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ABBREVIATIONS -

Abbreviations according to the Systeme International d'Unites (SI)
as interpreted by Morris (19T4) were used. Temperatures were recorded
on the Centigrade (C) scale rather than tha Kelvin scale. The usual
symbols for elements and molecules were used. Other specialised
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ECD — Electron Capture Detection

Et20 - Diethyl ether
~Fig. - ‘Figure

FID - Flame Ionisation Detection

f.ow. - Fresh Weight

GLC - Gas-~liquid Chromatography

IAA - Indole-3-acetic Acid

IR - Infra-red

Km ~ Substrate concentration at 0:5 maximum initial velocity

of an enzyme-catalysed reaction (mol m_3)

A - Wavelength

Me - Methyl

m/e - Mass-to-charge ratio

MES - 2( n—Morpholino) ethane Sulphonic Acid
MeOH = Methanol

M3 — Mass—spectrometry

M.S5.A. - Mean Stomatal Aperture

n — Number of Units Measured

NR - Non—random



PEgn - Polyethylene Glycol of chainlength n

_pH - "loglo [H+J v

PIPES - Piperazine-NN'-bis-2-ethane Sulphonic Acid

Y -~ Water Potential

PVP - Polyvinyl Pyroltidone

R — Random

RH - Relative Humidity

S5.E, - Standard Error

STP - Standard Temperature and Pressure (20 C, 101-3 KPa)
TIBA -~ 2,3,5, triiodobenzoic Acid

TLC - Thin-layer Chromatography

ta - Half-life

U% - Ultra-violet

var. - Varietas

Vmax - Maximum initial velocity of an enzyme catalysed reaction
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" SUMMARY

The experiments of this thesis weré concerned with the involvement
of abscisic acid (ABA) in the control of stomatal closure following
water stress. The hypothesis that this control is exérted in a truly
hormonal menner was introduced by considering the evidence implicating
wilt-induced ABA in certain post-stress stomatal responses in relation
to present concepts of phytohormone action.

The results are presented in seven sections, each dealing with a
specific aspect of the investigation. Section 1 was concerned with the
development and characterisation of experimental systems whereby the
effects of ABA on stomata of isolated leaf epidermis segments of
Commelina communis could be studied. The importance of such factors
as the ionic content of the incubation medium, the physiological state
of the source leaf and methods of aperture measurement were assessed.
Stomatal opening could be influenced by adding KCl to the basic 10 mol mfs
PIPES buffer (pH 6+8) incubation medium. Levels of the salt greater
than 100 mol mf3 led to apertures in excess of 10 um after 2 h, but when
ABA treated (0+1 mol mf3), closure was not complete, If segments were
floated on 50 mol mf3 KC1 buffer, adequate and reproducible opening
was obtained, and when transferred to ABA~containing solution, rapid
( <15 min) and complete ( < 0¢3 ym) stomatal closure was observed.

This medium was therefore used for all other experiments. Addition of
Ca++ to the medium was found to result in closure of stomata and was

not otherwise carried out, Senescent leaves yielded segments which
were less éensitive to ABA than the youngest fully— expanded leaves
normally used. Prior water stress to individual leaves or whole plants
over short (0-5 h) and long (6 d) periods resulted in inhibited stomatal
opening, _

In Section 2, 1%C-labelled ABA was presented to epidermis tissue
floating on buffer solution. The subsequent upteke of radioactivity
was assayed quantitatively and qualitatively using the teehniques of
scintillation spectrometry, TLC, and soluble-compound microautoradiography.
Uptske, which was a function of the presence of living cells, appeared
to occur in such a fashion that radioactivity from IYC-ABA accumulated

in the guard cell region. Approximstely 5.9 fmol ABA per stomatal
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complex had been taken up at the time of stomatal closure. The efflux
of radioactivity frqm tissués-was-rélaﬁivél& répid and 3 éxponential
decay phases of efflux.raté could be distinguished within 2 h. These
appeared to correspond to éfflux from'frée space and living tissue
compartments, Efflux wés correlated with stomatal re-opening,
indicating that the ABA content of the tissué controlléd stomatal
opening potential. The kinetics of this re—opening were similar to
those of stomata on epidermis from pre~stressed leaves. These results
were discussed in relation to possible transport routes for endogenous
ABA synthesised in the mesophyll.

Section 3 involved the use of 86Ry* as a tracer for K+, the major
cation involved in stomatal movements, 85Hb+ was taken up by tissue
into the guard cell region, and both the pattern of this uptake and the
rate of subsequent efflux was found to be affected by ABA treatment.
When supplied continuously, ABA resulted in a lower proportional uptake
of 863b+ into the guard cell region. The rate of efflux of the tracer
after 2 h uptake was increased compared to controls if tissue was then
placed in ABA-containing solution. This effect was confined to the first
10-15 min of efflux, correlating with the time taken for closure to occur.
These results were discussed in relation to the mode of ABA action.

The fourth section described the development of a whole-leaf
incubation system which was then used to examine the effects and
movement of l%C-ABA supplied viq the transpiration stream. Autoradio-
graphic evidence indicating guard-cell uptake of the hormone corroborated
the conclusions of Section 2. In addition, it was possible to obtain
'upper limit estimates' of the sensitivity of Commelina stomata to ABA
utilising the ability of this plant to yield epidermal peels. Thus, it
was Tound that significant stomatal closure could be effected by as
little as 45.5 amol ABA per stomatal complex. Complete closure (within
40 min) apparently required over 230 amol per complex.

Section 5 provided a measure of the sbility of Commelina leaf
tissue to synthesise ABA during a short—term (0-5 h) water stress.
Levels of the hormone estimated by GLC-ECD rose from 31 to 178 ng per
gramme fresh weight after 3 h incubation of tissue which had lost 10%
of its fresh weight. Investigation of optimal ABA purification

procedures was also carried out.
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An attem;p‘!s was made in Section 6 to examine the mltrastructure of
Commelinag epidermisf Plasmodesmatal junctions between cells were
observed in all cell walls except those between guard cells and
subsidiary cells.. The relevance of this finding in relation to inter-
cellular transport routes and mechanisms was discusséd. .

The seventh and final section described the transport of radio-
activity from ABA in the phloem sap of Rieinus communis; Double-label
techniques were used to study co-transport of ABA and sucrose. The
hormone appeared to be readily translocated. GLC-MS was used to identify
free ABA in Ricinus phloem sap.

In the General Discussion the results were considered in relation
to the concept of the hormonal nature of wilt-induced ABA action, and

areas of research deserving of further attention were identified.



GENERAL — INTRODUCIION

This thesis 4s concermed with the hormonal nature of the
tnvolvement of abscisic actd (ABA) <in stomatal closure following
wilting. To introduce this theme it appears relevant, therefore,
to discuss present concepts of plant hormones in general before
assegsing current knowledge about ABA in pariticular.  This 78
followed by a survey of the evidence implicating wilt—induced ABA
in certain stomatal responses, and comments on the nature and
mechanism of guard cell movement.  Accordingly, the introduction
g 8plit tnto four sections.

SECTION I. THE PLANT HORMONES

Adveanced multicellular organisms integrate and correlate the
relationships between organs, tissues, and cells. This fundamental
requirement for complexity of construction and function is achieved
during the processes of growth, development and reproduction, and in
response Lo changes in the environment. Thug, the evolutionary
success of & species is at least partly dependent on the establishment
of efficient mechanisms whereby coordination can be effected (Barrington,
1964}, It appears that the nervous and hormonal systems have evolved
to fulfil this need.

In plants, hormonal control is believed to predominate, although
'nerve-like' plant responses have been described (Sibacka, 1969).

From the many molecules known 1o be synthesised by photosynthetic
organisms, indole acetic acid, gibberellins, cytokinins, and abscisic
acid have been given 'plant hormone' status in the literature, with

the classification of ethylene debaled. However, despite the wealth

of experimental work on these compounds, little in the wsy of unequi-
vocal evidence for physiological roles of the phytohormon=s has
accumlated. In this section of the introduction methods of evaluasting

laent hormone action are discussed.
P

Historical

Credit for the initial concept of hormone sction is generally
atbributed to Bayliss and Starling (1902, 190k),  From experiments
on animals they deduced that a blood-carricd secretion of the intestinal

wall stimulated pancreatic activity. They suggested that a number of
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animal reflexes couwld be explained by the action of specific organic
gubstances produced in one orgen and transported in the blood stream
to a site of action in anolher. Starling (1905) christened these
chemical messengers 'hormones', from the Greck hormaein, to stimulate.
Huxley (1935) reconsidered the original hormone concept taking into
accounl later infcrmation on the variety of chemical control found in
biological systems. He proposed the general term gectivators, defined
as: 'chemical substances produced by the organisms, which exert
specific functions in regard to correlation of differentiation’. This
included 'parshormones', 'chemical transmitters', 'chemodifferentiators'
and 'circulatory' and 'diffusion’' hormones. The title hormone was
reserved 'to cover all cases in which transport from tissue of production
to tissue of action is found', whatever the means of translocation.
The great 19th century plant physiologists (e.g. von Goebel,
Jost, Sachs, Pfeffer) discovered thal many aspects of plant growth
involved phencmensa of correlation and irritsbility. Controversy
existed (as it does in some cases now), concerning the imporbance of
nutritional factors or the action of 'formaetive substances' carried
in the 'saps'. It was through the study of tropic movements, however,
that the idea of hormones in plants first developed. Darwin and Darwin
(1.880) showed that in coleoptile phototropism and root geotropism, the
regions of stimulus perception and of adjustment growth were spatislly
separated. Thgyconcluded: 'some influence is transmitted from the
upper to lower part, causing the latter to bend'. Later, Boyson-
Jensen (1913) showed that the 'inTluence' could crogs a wound gap and
Padl (1919) demonstrated that it would pass a layer of gelatin, but
not mica nor platinum foil. Went (1926, 1927) confirmed the chemical
nature of the 'influence' by allowing it to diffuse from iscolated
coleoptile tips into agar blocks; when the blocks were asymmetrically
applied to coleoptiles withoub tips, & curvsture resction occurred.
Padl is sald to have introduced the concept of a plant growth hormone,
but he used the term 'correlation carrier'. In fact, Fitting (1909,
1910) had earlier mentioned the word 'hormone' to describe n substance
or substances involved in post—-flowering phenomena of tropical orchids.
Nevertheless, study of tropic reactions stimulated the initial interest

in plant hormones,



Nomenclature and Definition

The word 'phytohormone' was introduced at an early stage bo
distinguish plant hormones from those of animals, but several other
names have since been preferred by specific authors. The generic
synonyms include: Plant regulators, plant growth regulators, plant
growth hovmones, plant growth substances (see.Tukey et al. 1954), and
the more escteric ergons (Larsen, 1955), bZos (Léve and Ldve, 1945),
correlation carriers (Padl, 1919) and semiochemicals (Birch, 1974h).
An attempt was made to propose a uniform defined nomenclature (Tukey
et al., 195U), but agreement has been by no mesns wiversal (Larsen,
1955; Audus, 1972).

whilst it is clear that restricted definitions limit practical
usage (Van Overbeek, 1950), due regard must be made for esteblished
etymological meening (Larsen, 1955) and scientific precedent (Huxley,
1935), The definition of 'hormone' which appears in Webster's
Dictionary (1961} is: 'a specific organic product of living cells
that, transported by body fluids or sap, produces a specific effect
on the activity of cells remote from its point of origin'. Pincus
and Thimann (1.948) considered that a 'phytohormone' was: ‘an organic
substance produced naturally in higher plants, controlling growth
or other physiological functions at a site remote from its sile of
action, and active in minute amounts'.

According to these definitions, man-made compounds not known to
occur in plants cannot be termed hormones, and the term 'plant
regulators' or 'plant growth regulators' was proposed by Tukey et al.
(1954) to include natural agnd arbtificial compounds. They defined
regulatops as 'orgunic compounds', other than nutrients, which in
small smounts promote, inhibit or ctherwise modify any physiological
process in plants'.,  However, this term was objected to by Larsen
(1955), who claimed that the established definition of the verb to
regulate was: 'to adjust so as to work accurately and regwlarly'.

He maintained that many of the man-made compounds did not Tulfil this
definition in their elfects, ond proposed the terms growth substance
and growth hormone to cover artificial end endogenous compounds

respectively. Latterly, Cram (1976) has distinguished the terms



regulate and control, stabing the regulation should refer to 'adjustment
with regerd to some lew, stendard or reference ....', whereas gontrol
describes in o more general sense: 'the exercise of regtraint or
direction upon'. The term ‘regulate’ should thus only be used to
describe immediate effects on specific processes. As most experimentsal
plant systems are complex, and the mode and site of schion of phyto-
hormones little understood, these restrictions seem to forbid the use

of the term 'plant regulators'.

Hence, the name plant growth substaonces has come into general usage
(e.g. Audus, 1972). Unfortunately, recent evidence suggests thai the
plant hormones and related substances do not always operate through the
control of growth per se, or even through allied effects on differentiation
cr cell division. Several examples of hormone-mediaied responses to
changes in the environment not involving growth have beesn described (see
Vaadia, 1976), and therefore use of this term msy be misleading.
Moreover, to use 'plant substances' would clearly be sbsurd, and whilst
the simple term 'plant hormone' may be applied to naturally occurring
substances suspected to act in the traditional manner, there is at
present, no adequate agreed term for compounds such as fusicoccin and
kinetin not known to be naturally synthesised by higher plants.

The difference between hormones and vitamins is indistinet in zome
cases {see Auvdus, 1972; Morton, 197k). One approach is Lo separabte
the two on the basis of type of action (Phillips, 1971). Thus Folkers et al.
(1969) defined a vitamin as ‘an orgenic substance of nutritionsl nature
present in low concentration as a natural component of enzyme systems'
which 'catalyses required reactions and may be derived externally to
the tissues or by intrinsic biosynthesis!'. Vitamins are thus,
generally, enzyme coflactors, end whilst hormones may affect cellular
proteins directly, this is probably in an allosteric fashion rather
than at the site of action. The vitamin concept is more relevant
to the hetercotrophic animal and lower plant groups, since these must
tske in vitamins with food. However, aspects of the translocation
of' such cofactors as nicobinic acid, pyridoxin and thiamin between the
shoot and roots of plants are hormonal (see Thimann, 1948).

Mer (1968) discussed the classification of inhibitory compounds,

stabing that o true ‘nhAibZtor inhibits a process normally cccurring



5.
rather then one specifically promoted by another substance. For the
latter case he supgested the term 'counteractant', Larsen (1959)
defined 'growth inhibitors' as 'substances which retard growth both
in shoot and root cells and have no stimulstory range of concentrations'.
Several wuthors consider the idea of 'inhibitory hormones' to be a
contradiction in terms, since the word hormone is derived Ffrom the

Greek 'to stimwlate' (Phillips, 1971).

Jacobs ' Rules

Notwithstanding the continuing controversy over nomenclature,
remarkably little has been published on the criteria by which a
substance can be considered to be a plant hormone, surely s crucial
element in experimental design and interpretation. Jacobs (19%9)
formulated a set of six rules, with the mnemcnic P.E.S.I.3.5., for
critical appraisal of the guestion: 'What substance controls a given
biological process?’'. Other authors have discussed isolated aspects
of this problem (Audus, 1972; Dennis, 1977; Wareing, 1977; Hillmen,
1978; and Reeve and Crozier, in press), but no recent critical

review has appeared.

Rule 1. Parallelism

This requires that a hypothHetical controlling compound is shown
to be 'normally present' and that 'the amount of structure varies in
the intact organism in parallel fashion with the amount of chemical',
In recent times emphasis has been firmly placed on the demonstration
of 'endogeneity'. It is increasingly obvious that levels of a
compound in a tissue need not alwsys be related to effect, and, as
previously mentioned, hormone action appears not %o be confined to
the phenomena of organogenesis or growlh.

Attention has thus moved to the standards by which specific
organic compounds are Judged to exist in a plant. Attempts to solve
this problem, raised by Van Overbeek (1950), have led to the use of
advanced physicochemical techniques in the search for adequate evidence

(Billman, 1978). However, it is apparent ihat absolule certainty in

this contexl is impossible, and that results should be handled in &
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statisticel manner (Reeve and Crozier, in press). Yhe latter authors,
using the concepts of information theory, show that about 50 hite of
information are required to specify, with high probability, the
structure of an organic molecule of formula CvaOxNy(between the limits
100-1h00 amu, x, y < 6). They conclude thet full-scen mess spectrometry
is the sole available technique to yield zuch informatinn in a single
test.

Quantification of hormone levels is necessarily linked to
identification. Detection systems must be both sensitive and selective
to separate and guantifly the large number of compowds present at low
concentrations in plant extracts. It follows that some assay methods
such as bioassay, radicimmmoassay and colorimetric tests lack the
required selectivity and accuracy required for hormone analysis.
Quantification using these methods therefore involves assumptions that
the measured entity is both the compound expected snd a zingle substence,
Whilst it is feasible to measure sensitivity, selectivity, accuracy and
precision for a given series of techniques, it is unlikely that enough
information will be accumulated unless some form of mass spechrometric
verification of molecular identity is obtained {Reeve and Crozier, in
press ). Unfortunately, mass spectrometic methods may lack the desired
gsensitivity for measurement of hormone levels in individual plants or
organs, and compromise may be necessary. The approach of 'successive
approximation' may be appropriate (Reeve and Crozier, in press).

Normally, hormone levels are assessed in solvenl extracts of the
tissue of interest which are then purified using a range of techniques.
As yet, no satisfactory evidence exists to suggest that extraction 1is
8 quantitative process. In pigmented tiséues a common criterion used
is the removal of all colour from the tissue (McDougall and Hillman,
1978). Others have analysed the hormone levels in successive exbracts
from a batch of tissue to determine a 'point of diminishing returns'.
(Quarrie, 1978; Hemberg and Tillberg, 1978). The usce of different
solvents has been assessed (Milborrow and Mallaby 1975; McDougall and
Hillman, 1978; Hemberg and Tillberg, 1978) and methanol appears to
be most efficient. Milborrow and Mallaby (1975), cautioned that
methanolysis of conjugated hormones might occur in mothanol at alkaline
pli. An anslogous hydrolysis of conjugates may also occur during

purification (Bandurski and Schulze, 3197h). Remarkoble increases in



7.
extracteble gibberellins found when detergents were used in extraction
(Browning and Saunders, 1977) suggest'thut a proportion of the hormone
pool is membrane bound: i1f the result is verified then this fraction

may well be physiologically important.

After extraction, diverse methods are used to reduce the number of
potentially interfering compounds (commonly assayed as 'dry weight'),
vhilst retaining the compound of interest. Inevitably, lhe efficiency
of these processes is not perfect and (often variable) purification
losses are incurred. Efficiency should be estimated, in every case,
by the use of an identifiable purification‘st&ndardy which should not
be distinguished significantly by the purification procedures. This
restricts the possibilities to isotopically labelled isomers of the
compound of interest, which require to be discriminated and quantified
only in the finsl stages. If a radiocactive isomer is used, care must
be taken that the method of radiocassay includes some selective process
(McDougall and Hillman, 1978) to assess breskdown during purification.
Ideally, the criteria used in assay of s standard should be of eguivalent
rigour tothose used for hormone identificsation.

Even after deliberation of the problems of hormone extraction and
purification, a topic of fundamental importance remains — the physio—
logical significance of any estimates of hormone levels. Although it
is assumed that the molecular reactions in which hormones may be involved
vhen acting must be affected by concentration (Audus, 1972), estimated
whole tissue hormone levels probably do not express .the correct
concentration. Thus, the plant may be seen Lo be divided into
'compartments' in which hormone 'pools' have a concentration presumably
related in some way to response (see Dennis, 1977). These may operate
at the tissue level, or as seems more likely, at subcelluiar levels.
Various attempts have been made to isolate organs, Lissues and sub-
cellular fractions before extraction to increase the relevance of
results, but this may not be of great use unless much is known of the
mode of action of the hormone. In any case, correlations between levels
ang tissue response do not prove causation alone, and must be seen as
part of a larger group of information.

It is also possible to hypothesise that hormone concentration
per se, even in the correct compartment, need not be related to effect.

If{ true, the status of such a compound as & 'chemical messenger' would
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be in doubt, Thus tissue response sensitivitly could vary with, for
instance, environmental conditions, and & constant concentration of
hormone elicit a different response. Altematively, only certain
cells in a tissue may be normally responsive - a change in distribution
ol hormone within & tissue leading to response. Yet a further
possibility to be considered is that metabolic rates are important in
response (see Dennis, 1977), since rates of hormone turnover could
vary while the free hormone pool rcmsined constant. Attempts can be
made to test the above possibilities using exogenous compounds and
these will be discussed later.

The idea of 'competence' or 'target cells' (Osborne, 1977) is
attractive in plants, as it is frequently found that groups of cells

respond to hormone application rather than whole organs.

Rule 2., Exciaton

This requires that the source of a putative hormone be removed 1o
'demonstrate subsequent absence of formation of the strucbure' - perhaps
better modified to simply: 'demonstrate lack of effect’', There are
three approaches to test this rule. In the first, the tissue thought
to synthesise the hormone is excised (e.g. the tip of a coleoptile)
and the effect compared to controls. Into a similar category come
treatments which iavelve diversion of the translocating system, like
bark ringing or use of mica slips. The main problem associated with
both these methods is the effect of wounding: it is known thal ethylene,
which has dramatic effects on plant growth and development at low
concentration, can be released by injured cells (see Abeles, 197h).
Removal of an organ which is & source or sink may also disrupt normal
tranclocation patterns to give spurious results: of the transport
systems, the phloem certainly is turgor dependent and may be (at least
temporarily) affected by organ excision (Hall and Milburn, 1973). A
second method is to apply a 'specific' inhibitor of the synthesis of
the substance of interest. Such a compound should ideally act at the
late stages of anabolism; cell-free studies should also be used to
identify the pathway position and mode of inhibition. Complications
include lack of specificity in action and prccursor build-up, both of

which may alter normal channels of metabolism. The precursors them-



selves may also have residual hormonal activity.

Genetic mutants provide a third mebthod of 'removing' o compound.
Of these, single-gene mutents having a completely inactivated synthesis
are most useful. Some mutants may be multbti-gene or invelve only
partial inactivation of synthesis: thus the mutant syndrome may
involve the disruption of several pathways or may not involve complete
lack of effect. Similar constraints concerning precursors apply,
and clearly knowledge of the metabolic position(s) and type(s) of the
block(s) should be acquired. A further problem may apply if the 'blocked'
hormone is involved in a sequence of developmental phenomena because
the cumulative effects of lack of hormone may not allow growth of en

adequately developed experimental plant.

Rule 3. Substitution

This covers the application of synthetic hormone Lo the plant,
substitution of an organ by synthetic compound, snd substitutiocn of an
organ by an extract of the organ. Respplication of extracts of
organs after successive degrees of purification is a classic method
of investigating hormone identity, particularly in animal physiology
(Wade, 1978). However, a majority of the evidence cobtained in recent
years about plant hormones has simply involved the application of
eXogenous compoundé. The results of such 'effectology' though, canaot
be considered in Zsolation to prove that a substance acts hormonally,
if at all, in the plant.

Difficulbty has been experienced in hormone application and donation,
it being often impractical to assess whether a compound has reached the
site of interest, at what concentration it is present, the effects of
osmolbic and chemical factors, and the consequences of ahy wounding
wvhich might occur. Normally a substance is applied in organic solvent
gsolution, lenolin paste, agaor blocks or buffer solution to the whole
or part of a plant and any effect compared to controls. Quantitabive
evidence strengthens the overall case (Jacobs, 1959) but this implies
knowledge of the hormone concentration within the plant, which is
usually not available. Nevertheless, there is a range of concentrations

generslly deemed to be 'hormonal' - roughly from 0.1 mol mfg downwards.
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In cases where radioactive analogues of a hormone are used it may only
be possible to use the highest concentrations of this range as the
specilic activity is often not high enough to ullow subsequent radio-
assay, quantitative or qualitative. Nevertheless, by far the greatest
problem encountered is concerned with whether the compound actually
reaches the tissue cells or compartment of importsnce. Thig is found
especially in studies of structure-function (see McWha et al., 1972).
Tt is often not known whether an applied compound without effect haos
merely not penetrated to the relevant compartment (possibly as a
function of its different molecular structure), or is genuinecly inactive.
To some extent, radiotracers can provide cvidence. These can also be
used to test the possibility that a positive respouse is not due to
internal metabolism of an analogue to the aclive substance.

Besides response selectivity, sensitivity can also be examined by
applying exogenous compound: 1f different concentratiors are applied,
the minimun awmount required to elicit responsc cen be estimated,
particularly if radiochemicals of known specific activity are used.
Again, it is often presumed that the compound has reached the compartment
of interest. Also, potential metabolism needs to be examined,  The
resulls obtained can be correlated with endogenous hormone fluxes.

Application of radiolabelled tracers is a traditional method of
examining biochemical pathways and can thus be adapted for work on
hormone synthesis and breakdown. Methods and sssociated preblems have
been reviewed by Brown and Wetter (1972). A neglected aspect is
isotope discrimination {Goad et al.,1972), although elegant use¢ hag
been mads of stereo/radio iszomers to yield informetion aboul pathways
(see Cornforth, 1969). Other approaches include isotope dilution,
iscltope trapping and competition, short time—-course tracer distribubticn
studies and use of inhibitors (Brown snd Wetter, 1972). The main
disadvantage is the effects of artificially-high concentrsation. Cell-
free systems may be valuable and tissue of suitable age and physiology
should be chosen. It must also be stressed thatphysicochemical mcbthods
of metabolite identification are to be preferrcd,

In & siwmiler fashion the concepts of enzyme kinetics have also
been 'borrowed! from biochemistry to analyse hormone effects (Woster

et al., 1952). It is assumed that a crucial part of hormone action
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requires hormone active-site interaction and that the comparative
parameters (Vmax and Km; where [S]E [hormoné] and reaction rate
= response rate) are relevant. This so—called 'Michaelis-Menton
approach' has been criticised because it over simplifies the systems
involved (Audus, 1972). Such methods might be more useful were the

site and mode of action of the hormones known.

Rule W, Tsolation

This requires that as much of the reacting system as possible
should be isolated and the elfect of the chemical shown to be the
same as in the more intact organism. The aim is to reduce the
probability that the compound acts primarily on another process.
Unfortunately, interrelations between other systems may complicate the
analysis of results. Ixplants have often been used in phytohormone
studies, but disruption of aspects of whole plant physiology (such
as nutrient and water supply) and lhe effect of wounding must be
considered. Hence, the physiological relevance of many studies of

hormone transport or effects on segments and explants is restricted.

Rule 5. Generality

This is meant in the sense that results should be confirmed with
other species (or, if applicable, other types of organ). Selection
of particular species {or even varieties) for specific experiments
often has adventages and may even be a prerequisite for certain studies;
this may mean that interspecies confirmstion of results is difficult
or impossible. In an extreme form, results may be variety or cultivar

specific.

Rule 6. Specificity

This refers Lo the requirement that effects demonstralted should
be restricted to a single compound. Study of molecular specificity
invelves comparison of the effects of hormone analogules, which have
been discussed under rule three. The same cauticns apply here.
The problem is seen in exaggerated Torm in the case of the gibberellins,

of which over {ifty have been identified (Heddon et al., 1978).



Other Considerations for Hormone Aclivity

In the formation of the above rules, Jacob {1959) did not use the
word 'hormone'. If the definition of a cowpound affecting a
biological process in plants is to include this word, sxpansion of
his guidelines is required.

There are three explicit elements to the concept of hormone
action of Bayliss and Starling: synthesis, transport, and effzci.
Problems associated with the demonstration of hormone endogeneity
and action have already been discussed; the following section considers
hormone transport, and, more generally, the control of hormone levels
at, their site of action. Clearly., a part cf this contyol involves
release and translocation systems, bubt it 1s axiomatic that some
further action must occur in the 'target' tissue for the manifestation
of effects (Robinson et al., 1971).

In contrast to higher snimals, where the bloodstream and lympheatic
system constitute well-defined trenslocating pathways between organs
that are usually discrete bodies, plants have three apparently inter-—
acting systems capable of mass transfer (distinct from the common
possibility of diffusion). These are the phloem, xylem and symplastic
pathways (Evans, 1976). Furthermore, plant tissue differentistion is
less -discrete, in that various specialised groups of cells (including
those of translocating system) tend to merge and the background parenchyma
exhibits degrees of specialisation according to position (Eeau, 1965).
This leads to difficulties in the physical distinction between areas,
and consequently in the identificaticn and isclabion of synthesising

and responding centres as well as the examination of hormone transport.

Transport: Spatial Separation

Van Overbeek (1950) commented. that the distance between sites of
phytohormone synthesis and action might wvary from that between organs
to that between molecules within a single cell, Thisg open inter-
pretation diverges from the original Deyliss and Starling concept.
Indeed, the compounds controlling processes within cells have usually
been specifically named under the umbrella term 'intracellular activators'

(Huxley, 1935). Examples are messcnger and transfer RHA (Jocob and
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Monod, 1961); enzyme effectors (Monod et al., 1963) and the naming
of cAMP as 'second messenger' (Robison et al., 1971).

Huxley's biological activators were classified according to
distance and means of transport. Local activalors act on the cell
(intracellular activators) or tissue (regional activators) in which
they are produced. Hormones (or distance activators) have elffects on
tissues and cells other than those in which they are produced and can
be divided as diffusion hormones or cireculatory hormones according to
mode of translocation.

In plants, the 'organ—-to—-organ' action of Bayliss and Starling is
restrictive in any case, since only four crgans are recognised. These
are: stem, leafl, root and reproductive zones (see Esau, 1965). It
seems more suitable, both from morphological snd functional considerations
to divide plants into tZssues, based on the dermal, vascular, and
Jundamental systems, but no simple all-purpose definition of tissue casn
be given (Esau, 1965).

According to Huxley's classification, some evidence of transfer
of chemical between tissues is required to demonstrate true hormone
action. The approaches to this topic in plant systems can be
cabegorised as follows. In the first instance, a putative hormone
should be showi to be present in the translocating systemn, For this,
it is necessary to isolate the system or sample the contents of the
translocating conduits. A raﬂge of methods have been used to do this
for the phloem and xylem and specific problems have becen reviewed
recently (Fensom, 1975; Milburn, 1975; Peel, 1975; Van Die and Tammes,
1975; YZiegler, 1975; King, 1976; Pate, 1976). In contrast, few
specifié methods are known for analysis of the symplastic system.

The 'diffusion' method allows collection of substances in agar blocks
(see Dennis, 1977), but it has been questioned whether this type of
transport is symplastic (Goldsmith, 1977). '

Obviously, the criteria used to identify and estimate the levels
of hormones in the transport 'fluids' should be as rigorous as for
cther plont extracts. In practice, a general lack of cellulsar
contents confers an advantage: extracts may not need such extensive
purification as those from whole tissues.

A second method is to demonstrate the translocation of applied
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compounds , prefershly between known sites of synthesis and action.
This presents severasl technical ditTficulties, especially donation to
the relevant translocating system. Methods of application are
usually similar to those used for assessing hormone effects. T'ew ,
with the exception of xylem injection, are direct. Much use hag
been made of radiocactively-labelled compounds, but it is inportant to
analyse the molecular state of the label after tranzport.

A third group of methods provide an indirect approach. An
assessment of mode of transport can be made by comparing the rate and
distance of hormone transport with that found for other solutes in
the system. Thus, 37% of a population of small orgenic molecules
would diffuse 1 mm (in water at 20 C) in approximately 4.2 min but
would take roughly T h to travel 10 mm and 8 years to move 1 m
(calculated from Fick's Lew, see Nobel, 197h). A characteristic of
diffusion is that the apparent rate of transport diminishes according
to the distance from the source, whilst physiclogical processes tend to
maintain velocity independent of distance (Nobel, 197)). Symplastic
transport (Tyree, 1970) appears to occur with a velocity of roughly
15 mm h"l{Goldsnﬁth, 1969) . This transport may be polarised,
indicating a metabolic process (Goldsmith, 1969). In the phloem
solutes travel at 0.2-1.0 m h“l (Nobel, 1974). Yylem transport,
which is normally towards the leaves, occurs at rates, depending on
environment, of up to 3.6 m nt (Nobel, 1974 ). Phloem and yylem
transport are frequently distinguished by the use of stem girdles or
hark ringing treatments (e.g. Hocking et al., 1972). Movement of
gaseous compounds such as ethylene could be by diffusion within
intercellular spaces or in convection currents outwith the plant.
Ethylene is also surprisingly soluble in pure water (cq.)O mol w3 at STP)
and may be translocated like other soluble hormones.

Treatments such as anoxia and use of respiration inhibitors can
indicate that an active process is involved.  Specific compounds
(e.g. TIBA for IAA) mey appear to inhibit transport by competing for
sites (CGoldsmith, 1969).

In certain cases it may be possible to show that a particular
tissue does not synthesise hormone in response to treatment when

isolated, whercas an adjoining tissue can. If redistribution of



hormone after treatment of the intact system can be shown, it is
logicsl to assune movement of hormone between the tissues (e.g.
Loveys, 1977). Likewise, transient fluxes of hormone in connecting
tissues would give indirect evidence of transport.

A debatable point is the extent to which phytohormones can be
considered to be 'ecirculating hormones!'. Much sttention has been
given to aspects of 'short distance' plant hormone transport,
particularly in the case of 1AA, and Goldsmith (1977) has discussed
the mechenisms which may be involved.  Recently, interest has been
shown concerning hormone translocation in the 'long distance' transport
systems - phloem and xylem (King, 1976). If the 'diffusion' of
Huxley is taken literally, then symplastic or other apparently metabolic
modes of short-distance transport must be considered 'circulatory'.

On the other hand, Huxley himself (1935) classified plant growth hormones
in the 'diffusion' category - perhaps due to lack of information on
translocation.

Difficulty in isolation of the sites of synthesis and effect,
combined with dearth of knowledge aboul precursor and catabolite
identity, have meant that it iz often difficult to establish whether
a compound ig transported itself or as a metabolite. Thus , hormone
conjugates have been hypothesised as the transported moieties (cee
Wareing, 1977); some gibberellins are translocated whilst others are
not (see Jones, 1973). It is‘not obvious in this case which molecule
should have hormone status: +the transported compound, or that which
may appear to have effect after metabelism in the responding tissue.

Direct effects of phytchormones on the transport systems them—
selves have been postulated (Wareing, 1977) but knowledge of specific
responses is limited (Moorby, 1977). Indirect effects on source and

sink metabolism are better documented (Moorby, 1977).

Transport: Temporal Separation

Whilst it is clear that some element of spatial separation
between sites of synthesis and action is necessary for hormone action
as defined by Huxley, a corollary of this is that tempcral separaticn
of stimilus and response must also occur. This has led to the

divieion of hormone responses into several events: perception of
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stimulus, trensformation of stimulus into biochemical informstion,
transmission of information snd response to informstion. The first
two evenls are often grouped as 'presentation time'. A 'labtent
period' is considered to correlate with translocation of chemical
messenger, followed by response during the 'reaction time'.  Although
partially covered by the parallelism of Jacobs, temporal separation

of stimulus and effect may be seen as a consequence of hormone action.
Wareing (1977) stated: ‘spatial separation of the sites of growth-
substance production and action is not an essential requirement of
control involving temporal modulation', however, a substance corresponding
to this description would presumably be classified as a local activator
rather than a hormone.

Aspects of the temporal control of hormone levels have been
discussed by Audus {1972) and Wareing (1977). Such contrel rests
largely on the rates of biosynthesis and release, transport flux,
and rate of inactivation of hormone at the site of effect. The
kinetics of hormone synthesis can be studied by methods previously
described, but the information accumulsted thus far does not allow
extensive speculation. There have been few investigations of loading
and release of hormones into the translocating systems, and it is not
known whether active loading occurs or whether hormones passively

follow water movement.

Receptors

A further characteristic of hormone action is the uptake and
recognition of hormone molecules by target tissue.  Specific hormone
receptor proteins have been postulated which combine reversibly
with hormones to give a complex representing an ‘'activated structure'
capable of inducing the primary hormone reaction (Kende and Gardner,
1976).  The concept has found particular proof in the case of
mammalian steroid hormones (O'Malley and Mesns, 197h). Kende and
Gardner (1976) discussed a set of three criteria to assess the

relevance of plant hormone binding studies. These were:

(8) receptors should be found primarily in cells of the

target tissues and not in non-~reacting zones,
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(b) the 'kinclic parameters' (dissociation constant, ete.)

of binding should be related to dose/response parameters

of the biological system,
and (c) a relationship should be shown between hormone analogue

binding ability and the biclogical sctivity of the

analogue (with the exception of those which are non-

competitive inhibitors).
$pecific problems are mostly related to the interpretation of
biological response variables, but the authors cautioned that:
'the existence of nonspecific binding sites in cell extracts is a
very real possibility', and concluded that no single rcceptor protein
for any of the plant hormones had been isolated. Notwithstanding,
existence of specific receptors may be considered to be a sine qua non

for hormone action (Robison et al.,1971).

Genome and Environment

Studies of phytohormones should always take into account the
possible permissive and conditioning roles of genome and environment.
Thus , hormone—-controlled processes may not be able to proceed without
the appropriate environmental or genebtic signal. Aternatively,
availability of nutrients and energy might limit hormone-mediated
development, In-phenomena controlled by irradiation, the action
of phytochrome may be important to trigger the synthesis or release

of hormones (Wareing, 1977). .

Substances and Phenomena

Many organic compounds have effects on plant sysﬁems. Even
when those not known to occur in plants are rejected, the total is
high (Steward and Krikorian, 1971; Gross, 1974). It seems almost
gbsurd, in retrospect, to have selected from this number five groups
of related compounds for rigorous study, and yelt historical end
methodological reascns for this can be identified. In the case of
1AM, the early interest in tropic phenomena‘was a focus for study;
regsearch on the gibberellins was greatly aided by the availsbility of

the GA-producing Tungus Gibberella fujikuroi, several dwart mutant
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plants, and some semi-specific metabolic pathway inhibitors; interest
in cytokinins has resulted from the fundamental. nature of the processes,
such as cell division snd differentiation, in which they are supposed
to acty with ethylene and ABA, research has been accelérated due to
comparative ease of physicochemical identification.

For other substances, it iz often not possible from the available
data sbout biological activity (usually from 'simple and limited
biocassays) to tell whether a given compound might deserve 'hormone'
status. The variety of organic molecules having effects is large and
for particular phenomens defies nomenclatbure based on simple chemical
affinity (Machlis, 1972). Some substbances appear to belong to the
external activator class of Huxley (1935) - compounds which diffuse
or passively affect other plants. This phenomenon has been btermed
allelopathy (Evenari, 1961), and the compounds involved pheremones
(see Birch, 197h). Classes of wvater-soluble and volatile plant
pheromones have been described, but it is doubtful that ethylene
normally works in this manner (Audus, 1972).

Por the vast majority of substances, however, there is, at the
moment, no specific physiological role proposed. In parsllel, there
are & number of physioclogical phenomena in which & chemical control is
implicated, but for which the modulating compound is unknown or uncertain.
Examples (depending on point of view) include vernalisation, senescence,
apical dominance, differentiation, initiaticn of cambisl activity, and
others (see Went and Thimann, 1937; Thimann, 1948; Audus, 1972).
Perhaps the best known is'flowering, where a 'florigen' has been
postulated for many years (see Audus, 1972; Zeevaart, 1976). Other
named substances without definite chemical identity include 'wound
hormone', 'leptohormone' {callus growth), rhizocaline (rcot formation},
caulocaline (stem, bud growth), (see Thimann, 19U8), and senescence
factor (Osborne et al., 1972).

A suggestion frequently made is that phenomena which do not seem
4o be controlled by a single plant hormone might be modulated by a
combination of hormones acting in tandem (e.g. Khan, 1975; Wareing,
1977). The naming of joint effect of compounds on physiological
processes has caused some controversy. In particular, the term

interaction was objected to in certain cases by Drury (1969}, who
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favoured the statistical definition of the term, and stated that
claimed 'intersctions' were often statistically invalid. The terms
'counteraction', 'antagonism', and 'synergism' have also been used
(Mer, 1968; Audus, 1972). The possibilities that two or more
compounds act at the same intracellular site, or that a balance of
hormones controls the overall process at different points of action,
must be distinguished (Audus, 1972). The lémter ig sn established
principle of animal endocrinology, as is the action of a hormone on

the synthesis, secretion or activity of other hormones (Frye, 1967).

To summarise, if hormonal action is hypothesised, a spatial
separation of synthesis and action must be shown. Otherwise, a
compound may belong to another of Huxley's calegories. Additional
information about hormonal action can be obtained from studies on
temporal separation of synthesis and action, and the presence of
receptors in the target tissue. Care must be taken to evaluate

environmental and genetic factors.

It is indeed possible that the substances controlling physioclogical
processes transcend the boundaries cf even functional definitions such
as Huxley's. Nevertheless, research in the field of plant physiology
has virtually ignored his classification and there is only one
appearance from a botanical journal in the Citation Index entries for
Huxley's 1935 paper between the years 1964 to 1977. Outwardly at
least, an ordered appraisal of the aforementioned rules end definitions
does not usually seem to have been made before hormonal action is
assumed. This may be due to the multiplicity of phenomena which
each compound has hypothesised to act. In individuval papers, such
deductions have often resulted from poorly-controlled experiments
concerning the effect of substance A on process By very infrequently
is a direct causal relationship indicated, Moreover, the responses
observed are often ill-described and known to be affected by many other
cellular or environmental parameters. It seems that intelligent
application of guidelines might well aid not only the interpretation

of results, but also the fundamental design of experiments.
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Methodological and interpretational problems associated with
the type of investigation required to demonstrate hormone action in
plants have been discussed in the light of the original and modirlied
definitions of this type of correlation. The components of phytohormone
systems and some of the complicating factors sre sumrarised in Pig.l,

In retrospect, the zules of Jacob (1959) widerestimated certsin
problems, but, as yet, no general agreement has bheen resched on the
eriteria which should be imposed before hormone actlion ig assumed.

Plant physiologists are still not in a position to evaluate the
importance of hormonal systems.in growth, differentiation, and

irritability.

SECTION J7T. ABSCISIC ACID

The first isolation of abscisic acid (ABA) from plent material
was performed by a group of researchers led by Addicott at the
University of California. In a series of experiments they isolated
and subsequently determined the structure of a substance thought to be
responsible for the abscission of young cotton fruits (Liu end Cerns,
1971; Ohkuma ct al., 1963, 1965). Parallel investigations in the
U.X. into a postulated hormone causing dormancy in deciducus trees
and a growth inhibitor present in yellow lupin fruits (see Addicott
and Lyon, 1969, for review) culminated in the isolation of ABA from
sycemore leaves (Cornforth et al., 1965a) and lupin fruits (Cornforth
et al., 196€). The structure of naturally ocecurring ABA was confirmed
by synthesis (Cornforth et al.,1965b). _

Although there has been some variation in nomenclstbure (see
Addicott and Lyon, 1969; Miiborrow, 19Th), the name absciate acid
is now taken to imply the compound shown in Fig.2a, having the full
chemical name 3-methyl-5-(1'~hydroxy-h'-oxo-2';6',6'-trimethy (-2~
cyclohexen-1'~yl)-ais ,trans ,~2,h, pentadiencic acid.  The molecule
1s capable of optical and geometric isomerisation and has cther
remarkable properties.

The csymmetric carbon atom at the 1' position confers optical
activity; ABA obtained from plant sources rotates plane polarised

light of wavelength 589 nm in a dextrarotatory manncr (Cornforth et «l.,
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1966). Applying the Cahn - Ingold - Prelog (1966) rules, natural
ABA is (+)-5—-ABA. Chemically synthesised ABA, on the other hand, is
o racemic mixture of the two optical enantiomers (Figs. 2a and 2b)
and thus does not rotate plane polarised light. It bhas different
propertics from natural ABA (e.g. melting point).  Milborrow (197h)
has reviewed the biocloglical actbivities found for these two lsomers,
Ile suggests the similarity generally found may be due to a spatial
symmetry of the molecule gbout the L' carbon, or alternatively, that
the hydroxyl group plays no part in ABA action in certain systems.

Geometric isomerisation of the ABA molecule can also occur by
rearrangement at the unsaturated bond between the second and third
carbon stom. It is a matter of some debate whether 2-trans—ABA
(t-ABA, ¥Tig.2¢) occurs naturally in plants. The two isomers are
interconvertable on exposure to visible and wWtras~violet radiation
(Mousseron ~ Canet et al.,1966; Lenton et al ., 1971l; Ciha et al.,
1977), snd it is comceivable that #-ABA is lost during extract
purification.  This possibility of differential purification
efficiencies for the two isomers should be considered when using
standards during purification. Some suthors report the presence of
t—ABA in extracts (Milborrow, 1970; Jones et al., 1976), whilst
others (avoiding irradistion of extracts) do not (Gaskin and McMillan,
1968).  The bioiogical activity of the geometric isomers is alsc the
subject of controversy. Milborrow (1974) suggested that activity
of ¢-ABA and trans isomers of analogues was due to0 rearrangement when
illumination was given during assay.

Methods of analysis of ABA have been recently reviewed by Milborrow
(1974), Saunders (1978), and Reeve and Crozier (in press). Many
authors have used bioassay methods to guantify ARA levels. These are
mostly based on the 'inhibitor-g' of Bennet-~Clark snd Kefford (1953),
a zone found in paper chromatograms of plant extracts wvhich is
inhibitory to Avena coleoptile segment straight growth.  This region
vas shown to contain ABA using physicochemical techniques (Cornforth et «l.,
1965a).  Milborrow (1967) claimed that ABA contents of plant extracts
vere similar when measured by optical rotabtory dispersion or by wheat

enbryo bicuassay, but other suthors have found that physicochemical and
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bioassay estimates differ substantially (Lenton et aql., 19723 Alvim

et al., 1976). Saunders (1978) states that ABA represents a small
fraction by weight of the inhibitor—-g fraction. Certainly, the complex
appears to contein many other active compounds, such as phenolic and
aliphatic acids, which might affect bicassey response (e.g. Varga and
Ferenczy 1957; Housley and Taylor, 1958; Roebinson and Wareing, 1964,
Kefeli and Kadyrov, 1971; Saunders , 1978). Furthermore, other
ether-soluble acidic plent hormones such as gibberellins may be present
and interfere with the bioassay response to ABA (Carr et al., 196L; Coombe
et al.,'1967!; De Lange, 197); Wareing and Sawnders, 1971).  The
stometal aperture bioassay of Ogunkenmi et al., (1973) scems the most
selective, being wnaffeeted by other hormones. Nevertheless, the
accuracy of bioassay results must ultimetely depend on the purification
procedure used., This may explain some of the discrepsncies found in
the literature.

Physicochemical methods for ABA determination are thus to be
preferred (Saunders, 1978). Again, 1t must be emphasised that none
guarantees absolute identification or quantification.  Methods which
have been used and the least amount of ABA required to quantify a
response are shown in Table 1.

- 8pectropolarimetry (optical rotatory dispersion, ORD) and
circular dichroism (Cornforth et al ., 1966; Milborrow, 1967) are
methods which utilise the optical properties of the ABA molecule.
Although reasonably precise and selective these methods are not
especially accurate, suffering from interference from other compounds
present in extracts (Addicott and Lyon, 1969; Saunders, 1978).

Davis et al., (1968) and Lenton et aql., (1968) investigated
ges—-liquid chromatography (GLC) of the methyl ester of ABA (MeABA)
using Tlame ionisation detection. Seunders (1978) discusses the
stationary colunn packings which can be used. A more sensitive
method of detection is electron capture detection (ECD), which was
invented by Lovelock (1958). It operates on the principle that the
conductivity of gases in an ilonisation chamber is very sensitive to
changes in the gas composition. With important modifications
(Lovelock, 1963), it can be used in conjunction with GI.C to estimate

levels of organic molecules containing certain electron-attracting



Teble 1: Limits of detection of various physicochemical
detectors for ABA.

Method of detection Linit of detection Reference
Optical Rotatory Dispersion 500 ng 1
Circular Dichroism 200 ng 2
Flame Ionisation Detection 10-100 ng 3
Mass Spectromelbry 1. Scan 100 ng

2. Fixed M/E 1ng b5

Electron Capbure Detection 1-10 pg 6
UV Spectrometry (fixed A) 100 pg 5
IR Spectrometry (scan) 100 ng 5
References. 1. Cornforth et al., 1966.

2 Milborrow, 1967.

3. Lenton et aql., 1968.

L Geskin and MacMillan, 1968.

5. Reeve and Crozier, in press.

6. Seeley and Powell, 1970.
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species such as halogens and conjugated keto groups (Lovelock, 1961).
Seeley and Powell (1970), noting that ABA had two such conjugated

keto groups, were the first to use INCD for the hormone. They obtained
ABA from purified apple juice and claimed Llimits of detection of between
1-100 pg, with linearity extending to 1 ng. Besides its low limit of
detection, ECD has good selective properties. In plant extracts,

where a small amount of ABA may be present in am excess ol weakly
gbsorbing material, it can be particularly useful.

Additicnal information can be obtained from GLC-ECD chromastograms
by exposing the sample to UV irradiation for & period to ceuse formation
of +~ABA, which is normally separated by most GLC colwmns from ABA
(Lenton et al ., 1971; Saunders, 1978).

Some workers have attempted to lower the limits of detection of
ECD for acidic hormones by forming chlorinated derivatives (e.g. Bittner
and Even—Chen, 1965), but the selectivity of the detector is reduced
by derivatisation of previously undetected compounds.

Although the information content of GLC-ECD traces is low (even
with isomerisation techniques) the method represents very high
selectivity for such a simple system (Reeve and Crozier, in press);
successive approximation can be used to wverify accuracy. The low
1imit of detection means that individual plants, leaves or organs
can be assayed. Indeed, Beardsell and Cohen {1975) developed a
technique to estimate ABA levels in 125 mg samples of leaf tissue, and
Quarrie (1978) in samples equivalent to 30 mg leaf fresh weight.

Liquid chromatography has been used, usually with UV detection
for analysis of ABA (Sweetser and Vatvars, 1976; Ciha et al ., 1977).
The method can be used for preparation prior to gas chromatography-mass
spectrometry, and is well suited to early stages of purification as
it has a high sample capacity.

Mass spectrometric methods, particularly full-scan detection
(Gaskin and MacMilian, 1968; Gray et al., 197h), provide unparalleled
information asbout ABA extracts (Reeve and Crozier, in press).  Mass
frogmentography (Hillman et a?., 1974; Railton et ql ., 197h) has
been used as a specific GLC detector for ABA, but the information
content is similar to that of GLC-TFID traces unless scveral ions are

monitored {Reeve and Crozier in press). Other high information



techniques used include infra-red and nuclear maguetic regonance
spectra (sece Milborrow, 197h). The common disadvantage of such
methods is the large sample size required for enalysis.

Using physicochemical methods, a large number of higher plant
species have been shown to contain ABA.  These include angiosperms,
gymnosperms, a fern, a bhorstail, and a moss (see Milborrow, 197h).

ABA distribution is not restricted to any particular part of the plsnt,
end the hormone has been identified in leaves, roots and reproductive
organs (Ohkuma et al., 1965; Milborraw,.1967).

Shortly after the first isolation of ABA from plant tissues,
two independent studies, using 'inhibitor-f' estimates of the hormone,
showed that the activity of this inhibitory zone increased after
wilting the tissue used for extraction. (Pustovoitova, 1967, 1970,
1972; Wright, 1969). Wright and Hiron (1969), using ORD, confirmed
that ABA levels rose some hO-Told after a water stress. They
correlated this observation with the known stimulation by ABA of
stomatal closure (Mittelheuser and Van Stevenink, 1969) and the
reduction of gtomatal aperture known to be associated with water
stress (see Meidner and Mansfield, 1968), and their discovery has
gsince dominated research on the role of ABA in plants. Discussion
of this aspect of ABA physiology will be reserved for the following
section,

The biosynthesis and metabolism of ABA has been reviewed by
Milborrow (1974) and few additions totwe subject have appeared since.
From consideration of the molecular structure of ABA (e.g.‘geminal
methy). groups, degree of unsaturation), it appears to have a typical
isoprenoid structure, and, having a fifteen-carbon skeleton, it is
classified as a sesguiterpenoid. Radioactively-labelled mevalonic
acid has been incorporated into ABA by cell-free chloroplast preparationg
(Milborrow, 1973). Faster rates of mevalonate incorporation were
obtained when the preparation was lysed, suggesting that ABA is normelly
formed within the chloroplasts (Millborrow, 1973). However this may
have been due to a direcct effect of the osmoticum used for lysis.
Better evidence was obtained by Loveys (1977), who showed that ABA
content of isolated chloroplasts could account for most of that

present in turgid leaves. Indogenous ABA had previously been identified
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in chloroplast preparations (Railton et al., 197h), and the fact
that ABA can be synthesised by Avocado mesocarp etioplasts (Milborrow,
1973) and root systems (Walten et al., 1976) suggests that ABA
synthesis is & properiy of »lastids in general. This is consistent
with other terpenoid pathweys (Goocdwin, 1973).

Two routes of synthesis have been proposed. The first involves
established terpenoid ansbolism to the sesquiterpenoid precursor
farnesyl pyrophosphate and then by further enzyme—catalysed steps
to ABA, and the second degradation of tetraterpene pigments vig xanthoxin.
Taylor and Smith (1967) fownmd that the carotencid violaxanthin gave
rise to an inhibitor of cress germination after strong iliumineation.
This was later identified as xanthoxin (Fig.2d) which can be converted
to ABA In vive (Taylor and Burdon, 1970, 1973). Nevertheless, several
pieces of evidence favour the first pathway : [Uﬂﬂ~lebelled phytoene
(a carotenoid precursor) was not metebolised to give ABA (Jeffries 1972),
and known inhibitors of carotenoid biosynthesis had no effect on
mevalonate incorporation into ABA.

The rate of synthesis of ABA from labelled mevalonic acid increases
during treatments causing low turgor (Milborrow and Robinson, 19T73).
This probably accounts for mogst of the wilt-induced ABA; release from
'"bound' forms such as the glucose ester is possible, but these normally
account for less than one third of shoot ABA content (Milborrow, 1974).
It has been suggested that 'bound’ ABA is & rapid storage or inactivation
product of wilt-induced ABA (Hiron and Wright, 1973).

Phaseic acid (PA) and dihydrophaseic acid (DPA) (Figs. 2e¢ and 2f)
have been identified as major metabolites of ABA, both from studies of
metabolism of the labelled hormone and from endogenous measurements
(Walton and Sondheimer, 1972a, 1972b; Walton et al., 1973; Loveys
and Kriedemann 197k; Harrison and Walton, 1975). Since these
metabolites have low biolecgical activity, the 'DPA pathwsy' muy have
a role in regulation the hormonal activity of ABA (Gillard and Walton,
1976). Results of Harrison and Walton (1975) suggesi that rates of
synthesis and metabolism of ABA both risc during waler stress. PA
inhibits photosynthesis, whilst ABA does not (Kriedmann and Loveys,
1975) . These aulhors consider that the metabolite may control photo-

synthelic respouses to water stress.
N 1
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Milborrow (197h) reviewed the bilological actbivity of ABA metabolitces
and analogues. It appeared that few had activity approaching that of
ABA itself in the assay systems investigsted. The metabolism rates
reported for the hormone indicated that it could penetrate cells quite
rapidly. Essential requirements for activity appeared to be u complete
pentadicne side chain in eds, trans configuration, having a carboxyl
group or a group which could be converted to it, in the 1 position.

The ring could have various modifications without effect, although a
' double bond enhanced activity. Milborrow suggested that many active
analogues might well be converted to ABA Zn vivo.

The data most relevant to effects on stomatal action were published
after Milborrow's review. Orton and Mansfield(197k), using the
Commelina stometal bioassay of Ogunkenmi et gl., (1973) obtained similar
results to those of McWha et ql., (1972), although they found that the
I double bond in the side chain could be substituted by a triple bond.

Before assessing the role of wilt~induced ABA, it is necessary to
consider other aspects of plant physiology for which ABA involvement
hag been hypothesised. Space, however, does not permit a comprehenazive
review, and this can be obtained in several articles which will be
cited.

ABA was first isolated in the course of research on the control
of dormancy and abscision, so it is not surprising thet these aspects
fipure highly in the literature. Indeed, the name abscisic acid implies
ebscission activity. Addicott and Wiatr (1977) summarised the effects
of abscisic acid on abscission, ss did Milborrow (197h). The lstter
author argued that since vexry high ABA concentrations were necessary
to obtain effects, these wnphysiological amounts might stimulate
ethylene produétion. Ethylene is very sasctive in promoting abscission
(see AMbeles, 1974) and enhanced production of the gas has been shown
following ABA application (Gertman and Fuchs, 1972). Nevertheless,
good correlations between ABA levels in cotton fruit and dehiscence
and premature abscission were found by Davis and Addicott (1972).

Seed germinability was also affected in inverse relationship to ABA
levels. Correlations between water stress and leaf fall have been
noted (Milborrow, 197hk) and a role for stress~induced ethylene has

been proposed (Jackson and Osborne, 1970).
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To some extent the original postulsted role of ABA ('dormin')
in dormancy has been discredited by later physicochemicnlmeasurements
of hormone content. Lenton et al., (1972), using GLC techniques,
found that en increase in inhibitor-f levels in birch twigs in response
to short-dey treatment, shown by Bagles and Wareing (1964), was not
due to increased ABA levels, but rather to an increase in other
inhibitory compounds. Similarly, Alvim et ql., 1976) found
discrepancies between inhibitor—-g and ABA determinations. Difficulty
has been experienced in repeating early work which suggested ABA
could induce dormant buds (Hillmen et al., 1973). Some correlations
between ABA levels and dormancy have been found (sece Milborrow, 19Th;
Alvim et al., 1976). ABA causes the Tormation of gormant 'turions'
in Lemna (Stewart, 1969).

ABA inhibits seed germination in many systems. Its effects on
the barley eluerone system are probebly the most extensively
investigated (see Milborrow, 197k). Levels of ABA may be correlated
with stratification (see Milborrow, 19T4) and ABA levels of lettuce
'seed' fell 30-fold after 2hh imbibition (McWha, 1973).  Kahn (1975)
proposed that seed dormancy was controlled by a balance of inhibitor{s)
and 'promotor(s)'. Often, ABA has been assumed to be the inhibitor,
but recent evidence suggests that short-chain fatty acids mey be
important (Berrie et aql., 1975).

Inhibition of whole plant growth or ccleoptile and roolt extension
is one of the most frequently cited ABA effects (Milborrow, 19T7h), but
there is little direct evidence to suggest control of growth phenomena
by ABA. There is no known inhibitor of ABA synthesis available to
test the effects of ABA removal on growth. Certainly, flacca, the
wilty tomato mutant with lowered ABA levels does not exhibit spindly
growth (Milborrow, 197h). Simpson and Saunders (1972) found no
differences in the ABA contents of tall and dwarf varieties of pes,
either turgid or wilted. Quarrie and Jones (1977) compared the
effects of ABA application and wabter stress treatments on wheat growth
and found bthey were similar in many respects. It is possible that
ABA effects on whole plant growth are secondary to effcets on stomatal
aperture. However, rapid changes in coleoptile and root growth upon

ABA application cannot be explained in this way. Marré (1977) has
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postulated s common site for hormone action in such phenomena ot the
membrane level.,

ABA has been proposed as the inhibitor of root extension which
undergoes lateral transport in positive root geotropism (see Wilkins,
1977), but there is a lack of direct evidence concerning such transport
of applied ABA.  Indeed Hartung (1976) found wpward movement of label
from radioactive ABA rather than the expected downward movement.
Furthermore, the roots of flacca behave in normal fashion (Itai ,pers.comm.).
Xanthoxin and other inhibitors have been suggested as alternatives to
ABA (Wain, 1977; Dorffling, 1978).

ABA has been implicated in the control of senescence (Colguhoun,
19Tk Milborrow, 197h), but most experiments have been carried out on
leaf disc systems rather than whole plants. Although ABA has effects
on pilgment loss from radish leaf discs within one day, over a six—day
period il appears to retard chlorophyll degradation (Colguhoun and
Hillman , 1972). The 'senescence factor' of Osborne, which accelerates
leaf ageing, does nolt appesr to be ABA (Osborne et «l . 1972).

Ethylene may be important in control of senescence (Milborrow, 197h),
and gibberellins have also a possible rdle (Davies et «l., 1977).

Effects of ABA have also been noted on fruit set and development,
flowering, membrane permeability, growth stimulation and apical
dominance (Milborrow, 197h).

Teking into account the often contradictory and equivocal evidence
cited above, and the criteria For hormone action discussed in the first
section, it appears that the evidence implicating ABA in control of
these phenomena is poor. Many experiments have been described involving
the application of high concentrations of the hormone: this obviously
highly active molecule may consequenlly penetrate to pools and
compartments where it is not normally present, to act in a manner
irrelevant to natural plant physiology. It is also often difficult
to decide whether effects described are direct or indirect; in many
cases responses cbserved can be reinterpreted in the light of subsequent
knowledge of the effects of wilting on ABA levels and ABA involvement
in stomatel movement and ion transport. Thus the small increase in
spinach leaf ABA content following 'long-day' treatment may be due to

slight wilting (Zeevaart, 1971); the reduction in whole plant growth




32.

after ABA applicaticn may be due to lack of 002~ fixation products
following stomatal closure (Quarrie and Jones, 1977)f

In Lhe next section the large amount of evidence implicating
ABA in plant recovery from stress via stomatal closure and other

effects will be reviewed.

SECTION ITI. ABA, WATER STRESS AND STOMATAL RESPONSES

An area of plant physiology which has seen much expansion in
recent years is that of phytohormone involvement in plant water
reiations. In particular, it has become evident that plants have
hormonal mechanisms by which they can respond to conditions of water
deficit stress% This subject has been reviewed by Ital and Benzioni
(1976), Vaadia (1976), and Mansfield et ql. (1978), and it clear that
two important groups of compounds in this context appear to be the
cytokinins and ABA plus related compounds. A large body of
information has accumulated concerning the hormonal role of ABA in the
modulation of plant responses to water stress viq effects on stomatal
gperture and the following 5 lines of research have contributed

significantly to knowledge of this phenomenon.

-

1. The after—effects of stress on stomatal aperture

A Jarge number of parameters of plant growth and development are
alffected by water stress (Kozlowski, 1968) and it has been known for
meny years that following stress, stomata are slow to recover Tull
aperture despite watering. In thelr respective reviews, I1ljin (1957)
and Hsiao {1973) cite several examples.

A number of studies have indicated that there is a leaf water
potential (¥) threshold above which stomatal opening remeins relatively
constant, olther conditions being esqual. Below this value, however,
leaf resistance heas been shown to rise sharply, increasing 20 to 30 fold
for & drop in ¥ of 0.5 MPa (see Hsiso, 1973). The fach that this
lowering in stomatal aperture continued after adequatc watering
indicated that some physiological adaption had taken place (Allaway

and Mansfield 1970). Fischer (1970) placed epidermal strips from non-

1. Throughout this thesis, the conlracted phrase 'wabter stress' is
taken to imply 'water deficit stress',
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stressed Vieta leaves on the mesophyll of shressed leuves and viece versa.
Strips transferred to stressed mesophyll exhibited depressed stomatal
opening, whilst strips Lrom stressed leaves had incressed stomstal
aperbures after transfer to wstressed mesophyll. Stress did not
appear to affect response of stomata to 002~free alir or COP compensation
point. Farlier, St8lfelt (1961) showed that mild water stress could
reverse stomatal opening elicited by CO,.

[
independence of the two factors. Fischer (1970) concluded that a

~free alr, indicsting an

major part of the stomatal adaption to stress lay in an effect on the
guard cells.

The hypothesis that inhibition of stomatal opening might be due to
wilt~induced ABA was first proposed by Wright and Hiron (1969) who stated
"...some of the physiological responses induced by water stress in the
field (that is, temporarily reduced growth rate, closure of stomata
and so on) might be regulated by an increase in the content of (&)-
gbscisic acid (sie) in the plant tissues".

Adaption to water stress has many facets. The initial reactions to
such stresses as leaf excision sppear to be mechanical (hydropassive) in
origin (see Meidner, 1965; Raschke, 1975a). Thus slight initial
stomatal closure is often followed by opening, apparently governed by
release of xylem tension. Only after several minutes does stomatal
closure ocecur which cammot be reversed rapidly by supplying water
(hydroactive). In the longer term an osmotic adjustment mey occur
(Hsiao, 1973; Dodoo, 1977). Clearly, these factors must be

considered in relation to hypothesised réles for ABA.

2. ABA effects on stomatal aperture

The first indication that ABA might affect stomatal movements
came in a short communication from Little and Eidt (1968). In the
course of experiments on the effects of the hormone on bud vreak, they
observed that treated plants transpired less than controls. Soon
afterwvards, Mittelheuser and Van Steveninck (1969) reported that ABA
fed through the transpiration stream to wheat leaves ceaused a reduction
in stomatal aperturc and a decrease in water loss. They confirmed
carlier results of Livne and Vaadia (1065) that kinetin had the opposite

effcect. Meidner (1967) had shown that kinetin appeared to act by
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depressing intercellular-space CO? levels, bub Jones and Mansfield
(1970) showed that the ABA effect was not due to chsnges in leaf 002
status. Furthermore, Horton (1970), using isolated epiderm&l strips,
showed that whilst ABA prevented stomatal opening, kinetin, benzyla~
denine and GA3 had no significant effect. This evidence suggested
that ABA had a direct effect on the stomatal aspparatus, whercss
kinetin affected stomata indirectly.

Mansfield and Jones (1971) initiated work on the mode of action
of ABA, They showed that ABA treatment resulted in a fall in guard
cell . osmotic pressure, whilst the value for the subsidiary cells
remained constant, Using histochemical technigues, they found that
the numbers of starch bodies increased, and potassium ion levels
decreased, in guard cells cn epidermis treated with the hoxrmone.
Horton and Moran (1972) confirmed that ABA inhibited potassium influx
to guard cells. These, then, were similar effects to those observed

during stomatal closure caused by high CO. levels, darkness, or
s 3

natural rhythms (see Meidner sand Mansfieli, 1968).

The interdependence between 002 and ABA in causing closure was
further investigated by Loveys et al. (1973), who showed that CO2
treatnent did not alter whole Jleaf ABA levels in grape. Raschke
(1975b) noted that the response to Xanthium to ABA vas dependent
on the C02 concentration (and vice versa, in his experiments).
Mansfield (1976a)found a delay in the response of stomata to ABA in
COQ"free alr but no statistical interaction between ABA and €O,

He concluded that their mode of action was different, but that there
were conditions in which they could mutually interfere.

ABA has been shown to affect stomatal aperture vhen applied in
mnany ways. Closure has been noted when whole plants were sprayed
with ABA (7Tal and Imber, 1970), when the hormone was supplied to
epidermis tissue in buffer (Willmer et al., 1978), and, most commonly,
after application via the transpiration stream {Mittelheuser and Van
Steveninck, 1971). A wide range of species are affected by the
hormone (see Milborrow, 197h; Raschke, 1975&). Lancaster et al.
(1977) reported that stomats of one plant, Lupinus luteus, seemed
remarkahly insensitive to ABA, although it did have gffects.

The speed of the closing reaction in most plants ranks with the

fastest known plant hormone responses (Milborrow, 197h) occurring




within 5-10 min in some systems (Cummins et al., 197L; Kriedemann
et al., 1972). Moreover, very little ABA is required to elicit

. . . =3
a respounse. The hormone 1s active at 100 nmol m

(Ogunkanmi et al.,
1973) and Kriedemenn et al. (1972), using radioactive ABA, calculated
that as little as 90 fmol'mm--2 leafl ares was present in French bean
leaves at the initiation of closure.

Although effects of leaf sprays on aperture and transpiretion
persist for days (Mizrahi et al. 197h4), short-term transpiration
stream application effects were rapidly reversible (Cummins, 1973).
This was apparently not due to metabolism, so Cummins concluded that
some comparbtmentalisation had occurred, and that non—-epidermal leaf
tissue may have acted as a sink for the hormone.

Recent investigations on the effects of ABA have concentrated on
i1ts mode of action and these are reviewed in the next introductory
section. To summarise the above evidence, it seems that ABA
application can mimic some of the 'hydroactive' eflfects of water

stress on stomatal aperture.

3. Wilt—induced ABA and correlations with stomatal aperture

The pioneering work of Pustovoitova and Wright which showed thet
ABA was producrd in shoots during wilting (Pustovoitova, 1967; 1970;
19723 Wright, 1969; Wright and Hiron, 1969) was later corroborated
in many other laboratories, using a wide variety of plant species and
plant parts. A selection of representative results is shown in
Table 2.

Particular emphasis has been placed on correlations between
stress, ABA levels, and stomatal aperture.or leaf resistance. Hiron
and Wright (1973) described a stress treatment in which French bean
secedlings were exposed to a continuous stream of air at 38 C. The
plants were observed first to wilt, and then to gradually recover full
turgor. During the stress, leaf resistence to air Tlow incressed
repldly at the onset ol wilting. Leaf ABA levels were estimated by
bioassay, ond exhibited a remarkable parzllelism with leaf resistance.
Leaves at different stages in the stress were excised and incubated
for 4 n to see whether the ABA-accumulating system was 'switched' on

or ofr. The results indicated that when in a wilted state, synthesis




Table 2:

Conparison of Endogenous ABA Levelse Before and

After Water Stresgses.

Plant Material

Treatment, given

Endogenous levels
kg.L.w.

Davison and
Young (1972)

Hoad (1975)

Hoad (1973)

Zeavaart

(2977)

Xylem sap from
many species

Xylem sap from
Helianthus

Phloem sap from
Ricinus

Phloem sap from

P e

collected from
field

PEG 100C ~ 1.2 MPa
stress in root medium

water withheld from
plents

wvater withheld from
plents

ranged {rom

0.1 to 10
1.5 ho
105#% Q00%
200 2300

I > found/ g
lRefezence used for stress ng m"é for fluids
Control Stresaged
Hiron and Phaeolus wvarm air
Wright (1973) vulgaris leaves stress (4 h) ho 301
Hoad (1973) Ricinus leaves  vwater withheld from
e 31 410
plants
Milborrow end Ixcised 30% f.w. loss 27 85
. Robinson Helianthus
(1973) roots
Walton et al. Roots from PEG 6000 ~ 0.4 MPa
(1976) whole P.Vulgaris gtress in root medium 6 62
plants
Walton et al. Excised 30% f.w. lossg 19 81
(1976) P.Vulgaris
roots

#

Mesn values
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wag high, but when turgid, synthesis was low. Furthermore, the
apparent free ABA level in 'recovered! 1ea§es dropped during the
incubation, indicating metsbolism of the ABA. This may have been,
at least in part, conversion to a conjugate of some form.

Largely from these results, Milborrow (197h) considered that

there were three phases to the regulation of ABA levels during stress:-

(1) BRapid synthesis triggered by turgor loss.

From the results of Hiron and Wright (3973) he inferred that
ABA levels started to rise seven minutes after treatment. Kriedemann
et al. (1972) obtained values for the least amowit of ABA required
to cause stomatal cleosure and compared them to endogenous le@els of
the hormone (both on a whole leaf bagis). They calculated that a
mere doubling of leaf ABA levels Wéuld be required to cause clesure.
In fsct, levels have been found to rise by up to forty times upon

stress (Wright and Hiron, 1969, end Table 2 ).

(i1) Feedback inhibition of synthesis when sufficient ABA had been formed.

This was supported by results of Milborrow and Noddle (1970) who
found no biosynthesis of ABA by wilted plants previously fed oﬁilabelled
analogue of the hormone. However, Herrison and Walton (1975) proposed
that both synthesis and metabolism were elevabed during stress, and

the relative rates of these processes determined the ABA level.

(iii) Gradual lowering of free ABA levels after turgor recovery.
Levels of free ABA remaining in plants after a stress seem to
depend on the stress given and the plant species but may remain elevated

for days.

Later studies on correlations between whole leaf ABA levels and
stomatal closure have not revealed such & close relationship between
the two parameters as found by Hiron and Wright (1973). In long-term
stress experiments (0-10 d), Beardsell and Cohen (1975) found a
disproportionate rigse in leaf resistance compared to whole leafl ABA
levels. In shorter experiments (O-1 h), Walton et al. (1977) found
that whole leaf ABA levels did not alter significantly hefore stomatal
closure occurred after a stress. 5 h later, however, the variables

were well correlsted. This led Beardzell and Cohen (1975) and
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Mansfield et al. (1978) to postulate that a small, but significant,
vredistribution of ABA occurred upon stress, followed by higher
synthesis rates. So far, evidence hes not been forthcoming to
support this hypothesis. Possible hydropessive effects of wilting
must bLe taken into account (see Raschke,-l975a). Certainly, since
ABA seems to affect the stomatal apparatus when scting (see laber
discussion), then the levels of ABA present iﬁ the epidermis must
a priort be considered to be more imporbant than those of the whole
leaf.  "This approsch was adopted by Loveys (1977) who provided elegant
evidence on the sites of ABA synthesis in leaves of Vieta,a plant in
vhich the epidermis and mesophyll tissues can be geparated. Isolated
leaf epidermis was incapable of ABA synthesis when stressed, whereas
isolated mesophyll tissue did synthesise the hormone. Furthermore,
levels of ABA were elevatbed in epidermis removed from stressed whole
leaf tissue. Loveys concluded that transport of wilt-~induced ABA
had occurred from the mesophyll tissue to the epidermis, but did not
correlate this with stomatal closure. Other results of Cummins (1973)
and Raschke (1975b) also indicate an intra-leaf compartmentation of
ABA pools.

It has already been noted that a leaf water potenﬁiel threshold
exists for stomatal closure in water stress.  Zabadal (1974) and
Beardsell and Cohen (1975) investigated the ¥ threshold for ABA production,
and found that levels rose at a distinct point. Raschke (1975a) noted
that both ¥ and time of exposure varied in these experinments, so
confirmation was needed. This was provided by Walton et al. (1977).
They obtained a distinct threshold for ABA production after exposure
to different ¥ for 2 h. Brown et al. (1976) found that preconditioning
cotton plants to water stress made them less reactive in terms of stomatal
closure when desiccated, compared to controls. They presented evidence
that an osmotic adjustment had occurred in the leaves. This implies
that it may be misleading to relate y to endogenous ABA, and leaf
turgor may be more appropriate. In tomsto plants given lowered water
regimes, Rasmussen (1976) found that ABA levels between controls and
treatments did not differ after 18 4. This may be linked to secondary
long-term adjustment in the plunts.

ABA levels have also been found to rise as & result of a number of
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other stresses besides direct wabler deficit stress e.g. waterlopgging,
root cooling or heating, lack of root aeration, mineral deprivetion,
excess saliniby, boron toxicity and'fungal attack (see Mizrahi and
Richmond, 1972a; 1972b; Hiron and Wright, 1973; Milborrow, 197k
Boussiba et al., 1975). But all of these generally cause a reduction
in leaf turgor by increassing rcol of xylem resistance to water flow.
Boussiba et al. (1975) hypothesised that ABA might control plant
'cross adaption' to stress, the phenomenon whereby prior stress improves
or modifies reaction to later alternative stress. Thus, ABA application
modified response Lo subsequent stresses (Mizrahi snd Richmond, 1972b).
To summarise, whole leaf ABA measurements do not always correlate
with stomatal movements or leaf resistance during stresses, In additicn
to short-term hydropassive movements and long-term osmobic adjustments,

inter~tissue pooling effects must be considered.

b, The "wilty' mutant of tomato

Tal (1966) described a tomato mutent flacca which Stubbe produced
by X-irradiation of the cultivar Rheinlands Ruhm. This single-gene
mutant had a permanently wilty appearance which Tal showed to be due
to high levels of transpiration caused by cpen stomaha,. It did not
respond to stress by stomatal closure movements. Subsequent
investigations by Tal and his co-workers into the reasons for this
excessive stomatal opening revealed an inability to synthesise ABA.
Tmber and Tal (1970) showed that ABA applied to flacea both as s foliage
spray and in the root culture solution could cause phenotypic reversion
of the mutant syndrome, though this was never complete even at high
concentrations of the hormone. Tal et al. (1970) noted that snother
symptom of flacca was a lowered rate of root pressure exudation (0.35
of control}). Mutant sap exudate had a higher osmotic potential (zer.2x)
than Rheinlands Ruhm. These parameters could also be alltered to near
normal by ABA application (Tal and Imber, 1971 ). Bioassay measurements
of 'hormone-like activity' were carried out by Tal and Imber (1970) and
Tal et al. (1970) which indicated that the mutant had greatly lowered
levels of ABA-like activity, increased levels of kinetin-like activity
ond increased levels of auxin-~like substances. Due to possible inter-

ference between hovmones in the plant extracts, these assays must be
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congidered wrelioble, but Tal end Nevo (1973) measured ABA by GLC-ECD
and confirmed that levels-inlflaccapdants were roughly 1T7% of controls.
Nevo and Tal (1973) investigated whether this difference was due to
higher metabolism rates aﬁd demonstrated that the mulant had a decreased
rabte of ABA synthesis. The genetic lesion was assumed to be between
farnesyl pyrophosphate and ABA. Obviously the block was not complete,
since some ABA was found in the mutant. Their resulbts indicate theat
ABA synthesis is controlled by a single major pathway {in tomato). To
date, no studies on mevalonate incorporation have been published.
These might reveal the exact point of lesién in the ABA synthesis pathway
from precursor build—-up.

On the basis of the bioassay estimates of hormone activity, it has
been concluded (e.g. Tal and Nevo , 1973) that high levels of auxin
and kinetin-like activity found were a secondary effect of lowered ABA
synthesis., If these results were confirmed with appropriate technigues,
Flacea would prove a useful tool to investigate the inberrelationships
between hormones in normal plants. If not, careful study of the mutant
morphology and habit may also indicate or deny rdles for ABA in other

physiological phenomena (e.g. root water and ion uptake, root growth).

5. Other effects of ABA possibly related to Stress Adaption

Glinka end Reinhold (1971; 1972} have reported that application of
ABA to plant tissues increases their permesbility to water. Tal
et al.(1970) noted that ABA treatment restored flacca root exudation
rate and Glinka (1973) demonstrsted that an ABA~induced increase in
root exudation rate was mostly due to an increased permeability to
water of the root mewbranes. ABA also has effects on ion upteke and
release by roots (see Pitman et al., 19Tha), but temperature and nutrient
status can modify results (accounting for confiicting reporits in earlier
publications).

Pitman et al. (197Ub) showed that wilting of barley plants caused
a redvction in transport of ions from root to shoot but did not alter
ion upteke, effects which were paralleled by ABA treatment and subslan-—
tiated by observations on flacea before and after ABA trestment (Tal
et al. 1970a ). Pitman et al. postulate that ABA might =ct as part

of a 'finc control' of ion transport.
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If wilt-induced ABA can affect roots during stress, the question
ariscs of its origin and possible movement to the root from the shoot.
It must be emphasised that a stress appliediﬁo any part of a plant should
quickly affect all other parts.because of the inextensibility of water
in the xylem conduits, ifet a werm alr stress to the leaves will also
stress the roots. Although isolated roots do synthesise ABA in
response to a stress (Walton et al., 1976), the levels aftained in the
short term are small compared with those of leaf tissue (see Teble 2).
Transport of ABA may occur from the shoot, but the results of Walton
et al. (1976), using phloem girdling do not support this conbention
over & treatment period of 2 h. Those of Hoad (1975) indicate the
reverse over the ssme period. Results with 1%C -ABA suggest that
shoot-root transpert can take place (Hocking et al.., 1972).

ABA has been found in xylem sap and root pressure exudate
(Davison and Young, 1972; Hoad, 1975), and its origin and possible
physiological function is of interest. Bome investigators have
postuvlated a r6le in bud dormancy, others-in growth inhibition, bub
the possibility thab it is involved in the water relations of plants has
been largely neglected. After stress, the ABA concentration in sun-
flower root pressure exudate rose to LO mg w3 {151 pmol m‘B, Hoad,
1975), 3 orders of magnitude higher than the lowest known concentration
to have effect (Ogunkanmi et al., 1973). In view of the fact that
ABRA applied via the transpiration stream has drematic effects on stomatal
aperture (albeit usually at slightly higher concentrations), the
possibility of a longer term effect of ABA in xylem sap is intriguing.

Another interesting hypothesis is that wilting might cause
increased levels of ABA in seeds or the maternal tissues of fruit.

ABA has Dbeen implicated in seed dormency and wilt-induced ABA may thus
enhance dormancy properties of the seed and fruit. If this occurs
during drought conditions the advantage to the seed is obvious, being
better able to withstand the prevailing conditions until the drought is
over. Evidence that transport of wilt—induced ABA to grains occurs

was obtained by Goldbach and Goldbach (1977).

Other Hormones and Compounds in Stress Adaption

Besides ABA, the other plant hormones have all been ascribed réles
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in stress adaption. Unfortunately, endogenous measurements may be
unrelisble and effects unspecific. Particular caution must be
expressed with respeét to resultls which concern the cytokinins.
Firstly, anslysis of the levels of 'cytokinin-like activity' have
generally been carried out using callus growth bioassays. In contrast,
levels of wilt-induced ABA have been measured using a veariety of
accurate and selective physiochemical techniques. Inoccuracy of
bicassay because of interference of other compounds in the extract
has already been discussed, and Milborrow (197L) cites four references
in which ABA inhibited callus growth. Thus, wunless adegquate
precautions were taken to ensure that cytokinins and ABA were
separated during extract purification, the results of callus growth
agsays may not reflect true cytokinin contents of tissue during stress,
but rather the spurious effect of wilt-induced ABA. Secondly, whilst
gynthetic ABA, isotope-labelled ABA and ABA analopues have been
available, this has not been so for the endogenous group of cytokinins.
In addition, the species distribution of compounds such as zeatin is
unknown. Experiments on the effects of cytokinins on stress-related
phenomena, such as transpiration, have freguenitly besn carried out
using the chemical 6~fufurylaminopurine (kinetin), which, although
relatively potent, has never been isolated from plants. It follows
that inferences from the application of kinetin to plant systems may be
upreliable. Research on cytokinin involvement in stress adaption has
therefore been limited by the techniques and chemicals available at the
present time. '

Despite these caveats, the possibility of the involvement of other
hormones in stress adaption cannot be ignored. Synthetic cytokinins
affect stomata indirectly (Meidner, 1967) and alsc have effects on
root systems (Tal et al., -1970). 1AA and gibberellins also have
effects (see Vaadia, 1976), but not on stomata of isolated epidermis
tissue (see Raschke, 1975a). The concept of a ‘'hormone balance' which
controls plant water relations has been discussed by many authors.

Apart from the so-called 'hormones', two other sets ol compounds
have been shown (a) to increase in levels during wilting and (b) to
have effects on stomatal aperture in isolated systems. These are all-

trane Tarnesol (Wellburn et al., 197h) and short—chain fatty acids
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(Fenton et al., 1976; Willmer et al., 1978). At the moment,
relatively little is known of the physiology of these compounds.
Relevant measurements of farnesol have been restricted to Sorghum.
When applied to epidermis tissue both compownds seem to resul: in
loss of membrane integrity and even gu&fd cell death (Fenton et al.
1977, Willmer e¢ al., 1978). These reports correlste in an
interesting manner with observations of Stglfelt (1961.) and Allawvay
and Mansfield (1970) that the numbers of living guard cells in
epidermis meterial were lower if a previous water stress had been
glven.

Xanthoxin has heen attributed a réle in stomatal closure.
Although the compound had effects when Ted vig the transpiration
stream, it did not affect epidermsl strips (Raschke et ., 1975) and
levels did not increase after wilting (Zeevaaz‘f3 157h) . Nevertheless,
it can be metabolised to ABA (Taylor and Burdon, 1973).

Levels of ethylene are known to rise during water stress (Jackson
and Osborne, 1970; El-Beltagy and Hall, 19T7h4; Aharoni, 1978), but
the gas has apparently no effects on stomatal sperture (Pallaghy and

Raschke, 1972; El-Beltagy and Hall, 197hk; Aharoni, 1978).

Does ABA act 'Hormonally' during Stress?

Having reviewed the main evidence that ABA has s r6le in stomatal
responses to water stress, it is now possible to evaluate whether this
r6le fulfils the previously discussed criteria for control of a
biologicel phenomeﬁon, and more precisely, for true hormone action.

To avoid lengthy discussion, the evidence is presented in tebulated
form (Table 3). This Table will be considered in relation to the

experimental work of this thesis in the Ceneral Discussion.

SECTION IV. ABA AND STOMATAL MECHANTSMS

In the past few years a number of advances in our knowledge of the
means by which stomata open and close have been made. These have
been discussed in several recent reviews (Meidner and Willmer 1975;

Raschke, 1975a; 19763 19773 Thomas, 1975; Hsiac, 1976). The



Table 3.

Aperture during Water Stress.

A. CRITERIA YOR CONTROL OF A BICLOGICAL PROCESS_(AFTER JACOBS, 1959)

Summary of Evidence that ABA Controls Stomatal

CORROBORATIVE

EVIDENCE (CE) AND

L,

CRITERION OR RULE MAIN EVIDENCE REFERENCES CONTRA-INDICATIONS(CI) REFERENCES
1. PARALLELISM
() CONPOUND PRESENT (a) ABA PRESENT IN PLANTS E.G. GASKIR AND - -
IN ORGANISM {M5 IDENTIFICATION) MACMILLAN (1968)
(b) RESPONSE, AMOUNT {b) LEVELS OF ABA IN WHOLE E.G. HIROR AND (CE) OTHER EXAMPLES OF E.G.
OF COMPOUND VARY PLANT PARALLELED RESPONSE WRIGHT (1973) RELATIONSHIP BETWEEN LARQUE~SAAVEDRA
IN PARALLEL FASHION DURING AND AFTER STIMULUS WILT-INDUCED ABA AND AND WAIN
DROUGHT TOLERANCE (1974; 1976)
(CI) WHOLE LEAF ABA E.G. BEARDGELL
LEVELS DID NOT ALWAYS AND COHEN(1975)
PARALLEL RESPONSE WALTON ET AL,
(1977)
2. EXCISION
REMOVE SOURCE OF FLACCA. SINGLE-GENE MUTANT  TAL (1966);
COMPOUSD AND DEMONSTRATE  OF TOMATO RHEINDLANDG RHUM: TAL AND NEVO
LACK OF.EFFECT LOW LEVELS ABA, PERMANENTLY  (1973) - -
. OPEN STOMATA .
3. SUBSTITUTION
EXOGEROUS COMPOUKD APPLIED ABA CAUSED STOMATAL E.G. LITTLE ARD  (CI)LUPINUS LUTEUS LANCASTER
SUBSTITUTES FOR CLOSURE EIDT (1968); HAD APPARENT LOW ET AL. (1977)
STINULUS MITTELMEUSER AND SERSITIVITY TG ABA
VAN STEVERINCK
(1969); TUCKER
ARD MANSFIELD
(1971); MIZRAHI
et al . (197h)
4. ISOLATION
ISOLATE REACTING SYSTEM, EPIDERMAL SEGMENTS AFFECTED TUCKER AND
DEMONSTRATE EFFECT OF BY ABA MANSFIELD (1971);
COMPOUND GUARD CELL PROTOPLASTS OGUNKANMI ET AL.
SHRINK ON ABA TREATMENT (1973) SCHNABL
ET AL. (1978) - -
S. GENERALITY
RESULTS CONFIRMED WITH MANY SPECIES EXHIBITED WILT- SEE KEFS. IN (C1) SEE RULE 3 LANCASTER
SEVERAL SPECIES IEDUCED ABA FORMATION, SECTION III ALSO ET AL. (1977)
RESPOND TO ABA MILBORROW (1974);
MANSFIELD ET AL.
(1978)
6. BPECIFICITY
SINGLE ACTIVE COMPOUND FEW ABA ANALOGUES HAD ORTON AND (CE) SAME SITUATION SEE
ACTIVITY ON EPIDERMAL MANSFIELD (19T4) FOR OTHER BIOASSAY MILBORROW (197h)
SEGMENTS SYSTEMS
8. CRITERIA FOR HORMONE ACTION (AFTER HUXLEY, 1945)
1. _SPATIAL SEPARATION - )
R — (a) BITE OF ABA BYNTHESIS MILBORROW (197h);
e g TNTHESTS APPEARED T0 BE RATLTONET AL(197h);
PLASTIDS 10VEYS (197T7) - -
(b) BITE OF ACTION EPIDERMIS HORTON (1970) - -
2, TRANSPORT BETWEER TISSUES )
(SITES OF SYNTHESIS AND ABA NOT SYNTHESISED BY LOVEYS (1977) (CE) EPIDERMIS TISSUE FISCHER (1970)
RESPONSE IN DIFFERENT ISOLATED EPIDERMIS DURING PLACED ON STHRESSED :
TISSURS) STRESS BUT APPEARS IN MESOPHYLL EXRIBITED
EPIDERMIS IF ISOLATED AFTER DEPRESSED STOMATAL
STRESS TO WHOLE LEAF OPENING
3. TEMPORAL BEPARATION
BETWEEN STIMULUS AND HYDROACTIVE STOMATAL SEE RASCHKE (CE) RATES OF ABA SEE
RESPONSE CLOSURE OBSERVED AFTER (19754) SYNTHESIS AND RESPONSE MILBORROW {197T4)
DELAY FOLLOWING STRESS DELAY TIMES COMPARABLE
k. RECEPTORS

EXISTENCE OF SPECIFIC
RECEPTORS IN TARGET CELLS
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following comments briefly sumarise the latest discoveries with
specific regard to the effects of ABA in stomatsl closure.

Stomatal movements are a function of relative changes in the
turgor of guard cells and subsidiary or epidermal cells. Increased
guard cell turgor resultbts in stomabal opening due to non—wniform
extensibility in the guard cell wall structurc (see Meidner and Willmer
1975; Raschke, 1975a). It is now apparent that s net uptake of
potassium combined with chloride influx end/or malic acid formetion is
largely responéible for a reduction in guard cell solute potential
which leads to a turgor incresse. In addition, guard cell proton
extrusion appears to be involved iﬁ the maintenonce of electroneutrality.
Whilst our knowledge of environmental parameters affecting stomatal
aperture is good and information on the events of movements is improving
our knowledge of how the osmotic chenges are controlled is poor at
present, There is no rigoroﬁs evidence that any single process controls
all the others; this means that further studies of mechanisms st the
molecular level cannot easily be undeftaken. It seems that the
fundamental processes are menbrane mediated. Ions entering or leaving
guard cells must pass the plasmalemma and probably also the tonoplast,
since plasmodesmata between guard cells and epidermal or subsidiary
cells appear to be scarce at maturity (Carr, 1976). Membrane--bound,
cation-transporting ATPases have been hypothesised in anslogous theories
to those invoked in studies of root and algul cell ion uptake. As
yet, direct evidence for these is extremely thin. If energy-requiring
'pumps' are hypothesised, then energy availebility would seem a likely
point of control. Even constant maintained apertures seem to require
energy expenditure to maintain uptake-efflux equilibrium (Pemny and
Bowling, 197h).-

Stomatal Opening

The evidence for guard cell gt uptake during opening came from three
main sources. In the first place, solutions of potassium salis were
found to cause stomatal opening in epidermul strips. BStaining techniques
revealed that this resulted in guard cell K+ uptake (see Hsiao, 1976).
Secondly, guard ccll BGRb+ or “2K+ uptake was related to stomatal

sperture (Fischer, 1972), and thirdly, opening was quantitatively related
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to endogenous guard cell k" content usingz the electron microprobe
(Ilumble and Raschke, 1971) and ion-sclective microclectrode (Penny snd
Bowling; 197h). In both the second and third methods, estimation of
guard cell K" content (with an associated anion) accounted for observed
increases in osmotic potential and turgor.

Two main anions have emerged as candidates for the neutralisstion
of the positive charge which would otherwise result from k" influx to
guard cells: These are C1 and malate. Inecreases in chloride ion
concentrations have been observed by histochemical methods and the
electron microprobe (Humble and Raschke, 1971; Raschke and Fellows,
1971). Malate levels increased in guard cells during opening (Allaway,
1973), and appeared to be formed by the carboxylation of phosphoenol-—
pyruvate (PEP) after starch glycolysis (Willmer et ., 1973). [ In
fact, guard cell CO, fixation (Shaw and MacLachlan, 195k; Willmer
et al ., 1973) does not seem to involve photosynthetic reduction in the
Calvin cycle (Raschke and Dittrich, 1977; Outlaw and Kennedy, 1978).
Rather, carboxylation of PEP occurs. As a consequence, the epidermis
is heterotrophic for carbon and appears to obtain sugars from the epidermis
(Pittrich and Raschke, 1977&).] Recent results of Outlaw and Lowry (1977)
indicate that at least in Vieia, guard cell citric acid levels may also
rise upon opening. In their tissue, citrate levels were quantitatively
as iﬁportant as malate. Dittrich and Raschke (1977b) reported that
citric acid was formed from applied !“C-malate in Commelina epidermis.
Results of most authors, however, suggest that the rise in malate levels
alone is adequate to compensabe for the charge associated with k" not
neutralised by C1_ (eg. Schnabl, 1978).

The relative importance of chloride and malate appears to be
species and nutrition dependent. Thus (1 accounted for 0-20% of the
k* taken up by guard cells of Vieia (Humble and Raschke, 1971) whilst
in Zea, C1 neutralised from LO-100% of the K" transferred from
gsubsidiary cells during opening (Raschke and Fellows, 1971). In
onion, which has no guard cell starch, c1 compensated éntirely for
the KT influx (Schnabl and Ziegler, 1977) and the stomata did not open
in the absence of chloride (Schnabl, 1978). In Vieia, sbtomata can
open in the absence of chloride (Raschke and Humble, 1973) and van

Kirk and Raschke (1978a) showed that the amount of malate formed in the



epidermis varied according to €1 supply. Osmond (1976) described
threc documented types of regulation of malate synthesis in response
to the balance of inorganic ion uptake. These were: control by
means of cytosol pl, feedback regulation, and control by means of c1
concentration. It is possible that these may all operate in the case
of guard cell malate formation.

If potassium influx is neutralised to an& extent by organic anion
formation, then either the guard cell pH will fall, or H' extrusion
(or OH uptake) mmst occur. Numerous observations have indicated
that guard cell sap pH rises during opening (Meidner and Mansfield,
1968), so the latter alternative seems more likely. Evidence for
- this was obtained by Raschke and Humble (1973) who showed that Vicia
guard cells excreted H+ into the medium during K+ uptake. In the
absence of Cl , the amounts of H secreted by epidermal strips were
gsome 10 times larger than required for an cobserved guard cell pH
rise, confirming the quantitative importance of anion synthesis.

Several authors have suggested that H+ extrusion and concomitant
cytoplasmic pH changes are the primary events of stomatal movement

(e.g. Raschke, 1975a, Smith and Raven, 1976).

Stomatal Closure

In essence, the events of closure caused by darkness, rhythms, or
high CO2 concentration, seem to be the reverse of those of opening
(Meidner and Mansfield, 1968). Thus, closing and opening may result
in a 'shuttle' of ions between guard cells and subsidiary or epidermal
cells. Evidence for this was obtained in Zea by Raschke and TFellows
(1971) and in Commelina by Penny and Bowling (19TL4) and Penny et al.
(1976). In both species, movement of Cl accounted for about 40% of
the K taken up by guard cells on average. Bowling (1976) hypothesised
that movement of monovalent malabe might oceur between guard and
epidermal cells in Commelina. The malate efflux dats of Dittrich and
Raschke (1977b) and van Kirk and Raschke (1978b) provided limited
evidence for this. In Commelina, bthe total epidermal level of malate
did not change whether stomata were open or closed (Bowling, 1976), but
in Vieta, contents did alter according to aperture (Allaway, 1973; van
Kirk and Raschke, 1978a). Also, *"C-malate incorporation intc starch

was greater in lthe dark than in conditions conducive to
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opening (Willmer and Rutter, 1977). These resullts suggest that
Bowling's bypothesis is not wholly correct.

Results of Humble and Hsiao (1970), using 86pp*as o tracer for
K+, indicated that K" efflux from guard cells occurs during closure
induced by darkness. These studies, and those of Raschke and co~workers
cited ebove, were carried out using epidermal strips floating on
solution; it should be remembered that transfer between cells may be
short—circuited in such systems. On the other hand, extracellular
ion storage sites have been hypothesised (Stevens and Martin, 1977;
. MacRobbie, pers. comm.). Results of Saftner and Raschke (1978)
indicate that the ion exchange capacity of the guard cell wall is

large.

Effects of ABA

Barly observations of the mode of action of ABA (eg. Mansfield

and Jones 1971) revealed a similarity in the events of closure to those
obtained by other means. This has not been contradicted by later
research. Indeed, ABA is often used as an experimental tool to
obtain closed stomata (eg. Dittrich and Raschke, 1977v; van Kirk and
Raschke, 1978b). It thus seems that effects of ABA are similar,

but faster, than those caused by other factors. Since ABA-induced
closure occurs relatively quickly (5-10 min), the guard cells must
dispose of accumulated solutes rapidly. Recent results of MacRobbie
et al . (1978) demonstrated that efflux of 86RbL™ from preloaded guard
cells was transiently higher during closure caused by ABA. Studies
of Dittrich and Raschke (1977b) showed that malate efflux was higher
after ABA treatment (S min) than after a darkness treatment (30 min)
which also caused closure. The hormone may affect the passive
permeability of the guard cell plasmalemma to those and other solutes.
Alternative sites of action include inhibition of guard cell ion
uptake and activation of an effiux pump (Hsiao, 1976) and Marr& (1977)
has suggested that ABA might inhibit I-I+ efflux pumps sensitive to
fusicocein. However, inhibition of ion uptake or efflux seems in-
consistent with rapid action (Hsimo, 1976). Nevertheless, it is

possible that ABA aclts at gseveral guard cell sites.
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There ig also limited cvidence that the hormone may act at
geveral cell sites in the epidermis. Results of Pemny and Bowling (1974)
indicated that active uptake of K" by epidermal cells occurred after
closure, although their methods have been disputed by Moody and Zeigler
(1978). Itai snd Meidner (1978a; 1978L) hypothesised that ABA-induced
closure involved the epidermal cells. They confirmed evidence of
Mangfield and Jones (1971) and Horton and Moran (1972) that the hormone
affected solute uptake and distribution between epidermal and guard
cells. Closure did not occur if epidermal snd subsidiesry cells were
killed, but this is not conclusive since the effects of epidermis
turgor relations must be considered (Squire and Mansfield, 1972).

To summarise, the symptoms of ABA~induced stomatal. closure appear
to parallel those for closure triggered by other environmental factors,
only faster. However, there is a paucity of unegquivocal information.

ABA seems to affect membrane permeability but may ach at several sites.



MATERTALS AND METHODS

PLANT MATERTAL

The experiments reported in this thesis were carried out using
two plant species: Commelina comunis L. end Ricinius commmis L.
var. Gibsonit. ’

Plants of C. commmnis L. were grown from sced initially supplied
by Dr. C. Willmer (Stirling University, U.K.) and subsequently collected
from plants which were allowed to flower. These were ripened in dry
conditions at room temperature for three or more months priocr Lo sowing.
Approximately 20 seeds were planted 1-5 mm deep in a 125 mm rim
diameter pot. Coleoptile emergence Look place after 7-10 d and
seedlings were transferred to individual pots (100 or 125 rm) after
1 4. If planted in 100 mm pots, the seedlings were transferred to
125 mm pots after a further 1 d. Staking of plants was carried out
about 1 month after seedling emergence and plants were used for
experimentation after this time and before flowering commenced (ca. 7
weeks after polting). Such plants had from 6#~9 fully expanded leaves
on the leading stenm. Branching was frequent, apical dominance being
lost after 3~l leaves had expanded fully. Mature plants thus had
3-6 branches yvielding leaves of compareble area and physiologicsl age.

Plants of R. communis var. Gibsonii were grown from seed (Daggs
Ltd., U.K.) stored at 4 C before use and planted ca. 15 mm deep, one
per 100 or 125 mm pot. The cotyledons appeared above solil surface
after 1b d. If grown in 100 mm pots, the seedlings were transferred
to 125 mm pots after primary leaf expansion. Plants were uvsed when.
1-2 slternate leaves had expanded.

Seed and plants of both species were grown in a standard compost
(peat:sand:loam, 1:1:1; by volume) containing either John Innes Base
(Lindsey and Kesteven Fertilisers Ltd., 3.2 kg m~3) or Osmokote
controlled-release fertiliser (Sierra Chemical Burope B.V., Heerleen,
Holland, 1.1 kg mf3). Watering was carried out twice daily at 0800
and 1700 h. Once-weekly, I'isons Parks general purpose liquid feed
(Fisons, Cambridge, U.K.) was spplied at the menufacturer's recommended

dilution. ALl the plants used were grown in a glasshouse,
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Temperature was not strictly controlled but night heating was provided
in winter and the houses were well ventilated on summer days. Between
September and April, supplementary illumination was given Tor 16 h
deily from Atlas Koloriux LOO W MBFR/U high-pressure mercury vapour
lamps placed 800 mm apart 1 m above bench height. The irradisance
from these lamps, in the band hOC—lOOO nm, varied from 5-10 W mmE at pot
height to 20-L0 W m—g at upper leaf canopy height for mature Commelina
plants. A detailed analysis of the spectral distribution of the
illumination from these lamps is given by White (1973).

The following pesticides were used at irregular intervals as

required.

A. Draza Slug Killer (Mey and Baker Ltd., Dagenham, U.K.)

B. Liquid Malathion (for aphids), Murphy Chemicals Ltd.,
Ht. Albans, U.K.

. Cammexane Smoke Cenerator (for sphids) ICI Plant Protection
Division, Fernherst, U.K.

D. Morestan Smoke Cenerator (for Red spider mite), PBI Ltd.,

Watham Cross, U.K.

Specimen plants were identified at the species level (Commelina) and
varietas level (Riecinus) using the following macro—characteristics

(Bailey, 1925).

Comme Lina communis L.
A, Capsule two—celled and four-seeded.
B. Flower size grester than 12 mm across.

cC. Stems erect exhibiting little adventiticus rooting.

Ricinus communis L. var. Gibsonii
A, Striped seed coat markings.
B. Oval cotyleden shape.

c. Shape and distribution of nectarines on petioles.

CHEMICALS AND GLASSHARE
(i) Gases

Cylinder gases were supplied by B.0.C., Glasgow, U.K, and B.0.C. Special

Gases, London, U.X. The supplier's specifications were ag follows:
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"Air' was collected neor Polmadie, Glasgow and had a CO2 concentration of

ca.300 vpm. 'CO,~free air' was made from liquid nitropen and oxygen.
[
The oxygen content of the gas was 19.5 & 1,5%, Other impurities

tested (CO, NO_ and total hydrocarbons) were all less than 1 vpm.

'Nitrogen' used was oxygen-free grade.

(ii) Solvents

Water was glass—distilled and stored in polyethylene tanks. Methanol
was supplied 'purissima' grade by Beveridge Ltd., Edinburgh, U.K.
Solvents supplied in drums (e.g. diethyl ether) were always redistilled;
ethyl acetate was always freshly redistilled before use. Other

solvents were used as supplied.

(iii) General chemicals

General laboratory chemicals were supplied by:
Hopking & Williams, Iitd., Chadwell Heath, U.K.,
Meay & Baker Ltd., Dagenham, U.K.,

and B.D.H. Ltd., Poole, U.K.

(+)-ABA (Grade 1, 95 + % purity) was supplied by Sigma Chemical Co.
Ltd., St. Louis, U.S.A.

(iv) Radiochemicals

The radiochemicals used are liéted in Table k. Specific activities
stated are those of the supblier except in the case of tritiated ABA.
The specific activity of this compound was estimated by transferring
an aliquct of source solution te a methanol-rinsed glass bottle of
known weight. The solvent was evaporated until the welght of the
container was constant to the nearest 20 ug. The weilght difference

was then used Lo calculate the specific activity assuming 100% purity.



Table b

Radiochemicals

Supplier's Specific
Radiochemical Supplier Batch Activity
Designation TBq mol Ll
(i)~2~1”C~ABA Radiochemicsl Centre, Code CFA.557 0.2257
Amersham, U.K. i
(#)~p~1%C-ABA New Fngland Nuclear, Lot 882-210 1.328
Boston, U.S.A. ’
(%)-C-3H-ABA Radiochemical Centre, | Code TRQ.T02 17.1.68
Amersham, U.K.
(1,2)-3H-n-
hexadecane " Several
batches Varied
1-14 G
hexadecane " -
86RpCa. " Code 133BA Varied

U-1*C~sucrose

3BA
Code CIBhL
Batch 56

due to shorti
t,0f 86Rb
2

0.3182

Radiochemical purity of 2-14Cc-ABA and G-3H-ABA was estimated by TLC

in appropriate solvent systems at various intervals during the use of

the chemical.

activity was found in all cases.

assessed.

A single peak containing over 95% of extracted radio—

Chemical purity was not directly

The Radiochemical Centre estimates of the chemical and radiochemical

purity of labelled n-hexadecane were in excess of 97%.

ol purity of 86RpbCl were available.
of the radiochemical. purity of U-

{(v) Glassware

4

‘sucrose was 9G6%.

No estimates

The Radiochemical Centre estimate

Glagsware was routinely washed by soaking in warm 'dilute' Pyroneg

(Diversey Ltd., Cockfosters, U.K.) detergent solution, scouring with a

boltle brush snd rinsing in tap water.

Classware retained i'or work

involving radiocactivity was washed by steeving in 'strong' Pyroneg




solution for at least 24 h, rinsed with tap water, rewashed as per

routine glassware, and rinsed with methanol after drying.

EXPERIMENTAL METHODS

General experimental conditions

ALl experiments on live plant material were performed in. a 10.h m3
walk-in growth room. This had two side benches each equipped with a
bank of five 1.5 m 80 W white fluorescent tubes (Atlas TLtd., Glasgow,
U.K. end Omega Lampworks Ltd., Stockport, U.K.) placed 650 mm ahove
bench height. The room was illuminated for 16 h daily (0800-2L00 h}.
The air in the room was circulsted and maintained at 23 + 1.5 ¢.
Humidity was uncontrolled but was generally in the region 60-80% RH.
The air was frequently changed by leaving the door open for extended
periods outwith experimental times.

Plants were transferred to the growth room from the glasshouse
one or more days before use in experiments. Watering was carried out
as in the glasshouse unless otherwise stated. Other experiments,
e.g. hormone purification, were carried out in a laboratory at ambient
temperatures (ca. 20-25 C.)

Most experiments were repeated at least twice. If not, this

fact is mentioned in the text.

Treatment of plant material

(1) Preparation of epidermal tissue

Epidermis tissue for incubation studies:  Epidermal strips were
obtained from the abaxial surface of the fully expanded leaf closest to
the apex. The following procedure was adopted to optimise epidermal
cell viability and minimise mesophyll cell contamination.

The chosen leaf was Ffirst cubt with a rawor blade into strips of
manageable width (3~% mm). This was usually done between the parallel
major veins of the leaf (Fig.3), since rupture of the epidermal strip
and/or mesophyll contamination was often observed during peeling at
points where veins crossed the strips. Two leaf strips could he
obtained from each leaf, one each side of the midrib. During peeling

of epidermis from the first of these, the rest of the leaf was placed




Strips Taken for Peeling.

Fig" #e Method of Peeling Epidermal Strips.
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adaxial surface up, on distilled water, to prevent desiccabion.
Having obtained a leaf strip, a razor cut was made al the leaf tip
end through the upper epidermis without damaging the lower epidermis.
The 'tab' thus created was pulled vertically awsy from the mesophyll
tissue using tweezers (FigTh). After peeling, the epildermal strips
were cut into squares or other shapes for identification (= segments).
This tissue was manipulated using tweezers. When large numbers of
segments were required those already pecled were floated on distilled
water prior to use. The distribution of segments belween treatments
from such a 'pool' was assumed to be random (designated 'R' in figure
legends ). If incubation of strips was staggered between treatments,
the allocation was non—random as different leaves, although physio—
logically equivalent, were used for each batch of tissue required
(designated 'NR' in figure legends).

In order to test the relationship between epidermal cell visbility
and mesophyll contamination the angle of peeling (here defined as the
aﬁgle between the separating tissues) for different leaf strips was

varied from about 0.1 ~-3.05 rad (5-175%).

Eptdermis tissue from pretreated legves: Epidermis Tor experiments
involving pretreated leaves (on.or off plant) was removed as above with
the exception of that which was required for radiocassay by scintillation
spectrometry, where several modifications were employed. Firstly,

the width of leaf strips was carefully measured (normally 7 mm);
subsequent cuts at right angles to the length of the epidermal strip

were restricted to 7, 14, or 21 mm to yield segments of area spproximately
50, 100, or 150 mm? respectively. Where‘used, mesophyll plus upper
epidermis tissue corresponded to the lower epidermis tissue removed from
the leaf strip. When both sides of the lomina were sampled, the second
was placed belween moist 'Kleenex' tissue during sampling of the first.

A Turther modification was that the angle of peeling was normelly slightly
greater than normal in order to limit further the possibility of meso-—
phyll contamination. If epidermal tissue was required for gtomatal
aperture measurement, this was removed from areas adjacent to those

sampled and either freeze-dried or measured ilmmedialely.




'Dead' epidermis tissue: 'Dead' epidermis material was obtained by
the 'Ireceze~thaw' method. Tissue was placed under liquid nitrogen

for 5-10 s and thawved by placing in distilled water.

Freeze~drying of epidermis: Epidermal tissue which was freeze-dried
for autoradiography and/or fixing of stomatal aperture was first
applied to slides subbed using the following method. Methanol-~

rinsed slides were dipped in subbing solution (5 g gelatin dissolved
completely in 107% wd hot water before adding 0.5 g chromium potassium
sulpnate) and allowed to dry. Subbed slides were stored in boxes at
Loc. tpidermis was floated on a small drop of water on the slide.

The fluid was then removed with a piece of 'Kleenex' tissue. The
glide with strip atbached was then quickly immersed in liquid nitrogen
(-196 C) and left until freeze-drying in an Edwards Freeze Dryer Model
EF2 (Bdwards High Vacuum, Crawley, U.K.). Slides were transferred to
the chanber after precooling the coil to -30 . Freeze~drying was
then carried for at least 3 h and normslly 12 h or more. I'reeze-dried

material was stored in perspex boxes containing anhydrous silica gel.

(ii) Staining of epidermal tissue

Neutral Red:  Epidermal material was floated on 1 kg m agueous
solution of neutral red indicator for 2-L min, and was then transferred
to distilled water for a variable period. To study upteke of the dye
by epidermal cells (i.e. non-subsidiary cells) the strip was exauwined
microscopically after a rinse of about 2 min. In the case of subsidiary
or guard cells this period was extended to 5-20 min.

Cells which took up dye appeared pale purple in colour and those
which did not were orange-red (Willmer and Mansfield, 1969). Such
cells were designated 'alive' and 'dead' respectively. IDstimation
of the proportion of live to dead cells was made by counting the number
of these cells whose outline bisecled an eyepiece graticule =zt 100x
magnification. Estimation of the proportion of stomatal complexes
with no living subsidiary cells was made by counting the number of live
and dead complexes in half the field of view at 100x magnification.

The proportion of living guard cells was estimated in the same way.
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Several of the above estimates wexe combined for each segment.

Uptake of neutral red dye by the stomatal complex as a function of
time was studied by photography of slide-mounted segments at various

intervals after staining.

Evan's Blue: Tpidermal matcrial was floated on a drop of aqueous
solution of Evan's Blue (2.5 kg m_s) placed an 8 slide. A cover slip
vas applied and excess dyc removed under gentle pressure with a
'Kleenex' tissue. According to Gaff and Okongo—ogola (1971), the

dye is not taken up by living protoplasm, but penetrates the cell wall
if the contents are ruptured or dead. Congequently, cells which
remained colourless were designated 'alive' and those which appeared
blue were said to be 'dead'. Estimation of the proportions of living

cells was by the same method used with neutral red.

(iii) Incubation Conditions for Epidermal Segments

In all incubation experiments, & rigid timetable was adhered to.
Solutions were pre-incubated in the growth room for 0.5 h starting
between 1130 -1215 h., This allowed equilibration of the medium, in
terms of temperature and C02 concentration, before adding epidermis
tissue, vhich was therefore placed in buffer from 1200-1245 h.  If
staggered incubations were required by the experimental design,
staggered preincubations were employed.

Two incubation systems were used in these experiments: the method

used in individual cases is shown in the figure legends.

System 1: In this method, 20 x lO—Gm3 buffer solution was placed

in a 25 x lO_Gm3 glass petri dish 300 mm below a bank of fluorescent
lamps on a board covered with Benchkote. At this level the direct
irradiance in the band h00-1000 nm lsy between 16-19 W mfz . COz—free
air was bubbled through the solution using hypodermic needles at a
rate of 1.7 % lOHGm3 s—l (see Fig.5). Up to 12 dishes were used per

experiment.

System 2:  This method was preferred for work with radiocactive solutions

as aeration was not carried out and therefore splashing and vapour



Fig. S.

Fig.6.

Incubation of Kpiclorma] Segments;

The petri dish was yj mm in diameter

Incubation of whole leaves.

The perspex box was 110 nmm long.

Gystem [
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production were minimised. 5 x lO_G m3 solution, was incubated in
& well of a clear perspex 6~welled Linbro‘Multimdiﬁh (Linbro
Seientific Co., Inc., Hamden, U.8.A.). The wells were covered with
a perspex 1lid and placed on carbridge paper on & slow orbital shaker
(Gallenkamp Ltd., London, U.K.). This was placed such that the
dishes received the same irradiance as those of system 1.

When transfer from dish to dish was reqﬂired for treated epidermis
tissue, equivalent disturbance was given to the control tissue,

although this was not always transferred Lo a new dish.

Uptake of label by epidermal strips: Uptske of labelled ABA or B6Rp
was examined by floating epidermal tissue on buffer solution containing
the tracer. After the desired incubation period free-space label waa
removed from the tissue by a suitable rinsing procedure. Bpidermal

meterial was then used for radioassay.

Effilux of label from epidermal etrips: Efflux of label from epidermal
tissue incubated as above as a function of time was studied by
sequentially transferring segments between efflux solutions. The
buffer used was similar with the exception of label content to the
uptake medium. 500 mm3 was allowed per epidermal strip. The amount
of label efflux was estimated by radiocassay of the efflux medium.
Comparison of the efflux of 8®Rb from strips in solutions of
buffer and buffer with ABA was made by transferring strips to dishes
containing these solutions (system i) and sampling the sclutions by
micropipette at various intervals. Since the volume sanpled was
200 mm3 from an initial total of 10 x 10“6 m3 , the cumilative efflux

was given by

T o= 50 - + % )
fn cn()o n) I cl

area of tissue

where n = no of samples taken, Tn = cumulative efflux at nth sample,

¢, = radioactivity in ith sample, C, = radioactivity in nth sample.
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Free~gpace RFinsing: The free space rinsing period was calculated
from study of the effiux characteristics of the relevant label,

For 1MC-ABA treated tissue; the rinsing treatment consistled
of 6x15 s washes in buffer using incubation system 2.

In the case of 86Rb, the rinsing treatment varied: +the total
rinse time is noted in figure legends. Generally, segments were
floated on buffer {system 2) for several minutes and then submerged
in fresh buffer solution Lo remove label on the cubicle surface for
the remainder of the rinse period.

For both isctopes, the rinse buffer used was identical, with the
exception of tracer content, to thal used for incubation. 500 mm3

buffer per segment was allowed in each rinse.

(iv) Solutions used for incubation of epidermal tissue

These solutions were made up from stock buffer solutions as
required and used once only. Stock solutions based on PIPES or MES
(B.D.H. Ltd., Poole, U.K.) were adjusted to the correct pi with KOH
before making up to volume. The pH was then rechecked. All stock
solutions, particularly those containing ABA, were replaced regularly
and were sbored al room temperabure in actinic glass bottles. The

following buffer systems were used.

PIPES/KCL pH 6.8 buffer: These were based on 10 mol n ® prems pH 6.8
and made from the following stock solutions:

A. 500 mol m ° KCL in 10 mol m ° PIPES, pH 6.8.

B. 10 mol m ° PIPES, pH 6.8.

C. 0.2 mol o ABA in 10 mol m PIPES, pH 6.8.

As example, & solution of 100 mol m ° KC1/10 mol w % PIPES/0.1
mol m”3 ABA was made from stock solutions A, B, and C in the proportions
2:3:5 (v/v).

When cold RbCl was used instead of KCl, the solutions were made
up from a 500 mol e RbCl in 10 mol w ° PIPES PH 6.8 stock solution
in place of solulion A, Calcium and strontium were supplied as
chlorides and solutions of the salts wvere made by serial dilution of a

3

-3 . _ . . . ~3
1 mol m stock solution containing 50 mol m  KCLl and 10 mol m

PIPES at pH 6.8,



PIPES/Na NO, pH 6.8 buffer: The PIPES/N8N03

Ogunkanmi et al.(1973) was used. This was also based on 10 mol m 3

buffer system of

PIPES pH 6.8, Incubation solutions were made from the ssme stock
. . . -3 . -

solutions as above bubt with 500 mol m NaN03 wmstead of 500 mol m 3

KCl. Solutions containing different concentrations of ABA were made

by serial dilution.

MES pH 4.5 buffer solution: This buffer was used for the selective
killing of cells in epidermis tissue (Squire and MansTield, 1972).
KCl was not added.

Citrate pH 5.6 buffer solution: 10 mol m"3 Citrate bulfer at U 5.5

containing 10 mol m»3 KCL (Willmer et aql., 1978) was made from citric
acid and Na3 citrate stock solutions (100 mol m“3) in the approximate
proportion 3:7 (v/v) diluted ten %imes with distilled water. ABA

. . . . . . ) ~3
wvas dissolved i1n the solution at a concentration of 0.1 mol m .

(v) Preparation of whole leaves

Leaf material: Leaves were obtained from meiure plants with several
branches. Healthy first or second fully expanded leaves nearest to

the apices were selected. After detaching a leaf with some 50 mm of
stem below the point of insertion, the portion of stem above the leaf
was exclsed and the end of the lower part cut rapidly with a razor

wnder water at least five times. This procedure reduced the possibility
of air embolism occurring in xylem conduits due to the release of xylem
tension (J.A. Milburn, pers. comm.). The stem was then trimmed to

%0 mm. Care was taken not to dampen the lamina during this procedure.

Incubation of leavee:  Leaves with 4O mm stem attached were incubated
by placing the stem in vials of distilled water or aquecus ABA sclution
inside perspex chambers 150 x 10—6 m3 in volume (Fig.6), through which
alr or Cognfree gir of high humidity was passed.

In order to increase the humidity of the gas supply, it was first
passed through twoDreschel bottles of water in series, end then into
the base of the perspex Dboxes via hypodermic needles. - The bottom cf

each chanber was lined with damp 'Kleenex' tissue and a perspex 1id was




placed on top of the box in such a way that the gas supplied passed
over the leafl befére leaving the chamber., The gas flow rate wasg
regulsted at 2°5 x 10'_6 m3 5”2 chamberml, which was approximately one
chamber volume per minutef The hoxes were placed on a glassplete and
sealed with 'Blu-tack' (BostikK Ltd., Leicester, U.K.). Up to 15
chambers were in use at any given time. '

A1) experiments using this method were carried out bhetween
1000-1340 h. If transfer of leaves from control to treatment solutions

was required, untreated leaves were given equivalent disturbance.

(vi) Water—stress Treatments

Short-term stresses (0-5 h): Tor short-term stresses, treatments
measured by fresh weight loss were used. Leaves were removed from well—
watered plants in the greenhouse and weighed in the laboratory. Control
batches were immediately placed in clear polythene bags from which the
air was removed by suction before sealing. Treated leaves were placed
on a top-loader balance and dried until 10% fresh weight loss had
occurred. A hair dryer (airstream temperature < 35 C) placed 1 m

from the leaves was used to accelerate this process. After reducing
fresh weight, the stressed leaves were bagged on a similar fashion to
controls. Sets of control and treatment leaves were left in the bags under
fluorescent lighting (5-10 W m“z, in the band 400-1000 nm) for 1,3 and

5 h. The time taken for reducing fresh weight was included in treatment

times.

Long=-term stresses (0-5 d): TFor long-term stresses, treatments which
involved reducing or withholding water from potted plants were used.

Individual watering regimes are described with the relevent experiment.

(vii) Pransport of Radio-tracers in the Phloem Sap of Ricinus

These experiments were carried out in the growth room. The
adaxial surface of first or second alternate leaves of Ricinus seedlings
vas abraded gently with Aloxite Optical Smoothing Powder (The
Carborundum Co., Ltd., Manchester, U.X.) on an area of approximately
1C mm dismeter, using damp cotton wool. Abrasion wuas stopped when

anthocyanin pigments (present in gland cells of the epidermis) were
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observed to have been removed. The ares was washed wilh distlilled
water, dried and then used for the application of tracers in one of

the following ways:

A, A2 mm thick, 10 mm diameter cylinder of 1.5% (v/v
agar containing G-3 ~ABA was applied tc the abraded
leaf surface and covered with a 15 nm diameter glass

coverslip.

B. A 25 mm3 drop of agueous solution of tracer(s) (with or
vithout buffer) was applied to the ebraded leaf surface
by micropipette and covered with a 20 mm square film

of polyethylene.

A 5-10 mm lateral bark incision was then made immédiately and
the phloem sap collected in glass microcapillary tubes or in methanol-—
rinsed glass pipettes of suitable size. The time of collection and
volume collected (where relevant) were noted. In some cases two or
more ascending latersl incision were made. Full details of the leaf
abraded, method of tracer application, activity of tracer(s) applied,
point of incision and number of incisions, are given in the individual
figure legends.

For analysis of the molecular state of tritium label from
labelled ABA present in the sap, the exudate was adjusted to pH 2 with
1 kmold m_3 HCL and partiticned twice against ethyl acetate (1 x 5 volumes,
1 x 1 volume). The ethyl acetate was evaporated from the combined
fractions and the sample used for TLC analysis.

Circulation of label from applied ABA into the xylem sap was
studied by collecting root pressure exudate using the method of
Wieringa and Bakhuis (1957).

The effect of abrasion on cell structure and leaf esnabony was
examined by preparing sections, for light microscopy, of abraded and

control arcas of leaf.

(viii) Silicone Rubber Stomatal Impressions
Flexico 'Silflo' silicone impression material and 'Silflex'
catalyst (J. & S. Davis ILtd., London, U.K.) in the proportion 10:1

(v/v) were mixed thoroughly with a plastic spatula. The iiuid was



epplied gently to the leaf surface (generally abaxial), allowed to
harden for several minules, and then peeled off. A 'positive' was
made by applying the impression to a thin layer of No.7 clear nail
varnish (Boots Ltdr, Nottingham, U.K.) coated on a slide. The
varnish was then allowed to dry thoroughly (0.5 h) beforé peeling
away the impression. The positive was viewed by light microscopy,

care being teken to ensure that the stomstal throat was in focus.

Measurements

() Estimation of stomatal aperture and epidermal segment aveas

Stomatal apertures on live epidermis tissue, freeze—dried
epidermis and from stomatal impressions were messured by light
microscopy. A magniiication of h00x was employed and the pore
throat width (at its widest point) was estimated by eyepisce graticule
to the nearest 0.75um. As a general rule, 25 measurements from each
of two or three segments were combined for each mean shown. The
total number of aperture measurements, n, and number of replicate
segments, s, is shown in individual figure legends.

In order to 'randomise' observabions and yet achieve speedy
messurement , a compromise method was used whereby five groups of
five stomata were measured from individual segments by 'random' move-
ment of the stage. Stomata at the edges were not used. If an
assistant wrote down verbally~c6nmmnicated measurements, the estimation
of 50 apertures could be completed in 90 s,

When segment areas were required, they were estimated by eyepilece
graticule at 25x magnification and were accurate to the nearest 0.1 mm?.
When required, estimates of contaminating mesophyll cells were obtained

from several counts in half the field of view at 100x magnification.

(i) Radiocassay

Liquid seintillation spectrometry: Radioactivity in samples was
measured using a Packard 3380 liquid scintillation spectrometer.

20 x 10 °m? plastic viuls'(A. & J. Beveridge Ltd., Edinburgh, U.K.)

-6 3 . . .
were used with 10 x 10 m scintillation cocktail (‘scintilleant').
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(a) Bstimation of 3K and MC activity
‘Saintillants
Two types were used:
A, b Kg mﬁ3PPO (2,5~diphenyloxazole) in toluene.
B. Two parts A plus one part Triton X-100
(A. & J. Beveridge Ltd., Edinburgh, U.K.).

Seintillent A was used with toluene—soluble organic solvent

samples and scintillant B with aqueous samples.

Counting efficiency: The efficiency of counting was estimated
using the Automatic External Standard (A.E.S.) leature of the spectro—
meter. This wes calibrated for each scintillant using 3H-hexadecane
or M(C-hexadecane in the following manner.

A plastic vial was weighed to the nearest 10 pg and reweighed
after adding ea. 20 mm3 of labelled hexadecane. Seintillant was added
immediately. The theoretical amount of radiocactivity present was
calculated from the weight difference using the specific activity of
the hexadecane. The vial was then counted in the relevant channel(s)
on the spectrometer and the A.E.S. ratio noted. Greater degrees of
quenching (and therefore lower A.E.S. ratios) were obtained by adding
drops of a methranol extract of French bean leaves to the vial. The
counting efficiency was calculated at each A.E.S. ratio from the

formula.

count obtained

Efficiency =
theoretical activity present

The relationship between A.E.S. ratic and efficiency was estimated by
fitting the points obtained to least square curves using an HPOT

calculator (Hewlett Packard, Corvallis, U.S.A.). Linear, exponential,

bx
]

logarithmic snd power curves (of equation y = & + b, v = ae
y =8 lnx+bandy = axb respectively, vhere y = efficiency and
x = AE.S. ratio, o < x, ¥y <1) were fitted and that giving the bighest
coeflicient of correlation accepted.

Calceulotion of radiocactivity present per vial: The factory pre-set

channels were uscd to obtain 3, M%C end double-label efficiency curves
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for the different scintillants. The radicactivity present in each
vial counted was then calculsated using a progromme for the HPET
calculator which utilised the efficiency curves and the following

formulsae:

Tritium

counts in H channel - bg

radioactivity =
3H efficiency in 3H chammel

Carbon 14

counts in %C chamnel - bg

radioactivity
o efficiency in 1"C channel

Double—~labelling

counts in %¢( H) channel - bg

il

lhe ragioactivity
e efficiency inl%C(3H) channel

counts_in 3H(!%C) channel - bg  IMC radicactivity

i

3H radioactivity
SH efficiency in 3H(1%C)channel  isotope ratio

3H efficiency in 3H(1%C) channel

i

isotope ratio
¢ efficiency in 3H(1%C) channel

The efficiency curves used in these analyses are illustrated in
Figure 7. Background (bg) was obtained by using scintillant only

in the vials. It did not vary significantly with quench.

Sample preparation

If required, samples were prepared by rendering them soluble in
either a suitable organic solvent or water. Radioactivity was extracted
from epidermal segments by placing the tissue in & scintillation vial
with lOw6 mn° methanol or methanol:ether (1:1. v/v) mixture for 3 h or

nore. The same procedure was used for sections of plastic TLC plates.
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Lfficiency Curves Used for Scintillation Spectrometry

a. Single Label Calculations.
Scintillants A, B as text
Equations used:-

AL.S. = 045 - 0:8 { A,B,C v

A
lqc Y
ARS8, =0 = 045 B Y
c y
ARS8, = 045 - 048 { A,B,C ¥
3H
AE.S. = 0 ~ 0-L5 }.A’L’ y
B
b. Double Label Caleculations.

b inlhc(BH){

31 in 3H(

Isotope ratio{?.E.S.

Only scintillants A, B used

Equations for both:-

A.E.S, = 0.k - 0465
A.E.S. = 065 -08
1”0)[A.E.S. = Ol -~ 08
= 0«4 - 08

C=A+1x 10“6 s

0:957 + 0+1L5 1nx,
105 + 0-277 1lnx,
04919 - 0+170 Inx,
0 987 + 0 218 Inx,

Do
0.09@ : . T = 0599
. )
0-23¢° 7%, v = 0.99
be)
0:03e ¥, 1 = 0099

Y = 0+720x% — 027, v =

y = 1396x — 0«70k, ,r =

y = 0:686x - 0409, r =
«5l

y = 5-09hx2 5*8, r = 09

MeOH : EtQO.

v = 0:969

r = 0996,
0'9919
0 g9z,

H
it]

=
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i
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(b) Estimation of 8SKb activity

Seinttliant

BbRp g-emission was counted using the Cerenkov radiabion produced
by this isotope iﬁ water. | Hence, 10 x 107% n® aistilled vabter was

added to each sample sg scintillant.

Counting effictency

As the compound used for 1*C and 20 A.E.S. ratio determinations
did not produce significant Cerenkov radiation in water, this method
was not used for efficiency determinations. It was assumed that the
variability in quenching between samples was negligible.  The optimum
efficiency in the 'high energy' channel was found by using a sample
of B8RbC1 of known activity and maximising the counts obtained by
altering the window sebttings and amplification. The highest
efficiency obtained was 0.38 at 100% amplification with the window

set at 300-1000 units.

Caleulation of radiocactivity present per vial

This was calculated from

counts in high energy channel - bg

0.38

radioactivity =

Sample preparation

If necessary, samples were prepared by rendering them soluble
in water. For segments, this was achieved by adding 100mm® perchloric
gcid to the tissue in each vial for 3 h or more prior to the addition
of 10 x 107 m H,0.

Allowance for radioactive decay

Owing to the short half-life of B6Rb (18.66 4), allowance was
made for this in the calculation of the activity present in solutions

ab any given time, The equation

- =At
At = Aoe

was uscd, where A, = original or reference amount of sctivity,
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A= activity rem§ining at time t, A = decay constant (for 86Rb = 0.03715

&t or 0.00155 1.

Mieroautoradiography
The microautoradiographic technique was a modification of that
of Willmer et al. (1973).

(a) Application of photographic film

Pieces of Kodak Pan—F 18 DIN/50 ASA film (35 x 20 mm) were cut in
the dark. The emulsion side was applied directly to the tissue and
held in place firmly with a plein glass slide which was then taped to
the sublbed slide with freeze—dried tissue. 20 mm width 'Sellotape'’
was used for taping, but it was important to cut this into stirips
prior to film application because static sparking occurred as it was
wpeeled. Controls for positive and negative chemography were always
included. That for positive chemography consisted of unlabelled
tissue with unexposed Ffilm. For negative chemography, exposed Tilm
was used with unlabelled tissue. Tapered slides were placed in a
cardboard or plastic light-tight box and covered with black polythene

and/or aluminium foil to exclude light.

(b) Exzposure

Exposure of microautoradiographs was carried out at -15 ¢, The
exposure period was calculated from estimates of the amount of radio-
actbivity in the tissue on the basis that latent image formation was
governed by an inverse relationship between tissue radioactive content

.

and exposure time. Thus tissue radioactivity, in Bq mm—z, muttiplied
by exposure time, in days, was predicted to equal a constant, K, for
optimal exposure. Empirical evidence suggested that K = 4.5 & Bg . ©
was satisfactory for MC g-emission. This value was also found to
hold for 8%®Rb B-emission. Exposure times therefore varied Trom days
to months between experiments depending upon the estimated radioactive

content of the tissue.

(e¢) Development Protocol

In darkness, the light-tight box was opened and a razor blade used
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to cut the tape between the slides. The pieces of film were romoved
and & number of notches cut in the side with scissors for identification.
The film was then placed in a besker after bending over the corners to
prevent adhesion in solution. The slides were stored éeparately in an
order corresponding to the film notches. A piece of muslin wag then
placed over the beaker and held in place with san elastic band. Develop—
ment and fixing was carried out in the beaker' with PQ Universal developei
and Hypam fixer (Ilford Ltd., Ilford, U.K.) following the menufacturer's
recommended procedure. The film was subssquently rinsed for at least

30 min in tap water and dried.

(i17) Analysis of molecular state of tracers

Radiochemical purity and the molecular state of radioactively
labelled compounds was examined using thin layer chromatography in
appropriate solvent systems.

TLC was carried out at 20 + 1 C in sealed glass tanks lined with
blotting paper and containing 150 x ZLO—6 m3 solvent. 'Polygram’
50 x 200 nmm piastic TLC plates precoated with 0.25 mm gypsum—Ifree
silica gel were used, An aliquot of radiocactive sample in a suitable
volatile organic solvent (e.g. diethyl ether, methanol, ethyl acetate)
was spplicd as a spot or streak 20 mm from the base of the plate.
Standerds were applied in two ways.

A, As distinct spots separated by a longitudinal score

in the support medium.

B. Standard was incorporated intc the sample application
solvent as the Gouble-lebel anslogue e.g. NC —ABA
standard with 30 - labelled sample.

The TLC solvent was allowed to run to a transverse score 160 wm
from the origin. After drying the plate, it was cut into 20 eight-
millimetre segments which were assayed by liquid scintilletion
spectrometry.

Results were expressed as percent of total recovered radioactivity
present per segment. In each case illustrated, the itotal radioactivity

recovered is nobted in the figure legend.
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(v} Diffusive Reststance Measurements
These measurements were carried out using a Li-cor Li 208

Diffusive Resistance Meter (Li-cor Ltd., Lincoln, U.S.A.).

Calibration. This was carried out according to the manufacturer's

instructions in a clear celluleid cage in which demp tissues had been
placed. Readings were not taken unless the humidity was greater than
90% Ri, or if the temperabture of the growth room differed by more than
05 ¢ from 27 C. Points obtained sl this temperature were converted

to 25 C-equivalent readings using the supplied conversion curve.

Readings. Measurements of transit time were taken with a stop-watch
"to the nearest 0.1 s. Leaf and ambient temperatures were noted.
Transit times were converted to 25 C-equivalents and the resistance
egstimated from the calibration curve. Conductance was calculated

as the reciprocal of resistance.

(v} Chlorophyll content of Commelina leaves
Relative senescence of Commelina leaves was estimated by
measuring leafl chlorophyll content. As micrometer measurements
indicated that leaf thickness did not vary significantly after expension,
chilorophyll levels were measured and expressed per unit area of leaf.
Leaf dises (53.5 mm?) were taken by cork borer and boiled in
methenol for 15 min. The volume of methanol was made up to 2 x lONBm3
and the absorption spectrum measured using a Pye Unicam SP8000 UV
Recording Spectrophotometer (10 mm pathlength, 0-1.0 scale).  The
absorbance (A) at 665 and 650 nm was measured and used to calculate
the total chlorophyll content from

total chlorophyll = 25.5 A + 4.0 A

650 665

(s8stak et gl., 19TL, after MacKinney, 1941).

In experiments vhere epidermis tissue was teken to assay stomatal
reaction to ABA, samples of lamina for chlorophyll estimation were
taken from the opposite side of the midrib. Tor this reason, only
leaves having apparently even disiribution of pigment within the leal

were used,
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(vi) Measurement of irradiation
An Optometer Light Measuring Instrument Model L0X {United
Detector Techunology Ine., Santa Monica, U.S.A.) was used with the

radiometric filter and diffuser unit supplied.

(vit) Humidity Measurement

Relative humidity was measured using a 0-100% hair hygrometer
(Fischer Ltd., Dreback, W. Germany). When long-term measurements of
temperature and humidity were required a thermo-hygrograph (Cassella

Ltd., London, U.K.) was used.

(viit) Estimation of endogenous ABA content of Commelina tissue

Extraction and purificetion of the methanol—-soluble ABA-containing
fraction of freeze~dried Commelinatissue was carried out using the
procedure illustrated in simplified form ss a flow diagram in Fig.d.
Individial steps requiring elaboration are marked with sn asterisk and
details of these stages are given below. At all stages in the procedure
the extracts were kept away from direct sunlight. Samples were stored
between operations at 4 C.

Extraction: Freeze—-dried tissue was extracted with methanol
(approximately 10x fresh weight, v/w) at 4 C. The solvent was
replaced twice at 24 h intervals and the 3 extracts were then combined
for purification. Blank extracts (methsnol only) were added at this
point.

Purification standard: A standard of 2- 4C —ABA was added to the
pooled methanol extracts of each sample., This consisted of an amount
of labelled ABA roughly equivalent to the estimated ABA content ol the
tissue (calculated both from the specific activity of the standard:-
0.2257 TBq mol_l = 0.855 Bg ng—l, and From published or previcusly
obtained estimates of ABA content). Egquivalent samples were taken for
radicassay at the time of addition and at the end of the purificatiocn
an estimate of the total smount of radiozctivity remeining in the
extract was made: these two figures were used to estimate the
purification efficiency.

“Solvent removal: Solvents were removed from extracts by either
of two methods. Tor large samples ( > 5 ml)}, the solvent was removed
by rotary {ilm evaporation at <kh0 C, whilst smaller samples were

dried under a stream of nitrogen.



Fig.8. Purification Procedure for Abscisic Acid.
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pi 8.0 buffer: 6657 mol m_3 pH 8.0 phosphate buffer was used.
This was prepared from 66.7 mol m"3 monosodium phosphate and 66.7 mol mfa
disodium phosphate solutions in the proportion 26+2:1 (v/v). Samples
were taken up in buffer by scouring the evaporabion vessel using
methanol-rinsed boiling stones with 10 x lOf6 m3 buffer. This was

. . -6 3
repeated twice to gave 30 x 10 m  buffer.

Vacuum filtraltion: This was carried out on extracts in buffer

. . . ——6
solution using Whatman's No.l filter paper. A 'chase' of 10 x 10 m

buffer was given.

PVP colunms: These were prepared from PVP powder (Polyclar AT -
polyvinyl pyrollidone, Sigma Chemical Co. Ltd., St. Louis, U.S.A.)
which was washed once with water and twice with pH 8.0 plhosphate
buffer to remove fines. 5 mm of gless beads (4O mesh) were placed.
on the sinter of a 150 x 'J_Oﬂem3 Pyrex glass mercury filter tube
(sinter porosity 1, height 210 mm, L.D. 30 mm) and 60 mm PVP layered
on top. Columns were then washed with 100 x Zl.O_6 m3 phosphate buflfer,

Samples (in buffer) were allowed to run through the columm before
being eluted with a further 100 x lO—6 m? buffer. The first 20 x 10—6
m® eluate was discarded and the next 60 x lO—6 m3 eluate collected and
retained. Cclumns were used once only.

To test column efficiency and other elution characteristics,
samples of buffer containing G- 3H -ABA vwere passed through the column
and eluted with buffer. 2 x 10~6 m3 samples were collected for

radioagssay.

Partition: Partition of solvents was cérried out such that
adequate mixing and separation of phases occurred. In investigations
of the efficiency of separation, G- 34 -ABA was incorporated into the
relevant phase and efficiency was calculsated by sampling the phases
after partition. Where extracts of plant tissue were required for
dry welght determiunations. These were obtained by extracting 100 g
Ricinus leaves and purifying the extract to the Tirst sample aci&iﬁknbion
stage. 30 g f. w.—equivalents of the extract in pH 8.0 buffer were
used. The pH was then adjusted using HC1 end KOH to 2.0, 4.0, or 8.0.
"Artificial' phloem sap was made from 15% {(w/v) sucrose in water, end

was adjusted to pH 2with HCL. FPartition was carried out using cqgual
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volumes in each phasc.To determine dry weight separation efficiencies,
dry veights of samples were determined by heating, freeze-drying or
vacuum desiceation; carbonisation was specifically avoided. In
separabe determinations, radioaclive ABA was incorporated in the
buffer solutions, and tracer separation efficiencies determined by
sempling after partition, care being taken to avoid chemiluminescence
radiocassay artifacts.

The following values were determined for the solvents m~hexane,
diethyl ether, chloroform, ethyl acetate and water saturated butenol
(after Fifield and Kealey, 1975), assuming thet eguilibrium had been
reached after partition, and that radioactivity measured represented
ABA, The distribution of dry matter or tracer between the agueous
and organic phases was given by:

(ca)
O

Distribution ratio, D = ————

(CA‘)aq

where (CA) = total concentration of all forms of solute A, o = orgenic

phase, ag = aqueous phase,

_ radioactivity (o) _ dry weight (o)
thus DABA = and DDW =

radioactivity (aq) dry weight (aq)

The efficiency of extraction of solutes from the aqueous phase Lo

the organic was given by

efficiency, E = D ) s
(D+V_V )
ag o
where V represents the volume of the relevant phase. Since Vaq Vo“l = 1
in these experiments, E = D . The relative separstion of ABA from

D+l
the bulk of the extract was calculated using the D values for ABA and

dry welght distribution. Thus ,
DapA_

Dyy.w

separation factor g =

DE 52 columms: Whatmen's DE 52 powder was preparcd by acid/base

precycling in the manner advised by the menufacturer. 30 mm was laycred
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over 5 mm glass beads (40 mesh) placed on the sinter of o 8 x 10"6 m3
Pyrex mercury filter tube (sinter porosity 1, height 100 mm, I.D.

10 mm). The exbract in water was passed through the colwumn and,
followed with 25 x l().-6 m3 water. This eluate was discarded. The
ABA-containing fraction was eluted with 35 x 10“6 m3 500 mol nfg NaSOh.
ALl the eluate was retained. Columns were used once only.

To test column efficiency and elution characteristics, a sample
of 2- ¢ ~ ABA in 5 x lOm6 m3 wvater was passed through the column and
fOllOWedAgy 25 b lOmG m3 water and 50 x 10“G m3 500 mel nf3 NaSOh.

35 x 10 m samples of eluate were collected for radioassay.

Methylation: Methyl derivatives of standards and extracts were
prepared using etherial diszomethane employing a small-scale method
similar to that of Schlenk and Gellerman (1960).

Equal parts of Nitrosan povder (bis- wmethyl, n-nitrosoterephthalamide,
Du Pont (UK) Ltd., London, U.K.) ethylene glycol and diethyl ether were
placed in a 250 x 10—6 m3 reactsant flask fitted with a 5 mm I.D.
delivery tube. A small amount of strong sodium hydroxide solution
waé added and the bottom of the flask plunged into a beaker of hot
water. The diazomethane gas produced was collected over iced diethyl
ether to give a yellow solubion. The reaction was stopped by the
addition of acetone to the reaction mixture. Latterly, Diazsald
(n—methyl-n-nitroso-p~toluene sulphonamide, Aldrich Chemical Co. Ltd.,
Gillingham, U.K.) was used in the place of Nitrosan.

Aliquots of etherial diszomethane were added to each sample. The
vials were stoppered and allowed to stand for over 1 h before evaporating
the solvent under a stream of nitrogen. This was repeated once; if
the yellow colour of the solution remained after 1 h it was assumed that
diazomethane was precent in excess, and no more was added.

L. The TLC performed was used for both preparstive and
analytical purposes. Bxtracts were streasked 20 mm from the base of
200 x 200 nm glass~backed 0.25 mm silica gel plates (Camlab Ltd.,
Cambridgé, U.K.} and run through 150 mm using n-hexane:ethyl acetabe
(1:1. v/v) as solvent. Otherwise, conditions were as elsevhere
described. ‘

To test the radiochemical purily of the purification standard,

plates were examined on a TLC plate scanner (Model RITS-1A; Panax
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Eguipment Lrtd., Redhill, U.K..)f The support and stationary phase
at the R corresponding to the methylated stondard (Rf = ca. 0+14-0.5)
wvas scraped off and the extract eluted with n-hexene~elbhyl scetate
(1:1, v/v) which was subsequently evaporated.

GLCO~ECD:  Analyses of MeABA levels in methylated samples were
carried out using a Perkin-Elmer F17T gas chromatograph (Perkin-Zimer,
Ltd., Beaconsfield, U.K.) fitted with FID and ECD detectors. GLC
was performed isothermally at 230 to 240 C on a 1 m (¢ inch 1.D.)
stainless steel column packed with 23% XB-60 (2-cyanoethylmethyl
silicone) on Chromasorb G AW DMCS 80-100 mésh (1596 plates min_l).
The column eluate was split §:1 between the FID and ECD detectors and
gas flow rates were kept constant (583 mm3 s_l)at the following

pressures:

A. Carrier gas (oxygen—-free nitrogen) 278 KPa,
B. Air (FID) 165 KPa,
C. Hydrogen (FID) : 97 KPa,

D. Make up gas - oxygen—free nitrogen (ECD) 165 KPa.

The ECD detector incorporated a Ni®3g-source and was opersted at
275 € in pulse 6 mode.

The responses of both detectors were recorded on 200 mm chart
paper moving atb 6OQ mm hul. Peak areas vere estimated by a triangulstion
method (Weyers, 1975).

Estimation of the ABA content of tissues was made by comparison of
the pesk areas obtained with standards and samples, adjustiment for
dilution before injection, adjustment for sample purification efficiency.
and consideration of tissue weight.

Attenuation linearity was tested Ly inJecting constant amounts of
MeABA and altering the attenuation setting, whilst detector response
linearity was tested by injecting different amounts of MeABA of Me— “C~
ABA and expressing peak areas relative to s specific attenuation setting.

Details of attenuation setting and other parameters differing Trom
the gbhove are given in the examples considered.

Mass Spectrometry

An ARl MS-30 with a WF-055 attachment (Multi-peak Monitor) was

used to detect ABA in extracts of Freinus phloem exudate.
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10 x J.O'—6 m3 sap was acidified to pH 2 with HC1 and partitioned
ageinst ethyl acetate (3 x 2 x 10_6 ms). The combined organic layers
were dried and taken up in diethyl ether. The residue was removed
by filtration and the extract methylated.

Aliquots of this extract were subjeéted to GLC~MS analysis under

the following conditions.

GLC: 2.7Th m glass colum (3 inch I.D.) containing 2% 0V-210
on Gas Chrom Q 100-120 mesh support. Operating temperature
. “l -
230 C isothermal. Flov rate 666 mm° s (helium).
M3: Source temperature 250 C, electron current 4, resolving

power 3000, separator temperature 235 C.

Hexadeutero MeABA (prepared by V. Math, Glasgow University) was
incorporated as internal standard. Base peaks of MeABA(m/e 190) and
hexadeutero MeABA (m/e lQh) were used for detection purpdses and full spectrum

scans were also carried out.

(tx) Microscopy

Sample preparation: Plant meterial which required sectioning
prior to light microscopy, and tissue for electron microscopy, were
prepared by & method common for both technigues.

Segments of tissue were fixed for 12-24 h in 3% gluteraldehyde
(w/v) in 50 mol m~3 sodium cacodylate buffer, pH T-k, and then rinsed
in buffer alone. The material was post—fixed in 2% osmic acid in
buffer (w/v) for 3-12 h, followed by dehydration through a series of
acetone solutions (25-100%, v/v). The tissue was bthen infiltrated
with a 1:1 (v/v) acetone:resin solution overnight and the acetone
allowed to evaporate. At this stage the resin mixture consisted of':
Epon (Epikote) resin, Araldite (CY212) epoxy resin, and DDSA (dodccenyl
succinic anhydride) hardener (all supplied by TAAB Laboratories Ltd.,
Reading, U.K.), in the approximate proportions 3:2:5 (w/w). Tissue
was then placed in 100% resin Ffor 4 h and subsequently embedded in
resin to which 1.5% w/w of the accelerator DMP30 (2,4,6, tridimethyl-
aminomethylohenol, TAAB Labs. Ltd.) had been added. Polymerisation

was then carried out for 3 d at 60O C.
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Sectioning and Staining

Light microscopy: 2 pm sections were cubt using an LKB 11800
Pyramitome (LKB-Produkter AB, Stockholm, Sweden), and stainéd‘with
toluidine blue.

Electron microscopy: Sections were cut with glass knives on
an LKB Ultrotome III type 8801A. The thickness of sechtions was
estimated at between 60-80 nm using the Interference Colour Index
('Silver' sections). Sections were stained for 0.5 h in uranyl

acetate solution and the same period in lead citralte solution.

Photomicroscopy
Light microscopy: Slide-mounted sections were photographed
using a Zeiss Photomicroscope II ( Carl Zeiss, Oberkocken, West Germeny)
or a: Leitz Orthoplan microscope with Orthomat camera (E. Leitz ILtd.,
London, U.K.). These microscopes were also used for photography of

microautoradiographs. The films used were Ilford Pan-F and Kodachrome

6h.

Electron microscopy: Sections were mounted on copper grids
coated with 2% collodin solution (w/v) in amyl acetste. Electron
microscopy was carried out on AEI EM6B Electron Microscope (GEC-AEI

Electronics Ltd., Harlow, U.K.) by Mrsg, Denise Leake.

(1) HPE7 Caleulator (Hewlett Packard Ltd., Corvallis, U.S.A.).
Calculation such as least squares curve fitting and statistical
analysis of data was performed using the manufacturer's programme
cards. Other repeated calculations were carried out using specially
vritten programmes. The following equations were used for stabistical

calculations.

niean X = = 5 X.

1 gxz - .L:..:_I';.),.z
standard error (S.E.) i/é; ———b



t - tests (a) t = S R o= yoed
e T P =
//i'+ L Fxg % .+Lyi‘..ny y
n n v
J Nyt Ny =2

with n_ ny - 2 degrees of freedom

(b) & = =

with n - 2 degrees of freedom

where Xis Vg = observations
n{x) = no. of cbservations (in group x)
a = hypothesised difference between means
by = gum over i1 = 1 ~ n
T = coefficient of correlation (see Table 5)

Curve-fitting, see Table 5,

(11) NUMAC computenr

hnalyses of data from tracer efflux experiments was carried out
by a computer-assisted least squares fitting process (Hipkins, 1978)
on the Newcastle University-CGlasgow University I8N computer. The
programme used was produced by Dr. P, Rosenberg of Glasgow University
Computing Service. This fitted data points (xi,yi) by least squares
to conbinations of exponential functions of the form

~bx
y = ae

Tn this case: v = Ln efflux rate (uBg 2 s~l), x = efflux time(s).
The maximum number of Tunctions was 3 and the nominal upper limit of
iterations for each fit 200. A weighting equivalent to xt was given

to each y value.
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RESULYS

PRESENTATION OF RESULTS

This thesis presents the results of an investigation on the hormonal
role of ABA in the regulation of stomatal aperture. Several approaches
have been attempted using specific physiological properties of the plant
species Commelina communis and Ricinus communts. For this reason the
results are divided into seven sections, each with a separate Introduction

and Discussion.

Section 1. Experiments on Epidermal Segments I. Development and

characterisation of the experimental systems.

Section 2. Experiments on Epidermal Segments II. Uptake,

distribution and Metsbolism of ABA,

. . I +
Section 3. ~ Experiments on Epidermal Segments IIT. Use of 86Rp

as tracer for K+.
Section k. Experiments on whole leaves.
Section 5, Endogenous ABA in Commelina.
Section 6. Transport of ABA in Ricinus.

Section 7. Electron microscope studies of Commelina.

GRAPHS AND TABLLS

The axes of each graph illustrated are accompanied with the
quantity measured, a solidus (/), and the units used in the graph
(e.g. M.S.A./ um = Mean stomatal aperture in lm). The same convention
(Morris, 197h) was used in table hesdings.

Bars passing through symbels on graphs represent 2 standsrd errors.
These were omitted when the radius of the graph symbol exceeded the size
of the standard error. Rather than making assumptions about the
expected trend of the data, graph points were Joined with straight lines,

exceplt where calculated regression lines indicated otherwise.

STATTSTICS

Probabilities (0 < P < 1) given with t or r values represcnt the
probability that the statistic would be obtained due 4o chance variation.
Yor the purpose of these tests the data were assumed to have a Normal
distribution, and in the case of t-tests betwcen means, the sample

variances were assumed Lo bhe equal.



SECTION 1.

e e i A B

" EXPERIMENTS ON EPIDERMAL SEGMENTS I. 'DEVELOPMENT AND
CHARACTERISATION OF EXPERIMENTAL SYSTEMS

INTRODUCTTON

This section reports the results of experiments designed to
establish systems for the study of the action of ABA on stomala.

The methods utilised involved the isolation of epidermis materisl and
the subsequent incubation of segments of sbaxisl epidermis in buffer

_ solutions. This approach has been used in many studies of stomatal
action (see Meidner and Willmer, 1975; Raschke, 1975a; Hsiao, 1976),
but there has been little discussion concerning the materisls and
methods commonly employed. The introduction to this section there-
fore brings ogether information gbout the use of epidermal segments
dispersed throughout several papers and reviews, with regard to the
methods later investigated.

One of the first problems encountered was the choice of plant
material. A large number of species yield epidermal strips, but not
all sources give material vwhich is suitable for specific experiments.
Factors of importance are summarised in Table 6. Examination of
these characteristics for several species led to the choice of three
potential experimental plants:~ Commelina communis, Tulipa gesnariana
and Vieia faba. Epidermis could be removed relatively easily from
leaves of these species and their stomatal pores were large when open.

Although tulip epideymis had good experimental characteristics,
this species vas rejected, primarily because it could not be obtained
year—round, but also because of its leal morphology.

Vieia epidermis has been used in meny studies. Willmer et al.
(1973) stated that it had higher densities of adhering mesophyll cells
and trichomes than either Commelina or tulip. Willmer and Mansfield
(1969) also reported that the responses of Victa stomata on epidermal
strips were less predictable than those of two Commzlina species under
their experimental conditions. Furthermore, large areas of epidermis

were Tound to he difficult to manipulate (personal obscrvation).



86.

'able 6: Important Factors (not ranked) in the Choice of Plant
Material lor Epidermal Segment Studies.

Factor

Comment /Example(s)

Established Plant Matertal

Stomatal Behaviour

Availability

Leaf Area

Mode of Leaf Insertion
Stomatal Distribution
Leaf Cuticle

Glonds and Trichomes

Epidermal Cell Survival and
Mesophyll Contamination after
removal

Ease of Peeling

Ease of Handling

Type of Stomatal Complex

Sise of Stomatal Pore

Guard Cell Biochemistry

Few species have well characterised
responses, examples are Commelindg,
Vieta.

C.A.M. plants have abnormal
stomatal rhythms.

Materisl from bulbous or deciduous
species not readily avsilable
throughout the year.

Affects peeling methods; controls
maximum area of epidermis available
per leaf.

Important in transpiration stream
donation experiments.

Some species amphistomatous,
others hypostomatous.

Pronounced cuticle may aid segment
flotation,

May not be desirable in metabolism
experiments as metabolically active.
May make some observations difficult.

Both factors apparently species
dependent.

Species dependent; may even vary
with var. and cev.

Includes factors such as 'rigidity'
of segments, ease of flotation.

Presence of morphological subsidiary
cells may be important.

Should be large to minimise measurec-
ment inaccuracies,

May vary, e.g. onion guard cells
do not store starch (Schnabl and
Zeigler, 1977).
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For these reasons, Vieta was also rejected. Commelina commmig plants
could be grown all year from seeé and they'displayed leaf growth from
extended stemeg, which meant that leaves of similar physiological ages
could be obtained from branches of a single plant. Scetions of stem
could be removed with a leaf to provide convenient means of solution
uptake. Commelina was theref'ore chosen as the experimental plant for
these studies. The stomatal complex of this species (Fig.9) involves
the guard cells and six subsidisry cells (Willmer and Mansfield, 1969)
which are apparently important for guard cell function (Squire and
Mansfield, 1972; Penny and Bowling, 19Th: Penny et ql., 1975; Penny
et al., 1976). Commelina epidermal segments have been used in many
investigations of stomatal physiology (Willmer and MansfTield, 1969) and
formed the basis of a sensitive bioasssy for ABA (Ogunkanmi etal., 1973).

Secondary problems occurred with the choice of peeling method and
incubation system. Removal of epidermis is an obvious point of control
of the quality of experimental material used. The method employed in
this thesis was adopted from that of Travis and Mansfield (pers. comm.).
Invegtigations were carried out to characterise the effects of peeling
Several post-peeling technigues to modify the isolated epidermis tissue
have been described: Raschke and Fellows (197L) reduced the extent of
mesophyll contamination in Zeaq by a series of rinses; Allawsy and
Hsiao,(1973) prepared Viecta epidermis by crushing it ('rolling') so
that guard cells were the only viable cells; Squire and Mansfield
(1972) described a low pH buffer treatment to achieve the same effect
with Commelina. None of these methods was used routinely in these
experiments, although the latter technique was employed in one
particular case . )

Isolated epidermal segments are usually floated on solubions,
cuticle up, for experimentastion.  The nature of the medium on which
gegments are incubated defines to a great extent the reaction of the
astomata to various gtimuli (Humble and Hsiso, 1669; Willmer and
Mansfield, 1969). The advent and use of zwittevionic buffers having
low membrane permeability (Good et al., 1960) ves a significant
advance gince thelr use prevents the chance of buffer effects on guard
ond epidermal cell metabolisn. This possibility is most marked in

the case of citrate and phosphate based buffer systems: citrate is a
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The cells numbered 1-4 in the figure constitute one

Guard cell

Inner lateral subsidiary cell
Terminal subsidiary cell
Outer lateral subsidiary cell
Epidermal cell

stomatal complex.
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close metabolite of molate, an importent anion in stomatal turgor
increases, and moy itsell be implicated (Outlav and Lowry, 1977),
whilst phoaphate is known to be involved in metabolic interconversions
wvhicli may be fundamental to stomatal action (Fuijino, 1967).

The effects of the ioniec content of the incubstion médium have
been examined thoroughly due to the discovery of the involvement of
alkali metel cations in stomatal opening (Humble and Ysiao, 1969;
Willmer and Memsfield, 1969; Tischer 1972; Allswey and Hsiso, 1973).
The observation that inclusion of KC1 in the medium led to stomatal
opening gave rise to the discovery that K" is taken up by guard cells
during opening. Tn Vzcia Rb+ and, kKt were the only monovalent cations
'which allowed opening at low concentrations {0-20 mol mf3) in the
system used by Humble and Hsiao (1969). At higher concentrations
(ea. 200 mol mWB) most alkall metal ions resulted in opening. In
Commnelina, X' and Na' alloved opening at 67 mol m 3 (Willmer and
Mansfield, 1969). Divalent cations seem to inhibit stomatal opening
in epidermal segment systems, as does NHZ (Humble and Hsiao, 1969;
Willmer and Mansfield, 1969). This has led to some confusion about
the use of ca’t in media to maintain membrane integrity and ion
selectivity.

The pH of the medium is an important factor since guard cell sap
protoﬁ concentrations alter during stomatal movements. It is, however,
very difficult to separate pH and ionic effects (Willisms and Shipton,
1950). The buffering capacity of the solutions used may prevent or
delay guard cell pH changes. There is & school of thought which
proposes that they should not be used for this reason.  On the other
hand, in plant hormone studies, the acidic nature of these compounds
may give a spurious pH effect if buffers are not used. Also of
relevance here is the fact that weak acid dissocciation is lowered at
low plI values, which would favour acid uptake by cellular membranes or
hydrophobic protein sites (Ogunkanmi et al., 1973), possibly leading
to enhanced stomatal sensitivity to ABA at low pH.

In general, CO, - free air has been bubbled through the incubation

2
mediwa, This encourages stomatal opening, removes respiratory CO, and
o

produces mixing of the solution (Willmer and Mansfield, 1969; Ogunkenmi
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et al., 1973). I1lumination of the epidermis tissue tends to favour
sbomatal. opening, whilst darkening often causes partial closure (e.g.
Willmer and Monsf{ield, 1969).  Both responses appear to depend on the
medium used. There has beén little investigation of the effect of
temperature on aperture in epidermis strip systems. On whole plants,

the optimum appears to be from 35-45 C (see Meidner end Mansfield, 1968).
Most experiments with epidermal strips have been carried out in the
range 25-35 C.

Considering the above factors, an incubation system based on the
'Good' buffer PIPES was chosen. This buffer was used by Ogunkanmi
et al., (1973), as the basis of an improved antitranspirant bicassay.
Although they found that citrate buffer (pH 5.5) resulted in grester
stomatal sensitivity, in these studies PIPES (pH 6.8) was favoured,
firstly for its inertness and impermeability (Good et al., 1966), and
secondly, because greater solubility of ABA would bhe achieved at higher
pH - a property which would allow the use of high concentrations of
radioactive ABA. Experiments were carried out to determine the
optimum KCl concentration for both stomatal opening and subsequent
closure by ABA to be achieved. Two incubation methods (see Materials
end Methods) were developed to suit the types of experiment later
carried out. These involved aeration with Co, -~ free air and no
aeration. The responses of stomata in these systems were characterised
under various conditions.

Estimation of stomatal aperture on epidermal segments hag
generally been by microscopy using an eyepiece graticule and this
method was normally used in this thesis. Various methods have been
described to 'fix' apertures: Fischer (1968) mounted the segments in
immersion o0il, which was said to maintain apertures for at least 30 min,
A method of fixing aperture by freeze-drying was developed to provide
a permanent record. This was used in experiments where timing did not
ollow measurements from live tissue.

The possibility that uncontrolled factors might influence
experiments Was minimised as far as possible; specific experimenis
were also carried ocut to identify parameters of importance. Thus, the
effects of stomatal rhythms were reduced by carrying out all experiments

at a particular time of day. Effccts of the water relations of plunts
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were investigated by enalysing stomatal opening of epidermsl strips
after walter stresses to the vhole plant. For all other experiments
care was token to give the same watering treatment to all plants used.
Wetering regimes and equilibration treatments were strictly adhered to.
The effects of leaf age on responses of stomata on epidermis were also
inspected, but otherwise the leaves used vere of uniform physiological
age. The chief purpose of the following series of experiments wasg
therefore to develop an optimsl system for analysis of the effects of
ABA on Commelina epidermis, based on the asbove summary of critical

factors.

RESULTS AND DISCUSSION

Experiment 1.1  Effects of Peeling Technique on Epidermal Cell Survival

and Mesophyll Contamination.

This experiment was desighed to investigate the influence of the
method of peeling on parameters connected with the isclated epidermis.
The basic peeling procedure (Fig.lt) was used, but the angle of peeling
was varied between strips. For each strip a constant angle of 0+1 - 3:05
rad (5 - 1750) was used. The strips were cut into segments and
epidermal cell survival assayed using either neutral red or Evan's blue.
Mesophyll contamination was also estimated. The results are shown in
Fig.10. Since the peeling angle was not precisely measured, the two
variables are plotted against each other. As & rough guide to peeling
angles, approximately 90% epidermal cell survival was obtained at
0 rad, 10% at 3 rad and 50 ~ 60% with a vertical peeling angle.

It is clear from Fig.lO that there is a point at which mesophyll
contamination dramatically increases. This is presumably related to
the stress required to break mesophyli-epidermis cellular connections.
In terms of sn'opbimum peeling angle' it seemed thal vertical pecling
(1+6 rad) gave the best epidermal cell survival for the minimum cf
contamination. In view of these results, the procedure for stripping
epidermis was normally to peel vertically. In cases where mesophyll

contamination was specifically to be avoided (uptake and metabolism
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studies), a peeling angle of about 1.75 rad (100°) was used. These
results were obtained with plant material similar to that uscd in other
experiments (namely, the fully cxpanded leaf closest to the apex on
branches ol healthy turgid, plants), but it was observed thal unhealthy
or senegcent leaves frequently yielded epidermis with & high mesophyll
density. On some segments, contamination occurred where veins crossed
the epidermal strip. In practice, therefore, each epidermal segment
vas visuelly observed before uptake and metabolism studies and those
with obvious contamination rejected.

The criterion of dye uptake as an indicator of cell activity is
guestionable, but neubral red uptake was always correlated with micro-
scopic obgservations of cytoplasmic streaming and protoplast integrity
wvhen these vere made. Difficulty was experienced in assaying for
subsidiary and guard cell survival with Evan's blue dye, and neutral
red was consequently uged for such determinations.

It should be emphasised that although epidermsl cell survival was
found to vary between 8:2 - 92.9% the proportion of living guard and
subsidiary cells (see Fig.9) was always close to 100%. This fact
may be s critical difference between Commelina epidermis material
and that from species without a stomatal complex. The relative
importance of epidermal and subsidiary cell survival in stomatal opening

was examined in experiment 1-2.

Experiment 1.2  Effects of PIPES (pH 6+8) and MES (pH 4+8) Buffers on
' Stomatal Opening and Survival of Cells on Epidermal

Segments.

Squire and Mansfield (1972) demonstrated the effects of subsidiary
cell death on stomatal aperture. After low pH treatments which killed
all the cells of the epldermis except the guard cells, the stomata .
wvere found to be open. Itai and Meidner (1978b)showed that stomatal
closure on epidermal segments in this state did not occur when ABA was
applied. In view of the importance of subsidiary cell presence for

stomatal. resction, the viability of cells of Commelinag cpidermis was
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investigated during incubation in the chosen wedium (10 mol mm3 PIPES
pH 6-8). ' ‘

IFig.11 illustrates the effects of incubation in this buffer snd
in 10 mol m > MES pll b*5 on stomatal aperture over 4 h.  The low pH
treatment resulted in stomatsl opening, confirming the cbservations of
Squire and Mansfield (1972). Apertures in PIPES narrowed slightly
during incubation. The effects of the two buffer treatments on cell
viability is presented in Fig.12. The proportion of living guard
cells (Fig.l1l2¢) was unaffected by either treatment and remained close
to 100%. The small numbers of dead guard cells found appeared to be
those injured during manipulation of the segments with tweezers. Both
epidermal cell survival (Fig.l2a) and the number of stomatal complexes
with one or more viable subsidiary cell (Fig.12b) declined during MES
treatment but remained relatively constant during PIPES treatment,
indicating that the PIPES incubation had no injurious effects on the
epidermal segments. Tt is of interest to compare the timing of epidermal
and gubsidiary cell death in MES buffer as indicated by Figs. 12a and b
with the increase in stomatal aperture found in this medium (Fig.11).
Subsidiary cell death as estimated by the '% living complexes' bore
greater relabtion to the kinetics of opening than did epidermal cell
death. Thus, although considerable epidermal cell death had occurred
after 1 h in MES, the mean stomatal apertures on segments incubated
in the two media were not significantly different (t = 1-24, P > 0-1).
This contention was supported by observasions of individual stomata
surrounded by either dead or living subsidiary cells (Fig.l1l3) where
it was found that stomata were almost totally élosed if surrounded by
living cells. Fig.12b shows that in this experiment, total subsidiary
cell death was not obtained even after 4 h MES treatment. This may
have been due to the plant material or method of peeling. Variabilily
in the effects of some buffer treatments was also noted by Squire and
MansfTield (1972).

Degrees of opening in MES-treated segments were found, depending
on the nunber of living cells in the complex. A swall effect of
absence of Jiving epidermal cells was noted in PIPES - trealted segments
to result in a slight stomatal opening alihough this was not quantified.

I the mean uwperiture obtained on epidermal strips exposed to MES for
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Fig.13. Effect of Viability of Guard Cells on Stomatal Aperture

Neutral-red treated euiderinis (2 x)

A. Stomatal- complex where all subsidiary cells have taken up the stain:
pore closed.

B. Stomatal complex where no subsidiary cells have taken up the stain:
pore open {ca. 8+*3 ym).

C. Stomatal complex where only inner lateral subsidiary cells have taken
up the stain: pore partial.ly open {ca, 3*1 ym).
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different periods was compared to the '% living complexes', a linear
relationship was found (Fig.14). Squire and Mansfield (1972)
considered this effect to be due to altered turgor relationships in the
epidermis and also described an enhancement of guard cell solute uptake
after subsidiary cell death. They suggested that the subsidlary cells
might fulfil a regulatory function in the supply of ions to the guard
cells, and also that the guard cell plasmalemﬁé adjacent to the inner
lateral subsidiary cell (see Fig.9) might take up most of the ions
which accumulated in guard cells.

The results of this experiment confirm and extend the observations
of Squire and Mansfield (1972). No deliterious effects of the PIPES

medium on cell survival were observed.

Experiment 1-3 Effect of KCL Concentration on Stomatal Opening.

In order to examine the effects of ABA on stomatal closure, &
trestment was'required vhich resulted in maintained stomatal opening
during the experimental period. This clearly was not provided by
10 mol m“3 PIPES alone (Fig.l1l). Many authors had reported that the
presence of monovalent cations in the incubation medium enhanced stomatal
opening in epidermal segments (see Hsaio, 1976). Since this effect
was specific to some degree Tor K+ (Humble and Hsaio, 1969; Willmer
and Mansfield, 1969), and in view of the apparent importance »f this
cation in normal stomatal opening (Humble and Raschke, 1971), the
effects of addition of KCl to the 10 mol mf3 PIPES buffer were
investigated. Fig.15 illustrates the results of a 3 h incubation in
PIPES solutions containing 25 =~ 300 mol m—3 XKC1 on stomatal aperture.

A 3 h incubation period was chosen because other studies indicated
that apertures attained from initiszlly closed stomata reached a maximum
between 2~ h (Willmer and Mansfield, 1969; Squire and Mansfield, 1972).

Apertures between 18 and 21 um represented the widest possible
openings; ab such spertures the stomatal orifice weas circular in
appearance. Squire and Mansfield (1972) suggested that wide openings
found at high salt concentrations might, at least in part, be due to

plasmolysis of subsidiary cells. This cffect was observed in these
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studies in the short term (0 - 30 min) with seguments stained with
neutral red alter incubation in KC1l concentrations sbove 100 mol mf3.

A thorough investigation of this effecl was nol made.

Egperiment 1.4  Effects of 01 mol me ABA on Stomatal Aperture at

Different KClL Concentrations.

Investigations concerning the effect of 3H~ABA on stomatal
aperture using the PIPES/100 mol m_s NaNO3 buffer system of Ogunkanmi
et al . (1973) revealed that although ABA csused stomotal closure if
applied ab ovo usque ad mala in the medium, the hormone did not cause

closure when applied after opening had occurred {Table 7).

Table T: Effects of SH-ABA on Stomatal Aperture When Applied
in PIPES/100 mol m ° NaliOs.

Treatment M.8.4A. (8.5.)/ ym
Series 1 ‘Series 2
Control : 5+39 (0.31) 5.60 (0.28)
3-ABA-treated 0.83 (0.16) 5.70 (0.45)

(0*1 mol m™3)

Series 1: Continuous application for 3 hy System 1, NR, n = 75, s = 3.
Series 2: 1 h application after 3 h pre-opening treatment floating
leaves on water through which CO,~ reduced air was bubbled

(Ttai et al, 1978 ); System 1, NR, n = 25, s = 1.

-

For this reason, the effects of ABA on 01 mol m 3 were investigated
at the different KCLl concentrations which had been used in Bxperiment 1-3.
Two treatments were used, the first involving constant incubatlion with
or without ABA for 3 h, and the second involving transfer Lo ABA-
containing or control solutions for 1 h after 3 h in buffer (Table 8).
A

The percentege closures caused by ABA in both treatments (series 1 and 2)

.o . , . -3
vere similar: the hormone had virtually no effect at 200 and 300 mol m
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KCL and had its greatest percentoge reduction et 25 and 50 mol m 3.
When expressed as net aperture reduction due to ABA treatment (Fig.16),
the results of series 2 illustrate that the effect of ABA was grestest
-3

at 50 and 100 mol m KC1. The effect at 25 mol mm3 waé not large

because the initial opening was small at this concentration (Fig.l15).
Buffer containing 50 mol m_3 KC1 was selected to investigate further
the effects of ABA; +this concentration of theé salt allowed adequate
and reproducible opening whilst ensuring sensitivity in terms of
closure.

Certain correclations between ABA effects and salt concentrstions
were also noted by Willmer et al., {(1978), who showed that stomatal
closure did not always occur when the hormone was included in media
containing high KCL concentrations (300 mol m—3}. This secemed Lo be
dependent both on the buffer used and the initial state of the stomats.
In the light of these results, the failure to obtain stomatal closure
with ARBA on epidermsl strips of Lupinus luteus reported by Lancaster
et al., (1977), mey have been due to the high KC1 concentrations (300
)

mol m ) that they used and not necessarily to insensitivity of the

species to ABA.

Eaxperiment 1-65 Effects of ABA at 0«1 mol nfg on Stomata of Epidermal
Segments ineubated in 50 mol - KC1/PIPES.
Having chosen buffer containing 50 mol muj KC1l, it was necessary
to characterise further the responses of stomata and the effects of
ABA., TFig.l7 demonstrates the results of a 2 h incubation of segments

in this medium with and without 0°*'1 mol m“3

ABA. Stomata on segments
incubated in buffer alone opened to ca 8 um after 2 h. This was found
to be repeatable, and such openings were maintained for at least a
further hour. Thereafter, a slight decline in apextures was often
observed, an effect also shown in other studies (e.g. Willmer and
Mansfield, 1969). This may have been due to buffer effects (e.g.
toxicity) or to natural stomatal rhyth;r;u;t In order to reduce the
latter possibility, all experiments were carried out at the same time of

on plants equilibrated in a similar manner. A 2 h incubation in 50 mol

mf3 KC1L/PIPES was adopted as a standard procedure for obtaining epidermal
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gegnents with open stomata.

Stomata remained closed during 2 h when ABA treated (Fig.17), an
elfect predictable from the resulls of Table 8. The sevies 2 resulbs
of this Table also suggested thal stomatal closure would occur within
1 h in this system. The precise kinetics of this closure are
illustrated in Fig.18. Closure commenced within 5 min and was complete
by 15 min. This speed of reaction to ABA is compatible with reported
results obtained by feeding the compound via the transpiration stream
to whole leaves (e.g.Xriedemann et al., 1972; Raschke, 1975v; Raschke

et al ., 1975). Stomatal re-opening did not occur within 50 min.

Experiment 1.6  Effect of Incubation Method on Stomatal Apertures
Attained in 50 mol m ° KCL/PIPES.

Al) the results described in Experiments 12 - 1°'5 were obtained
using Incubation System 1, which involved illumination, and asration
of the medium with CO,~ free air. In order to carry out cextain
experiments with 86Rb (see Results Section 3), it was thought desirable
to minimise splashing and vaporisation of isotope - containing solutions.
For this reason, the effect of non~aeration (System 2) on stomatal
apertures and reaction to ABA was investigated. The effect of placing
the incubation dishes under cardboard boxes ('darkness') was also
examined.

Fig.19a shows that stomata attained wider.apertures in System 1
than in System 2. In the particular experiment illustrated in Fig.l9a
(1+6+L) the difference between mean apertures at 2 h wes not statisticslly
significant (Table 9). However, in a repeat (1+6+2) the deviation

was significent.

Table 9.  Comparison of M.S.A. Attained in Two Incubation Systeme

M.S.A. (8.5.)/ um.
Sygtem 1 Sysﬂem 2 1 P
Experiment 1+6-1 8+53(0-3h) 7+69(0-38) 1466 >0+05
Experiment 162 Te16(0-27) 5¢49(0+26) le37 <Q+ 001
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Fig, 18. Effect of 0:1 mol m > ABA on_Stomatsl Aperture in

M.S.A./ um.

3

50 mol. m KCL/PIPES Buffer as a Function of Time.
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g=2,
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The trend of these results therefore confirmed the observations
of Willmer and Mansfield (1969) concerning the effects of CO,- free
air. The effects of darkness in both systems was a reduétion in
stomatal aperture which was highly siénificant (for Bxperiment 1<6+1
at 2 h: Bystem 1l t = 8:86; System 2 ¢ = 17-40. For both,P < 0+01)
This again corroborated results of Willmer and MansfTield, and also
indicated that the 50 mol me KC1/PTIPES mediuwm allowed. stomathal
closure bo stimuli other than ABA. The possibility that this closure
too, was dependent on KCL concentration was not examined.

The ABA-induced closure shown in Fig.l9h obtained with System 2
appeared to be as rapid and complete as that obtained with System 1.
(Fig.18), so, despite the differences in apertures obtained using the

two systems, System 2 Was adopted for further experiments when required.

Experiment 1+7 Effects of Calcium and Strontium Chlorides on
Stomatal Aperture.

Divalent cations are known to be inhibitory to stomatsl opening
(see commentary in Section Introduction), but this effect is both
species (Willmer and Mansfield, 1969), and medium (Fischer, 1972)
dependent. Since the uge of calecium in the incubation medium has been
advocated to preserve membrane function (Hsaio, 1976) the effects of
this ion on stomatal apertures in 50 mol m“3 KCL/Pipes buffer was
examined (Fig.20). Effects of strontium were also of interest
because this cation is the decay product of86Rb disintegration. It
was thus necessary to see whether strontium caused stomatal closure,
and if so, whether the effective concentrations were close to those
calculated to be present in®Rb™" solutions.

1 mol m—3 Ca++ is commonly added to tissue incubation media
(Epstein, 1972), but from Fig.20 it would be impossible to carry out
investigations of ABA effects in buffer containing this concentration
since the stomata would slready be closed. Furthermore, cell activity
seemed to be wnaffected by lack of calcium, both in terms of viability
(Fig.12), and ability to function (PFig.18), in the time periods used.

Celcium was therefore not incorporsaled in the medium for these reasons.
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The fact that strontium had effeets resenbling those of calcium
was perhaps unsurprising in view of their chemical similerity. Given
that the Radiochemical Centre ®6RLCI source solution was free of Sy '
from sources other than %ORb décay, the calculatedvstrontium concentration
in typical working solutions was of the order of O+l - 1 jmol mﬁs efter
one 86Rp half-life. Since even 0:1 mmol m“3 Srlt caused virtuslly no
aperture reduction (Fig.20), it was thought unlikely that Sr formed by

decay would have physiological effects.

Experiment 1+8 Effects of the Physiologieal State of the Leaf on

Responses of Stomata I. Senescence.

Experiments 1-8 and 1-9 were carried out to evaluate physiological
factors in the responses of stomata from epidermal segments. Yor
Experiment 18 a Commelina plant having suitable 'green', 'vellow—-green'
and 'yellow' leaves on the same branch was selected. At the time of
peeling, three samples of lamina were taken from each leaf for
chlorophyll a + b assay and two samples of epidermis for incubation
in buffer. The buffer system chosen for this experiment was that
of Ogunkenmi et al., (1973), because their method gave partial stomatal
openings at certain ABA concentrations. Fig. 21 shows that the
stomatsl responses of the first expsnded leaf (that used in all other
studies) at the ABA concentrations used were similar Lo those obtained
by Ogunkanmi et al.(1973). However, the response curve was rather
more sigmoidal in nature: Ogunkanmi et gl.. achieved linearity spanning
1107 mod 3"3), whilst in this

3

mol m ~. Differences

four decades of ABA concentration (10
study responses were only linear between J.OF_2 - 10
in amount of closure bhetween leaves were greatest at around 50% closure,
vhich was obtained with 1 mmol m“3 ABA.  The senescent leaves responded

to a lesser degree to ABA treatment (Fig.21; Table 10).
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Table 10. Chlorophyll Contents and Stomatal Responses
in 1 mmol m ° ABA.

e mean chlorophyll a+b M.S.A. (S,E.) at
leaf colouration content (8.1.)/ng mm™2 . 1 mmol m - ABA/um
1st expanded 'green’ 395(5-8) 5.05(0+26)
hth expanded  'yellow-green' 159(2.3) 6+112(0+3k)
5th expanded 'yellow' 33(6+0) 6-17(0-32)

The difference between the mean stomatal responses to ABA of the
'green' and 'yellow' leaves was statistically significant (t = 2-70,

P <0:01).

The above experiment was not repeated in the same form. However,
responses of leaves having different chlorophyll contents were compared
using 1 mmol mm3 ABA alone and similar results were obtained. In
several cases the responses of 'very sensecent' leaves to ABA at this
concentration were extremely small. It thus appears that the sensitivity
of stomata on Commelinag epidermis to ABA alters during leaf senescence.
This Qindicated to some degree the choice of young, healthy leal material
for all other experiments.

Raschke and Zeevasart (1976) examined ABA contents and stomatal
conductance of XYanthium leaves as related to ageing. They found that
stomatal sensitivity to ABA was similar in all ages of leaves, in
contrast to this investigation. The precise reasoms for sensitivity
alterations found in Commelina are debatable. Measurements of whole
plant transpiration rates, normal ABA contents of leaves and epidermal
turgor relationships are required before conclusions can be made. A
further possibility which must be entertained is that the observed
effects are an artifact of the peeling process. In experiment 1°1 it
was noted that epidermis from senescent leaves was found to be heavily
contaminated with mesophyll. The results of Fig.l4 indicate that
survival of epidermal cells after pecling may influence subsequent

aperture measurements. The viability of cells of epidermis from
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senescent leaves was not assayed. This may thus be en important

factor for future study.

Experiment 1-9 Effects of the Physiological State of the Leaf on

Responses of Stomata II. Water Status.

Many investigators have demonstrated the effects of water stress
on stomatal behaviour of whole plants, and Fischer (1970) noted results
of stressing the donor plant on stomatal aperture of epidermal strips
subsequently obtained. Despite the acknowledged importance of prior
stress as a factor in experiments with epidermis incubation systems
(e.g. Orton end Mansfield, 19Tk4), there appear to be no reported
evaluations of its effects on segment stomatal behaviour,

The procedures normally adopted for this thesis to svoid undue
water stress were to equilibrate the plants in the growth cabinet for
ab least 1 d, and to water to soll capacity twice daily throughout
their lifespan. Stresses dve to root cooling and overwatering were
avolded by using water at room temperature and ensuring adequate
drainage. In this experiment, stresses were induced by altering the
watering regime and by wilting detached leaves.

Long-term stresses were aepplied by transferring plants from the
greenhouse, watering to soil capacity, and then giving each plant a
daily dose (midday) of 0, 20, 40, 60 or 80 x lOm6 03 tap water for 6 d.
The positions of the five plants were altered daily using a random
number table. The highest dose given was approximately equal to soil
capacity and the plant watered with this amount was turgid and healthy,
whilst the plant given no water exhibited leaf curling and flaccidity
by sbout day 3. At the time of peeling, leaf conductance was measured.
Conductance {(mm secml (8.}, n = 3) feill from 17'5 (1:68) at 80 ><J_O”6
S @ pot™ and 0436(0+06) at 60 1070 w3 a7 pot™! to below 0-28 at
all other regimes. The stress thus had & great effect on stomatal
conductivity. This reduction corresponded to a fall in apertures
attained by stomata on epidermal segments from leaves of the gstressed
plants (Fig.22). Fig.22a shows that epidermis from the plant given

80 %10 6 m3 daily gave responses similar to those found with epidermis
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Tig. 22, Effect of O-day Watering Regime on_ Apertures Attained
by Stomata  on Dpidermal Segments.
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from other unstressed plants (e.g. Figs. 17 and 19), whilst the other
treatments resulted in lower apertures being atbained, Caleulation
of the correlation coefficient for a least squares liﬁear regression
fit of the mean responses after 2 h incubation (the data-shown in
Fig.22b) indicated that the effect of the stress was significant

(y = 2+11 + 0-084h x, r = 0-972, P < 0+01), However, a number of
factors might have contributed to this effect. Long-term ocsmotic

and other changes may hsve occurred, as well as salberations in hormone
status and other possibilities. In order to restrict the chance of
the first factor influencing results a further method of btreabtment

was given in the short—term. This involved various wilting btreatments
applied to leaves [from turgid plants.

The details of the short-term wilting stress are given in the

Materials and Methods section. At the end of the treatment incubation
three leaves were selected at random and epidermis removed. Segments

were placed in 50 mcl mﬁ3 KCL/PIPES and sperture measurements made

after 1 and 2 n (Fig.23). Data for both assay incubation times were

of similar form: epidermis from wilted leaves gave lower stomatal
apertures than that from !'control' leaves. Yor the 2 h assay, even

the means which were closest (5 h treatment incubation) were significantiy
different (t = 519, P <0 001). The length of the trealment incubation
did not seem to affect apertures of epidermis from wilted leaves:; these
wvere wiformty low. It did seem to have an effect on the control values
obtained after 2 h incubation, however. Calculation of the correlation
coefficient for the 0, 1, 3 and 5 h control mean apertures (2 h) revealed
8 significant downward trend with time of {reatment incubation

(y = 488 ~ 068 x , v = 0:976, P < 0:02). This effect was thought to

be produced by turgor loss occurring in control leaves during the
treatment incubation period, which was exacerbated with increasing time.
Tis was slight when comparéd with the effect of wilting.

It must be emphasised that these results alone do not necessarily
indicate that & hormonal influence on stomatal apertures occurred. They
do show how important the water status of experimental plants must be
to the results of epidermal strip bloassays. The prior stress factor
may thus explain some of the variation in results found between

experiments. The above experiments were not repeated. Further
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Fig.23. Effect of 0-5 hour Wilting Treatment_on Apcrbure

Attained by Stomata on Epidermal Segments
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118,
investigations, possibly involving epidermis-mesophyll. transfer
operations combined with appropriate stress treatments, in experiments
similar to those of Fischer (1970), are reguired before con-slusions
about the nature of the influence of stress on subsequent stomalal

opening can be made.

Bxperiment 1+10 Conparison of Methods of Stomotal Aperture

Measurement.,

In view of the correlations between stress, leaf conductance, and
epidermal segment aperture attainment shown in Bxperiment 1-9, it was
of interest to examine the relationship between apertures found on
igolated epidermis to those measured on the whole plant prior to
peeling. It was also required that the freeze-drying sperture
fixation method was assayed against aperture before freezing. Accordingly.
an experiment was set up to compare apertures measured on vhole lesves
{silicone impression method - SI), those obtained immediately after
peeling (epidermal segment -ES), and those obtained from freeze-dried
epidermis (FDE). Rather than carry out a complex 3-way comparison,
the individual methods were compared in palrs, with measurements from
both being made from the same leaf on adjacent pileces of epidermis.

A variety of apertures was obtained by treating leaves with CO.-free
air Or darkness. The three graphs obtained are shown in Fig.2h.
The curves shown were fitted by least squares linear regression, and
in all cases gave significant correlation coefficients (P <0-001)

The comparison between stomatal aperture on leaves immediately

before peeling with apertures on freshly peeled epidermis (< 4 min)

shown in Fig.2la revealed an almost one-to-one relationship:
ES = 097k SI + 0-330, x = 0:987.
The slope of this curve was not significantly different from unity

(t = -~ 0623, P » 0-25), indicating that the pecling process had little

effect on stomatal apertures. In contrast, freeze-drying epidermis
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Fig. 2h. Comparison of Three Different Methods of Aperture
Estimation on Stomata from Copmelina Leaves.
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appeared to cause a veduction in stomatal aperture: in both Figs. 2lha
and 2lc the slope of the regression line was significantly less than

one. Thus :

FDE = Q+542 ST + 0«22k » = 0°931

(for b =1, t=- 77T, P < 0-001)
and TDE = 0+675 ES + 0876 x» = 0-951

(for b =1, t = ~515, P < 0¢001)

The reason for this reduetion in apertures upon freezing may have
been related to distortion or creeping during the drying process.
Because of the high correlation coefficients, however, it was concluded
that apertures estimated from freeze~dried mabterial pgave a relisgble
and fixed indication of the state of opening before freezing.
Maintenance of stomatal aperture in open stomata after drying was also
noted by Humble and Rashke (1971) and Itai and Meidner (1978 ) but no

guantitative relaiionship has heen described before this study.
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SECITON 2,

e i e e At et

EXPERIMENTS ON EPTDERMAL SEGMENTS IT. UPTAKE,
DISTRIBUTION, AND METABOLISM OF ABA

INTRODUCTION

Several authors have concluded that the site of ABA action is +the
guard cell (e.g. Horton and Moran, 1972; Meidner and Willmer, 1975,
Raschke, 1975a; Meidner and Sherriff, 1976), an inference which was
primarily based on two sets of evidence. TMirstly, although several
plant hormones affected transpiration when applied to whole plants or
" leaves (Vaadia, 1976), only ABA affected stomata on isolated epidermis
tissue (Horton, 1971; Tucker and Mansfield, 1971; Ogunkenmi et al.,
1973). Secondly, more detailed studies indicated a range of guard
cell properties and functions affected by ABA which paralleled the
effects of stomatal closure (see Section IV of General Introduction).
Other investigetors stressed the importance of subsidiary cells for
closing movements (Squire and Mansfield, 1972; Itai and.Meidner, 1078a;
1978b) but it was not clear from the results of Itai end Meidner whether
ABA affected subsidiary cells directly.

The important experiments of Loveys (1977) established an endogenous
movement of ABA between mesophyll and epidermal tissues during stress:
it thus appeared that the guard cells (or stomatal complex as a whole) could
be viewed as 'target cells' for ABA under certain environmental
conditions. Despite Loveys' contribution, however, little information
was available about distribution or movement of ABA within the epidermis.
There appeared to be two approaches available to investigate this
problem. In the first, endogenous hormone messurements would be regquired
for individual types of cell within the epidermis. This was rejected
as being outwith the scope of current methodology. A second method
involved the study of upteke and movement of exogenous (radioactive) ABA
within epidermis tissue, and this was adopted.

The experiments of this section investigated ABA uptake by Commelina
epidermal segments, and the method used was simply to present the radio-
active hormone in the buffer system developed in Section 1, Further

studies on the intercellular distribution of the hormone werc made using
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microautoradiography, and the physiological relationships between uptake

and closure were assessed.

RESULTS AND DISCUSSION

Expertment 2.1 Efflux Characteristics of Radioactivity From Ve ee-aBA

Applied to Epidermal Segments.

The intended study of ABA uptake by epidermal tissue floating in
3 2-14g-pBA in

KC1/PIPES) gave rise to an immediate problem, which was the

buffer solution containing radiocactive ABA (0'1l mol m
50 mol mﬁ3
removal of radicactive solution adhering to the tissue in the free

space. Simple 'blotting' of epidermal segnents was not satisfactory,
owing ‘to the high specific activity of the l%C-ABA solution (22:6 Bq mmnB).
It wag decided that a rinsing procedure was reguired to remove excess
solution from the styips. Two procedures provided information on free
space ef'flux. In the first, the uptake period was short, as was the
elfflux time, resulting in a low amount of information. In the second,
uptake was allowed for 1 h (see Experiment 2.2) and efflux was studied
over a 2 h period. This yielded further informabtion on the uptake

process as well as data on rapid free space efflux.

In order to study efflux after uptake for a short period, an
epidermal segment was placed in the Y%C-ABA solution for 10 s and then
given 12 sequential 15 s washes in 2 x 10m6 m"3 50 mol mm3 KCL1/PIPES
buffer. Radioactivity present in each vash and in the epidermal segment
was then analysed. This was repeated once and the results cbtained are
shown in Table 11.

It was clear that a major portion of the radioactivity was removed
in the first few 15 g rinses. Characterisation of efflux of label from
tissue incubated in 1%C~ABA medium for 1 h was carried out in a similar
manner. TPour segments (total area Uh+8 mm? ) were placed in the solution

6

-— 2
for 1 h, removed, and then transferred through a series of 2 x 10 n”

rinse solutions containing non-radioactive ABA (0.1 mol m S ABA in 50 mol
m 3 KC1/PIFES). Transfer took place after the following efflux times:-

15 & 60 s(x3), 300 5 (X7}, 600 s (x2), 1200 s (x3). Radioactivity
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Table 11¢ Efflux of Radioactivity from Epidermal Segments

% total *%C recovered

Wash
No. Sepment 1 Segment 2
1 93.8 gk.,2
2 5.7 3.5
3 0.0 ) 0.2
L 0.0 0.0
5 0.0 0.2
6 0.0 0.6
T 0.0 0.0
8 0.0 0.1
9 0.0 0.0
10 0.0 6.0
1L 0.0 0.0
12 0.0 0.2
Tissue 0.5 0.9
Total 8¢/ g 4 15.8

Bq

present in the solutions was estimated and the natural logarithm of the
efflux rate plotted against the mid-time of the relevant rinse (Fig.25).
The rate of efflux of solutes in simple model systems follows an

exponential decay pattern (see Baker and Hall, 1975) of the form

original concentration,
decay constant.

bx
v = ae » where a
b

o

A semidog plot of such data should therefore be linear. The points
shown in Fig.2% clearly did not fall in a straight line, although there

were lincar portions. It was thus assumed that there was more than one
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phase to the efflux (Baker and lall, 1975), so the data were subjected

to a computer-assisted least-squares curve~fitting process, as used

by Hipkins (1978). This described the decay in efflux rale as the

sum of up to three first-order phases of the sbove equation. The
programme was run Lo compute a and b values Tor both two- and
three-phase curves, but the latter had a lower sum of squared residuals
(1-0201 versus 5.5201) and was accepted as the best #it. The experiment
was also carried out without ABA in the efflux medium and the dats

(which wage of the same form) subjected to a similar snalysis. Again,

the three-phase sum of squared residuals was lover (2.2946 versus L.1258),

The best fit was therefore of the form:

y = a e"blx +a, e*ng N by e“bsx )
The values of a; and bi with standeard deviations for efflux medium

with and without ABA and the relevant phase half-lives are given in
Table 12.

Table 12: Least—squares Fit Parameters for 14C-ABA
Efflux Data

Bfflux a./Bq mi2  S.D. v, /st g.D. /s
Mediwm Phase * L _ 2
i=1 284,420 97,752 0.0958 0.0092 7.2
with i=2 hko T 0.00287 0.00032 241
ABA o= 3 12.0 N.1  0.000329  0.00008 2109
i=1 36,225 15,729 0.051k 0.00909 13.5
without 1 = 2 491.1 131.9  0.00327 0.000609 212
ABA i o= 3 02} 6.9  0.000402  0.000075 172k

These data were used to obtain the fitted curve shown in Fig.25.

The fastest efflux phase {(i=1) was assumed to represent the
exchange ol free~space label, which in both cases appceared to be complete
after about 90 s.  Using a; = 100 and x = 90, it was calculated that
over 99.98% of the label removed in this phase was exchenged after 90 s
with ABA in the efflux medium (99.02% without ABA). Consequently, o

standard efflux procedure involving six 15 s rinses was adopted for all
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other experiments in order to remove free space ‘"C-ABA. The difference
in helf-lives for the fast phase with and without ABA in the efflux
medium would be predicted if a cerbain proportion of the label was
loosely bound to wall sites in the cepidermal tissue: use of a 'cold
rinse'! should facilitate exchange from such sites.

The significance of the slower phases of efflux will be discussed

with the results of Experiment 2.2.

Experiment 2.2  Uptake of 1%¢ from 2~YM0-ABA by Epidermal Segments I
Quantitative Radioassay by Seintillation Spectrometry.

Uptake of label from o-14copBA by epidermal sepgments was studied by
transferring segments incubated for 2 h in 50 mol mfa KCi/PIPES bufferto
radioactive ABA solution. Six segments were removed at '0',5, 10, 20, and
40 min (mean area 13.4 mm ) and 8 at 60 win. Those at 60 min were
subjected to efflux analysis in a repeat of Experiment 2.1 but upbake
was back-calculated from the total efflux and the amownt remaining in
the tissue at the end of efflux. The segments vere rinsed using the
standard procedure and radioactivity present assayed by liguid scintillation
spectrometry. The results are shown in Fig.26. Uptake appeared to
reach a maximum after 1 h. Such an asymptotic curve is predicted by
simple model systems (Baker and Hall, 1975). In order to test whether
this uptake phenomenon was a property of living epidermal cells, L4C
present in normal segments and those killed by the freeze~thaw method
was compared after 1 h incubation. The efficiency of this method
for killing cells was also tested by comparing the uptake of neutral

red by both types of tissue. The results are shown in Table 13.

Table 13: Uptake of Y4C from 2-Y%C-ABA by Untreated and Freesne-
thawed Epidermal Segments.

7 = a o ] ]
Treatment Mean uptake _ liviné cells Nos. of cells cxamined
C(8.E.)/in Bqmm ©n  in cpidermis®  epidermal subsidisry guard
None 81.5(h.7) 6 97.0 237 269) 808
freeze- 11.9(2.2) 6 0.0 220 2670 8490

thawved

¥Ascertained on tissue which was not incubated.
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Uptake of 1Mo prom 2-HC-ABA by Epidermol Scpments.
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The difference between upbake of living and dead epidermis was highly
significant (t = 13.5, p < 0.001). It was not clear whether the 14C
uptoke by freeze-thawed tissue (11.9 .mBq mmﬁz) was physiolOgically
significant: +the rinsing procedure used was tested on live tissue and
may not bhave been spplicable to dead tissue. This uptake may therefore
represent unrinsed free space label. On the other hand, a proportion of
normal uptoke may have been into sites noi deétroyed by the freeze~thaw
treatment. Certainly, at least 8% of the uptake of Fig.25 appeared to be
conditicnal on the presence of living cells. It thus seems that the
second and third efflux phascs of Fig.2% mey be due to discrete (living)
compartments within the epidermal tissue which had taken up 1%*C from ABA.
. In simple model systems (see Baker and Hall’ 1975) such an efflux
pattern may relate to cytoplasmic and vacuolar compartments. However, in
a complex tissue such as Commelina epidermis the situation is confounded:
different types of cell may represent compartments as well as different
intercellular areas. It was therefore concluded that uptake was largely
a property of living epidermal tissue, but that clear—cut designation of
efflux phases could not realistically be made.

The data of Fig.26 msy be combined with those of Fig.18 to give a
sensitivity estimate for stomatal closure in response to ABA application.
3 ABA (Fig.18),
and at this time the uptake of "C from 2-1%C-ABA was 66 mBq 2 {(Fig.26).

. -2 . . . o .
From an estimste of 50 stomata mm ~, which was Jjustified by observalion,

Thus, stomatal closure was complete after 10 min in 0.1 mol m

and knowing the specific activity of the 1*C-ABA (0.206 TRq mol_l), it
was possible to calculate thabt no more than 5.9 fmol ABA was present per
stomatal complex at the time of closure.

A study of G-3H-ABA uptake was also made in which the hormone was
incorporated at 0.1 mol m > in 100 mol m - NaNO4/PIPES buffer, snd the
characteristics of uptake of label were similar to those of Fig.25.

When uptake by epidermis with 'pre-opened' (detached leaves placed on

tap water under fluorescent lights and treated with COg-reduced air for

2 h) and 'pre-closed' (detached leaves placed on tap water in darkness)
stomata was compared in this system, there was no significant difference
between °H uptake inthe two treatments (mean upteke 'pre-opcned' =

11.6 Bq mm—z, 8.%. = 0.6L4, n = 3; mean upteke 'pre-closecd' = 13.5 Kq mm'_z9

S.B, = 1.28, n=3; t =1.31, P> 0.29). Using the same trestments,
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but incubating epidermis on 1%C~ABA in distilled water, Ttai et al . (1978)
obtained a similar result. It therefore appears that the state of

aperture of the stomata did not affect upbake of 1%¢ from ADA,

Faperiment 2.3 Uptake of ¢ from 2-14C-ABA by Epidermal Segments II.

Qualitative Radioassay by TLC and Seintillation Spectrometyy.

This experiment was devised to investigate the molecular state of
the MC-label present in epidermal segments after 1 h incubation in

0.1 mol m >
3

o-14C~ABA in buffer. Segments were incubated for 2 h in
50 mol. m KC1L/PIPES, transferred to the radiocactbive soluticn for 1 h

and then rinsed by the standard procedure. Radicactivity present was
extracted with methanol for 24 h at 4 C and analysed by TLC. Standards
were applied using method A. The resultts are illustrated in Fig.27.

Tor each solvent system used there is cne major peak of activity
present. This corresponds closely to the position of the standard
except in the case of solvent system 4. Chloroform:methanol, however,
is a system known to give varisble Rf values between rwus (Colguhoun,
197h).  In this case it 1s suspected that there were edge effects in the
chromatography which led to a diﬁference in Rf wvalues for the standard
and extract.

It is not possible, using TLC, to conclude that the extract wes
entirely 2-1%C-ABA. On the other hand, it 7Zs possible to state that
metabolism to products having markedly different chromatographic
properties to ABA had not occurred. It thérefore seened that extensive

metabolism of ABA by epidermis tissue had not occurred by 1 h.

Bxperiment 2.4 Uptake of Y“C from &-14C-ABA by Epidermal Segments IIT.

Qualitative Radioassay by Microautoradiography.

A priori, it was thought that autoradiography with ABA would require
the uze of soluble-compound technigues, since the hormone is relatively

goluble in water, The efflux evidence of Experiment 2.1 confirmed this
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Fig.27. TLC of Epidermis Extracts.
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recovered in Rf zone/% total. Bars represent position of 2-14C-ABA
standard.

Solvent Systems, all v/v (with total recovered l4¢)

a. n-hexana:ethyl acetate; 1:1 (18-°9Bq)

b. Bthyl acetate: toluene: acetic acid; 21:10:2 (202 Bq)
¢. DBenzene: acctone: acetic acid; T0:30:1 (20°0 Bq)

d. Chloroform: melhanolsy 1:1L (21'0Bq)
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asgumed mobility of the label. Normally, soluble-coumpound micro-
autoradiography requires methods involving the freezing of the tissue
of interest followed by sectioning in a cryostet (Rogers, 1973). The
tissue 1is maintained in the frozen staté (thus 'fixing' soluble moieties
in place) whilst a photographic emulsion sensitive to charged particles
is brought into contact with it {(in darkness) for exposure. TFitzgerald
et al. (1961) pioneered a method whereby dry film was applied to
sections which had been freeze-dried to obviate solube migration.
Experiments with epidermis tissue has the advantage that no sectioning
is required for work in the plane parallel to the lamina, since the
specimen is effectively a monolayer of cells. There are a number of
. reports of the location of various substances in epidermsal strips using
microautoradiography (e.g. Shaw and MacLachlan, 1954; Nishids, 1963;
Willmer et al., 19733 Dittrich and Raschke, 1977a, 1977b). Most of
these involved the location of non-water—soluble compounds such as
starch and did not utilise soluble—compound methods. Willmer et al.,
however, studied the location of soluble products of CO2 Tization.

The autoradiographic method was derived from one of their techniques.

Epidermal tissue was incubated as in Experiments 2.2 and 2.3, and
removed from the MC-ABA solution aflter 20, 40 and 60 min for rinsing.
The tissue was placed on subbed slides, freeze—dried and exposed for
98 a. Representative areas of microautoradiographs and the associated
tissues are shown in Fig. 28.

There was a considerable degree of correspondence between the
positions of guard cells in the epidermis and the aggregation of silver
grains in the film emulsion. This was nolt alwvays found to be a ocne-
to-one relationship, however, as stomatal complexes for which there was
no corresponding silver grain accumulation, and slso areas of grain
aggregation which did not correspond to stomats, were found. These
could be explained respectively by lack of tissue-film contact and the
presence of mesophyll contamination. Although the diameters of the
areas of grain aggregation appeared to he larger than those of the
guard cell pairs, this does not necessarily imply that other subsidiary
cells accumiluted the hormone. A sphere of radius 20 um in photographic
emulsion (gelatin) contains all silver grains formed in 90% of the A-tracks

originating from a point source of e at its centre (Rogers, 1973).
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2-1"C-ABA.

Column A Column B

Column A: appearance of freeze-dried tissue under light miscroscopy.
Column B: <corresponding distribution of silver grains in the photographic
emulsion.
Hows: microautoradiographs from tissue incubated in 2-"*’C-ABA for 20 min
(top), 40 min (iniddle) and 60 min (bottom).
M contaminating mesophyll cell which has also taken up radioactivity (122 x)
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Thus a p-particle from a 1%C source at the edge of a guard cell might
reasonably form a latent image within the subsidiary cell outlines
(see Fig.20 for scale). This does not exclude the possibility that
both epidermal and subsidiary cells also took up radicactivity, bub
indicates that most of the uptake was by tﬁe guard cells.

A particulaxrily imporbant aspect of autoradiography is the
elimination of the possibility of artifacts by the use of the correct
controls (Rogers, 1973). The controls used for positive and negative
chemography (chemicals from the tissue causing or removing latent images)
described in the Materials and Methods section were always without artifact.
Pressure artifacts would also have been revealed by the positive
chemography control.

No specific controls were employed to test for solute migration
during the freezing process. However, three observations indicated
that it was not of importance: firstly, when tissue was prestained with
neutral red and freeze-dried, the dye remained within the cell oublines
in the dry state, secondly, when epidermal tissue having a proportion of
pignented cells (from Cyclamen persicum) was freeze—dried; the pigment
remained in the cell outline, and thirdly, crystals (assumed to be of
calcium oxalate) in some Commeling €pidermal. cells remained in position
after freeze—~drying.

Artifacts due to spatial effects might have occurred if the freeze-
dried epidermis tissue had non-plansr geomebry. Thus, the existence
of raised areas around each stoma could have brought the guard cells
into closer contsct with the fiim, leading to the possibility of
greater pro rata  latent image formation. This was investigabed by
the study of transverse sections of dried epidermis. Such sectlons
indicated that there were no raised or sunken regions.

It was therefore concluded that the accumulation of silver grains
in the photographic emulsion represented a corresponding accumulation
of radioactivity from 2-14C-ABA at or near the guard cells. Trom Fig.28
it was apparent that this accumulation increased over the 1 h treatment

pericd.
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Laperiment 2.5 Efflux of ABA and Stomatal Re~opening.

In Experiment 1.5 it was observed that stomatal re-opening did not
occur when ABA was supplied continuously to epidermel segments. Howvever
re~opening has previously been observed afﬁer short, pulsed, application
of the hormone (Cummins et al ., 1971) and also after transfer of epidermal
segments from medium with ABA to that without (Horton, 1971). The efflux
data of Experiment 2.1 indicated that the hormone would leak oult of the
epidermis tissue rapidly when transferred to medium without ABRA. This
experiment was carried out to correlate efflux with any stomatal re—opening
which might occur.

Segments were incubated on buffer for 2 h to open stomata as bhefore,
transferred to 0.1 mol mf3 ABA for 1 h to close the stomata, rinsed for
3 ABA or buffer alone for
3 h. 50 mol mh3 KC1/PIPES was used throughout. At hourly intervals, the

90 s, and then trensferred to either 0.1 mol m

buffer was changed to avoild effects of ABA which may have leaked to the
mediun. As mentioned in Experiment 1.5, pefiods of incubation in excess
of 3 h tended to result in stomatal closure. For this reason, results were
expressed as a percentage of control segments not treated with ABA st all,
but given equivalent disturbance at the relevant times. The mean stomatal
apertures on these controls declined to 5.12 ym after 6 h incubation.

The losses from 'compartments' corresponding to phases 2 and 3 (inclusive
of the rinse time) were calculated in order to compare the re—opening data
with the characteristics of efflux (kxperiment 2.1, Table 12, figures for
efflux medium without ABA). These are illustrated in such a way that the
time taken for 99.9% of the predicted efflux from phase 2 to occur could be
seen and compared with the predicted efflux from phase 3 at this time
(Fig.29).

Stomatal re-opening occurred if net efflux was allowed, but nobt if
ABA was conbinuously supplied. The difference between mean stomabal
apertures for the two trestments was significant after 1 h (t = 5.76,

P < 0.01). Re—opening was correlated to some degree with efflux, but the
exact relationship between phases 2 and 3 and stomatal movenent was unclear.
Opening may have commenced only as 'compartment' 2 became empty or may have

heen influenced primarily by efflux from 'compartment' 3.
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The shape of the re—opening graph bears a striking simiiarity
to those obtained with pre-stressed leaves (Expeviment 1.9). It is
possible that reduced opening in stressed leaves was the result of
increased epidermal ABA levels, and that incubation in buffeor allowed
efflux of the endogenous hormone pool to give comparative results.
An interesting facet of both sets of results is the fact that re—opening
did not occur to 100% of the control value within 3 h.

Although re-—opening occurred when net efflux of ABA was allowed,
it is not possible to conclude that the uptake of ABA is necessarily
directly related to the events of stomatal closure. It is, however,
reasonable to say that the ABA content of the epidermal segment appeared

to affect the ability of stomata to open or close.
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SECTION 3.

EXPERTMANTS ON EPIDERMAL SEGMENTS TIT.
USE OF 8%Rrp* A4S TRACER FOR K*

INTRODUCTION

The importance of ion fluxes in stomatal opening was discussed in
Part IV of the General Introduction. Several methods have been employed
to evaluate ion movements between cells of thevepidermis, all of which
appear to have advantages and disadvantages: stains may not be specific
and are difficult to quantify (see Fischer, 1972); there are problems
with quantification of results obtained with the otherwise definitive
electron microprobe (Humble and Raschke, 1971); methods used in micro-
electrode studies have been criticised {Moody and Zeigler, 1978). In
the case of tracer uptake, there are problems of exogenous application
and the relationship between the movement of the tracer and the ion of
interest. However, the labter methed has considerable advantage in
simplicity and expense.

The rvelatively short-lived isotope 88Rb (43 = 18.66 d) has been
used extensively in studies of ion uptake and transport in plant
physiology. It is generally employed as an anslogue of potassium, Ffor
which only radioisotopes of very short half-life are commercially available
(e.g. L3 of "2K= 0.52 a). Rubidium cccupies a positicn in the periodic
table immediately below polbassium in the same column. Although it has
eighteen more protons and electrons, the physical properities of rubidium
and its salts are remarkably similar to those of potassium. Some
representative values for the two alkali metals and their chlorides are
shown in Table 1h,

The resemblsnce between the two metals evinced by Teble 14 has led %o
the assumption that fluxes of 86RL" ana x* are quantitatively comparable.
This can be tested by experiments iu vhich the features of both rubidium
snd potassium movement have been evaluated. The study most relevant to
this work is that of Fischer (1972), He found that 86RhT and “2ktuptake
characberistics of Vieia epldermal segments were similar. On the other
hand, Hiatt (1970) reported apparent anomalies between K" uptake by roots

estimated by spectroscopy and 86T movement, and Brdei and Zsoldos (1977)
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demonstrated that S®Rb Y uptake consistently overestimated “2K* uptoke

in rice roots and callus tissue.

Table 1li. Comparative Properties of Potassium and Rubidium
and their Chlorides (data taken from Mahan, 1970).

Characteristic or Property Element or salb
39K SSRb
Atomic Number 19 37
Atomic Welght 39.1 85.5
Blectron orbital configuration 1s? 25200352 3P hs 152 252 2P 3% 3P 3al0
b2 Uh 59
Pirst ionisation energy/kJ mol © 418.8 402.9
Toniec radius/pm 133 148
3% ca 85RbCl.
Molecular weight Th.55 120.97
Interionic distance/pm 31k 329
Crystal lattice energy/kJ mol—l 708 679
Solubility/ kmol m > (25 C) 4.6 7.5

In this study, few assertions involving precise quantitative
relationships between the two ions have been made. Rather, movement
of 88Rb™ and K* have been assumed to be qualitatively similar.
Accordingly, results are expressed in units of radicactivity and not
in 'potassium ion equivalents!', Such values vary for similar treatments
between experiments because of radioactive decay, bul comparison between
treatments within experimenbs is still valid. VFor each experiment the
86Rp™ content of solutions used is given in Bg mm~3; in terms of added
RbCl concentration this was normally less than 50 mmol m“3. The proportion
orB8RpT to 858bT in radioactive solutions wes less than 1:2.5 x 104,

The objective behind the scries of experiments was to determine the

effects of ABA on stomata of Commelina shown in Section 2 in terms of
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86 ) . : ' .
movement of °°Rb Y, A nimber of other experiments were also carried
out to characterise the system used and the fluxes of tracer under

different conditions.

RESULTS AND DISCUSSION .

Experiment 3.1 Effects of RbCl on Stomatal Aperture.

One approach to the problem of differential uptake of Rb* and K+
is the use of the epidermal segment system as a 'bioassay' of ion fluxes.
If it is assumed that stomatal aperture is related to guard cell ion
uptake (Fischer, 1972; and later resultls), then differences in uptake of
the ions should be reflected in the apertures attained by stomata of
epidermal segments incubated in solutions containing the ions. Humble
and Hsaio (1969) showed that K* and Rb™ had similar effects in Vieia,
and this experiment was carried oul to examine the comparative effects
of the two ions on Commelinag stomatal movements, using the PIPES buffer
system.

Segments were incubated in solutions of either RbCl or KC1l in
10 mol nf3 PIPES pH 6.8 for 2 h and apertures measured. The results
are shown in Iig.30. Stomatal openings with the two salts were clearly
very similar: at the concentration where the greatest difference in
apertures was obtained, 50 mol mm3, the means were not significantiy
different (t=1.50, P > 0.1). (ommelina stomata therefore appear to
resct to the presence of Rbt or ¥ in a similar menner to Vicia .
From the evidence of this 'biocassay', uplteke of the two ions by guard

cells appears to be equivalent.

Bxperitment 3.2 Uptake of 86" by Epidermal Segments [. Correlation
with Stomatal Aperture.

The method of 86Rb~labelling of incubation solutions has been used
4~ R . . . ]
to cerrelate K uptake with stomatal aperture, particularly with Victa

faba epidermis (Humble and Hsaio, 1969; Tischer, 1972). The following
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Fig. 30. Effects of KCl and RbCl on Stomatsl Aperture.
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experiments were designed to monitor 86Rp " uptake in Commelina,

To study uptake of 86RL " with time, segments were placed in 86RbY
100 mol mS KC1/PIPES buffer (gq. 580 Bq mmm3). At wvarious times, a
segment was removed from solution and placed on a slide. After stomaﬁal
measurements and area estimation had been made, the segmenls were
rinsed for 5 x 1 min in 100 mol mfs KC1/PIPRS, submerging on the last
rinse. Radioactivity present was then estimated.

As shown iu Fig. 3la, both uptake and aperture increased with
time over 2 h 10 min, in a similar fashion to that illustrated in Fig.lT.
When the two parameters 'aperture' and 'uptake' were plotted together
(Fig. 31b) a linear relationship with a high coefficient of correlation
was found (r = 0.941, P <0.001). Tt thus seemed that these
parameters were closely related.

Uptake of 86Rb+ was also investigated at different KCl concentrations,
keeping the time of incubation at 2 h. The ratio of K %o B6Rb T was
also maintained as a constant (roughly 3.8 x 10'?atoms per Bq). The
tracer content of the solutions therefore varied from 67 - 801 Bq mmfg.
Radioactivity btaken up would correspond to an equivalent number of K+
atoms whatever the salt concentration if it was assumed that there was
no discrimination of the ions. Ten segments of area 16 mm% were
incuvated at each concentration for 2 h, then rinsed for 5 min in
solutions of comparable K+ and Rb+ concentrations to those used for
inecubation. Eight segments were used for radiocassay by scintillation
spectrometyy and 2 were freeze-dried. Stomatal apertures were
measured on the freeze-dried tissue which was later used for micro-
autoradiography.

Fig. 32a illustrates the 86gy* uptake as a functicn of KC1
concentration. Uptake of tracer increased with the salt concentration,
but this appeared to be asymptotic at higher levels. This correlated
with an increase in stomatal aperture, but the shape of the opening
curve was not similar to that of Fig., 15: values were depressed in the
middle range of concentrations. When uptake was plotted ageinst
aperture (Fig. 32b), the best least-squares fit curve was exponential in
form, and not a straight line as in Fig. 31b). This may have been due
to an ancmaly in aperbure estimation. Since freeze-drying would
appareatly not cause this effect (IFig. 24), it was thought to be due to-
stomatal closure during the 5 minute rinse given to the tissue prior to
freeze~drying. Were this elfect taken into account, it would tend to

make the best fit of Fig. 32b more linear.
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The effect of killing the epidermis by freeze-thawing on‘SGRB*

upteke was tested by incubating live and dead tissues on labelled
3) '

incubation medium (ea. 150 Bq mm The results are shown in Table 15.

Table 15. Uptake of 86Rb™ by Untreated and Freeze—thawed
Epidermal Segments.

(ol
Preatment Mean uptake (S.E.)/

m Bq mm™2 n

None 835 (6h) 6

Freeze-thawed 16 (2) 6
System 2, R

This difference was Tound to be highly significant (t = 12.72 P < 0.001)
and it was concluded that a large proportion of uptake was a function of

the presence of living cells.

Experiment 3.3 Uptake of 8Srb™* by Epidermal Segments IT. Location
of Radioactivity by Autoradiography.

The qualitative radioassay of 88Ruv™* by microavtoradiography was
carried out using the same method as Experiment 2., Typicael results
are shown in Fig.33, which illustrates the location of 86Rb' after 2'h
incubation in 300 mol m > KC1/PIPES containing ca. 800 Bq mu > 86Ru*
(treatment as per Experiment 3.2). It is apparent that the major
portion of uptake has been inté the guard cell region. Since the
p-emmissions of B86Rb are more energetic on average than those of 1%C,
the volume in which an 86Rb g-particle could potentially cause latent
image formation from a point source is larger than that of %C.  This
explaing why the areas of accumulation appear more diffuse in ig.33

compared with Fig.28.
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Similar distributions to those of Fig.33 were found at all other
KCl. concentrations tested (25, 50, 100, and 200 mol m~3). In seversl
examples of 86Rb~autoradiagerhy, a 'hot spot' phenomenon was observed
(Fig. 34): areas of high grain density were found which did not
apparently coinecide with morphological features of the epidermis tissue
such as hairs, contaminating mesophyll, or areas of injury due to
handling. A possibility is that 'hot spots' represent areas contaminated
during incubation and incompletely rinsed. On the other hand, extreme
care was btaken to avoid this by submerging segments completely during the
rinsing procedure. If such hot spots are not artifacts of autoradiography
(e.g. spatial), then quantitative estimation of B8Rb* activity present
in epidermal tissue would appear to over-represent 86Rb* uptake by cells

of the epidermis.

Experiment 3.4  Uptake of 86mbT by Epidermal Segments ITI. Effects
of ABA.

An inhibitory effect of ABA on the uptake of Kt by guard cells has
been postulated as a mechanism of action of the hormone (Hsiao, 1976).
This experiment was designed to examine the effects of ABA on 86Rp"
uptake by Commelina epidermal segments,
Similar methods to the previous two experiments were employed.
3 3 KC1/PIPES containing
88Rncl (¢a. 340 Bq mm S). Fig.35 illustrates upbske of S6RG* with and

ABA was incorporated at 0.1 mol m > in 50 mol m
without ABA in the medium. In several repeats of thig experiment the
same general brend was found: uptake was very similar with and without
hormone treatment. Hewever, uptake of ABA-treated segments was consistently
glightly lower, especially at the end of the 2 h incubation period. In
ig.35, there was no édifference in mean upteke at 5, 4O and 80 min
(|t| <1.80, P > 0.1) but ABA-treated segments had significantly lower
upbeke after 120 min (t = 3.7, P < 0,02),

Tt was not possible to make conclusions about SGRb+ uptake by
particular cells of the epidermis from the above data: in order to
study differences in the pattern of uptake, the distribution of 86Rp*
within the epidermal segment after incubation with and without ABA was

examined by autoradiography. Segments were incubated for 2 h 20 min in
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Microautoradiography oC Epidermal Segment Snpplied vibh
in 300 mol m KGI1/P.IPES: Existence of 'Hot spots'.

Appearance of freeze-dried tissue under light microscopy.
Corresponding distribution of silver grains in photographic
emulsion.

'hot spot’; G = Guard cell "Rb uptake (112 x).
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Fig.35. Effect of ABA on °6Rb Upteke by Epidermal Segments I.
NethUptake.
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Open circles: 50 mol mf3 KC1/PIPES buffer +86Rp C1.

Closed circles: above buffer plus 0°1 mol m > ABA

System 1, R, n=6.
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3 KC1/PIPES containing ea. 600 Bg mm S 86y, ABA waos

. . -3 . . . .
incorporated at 0.1 mol m ~. Visual observations of microautoradiograms

50 mol m

(Fig.36) suggested that accumulation by guard cells was less pronounced
in the ABA~treated tissue. To test this hypothesis, silver grain

density measurements were made (Table 16).

Table 16.  Grain Densities for Control and ABA-treated
Eptdermal Segments after 8SRb " Uptake

Mean. grain density (S.E.) mesn ratio
/erains mmS % 1073, G/E (8.E.)
Treatment (Accumulation
Ratio )
over over
guard epidermal Total
cells(G)  cells (E) G+ B
Control 515(17) 205(1k) 719(29) 2.58 (0.12)
+ ABA 377(11) 277(6) 654 {1h) 1.37 (0.0h)

n = 10 areas of 0.03 mm2

Silver grain density differences were assumed to represent
differences in 8%Rp* accumulation by the tissue. ABA treatment resulted
in a lower grain density for the totgl of the two areas, as would be
predicted from Fig.36. In this case, the difference found was not
significant with respect to sampling errors (t = 2.02, P > 0.05),

The ABA treatment caused s significant difference in the grain density
immediately above guard cells (t = 6.86, P < 0.001L). Thig was also
reflected in the highly significant decrease in the accumulation ratio
(t =9.97, P < 0.001), suggesting that the hormone affected the uptake
pattern for Rb™ in favour of the epidermal and subsidiary cells.

The above experiment, however, requires detailed repetition,

Experiment 3.5 Effiux of 8SRbYfrom Epidermal Segments I. Computer—

Azsisted analysis.

This experiment was performed in a similar manner to Experiment 2.1.
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Fig.36. Effect of ABA on uptake by Epidonrial Segments I1.
Distribution of Radioactivity.

a. without ABA in buffer
b. with O'1 mol in“8 ABA (112 x)
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four segments (total area T3.7 mmg) vere placed in 50 mol m KC1/PIPES
containing 8rp”* (0627 190 Bq mmHS) for 2 h (System 2) and then
transferred through a series of 2 x 10—6 m3 rinse solutions containing
RbCl al a similar concentration to the incubation solution.
Transfer took place after the following efflux times:— 15 s(x6),
60 s (x3), 300 s (x5), 600 s, and 1200 s. Radiocactivity present in
the solutions was estimated and the natural logarithm of the calculated
efflux rates over the relevant time periods plotted against the mid-
time of the rinses. Once again, the computer-assisted least-squares
curve-fitting programme was used (see Experiment 2.1). The three-phase
fit gave a lower sum of squared residuals than the two phase fit (0.35h
vs. 2,35) and was accepted. The parvameters obtained are given in
Table 17,

Table 17. Least-squares fit parameters for 88RbY efflux data.

2 -1

Phase ai/Bq mm 8.D. bi/S 3.D. ti/s
i=1 3111700 595300 0.0961 0.0051 7.2
i=2 3872 g0k 0.00668 0.001.22 1.03.8
i=3 251, 58.3 0.000435 0.00012h  1593.k

Obviously, direct comparison between efflux of ABA and 86Ry "
is not possible. The efflux pattern of 8%Rn™" would appear to be
complicated by two factors not cousidered in Experiment 2.1: Ffirstly,
the Donnan free space (see Baker & Hall , 1975) will only affect the
positive ion, and secondly, effects of stomatal closing reactions caused
by the rinsing treatment might affect the 861 erflux patbern.

Nevertheless, the fastest efflux phase was again agssumed to
represent efflux from the free space. It is notsble that this had a

t% equivalent to that of ABA found in Experiment 2.1



Experiment 3.6 Effluz of 8Srb™Y from Epidermal Segments IL.
Effects of ABA.

The rapid nature of ABA effects on stomatal aperture has been
discussed in Section IV of the General Introduction and shown in
Experinment 1.5. It may be argued that alterations in guard cell
ion uptake phenomens alone cannot account for this speed of reaction.
Furthermore, in the general nature of the postulated role of ABA in
gtress—induced stomatal closure, the hormone would be more likely to
initiate closure than prevent opening (although, of course, prevention
of gtomatal re-opening is an important facet). Tt was therefore of
interest to test effects of ABA on 86Rb4‘efflux Trom "preloaded’
epidermal segments having 'pre—opened' stomata.

Epidermal segments were incubated in 50 mol m—3

KC1/PIPES
containing 853b410a- L60 Bq mme) for 2 h (System 1). 15 segments
(total area 240 mmg) were then transferred to 10 x 10_6 m3 solutions
of buffer with and without 0.1 mol me ABA. 200 mm3 samples of these
gsolutions were taken at various time intervals. Incubstion System 1
was used in order to ensure mixing of the efflux solution. Cumulative
efflux estimates cbtained from samples of inaccurate volume due to air
intake to the m@cropipette (a function of speed of operation) were
discounted.

Cumulative efflux was calculated using the formula shown in the
Materials and Methods. The regults were normalised with respect to the
label present in each efflux medium at 1 min; from the data of Table 17
this should have represented over 99.7% of the free—-space label. The
cumulative efflux nlot obtained is shown in Fig.37. The best fit
curves illustrated are composite: least-squares curves of logerithmic
form were found to be inaccurate between 20-30 min. Since the two
curves appeared to be parallel and straight from 12-30 min, linear best-
fit regression lines were obtained for this portion and logasrithmic curves
from 1-12 min.

In a cumulative efflux grapn like Fig.37, the slope of the curve
represents the rate of efflux. It thus appears that ABA treatment

'}' » »
caused greaber rates of 86Ry  efflux for approximately the first 10 min,
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. . : g -
Fig.37.. Cunmuliative Normalised Efflux of 8SRp" from_Epidermal

Sepgments Treated with ABA.
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Yor example, the slope of the best Fit curves at 5 min, calculated

from derivative = bxﬂl, were 6.7 mBg mmhe min~l for the control and

9.0 TnRq mmm2 min"l for ABA-treated segments. However, after 20 min,
the respective estimated rates were both 3.2 nBg mm_2 min—l, calculated
from derivative = b. It is interesting to note that observed increases
in BGRb+ efflux in the first 10 min correspond with the time taken for
ABA-induced stomatal closure after similar treatments not using aﬁRb+,
as shown in Fig.18.

Efflux results do not teke into account the possibility of solute
redistribution within the epidermis during closure. This possibility
could be studied with autoradiographic techniques. Indeed, it is
possible that the increased efflux demonstrated in this experiment
represents an experimental artefact due to such redistribution, if
transfer of B%Rb+ between guard cells and subsidiary and epidermal
cells was 'short-circuited' by the presence of the efflux medium.

This experiment was repeated once, with results similar to those
shown. Several attempts to design different procedures to test efflux
were unsuccessful: although differences between ABA-trested and control
efflux rates could be observed, these were found not to be statistically
significant with respect to random errors. This would appear to be a

function of the low levels of radiocactivity involved.



SECTION 4.

EXPERIMENTS ON WHOLE LEAVES

INTRODUCTION

It is well substantiated that ABA affects transpiration rates
through stomatal closure when supplied via the transpiration stream
(Mittelheuser and Van Steveninck, 1969; Raschke, 1975a). The
evidence described in Section III of the Introduction suggests that
this 1s a direct effect on the stomatal apparatus rather than an
indirect effect as found with kinetin (Meidner, 1967). The results
of the previous two sections verified this hypothesis using the
epidermal segment incubation system developed in Section 1. However,
although stomata of incubated epide;mis tissue appeared to react in
the same manner as they do on the whole leaf (Willmer and Mansfield,
1969; Experiments 1.5, 1.6 and 1.9), caution nust be cbserved when
extrapolating such results. Accordingly, a whole leaf system using
Commelina was devised in which some of the effects of Section 2 could
be re~examined. The advantage of this method over whole-leaf
treatments using other plants, lay in the vossibility of examining
epidermal ABA levels by supplying radioactive hormone and taking
gpidermal peels.

Since there was no evidence in the literature that ABA in the
trangpiration stream reaches the stomatal apparatus or even the
epidermis, this was examined. By utilising the freeze-drying process
to 'fix' stomatal apertures (Experiment 1.10) it was alsoc possible to
obtain an 'improved' estimate of stomatal sensitivity to ABA based
on the sssumption that only hormone present in the epidernmis affected

stomatal movements.

RESULTS AND DISCUSSION

FExperiment 4.1  Development of a Whole—leaf Experimental System.

As previously noted, it is necessary first to obtain consistently

open stomata before examining the effects of ABA on closure. Preliminary
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experiments on whole leaves were carried out in which leaves.were
pretreated by floating on water through which CO_~free air was bubbled.
Treated in this way, stomata opened evenly to nbgut 10 um after 2 h.
However, after removal from the water, drying, and exposure to air,

the stomata of control leaves closed rapidly during the experiment
(within 45 min)., ABA treatment caused faster closure (complete within
15 min), but it was, nevertheless, thought that this system was
unsatisfactory.

Besides low CO2 levels, another easily-menipulated environmental
parameter which can result in stomstal opening, is the relative humidity
of the atmosphere (Sheriff, 1977). Consequently, a test was made on
the stomatal apertures of Commelina leaves placed in Perspex 'cells' (Fig.6)
in vials of distilled water, and fed with a stream of air of high humidity.
Fig. 38 illustrates the results obtsined with uwp to 3 h incubation. The
stomatal movements were similsr to those which occurred in epidermal
3 KC1/PIPES (Fig.1l7). Since apertures

were relatively constant between 2-3 h, it was decided to carry out a

segments incubated on 50 mol n

2 h pre-incubation to open stomata of leaves used in further experiments.
Stomatal opening was also found to occur if Cogmfree air was supplied
instead of normal air, However, the apertures attained after 2-3 h

were generally greater at sround 11-12 um.

Baperiment 4.2  Effect of ABA on Stomatal Aperture of Whole Leaves

at Different 602 Concentrations,

In this experiment effects of ABA at 0.1 and 0.0l mol m—3 on
stomatal aperture were examined with and without COQ.

After 2 h preincubation using the relevant gas supply, leaves were
rapldly transferred to another vial containing distilled water (controls)
or ABA solution. Figs. 39a and b show the effects of this treatment
over the following hour.

When normal air (ea. 300 vpm COQ)'was used (Fig. 39b), the two
ABA concentrations had almost identicsl effects, although slight
re-opening at the lower level was noted after U5 min.  With CO,~free

air (< 1 vpm CO,), however, only 0.1 mol m—-3 ABA caused complete closure
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Stomatal Apertures Attained on Whole Leaves in Humid Air.
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Fig.39. Lffect of ABA on Stomatal Aperture at Differont CQP~COncent;ations.
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after 1 h., 0.0l mol m > ABA resulted in roughly 50% closure at this
time: Furthermore, the effects of 0.1 .mol‘m"3 ABA were delayed by
approximately 15 min when Cognfree sir was used. Such a delay was
also found by Mansfield (1976a) in Xanthium.

To investigate further ABA effects using 2-1%C~ABA, it was
decided to use normal air, since results obtained with this presumably
had more relevance to the normal enviromment of the plant. This

treatment would also permit analysis of ABA effects of low concentrations.

Experiment 4.3 Effects of 2-Y4C-ABA Applied to Whole Leaves I.

Use of Different ITreatment Times.

This experiment was basically similar to that shown in Fig.39b,
with two major modifications. Tirstly, 2-1%C-ABA at 0.1 mol w S wes
employed instead of unlabelled compound, and secondly, a leaf harvesting
procedure was adopted so that both stomatal aperture could be measured
and epidermal and mesophyll samples could be assayed for radioactivity.
In these results, 'epidermis' refers to the abaxial epidermis alone
and 'mesophyll' to the mesophyll layers plus the adaxial epidermis.

The treatment protocol used is illustrated in Fig.Lo. A-E and
1-10 represent the perspex cells, in each of which a leaf could be pre-
incubated and treated. Pre-incubations (2 h) of individual leaves were
staggered to correspond to the treatment s%arting times represented by
heavy vertical lines. Treatments lasted for the time iadicated by the
length of the arrow. Peeling manipulations and freeze—drying of
epidermal samples vere carried out during 5 min (shaded squares).

Cells A-T contained control leaves (1 leaf each of 0, 15, 30, 45 and
60 min), and 1-8 were used for treatment with radioactive solution

(2 lesves each of 10, 20, 30, k5, 60 min). 'This procedure was carried
out twice on comsgcutive days (t, = 1200 h) and the results combined

(Fig.h1l, Table 18).
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Fig.hl. Effects of 2-1H o ABA on Stomatal Aperbure;
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Table 18: Y Partitioning in Commelina Leaves
following 2-C-ABA fpplication.

Tyeat-  Total ' Mesn %C activity (S.E.)/ 14 in
ment area No. of mBq_ mm” 2 epilidermis
time/ sampled/ Samples % total
min mm? Epidermis Mesophyll Total R
10 950 14 hoh (1.2)  75.2(17.5) 79.5 5.5

20 900 1h 6.0 (1.2) 104.8(20.2) 110.8 5.4

30 1075 15 15.6 {3.8) 201.5(32.0) 21i7.2 7.2

b5 950 16 22.2 (3.8) 2h7.5(35.7) 269.7 8.2

60 1175 16 43.7 (8.0) 299.1(25.5) 3hk2.8 12.8

Fig. hkla again demonstrated the effects of ABA in normal air, full
closure occurring after 30 min as in Fig.39b. Fig. W1b shows that
radioactivity was found in the lower epidermis before significant
closure had occurred, indicating that ABA did reach the epidermal cells
before reaction.

Since the specific activity of the ABA was known (1.328 TBq molml)
it was possible to caleculate an estimate of stomatal sensitivity based
on these resulls. Because closure was complete (i.e. below 1 ym)
after 30 min, values of MC levels at this time were used. The stomatal
dencity was assumed to be 50 per mm? . Using the whole leaf I4C
content , the estimated stomatal sensiﬁivity was 163 frmol per mm? lamina.
This is a value compatible with other estimates of stomatal sensitivity.
Raschke (1975%h) calculated that 90-180 fmol per mm? leaf area was
required to give 5% stomatal closure in Commelina, while Kriedemann et al.,
(1972) estimated that 89-349 fwmol of ABA per mm? leaf area was required
to initiate closure in French beans, rose, and Zeq leaves.

If, however,. the epidermal 140 content was used, the estimate was.
lower, since only T7.2% of the whole leaf radiocactivity was present in
the epidermis at 30 min (Table 18). Thus, in this cxperiment, the
¢ lomata had closed after receiving no move than 236 amol per stomatal

complex. Multipiying by Avogadro's number, this is equivalent to
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ca. 142 million molecules per complex. It should be emphasiséd that
such an estimate of stomastal sensitivity to ABA is an wupper limit
estimate. Clearly, not all the label present in the epidermis would
be expected to he at active gites: Some may have bheen present in the
free space; some mey have been metabolised to non—active forms.
However, in the absence of accurate quantification of these factors
adjustment of the estimate camnot be justified.

The proporticn of the total leaf radioactivity present in epidermis
rose during the course of the experiment from 5.5% to 12.8% (Table 18).
It was not clear whether this was a function of the method of hormone
presentation or whether it represented accunulation by the epidermis.

TLC of methanol extracts of leaves fed 2-1%C-ABA for 1 h (Methods
and Solvent Systems as Fig.27) gave a single peak of radioactivity
(alwsys greater than 90% of the total) which co-chromatographed with
standard ABA (Results not shown).

Experiment 4.4 Effects of 2-4C-ABA Applied to Whole Leaves IT.
Use of Different Concentrations of ABA.

In this experiment, it was intended to further investigate stomatal

3

sensitivity to ABA. Since 0.01 mol m - ABA had caused full closure
(Fig. 39b), in theory, it should have been possible to obtain stomatal
sensitivities an order of magnitude lower than that obtained in
Experiment 4.3 using 0.1 mol m—3 ABA.  The time of treatment was
therefore kept constant but the concentration of 2~1*C-ABA supplied
altered.

The time of treatment was maintained at 40 min to ensure maximal
closure at low ABA concentrations. Leaves were trested with from
5 XlO_h mol. mfg to 10—1 (0.1) mol mf3 o-1%Co-ARA, Fifteen leaves were
detached at 5 min intervals and preincubated for 2 h. The order of

. 3>-

treatments was as follows (C = control leaf; concentrations in mol m

- - - - - - -l
¢, 5 x 107%, 1073, 5x1073, 1072, 5x1072, 107Y, @ 5107,

-3 -3 0l 4 nTE -1 . s ) .
107, 5x10 -, 10", 5x10 7, 107, C3. At the time of peeling

samples of epidermis were freeze-dried to fix stomatal apertures.
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Epidermal. samples were képt as large as possible (i.e. 150 mm2) at the
lover hormone concentrations in order to maximise the smount of
radiocactivity present per sample. The procedure was carried oult twice
on cousecutive days and the results pooled.

Fig. 42 shows the 1%C-activity presentlin the epidermis and stomatal
aperture as a function of concentration.

At the ABA concentrations employed, stomatal closure below 1 ym
was only obtained at 0.1 mol m—3 and 5 x J_O"2 mol nr3. The upper limit
estimates of stomatal sensitivity, caleulated by methods similar to that
used in Experiment 4.3 were 401 and 695 amol ABA per complex respectively
(Table 19). These values are higher than that obtained in the previous
experiment. The differences may have been due to the increase in
treatment time considered (ie. 40 min vs830) or to variability of plant
material and experimental conditions. The latter possibilities were
3 aBa
(0.01 mol mf3) which was higher than those found in Experiments 4.2 and

supported by the mean stomatal aperture obtained with 10_2 mol m

4,3 at similar treatment times. .

The data of this experiment can be used to estimate the minimum
amount of ABA required Lo cause a statistically significant alteration
in stomatal aperture, a calculation not justified in the previous
experinent due to the non-equivalence of treatment times. Since
5 % .'LO-‘)4 and 10“3 mol mf3 ABA obviously had no effect on aperture,
values after 40 min being, in fact, slightly higher than that of the
conbrol leaves, the figures obtained at 5 x J.O“3 mol m“3 were tested.

At this concentration, the difference between the mean stomatal sperture
obtained and the controls was highly significant (t = 8.10, P <« 0,001}

and the amount of 1% C-activity present in the epidermis was equivalent

to U5.h amol per complex (Table 19). It thus appeared that the minimum
amount of ABA required to cause significant reduction in stomatal aperture,
in this system and given this treatment, lay between 12.6 and 45.h amol ABA
(7.6 — 23.3 million wolecules) per stomatal complex.

The proportion of total leaf radioactivity present in the epidermis
was, on average, 12.7%, é figure similer to that found after 60 min in
Experiment k4.3,

A novel observation was made on freeze-dried tissue exposed to ABA

concentrations which caused intermediabte stomatal closure after 40 min
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(1072 and 5 % 107 mol w3), Fig.43 illustrates that this ﬁaxtial
closure was not uniform throughout the epidermis. Rather, there was
a gradient of stomatal opening depending on distance from the

vascular tissue. This could have reflected the existence of a
concentration gradient of ABA within the epidermis, assuming that
stomatal closure reflected the presence of the hormone at the stomatal
complex. Buch a gradient would presumably reflect the transport pathway
of compounds in the transpiration stream within the epidermis. In
tissue treated with 0.1 mol m_3 ABA for the same time, closure was
complete and even, an observetion which reduces the alternative
possibility of a distinct solute 'front' within the epidermis. OF
course, the ABA treatment itself may alter the path of solutes within

leaf tissues because of localised reductions in transpiration rate.

Experiment 4.5 Effects of 2~Y4C-ABA Applied to Whole Leaves III.

Microautoradiography of Epidermal Tissue.

Wotwithstanding the low amounts of radicactivity present in the
epidermis after the treatments of Experiments 4.3 and L.h, the tissue
freeze~dried for stomatal aperture fixation was subjected to micro—
autoradiography using the methods of Experiment 2,h. Epidermal
materisl from the 0.1 mol m > trestment of Experiment 4.4, having mean
Ihg-activity of 46 mBq mmmg, was used. The calculabed exposure time
(see Materials and Methods) was therefore approximately 100 d. In
practice, this was increased to 125 d to allow for variability in 1%C
contents of tissues and the results of latent image fading.

Fig.Uh demonstrates the distribution of radiocactivity within the
epidermis after 2~14C—-ARA treatment: a degree of accumulation at the
stomatal complex is aepparent, similar to that found in Experiment 2.4,
This result therefore shows that %C from ABA can be accumulated within
the stomatal complex of Commelina in bolh epidermal segment and whole

leaf application systems.
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Kig. 43. Gtomatal Apertures on Tissue Treated with O'Ol mol m *~ ABA.

Two regions from freeze-dried epidermis tissue
supplied with O'Ol mol m~" ABA via
closed stomata near to areas

taken from leaves
the transpiration stream. Note

above vascular tissue (V), and increase
in aperture according to distance away from this area; (112 x)



i6
Fig. 4h. Microautopxuliographs of EpidoiTnis from Leave; Supplied y
with OTID7.7 yvBA.

a. Appearance of freeze-dried tissue under light miscroscopy.
b. Distribution of silver grains in the photographic emulsion.
The leaf was fed 0*1 mol m*‘~ 2-*C-ABA for Uo min; (112 x)
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SECTTON 5

T e

ENDOGENOUS  ABA IN  COMMELINA

INTRODUCTION

Methods of quantification of ABA were discussed in the General
Introduction, and it was clear from the evidence that the use of CGLC
with electron capture detection conferred several advantages.

Methods of hormone purificabion were also generally reviewed. Yor

this study, it was decided that to make efficient use of the sensitivity
and selectivity of ECD, development of purification methods was required.
The ideal sequence of purification steps had to be rapid, and had to
adequately remove potentially interfering compounds in the original
extract. It would also allow accurabte measurement of purification
losses and ABA breakdpwn during the procedure.

The first few experiments in this Section therefore describe
results obtained in the development of the techniques eventually
used to quantify ABA levels in Commelina tissue (Fig.8). 1In the
introduction to this Section, the historical and theoretical background
to the methods used will be discussed.

One of the first methodological problems encouwntered in the
accurate quantification of any compound in plant material occurs in
harvesting, where it is desirable to halt effectively all enzymatic
processes. The extraction solvent itself is frequently used for this
purpose (Harborne, 1973), but may take some time to penetrate the plant
tissues. In this investigation, freeze-drying was uscd to obviate
this problem by first immobilising and then removing the water present
in the tissue. Extraction was then carried out in the normal msnner,
using methanol.

Subsequent purification of exbracts has generally involved partition
techniques and the use of adsorption and ion~exchange chromatography
(Saunders, 1978), with the object of removing as much dry weight as
possible whilst optimising ABA retention. Being a weak acid, the
hormone is less dissociated at low pH values and therefore generally
favours the organic phase in partition systems. Ciha et al.(1977)

reported several partition coefficients for ABA, but they did not consider
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the concurrent partition of dry weight. Thus , o particular set of
solvent conditions may result in high transfer of ABA between solvents,
but olso of interfering compounds, resulting in no real benefit from
the procedure. An experiment was carried out to investigate this
aspect of the purification method.

Polyvinylpyrollidone (PVP)} colums have been used to remove
pigments and phenolic compounds from plant hormone extracts. Glen et al.,
(1972) described the elution patterns of 1AA, ABA and zome gibberellins
using bthis material, and reported high recovery of standards whilst
reducing dry weight by up to 60-fold. Diethylaminoethyl cellulose
(DE) also removes a high proportion of dry weight, particularly pigmented
material, by ion exchange chromatography. Again, high plant hormone
recoveries have been reported (McDougall and Hillman, 1978). Tests
of column efficiency and elution characteristics were carried out on
both these columns.

A critical aspect of quantification of phytochemicals is the
assay of the losses of compound which inevitably occur during purification.
Ideally, any purification standard used should be as chemically identical
to the compound of interest as possible (Reeve and Crozier, in press).
Although ¢—ABA has been used for this purpose {Lenton gt gl., 19T1)
great care must be taken that the two geometric isomers are nob
separated during purification, and the sbsence of ¢-ABA from samples
without internal standard must be established (Saunders, 1978).

Milborrow (1968) described an elegant 'racemate dilution' method which
utilised the optical differences between synthetiec and natural ABA.
This, however, reguired scmevhat specialised equipment. The use of
1hc-ABA as internal standsrd (Alvim et al., 1976) has many advantages
(saunders, 1978) and was adopted for this thesis. In the absence

of convenient radio-GLC facilities, TLC was used to assay radiochemical
purity at the end of the procedure.

In order to test the developed protocol a relatively simple
experiment was designed to investigate the effects of wilting on ABA
levels in Commelina tissue.  For comparison with earlier results, the
same short-term stress ag used in Bxperiment 1.9 was employed. Since
there was no previously published description of wilt~induced ABA-

production in Commelina, end in view of the report that a related plant
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(I'radescantia cv.) aid not produce ABA during wilting (DSrffling et al.,
1977 it was thought that the results would be valuable.

RESULTS AND DISCUSSION

Experiment 5.1 Chavacteristics of G- 3H-ABA Partition between
Aqueous and Organic Phases at Different pll Values.

This experiment was carried out for the reasons mentioned in the
Section Introduction, G- 3H-ABA was incorporated into extracts of
Ricinus leaf materiai which had undergone filtration and PVP column
stages or into an 'artificial' phloem sap. The results of partition
of leaf extracts at pH 2, 4 and 8 are gathered in Tables 20, 21 and 22

respectively, and of partition of sucrose solution at pH 2 in Table 23,

Table 20 3H~ABA and Dry Weight Partition Characteristics at pH2.
3 -
Organic H. ABA Dry Weight Separation Factor
Phase Pnpa Eapa Py B B
n -hexane 0.009 0.009 0.055  0.052 *
diethyl ether 5.056 0.835 0.019 0.019 263
chloroform 2,600 0.722 0.056 0.0h7 48
ethy acetate 22.89 0.952 0.029 0.028 795
n —butanol 39.16 0.975 0.090 0.083 L8y

* legs than 1: l/B = 6.3
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Table 21 3M~ABA and Dry Weight Partition Characteristics
' at pH4.
Organic 3H-ABA Dry Weight Separation Factor
Phase ’ - ' g
Dpsa Eama Dow - Py 5 :
. p~hexane 0.006 0,006  0.129 0.115 *

diethyl ether 5.33% 0.842  0.017  0.017 313
chloroform 2.62k  0.724 0.085 0.078 31

ethyl acetate 16.64 0.943 0.018 0.018 898"
n-butanol 31.06 0.969 0.045 0.04k 683

¥ less than 1: l/B = P2

Table 22 30-ABA and Dry Weight Partition Characteristics
at pH 8.

Organic SH--ABA Dry Welght Separation Factor

Fhase Paoa Eana Dy Epu 8
n—-hexane 0.001 G.001 0.30 0.231 *
diethyl cther 0.017  0.017 0.06 0.052 *¥
chloroform 0.019 0.019 0.27 0.212 BHRE
ethyl acetate 0,075 0.070 0.05 0.048 1.5
n--butanol

1.68 0.5628 0.06 0.053 30

* KK AXX
] L] ?

legs than 1; 1/3 = 266; 3.23 13.9 respectively.
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Table 23 3H-ABA and Sucrose Partition Characteristics
at plia
o . 311—-ABA Sucrogse (D.W.)
rganlc e s e )
Phase D 1 D B Separation factor
ABA ABA DW DW . o .. B
n—-hexane 0.004  0.004 0.00k 0.00h 1.1
diethyl ether k.72 0.825 0.003 0.003 1384
chloroform 1.78 0,640 0.004 0.00k 140
ethyl acetate 19.1 . 0.950 0.002 0.002 8Ll
n~butanol 1.9 0.977 0.013 0.013 3115

For ABA, the results obtained are consistent with those found by
Ciha et gl., (1977), although the same pH values were not employed,

For &ll but n~hexane, the curve of EABA vs.pH for each solvent followed
a sigmoidal pattern when these data and those of Ciha et al., were
combined. The EABA values obtained at pH 2 and 4% were 21l similar,
bub ABA transfer to the organic solvent was uniformly less efficient

at pH 8, confirming theovretical prediction from the molecular structure
of the hormone.

Dry welght transfer between the aqueous end organic phases was
never above.25% efficient. However, consideration of this effect
through the separation factor led to differences in the partition system
which would be chosen on the basis of ABA distribution ratios alone.

For exmaple, n-butanol abt pH 4 had a higher I than ethyl acetste

(0.969 vs. 0,943, Table 21), but the latter soﬁggnt had the higher
dry weight: ABA separation factor (898 vs. 683).

In the ‘'simulated' phloem sap at pH 2, ethyl acetate was
extraordinarily efficient at removing ABA from sucrose (8 = 8L6h),
The differences in separalion factors found with this system and the
leaf extract at pH 2 (Tables 20 and 23) emphasised the inadequacy of
'dry weight' as an estimator of interfering compounds in the extract;

betber estimates would be obtained if interfering compounds themselves



could be identified and messured for use in parallel tests. The
possibility exists that an interfering compound may be removed by a
solvent system having a low separation factor. Some advantage may
therefore be conferred if several systems are used in series.

A nunber of points concerning solvent systems for purification
of plant extracts for ABA emerge from these data, but practical problems
may influence the eventual choice. Thus, although ethyl scetate
gave consistently high B-values, it is known to degrade (to ethanol and
acetic acid) upon storage (Merck Index, 8th Bd.) and must always be
freshly redistilled; After partition and separation of phases, s
retained organic solvent must be removed, and this is usually
accomplished by rotary film evaporation ; Certain advantages in
terms of speed are ﬁence conferred on solvents with low boiling points
(e.g. diethyl ether); the chemical composition of the organic solvent
may also influence choice: in ECD work traces of halogenated compounds
are undesirable. This rules out the use of chloroform or methyene
chloride for this reason; Finélly, certain solvents may be hazardous
or noxious. Risks encountered range from explosion (diethyl cther,
petroleum ether) to narcosis (Diethyl ether, chloroform) and carcinoma

(benzene).

Experiment 5.2  ABA Elution Characteristics for PVP and DE Column
Chromatography.

The elution of G~JH~-ABRA through a standard PVP column (without
the presence of plant materisl) is shown in Fig.45a. The efficiency
of this colum was estimated.to be 0.89. A gimilar peak was found
vhen plant extract was presént but some peak talling occurrsd.

Fig. 45b shows the elution profile of 2-1%C-ABA from a standard
DE columnn. The efficiency of this column was estimated Lo be 0.93.

Tese results were used in the determination of the elution

procedure normally used (see Materials and Methods).
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ABA Flution Characteristics_of PVP snd DE Columns.
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Experiment 5.8 Linearity of Attenuation and Detection of the Electron

Capture Detector.

An essential element of quantfﬁ%tion in sny system where responses
due to samples are compared with those of standards is the egtablishment
of standard curves. If such curves are shown to be congistently
linear over the portion of interest, then further quantiﬁ@tion can be
mede by simple proporticnal comparison between responses of standards
of known size and samples. In this Experiment the linearity of ECD
response to both Me ABA and Me 2-'%C-pBA was investigated. Before this,
however, the linearity of abtenuation was tested. Because amounts of
injected ABA varied considerably, the electronic attenuation facility
of the GLC-ECD was freguently ubilised to adjust peak sizes on the
chart recorder. To test the linearity of this procedure, 500 pg
Me ABA was repeatedly injected and the abtenuation altered from x8 to
x128, Peak areas were measured and expressed as relative Lo x32
attenuation, and were found to have a low standard errvor (S.E. = 1.8%
of tptal srea; n = 10, 2 ab each of 5 attenuation steps).

Response linearilty is illustrated in Fig.h6, A typical standard
peak is shown in Pig.h7. It is clear from Fig.h6 that Me o~ 14 G- ppp
gave similar responses to unlabelled ABA. The amounts of Mel“C- ABA
injected were calculated from the specific activity supplied by the
mnanufacturer. ‘After about 1.75 ng the response curve was not lienar,
but in the portion 160-1700 pg, the least squares linear fit had a
high coefficient of correlation (r = 0.996, p < 0.00L). This result
was repeatable, and hence estimates of sample ABA contents were made
by proportional comparison with standards. The amount injected:was

restricted to 0 - 1.5 ng.

Experiment 5.4  Effect of 0-5 h Wilting Treatment on Endogenous

ABA Content of Commelina Leaves.

‘The treatment used in this experiment was the same as thot employed
in Bxperiment 1.9 to examine the effects of short-term stress on stomatal

aperture attainment.
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Conmelina lesaves were removed from healthy plants (ea. 10 g per
treatment) and treated as desceribed in the Materials and Methods.
The firesh, wilted, and dry weights, and other details of trestment

are given in Table 2k,

Table 24  Details of Commelina Leaf Wilting Treatments

Extract Incubation Weight of 10% loss Time taken Weight of
Designation  time/ h leaves/g.f.w. weight/g.f.w. for loss/min leaves/
g.d.w.
co 0 10.28 control - 1.16
cL 1 10.94 control. - 1.83%
TL 1 10.03 9.03 10 1.05 .
c3 3 10.28 control - 1.28
T3 3 10.08 9.07 hs 1.08
cs 5 10,61 control - 1.28
5 5 10.03 9.03 1k 1.59%

¥ observed to be not fully dry.

After methanol extraction, o-1tC-ABA internal standard was sdded to
cach extract (439 Bq to controls, 2489 Ba to Tl and TS, and 2610 Bg to T3).
Purification was then carried out using the standard procedure (Fig.8).
After TLC of methylated samples in #m~hexane: ethyl acetate 1:1, v/v, the
TLC plates were examined using the Panax scanner. A typical result
(that for TL) is shown in Fig.h8. In all cases the single major peak
of radiocactivity corresponded to the position of Me o~ - app stundaﬁds.
Tt was concluded that there was no evidence for ABA breakdown during
purification. Purity of the internal standard was thus assumed to be
100% for the purpose of calculating purification efficiéncies.

Aliquots of each sample (10%) were taken for radioassay and the
efficiency of purification caleulated. AFter GLC -~ ECD, the proportion
of the reaponse calculated to be due to the internal standard was

subtracted {from the total response. The remainder was assumed to
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Fig.hd. TLC of Commelina Leaf Extract.
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range 30, chart speed 120 mm h 7, slit width 2wm.
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represent the endogenous ABA content. A typical GLC ~ ECD trace
(that for T1) is shown in Fig.l9 . The purification and quantitation
parameters are giveﬁ in TublelQS and the leaf ABA contents illustrated
graphically in Fig.50. '

The purification efficiency was found to vary between 0.072 and
0.768, thus demonstrating the value of an internal standard.

It was clear that the wilting treatment caused an increase in the
endogenous ABA levels of the leaf tissue. ¥For 1, 3 and 5 h, the
wilting treatment gave ABA contents 9.2, 6.8 snd 8.8 times those of
the relevant controls. Since variability belween samples was notb
assessed by replication, the significance of the apparent fall in ABA
contents after 5 h is unclear. Levels appear to have risen during 1 h
treatment and remained relatively constbant thereafter; This may be a
function of the relative rates of synthesis and metabolism of the hormone
(Harrison and Walton, 1975).

The values obtained for the wilted treabtment are similar to others
reported for other species and fissues (see Table 2). For instance,
Hoad (1975) found a 13.2~fold increase in Ricinus leaf ABA contents
after a wilbting treatment from 31 ng g.f.wrl to 410 ng g.f.w.~l;
Simpson and Saunders (1971) noted that ABA levels in wilted pea epicotyls
rose from 46 ng g.f.w.—l to 314 ng g.f.w.ml during an incuhation period
of eight hours (6.8 times increase). The values found in this
experiment were slightly lower than these rvesults, but obviously any

di.fferences may reflect both sgecies-and treabment- dependent factors.
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Fig.h9. Typical ECD Response to Commeling Lesf Nxtract.
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Engodenous ABA Content of Commeling Leaves after

Short-term Wilting Treatments.

2001

-1

enous ABA content/ng g.f.w.

Endog
C

&

Open cirecles:
Closed circles:

-

Time of wilting tresitment/h

control treatments
wilted treatments



SECTION 6

FLECTRON MICROSCOFRE STUDIES OF COMMELINA
EFPIDERMAL TISSUE

INTRODUCTION

The data reported in this short section are the results of an
electron microscope investigation of the relationships between Commelinag
epidermis cells in terms of the presence or absence of plasmodesmatal
connections.

Plasmodesmata are believed to act as channels for symplastic
transport, although the evidence for such transport is largely circumstantial
(Robards, 1976). . 1In the absence of inter-cellular connections,
any transport phenomena between cells must be agsumad to involve an
apoplastic component. This study was carried oul 4o aid interpretation
of the mode of solute accumulation by guard cells observed in this
study (Sections 2, 3 and 4) and by many other authors (see later
discussion). Plasmodesmatal connectlons between guard cells and
subsidiary cells were examined as were those between other epidermis
cells and those between epidermal and mesophyll cells. The labter
were of interest firstly because of reports of intra-~leaf transport
of solutes (e.g. Dittrich and Raschke, 1977b; Loveys, 1977; Willmer
et al., 1973), and secondly because of damage which might be caused by
the peeling of epidermis.

Carr (1976) reviewed the plasmodesmatal relations between guard
cells and other epidermis cells as a function of development. He
concluded from the evidence of many studies that such connections were
present in immature tissues but did not exist when the epidermis was
mature. Pecause the tissues used in the preceding experiments were
always mature, the following experiment was confined to first fully-

expanded leaves of Comnelina,
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RESULTS AND DISCUSSION

Experiment 6.1  Electron Microscope Studies of Commelina Epidermis

Leaf tissue was taken from Commelina plants on three separate
occasions and subjected to the fixing, sectioning, and examination
procedure described in the Materials and Methods Section.

Fig. 51 shows a typical guard cell pair (see also frontispiece).

The classic hour—-glass shape of the stoma  in transverse section is
evident. The outer and inner tangential guard cell walls are thickened,
having large outer ledges and smaller inner ledsges. These are thought
to be adaptions to facilitate stomatal function (Meidner and Mansfield,
1968} . In Fig. 52, the wall between a guard cell and an inner lateral
subsidiary cell is magnified. No plasmodesmata are visible. In this
study, over 30 guard cell/inner lateral subsidiary cell walls were
photographed and many more observed; in no case was a structure
resembling a plasmodesma discerned. leavy cuticular deposits were

found on the guard cells (Fig. 51). These extended to the sub-stomatal
cavity surfaces of the subsidiary cells (Pig. 52).

In contrast, when cell walls bebtween other epidermis cells were
examined, many plasmodesmatal structures were visible (Figs. 53~57).

Fig. 53 illustrates connections between the inner and outer latersal
subsidiary cells (refer to Fig.9). Some distortion appears to have
occurred during fixation or sectioning, bub note the strands of mat@ri&l(ST)
connected to the plasmodesmata in the upper portion of the micrograph.

This may be endoplasmic reticulum material. TFig.5h shows a pair of
plasmodesmata in the cell wall between the outer lateral subsgidiary

cell and an epidermal cell. An irregularity (I) in the plasmodesmatal
cavity at the position of the middle lamella is visible. Four connections
between two epidermal cells are presented in TFig.55, one of which is
brenched (BPD).

A particularly high density of plasmodesmata between mesophyll
and epidermis cells was generally observed. Examples are shown in
figs. 56 and 57. In the former, the desmotubules (HI) ara clearly
gseen within the plasmodesmata, whilst the latter illustrates the rclation-

ship between cell wall structure and the pore.
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Fig.52. Wall between Guard Cell and Inner Lateral Subsidiary Cell

IS (11,290 x) (U = Cuticle GC = Guard Cell
ILSC - Inner Lateral Subsidiary Cell
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riar.moder.mata in Coll Wall between Inner and Outei*
Lateral Subsidiaiy Cells.

TS (89,880 x) PU = Plasmodesmata ST = Strands
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Fig.5s. Plasmodesmatal Connections between Two Epidermal Cells
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Plasmodesmata in Cell Wall between Epidermal, and
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Fig.57 Plasmodesmatal Connections between Epidermal and
Mesophyll Cells.

TS (89650 x)
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It wag conecluded that plasmodesmatal connections existed between
all epidermis cells in Commelina except inner lateral subsidiary cells
and guard cells, although connections between terminal subsidiary
cells and other cells were nobt examined, It thus appears thabt the
symplastic pathway could carry a solute from the mesophyll tissue as
far as the gtomatal complex but not to the guard cells:; Guard cell

solute uptake would appear to have been apoplastic.
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TRANSPORT OF ABSCISIC ACID IN RICINUS

INTRODUCTION

The trausport of the plant hormones is of considerable interest
with respect to the integration of many aspects of higher plant growth
and wetabolism. In the case of ABA, many studies have been made with
explant material (see Milborrow, 197h), but relatively few invelving
whole plants.

King (1976) emphasised the possible importance of the phloem
and xylem pathwaysg for hormone transport. ABA has been quantified in
both phloem and xylem saps (Table 2), and an increase in levels present
in these pathways has beén correlated with the effects of water stress
(Hoad, 1973; Hoad, 1975; Zeevaart, 1977; Hoad, 1978).

Hocking et al., (1972) performed the first reported study of 1%C~
ABA transport in whole (Phaseolus) plants. By the use of steam girdles,
they were able to show that movement of "¢ (from ABA) from the leaves
to the roots occurred Vid the phloem. Accumulation of label in root
nodules and the shoot apex was observed. Friedlander gt ql. (1976)
applied 1"C-ABA in detergent solution to cucumber leaves, but found.
little movement or metabolism of the tracer. That which did move,
went largely to the shoot apex. Using similar methods, Goldbach 2t al.
(1977) and Goldbach and Goldbach (1977) examined "C~ABA translocation
in wheat and barley. Like Hocking et al. and Friedlander etal., they
found most movement occurred into the important sinks for photosynthates.
The transport of ABA in relation to the distribution of assimilates
from photosynthesising leaves was therefore &@ interest. Also, in
view of hypotheses concerning the conjugation of hormones and trans—
location {(Wareing, 1977), a system whereby molecular changes in trans-—
located substances could be studied was required.

The Rietnus phloen exudation phenomenon has been used to study
mechanisms of assimilate transport (Milburn, 1975). In addition,
endogenous ABA has been found in Rieinus phloem exudste (Hoad, 1973).
In this section a system for the study of hormone loading snd transport
which utilises this phenomenon is described with particular refercnce

t‘.O J‘\BA .
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RESULTS AND DISCUSSION

Expertment 7.1 Movement: of 3H from ABA in the Phloem Sap of Ricinus

Hocking (1973) studied several methods of application of ABA to
plant leaves and concluded that leaf abrasion was the most efficient
method for hormone uptake by the leaf. This technique was therefore
adopted for investigation of ABA transport in Ricinus.

During abrasion of Ricinus leaves, it was noticed that the
colouration of the abraded area altered. This was thought to be due
to loss of anthocyanin-like pigments present in the gland cells of
the leaf epidermis. -8ince this inferred rupture of these cells, and
because structural damage to the vascular tissue might also occur, a
study was made of the effects of abrasion on cell structure. Leaf
segments from abraded and nearly normal leaf surfaces were fixed,
sectioned and stained with toluidine blue. Observation of the sections
(Fig. 58) revealed two significant differences between sbraded and

normal leaves:

(1) The outer peridermal wall of the upper epidermis cells was often
broken although the inner wall was ususlly intact., Where the
epidermal cells were still intact, the cuticle appeared much

thinner than the controls.

(2) A few palisade mesophyll cells were ruplured with cell contents
missing. The majority were still intact, bubt cellular disruption
appeared to have occurred. All other cells, including those of

the vascular tissue, appesred normal.,

It was concluded that application of tracer after abrasion would result
in speedy appearance of the compound in the inner-leaf free space.

G- 3H-ABA was applied to the abraded leaf surface of a Ricinus
plant in an agar donor block and exudate collected from the stem and
assayed for radioactivity. The exudation rate (Fig. S9a) rose to a
peak at 40 min and subsequently declined. SH-activity was found in
the phloem sap, indicating that translocation of the labelled ABA had
oceurred (Figs. 59b and o).  When expressed per unit volume (Fig. 59Db)
or per unit time (Fig. 59¢), the radiocactivity present in exudate showed

gimilar characteristics, rising to a peak at about 80 min,
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a. Appearance of normal epidermis;
b. " " abraded " 5 (315 x).
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Pipg.59. Appearance of 3 from ABA in the Phloem Sap
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1667 Bq G-3H-ABA was applied in a 157 e agar block to the first alternate
leal of a Rictnus plent having one expanded alternate leaf. Oap was
collected from an incision opposite the treated leaf in the bark between the
first slternate leaf and the primnxy‘leaves. Samples were collected in

25 mum” wicrocapillary tubes. The arvow indicates the time of incision.
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In order to examine further the significance of these data, the
molecular state of the SH label transported in this system was
investigated (Experiment 7.2) and the relationship betwcen suciose and

ABA transport studied using double-label techniques (Experiment 7.4).
Eaperiment 7.2  State of 3H Label Translocated in the Phloem Sap.

3-4BA (13,000 Bq) as 25 . aqueous solution was applied to
abraded leaves of each of four Rieinus plants and sap collected from
a series of ascending cuts made over 4 h. The mean percentage recovery
of applied label was 9.62. This represented a much higher rate of
uptalke and recovery than that found in other studies (Friedlander et al.
1976). In a similar experiment with three plants, the sap collected
was subjected to TLC analysis of the molecular state of the 3H label
(Fig. 60). Sap was collected for 4 h and after this period the
shoots were removed and xylem sap collected for a further 12 h,. This
was found to contain a significant amount of radioactivity (on average
0.28% of that applied), which indicated that some recycling of ABA
(Hioad, 1975) had occurred. However, no analysis of the state of
xylem exudate label was carvied out.

Fig. 60 shows that at least 65% of the 3H label recovered From
phloem sap was chromatographically identical to standard ABA in b solvent
systems, However, in contrast to Fig. 27, more than one peak was
visible in two of the systems (b and ¢). It was not clear whether this
was due to the presence of a genuine metsbolite.  Cummins (1973)
studied the metabolism of ABA in barley leaves. Using solvent system
C in the proportion 50:5:2, he found that leaves extracted after 35 min
exposure to %C-ABA exhibited little metabolism, but after 2 h a second
peak appeared at a lower Rf value which he concluded wes phaseic acid
(Fig. 2e). His results were therefore similar to bhose obtained in
this study.

Fapeximent 7.3 Indogenous ABA in Ricinus Phloem. Sap.

In order to make a positive identification of free ABA in the

phloem sap, a sample (10 ml) was partititoned at pH2 with ethyl acetate
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d. Chloroform: methanol; 1:1 (771 Bq).
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and the components of the organic phase subjected to GLC-MS énnlysisa
The following observations were made which supported the hypothesis

that ABA was present in the extract.

(1) 'I'wo peaks found in the sample co-chromatographed on GLC with
authentic ABA and ¢—ABA,

{(2) When sample and standard were co-injected only two pesks having

the same retention times as in (1) were found.

(3) Single-ion detection of the base peak at m/e 190 gave responses
having identical retention times to those of standards. When
tuned to m/e 194 the responses of the hexadeuterated internal

standard wvere found to have the same retention times.

(L) When a full-scan mass spectrum was carried out, the characteristic
fragmentation pattern of standard ABA (peaks at M-56 (208),
M-7h (190), M-102 (162), M-130 (13h)) was found, although the
relative abundance of the peaks were no® identical to those of
standards, probably as a result of the presence of contaminating

compounds .

The internal standard was used to quantify the endogenous ABA
present in the extract which was estimated at 500 mg m3. This
is relatively high for a non-stressed RZcinus plant compared with
other findings (Table 2) but is lower than values found for stressed
plants. It was concluded that free ABA was present in the phloem

extract.

Eaperiment 7.4  Movement of SH from ABA and ¢ from Sucrose in

Rictnus Phloem Sap.

Although resudts such as those of Experiments 7.1 and 7.2 can
show that ABA is readily transported in the phloem, kinetic analysis of
such translocation is relatively meaningless unless compared with that
of othexr substances, In particular, the relationships between ABA
movewent and that of the normal photosynthates are of interest. Since

gucrose is the major translocated carbohydrabe in Rieinus (Milburn, 1975),
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double~-label techniques were used to analyse the charucterisfics of
ABA and sucroée transport simultbtaneously.

Pig. 61 illustratesrthe appearance of radioactivity from 3H-ABA
and "C-sucrose in phloem exudate after application together to an
~abraded srea of leaf. As found in Fig.5%a, the exudabtion rate {IMig. 6la)
declined from a meximum which occurred soon after the incision as
previously described (Hall et al., 1971).Correlations between secondary
pesks in exudation rate of 35 and 65 min with small fluctuations in
growth~room temperature ( * 2 C) were noted: higher rates of exudation
corresponded to high ambient temperatures.

Radioactivity from both substances appeared rapidly in the exudste
(Fig. 61b). From knowledge of the distance from the point of
application to the incision, it was possible to calculate that the
fastest component of the translocation stream had a velocity of aboutb
1.1 m h—l. This value is compatible with other estimates of phloem
L (Wove1, 1975). The

concentration of radiocactivity from each substsnce increased to an

transport rates which range from 0.2 - 1.0 m h

asymptote during 90 min. However, whilsi the concentration of 12¢ (sucrose)
continued to rise slowly even after 60 min, that of 3H (ABA) reached a
plateau after 30 min. This meant that the relative concentrations of

the labels saltered. Thus, the initial ratio of labels

e (sucrose)
3 (ABA)
was O.7h in the applied buffer solutiocr,but on the appearance of radio-
activity in the exudate was roughly 1.0 and rose to over 4.0 after 60 min.
This indicated either preferential loading of sucrose into the phloem sap,
or removal of ABA to leaf compartments distant from the site of loading,
or both.
In a unit time basis (Fig. 6lc), the flux of label from both
gubstances declined after 35 min, as thé exudation rate fell. These
values are thought to reflect the actual phloem loading rates more
accurately than those expressed on a per volume basis, since they take
into account fluctuations in exudation rate (Smith, personal communication).
When more than one incision was made during bthe course of the

collection of sap, an increase in exudation rate wes noted. This was



Fig.6l. Appearance of 3H from ABA and "C from Sucrose in the
Phloem Sap (One Incision).
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10689 Bq §§~ABA and 7936 Bql'C-sucrose were applied in 50 mm3 MES buffer
(10 mol m ~, pH 5+5) to the second alternate leaf of a Ricinus plant having
two expanded alternabe leaves. Sap was collected from an incision under
the treated leaf in the bark befween Lhe cotyledons and the primary leaves.
Samples were collected in 25 mm~ miecrocapillary tubeg. The arrov indicates

the time of incision.
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followed after a lag period by an increase in the transport of both
labeiled compounds (FigT 62). It has been implied from such results
that the phloem loading process responds to the decrease in turgor
within the phloem caused by excision and other factors (Smith, 1978).
These results indicate rather more close linking of rates of sucrosé
and ABA tremsport, although the ratio of labels varied between about
1.0 to 2.0 during the course of exudation. It is clear that further
investigations of such transport phenomena are required before precise
conclusions can be made about the mode of hormone loading. Indeed,
the results obtained in these experiments are consistent with passive

movement of ABA as well as with active loading.



Fig.62.  Appearance of 3H from ABA end '"C from Sucrose in_the

Phloem Sop (Pwo incisions).
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10689 Bg i§~ABA and 1936 Bql"C-sucrose were applied in 50 nms. MES buffer
(10 mol m ~, pll 5+5) to the second alternate leal of a Ricinus plant having

two expanded slbternate leaves.

Sap was collected from an incision under

the treated leaf in the bark belween the cotyledons and the primary leaves.

Samples were collected iu 25 mm” microcapillary tubes.
the timeg of 1ncision.
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GENERAL = _DISCUSSION

This General Discussion brings together the results of the 7
expertmental Sections, summarising the main findings, and relating
them to the published litevature wherever the.points are not dealt
with in the independent Section discussions (Section A).

In Section B, the results ave briefly discussed within the
specific remit of the hormonal nature of wili—induced ABA action.
Section C outlines a selection of potential research themes on ABA
action on stomata.

SECTION A

SYNOPSIS AND INTEGRATION OF RESULTS SECTIONS. .

The first Results Section was concerned with the development and

characterisation of gystems whereby the effects of ABA on stomata of
isolated epidermal segments could be examined.  An important initial
conclusion from the results of Experiments 1.1 and 1.2 was that the
existence of morphological subsidiary cells around the stomata of
Comme lina communie conferred an advantage in studies of stomatal
movements using this species: the high viability of cells in the
stomatal complex after peeling resulted in uniform and repeatable
opening and closing upon incﬁbationu

Since stomatal movements are the result of changes in turgor
relations between guard cells and their neighbouring epidermis cells
(Meidner and Willmer, 1975; Raschke, 1975), death of functional or
morphological epidermal cells (causing zero turgor) would be predicted
to lead to stomatal opening if the guard cells remained alive having
positive turgor. This was demonstrated by Squire and Mans{ield
(1972) using Commelina, and is confirmed in this study in Figs. 13 and
1k, In normal Commelina epidermis (as used in all other experiments),
however, high proportions ( » 95%) of living subsidiary cells were
found (Fig, 12b). These correlated with the low initial spertures
found after peeling, at the shart of the incubation periecd (e.g. Fig.l7),
presumably reflecting the on-plant aperture before separation (Fig. 2ha),

and implying that the cells of the complex were ut least capable under
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certain conditions of contributing to complete stomatal closure.

This is not the case with epidermis tissue from cexrtain other plants,
notably VieiZa,vhich do not possess morphological subsidiary cells.
Thus, in peeled Vicia epidermis, the proportion of living epidermal
cells is usually low (Fischer, 1972). Consequently, initial stomatal
apertures are normally relatively hiéh and variable (e.g. between 4.2
and 6.5 um, Horton, 1970), which may explain the variability of results
with this species reported by Willmer and MansTield (1969). Horton
(1970) described effects of ABA on eig epidermis. Although apertures
were reduced compared with controlsg, they did not narrow beyond the
high initial value. Comparable results were obtained by Ttai and
Meidner (1978a; 1978b) in Commelina epidermis treated to kill
gubgidiary cells: in their tissue ABA had no effects on aperture.

This is not to say that ABA could not have had effects on the guard
cells in terms of ilon fluxes and cell metabolism; rather, that if it
did, the effects were prevented from being manifest in stomatal movement
by predominating turgor effects of cell death. Nevertheless, in

this study, it was thought desirable to develop an epidefmal segnenb
system in which ABA effects similar in all respects, including
movements, to those found on whole leaves couwld be examined. The
untreated Commeling ‘tissue seemed ideal for this purpose.

It is of interest to speculate about the factors leading to death
of epidermal cells of Vzeia and Commelina. The cause obviously does
not affect Commelina subsidiary cells, which could rule out the gtresses
of tissue bending and pulling ~ these are perhaps relatively evenly
distributed. A more likely possibility concerns the effects of
breaking intercellular plssmodesmatal connections between the epidermis
and mesophyll tissues, since these only occur bebtween epidermal cells
and mesophyll cells (personal observations), and do not involve cells
of the stomatal complex.

The failure of stoﬁata to close in response to ABA when subsidiary
cells were dead emphasises the importance of live and turgid subsidiary
cells in stomatai movements., The lack of ABA effect g high KCL
concentrations (Fig; 16) mey be explained in a similar fashion.

Since plasmolysis of subsidiaxy cells vas observed at high‘salt

concenbrations, turgor would have been reduced end stomatal closure
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inhibited, Squire and Mansfield (1972) speculated that Cbﬁmelina
stomatal opening at high salt concentrations might be the result of
subsidiary cell plasmolysis rather than guard cell ion upboke.
This would explain the relative unspecificity of Commelina opening
for different ionic species compared with, say, Jieiq (Thomas, 1975),
'which might therefore be due to osmotic effects rather than guard
cell ion uptake. It is not clear why ABA should have different
effects if supplied continuously or after opening in NaNO3 buffer
(Table T7), but this may relate to secondary induced ion movements.
Willmer end Beattie (1978) discussed plasmolysis techniques for
examining epidermis cell osmotic potentials. They cautioned that
cells of the epidermis were capable of osmolic adjustment during
treatment. Cgrtainly, subsidiary cell plasmolysis ﬁould not appear
to account for all of the opening Found at high KC1l concentrations,
in view of the guard cell 86R5+uptake observed in Fig.33. Further
observations involving plasmolysis studies snd autoradicgraphic assay
of sodium (??Ne!) uptake and movement are required. Notwithstanding,
it iz cbvious that results of asgsays of sensitivity to ABA performed
at high salt concentrations (e.g. Lancaster et gZ., 1977)will be dubious.

Responses of stomata to incubation over 2 h in 50 mo].m~3KCl/PIPES
buffer were found to bhe remarkably consistent, leading to similar
aperture values for controls between experiments (see Figs. 17, 18, 19,
20, 22, 23, 30, 31 and Tables 8, 9), possibly related to the care
taken to pre~equilibrate and water correctly the experimental plant
matcriall The importance of such treatments were emphasised in
Experiment 1.9, where prior water stress was found to affect greatly
apertures attained by epidermis material. In general, results
obtained with Incubation System 2 were slightly less predictable
than those found with System 1, which may have been due to the control
ol the carbon dioxide concentration in the labtter systen.

ABA was able to close pre-opened stomata-both completely and
rapidly atb 50 mol mﬁS KC1 (Fig.1T7). Indeed, only Willmer et al.
(1978) appear to have dbtained.such'rapid movements in an epidermal
segment system. Some criticism may be made of the relatively high
ABA concentrations used throughout this thesis. Such high levels

were required for autoradiographic studies owing to the low specific
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activity of the available labelled ABA. Tt was thought that the
sensitivity of stomate of Commelina to low ABA concentrations was
sufficiently estaﬁlished (Oéunkanmi et al.,1973) to sllow the use
of relatively high hormone concentrations. Bome plant hormones
exhibit so-called 'optimuam curves' for-response (e.g. 1AA in
extension growth). This is not precisely the case with ABA
effects on stomats which generally follow a sigmoidal concentration-
response pattern (Experiment 1.8; Ogunkanmi et al., 1973).
Stimulatcry effects of ABA on stomatal aperture have never been
reported,

No doubt, had ABA dilution series been euployed in the PIPES
buffer system used for this thesis, simlilar results to those of
Opgunkanmi et gl, would have been obtained. |

The effects ol divalent cations on stomatal aperture (Experiment
1.7) have been found in many other studies (Thomas, 1975) but no
adequabte explanation of their inhibitory action has been forthcoming.
In normal tissue, calcium may be inactivated in the form of calecium
oxalate raphides, observed to be abundant in Commeling epldermis.

For certain, the use of ca ¥ 'to maintain membrane integrity', at

the concentrations advised by some authors, would be totally impractical
in Commeling segment systbems. In view of Fischer's (1972) report

that Ca++ effects were diminished at high KCl concentrations (300 mol
mm3), the constraints earlier discussed with respect to ABA-induced

closure must also be borne in mind.

In Experimenta 1.8 and 1.9, the physiological shate of the leaf
used for peeling was noted to have a pronounced effect on the responses
of stomaba of incubated segments, and from the previous discussion,
it 18 plain that any environmental factor which mighl affect epidermal
ion distributions and concentrations, could also possibly have an
effect. In particular, the long-term osmotic potential adjustment
of leaves in response Lo prolonged water stress (Hsiao, 1973) may be
important.

The eftfects of the short-term stress treatment, both in terms of
stomatal re-opening after incubabion (Fig. 23), and on whole-leaf
ABA levels {(Fig. 50), exhibited parallelism. Tt is thus possible

to infer that the effects of Mig.23 were a result of the presence of




elevated ABA levels in the epildermis. Mnother similarity to be
noted was that found between the characteristics of stomatal re-
opening after ABA pretreatment (Fig. 29) and those found ofter
stress (Figs. 22 and 23), indicating that efflux of ABA fiom pre—
stressed tissue may explain the latter phenomenon. Re-opening
after stress or ABA treatment was never found to be complete, however,
indicating that the effects of the hormone may not be entirely
reversible, at least within 2 h.

The quantitative relatbionships found between on-leaf aperture
and those of peeled epidermis tissue (Experiment 1.10) confirmed the
reliability of the Commelina epidermis- system. The use of freeze-
drying to 'fix' apertures whilst other operations were being carried
out was convenient for experimental design.

The question arises of the relevance of stomatal aperture
measurements to transpiration fluxes and stomatal movement on the
vhole plant. On whole leaves of a related species (Zebrina), the
relationship between pore dismeter and transpirstion rate is nesar-
linear in moving air (Bange, 1953). In still air, a state varely
found in nature (Meidner and Mansfield, 1968), stomabtal control is
exerted mainly abt low apertures. Stomatal aperture measurements
seem therefore to he relevant to normal plant water-loss. A more
pertinent point concerns whether the donic and metabollic changes
observed on epidermal segments are relevant to the whole-plant
situabion.

In the isolation of part of an organism for experimentation ,
it is inevitable that the normal functions of the separated component(s)
are affected; the chief benefits to be obtained being eage of
observation and greater control over experimental conditions. Isolated
epidermis segmeats suffer cell death as a consequence of peeling,
and the cells of segmentg floating on dilute solutions are likely
to have a higher tuvgor pressure bthan those in the epidermis of the
intact leaf, This does nobt appear to affect the ability of Commelina
stomata to regpond Lo stimuli in much the same way as they do on the
leaf (Willmer and Mansfield, 1969), but care is necessary in the choice

of medium used for iucubation. e




Advantages from the use of epidermis materiel include =suse of
measurement and the sbility to maintsin precise environmentul conditions
and carry out precise changes in them. It is also possible o
control and alter experimental variables nobt readily modified in whole
leaves, and to avoid effects caused by cther tissues in the leaf,
Epidermal segments are thus a convenient tool for the study of stomatsl
action. However, caubtion must be observed vhen extrapolating results
t0 the whole plant, and, where possible, experiments should also be
carried out using whole leaves to substantiate sny coneclusions.

In summary, then, Section 1 described aspects of the stomatal
behaviour of Commelina epidermis segments. The <mportance of the
ionic content of the incubation medium, the physiological state of the
source leaf, and methods of aperture measurement were described.

A system was evolved in which short—term ABA effects could be reliably
assessed.

The experiments of Section 2 were designed to investigate the
uptake and movement of ABA within epidermal tissue. Radioactivity
from ABA was found to be taken up by the tissue (Fig. 25), and this
process was dependent upon the presence of living cells (Table 13).

No metabolism of the hormone was detected by TLC after 1 h incubation
(Fig. 27). Making allowances for the physical processes involved in
microauboradiography, the autoradiographs of Experiment 2.4 showed
clearly that radioactivity from ABA was taken up by the guard cells.
This phenomenon was noticeable after 20 min and became more exaggerated
after 40 and 60 min.

In accordauce with the above discussion, the experiments were
also carried out with whole leaf tissus (Experiments h.3, b.h, and 4.5)
and essentially similar results were obtained (Fig., 44) - accumulation
of ABA in the stomatal complex was fouand after 30 min when the compound
was fed via the transpiration stream. The following discugsion
concentbrabes on the relevance of these results to endogenous ABA
movement during stressr

Part of the answer to this problem lies in the predicted pathweay
of endogenous ABA to the epidermis, as Lovey's(l977) experiments

demonstrated that intra-leaf ARBA transport is required-for wilb-induced



ABA effects on stomata. There is, however, little evidence to
indicate whether transﬁort of endogenous ABA from the mesaphyll
during stress foliows an époplastic or a symplastic route to the
site of action.

If transported via the apoplast seolution, the hormone must first
be released by the synthesising mesophyll cells. Limited support
for this occurrence was provided by the ABA efflux demcnstrated in
Bxperiment 2.), but better evidence has bean cbitained from studies
of water-stress effects of ABA levels in sterile liquid-culbure
of grape pericarp tissue (Loveys et al., 1975) where a proportion of
stress—induced ABA was found in the culture medium. Similarly,

ABA was released into the incubation medium vhen Victa leaf mesophyll
tissue was stressed in vitro (Loveys, 1977).

Once present in the apoplast, the hormone could move to the
epidermis by diffusion or in the transpiration streanm. The former
process would appear to be rapid enough to account for apparently
hormonal responses of stomata to stress. .Estimating the maximum
pathway for diffusion in a typical mesophyte leaf to be 1 mm, over
one third of ABA molecules initially present at a point source could
have travelled this distance by diffusion within 4.2 min (at 20 C,
see General Introduction). The rate of transpiration flow would
also appear Lo be adequate,

Mass flow of water through non-—vascular leuf tissue was discussed
by Meidner and Sheriff (1976), and probuably depends on the extent
of leafl vsscularisation. In plants tending towards xerophybic habit,
flow through megophyll snd epidermal tissues seems inevitable, Some
evidence for such flow in Commelina was seen in the results shown in
g, 43, although this was obtained with leaf tissue of hipgh water
potential. Meidner (1975) and Sheriff (1977) have suggested that,
an important portioh of the water supply from major veins in leaves
travels within the epidermis tissue to sites of evaporation close to
the stomatal pores. It is thus perhaps not surprising that a
solute such as ABA should accumulate in this region when supplied via
the transpiration stream. On the other hand, uptake of the hormone
in the epidermal segment incubation system suggested that uptake

could proceed without evaporstive deposition.



213.

The alternative route for ABA transport is symplastic,'and for
this reason an electron microscope study of plasmodesmatzl distribution
was made (Section 6). It was found that symplastic transport from
mesophyll cells to inner lateral subsidisry cells was feasible, but
that transfer between the inner lateral subsidiary cells and guard
cells (at least in Comme Lina ) had to be apoplastic, because there
were no plasmodesmatal connections between these two types of cell.

Within epidermal tigsue, study of the movement of the vital
stain neutral red (Willmer and Mansfield, 1969) has revealed that a
solute transport system exists in Commelina which is apparently
symplastic. When epidermal segments were placed in neubral red
solution, the dye was first taken up by epidermal cells. If the
epidernmis was then transferred to distilled water, the stain was seen
to accumulate in the guard cells, without first accumulating in the
subsidiary cells. Later, the dye moved out of the epidermal cells
and accumulation was noted in subsidiary cells. This seems to
implicate the subsidiary cells in a symplastic Lransfer process.

Itai and Meidner (1978a; 1978b) have shown that ABA can éffect this
uptake of neutral red. ABA-closed stomata did not show such pronounced
guard cell upteake of the dye as controls. In the experiments of
Section 2, ABA itself is the solute studied, but it seems unfeasible

to assess the effects of the hormone on its own distribution,

It appears, thervefore, that both pathways are plausible. It
may be thab bobth contribute to ABA movement in leaves. Whal does
seem certain, is that to be taken up by guard cells, ABA must cross
the guard cell plasmalemma.

The specificity of the ABA uptake phenomenon is doubthful,
since guard cells are known to accumulate a number of other substances
such as metal ions, sugars, organic acids, and dyes (Willmer and
Mansfield, 1969; IHischer, 1972; - Dittrich and Raschke,l977a;

Willmer and Rutter, 1977; Dittrich and Mayer, 1978). ABA may
follow the same route ag the carbohydrates from the mesophyll which
are apparently nécessary for stomatal function (Dittrich and Raschke,
1977h) . Tt should be emphasised that a lack of specificity of the
process need not preclude physiologicsl significance._., Indeed, it is

highly probable that the epidermis is- normally supplied with dilute



ABA solution in the form of the transpirvation stream, since the
hormene has been shown to occur in xylem sap (Davison and Young, 1972).
These levels can rise dramatically during stress (Hoad, 1975).

Implicit in this statement is the assumption that uptake is related

to stomatal movements, and this will now be discussed.

It may be argued that ABA accumulstion occurs in an intra-
cellular compartment distant from its site of action. Notwithstanding
this possibility, it is almost inconceivable that the hormone cowld he
taken up or transported across a particular cell withoubt coming into
contact with these sites, which are presumably located at the plasma-
lemma.

As seen from the relatively rapid efflux of the hormone from the
storage compartments, this contact would be repeated were uptake
reversed. The physiological meaning of the efflux pattern of Fig.2%
is uwnclear. In some respects, removal of the acltive moiety in this
vay would be advanbageous after a stress had ceased. Certainly, efflux
was correlated with stomatal reopening in the epidermal incubation
system (Fig.29). It is also difficult to assess the efflux phases
of Fig.25. Apart.from.cytoplasm and vacuole, these could correspond
40 a number of other potential sequestration sites and even to the
active sites themselves. Precise conclusions cannolt be made until
the intracellular site(s) of accumulation and of action are identified.

In brief, Section 2 established the possibility of epidermal
ABA accunulation, and characterised this in tevms of vate of uptake,
gite of uptake, and ease of efflux. The hormone appeared to
accumulate in the guard cells.

The third Results Section was related to the mode of sction of
ABA in stomatal closure, using 86Rpel to study the effects ol the
hormone on lon movements. 863b+ was found to accumulate in the guard
cells when presented in KC1/PIPES solutions (Figf 33). The patterns
of shomatal response to KCL/PIPES and RbCl/PIPES media were very
gimilar (Fig. 30}, supporting the hypothesis that the two alksli metal
ions were not discriminéted by the tissue. In theory, it would have
been possible to carry oul the experiments of this section using ”2K+.
However, the short half-life of this isotope would have made radioassay

much more complicated.
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The relationship between stomatal aperture and 80mp* uptake
was nearmlineariin two experimenfs (Fige. 31b and 32b), as found by
Fischer (1972) in Vicia with both “2K' and 86mp™". In Vieta , ot
least, this result is expected on theoretical grounds if it ig .
assumed that the tracer equilibrates with the major guard cell ion
pool. (Raschke, 19'{6)T In Fischer's study, epidermal segments having
few living epidermal cells were selected and it was assumed that
segment tracer uptake was therefore attributable to the guard cells.
In the present study, 1t has been possible to confirm that epidermis
uptake was largely into guard cells, using autoradiography. It is
believed that this is the first report of guard cell ion uptake
using this techanique.

There were, however, scme wnsatisfactory aspects to the phenomenon
of Commelina epidermis 86Rp " uptake, the chief of whiech was the 'hot
spot' syndrome found on several segments subjected to autoradiography
(Fig.3k4). It was not evident whether these areas were artifacts of
either the microsutoradiographic prccess or the segment rinsing
procedure, or whether they represented genuine tissue ion uptake.

A large part of the varisbility found between segments might possibly
by due to 'hot spot' effects (e.g. in Tigs. 31, 32, and 35).

The effect of ABA on S86Rb™ uptake (Experiment 3.4) was interesting
as it parslleled the earlier non—quantitative results of Mansfield
and Jones (1970). These authors showed, uzing staining techniques,
that the locabion of endogenous K+ in Comnelina was altered by ABA
tregtment, in faveour of the epidermal and subsidiary cells. Such
dye location is certainly difficult to quantify (Fischer, 1972) and
even the use of quantitative autoradiography (Table 16) can be
problematical (Rogers, 1973). More reliable estimates of endogenous
cell ilon conbtents can be obtained with ion-specific microelectrodes’
and lon microprobe analyses (Huwble and Raschke, 197L; Penny and
Bowling, 197h4), although these techniques also have innccuracies.

The effect of ABA on 86Rb’ efflux (Experiment 3.6) is a novel
observation which requires corroboration. Similar results have been
obtained by N%Robbie et az.j19785 Personal. communication). It is

not known whether enhanced efflux represented what would normally {(in



a whole leaf) be rapid expulsiocn of ions from the guard cells to
cell wall sites or the apoplast fluids, or whether it refleceted
increased bransfer of ions betﬁeen the guard aand subsidiary cells
which had been 'short-circuited' by the presence of the incubation
medium. Certainly, exchange of ions between the epidermis
apoplast and the medium seems likely, although there is evidence
that at least part of the stomatal complexlis cuticularised on the
inner wall which would be in tontact with the solution (Fig. 52).

Sites for ions outwith the plasmalemma have been postulated in
the fern Polypodiwn (Stevens and Martin, 1977). Results of Saftner
and Raschke (1978) indicate that the ion-exchange capacity of the guard
cell wall is large. However, the presence of ions in such sites may
be Lemporary before they are taken up by other cells.

It is difficult to postulate in molecular terms how ABA might
affect membrane perm=sbility to lons, especially since it may affect
different cells in different ways. Thus, the same compound may
stimulate guard cell ion release but also stimulate subsidiary
epidermal ion uptake. A preliminary study (Collins, 1978) on synthetic
menbranes has shown that ABA may sct like an 'lonophore' ho increase
membrane conductance. A second possibility is that the hormone
affects the ion uptaeke ATPases (Hsiso, 1976). Until more is known
of the mechanism ol trans-membrane ion movement it seems that little
progress will be made in this area. .

To summarise, Section 3 was a description of the iontrelations of
the Commelina epidermis in teyms of 8Smb™ uptake and distribution.
The effects of ABA on these processes were examined and the hormone
was found to alter both the pattern of uptake and the rate of efflux
of the tracer.

The fourth Results Section involved the development of a whole-
leaf system which was then used fox re;examining the effects and
movenment of ABA found in Sections 1 and 2.

Leaves supplied with free.wamer presumably have a high leaf
water potential approaching zero. In such conditions combined
with high humidity, the stomata opened consistently (Iigs. 28, 39,
L2 and W3), The stomatsl response to high relative humidity has

been characterised for a mmber of species and treatments (e.g.



Lange et al., 1971; Sheriff, 1977; Rdwards and Meidner, 1978;
ILdsch and Schenk, 1978); it appears to result from decreased
transpiraticn from the inner epidermal surfaces, allowing hydropassive
movementr A slight disadvantage of the experimental system was
therefore that the rate of transpiration was probably low. On the
other hand, under certain conditions, transpiration can actually
be higher for a given (low) water potential in moist air than in dry
air (see Raschke, 1975). An alternative method to induce stomatal
opening would have been the use of €O, ~reduced air. However, this
would have introduced a further variagle to the experiment. Besides
this point, it was also not possible to obtain complete stomatal
closure with ABA at lower concentrations in Coeufreetair (e.g. Fig.39b).

In normal air, ABA had effects on stomata of whole leaves similar
to those obtained with epidermel segments (Figs. 39 and Ul, of. Fig.18).
An important difference was that the time taken for complete stomatal
closure when the hormone was applied via the transpiration stream was
longer (30-%5 min ve. 15 min). This was probably related o both
the time taken for the hormone to travel to the epidermis in the
vascular tissue and to the eventual hormone concentration at the site
of action; in the epidermal segment system the 'latent period' for
ABA application was almost zero and the concentration of hormone
at the guard-cell plaswmalemma must have rapidly reached that of the
outside medium. These effects may explain why the apparent stomatal
sensitivities to ABA estimated in both systems were different by an
order of magnitude: in the segment system an excess of ABA wvas
probably present. From Fig. 42 it appears that the nurber of molecules
per stoma' required for complete closure estimated from Fig. bkl was
a true minimum and not a function of the kinetics of closure: use of
lower hormone concentrations did not gilve s lower value. These wvery
low estimates of stomatal sensitivity coupled with the ABA uptake
phenomenon indicate that hormone-induced stomatal movements may take
place when even minor adjuétments of ABA compartmentation take place
(Mansfield et al ., 1978).

A problem which has nol yet been discussed concerns the possible
differential activity of the (+) and (=) optical isomers present in

synthetie ABA on both stomatal assay systems. In many other bioassays,
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beth isomers have near equivalent effects {(Milborrow, 197h) but
there seems to bLe some controversy over the situation with stomatal
assays (Milborrow, 197l; Raschke, 1975). Cummins and Sondheimer
(1973) found (-) — ABA was less active but did have residnal activity
on excised barley leaves. Kriedemann et al. (1972) compared the
activity of ABA from a plant extract (presumably only (+) — ABA) with
that of the synthetic racemic mixture and obtained a two-fold
difference which they explained by inactivity of the (-)-isomer

It therefore seems that it may be necessary to halfethe sensitivity
estimstes obtained in Sections 2 and 4 with the synthetic compound.
On the other hand, this may not be Justified until the effects of
(-)-ABA on Commelina stomatal movements have been evaluated.
Allowance for the small amounts of ¢—ABA present in the synthetic ABA
used was not made.

As earlier mentioned, the evidence for guard-cell ABA upteke
was strengthened by the fact that 1t occurred in both stomatal assay
systems used. This evidence was not only obtained from microauto-
radiography; the partitioning of leaf “C-ABA content varied through
the course of application (Tables 18 and 19) in a manner consistent
with sequestration within the epidermis. The question of the 85-95%
of applied activity which remained in the mesophyll tissue is of interest.
It is possible that this was largely present in the vascular tissue
but the fact that the hormone accumulated in the adhering mesophyll
cells when epidermis was incubated in ABA (Pig. 28) indicated that a
certain amount of cellular uptake was possible. It was nolb possible to
estimate what proportion of the ABA present in the epidermis tissue
arrived in the transpiration stream, compared wibh that which might have
entered from a plitative symplastic pathway viq primary uptaoke by
mesophyll. cells.

In outline, Section 4 produced corroborative evidence, using a
whole leaf system, to support the conclusions of Section 2.  Additionally,
a lower 'upper limit estimate' of stomatal semsttivity was obtained.

The fifth Results Section dealt with measurement of endogenous
ABA levels in Commelina. Several aspects of the purificetion stage

of anolysis were examined (Experiments 5.1, 5.2 and 5.3), and a short,
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effective procedure adopted (Fig.8). The short-term wilting
procedure used in Fxperiment 1.9 was applied to Commeling leaf
material and the ABA content estimoted using this-purification method.,
Endogenous Me ABA was identified by comparison with the retention
times of Me ABA and {—Me ABA standards after isothermal GLC with EC
detection. Tt must be emphasised, though, that GLC-ECD is essentisally
a chromatographic separabory process, and although highly sensitive and
sclective, it cannot be entirely specific. GLC provides little
information content on the configuration and structure of the molecule
being analysed. Thus, although it was regarded as highly probable that
the peaks measured were a result of a response to Me ABA, ideally,
further identification procedures were required. It was considered,
hovever, bhat the ECD purification technique used was inadequate for
further analysis by, for instance, GLC-MS (see discussion on Section 7).
On the same grounds, the TLC procedure for analysis of the internal
standard (Fig. 48) was also not entirely satisfactory.

Assuming, then, that the messured peaks pere due to the presence
of Me ABA, the calculated ABA contents (Table 25) revealed that ABA
levels of Commelina whole leaf tissue reopened to stress in the same
manner as has been described in many other species (see discussion of
Experiment 5.M4). Tor a strict comparison of these results (Fig. 50)
with the effects of the same stress on epidermal segment aperture
abtainment (Fig. 23), or of ABA-pretreatment on epidermal segment
aperture sttainment (Fig. 29), epidermis ABA levels should have been
guantified. This would probably have been relatively easier with
Conmelina rather than Vieita (i.e. Loveys, 1977), since the former is
both easier to peel end carries less conteminabion on the epidefmal
tissue.

Section § culminated in the estimation of endogenous ABA contents
of Commelina whole leaf tissue using GLC-ECD.  lLevels were found to
vige following a wilting treatment.

An attempt was made in Section 6 to examine Commelina epidermis
ultrastructure with the specific aim of investigating the plasmodesmatal
Junctions between cells. Most cells were joined by thesz connections,
but none were observed between guard cells and inner lateral subsidiary
caZZs.‘ The relevance of these results was discussed with thoge of

Sectbion 2.
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The seventh and final Section involved a different experimental
plant, Rietnus communis, which was used to look at the loug distance
transport of ABA. In some respects, these results mey sappear to be
out of context, but nonetheless, in a study of the hormonal control
of & particular phenomenon, the side effects of the response mechanism
may be relevant. In the case of wilt—induéed ABA, the possibilities
of effect of the increased levels of the hormone on other processes
begides stomatal movements should be considered. Several of the
normal plant responses Lo stress can be effected by ABA applicstion
(e.g. Pitman et al,,1974; Quarrie and Jones, 1977). Since the major
organ of ABA synthesis during stress is the leaf (Table 2), it
seems logical to assume that some degree of transport of the hormone
around the plant may occur. This seemed to be the case in a study
by Hoad (1975%) on sunflower plants. In parallel, very little is
known of hormone loading and translocation.

This Section involved the description of a whole plant system in
which these phenomena could be observed. ABA appeared to be readily
transported and the co-transpert of the hormone with sucrose was
investigated.

Massg spectrometric identification of ABA in the phloem corroborated
earlier results. The fact that full~-scan analysis of apparently
clean and symmetrical GLC peaks did not result in an "/e relative
abundance spectrum the same as standards, underlined the inadequacy
of the (IC technique for assessment of compound identity.

These investigations of ABA transport seemed to result in the
formulation of more questions rather than yielding answers, perhaps
as a function of their brief and preliminary nature. Some of these
were as follows. '

(a) are the Xkinetics of hormone loading determined by the rate of
sucrose loading?

(b) can bhe hormone(s) influence the loading and transport of
assimelate?

{c) why was ABA translocated in the free form and ot relatively
high concentrations?

(i) what are the correlabive functions of the hormenesg#in the phloem?

Obviousiy, further study is required for s full understunding of these

points.
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Section Seven, in.summary, demonstrated that radioactivity from
ABA could be transported in the phloem sap of Ricinus following
foliar application. ABA was identifted in Ricinus phloem sap and
the co~Lransport of radiocactivity from both ABA and sucrose was
analysed using double-label techniques; A system for the analysis
of hormone transport phenomena has thus been described.

In essence, these experiments on ABA in Commelina and Rictnus
showed that the compound was taken up, transported, and exerted
demonstrable physiological effects on plant tissues. Ancillary
experiments and observations on ion movement and plant structure
aided the interpretation of these results on the physiology of ABA.
That the closure response of stomata could be initiated by as little
as 45,5 amol ABA per stomatal complex (23 million molecules) emphasised
the potentially crucial rdle of the substance in the functioning of
the intact plant. Whether or not ABA can be regarded as a hormone in
the specific instance of stomatal control in water stress forms the

point of the following Section.

SECTION B.

THE RESULTS IN RELATION TO THE CONCEPT OF THE HORMONAL NATURE
OF WILT-INDUCED ABA ACTION.

This Section of the Discussion presents the work of this thesis
in relation to the concepts of hormone action considered in the
General Introduction. The evidence that ABA controls stomatal:
aperture during water stress in a hormonal manner was sumnarised
in Table 3. The results of this thesis will be treated in a
similar order.

The data supporting the concept of paralleliem were re—inforced
by the correlation between the increase in endogenous ABA found in
Experiment 5.k and the vesponses of stomata from similarly stressed
leaves in Experiment 1.9. No true additions were made to the
evidence upholding emaision. Corroborative evidence was obtained

from the observation that stomata opened when stress was removed



(Experiment 4.1) but closcd when woter was not supplied (Exﬁerimenﬁ
1-9)7

ABA spplication clearly resulted in subsgtitution for the stimulus
of water stress by causing stomatal closure in a number of systems
(Experiments 1.5, 1.6, snd 4.2). Removal of the hormone (Experiment
2.5 also allowed stomatal re-opening.

In a sense, all bhe experiments involving epidermal segments and
ABA were examples of Zsolation. 86Rp " was used to identify the sites
and mode(s) of action of the hormone (Experiments 3.k end 3.6).

The results of Section % added another species to the list of
those known to respond %o stress by ABA production, enforeing the rule
of generality. Even though Commelina is such a conmon experimental
plant in studies of ABA action, the data on ABA effects can also be
seen as substantiating these well-proven observations.

The rationale of the specificity of ABA uptake has been discussed
and it was concluded that lack of specificity in this case need not
preclude physioclogical relevance. No experiments were carried oub
to examine this aspect of hormone action.

No evidence was obtained to support the criterion of spatial
separation apart from that which confirmed the effects of ABA on
epidermis material.

Transport between tissugs was investigated directly with Ricinue
and indirectly with Commelina . It was shown that ABA was readily
translocated in the phloem of the former plant (Section T). The
uptake of ABA by the stomatal complex was envisaged as a manifestation
of the normal transport route for the hormone between the mesophyll
and epidermis or between the xylem contents and the epidermis
(Experiments 2.2, 2.4, 4.3 and 4.5).

The observed speed of ABA formation (Milborrow, 197h) could be
correlsbed with the speed of stomatal closgure in both experimental
systems {Experiments 1.5 and 4.3) to give further corroboration of the
nature of the temporal separation between the stress stimulus and
the stomatal response.

Very little was known &bout receptors in epidermal. cells at

the time of this investigation. One of the evenls which presumably
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mugt precede 'reception' is the uptake of a hormone into the target
cell, This is a prerequisite unless the receptors are known to
exist on the outer surface of the plasmalemma or in the cell wall
structurer The guard cell ABA uptake phenomenon observed in this
thesis may therefore be analysed as an adaption to allow small amounts
of the hormone to reach the active sites. The sensitivity estimates
(Experiments 1.5, 2.2, 4.3 and 4.5) can be seen as giving some
estimate of the number of receptors/active sites present in the
Commelina stomatal complex.

In conclusion, the results of this thesis have been not only in
general agreement with other studies, but have also validated the
hypothésis that abscisic acid acts in a hormonal manner during water

deficit stresses.

SECTION C.

FURTHER STUDY OF ABA ACTION ON STOMATA.

Few, if sny, of known plant physiological phenomena have been
shown conclusively to involve plant hormone action.. The evidence
that ABA controls stomatal aperture during water stress is relatively
good (Table 3), but a number of areas merit Ffurther investigation.

Some of these are summarised below.

The first topic to be considered ig that of endogenous ABA
measurement. The relevance of whole~leaf ABA estimabions appears to
be limited, as discussed in Section III of the General Introduction.
Quantification of epidermis ABA levels before and after stress on a
number of species is thus required to confirm the observations of
Loveys (1977) on Vieia. In particular, this type of study needs
to pe extended to provide a kinetic analysis of stomatal closure
during stress combined with assay of the appearance, in the epidermis
tigsues, of wilt—induced ABA synthesised in the mesophyll. Furthermore,
subsequent post-stress stomatal closure and later re-opening should be
correlabed with epidermis ABA levels. A potential pitfall in this work

might be the discrimination between hydropassive and hydroactive
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gtomatal. closure caused by the stress treatment. Presumabl&, the
former would be almost immediately reversed by re-supply of water,
whilst the latter would not. Possible side effects of air humidity
end €O, levels during treatment should be svoided, since these would
add additionsl variables capable of altering stomatal responses
independently.

Values of epidermis ABA levels obtained as above could be used
to oblain estimates of the sensitivity of stomatal movements to
endogenous hormone levels. These might then be compared with values
obtained with synthetic ABA (as in Section L4). Agreement between
the two estimates would support the hypothesis of hormonal involvement
in stomatal reaction to stress.

Relatively few measurements of endogenous ABA have been made
with adequate identification of the compound. The difficulties this
entails for molecules present in plants in such low concentrations
as the plant hormones have been discussed, and it seems ilmpossible
with present apparatus to reconcile rigorous criteria of identification
with measurements on individual plants, organs or tissues. Some
compronise involving pooled extracts may be possible. Alternatively,
statistical treatment of estimates obtained et different stages in the
purification procedure (successive approximation) mdy gsuffice.

Outlaw and Lowry (1977) described a method based on enzyme
amplification in which it was possible to measure cell substrabtes
(e.g. malate and citrate) in individual guard cell pairs cut from
freeze-dried tissue. However, even if enzymes specific for trensformations’
of plant hormones were available for such assays, an additional three
orders of magnitude of sensitivity would be required to allow assay of
e.g. ABA in guard cells. This is because of the differences in normal
concentbration between these different classes of compounds. I% seeﬁs
that for some time GLC-ECD will be the most sensitive tool available to
plant physiologists for assay of ABA.- -

Several unrescolved areas exist concerning the biosynthesis of ABA.
Compared with, say, the gibberellins, the synthesis and breskdown
of the ABA molecule is 1little understood. Knowledge of the intra-
cellular compartmentation of ABA is also low. Investigations on

chloroplast and cell-free preparations appear promising (Milborrow,)973;
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Railton et al ., 19Th; Loveys, 1977). The 'trigger' for stress~
induced ABA synthesis may be leaf water potential or leaf turgor
(Beardsell and Cohen, 1975) but the two have not yet been resolved.

Many of the problems of analysis of reactiocns of even an
isolated tissue such as Commeling epldermis stem from the fact that
gseveral cell types exist in the tissue. A development which may
facilitate investigation of responses of individual cells is the
production of guard-cell protoplasts. Zeiger - and Hepler (1976;

T1977) and Schnabl et al . (1978) have isolated guard—-cell protoplasts

of Vieta and AllZum and shown that they can react to stimuli in a
manner consistent with that expected of the cells in whole epidermis.

If the purity of such preparations can be ensured, it may prove possible
to examine the mechanism of ion movement alt the membrane level by
isolating guard cell plasmalemmae. Compartment analysis of ion and
hormone uptake and efflux phenomena would also be move reliable.

Effects of these compounds on different cell types from the epidermis
could also be investigated and the isolation of receptor proteins

might be facilitated.

Control of crop-plant drought resistance by manipulation of
stomatal movements has attracted much interest. This might be achieved
by application of chemical antitranspirants (Mansf&el&, 1976b)or by
breeding for appropriate characteristics (Jones, 1978b). In bhoth
cases a possible use for abscisic acid has been postulated. In the
former lastance, ABA or an analogue might be employed in a foliar
spray applied at sbrategic points of growth or when certain environ=-
mentbal conditions were predicted. This has prompted the screening
of chemicals for properties of stomatal closure (Orton and Mansfield,
197h4) but no compound related to ABA has been found Lo have higher
activity than the hormone itgelf (Mansfield, 1976b). On btheoretical
bases, it has been concluded that a given degree of stomatal closure
would exert a larger proportional effect on transpiration than on COg-
fixation (Meidner and Mansfield, 1968)7 This has been confirmed by
experimental. investigations using ABA spray treatments (e.g. Mizrahi
et al., 197h). Such tréatments are also found to alter development

snd morphology in the long-term (e.g. Quarrie snd Jones, 1977).
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Whether changes such ag reduced stomatal numbers and smallef leaf size
area 8 direct consequence of ABA action or indireectly due to ABA-caused
stomatal closure is not known.

Selection of plants for plant hormonal attributes is only one
of the possible methods available to the plant breeder breeding for
drought resistance {(Jones, 1978b). ABA measurements have been made
on stress tolerant Zea varieties, and a positive correlation belween
the formation of ABA and the tolerance was found (Lanrgue-Saavedra
and Wain, 197hk; 1976). Despite this apparent success, several other
considerations must be taken into account. Exsmples are the time
taken for recovery from short—term stresses and the eventual eccnomic
yvield in cultivars which are relatively toclerant. Thus, the
reduction in photosynthesis and harvestable yield which accompanies
stomatal closure may outweigh any saving in water (Jones, 1978a).

The main themes of future long-term and short-term research
would appear to lie in (a) the use of ABA as a tool for elucidation
of the mechanism of stomatal Ffunctioning, (b) the applied facet of
the use of ABA and related compounds for manipulation of crop growth
and yield, {(c) the investigation of the stress/ABA/stomatal closure
system as a model physiological system to clarify aspects of phyto—
hormone action, and (d)peripheral studies of the biochemistry and

biophysics of ABA and its action.
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ERRATA
Page line word correction
iii 27 7 EXPERIMENTAL
vi. 10 6 Detection
b4 3 Pyrrolidone
3 4 ergons
12 14 3 Rcobison
51 29 6 nectaries
71 7 3 Ilfoxd
76 - 11 2 pyrrolidone
84 ) 16, 17 - Invert Section headings
94 ) 8 2 are
120 15 2 relationship
128 16 1 intracellular
131 9 5 have
144 21 1 B~emissions
169 3 8 microscopy
171 6 1 Polyvinylpyrrolidone
226 2 2 are a
230 31 1 Endogenous
243 1 1 Raobison , :
2h3 3 add: Smith,3a.c. (197D PhO.Thests,
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