Stomata



Stomata
SECOND EDITION

Colin Willmer
University of Stirling,
UK

and

Mark Fricker

University of Oxford,
UK

m SPRINGER-SCIENCE+BUSINESS MEDIA, B.V.




First editton 1983
Second edition 1996

© 1996 Colin Willmer and Mark Facker
Originally published by Chapman and Hall in 1996
Softcover reprint of the hardcover 2nd edition 1996

Typeset in Garamond 10 5/12pt by Saxon Graphics Led, Derby
Printed in Great Britain by St Fdmundsbury Press Bury St Edmunds, Suffolk

ISBN 978-94-010-4256-7 ISBN 978-94-011-0579-8 (eBook)
DOI 10.1007/978-94-011-0579-8

Apart from any fair dealing for the purposes of research or private study, or
criticism or review, as permtted under the UK Copyright Designs and Patents
Act, 1988, this publication may not be reproduced stored or transmutted, in
any form or by any means without the prior permission i writing of the
publishers, or in the case of reprographic reproduction only in accordance with
the terms of the licences 1ssued by the Copynight Licensing Agency in the UK, or
m accordance with the terms of icences 1ssued by the appropriate Reproductuon
Rights Organizauon outside the UK Enquines concerning reproduction outstde
the terms stated here should be sent to the publishers at the London address
printed on this page

The publisher makes no representauon cxpress or imphed, with regard to the
accuracy of the informauon contained 1n this book and cannot accept any legal
responsibility or lrabihty for any errors or omissions that may be made

A catalogue record for this book 15 available from the British Library

Printed on permanent acid-free text paper manufactured with ANSI/NISO
739 48-1992 and ANSI/NISO 739 48-1984 (Pcrmanence of Paper)



Contents

Preface to the second edition

Preface to the first edition

Acknowledgements

1 Introduction

1.1  General considerations about stomata

1.2 Historical aspects

1.3 The importance of research into stomatal functioning and

behaviour

References

2 The distribution of stomata

2.1  Location and occurrence of stomata

2.2 Stomatal frequency

2.3 Stomatal patterning

2.4 Heterogeneity in stomatal characteristics and responses
References

3 The structure and development of stomata

3.1  Anatomy and morphology of the leaf epidermis

3.2 Development and differentiation of stomata

3.3 The ultrastructure of guard cells
References

4 The mechanics of stomatal movements

4.1  Introduction

4.2 Water relations of guard cells

4.3 The physico-chemical aspects of stomatal movements

4.4  Morphological changes of the plasma membrane and

tonoplast of guard cells during stomatal movements

4.5  Physiological and mechanical properties of GCPs
References

5 The theory of gas diffusion through stomata

5.1  Introduction

5.2 Fick’s law and the driving forces for diffusion

5.3  The analogy between electrical circuits and leaf resistances

5.4  Diffusion through a single pore and multipores

Xi

xiii

N

12
12
17
24
26
30

36
49
64
82

92
92
92
96

103
104
106

110
110
110
113
115



vi  CONTENTS

55
5.6
5.7

6.1
6.2

6.3
6.4
0.5
0.6
6.7
6.8

6.9

6.10
6.11
6.12

7.1
7.2
7.3

7.4
7.5
7.6
7.7
7.8
7.9

8.1
8.2
8.3
8.4

8.5

Cuticular conductance 120
Boundary layer conductance 121
Water use efficiency 123
References 124
Stomatal responses to environmental factors 126
Introduction 126
Interaction of environmental factors which influence stomatal
behaviour 126
Stomatal responses to light quality and quantity 131
Carbon dioxide 144
Temperature 148
Plant water status and atmospheric humidity 152
Mineral nutrition 161
Circadian rhythms and shorter-term oscillations in stomatal
movements 161
Stomatal activity during the life cycle of a leaf 165
Stomatal behaviour in canopies 168
Gaseous environmental pollutants and stomata 169
Plant pathogens and stomata 172
References 177

The influence of hormones and other naturally occurring

compounds on stomatal behaviour 192
Introduction 192
Abscisic acid 193
Other sesquiterpenoids (xanthoxin, all-trans farnesol,

vomifoliol, phaseic acid) 208
Other hormones 209
Fatty acids 212
Phytotoxins 212
Phytoalexins 215
Other compounds 215
Artificial control of stomata 216
References 218

Ionic relations of stomatal movement and signal

transduction in guard cells 228
Introduction 228
The involvement of ions in stomatal movements 228
Ion fluxes and the driving forces for ion movement 244
Summary of ion movement events during stomatal

movements 267
Signal perception and transduction by guard cells 267

References 293



CONTENTS VI

9.1
9.2

9.3
9.4
9.5

9.6
9.7

10
10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8
10.9
10.10

Index

The metabolism of guard cells

Introduction

The flow of carbon from starch to malate during stomatal
opening

The fate of malate during stomatal closure

The role of chloroplasts in guard cells

Metabolite transport into guard cells and sucrose
metabolism

The energy relations of stomatal movements

Lipid metabolism in guard cells

References

Recent developments and future research
Introduction

Stomatal distribution and patterning

Cell and tissue differentiation

Mechanical relations of the epidermis
Diffusion of gases and the role of stomata
Environmental effects

Hormone action

Ion transport and signalling

Intermediary metabolism and its regulation
Molecular biology of stomata

References

310
310

315
330
335

339
341
344
345

354
354
354
355
356
356
356
358
360
360
361
364

367



Preface to the second
edition

In 1902 Copeland published a paper (B.E. Copeland, Ann Bot., 16,
327-364, 1902) in which he stated:

The movements of stomata have been familiar to botanists for more
than a century. From all points of view, anatomical and physiological, the
stomata have received more constant and lasting attention probably
than any other single vegetative structure in the plant. And yet recent lit-
erature on the subject is most contradictory, not only as to the mecha-
nism of their movements, but even as to the conditions which influence
their opening and closing.

Essentially these same sentiments can still be applied nearly a century
later. Stomata continue to be a source of intense research endeavour
and the results of the research often appear contradictory; debate and
controversy about various aspects of their function and functioning con-
tinues. True, over the last few decades major advances in our under-
standing of the behaviour of stomata and how stomata function have
been made, but much still remains to be discovered. Nevertheless, now
seems an appropriate time to update what has been added to our
knowledge since the first edition of Stomata was published in 1983.
Because the subject has become much more complex and encompasses
a wide array of topics, including cell anatomy and ultrastructure, physi-
ology, ecology, intermediary metabolism, ion relations and molecular
biology, this second edition has expanded significantly and two authors
were deemed necessary to do justice to the subject. Thus Mark Fricker
co-authors this second edition with Colin Willmer.

Although the basic framework of the first edition exists in the second
edition, virtually the whole text has been rewritten. A new chapter has
been added on the theory of gas diffusion through stomata; sections on
ionic relations of guard cells and on signal perception and transduction
by guard cells have been expanded greatly to reflect the recent progress
in these areas; and a section on the genetics and molecular biology of
guard cells has been inserted in a concluding chapter.

Colin Willmer
University of Stirling
Mark Fricker
University of Oxford
November, 1994



Preface to the first edition

Over the last decade enormous advances in our understanding of the
functioning of stomata have been made Today, the overall pattern of
events in stomatal functioning 1s generally understood although some of
the finer details of the mechanism remain to be elucidated However,
the mechanism whereby changing CO, levels within a leaf control stom-
atal movements remains one of the biggest puzzles

The excellent text Physiology of Stomata, by Professors H Meidner
and TA Mansfield, 15 over 12 years old and inevitably sections of 1t are
now outdated Although numerous fine reviews on various aspects of
stomata have been written in the meantime, none could be considered
as complete, compact appraisals of the subject and thus to have super-
seded the Meidner and Mansfield book Now is therefore an appropriate
tume to review the status of our knowledge about stomata

This book encompasses all aspects of the subject except the physical
processes involved in the exchange of gases between a leaf and 1ts envi-
ronment This topic 1s dealt with very adequately in a vaniety of other
books and reviews, and the subject matter, with minor differences of
opinion, remains much the same today as it was perhaps 20 years ago A
description of how to measure stomatal apertures and the use of
porometers has been restricted to a final chapter which also deals with
experiments which can be carried out by students Again, there are
numerous texts and papers which deal in greater detail with the theory
and use of porometers than that described here

In a text of this type, which 1s not intended to be a research treatise
but a more general, though detailed appraisal of the subject intended
for undergraduate and postgraduate students specializing in plant sci-
ences, references must be limited

Choosing the imited number of references was difficult I have tend-
ed to quote the more recent references, important and major articles of
the past, and review articles Inevitably, however, some statements
remain unsupported by a reference Also, in attempts to keep the book
as current as possible, I have drawn on information from a number of
unpublished works

Where contentious 1ssues arise I have attempted to state each view
but space has not always allowed me to discuss the detailed evidence
supporting each view The reader, in some cases, 1s left to read the origi-
nal reports to decide the most convincing line of argument
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I have also tried to be specific about the plant species used in a partic-
ular experiment because, although there are certain basic features and
processes concerning stomatal functioning and behaviour which are
common to all species, there may well be variations on this common
theme depending on the species.

Colin M. Willmer
University of Stirling
1982
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1 Introduction

The story about stomata starts almost 400 million years ago in the late
Stlurtan—early Devonian Period when plants left their aquatic environ-
ment and nvaded land In order to survive, the plants had to develop
features which would prevent excessive water loss whilst allowing CO,
to enter the plant for photosynthests Thus, 1t 1s considered that a cut-
cle, stomata and vascular tissue developed almost simultaneously, and
these three features were the key to the emergence and development of
large terrestrial plants (e g Chaloner, 1970)

1.1 General considerations about stomata

Stomata are pores formed by a pair of specialized cells, the guard cells,
which are found in the surface of aerial parts of most higher plants and
which can open and close to control gas exchange between a plant and
its environment Thus, they are the portals for entry of CO, nto the leaf
for photosynthesis and an exit for water vapour from the transpiration
stream Their major function 15 to allow sufficient CO, to enter the leaf
to optimize photosynthesis under the prevailing conditions, while con-
serving as much water as possible (see Chapter 6) In addition, under
some conditions, evaporative cooling of the leaf by water loss via the
transpiration stream may be important in lowering leaf temperature (see
Nobel, 1991) The flux of water may also aid uptake and transport of
salts necessary for the nutrition of the plant (eg Epstemn, 1972),
although there 15 evidence that transpiration per se 1s not required for
long-distance transport of 1ons (e g Kramer, 1983, Tanner and Beevers,
1990) However, the transpiration stream 1s potentially an important
upward route for many signals from the root to the shoot, such as
abscsic acid (see Chapter 7), and transpiration may have an important
role for full integration of the systems within the plant body

In contrast to CO,, oxygen exchange between the plant and 1ts envi-
ronment 1s not greatly affected by stomata The atmospheric oxygen
concentration (about 21%) 1s very high relative to the CO, concentra-
tion (about 0 036%) and inward diffusion of the O, will readily occur,
furthermore, 1n the light oxygen 1s produced during photosynthesis
within the leaf
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Some other interesting roles of stomata have been proposed recently
For example, it has been suggested that phototropism of coleoptiles and
possibly other plant organs 15 mediated by a hight-induced increase in
stomatal transpiration Thus, on the dluminated side of a plant organ
possessing stomata, transpirational water loss will be increased, which
will reduce cell turgor and slow expansion and growth of these cells,
resulting 1n a curvature of organ growth to the light source (McIntyre,
1994)

Another study (Wilkins, 1993) found that stomata of the crassulacean
acid metabolism (CAM) plant, Bryophyllum fedtschenkor, influenced
the circadian rhythm of CO-fixation in the mesophyll tissue In other
CAM plants studied, the rhythm 15 apparently localized to the mesophyll
ussue and independent of the epidermal tissue (Chapter 6)

1.2 Historical aspects

An excellent apprawsal of the history of studies on stomata and plant
water relations has been written by Meiwdner (1987) Here, some of the
landmark findings and developments will be highlighted

The word stoma (plural stomata) 1s Greek for mouth and de Candolle
adopted this as the name nitially proposed by Heinrich Link to describe
the pores n leaves (de Candolle, 1827) Present day convention, how-
ever, normally uses the term stoma to include the pore and the sur-
rounding pair of guard cells Likewise, a stomatal complex refers to the
guard cells and neighbouring subsidiary cells

The first recorded mvestugations concerning stomata were made 1n
1660 by Edme Marriotte, a physicist, (reported by de Candolle, 1832)
who measured evaporation rates from leaves This was followed by the
discovery of pore-like structures in the surface of leaves which coin-
cided with the introduction of the simple microscope and the observa-
ton of cells by Robert Hooke (1635-1703) The first published
observations of stomata were made by Malpight (1628-94) in his manu-
script, Anatome Plantarum (1675), however, he could make nothing of
their function Malpight was better known for his studies of the skin and
circulation system 1n animals, although some of his major scientific con-
tributions are on plant anatomy

At about the same time Nehemiah Grew (1641-1712) made similar
observations and drawings of stomata to those of Malpighi and his series
of lectures given to the Royal Society in 1680, when Sir Isaac Newton was
president of the Society, were published mn 1682 Figures 11 and 1 2 are
reproductions of some of his drawings Grew called stomata orifices’ or
‘pass-ports and believed that they opened up into xylem vessels which
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he called ‘aer vessels’. He considered that the whole system of stomata
and xylem vessels acted as an aeration pathway much like the spiracles
and trachea of insects.

Figure 1.1 'Aer vessels' in a vine leaf (from Grew, 1682).
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Figure 12 Low power drawings of leaf surfaces showing the patterns and locations of
stomata (from Grew 1682)
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Stomata were still commonly called ‘breathing holes’ well into the
19th century and it was not until 1841 that the experiments of Williams,
a lecturer 1n forensic medicine, finally dispelled a general view that a
membrane existed over the pore across which gas diffused

A number of eminent scientists studied gas exchange and specifically
transpirational  water loss by plants including Stephen Hales
(1677-1761), de Saussure (1767-1845) and Dutrochet (1776-1847), but
it was de Candolle (1827) who confirmed an earlier suggestion by
Hedwig (1793) that stomatal apertures were variable

Outstanding studies into the structure and function of stomata were
made by von Mohl (1805-1872) Not only did he appreciate that stom-
atal movements were due to turgor changes in guard cells which were
osmotically regulated, but he made many anatomical studies of stomata
(von Mohl, 1856) Later, Muller (1872), Schwendener (1881) and
Haberlandt (1887) complemented this work with further anatomical
studies, and they attempted to classify stomatal types and explain the
mechanics of stomatal movements on an anatomical basis

As knowledge about the anatomy, morphology and function of stom-
ata increased so there was a desire to understand more about their
behaviour Initially stomatal apertures were measured under a micro-
scope, but automated systems (porometers) were developed to mea-
sure leaf porosity Darwin and Pertz (1911) were the first to publish a
method of measuring stomatal resistances (more correctly, leaf resis-
tance) using a mass flow porometer, and since then other instruments
have been developed and refined (e g Gregory and Pearse, 1934, Alvim,
1965) Such porometers measure the rate at which air or other gas can
be pushed or sucked through a leaf when a pressure difference 1s
applied across the leaf, 1e they measure resistance to viscous flow
Another type of porometer, known as a diffusion porometer, has also
been developed A prototype was made by Muller (1870) and much
more sophisticated ones with humidity sensor elements were devel-
oped more recently (eg see Wallthan, 1964, van Bavel et al, 1965,
Kannemasu et al , 1969) Diffusion porometers measure the rate of dif-
fusion of a gas across a leaf through the upper and lower surfaces, as in
the nitrous oxide diffusion porometer (e g Slatyer and Jarvis, 1966), or
of water vapour out of a leaf (e g Kanemasu et al , 1969)

With the availability of various devices for monitoring stomatal behav-
1our, so a vartety of reponses were observed Thus, Loftfield (1921) noted
midday closure, Darwin (1916) and Knight (1916) observed transient
stomatal movements, while Darwin (1898) and Lloyd (1908) pioneered
work on endogenous diurnal (circadian) rhythms Freudenberger (1940)
and Heath (1948) established the importance of the CO, concentration
in the leaf intercellular awrspace in regulating stomata, Wilson (1947)
worked on the effects of light, temperature and humidity on stomatal
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responses, while Heath and Russell (1954) clanified much of the earlier,
often contradictory, work on the effects of the interaction of light and
CO, on stomatal responses

While all these studies were being conducted work into how stomata
functioned was under way Many ingenious hypotheses have been pro-
posed over the last two centuries to explain how stomata open and
close [see Heath and Mansfield (1969) and Meidner and Mansfield
(1968) for more comprehensive reviews] and, although the early ones
are mainly of historic interest only, they established a framework for our
current understanding and should not be forgotten

One of the earliest was the photosynthetic’ hypothesis proposed by
von Mohl (1856) which suggested that the products of guard cell photo-
synthesis were responsible for the observed osmotic potential changes
in guard cells This was extended and elaborated to form the
starch-sugar hypothesis first concewved by Kohl (1895) and subse-
quently developed by Lloyd (1908), which was generally accepted to
explain stomatal functioning up to the mid-1960s (see Heath and
Mansfield, 1969) Basically the hypothesis considered that guard cell
starch was converted to soluble sugars 1n the light, which acted as the
osmoticum to increase cell turgor and drive stomatal opening The
reverse occurred during stomatal closure 1in darkness Although the
detail of the starch—sugar hypothesis has subsequently been found nad-
equate, the concept of the starch—sugar interconversion 1s correct, since
we now know that carbon flows between starch, sugar and malate dur-
ing stomatal movements (see Chapter 9) Additionally, there 1s still sup-
port for sucrose, produced in guard cells via photosynthesis, acting as
an osmoticum 1n guard cell functioning (see Chapter 9) Nevertheless,
the importance of starch—sugar interconversions as the only mechanism
generating changes in osmotic pressure of guard cells has diminished
with increased knowledge about their 1onic relations and the involve-
ment of K* as a major osmoticum

In the early 1900s another hypothesis to explain stomatal movements
evolved which was attributed to Linsbauer (1916) and may best be
described as the permeabulity hypothesis Guard cell ‘membrane perme-
ability’ was gauged by the rate of dye uptake by cells in the light or dark
and, although there was some conflict of view as to which condition
resulted in increased permeability, 1t was generally conceded that
uptake was greatest in the light Thus, it was concluded that solutes
entered guard cells more readily in the light, decreased the osmotic
potential and brought about stomatal opening The hypothesis was
always lacking in detail, in part because knowledge of transport phe-
nomena were not available at that ume, but 1s loosely linked to current
views of solute transport phenomena For example, today we know that
a variety of opening stimuli, including light, can ultimately promote
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uptake of potassium through ion channels that effectively increase the
membrane conductance (permeability) (Chapter 8).

Another hypothesis was proposed by Scarth (1929), which may be
called the amphoteric colloid hypothesis. Scarth proposed that in the
light the increase in ‘guard cell pH’ during opening resulted in the
swelling of amphoteric colloids within the cytoplasm and increased
guard cell turgor. In the dark the reverse situation was considered to
occur with a contraction of the colloids, a decrease in guard cell turgor
and stomata closed. Again, however, our increasing knowledge has not
supported this hypothesis.

A scheme to explain stomatal movements which arose in the 1960s
was the so-called glycollate hypothesis proposed by Zelitch (1963). It
was suggested that a glycollate-glyoxyllate system in the guard cells was
linked to non-cyclic photophosphorylation. ATP generated in the system
could then be used to drive active ion ‘pumps’ integral to the stomatal
mechanism. Alternatively, glycollate could be used as a source of carbon
for production of carbohydrates available to decrease guard cell osmotic
potentials. This scheme also subsequently lacked experimental support.

All of the above hypotheses have proved inadequate to greater or
lesser extents and a mechanism to explain stomatal movements based
on the fluxes of K* and H* across guard cells and upon organic acid syn-
thesis in guard cells is now the centre of attraction (see Chapter 8).
There is still considerable controversy about the finer details of this
mechanism and it is important to realize that the vast majority of
detailed information on guard cell physiology has been obtained from
remarkably few species, principally Commelina communis, Vicia faba
and Zea mays. There are considerable differences even between these
three species, and it is likely that the diversity of form discussed in
Chapters 2 and 3 is paralleled by an equal variation in physiological
adaptations based upon this common theme.

1.3 The importance of research into stomatal functioning
and bebaviour

Interest in stomata has expanded over the years and now a vast amount
of information on their structure, function and ecology is available.
Stomata have a fundamental role in control of two of the most impor-
tant plant processes, i.e. photosynthesis and transpiration (see Chapter
6). They are major factors in determining rates of dry matter accumula-
tion through regulation of CO, uptake and are one of a number of key
factors in modelling of crop productivity. Thus a knowledge of stomatal
behaviour is of increasing relevance in studies of potential effects of CO,
enrichment of the biosphere, alteration of spectral quality from ozone
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depletion and increases in atmospheric pollutants. The extent of water
vapour exchange between the leaf and the atmosphere also has far-
reaching meteorological consequences, and can significantly affect local
and global weather patterns.

On a different scale, stomatal guard cells have provided one of the
best experimental systems to study fundamental aspects of plant physi-
ology, and cell development and differentiation. The distribution, timing
and orientation of cell divisions during differentiation of a stomatal com-
plex present an excellent system to study the organization of cell polar-
ity and control of asymmetric cell divisions that are inherent in the
differentiation of most plant tissue (Chapter 3). The mature guard cell
has to respond to and continuously integrate a diverse range of electro-
magnetic, chemical and mechanical stimuli to give a co-ordinated
response (Chapters 6 and 7). Their phenomenal sensitivity, and dra-
matic and readily measurable responses have established them as one of
the most studied sensory systems in plants. Indeed, no other higher
plant cell has been as intensively investigated in terms of its membrane
transport events, and guard cells are currently the best characterized
model system for ion transport and signal transduction (Chapter 8).
This has arisen in part from the massive ion fluxes involved in stomatal
movements and also from their almost unique status amongst higher
plant cells in that they lack functional plasmodesmata and are therefore
physiologically isolated from the rest of the plant body.

From a biochemical viewpoint guard cells are also proving to be a fas-
cinating subject, as they appear to have modified the control of a num-
ber of conventional biochemical pathways to suit their specific
metabolic needs. For example, the control of carbon flux is altered to
allow starch breakdown in the light and synthesis to occur in the dark,
the reverse of what happens in mesophyll cells of C3 plants (see
Chapter 9).

Studies on the molecular biology of guard cells have also begun
recently; for example a search for the genes which are involved in the
control of stomatal frequency and sensitivity is under way (see Chapter
10). With the convergence of all of the approaches mentioned above,
genetic engineering may provide both a useful tool to dissect the guard
cell system further and also a means to improve crop productivity and
stress tolerance via genetic manipulation of stomata in the future.
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2 The distribution of
stomata

2.1 Location and occurrence of stomata

One of the earliest recorded vascular plants 1s Cooksonia perton: and 1ts
fossil remains show the presence of stomata (Edwards et al , 1992) (Fig
2 1) Such fossil records suggest that stomata were relatively large in
early plants In Zosterphyllum myretomanum, stomata up to 120 um
long were recorded (Lele and Walton, 1960-61) These are the largest
stomata that have been measured 1n living or extinct plants

In extant plants, stomata are found at the evolutionary level of the
Division Bryophyta (containing the mosses, liverworts and hornworts)
and all other vascular plants Within the mosses stomata are present in
the capsules (diploid sporophyte generation) of most species and also
in two genera of the class Anthocerotae (hornworts, also known as
horned liverworts) In at least some species of hornworts stomata are
found in the lower surface of thalli and, although they may not be func-
tional, this 1s the only instance of stomata being located in the gameto-
phyte (haploid) generation of plants Stomata are not found in
liverworts but, instead, pores, which remain permanently open, exist in
the upper surface of the thalli

Stomata are found 1n all groups of the Division Pteridophyta (contain-
ing the ferns, the clubmosses and quillworts, the horsetails and the
Psilotatae) In the Psilotatae (e g Psilotum) large stomata are mainly
located 1in grooves between the stem ridges The Lycopodiatae (club-
mosses and quillworts) also have large stomata in their leaves and
stems, but a notable exception occurs in the quillwort, Stylites andicola,
which does not possess stomata, but accumulates CO, via 1ts roots
(Keeley et al , 1984) In the Equisetatae (horsetails and scouring rushes)
the stomata are usually confined to the longitudinal grooves of the aerial
stems, whilst 1n the Filicatae (ferns), stomata are large and abundant in
the leaves, usually only on the lower surface

Stomata have the most prolfic distribution 1 the Division
Spermatophyta (higher plants) and may be found m the epidermal layers
of most aeral parts (Fig 2 2A-1) They are present in floral parts, mcluding
petals, sepals, stamens and gynoecia, and 1n awns, paleas and lemmas of
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Figure 2.1 Scanning electron micrographs of a fossilized specimen of Cooksonia perton:
spp apiculispora Gedinnian Shropshire Inset shows a stoma located on the short stalk.
Courtesy of Edwards et al., 1992.

cereal inflorescences. Stomata are also found in the surfaces of developing
fruits such as quince, apple, grape, banana and tomato, and in the inner
and outer surfaces of pods, and have also been recorded in the surface of
seeds inside pods. In some cases, as the fruits mature, the stomata on
their surfaces may develop into lenticels. According to Blanke and Bonn
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(1985), in the early stages of fruit development in ‘Golden Delicious’
apples, the stomata function 1n a similar manner to those in leaves They
observed that the stomata were 20-30 um long and 10-25 um wide with a
frequency of about 25 mm , decreasing to less than 1 mm when the fruit
reached full size Additionally, stomata have been recorded in rhizomes
and the higules of some grass species (e g Chaffey, 1982), and even on the
primary roots of Pisum satiwvum (Lefebvre, 1985) and 1n potato tubers In
growing potato tubers the stomata also develop into lenticels (Adams,
1975) More typically stomata are found in the surface of leaves, green
stems and modified leaves such as bracts and tendrils Stomata are not
found 1n the chlorophyll-free plants, Monotropa or Neottia, but have been
found in the stems of Orobanche Mutant albino plants apparently possess
non-functional stomata and stomatal functioning may also be limited 1n
some of the locations mentioned above, such as petals
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Figure 22 Stomatal patterns in the surface of leaves and of a petal showing a wide
variety of types (a) Commelina communis lower epidermus (b) C communis upper
epidermis (c) maize (Zea mays) epidermis (d) onion (Alllum cepa) epidermis

{e} geranium (Pelargonium zonale) epidermis (f) scanning electron micrograph of the
surface of a pine (Pinus sylvestris) needle (g) broad bean (Vicia faba) lower epidermis
{h) Paphiopedilum harrisseanum lower epidermis (1) Hart s tongue fern (Phyliitis
scoflopendrium) lower epidermis (k) and (1) lower epidermis and scanning electron
micrograph of the leaf surface of Saxifraga stolonifera
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More details about the evolution, morphology and anatomy of stomata
can be found 1n Ziegler (1987) and Willmer (1993)

In the leaves of most herbaceous plants stomata are found in both the
upper (adaxial) and the lower (abaxial) surfaces, but usually there are
fewer stomata on the upper surface Such leaves are termed amphistoma-
tous Leaves with stomata in the lower leaf surface only, as are found in
virtually all tree species, are called hypostomatous Aquatic plants with
floating leaves, such as water-lilies, have stomata on the upper surface
only and such leaves are called epistomatous (or hyperstomatous) Also,
in some aquatic plants stomata may remain permanently open In the
water fern, Marsilea (an aquatic Ptenidophyte which can also grow on
land), stomata are restricted to the upper surface of floating leaves, while
aerial leaves have stomata on both surfaces Most submerged aquatic
plants do not possess stomata and diffusion of gases occurs between the
water and the plant tissues across a thin cuticle

The adaptive significance of stomata occurring on one or both leaf sur-
faces 1s unclear, although hypostomaty 1s considered to be an evolution-
ary primitive character and, as plants adapted to growth in more open
sunlit habitats, amphistomaty may have evolved almost simultaneously
(see Mott et al , 1982) An unsubstantiated belief 1s that hypostomatous
leaves are better adapted to dry conditions than amphistomatous leaves
Certainly, the side of a leaf facing the sun may be shightly warmer than the
opposite side i shade and this would lead to more evaporative water loss
from the side exposed to the sun However, amphistomaty may increase
CO, uptake by reducing the length of the CO, diffusion pathway to the
mesophyll (Parkhurst, 1978) and via 1ts influence on stomatal resistances
and boundary layer resistances (Mott et al, 1982) It has been hypothe-
sized that amphistomaty benefits most those species with high maximum
photosynthetic rates growing in sunny habatats, particularly if they are
thick-leaved species (Mott et al , 1982) The observation that most pio-
neer species are amphistomatous and have higher photosynthetic rates
than species characteristic of later successional stages does not counter
this view

There 1s evidence that stomata in the two leaf surfaces can be regulated
relatively independently of each other (e g Turner, 1970, Smith, 1981)
Thus, Smith (1981) observed that abaxial stomata opened later in the
morning and closed later in the evening than adaxial stomata in several
broad-leaved, understorey herbs, while Foster and Smith (1986) recorded
full closure of adaxial stomata of Populus angustifohia and several Salix
species when abaxial stomata remained partially open under conditions of
large leaf to air water vapour pressure deficits Foster and Smith consid-
ered therefore that leaves may exhibit ‘functional hypostomaty and regu-
late gas exchange 1n the same manner as ‘morphological hypostomaty’
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2.2 Stomatal frequency

Stomatal frequency or density (the number of stomata per unit area of
one leaf surface) can vary significantly within leaves, plants or individu-
als of a single species within a community and can be modified by envi-
ronmental factors, leaf morphology and genetic composition. Pioneer
work on many of these aspects was conducted by Salisbury (1927) and
an excellent study of the subject was made by Schoch (1978) in more
recent times. The wide range of stomatal frequencies and guard cell
dimensions which occur among species are presented in Table 2.1. Tree
species generally have high stomatal frequencies, while xerophytes gen-
erally have low stomatal frequencies.

Stomatal frequencies often vary according to cell size and smaller
guard cells are usually associated with higher stomatal frequencies.
Thus, Salisbury (1927) introduced the term ‘stomatal index’ which
relates the number of stomata per unit leaf area to the number of epi-
dermal cells plus guard cells per unit leaf area:

stomatal index = N© of stomata per unit leaf area % 100 (2.1)

no. of stomata per unit leaf area
+ no. of epidermal cells per unit leaf area

The stomatal index was considered to be fairly constant within the
leaves of a single plant. However, this has not been confirmed in all
species investigated. In some species the light intensity and quality
received by mature leaves of a plant can affect the stomatal index of still
developing leaves. For example, in Vigna sinensis grown at high irradi-
ance, a day of shade causes a decrease in the stomatal index of those
leaves that are at a ‘critical’ period of development (about 6 days pre-
ceding the major phase of unfolding of the leaf lamina) (Schoch et al.,
1980).

2.2.1 Variations of stomatal frequency within a leaf

Stomatal frequency has been found to vary within a leaf, often in a spe-
cific way. Salisbury (1927) found that in some broad-leaved plants fre-
quencies were greater at the leaf margins than near the mid-rib, while in
some monocotyledonous leaves which have an intercalary leaf meri-
stem, frequencies increased from the base, reaching a maximum value
approximately in the middle of the leaf lamina, before decreasing in fre-
quency towards the tip. More recent studies on the monocot, maize,
however, show a different pattern of stomatal frequency along the leaf.
Thus, in young developing (Miranda et al., 1981) and relatively mature
leaves (Heichel et al., 1971), frequencies initially decreased from the
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base along the sheath up to the ligule and then slowly increased, reach-
ing highest values towards the leaf tip (Fig. 2.3). Miranda et al. (1981)
assumed the initial decrease in stomatal frequency was due to cell and
tissue expansion; presumably, also, the increasing frequency which
occurred along the lamina from the ligule was due in part, at least, to
changes in the rate of formation of stomatal initials. In an extensive
study with the monocotyledonous plant, Commelina commaunis, Smith
et al. (1989) have mapped stomatal frequencies using iso-frequency
contours (see Fig. 2.6a) and discovered that highest frequencies were
near the leaf margins and lowest frequencies next to the central main
vein.

2.2.2 Variation of stomatal frequency within a plant and within
genotypes

Stomatal frequencies may also vary among mature leaves of a plant,
highest frequencies often being found at higher insertion levels (e.g.
Cole and Dobrenz, 1970; Miskin and Rasmusson, 1970; Turner and
Begg, 1973) (Table 2.2). However, as Salisbury (1927) pointed out,
leaves are usually smaller at the top of a plant with smaller cells resulting
in a higher stomatal frequency, whilst the stomatal index may remain
fairly constant. Moreover, environmental factors can influence stomatal
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Figure 2.3 Changes in stomatal frequency along the upper surface (O) and the lower
surface (@) of a maize leaf Vertical bars indicate twice the standard error of the mean,
n=5 From Miranda eta/ (1981)
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frequency gradients. Thus, Salisbury (1927) found that in Mercurialis
perennis the stomatal frequency gradient, with highest values at the top
of the plant, tends to disappear when plants are grown in a moist envi-
ronment.

Table 2.2 Changes in stomatal frequency with height of leaf insertion on a plant (from
Meidner and Mansfield, 1968)

Species Height of insertion Stomatal frequency (mm=2)
(cm) upper epidermis lower epidermis
Polygonatum multiflorum 215 - 54
(after Salisbury, 1927) 270 - 59
300 - 76
500 - 73
56 5 - 91
Tilia europa 500 - 370
1500 - 420
Tniticum vulgare third node below 39 30
flag leaf
first node below 50 40
flag leaf

In crop plants stomatal frequency can vary greatly among different
genotypes of the same species growing under identical conditions
(Table 2.3).

Table 2.3 Mean stomatal frequency and guard cell length of field grown soybeans (after
Ciha and Brun, 1975)

Genotype Mean stomatal frequency Guard cell length
(mm 2) (um)
adaxial abaxial adaxial abaxial

M-62-93 170 385 223 208
Corsoy 149 369 220 200
M-61-93 157 363 215 195
A K Harrow 143 344 219 209
Blackhawk 130 327 225 199
Manchu 121 327 225 202
M-62-56 120 300 215 196
M-62-263 104 287 219 194
O Mandarin 135 263 222 206
Flambeau 81 242 218 206

The genotypes have been placed in order of decreasing stomatal frequencies on the
abaxial leaf surface The same trend, though less marked, is observed in the adaxial
surface Stomatal size (in this case represented by guard cell length) usually decreases
with increasing frequency but this feature 1s not observed in the soybean genotypes
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2.2.3 The influence of environmental factors on stomatal frequency

Environmental factors are also involved in the morphogenesis of stom-
ata Water availability, ight intensity, temperature and CO, concentration
have all been observed to affect stomatal frequency Stomatal frequencies
are usually higher in plants grown in full sunlight or high photon flux
density (PFD) than in plants giown in shade (low PFD) (e g Salisbury,
1927, Cooper and Qualls 1967, Miskin and Rasmusson, 1970, Friend and
Pomeroy 1970, Wild and Wolf 1980) However, there 15 often a change in
leaf area associated with a change 1n leaf irradiance, so that overall stom-
atal numbers per leaf mav not be significantly different (Kubinova, 1991,
see also below) Thus, leat area has been reported to increase in low 1rra-
diance (Friend and Pomeroy, 1970), remamn unchanged (Dale et al,
1972), or even increase in high PFD (Iichtenthaler, 1985) The reasons
for these apparently conflicting results are not clear, but could be due to
species differences and/or that the values for high and low PFD were not
standardized between groups, for example, Miskin and Rasmussen
(1970) compared effects of sunlight (full sunlight 1s about 2000 pmol m
s ) and deep shade while Kubinova (1991) used a PFD of 200 and 25
pumol m s ' Also, plants growing in a dry soil and low humiditv generally
have higher stomatal frequencies than plants growing in wet soil and
high humidities (e g Penfound, 1931)

Changing atmospheric CO, concentration may also affect stomatal fre-
quencies Some studies have shown that as CO, concentiations increase
so stomatal frequencies decrease (Bristow and Looi, 1968, Woodward,
1987, Woodward and Bazzaz, 1988) In some pioneering studies Bristow
and Loo1 (1968) found that in a terrestrial form of Marstlea stomatal fre-
quencies reached a maximum at about 0 03% CO, and declined as CO,
concentrations decreased or increased on either side of this value Also,
using herbarium and present day specmens, Woodward (1987) found
that stomatal frequencies have declined by about 40% over the last 200
years while the CO, concentration icreased by about 60 ppm over the
same period (see Fig 2 4) Woodward also found that stomatal frequen-
cies of plants experimentally grown in low CO, concentration inceased

Figure 2 4 (a) Abaxial stomatal densities of herbarium stored leaves of Acer
pseudoplatanus Carpinus betulus Fagus sylvatica Populus nigra Quercus petraea

Q robur Rhamnus catharticus and Tilia cordata Leaves had been stored in the herbarium
In the Department of Botany University of Cambridge Only leaves on reproductive shoots
were sampled with the assumption that these leaves had developed in full irradiance Five
leaves of each species were collected from different dates back to Ap 1750 and from
collections made in the midlands of England Stomatal densities varied between species
by a factor of about 2 however the changes in stomatal densities relative to the recent
collections (1970 1981} were similar for all species Reconstructed changes in
atmospheric CO, based on ice core studies are also included The linear regression line
with 95% confidence limits shows a 40% reduction in the ratio of stomatal densities over
a peniod of 200 years r 0828 (b) Comparison of the experimental effects of a change
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in the CO, mole fraction on stomatal density with the putative effects of CO, shown In
herbarium material (O) Experimental observations were made on A pseudoplatanus (@)
Q robur (@) R catharticus { A} and Rumex crispus () Plants were grown in small air
tight enclosures for a period of three weeks in a 16 h photoperiod at 18°C a mean leaf
water vapour pressure deficit of 1 2 kPa and an irradiance of 373 umol m 2s ' The night
temperature was 7 C The CO, mole fractions supplied to the enclosures was controlled
with a gas diluter and measured with an IR gas analyser The linear regression for the
expernmental observations on leaves which had been initiated and developed In the
treatments had a slope of 112% = 1 5% umol ' mol CO, (95% confidence hmit) (r =
-0 940) The linear regression coefficient for the herbarium matenal (O) was -0 61% =+
08% umol ' mol CO (r — 0858) From Woodward (1987)
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However, the relationship between stomatal frequency and CO, concen-
tration may not be a direct or simple one. Using Arabidopsis thaliana,
Woodward (1988) found that as CO, concentrations increased there was
a marked decrease in adaxial stomatal frequency whilst the decrease in
abaxial stomatal frequency was smaller. Woodward (1987) also consid-
ered that for trees and shrubs the trend of decreasing stomatal frequency
with increasing CO, concentration does not continue above current CO,
concentrations (about 365 ppm). Stomatal frequency is not necessarily
the best indicator of the changing morphogenesis of stomata. For exam-
ple, the frequency may decrease as a result of greater expansion or num-
ber of epidermal cells. However, stomatal index takes such factors into
consideration (see Section 2.2) and, according to Woodward (1987),
both stomatal index and frequency decreased as CO, concentration
increased. Not all studies, however, demonstrate that changing CO, con-
centrations affect stomatal frequencies (e.g. Oberbauer et al., 1985).

If high CO, concentrations do decrease stomatal frequency, then this
could have important consequences for plant growth in the future since
the CO, concentration of the Earth’s atmosphere is rapidly increasing.
Moreover, many experiments show that the water-use efficiency (the
ratio of CO, uptake against water loss) is increased by increasing CO,.

As indicated above, although stomatal frequency per unit leaf area
may vary, since environmental factors may also change leaf areas the
total number of stomata per leaf may remain relatively unchanged. For
example, Ciha and Brun (1975) found in soybean leaves that increasing
temperature caused decreased stomatal frequency per unit leaf area in
the abaxial leaf surface, while the frequency increased in both leaf sur-
faces with increased light intensity. However, because of changing leaf
areas brought about by the different light intensities or temperatures,
the stomatal population per leaflet did not differ significantly. In the
same study, water stress resulted in a greater stomatal frequency, smaller
leaf area and significantly lower stomatal numbers per leaflet than in
non-stressed leaves.

2.3 Stomatal patterning

The spacing of stomata in the epidermis is characteristic of the species
and can vary greatly. Stomata may be fairly evenly spaced throughout a
leaf (e.g. Fig. 2.2A, E, G-J), located in regular rows along the length of a
leaf as in most monocotyledons and Gymnosperms (Fig. 2.2C and F), or
they may be clustered in patches. For example, in leaves of Saxifraga
stolonifera (formerly sarmentosa) raised patches of stomata sharing a
common substomatal chamber are separated by stomatal-free regions
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(Fig. 2.2K and L). Raised patches also occurs in the surface of young
woody stems of some species and the stem internodes of some other
species such as Coleus blumei (Turner and Lersten, 1983). In some
instances a single, raised stoma is present. Some of the variations in
stomatal arrangement between species are illustrated in Fig. 2.2(A-L).

The mechanism determining that stomata are roughly equidistant
apart either in rows or generally scattered about the leaf surface is not
completely understood. Biinning and Sagromsky (1948) proposed that
in dicots stomatal meristemoids inhibited a zone of surrounding neigh-
bouring cells from becoming guard mother cells, possibly via a sub-
stance diffusing from them. Others have qualified this idea and assumed
that the inhibition zone only affects cells contiguous to the guard
mother cells where cell contact and interchange of diffusable substances
would most readily control cell initiation events (e.g. Korn, 1981, 1993).

In the monocots, Binning and Sagromsky (1948) suggested that the
placement of stomata is determined by an ordered series of divisions to
produce a series of stomatal initials. In this model, cell lineage plays a
dominant role in defining, first, which file of cells will differentiate guard
cells and, second, the spacing of the guard cells within the file. The sim-
plest pattern arises from polarized and asymmetric division of each cell
to give an alternating series of guard cells and epidermal cells, with the
guard cells usually sited distal to the leaf base. The guard cells may
induce additional divisions in neighbouring cells (Stebbins and Jain,
1960; Stebbins and Shah, 1960). However, Croxdale et al. (1992) found
that only some aspects of stomatal patterning in Tradescantia could be
explained by such a cell lineage model. Although formation of stomatal
initials was highly irregular, particular sequences of stomata separated
by one epidermal cell (termed strings) tended to occur more often than
expected. Croxdale et al. (1992) suggested such strings might arise if
cells in a particular lineage were partially synchronized in their response
to an inductive stimulus, triggering formation of stomatal initials. In
addition, studies in which cells were killed with a laser beam revealed
that events which determine whether a stoma will develop occured very
early, near the meristem (Croxdale et al., 1992). Thus, neighbouring
cells did not take over the role of a killed cell (Croxdale et al., 1992),
unlike in most other differentiating tissues (Sachs, 1991). The lineage
model could also not account for the two-dimensional pattern that
determines which files of cells would contain stomata.

A finding that may have far reaching consequences has arisen from
studies on chimeras in maize, which indicate that guard cells can differ-
entiate from periclinal divisions of underlying mesophyll tissues, fol-
lowed by ‘invasion’ of these cells into the epidermis (Sinha and Hake,
1990). Since these cells are derived from a different lineage to the epi-
dermal tissue, the cues for differentiation in this instance must be posi-
tion dependent rather than based on lineage (Hake and Sinha, 1991).
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There 1s currently little information on the molecular control of stom-
atal imuiation and spacing patterns However, Zeiger and Stebbins (1972)
report that the plelotropic, wax deficient mutant (eceriferum-g) in barley
has abnormal stomatal development with a high percentage of double
and triple guard cells in rows and abnormal subsidiary cells Also, 1n
Arabidopsis there 15 a2 mutant termed ‘too many mouths — tmm’ with
clusters of adjoining stomata, two to eight in number, that maintain the
normal spacing pattern of a single stoma found in the wild type plants
(Yang and Sack, 1993)

Light regulation of stomatal imitiation and development may be medi-
ated by phytochrome at least in some species For example, in mustard
(Stnapes alba 1) cotyledons, stomata do not fully develop 1n the dark
while exposure to far-red light results in rapid maturation of stomata and
expansion of epidermal cells (Kleiber and Mohr, 1963) Also, in Vigna
stnensis L leaves, the stomatal index depends on the level of active phy-
tochrome 1n the plant at the beginning of stomatal differentiation (Schoch
etal ,1977)

The control of stomatal spacing often breaks down 1n tissue culture In
callus tissue and 1n plantlets cultured in media supplemented with various
salts and hormones, stomata often develop 1n an uncontrolled fashion For
example, when potato plantlets are formed from callus tissue in continu-
ous light and in the presence of an exogenous carbon source, such as
sucrose, exceptionally large stomata form (Fig 25) Furthermore, these
stomata appear to be locked open and neither darkness nor abscisic acid
(ABA) close them Interestingly, if ABA 15 added to the culture medium the
stomata appear to develop normally (Willmer, Costa and Li, unpublished)

The mability of stomata to close in leaves on plantlets grown in culture
has also been observed in roses (Short ef al | 1981, Sallanon et al , 1990),
apple (Brainerd and Fuchigami, 1982), carnations (Ziv et al , 1987) and
Delphimium (Santamaria et al , 1993) In roses the lack of closure was
attnibuted to the high levels of K which the guard cells accumulated from
the salt-rich culture medium (Short ef al, 1981) With micropropagated
Delphinium plants, Santamaria et al (1993) reported that, although the
stomata responded to ABA, CO,, light and water potential, they failed to
close fully

2.4 Heterogeneity in stomatal characteristics and responses

The causes of a general variability in stomatal size and aperture under
identical environmental conditions are expected to be due to a mixture
of endogenous and exogenous factors that generate natural heterogene-
ity in biological systems Such aspects, including ‘patchy stomatal
behaviour are discussed in this section
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Figure 25 (a) Abaxial stomata in leaflets of potato (Solanum tuberosum) plants grown in
the soil In a greenhouse (b) Abaxial stomata In leaflets of potato plantlets developed
from callus tissue grown in agar containing sucrose as a carbon source and in
continuous light Note the high frequency of very large stomata many of which have
developed abnormally with pores locked open in (b)
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2.4.1 Variation in stomatal size

As Table 2.1 indicates, there can be a considerable variation in stomatal
dimension even within mature areas of the same leaf. Indeed, in mature
leaves of Arabidopsis thaliana there are still some developing stomata,
and guard mother cells can even be observed (Lasceve, unpublished).
Figure 2.6(a and b) shows the wide variation in guard cell width and stom-
atal length in mature leaves of C. communis. Generally, however, smaller
stomata occur at higher frequency. This results in the total possible pore
area for a leaf being similar for most species (see Table 2.1). The pore area
of a leaf can reach as much as 5% when the stomata are very wide open,
but normally the value remains below 2%. Why there are such large varia-
tions in stomatal frequency and guard cell dimensions, and what the func-
tional significance of these variations is, are not fully understood.

Figure 2.6 Variation in stomatal characteristics over the surface of leaves of Commelina
communis. (a) Leaf map showing i1so-frequency contours for fields of view between
veins; (b) leaf map showing i1so-size contours for the length of guard cells of closed
stomata; and (c) leaf map showing iso-aperture contours for a leaf sampled from a
glasshouse at 1300 h. In each case, the contours were produced by a computer program
from mean values of samples from over 200 areas of 9 mm?2 marked out on silicone
rubber impressions of the entire leaf surface. Maps taken from Smith et a/. (1989), where
full details of methods are given Scale in (a) and (b) the original leaf length was 115 mm
and in (c) it was 87 mm
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The ploidy level of plants also influences stomatal characteristics as
ploidy increases stomatal frequency generally decreases while guard cell
size increases (e g Laptev et al , 1976) Indeed, guard cell size has been
used to predict the haploid level of primitive angiosperms and the
extent of polyploidy in present-day angiosperms Since cell size has
been correlated with DNA content and thus chromosome number,
Masterton (1994) estmated the ploidy level of extinct angiosperms by
measuring dimensions of guard cells in fossilized specimens It was con-
cluded that the primitive haploid number of chromosomes was between
seven and nine per cell and that most angiosperms (about 70%) have
polyplowdy in their history

2.4.2 Variations of stomatal aperture within a leaf

Stomatal pores are remarkably symmetrical, suggesting that there 1s a
high degree of co-ordination between the daughter guard cells For
graminaceous stomata this 1s inevitable because large pores exist in the
bulbous heads of the guard cells joining the protoplasts of a guard-cell
pair In contrast, there 1s considerable variation between pore aperture
and other stomatal characteristics over a single leaf (Weyers et al/ , 1995)
and even sometimes between adjacent stomata

There may be three types of patterns in the variation of stomatal aper-
ture which are observed within a single leaf First there 1s the natural
variation of stomatal aperture across a leaf which may give a large scatter
of pore widths depending on the species (e g Laisk et al , 1980, Spence,
1987, van Gardingen et al, 1989) Secondly, supennmposed on this
‘noise’, there may be a patchy pattern of aperture in which areas of a
leaf may have much wider open stomata than other areas of guard cells
with similar apertures Thirdly, pore widths may change gradually in
trends covering larger regions of the leaf such that stomatal aperture at
leaf margins or along the length of the leaf lamina may be considerably
different from apertures in other parts of a leaf (e g Smith et al , 1989)
(Fig 2 6C)

Some of the variation 1n apertures can be linked to variation in stom-
atal size and frequency Thus, higher stomatal frequencies (often occur-
ring towards the leaf up in monocots, but see Section 22 1) are
associated with smaller stomata and smaller apertures Nevertheless 1t 1s
often observed that there 1s a wide varniation in stomatal aperture n
parts of a leaf with the same stomatal frequency and dimensions This
can be observed 1n intact leaves (e g Slavik, 1961, Laisk et al , 1980,
Kappen et al , 1987, van Gardingen et a/ , 1989) and in epidermal strips
(Spence, 1987, Smith et al , 1989), as all who have worked with such
material will be aware Indeed, in intact leaves and more occasionally in
epidermal strips, a closed stoma can be situated next to a wide open
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one. Kappen et al. (1987), for example, found a wide spectrum of stom-
atal apertures in a leaf of V faba which were measured using video
microscopy although all cells responded in the same direction and with
similar magnitudes to changes in humidity and CO,,

In general, stomata tend to have lower apertures and close more
readily at the leaf margins compared to those in the leaf centre,
although stomata near main veins also tend not to open widely (e.g.
Smith et al., 1989). The causes for this are probably related to the differ-
ent rates of water availability and loss in these different tissue areas (e.g.
Hashimoto et al., 1984). Also, stomata near veins often appear restricted
in movement due to the rigidity the veins confer on the epidermis.

‘Patchy’ stomatal opening is often more pronounced as a result of
sudden changes in environmental conditions and stomata within an
area respond in concert and apparently independent from neighbouring
areas (Mott et al, 1993). It has been suggested that a specific leaf
anatomy predisposes this pattern of behaviour. Terashima et al. (1988),
for example, observed ‘patchy’ opening in heterobaric leaves.
Heterobaric leaves are those which have bundle sheath extensions
which extend to the epidermis so that the mesophyll is separated lat-
erally into patches, as opposed to homobaric leaves which lack a bundle
sheath extension (see Larcher, 1980). A general view is that heterobaric
leaves also have stomata approximately opposite each other on both
leaf surfaces between which run air-space channels (see Meidner and
Mansfield, 1968). Another suggestion is that the ‘patches’ of stomata are
in a transitory stage ‘hunting’ some new condition in response to sud-
den environmental changes and eventually an optimized aperture will
be reached by all stomata (see Cardon et al., 1994). Not all species
exhibit ‘patchy’ responses, however, and the extent to which they occur
may depend critically on the severity of the imposed stress and the
speed of application (Gunasekera and Berkowitz, 1992).

Nevertheless, the realization that stomata exhibit non-uniform and
heterogeneic behaviour has led to important modifications of predictive
models of transpiration and photosynthesis. A most notable example is
the demonstration that ‘patchy’ stomatal behaviour can account for the
previously erroneous conclusion that ABA affects photosynthesis
directly rather than acting via stomatal closure (e.g. Downton et al.,
1988; Terashima et al., 1988) (also see Chapter 7).
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3 The structure and
development of
stomata

3.1 Anatomy and morphbology of the leaf epidermis

The epidermus 1s the outermost cell layer or layers of the leaf lamina and
serves to protect against excessive and uncontrolled water loss from the
leaf It also acts as a physical barner, reducing infection by fungal
pathogens and bacteria, and minimizes mechanical damage to the meso-
phyll tissue The epidermal tissue 1s not normally photosynthetic, but
can significantly affect the radiation received by the underlying tissues
Wax secretion (e g Mulroy, 1979) and epidermal structures, such as tri-
chomes and salt glands (e g Mooney et al, 1977), can result in large
changes in leaf spectral charactenstics, such as increased leaf
reflectance, particularly of UV wavelengths The epidermus 1s also the
major site of absorption of UV radiation due mainly to a range of differ-
ent flavenoid and phenolic pigments which are contained 1n the cells
(Robberecht and Caldwell, 1978, Robberecht et al , 1980) and waxes on
the surface of the epidermis Figure 3 1 shows the absorption spectra of
ethanol extracts of epidermal and mesophyll tissues from Commelina
and dlustrates the high UV absorption of the former tissue relative to
the latter In many cases the upper and lower epidermes do not have
the same spectral characteristics, with higher UV absorbance from the
adaxial surface (Donkin and Martin, 1981, Weissenbock et al, 1986,
Shimazaki et al , 1988) The epidermis attenuates transmission of photo-
synthetically active radiation (PAR) to a small degree, although scatter-
ing and reflection from the abaxial epidermis also prevents the light
from escaping once 1t has entered the leaf (Lin and Ehleringer, 1983)
This may increase the overall efficiency of light harvesting and green
leaves typically absorb about 85% of the sunlight in the photosyntheti-
cally active waveband, 400-700 nm (e g Ehleringer, 1981) In contrast,
the epidermis absorbs remarkably little IR radiation below a wavelength
of 2 um, but 15 remarkably efficient in absorbing or emitting longer
wavelengths than this The wavelength distribution for solar radiation
taus off at wavelengths greater than 1 um and 1s very low above 2 um
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Thus, in practice, the leaf absorbs little of the incident thermal energy
below 2 wm, but can radiate a significant amount of thermal energy at
longer wavelengths. This can be a major factor in the energy balance of
the leaf (Nobel, 1991). In certain cases, the epidermis may be an impor-
tant site of light perception entraining circadian rhythms and photoperi-
odic responses (e.g. Schwabe, 1968; Mayer et al., 1973).

The morphology and anatomy of the epidermal layer varies greatly
between species and the epidermis may contain a variety of cell types,
such as trichomes, epidermal cells (including cork cells, silica cells, bulli-
form cells and long cells in grass species), subsidiary cells and guard
cells. Cells in the epidermal layer comprise a relatively small percentage
of the total in a leaf, although in several species of cereals they can be as
much as 10% of the total cells of the flag leaf (the first, uppermost leaf)
(Jellings and Leech, 1982). Usually, guard cells comprise probably less
than 2% of the volume of the epidermal layer. The anatomy and mor-
phology of a variety of leaf types is shown in Fig. 3.2(A-F), and enables a
comparison of the sizes and shapes of different cell types and of stom-
atal locations to be made. Further description of the form and function
of the various cell types can be found in Esau (1977) or Fahn (1982).

3.1.1 Cuticle

The epidermal layer is covered by a layer of cuticle which varies in thick-
ness both between different species and within an individual species

A (cont.)

300 400 500 600 700
Wavelength (nm)

Figure 3.1 Absorption spectra of ethanol extracts of epidermal tissue (A) and mesophyll
tissue (B) of Commelina communis and an ethanol blank (C). To the left of the arrow the
epidermal tissue extract was diluted x 5.
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Figure 3.2 Sections of leaves from (a) marram grass (Ammophila arenaria) with stomata
located at the bottom of deep grooves of the upper surface; (b) peanut (Arachis hypogea)
showing stomata on the upper surface (stomata are present at lower frequencies on the
lower surface) and large water-filled cells below the spongy mesophyll layer; (c) Scots
pine (Pinus sylvestris) showing the thick cuticularized epidermis and sunken stomata; (d)
geranium (Pelargonium zonale) with a typical C3-type leaf structure; (e and f) transverse
and longitudinal sections of maize (Zea mays) showing a typical C4-type leaf structure
and graminaceous-type stomata. Key: ¢, cuticle; gc, guard cell; ec, epidermal cell; mc,
mesophyll cell; bsc, bundle sheath cell; vb, vascular bundle; sc, subsidiary cell; st,
stoma; ssc, substomatal cavity; pmc, palisade mesophyll cell; smc, spongy mesophyll
cell; chl, chlorenchyma; m, mesophyll; e, endodermis.
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depending on the growth conditions of the plants (Martin and Juniper,
1970, Holloway, 1982) The cutidle 15 composed of large polymers of
hydroxylated C16 and C18 fatty aads forming a cutin matrix, inter-
spersed amongst cellulose microfibrils, oligosacchandes and wax
(Kolattukudy, 1981) The precise structure, chemistry and synthesis of
such a complex mixture has been difficult to eluadate Morphologically,
the cuticle has been split up into zones, each zone being shightly differ-
ent from the other in terms of their staining pattern and appearance in
electron micrographs (e g Holloway, 1982) The lower zone impreg-
nates the outer cellulose cell wall lavers, while wax of varying thickness
1s deposited on the outer surface of the cuticle (Martin and Juniper,
1970) Guard cells tend to have less wax deposits than neighbouring
epidermal cells (Juniper, personal communication), but a thicker cuticle
(Palevitz, 1981a) Equally important, however, are observations of
regions of localized guard cell wall covered by a very thin cuticle in
some spectes, such as Quercus and Prmus (e g Appleby and Davies,
1983) These may act as sites for peristomatal transpiration and provide
a means to sense humidity changes (see Chapter 6)

It 15 considered by many that a cuticular layer completely surrounds
cell wall surfaces in direct contact with air Thus, the cuticle extends
from the leaf surface through stomatal pores and then, as a very thin
layer, covers walls exposed to air in the substomatal cavity and other leaf
air spaces (Martin and Juniper, 1970) However, this 15 a controversial
topic and Nonami er al (1990), for example, observed that mn
Tradescantia the cutide extended from the outside of the leaf into the
stomatal cavity to cover the guard, subsichary and some epidermal walls
but not mesophyll cell walls

Humid conditions may cause the cuticle to swell and become more
permeable to water and water may even be excreted through micro-
scopic pores, particularly above hydathodes, by a process known as gut-
tation

The rate of diffusion of water vapour through the cuticle 15 normally
very low and contributes 1-5% of the flux through fully open stomata
(see Jones, 1993)

3.1.2 Trichomes

Trichomes show great varation in form and structure, from unicellular
to mulucellular and erther secretory or non-secretory (see Esau, 1977)
Their purpose may be to excrete unwanted materials from leaves, such
as NaCl which may accumulate 1in halophytes, or to secrete aromatic
compounds either to attract pollinators or distract herbivores
Trichomes may also decrease water loss from leaves by increasing the
boundary layer resistance Some authorities, however, consider that sur-
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face appendages and protruberances contribute little to the boundary
layer resistance because they are simply not large enough Thus values
for the thickness of the boundary layer vary from about 50 um for a
small leaf in high winds to 10 mm for a large leaf in relatvely stil air
(Nobel, 1991) Hence trichomes will only add a significant contribution
to the boundary layer at higher wind speeds (see Chapter 5 for further
details)

In certain metabolic aspects trichomes may resemble guard cells
(Willmer et al , 1987), they are often highly active cells, having a dense
cytoplasmic content with many mitochondria and often accumulate
high concentrations of K

3.1.3 Epidermal cells

Epidermal cells are the most numerous and usually the largest cell type
within the epidermal layer, although they show considerable variation in
size and shape They are highly vacuolate and the peripheral cytoplasm
contains a low frequency of organelles In the grasses, however, there
are more specialized epidermal cells called cork cells and silica cells,
which are relatively small and have dense cytoplasmic contents
Chloroplasts are normally absent or occur at a very low frequency, with
the notable exception of ferns, where they are very abundant and pre-
sumably contribute to net photosynthesis The vacuoles of epidermal
cells may often contain large numbers of inclusions, such as the calcium
oxalate crystals found in Commelina communis, or anthocyanins,
flavonoids and alkaloids

The functions of the epidermal cells are many and varied They may
act as depositories for unwanted material such as excess calcium or as a
storage site for water The large watery vacuoles also contribute to the
spectral properties discussed in Section 31 The thicker, cuticularized
outer walls of the epidermal cells also resist attack by insects and other
pests and pathogens as well as preventing excessive water loss The bul-
liform epidermal cells prevalent in grasses are large, thin-walled and
highly vacuolated Their exact function 1s not certain but they may be
involved 1n unrolling developing leaves, in the opening and closing
movements of mature leaves, or in water storage

3.1.4 Subsidiary cells

Subsidiary cells (also known as accessory cells) are specialized epider-
mal cells which are different in size and shape from other epidermal
cells, and lie adjacent to the guard cells or in close proximity where
more than one subsidiary cell exists Although subsidiary cells have usu-
ally been defined on a morphological basis, over the years there have
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been debates about whether they should be defined on an ontogeneti-
cal basis This 1s because some subsidiary cells originate from the same
protodermal cell that the guard cells develop from, while in other cases
they develop completely independently from an adjacent protodermal
cell (see Section 3 2)

In some species subsidiary cells lie above the guard cells, as in pine
(see Fig 3 6A) and Equisetum (see Fig 3 6D) Subsidiary cells are more
complex in terms of structure and function than epidermal cells They
are usually smaller and contain a more dense cytoplasmic content with a
greater frequency of cell organelles They do not normally contain
chloroplasts, anthocyanins or crystalline inclusions In the grasses and
some other species subsidiary cells are intimately involved in the stom-
atal mechanism both mechanically (see Chapter 4) and as repositories
for 1ons (see Chapter 8)

3.1.5 Guard cells

Guard cells are not only the most complicated cells biochemically and
anatomatically within the epidermal layer, but are also unique amongst
the cells of the plant body They possess a specialized set of metabolic
pathways designed to bring about rapid changes in osmotic potential
within the cells when stimulated by relatively minor changes in the
external environment Guard cells have a high metabolic activity relative
to most other cell types and they contain an abundance of mitochondnia
(see Section 3 3) and protein synthesizing machinery (Fig 3 3)

Guard cells are relatvely small cells, but there 1s considerable vana-
tion n their size between species The dimensions of the outer limits of
the walls may vary from under 10 to almost 80 um in length and from a
few micrometres to about 50 um in width (see Chapter 2, Table 2 1),
though the dimensions of width may vary according to the stomatal
aperture (see Chapter 4) Table 3 1 gives some other dimensions and
characteristics of guard cells and compares them with values from other
cell types of the same species

The unique morphology and the specialized function of guard cells
are characteristic of ‘terminally differentiated’ cells that are no longer
totipotent and able to de-differentiate into any other cell type or struc-
ture Thus, guard cell protoplasts (GCP) from Vicia faba remamned
viable under conditions that minimized swelling and bursting for up to
40 days with some wall formation, but no cell division (Herscovich ez
al , 1992) Recently, however, GCP of Nicotiana glauca (Graham) have
been shown to divide in culture, synthesize new cell walls, form callus
tissue after about 4-5 weeks incubation in an appropriate complex
medium (Cupples et al, 1991) and, ulumately, generate whole plants
(Sahgal et al , 1993)
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Figure 33 (a) Freeze dried epidermis of Commelina commuris which has been
exposed to [*H] leucine (b) Autoradiograph of the tissue after extraction of all ethanol
soluble maternial The blackened areas which appear over the stomata (stomata 1 2 3
correspond to blackened areas 1 2 3) represent location of high protein synthesis From
Willmer (1983)
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Table 3.1
variety of species

Some characteristics of guard cells, palisade cells and spongy mesophyll cells of a

Cell type Species
Commelina Vicia faba Commelina Pisum
cyanea communis satvum
Guard cell
Protoplast volume (pl) at
varying stomatal apertures*® 2550950 4-9m 11-2 2%
stoma open to 10 um 728 288
stoma closed (Oum) 328 1562
wall volume (pl) 50
Dry weight {ng) 30¢
stoma open to 10 um 34b
stoma closed 290
Chloroplasts/cell 108 8-102¢ 109
Chloroplast volume (fl) 172 128
Chlorophyll {pg)/chloroplast 03-05°¢ 0479
Chlorophyll {pg)/cell 20,25, 1" 24-50°,107" 30,337,489 09 075"
Chlorophyll a/b ratio 2768 1789, 26
Soluble protein (pg)/cell 166¢ 2669, 152
Soluble protein chlorophyll 80°, 35 1¢ 46 2', 54 89
DNA (pg)/cell 1699
Palisade cell
Protoplast volume (pl) 572 46°
Dry weight (ng) 1169
Chloroplasts/cell 412 592 B49t
Chloroplast volume (fl) 642 332
Chlorophyll (pg)/chloroplast 21¢ 3 599"
Chlorophyll (pgl/cell 15801 7117, 184" 1201, 23091, 12711 76kt
Chlorophyll a/b ratio 28391 2 4f1
Soluble protein (pg)/cell 262291 14991
Soluble protein chlorophyll 20e! 1149" 11 8
DNA (pg/cell 14 597
Spongy mesophyll cell
Protoplast volume (pl) 482 422
Dry weight (ng) 13 84
Chloroplasts/cell 282 243
Chlorophyll (pg)/cell
Chlorophyll a/b ratio 2 3¢t 24"
Soluble protein (pg)/cell
Soluble protein chlorophyll 40 1Y, 39¢e! 118
Chlorophyll (pg)/chloroplast
Epidermal cell
Protoplast volume (pl) 56M
Subsidiary cell
Protoplast volume (pf) 8 1-19m

*1pl = 1000 um?

T Palisade and spongy mesophyll cells not differentiated
3 Pearson and Milthorpe 1974 ° Qutlaw and Lowry 1977 ¢ OQutlaw eta/ 1980 ¢ Joneseta/ 1977 ¢ OQutlaw et
al 1981 'Fitzsimons and Weyers 1983 ¢ Birkenhead and Willmer 1986 " Hedrich eta/ 1985 ' Raschke 1975
! Outlaw etal 1976 ¥ Reckmannetal/ 1990 'Gautiereta/ 1991 ™ MacRobbie and Lettau 1980 " Sato 1985

° Shimazaki and Zeiger 1985
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From an anatomical viewpoint there are two basic types of stomata,
although intermediates may exist in gymnosperms and sedges
(Cyperaceae). One type has kidney-shaped guard cells and elliptical
stomata (Fig. 3.4A and B), while the other type, known as the grass- or
graminaceous-type, has dumb-bell-shaped guard cells (Fig. 3.4C and D).
The dumb-bell-shaped guard cells are restricted to the monocotyledons
and, although found in all Gramineae, are also reported to be in the
Cyperaceae, Lepidocaryoid and Arecoid Palmae, Flagellariaceae,
Rapateaceae, Marantaceae, Anarthriaceae and Loweriaceae.

Figure 3.4 (a) Open and (b) closed stoma of Commelina communis which has kidney- or
sausage-shaped guard cells and elliptical stomata, (c) open and (d) closed stoma of Zea
mays which has dumb-bell-shaped guard cells and ‘grass-type’ stomata Note also that C
communis has two lateral pairs of subsidiary cells and a terminal par When stomata
open the inner lateral pair become squashed by the guard cells The long, rectangular
crystals in all but the guard cells and inner lateral subsidiary cells are of calcium oxalate
Notable features in Z mays are the parr of tniangular-shaped subsidiary cells and the
ventral walls of each guard cell which remain parallel to each other as the stoma opens
From Wilimer (1983)
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Figure 3 5 shows a cross-section through a typical elliptical stoma with
kidney-shaped guard cells Conventionally, plant anatomusts have called
walls parallel to the surface, periclinal or paradermal, and walls at 90° to
the surface, antichnal The antichinal wall facing the pore of the guard
cell 1s termed the ventral wall, while the opposite wall juxtaposed to the
neighbouring cell 1s termed the dorsal wall The walls parallel to the sur-
face of the leaf facing the atmosphere and the substomatal cavity are
known as the inner and outer lateral walls, respectively Some authors
have used the term lateral anticlinal wall to refer to the dorsal wall
(Cleary and Hardham, 1989)

Outer cuticular ledge

Outer lateral wall
(penichnal) Ventral wall

(anticlinal)

ard cell

lumen

Epidermal
cell

Guard cell
lumen

Epidermal
cell

Substomatal
cavity

Dorsal wall
(anticlinal)

Inner lateral wall

(penclinal) Inner

cuticular ledge Hautegelenke

or hinge

Figure 3.5 Cross section through a typical elliptical stoma showing the guard cell with
respect to epidermal cells or subsidiary cells and the variable wall thickness on different
surfaces of the guard cell

Guard cell wall thickening varies greatly according to species and
location around the cell In kidney-shaped guard cells the dorsal wall is
usually thin, while the ventral wall 1s usually heavily thickened and the
surface facing the pore may be sculptured 1n a variety of ways The pore
15 usually guarded by a pair of lips or ledges (usually heavily cuticular-
1zed) protruding from the upper edge of the ventral wall The aperture
formed between such lips has been called the eisoidal aperture and may
actually be the limiting one at small pore (throat) apertures In some
species a lower pair of lips may also exist, while, in some other species,
lips may be entirely absent The term stomatal aperture normally refers
to the width of the pore at the throat, rather than the width between
the lips or the width of an antechamber which 1s found in some species
and precedes the stomatal pore (Fig 3 6A-D)
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Figure 36 Some morphological and anatomical details of stomata (a) A stomatal complex
of Pinus sylvestris (Scots pine) showing a sunken stoma and the lignified (darkened regions)
and non lignified areas in the guard and subsidiary cell walls (b) a scanning etectron
micrograph of a freeze sectioned stomatal complex of Oryza sativa (rice) emphasizing the
smallness of guard cells relative to other cell types (courtesy of Dizes Bois Lasceve and
Couchat (c) a stoma of Paphiopedilum insigne (hybrid) under Normarski interference
contrast illumination Note the prominent cuticularized lips extending over a large
antechamber the thick cuticle and the greatly thickened guard cell walls particularly the
inner lateral ones (from Rutter and Willmer 1979) (d) a diagrammatic representation of a
stomatal complex of Equisetumn spp in the subgenus Hippochaete Note the ridges on

the common wall between the subsidiary and guard cells and the interlocking walls at
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In grasses with dumb-bell-shaped guard cells the bulbous ends are
relatively thin-walled and are connected to each other by a thick walled
muddle section In Zea mays and probably other grasses the middle por-
tion has thin ventral and dorsal walls, but very thick inner and outer lat-
eral walls (Fig 3 7)

Some stomata and stomatal complexes are very elaborately struc-
tured In Fquisetum conspicuous ridges exist on the joint subsidiary
cell/guard cell wall and numerous infoldings and inter-locking ridges
occur 1n the subsidiary cell wall (Fig 3 6D) In Pinus the wall thicken-
ings of the stomatal complex are also unusual, in that there are regions
of ignified material in the upper and lower lateral guard cell walls with a
very thin wall area facing the pore and heavily hignified subsidiary cell
walls (Fig 3 6A) Normally, guard cells are attached to other cells by
their dorsal wall only, but in some genera such as Pinus and Equusetum
a number of cells, or just one subsidiary cell, envelop the guard cell,
making a relatuvely nigid structure (Figs 3 6A and D) In such cases, as
the stomata develop and lignification increases, they may become non-
functional

Additional xerophytic adaptations to increase boundary layer resis-
tances include location of stomata n pits as in marram grass (Fig 3 2A)
or sunken below the surface of the leaf as in conifers (Figs 3 2C and
3 6A) Also, in the conifers the pits leading to the stomatal pores gradu-
ally fill up with intermeshed wax tubules Often sunken stomata have
subsidiary and/or epidermal cells growing above the guard cells as in
Equisetum and gymnosperms (Fig 3 6A and D) and the opening to the
leaf surface may be surrounded by a complex surface sculpturing of wax
crystals or wall protruberances (e g Fig 3 6B, E and F) All these fea-
tures may assist in decreasing water loss from plants by increasing the
boundary layer resistance (but see Section 3 12) In some species, € g
Saxifraga stolonifera (formerly sarmentosa), stomata project above the
level of the leaf surface (see Chapter 2, Fig 2 2K and L) which would be
expected to increase transpirational water loss Stomata may also be
able to move 1n the leaf surface as though in sockets ‘Hautgelenke’ or
hinges located at the top and bottom of the dorsal wall of the guard cell
have been reported (Schwendener, 1881) which are purported to facili-
tate such guard cell movements

the entrance to the antechamber preceding the stomatal pore (after Dayanadan and
Kaufman 1973) (e) a scanning electron micrograph of a stoma in a leaf of Hebe spp
situated In a slight depression within the epidermal surface covered In a thick wax layer
(courtesy of J Croxdale) (f) a scanning electron micrograph of the surface of a needle of
Taxus baccata (yew) showing a pit entry at the bottom of which will be a stoma Note the
large protuberances from the epidermal cells Key ac antechamber ¢ cuticle gc guard
cell ec epidermal cell | cuticulanized lips sc subsidiary cell ssc substomatal cavity

w wall
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Figure 37  Electron micrographs of stomata of Zea mays (a) A nearly closed stoma
sectioned in the plane of the epidermis Note the incomplete wall between the bulbous
ends of the guard cells {arrowed) (b c and d) Transverse sections normal to the plane of
the epidermis at the locations indicated by the lines (b) A section through the bulbous
ends showing that the two guard cells are not joined over all their depth allowing a partial
separation when they inflate (c and d) Sections through the middle portions of the guard
cells showing the heavy wall thickening making them rigid Note the horns of cytoplasm
which permit an expansion of the protoplasts in the corners of the guard cells as the
pore opens (After Raschke 1979 part a courtesy of Jappe Lasceve and Vavasseur )

Key n nucleoplasm ch chloroplast sc subsidiary cell
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3.2 Development and differentiation of stomata

The development and differentiation of guard cells and stomatal com-
plexes has proved invaluable to our understanding of several fundamental
cellular processes in plants Stomatal complexes form from a series of pre-
dictable divisions with a well-defined geometry in a single sheet of cells
that can be readily observed using light or electron microscopy (but see
also Section 2 3) Key elements associated with differentiation in most
organisms, such as nuclear migration, cytoskeletal rearrangements and
asymmetric diwvisions, can be readily investigated and manipulated
(Palevitz, 1981a, 1982, 1993, Sack, 1987) The regular spacing of stomata 15
also a manifestation of underlying mechanisms that control spatial pat-
terning 1n plants and potentially provides an accessible marker for molec-
ular analysis (e g Zeiger and Stebbins, 1972, Yang and Sack, 1993)

3.2.1 Classification of stomatal complexes

Leaves from monocotyledons, particularly the grasses, have been very
useful in developmental studies as the cells arise in files from a basal
meristem and provide a continuous sequence of events from the
youngest tissue at the base to fully differentiated tissue towards the tip
Fortuitously, examples can be found within the monocots that illustrate
the two major developmental pathways leading to formation of elliptical
guard cells or dumb-bell-shaped guard cells These systems have pro-
vided most of the detailled information on guard cell development
There 15, however, considerable variation in the number of divisions
associated with development of a functional stomatal complex depend
ing on the number and position of the subsidiary cells The precise
ontogeny, 1n conjunction with other morphological features, can be
used to classify stomata into particular types (see, e g Vesque, 1889,
Florin, 1931, Metcalfe and Chalk, 1950, van Cotthem, 1970, Rasmussen,
1981, Baranova, 1992) Subsidiary cells (or cells neighbouring the guard
cells) may arise from divistons of the guard mother cell (GMC) or from a
neighbouring protodermal cell Three categories have been devised
based on the ontogenetic relationship of the guard cells and neighbour-
ing cells, although such classifications require developmental studies
because the mature stomatal pattern does not necessarily reveal the
ontogenetic relationship of the cells (see Fig 3 8)

1 Agenous The GMC divides symmetrically once to form a pair of
guard cells and there are no associated subsidiary cells as in Allzum
cepa (a monocot) and V faba (a dicot)

2 Mesogenous Guard cells and neighbouring cells have a common or-
gin from a GMC Thus in the Sedum genus an asymmetric division of
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Figure 3.8 Developmental pathways of stomatal complexes Protodermal —
epidermal/neighbouring cells are cross-hatched, stomatal menstemoids — guard cells
are unshaded, pernigene subsidiary cells are stippled and mesogene subsidiary cells are
shaded lllustrating development of (a) stomatal meristemoid, (b) lateral perigene
subsidiary cells, (c) polar perigene subsidiary cells, (d) mesogene subsidiary cell, ()
second mesogene subsidiary cell and (f) guard cell pairs If the guard cells are completely
surrounded and contacted by subsidiary cells, therr developmental pathway 1s prefixed
eu-, If they are surrounded and contacted by both subsidiary and neighbouring cells, they
are prefixed hemi- Very occastonally guard cells may be found which are associated with
both perigenous and mesogenous subsidiary cells and their developmental pathway 1s
referred to as mesoperigenous After Martin et a/ (1983)
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a protodermal cell first produces the subsidiary cells before one
more division leads to formation of the two guard cells

3 Perigenous Guard cells and neighbouring cells have no common
ongin, 1 ¢ the guard cells develop from a GMC while the subsidiary
cells develop from another meristemoid, a subsidiary mother cell
(SMC) This 15 the situation 1n the grasses where an unequal division
of a protodermal cell produces the GMC but, before the GMC
divides to produce the guard cells, the contents of the protodermal
cells (subsidiary mother cells) on either side of the GMC polarize
An asymmetric division of the subsidiary mother cell produces a
smaller cell with dense cytoplasmic contents which develops into a
subsidiary cell and a laiger more vacuolated cell destned to become
a non-specialized epidermal cell In the development of stomatal
complexes 1n the Commelinaceae the lateral subsidiary cells are
always formed first followed by additional divisions of proximal and
distal epidermal cells to give the terminal subsidiary cells before
division of the GMC finally occurs The lateral subsidiary cells then
divide again to produce inner and outer lateral subsidiary cells

Occasionally mesoperigenous development occurs i which at least
one neighbouring cell has a common origin with the guard cell Thus,
the stomatal complex 15 both perigenous and mesogenous

Stomata have also been classified according to the arrangement of
neighbouring cells around the guard cells Such classifications have been
primarily used to assist in taxonomic groupings For example, Metcalfe
and Chalk (1950) identfy four main types within the dicotyledons

1 Anomocytic (also known as Ranunculaceous type or agenous type)
in which the guard cells are surrounded by cells indistinguishable
from other epidermal cells, 1 ¢ no subsidiary cells are present

2 Ansocytic (also known as Cruaferous type or hemimesogenous
type) in which guard cells are surrounded by three unequally-sized
subsidiary cells and a stoma 15 denived from a sequence of usually
two unequal divisions

3 Paracytic (also known as Rubeaceous type) in which each guard cell
15 accompanted by one or more subsidiary cells parallel to 1ts long
axis

4 Diacytc (also known as Caryophyllaceous type), in which each
stoma 15 surrounded by two subsidiary cells, their common walls
being at right angles to the long axis of the stoma

In monocotyledons Stebbins and Khush (1961) distinguish the follow
ing types (see also Fig 3 8)

1 A stoma surrounded by four to six subsidiary cells as in the
Commelinaceae
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2 A stoma surrounded by four to six cells of which two are roundish
and smaller than the rest and are situated at the ends of the stoma
Examples are found in the Palmae

3 A stoma which possesses one lateral subsidiary cell per guard cell as
in the grasses

4 A stoma without subsidiary cells as in the Filiaceae This type 15 con-
sidered more primittve than the rest

In anglosperms, gymnosperms and pteridophytes, variations on the
types described above have been reported and the classifications have
been modified and extended according to different authorities (e g
Metcalfe and Chalke, 1950, Paliwell, 1969, van Cotthem, 1970, Stevens
and Martin, 1978b)

3.2.2 Development of elliptical stomata: division of the GMC

The basic features of the division of the GMC giving rise to elliptical
stomata are probably common to all species (Palevitz, 1981a, 1982, Sack,
1987) The cellular events leading to formation of an elliptical stoma
have been extensively detailed for Allium, where the process 1s not
complicated by the formation of subsidiary cells Similar, but less com-
plete reports, are available for development of elliptical stomata 1n
species such as Pisum (Singh and Srivastava, 1973)

The GMC 1s formed from an asymmetric division of a protodermal
cell The apical (distal) end of the cell becomes polarized and accumu-
lates most of the cytoplasm and organelles, including the nucleus A
broad band of microtubules forms transversely near the apical end of
the cell and then narrows to define the future site where the cell plate
will fuse (Mmeyuki and Palevitz, 1990) This band of microtubules 1s
known as the pre-prophase band (PPB) and was discovered by Pickett-
Heaps and Northcote in developing stomata of wheat (Pickett-Heaps
and Northcote, 1966) It encircles the cortex of most higher plant cells
before mitosis and marks the zone at which the future cell wall will be
formed (e g Wick, 1991)

A broad band of acun microfilaments 1s also associated with the PPB
Treatment with Cytochalasin D, a drug that disrupts microfilaments,
interferes with the apical positioning and prevents narrowing of the
PPB, but does not alter its orientation (Mineyuk: and Palevitz, 1990)
Thus microfibrils and microtubules act together to establish the position
and orientation of the division plane Division takes place at 90° to the
long axis of the cell to give two cells of unequal size (Bunning and
Biegert, 1953) The smaller distal cell with dense cytoplasmic contents
becomes the GMC (sometmes called the guard cell mother cell or
stomatal meristemord), while the larger proximal cell becomes a less
specialized epidermal cell (Palevitz and Hepler, 1974a)
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At interphase the GMCs are usually rectangular in shape and about 9
X 14 um in size They contain a normal complement of cell organelles
including lipid bodies, microbodies and proplastids which lack starch 1n
Allium (Palevitz and Hepler, 1974a), although in most other species
starch grains are present even at this early stage of development (e g
Singh and Srivastava, 1973) The mature guard cell vacuole 1s also
unusual in Allzum as 1t displays a green intrinsic fluorescence when illu-
munated with blue hight, through the accumulation of flavin or flavopro-
tein pigments (Zeiger and Hepler, 1979) This allows direct visualization
of vacuolar dynamics in hiving GMCs during maturation (Palevitz et al ,
1981) The vacuole develops from discrete globular cisternae in young
GMCs to a reticulum of interlinked tubules and small chambers in the
periphery of the cell and sheathing the nucleus, before forming large
vacuolar chambers at maturity Accumulation of K* in the GMC starts at
this stage (Palevitz and Hepler, 1976) Dictyosomes and polysomes are
also abundant and recent evidence has revealed high expression of a
small GTP-binding protein with homology to the Ypt/Rab family
(involved 1n vesicle mediated transport and secretion) 1in developing
GMCs of Arabidopsis and Nicotiana (Terryn et al |, 1993)

At interphase the microtubules are randomly distributed 1n the corti-
cal cytoplasm adjacent to the cell walls, with few microtubules associ-
ated with the nudlear envelope As the GMCs continue to develop there
1S a transient increase in the number of microtubules around the
nucleus before formation of a broad longitudinal PPB band aligned at
90° to the previous division plane and parallel to the leaf axis (Mineyuki
et al , 1989) In some species of leguminosae, there 15 a hmited amount
of wall deposition associated with this PPB, causing local wall thickening
(Galaus et al , 1982) The chromosomes then start to condense and the
nucleolus breaks down (Palevitz and Hepler, 1974a) The PPB micro-
tubules disassemble during prophase and reform as a transverse
prophase spindle (Mineyuki et al , 1988) Gamma-tubulin 1s associated
with the spindle poles (McDonald et al , 1993), where 1t may function as
part of the microtubule organizing centre Nuclear envelope breakdown
occurs and the condensed chromosomes congress to the metaphase
plate between the spindle poles At this stage the reticulate vacuole net-
work 1s divided 1n two and compressed into the corners of the cell away
from the spindle poles (Palevitz et a/ , 1981) During metaphase, space
restrictions 1n the small cell force the spindle and metaphase plate into
an oblique orientation (Palevitz 1980, Mineyuki et al , 1988)

At anaphase the daughter chromosomes separate to opposite corners
of the GMC The separation may also involve one nuclear mass moving to
the outer periclinal surface of the cell while the other nuclear mass moves
towards the inner periclinal surface Thus, the nucler come to be located
diagonally opposite from the top corner to the bottom corner of the cell
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At late anaphase/early telophase large numbers of vesicles accumulate
near the centre of the interzone region and fuse to form the developing
cell plate (also known as the phragmoplast) The developing plate may
appear as a single structure or as two shorter separate pieces which fuse
before growing centrifugally towards the corners The phragmoplast
microtubules appear to align themselves in the direction of the daugh-
ter nucler and even contact them Initially the phragmoplast follows the
oblique orientation of the preceding metaphase plate, but starts to
rotate back to a longitudinal position In part this 1s driven by the move-
ment of the telophase nucler down the anticlinal walls, but the phrag-
moplast also interacts with the cortex or plasma membrane at the
previous site occupied by the PPB to ensure alignment (Palevitz, 1986)
The nucle1 are then opposite each other in the same plane

The degree of flexibility observed for the guard cell mitotic apparatus
also occurs 1n a diverse range of other plant cell types Palevitz (1993)
has argued that, just as morphological plasticity of the mitotic apparatus
1s required to achieve separation of chromosomes within the restricted
confines of a walled cell, the mechanisms associated with prior determi-
nation of the dwision plane provide a means to compensate for the
ensuing distortion and deformation of the cell plate and ensure 1ts cor-
rect alignment

At telophase, nuclear envelopes reform from elements of the endo-
plasmic reticulum around each nuclear mass and the cell plate contin-
ues growth until the GMC 1s completely divided longitudinally The
young cell plate often has a wrinkled appearance and it 1s often wider or
more bulbous at 1ts junction with the onginal GMC wall The vacuoles in
each daughter cell begin to coalesce from the reticulate structures that
persist through cytokinesis, eventually reforming larger globules and
mature vacuoles (Palevitz et al , 1981) Figure 3 9 summarizes diagram-
matically the events which occur as a GMC divides to form a pair of
guard cells

3.2.3 Development of elliptical stomata: pore formation

The phragmoplast microtubules disappear rapidly after contact of the
cell plate with the parental wall but re-polymerize from a new planar
microtubular organizing centre on the ventral wall whose location corre-
sponds to the future pore site (Marc ef al, 1989a) Gamma-tubulin 1s
also located 1n this region, but no other sites in the cortex, and has been
implicated 1n establishment of a microtubular organizing centre
(McDonald et al , 1993) Microtubules radiate away from this zone 1n an
anticlinal direction and fan out on the perichinal walls (Fig 3 10a—e)
Similar arrays are reported 1n other species (e g Singh and Srivastava,
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Figure 3.9 Mitosis of guard mother cells to form guard cells From Willmer (1993)
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1973), including the ferns Adiantum capillus veneris (Galaus et al ,
1983) Marc et al (1989b) found that depolymerization and repolymer-
1ization treatments of cells resulted in microtubules reassembling at the
same site 1n the region of the microtubule organizing centre and in the
same direction Thus they concluded that the planar microtubular orga-
nizing centre can both nitiate microtubule polymerization and control
the local orientation of the arrays (Marc et al , 1989b) The planar micro-
tubular organizing centre 1s specifically associated with the cortex or
plasma membrane near the ventral wall, rather than the nuclear enve-
lope, as centrifugation of the nucleus away from 1ts mid-position does
not affect the microtubule array (Marc et al, 1989b) Furthermore,
although Cytochalasin D disrupts the position of the ventral wall, the
radial array still forms correctly in accordance with the misaligned wall
(Marc and Palevitz, 1990)

The pattern of deposition of cellulose microfibrils follows the radiat-
ing fan of microtubules and a causal link has been inferred from
colchicine disruption of both patterns (Palevitz and Hepler, 1986)
Localized thickening occurs adjacent to the future pore The driving
force for cell expansion during the shaping phase may come from rapid
accumulation of K 1n the vacuole (Palevitz and Hepler, 1976, Palevitz,
1981a), but the separation of the two daughter guard cells to form a
stoma 1s not completely understood Presumably the breakdown of the
pectinaceous middle lamella occurs due to secretion of pectinases from
each of the daughter guard cells Stevens and Marun (1978a) also
believe that, at least in Polypodium, increased pressure within the guard
cells causes the final mechanical separation of the walls which are still
attached 1n the region of what will be the upper and lower lips of the
guard cells Why the common wall between the two guard cells does not
split along its entire length 15 not known In developing guard cells from
Pisum, a layer of electrontranslucent wall matenal 1s observed along this
region of wall during development (Singh and Srivastava, 1973) and, as
in the formation of leaf air spaces, the separation of the wall may be
restricted, for unknown reasons, to this region

3.2.4 Development of subsidiary cells around elliptical stomata

In Allium, the protodermal cell giving rise to the GMC and the cells bor-
dering the developing guard cells are indistinguishable from other epi-
dermal cells In a wide vaniety of species the neighbouring cells are
morphologically and functionally distinct For example, Galatis and co-
workers have characterized mesogenous and mesoperigenous differen-
tiation of stomatal complexes in the dicot, Vigna sinensis

In mesogenous complexes, a protodermal cell divides asymmetrically
and cuts off a tnangular menistemoid The menstemoid sequentially
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Figure 3.10 Schematic diagrams showing the development of a radial array of
microtubules in a guard cell from Allium oriented with the ventral wall in face view (a—e)
and in corresponding transverse sections (parallel to the end walls) through the central
portion of the cell (a’~d’). In ¢, c'-e only half the array is presented for the sake of
simplicity. D dorsal wall. E end wall. P periclinal wall, V ventral wall, n nucleus. (a,a’) Early
postcytokinetic stage with diffuse cytoplasmic immunofluorescence and a fluorescent
signal at the proximal side of the nucleus. (b, b’} An incipient array of microtubules (MTs)
originating from the mid-region of the central strip of the ventral wall and radiating along
the periclinal wall as well as directly through the inner cytoplasm. (c, ¢') An established
radial array of MTs extending distally along the dorsal and end walls; MTs become
consolidated into bundles. (d, d') An expanding cell in which the edges between the
dorsal and end walls are rounded. The MTs have retracted from the edge where the
central strip of the ventral wall joins the periclinal wall, thus creating a space that extends
to the median periclinal plane. Periclinally oriented MTs extend from the pore site toward
the end walls. (e) An expanded, mature guard cell, flexed into a rounded shape and
forming a distinct stomatal pore. From Marc et a/. (1989a) with permission.
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divides twice to give two subsidiary cells and a GMC that subsequently
divides symmetrically to form the guard cells. In most respects the ultra-
structural changes during development of guard cells of V sinensis par-
allel those described for Allium (see Galatis, 1977; Galatis and Mitrakos,
1979, 1980). However, the divisions are notable for the highly asymmet-
ric and curved PPBs that form prior to division and, in small meriste-
moids, these are often the only discernible asymmetric feature (Galatis
and Mitrakos, 1979). The PPBs still accurately predict the alignment of
the developing cell plate, which is also curved. The range of possible
locations and orientations of the PPB leading to formation of guard cells
is the dominant factor influencing the highly variable orientation of the
stomata in the epidermis commonly found in dicot species.

In many species, guard cell growth may still continue after pore for-
mation along with the development of a substomatal cavity. The sub-
stomatal cavity may form by natural extension of existing air spaces
and/or by some degeneration of developing mesophyll cells underneath
a stoma.

3.2.5 Development of graminaceous-type stomata: division of the GMC

The development of graminaceous or dumb-bell stomata is considerably
different from that observed in elliptical stomata. The GMC is formed by
an asymmetric division positioned close to the distal end of the proto-
dermal cell. In the GMC a broad transverse interphase microtubule
band forms (Galatis, 1982; Cleary and Hardham, 1989; Cho and Wick,
1989; Mullinax and Palevitz, 1989) that is not seen at the equivalent
stage of development in elliptical stomata (e.g. Mineyuki et al., 1989).
The microtubules of the interphase microtubular band gradually appear
to shift to a radial array centred on the periclinal walls and subsequently
to the longitudinally oriented, but still broad PPB. Palevitz (1991) has
argued strongly that the microtubules remain intact during this process
and the whole array moves intact to the new location. This is unlike in
animal cells where the microtubules usually disassemble and then
reassemble in a new location within the cell. The actin cytoskeleton has
also been visualized in developing stomatal complexes of Rye (Secale
cereale) using fluorescent phalloidin (phalloidin is a fungal toxin from
Amanita phalloides that binds to F-actin) or immunolocalization (Cho
and Wick, 1990, 1991). The microfilament arrays are rather different to
those associated with symmetric divisions in other tissues (Wick, 1991).
In meristematic protodermal cells there is a random cortical meshwork
that becomes predominantly transverse in the GMC and thus aligned
with the long axis of the cell. The microfilaments are not concentrated
with the interphase microtubule band and do not co-align when the PPB
forms in the GMC. Initially the PPB is incomplete, with microtubules
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concentrated on the end walls. As the PPB narrows, microtubules
extend to contact the array from the opposite wall and complete forma-
tion of the circumferential band. During this time the GMC may be
expanding parallel to the long axis of the leaf, i.e. parallel to the forming
PPB. The distribution of the microtubule arrays during division of the
GMC follows that outlined for the elliptical guard cells. The microfila-
ment distribution is slightly different to other dividing cells, however.
Actin staining becomes more diffuse and localized to the cortical region
of the cell face adjacent to the spindle poles. There is no evidence for
actin associated with the spindle fibres, but both actin and microtubules
co-localize to the phragmoplast. Cytochalasin B also disrupts phragmo-
plast rotation and alignment of the new wall separating the guard cells.

Shortly before division of the GMC, the subsidiary mother cells (SMC)
also divide asymmetrically, but in this case, they cut off a lens-shaped
cell from the lateral wall adjacent to the GMC. The PPB in the SMC is
strongly curved, contacting the wall adjacent to the GMC just above and
below the GMC. Striking localization of microfilaments also occurs in
the SMC at the pole facing the GMC and extending towards the SMC
nucleus. Cytochalasin B inteferes with this nuclear positioning and pre-
vents formation of a curved cell plate in the SMC (Cho and Wick, 1990).

The mechanism involved in the regulation of these events is not under-
stood. However, a protein kinase (known as p34“?) which is present in all
dividing cells so far examined has now been detected in GMC and SMC
(Colasanti et al., 1993). They also found the protein to be associated with
the PPB of these cells but not the interphase microtubule band. The
kinase binds with another protein, cyclin, to form a p34 protein kinase
complex which, in turn, regulates a number of critical events in the cell
cycle through protein phosphorylation. The protein kinase complex is
normally associated with entry of cells into both S phase and M phase of
the cell cycle (see Wolniak, 1991). The specific association of p34«“* with
some of the mitotic arrays, but none of the interphase arrays, points to a
key role for p34“~ in the organization of the PPB, although the relevant
target substrates in the PPB have not yet been identified.

3.2.6 Development of graminaceous-type stomata: pore formation

The microtubule arrays in the guard cells arise adjacent to the pore site
and fan out across the periclinal walls. A similar radial array occurs tran-
siently in the subsidiary cells, suggesting a high degree of co-ordination
within the complex (Palevitz and Mullinax, 1989), and subsequently shifts
to a transverse orientation. The cortical cytoplasm adjacent to the pore
appears to function as a microtubular organizing centre similar to the situ-
ation in elliptical stomata (Cleary and Hardham, 1990). A transient
swelling of the guard cells then occurs with concomitant elongation. This
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1s followed by a constriction phase which continues until the characteris-
tic dumb-bell-shaped guard cells are formed (Palevitz, 1981a) The guard
cell microtubules are normally aligned axually in the central constricted
region, but curve 1n the bulbous ends The subsidiary cell microtubules
remain transverse in Lolium rigidum (Cleary and Hardham, 1989),
although n oat (Avena sativa) they shift to an approximate axial orienta-
tion (Palevitz and Mullinax, 1989) In Timothy grass (Phleum pratense),
the individual axial microtubules were up to 4-5 um long and appeared to
nucleate from amorphous or aggregates of membranous matenal in the
cortex (Palevitz, 1981b) Figure 3 11 1s a reptesentation of the microtubule
patterns which develop in cells and of the changes in cell shape, which
occur as the stomatal complex forms n grass species

The cellulose mucrofibrils follow the microtubule arrangement and
are predominantly axially arranged 1n the central connecting pieces of
the guard cells, while the bulbous ends have microfibrils radiating out
from the pore (Galaus, 1980) In the Cyperaceae a similar pattern of
development occurs to that in the grasses, but the microfibrils are orien-
tated radially along the length of the guard cells (Mishkind et a/ , 1981)
The situation 15 further complicated as the microfibril aignment in
Cyperus esculentum (yellow nutsedge) appears to be subject to envi-
ronmental modification greenhouse-grown plants have stomata with
axial microfibrils 1n the central connecting pieces of the guard cells,
while plants growing in the field have radially arranged ones (Mishkind
et al, 1981) This questions the overall significance of the microfibril
arrangement in the connecting pieces to the mechanical properties of
the guard-cell Stomata with either axial or radial arrangements appear
to function normally (Mishkind et al , 1981)

Another major difference 1in the development of grass-type stomata
from that of elliptical stomata 1s that large pores, many microns across,
form 1n the common walls of daughter guard cells of a stoma at each
bulbous end (eg Kaufman et al/, 1970, Srivastava and Singh, 1972,
Ziegler et al , 1974) (Fig 37) Once the dividing wall forming the two
guard cells 15 complete, areas at each end of this wall are reabsorbed to
form these pores The pores, first reported by Brown and Johnson
(1962) in many grass species, are large enough to allow exchange of
organelles between each guard cell pair Thus, the guard cell pair can be
regarded as a single binucleate unit and the pressure relations experi-

Figure 311 Diagrammatic representation of the major microtubule (MT) patterns
observed durning development of stomatal complexes in Lofium Preprophase band (PPB)
in guard mother cell (GMC) precursor cell (1) Interphase MT arrays in GMCs and PPBs
before the division of subsidiary mother cells (2-9) Mitotic GMCs and subsidiary cells
(SCs) with radial MT arrays (10-15) GCs reinstating cortical MT arrays {(16-18) GCs with
MTs organized from along the length of the ventral wall (19) Complexes showing
elongation of internal periclinal walls with expanding MT wedges (20-24) SCs are
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establishing transverse MTs initially at the centre of the internal periclinal walls.
Reorganization of MTs on the external periclinal walls of GCs (24). Elongation of GCs and

reorientation of MTs from transverse (25) through oblique (26, 27) to axial (28). Redrawn
from Cleary and Hardham (1989) with permission.
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enced by the contents of one guard cell will also be experienced by the
other, unlike 1n elliptical stomata

3.2.7 Unusual variants in stomatal differentiation

There 15 considerable variation in the pattern of stomatal differentiation
from the two models described above In Funaria hygrometrica and
just a few other moss genera, each stoma 15 doughnut shaped consisting
of only one guard cell with two nuclet (Schimper, 1848, Sack and
Paolillo, 1983a, 1985) (Fig 3 12) The nucler remain on opposite sides of
the small pore, but two large vacuoles span the polar ends of both puta-
tve cells (Sack and Paolllo, 1983a) Intially it was considered that a
complete dividing wall was formed during division of the GMC and then
the ends were reabsorbed to allow cytoplasmic contact between the pair
of guard cells as occurs in grass-type stomata However, Sack and
Paolillo (1985) discovered that the GMCs of Funaria are unusual in that
they undergo karyokinests (nuclear division) but incomplete cytokinesis
(cell diviston) Thus, the developing cell plate never joins the end walls
(Fig 3 12) Interestingly, the PPB may also be absent in the GMC They
also showed that cuticle formation accompanies development of the
pore and may even be involved in separation of the guard cells to form
the pore (Sack and Paolillo, 1983b)

Haberlandt (18806) also described a case where binucleate guard cells
occurred with incomplete ventral cell walls in Azolla (a water fern) which
has elliptical stomata Busby and Gunning (1984) made an electron
microscopy (EM) study of the development of these stomata and found
that the GMCs developed a PPB of microtubules followed by a cell plate
which fused with the parental walls at the site of these tubules
Subsequently, however, only the central part of the plate was consolidated
while the end sections became perforated and may completely disperse, a
situation which occurs in the development of grass-type stomata

In Anemtia the GMC 15 unusual n that 1t can form completely within
the mitial stomatal cell precursor and gives rise to ‘floating’ guard cells
(Galaus et al , 1986) The PPB 1s unconventional, with a ring on the
outer periclinal surface and a second mnternal polar cortical site on the
inner periclinal wall adjacent to the developing substomatal air space
(Fig 3 13) After division the GMC 1s encircled by a conical cell plate
that fuses with the parent wall at the locations identified by the PPB-like
microtubule arrays (Galatis et al | 1986)

Of interest concerning the development of stomata 1s a report by
Kubichek (1981) that chlorophyll 1s synthesized in guard cells of
Tradescantia virgtmana 1n complete darkness (a red fluorescence in
UV Iight was used as a specific indicator of chlorophyll presence) This
observation 15 unusual 1n that angiosperms are unable to synthesize
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Figure 312  Stomata in the capsule of Funaria hygrometrica (a) Side view of a fully
expanded capsule Stomata are distinguishable as white dots on the basal area of the
capsule known as the apophysis Ap Se seta x10 (b) Scanning electron micrograph of
the surface of the capsule showing stomata x270 (c) A paradermal section through a
mature stoma N nucleus Nu nucleolus pl plastid L lipid droplet x3000 (d) Cross
section through a stoma in a plane just beyond the pore region Pl plastid V vacuole
OLW outer lateral wall ILW nner lateral wall x6600 From Sack and Paolillo (1983) with
permission
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Figure 3.13 Dragrammatic representation of a late cytokinetic stage in the formation of
guard mother cells (GMC) in Anemia mandiocanna Tracings taken from senal paradermal
sections Note the curved growth of the cell plate (CP) in different planes The fusion of the
anticlinal cell plate edges has been completed first in a median plane of the cell (G and H)
From Galatis et a/, {1986) with permission

chlorophyll in the dark, the conversion of protochlorophyllide to
chlorophvyll needing light (some algae and gymnosperms are exceptions
being able to synthesize chlorophyll in complete darkness). This find-
ing, however, is difficult to confirm since protochlorophyllide which
forms in darkness also fluoresces red in UV light. Furthermore, stomata
in at least some species do not develop normally in darkness.

3.3 The ultrastructure of guard cells

In the search for clues to broaden our understanding of how stomata
function, fully developed guard cells have also been the subject of
extensive electron microscopic studies. Initially, considerable difficulties
were encountered with such studies due to the small size of guard cells
and their location in, often, a thick, tough layer of epidermis. They are
also prone to distortion upon preparation for EM studies, particularly
when open, due to their high turgor pressure and the slow penetration
of fixatives through the thickened walls. One of the first studies with
reasonable preservation was by Brown and Johnson (1962) in a range of
grass species. Since then innumerable more studies have been made.
Good general reports on guard cell ultrastructure are to be found in
Allaway and Milthorpe (1970), Palevitz (1981a) and Sack (1987).

Guard cells are surrounded by a complex and differentially sculpted
wall and contain dense cytoplasmic contents with relatively small vacuo-
lar volumes (Fig. 3.14). As well as possessing some fascinating and
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unusual ultrastructural features guard cells possess all of the usual cell
organelles. For comparison, the frequencies of different organelles in
guard cells and mesophyll cells of Allium porrum (leek) and V faba
(broad bean) are gven in Table 3.2

Figure 3.14 Electron micrograph of a stoma of Phaseolus vulgans (chl) chloroplasts
containing starch and poor lamellar structure (n) nucleus, (v) vacuole, {m) mitochondria,
(Id) ipid droplets From Willmer (1983)
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3.3.1 The guard cell wall

The cell wall of guard cells 1s specialized and probably uniquely different
from walls surrounding other cell types Microscopy with polarized light
(Ziegenspeck, 1938, Palevitz, 1981a) and electron microscopy indicate a
predominantly radial orientation of the cellulose microfibrils (micellae)
in the kidney-shaped guard cells in a manner analogous to the strength-
ening 1n a radial tyre (see Chapter 4) In the grasses the micellae radiate
out from the pore at the bulbous ends of the guard cells with an axial
arrangement predominating in the connecting pieces between the bul-
bous ends in a similar pattern to that of the microtubules (see Fig 3 11)
The differential thickening and orientation of the microfibrils 1s a major
determinant of the direction of cell expansion and the resulting shape
changes during stomatal movements (see Chapter 4) The wall of some
species 1s rich in pectins, which impregnate the cellulose microfibrils In
some species, such as C communis, the junction between the two
guard cells stains differentially with ruthenium red and other cationic
dyes that bind to pectins The large cation binding capacity of such neg-
atively charged polymers may be important in temporary storage of K
during stomatal movements (Chapter 8) The guard cell walls of gym-
nosperms and some ferns contain lignin, while a B-1,3 glucan (probably
callose) has been located next to the plasmalemma i the guard cell
walls of species of Opbroglossum (a fern) Deposits of silicon (probably
existing as silicon dioxide) have also been detected 1n the middle lamel-
lar region and just below the cuticle of guard cells and subsidiary cells of
sugar cane and in the walls of guard cells and subsidiary cells of
Equisetum and some grass spectes

Structures, described as osmotically/imbibitionally-induced sacs ,
located between the walls and the cuticle and positioned on the under
surface at each end of the guard cells have been reported (Stevens and
Martin, 1977) These were observed in the guard cells of many different
species and 1t was suggested they accumulated K* This conclusion was
made from transmussion and scanning electron microscopy and K* his-
tochemical studies However, other investigators have not been able to
confirm the above observations

3.3.2 Plastids

For a long time 1t was considered that all functional stomata possessed
chloroplasts However, Nelson and Mayo (1975) reported the absence of
chloroplasts, as judged by a lack of chlorophyll autofluorescence, n
functional guard cells of certain Paphiopedilum (lady slipper orchid)
species Later, EM studies by Rutter and Willmer (1979) and D’Amelio
and Zeiger (1988) confirmed this unusual feature Additionally, the study
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of D Amelio and Zeiger (1988) indicated a broad structural diversity in
guard cell plastids of the Orchidaceae and of particular interest was an
unusual pleomorphism of Haemaria plastuds Jamieson and Willmer
(1984) also found no chloroplasts in functional guard cells of a varie-
gated chimera of Pelargonium zonale

The number, size and complexity of guard cell chloroplasts varies
greatly depending on the species Two chloroplasts per guard cell are
reported in Anthoceros while in Selaginella three to six chloroplasts
per guard cell are found (sce Allaway and Milthorpe, 1976) In most
species there are usually about 10-15 chloroplasts per guard cell occu-
pying about 8% of the total volume, e g 1n Vicza (Humble and Raschke,
1971), but in ferns chloroplasts are very abundant, with up to 100
reported to pack each guard cell of Polypodium vulgare (Stevens and
Martin, 19784) There are also numerous reports which indicate that
chloroplast numbers per guard cell increase as levels of ploidy increase
(e g laptev et al , 1976 Cardi et al , 1993) Thus, Cardi et al (1993)
found that guard cells of the diploid Solanum commersoni: Dun con-
tained five to seven chloroplasts while 1n tetraploid plants guard cells
contained 10-13 chloroplasts, an approximate doubling of chloroplast
numbers with doubling of ploidy

In most species, guatd cell chloroplasts are poorly developed, with
little thylakoid structure and scant granal stacking compared with that
found in mesophvll cell chloroplasts In some speces of Allium,
chloroplasts are very small and may not be observed with normal light
microscopy  although  fluorescence  microscopy and  electron
microscopy confirm their presence Also, in some Allium species the
granal stacking 15 extremely sparse in chloroplasts of the guard cells At
the other extreme chloroplasts 1in guard cells of ferns are large, with
considerable thylakoid complexity and an abundance of starch

Starch 15 lacking in the guard cell chloroplasts of a number of species
from wvarious families induding the Liliaceae, Indaceae and
Amarylhdaceae In the Allium genus starch 1s lacking in the chloro-
plasts (Fig 3 15) however although there has been some dispute,
recent evidence indicates that small molecular weight fructans (poly-
merization value of 8-9) occur in the epidermus of Allium cepa 1If fruc-
tans occur mn the guard cells they could play a similar role to starch, a
glucan polymer by supplying carbon skeletons for synthesis of organic
anions (see Chapter 9)

Guard cell chloroplasts are not destarched by darkness as are chloro-
plasts of mesophyll cells, instead, starch tends to accumulate in guard
cell chloroplasts in the dark Generally, there 1s a good negatve correla-
tion between guard cell starch content and stomatal aperture, starch
levels increasing with decreasing stomatal aperture (but see Chapter 9)

An extensive chloroplast peripheral reticulum (an invaginauon of the
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Figure 3.15  Part of a stoma of Alllum porrum {leek) showing two guard cells separated by their
common ventral walls (w) Note the invaginations of the plasmalemma and vesicles apparently
fusing with the cell walls (p and arrowed), numerous mitochondria (m), some endoplasmic
reticulum (e), a microbody (mb), a nucleus (n), chloroplasts [with grana (g), sparse stromal lamellae
(sl), numerous osmiophilic globules (o and arrowed), and a well developed perpheral reticulum
(per)], vacuole (v) and tonoplast (t) An invagination (1) of the cytoplasm into a chloroplast Is also
shown Bar = 1 um From Allaway and Setterfield (1972)

inner chloroplast envelope) has been observed in some guard cells (Fig.
3.15), but this is not a constant feature in all species or within the same
species. In C4 plants, where a peripheral reticulum almost always occurs
in the mesophyll and bundle sheath chloroplasts, it has been suggested
that one purpose of the reticulum is to increase the transfer of metabo-
lites between cytoplasm and chloroplast. However, since the peripheral
reticulum is not a constant feature of guard cell chloroplasts, it is not
deemed essential for the normal functioning of stomata.

Unusually, microtubule-like structures have also been observed in
guard cell chloroplasts (Allaway and Setterfield, 1972) but their func-
tional significance is not understood. Plastoglobuli are also prevalent in
guard cell chloroplasts.
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Chloroplasts are lacking in guard cells of Paphiopedilum species but
another type of plastid 15 present. These plastids are spindle-shaped
with fibrous material running down the long axis. They also contain
starch and large, numerous plastoglobuli (Fig. 3.16).

Thus, except for a few species, a common feature of guard cell chloro-
plasts 15 the abundance of starch, suggesting that the plastids may be
acting primarily as amyloplasts (see Chapter 9 for further details on
chloroplast function).

3.3.3 Nuclei

The nucleus of a guard cell is similar in size to that found in many other
cell types, but 1t occuptes a greater proportion of the cell volume since
guard cells are relatively small. For example, in V faba, Humble and

Figure 3.16  Part of a guard cell of Paphiopedilum insigne showing one of the curious plastids (p)
which contain starch (st), plastoglobuli (pl) and a fibrous matenal (f) Also shown are the large oil
droplets (od), {v) vacuole, (cw) cell wall, (m) mitochondrnia Arrowed are rarely observed
membranous structures consisting of concentric whorls of membranes with a tubular or spherical
central Inclusion x 75 000 From Rutter and Willmer {(1979)
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Raschke (1971) give a volume of 0 091 pl, representing 3 5% of the pro-
toplast volume for a closed guard cell while Weyers and Fitzsimons
(1982) calculated the nuclear volume of a GCP of C communis to be
0 24 pl, equivalent to 6% of the protoplast volume

Nucler are usually centrally positioned close to the ventral wall in kid-
ney-shaped guard cells The nucleus may change shape during stomatal
movements For example, according to Heller and Resch (1967) the
nucleus in guard cells of V faba 1s oval when stomata are 1n the dark and
more rounded when stomata are illummated In Anemia rotundifolia
the nucleus 1s rounded when stomata are closed and crenated in open
stomata (Guyot and Humbert, 1970) The funcuonal significance of
these changes in nuclear form 1s not known

In dumb-bell-shaped guard cells the nucleus comprises a mass of
nuclear material located at each bulbous end connected to each other by
a strand of nucleoplasm passing through the central connecting portion
of the guard cell, a feature first reported by Flint and Moreland in 1946

3.3.4 Mitochondria

Mitochondria are numerous 1n guard cells of all species so far examined
(see, e g Table 3 2), a characterstic first recorded in grass species by
Brown and Johnson (1962) This 1s a feature common to all cells which
have high metabolic acuvity Their size and shape and appearance of the
cristae are not reported to be significantly different from that found in
most other cell types However, in Commelina mitochondral profiles in
electron micrographs of guard cells are smaller than in neighbouring
subsidiary and epidermal cells (Vavasseur, personal communication)
The mitochondrial configuration within guard and subsidiary cells of
maize has been correlated with stomatal aperture (Lasceve et al , 1987)
Thus, when stomata were closed and 1n the dark the mitochondria were
partly in the resting (non-respiring) state in the guard cells, while most
were 1n the active state (1e with swollen cristae and a condensed
matrix) in the subsidiary cells However, when stomata were opened 1n
the light all the mitochondria were 1n the resting state in the guard cells
and 1n the active state in subsidiary cells An interesting aspect here 1s
that high metabolic acuvity in the subsidiary cells may be necessary at all
times since there 15 a shuttle of K and Cl between these cell types dur-
ing stomatal opening and closing However, subsidiary cells do not con-
tain chloroplasts and therefore all ATP must be derived from oxidative
phosphorylation which may reflect the high proportion of active mito-
chondria 1n this cell type Conversely, guard cells do contain chloro-
plasts and in the light 1t 15 noticeable that all the mitochondria of these
cells are in the resting state indicating that ATP may be derived from
photophosphorylation
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Miroslavov (1972) also observed differences in the structure of mito-
chondria when stomata were closed or open, the organelles being
swollen with a clear matrix or contracted with a dense matrix, respec-
tively Miroslavov related the differences to whether the organelle
accumulated 1ons or not but surprisingly found the mitochondra
swollen when stomata were closed, a situation in which guard cells
release 1ons

3.3.5 Microbodies, spherosomes and lipid droplets

Microbodies are classified as spherical organelles bounded by a single
unit membrane They range in diameter from 05 to 1 um They are not
usually numerous in the cytoplasm Little 1s known about the microbod-
ies which have been observed n guard cells of a few species If they
prove to be peroxisomes, typical of most other green cells, then some
glycollate metabolism may occur in the guard cells since peroxisomes
are a central site of glycollate metabolism However, glycollate oxidase
as a marker for peroxisomal enzyme activity, 1s either non-detectable or
detectable at only low levels in epidermal tissue and diaminobenzine
stamning of EM sections of guard cells indicates low catalase (a marker
enzyme for peroxisomes) actvity (see Chapter 9) Furthermore, the
major source of glycollate in green cells 1s the Calvin cycle which may
not be a major pathway in guard cells (see Chapter 9) Thus, 1t 1s
unlikely that peroxisomes are an important feature of guard cell metab-
olism or functioning

Spherosomes are about 1 um in diameter and recent ontogenic stud-
1es indicate that they are surrounded by a half-unit membrane rather
than a complete unit membrane (Wanner et al , 1981) Their function 1s
not clearly understood and may vary depending on their location within
a plant In addition to containing lipids, they may contain a variety of
enzymes including lipases, phosphatases, endopeptidases, RNase and
DNase Spherosomes have also been called oleosomes and lipid bodies
although the latter name 15 misleading because lipid droplets exist in
the cytoplasm without being surrounded by a membrane or half-unit
membrane

Large numbers of spherosomes have been reported in the guard cells
of Campanula persicifolia, which contained much phosphatase activity
when stomata were closed and little activity when they were open
(Sorokin and Sorokin 1968) Fupjno (1967) also detected ATPase and/or
acid phosphatase activity throughout guard cells of closed stomata, but
not open ones Contrary findings were made by Willmer and Mansfield
(1970), who detected acid phosphatase and/or ATPase activity distrib-
uted throughout guard cells of both open and closed stomata Vacuoles
are a site of much acid phosphatase activity in other plant cells and 1t 1s
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possible that the phosphatase activity observed by Fujino (1967) and
Willmer and Mansfield (1970) was restricted primarily to the vacuoles
of guard cells.

Lipid droplets (apparently without a limiting unit or half-unit mem-
brane) are regularly observed in guard cells and unusually large num-
bers occur in species of Paphiopedilum (Fig. 3.16). The purpose of the
oil droplets remains obscure, but one possibility is that they are
involved in the synthesis of cuticle and waxes which may be very thick
on the upper lateral wall and lips of guard cells.

3.3.6 Vacuoles

Vacuoles perform a diverse range of functions in the plant kingdom,
including ion accumulation and turgor generation, as in guard cells;
vacuoles are also sites of activity for hydrolytic enzymes similar to that
found in the lysosomes of animal cells. There is no evidence for any
phagocytic activity in guard cell vacuoles, though they do have a high
acid phosphatase activity.

The vacuolar volume of guard cells is small compared with most
other cell types and has been observed to change its form and size dur-
ing stomatal movements. The mature vacuole in Allium guard cells
arises from aggregation of a reticulate network of tubes and cisternae
(Palevitz, 1981a). However, it is unclear whether most guard cells pos-
sess a single vacuole or whether it is subdivided. Heller et al. (1971)
reported that the vacuolar volume increased during stomatal opening,
while Guyot and Humbert (1970) concluded that the vacuole of
Anemia rotundifolia consisted of many small ones when stomata were
closed and fewer, larger ones when stomata opened. A three-dimen-
sional analysis involving over 800 serial EM sections of a closed stoma
of C. communis indicated that the vacuole was a single convoluted
organelle and further, that the surface area of the tonoplast was 25%
greater than the plasma membrane (Smith et a/., quoted in Weyers and
Meidner, 1990, p. 189). An alternative approach using confocal laser
scanning microscopy (see Box 3.1) has been used to follow changes in
the volume and morphology of vacuoles of living guard cells of C. com-
munis during stomatal movements (Fig. 3.17A). With such a technique
it was estimated that the vacuolar volume of a guard ccll increased
from about 2.5 pl at zero stomatal apertures to about 6 pl at 16 um
aperture (Fricker and White, 1990). There was rarely more than one
vacuole in open guard cells, although small vacuoles occasionally
formed on rapid closure induced by ABA. These slowly re-fused in
guard cells of a closed stoma and a single vacuole re-formed if the

stoma was subsequently opened by fusicoccin (Wood et al., unpub-
lished).
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Figure 3.17 Confocal optical sections of a stomatal complex from Commelina communis
illustrating the clarity that can be achieved using confocal techniques to remove the out-
of-focus blur associated with imaging using conventional fluorescence microscopes

(A) The cells are stained with the fluorescent dye, acridine orange, which accumulates in
the vacuole Iin response to the prevailing pH gradient The positions of the nucleus (n) and
chloroplasts (c) are visible as negatively stained regions (B) The pattern of fluorescence Is
thought to represent the distribution of ER and mitochondria visualized using the lipophilic
fluorescent dye, DIOC, The ER 1s concentrated around the nucleus and the chloroplasts
The cuticle around the pore lip is also stained

Box 3.1. Confocal scanning optical microscopy (CSOM)

Introduction

Confocal scanning optical microscopy (CSOM) allows non-invasive
collection of optical sections through intact biological specimens, vir-
tually free from out-of-focus blur (e.g. Matsumoto, 1993; Mason,
1993). A three-dimensional (3-D) image can be obtained by collecting
a set of serial optical sections at progressive focal levels through a
specimen. This 3-D image may then be processed digitally for display
as a single reconstructed view, a stereo pair or an animation sequence.
In addition image analysis techniques can be used to enhance the
image contrast or perform specific measurement tasks such as 3-D
length, surface area, object counting and volume calculations. A vari-
ety of confocal microscope systems are available. Each is a specific
compromise between the range of fluorescence excitation wave-
lengths that are available, the overall sensitivity of the system and the
temporal and spatial resolution achievable. These issues are exten-
sively discussed by Pawley (1995). An outline of the basic instrumenta-
tton 1s shown 1n Fig. 3B.1 and the procedure is given overleaf:
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Figure 3B.1 The confocdl prinaple in epifluorescence scanning optical
microscopy Exatatory laser hght fiom the dluminaung aperture passes through
an excitaton filter (not shown) 15 reflected by the dichroic mirror and 15
focused by the microscope objectve to a diffracton hmited spot at the focal
plane within the speamen Fluorescence emissions, excited both within the
tlluminated in-focus voxel and within the illuminated cones above and below 1,
are collected bv the objective and pass through the dichrowe mirror and the
emussion filter (not shown) However, only those emissions from the n focus
voxel (——) are able to pass ummpeded through the imaging aperture to be
detected Fluorescence emisstons from 1egions below the focal plane (- - -)
and from above 1t (not shown) have different primary image plane foct and are
thus severely attenuated by the imaging aperture, contributing essentally noth-
ing to the final confocal image From Shotton (1989)
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Procedure

1 Light from a bright lamp or laser 1s brought to a focus within the
specimen using a conventional microscope objective

2 Light 15 etther reflected or emitted as fluorescence from the speci-
men from the entire illuminated volume, re from a small region 1n
the focal plane and from the illuminating cones above and below 1t

3 Asutable detector such as a photomuluplier, sensitive camera or
the human eye, 15 used to detect the light

4 Light to be detected 15 passed through an aperture which reduces
the contributions from points away from the focal plane

5 To generate a 2-D image at a single focal plane in the specimen, the
tlumination 1s scanned 1n a 2-D pattern Signals from an electronic
detector can be digitized and fed into a frame store or computer for
subsequent displav or analysis Each digitized pomnt in individual
sections 15 termed a voxel

6 To generate a series of ‘optical sections’ the plane of focus 1s
incremented by a defined amount with an automatic focus control
and the scan continued

7  The three-dimensional image can be processed and displayed in a
variety of forms ranging from single optical sections in any orien-
tation, reconstructions of the 3-D data from a particular view-
pont, to ammated rotating sequences
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3.3.7 Endoplasmic reticulum, dictyosomes and other membranous
inclusions
All the structures involved in the synthesis, direction and secretion of wall
material and the synthesis of proteins have been observed in guard cells,
particularly in the early stages of the development and differentiation of
stomata

Rough endoplasmic retuculum (RER) (Fig 3 17B) and polysomes are
very frequent during the development of guard cells and are also present
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in mature guard cells The frequency of these inclusions indicates a high
rate of protemn synthests (see Fig 33) Smooth ER and dictyosomes (also
known as Golgi bodies) are abundant In some cells Golgi bodies appear
to be connected and the whole system 15 known as the Golgr apparatus
Dictyosomes are known to be involved 1n polysaccharide and glycopro-
tein synthests and sorting, and therefore increased abundance 15 to be
expected during the massive deposition of wall material characteristic of
mature guard cells There 15 now some evidence that dictyosomes are also
involved in lipid synthests and transport It 15 interesting to note, there-
fore, that some guard cells possess an abundance of lipid droplets and all
guard cells are surrounded by a well developed cuticle

Plasmalemmasomes (also known as lomasomes or paramural bodies)
have been described in a number of plant species and cell types includ-
ing guard cells of Verbascum thapsus L (Miroslavoy, 1972), maize (Wille
and Lucas, 1984) and Pelargormum (Willmer, unpubhished, <ee Fig
318) They are possibly concetned 1n solute transport and are com-
posed of infoldings and inrollings of the plasmalemma into the cyto-
plasm which may endose vesidles Therr function in guard cells 15
obscure Such plasma membrane elaborations have been described 1n
Chara where they are called charasomes and have been implicated 1n
Cl transport Chloride fluxes across the plasma membrane of guard
cells are an important feature of the stomatal mechanism and 1t 15 inter-
esting to speculate that plasmalemmasomes in guard cells might serve
the same purpose as in Chare!

Figure 318 Part of a guard cell of Pelargonium zonale showing paramural bodies (pb)
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Coated vesicles have been described in many plant cell types, including
guard cells, where they are reported to be numerous in the cytoplasmic
cortex (Palevitz, 1982) The coat of these vesicles consists of three heavy
(M, 180 kDa) and three light (M, 3540 kDa) clathrin proteins arranged as
a triskelion and then joined together to form hexagons and pentagons
The overall vesicle has a diameter of 50-100 nm and a characteristic bas-
ket-like appearance at the EM level Sanchez (1977) also reported the
presence of coated vesicdles in guard cells of Helianthus annuus,
although preservation was not good and 1dentfication 1s difficult Coated
pits in the plasma membrane and coated vesicles were also reported in
developing guard cells of the moss, Funaria hygrometrica (Sack and
Paolillo, 1983a) Interestingly, Doohan and Palevitz (1980) commonly
observed coated vesicles in GCPs of onion, but few studies indicate their
presence 1n intact guard cells

Coated vesicles form from coated pits at the plasma membrane and are
associated with endocytosis in animal cells They are thought to be
involved 1n the recovery of excess plasma membrane and in the recovery
of membrane proteins as well as 1in a general uptake of the extracellular
medium (fluid-phase endocytosis) They could be involved 1n at least two
key roles in guard cell functioning, 1 e 1n the regulation of the surface area
of the plasma membrane as the cells swell and contract during stomatal
opening and closing, and in the regulation of the density of pumps, chan-
nels and receptors in the plasma membrane during stomatal movements
However, attempts to detect fluid-phase endocytosss of fluorescent mark-
ers have not been successful (Hillmer er al, 1990, Willmer and Oparka,
unpublished) Large plasma membrane enclosed vesicles can be induced
to form during rapid osmotic changes of the bathing medium (osmocyto-
s1s), which remain intact within the cytoplasm, not fusing with other vesi-
cles (Diekmann et al , 1993) The significance of these observations in the
normal functioning of guard cells 15 unclear

Other membranous structures including concentric whorls of mem
brane with tubular or spherical central inclusions (Fig 3 16) have been
occasionally observed in guard cells though, again, their significance 1s
not understood

The nner surface of the plasma membrane of GCPs and mesophyll cell
protoplasts of V faba 1s also reported to have randomly distributed parti-
cles (about 9 nm diameter) and particles distributed n hexagonal arrays
(Schnabl et al , 1980) The functuon(s) of these structures 15 not clear but
it has been suggested that they may be concerned in wall deposition or
transport processes

3.3.8 Plasmodesmata and ectodesmata

Brown and Johnson (1962) were the first to conclude that plasmodesmata
did not occur between mature guard cells and subsidiary cells of grass
species This correct conclusion, however, was fortuitous because they
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did not examine sequential serial sections of individual guard cells Thus,
the absence or presence of plasmodesmata connecting mature guard cells
with neighbouring cells continued to be a contentious issue for many
years Now, the concensus 1s that complete, functional plasmodesmata do
not exist at this location in mature cells However, they are present as
unbranched connections, occurring either singly or in small pit fields
between guard cells and neighbouring cells as the stomata develop, even
up to the stages where the stomatal pore 1s partly formed Ewvidence for
this view comes from two main sources First, serially sectioned material
from a number of different species found that any complete plasmodes-
mata that occurred between sister guard cells and between guard cells
and adjacent epidermal or subsidiary cells were sealed at maturity (trun-
cated)(see Fig 3 19A-E) Plasmodesmata were open on the epidermal or
subsidiary cell side but sealed in the middle of the joint cell wall indicating
that deposition of wall matenal from the guard cell side was responsible
for the truncaton (see Fig 3 19D and E) (Willmer and Sexton, 1979, Wille
and Lucas, 1984) Further confirmation of this situation came from studies
in which luaifer yellow (a fluorescent vital dye unable to cross mem-
branes) was injected into immature and mature guard cells In the former
cell type, dye spread into adjoining cells while in the latter, the dye was
retained n the guard cells (Palevitz and Hepler, 1985)

Nevertheless, one should be aware that there are numerous reports at
the light microscope level of plasmodesmata existing between mature
guard cells and neighbouring cells although, at the electron microscope
level, where idenufication 1s less equivocal, there are very few reports of
therr existence 1n this locaton and only one study (Pallas and
Mollenhauer 1972) allows critical evaluatuon Pallas and Mollenhauer
(1972) reported large numbers (15-20 pores pum ) of plasmodesmata in
the end walls of guard cells of V faba and tobacco, the plasmodesmata
were branched and there was no restriction of wall thickening in the pit
fields This study remains an 1solated case and difficult to reconcile with
other EM studies, although perhaps fully mature guard cells were not
being observed Observations of complete plasmodesmata in mature
guard cells at the light microscope level may be explained if one assumes
that the histochemical tests used to detect plasmodesmata give positive
reactions to aborted connections or to weakened or structurally different
areas of wall material

There are other reasons for expecting plasmodesmata to be absent 1n
mature tissue The electrical coupling, turgor and 1onic relations of guard
cells indicate they are functionally 1solated Distortion, thinning and rela-
tve movement of the guard cell wall during stomatal opening might be
expected to damage plasmodesmatal connections if they were present
Furthermore, it may be argued that guard cells will function best as inde-
pendent sensors of the environment if they lack cvtoplasmic connections
to the main plant body

It was believed that fingers of cytoplasm extended from the GCP
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Figure 319 Formation of guard cells of Phaseolus vulgaris from a guard mother cell

(a) Guard mother cell with proplastids (pp) containing starch a few small vacuoles (v} a
central nucleus (n) with nucleolus (nu}) Plasmodesmata (*) join the guard mother cell with
neighbouring epidermal cells which are vacuolated x15 000 (b) Daughter guard cells
connected to each other by plasmodesmata (*) x15 500 (c) Developing stoma with pore
() partly formed Plasmodesmata (*) occur between daughter guard cells in the ventral
walls and between guard cells and epidermal cells Rough ER (er) dictyosomes (d) and
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vesicles (ve) probably laden with wall material are present Chloroplasts (chl) with poor
lamellar structure but containing starch are also present x12 500 (d) Part of a fully
developed stoma with open pore {*) Mitochondrna (m) are abundant The box is enlarged
In (e) x8000 (e) The enlarged area (x50 000) showing incomplete plasmodesmata The
arrows Indicate the probable line separating the original primary wall from the wall
material laid down by the guard cell at a later stage From Willmer and Sexton (1979)
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through the outer lateral wall to the cuticular region These structures,
known as ectodesmata (Franke 1962), are now considered to be arte-
facts and may really consist of regions of differently structured or more
permeable wall material

3.3.9 The cytoskeleton

The cytoskeleton plays a critical part in the development and differentia-
tion of guard cells and 1s discussed in detail in Section 32 In mature
guard cells the cytoskeleton also has a role 1n, for example, holding the
nucleus 1n a particular position, in cytoplasmic streaming and, possibly,
creating a local order or structure’ to the cytoplasm However, once the
cell has acquired 1its characteristic shape the dynamic actuvity of the
cytoskeleton, particularly of the microtubules, 15 less evident
Cytoplasmic streaming 15 a feature observed in guard cells, particularly
as opening occurs, when stomata are wide open and when they are clos-
ing, at least in C communis, streaming appears almost absent (Willmer,
unpublished) Cytoplasmic streaming 15 thought to nvolve the move-
ment of myosin-coated organelles along bundles of unipolar F-actin fila-
ments (F-actin 15 polymerized actin of a fibrous nature) and therefore
both are expected to be present in mature guard cells So far, F-actin has
only been reported 1n developing stomatal complexes (Cho and Wick,
1990, 1991, Mineyuki and Palevitz, 1990)
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4 The mechanics of
stomatal
movements

4.1 Introduction

Considerable progress has been made in understanding the osmotic
changes that generate turgor increases in a guard cell. However, despite
the fundamental importance of mechanical interactions between guard
cells and neighbouring cells in determining stomatal aperture, much still
remains to be elucidated; there is little detailed information on the rele-
vant cell volumes, on wall morphology or on the physico-chemical prop-
erties of the wall polymers that translate turgor differences to changes in
cell shape during stomatal movements. This chapter deals primarily with
the water relations of guard cells and epidermal tissue, and the different
modes of deformation of guard cells during stomatal movements.
Additionally, the osmotic relations of guard cell protoplasts (GCPs) will
be considered, including the dynamics of membrane recycling.

4.2 Water relations of guard cells

The water potential of a guard cell () is essentially equal to the hydro-
static turgor pressure (P) minus the solute pressure (I1)), and the matric
pressure (1), the latter being commonly included with the solute pres-
sure and called osmotic pressure (II) (see Nobel, 1991). Thus:

¥=P-T (Pa) (4.1)

The osmotic pressure (I[) can only be positive, while the turgor pres-
sure (P) is normally positive or zero, although some authorities con-
sider that under special circumstances negative P can occur. (The reader
should note that in many texts, the osmotic pressure may be expressed
as the osmotic potential [y, defined as the negative of the osmotic
pressure, and the turgor pressure as the pressure potential, ¥,.)
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Accumulation of solutes in the guard cells (see Chapter 8) increases the
osmotic pressure, thus lowering the water potential ¥ and causing
uptake of water until the turgor pressure increases. The motive force for
the opening of stomata is the increased turgor pressure of the guard
cells (von Mohl, 1856; Heath, 1938); thus, when guard cells are fully
turgid, P should be close to []. In practice, guard cells have to take up
water from the surrounding apoplast. The apoplast has its own water
potential, with components due to the matrix pressure of the cell wall
polymers, the solute pressure due principally to apoplastic ions and a
negative hydrostatic pressure arising from surface tension effects at the
numerous air-liquid interfaces of the cell wall interstices (see Nobel,
1991).

Meidner and co-workers have measured guard cell turgor pressures
directly with pressure probes inserted into the cells (Meidner and
Edwards, 1975; Edwards et al., 1976; Edwards and Meidner, 1979). The
values they obtained for Tradescantia virginiana were 0.1 MPa (0.1
MPa = 1bar = 1 atmosphere) for guard cells of nearly closed stomata
and about 0.8 MPa for guard cells of stomata open to 26 um (Fig. 4.1).
These values are surprisingly low but they may be a feature peculiar to T
virginiana since much higher turgor pressures have been obtained for
guard cells of Commelina communis, increasing from 0.42 MPa at 7 pm
to 1.95 MPa at 18 pm stomatal aperture (Meidner, 1982). The measured
turgor pressure was significantly lower than expected from the osmotic
pressure, however, and was interpreted as evidence for peri-stomatal
transpiration (see Section 6.6) against which the GCPs have to compete
for water (Edwards and Meidner, 1979).

The increased turgor results from the increased osmotic pressure of
the guard cells, although in exceptional cases it has been reported that
the osmotic pressure of the guard cells remains fairly constant while the
osmotic pressure of epidermal cells increases (Meidner and Mansfield,
1968, p. 21). Early measurements of guard cell osmotic pressure used
long incubations in plasmolysing solutions, which are now known to
underestimate the real osmotic pressure due to solute leakage from the
cells during plasmolysis (Fischer 1973; Willmer and Beattie, 1978;
Raschke, 1979). Additional errors may arise from cell volume shrinkage
during plasmolysis which is not accounted for, exosmosis phenomena
occurring in the unstirred layers of the plasmolyticum surrounding the
cells and entry of plasmolytica into the cell. With appropriate controls
and short plasmolysis times, osmotic pressures up to about 4 MPa in
open stomata have been recorded for Vicia (Raschke, 1979). Alternative
cryoscopic techniques based on depression of the freezing point as a
measure of the solute concentration also give high values of the osmotic
pressure. Using such methods, Bearce and Kohl (1970) found much
higher values for guard cells than had hitherto been generally obtained,
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Figure 4.1 The relationship between guard cell osmotic pressure (m), the difference in
osmotic pressure between guard cells and subsidiary cells (@), guard cell turgor pressure
(O) and stomatal aperture In Tradescantia virginiana The osmotic pressure values were
determined at incipient plasmolysis and may therefore be underestimates due to cell
shrinkage and 1on leakage Adapted from Edwards and Meidner (1979)

although values varied greatly at each stomatal aperture. Thus, when
stomata of Chrysantbemum were closed guard cell osmotic pressures
ranged from 1.2 to 4.6 MPa, although the relationship between guard cell
osmotic pressure and aperture was considered linear. In Pelargonium
this relationship had a slope of 0.32 MPaum™ Slade and Willmer
(unpublished) have also used cryoscopic methods to measure osmotic
pressures of guard cells of C. communis and T virginiana and found
much higher osmotic pressures than had previously been obtained by
the incipient plasmolysis method. Additionally, for 7' virginiana and C.
communis values of osmotic pressure were in the following order: guard
cells > inner lateral subsidiary cells > terminal subsidiary cells > outer
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lateral subsidiary cells (present only in C. communis) > epidermal cells.
However, further work is needed to fully evaluate the accuracy of the
cryoscopic method particularly since there is some evidence that colloids
do not behave as dissolved solutes do in terms of depression of freezing
points. In addition, cell contents are comprised of a mixture of solutes
and therefore freeze or melt over a range of temperature.

MacRobbie (1980) studied the relationship between guard cell osmotic
pressure and stomatal aperture using epidermal strips of C. communis
incubated in plasmolytica for short periods. To ‘isolate’ guard cells within
the epidermal strip the tissue was incubated at pH 3.9 for several hours to
kill the epidermal and subsidiary cells. She found that the value of the
guard cell osmotic pressure per pm stomatal aperture increased as aper-
tures increased, reaching 0.44 MPa um™ at apertures above 15 pm (see
Table 4.1). With stomatal opening against surrounding cell turgor (sub-
sidiary and epidermal cells remained alive), MacRobbie found that an
additional 0.8 MPa um™ was necessary to achieve the same apertures as
those when only guard cells were alive. MacRobbie (1980) concluded that
much of the change in osmotic pressure was derived from the accumula-
tion of potassium salts (see Chapter 8), although additional osmotica was
required to achieve the measured values of osmotic pressure (there is not
complete agreement on this aspect, however, see Fitzsimons and Weyers,
1986). Furthermore, it is considered that the cytoplasm must adjust
osmotically to match the osmotic pressure of the vacuole as stomata open
and close, since the tonoplast has little mechanical strength. This may
involve accumulation or synthesis of considerable amounts of compatible
(i.e. non-ionic) organic solutes such as betaines, amino acids or sugars in
the cytoplasm. Evidence to date suggests that changing levels of a sucrose
pool could be the major cytoplasmic osmoticum.

Table 4.1  Osmotic parameters of Commelina communis guard cells at different
ranges of stomatal aperture

Guard cell parameter {units) Stomatal aperture range (um)

5-10 10-15 15-20
Volume at lower and upper end 5000-6000 6000-7000 7000-8000
of aperture range (upmd)
Osmotic pressure requirement for 0.20 0.31 0.44
opening (MPa um-")
Turgor pressure requirement for 018 0.26 0.30
opening {(MPaum")
Elastic modulus (MPa) 7 10 1M1

Data are taken from MacRobbie (1980) and MacRobbie and Lettau (1980a) and
refer to guard cells ‘isolated’ by incubation in MES buffer at pH 3.9 for 2h. The
turgor increase required to open the pore by 1 um is 1.67 times as great when the
pore is 10-15 um in width as 1t would be between 5 and 10 um. (Table adapted
from Weyers and Meidner, 1990 )
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For large stomatal openings and guard cell volumes the guard cell
walls will be expected to stuffen and this may explain the increase in
osmotic pressure per micron with increasing apertures in Commelina
as the guard cell approaches its maximum size On the assumption that
guard cells behave like ideal elastic bodies (which kidney-shaped guard
cells may do over limited aperture changes), the volume change (AV)
caused by a given change in pressure (AP) 1s related to the flexibility of
the cell wall expressed as the elastic modulus (g), where

AP

_ 42
STV v ¢2

In ‘isolated’ guard cells of C communis, € increased from 7 MPa
below 5um to 11 MPa above 15 um (MacRobbie, 1980) (Table 4 1)
However, in Vicia faba, € was estmated to be 7 MPa, with little indica-
uon of wall stiffening up to apertures of 16 um (Raschke, 1979) More
detailed modelling of cell wall properties has been based on polymer
elasticity (Wu and Sharpe, 1979) They found that the guard cell wall ini-
tially behaved as an 1sotropic polymer during expansion, then changed
to an anisotropic phase, once a critical volume was exceeded and the
micellation pattern restricted radial expansion

Volumes of the GCP and of the cell wall are integral components both
in simple determinations of € or as variables in more complex models
(Sharpe and Wu, 1978) Protoplast volumes are also required to convert
the number of moles of solutes experimentally measured to concentra-
tions (see Chapter 8) and hence osmotic pressures Estimates of volume
are difficult to make, however, and there 15 considerable variation of val-
ues in the literature (e g Fig 4 2) An average value for V faba based on
microscopic observation indicates that the protoplast volume of a guard
cell from a closed stoma 1s about 2 4 pl and increases linearly by about
0275 pl um ' (see also Table 3 1)

4.3 The pbysico-chemical aspects of stomatal movements

4.3.1 Phases of stomatal opening

Stdlfelt (1927) proposed two phases of stomatal opening, 1e
‘Spannungsphase’ (tension phase) and ‘Motorische Phase’ (motor
phase) Another phase may be termed the ‘aperture maintenance
phase’ in which the stomatal aperture reaches a certain level and then
remains constant (Rogers et al, 1979) ‘Spannungsphase’ 1s a period
preceding the motor phase in which guard cells ready themselves for
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stomatal opening; guard cells inflate due to turgor increases but the
pore does not open, or opens to only a tiny extent. The motor phase is
that phase in which there is an approximately linear relationship
between pore opening and guard cell turgor (Fig. 4.2). A mathematical
model (Sharpe and Wu, 1978) predicted such a near linear relationship
using information from V faba stomata, although an additional pro-
nounced inflection of the line occurred at about 1 um aperture, possibly
representing the transition from Spannungsphase to the motor phase
(Fig. 4.2).

4.3.2 The mechanical advantage of neighbouring cells over guard cells

Stomatal movements in vivo are determined by the relative turgor pres-
sures within the guard cells acting against the turgor of the neighbour-
ing cells. A common misconception about the pressure relations of

8 —
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Commelina cyanea :
(Pearson and Milthorpe, nggdlle/y, 1?,90)
. 1974) 0.4 pl / ym-1 -39 pl/ pm
Commelina communis
(MacRobbie, 1980)
~ 6 0.22 pl / pm-?
= o . .
o Vicia faba (from a
£ mathematical model
25 — Sharpe and Wu,
4 1978)
‘g Vicia faba
i (Raschke, 1979)
g 4 0.21 pl / pm-1
\d
T
© 3
B
g ¢ Vicia faba
0) (Pearson and
o ¥ Milthorpe, 1974)
0.07 pl / pm—1
1 Zea mays
1k (Raschke, 1979)
0.07 pi / pm~1
0 1 1 1 | 1 i 1 i
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Figure 4.2 The relationship between guard cell protoplast volume with guard cells in
situ and stomatal aperture. Labels with each line are the names of the species, the
source of the information and the increase in volume per um increase in stomatal
aperture. Based on Fig. 4.3; Willmer (1983).
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stomatal movements is that the pore aperture is a direct function of the
pressure differences between guard cells and neighbouring cells
(Stélfelt, 1966). Indeed, von Mohl (1856) and others, during the early
days of investigations into the mechanism of stomatal movements,
seemed to consider that guard cells have a leverage over neighbouring
cells. In fact, the opposite is true; neighbouring epidermal or subsidiary
cells have a ‘mechanical advantage’ over the guard cells (DeMichele and
Sharpe, 1973; Edwards et al., 1976, MacRobbie, 1980) and pressures in
guard cells must build up to a certain level above pressures in neigh-
bouring cells before the stomatal pore begins to open. The period of
build-up of guard cell pressure corresponds to the Spannungsphase of
stomatal opening. This mechanical interaction between guard cells and
neighbouring cells has also been referred to as the antagonism ratio
(Cooke et al., 1976).

The mechanical advantage results from the turgor-generated forces
originating in the guard cells and the adjacent cells. The force on the
ventral wall of the guard cell (which is facing the pore and has limited
retaining forces) partially counteracts the force on the dorsal wall. Thus
the effective force the guard cell exerts on the neighbouring cell via the
dorsal wall is reduced and consequently guard cell turgor pressure must
be higher than that of the neighbouring cell for the pore to open. The
mechanical advantage or antagonism ratio has been determined experi-
mentally and varying values have been obtained for different species
(e.g. 1.6 for T virginiana, Meidner and Bannister, 1979; greater than 3.1
for C. communis, MacRobbie, 1980). Mathematical modelling of guard
cell movements has highlighted a number of factors that affect the
mechanical advantage, including the contact area between the guard
cell and the neighbouring cell (which may not be constant during stom-
atal movements), the rigidity of the walls, and the spatial orientation of
the guard cell and epidermal cells (Wu et al., 1985; Sharpe et al., 1987).
A reduction in guard cell size in plants grown under water stress condi-
tions has also been interpreted in terms of the mechanical advantage, as
a means for guard cells to maintain open pores with lower guard cell
turgor pressures (Spence et al., 1986).

4.3.3 Deformation of guard cells during stomatal movements

Although changes in guard cell shape and volume are central to stom-
atal movements, it is extremely difficult to make the necessary measure-
ments of guard cell dimensions at different stomatal apertures from
fresh or frozen sectioned material. Qualitative descriptions are available
for a wide range of potential guard cell movement mechanisms (see
Schwendener, 1881; Haberlandt, 1896; Allaway and Milthorpe, 1976;
Zeigler, 1987). The four main types are described below, although it may
be that a combination of these guard cell deformations may occur.
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(1) The simplest type is reported to be in the mosses such as Mnrium
cuspidatum (Haberlandt, 1896) and possibly some ferns (von
Guttenberg, 1971) in which the stomatal pore forms as a result of the
guard cells becoming narrower and deeper; upon closure the ventral
walls become more rounded and the guard cells wider and less deep.
Only the ventral walls of the guard cells increase in length as the stom-
ata open and it is this wall that 1s deformed. Figure 4.3 illustrates these
deformations.

@ (b)

Figure 4.3 Deformation of guard cells of Mnium cuspidatum, (a) Side view, (b) plan
view (- - -, stoma open, —, stoma closed )} From Willmer (1983)

(2) Another type which has been reputed to occur in elliptical stom-
ata is one in which the guard cells tilt outwards above the plane of the
epidermis to effect opening. It seems that the outer cuticular ledges of
the pair of guard cells separate during this movement resulting in an
increase in the eisoidal aperture (the aperture between the lips) rather
than a genuine separation of the stomatal throat (Fig. 4.4).

Figure 4.4 Deformation of guard cells (shown In transverse section), during stomatal
opening of elliptical stomata with a ‘drawbridge’-type section The arrows indicate the
direction of movement of the guard cells during opening (- - -, stoma closed, —, stoma
open ) From Weyers and Meidner (1990)
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(3) Guard cell movements in other elliptical-shaped stomata have cer-
tain features in common which allow them to be discussed together. The
length of a stoma remains virtually constant during opening and closing
movements (e.g. Schwendener, 1881; Meidner and Mansfield, 1968),
although it has occasionally been questioned. For example, Saxe (1979)
found a decrease of 5-10% in pore length (which may be a reflection of
stomatal length) during wide opening in C. commumnis. The guard cells,
however, increase in length upon stomatal opening: both the ventral and
dorsal walls increase by about the same absolute amounts but, since the
ventral wall is shorter than the dorsal wall, the former will extend rela-
tively more than the latter (Raschke, 1975; Meidner and Willmer, 1975)
(Fig. 4.5). Thus, the thick ventral walls must allow some stretching. The
radial orientation of the cellulose microfibrils will allow expansion of the
guard cell walls in a lengthwise direction, although it is not known if
radial micellation is a common feature of all kidney-shaped guard cells.
Such a radial arrangement of the microfibrils will allow the cross-sec-
tional shape to change, but the cross-sectional area of the outer dimen-
sions of the guard cells remains almost constant. Using sausage-shaped
rubber balloon models with masking tape wrapped around them to rep-
resent the radial micellations, Aylor et al. (1973) demonstrated the
importance of such a structuring of the guard cell walls. The rubber bal-
loon model, however, has a particular weakness in that the overall length
of the model stoma decreases as pressure is increased in the balloons
and the pore forms. This is due to the ventral wall being relatively rigid
because of the tape but, as indicated above, in reality the ventral wall
does stretch in its long axis as a pore opens.

According to Raschke (1975, 1979) opening is effected in the follow-
ing manner: the ends of the guard cells swell and push each other apart

Figure 45 Open and closed stomata showing that the overall length, a, does not
change during stomatal movements but the lengths of the dorsal, b, and ventral, ¢, walls
of the guard cells increase by distances x and y, respectively, upon stomatal opening
The radial direction of the cellulose microfibrils are also diagrammaticaily represented in
one guard cell of each stoma From Wilimer (1983)
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and, since the length of the stomatal apparatus remains virtually con-
stant, guard cell expansion occurs outwards into the surrounding epi-
dermal or subsidiary cells (see Fig. 4.6). However, when one guard cell
of a pair is punctured the intact guard cell is still able to expand in the
usual manner. This tends not to support the view that the guard cells
push against each other (Meidner and Willmer, 1975), although it may
still be possible that the ends of the guard cells are anchored firmly
enough to give sufficient leverage to allow an intact guard cell to swell in
the manner described by Raschke.

Although the cross-sectional area of the outer dimensions of the
guard cell may not change during stomatal movements in those species
having the radial arranged microfibrils, Raschke (1979) considers that
the cross-sectional area of the protoplast does alter (Fig. 4.6). According
to Raschke, when stomata are closed or nearly closed the cross-sectional
shape of the middle portion of the protoplast is triangular in shape but
upon stomatal opening becomes more spherical. Changes also occur in
the cross-sectional shape of the end regions of the guard cells during
stomatal movements: in the bottom of the ventral wall the protoplast
exists as a ridge when stomata are closed which is stretched out as tur-
gor increases and stomata open (Fig. 4.6). Such changes in protoplast
shape and volume would be associated with considerable decreases in
the thickness of the wall of the guard cell.

(4) The wall thickenings of grass-type guard cells are very different
from those found in kidney-shaped guard cells. The thin-walled ends of
the dumb-bell-shaped guard cells swell as the stoma opens and are able
to push the middle portions apart (Fig. 4.7). The middle portions of the
guard cells are heavily thickened on the upper and lower surfaces of the
lateral walls and these are relatively inflexible. As a result a pore is
formed with parallel sides. According to Raschke (1979) the bulbous
ends of the guard cells act like bellows pushing the mid-portions apart
and, thus, resemble the system that he envisages in elliptical stomata.

Detailed analysis of stomatal mechanics are hampered by the lack of
quantitative measurements of guard cell volumes, wall morphology and
wall properties. There have been a number of attempts to model guard
cell movements and develop a mathematical description of guard cell
mechanics based on parameters that are more readily determined (e.g.
DeMichele and Sharpe, 1973; Aylor et al., 1973; Cooke et al., 1976).
Such models have helped us to obtain a clearer understanding of the
mechanics of stomatal movements and highlighted a number of impor-
tant features summarized by Raschke (1979), including the degree of
mechanical interaction between the guard cells and neighbouring cells
in determining stomatal apertures. However, there are considerable dif-
ficulties in comparing non-living, physical structures, such as steel
beams, with the more dynamic biological materials, such as cell walls,
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wide aperture narrow aperture

Figure 4.6 Tracings of optical cross-sections through an intact stoma of Vicia faba in a
wide (10 5 um) and narrow (1 5 um) state of opening The stoma was first photographed
In the open state and then plasmolysed with a sucrose solution Approximate position of
the focal planes 1s shown in (e) (d) s a median section through another stoma which had
opened to an aperture of 21 2 um Arrows point to the fold that forms in the polar parts
of the guard cell when the stoma closes From Raschke (1979)

which surround living cells (reviewed in Sharpe et al., 1987). This is par-
ticularly the case for guard cells, where the wall is anisotropic (i.e. the
physical properties of the wall, such as stretching and elasticity, are
dependent on the direction of measurement). Furthermore, changes in
wall thickness occur during stomatal movements and the wall may alter
its properties due to binding and release of different ion species as
opening and closing occurs. Under such circumstances the cell wall
material is unlikely to obey Hooke’s law, a fact not allowed for in some
of the earlier models. Nevertheless, the most recent models correlate
well with experimentally determined data for V faba (see Sharpe et al.,
1987), providing a simple geometric interpretation of the mechanical
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Figure 4.7 Diagrammatic representation of deformation of guard cells in a grass-type
stoma during stomatal opening. The cell protoplasts in the bulbous ends of the guard
cells, which are connected to each other via pores, swell and push the guard cells apart
in the direction indicated by the arrows. After Willmer (1983).

advantage and additional insights into the predicted changes in volume
associated with the transition from Spannungsphase to Motorische
Phase (Sharpe and Wu, 1978).

4.4 Morpbological changes of the plasma membrane and
tonoplast of guard cells during stomatal movements

During stomatal opening and closing large changes of the volume and
surface area of guard cells occur. For example, it has been estimated that
when stomata of C. communis open to about 12 um from the fully
closed position the outer dimension (i.e. the perimeter of the cell wall)
increases by about 10% (Willmer, unpublished). The plasma membrane
surface area may increase by an even greater percentage because, during
guard cell swelling, the wall volume remains constant and is stretched in
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a thinner layer around the protoplast. This extra volume is presumably
taken up by additional swelling of the protoplast.

Since plasma membranes only have the physical ability to stretch by
2-3% (Wolfe and Steponkus, 1983), during opening the additional
increase in surface area of membrane must be the result of exocytotic
incorporation of new membrane material or extension of infoldings of
existing membrane. Conversely, upon closure the decrease in protoplast
volume must be associated with endocytotic uptake of plasma mem-
brane or the membrane must become more convoluted with infoldings.
It is difficult to establish whether the unfolding and folding of corruga-
tions of the plasma membrane take place with the opening and closing
of stomata. Electron micrographs of guard cells often depict an undulat-
ing topography of the plasma membrane, but such studies are particu-
larly prone to fixation artefacts. Coated pits and vesicles associated with
endocytosis are occasionally seen in guard cells (see Section 3.3.7).
However, efforts to observe incorporation (in vesicles) of lucifer yellow
inside guard cells during stomatal closure, which would indicate endo-
cytosis, have been unsuccessful (Hillmer et al., 1990; Willmer and
O’Parka, in Willmer and Pantoja, 1991).

The tonoplast also changes its surface area with opening and closing
of stomata, although the situation may be more complex than with the
plasma membrane since the vacuole may also change its shape and form
considerably (see Section 3.3.6).

It is evident that more investigations are needed to clarify the situa-
tion about possible membrane recycling linked to both membranes.

4.5 Physiological and mechanical properties of GCPs

It is appropriate to discuss the physiological and physical properties of
GCPs at this point since they can be made to swell and contract osmoti-
cally, and in response to physiological stimuli, a property also of intact
guard cells. Figure 4.8 shows how the volume, surface area and diame-
ter of guard cells changes as they reach equilibrium in a range of
osmotic concentrations of mannitol. GCPs, like all protoplasts, behave
almost like perfect osmometers because they have insignificant internal
turgor pressure. They, thus obey the Boyle-van’t Hoff equation:

TI(V - NOV) = nRT (4.3)

where [] is the solute pressure of the incubation medium (Pa), V is the
GCP volume (m*), NOV is the non-osmotic volume of the protoplasts
(m?), n is the number of solute ions or molecules in the incubation
medium (mol), R is the gas constant (8.314 m* Pa mol” K) and T is the
absolute temperature (293 K = 20°C).



PHYSIOLOGICAL AND MECHANICAL PROPERTIES OF GCPs

105

23 ~
18- 7 A
2 47t
6_
21 16}
20 S5 51
T | a1k
o 14F T
219F§ | o
& | g3k §4f
[] 9 ~
§1- 5| &
S 813
© >
817-311—53"
& 0]
3
16f- = 10 oL
9...
15}
8.—
1.—
141 as
13- 6L ob

| 1 Il | 1 |
100 200 300 400 500 600
Mannitol concentration (mM)

Figure 4.8 Volume (O), surface area (@) and diameter { A ) changes of guard cell
protoplasts of Commelina communis in response to varying concentrations of
osmoticum {mannitol).

If the equation is rearranged so that V is expressed in terms of []
then, for a perfect osmotic system, a plot of V against the reciprocal of
I1 is linear with a slope of #RT which cuts the y-axis at a value equal to
the non-osmotic volume. Figure 4.9 (from Weyers and Meidner, 1990, p.
169) shows some Boyle-van’t Hoff plots for GCPs from a number of
species. Exactly what the non-osmotic volume consists of is not clear,
but Fitzsimons and Weyers speculate that it is mainly chloroplast starch.
If this is true, then the non-osmotic volume will change with stomatal
aperture and possibly as GCPs change their volumes. Weyers and
Fitzsimons (1982, 1985) found that the NOV of GCPs varied according to
species and that the volume was relatively large being 10-40% of the
total protoplast volume in C. communis. Hence studies of the water
relations of guard cells may have significant error if this factor is not
taken into consideration.
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Figure 4.9 Boyle-van't Hoff analysis of guard cell protoplasts (GCPs) from five species
The mean solute contents (perfect solute basis) and NOVs estimated from the least
squares linear regressions are as follows Aflurn porrum (A), 1780 fmol and 1231 um3,
Commelina communs (), 590 fmol and 732 um?3, Kalanchoe daigremontiana (), 430 fmol
and 185 umq, Pisum sativurn (@), 360 fmol and 234 um?3, and Vicia faba (W), 1250 fmol and
1052 um3 The high degree of linearity for each data set shows that the GCPs were acting

as osmometers within the concentration ranges used Data of Weyers and Fitzsimons
(1985)

Figure 4.8 shows that the surface area of GCPs increases by about 40%
as they increase in diameter from 14.3 to 21.2 um. As indicated above,
membranes can only stretch by about 2-3% and GCPs would burst
unless new membrane material was inserted into the existing mem-
brane. Conversely upon shrinkage membrane material must be reab-
sorbed to maintain the spherical shape of the protoplasts. Diekmann et
al. (1993) showed that when GCPs from pea shrank rapidly under
hypertonic conditions, large numbers of endocytotic vesicles, termed
osmocytotic vacuoles by the investigators, were formed by invagination
of the plasma membrane. However, these vacuoles did not fuse with
existing vacuoles nor with the plasma membrane upon subsequent
reswelling of the GCP under hypotonic conditions.
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5 The theory of gas
diffusion through
stomata

5.1 Introduction

Over the last century our understanding of gas exchange between a leaf
and its environment has increased greatly from the use of simple con-
cepts of resistance to diffusion (e.g. Brown and Escombe, 1900) to the
development of complex models and theory (see, e.g. Penman and
Schofield, 1951; Monteith, 1983). Although the general concepts are
now well established (see, e.g. Weyers and Meidner, 1990; Nobel, 1991;
Jones, 1992) some controversial aspects, such as the diffusion of gases
inside leaves (see, e.g. Parkhurst, 1994), remain. In this section, empha-
sis will be on the theory of diffusion of gases through stomata. The vari-
ous techniques for measuring stomatal resistance, or its reciprocal,
stomatal conductance, have been extensively covered elsewhere (see,
e.g. Sestak et al., 1971; Weyers and Meidner, 1990).

Leaves are the major organs of gas exchange in plants (with the
exception of many submerged aquatic ones) and their surfaces are
cuticularized to varying degrees. The cuticle is relatively impermeable to
gases including water vapour and CO,. Thus gas exchange is mainly gov-
erned by stomatal aperture and the distribution of stomata in the sur-
face of the leaf. Normally when a leaf is photosynthesizing, the stomata
are open and there will be a net movement of CO, into and water
vapour and oxygen out of a leaf. Partial closure of stomata will have a
larger relative effect on water vapour loss than CO, uptake, mainly
because the diffusion pathway for CO, is longer than that for water
vapour. Stomatal restriction is therefore a smaller proportion of the total
impedence for carbon dioxide fluxes. However, at very small apertures a
relatively high efflux of water vapour may retard CO, influx.

5.2 Fick’s law and the driving forces for diffusion

The flux of CO, into or water vapour out of a leaf depends largely on
two quantities, i.e. the driving forces for movement and the resistances
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encountered en route The driving forces for diffusion through the
stomata are determined by the difference n free energy of the mole-
cules 1n the atmosphere and the substomatal cavity For gases at a con-
stant temperature, the free energy 15 related primarily to the number of
molecules present per unit volume (molar concentration) or the mass
of gas per unit volume (mass concentration) Thus Fick’s law states that
the rate of mass transfer (/) 1s directly related to the concentration gradi-
ent (d¢/adx) by a constant termed the diffusion coefficient (D)

J=-Déc/ éx 61

Where J 1s the rate of mass transfer (g m*s "), D 1s the diffusion coeftr-
cient (m?s ") and d¢/ax 1s the concentrauon (or density) gradient of the
gas (g m™) The minus sign associated with D 1in equation (5 1) indicates
diffusion occurs towards the region of lower concentration The diffusion
coefficient, D, 1s not strictly constant, but 1s affected by gas concentra-
tion, temperature, pressure and the molecular weight of the gas (from
Graham’s law which states that the relative rates of diffusion of two gases
are inversely proportional to the square root of their densities or molec-
ular weights) The diffusion coefficient 1s effectively constant at a fixed
temperature and pressure if the changes of gas concentration across the
tube (pore) are neghgible, which 1s the case for CO, Thus at 20°C and
atmospheric pressure (0 1013 MPa), D, mn air 1s 15 1 mm*s ' and D,
for saturated water vapour 1s 24 2 mm?s! Cowan and Milthorpe (1968)
suggest that the diffusion coefficient for water vapour in free air should
be reduced when considering flux through a stomatal pore to take into
account molecular interactions of water with the pore walls, thus the
value of D, should be reduced as the pores become smaller

In the case of water vapour, the various measurements of concentra-
tion have particular terms Absolute humidity corresponds to the mass
or number of molecules per unit volume (1€ equivalent to ¢ 1n equa-
tion 5 1) The maximum value of the absolute humudity for water vapour
in equilibrium with pure water 15 termed the saturation concentration of
water vapour 1n air, which increases markedly with temperature (Fig
51) As the air 15 often not saturated with water vapour, relative humid-
ity expresses the absolute humidity as a percentage of this maximum
saturation value for a given temperature However, as the leaf tempera-
ture 1s often higher than the air temperature due to absorption of radi-
ant energy, the same concentration of water vapour would correspond
to a different relatve humudity at each locaton Thus 1t 1s usual to
express concentrations in terms of partial pressures or mole fractions
which explicitly include a temperature term The absolute humudity 1s
related to the partial pressure of water vapour (e) as follows

c=eM/RT 52
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Figure 51 Variation In saturation values of water vapour concentration with
temperature From Nobel (1991)

Where c 1s the concentration (g m ?), e 1s the partial pressure of water
vapour (Pa), M 1s the molecular weight (g mol "), R 1s the universal gas
constant (m’ Pa mol ' K ') and T 1s the absolute temperature (K)

The relative humidity (RH) can also be expressed as

RH =100¢/ e, 53)

where e_1s the saturated vapour pressure at that temperature
Another commonly used expression is the vapour pressure deficit
(VPD), where

VPD=¢e -e (54

When considering transpiration, it 1s useful to relate humidity mea-
surements 1n the intercellular air spaces or the atmosphere to the water
potential of the tissues If the air is saturated, the water potenuals 1in the
liquid phase and the gaseous phase are equal As the relative humidity
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drops, however, the water potential of the air () also becomes more
negative according to the equation

RT In RH
- mER (55)
Wy, 100

Where y_ 1s the water potenual of water vapour in air (Pa), R 1s the
universal gas constant (8 314 m* Pa mol ' K "), T 1s the absolute tempera-
ture (293 K = 20°C) and V 1s the partial molar volume of water (18 x
10 °* m? mol ' at 20°C)

This highlights the strong driving force for evaporation at anything
less than 100% relatve humudity, as the term R7/V  has a value of 135
MPa at 20°C Thus even at 80% relative humidity, the water potential of
the air 1s still =300 atmospheres'

In characterizing diffusion of gases, 1t 1s usually more convenient to
replace the gradient at a single point (dc/adx) in equation (5 1) with the
difference 1n concentration between two locations separated by a finite
distance, termed the path length for diffusion (/) Thus for example, the
flux of CO, from the air to the leaf using equation (5 1) becomes

J= _DCOZ (calr - cleaf) / l (5 6)

where J 1s the mass transfer (g m s '), D, 1s the diffusion coefficient for
CO, (m*s "), ¢, 1s the concentration of CO, i air (g m”?), ¢, 15 the con-
centration of CO, i the intercellular air spaces (g m~) and / 1s the path
length for diffusion (m) The nomuinal constant D/l 1s termed the con-
ductance and given the symbol g The reciprocal of the conductance 15
also commonly used and 1s given the symbol , for resistance

5.3 The analogy between electrical circuits and leaf
resistances

During the exchange of gases between a leaf and its environment the gas
molecules meet a number of resistances besides the stomatal resistance
(see Fig 5 2) Such resistances can be treated in a comparable manner to
resistances n electrical arcuits and equation (5 6) has the same form as
Ohm’s law which states that the current 1s equal to the potential divided
by the resistance Resistances in series are additive, whilst those in paral-
lel can be combined according to the general equation

1 1 1 1
st 57
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Figure 52 Pathways for water loss from one surface of a leaf showing the boundary
layer (r,) cuticular (r,) variable stomatal (r,) intercellular space (r) wall {r,) and leaf (r))
resistances The total leaf resistance Is the parallel sum of r, for upper and lower
surfaces From Jones (1992)

Figure 5 2 shows the resistances encountered as water vapour 1s tran-
spired from one surface of a leaf Evaporation of water from cell walls 1s
considered by some to be the location of the first resistance in the path-
way of water loss In series with this resistance (7, ) 1s the transfer resis-
tance within the intercellular spaces (r) followed by the stomatal
resistance (r) and the boundary layer resistance (r,) The cuticular
transfer pathway which has very high resistances (7)) 1s 1 parallel with
the stomatal resistance () The stomatal resistance 1s variable accord-
ing to the extent of stomatal opening Figure 5 2 indicates that 7, 1s the
leaf resistance from one leaf surface only and the total leaf resistance 1s
the parallel sum of r, for the upper and lower surfaces using equation
(57) Tvpical values for the resistances (and conductances) for each part
of the diffusion pathway are given in Table 5 1

The pathway for CO, diffusion from the surrounding air into the leaf
shares some components with the pathway for water vapour moving in
the opposite direction (Fig 53) The CO, concentration in the atmos-
phere 15 currently 0 036%, but may be locally different due to the effects
of respiration increasing CO, levels in canopies during the night and
previous photosynthetic activity decreasing CO, concentrations during
the dav The inward diffusion of CO, from outside the leaf to the car-
boxylation site within a chloroplast encounters an additional resistance,
1e the mesophyll resistance, 7, which 1s a complex comprising the
resistance of CO, movement across the plasma membrane, the cytosol,



DIFFUSION THROU GH A SINGLE PORE AND MULTIPORES

115

Table 5.1  Summary of representative values of conductances and resistances for water
vapour diffusing out of leaves From Nobel (1991)
Component Conductance Resistance
condition
mms' mmolm?s’ sm’ m2s mol’
Boundary layer
thin 80 3200 13 03
thick 8 320 130 3
Stomata
large area — open 19 760 53 13
small area — open 17 70 600 14
closed 0 0 o0 oo
mesophytes — open  4-20 160-800 50-250 13-6
xerophytes 14 40-160 250-1000 6-25
and trees — open
Cuticle
crops 01-04 4-16 2500-10 000 60-250
many trees 005-02 2-8 5000-20 000 125-500
many xerophytes 001-01 04-4 10 000-100 000  250-2500
Intercellular air spaces
calculation 24-240 1000-10 000 42 42 011
waxy layer
typtcal 50-200 2000-8000 5-20 01-05
certain xerophytes 10 400 100 25
typical 40-100 1600-4000 10-25 02-06
Leaf (lower surface)
Crops — open 210 80-400 100-500 2513
stomata
trees - open stomata 0 5-3 20-120 300-2000 8-50

and the chloroplast envelope plus a biochemucal resistance of CO, fixa-
ton (Fig 53) CO, fluxes are therefore not good indicators of stomatal
behaviour because the fluxes are affected by many factors in addition to
passage through stomatal pores

Figure 54 presents some typical values of leaf conductances (g, =
1/r) found in plants which grow in different environments Generally
succulents which normally grow 1n arid environments have the lowest
conductances, while plants from wet habitats have the highest conduc-
tances This 15 to be expected if a primary aim of stomata 15 to optimize
carbon fixation under prevailing conditions of water availability

5.4 Diffusion through a single pore and multipores

Within a leaf the pore area of open’ stomata 15 normally between 05
and 5 0% of the total leaf area and yet leaves often evaporate 50% as
much water as would evaporate from an equivalent leaf area of wet blot-
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Figure 5.3 Pathway for CO, entry into a leaf showing the various resistances
encountered by CO, en route to a chloroplast in a mesophyll cell Key r, = boundary
layer resistance, r, = stomatal resistance, r, = intercellular space resistance, r,, = wall
resistance, r,,, = plasma membrane resistance of mesophyll cell, Tot = cytoplasmic
resistance, r,,, = chloroplast envelope resistance, r, ... = stromal resistance The sum

Of Zos Tpme enime Tstroma @Nd the enzyme carboxylation resistance 1s known as r,,,, the

mesophyll resistance

ting paper. The main reason for this is that water molecules from a free
water surface are part of a relatively dense column of molecules extend-
ing above the water surface, while water molecules diffusing from a
pore can go in any direction within an imaginary hemisphere centred
above the pore. Thus the water vapour gradient will be much steeper in
the latter situation than the former, resulting in a higher water loss.
Essentially water molecules are diffusing more rapidly from the edges
than the centre of the pores and hence the phenomenon is also known
as the ‘edge-effect’. The spacing of stomata may also assist in the effi-
cient loss of water for reasons indicated below. In the same manner,
stomata are efficient at allowing entry of CO, from the atmosphere into
the leaf for photosynthesis; however, it is important to appreciate that
plants are generally attempting to conserve water.
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Maximum leaf conductance, g; (mmol m-2s-1)
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—O— Succulents
—_— Evergreen conifers
O Deciduous woody plants
——O Herbs from shaded habitats
—_— Evergreen woody plants
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Figure 5.4 Maximum leaf conductance (g,,) In different groups of plants The lines
cover about 90% of individual values reported The open circles represent group average
conductances From Jones 1993 adapted from Korner et a/ (1979)

It was Brown and Escombe (1900) who first reported that diffusion
through a single pore of stomatal dimensions was more nearly propor-
tional to the diameter than the cross-sectional area of the pore (Fig
55) This 1s 1in accordance with Stefan’s law which states that diffusion
through small apertures 15 proportional to the diameter (d) of the aper-
ture and the difference in density Ap measured between the underside
of the pore and a point some distance away from it Thus

Ja2DApd 58

The diameter relation holds provided that the diffusion path length to
cross-sectional area of the tube 15 small However, it has been suggested
that as stomata close this ratio increases so that transpiration i1s more
proportional to the pore area than pore diameter (eg Lee, 1967)
Nevertheless, the efficiency of small pores 1s partly due to the edge-
effect’
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Figure 5.5 The relationship between diffusion through a small pore and the diameter
of the pore. Water loss increases linearly with an increase in pore diameter. This
relationship of proportionality to pore diameter rather than proportionality to pore area
is a conseqguence of the large source region above the pore. From Ting and Loomis
(1963).

Additionally two ‘end correction’ terms (equivalent to 27r/4) are gen-
erally added to take into account that the pore area is much less than
the leaf area and the lines of flux of a gas converge on entering and leav-
ing the stomatal pore making diffusion less effective. In other words
there is an increase in the effective length of the pore. However, there
are differences of opinion about the formulation of the ‘end correction’.
Some authorities consider only one ‘end correction’ is needed since dif-
fusion will be slowed as influx lines converge and increase as efflux line
separate. Also, for convenience the pores are considered to be circular,
but in fact the pores are better described as ellipsoidal. Thus, Parlange
and Waggoner (1970) make a double end correction for elliptical pores:

end correction = b.1n (4a / b) (59

where a is the long axis of the pore (m) and b is the short axis of the
pore (m). Values for circular and elliptical geometries are most markedly
different when narrow stomatal apertures occur, but the overall contri-
bution of the end correction is greatest at wide stomatal apertures.
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Stomatal distribution is also an important factor in determining diffu-
sion rates (see Ting and Loomis, 1963; Ting and Loomis, 1965). If the
pores are far enough apart the water vapour shells do not overlap and
the pores act independently. However, if the pores are close together
the shells coalesce to form a single vapour shell over a surface, repre-
senting the boundary layer (Fig. 5.6). Thus, as pore diameters increase
s0, eventually, water vapour shells may overlap. Figure 5.7 illustrates dif-
fusion through a multipore surface analogous to leaf epidermis; at small
pore apertures diffusion rates increase linearly (the pores are acting
independently) while at the larger pore apertures the diffusion rate is
nearly constant (the shells overlap acting as one unit).

G AR AR

D C D C

7N N 7\

NN N N N

Figure 5.6 Drawing to illustrate diffusion stream-lines and vapour shells that build up
over pores. The top diagram depicts three pores that are far enough apart to act
independently (there is no overlap of diffusion shells). The lower diagram showing five
pores illustrates what happens when the pores are so close that the diffusion shells
overlap. Coalescence forms a single vapour shell over the entire surface that represents
the boundary layer. Thus a multipored surface such as this will act similarly to a free
surface of equal area. From Ting and Loomis (1965).

Thus, on a leaf area basis,

cffective diffusion stomatal frequency X pore arca

stomatal coefficient (m?s7") X (m2) (m?)
conductance = (5.10)
(m S'l) pore depth (m) + 2 end corrections (m)

Stomatal diffusive resistance (r) is the reciprocal of stomatal conduc-
tivity (g,) and therefore has units of s m=™.



120 'THE THEORY OF GAS DIFFUSION THROUGH STOMATA

Diffusion (mg cm~2 h-1)

| | |
10 15 20

Diameter of pores (um)

!
035

Ut b—

Figure 5.7 Diffusion of water vapour through a model multipore surface analogous to
leaf epidermis The diameter of the pores ranges from 2 5 to 20 um, which is over the
range of stomatal dimensions There are 2500 pores cm=2 The graph shows the
expected linear increase in diffusion at small apertures and the nearly constant diffusion
rate at wide pore apertures The shape of the curve Is predictable from the principles of
small-pore diffusion outlined in the text From Ting and Loomis (1965)

5.5 Cuticular conductance

The cuticle allows a limited amount of evaporation in parallel to water
vapour fluxes through the stomatal pores. Measurements of cuticular con-
ductance are typically made either on hypostomatous leaves by sealing
the epidermis containing stomata to prevent stomatal transpiration, or
under conditions that should close all the stomata. Typical values are
given in Table 5.1. The cuticular conductance also varies greatly between
species and within species depending on the environmental conditions
during leaf development. In addition, cuticular conductance may change
over much shorter time periods in response to changes in variables such
as the degree of hydration of the leaf, temperature and light intensity.
Thus, Meidner (1986) found that cuticular conductance in Prunus and
other species was high in the early morning when the leaf and cuticle
water content was high, but then declined during the day as the leaf water
content dropped. In addition, van Gardingen and Grace (1992) found that
the cutcular conductance of Fagus sylvatica decreased as the water
vapour pressure deficit was increased in steps, but no response was
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observed when vapour pressure deficit was decreased from an initially
high value. They suggested that the cuticular conductance reflected the
degree of hydration of the cuticle in response to increasing VPD.
However, the time-constant for the process of cuticle rehydration was toco
long in intact leaves to see responses to decreasing VPD.

The level of cuticular conductance is also affected by factors that dam-
age the cuticle integrity, such as wind and particle abrasion (Pitcairn et
al., 1986). Such localized regions of cuticle damage are also likely to be
the major penetration site for pollutants, such as acid mists (e.g. Hoad
etal., 1994).

5.6 Boundary layer conductance

The boundary layer refers to the air layer adjacent to the leaf surface
where the surface friction reduces the wind speed in comparison to the
bulk air flow. The air layer immediately adjacent to the leaf surface effec-
tively remains stationary and heat and mass transfer of molecules, such
as water vapour, occurs by diffusion alone. The diffusion function
described in Section 5.4 will apply in still air but, as Bange (1953)
demonstrated, in moving air, the vapour shells are removed or dimin-
ished and vapour loss is more linearly related to pore diameter (Fig.
5.8). Hence, in still air the low boundary layer conductance will have a
significant effect on the flux of water vapour out of a leaf unless the
stomata are closed or virtually so, while in moving air, efflux is regulated
more by the stomata than the boundary layer.

In reality, however, still air is virtually never experienced under field
conditions and even very slight breezes will reduce the boundary layer
so that vapour shells associated with each pore do not overlap (e.g. Lee,
1967). The air flow moving away from the leaf surface will be laminar
until a particular velocity threshold is exceeded and turbulence sets in.
The thickness of the laminar boundary layer () is related to the kine-
matic viscosity of air (v) and the wind speed () at a distance, x, down-
wind from the leading edge of a leaf by the semi-empirical expression:

5~ (o 0) (5.11)

Where 8 is the thickness of the boundary layer (m), v is the kinematic
viscosity of air (1.51X10° m? s™* for dry air at 20°C), x is the distance down-
wind from the leading edge of the leaf (m) and « is the wind speed (m s™).

Thus the thickness of the boundary layer varies across the surface of a
leaf and may be further modified by the leaf shape and surface topogra-
phy (see review by Schuepp, 1993). Local leaf temperature is also influ-
enced by the thickness of the boundary layer controlling heat dissipation
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Figure 6.8 Transpiration rate of Tradescantia zebrina |eaves at different stomatal
apertures in still and windy conditions Adapted from Bange (1953) The data are based
on gravimetric determinations of water loss over 1-5 min from leaf discs placed in a
special holder to eliminate water loss from the edges and minimize changes in disc
temperature The VPD was 1% and the temperature 23 + 2°C (1e RH about 90%)
Stomatal apertures were estimated from 25 light microscope measurements and
transpiration rates were corrected for stomatal frequency and cuticular water loss
Lines are predictions based on a theoretical analysis From Weyer and Meidner (1990)
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by conduction. As air 1s a relatively poor conductor of heat the surface
temperature of leaves with a large boundary layer may be significantly
higher than the surrounding air by as much as 15°C, although for most
smaller leaves values of 1-5°C are more common (Nobel, 1991). Leaf tem-
perature also varies across the surface of the leaf as the boundary layer
increases 1n thickness (Fig. 5.9). This variation in leaf temperature will also
affect the local value of the saturated water vapour pressure (see Section
5.2).

Figure 5.9 Temperature differences observed between surface of artificial (a) and
natural (b) leaf, and ambient air From Wigley and Clark (1974)

5.7 Water use efficiency

The water use efficiency (WUE) of a plant 1s an indicator of how effec-
tive the plant 1s at fixing CO, relative to the amount of water lost. The
reciprocal of water use efficiency, the transpiration ratio (TR) is also
commonly used to describe this feature. Thus

TR = moles of water transpired / moles of CO, fixed (5.12)
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Typically, C3 plants have transpiration ratios of about 500, while C4
plants transpire less water per mole of CO, fixed, having transpiration
ratios of around 250 For CAM plants exhibiting night opening of stom-
ata, values may be nearer 50

The reasons why there 1s much more water lost than CO, fixed are
firstly that the driving forces for CO, and water vapour fluxes are greatly
different, being 50 times larger for the latter gas This 1s because the gra-
dient of CO, from inside to outside the leaf 1s relatively low (internal
CO, concentration 1s about 0 01- 0 02% while atmospheric CO, concen-
tration 1s about 0 036%) while 1t 1s high for water vapour (leaf air spaces
are saturated while the atmosphere ranges from typically 50-90% satu-
rated Secondly, CO, diffuses more slowly through air than water vapour
as 1t 1s a larger molecule with a lower diffusion coefficient (see Section
52) Thirdly, CO, has a longer diffusion pathway than water vapour
adding to the resistance encountered 1n this pathway (see Section 5 3)
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6 Stomatal responses
to environmental
factors

6.1 Introduction

Stomata are situated 1n the leaf surface where they are best positioned to
control the influx and efflux of gases between the interior of a leaf and 1ts
environment Furthermore, guard cells are usually only connected to
neighbouring cells via their dorsal walls, and, at matunity, these walls do
not possess functional plasmodesmata (see Chapter 3) Thus, because of
therr relative 1solation from the rest of the plant body, stomata are ideally
suited for sensing and responding to environmental factors

Over the years there have been disagreements about the effects of envi-
ronmental factors on stomatal behaviour For the first half of this century,
for example, the consequences of changing CO, concentrations on stom-
ata were not fully appreciated and the interpretation of many early experi-
ments must remain dubious because of this It was mainly the work of
Heath and his colleagues which established the importance of controlling
CO, concentrations surrounding leaves when stomatal behaviour was
being monrtored Even in recent times the view that hight and CO, have
direct effects on stomatal movements has been occasionally questioned

Stomata are influenced indirectly or directly by a wide range of envi-
ronmental vanables Moreover, guard cells themselves directly perceve,
transduce and respond to many environmental stimult including hight
(quality and quanuty), CO, concentration, temperature, probably
humidity and or vapour pressure deficit gradients and pollutants
Additionally, availability of mineral nutrients can influence guard cell
responses and the biological clock regulating stomatal circadian
rhythms probably resides in the guard cells All of these incoming sig-
nals are integrated to produce a net stomatal response

6.2 Interaction of environmental factors which influence
stomatal bebaviour

Stomatal behaviour can be influenced by environmental factors in a
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direct or indirect manner Factors which impinge upon the guard cells
to affect their water relations or metabolism thereby influencing stom-
atal aperture are direct and can be unequivocally demonstrated 1n guard
cell protoplasts (GCPs, which contract and swell in an analogous man-
ner to closing and opening of stomata) or in epidermal strips (though
the effects could sull be indirect if aperture changes are a result of
responses in the epidermal and or subsidiary cells) Indirect effects are
those which influence photosynthesis of the mesophyll or water rela-
tions of tussues other than the guard cells and which subsequently influ-
ence stomatal behaviour Orginally Stdlfelt introduced the terms
‘hydropassive and hydroactive to describe the effects of ussue and cell
water relations on stomatal movements Hydropassive effects are those
that do not involve metabolic activities of the guard cells, but result
from the availability of tissue water to change the turgor relations of the
stomatal complexes Hydroactive effects are those that influence stom-
atal movements via metabolic processes of the guard cells For example,
a fall in leaf turgor may actuivate abscisic acid (ABA) synthesis in meso-
phyll cells from where 1t 15 transported to the guard cells to set in
motion metabolic events which ultimately bring about hydroactive clo-
sure (see Chapter 8)

The environmental sttmuli will interact so that stomatal aperture 1s 4
resultant of all these factors Superimposed on the interactions of these
environmental factors are modifications of movements brought about
by circadian rhythms and possibly a variety of other, shorter-term oscil-
lations

Studies of the effects of one factor on stomatal movements in 1sola-
tion 1s difficult because of this interaction between environmental stim-
ult For example, increasing leaf irradiance will tend to increase the leaf
temperature which, 1n turn, will increase evaporation and lower the leaf
water potenual, the increased temperature may also change the inter-
cellular CO, concentratons (C) by changing rates of photosynthesis,
respiration and photorespiration Thus, all factors may be in play at one
time so that stomatal aperture 15 a resultant of all these factors (e g Fig
6 1, which shows the interaction of just two factors, 1e CO, concentra-
tion and light quantity, on stomatal conductance in wheat leaves)

The major consequences of stomatal movements are to change the
rate of diffusion of CO, into a leaf for photosynthesis and loss of water
vapour which evaporates from the cell walls in contact with air spaces
within the leaf Some of the water lost serves for evaporatve cooling of
the leaf when exposed to high temperatures, but much 1s unavoidably
lost when the stomata are open It has been estimated by Raschke
(1979) that several hundred molecules of water are lost from a plant for
each molecule of CO, taken up Usually this means water must be con-
served by a plant but there 1s considerable debate about the precise role
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Stomatal conductance
Stomatal conductance

Figure 61 The effect of photon flux density and CO, concentration on stomatal
opening In wheat leaves From Heath and Russell {(1954)

of stomata n regulating the compromise between water loss and CO,
assimilation The transpiration stream which 1s largely controlled by
stomata, will also aid 1n the transport of 1ons from the roots, although
whether this 15 an essential role 1s debatable (see Chapter 1) The
uptake and transport of 10ns in the transpiration stream may however,
be less critical to the survival of the plant and need less fine control by
stomata since active 1on uptake and relocation of 1ons within a plant will
occur, to some extent, independently of transpiration It seems, there-
fore, that 1t would be of advantage to a plant if stomata could respond to
environmental stimuli by maximizing photosynthesis while minimizing
excessive water loss The relative constancy of C, the internal leaf CO,
concentration, 1s considered to be a consequence of a control system
linking photosynthesis and transpiration to stomatal movements which
ensures that the maximum amount of CO, 1s fixed per unit of water
transptred, 1€ stomata optimize gas exchange by maintaining a constant
ratio of the ‘cost of water’ against the ‘benefit of carbon’ (Cowan and
Farquhar, 1977) Thus, stomatal aperture 1s 2 compromise between the
need to conserve water and to maintain assimilation at a rate dependent
on the capacity of the mesophyll to fix CO, In efforts to understand



INTERACTION OF ENVIRONMENTAL FACTORS

129

these opposing priorities Cowan (1977) and Raschke (1975, 1979), using
a control system analogous to electrical control systems, modelled the
interaction between factors affecting gas exchange between a leaf and its
environment. They envisage ‘sensors’ of environmental factors coupled
with positive and negative feedback (closed loops) and feedforward
(open loops) which establish a relationship between CO, uptake and
water loss. Figure 6.2 summarizes the ways in which the different envi-
ronmental factors interact to produce a net effect on stomatal aperture
using such control systems.

CO, H,0
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feedback
(ABA)

Guard cell
processes

Hydropassive
Co, feedback
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Temperature
Mineral nutrition
Pollutants

Circadian rhythm

Relative hurmdity/VPD gradient
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Water supply
Temperature
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VPD gradient
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Indirect effects
Temperature
Light
Mineral nutrition
Pollutants

Indirect effects

Figure 8.2 Direct and indirect effects of environmental factors, and their interactions, on
stomata A, Photosynthetic assimilation of CO, by mesophyll cells, C, intercellular space
CO, concentration From Wilimer (1988}
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Two major feedback loops are envisaged, one regulating CO, concen-
trations in the leaf and the other regulating leaf water potentials or leaf
turgor In the ‘CO, loop’, CO, enters the leaf via stomata where 1t 1s
assimilated primarily in the mesophyll (A) The internal leaf CO, con-
centration 1s a resultant of photosynthetic actvity of the mesophyll cells
decreasing C, and photorespiration and respiration of cells plus diffu-
ston of CO, into the leaf increasing C, Guard cell CO, metabolism could
also affect CO, concentrations at the surface or inside the guard cells
since they have a high respiration rate relauve to mesophyll cells and
also the ability to fix considerable amounts of CO, wia phospho-
enolpyruvate carboxylase activity This 15 an important consideration
because 1t 1s probably the CO, concentration at the surface of the guard
cell plasma membrane or inside the guard cell which 1s ultimately
‘sensed’ and sets in motion opening or closing movements influencing
C, values Light indirectly affects stomata via mesophyll photosynthesis
if photon flux density increases, C, will decrease due to stimulation of
photosynthesis and the guard cells will open further allowing entry of
more CO, nto the leaf, conversely, if photon flux density decreases, C,
will tend to increase due to a drop in photosynthesis and the stomata
will close to some extent (negative feedback) Temperature, mineral
nutrition, and pollutants can all affect photosynthetic acuvity and there-
fore indirectly affect the stomatal response via C,

The loop 1nvolving tissue water potential 1s a resultant of the amount
of water lost and the availability of water from other tissues and the soil
If the leaf water potential falls due to excessive transpiration caused, for
example, by an increased atmospheric vapour pressure deficit gradient
(1t 1s assumed the internal leaf airspaces including the substomatal cavity
are saturated), this condition will be transmitted to the guard cells via
physical (hydropassive) and/or chemical signals triggering metabolic
processes in the guard cell (hydroactive) and stomata will close (nega-
tive feedback) As the water stress 1s relieved, tissue water potential
increases and this condition 1s transmutted to the guard cells, again via
hydroactive and/or hydropassive mechanisms and stomata open With
hydroactive processes ABA can be considered as a ‘signal’ which 1s trans-
ported to the guard cells from the mesophyll as tissue water potential
falls and mitiates processes which bring about stomatal closure (see
Chapter 7) As the water stress 1s relieved ABA levels in or at the surface
of guard cells will fall and stomata begin to open again Vapour pressure
deficit, temperature, wind and light (which tends to increase leaf tem-
perature) can all affect transpiration and therefore tissue water potential
thus affecting this feedback loop Soil water potential also affects tissue
water potential via 1ts effect on the supply of water to the leaf The occa-
stonal observation of overshoot’ when stomata open and oscillations of
aperture which occur before equilibrium 1s reached are typical
responses of such opposing loops
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In addition there may be complex interactions between the water and
CO, loops as water stress is known to inhibit photochemical and enzy-
matic processes of photosynthesis (e.g. Keck and Boyer, 1974; Boyer,
1976).

There are also direct effects of environmental factors on guard cell
processes which influence stomatal movements. Light, temperature,
availability of mineral ions, pollutants, circadian rhythms and possibly
atmospheric humidity and or water vapour pressure gradients between
the guard cell and the atmosphere may also directly affect stomata and
these are discussed in the appropriate sections below.

It must be appreciated that the sensors and signals are largely
unknown. Wong et al. (1979) believe that some product or products of
mesophyll photosynthesis can control stomatal movements via positive
feedback; it is envisaged that such metabolites, which have some con-
trolling influence on the rate of photosynthetic processes, are trans-
ported to the guard cells. Interestingly, Lee and Bowling (1992)
concluded that a product or products of photosynthesis in the meso-
phyll of Commelina communis diffused to the guard cells and stimu-
lated stomatal opening. More results, however, are needed to clearly
establish the significance of their findings. Also, as indicated above, ABA
may be considered a ‘signal’ and cell turgor or water potential a ‘sensor’
in the negative feedback loop, since ABA accumulates in leaves under
water stress and induces stomata to close. Such an analysis as that
described above tends to over-simplify the complex biological system
that exists. For example, the simple feedback loop involving ABA in real-
ity describes a whole series of biological events. If our present under-
standing of the situation regarding the control of stomata by ABA is
correct, then a lowered water potential (or possibly turgor potential) of
mesophyll cells triggers ABA synthesis in the cell cytoplasm. Then, in a
very directional and efficient diffusional or transport system, the ABA
must find its way to the epidermal layer where it eventually reaches the
guard cells (see Chapter 7). Up to the point of reaching the cell neigh-
bouring the guard cells, ABA may travel either symplastically or apoplas-
tically. For the ABA to reach the plasma membrane of the guard cell it
must diffuse through the common cell wall since plasmodesmata are
absent between guard cells and neighbouring cells.

6.3 Stomatal responses to light quality and quantity

Plants respond to a wide range of incident radiation including the visible
spectrum (about 400-700 nm), UV and IR radiation. Moreover, some of
the wavebands of radiation are major environmental signals to which
stomata respond directly.
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Stomata of most plants open in response to light and close in
response to darkness (e.g. Fig. 6.3). Stomata in CAM plants are an
exception to this rule, opening in the dark to varying extents according
to the degree of CAM being exhibited (see Section 6.4.1). Stomata may
also close during late evening hours in daylight and open during dark-
ness of early morning because of an endogenous rhythm (see Section
6.8), and some species under certain conditions exhibit midday stomatal
closure (see Section 6.6.1). Generally, closing is faster than opening in
response to changing light levels (e.g. Fig. 6.3).

The effects of light on mesophyll photosynthesis and stomata can be
separated by observing stomatal responses in epidermal strips. Such
studies indicate that very low photon flux densities are required to satu-
rate stomatal opening relative to values needed to saturate photosyn-
thesis. For example, in epidermal strips of C. communis less than 100
umol m *s ' (about 0.05% of full sunlight) in CO,-free air or normal air
saturates stomatal opening (see Fig. 6.4). These values may vary to some
extent, however, according to species, pretreatment of plants and envi-
ronmental conditions such as the temperature and water potential of
the incubating medium.
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Figure 6.3 Stomatal opening (@) and closing (O) in Xanthium pennsylvanicum leaves
The arrow indicates where the plants were exposed to a high hight level (PFD) preceding
an 8 h dark period, or to darkness preceding exposure to high light level After Mansfield
and Heath (1963) and Mansfield and Meidner (1966)
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Figure 6.4 The effect of quantum flux density on stomatal opening in epidermal strips
of Commelina commurus; ¥ and V represent opening in air (325 ppm CO,) and CO,-
free air, respectively, with epidermal strips incubated in 10 mM MES buffer, pH 6.15, and
50 mM KCl at 20°C. From Travis and Mansfield (1981).

Light quality also directly affects guard cells. At equal energy levels,
light of different wavebands promotes stomatal opening in epidermal
strips in the following order of effectiveness: blue > red > green (e.g.
Figs 6.5a and b, and Fig. 6.6). Most investigators have found that blue
light is two to 20 times more effective at causing stomatal opening than
red light, while other wavelengths have little or no effect. However, at
equal photon flux densities white light (and blue plus red light) is more
effective at stimulating stomatal opening than blue light alone, indicat-
ing there is an interaction between the different wavebands of light (e.g.
Fig. 6.6). An action spectrum for maintenance of stomatal opening in
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Figure 65 Effect of light at different wavelengths and equal quantum flux density on
Rb* uptake and stomatal opening in epidermal strips of Vicia faba Exposure was for 3 h
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epidermal strips of Senecio odoris has also been obtained and blue light
was more than twice as effective as red light (Kuiper, 1964). Such
responses have been observed both in intact leaves and in epidermal
strips (see below). GCPs also respond to light signals. Thus, light causes
GCPs of all species so far tested to swell, with blue light being particu-
larly effective, and to contract in response to darkness, high CO, or ABA
in an analogous manner to stomatal opening and closing, respectively.
There is considerable evidence that two guard cell photoreceptors
are involved in stomatal opening, i.e. chlorophyll and a flavin or
carotenoid. Although chlorophyll is considered to be the pigment medi-
ating red light-stimulated stomatal opening, it absorbs both blue and
red light. Therefore chlorophyll may also be involved in at least part of
the blue light-stimulated opening. In the case of chlorophyll, light is act-
ing primarily as an energy source for cellular metabolic processes
(rather than as a specific signal to initiate some cellular process). Most
species possess chlorophyll in their guard cells although the chloro-
plasts are usually poorly developed, but some electron transport and

Stomatal aperture (um)

| | |
50 100 150 200

Quantum flux density (umol m—2 s-1)

Figure 6.6. Effect of red (A), blue (O), green (A ) and white (@) light at different energy
levels, and darkness on stomatal opening in epidermal strips of Commelina communris
The epidermis was incubated in 10 mol m=3 MES buffer, pH 6 15, containing 50 mol m3
KCi at 25°C with CO,-free air bubbling through the medium Apertures were measured
after.3 h incubation Data adapted from Pemadasa (1982)
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photophosphorylation activity will occur (see Chapter 9) The ATP and
reducing power generated from such activity could be used for bringing
about stomatal movements

Phytochrome 1s also a red/far-red absorbing pigment and has been
implicated in the regulation of stomatal movements in some species
Although several investigators conclude that it stimulates wider stomatal
openings or increases rates of opening, the magnitude of the responses
were relatively small and the significance of the results remains incon-
clustve Thus, Habermann (1977) concluded that stomatal movements
of Helanthus annuus were phytochrome-mediated, but changes in
stomatal aperture were only of the order of 1-2 um Likewise, Roth-
Bejerano and co-workers (Roth-Bejerano and Itai, 1981, Roth-Bejerano
et al , 1985, Roth-Bejerano and Nejpdat, 1987) concluded that there was
phytochrome control of stomatal opening in epidermal strips of C com-
munzis, but aperture changes in response to red and far-red light were
also very small According to Evans and Allaway (1972) phytochrome 1s
not mvolved in stomatal (losure of Vicia faba

Phytochrome may be involved in the development of stomata (see
Chapter 3) and guard cells probably have the capacity to synthesize phy-
tochrome, like most 1if not all chloroplast containing cells Thus phy-
tochrome has been detected in guard cells in the epicotyls of dark
grown pea (Pisum sativum L) seedlings using mmmunofluorescence
techniques (Saunders et a/, 1983) but this does not necessarilly mean
that the photoreceptor i1s involved in stomatal control Nevertheless,
there 1s some evidence that phytochrome may be involved with the
entrainment of circadian rhythms of stomatal movements (see, e g
Holmes and Klein, 1985, Karlsson, 1988, Deitzer and Frosch, 1990)

There 1s much evidence that another, blue light absorbing photore-
ceptor 15 involved 1n stomatal opening Although the action spectra of
stomatal opening and photosynthesis are similar, the greater quantum
efficiency of blue light at stimulating stomatal opening, particularly at
low photon flux densities (PFD), suggests there 1s a specific blue light
receptor Furthermore, blue light stimulates stomatal opening 1n
Papbiopedilum barrisseanum, an orchid without guard cell chloro-
plasts (Nelson and Mayo, 1975)

There 1s still debate about whether the blue light photoreceptor 1s a
flavin or a carotenoid and about 1ts location in the guard cell Karlsson
and colleagues (Karlsson, 1986, Karlsson et al , 1992) observed that
some guard cell carotenoids had very similar absorption spectra to the
acuon spectrum for blue light-siumulated stomatal opening, although
the same group (Karlsson et al , 1983) found that plants treated with an
inhibitor of carotenoid synthesis still responded to blue light Recent
work has suggested that a blue light absorbing carotenoid pigment,
zeaxanthin, within the guard cell chloroplast may be involved in the
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blue light responses (e g Quinones et al , 1993) (see Chapter 9) It has
previously been considered, however, that the blue light photoreceptor
resided in the plasma membrane or possibly the tonoplast of guard
cells

Other than the obvious effect of light on electron transport in chloro-
plasts, the transduction of red and blue light signals are uncertain but
are considered in more detail in Chapter 8 Some basic information will,
however, be presented here Most electrophysiological studies of guard
cells indicate that light hyperpolanzes the guard cell plasma membrane,
a phenomenon associated with proton extrusion and potassium uptake
by the guard cell Moreover, Hsiao et al (1973) showed that potassium
uptake and concomitant stomatal opening in ‘rolled’ epidermal strips
(epidermis 1s rolled with a glass rod which preferentially bursts the epi-
dermal cells, leaving intact guard cells) of V faba occur 1n blue light at
low rradhance, while, at higher irradiance, there 1s also some stimula-
tion of these processes in red light (Fig 6 5a and b) The maximum effi-
aency for K* uptake and stomatal opening 1s usually between 420 and
460 nm (e g Fig 6 5a and b) The action spectrum for malate formation
in sonicated epidermal strips (this disrupts the epidermal cells and 1s
assumed to empty these cells of their contents, while leaving the guard
cells intact) also indicates that blue light (peak at 433 nm) 1s about eight
umes more effective than red light (670-680 nm) (Ogawa et al , 1978)
In the same study 1t was also shown that at low irradhance, blue ight was
much more effective with background red light than either red or blue
light alone It was postulated that two pigment systems were involved,
one mediated by chlorophyll accounting for the red light and part of the
blue hght response and another pigment accounting for the remaining
blue light response

Blue and red light effects are also observed with GCPs Thus, in high
energy red light GCP alkalinize the medium in which they are sus-
pended, probably as a result of CO, fixaton (Calvin cycle activity may
be very low but PEP carboxylase activity 1s very high in guard cells, see
Chapter 9) If a pulse of low energy blue light 1s superimposed on the
red light which saturates photosynthesis, the suspending medium acidi-
fies (Fig 67) This suggests that blue light promotes H* efflux and the
process 1s independent of guard cell photosynthesis Potassium uptake
1s also associated with the blue light-induced swelling of GCP and con-
comitant H* efflux (e g Shimazaki et al , 1986) (see Fig 6 5a and b)

Blue light also causes a decrease 1n the starch levels within guard cells,
although the starch decrease may be an effect of stomatal opening
brought about by blue hight rather than a direct effect of the hght It 1s
interesting to speculate that at least in part, blue hght may be affecting
stomatal movements by altering the CO, levels within guard cells since 1t
1s known that blue light enhances respiration and PEP carboxylase activity
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Figure 6.7 Changes of pH of a medium containing guard cell protoplasts of Commefina
communis In red ight {800 umol m~2 s7) the medium alkalinizes before the pH

stabilizes, when a pulse (1 min) of blue light {50 umol m=2 s~} 1s supermposed on the red
light the medium acidifies and then stabilizes A second pulse of blue light triggers off
another period of acidification of the medium From Willmer and Pantoja (1992)

How light signals are perceived and transduced by guard cells to bring
about opening or closing stomatal responses is discussed further in
Chapter 8.

Light has direct and indirect effects on stomata as indicated in Section
6.2. Preliminary evidence of the direct effect came from Heath and
Russell (1954), who demonstrated a positive correlation in leaves of
wheat between stomatal aperture and light quantity when intercellular
CO, concentration at a particular level between zero and 840 ppm was
kept constant using a viscous flow porometer (see Fig. 6.1).

An indirect effect of light can occur in the following manner. As the
light quantity changes, so the photosynthetic rate of a leaf may change
which, in turn, will change the intercellular CO, levels. Stomata will,
therefore, respond to these changing internal levels of CO, within the
leaf. This type of response may be particularly important in C4 plants
where the CO, gradient across stomata may be large, but it will be less
so in C3 plants where the CO, concentration drop across the stomata
maybe 30 ppm or less.
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Thus, in whole leaves stomatal responses to light vary according to
species, whether C4 or C3, the age of the leaf or plant, the pretreatment
of the leaf or plant and other accompanying environmental factors. In
general, stomatal conductance saturates at photon flux densities above
400 pmol m? s and less than 1000 pmol m*s™ in normal air (Fig. 6.8).
Also stomata in shade-adapted leaves open at lower light levels than
stomata in sun-adapted leaves.

Apple Commelina communis

Pinus sylvestris
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Figure 6.8 The effect of quantum flux density on stomatal opening in leaves of various
species in air containing about 340 ppm CO,. Data for Commelina communis and Pinus
sylvestris adapted from Morrison and Jarvis (1987) and for apple from Warrit et a/. (1980).

Stomatal responses to light quality are also observed in leaves (e.g.
Fig. 6.9a and b). However, the effects of periods or pulses of blue or red
light on stomatal conductances have been of particular interest. A 20
min period of blue light caused a rapid increase in transpiration rate
before falling (overshoot) in species of Graminae and Cyperaceae, while
in other species only a slow increase in transpiration rate was observed
(Johnsson et al., 1976). A 20 min period of red light, however, caused a
slow, prolonged increase in transpiration in all plants they tested.
Johnsson et al. (1976) concluded that the different stomatal responses
of the two groups of plants to red and blue light may be due, in part, to
differences in stomatal anatomy, i.e. the grass-type stomata behaving dif-
ferently to the elliptical stomata.

A different effect is observed if a pulse (of the order of 30 s) of low
PFD blue light is applied to a background of continuous, high PFD red
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light Thus, in a number of species including C commumnis, V faba,
Phaseolus vulgaris, Papbhiopedilum bharrissianum (see Zeiger et al
1987) and Hedera helix (Karlsson and Assmann, 1990) there 1s a sharp
increase in stomatal conductance almost immediately following the blue
light pulse In C communis stomatal conductance reaches a maximum
about 15 min after the pulse and then conductances slowly return to
original values 50 or 60 min later, a pulse of red light on the high PFD
background red light had no effect on the stomata (see Zeiger et al ,
1987) However, a blue light pulse (in the order of seconds to 1 min) of
low PFD 1n darkness produces only very slight increases in stomatal con-
ductance (Lasceve et al, 1993) Low or CO,-free atmospheres, back-
ground red light (Assmann, 1988, Lasceve et al , 1993) or low vapour
pressure differences (Assmann, 1988) enhance the blue light stumulated
conductances Thus, 1t appears that directly or indirectly leaf water sta-
tus and carbon metabolism of leaves influence the blue light stomatal
response Lasceve er al (1993) attempted to relate the blue light effects
to redox reactions occurring at the guard cell plasma membrane (see
Chapter 8) In contrast to this pattern, in Zea mays leaves, either a pulse
of red light or a pulse of blue light on a high PFD (1000 umol m s ") red
light gave rapid increases of conductances (Assmann et al, 1992)
Assuming photosynthesis of the maize leaf was saturated by 1000 pmol
m *s ' red light, the significance of this finding 1s uncertain

The blue light response of stomata is thought to be involved in the
rapid opening of stomata to sun-flecks and dawn-opening of stomata
Leaves growing in deep shade of dense canopies or the under canopy
may only be exposed to high PFD for brief periods as sun-flecks Short
pulses of red light fail to elicit opening while short pulses of blue light
result 1n a rapid and substantial opening (e g Ino et al , 1985) sufficient
to support significant photosynthesis Moreover, the ume course of
stomatal opening to sun-flecks (Kirschbaum et a/ , 1988) 1s similar to the
blue light response rather than the red-light response of stomata With
dawn opening of stomata blue light will be very depleted, but because
the blue light response 15 saturated at such low levels 1t could still be
responsible for the light on signal (see, e g Zeiger et al , 1981)

6.3.1 Abaxial and adaxial stomatal responses to light

Considerable differences have been found between stomatal responses
on the abaxial (lower) and adaxial (upper) leaf surfaces, particularly in
their responses to light This 1s partly due to differences in microclimate

Figure 69 Spectral dependence at equal quantum flux density of stomatal opening In
Vicia faba leaf discs Exposure was for 3 h under normal air and opening in the abaxial
epidermis was measured with porometers Vertical bars represent twice the standard
error of the mean (a) Low quantum flux density (7 x 10" quantacm 2s ") (b} High
quantum flux density (38 x 10’ quanta cm 2 s ' except for 380 nm which received
325 x 10" quantacm 2s ') From Hsiao era/ (1973)
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within the leaf (between the upper and lower epidermal surfaces) and
partly an inherent difference between the two epidermes Even with
patchy stomatal opening in leaves the stomata in the upper surface may
have considerably different apertures to those opposite in the lower sur-
face

In most species stomata on the abaxial leaf surface are more sensitive
to hight than the adaxial stomata they open at lower light levels and
have wider open stomata at all light levels than adaxial stomata There
are exceptions to this For example, in peanut (Pallas, 1980) and cotton
(Lu et al , 19932a) the stomatal resistance of adaxial stomata 1s less than
that of the abaxial ones at the same light level Experiments with 1so-
lated epidermis of C commumnus, a situation in which the effects of mes-
ophyll ussue are avoided, indicate that stomata on the abaxial leaf
surface are much more sensitive to light than those on the adaxial sur-
face (Travis and Mansfield, 1981) This finding supports the view that dif-
ferences in photosensitivity between stomata on the two leaf surfaces
are at least partly inherent

In some species (e g maize, cotton, sunflower), when light 1s incident
on the adaxial leaf surface, the abaxial stomata open faster than the
adaxial ones However, if a leaf of sunflower 1s inverted so that hight s
incident on the abaxial surface then adaxial stomata open faster than the
abaxial ones

6.3.2 Effects of UV radiation on stomata

The effects of UV radiation on stomatal behaviour are becoming more
relevant as ozone depletion in the stratosphere 1s increasing, because
ozone absorbs shorter, damaging wavelength ultraviolet radiation (UV-
C, < 280 nm, and portions of UV-B, 280-315 nm) Most of UV-B radia-
tion appears to cause stress and damage in plants and, since UV
radiation 1s absorbed by wvital cell components such as protemns and
nucleic acids, plants have evolved mechanisms to counter such prob-
lems Whether plants can adapt rapidly enough, however, to counter the
increasing UV loading as the ozone layer 1s diminished, remains uncer-
tain

The epidermal layer of leaves 1s a major site of UV absorption (see
Section 2 1) due both to the presence of phenolic compounds in cells of
the epidermis and to the cuticle comprised of a complex layer of cutin
and waxes An absorption spectrum (with maxima at 265 and 330 nm,
and a mimimum at 280 nm) of guard cells from V faba suggested that
the UV absorbing pigments were phenolic compounds, possibly
flavonoids (Heller et al , 1971) Zeiger and Hepler (1979) considered
that a vacuolar autofluorescence 1n guard cells of onion was caused by a
flavin, while Vierstra et al (1982) concluded that guard cells of V faba
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contained an abundance of the flavonol, kaempferol 3-O-galactoside 7-
O-rhamnoside Contour-Ansel and Louguet (1985) reported high levels
of tannins and simple phenolic compounds (particularly gallic acid, pro-
tocatechuic acid, genusic acid and vanillic acid) in the epidermis of
Pelargonium zonale and the amounts varied according to whether the
epidermis was dluminated or darkened before analysis The simple phe-
nolics may, however, be hydrolysis products of the more complex
flavonoids since such compounds have been detected in guard and ept-
dermal cells of a variety of plant species including V faba (Weissenbock
et al, 1984), Allium cepa (Weissenbock et al, 1987), P satwum
(Weissenbock et al , 1987), Tradescantia virginiana (Takahama, 1988)
and Z mays (Schnabl et al , 1989) In a detailed study Weissenbock et
al (1984) esumated the total flavonol content of guard cells of V faba
to be 85 fmol per protoplast (about the same as in epidermal cells but
six times greater than in mesophyll cells) The flavonols were
kaempferol glycosides and at least 12 different ones were detected
restding in the vacuole Different flavonol glycosides dominated 1n
guard cells and epidermal cells of P satzvum and therr relatve contents
were also different (Weissenbock et al , 1986) Thus, quercitin 3-triglu-
coside and 1ts p-coumaric ester were much more abundant than the
kaempferol glycosides, and 80, 300 and 25 fmol total flavonoid was esti-
mated to be in guard, epidermal and mesophyll cells, respectively
Weissenbock et al (1987) also detected high amounts of flavonol glyco-
sides, particularly kaempferol and quercitin aglycones substituted with
sulphate and glucuronate, in guard cells of A cepa The role of the phe-
nolics i guard cells remains uncertain though it may be that they are
part of the protective layer of the epidermis against UV damage to pho-
tosynthetic activity of the mesophyll (e g Shimazaki et a/ , 1988) or they
may have an antioxidative function (e g Takahama, 1988)

There are a number of reports that stomatal behaviour 1s influenced
by UV radiation Generally, such radiation 1s found to close stomata (e g
Murali and Saxe, 1984) but Teramura ef a/ (1983) found that UV-B radia-
tnon (280-315nm) decreased stomatal resistances, especially under
water stress, and that cucumber was particularly sensitive to UV-B In
the presence of white ight (PFD = 50 umol m s?) Negash and Bjorn
(1986) obtained a UV (PFD = 2 umol m ?s ') action spectrum of stom-
atal closure 1n leaves of Eragrostis tef in which 285 nm or shorter wave-
lengths were very effective at causing closure, but the effecuveness
thereafter decreased sharply unul at wavelengths of 313 nm there was
no significant effect They found that increased irradiance with white
light overcame the effects of UV though, subsequently, there was a ten-
dency for stomata to gradually close Generally, 1t appears that UV radia-
tion causes leakiness of 10ns from tissues presumably due to membrane
or cell damage, but effects on stomata appear to be more difficult to
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define. For example, UV-C irradiation of guard cells of V faba resulted in
irreversible cell damage as gauged by membrane leakiness, while such
observations were not observed with UV-B or UV-A (315-400 nm) irradi-
ation (Negash et al., 1987). Curiously, Ogawa et al. (1978) found that
UV-A radiation of guard cells of V faba stimulated malate formation.

6.4 Carbon dioxide

It is probable that guard cells can perceive and respond to the CO, con-
centration at the external surface of the plasma membrane or within
guard cells, since GCPs and stomata in epidermal strips are influenced
by changing CO, concentrations. Thus, GCPs expand in the presence of
zero or low CO, concentration and contract in high CO, concentrations
(e.g. Gotow et al., 1982, Fitzsimons and Weyers, 1986) (Fig. 6.10). In
epidermal strips stomata open wider in CO,-free air than ambient air
and in epidermal strips of C communis there is an almost linear stom-
atal response to CO, concentration in the range 0-360 ppm (Fig. 6.11).
Little is known about the transduction mechanism and this aspect is dis-
cussed further in Chapter 8.
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Figure 6.10 Effects of CO, and light on volume changes of Commelina communis
Guard cell protoplasts were suspended in 400 mM mannitol buffered to pH 6 2 with
MES-Tnis buffer containing 1 mM KCI The medium was aerated with normal air or
CO,-free air and the protoplasts illuminated with ‘white’ light {10 W m 2 PAR from white
fluorescent tubes) or kept in darkness From Fitzsimons and Weyers (1986)
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Figure 8.11 Effect of CO, concentration on stomatal opening in epidermal strips of
Commelina commurus. Epidermis was incubated in 10 mol m=3 MES buffer, pH 6.5,
containing 20 mol m=3 KCl at 26°C and a quantum flux density of 170 umol m=2 s~'. Air
containing the different CO, concentrations was bubbled through the medium at a rate
of 100 cm3 min~" and apertures were measured after 2 h incubation. From Willmer
(1988).

In intact leaves stomata normally close as ambient CO, concentrations
increase over the physiological range, while stomata open as CO, con-
centrations decrease over the same range. Thus, high CO, concentra-
tions can close stomata, even in the light, while CO,-free air can open
stomata, even in the dark. However, atmospheric CO, levels normally
change little over the short term, although high CO, levels can build up
within dense canopies during the night period due to tissue respiration
and soil to canopy fluxes (from respiration of soil organisms). These
rapidly equilibrate with the bulk air CO, levels during early morning.
Nevertheless, the intercellular CO, Lomentrauons C, can change: C
values tend to increase in the late afternoon and durmg the night and
decrease during the early morning. Additionally, in those species which
exhibit midday closure, C, values will change at this time. In CAM plants,
also, C, values vary greatly over each 24 h cycle. However, for most
species and under most conditions, C remains fairly constant for much
of the day.

In intact leaves of C3 plants in air of about 350 ppm CO,, C, usually
remains between 200 and 230 ppm CO, although in C communis
Morison and Jarvis (1983) obtained C, values somewhat higher at about
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290 ppm CO,. If C is artificially changed then a series of curves are
obtained relating stomatal conductance to C at different light levels
(Fig. 6.12). At the higher light levels stomatal conductance remains
steady until C values near to ambient CO, are reached and then stomata
begin to close. At lower light levels stomata respond to all C values,
closing as C, increases. The broken line in Fig. 6.12 intersects the curves
at C values that would be obtained in normal air of about 320 ppm CO,
at the various light levels. It is evident that C values remain fairly con-
stant for all light levels except the lowest ones.
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Figure 6.12 Effect of intercellular CO, concentration (C) on stomatal conductance in
Commelina communis leaves at different photon flux densities of 950 (O), 490 ( A ), 240
(A)and 130 (@) umol m 2s™' The dashed line intersects the curves at C, values
equivalent to an ambient CO, concentration of 320 ppm CO, Leaf to air vapour pressure
difference of 0 33 kPa was maintained at a leaf temperature of 20°C From Morison and
Jarvis {1983)

Certain species appear insensitive to changing CO, concentrations
under some conditions (usually of saturating light intensities for stom-
atal opening). The lack of response to CO, may occur when leaves have
a high water potential and endogenous ABA is very low, but the lack of
response has also been seen in a number of species with less than maxi-
mum leaf water potential. Species which are reported to be relatively
insensitive to changing CO, concentrations include Pinus sylvestris,
Picea sitchensis (see Morison and Jarvis, 1981) and Gunnera tinctoria
(Osborne et al., 1993)



CARBON DIOXIDE

147

Stomata of C4 species also appear to be more sensitive to CO, than
those of C3 species and closure in C4 species occurs at much lower CO,
levels than observed in C3 species. CO, levels below about 100 ppm
may not cause further stomatal opening, at least in C3 species, while in
C4 species stomata are apparently sensitive down to zero levels of CO,.

The atmospheric CO, level in 1994 was about 355 umol mol™ (ppm)
and is increasing at approximately 1.8 pmol mol™ per annum (Houghton
et al., 1992). The responses of stomata to elevated CO, over the long-
term are therefore of interest in order to determine if they acclimate to
such an environment. In many cases stomatal frequency has been
observed to decrease as CO, concentrations increase (see Chapter 2)
but little is known about stomatal responses to prolonged elevated CO,
levels. Some early work showed that even if plants of Xanthium penn-
sylvanicum and lettuce are grown in high CO, concentrations for long
periods of time the stomatal response to CO, is the same as in plants
grown at 0 ppm CO, (Mansfield and Jones, 1970). Stomata of these
species, therefore, did not acclimatize to an elevated CO, level. More
current information, however, presents a confusing picture. For exam-
ple, Radoglou et al. (1992) also found that sensitivity of stomata to CO,
concentration was not affected by the concentration of CO, that plants
were grown at, However, Hollinger (1987) found that stomata of Pizus
radiata and P menziesii, but not Nothofagus fusca, were less sensitive
to dry air when grown under normal CO, concentrations than when
grown under elevated CO, concentrations. Furthermore, Berryman et
al. (1994) observed that stomata in seedlings of Eucalyptus tetrodonta
grown in CO,-enriched air were not more sensitive to leaf-air vapour
pressure deficits or C, compared to stomata in plants grown at normal
CO, concentrations, but their responses to temperature decreased and
the equilibrium conductance at saturating light decreased in plants
grown at elevated CO, levels. It appears, therefore, that elevated atmos-
pheric CO, concentrations result in variable stomatal responses to envi-
ronmental factors depending on the species and the environmental
parameter being examined.

6.4.1 Stomatal movements in CAM plants

Stomata in CAM plants usually have substantial opening periods during
the night and may close during the day. The exact pattern of stomatal
movements, however, depends on the species and upon the pretreat-
ment of the plant, particularly regarding diurnal temperature changes
and the lengths of the photoperiod. In general, three patterns of stom-
atal movements have been observed (Neales, 1975):

1. Stomata which open towards the end of the dark period and may
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remain open for the entire light period These plants exhibit weak
CAM

2 Stomata which open for most of the dark period followed by
increased opening immediately after the light period begins and
then closure Further opening occurs, again, at the end of the same
light period Such stomatal behaviour 1s found 1n plants exhibiting
‘full’ CAM

3 Stomata which open during the dark period and close during the
entire hight period These plants exhibit ‘very strong’ CAM

Plants which can only function in ‘full’ or ‘very strong’ CAM mode are
known as obligate while those plants which can exhibit C3-type or CAM
stomatal behaviour are known as facultatve

The behaviour of stomata in CAM plants 1s part of an adaptive mecha-
nism evolved by plants which grow in hot and arid environments to con-
serve water At night, when temperatures fall, stomata open to allow
CO, to enter the plant The CO, 1s ‘fixed’ via PEP carboxylase and stored
as malic actld During the day when temperatures may be very high
stomata close, preventing excessive water loss from the plant The malic
acid produced at night 1s essentially a CO, store and during the day 1t 15
decarboxylated, releasing CO, which 1s refixed via the Calvin cycle

Oniginally 1t was not clear whether stomata of CAM plants functioned
relauvely independently of the changing CO, concentrations within the
leaves which occur due to the carboxylation and decarboxylation phases
of CAM However, after removal of the epidermis, CO, exchange
remains much the same as when the epidermis 1s present Moreover, a
reasonably good positive correlation exists between intercellular CO,
levels within the ussues and stomatal aperture (Fig 6 13) It appears,
therefore, that stomatal responses of CAM plants are primarily con-
trolled by the changing intercellular CO, concentration in the following
manner When malate 15 being decarboxvlated during the hight period
CO, levels within leaves will be high and stomata will close, when
malate 18 being formed during the dark period CO, will be rapidly and
efficiently fixed by PEP carboxylase, thereby lowering leaf CO, levels,
and stomata will open

6.5 Temperature

As the leaf temperature 15 raised, the metabolic acuvity within the guard
cells and the leaf as a whole will increase, reach an optimum, and then
decrease as more and more cell damage occurs The effect of the
increased metabolic activity within guard cells will tend to stumulate
opening



TEMPERATURE

149

40+
ooaq0 O o --0---g150 ¢

= Ly 3
s | etance
g 30| Ly bY
e | Q
[77) 1 [
2 I <100 £
o ] ‘@
g ' @
< _ o
EJ% 20~ 038 'y g
5 £
g S
< 150 &

10 04 O,

9\.0, concentration
o)
oL o 0 | 1 I 4 0
4.00 8.00 12.00 4.00 8.00 12.00
PM Time AM PM
Dark

Figure 6.13 Diurnal changes in internal gas phase CO, concentration, stomatal
resistance to diffusion of water vapour and acid content in Agave deserti. From
Cockburn et al. (1979)

There are also indirect affects of temperature on stomatal behaviour.
It is possible that the temperature increases will affect internal CO, con-
centrations which, in turn, will affect stomatal movements. If respiration
and photorespiration outpaces photosynthesis as the temperature
increases, CO, levels will increase within the leaf which will tend to
bring about stomatal closure. Also, an increase in leaf temperature will
result in an increase of the water vapour pressure gradient between the
leaf and the surrounding air which may ultimately cause stomatal clo-
sure either through direct or indirect effects (see Sections 6.2 and 6.6).

It is not surprising, therefore, that there is considerable variation in
the temperature values obtained for optimal stomatal opening in intact
leaves (see Fig. 6.14b). For example, maximum opening in V faba
occurred at between 35 and 40°C (Stélfelt, 1962) or even greater than
40°C for other species (Schulze et al., 1973) under some circumstances.
Even in epidermal strips incubated in media of constant water (osmotic)
potential, considerable variation of temperature optima for stomatal
opening is observed. Thus, maximum opening in epidermal strips of the
fern Polypodium vulgare varied at between 20 and 28°C depending on
the pretreatment of the plants (Losch, 1977), while for stomata in epi-
dermal strips of C. communis, maximum apertures were achieved at
about 35°C (Willmer, 1980). Usually, however, maximum apertures are
achieved at values of around 30°C (see Fig. 6.14a).
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Figure 6.14 The effects of temperature on stomatal responses in epidermal strips (a)
and in leaves (b). Data in (a) for Bellis perennis ( A} and Cardamine pratensis (O) is from
Honour et a/. (1994) and for Commelina communis (@) is from Willmer (1984). Data in (b)
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of 5(A)and 15 mbar (A ) is from Hall et a/. (1975); for Prunus armeniaca with a constant
vapour pressure difference of 15 mb (O) and 40 mb (@) is from Schulze et a/. (1974).
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Increased temperature can overcome the closing effects of increased
CO, levels and darkness For example, increasing the temperature from
27 to 36°C resulted in stomatal opening in Xantbium leaves in the dark
without removal of CO, (Mansfield, 1965) Darwin (1898) also observed
that closure occurred more slowly in the dark at high rather than low
temperatures Additionally, at high temperatures stomata of some
species remain open in the light if leaves do not suffer from water stress
(eg Stdlfelt, 1962) even if CO, 1s being released from the leaves
(Raschke, 1970) In part this 15 due to the CO, feedback system being
uncoupled from the stomatal responses at the higher temperature

In vy leaves a 30 min period of high temperature (44-48°C) causes
stomata to be sluggish in response to light/dark transitions, apertures
remaining smaller than in control leaves and, additionally, the sluggish
responses persist for many days (Bauer, 1979) The finding by Bauer
(1979) that flushing the leaves with low CO, air resulted in more normal
stomatal responses suggested that photosynthesis had been impaired
raising C which influenced stomatal behaviour Equally, guard cell func-
tioning may be impaired directly by increased temperatures, although
guard cells may also be able to tolerate higher temperatures than meso-
phyll cells

Cold treatment of plants can also subsequently effect stomatal behav-
iour A number of studies have shown that low night temperatures
result in decreased rates of stomatal opening coupled with low rates of
photosynthesis 1n a variety of species (e g Pasternak and Wilson, 1972,
Drake and Raschke, 1974, Drew and Bazzaz, 1982)

In the natural environment plants do experience extremes of temper-
atures and a number of interesting studies have been made which con-
clude that, in some species, the responses of stomata to mght
temperature are of adaptive importance For example, Drew and Bazzaz
(1979) showed that transpiration and photosynthesis of Populus del-
toides leaves from a Southern US location were reduced to a greater
extent by cool mights than ones from a Northern US location
Furthermore, Drew and Bazzaz (1982) found that species which germi-
nate or grow 1n early spring when temperatures are low (but not freez-
ing) are nsensitive to cool nights, 1e their stomatal conductances n
the following days are unaffected by low night temperatures In later
spring and summer, however, stomatal conductances of emerging
species were mhibited by low temperatures Drew and Bazzaz (1982),
however, were careful to pomnt out that adaptive differences n
responses to night temperatures were also related to both phenology of
germination and growth and habutat type

If plants are not chilling resistant species, such as Phaseolus vulgaris,
then stomata appear to be locked open during chilling periods despite
severe wilting, chill-hardened plants or chill-resistant plants, in contrast,
are able to reduce stomatal apertures and maintain positive leaf turgor
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during chilling (e.g. Eamus et al., 1983).

As already indicated there will be direct effects of temperature on
guard cell metabolism. Mawson and Cummins (1991), for example,
found that guard cell chloroplasts of Saxifraga cernua acclimated to
low temperatures (10°C relative to 20°C) in terms of their photosyn-
thetic electron transport functions. Likewise, an interesting correlation
between the temperature sensitivity of guard cell respiration and stom-
atal conductances in Pima cotton was observed by Lu et al. (1993b).
They used an F, population of cotton from a cross between a heat-resis-
tant, high yielding line, and a heat sensitive primitive cotton and found
that conductances were 3- to 4-fold higher at 40°C than at 25°C and the
range of conductances was much greater at the higher temperature.
Furthermore, they found that in mechanically isolated, enzymatically
cleaned epidermis, guard cell respiration was highest from those plants
that had highest stomatal conductances. Additionally, the slope of guard
cell respiration as a function of temperature increased linearly with
stomatal conductance. The authors concluded that the co-segregation
of rates of guard cell respiration and stomatal conductances indicate
that both properties are under genetic control and that guard cell respi-
ration is a component of the sensory transduction of the stomatal
response to temperature.

6.6 Plant water status and atmospheric bumidity

Tissue water potential has an important influence on stomatal behav-
iour. Bulk leaf water potential is the resultant of water uptake and stor-
age by the plant and water loss from the plant via transpiration.
Therefore any factor which affects these processes such as soil water
availability, temperature, atmospheric humidity and wind will tend to
perturb leaf water potentials.

Figure 6.15(a and b) shows the relationship of leaf water potential and
leaf turgor against stomatal conductance for a number of plant species.
Although there are species differences in stomatal sensitivity to water
stress, with the C4 species generally being less sensitive, normally stom-
ata begin to close only after certain levels of leaf water potential have
been reached and then tend to close rapidly as the potential continues
to decrease. For some species, such as Sorghum growing under field
conditions, leaf water potentials may drop to very low values before the
stomata close. Figure 6.15(b) also shows that when the stomatal
response to water stress is related to leaf turgor rather than leaf water
potential the differences in apparent sensitivity between species is
decreased.
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Stomatal responses to humidity can also be very rapid, and can occur
when the bulk leaf water potential does not alter, suggesting the turgor
relations of the epidermis are relatively independent of the mesophyll
tissue (e.g. Edwards and Meidner, 1978). Meidner (1975) found that the
epidermis had a high hydraulic conductance and could act as a major
route for water movement. In addition, high rates of water evaporation
from the inner epidermal cell walls would combine to affect the turgor
relations of the cells in the epidermis, including the guard cells. Under
such conditions, changes in VPD would modulate evaporation through
the pore and hence stomatal conductances through a negative feedback
loop localized primarily in the epidermis.

However, not all stomatal responses to humidity can be explained in
terms of negative feedback loops, where the maximum response to an
increase in VPD would only lead to pore closure and subsequent reduc-
tion in transpiration back to the initial level. Cowan (1977) and Farquhar
(1978) have described situations when the imposed change in the rate
of transpiration causes a change in the conductance that was indepen-
dent of the resulting change in transpiration rate. They termed this a
feedforward response and it becomes most obvious under conditions
where the decrease in conductance actually reduces transpiration under
conditions of increased evaporative demand and leaf water content may
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even increase. Thus, feedforward responses cannot be explained by
mechanisms that involve water evaporation from within the leaf passing
through the pore. The only hypothesis that is consistent with feedfor-
ward responses is that direct cuticular water loss from externally facing
surfaces of the guard and subsidiary cells influences the stomata com-
bined with an appreciable resistance to water flow to the guard cells
(Farquhar, 1978; Jarvis and Morison, 1981). Based on work by
Schonherr (1982), Schulze (1986) presented models indicating that
non-linear changes in conductance through porous cuticular mem-
branes with changing relative humidity closely paralleled a range of
stomatal responses to humidity. The cuticle may therefore be instru-
mental in the mechanism underlying the control phenomena.

For example Lange et al. (1971) found that guard cells in epidermal
strips of Polypodium vulgare and Valerianella locusta responded to
repeated changes in relative humidity of air jets blown over the external
face of the epidermis, whilst the air on the mesophyll side was saturated
with water. As stomata did not react when they were directly in contact
with liquid water on their inner side, a restricted supply of water to the
guard cells from the epidermal cells also seemed to be required for the
response. lange et al. (1971) concluded that stomata reacted to
changes of humidity in the ambient air and that evaporation through
the cuticle of the guard cells and neighbouring cells (termed peri-stom-
atal transpiration) was the most likely mechanism leading to localized
changes in the water potential around the guard cells that affected their
turgor. The guard cells were postulated to act as humidity sensors
responding to the difference in water potential of the air inside and out-
side the leaf. Losch and Schenk (1978) subsequently demonstrated that
guard cells of Valerianella locusta showed rapid decreases in aperture
in response to an increase in VPD, whilst the K* content of the guard
cells declined over a much longer time period. Equally, when stomata
were induced to open by a decrease in VPD, the increase in K* content
of the guard cells followed with a lag of about 20 min. Thus the initial
humidity-dependent stomatal movements were hydropassive in this
species, with metabolic adjustment of guard cell turgor through changes
in guard cell K*levels occurring as secondary processes. In contrast,
there was a direct correlation between K* content in the guard cells and
stomatal aperture in response to light and dark stimuli.

The stimulus perceived by the guard cells that initiates hydroactive
responses to humidity has not been well characterized. Possible sensors
include a turgor or volume measuring mechanism in the guard cells,
either of which might be triggered by the altered mechanical interac-
tions between the guard cells and neighbouring cells. For example,
Shackel and Brinkmann (1985) directly measured rapid changes in the
turgor of epidermal cells from T virginiana in response to a change in
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VPD, which subsequently triggered changes in stomatal aperture after a
short lag period Stomatal movements continued for about 1 h before
reaching a new steady state conductance However, Grantz and
Schwartz (1988) found that solute content of guard cells did not alter in
epidermal strips of C communis subjected to osmotic stress to simulate
a change in external water potential, 1e under these conditions there
was no hydroactive adjustment of guard cell solute content In leaf discs,
however, where the epidermis remained in contact with the mesophyll
ussue, they reported a marked change in guard cell solute levels in
response to the same osmotic stresses Grantz and Schwartz (1988) con-
cluded that hydroactive guard cell responses in Commelina were not
regulated by epidermal water status directly, but required signals origi-
nating in the mesophyll tissue, although Grantz (1990) also suggested
that cuticular transpiration could play a role in the delivery and redistri-
bution of such signal metabolites These conclusions differ from work
by Losch (1977, 1979) on Polypodium, who showed that humidity
responses were 1ntrinsic to stomata in epidermal peels

In some species, there appear to be specialized regions of cell wall
with reduced cuticle that may assist in feedforward humidity responses
For example, Appleby and Dawvies (1983) found that the cuucle on the
outer face of guard cells from Quercus was much thinner than other
regions of the epidermis and tracer applied to the transpiration stream
accumulated in the wall underlying this region They suggested that this
resulted from increased transpiration from these regions and could
account for the feedforward humidity response in this species Canny
(1990) does however caution against interpretation of tracer accumula-
tion as a rehiable means to trace water fluxes and presents evidence that
the bulk of the water movement 1n leaves 1s symplastic on leaving the
xylem vessels, with tracer movement 1n the apoplast being via diffusion
Nevertheless, in Prnus similar regions of reduced cuticle exist in the
anticlinal walls between the guard cells and the subsidiary cells and
within the stomatal pore in the ventral wall of the guard cells (Appleby
and Dawies, 1983) Jarvis and Morison (1981) suggest that the latter site
would be masked during closure, and could not therefore sense humid-
ity 1n closed stomata, although Appleby and Davies (1983) found that
these sites may also be exposed externally during stomatal movements,
as the guard cells in Prrus rotate relative to the plane of the epidermis
In contrast, the thinner cuticular regions in Populus lie within the stom-
atal throat and are not exposed during stomatal movements As pre-
dicted, this species does not exhibit as strong a response to humidity at
high VPD as Pinus Appleby and Dawvies conclude that the stomatal
response to humidity in both angiosperms and gymnosperms depends
upon the presence of an evaporation site in the guard cell wall com-
bined with the cnitical orientation of the guard cell with respect to the
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plane of the epidermal cells. However, Sheriff (1977a) has shown that
while species that exhibit direct responses to humidity may have larger
substomatal cavities than those species which do not respond to humid-
ity, there was no correlation with plant habitat, leaf venation pattern,
stomatal pore depth or the presence of specialised cuticular regions.

In at least some species, the first stomatal movement in response to a
change in humidity is in the opposite direction from the subsequent
stomatal movement (e.g. Kappen et al., 1987). These passive responses
are caused by a reduction in the back pressure of the neighbouring cells
as epidermal or subsidiary cells lose more water than the guard cells.
The response is reversed as the guard cells also begin to lose turgor or
hydroactive changes in guard cell osmotic potential are triggered.
Meidner (1987) also observed two-phase kinetics of stomatal move-
ments in response to changes of VPD using a viscous flow porometer.

Thus, in Tradescantia albiflora, Kappen and Haeger (1991) directly
observed changes in the morphology of cells in the epidermis during
changes in relative humidity using a video system and found that a
decrease in VPD led to shrivelling of the epidermal cells initially and
transient stomatal opening. This was followed by stomatal closure, pre-
sumably from hydropassive or hydroactive adjustment of guard cell tur-
gor. With the subsequent decline in transpiration the subsidiary and
epidermal cells regained turgor and volume. Similarly, Maier-Maercker
(1979) followed changes in subsidiary cell morphology in response to
changing evaporative demand in several species, where the walls of the
subsidiary cells were observed to wrinkle as the cells lost water and
decreased in volume. With the ensuing stomatal closure, the cells
regained volume and the walls became smooth again. Maier-Maercker
(1979) suggested that the changes in subsidiary cell volume resulted
from increased water flux through the guard cells rather than loss via
the subsidiary cell cuticle, as the subsidiary cells rehydrated after the
stomata closed despite the continued low external relative humidity.

This highlights the importance of the leaf morphology and degree of
cuticularization in directing water fluxes and hydropassive movements
in humidity responses, however, there is still considerable uncertainty
on the precise hydraulic pathways for water fluxes within the leaf
(Meidner, 1983; Boyer, 1985; Canny, 1990). With equal availability of
water on surfaces of epidermal, mesophyll and vascular cells, evapora-
tion will be greatest where the surrounding air is least saturated, i.e.
near the stomatal pores (Meidner, 1975; Tyree and Yianoulis, 1980).
However, evaporation has a substantial cooling effect and the epidermal
tissue may well be cooled by external air currents and absorb less radi-
ant energy than the mesophyll so that liquid water on the walls of green
mesophyll tissue may be at a slightly higher temperature and thus be
subject to more vigorous evaporation (Meidner, 1983). Sheriff (1977b)
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has shown that water droplets can condense on the internal epidermal
cell walls under some circumstances in Nicotiana glauca In addition,
the epidermal cell walls facing the substomatal cavity show varying lev-
els of cuticularization between different species which will reduce water
evaporation from these sites (Boyer, 1985) Indeed, Nonami and Schulze
(1989) found using simultaneous measurements of cell turgor pressure
and osmotic pressures in 7 virginiana that the epidermal cells had a
higher water potential than the mesophyll cells, contradicting expecta-
tions 1f 1t 1s assumed that the major site of water loss 1s via evaporation
from celis in the epidermis Nonami et al (1990) further suggested that
competition between water flux to the guard cells and evaporation from
the mesophyll could explain the concurrent decrease in transpiration
rate with an increase in VPD

Thus so far experiments have highlighted the number of factors that
may contribute to the humidity response in different species including,
possible localized evaporation sites for water, the potentially non-linear
dependence of cuticular transpiration on relative humidity and varying
levels of water supply to the guard cells depending on the leaf morphol-
ogy, hydraulic conductivity and degree of cuticularization However
there 1s no general concensus as to the relative importance of each of
these factors, even 1n species, such as Tradescantia, where several sets
of measurements have been made

Debate has also focused on the appropriate humidity parameter that
may actually be sensed by the guard cells (Assmann, 1993)
Experimentally, stomatal conductance may correlate well with a range of
humudity parameters, including, the relative humidity at the leaf surface
(Ball et al , 1987), the absolute humidity difference from the leaf to the
arr (Kaufmann, 1982), the leaf to air vapour pressure difference
(Assmann and Grantz, 1990, Aphalo and Jarvis, 1991) or the rate of evap-
oration (Mott and Parkhurst, 1991) The work of Mott and Parkhurst
(1991) using Hedera helix 1s particularly innovative n this respect as
they used a combination of helium and oxygen (Helox) to allow separa-
tion of the rate of evaporation from the vapour pressure difference, as
the diffusion rate in response to the same VPD 1s 2 33 umes faster in
helox than in air It will be of considerable interest in the future to apply
this strategy to measurements on other species, but 1t 1s evident there 1s
still much confusion about the interpretation of humidity responses

Humudity responses do not occur 1n 1solation zz vivo but interact with
a number of other factors (reviewed in Losch and Tenhunen, 1981) For
example, Losch (1977, 1978) found that humudity responses in
Polypodium were not markedly affected by temperature in unstressed
plants, but a significant interaction between humidity, temperature and
water stress developed once a threshold of water potential was
exceeded Assmann and Grantz (1990) found that stomatal responses to
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blue light in several species depended on the VPD, with faster responses
and overshoot phenomena observed at high but not low VPD, whilst
Kappen and Haeger (1991) found that the humidity response in
Tradescantia could be overridden by the CO, response.

6.6.1 Midday closure

Stomata of diverse species such as coffee, Arbutus unedo and onion
show a distinct ‘midday’ closure particularly when growing under hot,
sunny conditions (Fig. 6.16). It was suggested that the closure was due
to water stress brought about by the high temperatures which occurred
about the middle of the day (Loftfield, 1921; Stocker, 1956). With mild
water stress the decreased stomatal conductance at midday will tend to
compensate for the increased evaporative demand due to the higher
temperatures, such that transpiration rates may be relatively constant.
However, under such conditions the pattern of CO, exchange may show
midday stomatal closure with two peaks of net photosynthesis. With
extreme water stress two peaks of transpiration can occur with a depres-
sion at midday (e.g. Tenhunen et al., 1981). Essentially the midday clo-
sure was considered to be a feedback response to water loss preventing
further tissue dehydration. However, according to feedback control
mechanisms proposed by Farquhar (1978) a reduction of transpiration
with increasing evaporative demands cannot occur by a feedback loop
since stomatal closure will immediately improve tissue water status. It
was therefore suggested that stomata may act as ‘humidity sensors’
(Lange, 1969; Schulze et al., 1972) immediately changing their conduc-
tance in response to changing atmospheric humidity. Cowan and
Farquhar (1977) called this a feedforward controlling system (see
Section 6.2) enabling plants to optimize water use efficiency.

An extensive field study of the diurnal course of stomatal resistances
and transpiration of some Mediterranean perennials was made by Losch
et al. (1982). They observed that midday closure was most evident in
the dry summer season and disappeared during the wet season of
autumn and in the later, less stressful, winter season. Hence, they con-
cluded that midday closure was an adaptive response to the environ-
ment, assisting plants to survive drought periods of the summer. In
Quercus suber, a sclerophyllous species of Mediterranean regions, the
midday depression of CO, uptake is considered to be a result of a
decrease in the carboxylation efficiency coupled with an increase in the
CO, compensation point, caused by elevated temperatures and
decreased VPD, and a decrease in the CO, saturated photosynthetic
capacity (Tenhunen et al., 1984). As a consequence of the changes in
photosynthesis, C, remained essentially constant despite stomatal clo-
sure.



PLANT WATER STATUS AND ATMOSPHERIC HUMIDITY 159

2 1500 5
] ~
; e
5 1000} 4% 8
2 Q
:
g 500 —*20 k]
- @
g -
3 ol 1110
7; 2.0} <30
0
E -
o 1'5%' 12 7
3 =
£
5 WD 10 o
E 1.0} g
a
2
g 0.5- Tr 0
0 1 i 1 1 | U I N | | 1 1 1 1 i 1 1
T
»n
= 80+ <20 “I‘
| E
£ T °
2 eof NP 415 8
8 [« ]
£ - £
a2 0 410 §
¢ £
B c
c >
s 20f 5 2
2 °
5 T g
0 f C 0 3
1 1 Y | 1 | ] 1 1 1 1 i 1 i 1
6 9 12 15 18 21

Time (h)

Figure 6.16  Daily time course of hght intensity (L) incident on leaves in the gas
exchange cuvette, leaf temperature (T ), transpiration rate (Tr), vapour pressure
difference (WD), leaf diffusion resistance (R) and net photosynthetic rate (NP) measured
for leaves of well watered potted Arbutus unedo plants under simulated natural
conditions in an environmental chamber From Tenhunen et a/ (1980)
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However, earlier workers considered midday closure was essentially a
CO, response. As temperatures increase, respiration and photorespira-
tion outpaces photosynthesis and high CO, levels accumulate in the
leaves which close stomata. Evidence for this view came from Meidner
and Heath (1959) who found that, using onion leaves, stomatal closure
normally occurs between 25 and 35°C but this was prevented if the cen-
tral leaf cavity was flushed with COZ-free air. However, as indicated ear-
lier, it is difficult to maintain constant vapour pressure deficits with
changing temperatures and humidity factors may have still influenced
the stomatal activity to some extent.

6.6.2 Iwanoff effect

When a leaf is excised in air it has long been observed that there is a
temporary increase in stomatal opening before the stomata close (e.g.
Darwin, 1897; Iwanoff, 1928) which has been termed the ‘Iwanoff
effect’. Later, other investigators occasionally found that there was a
momentary stomatal closing effect before opening occurred followed by
the closure (Fig. 6.17) (Meidner, 1965). Although there was some initial
controversy over interpretation of the observations (e.g. Allerup, 1961;
Heath, 1963; Brun, 1965) 1t is now generally explained as follows. When
the leaf is excised the tension of the water columns in the xylem vessels
is released. This results mitially in a transitory pressure on the guard
cells with concomitant slight closure as water first hydrates the sur-
rounding epidermal and subsidiary cells, but then the guard cells suc-
cessfully compete for the water with resulting stomatal opening.
Ultimately, due to transpirational water loss, water becomes limiting to
the whole leaf and the stomata close.

Figure 6.17 A viscous flow porometer trace of stomatal responses following leaf
excision The stomata were open In the light and the leaf was excised at the time
indicated by the arrow Note the initial small closure followed by a period of opening
before the final closing response occurs From Mansfield (1971)



CIRCADIAN RHYTHMS AND SHORTFR TERM OSCII LATIONS

161

If a leaf 1s excised under water usually there 1s an mitial slight stomatal
closure often followed by small oscillatory movements (Heber et al ,
1986) Thus, the sudden uptake of water by the leaf swells the epider-
mal cells leading to hydropassive stomatal closing followed by a series of
oscillations of aperture until a new steady-state 1s established

6.7 Mineral nutrition

In general, anything that affects photosynthesis or leaf water potential
will indirectly effect stomatal response to some degree Thus, if a min-
eral deficiency lowers the photosynthetic capacity of a leaf then stomata
will tend to close as CO, increase Hence investigators have found that
nitrogen, phosphorous or potassium deficiency causes at least slight
decreases of stomatal aperture (e g Peaslee and Moss, 1968, Wallace
and Frolich, 1965, Desat, 1937) Figure 6 18 (a and b) shows that when
plants are grown deficient 1n nitrogen or potassium, stomatal conduc-
tances are lower than in control plants grown sufficient in the minerals
at all levels of leaf water potential (except at the higher values in the
potassium treatment) However, a number of reports indicate that a
high K* fertilization reduces transpiration rates (e g Brag, 1972, Jensen,
1982) and stomatal conductance (e g Bradbury and Malcolm, 1977,
Lindhauer, 1985) relative to plants grown at lower K* levels A high K*
fertilization rate also improved water use efficiency in cereals (e g
Anderson et al , 1992) which was assumed to be due to better control of
transpirational water loss Later work (Losch et al , 1992), however, sug-
gested that the increased water use efficiency at the high K* fertilization
might be due to decreased stomatal density and altered stomatal shape
(guard cells in the flag leaves of barley were shorter but wider than in
leaves from the low K* treatment)

It 1s also possible, of course, that the metabolism of guard cells them-
selves 1s directly affected by mineral deficiency Indeed, since K* 1s the
major osmoticum accumulated by guard cells during stomatal opening
then 1t 1s possible that if K 15 severely limiting there will be a direct
effect of potassium deficiency on stomatal functioning with predictable
decreased opening

6.8 Circadian rbythms and shorter-term oscillations in
stomatal movements

Plants and animals exhibit rhythmic behaviour in their biochemical and
physiological acuvity, usually as a result of the durnal pattern of day and
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Leaf water potential (bar)

Figure 6.18 The effect of nitrogen (a) or phosphorous (b) deficiency in cotton plants on
leaf conductance (normally equivalent to stomatal conductance) at different leaf water
potentials. @, Phosphorous and nitrogen deficient plants; O, phosphorous and nitrogen
sufficient plants From Radin (1984) and Radin et a/. (1982).

night which is ‘imprinted’ into the organism. A diurnal rhythm is one
having a periodicity of precisely 24 h. However, almost all free-running
rhythms in animals and plants have a periodicity of between 21 and 28
h, but not exactly 24 h, and such rhythms are known as circadian (circa
= about; diem = day). Circadian rhythms and many other longer- or
shorter-term rhythms are endogenous, i.e. a rhythm programmed from
within the organism as opposed to one directly and immediately
brought about by exogenous stimuli.

To demonstrate that a rhythm is circadian and endogenous it has
been considered that at least three features should be observed:

1. The period of the rhythm should be about 24 h but not necessarily
match environmental cyclical variations.

2. The rhythm should persist under constant environmental condi-
tions.

3. It must be possible to phase-shift the rhythm by a suitable stimulus.

Such endogenous rhythms are also arrested by anoxia. Additionally,
the period of the oscillation should show a high degree of temperature
compensation so that it changes little at different ambient temperatures.
The temperature compensation in the period of the circadian oscillator
has resulted in it being called a biological clock. A number of reviews on
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the subject have been written (e g Wilkins, 1992, Hopmans, 1971)

Circadian rhythms 1n stomatal movements were observed long ago
(Darwin 1898, Lloyd 1908), but even today our understanding of them 1s
not clear It 1s not known to what extent they control stomata and nor 1s
thetr value to the plant understood

When a plant 1s kept in continuous light the stomata of many species,
and probably all spectes, open and close with a period of about 24 h
(e g Mansfield and Heath, 1963, Martin and Meidner, 1971, Hennessey
et al , 1993, see Fig 6 19a) There 1s a damping or gradual decrease 1n
the amplitude of the free-running rhythm with time Although this 1s
highly suggestive of an endogenous rhythm 1t 1s difficult to establish
whether the rhythm 1s a result of processes residing in the guard cells (a
direct effect) or due to processes occurring in other cell types of the leaf
which, 1n turn, effect stomatal behaviour (indirect effects) For example,
if there 1s an intracellular arcadian rhythm of CO, production by the
mesophyll, as in CAM plants (Wilkins, 1959), this alone could effect
stomatal movements, gving an appearance that the stomata themselves
were controlling this rhythm However, if the guard cells produced the
CO, then the stomatal movements would be a direct circadian rhythm
Recently, Wilkins (1993) has shown that removal of the epidermis from
leaves of Bryophyllum fedtschenkor abolishes the circadian rhythm of
CO, assimilation 1n continuous hght Thus stomata appear to either
interact with the CO, fixing capacity of the mesophyll cells to generate
the rhythm or the stomata themselves open and close to create the
rhythm

The stomatal rhythm in continuous hight can be phase shifted so that
a 6-h dark period given during the natural ‘light’ phase causes an inver-
ston of the original pattern

Stomatal crcadian rhythms in continuous dark have also been
observed 1n many species although they rapidly dampen out after one
or two cycles (e g Martin and Meidner, 1971, Stdlfelt 1963, Hennessey et
al , 1993, see Fig 6 19b)

The opening cycle in T virgtrniana in continuous dark can be phase-
shifted when a period of hight occurs during the natural ‘dark’ phase,
but there 1s little or no phase shift when a period of light occurs during
the natural ‘hght’ period (Martin and Meidner, 1972) Also a low inten-
sity light-treatment (10-1500 lux) of Xantbium pennsylvanicum plants
at the beginning of the dark treatment causes a phase shift, or, effec-
tvely, delayed opening in the dark (Mansfield and Heath, 1963)
Additionally; the iming of both light and dark treatments affects the tum-
ing and duration of opening in darkness Furthermore, the low light
level effect which delays opening in the dark 1s temperature dependent,
no delay occurs 1n light of 10 lux at 15°C whereas, at higher tempera-
tures, opening 1n the dark 1s delayed (Mansfield and Heath, 1964)
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Figure 6.19 Stomatal behaviour in leaves of Tradescantia virginiana exposed to
continuous light (1500 lux) (a) or continuous darkness after a 12 h photoperiod (b). From
Martin and Meidner (1971).

Hennessey et al. (1993) also found that the circadian rhythm in P vulgaris
leaves rapidly damped out in constant light and CO-free air and under
conditions conducive to high photosynthetic rates. They concluded that
at least part of the stomatal circadian rhythm, at least in P vudgaris, is not
a direct guard cell effect but ‘active’ photosynthesis (not just the presence
of light) is necessary for sustained expression of the rhythm.

Using epidermal strips of C. communis (Meidner and Willmer, 1993)
and V faba (Gorton et al., 1989) showed that the ‘clock’ regulating the
circadian rhythm resides in the epidermis, possibly in the guard cells.

Occasionally in the literature the term ‘night opening’ of stomata is
referred to. This description normally refers to stomatal opening which
occurs before sunrise; stomata may also remain open after sunset. It rep-
resents part of an endogenous rhythm which overlaps with other opening
stimuli during daylight and night hours. Stomatal opening also occurs at
night in CAM plants, but this appears to be largely controlled by intercel-
lular CO, concentrations. It is likely that there is also some endogenous
control of apertures by the guard cells in CAM plants.

The basic mechanism which times the endogenous rhythm (biologi-
cal clock) of stomatal movements or any other endogenous rhythmic
process has not been identified. Rhythmic change in the levels of some
metabolite or energy source may be key controls but in turn, some basic
oscillating process must control the cycling of the metabolite levels. It



STOMATAL ACTIVITY DURING THE LIFE CYCLE OF A LEAF

165

has been suggested that the cellular energy supply is concerned in the
control of endogenous rhythms since anoxia, in some cases, inhibits the
rhythm. The lack of certain metabolites or energy source may account
for the unsustained rhythm of stomatal opening when leaves are kept in
continuous darkness.

The function of circadian rhythms in the control of stomatal aperture is
not understood. Presumably they contribute to a general synchronization
of stomatal responses in a plant (a coarse tuning of stomatal behaviour).
Also the rhythms result in anticipatory behaviour in which stomata can
open at dawn before light is sufficient for photosynthesis (so-called night
opening) and presumably this is of some advantage to the plant. The
rhythms may be of some other adaptive significance; indeed, in some
organisms they have been shown to be of survival value.

Stomata also exhibit a variety of shorter-term oscillations of aperture. In
general these are brought about by sudden changes of environmental fac-
tors which effect the water balance of the plant.

In some species oscillations in stomatal aperture with a period of about
20-40 min (they may be up to 2.5 h in the dark) are caused by time lags in
the rehydration of leaves. The time lags, in turn, are caused by a combina-
tion of the hydraulic resistances and hydraulic capacitances in the plant.
The sequence of events can be summarized as follows: If the transpiration
rate is suddenly increased (e.g. by increased irradiance) the rate of water
uptake can lag behind the transpiration rate. This results in the leaf
becoming water stressed with resultant hydropassive stomatal closure (in
some species there may be a transient stomatal opening; see the Iwanoff
effect, Section 6.6.3). The leaf rehydrates and the stomata reopen. This
sequence of events is then repeated until, finally, an equilibrium situation
is reached and the stomatal oscillations damp out.

Fluctuations of transpiration (with a period of about 1-10 min) may
occur without concomitant changes in stomatal aperture. This has been
explained in much the same way as described above for stomatal oscilla-
tions except that the rehydration and dehydration cycles of the symplast
are affected much less than the apoplast. Thus the turgor relations of the
cells are not greatly affected and therefore stomatal movements do not
occur.

6.9 Stomatal activity during the life cycle of a leaf

In general as a leaf matures the stomatal responses are more rapid and
apertures achieved are larger until an optimum level of activity occurs.
Thereafter, as the leaf continues to age, stomatal responses become
more sluggish and maximum apertures reached are smaller (e.g. Ludlow
and Wilson, 1971; Vaclavik, 1973; Davis and McCree, 1978; Willmer et al.,
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1988; see Fig. 6.20). There are a number of reviews discussing the
behaviour of stomata during the ontogeny and growth of a plant (e.g.
Solarova and Pospisilova, 1983; Field, 1987). Such patterns of stomatal
behaviour in response to CO, and to ABA are also observed in epider-
mal strips taken from leaves of different ages (e.g. Willmer et a/., 1988)
(Fig. 6.21).
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Figure .20 Photosynthesis (a) and stomatal conductance (b) measured at saturating
light intensity, a CO, partial pressure of 33 Pa, a leaf temperature of 27 8°C and a vapour
concentration gradient of 21 mmol mol' in leaves of cotton varying in age
Photosynthesis and conductance in these experiments were not influenced by leaf
insertion level Redrawn from Constable and Rawson (1980)

Usually, stomata of senescing leaves remain operable well after the
mesophyll cells of the leaf have turned yellow. Thus, stomata of senesc-
ing leaves of V faba can respond to changing CO, concentrations and to
kinetin (Wardle and Short, 1983) and guard cells in epidermal strips
from senescing leaves of Gingko biloba (Zeiger and Schwartz, 1982), V/
faba (Wardle and Short, 1983) and C. communis (Willmer, unpub-
lished) can develop turgor and the stomata open when illuminated in
the presence of KCl. Furthermore, chloroplasts in guard cells of senesc-
ing leaves of G biloba are green and exhibit typical fluorescence transi-
tions associated with electron transport and photophosphorylation at a
time when chloroplasts in mesophyll cells show no signs of such activity.
Similarly, guard cells of C. communis have some functionality and main-
tain green chloroplasts well after the mesophyll cells of the leaf are
chlorophyll-free (Willmer, unpublished). Ozuna et al. (1985), found that
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Figure 6.21 Changing stomatal response to ABA and CO, in epidermal strips as a
function of leaf age 0, CO,-free air, minus ABA, O, normal air, minus ABA, B, CO-free
air, plus ABA, @, normal air, plus ABA The bars labelled with the symbols are standard
errors of the means From Willmer et a/ (1988)

in senescing leaves of Nicotiana glauca, although conductances were
only 5-10% of those in non-senescing leaves, guard cells in epidermal
strips from the senescing leaves could reach full turgor in light and accu-
mulate K* from the incubation medium. Thus the stomata have the
potential to function fully but factors within the senescing leaf such as C,
or the mineral ion content determine the actual stomatal aperture. The
significance of why the stomata remain functional when mesophyll pho-
tosynthesis has stopped is not understood. Senescence in guard cells
and mesophyll cells do not proceed together and it appears that signals
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which trigger senescence in mesophyll cells do not do so in guard cells.
Thus, the senescence processes in guard and mesophyll cells do not
seem to be closely coupled, the guard cells being ‘isolated’ from the rest
of the leaf.

It was concluded by Thimann and Satler (1979a,b) that leaf senes-
cence was influenced by stomatal aperture such that opening caused
delayed senescence. However, this view was modified in later work
when it was considered that senescence was not under the ‘direct con-
trol of changes in stomatal aperture’ (Park and Thimann, 1990). Such
conclusions were reached using leaves or leaf sections which were
floated on test solutions in the light or dark but unfortunately interpre-
tation of the cause of the resultant stomatal apertures is notoriously dif-
ficult. This is basically because gas diffusion at the leaf /liquid interface is
very slow and in light CO, levels drop due to photosynthesis stimulating
stomatal opening while in the dark CO, levels build up due to respira-
tion promoting closure and so the apertures are not necessarily due to
substances in the incubating medium. Park and Thimann (1990) and
Thimann and Tan (1988) also concluded that the ‘synthesis of one or
more proteins controls both the opening and closing of the stomata.’
Numerous other reports indicate that inhibitors of protein synthesis
also inhibit opening (e.g. Pallaghy and Fischer, 1974). Perhaps this is not
too surprising considering that opening and perhaps closing are active
processes and guard cells contain an abundance of the metabolic
machinery for making proteins.

6.10 Stomatal bebaviour in canopies

Stomatal behaviour is often monitored in individual leaves of a plant
grown as an isolated experimental specimen. In reality plants rarely
grow as isolated individuals but as part of a community, in and amongst
other plants. The canopy type can vary greatly and may contain many
different species, often with definite regions within the canopy, as is
found in a rain forest, or essentially one species, as in a field of barley or
a grass sward. Such varied canopies can result in greatly different micro-
climates around leaves which, in turn, will affect stomatal behaviour.
Thus stomatal responses in the leaves of an isolated plant are likely to
be quite different to those in leaves of plants growing in a community
and often the relationship between photosynthesis and stomatal con-
ductivity, which normally exists when individual plants or leaves are
investigated, breaks down in canopies. A major reason for this is that the
canopy is uncoupled from the environment above and sensitivity to
environmental signals (photon flux density, temperature, etc.) is
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reduced. Thus, as the scale of size increases from an individual leaf, to
an individual plant and to a large community, transpiration is less depen-
dent on stomatal control. Such aspects have been especially considered
by Jarvis and co-workers (e.g. Jarvis, 1993; Jarvis and McNaughton, 1986)
and is now an area of research receiving major attention.

6.11 Gaseous environmental pollutants and stomata

Major gaseous environmental pollutants which may effect plants are
SO,, oxides of nitrogen, ozone and certain hydrocarbons. These sub-
stances are produced by industry, often in very localized areas, by com-
bustion engines and domestic heating systems in their exhaust gases,
and some pollutants may be formed from photochemical reactions in
the atmosphere. The latter air pollution is known as ‘photochemical
smog’.

Two areas of major interest are: (1) the effect of the pollutant on
stomatal behaviour and the method of entry of the pollutant into leaves,
and (2) the effect of the pollutant on the physiology and growth of the
plant. The latter aspect will be neglected in the discourse here but fur-
ther information on this aspect can be obtained from a variety of
sources (e.g. Ziegler, 1975; Rao et al., 1983; Shimazaki et al., 1984,
Schulte-Hostede et al., 1988).

Sulphur dioxide has received most attention, but reports on the
effects of this pollutant on stomatal behaviour are conflicting. Many
researchers find that relatively low concentrations of SO, (50-2860 ug
m~, equivalent to 0.02-1 plI'' or ppm) increase stomatal opening and
transpiration rates while reducing photosynthesis. Other investigators
observe either no effect of low SO, concentrations on transpiration or
that stomatal closure is brought about by relatively high SO, concentra-
tions (1-2 ppm). To account for the differences in stomatal behaviour in
some species to high and low SO, concentrations Black and Black
(1979) suggested the following. Associated with wider stomatal opening
in V faba leaves exposed to SO, (from 50 to 200 g m™) was increased
epidermal cell damage which could result in hydropassive opening,
while at higher SO, concentrations (500 g m™ and above) guard cells
were also damaged which would result in stomatal closure.

Curiously, irreversible and reversible stomatal responses have been
observed on an attached sunflower leaf exposed to 1.5 ppm SO, and it
appears some stomata and patches of mesophyll are more susceptible
to the pollutant than others (Omasa et al., 1981). Environmental factors
also appear to have an important control in the sensitivity of stomata to
SO,. For example, the effects of SO, on stomata in some species are
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dependent on atmospheric humidity (Mansfield and Majernick, 1970;
Black and Black, 1979), while growth of the grass, Pbhleum pratense, is
reduced to a greater extent to SO, pollution in conditions of low irradi-
ance and short days (Davies, 1980). Figure 6.22 shows the effects of SO,
on stomatal behaviour in V faba leaves as a function of VPD; 35 ppb SO,
in the atmosphere resulted in larger conductances than in control
leaves except at higher VPD values when a sudden drop in conductance
occurred.

The extent of leaf damage appears to be related to stomatal aperture.
Generally, symptoms of leaf injury are not observed if stomata are
closed. Leaf injury may also be related to the initial degree of stomatal
opening and the subsequent rate of closure upon contact with SO,. For
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From Unsworth and Black (1981)
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example, Bonte and Longuet (1975) found that increased atmospheric
humidity slowed down stomatal closure in Pelargonium zonale (=
Pelargonium hortorum) leaves which, in the presence of SO,, resulted
in increased leaf necrosis compared to leaves exposed to SO,, at lower
atmospheric humidities. Patchiness in stomatal responses to SO, and
extent of tissue damage within a leaf have also been observed (e.g.
Omasa and Onoe, 1984).

Some species are much more sensitive to SO, damage than others for
reasons not understood. Peanut and tomato plants, for example, appear
more resistant to the effects of SO, than radish or spinach.

Photochemical smogs occur over large cities wherever high levels of
oxides of nitrogen and hydrocarbons accumulate in the atmosphere.
Photochemical reactions occur which result in further products such as
ozone and peroxyacetyl nitrate being formed. Photochemical smog
induces stomatal closure and, in general, increased stomatal aperture
and damage to plants are positively correlated.

The effects of individual components of photochemical smogs on
stomatal behaviour and leaf damage have been studied. Ozone is a wide-
spread and a very damaging air pollutant to plants in all major industri-
alised regions of the world. It originates from two sources, i.e. from
photochemical reactions as indicated above and from stratospheric/tro-
posphoric exchange. Ozone generally closes stomata or increases stom-
atal resistance (e.g. Lehnherr et al., 1987; Pearson and Mansfield, 1993),
although some studies, find no effects or even decreased stomatal resis-
tance (e.g. Eamus et al., 1990). Ozone also directly affects photosynthesis
(e.g. Reich and Amundson, 1985) and it appears that decreases in stom-
atal conductance are a result of both its direct affect on stomata and an
increase in C, due to the inhibition of photosynthesis. Exposure of foliage
to a few hundred parts per billion (0.01-0.1 ppm) of ozone for a few
hours can result in damage to some species. One symptom of ozone dam-
age is decreased chlorophyll levels within leaves.

The effects of ozone on stomata and gas exchange are complex and
may vary depending on many factors including the environmental con-
ditions, the exposure period and concentration of ozone, the age of the
plants and general growing conditions. Pearson and Mansfield (1993) for
example, found that ozone increased stomatal resistance in leaves of
well-watered, young, beech trees, but in unwatered trees ozone reduced
the increase in resistance as water-stress developed. The concensus of
opinion is that if stomata are closed there is much less damage to
foliage. Also, some plants are more resistant to the effects of ozone than
others. This increased resistance has been correlated with a lower stom-
atal frequency which can result in slower penetration of the pollutant
(e.g. MacDowall, 1965; Engle and Gabelman, 1966), although not all
studies have confirmed this (e.g. Ting and Dugger, 1968).
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Less is known about the effects of nitrogen oxides (NO,) on stomata,
although they are commonly occurring pollutants. Most investigators
observe decreased transpiration rates or stomatal apertures (e.g. Omasa
et al., 1981) and photosynthesis (Capron and Mansfield, 1976) in the
presence of nitrogen dioxide (NO,). Nitric oxide (NO) probably has sim-
ilar effects and is also reported to reduce photosynthesis (Capron and
Mansfield, 1976). Nitrous oxide (N,0O), however, has no effect on stom-
ata and has even been utilised with a diffusion porometer.

To summarize, some plants seem more resistant to any given pollu-
tant than others and, generally, there is less damage to a plant if the
stomata are closed. Of course, closed stomata may not be a total barrier
to the pollutants which may enter leaves by penetrating the cuticle.
Thus, the rate of entry of a pollutant and, therefore, the external con-
centration of the pollutant and the exposure period are important in
determining the extent of damage to a plant.

The long-term effects of exposure to a pollutant on stomatal behav-
iour and plant damage are also likely to be considerably different to
shorter-term exposures. Environmental factors may also play a large role
in determining the extent of the damage caused by the pollutants.
Exposure of plants to different combinations of pollutants also result in
markedly different and possibly more drastic effects than exposure of
plants to individual pollutants.

There is extensive literature dealing with urban and rural pollution
and its effects on plant growth and specifically on stomata. Reviews of
this topic include those by Zeigler (1975), Black (1981) and Mansfield
and Freer-Smith (1981).

6.12 Plant pathogens and stomata

Although mycorrhizal fungi and probably soil microflora generally are
beneficial to the healthy growth of plants, certain fungi and bacteria
have deleterious effects. Those that affect plants by influencing stomatal
behaviour and plant water relations are considered here.

6.12.1 Entry of pathogens into leaves via stomata

A number of plant pathogens, including some of economic importance,
gain entry into foliage either solely via stomata or as an alternative to
direct penetration of epidermal cells and tissues. Such pathogens
include parasitic bacteria, certain downy mildews, aecidiospores and
uredospores of Puccinia spp (rusts) and several Fungi Imperfectii.
Infection of plants via stomata involves two vital processes, i.e. the
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location of stomata by the pathogen and the subsequent formation of
infection structures which occur at the stomata

The nature of the sumulus which attracts zoospores and germ tubes
to stomata has recewved considerable attention A number of explana-
tions have been forwarded including attraction of the pathogens along
chemical or water vapour gradients or that the pathogen 1s directed by
the surface topography of the leaf (a thigmotropic response)

Royle (1976) has suggested that zoospores of Pseudoperonospora
humauli, which tend to select open stomata, are attracted by two stimult
One stimulus 15 surface topography since zoospores on perspex replicas
of leaf surfaces tend to settle on open stomata rather than closed ones
The other stimulus was a chemical one and 1t was suggested to ‘involve
photosynthesis It 15 enticing, therefore, to suggest that a CO, gradient
attracts zoospores to stomata However, the evidence indicating that
CO, concentrations regulate entry into stomata 1s not strong although
high, non-physiological, levels of CO, have been observed to suppress
penetration by some pathogens including Puccinia graminis

Another ntriguing question 15 how surface topography can direct
germ tubes to stomata (see Burnett, 1976) A parual answer to this ques-
tion 1s that the germ tubes are directed to grow between rows of wax
crystals which form a regular lattice on some leaf surfaces (Lewis and
Day, 1972) This may also explain why a spore from an obligate parasite
which germinates on a plant other than its normal host may not develop
a proper infection structure In other words, the germ tube 1s unable to
adapt to different dimensions of the regular lattice of wax crystals of the
host leaf surface and becomes disorientated

Orientation of epidermal cells (Staples and Macko, 1980) and cuticu-
lar ndges (Pring, 1980) have also been suggested to assist in the direc-
ton-finding of germ tubes

More recently Edwards and Bowling (1986) concluded that ure-
dospore germ tubes of Uromyces viciae-fabae were attracted to stom-
ata via pH gradients on the leaf surface They observed a marked pH
gradient increasing away from the guard cells of closed stomata in C
communis and T virgimana, although not of open ones and germ-tube
attraction occurred 1n both non-host and host (V faba) species of the
fungus

The nature of the stumulus which causes entrv of the pathogen into
stomata and encystment or appressorium formation has also received
considerable attention and also may result from physical and/or chemi-
cal signals Entrv through stomata by fungal pathogens may be conve-
niently grouped into three types (see Wheeler, 1968) One type 1s that
observed when cereal leaves are infected by uredospores of Puccinia
spp Upon germinauon of a uredospore the germ tube shows direc-
tional growth towards a stoma Upon reaching a stoma the cytoplasm of
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the germ tube accumulates at the tip which swells to form an appresso-
rium within the stomatal pore. A cross-wall forms, cutting off the empty
germ tube, and from the appressorium a wedge-shaped hypha grows
through the pore. Inside the substomatal cavity the hypha swells, receiv-
ing the contents of the appressorium.

Another type of pathogen entry is found in Fulvia (formerly
Cladosporium) fulvum in which spores germinate on the leaf surface in
a water film or in moist air. Growth of the germ tube appears to be hap-
hazard and they often grow over stomata. When penetration of a stoma
occurs a lateral hypha forms which grows through the pore into the
substomatal cavity.

A third type of stomatal penetration by a fungal pathogen is exempli-
fied by that found in Plasmopara viticola. Motile zoospores swim in a
water film on the leaf surface and, upon nearing a stoma, are attracted
to them by some stimulus. The zoospores then settle over the stomata
and encyst. A hypha emerges from the cyst and grows through the
stomatal pore into the substomatal cavity.

Attempts have also been made to find a relationship between stom-
atal frequency and their arrangement and structure and resistance to
pathogen entry. Although there are conflicting reports it is likely that
stomatal frequency and structure will influence the rate and numbers of
pathogen infection. Some pathogens enter the leaf through open stom-
ata while others can force an entry even through closed stomata. In
Citrus nobilis, a species of orange, the stomatal anatomy regulates
pathogen entry. The upper cuticular lips of the guard cells are very pro-
nounced and these, apparently, prevent entry of Pseudomonas citri (a
bacterial canker) and C. nobilis is, therefore, resistant. In C. grandis,
however, the cuticular lips are not so prominent and the bacterial
pathogens can more readily enter the stomatal pores, making this
species of orange much more susceptible,

However, probably most usually the resistance to infection is located
at stages later than entry into stomatal pores. Indeed, in both suscepti-
ble and resistant cultivars of coffee, development of appressoria and
infection structures in the substomatal cavity by Hemileia vastatrix
occurs in an identical way (Coutinho et al., 1993).

6.12.2 Effects of pathogens on stomatal behaviour

When pathogens infect plants, stomata may be affected in a variety of
ways which may be reflected in different patterns of transpiration and
photosynthesis. The host-pathogen interaction is often complex and
there may be direct and indirect effects of the pathogen on stomata.
The direct effects may be due to substances produced by the host (phy-
toalexins), or substances produced by the pathogen (toxins, enzymes)
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which affect the stomata in some way An example of how stomata are
affected 1n an indirect way by a pathogen 1s found in the vascular wilts
(e g Fusarium oxysporum Lycopersict) which can cause rapid wilting of
leaves and eventual death of the host The major cause of these symp-
toms 1s that the vessels become plugged with fungal hyphae, cell debris
from damaged walls or tyloses and the water supply to the leaves
becomes restricted (There 1s some controversy about whether the pen-
etration of hyphae into vessels causes cavitation, although 1t 1s known
that cavitation stimulates tylose formation which would block xylem ves-
sels) As a result, stomatal apertures may fluctuate even before visual
symptoms of infection appear, although ultimately stomata will close
through lack of water supply This 1s the situation observed 1n banana
plants infected with Pseudomonas solanacearum in which mtally
large, short-term oscillations of stomatal aperture occur before leaf wilt-
ing begins due to blockage of the water transporting system (Beckman
et al , 1962) In only a very few cases 1s there evidence that membrane
damaging toxins are involved in the vascular wilt syndrome

Often leaves infected by fungal pathogens exhibit lower stomatal con-
ductances and movements may be more lethargic than in non-infected
leaves These are some of the symptoms observed, for example, in
potato leaves infected with Verticillium dabliae (Bowden and Rouse,
1991)

Infection of barley and bean plants with rust fungi generally results in
the plants being more susceptible to water stress The decline of leaf
water potential in barley has two main causes, 1€ a decrease of leaf dif-
fusive resistance due to cuticular rupture from fungal sporulation and a
decline in stomatal responsiveness to leaf water status (Berryman et al ,
1991a) Additionally there 15 a decrease in root hydraulic conductivity
(Berryman et al , 1991b) so that there 1s an increased water loss from
the leaf and a decreased water supply from the roots The turgor rela-
tions of epidermal cells of rust infected barley leaves are complex and
depend on the distance from the centre of the infection and the stage of
infection, but cell turgor 1s always lower 1n infected areas than in control
leaves (Berryman et al , 1991¢)

In general, when pathogens infect leaves, stomata lose their control
of gas exchange between the leaf and the environment In some cases
stomata 1n infected leaves close or eventually fail to open widely 1n light
which will not only reduce transpiration but also photosynthesis and
growth of the plant In other cases stomata remain wide open even n
the dark and there will be uncontrollable loss of water Both opening
and closing responses may be brought about by production of phy-
toalexins by the host or phytotoxins by the pathogen which affect guard
cell processes directly (see Sections 75 and 7 6) Wide stomatal opening
and uncontrollable loss of water may also be due to destruction and
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digestion of the cuticle and cell walls of the epidermal layer by enzymes
secreted by the pathogen. Figure 6.23 shows an extremely wide open
stoma in a leaf of V faba infected with Botrytis fabae The state of the
stoma is believed to be due to enzymes liberated by the pathogen which
have partially digested the walls of the guard cells and surrounding epi-
dermal cells thereby allowing an unnatural extension of the guard cells.
Phytotoxins, extracellular enzymes and phytoalexins may also affect
membrane permeability (see Chapter 7 for further details).

Figure 6.23 Unnaturally wide stomatal opening in Vicra faba as a result of infection by
Botrytis fabae Unpublished work of Mansfield and Wilimer, from Willmer (1983)
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More detailled information on the effects of pathogens on stomatal
behaviour may be found in a report by Duniway (1976)

6.12.3 Symbiotic fungal associations with plants and stomatal behaviour

Of parucular note are the symbiotic fungal associations with grass
spectes such as tall fescue (Festuca arundinacea Scheb ) and perennial
ryegrass (Loltum perenne L) The fungi (Acremonium spp Morgan-
Jones & Gams, section Alba-lanosa) complete their entire life cycles
within the plants and are non pathogenic although the grass—fungus
interaction 1 responsible for toxicities to many grazing animals Some
studies have suggested that the infected plants may be more drought
resistant than non-infected plants as a result of greater stomatal closure
of the former plants However, Richardson et al (1993) found that cer-
tain genotypes of tall fescue containing the fungal endophyte, A
coenophialum, had higher stomatal conductance values under water
stress than those grass genotypes not containing the endophyte The
higher conductance values n the infected leaves were attributed to the
maintenance of higher turgor in these leaves relative to non-infected
leaves although how higher turgor resulted was not clear
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7 The influence of
hormones and
other naturally
occurring
compounds on
stomatal behaviour

7.1 Introduction

Abscisic acid (ABA) is intimately involved in the regulation of stomatal
behaviour; other groups of hormones, such as the cytokinins, may also
be involved in the control of stomata. Additionally, many other naturally
occurring compounds affect stomata including certain fatty acids, some
phenolics, simpler metabolites, such as proline, and many phytotoxins,
such as fusicoccin and victorin, which are produced by fungal
pathogens.

The effects of certain environmental factors on stomatal behaviour
may be mediated by hormones. For example, water stress, salt stress
and chilling of plants can result in elevated ABA levels within leaves with
subsequent stomatal closure. Developmental changes in a plant can also
indirectly influence stomatal behaviour probably by affecting hormonal
levels within leaves. For example, the panicle of pearl millet modified
stomatal behaviour in the flag leaves possibly via influencing leaf ABA
levels (Henson et al., 1984; Henson and Mahlalakshmi, 1985). Similarly,
debudding Xanthium pennsylvanicum plants or partial defoliation of
Phaseolus vulgaris plants resulted in increased stomatal conductances
relative to that in control plants (Krizec and Milthorpe, 1966; Meidner,
1970). Also, the development of fruit in some species is paralleled with
wider stomatal openings in the leaves and with changes in the levels of
ABA, cytokinins or gibberellins within the leaves. Furthermore, the his-
tory of the growing conditions of a plant may influence hormone levels
in leaves which, in turn, may subsequently affect stomatal behaviour.
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The ‘after-effect of wilting may be an example of this

This chapter gives an account of the hormonal control of stomata at a
physiological and a biochemical level and also discusses the effects of
other naturally occurring products on stomatal behaviour The possible
modes of action of ABA on stomata will be discussed 1n detail in Chapter
8 A section on the artificial control of stomata 15 also presented

7.2 Abscisic acid

Much attention has been paid to the biochemistry and physiology of
ABA, partcularly over the last decade and numerous articles have been
written about 1ts implication 1n stomatal behaviour (e g Walton, 1980,
Zeevart and Creelman, 1988, Hartung and Slovic, 1991, Dawvies and
Jones, 1992)

Abscisic acid 15 a terpene (terpenoid) compound Terpenes are made
up of muluples of five carbon 1soprene units The 15 carbon com-
pounds, of which ABA 15 one, are known as sesquiterpenoids The struc-
ture of ABA 1s shown i below in Fig 75

7.2.1 Stomatal responses to ABA

In the late 1960s 1t was discovered that ABA inhibited transpiration
(Little and Eidt, 1968, Mittelheuser and van Steveninck, 1969) and accu-
mulated in leaf ussue under water stress (Wright, 1969, Wright and
Hiron, 1969) (see Fig 7 1) Other types of stress also induce ABA biosyn-
thesis Thus, ABA accumulates 1n leaf tissue of water logged plants (e g
Jackson and Hall, 1987) and in tissues of cold-treated plants (e g Dale
and Campbell, 1981) It 1s now established that ABA prevents stomatal
opening and causes closure in virtually all plant species so far investi-
gated Night opening of stomata in Kalanchoe daigremontiana, a CAM
plant, 1s also prevented by ABA (Fig 7 2)

A few species of plants, however, are reported to be unresponsive to
ABA These species include yellow lupin (Lupinus luteus) (Lancaster et
al , 1977) and Gunnera tinctoria (Osborne et al , 1993) Further atten-
tion to these examples 1s needed

Abscisic acid will close stomata within minutes of application whether
it 1s applied to the surface of leaves or via the transpiration stream of
excised leaves, ABA will also prevent opening of stomata when supplied
to leaves by either method Additionally, ABA, under most circum-
stances, closes stomata and prevents opening i epidermal strips (Fig
7 3) However, if the concentration of KCI in the incubation medium 1s
increased the closing effects of ABA decrease (Willmer et al , 1978)
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Figure 7.1 The effect of leaf water potential on abscisic acid levels in excised wheat
leaves From Wright (1977)

Protoplasts are also sensitive to ABA. For example, Gotow et al.
(1982) found that 10 uM ABA caused contraction of Vicia faba guard
cell protoplasts (GCPs) in the light and dark; also Fitzsimons and Weyers
(1987) found that GCPs of Commelina communis responded to ABA in
a manner which was qualitatively and quantitatively similar to that of
intact stomata, i.e. ABA prevented GCPs from swelling under low CO,
conditions and caused swollen GCPs to shrink. According to Iverson et
al. (1983), after 30 min exposure of GCPs of V faba to 10 uM ABA diam-
eters decreased significantly in white or green light while in red light no
change of diameters was observed. They also found no effect of ABA on
diameters of protoplasts from epidermal or mesophyll cells in green
light.
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Figure 7.2 Transpiration rates of wheat and Kalanchoe daigremontiana with their
petioles immersed in 10* M ABA (ll) or water (@) The bar on the abscissa indicates the
period of darkness From Scott-Murphy and Willmer (unpublished)

Interestingly some other types of cell protoplasts are also affected by
ABA. For example, Chang et al. (1983) found that ABA increased the
densities of maize root protoplasts possibly by losing water, which
would result in smaller volumes, while Itai and Roth-Bejerano (1986)
found that ABA (3.7 uM), in the presence of KCl, caused swelling of epi-
dermal cell protoplasts of C. communis.

At one time the implication of ABA in the regulation of stomatal
movements was questioned, but now there are compelling reasons for
believing it has a major role in the hormonal control of stomatal func-
tioning. It has been established that exceedingly low concentrations of
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Figure 73 Effect of 10 * M ABA on open stomata in epidermal strips of Commelina
communis and their subsequent recovery in the absence of ABA Strips were incubated
in the light (500 Wm 2) at 30°C with arr bubbling through the medium From Willmer et a/
(1978)

ABA synthesized in tissues other than the guard cells close stomata and
prevent them from opening, ABA produces its effects on stomata even
in epidermal strips 1n the absence of the influence of leaf mesophyll,
that ABA causes GCPs to contract in the manner of stomatal closing, and
that ABA levels build up 1n leaves as water stress occurs Also, wilty
mutants unable to synthesize ABA close their stomata upon an exoge-
nous supply of ABA Indeed, now the mode of action of ABA on stomata
at the molecular level 15 beginning to be unravelled (see Chapter 8)

In some 1nstances, however, there 1s a poor correlation between bulk
leaf water potential and ABA content of the leaves (eg Pierce and
Raschke, 1980) or between stomatal aperture and ABA content of the
leaves (e g Henson, 1981) There may be several reasons for the lack of
correlation The amount of ABA synthesized by a plant and the level of
ABA 1n a leaf may depend on the type of stress (whether osmotic, water
or cold stress), the extent and duration of the stress, the previous grow-
ing conditions of the plant, the developmental stage of the plant (e g
whether flowering or fruiting) and on the inherent ability of a plant to
manufacture and degrade ABA

In some species it has been observed that the bulk leaf water poten-
tial 1s not the best indicator of the water stress experienced by the epi-
dermis and, therefore, the stomata of that leaf (see Meidner, 1983,
Harris and Outlaw, 1991) Hence, there may not be a good correlation
between bulk leaf ABA levels and stomatal aperture In addition, there
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may be a redistribution of ABA throughout the leaf (see Section 7 2 2)

Thus, although total leaf ABA levels may not necessarily increase greatly
during a stress response, the level in guard cells, for example, may do

For example, Harris et al (1988) found that the ABA content of guard
cells of V faba (including apoplastic space) was only 0 15% of the leaf
ABA Thus any changes in ABA levels in guard cells would be masked by
the overall leaf concentrations

Of further significance 15 the finding that leaf ABA levels appear more
closely related to leaf turgor potenuals rather than bulk leaf water
potentials (Davies and Lakso, 1978), and as turgor approaches zero ABA
levels rise sharply (Pierce and Raschke, 1980)

Besides ABA concentration changes in cells and tissues there may be
differential sensitivity to the hormone under different plant conditions
(see Trewavas, 1987, Weyers et al , 1987, Paterson and Weyers, 1988,
Peng and Weyers, 1994)

Thus the complexity of the situation makes 1t difficult to interpret cor-
relations between changes of bulk leaf ABA levels, leaf water potentials
and stomatal conductances Nevertheless, under stress conditions bulk
leaf ABA levels generally increase, especially in mesophytes but less so in
xerophytes (Aquatic plants and parucularly plants with submerged
leaves and no stomata have a very limited ability to synthesize ABA under
stress conditions ) Moreover, 1t has been concluded that only a few per-
cent over the inmtial bulk leaf ABA level 1s sufficient to initiate closure and
that ABA can be synthesized rapidly enough to account for the observed
rates of closure More specifically, abscisic acid levels also increase in
guard cells as water stress proceeds, although the measured values have
varied widely according to the invesugation For example, Harns et al
(1988) measured ABA concentrations in a guard cell of water-stressed V
faba leaves of 8 8 fg per guard cell (equivalent to about 3 5 UM assuming
a guard cell volume of 30pl and ignoring compartmentation) In
another study Harris and Outlaw (1991) measured maximum ABA con-
centrations of 15uM 1n guard cells of waterstressed V faba leaves
Additionally, they observed that over a 6 h period of water stress the ABA
content of the mesophyll reached maximum levels after about 2 h of the
stress, increasing by about 18-fold During that time the ABA content of
guard cells increased by about 26-fold, upon removal of stress, there was
an imual delay before guard cell ABA levels declined by 46 and 83% after
2 and 6 h, respectively A similar situation occurred in the mesophyll but
with an immediate decline in ABA levels occurring upon removal of
stress and within 6 h 1t reached prestress levels Some studies detect sur-
prisingly high ABA levels in cells Thus, in guard cells of Valerianelia
locusta, Behl and Hartung (1986) measured 13 mM ABA in the cyto-
plasm and 0 45 mM 1n the vacuole (equivalent to an average guard cell
concentration of 064 mM) and in the epidermal layer of leaves of
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Tradescantia virginiana and C. communis a gradient of ABA concentra-
tion existed between the guard cells (mean, 2.49 mM), subsidiary cells
(mean, 1.25 mM) and epidermal cells (mean, 0.86 mM) (Brinckmann et
al., 1990).

7.2.2 Effects of ABA on photosynthesis

It has been suggested that ABA may affect stomatal behaviour indirectly
by modifying photosynthesis which, in turn, would change intracellular
CO, concentrations.

Although ABA does not inhibit photosynthesis in isolated chloroplasts
(e.g. Keck and Boyer, 1974; Kriedeman et al., 1975), isolated cells
(Mawson et al.,, 1981; Sharkey and Raschke, 1980) or leaf sections
(Willmer et al., 1981), a number of investigators concluded that in intact
leaves ABA was directly responsible for a decrease in photosynthetic
rates, i.e. inhibition of photosynthesis was non-stomatal (e.g. Raschke,
1982; Cornic and Miginiac, 1983; Raschke and Hedrich, 1985; Bunce,
1987). Essentially, the conclusion that photosynthesis was directly
affected by ABA was obtained from the observation that the photosyn-
thetic rate at a given, calculated intercellular CO, concentration, C, was
depressed relative to untreated leaves.

These conflicting reports remained an enigma until, at about the
same time, various groups discovered that the apparent, non-stomatal,
inhibition of photosynthesis was an artefact attributable to ‘patchy’
stomatal opening (also see Chapter 2). (‘Patchy’ stomatal opening has
also been referred to as non-uniform or heterogeneous stomatal open-
ing but these terms are misleading because, as all who have worked
with stomata appreciate, there can be a wide distribution of stomatal
apertures within a leaf and stomata are unlikely to be ever uniformly
open; see Chapter 2). The ‘patchy’ opening resulted in overestimates of
C, and a spurious C/assimilation relationship (Downton et al., 1988;
Raschke and Patzke, 1988; Terashima et al., 1988). Additionally, caution
is needed in the interpretation of results of experiments in which cells,
tissues and particularly whole leaves are treated with hormones or other
substances. This is because there may be problems concerning entry of
the substances into cells (determined in part by molecular size, lipid sol-
ubility, ionization state at a particular pH) and also a physiological
response as a result of the applied substance does not necessarily imply
that it is directly concerned in that response. For example, ABA pro-
motes senescence in leaves with protein and chlorophyll levels decreas-
ing and DNase activity increasing (e.g. Jung and Gossman, 1985). Thus,
photosynthetic rates may rapidly decrease in ABA-treated leaves due to
factors not directly concerned in photosynthesis. Moreover, ABA is
known to influence ion fluxes which may affect membrane potentials
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and ATP levels and ultimately the consequences may impinge on
enzyme activity and photosynthesis (see Seeman and Sharkey, 1987).

7.2.3 Distribution and site of action of ABA

Abscisic acid is ubiquitously located in all parts of higher plants and is
also synthesized by certain algae (Tietz and Kasprik, 1986) and several
phytopathological fungi (Dorffling et al., 1984). Abscisic acid is not
found in unicellular green algae where lunularic acid may be a replace-
ment for it (Ullrich and Kuntz, 1984), but it is present in liverworts (Li et
al., 1994) and mosses. Curiously, ABA has also been located in the brain
of some mammals (Le Page-Degivry et al., 1986) although it may have
originated from plants in the diets of animals.

Not only has ABA been detected in the various tissues of higher
plants, it is also considered to be synthesized in virtually all cells con-
taining amyloplasts or chloroplasts (see Taiz and Zeiger, 1991). Although
a few reports indicated that ABA was synthesized (Cornish and Zeevart,
1986) and catabolized by guard cells (Grantz et al., 1985) the current
consensus of opinion is, however, that it is not (see Section 7.2.7) and
therefore ABA must be synthesized elsewhere in a plant and translo-
cated to guard cells to bring about a stomatal response.

The amount of ABA in tissues or a cell depends on rates of biosynthe-
sis, catabolism and transport across membranes. Only the undissociated,
neutral form of ABA (ABAH) is freely permeable across membranes, the
ABA™ anion having almost zero conductance, and therefore ABA behaves
ideally according to the anion trap mechanism for weak acids in the
absence of specific transporters (see below) (Heilmann et al., 1980; Slovik
et al., 1992). According to model analysis (Cowan et al., 1982; Slovik et
al., 1992; Slovik and Hartung, 1992) the anion trap mechanism and result-
ing ABA redistribution plays a key role in stomatal regulation. Thus, the
distribution of ABA within different compartments of cells depends on
the pH, the more alkaline a compartment the more ABA being accumu-
lated and trapped (Cowan et al., 1982). Since pH values of compartments
within a cell (e.g. apoplast, cytosol, vacuole and chloroplast stroma) are
different ABA will accumulate to different extents in each compartment.
Furthermore, the pH values of some compartments (apoplast, cytosol
and stroma but not the vacuole) change under plant water stress, and the
pH of at least some of the compartments will change under light/dark
transitions, stimulating a redistribution of ABA (see Hartung and Slovik,
1991). Additionally, large pH changes occur in the vacuole and cell wall of
guard cells during stomatal movements.

Within a mesophyll cell ABA accumulates mainly in the chloroplasts
and apoplast which have the highest pH. However, under water stress
conditions ABA synthesis is stimulated and, coupled with pH changes of
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the different compartments, redistribution of ABA occurs resulting in
increased levels in the apoplast Abscisic acid 1s then considered to dif-
fuse apoplastically, being swept along in the transpiration stream to the
guard cell walls where 1t brings about the stomatal response (see
Chapter 8 for the mode of action of ABA) Abscisic acid could also travel
symplastically from the cytoplasm of mesophyll cells to the cytoplasm of
cells neighbouring guard cells since there are plasmodesmatal connec-
tions between all cells in between and this may also be a major route for
water movement Figure 74 summarizes the possible movements of
ABA at the cell, tissue and whole plant levels

There 15 also evidence that there are a number of pools of ABA within
a leaf presumably if ABA 15 not catabolized (this occurs in the cyto-
plasm) it may be stored at various sites within the cells or even accu-
mulate in the epidermal layer where it may be released when the need
arises (see Hartung et al , 1990) The latter situation would allow for a
more rapid stomatal response since the distance the ABA would travel
to the target site would be shorter

The mechanism by which ABA crosses membranes in leaf tissue 1s not
certain In root tip cells and suspension cells, Rubery and Astle (1982)
concluded that transport across the plasma membrane was facilitated by
a hughly specific ABA carrier In leaf cells results so far indicate that a sat-
uratable carrier system may exists only in guard cells possibly at the
plasma membrane and/or tonoplast (see Hartung and Slovik, 1991)
There 15 also some uncertainty about the form of ABA which 1s trans-
ported but in the absence of a carner mechanism only the uncharged
form (ABAH) would be able to diffuse across the lipid part of the mem-
brane The ABAH conductance decreases in the order, chloroplast enve-
lope >> plasma membrane > tonoplast (within the same cell type) and
probably epidermis (guard cells, epidermal cells) > mesophyll
(chlorenchyma cells, phloem cells) (Hartung and Slovik, 1991)

7.2.4 Root to shoot communication

A plant survives as an integrated system and signals to a leaf come from
all parts of the plant to produce a net response The roots are the obvi-
ous sensors of the soil environment and stressed roots produce sub-
stances which are translocated to the guard cells via the transpiration
stream There 1s good evidence that ABA 1s a major hormonal factor
which 1s transported from the roots (see, e g Davies and Zhang, 1991)
although there may be other substances at least in some species (Munns
and King, 1988) Zhang et al (1987) consider that it 1s the total amount
of ABA, rather than the concentration, which 1s important in determin-
ing the extent of the stomatal response However, the rate of xylem flow
from the roots to the shoots will be a major regulator of ABA levels 1n
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Figure 7.4 The possible pathways of ABA movement in a plant from the root or the leaf mesophyll
to the guard cells An idealized mesophyll cell shows the compartmentation of ABA which is
determined by pH (only the protonated form of ABA i1s membrane permeable) Water stress Is
considered to alter the pH values of the compartments as indicated Values from Hartung and
Slovik (1991)
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the shoot. The pH of the xylem sap will also modify the response of the
stomata because, depending on the ionization state of ABA, transport
into cells will be greater or smaller, lower pH values favouring greater
uptake (e.g. Schurr et al., 1992).

Possibly there is also a hydraulic signal from the roots which is trans-
mitted to the leaves and which, in turn, stimulates stomatal closing
processes. It is known, for example, that ABA can alter the water perme-
ability of some tissues and cell types (e.g. Eamus and Tomos, 1983;
Markhart, 1984). Thus, under conditions of low soil water availability the
synthesis of ABA in the roots may alter their water conductivity ulti-
mately affecting leaf water potentials.

Abscisic acid is much more abundant in the phloem than the xylem
and is transported to the roots. Hence, it is conceivable that a signal,
ABA, could be transmitted to the roots from stressed leaves to change
the water conductivity of root cell membranes in an appropriate way
which benefits the water relations of the plant.

7.2.5 Stomatal specificity to ABA

Abscisic acid has three possible sites of isomerization which are located
around the two double bonds of the side chain and the asymmetric C1’ of
the ring structure. The asymmetrical C1’ is known as a chiral centre and
depending on whether an attached group protrudes forward or back-
wards, the molecule is called S or R, respectively. In plants ABA occurs
only as the S enantiomer; the R enantiomer is unnatural. The asymmetric
C1’ also confers optical activity to the molecule which results in its ability
to rotate polarized light to the right (clockwise) or to the left (anticlock-
wise). In the former condition the molecule is called the (+) enantiomer,
in the latter condition it is called the (-) enantiomer. The S-ABA synthe-
sized by plants is the (+)-enantiomer. [Note that commercially available
ABA is usually a 1:1 mixture of (+)- and (-)-ABA.| Additionally ABA
exhibits geometrical isomerism as a result of the double bonds of the side
chain. Depending on whether the various groups associated with carbons
2=3 and 4=5 are on opposite sides or on the same side the molecule can
be denoted cis or trans for each double bond. Thus the naturally occur-
ring ABA, as shown in Fig. 7.5 is (+)-S-ABA (with C2-cis, C4-trans configu-
ration). Plants can interconvert the cis and trans isomers but not the (+)
and (-) ones.

Although most investigators agree about the most active form of ABA
and its related compounds which affect stomata, there are difficulties in
establishing which structure is the most effective since applied com-
pounds may be metabolized to more, or less, active forms within the tis-
sues and diffusion to the site of action will depend on how polar a
compound is, and the pH at which it is applied.
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¢

Figure 7.5 (+)-S-ABA (C2-cis, C4-trans). Note that C1' is the only asymmetric carbon
and confers optical activity to the molecule.

Stomata respond to the naturally occurring (+) enantiomer but very
little to the unnatural (~) enantiomer. In some biological systems, how-
ever, both enantiomers are active. The C2-cis, C4-trans isomer is active
while the C2-trans, C4-trans isomer is inactive. Because ABA is relatively
unstable being deactivated due to photoisomerization and biological
breakdown, it has some side effects, and it is expensive to isolate from
plant tissue or synthesize, many analogues of ABA have been tested for
their efficacy at reducing transpiration (e.g. Ogunkanmi et al., 1974;
Jung and Grossmann, 1985; Flores and Dorffling, 1990). The presence of
an oxygen atom at the C1 position appears essential for high activity
although the complete 2,4-pentadiene side chain or a ring carbonyl and
hydroxyl group appear less essential for stomatal activity. However, Hite
et al. (1994) found that if hydrazones were substituted for the 4’ car-
bonyl group then ABA was ineffective at inhibiting stomatal opening.
According to Jung and Grossmann (1985) a cyclohexane unit and a six-
carbon side chain appear necessary for biological activity. So far it
appears that an ABA analogue which functions as an antitranspirant and
which is commercially attractive has not been discovered.

7.2.6 Metabolism of ABA

Initially it was considered that ABA was synthesized in chloroplasts of leaf
mesophyll cells but now it is generally accepted that it is both synthesized
and degraded in the cytoplasm (e.g. Hartung et al., 1980). However, there
was much debate about whether it was also synthesized in the guard cells
but currently the concensus is that ABA synthesis, degradation and turn-
over of conjugates does not occur, or is at insignificant levels, within
guard cells (e.g. Behl and Hartung, 1986; Lahr and Raschke, 1988). There
is also uncertainty about ABA metabolism in epidermal tissue. Singh et al.
(1979) found rates of synthesis and metabolism of ABA in the epidermis
to be similar to those in mesophyll cells, but Dorffling et al. (1980) con-
cluded that isolated epidermal strips were unable to synthesize ABA.
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Protoplasts in general are probably unable to synthesize ABA (Loveys and
Robinson, 1987; Lahr and Raschke, 1988)

Although certain fungi such as Cercospora rosicola and Botrytis
cinerea are able to synthesize ABA via ionylidene derivatives, there is no
evidence for this pathway in higher plants. In higher plants the pathway
of ABA synthesis remains to be elucidated but research has centred on
two other pathways as indicated in Fig. 7.6 (see Zeevart and Creelman,
1988). In the direct pathway it is considered that ABA is formed from
farnesyl pyrophosphate via unknown intermediate reactions which may
involve xanthoxin. In the indirect pathway, which is currently favoured,
it is considered that ABA is formed as a degradative product of some
xanthophyll (a type of cartenoid), such as violaxanthin, via xanthoxin.
Figure 7.6 also shows the derivation of other sesquiterpenoids, which
affect stomata, such as farnesol.

Acetyl CoA (2C)

ATP
NADPH

Mevalonate (6C)

COQ il - ATP

Isopentenyl pyrophosphate (5C)
Geranyl pyrophosphate (10C)

Farnesyl pyrophosphate (15C)

y
Farnesol ? ABA

Geranyl geranyl
e pyrophosphate (15C)
(20C) Xanthoxin /;
l (150)

(Carotenoids, /

normally 40C)
Violaxanthin

Figure 7.6 Possible pathways of ABA biosynthesis. The compounds in italics have all
been found to affect stomatal behaviour. After Zeevart and Creelman (1988).
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Although loss of cell turgor sumulates ABA synthesis 1t 15 not known
how cell turgor regulates its synthesis There 1s also a possibility that
ABA 1s synthesized by different pathways in turgid leaves and stressed
leaves or the turnover of ABA 15 much more rapid in stressed leaves
(Creelman et al , 1987)

Abscisic acid 15 degraded, via the unstable intermediate 6’hydroxyl-
methyl-ABA, to phaseic acid and then to 4-dihydrophaseic acid Abscisic
acd 1s also conjugated to form ABA-B-pD-glucosyl ester (ABA-GE) In
water-stressed leaves ABA and 1ts catabolites, phaseic acid and dihy-
drophaseic acid accumulate ABA-GE, however, increases only slightly,
its formation apparently being irreversible, and 1t 1s sequestered in the
vacuole where 1t 15 unavailable as a source of stress-induced free ABA A
detailed appraisal of ABA metabolism 1s reported in Zeevart and
Creelman (1988)

7.2.7 After-effect of wilting

If a water-stress period 1s relieved, in some species there 1s a period of
hours or even days before stomata open to their full potential (Fig 7 7)
Stdlfelt (1955) first described the phenomenon and assumed it to be a
‘safety mechanism Although the cause of the effect 1s not certain 1t has
been considered to be due to ABA slowly being removed from in and
around the guard cells (via various means such as conjugation, export
via phloem by degradation and redistribution), thereby allowing only
slow stomatal recovery Dorffling et al (1977), for example, observed in
a variety of mesophytic plants that the delay in stomatal opening was
directly correlated to the leaf ABA content Curiously, however, in hygro-
phytes (Tradescantia  andersoniana, Menyantbes trifoliata and
Mentha aquatica weie classified in this group) they found that stomatal
opening was not delayed during recovery of leaf turgor and leaf ABA lev-
els did not increase in response to water stress but remained constant
(Menyantbes) or decreased (Tradescantia and Mentba)

Hartung and Slovik (1991) have also proposed that although there 15
a fast redistribution of ABA levels in the guard cell walls after cessation
of stress, cytosolic ABA levels can remain high for many hours because
of carrier mechanisms possibly present in the guard cell tonoplast This
might explain whv some species exhibit this after-effect while others do
not

Some authorities have disagreed with the involvement of ABA in the
after-effect since they found that leaf ABA levels and stomatal recovery
did not correlate well (e g Beardsell and Cohen, 1975) For example,
prestress ABA levels have been recorded in leaves before stomatal
recovery and, in other cases, stomata have been found to open after
apphcation of ABA but before appreciable breakdown of ABA has
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Figure 7.7 The after-effect of water stress on the stomatal behaviour in leaves of Vicia
faba (a) Unstressed control plants (b) Plants were not watered for 3-6 days until the
fourth expanded leaf from the apex had wilted for 2 days At the points indicated by the
short bars individual plants were watered In each treatment the stomatal behaviour In six
different leaves was recorded with a viscous flow porometer Black bars on the abscissa
indicate the dark periods After Allaway and Mansfield (1970)

occurred. Furthermore, Hartung and Slovik (1991) indicate that total
ABA content per unit leaf area declines only within 1-2 weeks of the
stress period. Nevertheless, the lack of correlation between bulk leaf
ABA levels and stomatal aperture may be due to one or more of the
many reasons cited above.

There is a suggestion that ABA may be involved in short-term after-
effects (over the first few hours) but not longerterm effects since
Allaway and Mansfield (1970) found stomata in V faba did not fully
recover from water-stress until nearly 24 h after the stress was relieved,
while Harris and Outlaw (1991) found that ABA levels in guard cells of V
faba dropped to pre-stressed values within 6 h after relief of a water-
stress period.

Presumably, if ABA is a factor in the after-effect of wilting, stress effects
could modulate ABA activity in some way such as altering gene expres-
sion for ABA or even changing the sensitivity of receptor sites to ABA
(e.g. Peng and Weyers, 1994).

7.2.8 COZ/ABA interactions

Raschke (1975) suggested that there is an interdependence, at least in
some species, between CO, and ABA in bringing about stomatal closure
since he found that stomata of Xanthium strumarium did not close in
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the light in response to increased CO, concentrations unless the leaves
had been fed ABA. Conversely, he found, stomata would not close if
leaves were fed ABA unless CO, was present in the air. This interaction
of stomatal responses to CO, and ABA was also found in Gossypium bir-
sutum and C. communis though it was much weaker than in X stru-
marium. Mansfield (1976), however, using X. strumarium, found no
statistical interaction of ABA and CO, in their stomatal responses. It is
difficult to reconcile the two reports, although differences in plant pre-
treatments might explain the differing conclusions; the study of
Raschke, for example, was carried out at a much higher photon flux
densities than that of Mansfield, and at high light levels stomata in some
species may become less responsive to stimuli. Raschke et al. (1976)
also found that stomata of X. strumarium were sensitized to CO, by a
cold pretreatment of plants, i.e. the stomata closed upon exposure to
high CO, concentrations. They related the sensitization of the stomata
to increased leaf ABA levels caused by the cold stress.

Undoubtedly ABA levels around guard cells and leaf CO, levels will
play some interrelated role in controlling stomatal aperture since, indi-
vidually, these both bring about closure as their concentrations increase.
Moreover, under normal conditions ABA is normally always present at
low levels in leaf tissue and this level is elevated under stress conditions.
It is pertinent to note, however, that stomata in epidermal strips of C.
communis respond to ABA in the absence of CO, by closing or by not
opening and respond to changes of CO, concentration in the absence of
exogenously supplied ABA.

7.2.9 Wilty mutants

Wilty tomato mutants (flacca, sitiens and notabilis), a pepper mutant
(Capsicum scabrous diminutive) and a potato mutant have been found
in which stomata remain open even under water stress resulting in rapid
wilting of the plants. There is also an increased root resistance to water
flow in the mutants compared with normal plants which contributes to
the wilting of the plants. The reason for the stomata remaining open
under plant water stress is that a single gene mutation results in
decreased ABA synthesis. The concentration of ABA in flacca leaves is
only 20-40% of that found in wild-type leaves (Neill and Horgan, 1985).
Tal and Imber (1970) reported the presence of high levels of auxin and
kinetin-like activity in the flacca mutant which they considered might
stimulate stomatal opening. Additionally Tal ez al. (1979) found higher
rates of ethylene evolution in flacca which they linked, in part, to an
increased auxin content. However, Neill ez al. (1986) could find no dif-
ference in indole-3-acetic acid (IAA) levels or of ethylene evolution (and
of levels of ACC, the immediate precursor to ethylene biosynthesis)



208 THE INFIUENCF OF HORMONFS

between Flacca and the wild-type Exogenously supplied ABA brings
about stomatal closure, thereby preventing wilting (Imber and Tal,
1970), although there 15 a report that short-term applications of ABA are
meffective at closing the stomata

A number of ABA-insensitive mutants have been identified (in terms
of general growth and development) though little has been done to
investigate their stomatal responses However, the transpiration rate of a
barley mutant, cool, was unaffected by applicaion of 1 mM ABA and
the evaporative cooling of leaves was always higher than in the wild-type
(Raskin and Ladyman, 1988) Additionally, they found that the stomata
were nsensitive to exogenously applied ABA, darkness and drought
stress although the stomatal density, ABA levels and metabolism of
plants and the guard cell morphology were unaltered from the wild-

type

7.3 Other sesquiterpenoids (xanthoxin, all-trans farnesol,
vomifoliol, phaseic acid)

A number of sesquiterpenoids which are related to ABA have been stud-
ied for their effects on stomatal behaviour, 1 e xanthoxin, all-trans far-
nesol, vomifoliol and phaseic acid (see Fig 7 8a—d for their structures)

Xanthoxin 1s about 50% as active as ABA at causing stomatal closure
when applied to leaves via the transpiration stream, but 1s mnactive when
applied to epidermal strips of C communis or V faba (Raschke et al |
1975) Water stress does not increase xanthoxin levels within leaves
Xanthoxin may be a precursor of ABA (see Fig 7 6) and the above obser-
vations would support this contention presumably, when xanthoxin 1s
applied to leaves via the transpiration stream, 1t 15 first converted to ABA
in the mesophyll before 1t affects the stomata There 1s no effect of xan-
thoxin on stomata 1n epidermal strips possibly because the epidermis
cannot convert xanthoxin to ABA

All-trans farnesol levels increase in water-stressed leaves of Sorghum
sudanense (Wellburn et al , 1974) Farnesol also causes stomatal clo-
sure, which can be reversed, when apphed to Sorghum leaves, it also
causes cJosure and prevents opening of stomata in epidermal strips of
C commurus However, Farnesol causes structural changes to cells
damaging membranes, including chloroplast envelopes, at non-physio-
logical concentrations (10 M and above)

Phaseic acid was considered at one time to be involved 1n the control
of stomata since water stress and certain photoperiodic changes led to
increased phaseic acid levels in leaves which were correlated with stom-
atal closure (e g Lovevs and Kriedemann, 1974) The effectiveness of
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Figure 78 The structure of some sesquiterpenoids related to ABA (a) Xanthoxin (b)
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phaseic acid at closing stomata in epidermal strips and intact leaves
varies from species to species For example, 1t closes stomata in epider-
mal strips of C communis but not of V faba Some invesugators found
that the acid inhibited photosynthesis (e g Kriedemann et al , 1975)
thereby elevating leaf CO, levels which would close stomata, but other
investigators found no inhibition of photosynthesis In general, the
effects of phaseic acid on stomatal behaviour are not as marked as the
effects of ABA, the former compound being a degradative product of
the latter though retaining some activity

(+)-Vomifoliol 1s also reported to be as active as ABA 1n causing stom-
atal closure in epidermal strips of Eichborma crassipes (Stuart and
Coke, 1975) (+)-Vomifoliol, the natural 1somer 1s related structurally to
ABA but the side-chain has two fewer carbon atoms than that of ABA
(Fig 7 8d)

7.4 Other hormones

7.4.1 Cytokinins

Although the effects of cytokinins on stomata are still not clear there 1s
now a general view that they stimulate stomatal opening within mono-
cot and dicot species (see Incoll and Jewer, 1987) However, in the past
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it was considered that kinetins increased rates of transpiration n grass
species but not other monocotyledons or dicotyledons It had been sug-
gested that the increased transpiration observed in grasses was due to
kinetin delaying senescence of the excised leaves relative to rates of
senescence in water controls In turn, the delayed senescence would
extend the CO, fixing ability of the leaves resulting in lower leaf CO, lev-
els As a consequence of the lowered CO, levels, stomata will open
more widely in the kinetin treated leaves Pallas and Box (1970), how-
ever, suggested that the cytokinins acted on stomata indirectly by affect-
ing water potentials elsewhere in the plant

A direct effect of cytokinin on guard cells was indicated when 1t was
found that a range of synthetic and natural cytokinins enhanced stom-
atal opening 1n epidermal strips of the grass, Anthephora pubescens
(Incoll and Whitelam 1977) In general, however, reports on the effects
of kinetins on stomata are contradictory In intact leaves of a variety of
monocot and dicot species cytokinins increase transpiration rates (e g
Livne and Vaadia, 1965, Meidner, 1967, Biddington and Thomas, 1978,
Horton, 1991) In epidermal strips, results are conflicting In some stud-
ies kinetin had no significant effect on stomatal behaviour in epidermal
strips of C communus, V faba (Tucker and Mansfield, 1971, Ogunkanmi
et al , 1973, Wardle and Short, 1981), Pisum sativum (Jewer et al , 1982)
and Tridax procumbens (Das and Raghavendra, 1976) but in other stud-
1es kinetin and synthetic cytokinins induced opening in epidermal strips
of A pubescens and Kalanchoe daigremontiana (Jewer and Incoll,
1980, 1981) and n one study kinetin closed stomata in epidermis of C
communis (Blackman and Davies, 1983)

There may also be some interaction between cytokinins, ABA and CO,
concentrations (e g Das and Raghavendra, 1976, Blackman and Davies,
1984)

7.4.2 Auxins

As with the cytokinins, reports on the action of auxins are rather contra-
dictory and difficult to evaluate Ferri and Rachid (1949) and Mansfield
(1967), for example, found that synthetic auxins induced stomatal clo-
sure 1n leaves from a variety of monocot and dicot species while Livne
and Vaadia (1965) found no effect of IAA on stomata 1n intact leaves of
wheat Zelitch (1961) also found that when tobacco leaf discs were
floated on solutions of the synthetic auxins, 2,4-dichlorophenoxyacetic
acid (2,4-D) or naphthalene-l-acetic aud (1-NAA), stomata closed
Contrasting results are reported for the effects of IAA on stomata in epi-
dermal strips of C communis, Tucker and Mansfield (1971) and
Ogunkanmi et al (1973) found no effects on stomatal opening while
Pemadasa (1982) generally observed a slight stimulation of opening in
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abaxial stomata and a large stimulation of opening in adaxial ones. Levitt
et al. (1987) also observed that IAA (0.01-1.0 mM) promoted stomatal
opening in epidermal strips of V faba although the KCl concentration
used in the incubation medium (50 mM) is much higher than normally
used (1-10mM) for this species. Cox et al. (1985) concluded that
although TAA stimulates stomatal opening, its synthetic analogues are
inhibitory and that some of the earlier misleading results with epidermal
strips were due to experimental conditions that obscured IAA activity
(Davies and Mansfield, 1987).

Nevertheless, Lohse and Hedrich (1992) found that IAA and its syn-
thetic analogues stimulated opening in epidermal strips of V faba incu-
bated in buffered S0 mM KCl; in darkness IAA, 1-NAA and 2,4-D
increased apertures reaching maximum values after 4-5 h. Both NAA
and 2,4-D gave bell-shaped dose-response curves with a maximum
response at a concentration of 5 uM.

Indole-3-acetic acid has also been found to reduce the stomatal clos-
ing effects of ABA and also there appears to be an interaction between
IAA, ABA and CO, concentration in the regulation of stomatal responses
(e.g. Snaith and Mansfield, 1982; Eamus, 1986).

7.4.3 Gibberellins

Gibberellins have been reported to increase transpiration rates in
excised barley leaves (Livne and Vaadia, 1965) but most investigators
find no effects in intact leaves (e.g. Horton, 1991). In epidermal strips
gibberellins are also reported to have no effects on stomatal opening
(e.g. Tucker and Mansfield, 1971; Horton, 1971).

7.4.4 Ethylene

Carbon dioxide is a competitive inhibitor of ethylene action in many
plant responses; the synthesis of ethylene has also been observed to
increase in plants under water stress. Stomatal responses are also sensi-
tive to changing CO, concentrations and water stress, and, hence, inves-
tigators have attempted to connect stomatal functioning and ethylene
responses. Many reports indicate that ethylene tends to close stomata.
Kays and Pallas (1980) found that in certain species, notably sunflower
and peanut, exposure of the plants to 1.0 pl 17" ethylene for 2 h resulted
in a substantial reduction of photosynthesis and in a later report (Pallas
and Kays, 1982) concluded that at least in peanut leaves it was due to
decreased stomatal conductance. Reports by Vitagliano and Hoad
(1978), Bradford and Hsiao (1982) and Madhavan et al. (1983) also indi-
cate increased stomatal resistance, in a variety of species, in response to
ethylene. Whether ethylene directly brought about stomatal closure
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thereby reducing photosynthesis, or whether the ethylene effect on
stomata was an indirect one due to the gas inhibiting photosynthesis
which, in turn, would increase leaf CO, levels to close stomata, 15 not
clear in many of the reports

However, Pallaghy and Raschke (1972) could find no effect of ethylene
within the concentration range of 1 to 100 000 ppm on stomatal behav-
iour 1in corn or pea Nor have ethylene effects been observed on stomatal
behaviour 1n leaves of pinto bean or Sedum (Madhavan et al , 1983) or in
excised barley leaves (at 100 ul 1’ ethylene) (Horton, 1991) Contrary to
all these reports, Levitt ef al (1987) conclude from their studies with
ethephon, which 15 converted to ethylene in cells, that ethylene opens
stomata in eprdermal strips of V faba

7.5 Fatty acids

Short-chain saturated fatty aads (of carbon chain length C6 to C11)
accumulate 1n leaves of barley and french bean under water stress
(Willmer et al, 1978) The C9 (nonanoic), Cl0 (decanoic) and Cl11
(undecanoic) acids also prevent stomatal opening and cause closure of
stomata in epidermal strips of C communis The C9 and C11 fatty acids
are most effective but even they are not as effective as ABA at inhibiting
stomatal opening and causing closure (see Fig 79) There 1s a relatively
narrow concentration range (between 1 and 100 uM) over which they
assert their action on stomata and stomatal closure 15 slow 1n their pres-
ence Like farnesol, high concentrations (in the order of 100 uM) cause
cell and partcularly membrane damage (Willmer ef a/ , 1978) Indeed,
the C9 and C10 fatty acids are now used commercially as active ingredi-
ents of a broad spectrum contact herbicide (Bestman, 1993)

The longer chain unsaturated fatty acids, linolenic (C18, three double
bonds) and linoleic (C18 two double bonds), also prevent stomatal
opening and bring about some closure (Fig 7 9)

Further investigation 15 needed 1into the effects of fatty acids to ascer-
tain their significance in stomatal control

7.6 Phytotoxins

A number of phytotoxins produced by plant pathogens affect stomata
etther by promoting or inhibiting opening Little 1s known about most of
the compounds, but fusicoccin has been investigated in some depth
Fusicoccin 1s a phytotoxin (the structure 1s depicted in Fig 7 10) pro-
duced by submerged cultures of the fungal pathogen, Fusicoccum
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Figure 7.9 The effects of some sesquiterpenoids, fatty acids or amino acids on (a)
stomatal opening and (b) open stomata in epidermal strips of Commelina communis. All
compounds were at a concentration of 0.1 mM suspended or dissolved in a buffered (20
mM MES, pH 6.0) medium containing 75 mM KCI. CO,-free air was bubbled through the
medium and the epidermal strips illuminated (195 umol m~2 s™') at a constant 27°C.
Stomatal apertures were measured after 2 h incubation period. 1, Sesquiterpenoids; 2,
saturated short-chain fatty acids; 3, unsaturated longer chain fatty acids; 4, amino acids.
From Plumbe and Willmer (1986b).
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amygdali The substance opens stomata when applied to leaves or epi-
dermal strips and can overcome the closing effects of ABA (Squire and
Mansfield, 1972) Fusicocun also swells GCPs

Fusicocun increases H extrusion and K* uptake in many types of
cells and ussues and also hyperpolarizes membrane potentials (e g
Marre, 1979) Fusicoccin may, therefore, bring about stomatal opening
by influencing 1on transport across the plasmalemma of guard cells (see
Chapter 8 for further details)

Victorin (a pentapeptide joined to a secondary amine) 15 a phytotoxin
produced by the fungus Helminthbosporium uvictoriae which causes
stomatal closure Little more 15 known about its effects on stomata

A toxin produced by Helminthosporium maydis, race T, causing south-
ern corn leaf bhight, also causes solute leakage from roots of susceptible
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plants and induces rapid stomatal closure possibly by inhibiting K* uptake
(Arntzen et al , 1973)

Syringomycin (a 11 224 Da peptide) 1s a phytotoxin produced by the
bactertum Pseudomonas syringae pv syringae which also reduces
stomatal apertures in epidermal strips of V faba and in detached leaves
of Xanthium strumarium (Mott and Takemoto, 1989) These authors
found that syringomycin was as effective as ABA at closing stomata and
neither compound affected the photosynthetic capacity of the meso-

phyll

7.7 Phytoalexins

Phytoalexins are antimicrobial substances produced by certain host
plants normally in response to pathogen attack Many of these com-
pounds have been found to affect stomatal behaviour For example,
wyerone acid, a phytoalexin produced by V faba, inhibits stomatal
opening 1n 'V faba and C communis epidermal strips although not as
effectively as ABA Other phytoalexins, such as pisatin and phaseollin,
have similar effects on stomata in epidermal strips of V faba and C
commumnis (Plumbe and Willmer, 1986a) Pisatin, a phytoalexin pro-
duced by peas, has been observed to inhibit stomatal opening in pea
leaves due to the wnability of the guard cells to accumulate solutes
(Ayres, 1980)

Many phytoalexins damage membranes Their effects on stomata may
also be due, mainly, to changing membrane permeability of guard cells

Investigations <o far indicate that phytoalexins are not produced bv
plants grown under water stress in the absence of pathogens unless, in
some cases, tissue death occurs However, certain compounds pro-
duced under water stress such as short chain fatty acids and farnesol,
inhibit spore germination of Cladosporium herbarum, ABA has no
effect on the germimnation of spores of C herbarum or the growth of
their germ tubes (Plumbe and Willmer, 1985)

7.8 Other compounds

A variety of other naturally-occurring compounds of a diverse nature
have been found to affect stomata Usually studies have not been
detailed enough to determine the importance or significance of the
compound 1n the control of stomatal behaviour Also, usually the effects
on stomata have not been great and relatively high concentrations are
needed to elicit a stomatal response
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A number of phenolic compounds affect stomata Ferulic acid, for
example, was found to increase transpiration rates in barley leaves, but it
had little effect on stomatal opening in C commuris epidermal strips
(Plumbe and Willmer, 1986b) Michniewicz and Rozej (1974) also found
that ferulic acid stmulated transpiration 1n cuttings of P wvulgaris
Sinapic acid and caffeic acid inhibit stomatal opening in epidermal strips
of C communis and reduce transpiration rates in excised leaves

In general ammo acids have little effect on stomatal responses
(Plumbe and Willmer, 1985b, see Fig 7 9) although proline has been
reported to inhibit stomatal opening and cause closure of open stomata
in epidermal strips of some species including C  bengbalensis
(Raghavendra and Reddy, 1987) Proline also accumulates in large
amounts 1n leaves of some species exposed to water stress Thus correla-
tion between water stress, proline accumulation and inhibition of stom-
atal opening deserves further attention although 1t has been established
that ABA accumulation by cells 1s not a prerequisite to proline accumula-
tion in wilted leaves (Stewart and Voetberg, 1987)

Jasmonates occur naturally in plant tissues and have been considered
as phytohormones Raghavendra and Reddy (1987) found that methyl
jasmonate was a potent inhibitor of stomatal opening and caused clo-
sure tn epidermal strips of C bengbalensis At the relatvely high con-
centratton of 1mM, methyl jasmonate was observed to reduce
transpiration rates in excised barley leaves though the effect was consid-
ered to be due to 1its toxicity (Horton, 1991)

Brassinosteroids, a relatively new group of biologically active natural
products also affect stomata movements Thus, 225,235-homobrassino-
lide and 24-epibrassinolide were relatvely effective at inhibiting stom-
atal opening in epidermal strips of C commurus (Dahse et al , 1991)

7.9 Artificial control of stomata

The artificial control of stomatal behaviour could be of use to man in a
number of ways Antitranspirants could be used over the long term or
short term to close stomata, enabling a crop to withstand a period of
drought Such treatment would be partcularly useful with perennial
crops where survival may be more important than good yield for a par-
ticular season (since closing the stomata would prevent photosynthesis,
and reduce yield as well as preventing water loss) Antitranspirants may
also be sprayed on newly transplanted trees and other plants during dry
periods to cut down water loss from the leaves and increase their
chances of survival It 1s also enticing to think that it may one day be
possible to extend the opening period of stomata, possibly in late after-
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noon, under ideal photosynthesizing conditions when water was readily
available. The daily period of photosynthesis would be extended and
crop yields might, therefore, increase. For this sort of stomatal control
protranspirants would be needed rather than antitranspirants and they
would possibly have to overcome stomatal closing; in late afternoon due
to endogenous rhythms. Fusicoccin, for example, may be used as a pro-
transpirant and it has already been used at an experimental level to
speed up the drying of newly cut grass to be used for hay. Compounds
may also be applied to plants to close stomata and prevent entry of toxic
pollutants which may damage tissues within the leaf.

Such compounds which will open or close stomata must be non-toxic
to man and the plant, cheap to produce and must act specifically on
guard cells without directly affecting photosynthesis or other plant
processes in the underlying mesophyll. A danger of using antitranspi-
rants may be one of overloading the cooling capacity of leaves since
evaporation and escape of water vapour from the leaves will be reduced.

To date there is no substance (synthetic or natural) which has a
higher permeability to CO, than to water vapour (Raschke, 1979). Also,
because the water vapour gradient is steeper than the CO, gradient
across the stomata more water molecules will be lost from the leaf than
CO, will enter the leaf. Thus, no antitranspirant can reduce water loss
without also reducing CO, uptake by the leaf. However, a reduction in
stomatal conductance affects transpiration and assimilation to different
degrees and the ratio between the rates of the two processes (transpira-
tion/assimilation, the transpiration ratio) usually declines as stomata
close.

There are basically two types of antitranspirants. One type may be
classed as film antitranspirants. These are often silicone-based oils or
emulsions of latex or waxy substances which are sprayed on crops to
give a semi-waterproof coating. The other type of antitranspirants are
sprays of either naturally occurring or synthetic compounds which
directly affect stomata.

Many compounds have been considered as possible antitranspirants
but most have deleterious side effects. Phenylmercuric acetate has been
used in the past with some success, even in field trials, but, of course, it
is a serious environmental pollutant. Some of the possible natural occur-
ring antitranspirants unfortunately are likely to have side effects. ABA,
however, is needed at very low concentrations to close stomata and,
when sprayed on plants, appears to have minimal affects on other plant
processes. The disadvantages of using ABA as an antitranspirant may be
its short-lived effect and possibly its expense. Recently it has been found
that acetylsalicylic acid (aspirin) prevents opening in epidermal strips.
This observation may lend some support to the belief that the addition
of aspirin to water bathing flowers preserves the flowers longer than in
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the absence of aspirin Although this needs further verification in whole
plants, presumably the aspirin will be taken up 1n the transpiration
stream and close the stomata 1in the foliage (and possibly petals and
other floral parts), thereby preventing excessive water loss and wilting
If this 1s the case, aspirin deserves further attention as a possible anti-
transpirant

Although there are a few impressive reports on the effects of film anti-
transpirants, results generally have not been successful Film antitranspi-
rants are difficult to use with precision and may even cause leaf
necrosts The search for ideal anutranspirants continues New, naturally
occurring and synthetic compounds which affect stomata are sull being
discovered Some of these may prove to be useful for artificially control-
ling stomatal behaviour 1n the field
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8 Ionic relations of
stomatal movement
and signal
transduction in
guard cells

8.1 Introduction

A variety of different hypotheses have been put forward over the last
century and a half to explain how stomata open and close (see Chapter
1) All have proved inadequate to a greater or lesser degree Since the
late 1960s, however, major advances 1n our understanding of how stom-
ata function have been made with the application of diverse and new
technologies, such as electrophysiology and 10n imaging It 1s now clear
that 1on accumulation forms a major part of the osmotic increases
observed during stomatal opening and recent experiments have started
to link control of 1on movement with transduction of physiological stim-
uli The conceptual framework for signal transduction relies heavily on
models dertved from animal cell systems, although sufficient data 1s
beginning to accumulate to establish interactions in the signalling net-
work that are unique to guard cells In this chapter the mechanisms
leading to reversible 1on accumulation and release by guard cells are
considered, followed by a discussion of how such 1on fluxes are regu-
lated by internal and external signals

8.2 The involvement of ions in stomatal movements

The increases 1n guard cell osmotic pressure observed during opening
(see Chapter 4) are a result of uptake of inorganic or organic solutes
from the apoplast and/or synthesis of osmotically active molecules
within the cell In this section the primary role of 1on accumulation 1n
stomatal movements and the contribution tons make to the overall
osmotic changes are discussed
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8.2.1 The participation of K* in stomatal opening and closing

In 1905, Macallum localized K* in guard cells of tulip using a histochemu-
cal test (Box 8 1), though a relationship between stomatal aperture and
K* levels was not noted until nearly half a century later Imamura (1943)
and Yamashita (1952) demonstrated K* accumulation in guard cells of a
variety of species when stomata opened However 1t was not until Fujino
(1967) published his work in English that scientists outside Japan became
fully aware of the involvement of K* in stomatal function Fischer (1968a)
and his colleagues independently confirmed the findings of the Japanese
workers using eptdermis of Vicia faba and concluded that the amount of
K* and an accompanying anion were sufficilent to account for the
increased osmotic pressures of guard cells which occur when stomata
open They also proposed that the uptake mechanism was specific for K*
and that 1t was light activated As potassium 1s normally the most abun-
dant inorganic 10n 1n leaves, 1t 15 not surprising that K* 1s almost univer-
sally accumulated by guard cells regardless of the evolutionary level of the
species or the location of the stomata on a plant (Willmer and Pallas,
1973, Dayanadan and Kaufman, 1975) For example, K* accumulates in
guard cells during stomatal opening 1n leaves of Equusetum (horsetails),
ferns, monocots and dicots (including CAM plants exhibiting night open-
ing) and herbaceous and woody plants (including Ginko biloba)
Additionally, when stomata open, K also accumulates in guard cells
located 1n awns, sepals and stems Contrary to the findings of Nelson and
Mayo (1977) and Outlaw et al (1982), K* has been observed to increase
in guard cells of Paphiopedilum (lady slipper orchid) species (Willmer ez
al , 1983) and a variegated cultivar of Pelargormum zonale (Jamieson and
Willmer, 1984), both of which do not possess guard cell chloroplasts, but
have functional stomata So far the only exception reported 1s the halo-
phyte, Cakile maritima, which accumulates Na* 1n 1ts guard cells (Eschel
et al, 1974) It would be interesting, therefore, to determine whether
other halophytes utilize Na* i a similar manner

Box8.1. Histochemical test for potassium 1n leaf epidermis with stomata
open or closed

Introduction

The location of K* in epidermis of leaves with open or closed stomata
can be determined histochemically using an adaptation of a method
developed by Macallum (1905) In the test sodium cobaltinitrite forms
the triple salt, sodium potassium cobaltinitrite, in the presence of K*
which crystallizes out at 1ce-cold’ temperatures For this reason all
staining procedures which require ‘ice-cold’ procedures should be
carried out 1n a tray of crushed 1ce
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Na,Co(NO,),+2K* = NaK,Co(NO,),+2Na*

sodium cobaltinitrite  sodium potassiuum cobaltinitrite
(yellow precipitate)

The yellow crystals which form are not easy to observe and so, after
a suitable washing period, the triple salt 1s reacted with ammonmum
sulphide to form a black precipitate of cobalt sulphide

Procedure

1 To obtain closed stomata place plants in the dark for about 2 h, to
open stomata very wide float leaves on water and dluminate for
about 2 h Stomata from the leaf surface in contact with water will
be wide open Epidermis with open or closed stomata 1s rinsed for
1-2 min 1 1ce-cold disulled water to nid the ussue of K* from bro-
ken cells (either epidermal or adhering mesophyll cells) Calcium
sulphate or calcium chloride (20 mM) has also been used as a
washing medium with good results The Ca®* exchanges for K* sit-
uated 1n the cell walls and cell debris The calcium salt 1s then
rinsed out of the tissue by immersing the tissue 1in 1ce cold dis-
tilled water for 2 min The ussue should be agitated at all stages of
the procedure so that air bubbles do not insulate the cells from
contact with the incubation medium

2 The ussue 1s transferred to 1ce-cold , freshly-made sodium cobaltini-
trite solution (the solution lasts for at least 2 weeks when kept in the
refrigerator) Sodium cobaltinitrite solution made from commercially
available solid does not always give good results and sodium cobal-
tinutrite solution prepared as follows 1s recommended add 75 ml of
13% acetic acid to 20g cobalt nitrate and 35g sodium nitrite
Poisonous fumes of nitrogen dioxide are evolved and so the manipu-
lation should be carried out 1n a fume cupboard, preferably with a
stream of air bubbling through the solution to speed up evolution of
the fumes For most types of epidermal ussue a 10 min exposure to
the sodium cobaltinitrite 1s sufficient to give good results However,
with some tissues particularly heavily cuucularized epidermus,
longer periods of incubation up to 20 min may be necessary

3 The ussue 1s now washed 1n 1ce-cold distilled water unul no more
yellow stain flows from the tussue This usually entails washing the
tissue for about 2 min 1n three changes of 1ce-cold distilled water

4 The ussue 1s next immersed in freshly-made 5% yellow ammonium
sulphide solution at room temperature for about 2 min This step
must be carried out 1n a fume cupboard

S Finally, the tssue 1s briefly washed in water to get nd of surplus
ammoniwum sulphide and mounted on a shde 1n a drop of water

Permanent mounts can be made but there does appear to be some
slight loss of intensity of staining with ime The procedures employed
will close open stomata The pattern of localization obtained with the
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histochemical technique compares favourably with that obtained with
the electron microprobe and it 1s considered that the histochemical test
gives a reasonably accurate picture of the true K* location. Freeze-dried
tissue does not give good results, unlike that apparently observed in
animal tissue. It is also considered that the test is specific for K. Some
results obtained using the procedures described above are shown in
Fig. 8 B1 and are also presented in Willmer and Pallas (1973).

Figure 8.B1 Histochemical tests for K* in the epidermis of various species with
open or closed stomata The test closes open stomata Blackened areas indicate
detection of K* (a—c) Lower epidermis of Avena sativa (oat) showing the movement
of K* from the subsidiary cells when stomata are closed to the guard cells when
stomata are open, (d) K* storage In the epidermal cells of Bryophyillum tubiflorum,

(e and f) epidermis from cotyledons of Arachis hypogea {peanut) showing K* in guard
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cells of open stomata (f) but not when they are closed (e), (g and h) lower
epidermis of Commelina communis showing some K* in subsidiary celis when
stomata are closed (g) and large accumulation of K* in guard cells of open stomata
(h), (1rand |) epidermis from onion showing accumulation of K+ in guard cells of
open stomata () but not in guard cells of closed stomata (1), (k) and (I} epidermis
from the lower epidermis of Pelargonium zonale showing accumulation of K* in
guard cells of open stomata (l) but not in guard cells of closed stomata (k) Also
note that K* 1s present in the multicellular tnchomes regardless of whether the
stomata were closed (by a dark treatment) or opened (by a light treatment)
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The potassium content of guard cells increases markedly with open-
ing Although there are substantial differences in the amount of K* accu-
mulated between different species for the same aperture, values for an
indvidual species are fairly consistent (see reviews by Raschke, 1975,
1979, Allaway and Milthorpe, 1976, Outlaw, 1983, Zeiger, 1983,
MacRobbie, 1981, 1987, 1988) For example, typical levels of cell K* are
05 pmol per guard cell in closed stomata of V faba, increasing to
around 2-3 pmol per guard cell in wide open stomata, with average esti-
mates of around 0 2 pmol um ' increase in aperture These values trans-
late into concentrations of about 200 and 500 mM K* for guard cells of
closed and open stomata, respectively, although there 1s considerable
variation in the guard cell volumes used for this calculation by the differ-
ent groups of investigators (see Chapter 4) The presence of the neigh-
bouring cells 1s also important as K* levels in guard cells, where all cells
of the epidermal layer except the guard cells have been killed by a low
pH pretreatment, are about 40% lower for an equivalent aperture range,
than in guard cells with intact surrounding cells (MacRobbie, 1980) This
observation was considered to be due to the guard cells not having to
overcome the back-pressure of the neighbouring cells (see Fig 8 1)

In Table 8 1 values for K* levels in guard cells are presented for a
range of species and using a range of techniques for measurement of
K* Concentrations have been calculated using recent estimates of cell
volumes and taking into account the contribution of the non-osmotic
volume (NOV, see Chapter 4) to facilitate comparisons between species

The relationship between K* and aperture 1s linear for guard cells
from a number of species including Vicia (e g Fischer, 1971), Phaseolus
(e g Turner, 1973) and Nicotiana (e g Sawhney and Zelitch, 1969)
However, 1n guard cells of Commelina, the relationship 1s non-linear
and increases with increasing aperture (MacRobbie and Lettau, 1980a,b)
(Fig 8 1)

Zea mays 1s the only species with graminaceous-type guard cells
where quantitative measurements of K™ have been made (Raschke and
Fellows, 1971, Lasceve et al , 1987), and much lower levels of K" accu-
mulate per micron aperture occur in this species (about 0 04 pmol pm !
increase 1n aperture) compared to that in either Vicia or Commelina
over the same aperture range Schnable and Raschke (1980) also found
that guard cells of wide open stomata of Allium cepa contained consid-
erably lower amounts of K* than those of Vicza or Commelina, and only
showed a change of 002-0 1 pmol um ' increase in aperture In con-
trast, Losch (1985) found very high levels of both Na* and K* in guard
cells of closed stomata of Valerianella locusta, but only K* increased
during opening, at rates comparable to other species (0 23 pmol um !
Increase 1in aperture)

Accumulation of high concentrations of salts in the cytoplasm are
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Figure 8.1 Changes in potassium levels and osmotic pressure with stomatal aperture in
guard cells of Commelina communis K* activities were measured using K*-selective
microelectrodes In guard cells with neighbouring cells alive (intact) or with only the guard
cells alive (1solated) The electrode tip was probably located in the vacuole and
measurements reflect vacuolar K* levels Activities were converted to K+ concentrations
using a modified form of the Debye—-Huckle equation (see Nobel, 1991) The osmotic
contribution of these K* concentrations was estimated using the Van't Hoff relationship
assuming all the K* was balanced by CI- The measured osmotic pressure was
determined using rapid plasmolysis techniques Data redrawn from MacRobbie {1980)
and MacRobbie and Lettau (1980a,b), with permission

expected to be deleterious to cellular metabolism, suggesting that the
majority of additional ions accumulated will be transferred to the vac-
uole and the cytoplasm will either shrink or accumulate a non-ionic
osmoticum in parallel. There are no direct measurements of K* in the
guard cell cytoplasm, but a value of 100-160 mM has been estimated
from the potassium reversal potential in intact guard cells using electro-
physiological techniques (e.g. Clint and Blatt, 1989). Unexpectedly,
tracer flux measurements in V faba gave estimated cytosolic K* concen-
trations that rose from about 50 to 350 mM during opening (Brindley,
1990a). Further studies are warranted in this area, given the importance
of cytoplasmic K* in establishing the membrane potential and driving



pl6S P) (z 1)
¥ 0g £0¢e Gl 0 (S5 vam
plCl €) pl6L G) (r9) (6el) sduis
8461 '|qeuyds pue oxjyosey L vl 72 L8l 60 0 GEC 0 6 0 10X leusopida ‘agoidoIdiw uo1d3|d
pllg €) olZl ) (£9) (oL)
v/6L 4oydsi4 pue Aybejed 89 o148 69¢€ 6LEQ 2997 0 YASHN [10)} UonenwiNdoe J9del 3z,
olLG €) ol29 ) (8) (zl)
L6l 18ydsly LS 00¢ 8¢y Lzeo aVLL 0 s00 ¢ 1004 axeldn , gygg ‘diuis jewiopida
8961 "1oyosi4 - - - 502 0 - - 109y oxeidn L gygg ‘diils jeunapida
(s||190 pienb paie|osi)
eqey eioip
pl(26 1) olL9 V) 6(C) s(CL) SuoNndss
€861 ' /218 9811e v8 9/ 09¢ GLL O €50 89 | - |leuwapeled ‘©qoidoldiuw U019l
(0) (oL)
olLE L) ol ¥)
¥8Y 0 JLES T e8] 101Ul
/161 AIMOT pue meinQ 1 92 £GE 719 G0Z 0 , Byjowgl g, Byjowgsro - slied |99 pienb pa1oassIp-010IW
pl6C €) pl6t G) () (GL) 89| 10BIUI WOy SiuLIBpIde
€461 Aemely 9.¢ 51724 vvS €L20 2080 066 T - pajjos uo Anowoloyd aweyy
(9l €) p{L6 G) (59 (G91) 4e3]10B1UI WO siuaplde
£/61 ‘OBISH pue Aeme|ly 98¢ vLL 09 L1120 2950 ¢l C - ,pajjo1 uo Ajewoloyd aweyy
p(26 L) plL9 V) (2 (z1)
L /6L '@jyosey pue siquiny [40)7 Z§ 12514 ¢0C 0 oL0 cLe - 89| 10€1UI ‘90 04d0IIW UO.ID3ID
()20 paenb 10e1u1)
eqe/ el
paso|o paso|o
AjaAnejal Aj@Ane|al
(,wr | 09 |NW) Jopasop uado 10 pasold uado
obueyo ———— (,wd pojowd)y
ainuade uosoiw (W) abueyd ainuade (, DD |owd)
19d UOIIRIIUBIUOD ,)190 plenb ur uoioiw 1ad (9A9) qll22 pienb  cpappe sijes anbiuyoal Juswainseaw
aouaIe)ey S urebuey)  uonenuaduod Ly ) urabuey) ul L3 JO JUNoWY  WNISSel04 pue |euslew [eluswLedx3 sal10adg

$9109ds JO AlaLIBA B WO} BIRWOLS PasO|D pue uado Jo s|[8d pienb ul .3 Jo SjeAsT  |'g 9|qe]



duis |ewsapide

20861 (LY v) {ly 9) (9) (S1)
‘Nense pue a1qqoyoeN cel 974 981 10 361 0 ¥G61 L 1094 ‘sisAjeue xn|} 192BN 4 GHgg
(wri gL-01) (wrlgy)
8l LGl
20861 (wn gl1-g) (wrl g) (wr o) duls jewdsapids
‘Ne1LdT] pue 81qqoyoeN ve e 89 - - - o)) ' ©P0.1108|9-0401LW DAIIB[SS-UOI
(s(|90 p4enb paiejosi)
SIUNUWILLIOD BUIBUILLIOY)
(18 v) Ly 9) 6(L) s(GL) uonoss
€861 ' /e 18 J811eD) 1 €9 G99 oLLL /5G 0 zZ¢ G/ - |lewsapeled ‘9qoidoloiw U0ID9|9
(wrlpl-11)
6v (wrlp—11)
(wrol-z)  (wrz)Gz g8e-8€T
g9l
(wi -1 1)
401}
q0861 (wroL-2) (wrip-11) (s1es omy) duis jewsspida
‘NEN_T pue a1qgqoyoeN 0z (wnz)g8 z6G-98Z - - - o) " 9P01109]9-0101W SAI}D9}SS-UOI
jes| 1061l
/61 'Buimog pue Auuay - G6 e - - - - 'SOP01108]9-0101L BAI}DB|9S-UOI
(s|j90 pJenb 10e1ui)
SIINWIWOD eUIfBUILIO?)
p(GLG €) (68 ¥) (8¢4) (8el)
0661 ‘A9|punig v 29 €8l 9€1L 0 81LZ0 968 0 109y sisAjeue xny} 190e41 QYgg
(1) (6)
plGV9 L) plGP8 €) yG81 0 460 L sduis [ewlspida
6.6 ' /210 epRWIYS L aYA rAR) €8¢ €110 Bwjpwugg | Bwjowugy DN ‘sisAjeue onaloydoyorlosi
paso|o paso|o
AjoAne|al AjoAne|al
(, wr | 99 NwW) 10 psesop  uado 10 pasold uado
abueyo (, wr | D9 jowd)
ainuade uoioIwW (w) abueyo ainuade (, 29 |owd)
Jad uoIBIUSIUOD 5|29 plenb ul uouoiw 1ad {9A8| qlied pienb . pappe sies anbiuyos) JusuwLINSEaW
ER[VEIEIEN S urebuey)  uonNeIUBIUOD LY 2 urabueyn ul LY 40 Junowy wnisse10d pue [eualew |eluswiadxy sa109dg
pwod  L'gejqel



(2 (6¢€)
260 0 zLo gzo  (fos™)
(69) (68)
or0 0 €0 v 0 (1oM)
(Lv) (£8) =) dis
0861 ‘@3ydsey pue ([geuyds - - - 250 0 220 v 0 1O jewsapids ‘8qoldoidiuw U0I1D9|9
(s||90 pJenb peaiejosi)
edao wnijiy
(€2 (88)
0v0 0 900 teo  (os™)
s|qejieAe (9¢g) (¢ 8)
eep 6200 L2 0 o (1oM)
SwinjoA (92 (G G) duis
0861 ‘@3yyosey pue jqeuyos - - ou ¥20 0 620 9c 0 (-) fewsapide ‘8qoldoadiw Uo11d3|e
(s]1990 pJenb 1oe1ur)
edso wnily
LLBL " /818 BAONIUIOZ Zsl €€9 - - - -
(s|192 pJenb 1oeiur)
210}1qg/e enuessapel]
(wig)  (wrg)
/861 /219 9A30SET ¥ LS 09 LLE - - - - Jea| 10e1Ul 8q04doIdIW UOIID9|9
w2 0) wlGLL L) () (G) $E9] JoBjUl WOk
L/6L SMO||94 pue axyosey zZ€s €61 6GE ¥0 0 SL 0 R - siwapide 9q0.1doudIu U031
(s|192 psenb 10e1U1)
sAew esy
Ly (186 (g9 (zu) Buiuado padnpur-4
Y861 "91qq0YoeN pue g 6V LL 86 £600 LEEQ 698 0 100y duis ewsapids | gYgg
paso(o paso|d
Ajaanejal Ajeniiejal
(, wr, DD NW) 1o pasop  uado 10 paso|d uado
abueyo (, wn | 09 |owd)
ainpade uoioiw (Ww) abueyd aunuade (,-09 jowd)
19d UOIIRIIUSDUOD 5190 pienb ur  uoJoIw Jad [9A9) qlleo pienb  cpsppe sijes anbiuydsl JusweInNseaw
ELIIEIEIE S urabuey)  UOIBIIUSIUOD LY ) utabuey) Ul L) 1O lunowy wnisselod pue |puslew |eluswuadx] sa10adg




pasn 1oyine AQ uaAIb awn|oA abeioae — saBuryd BLNJOA 818|NJ|ED O] B1EP JUSBIDIHNSU|

AON [eullou dy1 se |d Z 0 Jo uonoeigns yum (190 penb 1ad passaidxa (§/61) 93yosey Ut paysiignd uosIaNoi(] PUB 8)YJSBY WO} USNE] SOIBWIISE SWIN|OA

1192 pienb [enpiaipul sad passaidxs pue wtl G 1noge o} Buiuado Buinsse (/61 ) SMO||94 pue a3yosey Jo / Bl woly uaye|

1ejiwis Yy1oq se palonb suoissalfiar om) jo abesaae sluasaiday

(90861l ‘'NENST pue BIgqOYIRIN) -WW OZ | Se uaxel Sjj8d psenb [enpiapul jo Aousnbaly e1ewolS (AON) 6S 0-¥Z 0+ (G86L) suowisziiy

pue S18ABAA AQ PBUILLIBIBP SWN|OA D110WSO-UOU 8Y] 4O UONIEIIGNS YHM (JO8E L) NENIST pue dIqgqOoyIB|A WO USNEY SIUNWILLIOD UiiBLIWOY) 10 S$|j90 p1enb 104 SWN|OA
(LB6L ‘[8gON) uonenba |93oNH-2Aqag 8yl JO wioj alewxosdde ue BuiSN SUOIIBIIUSIUOD O} PSLIBAUOD UBSQ SABY S1UsWaINSEaW AlIAIIOR WNISSRI0Y

(L£61) 18Ydsiq wouy ,.wiw Z| | Ausuap |190 pienb jerewols wbiom Aip B | 01 1usjeanbs se siwapida ;W ¢ aAI6 sioyiny

pasn $91ewlilsa aWwn|oA |eulblo sioyiny M
(2461 'AAm0OT pue meinQ) peleadi diep 1o} |09 Bu Ggo € pue paresn b 1o} DD Bu G/ € Buisn palenoey
(L£6L '18Ydsi4) ; Wl Z| | Se uadel egey eidlA Ul S|j20 pienb |enpiaipul Jo Aduanbauy [e1ewols
(AON) GO L—VSLZ 0+2F 2=/ (G861L) SUOWISZII4 pue SISASAA AQ PBUILLLISISP SUUN|OA D110WSO-UOU 3y} 4O UOoI}
-0eagns yum (0661 ) Asipulig pue (/61) 9d1oyyiN pue Aemely (6/61) 834osey Ag paulielep sanjea Jo abeiaae ue Buisn palenNoled eqey eioiy Jo S|190 pienb 10j SWNIOA
|d ui s)j82 pienb JO SBWIN|OA J1]OWSO S1E S18Y0RIg Ui SBNBA
w ut saunade |RIBWOIS 1B SI9Y0BIQ U SBNBA
ul umoub asem siueid syl winipsw ay} jo luawa|ddns usiiinu 8yl 91edIpul Sasaylualed Ul sIeS
ult) ulb) {0) (9) Adoosou110ads uondiosge o1WOIe ‘S||9d
G861 'YosoT] 8G GZS G/8 €€20 4 ¢ - pienB 1oejul jo uonesedss jeaisAyd
(s1/90 psenb 10B1UL)
21SNo0| ejjaueliale)
(1) (8)
6961 Y2197 pue Asuymes vy oLz 00S - - - — duis jewsapide 8qo1doldiw U3
(s)199 p1enb 10e1ul)
winoeqel euenooIN
paso|o pasojo
AjoAnejos Ajaane|al
(, wr | DD |NwW) 10 psesop uado 10 pBso|D uado
abueyo (, wn | oo jowd)
ainuade uouoiw (IWw) ebueyd ainuade (, DD jowd)
19d uOIIBAUBOUOD 5l190 pienB ur uoudiw 1ad |9AY) qll82 pienb  gpappe sijes anbiuyoa) Juswainsesw
ERIEIEIEN LY utebuey)  uONBIUBIUOD LY ) urabueyn ul LY 40 lunowy wnIsselod pue |eudlew [eluswiedxy se10adg

pwod |'ge|qeL



IONS IN STOMATAL MOVEMENTS

239

forces for K* uptake and transfer to the vacuole as well as its effect on
the ionic strength of the cytoplasm.

Changes in vacuolar K* activities (the free ionized K* as opposed to
the total K* concentration) have been measured using ion-selective
electrodes in the guard cells and surrounding cells in Commelina com-
munis (Penny and Bowling, 1974; MacRobbie and Lettau, 1980b) and
Tradescantia albiflora (Zlotnikova et al., 1977). In general, the sub-
sidiary cells and epidermal cells adjacent to the stomatal complex
showed an inverse relationship in vacuolar K* accumulation compared
to the guard cells, but to varying degrees (Fig. 8.2). In Tradescantia, the
lateral subsidiary cells showed the greatest change, with little difference
in either the terminal cells or epidermal cells further away (Zlotnikova et
al., 1977). In Commelina, Penny and Bowling (1974) and Willmer and
Pallas (1984) found changes throughout the complex, while in the study
by MacRobbie and Lettau (1980b) changes occurred mainly in the termi-
nal subsidiary cell and the epidermal cells.

Interestingly, the levels of K™ in the guard cell, subsidiary cell and epi-
dermal cell vacuoles were not enough to account for the total amount
of K* in the epidermis (MacRobbie and Lettau, 1980b; Penny and
Bowling, 1974). In addition, although the changes in K* concentration
in the epidermal cells were less than that in the guard cells, the total vol-
ume of the epidermal cells was at least 10-fold greater. Thus, the total
change in the amount of K* in cells other than the guard cells was con-
siderably more than the amount of K* that ever appeared or disap-
peared from the guard cells, suggesting a significant proportion of the
K* was located in the apoplast (MacRobbie and Lettau, 1980b).

A proportion of the K* in the apoplast will be bound to negative
charges on the wall polymers to an extent dependent on the apoplastic
pH and the presence of other cations, such as Ca**. The guard cell wall
is characterized by a high pectin content (see Chapter 3) and a high
cation binding capacity (0.3-0.5M; Saftner and Raschke, 1979).
Although the ratio of wall volume to protoplast volume is much larger in
guard cells than other cell types, the total apoplast volume as a reposi-
tory for ions is relatively small, similar to that of the guard cell lumen, at
about 5 pl in V faba (Raschke, 1979). The amount of unbound K* sur-
rounding guard cells during stomatal movements remains uncertain.
According to Blatt (1985), the apoplastic levels were submillimolar
throughout the epidermis of Commelina, Vicia and Pisum. However,
Bowling (1987) found that the K* and CI" activities in guard cell walls of
C. communis varied according to whether stomata were open or closed.
Thus at 12 um aperture, the K* and CI- activities were 3 and 5 mM,
respectively, and when stomata closed apoplastic levels rose to 100 and
33 mM, respectively (Fig. 8.2). In a subsequent study following changes
in apoplastic K* with time during opening, an increase in apoplastic K*
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Closed Open
K* CI” pH pH CI- K*
Apoplast Apoplast
101 333 70 63 48 28
53 275 74 63 70 110
40 60 78 61 158 115

33 55 81 —~60 180 235

Cytoplasm Cytoplasm
- - 69 69 - -
- - 72 71 - -
- - 70 - - -
- - - - -
Vacuole Vacuole
95 327 52 56 1213 448
156 355 56 - 615 293
199 554 58 56 473 98

448 1168 57 —~51 82 73

Figure 8.2 lon concentrations In the apoplast, cytoplasm and vacuole of cells in the
stomatal complex of Commelina commumnis measured using 1on-selective electrodes
Data taken from Penny and Bowling (1974, 1975), Penny et a/ (1976), Bowling {1987) and
Edwards and Bowling (1986) with permission
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was observed to follow the mnitial rapid decline, which appeared to
spread as a wave from the walls of the epidermal cells to the guard cells
(Bowling and Smith, 1990) This may have originated from exchange of
H* for K* from fixed binding sites in the wall during activation of the
guard cell plasma membrane H pump (see Section 8 5 3) and/or pH-
sumulated release of K* by the epidermal cells (Bowling and Smuith,
1990) From Bowling s results guard cell walls appear to behave like cell
walls of pulvinar motor cells which also act as reservoirs of K for
reversible cell volume changes during rhythmic leaf movements
(Freudling et al , 1988)

The external K actvity 1s also important in defining the electrochemi-
cal gradient for K movement and influences both the membrane poten-
tial and the gating characteristics of the plasma membrane 1on channels
(Section 8 4 1) The amount of 10ns 1n the apoplast may also have a sig-
nificant effect on the osmotic pressure in the wall, against which the
guard cell protoplast (GCP) competes for water This may also account
in part for the difference in measured guard cell turgor pressure and
guard cell osmotic pressure recorded by Meidner and Edwards (1975,
1979) (see Chapter 4)

In grass stomata, K fluxes of the guard cells appear to be closely cou-
pled to K* fluxes of the subsidiary cells Microprobe and histochemical
evidence indicates that virtually all the K* involved in stomatal move-
ments shuttles between these two cell types (Raschke and Fellows,
1971), although this may depend on the precise experimental condi-
tions (Lasceve et al , 1987) This may represent the most advanced 1on
uptake system in guard cells, as the inverse correlation between guard
cell and subsidiary cell turgor might facilitate the more rapid stomatal
movements generally observed 1n this grass species compared to other
species The morphology of the dumb-bell-shaped guard cell also
enables wider apertures for a lower K* accumulation in comparison to
elliptical guard cells

The level of apoplastic K* 15 also important in epidermal strip experi-
ments where the apoplastic K concentration equilibrates with the bulk
medium K concentration (see Weyers and Meidner, 1990) Marked dif-
ferences are observed between species 1in the amount of K* required to
support stomatal opening in these systems Thus, in Vicia, near maximal
opening can occur in 1 mM KCl, while in Commelina, higher concentra-
tions, from 30 to 50 mM, are required for substantial opening (e g Travis
and Mansfield, 1979a) Increasing concentrations of KCl or other
cauons, up to 100-150 mM, in the medium increase the stomatal aper-
ture, but decrease the ability of guard cells of Commelina (Travis and
Mansfield, 1979a) and Vicia (e g Fischer and Hsaio, 1968) to respond to
closing sumuli Under certain conditions, such as treatment with fusic-
occin, stomata from Commelina can open in low or zero external K*
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concentrations (e g Squire and Mansfield, 1974, Reddy et a/ , 1984), and
stomata from Z mays can also open in the absence of exogenous K*
(Pallaghy, 1971) It 1s possible that local release of K* from the subsidiary
cells and preferential uptake by the guard cells 1s more rapid than diffu-
sion from the apoplast to the medium in these conditions

8.2.2 Effects of other cations on stomatal movements

Other monovalent cations will support opening in epidermal strip
experiments to varying degrees, even though they are not normally
accumulated by guard cells Thus Imamura (1943) found that cations
stimulated opening at low concentrations in the following order of activ-
iy K > Na > Lt while at higher concentrations the order was
reversed Ijpn (1957) observed that monovalent cations stimulated
opening in the following order of activity Li* > Na > Cs* > K > Rb*
Willmer and Mansfield (1969) found NaCl could open stomata of C
communis, but such cells were less sensitive to closing stimull (e g
Jarvis and Mansfield, 1980) More recently, Thiel and Blatt (1991) have
shown that Na , when piesent at the cytoplasmic side, blocks potasstum
channels that would allow cation efflux and stomatal closure Thus Na*
effectively locks the stomata open once 1t has been accumulated

Divalent cations do not support stomatal opening, but may affect the
ability and selectivity of the monovalent cations accumulated by the
guard cells At low concentrations, calcium increased the selectivity of
the guard cells for K over other cations (e g Humble and Hsiao, 1969),
but at higher concentrations Ca prevented opening and stimulated
closure 1 a number of species The Ca * concentration that caused clo-
sure was also markedly different between species, thus 50% closure in
Commelina occurred at 0 1 mM (De Silva et al , 1985a), while 10- to
100 fold higher concentrations were needed to effect closure 1n V faba
The effectiveness of Ca  however, depends on the K* concentration of
the incubation medium 1ncreasing K* decreasing the effects of Ca**
The level of Ca 1 the apoplast 17z vzvo has not been measured directly,
but endogenous differences in apoplastic Ca  may be physiologically
important Thus De Silva et al (1986) found that as chelation of the
apoplastic Ca occurred the difference in apertures between adaxial
and abaxial stomata of C communis disappeared (De Silva, 1986), the
bulk Ca levels in both sets of epidermis, however, were similar
(Atkinson, 1991) Atkinson et al (1992) showed that the amount of cal-
cium entering the xylem was controlled 1n a range of species and the
level of Ca  was further ughtly regulated en route to the guard cells in
Commelina (Atkinson et al, 1989, Ruiz et al, 1993) This buffering
effectively 1solated the guard cells from slow changes in rhizosphere
Ca levels, although experimentally, rapid increases in Ca®™ caused par-
tial stomatal closure (Atkinson et al , 1990)
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8.2.3 The involvement of anions in stomatal movements

Virtually every potasstum 10n accumulated 1n the vacuole or cytoplasm
of a guard cell requires an accompanying negative charge to maintain
charge balance In principle, the negative charge could be derived from
simultaneous uptake of an inorganic 1on, such as Cl, across the plasma
membrane or synthesis of an organic anion, such as malate , from an
uncharged precursor, such as starch, with concurrent expulsion of the
additional protons generated, or a combination of both systems

In C communis, MacRobbie (1980) found that the level of Cl in guard
cells increased during opening using tracer flux analysis with * Bras a Cl
analogue, but the overall level of Cl was not sufficient to balance the K
accumulated The predicted subcellular distribution of Cl determined
from the efflux curves indicated that the cytoplasmic levels of K and Cl
were similar, with a much larger difference 1n the relatuve vacuolar levels
(MacRobbie, 1981) Using 1on-selective electrodes Penny and Bowling
(1974) and Penny et al (1976) also found that the ratios of vacuolar Cl
to K* levels in guard cells of open and closed stomata of C communis
decreased from 0 34 (closed stomata) to 0 27 (open stomata)

The early X-ray microprobe studies also highlighted the discrepancy
between the changing levels of K accumulated and the relatively con-
stant levels of morganic anions such as SO, and PO’ or minor changes
of Cl during stomatal opening in V faba (Humble and Raschke, 1971)
For example, the extent that Cl balances K 1n Vicza varies from 6 to
45%, depending on the level of Cl supplied in the growth medium or
the incubation buffer (Humble and Raschke, 1971, Pallaghy and Fischer,
1974, Raschke and Schnabl, 1978, Van Kirk and Raschke, 1978a) Allawav
(1973) showed that part of the difference could be accounted for by
increases in organic anions, principally malate | and this observation has
been made 1n several other speces (see Chapter 9) The balance
between malate and Cl may also depend on the pH of the apoplast
solution Thus Dittrich et al (1979) found that Cl uptake was reduced
at high external pH values as would be predicted from operation of a
Cl /mH* symport mechanism

In contrast to Vicza, Schnabl and Raschke (1980) found that the ratio
of Cl to K* was near unity in Allium cepa across a broad range of treat-
ments, with the notable exception of ncubation in K,SO,, when little
change 1in Cl occurred Guard cells of Allium lack starch and may be
defictent 1in malate synthesis, unless mobilization of low molecular
weight fructans occurs (see Chapter 9)

Parallel uptake of K and CI movement was observed by Raschke and
Fellows, (1971) for Z mays, where Cl consistently accounted for 40% of
the K™ and occasionally more Lasceve et al (1987), however, found that
the Cl /K" ratio shifted from about 0 3 for closed stomata of Z mays to
about 1 1n fully open guard cells



244

IONIC RELATIONS OF STOMATAL MOVEMENT

8.2.4 The osmotic contribution of potassium salts during stomatal
movements

There 1s considerable controversy in the literature on whether the
osmotic contribution from the measured or predicted levels of potas-
stum salts are sufficient to account for the increases in osmotic pressure
measured during stomatal opening (see Chapter 4) Approximately 40%
more K* as K,malate has to be accumulated to give the same change in
osmotic potential as KCI, on account of both the lower absolute number
of osmotcally acuve anions present and the lower dissociation of
K,malate Most early reports concluded that the levels of KCI matched
the osmotic pressure for wide stomatal opening in V faba (Fischer,
1968a,b, 1971, Fischer and Hsaio, 1968, Humble and Raschke, 1971,
Allaway and Hsaio, 1973, Pallaghy and Fischer, 1974) and Nicotiana
tabacum (Sawhney and Zelitch, 1969) However, guard cell osmotic
pressures were determined plasmolytically in these studies and would
underestimate the solute potential due to salt leakage for the guard cells
during the measurement (see Chapter 4) More recent values using a
modified plasmolysis technique (Willmer and Beattie, 1978, Raschke,
1979) or cryoscopic techniques (Bearce and Kohl, 1970) have indicated
much higher osmotic pressures are associated with stomatal opening

Several investigators consider that, while a significant proportion of
the osmotic pressure 15 attributable to potassium salts, additional
osmotica are required, particularly at low apertures or the early stages of
opening (MacRobbie and Lettau, 1980a,b, Brindley, 1990a, Laffray et a/ ,
1984) (Fig 8 1) The most likely candidate 1s currently considered to be
sucrose (see Chapter 9) However, 1t 1s also worth notng that
Fitzsimons and Weyers (1986a,b) found that volume increases in GCPs
can be accounted for entirely by the uptake of K* plus an accompanying
anion (having a mean elementary charge of 1 63)

Thus K uptake and to a lesser extent Cl uptake and synthesis of
malate form the basis of the osmotic changes occurring during stom-
atal movements Additional solutes may either be required under some
conditions, however, as the levels of 1ons accumulated 1in some species
do not precisely match the measured osmotic pressures or the time
course over which uptake occurs may lag behind the opening response

8.3 Ion fluxes and the driving forces for ion movement

Ion accumulation during opening 1s an active process requiring an input
of energy To generate favourable thermodynamic gradients for ion
accumulation, the plasma membrane and tonoplast are ‘energized’ by
proton-pumping ATPases (and possibly redox systems), that establish a
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proton motive force (p.m.f) comprising both a proton concentration
gradient and an electrical gradient:

p.m.f.=0.203RT log,, [I:{—]‘"L—ZHFV (8.1)

" m
in

Where R is the universal gas constant (J mol™ K™), T is the absolute
temperature (K), z;; is the electronic charge on a proton (+1), F is a
Faraday (96 500 coulomb mol") and V_ is the membrane potential (V).

Ions may move passively through channels in response to the electri-
cal component of the p.m.f. or be driven by the pH gradient via a pro-
ton-coupled co-transport system. During closure, the direction of the
ion fluxes are reversed, but a different set of transport proteins appear
to be involved. The following sections discuss the ion transport events
associated, first, with stomatal opening and, second, with stomatal clo-
sure. The sections on stomatal opening consider the energization of the
plasma membrane and tonoplast, followed by discussion of K~ and
anion uptake across these membranes. The sections on stomatal closure
consider the release of K* and then anions across both the tonoplast
and plasma membrane.

8.3.1 Characteristics and activity of the plasma membrane proton
pumping system(s)

The electrogenic activity of the plasma membrane proton pump has
been investigated using microelectrode measurements in intact guard
cells and using patch-clamp techniques with GCPs. The first microelec-
trode measurements by Pallaghy (1968) in guard cells of Nicotiana indi-
cated a negative membrane potential. Treatments that open stomata
would be expected to activate the pump and hyperpolarize the mem-
brane potential. However, Pallaghy (1968) also found that the mem-
brane potential was insensitive to light (an opening stimulus) or HCO,
(a closing stimulus). Likewise, Saftner and Raschke (1981) found little
evidence for an electrogenic component to membrane potentials in
guard cells from Commelina, Allium, Vicia and Zea. Similar results
were reported by Edwards and Bowling (1984) for Tradescantia,
although small (10-40 mV) light-induced hyperpolarizations had been
previously reported for guard cells of this genus by Gunar et al. (1974).
Light induced hyperpolarizations were also reported for guard cells
from Allium (Zeiger et al., 1977, Moody and Zeiger, 1978) and Vicia
(Ishikawa et al.,, 1983). Blatt (1987a) has suggested that salt-leakage
from the measuring electrode containing 3 M KCI may have shifted the
membrane potential towards the equilibrium potential for Cl-in some of
these experiments and therefore obscured changes in membrane
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Table 8.2 Properties of the K* inward rectifier at the guard cell plasma membrane

Channel characteristics Reference
Conductance 5-10 pS Lk
Activation voltage  activates on hyperpolarization more negative a,b,cde,

than =100 to -120 mV fohon k|

Modulation by 1ons
and second messengers
(K*], (1) independent of [K*] above 1 mM, inactivated a, h
below
{n) [K*], dependent decrease In activation potential |
(Ca?*], increasing [Ca?*], shifts activation voltage to more
negative values and decreases current amplitude
[Ca?*], (1) increasing [Ca®*] has no direct effect
() increasing [CaQ*]O decreases current amplitude
pH, internal alkalinization inactivates
pH, external acidification shifts activation voltage to
more positive values and increases current
amplitude

o
o
@
@
-~

© T O ow
—

Time dependence (I} Vicia faba — exponential activation a,e g f h
1=100-400 ms, exponential deactivation Ik
1=10-120 ms (voltage dependent)

(n} Zea mays - exponential activation =41 ms, d
exponential deactivation 1=10-50 ms (voltage
dependent)

(1) no time-dependent inactivation a, h

Selectivity selectivity sequence K*>Rb*>Na*>Li*>>Cs*
K*>Rb*>Cs*>>Na"*
Ca%* may permeate the open K* channel

o o =

Inhibitors TEA (/55 9 mM)
Ba?* (/g, 0 8 mM)
AR* (/o) 15 pm)
charybdotoxin /g, << 50 nM)
a-dendrotoxin (/g 0 2 nM)

f, k

L v TQ o

a Blatt, 1992, b Blatt and Armstrong, 1993, € Fairley-Grenot and Assmann, 1991, ¢ Fairley-
Grenot and Assmann, 1992a, € Fairley-Grenot and Assmann, 1992b, f Lemtir-Chlieh and
MacRobbie, 1994, 9 Luan et a/ , 1993, " Schroeder, 1988, ' Schroeder and Fang, 1991,

I Schroeder and Hagiwara, 1989, * Schroeder et a/, 1987, ' Thiel et a/, 1993

potential due to pump activity. Thus, more recent investigations have
concentrated on measurement of the current passing through the
pump using voltage clamp techniques in intact cells with multi-barrelled
electrodes or by whole-cell patch-clamping in GCPs (see Box 8.2).

Blatt (1987b) has estimated that one proton is pumped per ATP
hydrolysed at pH 7.4. The free energy available from hydrolysis of ATP
depends on the energy charge in the cytoplasm (see Chapter 9), but is
about 42 kJ mol '. Thus, assuming the largest pH gradient experienced
by the plasma membrane of the guard cell in vivo is about 2.5 units (pH
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Box 8.2. Patch-clamp techniques

Introduction

Microelectrode Patch-clamp
technigue technigque
Cell- (i)
attached f Inside-out

Vacuole

Figure 8.B2 (a) Schematic representations of various microelectrode
configurations (Left) Classical impalement technique applied to a plant cell
(Right) Patch-clamp technique applied to a plant protoplast (b) Single-channel

channel opening and downward deflections channel closure Redrawn from
Hedrich and Schroeder (1989), with permission

The patch-clamp technique enables recording of net ion flow through
jon transporters in membranes. The measurements can be made from
entire cells or from small excised membrane patches. The orientation
of the membrane patch can be controlled to some extent (Fig. 8.B2a).
This is advantageous during perfusion experiments as potentially
either side of the membrane can be exposed to changing conditions

(iv)
Slow
whole-cell
| 6
Whole- (iii)
cell Outside-out

Cytoplasm
(a)
(o]
L [P ) e DO
0
0 O O | PO L 1
C
10 pA
(b) 50 ms

currents recorded with an 1solated membrane patch Upward deflections indicate
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in the bathing medium, whilst the composition of the pipette solution
remains effectively constant Recent developments also allow micro-
perfusion of the pipette solution itself Description of a variety of elec-
trophysiological techniques can be found in Standen et a/ (1987) and
results of patch-clamp experiments specifically in plants are reviewed
in Hedrich and Schroeder (1989) and Tester (1990)

Procedure

1 A heat polished micropipette 1s pressed against the plasma mem-
brane or vacuolar membrane and spontaneously forms a high resis-
tance seal (10°-10'2Q seal) if gentle suction 1s applied

2 The mechanical stability of this arrangement allows

1 Withdrawal of the pipette encircling the patch (termed an
inside-out patch)

u Rupture of the patch by suction with the cell attached (termed
whole cell mode)

ut Rupture of the patch and withdrawal of the electrode to allow
the peripheral membrane to reseal (termed outside-out patch)

v Slow whole cell measurements with the membrane patch per-
meabilized to allow electrical access without loss of large dif-
fusible molecules

3 The membrane forms part of an electrical circuit between an elec-
trode 1n the patch-pipette and an electiode in the bathing medium
The current flowing through individual channels 1s typically in the
pA range (about 10 1ons s™!) and can be measured by sensitve
amplifiers The flow of 1ons through pumps 1s much lower (10°-10*
1ons s ') and can onlv be measured in the whole cell configuration
as the sum of many pumps acting together

4 Single channel openings are recognized as step increases in the
current flowing (Fig 8 B2b)

5 Several characteristics of single channels are normally measured

(1) The conductance under defined 1onic conditions Typically
these values are expressed for symmetric or asymmetric 10n
concentrations on either side of the membrane

(1) The open time or closed ume of the channel

(1) The frequency of channel opening

(1v) The 10n selectivity

(v) Modification of the above in response to pharmacological
agents

6 Traces from multiple channels or pumps, usually in the whole cell
mode, yield other parameters, in particular the ume dependence of
activation and nactivation kinetics of the channels or pumps

7 There are a number of limitations to the patch-clamp technique in
plants, in particular the technique requires access to the plasma
membrane, which normally involves preparation of protoplasts,
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although laser microsurgery techniques can cut holes 1n walls of
intact cells In addition, the volume of the lumen of the patch elec-
trode 1s massive compared to the cell volume, except in the slow
whole cell mode The composition of the cytoplasm 1s effectively
diluted by the pipette solution and may lead to loss of diffusable
activators/inhibitors and perturbation of metabolism
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50 in the apoplast and a cytoplasmic pH of 7 5), the maximum mem-
brane potential that could be expected 7 vivo 1s about ~290 mV (calcu-
lated from equation 8 1) This potential 1s termed the reversal potential
of the pump when there 1s no net H* flux through the pump At volt-
ages more positive than the nominal reversal potential the current
through the pump increased and then saturated at around -150 mV
(e g Blatt, 1987b, Becker et al, 1993) However, the maximum pump
currents recorded were highly variable depending on the experimental
system used and the time of year, usually with a2 minimum 1n the winter
months (Thiel et al, 1992, Becker et al, 1993) In intact cells Blatt
(1987b) recorded currents of around 320 pA per guard cell, whilst early
patch-clamp studies only recorded currents in the region of 1 6-5 5 pA
(Assmann et al , 1985, Serrano et al, 1988) These low currents may
have arisen from dilution of essential cytoplasmic factors by the large
volume of solution 1n the patch-electrode More recently, currents aver-
aging around 18-25 pA per guard cell were found under conditions that
minimized washout of cytoplasmic components (Schroeder, 1988,
Lohse and Hedrich, 1992) For comparison, currents accountable to K*
fluxes during opening are in the region of 20-24 pA per guard cell aver-
aged over a 3 h period (Outlaw, 1983, Raschke et al , 1988)

8.3.2 Biochemical properties of the plasma membrane H*-ATPase

Biochemical characterization of membrane transporters in guard cells
has been difficult as only a small amount of guard cell matenial can be
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isolated free from contamination from other cell types in comparison
with other plant cells or tissues. As discussed in detail in Chapter 9, early
work using intact epidermal strips is unlikely to provide data specific to
guard cells which comprise only a small percentage of the epidermis,
thus more recent studies have used GCPs or epidermal tissues with
guard cells as the only intact cells, followed by varying degrees of mem-
brane isolation, ranging from crude homogenates to purified plasma
membranes. There is a broad concensus on the properties of the
plasma membrane H*-ATPase between reports for both Vicia and
Commelina, the only species so far studied (Table 8.3). In all reports
there was an ATPase activity that was dependent on Mg**, with a pH
optimum between pH 6.4 and 6.8; activity was sensitive to vanadate and
stimulated by K* by about 30-40%. These features and the general kinet-
ics (V. and K p), are characteristic of plasma membrane P-type H'-
ATPases in other species (Serrano, 1989). The maximum ATPase activity
was significantly higher in guard cells compared to other cells on pro-
tein, chlorophyll or plasma membrane surface area bases, although
there was also a marked seasonal variation, similar to that observed in
electrophysiological studies. More recently Kinoshita et al. (1995) have
shown that the ATPase is reversibly inhibited by Ca** at physiological
concentrations (I, = 0.3 pM). A 100 kDa molecular weight band has
also been detected, using antibodies raised against the H*-ATPase from
Arabidopsis, in extracts of guard cells of Z. mays (Villalba et al., 1991)
and C. communis (Fricker and Askerlund, unpublished), but the same
antibody gave variable staining of guard cells in sections from leaves of
Avena sativa and Pisum sativum (Parets-Soler et al., 1990).

8.3.3 H* fluxes in epidermal strips and GCPs

The rate of proton efflux from the guard cell must be sufficient to
account for the observed rates and duration of K* and Cl- fluxes.
Continuous measurements of external pH changes in the bathing
medium around epidermal strips or GCPs provide an indication of the
net proton efflux, minus the contribution of secondary proton coupled
transport events, such as Cl” uptake via a Cl'/#H* symporter. Light stim-
ulates proton efflux from guard cells into the bathing medium from epi-
dermal strips of both Vicia (Raschke and Humble, 1973; Gepstein et al.,
1982/83) and Commelina (Inoue and Katoh, 1987; Fricker and Willmer,
1990a). The measured rates and the total amount of H* efflux were simi-
lar to the rate and levels of K* accumulated (e.g. Fricker and Willmer,
1990a).

Although the H" efflux is most probably due to the activity of the H*-
ATPase, there are conflicting results regarding the effectiveness of the
plasma-membrane H*-ATPase inhibitor, vanadate, at preventing both H*
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extrusion from guard cells and stomatal opening. The different results
are probably related to the level of vanadate uptake by guard cells,
which is reduced in the presence of high level of permeant anions such
as ClI (Schwartz et al., 1991). Thus, vanadate, at concentrations up to 2
mM, did not inhibit stomatal opening in C. communis in the presence
of 50 mM KCl (Karlsson and Schwartz, 1988), but it was effective when
applied as part of pre-treatment in the absence of ClI* (Fricker and
Willmer, 1990a). Likewise, when vanadate was supplied with low chlo-
ride concentrations, it inhibited light-stimulated stomatal opening in
epidermal peels of C. communis L (Schwartz et al., 1991), H* extrusion
from epidermal strips of V faba (Gepstein et al., 1982-83) and blue light
or fusicoccin induced swelling of GCPs from Vicia (Amodeo et al.,
1992).

Activation of the proton pump at the plasma membrane of guard cells
would be expected to result in proton efflux and acidification of the
apoplast in vivo. The extent of the acidification will depend on a range
of factors including the rate of H* efflux, the number of protons
returned to the cytoplasm by co-transport systems (e.g. for CI), the
buffering capacity of the cell wall polymers, the rate of diffusion of pro-
tons away from the guard cells and any related H* transport activities of
the neighbouring cells. In an intact leaf, where the proton efflux would
occur into the relatively small volume of the guard cell apoplast, these
fluxes would be expected to generate very large, localized pH changes.
However, Bowling and co-workers found that the pH only fell from
about pH 7 around closed stoma to pH 6.3 after opening in both
Tradescantia virginiana and C. communis (Bowling and Edwards,
1984; Edwards and Bowling, 1986; Edwards et al., 1988) (Fig. 8.2).
Transitory changes during opening responses, however, were much
greater, being up to two pH units over 10 min in C. communis (Edwards
et al., 1988). These changes are still considerably less than expected
from the level of H' efflux into the bathing medium from epidermal
strips, given an estimated guard cell apoplast volume of 5 pl (Raschke,
1979). Even with a total ion-buffering capacity of 0.3-0.5 M, pH changes
in excess of three pH units might be anticipated from a proton efflux of
2 pmol per guard cell or more. However, the fluorescent pH indicator,
primulin, which binds to the cell wall, showed that the H* efflux spreads
as a wave away from the guard cells through the apoplast of the neigh-
bouring cells as stomata open (Edwards et al., 1988). This increases the
effective buffering volume in the apoplast. According to Bowling and
Edwards (1984) cytoplasmic pH values across the stomatal complex
(guard, subsidiary) and adjacent epidermal cells of Tradescantia remain
between pH 6.8 and 7.0, whilst the epidermal cell vacuoles become
more acidic as the guard cell vacuole alkalinizes during opening (see
Fig. 8.2). Thus apoplast pH values may be influenced by a number of
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cells in the stomatal complex 1n the intact leaf Changes 1n apoplastic pH
have several potenual effects on guard cells including alterations
activity of the plasma membrane 10n channels (see Section 8 3 5) and of
the plasma membrane H -ATPase The decrease in external pH during
opening reduces the actuvity of the H*-ATPase, but activates K* channels
allowing K* influx (see Section 8 3 5) and thus maintains a high capacity
for K* uptake (Blatt, 1992) Decreases in apoplastic pH will have other
effects, e g low pH will neutralize the negative binding sites of the wall
polymers and increase the level of protonation of weak acids such as
abscisic acid (ABA) and indole-3-acetic acid (IAA) (see Chapter 7)

8 3 4 Plasma membrane redox systems

Redox systems in the plasma membrane capable of pumping protons
have been demonstrated for some types of plant cells (e g Crane et a/ ,
1985) and may provide an alternative or extra means to the H*'-ATPase
to generate a proton motive force The presence of such a system in
guard cell plasma membranes has been suggested to account for blue
light sumulated proton efflux (see Raghavendra, 1990), but the available
evidence 1s controversial Basically, three features have been used as evi-
dence for a redox H*-pump, 1 ¢ the reduction of exogenous ferricyanide
by intact cells (ferricyanide does not readily cross the plasma mem-
brane), the sumulation of the reduction of ferricyamde by NAD(P)H
(which also does not cross membranes readily) and an increased oxygen
consumption by cells in the presence of NAD(P)H Furthermore, ferri-
cyanide inhibits stomatal opening n intact epidermal strips and inhibits
swelling of GCPs of Commelina (Vavasseur et al , 1994), although Roth-
Bejerano et al (1988) found the opposite effect with GCPs Blue-light
stimulated proton extrusion from GCPs was also stimulated by exoge-
nous NADH and inhibited by ferricyanide (Gauter et al, 1992)
Moreover, the rate of blue light sumulated H* efflux was greater in CO,-
free conditions than in the presence of CO, (Lasceve et al , 1993) and 1t
was suggested that there was competition for reducing power between
CO, fixation and the redox system Further evidence for the participa-
tion of a redox system 1n blue light stimulated opening was found by
Vanit and Raghavendra (1989) They observed that the action spectrum
for blue hight stimulated opening was similar to the absorption spectrum
of flavins and redox activity was inhibited by flavin-quenching reagents
However, Pantoja and Willmer (1988, 1991) showed that GCPs of C
communis secreted peroxidase which was also capable of reducing fer-
ricyanide and caused increased rates of NAD(P)H-sumulated oxygen
consumption This indicates that a substantial proportion of ferricyanide
reduction and O, consumption measured experimentally 1s not related
to a redox chain, but equally does not exclude the presence of such a
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system, particularly at pH values below pH 6 0 when peroxidase activity
1s low (Pantoja and Willmer, 1991) Furthermore, the initial report by
Shimazaki et al (1986) indicating blue light stimulated H efflux was
insensitive to vanadate 15 now thought to reflect a lack of vanadate
uptake as found by Amodeo et al (1992), rather than to provide evi-
dence for an alternative redox pump Pantoja (in Fricker and Willmer,
1990a) found that vanadate partially inhibited the blue light sumulated
acidification of media bv GCPs of C commumnus, directly demonstrating
that at least part of the blue light sumulated H pumping was due to
P-type ATPase actvity In addition, Assmann et al (1985) reported that
blue light did not increase pump currents if ATP was omitted from the
patch electrode 1n the whole cell mode

Nevertheless, 1t 15 possible that redox events also affect the H*-ATPase
directly or indirectly via alteration in the level of H* as 1ts substrate
Thus, the effects of artificial electron acceptors, such as ferricyanide or
neutral red, may be complex, causing membrane depolarization via e -
transport, charge compensating K efflux and intracellular acidification
(Ullrich et al , 1990) Cousson et al (1994) also believe that the putative
redox system and the H -ATPase system are mntumately linked, a view
partly inferred from thewr finding that fusicoccin overpowers the
inhibitory effects of ferricyanide on stomatal opening and swelling of
GCPs

8.3.5 Transport of K* across the plasma membrane during stomatal
opening

Unaided diffusion of charged 10ns through biological membranes 15 very
slow and could not account for the large and rapid 1on fluxes observed
during stomatal movements Thus specific transport systems must exist
in both the plasma membrane and tonoplast that provide a route for 1on
movement coupled to a favourable thermodynamic gradient to drive
accumulation of K and 1ts accompanying anion

Uptake of K across the plasma membrane 1s thought to occur pas-
stvely through a channel(s) in response to the electrical gradient estab-
lished by the H -ATPase that extrudes protons across the plasma
membrane and establishes an inside negative membrane potential
(Zeiger et al , 1978) Membrane energization may also occur through
the redox based system described previously (see Section 8 3 4) It 1s
possible that guard cells may also possess a secondary coupled, active
K -uptake system at the plasma membrane, perhaps involving a co-
transport system similar to that identfied in other cells types by
Schachtman and Schroeder (1994) This system would be required for
K* uptake 1if apoplastic K concentrations were submillimolar (Blatt,
1987a) or when the Nernst K diffusion potential 1s positive of the mem-
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brane potential, which can occur experimentally during treatment with
fusicoccin, for example (Clint and Blatt, 1989)

The major 10n channel allowing K* uptake in guard cells 1s called the
K* inward rectfier, according to the predicted direction of K* flux under
physiological conditions The K* inward rectifier 1s only activated at
membrane potentials more negative than -100 mV (Schroeder et al ,
1987), when the net driving force for K* would typically be into the cell
The properties of the K inward rectifier from V faba have been mea-
sured by a number of groups using electrophysiological techniques (see
Box 8 2) In contrast, only one group has reported measurements on K
channel acuvity in Z mays (Fairley-Grenot and Assmann, 1992a), and
channels with comparable properties may exist in guard cells of
Arabidopsis and Nicotiana (Armstrong and Blatt, personal communica-
tion) Detailed reviews describing channels in guard cells and other cell
types can be found in Hedrich and Schroeder (1989), Tester (1990),
Blatt (1991), Assmann (1993) and Blatt and Thiel (1993) A summary of
channel properties in guard cells are given in Table 8 4 for the K™ inward
rectifier and 1ts gating characteristics presented schematically in Fig 8 3

The K* inward rectifier has a conductance of 5-10 pS (Siemens 1s the
unit of conductance and 1s equivalent to the reciprocal of the resistance
in Ohms), opens at voltages more negative than —100 mV and allows K
influx 1if the apoplastic K concentration 15 greater than 1 mM At
apoplastic K levels lower than 1 mM, the thermodynamic driving force
for K* 1s likely be out of the cell The channel appears to mactivate at
these low apoplastic concentrations and would thus not participate in
K* efflux (Schroeder, 1988, Blatt 1992, see also Schroeder and Fang,
1991) The gating characteristics of the inward rectifier are essentially
insensitive  to external potassium levels higher than a few mM
(Schroeder, 1988, Blatt 1991, 1992)

In addition to regulation by voltage, the K* inward rectifier 1s remark-
ably sensitive to changes in potenual signalling intermediates such as
cytosolic calctum, cytosolic pH and external pH (Fig 8 3) Physiological
increases 1n cytosolic calctum ranging from 100 nM to 1 5 UM activated
the channel, with a shift in the gating potential to more negative values
and a reduction 1n the current amplitude (Schroeder and Hagiwara,
1989, Fairley-Grenot and Assmann, 1992) Decreasing external pH from
pH 81 to 55 had the reverse effect, shifting the activation potential to
more positive voltages and increasing the conductance to 2 maximum at
pH 55 (Blatt, 1992) This pH range spans the changes in apoplastic pH
that occur on opening (see Section 8 3 3) Increases in cytoplasmic pH
can also wnacuvate the K inward recufier (Blatt, 1992, Blatt and
Armstrong, 1993, Lemuri-Chliech and MacRobbie, 1994, Thiel et al ,
1993)
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Figure 8.3 Current-voltage (/-V) characteristics of the K* inward rectifier at the plasma
membrane of guard cells from Vicia faba The channel opens at around =100 mV and the
current flowing through the channel increases with hyperpolarization, 1 e as the potential
becomes more negative The current flowing through the channel decreases as either
the external Ca?* or internal pH are increased as indicated by the triangles {a) Increasing
internal Ca?* or external pH also reduces the current and, in addition, shifts the gating
potential to more negative values indicated by arrows (b} Note that the currents
measured in guard cell protoplasts using patch-clamp techniques are about 10-fold lower
than those shown here for intact guard cells, but the majority of the voltage-gating
characteristics are similar Data taken from reports in Table 8 3

8.3.6 Transport of Cl- across the plasma membrane during stomatal
opening

The apoplastic Cl concentration around guard cells of closed stomata is
about 33 mM (Bowling, 1987) while the cytoplasmic concentration is
estimated to be between 50 to 120 mM (e.g. MacRobbie, 1987), thus
uptake of Cl 1s opposed by both the Cl concentration gradient and the
prevailing plasma membrane potential and accumulation of the CI~
requires coupling to a second system to achieve a net negative AG.
Dittrich et al (1977) were the first to suggest that a H'/Cl symport sys-
tem operated in guard cells since stomatal opening was enhanced as the
external pH surrounding epidermal strips was decreased. This system
remains the most probable candidate. Further details of Cl transport in
plant cells are discussed by Sanders (1984).

8.3.7 Properties and activity of the tonoplast H* pumps

During opening, it is anticipated that the majority of ions accumulated
will be transferred to the vacuole, with generation of a compatible
solute in the cytoplasm, such as sucrose (see Chapter 9), to increase the
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osmotic pressure in the cytoplasm However, there has been remarkably
little work on the pumps that might energize the tonoplast in guard
cells Fricker and Willmer (1990b) demonstrated proton pumping activ-
ity in crude homogenates of GCPs of C commumnis that was dependent
on Mg-ATP and had a pH optimum at pH 8 0 Pumping was inhibited by
nitrate and N, N'-dicyclohexyl carbodumide, but not vanadate These
features are charactenistic of a vacuolar (V-type) proton pump (Sze,
1985) Mg-ATP also stumulated an inwardly directed current 1n 1solated
guard cell vacuoles (Hedrich et al, 1988, Pantoja ef al , unpublished)
The V-type H*-ATPase from GCP of Commelina has been further charac-
terized by Willmer et al/ (1995) ATPase activity was higher in GCP than
mesophyll cell protoplasts on protein, chlorophyll or membrane area
bases The enzyme was stimulated by Cl and mhibited by high concen-
trations of Ca (I, = 18 mM), whilst K* had no effect Recent studies
have indicated the presence of several isoforms of V-type ATPase 1n
plants and that multiple genes encode a major subunit of the enzyme
(see Sze et al , 1992) It 1s intriguing to speculate that the high V-type
ATPase activities 1n guard cell are related to expression of a specific 1so-
form However, Willmer et al (1995) could not find evidence for specific
control of the V-type ATPase 1n guard cells, as incubation of GCP 1n light,
fusicoccin or ABA had no effect on the subsequent ATPase activity mea-
sured

The activity of the tonoplast H*-ATPase would be expected to acidify
the vacuole lumen It has long been known that large pH changes occur
in different cell types of the epidermal layer during stomatal movements
(e g Scarth, 1929, 1932, Pekarek, 1936, Small and Maxwell, 1939, Pallas,
1966, Dayadan and Kaufman, 1975) Although 1n early work, the cellular
compartment being measured was uncertain, it was probably the vac-
uole as 1t 1s the largest compartment within the cells In general, values
of pH 4 0-5 5 were reported for guard cells of closed stomata rising to
between pH 5 6 to 6 5 after opening 1n a vartety of species Equally large
pH changes moving 1n the opposite direction have been observed in
epidermal and subsidiary cells as stomata open and close More recently,
Penny and Bowling (1975) and Bowling and Edwards (1984) used pH-
sensitive microelectrodes to measure vacuolar pH values in C commu-
mis and Tradescantia virgimiana They found the guard cell vacuolar
pH was between pH 52-53 and increased by 04-0 7 pH units upon
opening The pH of the subsidiary cell vacuole followed in the same
direction, but to a lesser extent, whilst the pH in the vacuole of the epi-
dermal cell acidified during opening by 0 4-0 6 pH units The cytoplas-
mic pH remained around pH 7 0 1n all three cell types during opening,
at least in Tradescantia (Bowling and Edwards, 1984) (Fig 82) The
vacuolar alkalinization observed during opening in all these data appar-
ently contradicts the expected acidification from activation of an
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inwardly directed H pump as the primary event energizing the tono-
plast One possibility 1s that accumulation of malate rather than Cl may
increase the buffering capacity of the vacuole, combined with recycling
of the protons via the #H /K antiport to give net alkalinization

8.3.8 Accumulation of K* by the vacuole

Potassium accumulation into the vacuole cannot occur passively against
an estimated tonoplast membrane potential of +20 to +40 mV, with the
vacuole more positive than the cytoplasm (We have not adopted the
recent change in convention that advocates that the tonoplast mem-
brane potential should be referenced to the extra-cytosolic medium, 1 e
the vacuole lumen, by analogy to the plasma membrane potential, such
that Vm = LY[()\()I_VVZI

ol Bertl et al ;1992 Using this convention, the cytoplasm would be
~20 to —40 mV more negative than the vacuole Unfortunately this con-
vention ntroduces confusion with the earlier literature and 1s particu-
larly inappropriate for discussion of 1on accumulation by vacuoles)

K" uptake may be mediated by a K*/#H* antiport system or by a tono-
plast pyrophosphatase which 1s thought to pump H* and K simultane-
ously into the vacuole There s currentlv no experimental support for
the tonoplast cation exchanger in experiments designed to assay for its
presence (Fricker and Willmer, 1990b) and there 1s only limited evi-
dence for the tonoplast pyrophosphatase from pyrophosphate induced
proton pumping in vesicles (Fricker, unpublishe

d) In addition, operation of the H'/K symport driven by the tono-
plast-pyrophosphatase 15 more difficult to reconcile with the vacuolar
alkalinization observed, without an additional mechanism to recycle the
stoichiometric increase of protons in the vacuole

Despite the relativelv small tonoplast pH gradient and membrane
potental, the thermodynamic driving forces would be sufficient to accu-
mulate at least a tenfold excess of K if coupled to H* exchange Ward
and Schroeder (1994) have suggested that continued H pumping may
also provide the driving force for rapid K* efflux during closure by main-
taining the membrane potential positive nside the vacuole and this
might explain the observed vacuolar acidification on closure

8.3.9 Accumulation of anions by the vacuole

The predicted tonoplast membrane potential (+20 to +40 mV) would
be sufficient to drive a limited (5-fold) accumulation of anions passively
via channels A category of channels that activate rapidly (and hence
termed Fast-activating Vacuolar (FV)-channels) have been characterized
in the tonoplast of some cells (see Hedrich and Schroeder, 1989) In
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principle, FV-channels could account for anion influx at positive tono-
plast membrane potentials, but there have been no detailed characteri-
zation of FV-channels in guard cell vacuoles Guard cell vacuoles can
accumulate significant concentrations of malate , and Pantoja et al
(unpublished) found evidence for a 40 pS, voltage-gated malate chan-
nel in guard cell vacuoles from C commurus, although this channel
awaits detailed characterization

8.3.10 Efflux of K* from the vacuole during stomatal closure

K" efflux from the vacuole 15 favoured by the prevailing membrane
potential and assumed vacuole to cytoplasm concentration gradient of
K*, and could thus occur passively through activation of an approprnate
1on channel There have been relatively few studies and no concensus at
present as to the identity of these channels Hedrich et al (1988)
reported a high-conductance channel at the tonoplast from a range of
cell types, that showed little discrimination between cations and anions

This channel showed slow activation kinetics and was therefore termed
a Slow-Vacuolar (SV)-type channel The SV-channel in GCPs from Allzum
cepa has recently been characterized in more detaill by Amodeo et al

(1994) They found the half time to activate the channel was in excess of
1s and the channel was strongly selective for cations over antons, but
showed little discrimination between the monovalent cations (Na* > K*
> Rb * > Cs*) Ward and Schroeder (1994) also found SV-channels n
GCPs from V faba that were activated at high (10-100 uM) cytoplasmic
Ca’™* levels and negative tonoplast potentials, similar to the SV-channel
reported by Amodeo et al (1994) and SV-channels in vacuoles from
other cell types (e g Hedrich and Neher, 1987) They demonstrated that
these channels were also permeable to Ca *, as well as to K*, but not sig-
nificantly to Cl It 15 not clear, however, whether the negative tonoplast
potentials required to activate SV-channels occur iz vivo, thus the signif-
icance of these channels in stomatal function 15 not fully understood
(although see below)

In addition to the SV-channel in the tonoplast of GCPs from V faba,
Ward and Schroeder (1994) also found a second, voltage-independent,
channel with a high conductance (70 pS) and high selectivity for K* (K*
> Rb* > NH, >> Cs* = Na* = Lt*), which they termed a Vacuolar K*
(VK)-channel The VK-channel was also strongly activated by cytoplasmic
Ca’ over a physiological concentration range (Ward and Schroeder,
1994) This channel could thus provide a route for K* efflux at the pre-
dicted vacuole-positive potentials iz vivo, in response to an elevation of
cytoplasmic Ca * Intriguingly, VK-channels also showed a strong depen-
dence on cytoplasmic pH, actvating with decreasing pH This 1s exactly
the opposite response to that observed for cytoplasmic pH activation of
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the plasma membrane K outward channel (see Section 8 3 12)

One way of integrating the mode of action of the SV- and VK-channels
was suggested by Ward and Schroeder (1994) as follows elevated cyto-
plasmic Ca could activate VK-channels allowing K* efflux and depolar-
izing the tonoplast membrane potenual sufficiently to activate
SV-channels The resulting efflux of Ca from the vacuole through the
SV-channel would further depolarize the potential and maintain the Ca**
activation of both VK-channels and SV-channels To maintain the driving
force for continued K- efflux would require a mechanism to repolarize
the membrane, possibly through parallel anion efflux, through an as yet
uncharacterized pathway, or continued activity of the tonoplast H*
pumps

8.3.11 Efflux of anions from the vacuole during stomatal closure

Anion efflux from the vacuole could occur via channels i conjunction
with depolarization of the tonoplast potential during stomatal closure
However, the appropriate channels have yet to be identified in guard cells

8.3.12 Efflux of K* across the plasma membrane during stomatal closure

Release of K* during closure requires depolarization of the plasma
membrane potential to remove the driving force for K* uptake and allow
K* efflux At membrane potentials more positive than ~100 mV the K*
inward rectfier closes and will not, therefore allow any K efflux
However, a second K channel, termed the K* outward rectifier, opens
as the membrane potental falls more positive than the K* equilibrium
potential (e g Blatt, 1988, 1991) Under these conditions the driving
force for K 1s out of the cell The K* outward rectifier has a shightly
higher conductance (10-25 pS) than the K* inward rectifier There are,
again, some differences between results for guard cells in epidermal
strips and patch-clamped GCPs, notably a faster rate of current activa-
tion as the voltage 1s stepped to a range where the channel opens, and a
stronger voltage dependence with the use of epidermal strips (reviewed
by Blatt, 1991, Blatt and Thiel, 1993) It 1s possible that the properties of
the K* outward rectifier are altered during protoplast 1solation or a num-
ber of different outward rectifying K*-channels exist The propertes of
the K outward rectifier are summarized 1in Table 8 4 and 1ts voltage-gat-
ing properties depicted in Fig 8 4

In contrast to the K inward rectifier, the activation voltage of the K*
outward rectifier alters markedly with external K*, shifting to more posi-
ttve values with increasing K concentrations This effectively tracks the
K* equilibrium potential, and means the channel will only be open
under conditions that favour K* efflux, even i the face of increasing
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Table 8.4 Properties of the K™ outward rectifier at the guard cell plasma membrane

Channel characteristics Reference

Conductance 10-65 pS f.m, i

Activation voltage  activates at potentials more positive than -120 to a-c, n
-80 mV In intact cells
activates at potentials more positive than —60 to d, f-m
—-40 mV 1n patch-clamp experiments
region of negative slope conductance at potential  a, n
more positive than +50 to +80 mV

Modulation by ions
and second messengers
(K*], increasing [K*], shifts the activation voltage to a, b,
more positive values
[Ca?"], (1) insensitive to [Ca?*], f
(n) increasing [Caz*]‘ reduces current amplitude d
[Ca?*], increasing [Ca?*], reduces current amplitude d, h
pH, current amplitude increased by increasing pH with ¢
no shift in activation voltage
current amplitude increased by increasing pH, and
the activation voltage shifts to more positive values

Chl

pH

(o]

[¢]

Time dependence (1} intact cells of Vicia faba - activation t,, ~ 100 ms, a, b

deactivationt, ~ 11 ms

(n) patch-clamp of GCPs from Vicia faba - sigmoid e, g, =k, m
or double exponential activation 1=100-600 ms,
exponential deactivation 1=20-200 ms

() patch-clamp of GCPs from Zea mays - d e
sigmoidal activation =41 ms, exponential
deactivation mean =852 ms

(Iv) no time or voltage inactivation Ik

Selectivity K*>Rb*>Na*t>Li*>>Cs* |

Inhibrtors TEA* (/55 1 mM) a, Ln
BaZ* (5, 0 1 mM) h, m
Na™* blocks when applied to the cytoplasmic side n
{5, 80 mM)
insensitive to 4-aminopyridine I
NH,*. benzylamine, tnmethylamine and procaine o
(/59 3-10 mM)
Insensitive to AlR* )

aBlatt, 1988b, ° Blatt, 1990, ¢ Blatt and Armstrong, 1993, ¢ Fairley-Grenot and Assmann,
1992, ¢ Fairley-Grenot and Assmann, 1993, fHosor, Iino and Shimazaki, 1988, 9llan et a/
1994, " Lemtin-Chlieh and MacRobbie, 1994, ' Schauf and Wilson, 1987, ! Schroeder,
1988, * Schroeder, 1989, ! Schroeder and Hagiwara, 1989, ™ Schroeder et a/, 1987,
"Thiel and Blatt, 1991
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Figure 8.4 Current-voltage (/-V) characteristics of the K* outward rectifier at the plasma
membrane of guard cells from Vicia faba. The channel always opens at voltages more
positive than the K* equilibrium potential (indicated by arrows) as external K*
concentrations ([K*],) are increased (a). The current flowing through the channel also
decreases as external Ca?* ([Caz+]o) is increased or as either internal pH (pH)) or external
pH (pH,) is decreased (b). Note that the currents measured in guard cell protoplasts
using patch-clamping techniques were about 5- to 10-fold lower than those shown here
for intact guard cells. Data taken from reports in Table 8.4.

external potassium levels. This may be particularly pertinent to guard
cells, when increases in apoplastic K* occur during closure (Bowling,
1986; Bowling and Smith, 1990).

Most significantly, in studies so far the K* outward rectifier was not
affected by increases in cytosolic Ca** from physiological resting levels
between 100 and 200 nM, although an increase in cytoplasmic Ca** from
2 to 200 nM caused a decrease in current amplitude in GCPs from Zea
(Fairley-Grenot and Assmann, 1992b). In addition, there are some
effects of external Ca** at high (10 mM) concentrations which also cause
a reduction in current amplitude. However, the K* outward rectifier is
dramatically activated by both cytoplasmic alkalinization (Blatt, 1992;
Blatt and Armstrong, 1993; Lemtiri-Chlieh and MacRobbie, 1994) and
apoplastic alkalinization (Ilan et al, 1994). For example, Blatt and
Armstrong (1993) found a change in pH of only 0.16 units from ‘resting’
pH around pH 7.8 was sufficient to increase K* currents by 250%.

Additional K* conductances have been described at the plasma mem-
brane of guard cells of unknown function (e.g. Thiel et al., 1992). Hosoi
et al. (1988) also report a rare 4-5 pS channel that was voltage insensi-
tive. These conductances are part of an ensemble waiting detailed char-
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Table 8.5 Properties of the R-type anion channel at the guard cell plasma membrane

Channel characteristics Reference
Conductance 25-40 pS b,cfg
Activation voltage  activates at voltages more positive than -80 mV a-g
Modulation by 1ons
and second messengers
(CF], increasing [CI], shifts activation voltage to shightly b
more negative potentials and increases single
channel conductance
[Ca?"], increased [Ca?*], increases current amplitude with ~ a, ¢, g
no change in activation voltage
[Ca2*], increasing [Ca®*]  increases current amplitude via  a
increasing [Ca?*],
Nucleotides ATP, ATPyS, GTPYS all stimulate current a
synergistically with Ca2*
Time dependence  activation t,, <10->30 ms (voltage dependent) a,f
deactivation t,,=20-100 ms a. g
time-dependent inactivation t,, =10-20 s, slow a, g
recovery from inactivation
Selectivity NO, 2I->Br >Cl >>malate? a-c
impermeable to gluconate and glutamate
Inhibitors and
activators (1} Zn2* blocks channel c
(n) auxin, malate and a number of externally-applied
channel blockers cause a shift in the activation
voltage to more negative potentials, reduce the
current at positive potentials {anion influx) and
have time- and concentration-dependent effects
on peak current amplitude, see below
Auxins 1-NAA>2 4-D>|AA a
Channel blockers NPPB>I1AA-94>niflumic d
acid>ethacrynic acid>A-9-C> probenecid
Stibenes DIDS (/5,=0 2 um)>DNDS e
{/5o=0 5 um)>SITS (/=4 um)
malate (/;,=0 4 mM) b

aHedrich et a/, 1990, P Hedrich and Marten, 1993, ¢Keller et a/ 1989, 9 Marten et a/ ,
1992, ¢ Marten et a/ , 1993, ' Marten era/, 1991, 9 Schroeder and Keller, 1992

acterization that are often grouped under the heading of a ‘leak’ con-
ductance. A separate category of channels have been characterized by
Cosgrove and Hedrich (1991) that are activated by suction applied to
the patch-electrode and are thus called stretch-activated channels. The
major stretch-activated K*-channel in guard cells showed little voltage
dependence or selectivity between monovalent cations and had a con-
ductance of 25 pS for inward currents and 45-50 pS for outward cur-
rents. The channel did not immediately inactivate after release of
suction and could remain active for up to 5 min. A second stretch-acti-
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vated K*-channel with lower conductance was also observed occasion-
ally. At the moment it is not clear how to integrate these conductances
in models of stomatal behaviour based on the non stretch-activated
channels already characterized.

8.3.13 Efflux of anions across the plasma membrane during stomatal
closure

The route for anion efflux at the plasma membrane has been character-
ized in some detail. Two main anion channels have been found, that dif-
fer primarily in their activation kinetics. One of these channels opens
rapidly as the voltage 1s stepped to an activating range (¢,, 10-30 ms)
and also spontaneously inactivates after a few seconds (t,/z 10-12's)
(Hedrich et al., 1990) (see Table 8.5 and Fig. 8.5a and b). This channel
has been named according to a variety of acronyms including GCACI,
standing for the guard cell anion channel (Hedrich et al., 1990), R-type
for rapid activating (Schroeder and Keller, 1992) and QUAC for quick
activating anion channel (Linder and Raschke, 1992). We have adopted
the R-type nomenclature as 1t parallels other existing nomenclature for
ion channels (see Hedrich and Schroeder, 1989). R-type channels show
a pronounced peak current amplitude between —-10 to -80 mV, but are
completely closed at more negative potentials (Fig. 8.5d and e).

The other major type of anion efflux channel required several tens of
seconds to reach full open probability and has therefore been called S-
type (Schroeder and Keller, 1992) or SLAC for slow activating anion
channels (Linder and Raschke, 1992) and it exhibits little time-depen-
dent inactivation over tens of seconds (see Table 8 6 and Fig. 8 5a). The
S-type channels showed a current maximum at -20 to -50 mV
(Schroeder and Hagiwara, 1989; Linder and Raschke, 1992; Schroeder
and Keller, 1992; Schroeder et al., 1993), but remained open at more
negative membrane potentials, including the normal range of the rest-
ing membrane potential in guard cells (Linder and Raschke, 1992;
Schroeder et al., 1993) (Fig. 8.5¢).

Both R- and S-type channels were activated by increases in cytoplasmic
Ca** (Schroeder and Hagiwara, 1989; Keller et al., 1989) (Fig. 8.5d) and the
R-type channel required binding of a nucleotide for full activity (Hedrich et
al , 1990). The two channels have been distinguished further on the basis

Figure 8.5 Time dependence and current-voltage {/~V) relations of the anion channels
at the plasma membrane of guard cells from Vicia faba measured using patch-clamp
techniques The S-type anion channel activates slowly over tens of seconds during
continuous stimulation (a} whilst the R-type anion channel activates rapidly, but
subsequently inactivates over a few seconds as stimulation I1s continued (b) Both
channels showed a maximum conductance at around -50 mV (c-e), although only the
S-type channel typically remains open at conductances more negative than =100 mV (c)



ION FIUXES 265
(@ (c)
S - type 1(nA)
50s +60 r2
50
PA +40 -
VimV)
520 300 -200 -100 / 100 200
-1
(b}
R - type S - type L
500
pA
-3
L—4
(d) 1(nA) (e) 1(nA)
—2 re
R - type R - type
-1 F1
Wmv) Wmv)
—SIOO —2]00 -1 90 1([)0 2(])0 -300 -200 -100 00 200
NAA
-1 -1
032#1
-2 F—2
-3 -3
L4 L -4
Mal?-, cr,

The voltage-gating characteristics of the R-type channel are affected by a variety of
ligands Increasing cytoplasmic Ca?* ([Ca?*]) stimulates current flow through the channel
without altering its voltage dependence (d) A range of channel blockers, including
malate? and auxin, gave a complex voltage-dependent block of the channel Channel
conductance was reduced at potentials positive of the CI” equilibrium potential in all
cases, however, malate? caused an additional increase in conductance and shifted the
gating-voltage to more negative values NAA also shifted the gating voltage to more
negative values, but caused a decrease In conductance that developed over time (e)
Note that anion currents are more difficult to characterize in intact guard cells and tend to
be much lower in magnitude than those shown here, measured in guard cell protoplasts
under optimized conditions Data taken from reports in Tables 8 5 and 8 6
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Table 8.6 Properties of the guard cell plasma membrane S-type anion channel

Channel characteristics Reference
Conductance 1-36 pS a,cde
Activation voltage (1) Iittle voltage dependence b

(n) peak current amplitude at -10 to =70 mV a,cde

Modulation by 1ons and
second messengers

[Ca%) increased [Ca?*] increases current amplitude b
[Ca2*], no effect e
pH, no effect e
Time dependence (1) slow activation and deactivation (t,,>5-10s) a,cde

(n) Iittle inactivation
Selectivity NO, >Br >F ~Cl~| > malate* e
Inhibitors and

activators Voltage-independent block by external antagonists  d
NPPB (/5,7 um)>1AA-94 (/;, 10 pm)>>DIDS

a Linder and Raschke, 1992, ® Schroeder and Hagiwara, 1989, ¢ Schroeder and Keller,
1992, ¢ Schroeder et a/, 1993, ¢ Schmidt and Schroeder, 1994

of their inhibition by pharmacological agents: the S-type channels was
fairly insensitive to 4,4'-diisothiocyanostilbene-2,2"-disulphonic  acid
(DIDS), but completely inhibited by 5-nitro-2-(3-phenylpropylamino)ben-
zoic acid (NPPB) (Schroeder et al., 1993), whilst R-type channels were
affected by a range of channel blockers, including DIDS at low concentra-
tions (Marten et al., 1992, 1993). The extent of the inhibition for both
channel types was also dependent on the voltage, with complete inhibition
at positive membrane potentials and variable effects at negative membrane
potentials. There appeared to be two potential binding sites for the
inhibitor accessible from the external face of the R-type channel. Binding
of channel blockers to one site caused a shift in the activation voltage to
more negative potentials and binding to the second site caused a voltage-
dependent alteration in the current amplitude. In the latter case, all the lig-
ands inhibited ion flux at potentials more positive than the equilibrium
potential for Cl, but had concentration-dependent and time-dependent
effects on the peak current in the range -10 to -80 mV (Marten et al |
1992, 1993). A similar voltage-dependent block of the R-type channel
occurred in response to two physiological important substances, i.e. IAA
(Marten et al , 1991) and malate’ (Hedrich and Marten, 1993) (Fig. 8.5¢).
The possible consequences of malate’ and IAA action on stomatal
responses are considered further in Sections 8.6.2 and 8.6.5, respectively.
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Specific binding of IAA-23, an auxin analogue, allowed Marten et a/
(1992) to purnify a 60 kDa protein by affinity chromatography, which
cross-reacted with antbodies to anion channels from kidney mem-
branes This polypeptide 1s thus a possible candidate for at least one
subunit of the R-type anion channel

8.4 Summary of ion movement events during stomatal
movements

The putative transporters involved i 1on fluxes during stomatal move-
ments are depicted in Fig 8 6 Stomatal opening requires activation of
the plasma membrane H*-ATPase to hyperpolarize the membrane poten-
tial negative of the K* equilibrium potential Activation of a K* inward
rectifying channel or a voltage-insensitive K*-channel would allow K'
uptake, whilst balancing anions could be accumulated through a putative
2H*/Cl symporter or stimulation of malate* synthests Equally important
will be energization of the tonoplast by the tonoplast H*-ATPase and acti-
vation of a putative tonoplast »H'/K* anuporter or tonoplast H*/K*-
pyrophosphatase and activation of an anion uptake channel This pattern
of 1on accumulation 1s not unique to stomatal opening, but appears to
follow general models for salt accumulation in most plant tissues and has
been termed the chemiosmotic hypothesis by Zeiger et al (1978), by
analogy with the model first put forward by Peter Mitchell for transport
coupling across mitochondrial membranes via the proton motive force
(Mitchell, 1966) The more specialized function of guard cells 1s manifest
in the vartety of stimuli that promote stomatal opening and presumably
the complexity of the signal transduction systems that must converge at
some point to ensure integration of all these disparate events

Stomatal closure requires depolarization of both the plasma mem-
brane and tonoplast, which may or may not involve inhibition of the pri-
mary pumps, and activation of appropriate 1on efflux pathways These
include activation of VK-channels, SV-channels and an anion efflux sys-
tem at the tonoplast, and the K outward rectifier, S-type and/or R-type
anion channels at the plasma membrane

8.5 Signal perception and transduction by guard cells

Our understanding of the molecular events that initiate and co-ordinate
the 1on transport processes are based on models of signal perception
and transduction developed extensively for animal systems It 1s likely
that there are a number of the basic principles and components 1n com-
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Figure 8.6 Summary of the ion transport systems associated with stomatal

movements During stomatal opening K* movement at the plasma membrane occurs in
response to the membrane potential established by either a proton pumping ATPase or a
redox chain Cl| uptake 1s achieved via a Cl /nH* symport system An additional K*/nH*
symport system may operate at low levels of external K* in the apoplast At the
tonoplast, anion accumulation occurs in response to the membrane potential established
by either a proton pumping ATPase or a pyrophosphatase K* movement occurs in
response to the pH gradient via a K*/nH* antiporter or concurrently with H* as part of
the symport activity of the pyrophosphatase During stomatal closure, efflux of both
cations and anions (A ) at the tonoplast and plasma membrane is thought to occur via a
variety of channels

mon and this has provided a useful stimulus to investigations in plants.
Equally, however, it is recognized that plants have developed solutions
to a rather different set of problems and may have developed a unique
array of signalling pathways or utilize similar motifs in alternative config-
urations (Assmann, 1993). Much of the current evidence has focused
attention on the role of cytoplasmic free Ca’* as a signalling intermedi-
ate and how changes in cytoplasmic Ca** may be brought about in
response to specific stimuli (e.g. Gilroy et al., 1993). A brief description
of the general model for Ca**-based signal transduction in animals is
given below and in Fig. 8.7 (see Alberts et al., 1994) and is reviewed in
detail by Berridge (1993).

In animal cells, external signals interact with surface receptors to initi-
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ate signal cascades, often operating through reversible protein phos-
phorylation The receptors may be enzymatically active, such as tyrosine
kinases, or act via assocation with an intermediate trimeric G-protein
complex On binding to the acuvated receptor, the a-subunit (Go) of
the G-protein exchanges bound GDP for GTP and dissociates from the
By subunmits Go remains active for about 1 before hydrolysing the
bound GTP, and diffuses in the membrane, where it may stimulate phos-
pholipase C or adenylate cvclase Adenlate cyclase cleaves ATP to give
cyclic AMP, which in turn activates protein kinase A Protein kinase A has
not been identified in plants and 1t was previously thought that this
rapid (AMP signalling pathway was not functional in plants However,
recent evidence suggests a role for adenylate cyclase and (AMP 1n pro-
moting stomatal opening (Curvetto and Delmastro, 1990, Morsucct et
al, 1991 1992, Curvetto et al, 1994) although cyclic AMP does not
stimulate opening of stomata in epidermal strips of C communis
(Willmer, unpublished)

Phospholipase C cleaves a membrane lipid (phosphatidyl-4,5-bis-
phosphate or PIP,) to give diacylglycerol and inositol-1,4,5-trisphos-
phate (IP,) Dracylglycerol remains in the membrane and activates
protein kinase C synergistically with Ca , whulst IP; 15 hyvdrophilic and
diffuses through the cvtoplasm to activate a Ca *-release channel in the
endoplasmic reticulum termed the IP,-receptor The phosphatudyl
inositol signalling svstem 15 considerably more complex however, as
additional nositol metabolites, such as nositol-1,3,4,5-tetraphosphate
and nosttol-1,3,5-triphosphate are also known to have signalling func-
tons Elevations in cytoplasmic Ca  caused by release from intracellu-
lar stores may also show complex dynamics, ranging from single peaks
to waves propagating through the cytoplasm This complex behaviour
1s thought to allow a greater degree of control and spatial localization
of the Ca signal A second endomembrane Ca *-release channel,
termed the ryanodine receptor, can also be trniggered by the onginal
increase in cytoplasmic Ca  as part of a feedforward mechanism
known as calaum-induced calcium release Increased cytoplasmic Ca
may directly modulate other 1on channels or protein kinase C activity,
or act via interaction with the ubiquitous Ca * binding protein, calmod-
ulin (CaM), and stumulation of Ca *-CaM dependent protein kinases
Propagation of the original signal will thus depend on the range of
kinases present, their substrate spectficity and the activity of protein
phosphatases that reverse the kinase-mediated protein phosphoryla-
tion Some classes of protein phosphatases are themselves activated
by Ca -CaM, making interpretation of some experiments, such as
inhibitor studies, rather difficult
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8.5.1 Perception and transduction of ABA signals

There 1s much information on the action of ABA 1n guard cells where 1t
1s known to inhibit stomatal opening and promote stomatal closure (see
Chapter 7) It has also been known for many years that exogenous Ca *
can inhibit opening and bring about closure in the absence of ABA (e g
Schwartz, 1985, Schwartz et al , 1988, see Section 8 2 2) However, a link
between ABA and Ca remained undetected until De Silva et al (19852)
observed that there appeared to be a synergistic effect of ABA and
exogenous Ca on the inhibition of stomatal opening in epidermal
strips of C communs (Fig 8 8) Curvetto and Delmastro (1990) also
found that ABA or Ca prevented stomatal opening in V faba, but no
evidence for a synergistic interaction was found Further reports indi-
cated that exogenously applied ABA or Ca* could contract swollen
GCPs and inhibit swelling of GCPs independently (Smith and Willmer,
1987) In principle, external Ca could act as a signal influencing stom-
atal movements, however, there 15 evidence in Commelina that apoplas-
tic Ca * levels around guard cells are well buffered from changes in Ca *
levels in the rhizosphere or xvlem (eg Ruz et al, 1993, Ruiz and
Mansfield, 1994, also see Section 8 2 2) Apoplastic Ca * levels may affect
the wall elasticity (see Bittisnich et al , 1987), but most effects of chang-
ing exogenous Ca on stomatal movements are thought to occur
through Ca influx across the plasma membrane and modulation of
cytoplasmic free calaum levels The electrochemical gradient driving
Ca " nto the cytoplasm 15 very large, with both an estumated 10 000-fold
concentration gradient and an mside negative membrane potential
Rapid calcium mflux could therefore occur passively on opening of a
Ca’*-channel at the plasma membrane So far four possible channels
have been identfied that could conduct Ca  one 1s a non-selective
plasma membrane cation channel that closes on depolarization of the
plasma membrane (Schroeder and Hagiwara, 1990), according to
Fairley-Grenot and Assmann (1992b) the K* inward rectifier would also
allow some influx of Ca  a third possibility 1s a stretch-activated Ca ~
channel identfied by Cosgrove and Hedrich (1991), and there 1s evi-
dence for another Ca channel that opens on depolarization of the
plasma membrane (MacRobbie, 1989)

Although ABA can effect stomatal movements in the absence of exter-
nal Ca *, there 15 good evidence indicating cytosolic Ca * levels change
1in response to ABA under some conditions Thus, McAinsh et al (1990)
found that ABA induced a slow increase in cytoplasmic free Ca * in
guard cells of C communis from resting levels around 70-250 nM to
over 1 UM and the stomata subsequently closed (Fig 8 9) (see Box 8 3)
Increases 1n cytoplasmic Ca  could modulate a number of 1on trans-
porters directlv and consutute an important signal in guard cells, how
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20 —

Stomatal aperture (um)

Figure 8.8 Effects of ABA and calcium In preventing stomatal opening in epidermal
strips Increasing concentrations of both external calcium and ABA prevented stomatal
opening in epidermal strips from Comme/ina communis In the presence of both
inhibitors there was a greater than additive effect termed synergism at some
concentrations eg 10 ' mM CaCl, and 10 ® mM ABA Data from De Silva et a/ (1985a)
with permission

ever, the extent to which cytoplasmic Ca** levels alter in response to
ABA 1s observed to be highly variable, even though stomata close 1n all
cases Thus a variety of responses 1n terms of cytoplasmic calcium levels
have been reported, including no detectable change of guard cell Ca**
(Gdroy et al , 1991, Irving et al , 1992), transient spikes (Schroeder and
Hagiwara, 1990, Gilroy et al , 1991, McAinsh et al , 1992), sustained ele-
vations varying from 100 to 1000 nM above resting levels (McAinsh et
al , 1990, 1992, Gilroy et al , 1991, Irving et al , 1992) or high amplitude
oscillations (Gilroy et al 1991, McAinsh et al , 1992) The work of Allen
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et al. (1994) indicates that part of this variation may be due to the tem-
perature the plants were grown at. Plants pre-conditioned at high tem-
peratures consistently showed sustained high increases or oscillations of
cytoplasmic Ca** in guard cells, whilst plants grown at relatively low tem-
peratures showed no changes in cytoplasmic Ca** (Fig. 8.10). In all cases
the stomata closed. Thus the extent to which the Ca**-signalling path-
way operates depends on the previous environmental conditions expe-
rienced by the plants amongst other factors. As a result of such studies
correlating ABA treatments with changing cytoplasmic Ca** levels and of
the studies by MacRobbie (1990) examining the effects of Ca’* on ion
fluxes in guard cells induced by ABA, a view has developed that there
are both Ca**-dependent and Ca’"-independent components in the sig-
nal transduction pathway leading to closure (see reviews by MacRobbie,
1992; Schroeder, 1992; Assmann, 1993).

A second controversial area is whether ABA is sensed at the outer sur-
face of the plasma membrane or inside the guard cell. There is evidence
to support both contentions. Support of the view that the ABA receptor
is located in the plasma membrane with an external binding site is as fol-
lows. If ABA is applied to stomata at pH 8.0 they close. Since, at this pH,
ABA is fully ionized and in such a form it may not be able to diffuse
across membranes, it was suggested that its effect was via an externally

Figure 8.9 Changes in the free calcium level in the cytoplasm of guard cells from
Commelina communis with time, measured using ratio photometry of the fluorescent
calcium indicator dye, Fura-2. The calcium level in resting cells was about 25 nM (a), but
increased over a 10 min period to about 600 nM with addition of ABA at the time point
indicated by arrows (b). Stomatal closure ensued after a delay of about 5 min (c). Data
from McAinsh et a/. (1990)
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Box 8.3 Measurement of 1on activities using fluorescence techniques

Introduction

Dynamic changes of specific 1ons 1n the cytoplasm of living cells
can be directly quantified and mapped using a combuination of spe-
afic fluorescent probes and sensitive detectors such as photo-
multpliers or cameras The basic principle involves introduction of
a fluorescent dye into the cytoplasm which binds to the 1on of inter-
est A variety of dyes have been synthesized that respond to Ca’*,
H*, K™, Na* and Mg?* Although measurements can be made with
dyes that exhibit a simple change 1n intensity on binding to the 1on
of interest, the most useful dyes have a shift in either the excitation
or the emussion spectrum A spectrum for a typical emission ratio
dye for calcium 1s shown n Fig 8 B3a The extent of the spectral
shift 1s related to the concentration of the 10n, but independent of
the concentration of the dye (Figs 8 B3a and b) An estimate of the
shift in spectrum s obtained from the ratio of the intensity at two
wavelengths, normally the peak for the bound form divided by the
peak for the unbound form (Fig 8B3b) This can be calibrated
against ratio values from known 1on concentrations As the ratio 1s
independent of dye concentration, the values are not affected by
leakage of dye, bleaching of dye or changes in cell shape

Procedure

1 The dyes are highly charged in order to interact with the 1on of
interest and are membrane impermeant as a consequence Thus a
range of specialized techniques have been developed to introduce
the dyes into cells Ester derivatives of the dyes are uncharged and
hence membrane permeant In the cytoplasm the ester groups are
enzymatically cleaved off to release the free, active dye This
approach potentally loads a large population of cells, but does not
work well in most plant tissues as the esters appear to be hydroly-
sed externally in the wall or not at all The dyes are also uncharged
at low pH (about pH 45) due to protonation of the carboxyl
residues Cells can therefore be directly loaded with the dye at
these pH values At pH 7 in the cytoplasm the protons dissociate to

Figure 8 B3 (a) Emission spectrum for the Ca?* sensitive dye Indo 1 showing
the shift in spectrum upon binding Ca?* {b) Ratio measurements at the peaks for
the Ca?* free and CaZ* bound form of the dye are insensitive to the amount of
dye present and therefore accurately report the level of Ca2* even If the dye
concentration changes during the expenment (¢} Schematic diagram of the
typical system used to make fluorescence measurements from guard cells using
imaging technigues or photometry




SIGNAL PERCEPTION AND TRANSDUCTION BY GUARD CELLS

275

Indo—-1
excitation 350 nm
2z
[
c
2
5 - calcum
=4
Q
a
£
w
"~ - +calcium
400 450 500
Wavelength (nm)
(a)
c
12
=
2 \ Different dye
.“E> o concentrations
c 1z with 100 nM
2 free calcium
@
£
w
a
12
500
()

lontophoresis
system

Data
storage
device

Hard

copy
device

(©

Low-
light
camera

Perfusion system

CO,-free air
Constant
reservoir

‘_ Data

storage
device

Emission
filter Filter 2
wheel




276

IONIC RELATIONS OF STOMATAI MOVEMENT

gwe the free, active dye Some plant cells have been loaded by this
technique, but in many, the uncharged dye binds very strongly to
the cell wall Dyes can be loaded by microinjection using pressure
or a small electric current directly into the cytoplasm from the bar-
rel of a microelectrode used to penetrate the cell wall This tech-
nique 1s extensively used 1n the plant world, but suffers the
drawback that only a single cell can be studied at any given instant
The fluorescence signal from the dye within a single cell 1s very
weak and requires sophisticated detection apparatus Two basic
approaches exist at present, depending on whether an average 1s
made over a region of the sample or an actual image 1s taken Both
operate on the same principle (Fig 8 B3c) Some 1on indicators
can also be imaged using confocal techniques described 1n Box 3 1
1 The dye 1s excited at the appropriate wavelength Dual excita-
tion dyes require alternation of the excitation wavelength using
spinning filter wheels or chopping between two hight sources
u The epi-fluorescent signal from the dye 1s transmitted to the
detector, being either a photomuluplier tube or an ultra-low
light level camera Dual emission dyes require alternating wave-
length selection or double measurement systems at this stage
The ratio of the intensities at the two wavelengths 1s presented
as a trace (photomulupliers) or an image Typically the image 1s
colour coded to aid interpretation with high concentrations
red and low concentrations blue
v Photomuluplier systems are potentially more sensitive and
faster, but have poorer spatial resolution than camera systems
To quanufy the response, the ratio values obtained are compared
with ranos measured from known concentrations of the 1on con-
cerned The simplest calibration 1s performed 1n media designed to
resemble the cytoplasm, with respect to 1onic strength, pH, etc
(external calibration) An alternative calibration can be performed
wn situ by allowing rapid equilibration of the internal concentration
of the 10n with a defined external concentration using a specific 1on
carrier (lonophore) Both methods have their problems and
absolute values must be treated with caution An extensive descrip-
tion of the dyes available, instrumentation and calibration tech-
niques can be found in Mason (1993)

11

=
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Figure 8.10 Calcium transients induced by photolysis of caged-ABA in the cytoplasm of
guard cells of Commelina communis grown at varying temperatures Fluorescence of the
calcium indicator, Calcium Green, was measured photometrically from individual guard
cells simultaneously loaded with caged-ABA by microinjection Upon UV photolysis of
the caged-ABA by a 30 s UV pulse calcium was observed to increase reproducibly in
plants previously exposed to day temperatures of 25°C or higher No such changes were
observed in plants grown at lower day temperatures, although a loss of turgor equivalent
to stomatal closure always occurred in that guard cell Data from Allan et a/ (1994), with
permission

facing receptor (e.g. Hartung, 1983). Another finding in support of an
externally facing ABA receptor 1s that ABA binding proteins have been
located that are accessible from the outside of the plasma membrane in
V faba (Hornberg and Weiler, 1984). A third piece of evidence is that
when ABA is injected into guard cells of closed stomata, they still open
in response to light (Anderson et al., 1994). The data supporting the
view that ABA receptor(s) are located inside the guard cell are equally
numerous. Thus stomata respond to much lower concentrations of ABA
at acid pH values than alkali ones, when ABA will be in the protonated
form and readily enters guard cells. Furthermore, application of ABA
directly to the cytoplasm by micrownjection (Schwartz et al , 1994) or
photo-release of ABA from an inactive ‘caged’ precursor (Allan et al ,
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1994) (see Box 8.4), causes closure of open stomata. Further evidence
for internally located ABA receptors comes from the finding that when
ABA is applied to the cvtoplasmic face of an isolated patch of plasma
membrane, outward rectifying K* channels are activated (Schauf and
Wilson, 1987). Thus there is no clear concensus on this aspect at pre-
sent. Indeed, there mav be a number of different receptors for ABA
some of which are located within the cell and some facing the apoplast
(sce Fig. 8.11).

Figure 8.11 Predicted subcellular distribution of ABA based on the prevailing pH gradients
in different compartments of a guard cell. The pH values are taken from a number of
published sources and indicate the range of pHs that may occur during stomatal
movements The protonated form of ABA is thought to be membrane permeable, although
additional transporters may exist at the plasma membrane and/or tonoplast in Commelina
communis The potential receptor sites (R) for ABA are also indicated.



SIGNAL PERCEPTION AND TRANSDUCTION BY GUARD CELLS 279

Box 8.4 Photoreactive caged compounds

Introduction

Compounds or ions are complexed to ‘cage’ molecules that render
them inert, before introduction into the cell, usually by microinjection.
A short flash of high intensity UV light causes the cage to dissociate and
release the compound in an active form. By controlling the intensity
and duration of the illumination the amount of compound released
can be finelv regulated. This approach allows subtle and rapid pertur-
bation of specific target systems within the cytoplasm. Most attention
has focused on introduction of signalling molecules such as caged-Ca®*
and caged-IP,. The technique can also be combined with electrophysi-
ological measurements.

Procedure

The compound forming the cage can be derived from a variety of
organic compounds by a series of simple reactions. The major prob-
lem is separation of the derivatized form of the compound from the
uncaged and therefore active compound to prevent introduction of
the active molecule. The coupling molecule for IP, is shown below:

CHy CHj
/ uv /
— CH —_— —C  +H 4IPS
\ light \\
(IPy)®- o]
NO, NO

All of the caged compounds are photoactivatable by UV light. So far
they have to be loaded into plant cells by microinjection. Upon illumina-
tion with high intensity UV light an internal rearrangement occurs to
release the free ion/molecule directly into the cytoplasm. To obtain suf-
ficient intensity a UV laser source (usually frequency doubled ruby laser)
or xenon flash lamp is either focused through the microscope (requir-
ing UV optics) or simply directed at the specimen on the microscope
stage. A pulse of illumination lasting from milliseconds to seconds is suf-
ficient to photolyse a defined amount of the cage and release known
amounts of compound, although quantitation of the amount of com-
pound released is not always straightforward within biological tissues,
when the local intensity of illumination is variable and the volume of the
compartment poorly defined. A number of controls are required to
show that the potential for UV damage to the cell is minimized by the
short duration of illumination and that the other products of photolysis,
such as H* or acetate ions, do not initiate responses.
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While the actual receptors for ABA remain to be characterized, there
1s growing evidence that the link between the receptor and the Ca**-
dependent part of the signalling pathway 1s mediated by the classical
signal transduction pathway found in animal cells, involving the phos-
phatidyl nositol pathway (see Fig 87) Parmar and Brearley (1993)
characterized turnover of inositol phospholipids in guard cells and
detected a wide range of different phosphomositides, including 3-phos-
phorylated phosphomositides, but the intracellular Ca** channel activa-
tor, IP;, was not unequivocally identufied Parmar (discussed 1n
MacRobbie, 1992) also showed that the turnover of inositol phospho-
lipids was stimulated 1n response to ABA Moreover, Gilroy et al (1990)
found evidence that release of Ca** from an internal Ca’ pool in guard
cells could be triggered by photorelease of IP; from an nactive ‘caged’
form which subsequently caused stomatal closure (Fig 8 12) (see Box
8 4) Blatt et al (1990) also showed that photorelease of IP, was assoct-
ated with mactivation of the K* inward rectifier and activation of a puta-
tive anion efflux channel However, at the moment the link between
results showing that activation of IP;-gated Ca**-release can trigger stom-
atal closure and the natural elevation of guard cell IP; by a physiological
signal remains somewhat circumstantial

The ability of IP; to sumulate release of Ca** from an internal store in
guard cells 1s also the focus of another debate In other plant cells, Ca**-
release channels that are activated by IP; are located on the tonoplast,
with the vacuole as the major intracellular Ca** pool (Johannes et al ,
1991) This 1s 1in contrast to anmimal cells, where the endoplasmic reticu-
lum 1s the primary intracellular Ca’* pool that 1s mobilized during signal
transduction (Berridge, 1993) In addition, the IP;-gated Ca** channel
may not be the only intracellular Ca’* release pathway in guard cells as
Allen and Sanders (1994) have identified two additional vacuolar cal-
cium release channels in GCPs from V faba Furthermore, Ward and
Schroeder (1994) suggest that Ca’™* efflux from the vacuole can also
occur through the non-selective SV-type channels on depolarization of
the membrane to posttive values The physiological significance of these
various channels remains to be determined, but the range of putatuve
Ca**-mobilizing channels at the plasma membrane and tonoplast are
depicted in Fig 8 13

One consequence of an increase 1n cytoplasmic Ca**, arising by what-
ever means, would be modulation of the 1on transport systems at the
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Figure 8.12 Photometric traces showing the effects of caged IP; on cytoplasmic
calcium levels and stomatal apertures (O) from guard cells of Commelina communis
previously microinjected with the calcium indicator, Fluo-3 Cytosolic calcium levels and
stomatal apertures do not alter in cells where the caged-IP; is not photolysed (a) or
where caged-ATP I1s photolysed as a control {b) UV photolysis of caged-IP, caused a
transient increase In cytosolic calcium to about 1 uM and triggered stomatal closure (c)
A similar response was observed in the presence of the impermeant calcium-channel
blocker, lanthanum, indicating the source of the calcium was from internal stores (d)
Arrows indicate where the cells were exposed to a 30 s UV flash Half aperture values are
presented as only one guard cell of the pair was microinjected with caged compounds
Data from Gilroy et a/ (1990), with permission
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Figure 8.13 Summary of the potential ion-transport and signalling systems associated
with cytosolic calcium in stomatal guard cells. Increases in cytosolic calcium may arise
from influx of calcium through channels located at the plasma membrane, endoplasmic
reticulum or tonoplast. Calcium is subsequently removed from the cytoplasm by active
transport systems at one or more of these three membranes. Some of the effects of
elevated calcium are thought to be mediated by reversible protein phosphorylation
involving a number of calcium or Ca?’ -CaM-dependent protein kinases and protein
phosphatases

plasma membrane and tonoplast. Thus elevated Ca** is known to inacti-
vate the K' inward rectifier at the plasma membrane (see Section 8.3.5)
which would prevent K uptake necessary for stomatal opening.
Elevated cytoplasmic Ca* is also known to activate both VK- and SV-type
channels at the tonoplast (see Section 8.3.10) and S- and R-type anion
channels at the plasma membrane (see Section 8.3.13). It would be
expected that such channel activity would increase K™ and anion efflux
from the vacuole and increase anion efflux at the plasma membrane
with concomitant stomatal closure. Notably, however, the K* outward
rectifier, which is thought to be the major route for K efflux at the
plasma membrane, is not activated by increased Ca** above resting lev-
els (see Section 8.3.12).
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The increased cytoplasmic Ca  could also stumulate stomatal closure
or prevent opening in other ways For example, CaM 1s small protein
which binds calaum and then actnates a variety of different enzvmes
CaM 15 present at high levels in guard cells and a number of CaM-bind
ing proteins are also detectable in guard cells, at least two of which are
enriched in these cells (Ling and Assmann, 1992) Fuitheimore applica-
tion of CaM mhibitors prevented stomatal closing in response to ABA
CO, and elevated Ca (De Silva er al  1985b, Donovan et al , 1985
Nendat, 1987) At least some of the protemns activated by Ca  CaM are
likely to be protein kinases and protein phosphatases which modulate
the acuvity of other enzymes by covalent phosphorylation A specific
link has been suggested between one such Ca CaM dependent protein
phosphatase, called calcineurin and the calaum-sensiavity of the K
inward rectifier Thus, Luan et al (1993) showed that specific inhibitors
of caluneurin could block the Ca -dependent mactivaton of the K
inward rectifier This suggests that elevated Ca  normally interacts with
CaM, which then activates calaneurin causing dephosphorylation of the
channel protein 1tself or an assodated regulatory protein, and subse
quent channel mmactivation The inhibitors used by Luan et al (1993) are
formed from complexes between the protein cyclosporin and a4
cyclosporin binding protein (called cydophilin) Luan et al (1993) also
demonstrated that guard cells contained endogenous cyclophilin, pro
viding further evidence for partiapation of this pathway in guard cells

There 15 also evidence that other types of protein phosphatases are
important in guard cell responses Thus, Thiel and Blatt (1994) found
that application of another phosphatase inhibitor called okadaic aad,
which affects protein phosphatases type 1 and 2A but not caluneurin
also reduced curtents through both the K inward rectifier and the K
outward recufier in guard cell of V faba Furthermore, in the abil
mutant of Arabidopsis thaliana which has a wilty phenotype and stom
ata insensttive to ABA the wild type gene involved normally encodes a
protein serine threonine phosphatase type 2C (Mever et al , 1994,
Leunget al , 1994)

To make matters more complex, increases in cytoplasmic Ca i guard
cells have also been reported for stomatal opening in response to 1AA,
cytokinins and fusicocan (Irving et al , 1992) In addition, Ca -CaM has
been shown to activate some enzvmes that result in stomatal opening
Thus, Shimazaki et al (1992, 1993) found blue hight dependent H pump
ing and stomatal opening were blocked by inhibitors of myosin light chain
kinase which 15 activated by Ca -CaM Furtheimore, a range of CaM
inhibitors reduced blue light sumulated H pumping and stomatal open-
ing (Shimazaki et al, 1992 1993) suggesting Ca -CaM complexes are
important 1n regulation of opening as well as ABA-induced closure This
level of ambigurty 1n results may reflect a genuine complexity in the signal
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transduction pathway, as the Ca**-CaM complex activates both proten
kinases and protein phosphatases The net balance of these actvities and
hence phosphorylation state for any potential target 1s thus hard to pre-
dict

Following the scheme outlined in Fig 8 7, the link between the puta-
twve receptor for ABA at the plasma membrane and the phosphatidyl
mnositol pathway leading to elevation of Ca** from intracellular stores
may be mediated by trimeric G-proteins Thus, Fairley-Grenot and
Assmann (1991) found that continued activation of G-proteins using, for
example non-hydrolysable analogues of GTP such as GTPYS, inhibited
the K inward recufier As this effect was prevented by buffering the
cytoplasmic calcium level, 1t was suggested an increase in cytoplasmic
Ca**, possibly via the phosphatidyl inositol pathway, was involved In a
subsequent paper, Wu and Assmann (1994) showed that changes in K*
channel activity still occurred upon activation of G-proteins in mem-
brane patches, suggesting that G-proteins can activate K* channels by a
membrane delimited pathway However, G-protein activators can also
stimulate stomatal opening (Curvetto and Delmastro, 1990, Lee et al ,
1993), indicating the role of G-protein coupling in guard cells 1s com-
plex and not yet fully understood

As indicated earlier, ABA 1s not always seen to elevate cytoplasmic Ca**
levels, suggesting that part of the mode of action of ABA 1s independent
of increases in Ca**, although a basal level of cytoplasmic Ca** 1s proba-
bly required (e g Lemuri-Chlich and MacRobbie, 1994) One possible
way that this may happen 1s through changes in cytosolic pH Ewvidence
in support of this view comes from the work of Irving et al (1992) who
found ABA treatment of guard cells caused alkalinization of the cyto-
plasm by 0 04-0 3 pH units with a time lag of about 2 min Activation of
the K* outward rectfier during exposure to ABA also occurred in
response to alkalinization with a similar ume lag (Blatt, 1990, Thiel et
al , 1992, Blatt and Armstrong, 1993) Furthermore, activation of the K*
outward rectifier in response to ABA did not occur if cytoplasmic pH
was experimentally maintained constant (Blatt and Armstrong, 1993,
Lemtiri-Chlieh and MacRobbie, 1994) Equally, a role for decreased cyto-
plasmic pH 1n opening responses was also suggested in the work of
Irving et al (1992), who found that the cytoplasm acidified by 0 27 pH
units in guard cells exposed to fusicoccin This change in pH may be
responstble for inactivation of the K* outward rectifier during fusicoccin
treatments reported by Blatt and Clint (1989)

Electrophysiological measurements of 1on channel activities provide a
good indication of the routes that 1ons may move during stomatal move-
ments but do not give a clear picture of the magnitude of the 10n fluxes
that occur 2 viwo Tracer flux experiments allow measurement of uni-
directional 10n fluxes and provide complementary data to the electrophys-
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10logical studies Thus MacRobbie (1981, 1983), using acid treated epi-
dermis to 1solate guard cells, found that the rate constants for efflux of
both K* and Cl were stimulated by ABA, reaching a peak rapidly before
dropping to nitial values after about 60 min (Fig 8 14a) MacRobbie
(1983) and Brindley (1990b) also observed similar flux transients on
transfer of epidermis from hight to dark (Fig 8 14b) and such transients
are probably a characternistic feature of stomatal closing responses
Further analysis of the ABA-stimulated *Rb* efflux showed that short
pulses (less than 2 min) of ABA were sufficient to trigger a full efflux
transient In addition, MacRobbie (1990) found that the putative recep-
tors for ABA were rapidly de-sensitized and unable to respond to subse-
quent applications of ABA The effect of ABA on anion fluxes was
stmilar to that on the cation fluxes (MacRobbie, 1984) there was a tran-
stent stimulation of Br (a Cl analogue) efflux with little or no reduc-
uon in influx The majority of this current is probably carried by S-type
anion channels as R-type channels inactivate within tens of seconds and
would not remain open over the 60 min closing pertod In support of a
major role for S-type channels, Schroeder et al (1993) found that
DIDS, a potent inhibitor of R type anion channels, did not aleviate ABA
and malate induced stomatal closure In contrast, NPPB, which
inhibits both S- and R-type anion channels, completely blocked the
closing response

The responses to ABA described above relate to rapid alterations in
guard cells 10n content and the potential signal transduction systems
that may be involved There 1s yet another possible way in which ABA
may bring about its effects on stomata, particularly longer-term effects
such as those seen in the after-effect of wilting (see Section 7 2 6)
Preliminary experiments indicate that when GCPs are exposed to ABA
the patterns of expression of certain proteins are changed Thus there
1s an increased synthesis or reduced degradation of certain proteins
and some entirely new ones may be expressed Some of these proteins
may be similar to stress protemns induced in other tissues However,
none of these proteins have been specifically identified in guard cells
and how they may regulate stomatal movements currently remains a
mystery Taylor et al (1995) have also shown that reporter genes fused
with ABA-regulated promotors were activated in guard cells of
Arabidopsis thaliana and Nicotiana tabacum which indicated that
guard cells are competent to relay an ABA signal to the nucleus (see
Chapter 10)

8.5.2 Perception and transduction of CO,-closing responses

Despite the central role of CO, in influencing stomatal behaviour, there
are remarkably few papers dealing with the site of perception and
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mode of action of CO, (reviewed in Mansfield et al., 1990). The physic-
ochemical properties of CO, further complicate any simple model for
its action (Fig. 8.15). It dissolves in water and is membrane permeable,
although the measured plasma membrane conductance is lower than
theoretically expected (Gimmler et al., 1990), and CO, also dissociates
to HCO; to an extent depending on pH. The rate of equilibration, par-
ticularly of the reverse reaction, may be catalysed by carbonic anhy-
drase which is present in guard cells (Willmer and Birkenhead,
unpublished). Guard cells appear to be able to discriminate small
changes in external CO, in the range 0.01-0.036%, despite the chang-
ing pH regimes tn the apoplast and cytoplasm, and varying levels of
CO, production 1n guard cells by respiration and depletion by CO, fixa-
tion. According to Raschke (1977) full stomatal opening in the light
requires a minimum level of CO, (but see Travis and Mansfield, 1977,
and Chapter 6) and stomatal opening driven by fusicoccin increases
with high levels of CO,, in parallel with increases in epidermal malate
levels (Travis and Mansfield, 1979b). These data would suggest that CO,
has a dual action in guard cells, i.e. a stimulatory effect on opening
through promotion of malate synthesis, which is normally masked by a
second as yet uncharacterized closing signal (Mansfield et al , 1990).
Recently, Hedrich and Marten (1993) have linked the two systems and
put forward a hypothesis that CO, levels are sensed via increased syn-
thesis of malate® n the guard cells or other leaf tissues under high CO,
conditions. Excess malate’ would be lost from the guard cell (Van Kirk
and Raschke, 1978b) or may diffuse through the apoplast from other
tissue to the guard cell apoplast. As external malate’ effectively opens
the R-type anion channel by shifting the activation voltage to more neg-
ative values and increasing the peak current amplitude (Fig. 8.5), there
would be further release of anions A proportion of the anions released
would be malate* which 1n turn, would generate a positive feedback
signal to further activate the channel. Release of Cl also affects the
channel behaviour, increasing the current conductance and maintain-
ing the capacity for anion efflux as the anion concentration gradient
declines. Such channel behaviour would result in stomatal closure.

Figure 8.14 The effects of ABA (a), ight to dark transitions (b) and fusicoccin (c) on the
efflux of 8Rb* and 82Br~ from i1solated guard cells of Commelina communis after
labelling to steady state & Is the apparent rate constant for exchange and is equivalent to
the rate of tracer lost per time period divided by the average tracer content of the tissue
In that period Both ABA (a) and light to dark transitions (b) stmulated a transient increase
In the apparent Influx rate constant for both 8Rb* and 82Br= Under these conditions
there was little change In the apparent efflux rate constants In contrast, fusicoccin
caused a marked and irreversible decrease in both efflux rate constants (c) Data redrawn
from MacRobbie (1981 1983, 1984) Clint (1987) and Clint and MacRobbie (1984), with
permission
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8.5.3 Perception and transduction of light signals in stomatal opening

The main requirement to stimulate ion accumulation is hyperpolariza-
tion of the plasma membrane and tonoplast through energization of the
primary proton pumps. Provided the plasma membrane potential is dri-
ven negative of both the potassium equilibrium potential and the activa-
tion voltage of K* inward rectifier, K* accumulation can occur. However,
in many epidermal strip experiments using external K* levels in the
range 30-75 mM, and possibly also in vivo where K* levels up to 100
mM have been reported around closed stomata (Bowling, 1987), the
membrane potential is likely to be positive of the activation voltage for
the K* inward rectifier. Under these conditions, K" uptake may be medi-
ated by voltage-insensitive K* channels (e.g. Hosoi et al, 1988).
Increases in plasma membrane H*-ATPase pump currents have been
observed for a variety of light opening stimuli, but with markedly differ-
ent kinetics (Serrano and Zeiger, 1988; Assmann, 1993; Kearns and
Assmann, 1993). For example, perception of low intensity blue light by
an unknown receptor activates the H*-ATPase with a characteristic delay
of about 30s (Assmann et al., 1985) and triggers H* efflux in GCPs
(Shimazaki et al., 1986; Willmer and Pantoja, 1992). H* extrusion is
maintained for several minutes after the end of pulse of blue light, indi-
cating that continuous input of blue light energy is not required to
maintain the response. GCPs swell by 27% after similar blue light pulses
(Amodeo et al., 1992). In contrast, the red light effect is probably
related primarily to energy supply from the chloroplasts in the form of
ATP, which also stimulates proton pumping, but without a time delay.
The current is not sustained after the light is removed. However, addi-
tional photosynthetic products other than ATP may also be involved in
transmission of the light response, as the current is stimulated further
by P in the presence of ATP (Serrano et al., 1988).

The transduction pathway between opening stimuli, such as blue light,
and activation of the pump has not been determined in detail. External
application of synthetic diacylglycerols that activate protein kinase C in
animals, induced H* pumping in GCPs and stomatal opening in epidermal
strips (Lee and Assmann, 1991). Stimulation by the synthetic diacylglyc-
erols was not additive to that of light, suggesting both processes acted
through a common intermediary at some stage. Evidence for the pres-
ence of protein kinase C is lacking in plants, however, H-7, a relatively spe-
cific inhibitor of protein kinase C, prevented stomatal opening and
stimulated stomatal closure (Lee and Assmann, 1991). Diacylglycerol may
be produced by hydrolysis of a number of different membrane lipids
including PIP, which also yields IP, but it is worth noting that if endoge-
nous diacylglycerol were derived from hydrolysis of PIP, as part of the
inositol pathway, the effect of diacylglycerol in stimulating opening is
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Figure 8.16  The predicted distribution of CO, and HCO, based on the prevailing pH
gradients and metabolic activity in different compartments of a guard cell CO, may enter
the guard cell by simple diffusion, although additional facilitated diffusion or active
uptake may occur (Gimmler et a/, 1990) HCO, 1s not thought to be taken up rapidly The
possible link between perception of increased CO, and malate?” activation of the plasma
membrane R-type anion channel at the plasma membrane i1s also shown (Hedrich and
Marten, 1993)

exactly opposite to the action of the other hydrolysis product, IP,, which
promotes closure (Gilroy et al., 1990).

In contrast to diacylglycerols, fusicoccin was found to act synergisti-
cally with light at low concentrations, indicating the signalling pathways
are separate (Assmann and Schwartz, 1992). Fusicoccin may activate the
plasma membrane proton pump directly (e.g. Johansson et al , 1993) or
indirectly via other proteins and fusicoccin was shown to stimulate cur-
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rents through the H -ATPase in patch-clamp experiments (Serrano et al ,
1988, Lohse and Hedrich, 1992, Assmann and Schwartz, 1992) However,
fusicoccin may have additional effects in guard cells Thus, fusicoccin also
caused a marked and irreversible stumulation of Rb* influx and a decrease
in Rb efflux (Clint and MacRobbie, 1984, Clint and Blatt, 1989) (Fig
8 14), through a rapid inhibition of the K* outward rectifier (Blatt and
Clint, 1989) In contrast, however, Assmann and Schwartz (1992) did not
find any change 1n the acuvity of the K* outward rectifier in patch-clamp
measurements during exposure to fusicoccin

Equally interesting are the results of Shimazaki et al (1992, 1993)
who found that blue light sumulated stomatal opening was blocked by
inhibitors of a protein kinase, called myosin light chain kinase in animal
cells The properues of this enzyme remain to be characterized n
plants, but in animal systems, myosin light chain kinase 1s activated by
calcum and CaM, which are associated with stomatal closure in guard
cells (see Section 8 6 1)

Reversible protein phosphorylation 1s a well characterized means to
regulate enzyme actvities, but so far the only proteins identified in
guard cells that have actually been shown to change phosphorylaton
state 15 the chloroplast light-harvesting complex (LHCPII) (Kinoshita et
al , 1993) and possibly PEPC (see Chapter 9)

8.5.4 Perception and transduction of auxin

The effects of natural and synthetic auxins on stomatal behaviour are
difficult to evaluate (see Chapter 7) However, according to Lohse and
Hedrich (1992), a range of auxins give a bell-shaped dose-response
curve for stomatal opening 1in epidermal strips from Vicia with maxi-
mum stimulation at about a concentration of 5 uM concentration These
auxin concentrations also caused a slow increase in H* pump currents in
the whole-cell patch-clamp mode (Lohse and Hedrich, 1992) Simularly,
Blatt and Thiel (1994) found increasing activation of the H*-ATPase at
auxin concentrations up to 10 uM and also observed activation of the K*
inward rectfier in parallel At auxin concentrations higher than 10 uM, a
reduction 1n the level of stmulation of opening was observed (Lohse
and Hedrich, 1992) and Blatt and Thiel (1994) showed that the K*
inward rectifier was inactivated at these concentrations while the K* out-
ward rectifier and an anion ‘leak’ conductance were activated The
increase 1n anion conductance may result from direct interaction of
auxin with the R-type anion channel, causing a shift in activation poten-
tial to more negative values and ume-dependent changes in current
amphtude (Marten et al  1991)

Studies on auxin perception in other plant tissues have identfied a
number of auxin binding proteins which are potential candidates for
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auxin receptors (Palme, 1992). One such class of auxin binding proteins
are soluble and predominantly located in the endoplasmic reticulum, but
are thought to be secreted at the plasma membrane and mediate auxin
effects through interaction with a putative ‘docking’ protein (see Fig.
8.16). In an attempt to characterize the interaction between the auxin
binding protein and the ‘docking’ protein in guard cells, Thiel et al.
(1993) monitored the effect of synthetic peptides corresponding to sur-
face domains of the protein. A peptide spanning the C-terminus of the
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Figure 8.16 The predicted distribution of indole-3-acetic acid (JAA) based on the
prevailing pH gradients in different compartments of a guard cell The protonated form of
IAA 1s membrane permeable, although there may be additional transport systems at the
plasma membrane and/or tonoplast The possible locations of putative auxin receptors
are also indicated Auxin may directly modulate the activity of the plasma membrane R-
type anion channel (Marten et a/, 1991) or interact with a soluble auxin binding protein
(Thiel et a/ , 1993) The high permeability of guard cell membranes to auxin and presence
of additional transport systems suggest an intraceliular receptor (R) for auxin Is also

possible
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Figure 8.17 Changes in pH In the cytoplasm of stomatal guard cells from Commelina
communis measured using confocal ratio imaging of the pH indicator, BCECF, loaded by
microinjection into one guard cell of the pair A gallery of 12 ratio images is shown from a
complete time course lasting 20 min (a) pH changes were quantified from a small region
of cytoplasm near the nucleus, and are presented as the ratio values and the calibrated
pH values determined at the end of the experiment (b) and the original fluorescent
intensities at each wavelength (c) The circles are a measure of the dye concentration
which slowly decreases during the experiment due to leakage or photobleaching The
triangles represent the fluorescence at a wavelength that increases with alkalinization
Note the dramatic, but reversible alkalinization in both the images (a) and the ratio trace
(b) that occurs during exposure to a 12 amino acid synthetic peptide derived from the C-
terminus of the auxin binding protein compared to the lack of activity of a peptide derived
from near the N-terminus Data from Thiel et a/ (1993), with permission
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auxin binding protein triggered rapid cytoplasmic alkalinization (see Fig
8 17) and subsequent nactivation of the K' inward rectufier and activa-
tion of the K outward rectifier The predicted consequence of these
changes would be inhibition of stomatal opening, 1e the high concen
tration auxin response The effects of the peptide on channel activities
were abolished by clamping the cytoplasmic pH using butyrate as a per
meant weak acid The action of 30 uM exogenous auxin on plasma mem-
brane K* channel gating was also prevented by butyrate clamping (Blatt
and Thiel, 1994), suggesting the pH changes induced by the peptide are
related to the action of auxins 1 vivo Although these data show the C-
terminal peptide of the auxin-binding protein has marked physiological
effects in guard cells, further experiments are required to establish the
sequence of events 1n auxin responses 2 vivo
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9 The metabolism of
guard cells

9.1 Imtroduction

Not all the K accumulated by guard cells when stomata open 1s balanced
by Cl uptake and malate anions produced in the guard cells normally
brings about complete charge balance (but see Section 9 4 2) The biosyn-
thesis of malate, with starch as at least part of the carbon source, also
results in the production of protons which may be pumped out of the
guard cells by ATPase acuvity to mantain a driving force for K and CI
uptake This chapter, therefore, concentrates on the carbon metabolism
of guard cells paying patucular attention to the pathway of carbon flow
between starch and malate during stomatal movements and the regula-
ton of this carbon flow Several reviews are also to be found on this topic
(e g Outlaw 1982, Robinson and Preiss, 1985) Additionally, this chapter
will deal with aspects on the role of guard cell chloroplasts, on the ener-
getics of stomatal movements and on the lipid metabolism of guard cells

Major advances mn out knowledge about the metabolism of guard cells
have been made since 1t was discovered 1n the early 1970s that guard
cells were able to fix and metabolize CO, 1n the same way as the nital
steps of C4 photosynthesis Willmer ef al (1973a) detected high activi-
ties of phosphoenolpyruvate (PEP) carboxylase and malate dehydroge-
nase (NAD and NADP specific, which are involved in malate synthesis)
and NADP malic ensvme (which decarboxylates malate), in epidermal
ussue of tulip and Commelina commurnis (they also detected high
activities of RuBisCo but this was possibly due to mesophyll cell contam-
ination) Since the lower epidermis was found to have nearly four umes
more PEPc activity than the upper epidermis and also has about four
times more stomata than the upper epidermus 1t was concluded the
enzyme was primarily located in the guard cells (Willmer er al , 1973b)
Willmer and Dittrich (1974) also found that when epidermal ussue of
Commelina and tulip were exposed to ""CO, the turnover pattern of
labelled compounds was similar to that found in C4 plants
Subsequently, other studies detected considerable activity of enzymes
involved 1n malate metabolism n epidermal tissue and specifically in
guard cells of a variety of species
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Although early biochemical work was carried out with epidermal tis-
sue, and very useful information was obtamned, such work can be criti-
cized for a number of reasons (Willmer et al , 1987, Outlaw, 1982) First,
about 95% of the epidermal ussue consists of cell types other than
guard cells and there 15 usually some mesophyll contamination of the
epidermus which 15 difficult to eradicate Furthermore, epidermal tissue
often contains potent mhibitors of various enzvme activities which are
difficult to neutralise By the early 19805, however, methods were devel-
oped for 1solating relatively large quantues of purified guard cell proto-
plasts (GCPs) allowing more unequivocal biochemical results to be
obtained (see Box 9 1) For these reasons the biochemical aspects pre-
sented here will concentrate on results obtained with GCPs or freeze-
dried guard cells dissected out from the leaf and treated in a very special
way using techniques adapted by Outlaw (1980)

Box 9.1 Preparation of guard cell protoplasts of Commelina communis

Introduction

In order to studv the metabolism of guard cells and their molecular
and cell biology 1t 15 usually necessary to work with guard cells rather
than epidermal strips The onlv wav to obtain large numbers of pure
guard cells 15 to make protoplasts

Procedure

The method described below of preparing guard cell protoplasts
(GCPs) of Commelina communis 1 based on that used by Fitzsimons
and Wevers (1983)

1 Abaxial epidetmis 15 peeled from the three youngest, fully
expanded leaves of the main axis of the plant and floated, cuticle
uppermost 1n Petri dishes containing 270-300 mol m3 mannitol
and 10 mM MES-KOH buffer, pH 6 2 untl enough has been col-
lected (seven to eight 5 cm chiameter Petrn dishes should produce
about 1 milhon purtfied GCPs) Some investigators suggest that a
30 min preplasmolvsis treatment in 150 mM mannitol 15 beneficial
and prevents the protoplasts from breaking into smaller subproto-
plasts and that 20 uM Ca** be added to the medium to give better
recovery (Chnt 1985) However the latter may not be necessary,
indeed the epidermis of some species (including ¢ communis)
contamns an abundance of Ca*>* and the medium quickly accumu-
lates millimolar concentrations of the 1on

There 15 a knack to peeling epidermal strips from leaves and trans-
ferring them with a seeker or some similar object from dish to dish
and some practice may be needed before adequate amounts can be
collected The method of obtaining epidermal strips described by
Weyers and Travis (1981) 15 also worth trving
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2 Siphon or pipette off the plasmolysing medium and replace with 5
cm? per dish of the digest medium consisting of 300 mM mannitol,
2% (w/v) cellulysin (Calbiochem-Behring, La Jolla, CA, USA), 0 05%
(w/v) pectolyase (Seishin, Pharmaceuticals, Tokyo, Japan), 05%
bovine serum albumin (BSA) and 10 mM MES-KOH buffer, pH 5 5
Incubate at 30°C with illumimnation (an angle poise lamp with a
tungsten, 150 W bulb about 0 5 m away from the Petr1 dishes 1s sat-
isfactory), and with very slow agitation of the dishes if possible

3 After about 1 5 h adhering mesophyll cell protoplasts and some ept-
dermal cell protoplasts are released These are separated from the
digesting epidermal strips by collecting the medium from the
dishes with a Pasteur pipette and centrifuging 1t for 5 min at 400 g
in a bench centrifuge The pellet 1s discarded and the supernatant
replaced into the dishes This procedure helps to ensure that the
Percoll gradient (see step 5) 1s not over-loaded and to produce
more than a 99% purity of the GCPs

4 Separation of the GCPs occurs usually after 3—4 h incubation This
1s checked by gently swirling a dish and then observing the dish
contents under the low power (X10 objective) of a microscope
When the GCPs are released they are collected with a pipette with a
widened, fired tip, and centrifuged in the plasmolysing medium,
1e the medium minus the digestive enzymes and BSA, for 5 min at
100g The partally digested epidermis remaining in the Petri
dishes 1s washed three times with the plasmolysing medium and
centrifuged as before The pellets, containing GCPs and epidermal
and subsidiary cell protoplasts as contaminants, are pooled and
washed three times in the plasmolysing medium to ensure that the
cellulysin and pectolyase are washed out of the protoplast sample

5 The GCPs are purified on a stepped Percoll gradient consisting of 1
cm? of a bottom layer of 90% Percoll and 3 cm? of an upper layer of
45% Percoll The washed protoplasts, in a volume of about 1-2 cm?,
are layered on top and centrifuged at 100 g for 5 min in a bench
centrifuge The Percoll solutions contained 300 mM mannitol and
10 mM MES buffer (the solid MES and mannitol are added to the 90
or 45% Percoll which results in pH values of 73 and 6 8 without
addition of KOH and this 1s satisfactory) (Although dialysis of the
Percoll against several changes of distilled water in a cold-room
overnight does eradicate the sodium impurity present — and possi-
bly other contaminants — normally such treatment 1s unnecessary )
GCPs collect at the 90/45% 1nterface, epirdermal and subsidiary cell
protoplasts remain at the top of the gradient while intact and bro-
ken mesophyll cell protoplasts and other debris collects at the bot-
tom of the 90% Percoll The GCPs are collected with a pipette with
a widened, flamed tip and washed three umes with 10 cm? aliquots
of a solution containing 300 mM mannitol and 10 mM MES-KOH
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buffer, pH 6 2 (or other appropriate medium dependent on the
experiment) The K* concentration in the medium resulung from
adjustment of the buffer 1s equivalent to ¢ 7 mM Occasionally the
GCPs do not appear spherical and may have a crimped appearance
In such cases a decrease in the mannitol concentration from 300
mM to 270 mM often results in the formation of spherical, viable
protoplasts

6 Rather than measure the protein or chlorophyll content of an
aliquot of the GCPs suspension 1t 1s generally more convenient to
measure the protoplast population with a haemocytometer shide
(an improved Neubauer haemocytometer shde 1s ideal) and a
microscope at X100 magnificaton Chlorophyll and protein con-
tents of guard cells of C communis have been determined (see
Table 3 1) and so the protein or chlorophyll contents of a known
volume of the suspension of GCP can be calculated

Figure 9 B1 shows stages in the 1solation of GCPs from epidermal
strips of C communis

It 1s important to appreciate that the ease with which GCPs can be
prepared and their general condition 1s dependent on the condition
of the plant material Plants should be grown ideally in a high photon
flux density (C commurnuis 1s a tropical and subtropical plant) and well
watered under humid conditions Under such growing conditions
leaves are large and the lower epidermis 1s loosely attached to the
mesophyll

Guard cell protoplasts are very strong relative to protoplasts of
other cell types and 1t 1s not easy to burst them Indeed, one problem
encountered when using them in biochemuical studies 1s how to break
them open to create an homogenous mxture of cell content Even
high concentrations of surfactants such as Triton X-100 do not ade-
quately disrupt the protoplasts and forcing them many times through
a fine gauge needle (e g 25 gauge) 1s necessary to obtain satisfactory
results
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Figure 8.B1 Typical stages in the 1solation of guard cell protoplasts from
Commelina communis (a) Epidermis before digestion with enzymes, (b) Guard
cell protoplasts about to be released from the retaining cell walls, (c) unpunfied
suspension of guard cell protoplasts in 270 mM mannitol, (d) guard cell
protoplasts separated on a stepped 90/45% Percoli gradient, {d) punified sample of
guard cell protoplasts taken from the 90/45% interface

9.2 The flow of carbon from starch to malate during
stomatal opening

Figure 9.1 shows the possible major routes of carbon flow during stomatal
opening and concomitant malate synthesis. Support for the existence of
these pathways comes from labelling studies of guard cells and from
detection of enzyme activities in guard cells and a study of their kinetics.
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Figure 9.1 Possible pathways which may operate in starch-containing guard cells during stomatal
opening In the ight Key to enzymes 1, phosphorylase, 2, a-amylase and B-amylase, 3, R-enzyme
(starch debranching enzyme), 4, maltase, 5, hexokinase, 6, phosphoglucomutase,

7, Phosphohexoisomerase, 8, ATP-phosphofructokinase, 9, PP -phosphofructokinase, 10, fructose-
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anhydrase, 19, UDP-glucose pyrophosphorylase, 20, sucrose phosphate synthetase, 21, sucrose
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The various steps in the pathways and the regulation of key enzymes will
now be discussed In order to appreciate the relative rates and impor-
tance of enzyme activities 1n guard cells a comparison of actvities in guard
cells and other leaf cell types 15 presented 1in Table 91 (see also Outlaw,
1982) Additionally, Table 92 shows the distribution of some of the
enzyme activities in various cell compartments of the guard cell

There 1s much evidence indicating that starch supplies carbon skele-
tons for malate production during stomatal opening (except in starch-
free guard cells where fructans may subsutute for starch, see Section
9 4) Moreover, starch 1s an 1deal substance from which malate (a source
of anions and osmoticum) can be made since 1t 1s non-tonic and essen-
tially insoluble and therefore has little osmotic activity

Most observations indicate that guard cell starch levels decrease when
stomata open and increase when stomata close, although some investi-
gators do not observe this inverse correlatton However, as Raschke
(1979) and Allaway (1981) point out, if there 1s simultaneous consump-
ton within the guard cell and replenishment of carbohydrate from out-
side then strict synchrony may not occur Also malate levels generally
increase and decrease in guard cells in an inverse manner to that of the
starch levels

Within the chloroplasts of guard cells some enzymes concerned in
the breakdown of starch and many of the glycolytic enzymes have been
detected Curiously, however, Robinson and Preiss (1987) found consid-
erable activity of starch degrading enzymes (amylase, phosphorylase
and R-enzyme) in the cytoplasm of guard cells of C communis,
although total cell actuviies were relauvely low (see Table 9 2)
Nevertheless, presumably starch degradation occurs primarily through
phosphorylase activity since 1ts activity was almost twice that of amylase
(Robinson and Preiss, 1987) Moreover, they found very low R-enzyme
(starch debranching enzyme) acuvities and could not detect hexokinase
activity Therefore, starch breakdown 1s primarily through phosphory-
lase activity to produce glucose-1-phosphate (G-1-P) Glucose-1-phos-
phate can then be converted to glucose-6-phosphate (G-6-P) and hence
to other hexose phosphates and 3-C compounds within the chloroplast
Against this view 15 the finding of Robinson and Preiss (1987) that most
of the phosphoglucomutase activity, which catalyses the conversion of
G 1 P to G-6-P, 15 outside the chloroplast (Table 9 2)

A phosphate translocator has been detected n the envelope of guard
cell chloroplasts which has a higher affinity for G-6-P than triose phos-
phate or 3-PGA (Overlach et al, 1993) and hence G-6-P may be the
major substance transported across the chloroplast envelope
Nevertheless, some evidence suggests that triose phosphate may be
transported out of the chloroplasts in the light (Raschke, personal com-
munication) However, studies indicate that some enzymes involved 1n
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Table 9.1 Enzyme activities in guard cells and other cell types within a leaf of Vicia faba and
Commelina communis
Enzyme Cell type Activity Species Reference
pumol mg ' chlh ' umol mg 'protenh ' pmol cell”" h !
Ribulose-1,5-  guard 52 1487
bisphosphate  mesophyll } 130 433" } V faba 8
carboxylase guard <4 <01 -
(EC41139) epidermal - 162 -
spongy V faba b
mesophyl! 202 50 -
palisade 110 55 -
guard 35 01 001 V faba c
mesophyll 142 50 V faba d
guard } ND ND ND } C communis e
mesophyll 623 56 143
guard 55-115% 011-023 -
mesophyll } 173 144 - } ¢ communis
guard 140 40°
mesophyll } 460 153" } V faba 9
Ribulose-5 guard 175 50 075
phosphate epidermal - 24 -
kinase spongy V faba b
(EC27119) mesophyll 1632 820 -
pahisade 1994 500 -
NADP guard <18 <056 <02
Glyceraldehyde epidermal - <04 -
-3-phosphate  spongy L v faba b
dehydrogenase mesophyll 115 58 -
(EC12113) palisade 130 32 -
guard ND ND ND
mesophyll } 73 09 - } V faba h
guard 2670 330" -
mesophyll } 630 210" -~ }‘ V faba a
guard - - 295 V faba I
guard 414* 83 - C communms |
Carbonic guard 17214 314 -
anhydrase* mesophyll } 10944 960 - } C communis e
(EC4211)
Starch guard 230* 046 - C communis f
synthase guard 6 5* 013 - C communis |
(EC24121)
ADPG guard } 50* 10 - }
pyrophos- mesophyl 275* 55 - C communis f
phorylase guard 137* 27 - C communis |
(EC27727) guard 98 28 -
epidermal - 06 -
spongy V faba k
mesophyll 112 28 -
palisade 44 22 -
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Enzyme Celt type

umol mg * chth * pmol mg "proteinh ' pmol cell ' h'’

Activity

Species

Reference

Branching guard
enzyme

(max activity

with 1 mg

primer)

(EC24118)

Amylase guard
(a-amylase
EC3211,
B-amylase
EC3212)

Starch guard
phosphorylase
(EC2411)

R enzyme guard
(EC32147)

NADP Malate guard }
dehydrogenase® mesophyll
(EC11182) guard

guard

guard
Pyruvate guard }
phosphate epidermal
dikinase guard

(EC2791) guard

Cytochrome ¢ guard }
reductase mesophyll
(EC16993)
NAD Malic guard
enzyme epidermal
(EC11182) spongy
mesophyll
palisade
Fumarase guard
(EC42112) spongy
mesophyll
palisade
guard
mesophyll }

Cytochrome ¢ guard }
oxidase mesophyll
(EC1931)

ATP-phospho- guard
fructokinase  guard

1208*

137*

227*

85

642

66
600
200
<14

21
70

723
206

1416

283

100

576

186
80

505
188

247

275

455

170

803"
22
171

<04

ND
06
12

904

069
400
162

71
50

1656

46
40

144
904!

110

056
63

C communis

C communis

C communis

C communis

V faba

V faba
V faba
C communis

V faba

V faba
C communis

V faba

V faba

V faba

V faba

V faba

V faba
V faba
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Enzyme Cell type Activity Species Reference

umol mg " chlh ' umol mg "proteinh ' pmol cell "h !

(EC27111) guard } 150" 43 - } p
palisade 72 04 - V faba d
guard 27* 05 - C communis |
Adolase guard 108 5* 217 - C communis ]
(EC41213)
Phospho- guard 987* 197 - C communis )
glucose
Isomerase
(EC5319)
Fructose-1 ~ guard } 160 200" - } V faba 3
6-bisphosphate mesophyli 170 5677 -
phosphatase  guard 54* 108 - C commuris [
(EC31311)
Pyrophosphate guard 285* 057 - C communis |
phosphofructo- guard - - 102 V faba |
kinase guard 3221 92 -
P
(EC27190) npalisade } g' 04 - } v faba P
Tnose- guard 32 4% 6478 - C communis ]
phosphate guard 1072 306! 48
Isomerase spongy V faba o
(EC5311) mesophylt 522 1317 320
palisade 199 10 0f 240
NAD guard 1874* 375 - C communis ]
Glyceraldehyde-
3-phosphate
dehydrogenase
(EC12112)
Sucrose guard 168" 48 -
phosphate spongy
synthase mesophyll 88! 22 - V faba q
(EC24114) palisade 507 25 -
epidermal - 05 -
Sucrose guard 385" 1M -
synthase spongy
(EC24113) mesophyll 30 01 - V faba a
palisade 30' 01 -
epidermal - 14 -
Phosphoenol  guard 80-90 C communis  see
pyruvate Table 93
carboxylase guard 16-10 V faba see
(EC41137) Table 9 3
NADP guard 357 102 15
Malc enzyme  palisade 10 05 -
(EC11140) spongy V faba n
mesophyll 113 28 -

epidermal - 126 -
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Enzyme Cell type Activity Species Reference

umol mg ' chi h ' umol mg "protenh ' pmolcell 'h'?

guard - - 06 V faba |
guard 2550 730 10 V faba c
guard 110 20 - C communis e
Phosphoenol- guard 47 13 02 V faba p
pyruvate guard ND ND ND V faba c
carboxykinase
(EC41149)
NAD Malate guard 580 165 25 V faba c
dehydrogenase guard 30 000 375 0" - V faba |
(EC11137) guard 7272 1320 - }
mesophyll 1622 1420 - ¢ communss e
6-phospho- guard 160 46" 07
gluconate spongy
dehydrogenase mesophyll 46 121 28 V faba 0
(EC11144) palisade 15 08" 10
Glucose-6- guard - - 24 V faba d
phosphate
dehydrogenase
(EC11149)
Hydroxy- guard ND ND ND
pyruvate spongy V faba 0
reductase mesophyll 138 345" 84
(EC11181) palisade 64 3207 90
Glycollate guard } ND ND ND } C commums €
oxidase mesophyll 1756 32 -
(EC4211)
Acid guard 1700 34 903 C communis r
phosphatase  guard } - - 118 }
(EC3132)  mesophyll - - 683 v faba d
Mannosidase guard - - 015
{o-manno- mesophyll - - 019 } V faba d
sidase
EC32124,
B-mannosidase
EC32125)

* Calculated assuming a protein chiorophyll ratio of 50 and 12 in a guard cell and a mesophyll cell,
respectively of C communis (see Table 3 1)

* Calculated assuming a protein chlorophyll ratio of 35, 20 and 40 in a guard cell, palisade cell and spongy
mesophyli cell, respectively (ratio assumed to be 30 if palisade and spongy mesophyll are not
differentiated), of V faba (see Table 3 1)

* Activities are expressed as ‘enzyme units mg ' protein, mg ' chlorophyll or protoplast ' (see Reyss and
Prioul, 1975)

§ Maximum light activation

a Shimazaki eta/, 1989, ® Outlaw et a/ , 1979a, © Schnabl, 1981, ¢ Schnabl and Kottmeier, 1984b,

¢ Birkenhead and Willmer 1986, f Robinson eta/ , 1984, 8 Shimazaki, 1989, " Shimazaki eta/, 1983,
"Hedrich eta/, 1985, ! Robinson and Preiss, 1987,  Outlaw and Tarczynski, 1984, ' Gotow et a/, 1985,

™ Willmer, unpublished, " Outtaw eta/ 1981b, © Hampp eta/, 1982, P Hite eta/ , 1992, 9 Hite eta/, 1993,
"Fricker and Willmer 1987
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the conversion of G-6-P to triose phosphate (ATP-phosphofructokinase,
aldolase and phosphoglucolsomerase) are of relatively low acuvity or
non-detectable in guard cell chloroplasts and at much higher levels 1n
the cytoplasm (see Table 9 2) and hence the transport of hexose phos-
phate seems more favourable

During stomatal opening 1t has been suggested that a compatible
cytoplasmic osmoticum, probably sucrose, 15 synthesized as well as
malate being synthesized and accumulated 1n the vacuole (see Section
95) Thus, once out of the chloroplasts into the cytosol the 3-C com-
pounds or hexose phosphate can be readily converted to PEP wvia a sec-
tion of the glycolytic sequence and hence to malate or they can also be
readily channelled into sucrose synthests From G-6-P the pathway of
sucrose synthests can be achieved as indicated 1in Fig 9 1 High levels of
the enzyme sucrose phosphate synthetase, an enzyme mvolved 1n the
pathway, have been detected 1in guard cells of Vicia faba (Hite et al ,
1993)

Glucose-6-phosphate can also be readily converted to fructose-6-
phosphate (F-6-P) via hexisomerase found mainly in the cytoplasm
(Robinson and Preiss, 1987) At this point two cytoplasmically located
enzymes could potenually convert F-6-P to fructose-1,6-phosphate, 1 e
pyrophosphate fructose-6-phosphate phosphotransferase (PP -PFK) and
ATP-PFK Htte et al (1992) speculate that the ATP-dependent PFK activ-
ity provides carbon skeletons while the PP-dependent PFK actvity
responds to energy demands

A method of regulating carbon flow between hexose phosphates and
triose phosphates has been proposed by Hedrich et al (1985) which
stems from their observaunon that fructose-2,6-bisphosphate levels
greatly increase upon tluminaton of GCPs of V faba Fructose-2 6-phos-
phate appears to function as a regulator metabolite in glycolysis and glu-
coneogenests of photosynthetic ussue by enhancing glycolysis through
activation of PP -PFK and suppressing gluconeogenesis through an inhib-
tion of cytoplasmic fructose 1,6-bisphosphatase If this 15 also the case in
guard cells then increased fructose-2,6-phosphate levels would stimulate
the flow of carbon from starch to malate during stomatal opening in the
light The decline of fructose-2,6-phosphate 1in darkness would enable
fructose-1,6-bisphosphatase to become active favouring gluconeogenesis
and carbon flow from malate to starch during stomatal closure

Fructose 1,6 bisphosphate 1s then probably converted to triose phos-
phate, 3-PGA and hence to PEP within the cytoplasm (see Hite et al ,
1992) Detection of enzyme actvities mnvolved in this sequence
(aldolase, phosphotriose 1somerase and NAD glyceraldehyde phospho-
dehydrogenase) have been mainly localized 1n the cytoplasm (Robinson
and Preiss, 1987) If a phosphate/triose phosphate translocator 15 domi-
nant 1n chloroplasts of guard cells then triose phosphate could be chan-
nelled into etther sucrose or PEP production
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In the cytoplasm PEP carboxylase converts HCO; and PEP to OAA
which, in turn 15 rapidly converted to malate via malate dehydrogenase
actvity

Bicarbonate 15 the substrate utilized by PEP carboxylase rather than
CO,, and carbonic anhydrase reversibly catalyses the hydrauon of CO,
There 1s little information on this enzyme 1n guard cells but Birkenhead
and Willmer (unpublished data) found that the enzyme 1s very active in
guard cells of Commelina with the activity being about equal in the
chloroplastic and cytosolic compartments

PEP carboxylase 15 a key enzyme involved in malate synthesis and
therefore a knowledge of its regulation in guard cells 1s of considerable
importance in understanding how stomata function The enzyme occurs
universally in the cytoplasm of all cell types in higher plants and cataly-
ses the irreversible carboxylation of PEP Different 1soforms exist in C3,
C4 and CAM plants, and Schulze et al (1992) also found different iso-
forms in the mesophyll, epidermal and guard cells of V faba Reviews by
Willmer (1983) and Outlaw (1990) document the widely different values
of PEP carboxylase acuvity and other characteristics of the enzyme pur-
ported to be from guard cells which have been obtained by various
investigators It 1s believed that, although part of the variaton may be
due to species differences, it 15 also due to different assay procedures
and different sources of the enzyme being employed For example,
enzyme characteristics were studied using freeze-dried guard cell pairs,
epidermal tissue and GCPs Also microanalytical assay procedures of
Outlaw and his co-workers (using guard cell pairs dissected from freeze-
dried leaf ussue) and standard macro assay techniques (using “CO,
incorporation or NADH oxidation) were used and assays conducted
with crude, semi-purified or purified extracts As indicated earlier, 1t 15
also generally conceded that biochemical data obtained from using epi-
dermal strips 1s dubious because of mesophyll contamination of the epi-
dermus and that epidermal tissue consists of less than 5% guard cells
(Outlaw, 1982) Additionally, epidermal tissue contains enzyme
inhibitors, some of which are not eradicated by passage of extracts
through Sephadex columns (Willmer et al , 1987)

Because of criticisms concerning the use of epidermal tissue, data
presented i Table 9 3 on guard cell PEP carboxylase are restricted to
those obtained with GCPs, freeze-dried guard cell pairs and a relatively
purified PEP carboxylase 1soform isolated from V faba epidermis PEP
carboxylase from guard cells of V faba has a natve molecular mass of
467 kDa, two different subunits exist of 110 and 112 kDa indicating that
the enzyme 1s a tetramer (Denecke et al, 1993) In general, guard cell
PEP carboxylase 1s similar to PEP carboxylase from leaves of C4 plants
although there are considerable differences in the maximum activities of
guard cell PEP carboxylase, rates are high and comparable to those
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found 1n mesophyll cells of C4 plants, actuvity 1s dependent on Mg**
ons, the substrate being a PEPMg’* chelate, the enzyme has a pH opti-
mum around 8 0 although this 1s reported to be shifted to lower pH val-
ues 1n the presence of malate and G-6-P Like PEP carboxylase from
other sources, actvity 15 inhibited by malate and simulated by G-6-P in a
pH sensitive manner Malate inhibition 1s reversed by G-6-P Reported
values of K .., vary between 006 and 3 43 mM depending on pH,
malate and G-6-P concentrations and other factors (see Table 9 3)
Higher pH values decrease the K ¢, while increasing malate levels gen-
erally decrease V_  and increase the K Moreover, Schnabl and
Kottmeler (1984a) found that PEP stimulated acuvity upto 075 mM
while higher concentrations inhibited activity

Another possible explanation of the wide varation 1in K .. values
and V_ may be explained by the findings of Kottmeier and Schnabl
(1986) that, as GCP of V faba swelled the K_ decreased Thus, an
increase in GCP swelling of 50% resulted 1n the K being lowered from
02 mM PEP to 0 01 mM PEP Addiuonally, they observed that the K oo
decreased as the pH of the cubating medium for the GCP was
increased (over a range of 7 5-8 5) and the assay medium kept at a con-
stant pH 8 3 (in the absence of K*), the K also decreased as the pH of
the assay medium was increased over a range of 56-85 The signifi-
cance of these findings 15 unclear

According to Tarczynski and Outlaw (1993) and Wang et al (1994)
V. 18 not affected significantly by the extent of stomatal aperture, pH
(7 0-8 5), malate concentration or G-6-P concentration However, they
found that the K_ ., was greatly affected by physiological concentra-
tions of G-6-P (guard cell concentration, 0 6-1 2 mM) and malate (cyto-
plasmic concentrations 1n cells are typically about 8 0 mM) such that
they consider PEP carboxylase 15 regulated by 1ts immediate cytosolic
environment, such as a relatively low pH and limiting substrate concen-
trations Further work by Zhang et al (1994), however, found that there
was a post-translational modification to PEP carboxylase during stomatal
opening

Although 2 vivo light activation of PEP carboxylase in GCPs of V faba
(Gotow et al , 1985, Wang et al , 1994) or C communis (Willmer et al ,
1990) was not detected, with the finding that light regulation of phos-
phorylation and dephosphorylation of PEP carboxylase occurs in C4
(e g Jiao and Chollet, 1988) and CAM (e g Nimmo et al , 1986) plants,
with the phosphorylated form of the enzyme being more acuve than the
dephosphorylated form, a search for such a system was made in guard
cells Thus, Nelson et al (1993) and Nimmo (personal communication)
found evidence of the phosphorylation of PEP carboxylase from guard
cells of C communis which was correlated with stomatal opening or
swelling of GCPs However, Schnabl et al (1992) were unable to detect
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a hght-induced phosphorylation of PEP carboxylase from GCPs of V faba
In many ways guard cells are more like CAM cells rather than mesophyll
cells of C4 plants (which contain the PEP carboxylase) because they
exhibit large fluctuations in malate content and possibly possess some
Calvin cycle activity In CAM plants phosphorylation and increased activity
of PEP carboxylase occurs in the dark with dephosphorylation and loss of
activity occurring in the light (eg Nimmo et al, 1986) However, 1t
should be appreciated that in guard cells, when stomata are normally
open 1n the light, malate levels are high while in the dark, when stomata
are normally closed, malate levels are low This 15 the opposite to what
happens in CAM cells when malate levels in the light and dark are low and
high, respectively

Guard cells also possess high levels of activity of NAD specific malate
dehydrogenase (cytoplasmic and mitochondral) and considerable activity
of a chloroplastic NADP specific malate dehydrogenase which catalyses
the reduction of OAA to malate In those species so far investigated NADP
malate dehydrogenase from guard cells 1s light actuvated 1z vivo (Gotow
etal , 1985, Scheibe et al , 1990, Willmer, unpublished) In GCPs of V faba
(Gotow et al , 1985, Willmer, unpublished data, see Fig 9 2) and C com-
muns (Willmer, unpublished) the enzyme 1s fully activated within 5 min
of illummation of the protoplasts, undergoing a 4- to 6-fold increase in
activity The enzyme 1s inactivated to minimum levels within 5 min of the
protoplasts being placed in the dark (Gotow et al , 1985, Willmer, unpub-
lished) Maximum actities in GCP of C communis are about 200 umol
mg ' chlorophyll h ' (equivalent to 4 umol mg ' protein h ") and 600-700
pmol mg ! chlorophyll h ' (equivalent to 12-14 pmol mg ' protein h ) 1n
GCPs of V faba Such acuvities are higher than values quoted for CAM ts-
sues but generally lower than activities found 1n C4 plants Gotow er al
(1985) also found that the 2 vwo hght activation of the enzyme was
inhibited by DCMU This indicates that the enzyme 15 activated by reduc-
tants from linear electron flow within the chloroplast (as in other cell
types NADP malate dehydrogenase 1s located within the chloroplasts of
guard cells) In C4 plants 1t 1s believed that NADP malate dehydrogenase 1s
activated upon reduction of disulphide groups by reduced thioredoxin-m
The source of the reducing power 1s considered to be ferredoxin and thus
there will be competition between thioredoxin and NADP for the reduced
ferredoxin The NADP/NADPH ratio n the chloroplast, and probably the
cell in general, will therefore probably influence activity of the enzyme

Certainly the activation and mactivation of NADP malate dehydroge-
nase 1s rapid enough to be involved 1n the regulation of stomatal move-
ments which themselves can be relatively rapid There 1s also evidence of
an OAA translocator being present in the chloroplast envelope of guard
cells (Raschke, personal communication) The high activity of light-stimu-
lated NADP malate dehydrogenase and the presence of an OAA/malate
shuttle 1n the chloroplast envelope means that there are two potentially
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Figure 9.2 Light activation and dark inactivation of NADP-MDH in guard cell protoplasts
(GCPs) of Vicia faba. Protoplasts were incubated in 1.0 ml of 0.4 M mannitol, 10 mM KCl,
1 mM CaCl, and 5 mM MES-Tris (pH 6.5) at 25°C. The activity at time 0 was that in GCPs
kept on ice after isolation until experiment. After Gotow et a/. (1985).

major routes of malate formation. The significance of these two alterna-
tive routes of malate formation is unclear but it is a possible site of regula-
tion of carbon flow between starch and malate. It is also apparent that in
darkness, when stomatal opening does occur in CAM species, for exam-
ple, the NADP specific malate dehydrogenase will be relatively inactive
and most of the malate will arise from NAD specific malate dehydroge-
nase activity. Scheibe et al. (1990), also conclude that the activity of the
chloroplastic NADP malate dehydrogenase in guard cells of Pisum
sativum barely suffices to meet the malate requirement for stomatal
opening even in the light.

9.3 The fate of malate during stomatal closure

Figure 9.3 presents some possible pathways of carbon flow during stom-
atal closure. When stomata close, generally malate levels in guard cells
decrease while starch levels increase though the stoichiometry of the
malate decrease/starch increase is not necessarily 1:1. Three fates of
malate have been suggested:
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1. Malate is released from the guard cells.

Malate is metabolized in the mitochondria of the guard cells.

3. Malate can be channelled back into starch synthesis within the guard
cell.

o

All three possibilities probably occur in guard cells although the
extent to which they occur is not known.

Since starch synthesis is too slow to remove all the malate formed
during opening and, energetically, it is expensive to convert malate to
starch the exit of at least some malate from the guard cells is a likely
alternative. Thus, Van Kirk and Raschke (1978) found that a substantial
proportion of malate was released from guard cells to the apoplast
when stomata closed. Also, Dittrich and Raschke (1977) found that
malate was the only labelled compound released from epidermal tissue
of C. communis with closing stomata which was exposed to "CO,.
However, some studies have shown that numerous labelled compounds
are released from epidermal tissue of C. cyanea at all stages of stomatal
movements (see Milthorpe et al., 1979; Willmer 1981) while Freer-Smith
and Willmer (1981) found that malate was the chiefly labelled com-
pound (about 90% of the total “C) released from epidermal strips of C.
communis whether stomata were opening or closing.

Thus, some caution is needed in the interpretation of such studies;
the results may, for example, only reflect the extent to which cell dam-
age with accompanying cell ‘leakiness’ is occurring.

Malate can also readily cross mitochondrial membranes and be used
as a source of energy for active ion transport systems occurring in the
guard cells or for general cell metabolism. The presence of labelled
acids of the TCA cycle when epidermal tissue is fed “CO, or [*C]malate
indicates this to be the case. Furthermore, as Table 9.1 illustrates, mito-
chondrial enzyme activity is greater in guard cells than in mesophyll
cells and, like mitochondria from mesophyll cells, cyanide resistant res-
piration also occurs in guard cell mitochondria (Shimazaki et al., 1983;
Pantoja and Willmer, 1988; Vani and Raghavendra, 1994).

There is also evidence from "'C-labelling studies that part of the car-
bon from malate is channelled into starch synthesis via gluconeogenesis
(Dittrich and Raschke 1977; see also Milthorpe et al., 1979; Willmer
1981). High levels of NADP specific malic enzyme (e.g. Outlaw ef al.,
1981; Birkenhead and Willmer, 1986) and NAD specific malic enzyme
(Outlaw et al., 1981b) activity have been detected in guard cells and,
therefore, decarboxylation of malate can readily occur, producing pyru-
vate and CO,. According to Hedrich et al. (1985) NADP malic enzyme of
guard cells is cytoplasmic, the same as in CAM plants, though in C4
plants it is a chloroplastic enzyme. The released CO, could be refixed via
whatever Calvin cycle exists in guard cells though the decarboxylation
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Figure 9.3 Possible pathways which may operate in starch-containing guard cells during
stomatal closing in the dark Key to enzymes (the same numbers apply to particular
enzymes as used in Fig 9 1) 6, phosphoglucomutase, 7, phosphohexoisomerase, 8, ATP-
phosphofructokinase, 9, PP-phosphofructokinase, 10, fructose-1,6-bisphosphatase, 11,
aldolase, 12, phosphotriose isomerase, 13. NADP glyceraldehyde phosphodehydrogenase,
14, NAD phosphodehydrogenase, 16, NAD malate dehydrogenase, 19, UDP-glucose
pyrophosphonylase, 20, sucrose phosphate synthetase, 21, sucrose phosphate
phosphatase, 22, NADP malic enzyme, 23, phosphoenolpyruvate carboxykinase, 24,
pyruvate phosphate dikinase, 25, ADPG pyrophosphorylase, 26, starch synthetase The

dashed arrows indicate very tentative steps
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step would usually be expected to occur 1in darkness when stomata are
closing, conditions which would inactivate the Calvin cycle

The pyruvate formed from the decarboxylation step must first be con-
verted to PEP before it can be channelled into gluconeogenesis
However, the glycolytc step, PEP to pyruvate, catalysed by pyruvate
kinase 1s essentially irreversible and investigators have detected no activ-
ity or only low activities of two potential enzymes which synthesize PEPR,
1e pyruvate P dikinase and PEP carboxykinase, in guard cells Thus, this
part of the pathway of carbon flow from malate to starch remains prob-
lematical Once PEP 15 available, triose phosphate or PGA can be formed
and transported into the guard cell chloroplast via the phosphate
translocator as suggested by Robinson and Preiss (1985) However, this
creates a potential problem in that the presence of fructose-1,6-bisphos-
phatase 1s required n order that 3-C compounds be converted to starch,
but according to Hedrich et a/ (1985) the acuvity of this enzyme in
guard cell chloroplasts of V faba 1s negligible while considerable activity
1s found in the cytoplasm This aspect 1s controversial, however
Shimazaki et al (1989) and Robinson and Preiss (1987) detected signifi-
cant activity of fructose-1,6-bisphosphatase in GCPs of V faba and C
communis (see Table 9 2), respectively, and in V faba GCPs 1s was light
activated (Shimazaki, personal communication) However, fructose-1,6-
bisphosphate activity has not been detected in GCPs of Pisum sativum
(Raschke, personal communication) Whatever the final conclusion, car-
bon can be channelled 1n to the chloroplasts as G-6-B, PGA or triose
phosphate since an appropriate translocator has been detected 1n guard
cell chloroplasts of Pisum sativum (Overlach et al , 1993) This translo-
cator preferentially imports G-6-B, but 1t also has affinities for PGA and
triose phosphate at similar levels to those found in mesophyll cell
chloroplasts Thus, as Fig 9 3 shows it 1s possible that 3-C compounds
or G-6-P could be imported into the chloroplasts and converted to
starch During darkness, when stomata are normally closing, fructose-
2,6-phosphate levels decline (Hedrich e a/ , 1985) enabling cytoplasmic
fructose-1,6-bisphosphosphatase actvity to increase, favouring gluco-
neogenesis and starch formation

The need for compatible osmotica in the cytoplasm will decrease as
concentrations of osmotica decrease in the vacuole Thus the chan-
nelling of carbon into sucrose and the need to import sucrose will be
less important Presumably, however, carbon from sucrose could be
channelled into hexose phosphate and imported into the chloroplast as
hexose phosphate or 3-C compounds

In mesophyll cells starch synthesis 1s controlled at the level of adeno-
sine diphosphoglucose pyrophosphorylase (ADPG pyrophosphorylase)
activity (see, e g Pretss, 1982) The enzyme 1s located in plasuds and
catalyses the conversion of G-1-P to ADPG utilizing ATP and liberating
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pyrophosphate (PP) in the process ADPG pyrophosphorylase 1s regu-
lated by the ratio of 3-PGA concentration (the activator) to inorganic
phosphate (P) concentration (the inhibitor) Thus a high and low ratio
promotes and inhibits starch synthesis, respectively 3-PGA also increases
V_.. and relieves the P inhibiion of ADPG pyrophosphorylase Within
chloroplasts of mesophyll cells, the concentration of PGA and P, depends
on the actvity of RuBP carboxylase and ATP formation, respectively, dur-
ing photosynthesis PGA 1s present at a high concentraton while the P,
concentration 18 low, thereby promoting starch synthesis In the dark the
opposite OLcurs

In guard cells, however, not only 1s the presence of RuBP carboxylase
probably low (but see Section 9 4), but starch levels decrease in the light
when stomata normally open and increase in the dark when stomata nor-
mally close The regulation of ADPG pyrophosphorylase actvity in guard
cells 1s therefore of considerable interest and two independent studies
have been made, 1e those of Outlaw and Tarczynski (1984) and Robinson
et al (1984) In the former study the microanalysis enzyme amplification
system (see Outlaw, 1980) of freeze-dried stomata of V faba was used
while 1n the latter study parually digested epidermal strips of C commu-
nus with ‘mesophyll and epidermal cells  removed’, were used Outlaw
and Tarczynski (1984) found similar specific actvities in guard cells and
mesophyll cells while Robinson et al (1984) found activities to be about
three umes higher in mesophyll cells (on a protein basis) In both studies
3-PGA was an effecuve activator and P a strong mhibitor of guard cell
ADPG pyrophosphorylase activity In the study of Outlaw and Tarczynski
(1984), 3-PGA and phosphate levels were considerably higher in illumi-
nated palisade cells than in guard cells and dlumination did not effect
these levels in guard cells

Thus guard cell ADPG pyrophosphorylase responds to, and may be reg-
ulated by, PGA P, ratios in the same manner as the enzyme from meso-
phyll cells, but if PGA and P levels stay constant in guard cells (Outlaw and
Tarczynski, 1984) then a mechanism for the regulation of starch synthesis
by this enzyme remains to be established However, the site of ADPG
pyrophosphorylase actvity 1s the chloroplast and the P and 3-PGA levels
therefore need to be measured 1n these organelles before 1t can be con-
cluded that the PGA P rauo 1s not involved in the regulaton of ADPG
pyrophosphorylase in guard cells

The final steps in the biosynthesis of starch from ADPG involve starch
synthase and the branching enzyme Although Robinson and Preiss
(1987) found considerable actvity of the latter enzyme 1n GCPs of C com-
munis, actvities of the former were very low and would appear to be a
rate-limiting step

Some enzymes of the pentose phosphate pathway, 1 e 6-phosphoglu-
conate and glucose-6-phosphate dehydrogenase, have also been detected
in guard cells (see Table 9 1)
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9.4 The role of chloroplasts in guard cells

Chloroplasts are a regular feature of guard cells (see Chapter 2) with the
exception of that in the orchid genus, Paphiopedilum, and some leaves
in a variegated chimera of Pelargonium zonale. However, their role in
the functioning of stomata remains a controversial aspect.

9.4.1 Is the Calvin cycle present in GCPs?

Although there is a general view that the Calvin cycle is of low activity or
possibly absent in the guard cell chloroplasts, such that it cannot oper-
ate at levels sufficient to meet the solute requirements for stomatal
opening, there is strong support for the existence of substantial activity
by some investigators.

There is much disagreement about the level of activity of RuBisCo in
guard cells. In the early work of Willmer et al. (1973a) high levels of
RuBP carboxylase activity were detected in the epidermis of C. commu-
nis and tulip although "C-labelling experiments with the same tissues
indicated that the Calvin cycle was not very active (Willmer and Dittrich,
1974) and it was considered that the high carboxylase activity was due,
at least in part, to mesophyll tissue contamination. In C. communis epi-
dermis substantial work concluded that the Calvin cycle was not active
perhaps due to the absence of phosphoribulokinase (Raschke and
Dittrich 1977). Work by Outlaw et al. (19792), using single guard cell
pairs dissected from freeze-dried leaves, were also unable to detect the
presence of the Calvin cycle in guard cells of V. faba and tobacco since
they found no evidence of RuBP carboxylase activity and insignificant
levels of phosphoribulokinase and NADP specific glyceraldehyde phos-
phodehydrogenase activity. More recently, and in contrast, Shimazaki
(1989) and Shimazaki et al. (1989) detected considerable activity of
RuBisCo and other Calvin cycle enzymes in guard cells of Vicia (see
Tables 9.1 and 9.2).

Immunological studies are also conflicting. Many reports indicate
RuBisCo is absent or in very low levels (less than 1% relative to meso-
phyll cells) in guard cells of many different species (Outlaw et al., 1979a,
1982; Vaughn, 1987; Reckmann et al., 1990). Immunofluorescence tech-
niques, however, detected considerable amounts of RuBP carboxylase in
guard cells of CAM plants, small amounts in some C3 plants but none in
C4 plants (Soundararajan and Smith, 1982). Zemel and Gepstein (1985),
however, observed that positive results for RuBisCo only occurred if the
walls of V faba guard cells were partially digested (possibly facilitating
better penetration of antibodies into cells). Tarczynski et al. (1989),
however, are convinced from their electrophoretic studies that RuBisCo
is virtually absent from V faba guard cells.



336 GUARD CEIl MFTABOIISM

Nevertheless, other information suggests that the Calvin cycle 1s pre-
sent 1n guard cells For example, Wu and Assmann (1993) observed that
chloroplasts isolated from V faba guard cells exhibited CO,-dependent
O, evoluuon in hight while Cardon and Berry (1992) observed that
chlorophyll a fluorescence in intact guard cells of Tradescantia albi-
Slora was sensive to O, and CO, 1n a manner suggesting oxygenase and
carboxylase activities of RuBisCo  Also, the groups of Zeiger and Tallman
consider that light quality and availability of K* can modulate Calvin
cycle activity in guard cells Poffenroth et al (1992) found that produc-
tion of soluble sugars by guard cells of V faba (epidermis was used with
only intact guard cells) exposed to red light in the presence of KCl was
completely inhibited by DCMU, an inhibitor of non-cyclic electron trans-
port Further studies by Tallman and Zeiger (1988) and Talbott and
Zeiger (1993) confirmed that sucrose accumulation, in the absence of
potassium, occurred in guard cells of V faba irradiated with red light
when there was no measurable starch degradation They concluded that
light quality modulates alternative mechanisms of osmotic accumulation
in guard cells, including potassium uptake, photosynthetic sugar pro-
duction and starch breakdown

The crucial question, however, 1s whether Calvin cycle activity 1s suffi-
cient to contribute significantly to the osmotic motor’ of guard cells
According to Poffenroth et al (1992) sugar production via the Calvin
cycle contributes significantly to the osmotica necessary for stomatal
opening Furthermore, in very recent work 1t has been concluded that
there 15 2 major contribution of sucrose to guard cell osmotic pressures
of onion and V faba during periods of the afternoon although the
source of this sucrose was not clearly established (Amodeo et al , 1994,
Talbott et al, 1994) Reckmann er al (1990), however, concluded that
only about 2% of the osmotica (assuming it to be glucose) needed for
stomatal opening comes from the Calvin cycle Additionally 1t has been
observed that considerable amounts of sucrose accumulate 1n the guard
cell wall possibly being swept along in the transpiration stream from
mesophyll cells (Outlaw, personal communication)

The data of Cardon and Berry (1992) also suggest that the oxygenase
activity of RuBi1sCo occurs n guard cells and therefore photorespiration
However, glycollate oxidase and hydroxypyruvate reductase activity
(peroxisomal enzymes involved in photorespiration) were not detected
in guard cells of C communis and V faba, respectively (see 1able 9 1)
Nevertheless, occasionally microbodies fitting the description of peroxi-
somes (see Chapter 3) are observed 1n guard cells

It 1s pertinent to note, however, that stomata can function in the
absence of the Calvin cydle in guard cells, it happens in orchids of the
Paphiopedilum genus and a variegated cultivar of Pelargonium zonale
their guard cells of which do not contain chloroplasts Moreover, stom-
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ata open and close in CAM plants in the dark when the Calvin cycle 15
not functioning

9.4.2 The photosystems of GCPs

Initially 1t was thought that guard cell chloroplasts did not possess pho-
tosvstem (PS) 1I but 1t 1s now well established that both PS T and 1I are
present

Chlorophyll a/ ratios for guard cells have been used to indicate
whether their chloroplasts are enriched in PS 1 values approximately
between 2 and 3 (typical of C3 plants) indicate that considerable
amounts of both photosystems are present while values above 3 (as in
C4 plants) indicate that PS I dominates Many species have been invest:-
gated for their chlorophyll a/b ratios by a number of independent investi-
gators and, although a large variation has been obtained spanning C3 and
C4 values, the majority of values are between 2 and 3 Earlier measure-
ments using epidermal tissue are suspect because of possible contamina-
ton from underlving mesophyll cells and the very low content of
chiorophyll in guard cells making accurate measurements difficult
However, Yemm and Willis (1954) used microspectrophotometric analy-
sts of single plastuds of guard cells in Rumex patientia, Chrysanthemum
maximum and V faba and found values of 2-3 More recently GCPs and
‘isolated guard cells have been used in conjunction with modern tech-
niques to determine which light reactions are present in guard cells (see
review by Zeiger et al , 1986) It has now been established that light har
vesting pigments for the light harvesting centre (LHC), PS T and PS I,
oxygen evolution, DCMU-sensitive electron transport and fluorescent
transients associated with the formation of the high energy state are pre-
sent in guard cells (Outlaw et al 1981a, Zeiger et al , 1981, 1984, Melis
and Zeiger, 1982, Ogawa et al , 1982, Shimazaki et al , 1982, Vaughn and
Outlaw, 1983, Hipkins et al, 1983, Martun et al , 1984, Mawson el al ,
1984) Immunocytochemical studies have also detected structural com-
ponents of the PS II complex in guard cell chloroplasts of V faba (Zemel
et al, 1988) Additionally guard cell chloroplasts of V faba also exhibit
State I to State II transitions indicating that energy transfer between PS 11
and I occurs (Mawson and Cummins, 1986) Observations of fluorescent
transients and the 518 nm electrochromic shift observed in 1solated
chloroplasts from V faba guard cells also idicated their capacity for
cyclic and non-cyclic photophosphorylation (Shimazaki and Zeiger,
1985) Low temperature emission spectra and variable fluorescence
induction kinetics of white tissue from leaves of Chlorophyllum como-
sum (in which guard cells were the only cells to contain chloroplasts)
also indicated that both PS I and II were present and that PS I was prob-
ably larger in guard cell chloroplasts than in mesophyll chloroplasts
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(Zeiger et al 1981) This study also concluded that guard cell chloro-
plasts oxidize water and have a functional PS II connected through an
intermediate plastoquinone pool to PS I resulting in the generation of
reduced NADP, 1e a linear (non-cyclic) electron transport mechanism
was present Low temperature fluorescence emission spectra of guard
cells of V faba, were also made by Outlaw et al (1981a) enabling PS I/PS
II ratios to be evaluated

Guard cell protoplasts of V' faba contain the same types of
carotenoids as those 1n the leaf mesophyll and include neoxanthin, vio-
laxanthin antheraxanthin lutein, zeaxanthin and B-carotene (Karlsson et
al , 1992, Masamoto e/ al 1993, Srivastava and Zeiger, 1993) The xan-
thophvll cyde has also been detected in guard cells (Masamoto et al |
1993) In mesophvll cell chloroplasts the cycle 15 thought to protect the
photosynthetic appatatus from photomhibition Thus i dim light or
darkness zeaxanthin 15 converted to violaxanthin via antheraxanthin n
an epoxidation reaction which destroys excited O, In bright light the
reaction 1s reversed 1n a de-epoxidation reaction (;ee Lawlor 1993) It
has been suggested that, as well as serving as protectors against pho-
tomhibition, carotenoids and specifically zeaxanthin 15 a blue light pho-
toreceptor n guard cells (Srivastava and Zeiger, 1993, Quinones et al |
1993)

Some quanutative differences between mesophyll and guard cell
chloroplasts have been observed, however guard cell chloroplasts have
a reduced sensitivity to low PFD 1n terms of 2 vitro photophosphoryla-
tion (Shimazaki and Zeiger 1985) and fluorescence transients (Mawson
et al 1984), an apparent larger PS II unit size (Melis and Zeiger, 1982)
and significant differences m the sensitvity and magnitude of State 1 to
State II transitions (Mawson and Cummins, 1986)

Observations of stomatal movements in epidermal strips of a number
of species 1n the presence of inhibitors of PS T or PS II or in red or far-
red hight also suggested that PS I and the accompanying cyclic pho-
tophosphorylation was necessary for substantial opening to occur

Actvities of PS I and PS II 1n guard cells will be small on a cell basis
relative to that occuriing in chloroplasts of mesophyll cells (neverthe-
less, on a chlorophvll basis cvelic and non-cychic photophosphorylation
in guard cells approach 80% of those in mesophyll cells, Shimazaki and
Zeiger 1985) and therefore, may not be of great significance
Nevertheless, if the Calvin cycle 15 absent or of low activity in guard cells
then this 1arses the question of what purpose the NADPH produced in
linear electron flow serves (In other green cells of hugher plants which
possess PS I and II the step, PGA to phosphoglyceiraldehyde of the
Calvin cycle, utihzes NADPH produced in linear electron flow)
Undoubtedlv 1t will be utilized by NADP specific malate dehydrogenase
in the 1eduction of OAA to malate and 1t could also be used mn N and S
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reduction though the latter processes have not been associated with
guard cells The ATP and reducing equivalents produced in the chloro-
plasts of guard cells can be transported out, possibly via a phosphoglyc-
erate/dihydroxyacetone phosphate shuttle (Shimazaki et a/ , 1989), and
used 1n innumerable reactions mcluding 1on transport processes at the
plasmalemma and tonoplast The ATP and reducing power may also be
used 1n starch/sugar interconversion within the chloroplast

9.4.3 Polysaccharide pools in guard cells

Except for a few genera, most notable being the Allzum genus, green
and non-green plastids of guard cells contain an abundance of starch
The plasuds, therefore, have often been considered as amyloplasts act-
ing as a sink and source of carbon for malate synthesis and breakdown
during stomatal opening and closing

In the starch-free chloroplasts a search was made for other soluble
polysaccharides which could supply part of the carbon skeleton for
malate synthesis 1n guard cells It has been concluded that the mucilagi-
nous polysaccharides detectable in Allium cepa epidermus did not serve
as a carbon source for malate synthesis and that fructans or other solu-
ble polysaccharides which could substitute for starch were not
detectable (Schnabl, 1977, Schnabl and Ziegler, 1977) Darbyshire and
Allaway (in Allaway, 1981), however, found considerable amounts of
fructans (polymerized to a degree of about 8 or 9 hexose units) in dark-
treated epidermis of Allium cepa (in which guard cells were the only
intact cells), most of which disappeared when the epidermis was given a
light-treatment Thus these investigators believe that fructans could be
mobilized to supply carbon for malate synthests in guard cells of A
cepa Moreover, epidermal tissue of onton contains high levels of PEP
carboxylase activity and malate 15 the chiefly labelled product when
“CO, 1s supplied to the ussue (Willmer, unpublished)

9.5 Metabolite transport into guard cells and sucrose
metabolism

On the assumption that the stores of guard cell starch are not sufficient
to satisfy the life-time demands for carbon to make malate and as a
source of energy in the TCA cycle, and if the Calvin cycle 1s absent or of
low activity in guard cells, then import of carbon by the cells must occur
(The Calvin cycle 1s an autocatalytic process being able to regenerate
substrate to perpetuate the cycle and also allow carbon to be syphoned
off for sucrose synthesis )



340 GUARD CFIT MFTABOIISM

In some species (e g Phyllitis scolopendrium and other ferns) epider-
mal cells possess an abundance of chloroplasts and there 15 some evi-
dence indicating that they can photosynthesize and may, therefore,
supply guard cells with carbon However, epidermal cells are often free of
chloroplasts and in such cases the guard and epidermal cells must recetve
carbon from mesophvll cells There 15 some experimental evidence to
suggest this 15 the case (see Milthorpe ef al , 1979, Willmer 1981)

For example, Outlaw and Fisher (1975) showed that following a pulse
of "CO, to a leaflet of V faba, label eventually reached the epidermal
layers Also, the observation that exogenously supplied sugars, and par-
ucularly G 1P to epidermal ussue of numerous species resulted 1n
starch formation within the guard cells 1s a further indication that
metabolite transport could occur between mesophyll cells and guard
cells (Konagamitsu and Ono, 1959, Reddy and Rama Das, 1980)
Moreover, sucrose accumulates in the apoplast of guard cells (Outlaw,
personal communication) and at certain periods of the afternoon
Amodeo et al (1994) and Talbott et al (1994) consider 1t to be a major
osmoticum of guard cells of onion and V faba (also see Section 9 4 1)

There are other reasons to involve sugars in guard cell reactions dur-
ing stomatal movements The water potentials of the cytoplasm and vac-
uole maintain equilibrium as K, CI and malate accumulate in the
vacuole and some othet compensatory solute must accumulate in the
cytoplasm as this happens (if substantial K or Cl remained in the cyto-
plasm 1t 15 possible that they would interfere with many enzyme reac-
tons) Under such cucumstances pressure potentials 1in the two
compartments will remain the same though the matrix potential of the
cytoplasm may decrease Moreover, MacRobbie (e g MacRobbie and
Lettau, 1980a,b) concludes that potassium salts alone could not account
for the observed guard cell osmotic potentials of open stomata and
there must be some other osmoticum o1 osmotica nvolved There 15
evidence that sucrose 15 the candidate Outlaw and Manchester (1979)
and Poffenroth et al (1992) have recorded increases in guard cell
sucrose concentrations (130 mM 1n guard cells of open stomata, Outlaw
and Manchester, 1979) when stomata open Furthermore, Hite et al
(1993) discovered high levels of sucrose phosphate svnthase (the
sucrose synthetic enzyme) and sucrose synthase (the sucrose degrada-
tive enzvme) activity in 'V faba guard cells relatve to mesophyll cells
(see Table 9 1) They also measured acid invertase activity in guard cells
which 15 a vacuolar ensvme degrading sucrose Such high levels of
enzyme actuvities for degrading and synthesizing sucrose would be
required 1if sucrose, delivered from the apoplast, 1s utilized by the guard
cells 1n a varietv of ways including being stored 1n the vacuole, used as a
compatible osmoticum 1n the cytoplasm and used as a carbohvdrate
intermediate for starch ot malate synthesis
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9.6 The energy relations of stomatal movements

Because of the complexity of guard cell metabolism and because their
metabolism is less well characterized than other cell types little has been
discussed on the energetics of guard cells. However, a substantial
attempt has been made by Assmann and Zeiger (1987). Major points of
interest are the energy costs of opening and closing movements and the
energy sources during the movements.

Both opening and closing movements have been described as active,
energy-consuming steps. The opening movement can be more readily
conceived of as being active since guard cells are at their lowest pres-
sure (in a ‘relaxed’ state) when stomata are closed and increase their
pressure as stomata open. Moreover, a number of studies have shown
that metabolic inhibitors (including uncouplers of phosphorylation
activity and inhibitors of electron flow) (e.g. Willmer and Mansfield,
1970; Pallaghy and Fischer, 1974) and an oxygen-free atmosphere (e.g.
Akita and Moss, 1973) prevent stomatal opening. However, some stud-
ies have also shown that metabolic inhibitors, such as sodium azide.
which is an inhibitor of respiration, low temperatures and oxygen-free
air (Akita and Moss, 1973) prevent stomatal closure. Also CCCP, a H-
ionophore which breaks down H" gradients thereby preventing ATP for-
mation in chloroplasts and mitochondria and hyperpolarization of the
plasma membrane, prevents closure of open stomata (Karlsson and
Schwartz, 1988). This suggests that closing is an active process.

Guard cells contain an abundance of mitochondria while, in most
plants, chloroplasts are poorly developed which suggests that oxidative
phosphorylation is the major source of ATP for ‘active’ stomatal move-
ments. The dark respiratory rate of guard cells is also high relative to
that of mesophyll cells (e.g. Shimazaki et al., 1983; Birkenhead et al.,
1985; Vani and Raghavandra, 1994). Moreover stomata can open in the
dark (and do as a normal course of events in CAM plants) and stomatal
closing, which may be active, is brought about in darkness, conditions
under which photophosphorylation will not be occurring. Under these
situations the energy source must be from oxidative phosphorylation or
a system other than photophosphorylation.

According to Assmann and Zeiger (1987) ATP synthesis by either guard
cell chloroplasts or mitochondria could accommodate the energetic
requirements for stomatal opening. Earlier, Schwartz and Zeiger (1984)
had concluded that stomatal opening in darkness depended on oxidative
phosphorylation while opening in the light appeared to require pho-
tophosphorylation and the blue light specific opening could rely on
oxidative phosphorylation or a membrane-bound electron transport car-
rier as an energy source for guard cell H* extrusion. Efforts have also been
made to quantify the proportion of energy coming from the chloroplasts
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and mitochondrnia within guard cells during stomatal movements (e g
Dahse et al , 1990, Mawson, 1993) However, studies are difficult because
when one source of energy 15 inhibited other sources tend to compensate
so that the real value 15 obscured Furthermore, processes of guard cell
respiration and photosynthests are closely coupled (Mawson, 1993)

Some early inhibitor studies have also shown that, in the light, stom-
atal opening 15 dependent to some extent on cyclic photophosphoryla-
uon (Willmer and Mansfield, 1970, Raghavendra and Das, 1972),
although such results need to be confirmed with modern methods

The energy relations of guard cells at the biochemical level are com-
plex and there must be regulatory interactions to keep ATP levels within
certain limits and to maintain acceptable NAD(P)H NAD(P) ratios during
stomatal actuvity It 15 known that many key regulatory enzymes in both
anabolic and catabolic pathways can be allosterically controlled by the
individual levels of cellular ATP, ADP and AMP (see Dawes, 1986) In gen-
eral high levels of ADP o1 AMP acuvate regulatory enzymes involved n
catabolic pathways whereas ATP inhibits them (thus ATP 15 regenerated
from substrates only when necessary) and ADP or AMP inhibit many reg-
ulatory enzymes involved n biosynthetic pathways which are ATP
dependent Other enzvmes respond to the relative concentrations of
ATP ADP and AMP rather than the concentrations of the individual
nucleoudes Thus the ratio of ATP/ADP and ATP/AMP are important in
regulating these enzymes and 1t 1s considered that the ratios of the ade-
nine nucleotides should be buffered from wide fluctuations in order to
maintain efficient cell functioning In fact adenine nucleotides are n
equilibrium with each other due to the universal enzyme, adenylate
kinase, present at high levels in mitochondria and chloroplasts The
enzyme catalvses the reversible reaction, ATP + AMP  2ADP From this
equation Atkinson (1968) derived a term he called the adenylate energy
charge (AEC) which 15 a measure of the metabolic energy stored n the
adenylate system (zero when all cell adenylate 15 AMP and 1 when 1t 1s all
in the form of ATP) Thus, processes which utiize ATE such as H*
pumping, will tend to reduce AEC And indeed there i1s some evidence
that enzymes nvolved 1n generating ATP are more active at low rather
than high AEC while enzvmes utilizing ATP are less active at low AEC val-
ues than high ones

A more sensitive indicator of the energy status of a cell 1s the phos-
phorylation potential AGP, or the Gibbs free energy required to synthe-
size ATP from ADP and P (Nicholls, 1982)

Thus

AG°+2 303RTlog (ATP) / (ADP)(P) Ry

where AG® 15 the Gibbs energy change when ATP 1s hydrolysed to
ADEP R 15 the gas constant and 7 1s the absolute temperature
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Upon swelling of GCPs, ATP 15 utilized to pump protons out of the
cell Thus ATP levels within GCPs might be expected to fall resulting 1n a
decrease of AEC, ATP/ADP ratios and AG_ However, most cell types
appear to regulate AEC between 08 and 09, and the decrease of ATP
with mcreased ADP and AMP should sumulate increased activity fiom
enzymes 1in ATP synthesizing pathways (e g oxidative phosphorylation,
glycolysis, oxidative pentose phosphate pathway and possibly pho-
tophosphorvlation) thereby maintaining relative constancy of ATP levels,
AEC and ATP/ADP ratios There mav also be a conservation of ATP in the
cell by reduction of rates 1n biosynthetic pathways

Schnabl (1980) found in short term experiments enzyme activities
changed as GCP swelled For example, ATP-phosphofructokinase
(involved 1n glycolysis) and PEPc increased activity at the onset of pro-
toplast swelling but PEPc subsequently decreased after 1 min In con-
trast, fructose bisphosphatase (involved in gluconeogenesis) and malic
enzyme decreased on swelling Glucose-6-phosphate dehydrogenase (of
the oxidative pentose phosphate pathway) also decreased at the onset
of swelling but rapidly regamned actvity after 3 min before decreasing
again As some of these enzymes are known to be regulated by AEC (e g
ATP-phosphofructokinase) or by levels of reduced and oxidized pyrnidine
nucleotides (eg G-6 P dehvdrogenase), 1t might be expected that
changes in enzyme activity would reflect adjustments 1n these parame-
ters

Schnabl (1985) also invesugated ATP/ADP ratios in GCPs as they
swelled The ratio fluctuated widely (from 2 to 15) although an initial
decrease in the AI'P/ADP ratio in the fitst 5 min of swelling (from 9 to 6)
was attributed to utllization of ATP for active transport processes
However, most published values (e g Heber et al , 1982, Hampp, 1985)
for other cell types are much lower and do not show the wide fluctua-
tions obtained by Schnabl (1985) For nearly all acuve cells investigated
the AEC wvalues are between 08 and 095 O Donnell and Willmer
(unpublished) also found values for GCPs of C commumnis in this range
at all stages of swelling whether 1n the hight or dark Apparently AEC val-
ues are tightly regulated by, for example, phosphofructokinase and fruc-
tose bisphosphatase activities and values 1n leaves remain constant
when the leaves are switched from light to dark

Phosphorylation potentials ranging from -9 to —11 were obtained for
GCPs of C communis bv O Donnell and Willmer (unpublished) which
are similar to other published values tor other cell types However, val
ues for guard cells were computed using whole cell metabolite concen-
trations when 1n fact adenine nucdleotides, adenosine phosphates and
phosphate are compartmentalized For example, Sutt et al (1982)
found that in wheat mesophvll cells 47% of the adenine nucleoudes
resided 1n the chloroplasts, 44% n the cytosol and 9% in mitochondria
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9.7 Lipid metabolism in guard cells

Relauvely little work has investugated the lipid metabolism of leaf epider-
mis and even less on that in guard cells However, what has been done
suggests that the epidermal and the guard cell ipid metabolism 1s dis-
unctly different from that occurring in the mesophyll which 1s not sur-
prising considering the epidermus 1s covered by a cuticle and waxes (see
Section 3 1), which are presumably secreted by the cells of the epider-
mal laver

The epidermis rather than the mesophyll 1s the site of the synthesis
of verv long chain fatty aads (Kolattukudy, 1968, Kolattukudy and
Buchner, 1972, Lessire et al , 1982, Lessire and Stumpf, 1983, Sato,
1985) Sato (1985) made a study of hipid biosynthesis in different proto-
plast tvpes from leaves of V faba and found considerable differences
between the mesophyll cell protoplasts and the guard and epidermal
cell protoplasts (Tables 9 4 and 9 5) When ["Clacetate was fed to the
protoplasts, after 60 min the dominantly labelled fatty acid in meso-
phyll cell protoplasts was oleic acid (18 carbons long with one double
bond in the chamn) while in guard and epidermal cell protoplasts
palmitic acid (16 carbons long, fully saturated), oleic acid and to a
lesser extent atachidic and behenic acid (20 and 22 carbons long,
respectively, both saturated) were the chiefly labelled fatty acids
Distribution of label in the different ipid classes were similar except
there was much more label in triacyl glycerol and an unidentified group
of lipids 1n the guard and epidermal cell protoplasts than the mesophyll
protoplasts

Table 94 Distnbution of radioactivity i fatty acids of ipids after labelling with [2-14C]
acetate for 60 min

Fatty acid Distribution of radioactivity (%)
MCP GCP heavy ECP hight ECP

Palmitic (16 0) 19 42 38 46
Margaric (17 0) 0 0 2 3
Stearic (18 0) Tr* 5 5 8
Oleic (18 1) 81 37 37 27
Arachidic (20 0) 0 6 8 10
Behenic (22 0) 0 10 10 6

*Tr trace less than 2% Data from Sato (1985)
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Table95 Distribution of radioactivity In hpid classes after labelling with [2 '4C] acetate
for 60 min

Lipid class Distribution of radioactivity (%)
MCP GCP heavy ECP  hght ECP

Phosphatidylcholine 34 (65) 44 37 34
Phosphatidylethanolamine 5 (21) 6 7 15
Phosphatidylinositol 1 5 4 1
Phosphatidylglycerol 14 (56) 14 8 9
Phosphatidic acid 2 0 0 0
Sterol glycoside 0 2 2 2
Monogalactosy! diacylglycerol 2 (276) 1 1 1
Digalactosyl diacylglycerol

+sulfolipid 0 (254) 0 0 0
Fatty acids 32 (23) 2 2 4
Tracylglycerol 9 (67) 17 25 24
Unidentified 1 9 14 10

Values in parentheses for the MCP fraction represent mass contents expressed in terms
of pmol fatty acids cell  Data from Sato (1985)
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10 Recent
developments and
future research

10.1 Introduction

The previous nine chapters exemplify the wealth of new information on
the function and functioning of stomata that has accumulated over the
last decade. It should be apparent by now that guard cells are highly
specialized cells and they have adopted an array of cellular and meta-
bolic processes which enable stomata to be exquisitely tuned to the
environment and the demands within the plant. Stomata can be viewed
as one of the major adaptations that allow plants to survive in virtually
all terrestrial environments on our planet. However, there still remains
much to be elucidated. Progress in some areas of research, such as
‘patchy’ stomatal responses, has challenged previously accepted views,
whilst other areas of research await development of simplifying con-
cepts to harmonize the apparent profusion of conflicting data. Equally,
there are key topics, such as the molecular basis of stomatal responses
to CO,, where there has been relatively little research. In addition, new
fields of research are just opening up with the application of molecular
biology techniques to stomatal research.

For the majority of the preceding text we have attempted to thread a
path through the existing literature that presents a concensus view
where possible or presents both sides of the argument if it is unre-
solved. In this chapter we speculate on areas where we anticipate future
research will develop which should lead to a fuller understanding of
stomatal function and how these developments will reflect on plant biol-
ogy in general.

10.2 Stomatal distribution and patterning

Stomatal frequency is influenced by a wide number of factors, but the
reported changes under different CO, regimes have excited consider-
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able attention from both a paleological perspective and in the context of
projected increases in the atmospheric CO, levels. A number of studies
have investigated the genetic selection of stomatal frequency in crop
plants and, although it appears that this feature is highly heritable
(Jones, 1987), there is no concensus about how many genes are
involved. Suh et al. (1976) crossed varieties of Sorghum and concluded
that there was overdominance for stomatal frequency (heritability esti-
mate was 51%) and one gene or linked block of genes was involved.
However, in maize and wheat, multigene regulation of stomatal fre-
quency appears to be the case (Heichel, 1971; Dylenok et al., 1981).

Attempts are being made to elucidate the genetic regulation of stom-
atal frequency and patterning in leaves at the molecular level but there
are surprisingly few reported mutants of these characteristics. In part
this may arise from lack of a rapid screening system for isolating such
mutants which require laborious microscopical observations and mea-
surements to detect them. In recent work Yang and Sack (1993) have
identified a mutant in Arabidopsis with altered stomatal characteristics
giving rise to clusters of adjoining stomata, and hence termed tmm for
‘too many mouths’.

10.3 Cell and tissue differentiation

Immunofluorescence techniques have enabled visualization of the com-
plex and highly co-ordinated changes in cytoskeletal arrays during stom-
atal differentiation. The predictable anatomical geometry of mature
stomatal complexes have made stomata one of the most useful models
to examine polarized and asymmetric cell divisions in plants. At the
moment there are clear descriptions of the morphological changes tak-
ing place but little information on the mechanisms underlying the spa-
tial organization and temporal co-ordination of these processes across
the stomatal complex. In particular, the symmetrical positioning and sta-
bility of microtubule organizing centres on the ventral cell walls of both
guard and subsidiary cells is intriguing. It will be interesting to deter-
mine whether the positioning of the microtubule organizing centre
reflects associations between the cytoskeleton and the cell wall, analo-
gous to the connections between the cytoskeleton and extracellular
matrix in animal cells. Localization of the protein p34““ to the pre-
prophase band in developing stomatal complexes (Colasanti et al.,
1993) also suggests an exciting link between the universal p34‘“*/cyclin
control system, believed to regulate the cell cycle in all eukaryotic cells,
and specification of the plane of cell division in plant cells.



356 RECENT DEVELOPMENTS AND FUTURE RESEARCH

10.4 Mechanical relations of the epidermis

A burst of activity in the seventies and eighties resulted in a number of
models being developed which analysed the mechanical deformations
of guard cells during stomatal movements. Since then there has been lit-
tle additional work in this area. However, with the arrival of newer and
different technologies it is possible that some of the remaining ques-
tions may be answered. For example, three-dimensional images of intact
living guard cells can be rapidly acquired using confocal microscopy and
these may provide an accurate morphological description of the shape
changes occurring during stomatal movements (see Fig. 10.1). With
confocal microscopy quantitative data on organelle numbers, volumes
and surface areas within guard cells can also be determined, prerequi-
sites for a number of models and calculations concerning cellular
osmotic and turgor changes.

It has also been suggested that changes of guard cell volume or tur-
gor are themselves sensed and stretch-activated ion channels may have
a role in such a system.

10.5 Diffusion of gases and the role of stomata

Attention has now moved away from considerations of the diffusion of
gases through stomatal pores, the theory of which is well understood,
and has focused on less tractable problems such as analysis of boundary
layers and description of diffusion regimes within plant communities.
These developments are paralleling improvements in instrumentation
and methodology, such as that needed in thermal imaging of heat trans-
fer to map boundary layer thickness, as well as the availability of
increased computational power to resolve complex models.

10.6 Environmental effects

Although much is known about how stomata respond to environmental
cues there are still aspects which attract particular debate. For example,
there is continuing controversy about whether guard cells respond to
VPD, relative humidity or transpiration rate. Additionally, the concept of
‘feedforward’ control in humidity responses is still not universally
accepted.

Another topic which is receiving much attention is concerned with
how the functioning of a leaf might be adapted to the increasing atmos-
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Figure 10.1  Visualization of the three-dimensional wall morphology of a living stomatal
complex from Commelina communis from a sernes of confocal optical sections The cell
wall of an intact epidermal strip was stained with primulin and excited at 442 nm with
fluorescence emission collected between 470 and 630 nm A series of 40 optical
sections were collected at 0 7 um intervals through the stomatal complex In the views
shown, a small portion of the image containing about half the guard cell complex has
been digitally extracted, and intensity thresholded to reveal the fluorescence from the
wall The views are taken from a tilt series calculated using an algorithm that codes the
position of each thresholded voxel as an intensity value, with white nearest the viewer
and black furthest away The cross-sectional shape of the guard cell lumen and the
relationship between the guard cells and the subsidiary cells 1s clearly visible in these
projections As the tissue remains intact and is still iving, changes in the three-
dimensional organization can be followed over time and parameters, such as cell volume
and surface area, readily measured Courtesy of Wood et a/ (unpublished)
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pheric CO, concentrations; stomata could specifically adapt to the
higher CO, concentrations or the mesophyll could adapt in some way
while the stomatal responses result from their close coupling to meso-
phyll activity via intracellular CO, levels or via other diffusable sub-
stances. There are also large gaps in our knowledge about the
mechanism by which the CO, signal is perceived and transduced by
guard cells, although it is clear that a multitude of factors can modulate
CO, responses at the whole plant level.

A major objective continues to be the development of robust models
which describe and predict stomatal behaviour at the leaf or whole plant
level and allow scaling up to analvse stomatal behaviour in communities
growing in different environments. The discovery of ‘patchy’ stomatal
behaviour has already had an impact in this area but the extent to which
‘patchy’ responses occur in plants in their natural environment is still
controversial.

The interrelationships of the various environmental inputs to pro-
duce a net stomatal response also remains a source of interest and pos-
sible explanations of stomatal behaviour via control theory are steadily
increasing in complexity. It may eventually be possible, however, to pro-
portion the extent of the various inputs and to ascertain the level of the
direct and indirect effects on stomata.

10.7 Hormomne action

Research over the last decade has primarily focused on the role of
abscisic acid (ABA) in regulation of stomatal movements. Even with this
one hormone there is considerable debate about its site of biosynthe-
sis, its distribution and concentration within cells and between cells,
and its site and mode of actdon. In addition to the rapid stomatal
responses to ABA, there appear to be longer-term effects and studies
into changes of stomatal sensitivity to ABA and ABA-induced protein
expression are in progress. Preliminary experiments, for example, indi-
cate that ABA can influence the expression of protein synthesis in
guard cell protoplasts of Commelina communis (sce Fig. 10.2). Similar
studies have been undertaken by Outlaw and co-workers (personal
communication). If these provisional results are substantiated it sug-
gests there may be vet another level at which ABA regulates stomatal
movements over longer-term periods. Indeed, Taylor et al. (1995) have
shown that guard cells have all the requisite machinery to drive
reporter gene expression from some ABA responsive promoters, but
not others.
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Figure 102 Two dimensional electrophoresis of polypeptides from guard cell
protoplasts of Commelina communis incubated in the presence or absence of ABA

{10 mM) for 6 h with 35S methionine for the final 2 h An X ray film was placed over the
gel to visualize the radioactive polypeptides Some polypeptides that were absent in the
control treatment a or increased their expression are circled in b the ABA treated
protoplasts (Unpublished data of Willmer Zhanguo Xinand | 1)
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10.8 Ion transport and signalling

It 1s evident from Chapter 8 that a large amount of information has accu-
mulated on the various membrane transporters in guard cells, particu-
larly on those at the plasma membrane There 1s a reasonable degree of
agreement between most of the reports on the properties of the main
ion channels However there are an equal number of apparently isolated
reports of channels with marginally or widely different properties It 1s
expected that some of this variety 1s a reflection of different assay sys-
tems used rather than genuine differences in transport properties
However, it 15 also likely that future research will uncover additional roles
for some channels 1n, for example, subtle signalling events, as opposed
to bulk 1on fluxes One current weakness in our understanding of 1on
transport i vwo stems from a lack of detailed knowledge on the 1on
changes 1n the apoplast accompanying stomatal movements, although
there 15 clear evidence that apoplastic levels of K*, Cl, Ca * and H* all
contribute to regulation of 1on transporters at the plasma membrane

Although interactions between different sumuli have been appreci-
ated for a considerable number of years, there 1s stll no unifying model
to describe these interactions at a molecular level Figure 10 3 depicts
part of the complex network of interactions associated with perception
of several key sumul and their transduction to various effectors, such as
ion channels and pumps The wealth of possible connections shown 1n
Fig 103, and their different strengths, may be part of the explanation
for the varying results obtained 1n factorial experiments examining inter-
actions between parameters

Conceptually there 15 also an interesting debate on whether individ-
ual guard cells conunuously adjust their aperture to match the strength
of a given sumulus, 1€ exhibit a graded response, or whether they
essentially exhibit a threshold response In the latter case each stoma
will respond once a given threshold 1s exceeded, but within the popula-
tion of stomata there 15 vanation 1n the threshold value so that the pop-
ulation as a whole exhibits a graded response In relation to this aspect
Gradmann et al (1994) have shown that apparent graded responses can
result from repeated switching between opening and closing modes

10.9 Intermediary metabolism and its regulation

A number of conjectural points remain regarding the carbon metabolism
of guard cells Debate and argument will continue about the importance
of the Calvin cycle in guatd cells, interest into the apoplastic movement
of sucrose from the mesophyll to guard cells 1s continuing The pathway
of carbon flow from malate to starch during stomatal closing remains



MOLECULAR BIOLOGY OF STOMATA 361

‘ Blue light }k Plasma membrane
H* -ATPase
2
K* inward rectifier
CI~ /nH* symport Apoplastic pH
Tonoplast H* -ATPase '

Tonoplast FV -channel ’ Plasma membrane

' / potential

Y, /\

Abscisic acid & \\ Vacuolar pH
S -type anion channel

Auxin z R -type anion channel

2 7 potential
PEP carboxylase
:

Figure 10.3 The complex signal transduction network in stomatal guard cells Links are
shown where an interaction has been demonstrated between key stimuli, signalling
intermediates and major effectors

Fusicoccin

Tonoplast K*/nH* antiport

problematical and research into this aspect appears to be at an impasse.
Currently the regulation of various enzymes and proteins is of interest,
particularly those that become phosphorylated. For example, the regula-
tion of PEP carboxylase and whether it involves phosphorylation for its
increased activity is an intense area of interest at the moment. Thus the
regulation of protein kinases and phosphatases will be an important
source of interest.

10.10 Molecular biology of stomata

Although guard cells are highly specialized cells, there have been few
attempts until recently to characterize their protein complement that, in
turn, might give rise to some of their unique morphology and behayv-
iour. Even single-dimension gels indicate major differences in protein
patterns between guard cells and other cell types within a leaf (Ohya
and Shimazaki, 1989; Becker et al , 1993; see Fig. 10 4). There are also
major differences in protein patterns between guard cell protoplasts iso-
lated from closely related species. For example, in Fig. 10.4 extracts from
guard cell protoplasts of C communis are compared with extracts from
a morphologically similar but as yet unidentified Commelina species
(Cotelle and Vavasseur, unpublished) and some considerable differences
in the polypeptide patterns are observed. Also, Key and Weiler (1988)
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have raised a monoclonal antibody to a particular antigen only
expressed on the plasma membrane of guard cells from Vicia faba.
Another group of polypeptides have been identified in guard cells and
which are enriched, on a protein basis, in these cells relative to that in
other cell types (Webb et al., 1993). These investigators also found that
the polypeptides were immunologically related to a number of ABA-reg-
ulated proteins present in plant embryos, and termed late embryo abun-
dant proteins (LEA).

Research that utilizes protein extracts from guard cells will always
tend to be hampered by the limited amount of material that can be pre-
pared. Molecular biology techniques are more suited to dealing with
small quantitics of material because they allow massive amplification of
products with the use of the polymerase chain reaction (PCR) and
cloning methods. Studies of the molecular biology of guard cells is still
in its infancy but is rapidly developing and undoubtedly will become an
important research area in the future. For example, Neill and Hey (1993)
are attempting to construct a ¢DNA library from guard cells of Pisum
argenteum using a PCR-based strategy and they are also analysing epi-
dermal and guard cell extracts for wilt- and ABA-induced mRNAs and
proteins. A number of relatively specific guard cell promoters have also
been identified. The rhal gene in Arabidopsis thaliana encodes a small
GTP-binding protein: fusions of the rbal promoter with a reporter gene
gave high levels of expression in developing guard cells of transformed
Arabidopsis (Terryn et al., 1993).

Another gene, encoding a plant acidic chitinase, is reportedly
expressed only in guard cells within the epidermal layer of leaves
(Samac and Shah, 1991). The authors considered that this ‘plant
defence’ gene is highly expressed in guard cells because stomata are the
entry ports into plants for many pathogens and therefore these cells
might be specialized in defence against pathogens.

Taylor et al. (1995) have used a slightly different strategy to probe
ABA-induced gene expression in guard cells. They made transgenic
plants of Arabidopsis and Nicotiana containing promoter regions of
ABA regulated genes from Craterostigma plantagineum fused to a
reporter gene. One such construct was expressed in guard cells of
Arabidopsis thaliana and Nicotiana tabacum (Taylor et al., 1995).
Additionally they found that not all ABA-regulated gene promoters were
expressed in guard cells of both species in response to drought stress or
exogenous ABA.

One of the most exciting developments likely to come from these
molecular biology studies is the ability to manipulate signalling path-
ways and hence stomatal responses using transformation strategies. For
example, an inducible specific promoter of guard cells might allow
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Figure 104 SDS polyacrylamide gradient gels showing polypeptides separated from
guard cell protoplasts of an unknown Commelina species (lane 1) and Commelina
communs (lane 2) and from mesophyll cell protoplasts of C communis (lane 3) The
polypeptides were stained with silver Lane 4 1s of molecular weight markers LSU and
SSU are the large and small subunits of RuBisCo respectively The data were provided
by courtesy of V Cotelle and A Vavasseur
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experimental pertubation of key signalling proteins or enzymes Such
developments might enable stomatal movements to be artficially
mantpulated which may be a more effective means of stomatal regula-
tion 1n the field compared to spraying crops with anti-transpirant or pro-
transpirant compounds Whatever the outcome, however, the next 10
years are set to see a major burst of activity in this area
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56, 59, 355
Microtubule patterns 61
Microtubules 52-4, 57, 58
in chloroplasts 69
Midday closure 158-60
Mineral nutrition 161
Mitochondria 71-2, 331, 341
Mnium cuspidatum 99
Molecular biology 361
Monocotyledons, stomatal types 51-2
Monotropa 14
Mutants, wilty 207

NAD 329
NADP 310, 329, 338, 342
Neottia 14
Nicotiana spp
evaporation 157
genes 362
guard mother cells 53
leaf ages 167
potassium 10ns 233, 244, 255
protoplasts 41
Night opening 164, 165
Nitrogen oxides, effects on plants 172
Nothofagus fusca 147
Nuclear envelopes 53, 54
Nucle1 70-71

Oleosomes 72
Ontogeny 49
Ophbuoglossum 67
Organelles, numbers 66
Orobanche 14
Osmocytosts 78
Osmocytotic vesicles 106
Osmotic potential 6
Osmotic pressure 92, 93

and aperture 95

and potassium 10ns 244
Osmotica 95, 333
Oxaloacetic acid 329, 338
Ozone, effects on plants 171
Ozone layer 142

Paphbiopedilum spp 67,70
lipid droplets 73
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Paphiopedilium spp (contd )

potasstum 1ons 229

stomatal conductance 141
Paramural bodies 77
Patch-clamp techniques 247-9, 291
Pathogens, and stomata 172, 174-6, 362
Pelargonium sp 68, 77

osmotic pressure 94

phenolic compounds 143

potassium 10ns 229

SO, effects 171
Pentose phosphate pathway 334, 343
PEP 324
PEP carboxylase

characteristics 326-7

CO, fixation 148, 310

glycolysis 333

light responses 137

phosphorylation 328

regulation 361

substrate 325
Perigenous development 51
Permeability hypothesis 6
Peroxidase 253-4
Peroxisomes 72, 336
pH gradients 173
Phaseic acid 208
Phaseolus vulgaris 65

chilling 151

defolhiation 192

guard cell formation 80, 81

potassium 10ns 233

stomatal conductance 141
Phenolic compounds 142-3, 216
Phenylmercuric acetate 217
Phleum pratense 60
Phloem 202
Phosphatases 270
Phosphoenolpyruvate, see PEP
Phosphoglyceric acid 333, 334, 338
Phospholipids 280
Phosphoribulokinase 335
Phosphorylase 317
Phosphorylation

light regulation 328

oxidative 71, 341

potentials 343

reversible 270, 290

Photochemical smog 171
Photon flux density 22, 136, 207
Photoperiodism 37
Photophosphorylation 71, 136, 342
Photoreceptors 135
Photosynthesis

and ABA 198

mesophyll 131
Photosynthetically active radiation 36
Phototropism 2
Phragmoplast 54, 59
Phylitis scolopendrium 340
Phytoalexins 175, 215
Phytochrome 26, 136
Phytotoxins 212, 214
Picea sitchensis 146
Pinus

cuticles 39, 155

stomata 47

subsidiary cells 41
P menziesu 147
P radiata 147
P sylvestris 146
Pioneer species, amphistomaty 16
Pisum sativum 14

ATPase 250

guard cells 56

phenolics 143

phytochrome 136

stomata 52
Pits, stomata in 47
Plasma membrane 103-4

hyperpolarization 137

pumping system 245

redox systems 253
Plasmalemmasomes 77
Plasmodesmata 78-9
Plasmolysis 93
Plasmopara viticola 174
Plasuds 67, 70, 333, 339
Ploidy

and chloroplasts 68

and stomatal frequency 29
Pollutants, gaseous 169
Polymerase chain reaction 362
Polypepudes 359, 361, 362, 363
Polypodium sp 149

guard cells 56, 58, 154
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humidity responses 157 Quantum flux density 133
Polysaccharides 339 Quercus, cuticles 39, 155
Polysomes 76 Quercus suber 158

Populus spp 16, 151, 155
Pore areas 28, 115 R-enzyme 317
Pores R-type channels 264
graminaceous stomata 60 Red light 137, 289
in liverworts 12
Porometers 5, 138, 156
Potasstum channels 242, 255, 262
Potassium 10ns
accumulation 259
concentrations 235-8
cytostolic 234
efflux 260, 261
membrane transport 254
as osmoticum 6, 95, 161
rectifying channels 255, 256, 261-2,

Redox systems 253

Relative humudity 111, 112, 154
Reporter genes 287, 358
Resistances, transpiration 113, 114
Rettculum, peripheral 69

Roots, communication systems 200
Roses, tissue culture 26

RuBisCo 310, 335-6

Rumex patientia 337

Ryanodine receptors 270

282, 285, 291 Rye 58

role 1n stomata 229

test for 229-32 Salix spp 16

1n tissue culture 26 Salt accumulation 234

uptake 137 Saturation concentration 111, 112

vacuolar 239 Saxifraga cernua 152
Potato, stomata 27 § stolonifera 24
Pre-prophase band 52, 53, 58-9, stomata in 47

355 Secale cereale 58
Proline 216 Selaginella 68
Protein kinases 59, 290 Senecio odoris, action spectra 135
Protochlorophyllide 64 Senescence effects 165-8, 198
Proton motive force 245 SCbQUltCI‘anOIdb 204, 208, 209, 213
Proton pump 245-6, 249, 258 Signalling systems 268, 269, 284, 360,
Protoplasts 361

and ABA 194 Silicon, 1n cell walls 67

and aperture 97 Sinapis alba 26

cross-section 101 S0, effects of 169

epidermal cells 195 Sodium 10ns 229

root 195 Solanum commersonii 68

volume 97, 105 S tuberosum, see Potato
Prunus, conductance 120 Solar radiation, wavelengths 36
Pseudomonas spp 174, 175, 215 Solutes, and osmotic pressure 93
Pseudoperonospora bumul 173 Sorghbum sudanense 208
Psilotum 12 Spacing 25
Pteridophyta, stomata in 12 Spermatophyta, stomata in 12
Puccimia spp 172,173 Spherosomes 72
Pulvinar motor cells 241 Spindles, prophase 53
Pyrophosphate 334 Starch

Pyruvate 333 in guard cells 68, 137
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Starch (contd ) Stomatal s1ze, variation in 28
malate production 317 Stretch-activated channels 263, 271, 356
synthests 331, 3334 Stylites andicola 12

Starch—sugar hypothesis 6 Subsidiary cells 40-41, 47

Stefan s Law 117 development 49

Stoma, definition 2 elliptical stomata 56, 58

Stomata potassium 10ns 241
anatomy 46 Subsiciary mother cells 51, 59
artificial control 216 Suctose
elliptical 52 in epidermat cells 340
heterogenetty 26 in guard cells 6
patchy responses 26, 29, 30, 358 osmoticum 244, 324, 336
rased 25 SV-channels 260-61, 280, 282
symmetry 29 Symbuotic fungi 177
types of 51 Syringomycin 215

Stomatal apertures
definition 45 Tannins 143
mitochondna 71 Temperature 22, 24, 111-13, 121-3,
and potassium 10ns 233 147-52, 162, 168, 337, 341, 342
and tssue differences 30 and ABA 273, 277
variation in 29 in midday closure 158-60

Stomatal behaviour, environmental in stomatatl control 127-31

factors 126 Terpenes 193

Stomatal closure Thermal energy 37
ABA 193 Tissue culture 26
energetics 341 Tonoplast 104, 258, 259 282

Stomatal complexes Tradescantia spp 39
classtfication 49 ABA 198, 205
definition 2 Calvin cycle 336
development 50 circadian rhythms 163
morphology 357 guard cells 64

Stomatal conductance 139-41, 157 humudity effects 156

Stomatal frequency 17, 18-19 mechanical advantage 98
and aperture 29 05SMOtIC pressure 94
CO, concentrations 22, 23, 24, pH 252, 258

354-5 phenolics 143
crop plants 21 potasstum 1ons 239
environmental effects 20, 22 transptration rate 122
genetic regulation 355 turgor pressure 93, 154, 157
infra-teaf 17, 20 Transpiration rates 122, 153
and ploidy 29 Transpiration ratio 123
and size 29 Tricarboxylic acid cycle 331, 339

Stomatal index 17 Trichomes 39-40

Stomatal opening 95-6, 100-101, 102 Tridax procumbens 210
CO, responses 144-6 Triose phosphate 317, 324, 333

Stomatal patterns 14, 15 Turbulent flow 121
variations in 24, 25 Turgor 5, 92-3, 98, 127

Stomatal resistance 114 and ABA 197
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Tylose formation 175

Uromyces sp 173
UV absorption 36
UV radiauon, effects of 142-3

Vacuoles 73
development 53
pH 258
Valerianella locusta 154, 197, 233
Vanadate 250, 252, 254
Vapour pressure deficat 112
cuticular conductance 121, 155
and pollution 170
stomatal conductance 153, 157
Vapour shells 119, 121
Verbascum thapsis 77
Verticllium dabliae 175
Vicia faba 7
and ABA 194, 197, 206, 208
ATPase 250
calcium channels 280
chloroplasts 68, 336, 337
circadian rhythms 164
leaf ages 166
leaf temperature 149
malate dehydrogenase 329
nucler 70-71
0smotic pressures 93, 244
pathogens 176
PFP carboxylase 325
phenolics 143
pigments 137
plasma membrane 78
plasmodesmata 79
potassium 1ons 229, 233, 241, 260,
283
protoplasts 41, 95
stomatal apertures 30
stomatal conductance 141

ultrastructure 65
vanadate 252
water stress 206
Victorin 214
Vigna stensis 17, 26
stomatal complexes 56
Violaxanthin 204
VK-channels 260-61, 282
Vomifoliol 209

Wall thickness 101-2
Water loss, and Co, assimilation 128
Water potential 113, 152, 340
Water relations 92, 105
Water stress 131
Water use effiaency 123
Water vapour

diffusion 111

loss of 127
Water-use effizency 24
Waxes 36, 39
Wilting, and ABA 205, 287

Xanthium spp
and ABA 206, 207
CO, responses 147
debudding 192
light responses 163
temperature responses 151
Xanthoxin 204, 208
Xylem flow 200

Zea mays 7
ATPase 250
guard cells 44
phenolics 143
potassium 1ons 233, 242, 243, 255
stomata 47, 48
Zeaxanthin 136, 338
Zosterophyllum myretomanum 12
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