counter-
transport), the two moving in opposite directions (Fig. 4.4). The
carrier in the plasma membrane for Cl°, for instance, is a sym-
porter, transporting one Cl” in with 2H". The outward pumping
of Na* is achieved by an antiporter, which exchanges one proton
going in for one Na* moved out. There is also a H'/ K" symporter
for the entry of K* ions into the cytoplasm, amongst the numer-
ous transport systems existing for this ion. The energy input
occurs during the activity of the proton pumps which build up
the proton gradients.

AT BN lon movement through a

membrane via pumps, porters or
channels: highly diagrammatic. The
plasma membrane is used as the
example, but similar systems exist in
all cellular membranes. The circles
represent the transporters, which
are integral transmembrane
proteins and may have multiple
subunits. Pumps split ATP directly
and undergo a conformational
change which moves an ion, e.g. H*,
through the membrane. The porter
proteins must simultaneously bind a
H* ion and their specific substrate
ion, to move the substrate ion
across the membrane, either
inwards with the H" ion(symport)
or outwards in exchange for the
H" ion(antiport). Some

porters require several H" per

substrate ion.
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(3) Channels. As the name suggests, channels are formed by
proteins with several subunits enclosing an aqueous pore. An open
channel is an open hole and movement through a channel is along
the free energy gradient; it is very much faster than movement
mediated by pumps and porters (Table 4.2); presumably because of
that, channel proteins are present in low numbers per cell (except for
aquaporins, Section 3.3.3 ). The channels nevertheless show specifi-
city; some are extremely specific, for one single ion; others will
permit passage according to size. Some interaction is believed to
occur between the ion and the channel protein as the ion moves
through: ‘Passage of an ion through a channel may be likened more
to a python swallowing its prey than to a ball rolling through a
drainpipe’ (Tester 1990). Passage through a channel has been termed
uniport since only one chemical moves.

A very important feature of ion channels is that they open only
transiently, in response to some stimulus. Any one channel is esti-
mated to be open over only a few per cent of the lifetime of a cell. A
permanently open ion channel would be fatal, the cell losing control
of its ion concentration. Movement through a channel is along a free
energy gradient, so active accumulation would become impossible.
(Aquaporins are permanently open and active water accumulation
does not occur.) The antibiotic gramicidin acts by inserting into the
plasma membrane and forming permanently open channels for K
which leak out of the cells. Over 20 ion channels are known from
plants. The Ca** pumps keep the cytosolic Ca** concentration below
the apoplastic and vacuolar levels. Numerous stimuli cause a transi-
ent opening of Ca®** channels and flooding of Ca®" ions from the
apoplast or internal compartments into the cytosol, where a reaction
chain is started. The Ca** pumps then restore the cytosolic concen-
tration to its previous level. K channels are very important in turgor
control of stomatal guard cells (Section 2.4.1). The rapid changes in
turgor of motor cells also depend on K* movements through K*
channels.

4.3.5 Control of ion uptake by plant and environment
interaction

The ion content and the elemental composition of a plant reflect an
interaction between the plant and its environment. Plants show great
selectivity: ions are not taken up in the proportions in which they are
present in the surroundings (Table 4.3). For example, most flowering
plants show a strong preference for K* over Na* and maintain a
higher internal K* concentration irrespective of the external propor-
tions of the two ions. There are accumulator species which concen-
trate some element to a particularly high degree; the selenium
accumulators mentioned earlier (Section 4.2.2, p. 106) accumulate Se
to 200 times higher levels than non-accumulators in the same habi-
tat. When several species are grown with an identical external ion
supply, each shows a different internal content of mineral elements
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Table 4.3 ‘ The differences between ion contents of plant tissues and the
external medium, and between ion contents of different species. Bean and
maize plants were placed into a culture medium of identical initial compos-
ition for four days; the plant ion content was measured on sap pressed from
roots. The points to note are (1) the ions have been accumulated in the plants
to much higher concentrations than present in the original solution; (2) the
ions have been accumulated in proportions very different from those in the
original solution; (3) the two species have very different ionic contents. Data
from Marschner (1995). © Reprinted by permission from Elsevier Science.

lon Initial concentration Concentration in root
in medium (mM) press sap (mM)

maize bean
K* 2.00 | 60 84
Ca’* 1.00 3 10
Na* 0.32 0.6 6
Pi¢ 0.25 6 12
NO;5~ 2.00 38 35
SO4* 0.67 14 6

“Pi = inorganic phosphate, which has several ionic forms - see Table 4.1.

(Table 4.3). Sometimes a specific preference can be interpreted in
terms of function; in a pasture, the grasses contain much higher
levels of Si than other herbs, and this is correlated with the presence
of silica in the grass cell walls, on which the grasses depend for
rigidity. But the physiological significance of, say, maize sap having
double the K* content of bean sap in the experiment illustrated in
Table 4.3 is unknown.

The rate of uptake of an ion is dependent on the physiological
requirements of the plant. The rate of nitrate uptake by a grass has
been found to vary with the diurnal growth rhythm of the plants, the
highest uptake rates coinciding with the maxima of growth rate.
There are reports of nitrate uptake remaining approximately con-
stant over a wide range of external concentrations, and of some
tendency to maintain more or less constant internal concentrations
of severalions - e.g. K*, CI", phosphate and nitrate. There is a negative
feedback between the tissue content of an ion and the rate of its
uptake: other things being equal, plants with a high content of an ion
take it up at lower rates than plants with a low internal concentration
(Table 4.4). Higher external concentrations do usually promote
higher ion uptake rates, and result in higher internal concentrations,
but not in direct proportion to the external. In one experiment, as the
medium Pi concentration was raised from 0.03 to 30 pmol L%, a
thousand-fold increase, the shoot P content rose only four-fold from
0.23 to 0.96% of dry weight.

Physiological control of ion uptake is thus well documented, but
the selectivity of plants is far from absolute and the environment also
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Table 4.4 | The effect of the internal K* concentration on the rate of K
uptake by barley (Hordeum vulgare) roots. The roots were allowed to accumulate
K" to the levels shown, then excised and transferred to **Rb-labelled KCl
solution for measurement of the rate of uptake. The values are averages
from three replications. With increasing internal K* concentration, the rate
of K" uptake falls. Data from Glass & Dunlop (1979). © Springer-Verlag
GmbH & Co. KG.

Root K" concentration K" uptake

(umol (g fresh weight)™) (umol (g fresh weight)™ h™")
209 3.05

32.1 272

47.9 2.16

57.8 [.6]

Table 4.5 | Induction of an increased sulphate uptake capacity in the roots of
a tropical legume, Macroptilium atropurpureum, by sulphate deprivation. Plants
were preincubated in a medium containing 0.25 mM sulphate or without
sulphate for times as shown, and then the capacity of the roots to take up
sulphate from a 0.25 mM solution was measured. After six days, the roots’
uptake capacity is more than 10 times higher in the sulphate-deprived plants.
Data from Bell et al. 1995. By permission of Society for Experimental Biology.

Days incubated Sulphate uptake (umolh™'(g fresh weight) ")

with sulphate without sulphate
0 0.306 0.306
| 0.196 0.811
6 0.254 278

exerts a very considerable influence on a plant’s elemental compos-
ition. It was noted above that representatives of different species in
the same environment differ in their ion contents; it is equally true
that specimens of the same species in different ionic environments
acquire distinctive elemental compositions. Inessential ions and
toxic ions are absorbed. Not only do these have direct effects, but
their uptake may compete with that of essential elements; e.g. selen-
ate competes with phosphate for transport proteins, and arsenate
competes with sulphate. Any elements present in the environment
will be found in plant tissues, even the artificially produced transur-
anium elements such as plutonium.

The uptake capacity of a plant adapts to the current environmen-
tal concentration of that ion. Plants grown at low concentrations
of an ion develop an enhanced capacity for absorbing that ion
compared to plants grown with an abundant supply (Table 4.5). For
any one ion there may be several transport systems available,
with different affinities for the ion. At low external concentrations,



ION UPTAKE AND TRANSPORT IN THE PLANT

121

high-affinity systems are activated, which are efficient under these
conditions. For K*, the high-affinity system predominates at external
concentrations below 0.5 mmol L™*. The mobilization of high-affinity
transport systems involves transcription of genes for the high-
affinity transport proteins. These can be numerous; in Arabidopsis,
6 genes for high-affinity phosphate transporters have been
identified. Other responses also enhance uptake in a nutrient-
deficient environment, including increased root : shoot ratios,
increases in number and length of root hairs and increased develop-
ment of mycorrhiza.

4.3.6 Mycorrhiza

The word mycorrhiza means ‘fungus-root’. It is the name given to a
symbiotic association between a plant root and a fungus, which in
most cases enhances the mineral nutrient supply of the plant, whilst
the fungus benefits from a supply of organic C from the plant.
Mycorrhizal associations in some species have been known for
many years; gradually it has become apparent that, far from being
an odd exception, the formation of mycorrhizal associations occurs
in most species of flowering plants in the field and it is highly
beneficial. Fossil evidence indicates the presence of mycorrhiza-like
associations already in the primitive terrestrial plants of the
Devonian era.

In a mycorrhizal association, part of the fungal mycelium is free
in the soil, part is closely associated with roots. In ectomycorrhiza
there is a thick sheath of fungal mycelium around the outside of
young roots, and from this sheath hyphae grow into the intercellular
spaces of the root cortex. In endomycorrhiza, all the plant-associated
part of the mycelium is inside the root. The most common type of
endomycorrhiza is the vesicular-arbuscular (VA) type. The hyphae
grow into the cortex cells, penetrating the walls and branching
greatly to form the arbuscules (‘little trees’, Fig. 4.5), but they do
not penetrate the plasma membrane and the cells remain alive.
The plasma membrane grows to surround the arbuscules and
there is a very large area of surface contact between the plant
cell and the fungal arbuscule. Some of the fungal hyphae swell
into vesicles, hence the name of vesicular-arbuscular. It is esti-
mated that about 80% of field-grown plants have VA mycorrhiza.
There is also ectendomycorrhiza, with limited cell penetration by
the fungus. Special associations occur in some plant groups, e.g.
orchids. Exchange of nutrients takes place over the large area of
contact between the fungus and the root cells. The surface area
of fungus exposed to the soil is also very large, enabling efficient
mineral absorption.

Mushrooms (agarics) beneath trees are often the fruiting bodies of
ectomycorrhizal fungi. Some fungal species are associated with par-
ticular genera of trees: the brown birch bolete (Leccinum scabrum) is
confined to birch (Betula spp.) whereas others have a broad host
range; e.g. the famous red-and-white patterned fly agaric mushroom

Y7
A

Part of an arbuscule in a
cell; the entire arbuscule has
hundreds of branches and spreads
out in three dimensions. The
plasmalemma of the host cell is
invaginated around it so that the
fungus is still physiologically outside
the cell.
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(Amanita muscaria) is associated with birch, oak (Quercus spp.), pine
(Pinus spp.) and other trees.

Most flowering plants can survive without mycorrhiza, and in
laboratory culture with abundant nutrients they grow vigorously,
although even in well-nourished cultures the presence of mycorrhiza
may enhance growth. But in the field, especially if the soil is deficient
in mineral nutrients, growth is very much poorer without
mycorrhiza and the plants are less tolerant of stress. The VA associ-
ation is particularly important in transferring Pi to the plant,
whereas ectomycorrhiza is known to provide increased access to
both N and P.

The occurrence of mycorrhiza demonstrates how closely organ-
isms in an ecosystem interact. Flowering plants are autotrophic
organisms and their basic needs are just light, CO,, water and some
20 mineral ions. But as parts of natural communities, the majority of
flowering plants are provided with an appreciable proportion of their
mineral requirements by mycorrhizal fungi.

4.4 | Nitrogen assimilation, fixation and cycling

4.4.1 Nitrogen assimilation

C, H and O enter organic combination by photosynthesis, on dry land
in greatest amounts by the activity of flowering plants, and these
elements are returned to inorganic form again through the universal
process of respiration; in Chapter 2 it was shown how these elem-
ents, especially C, are cycled globally. Next to C, H and O, nitrogen
is the most abundant element in living organisms and N, too, is
brought into organic combination by flowering plants as well as by
algae and certain prokaryotes. The following paragraphs explain how
N is incorporated into organic molecules in flowering plants, and
how N is globally recycled.

The main store of N on this planet is in the atmosphere, where N
makes up about 79% as nitrogen gas (N), but this gas is very unreact-
ive (inert). It is totally unavailable to flowering plants, which obtain
their N from the soil as the nitrate anion NO;~ or the ammonium
cation NH,*; one or other predominates at a particular site, but in
most soils nitrate is the main source or almost the sole one. Nitrate is
a highly oxidized compound, but in all organic compounds of living
cells N is found in a highly reduced form and the nitrate must be
reduced in plant cells to the ammonium level before it can be incorp-
orated into organic molecules. This process of nitrate reduction is
carried out by two enzymes acting sequentially, nitrate reductase
followed by nitrite reductase. Nitrate reductase contains molyb-
denum. It reduces nitrate (NOj3") to nitrite (NO,"); this then acts as the
substrate for the second enzyme, nitrite reductase, which produces
ammonium as its end product. In summary the reactions can be
represented as follows:
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nitrate reductase ( 4 2)

NO;~ +2H' +2e- ———— NO;~ +H0

NO,~ + 8H' 4 g Muitereductase  \pyy + L 2H,0 (4.3)
Sum NO;~ + 10H* + 8e~ NH,* + 3H,0 (4.4)

The reducing power (as protons and electrons) is supplied for nitrate
reductase by NADH whilst reduced ferredoxin is the reductant for
nitrite reductase. As the equations (4.2) to (4.4) show, a total of 10
reducing equivalents is needed for every molecule of NO;™ fully
reduced to the ammonium level - a considerable energy input. The
reactions can take place in the roots so that organic N is transported
to the shoot, or in the leaves. In roots, or in the dark, the reduction of
nitrate uses reduced coenzyme from respiratory reactions and
nitrate competes with O, and acts as the terminal H and electron
acceptor, so that the RQ (respiratory quotient) rises when nitrate
reduction is stimulated. In photosynthetic tissues in the light, photo-
synthesis supplies the reductant and the reduction of nitrate com-
petes with CO, reduction so that the assimilatory quotient of CO,/O,
falls. Nitrate reductase is an inducible enzyme; its levels rapidly
increase in response to an increase in the nitrate supply whereas in
plants having ammonia as the N source activity is very low or
undetectable.

The ammonium is incorporated into organic molecules mainly by
reacting with the amino acid glutamate to produce the amide glutam-
ine, a molecule with two amino groups; the glutamine then donates
one amino group to the acid 2-oxoglutarate, resulting in two mole-
cules of glutamate:

2-oxoglutarate + glutamine — glutamate + glutamate (4.5)

Other amino acids can be produced from glutamate by aminotrans-
ferase reactions, and the amino acids form starting points for synthe-
ses of all other nitrogenous compounds of the cells.

4.4.2 Symbiotic nitrogen fixation

Whilst the atmospheric N, is inert with respect to flowering plants,
there are numerous prokaryotes that can utilize gaseous N, and fix it
into the form of ammonia. In a limited number of flowering plant
species symbiotic relationships with N,-fixing prokaryotes have
evolved. These symbioses mainly involve heterotrophic bacteria,
but there are a few symbioses also with the photosynthetic cyano-
bacteria. The most widespread and most fully studied symbioses
occur between legumes (i.e. plants of the family Fabaceae, the pea
and bean family, formerly called the Leguminosae) and bacteria of
the family Rhizobiaceae, especially the genera Rhizobium and
Bradyrhizobium. The bacteria reside in nodules on the plant roots but
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A AN N Infection of a legume

root by Rhizobium. Each stage leads
to the next by a complex interaction
between host plant and bacteria.
Chemicals from the plant attract the
bacteria and activate genes in the
bacterium, which responds

(1) (among other stimulated
activities) by synthesizing chemicals
that induce further gene activity in
the plant, leading to (2) curling of
the root hair (3) forming of infection
thread (4) entry of bacteria into
cortex, and eventually (5) nodule
formation. The infection thread is
an ingrowth of plasma membrane
and cell wall material of the plant
cell.

are also able to live saprophytically in the soil. When living symbiot-
ically the bacterium receives organic nutrients from the plant while
the plant gains ammonium ions from the symbiont.

The symbiotic association begins with the attraction of the bac-
teria to young roots of the plant by flavonoids, iso-flavonoids and
betaines diffusing from the root; these activate bacterial genes and
the bacteria in turn produce chemicals which induce curling of root
hairs and stimulate nodule formation (Fig. 4.6). The bacteria attach to
the root hairs, and invade the hair cells. Breakage of the hair cell’s
wall is the combined result of wall loosening due to auxin secretion
by the bacteria and the action of wall-digesting enzymes of the plant.
The bacteria become enclosed within an infection thread formed by
the host plant. The thread grows into the root and discharges the
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)

Cell wall degraded,
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bacteria into a cell of the root cortex. There the bacteria grow and
multiply, taking on a form known as bacteroids, much larger than
the free-living bacteria (Fig. 4.7). Each bacteroid or group of a few
bacteroids forms a symbiosome, surrounded by a peribacteroid
membrane produced by the plant cell, which separates the bacteria
from the host cell. As the bacteroids multiply, the cortical cells also

S BN A (A) Low-power
transmission electron micrograph
of bacteroids in a root nodule cell of
cowpea (Vigna unguiculata);

N = host cell nucleus; W = cell wall.
(B) Higher—power view of a nodule
cell of pea (Pisum sativum); the
peribacteroid membrane can now
be clearly seen (arrows). Scale line =
| pm in each case. Micrographs
kindly provided by Dr Euan James,
CHIPs, University of Dundee,
Scotland.
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divide and form the nodule, shape and size depending on the legume
species. The infected cells fill the central part of the nodule and are
characteristically tetraploid.

The fixation of N, is catalysed in the bacteroids by the enzyme
nitrogenase, an enzyme present only in prokaryotes. There are
several forms of this enzyme; the type found in the symbionts con-
tains Mo, like nitrate reductase, and also Fe. It carries out a multistep
process reducing the N, to ammonium:

Ny + 10H" + 8¢~ — 2NH," + H, (4.6)

Sixteen ATP are also used per molecule of N, fixed. Thus, like nitrate
reduction, the process needs a large supply of reducing power (H" and
electrons delivered by coenzymes) and a large supply of ATP. Some
bacterial strains are able to oxidize the H, produced as a by-product
(Equation 4.6), yielding some ATP, but even then most of the ATP and
all the reductant are produced by aerobic respiration. Nitrogenase is,
however, irreversibly denatured by O,. The nodule must fulfil two
contradictory requirements: the enzyme nitrogenase must be pro-
tected from O, while the high demand for ATP and reduced coen-
zymes requires a high rate of aerobic respiration and by implication
a high O, flux into the nodule. The nodules contain leghaemoglobin,
anodule-specific protein resembling vertebrate haemoglobin and with
a very high affinity for O,. The leghaemoglobin is found in the host
cell cytosol where it combines with O, coming from the outside so
that the concentration of free O, in the infected cells is kept low but
O, is delivered to the bacteroid at the peribacteroid membrane in
response to demand from respiration. The leghaemoglobin gives
nodules a pink colour. The protein of the leghaemoglobin is coded
for by the host cells, but the gene is expressed only in the nodules and
the haem part of the molecule is synthesized by the bacterium.
The outer layer of nodules is also such as to limit the diffusion of
gaseous O5.

The ammonium ions which diffuse from the bacterium to the
host cells are used to synthesize glutamine as described above
(Section 4.4.1). In some species this reacts to transaminate aspartate
to its amide asparagine, which is transported from the nodules. In
other species there is a more complex biochemical pathway produ-
cing ureides such as allantoin for transport. These compounds have
high N : C atomic ratios, 1 : 2 for asparagine and 1 : 1 for allantoin;
hence they are efficient means of transporting organic N.

The legume-Rhizobium symbiosis is a highly developed system.
Strains of Rhizobium are specific to legume species or even to cultivars
of a species. The genetics of the symbiosis has been studied in detail.
In the bacterium there are 20 nif genes involved in the N, fixation
process which are also present in free-living N, fixers. In addition
there are nod genes essential for infection and nodule formation and
fix genes needed for fixation specifically by the symbiotic fixers. In
flowering plant hosts about 60 genes involved with the symbiosis
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have been identified. The two partners of the symbiosis control
genetic activity in each other, inducing the appropriate genes by
chemical signals. For instance, plant mutants are found in which
non-functional nodules are formed, the bacteria failing to synthesize
nitrogenase: this indicates that a plant signal is needed for the
synthesis of the bacterial enzyme.

While the legume-Rhizobium symbioses are the most intensely
studied, they are not the only N,-fixing symbioses known for flower-
ing plants. The filamentous actinobacterium Frankia sp. forms
N,-fixing nodules in the roots of numerous woody dicotyledons,
e.g. alders (Alnus spp.) and the bog myrtle (Myrica gale).

4.4.3 The nitrogen cycle

The cycling of N in the biosphere is shown in Fig. 4.8. For flower-
ing plants it is the supply of available N in the soil that is critical.
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Death and activity of microorganisms return the N of plants and
other organisms to the soil as ammonia, which dissolving in soil
water yields ammonium ions. Some of the ammonia is converted
to nitrate by nitrifying bacteria, e.g. Nitrosomonas and Nitrobacter, in
the soil. But nitrate and ammonium ions are very soluble and
easily leached from the soil by rain into bodies of water; ammonia
is volatile and escapes to the atmosphere. Moreover the soil con-
tains also denitrifying bacteria, e.g. Thiobacillus denitrificans, which
convert nitrate to N, gas or to nitrous oxides. The N supply in the
soil, on which flowering plants depend, and hence on which most
other terrestrial organisms also depend, needs an input over and
above that which comes from the direct recycling of organic
material. There are no nitrogenous minerals in the soil. The supply
comes from the atmospheric N, via N,-fixing microorganisms, of
which the legume-Rhizobium symbioses account for 25-50%. The
rest comes from the activities of symbioses involving non-leguminous
plants, and from free-living N,-fixing bacteria, e.g. Azotobacter and
Clostridium. A non-biotic fixation is achieved by lightning: the
electric discharges convert N, to oxides of N which dissolve in
rainwater to give nitrite and nitrate ions.

4.5 | Problems with mineral elements: deficiency and
toxicity

4.5.1 Nutrient deficiencies

When the supply of any of the essential elements falls below a
minimal level, plants usually show visible deficiency symptoms
and the yield of cultivated plants can be severely reduced; in extreme
cases the plants die. Many economically important and symptom-
characteristic plant diseases are recognized as resulting from mineral
element deficiencies. These have been given names descriptive of the
visible symptoms of the deficiency. Examples are ‘tea-yellows’- S
deficiency of tea; ‘grey-speck’ of oats (Avena sativa) - Mn deficiency;
‘sickle leaf” of cocoa (Theobroma cacao) - Zn deficiency; ‘brown heart’
of swede (Brassica napus) - B deficiency; ‘scald’ disease of beans - Mo
deficiency. Texts are available with such symptoms described and
photographed for a diagnosis to be made. Unfortunately, by the time
the symptoms are fully developed a crop may be beyond recovery.
Earlier diagnosis can be achieved by leaf analysis, or by checking
for curative effects of foliar sprays containing various elements,
applied to crops suspected of incipient mineral deficiency. Plant
species which rapidly develop characteristic deficiency symptoms
for particular elements are used as indicator species for testing sus-
pect soils.
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In natural habitats, the elements are recycled and returned to the
soil by decomposition of dead organisms and by excretion from
animals. Losses by leaching downwards with water drainage are
made good by fresh solution from mineral particles. Large-scale
harvesting of crops, however, removes minerals wholesale and
necessitates the application of fertilizers to avoid the development
of deficiencies. Even when deficiencies are not severe enough to
produce disease symptoms, mineral supply may still limit growth
and productivity. It is in the interests of producers to maximize the
yield, and agriculture in the developed world makes extensive use of
fertilizers to make good nutrient limitation as far as is feasible. The
addition of fertilizers, however, creates its own problems. For max-
imal yield, fertilizer is added in excess of that absorbed by the plants;
the surplus is leached by rainwater and is liable to find its way into
rivers and lakes. The consequence can be eutrophication, giving
excessive growth of algae and other water plants. The dense mat of
plant material can physically choke up shallow water. When micro-
organisms in turn grow on and decompose the organic material
produced, they deplete the water of O, and aquatic animals may die.
Nitrate which is added in large amounts as a fertilizer is extremely
soluble and, being an anion, is not retained by attraction to soil
colloids so that it is particularly easily washed into bodies of water
and has become a serious source of pollution directly endangering
human health. Nitrate levels in the drinking water of some areas have
become so high that the water is not recommended for drinking
by babies.

The molecular biology of mineral uptake is being elucidated, and
the genes for numerous transport proteins have been identified. Can
this knowledge be utilized to decrease the dependence of cultivated
crops on fertilizer? In addition to the deleterious effects of large-scale
application of fertilizer, the supplies of minerals used for fertilizer
are not inexhaustible. One promising line of investigation for genetic
modification is to encourage the expression of genes coding for the
high-affinity transport proteins, which would enable lower amounts
of fertilizer to be used. The overexpression of single genes for NO3~
and Pi uptake has been found to increase the uptake of N and P
respectively, with an increase in plant biomass (Vance 2001). The
idea of engineering more plants able to support N, fixation, symbiot-
ically or even independently, is also attractive, but the complexity of
the process and the large number of genes involved present major
problems. Not only must all the biochemical reactions be coded, but
nitrogenase must be protected from O,. Some tropical C4 grasses
have a loose association with a N,-fixing genus of soil bacteria,
Azospirillum. The bacteria are attracted to the vicinity of the roots by
excreted organic compounds; nitrogenous compounds released by
the bacteria are absorbed by the plant. This type of association might
be easier to engineer. Some of these problems are discussed in a
review by Vance (2001).
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4.5.2 Mineral element toxicity

Most of the micronutrient elements can become toxic to plants in
excess, i.e. when soils contain more than micronutrient amounts - B,
Co, Cu, Mo, Ni, Zn - and many non-essential elements are toxic,
especially heavy metals - Ag (silver), As (arsenic), Cd (cadmium), Cr
(chromium), Hg (mercury) and Pb (lead). At the cellular level, toxic
metals cause oxidation of protein -SH groups to -S--S- bridges,
oxidation of lipids and damage to DNA. The same elements are also
toxic to organisms from other kingdoms, so that plants growing on
metal-rich areas can cause poisoning when eaten. Metal-contami-
nated areas occur naturally; e.g. serpentine soils are characterized
by high levels of Co, Cr, Fe, Mg, Mn and Ni whilst calamine soils are
enriched with Cd, Zn and often Pb. Others are the result of mining,
ore extraction, use of agricultural sprays, and contamination with
lead from petrol. The main elements involved are Cu, Zn, Ni, and Pb.
Species vary in their sensitivity to heavy metals; areas of high heavy
metal content exhibit a characteristic flora of tolerant species. Some
species are naturally confined to sites of unusually high heavy-metal
content and may be resistant to more than one toxic element, e.g.
Viola calaminaria, Thlaspi caerulescens and Minuartia verna. Such species
are at a high competitive advantage in such sites, but the metals are
not directly beneficial to them. Many species of flowering plants have
metal-tolerant ecotypes growing in areas of high metal content. The
evolution of such ecotypes can be rapid, over a few generations, and
it has accordingly been possible to breed and select metal-tolerant
races of numerous species for the revegetation of many areas of
industrial dereliction. The tolerance depends to a large extent on
the exclusion of metals from the cytosol by binding of the metals in
the cell walls, which possess binding sites specific to individual
metals, and by vacuolar storage of the metal ions chelated with
various organic compounds. Since the metals are absorbed by the
plants, the contaminated areas can be landscaped, but they are not
suitable for production of crops, even if tolerant strains could be
developed, for these would contain the elements at unacceptable
concentrations. However, there is the potential for using the plants
to ‘mine’ the metals out of contaminated soil, a process known as
phytoextraction. Some of the tolerant species are hyperaccumu-
lators, taking up large amounts: 20% of Ni by dry weight has been
found in the latex of a tree, Sebertia acuminata! This of course leaves
the problem of disposing of the accumulator plants at the end of the
growing season. It may be possible to recover and use the metal from
ashed plant material.
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Chapter 5

Translocation of organic
compounds

5.1 ‘ Introduction

Flowering plants are described as being autotrophic, ‘self-feeding’,
capable of synthesizing all their organic material via photosynthesis.
But a flowering plant is a complex organism with cells and organs
specialized for diverse functions, and only the green photosynthetic
cells are truly autotrophic; they must accordingly supply all the non-
photosynthetic parts with organic carbon. Over small distances, i.e.
between individual cells and within small groups of cells, chemicals
can move by diffusion through plasmodesmata, or across plasma
membranes by diffusion and by active transport. But organic mater-
ials must move for long distances; the growing tips of the roots of a
tree are many metres away from the nearest photosynthetic leaves
and even in a herbaceous plant diffusion would be too slow for the
distances involved. We have already seen (Chapter 3) how water
moves in plants over long distances in a specialized transport tissue,
the xylem. The subject of this chapter is the long-distance, multi-
directional movement or translocation of organic compounds
which takes place in the phloem.

5.2 | Phloem as the channel for organic translocation

5.2.1 Evidence for translocation in the phloem
In flowering plants, the xylem is regularly associated with the
phloem, the two together making up the vascular tissues. In young
organs the two tissues are in contact; when secondary growth occurs
they become separated by the vascular cambium, the meristem
which then adds xylem to one side and phloem to the other.

In woody stems, where the vascular tissues form complete cylin-
ders, it is fairly easy to cut through the outer stem tissues down to the
vascular cambium and to remove the ‘bark’, which includes the
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phloem, leaving the central xylem intact. Regions of defoliated stem
separated from all leaves by such ‘bark rings’ become deficient in
carbohydrates, but the transport of water and minerals continues,
showing that xylem transport is still functional. This suggests that
the transport of carbohydrates occurs in the phloem. Admittedly the
cortex (if present) and periderm are also removed in the bark ring;
but these tissues do not contain cells which are structurally suited for
long-distance transport. A variation on debarking is to kill the living
tissues in a length of woody stem by the application of hot steam. The
heat-killed ring stops the translocation of organic substances whilst
still permitting xylem transport. This type of experiment shows that
organic material is translocated through living cells, as are found in
the phloem, in contrast to xylem, which functions with dead con-
ducting cells. The high concentration of organic compounds in
phloem sap also strongly supports the postulate of its function in
the transport of organic nutrients.

The most direct evidence for phloem as the channel of organic
translocation comes from the use of tracers. Various fluorescent dyes,
such as fluorescein and its derivatives, can be directly observed under
the microscope to move in the phloem. At first this observation was
regarded with caution, since these are artificial compounds and
might move along paths different from those of natural metabolites.
Final confirmation has come from radioactive labelling. When radio-
active CO, is supplied to photosynthesizing leaves, the radioactivity
soon appears in the phloem of the petiole and the stem, as radio-
active sugars. Here there has been no introduction of any foreign
substance, nor any interference with the plant’s normal activity, and
the data prove that the products of photosynthesis move from their
sites of production in the phloem. Radiolabelling has shown that the
phloem is also the pathway of translocation out of non-photosyn-
thetic storage organs. Since it has been established that naturally
transported metabolites and numerous fluorescent dyes move along
the same pathway, the dyes are now frequently used as tracers for
phloem transport.

5.2.2 The structure of phloem

The phloem of flowering plants consists of several types of cell.
Tracer experiments have shown that, at the cellular level, transloca-
tion proceeds through the sieve tubes, built of longitudinal files of
individual sieve tube elements (sieve tube cells). The sieve tube diameter
usually lies between 10 and 50 pm and the length of individual cells is
150-1000 um, but in palms diameters of 400 um and lengths of
5000 pym have been reported; in minor veins, however, sieve tubes
can be very narrow, below 2 um. The transverse or oblique end walls
between the individual sieve tube cells, some 0.5-2 pm thick, are
pierced by pores giving them a sieve-like appearance and are
known as the sieve plates, hence the cells’ name (Fig. 5.1). The
diameter of the sieve plate pores is extremely variable between
species and in different parts of a plant. The narrowest are only
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m The fine structure of phloem. (A), (B) and (C) are transmission electron micrographs. SE = sieve tube element;

CC = companion cell; Pa = parenchyma; SP = sieve plate. Loading phloem is illustrated, hence the narrow diameter of the SE.

(A) Transverse section of part of a vascular bundle in the cotyledon of a French bean seedling (Phaseolus vulgaris). All the SE are almost
devoid of contents except for some mitochondria and indistinct peripheral material. The CC are full of cytoplasm containing
mitochondria, plastids and a high density of ribosomes. Inset: diagram of a wide-pored cucurbit sieve plate as seen in surface view.
(B) Longitudinal section of sieve tubes in a leaf of mung bean (Vigna radiata ); two sieve plates, with open pores, are visible. At this
magnification, peripheral material is recognizable as endoplasmic reticulum, ER, and P-protein fibrils; there are a few mitochondria and
a number of plastids with black-stained starch grains; some plastids have burst.

(C) Branched plasmodesma between a SE and its CC. Three distinct branches and the suggestion of two more can be seen on the CC
side, but the thinness of the section means that some branches may have been missed.

(D) The SE-CC complex: composite diagram based on electron microscopy and confocal laser microscopy. M = mitochondrion;
N = nucleus; P = plastid; Pd = plasmodesma; PP = P-protein; V = vacuole in CC.
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0.1 um wide; 0.5-1.0 um might be considered an ‘average’ value. But
in the Cucurbitaceae (marrow family) pore diameters up to 10 um are
found, and 14 pm has been reported for Ailanthus altissima (tree of
heaven). Associated with the sieve tube elements there often are
companion cells, one or more to each sieve tube cell, lined up
longitudinally beside the conducting cells. The sieve tube elements
have a very unusual structure (Fig. 5.1 A, B, D). In the mature state
they lack nuclei and the only organelles identifiable are small plas-
tids, sparse mitochondria and endoplasmic reticulum, but these
organelles do not occupy much of the cellular volume, lying next to
the cell walls. Most of the lumen is filled with a kind of sap but there
is no tonoplast and no demarcation of a vacuole. The cells are still,
however, bounded by a functional plasmalemma which also lines the
sieve plate pores. The sap contains P-proteins (P for phloem), some-
times visible by light microscopy as protein bodies or longitudinal
strands, though at least some of the reported strands are now thought
to be damage artefacts. The companion cells on the other hand have a
full complement of organelles (Fig. 5.1 A, D). They are rich in cyto-
plasm, with small vacuoles and very numerous, highly cristate mito-
chondria, which gives them a high potential for metabolic energy
production. The sieve tube cell and its adjacent companion cell are
derived by longitudinal division of the same mother cell and the pair
is often referred to as the sieve element-companion cell (SE-CC)
complex. It is generally believed that the companion cell with its
nucleus exerts control over the enucleate sieve element. The compa-
nion cells are joined to sieve tube cells by abundant plasmodesmata
that are unusually large on the sieve element side and branched on
the companion cell side (Fig. 5.1 C). These plasmodesmata also have a
very high molecular exclusion limit, i.e. a high limit for the molecular
mass that can pass through, much higher than in other plant tissues
(see p. 138 and Section 5.4.2). The materials that are translocated are
found in the companion cells, too; when radioactive photosynthate is
being translocated, the companion cells also become radioactive. Other
cell types found in the phloem are phloem parenchyma cells and fibres.

There is some difference in the structure of phloem in various parts
of the plant. Photosynthate is loaded into the phloem in the fine minor
veins of leaves, and this loading (collecting) phloem has sieve tubes nar-
rower than the companion cells. In the petioles, stems and older parts
of roots, the transport phloem sieve tubes are wider than the companion
cells. In the unloading (release) phloem, where the solutes leave the
transport system, the companion cells are very small and may be
absent altogether. There are moreover two basic mechanisms of
phloem loading, and phloem structure varies accordingly (Section 5.4).

In most perennials with secondary growth, the sieve tubes and
their companion cells die after one growing season and are replaced
by the cambium in the next season. In perennial monocotyledons,
such as the palms, which lack secondary growth, sieve tubes persist
many years; in palms 50-year-old sieve tubes have been identified. In
a few dicotyledons, too, e.g. lime (Tilia sp.) and grapevine (Vitis vinifera),
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the phloem conducting cells survive for several seasons. In such species,
the sieve plate pores may be blocked during the winter by a deposit of
dormancy callose, a polysaccharide of glucose subunits.

5.2.3 The composition of phloem sieve tube sap

Obtaining uncontaminated samples of phloem sieve tube sap in
quantities adequate for analysis presents problems. Species differ
greatly in the ease with which they yield phloem sap. Sometimes
exudate is obtained by cutting into the phloem, but this poses the risk
of contamination with the contents of other cells. Very often sap fails
to exude at all from cut phloem, although exudation may be elicited
by mechanical stimulation prior to cutting. The most reliable method
of obtaining sieve tube sap from numerous species is to use phloem-
feeding aphids to tap the sieve tubes. These insects feed by inserting
their stylets into sieve tubes from the outside. When the insertion is
accomplished, the insect is cut away under anaesthesia. Sap will then
continue to drip from the stylets for up to several days, at a rate of
1-2 pL per hour. This liquid has been assumed to represent more-or-
less unadulterated sieve tube sap. There is evidence that the saliva
initially released by the aphid exerts no digestive function on the
phloem and the composition of the sap certainly remains unchanged
over many hours of collection. There still does remain the possibility
of some continuous seepage of liquid from surrounding tissues into
the tapped sieve tube units.

Sap analyses vary markedly from species to species. The sap is
quite viscous, reflecting its high content of organic solutes; sugars
generally make up 90% of the solids and may be present at concen-
trations of 2-25% w/v; the water potential is correspondingly low,
from -0.6 to -3.4 MPa. In the majority of species, sucrose is the main
sugar, often present at 0.4-0.5 mol L™, with traces of the oligosac-
charides raffinose (a trisaccharide), stachyose or verbascose (two
tetrasaccharides); but in some species one of these oligosaccharides
predominates. In yet other species, the predominant carbohydrate is
a polyol (sugar alcohol) such as sorbitol, dulcitol or mannitol. Glucose
on the other hand is found only in very low concentrations and may
be undetectable.

Amino acids and amides are regularly present in phloem sap,
amounting to 0.2-12% of the transported solutes, with glutamate,
glutamine, aspartate and asparagine being the most abundant. In the
Cucurbitaceae soluble nitrogenous compounds make up a high per-
centage of the solids, and in perennials nitrogenous compounds are
abundant at certain times (see below, seasonal patterns). Phloem
which translocates materials out of seed storage tissues can have
high levels of nitrogenous compounds; in Ricinus communis seedlings,
a total amino acid/amide content of 0.16 mol L™! has been found,
more than half the sucrose content of 0.27 mol L™*. In species where
nitrate reduction (Chapter 4) takes place mainly in the leaves, roots
are dependent for their N supply on amino acids and amides trans-
located down in the phloem. Protein is detectable in the sap in
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variable amounts and will be discussed separately. Sulphate reduc-
tion is located in leaves, roots receiving S-containing amino acids
via the phloem. In some plants, different regions of the phloem
transport different materials; in cucurbits, phloem within minor
leaf veins transports mainly carbohydrate, whereas phloem strands
outside the veins carry mainly amino acids.

Some mineral elements are found in the phloem sap; K* is the
predominant ion, reaching concentrations of 0.03-0.5 mol L™*. ATP is
a regular constituent. In small quantities, many other compounds
have been detected including organic acids, hormones and secondary
products; numerous plant viruses, too, spread in the phloem. The pH
is usually alkaline at 7.5-8.6, although in perennials it may be faintly
acid in the spring. This contrasts with xylem sap and vacuolar saps,
which are typically acid.

The carbohydrate concentration of phloem sap derived from
photosynthesizing leaves is strongly dependent on the rate of photo-
synthesis, and hence on weather. It also exhibits regular diurnal
variation. In the cotton plant (Gossypium barbadense), the highest con-
centration in the stem is recorded in the latter part of the day. In a
number of trees, the highest concentration occurs at night and close
to the leaves, a concentration wave moving down the tree.

In perennials there are seasonal patterns in phloem exudation
and sap composition. In several tree species, abundant exudate is
obtained in late summer but no flow occurs before about mid-June.
Marked seasonal changes are found with respect to amino acid con-
tent; this is high in spring, drawing on N stored in woody tissues over
winter, falls in the summer, and rises to a second peak in the autumn,
when leaf proteins break down prior to abscission. The N translo-
cated out of leaves at this time is deposited as organic nitrogenous
compounds in the stems, where it remains stored during dormancy.
Carbohydrate, too, may be transported to woody stems for storage.

Proteins and RNA in phloem sap

Phloem sap contains proteins, mostly not more than 0.1 mg mL™", but
in the Cucurbitaceae the values reach 10-60 mg mL™". Gel chromato-
graphic methods have revealed a large number of sap proteins, with
molecular masses from 9000 to 200 000 Da; over 200 protein species
have been detected in wheat (Triticum aestivum) phloem sap, and
individual species exhibit specific patterns. RNA including mRNA
can also be detected. Since the sieve tube elements lack a system
for transcription or translation, the proteins and RNA must be
synthesized in the companion cells and enter through the connect-
ing plasmodesmata. Such movement is vividly demonstrated in
transgenic plants programmed to synthesize green fluorescent pro-
tein (GFP) in leaf companion cells; the fluorescence appears in the
sieve tubes. A very interesting finding is that some proteins in
phloem sap have the property of increasing the exclusion limits of
plasmodesmata. Proteins from Cucurbita maxima phloem sap were
microinjected into individual cells in Cucurbita cotyledon mesophyll,
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along with fluorescently labelled dextrans, i.e. high molecular mass
carbohydrates (Balachandaran et al. 1997). These dextrans showed no
cell-to-cell movement if injected by themselves. But in the presence
of the phloem sap proteins, the spread of fluorescence indicated that
dextrans with masses of at least 20 000 Da moved through up to 20
cells from the site of injection within 1-2 minutes. The accompany-
ing phloem proteins, with masses of up to 100 000 Da, must have
moved, too. The exclusion limit for numerous ‘ordinary’ plant tissues
is 800-1000 Da. Phloem proteins from Cucurbita and castor bean
(Ricinus communis) also increased the exclusion limits of plasmodes-
mata in the leaf mesophyll of other species, e.g. Nicotiana tabacum. The
presence of such proteins in the SE-CC complex presumably main-
tains the high exclusion limits of the plasmodesmata. Additionally,
some proteins in the SE-CC complex may act as chaperonins and
unfold large proteins for passage.

Some of the proteins in phloem sap have been identified as
enzymes, or as components of the P-protein filaments, and together
with others as yet unidentified are presumably necessary for the
maintenance of the life functions of the sieve tube cells. The question
then arises how such macromolecules avoid being swept with the
translocation stream into the sinks: maybe by adsorption on the
P-protein fibrils, or to the peripheral ER (endoplasmic reticulum)?
But proteins do move in the phloem, even through graft unions.
Evidence is mounting that some sieve tube sap proteins and RNA
are information molecules destined for transport to the sinks,
where they are unloaded (Oparka & Santa Cruz 2000). These
information molecules include, for instance, signals (believed to
be small RNA molecules) which can suppress the activity of
specific genes in the sinks. The phloem is emerging as an impor-
tant carrier of macromolecular information as well as hormonal
signals.

5.3 ‘ The rate and direction of translocation

5.3.1 The rate of translocation: velocity and mass transfer

One measure of the rate of translocation is velocity, the distance
moved by the translocated material per unit time, expressed in, say,
cm h™’. This seems a simple value, but it is difficult to measure. Most
estimates to date have been made by introducing a marker into the
phloem at a specified point and noting the time of its arrival at
another specified point. Fluorescent dyes have been timed, but
there is a time delay of unknown length between the external appli-
cation of the dye and its entry into the sieve tubes, and the dye, as a
foreign substance, might conceivably adversely affect the phloem
and change the velocity of translocation. The timing of the move-
ment of radioactivity from '“C-labelled photosynthate avoids the
introduction of foreign material, but is not straightforward; among
other problems, '*C is a weak B-emitter and to detect its presence,
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plant segments have to be extracted for assay; it is not feasible to hold
a detector to the plant. More recently the measurement of nuclear
magnetic resonance (NMR) has been utilized; NMR depends on the
magnetic properties of atomic nuclei. This technique is used on living
plants and causes no damage. The specimen is placed within a
detector which gives information about the presence, concentration
and movement of selected atoms in known locations in the plant - in
this case, the H atoms of the water molecules in the phloem. Actual
values of the velocity of translocation, measured in different speci-
mens and using a variety of methods, range from below 10 to 660 cm
h™?, with woody plants coming in the lower part of the range, at
20-30 cm h™'. NMR measurements have yielded a value of 200 cm h™*
for castor bean (Ricinus communis) seedlings and 90 cm h™* for the adult
plants.

A somewhat different measure of the rate of translocation is mass
transfer, the total mass of translocate moved per unit time. If traffic
is used as an analogy, the mass transfer would be equivalent to
counting the total number of cars passing an observation point in a
given time interval; the velocity is equivalent to the speed at which
the cars pass the observation point. The units for mass transfer are
g h™ (cf. velocity, cm h™"). If the mass transfer is calculated per unit
area of phloem, it is termed specific mass transfer (SMT) and
expressed in g cm™ h™’. The (specific) mass transfer is measured by
increases in dry weight in growing organs. It also is not easy to
measure accurately, for a correction must be applied for the amount
of translocate respired away in the organ, and for SMT precise meas-
urements of transporting cell cross-sectional areas are required.

5.3.2 The direction of translocation

In contrast to movement in the xylem, which is a strictly one-way
traffic, the direction of translocation in the phloem is variable.
Physiologically it is described as passing ‘from source to sink’, i.e.
from organs of synthesis (or organs of storage) to organs of utiliza-
tion. In a more-or-less mature leafy plant, the mature leaves are
sources by virtue of their photosynthetic activity. The main sinks
are the growing regions, which are numerous (Fig. 5.2). The roots
and underground perennating organs such as tubers, corms and
rhizomes require downward translocation through the shoot axis.
In a young vegetative plant, most of the total translocate goes to
support the rapidly growing root system. The growing shoot tips,
on the other hand, require upward translocation, as do young leaves
before they have developed their full photosynthetic capacity. In the
reproductive stage, flowers and fruits need upward translocation,
fruits in their most rapid growth stage receiving nearly all the trans-
located nutrients. In the appropriate season, underground storage
organs mobilize their reserves and translocate the soluble products
upwards to growing shoot organs. Mature axial tissues in stems,
petioles and roots of course also need organic nutrients for their
maintenance. They draw on the translocation flow as it passes
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m Phloem translocation

‘from source to sink’ in a flowering
plant. The small curved arrows
GROWTH indicate translocate moving into the
axial sinks. Lower mature leaves
SHOOT APEX feed (mainly) the roots, the higher
mature leaves feed (mainly) the
SINK young leaves and the shoot apex.
A There are situations when the root,
or some other underground
‘\ storage organ, becomes the main
FLOWER, FRUIT source and the direction of
(_—> SINK GROWTH transport is upwards from it.
GROWTH| YOUNG LEAF (
| SINK ﬁ
MATURE LEAF
K‘.—— SOURCE
Photosynthate
Amino a