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ABSTRACT

Within populations of Trifolium repens L. and Festuca rubra L.

growing on the sand dune system at Aberffraw, Anglesey, Trifolium

repens shows ecotypes differentiated by their response to soil water

status, but Festuca rubra does not. All populations of F. rubra grew

best with moderate, and were adversely affected by both high and low,
soil moisture status. Populations of T. repens showed a site=-specific
growth response; plants from 'dry' habitats were least affected by low
soil moisture levels, whereas those from 'wet' habitats were quite

adversely affected by low soil moisture status, Such differential

response suggested the possible existence of these populations as ecotypes.

More evidence was supplied by the reciprocal growth of plants from wet and
dry sites on both sites in the field; each performed better when grown
on its original site.

Physiological differences between ecotypes of T. repens at -1.0 MPa
in the rooting medium, provided by solutions of polyethylene glycol
(m.w.4000), were investigated. Plants from the wet site were not able to
withstand such low water potential, and steadily their pressure potentials
decreased, they lost turgor and wilted, Plants from the dry site showed
their ability to keep their pressure potentials constant and thus maintailn
turgor, as their water potentials dropped. This ability of turgor
maintenance was shown to be accomplished by osmotic adjustment through

_ . + +
solute accumulation, Plants mainly accumulated K , Na , and the sugars

sucrose, glucose, and fructose. However, low osmotic potentials in plants

from the wet site were only due to tissue dehydration and consequent

concentration of solutes in the cells,

Possibly as a consequence of turgor maintenance in plants from the



dry site, their stomatal resistance did not increase substantially
as did that of plants from the wet site at low water potential, and

therefore they were able to maintain relatively higher rates of net

photosynthesis.



CONTENTS Page

CHAPTER ONE

INTRODUCTION 1
Ecotypes 1
Definition and mechanism of differentiation 1
Ecological significance of ecotypes 2

The Sand Dune System 3
Water relations of sand dune systems a

The effect of the dune system environment on vegetation 5

Water Relations 6

- Plants and low water potentials 7
Effect of low water potentials on plants | 8

Effect of plant water deficits on root:shoot ratio 12
Processes Affected by Low Water Potentials 13

New Leaf Area * 13
Photosynthesis 13

Ways of Maintaining Metabolism at Low Soil 16

Water Potentials

Stomatal closure

16
Osmotic adjustment or osmoregulation | 17
Evidence for osmotic adjustment 17
Seasonal osmotic adjustment 18
Diurnal osmotic adjustment 18
Experimental evidence for osmotic adjustment 19
Substances used in osmotic adjustment 20
Inorganic solutes 20 _
Organic solutes 21

Location of solutes 21




CONTENTS (cont'd) Page
Processes Shown to be Maintained by Osmotic Adjustment 23
Cell enlargement and growth 23
Stomatal response 23
Photosynthesis 24
Drought Tolerance 25
Low osmotic potential 25
Low turgor potential 26
CHAPTER TWO
MATERIALS AND METHODS 27
Field Site 27
Collection sites 30
Field Studies 30
Reciprocal growth experiment 30
Plant water status 34
Soil sampling 35
Soil analysis for exchangeable sodium and potassium 35
Glasshouse and Laboratory Studies 35
Plant growth conditions 35
Preparation of plant material for water culture 36
Plant growth in the glasshouse 36
(1) Trifolium repens 16
(ii) Festuca rubra 18
Water Relations Studies 19
Water potential and osmotic potential measurements 39
Leaf water potential (Wl) 39

Leaf osmotic potential (Ws) 40



CONTENTS (cont'd) Page

Soil water potential (Ysoil) 40

Relative water content (RWC) 40

B-gauge technique 40

Paper Chromatographic Analysis of Soluble Sugars 41

Extraction 41

Chromatography 43

Analysis of Plant Material for Sodium and Potassium 43

Preparation of material for analysis by wet digestion = 43

Gaseous Exchange Measurement | 44
Measurement of Co2 flux 4
Measurement of water vapour exchange 46

CHAPTER THREE

FIELD STUDIES

48
Field Sites: Vegetation, Soil Moisture Status, and
Plant Water Status 48
Vegetation 48
Soil moisture status 48
Plant water status 49
Reciprocal Transplant experiment in the Field 53
CHAPTER FOUR
WATER AVAILABILITY AND PLANT GROWTH 63
The Effect of Soil Moisture Regime on Plant Growth and
Development , o
Effects of contrasting watering regimes on 63
Festuca rubra
Effects of contrasting watering regimes on 73

Trifolium.reEens




CONTENTS (cont'd) Page

CHAPTER FIVE
PHYSIOLOGICAIL INVESTIGATIONS 87
Plant Water Relations 87

Effects of low water potential in the growth

medium on the relative water content, water,

osmotic, and pressure potentials of Trifolium

repens leaves. 87

Relationship between leaf water potential and

osmotic potential, 91

Relationship between leaf pressure potential
and relative water content. 91

Relationship between leaf water potential and

pressure potential, 95

Relationship between leaf water potential and

relative water content, 95

Effects of Low Water Potential on Solutes. Their

———_——-——_——-_——b-—

Concentration and Contribution Towards the Osmotic

Potential in Leaves of Trifolium.reEens 98
. A, TField grown plants 98
(i) Concentration of solutes 98

(i1) The contribution of individual solutes to
the leaf osmotic potential. 101

B. Plants growing under low water potential in

the laboratory., 103

(1) Concentration of solutes 103

(1i) The contribution of individual solutes to

the leaf osmotic potential. 107




CONTENTS (cont'd)

Page
Effects of Low Water Potential on Stomatal Response
. 117
and Photo sz'_r_1the81s
Water vapour loss 117
Rate of net photosynthesis 120
CHAPTER SIX
DISCUSSION 125
Physiological Differences Between Ecotypes 128
Photosynthesis and transpiration 128
Water relations 131
Solute accumulation 134
REFERENCES

137




INTRODUCT ION




INTRODUCTION

Tolerance by a species of wide edaphic variability could be due
either to individuals exhibiting extreme physiological tolerance or to
the existence within a species of separate, genetically differentiated,
physiological strains, each of which grows well on a limited range of
soil conditions (Snaydon, 1962a). Such strains are termed ecotypes.

Sand dune systems contain a wide variety of soil types, especially

in relation to moisture content (Salisbury, 1952; Onyekwelu, 1972;
Pemadasa, 1973). The work undertaken in this study is designed to look
for the existence of ecotypes; to investigate the differential responses
of the plants growing in contrasting microhabitats of the sand dune
system; and to see if it is possible to characterise ecotypes at the
physiological level. This should provide insights into the mechanisms
by which plants tolerate the environmental variables in response to

which the ecotypes have been selected.

EQQ;!DQS

Definition and mechanism of differentiation

Ecotypes are ecological or climatic races within a single species
which have arisen by natural selection by distinct combinations of
environmental factors (Hiesey and Millner, 1965), Valentine (1949)
defined them as "groups forming genetically distinct components of
species, adapted to special types of environment and capable of unlimited
gene exchange”. Hence they are interfertile and can exchange gentic
material in crossing (Cooper, 1959). Variation, however, could be

determined either by genetically controlled physiological differénces

(Snaydon, 1962a, 1970; Snaydon and Bradshaw, 1961) or by contrasting



environmental conditions prevailing in different habitats in which the

species naturally occur. For example, the dwarfness of Plantago
coronopus in dune habitats is a phenotypic effect caused by nutrient
deficiency (Salisbury, 1952; Onyekwelu, 1966). Alternatively, the
occurence of genetically controlled intraspecific variation can result

in ecotypic differentiation., Cooper (1963) demonstrated a multiple-gene

inheritance of most characters that distinguish ecotypes, for which

Mather (1941) had developed the theoretical basis.

Ecological siEEificance of ecotypes

The ecotypes most frequently described in the literature are
those which occur along latitudinal and altitudinal gradients
~ (Barber, 1955; Callaham and Liddicoet, 1961; Mooney and Billings, 1961),
Bradshaw (1959) and Briggs (1962) had shown clearly recognizable
races within a species occuring in strictly local areas characterised

by differences in substrate, topography or microclimate. Snaydon (1962a,b)

and Snaydon and Bradshaw (1961), showed the existence of edaphic

ecotypes of Trifolium repens growing in single pastures in North Wales.
Ecotypes are best identified by their differential growth and
development when grown under identical conditions (Hiesey, 1953
Irgens-Moller,'1957). They may, for example, be distinguished by their
differential responses to water supply (Hiesey and Millner, 19635).
Slatyer (1963) examined three species differing in their capacity to
withstand drought and showed that they differed in the degree of
turgidity their leaves displayed when all were grown at the same,

low,water potentials., He showed that two of these species were only

killed at water potentials much lower than those the third could withstand.



McCormick and Platt (1964) correlated the heat and drought resistance

of Diamorpha cymosa ecotypes with differences in the seasonal rainfall
patterns of their native habitats. Blum (1974) found that one of the
two genotypes of sorghum he examined was able to maintain high rates of
solil water extraction at lower soil moisture content than the other.

Ecotypes of Trifolium repens growing at different altitudes showed

differential growth responses to light intensity (Machler and Ndsberger,
1977). They also showed different photosynthetic rates when grown at
the same temperature (M3chler et al, 1977). The rate of photosynthesis
is arguably the most crucial physiological process in a plant since it
determines the ability of a plant to develop and grow (Hiesey and
Millner, 1965). It 1is closely dependent on the supply of water to the

plant as well as other factors such as light, temperature, CO2
concentration and nutrient supply. Change in any of these factors

would be expected to elicit differential response from ecotypes (Mooney

and Billinzs, 1961).

The Sand Dune System

On coastal areas, sand dune systems are mainly from sand wind-blown

from beaches, which then accumulates around obstacles such as plants.
This acgumulation is enhanced and established by more plant growth,
Eventually, under effects of wind which can include the movement of

sand dunes, a complex system of dune ridges will develop, separated by

low areas or slacks on which can be superimposed low sandy hillocks,

Plant cover 1s very important on sand dune systems, since it reduces

the effect of wind on sand and therefore leads to more stable dunes,

That is why grazing by rabbits and trampling by man and animals couyld

lead to the removal of plant cover, exposing the sand to the effect of



wind, Plant cover also provides the soil with organic material.

Hence slacks and old dunes are richer in organic material than young

ones (Salisbury, 1952)., Addition of organic material could also |

decrease the mobility of surface sand grains.

Water relations of sand dune systems

The main input of fresh water in the dune system is rainfall,
However, Salisbury (1952) showed that surface soil, which in summer
experiences high temperatures and conditions favouring rapid evaporation,
could have a supplementary supply of water from internal dew formation,
by distillation of water vapour carried by damp air moving up from deeper
parts of the dune, or could be brought abhout by the humid air from
above the sea passing into pores in the soil and condensing as it

contacts cold sand grains inside the dune (Hill and Hanly, 1914),

Salisbury (1952) had concluded that at times of long spells of drought,

it is that part obtained by dew formation within the dune that plays

an important part in sustaining plant life on the dunes, since roots

cannot obtain water from the water table by capillary forces.

In the dune slacks and low dunes, moisture can be rendered available

around plant roots by capillary forces. Water tables fluctuate with

the tides (Hill and Hanly, 1914), and at times they could bring water

to within reach of roots of plants in the slacks, and at times may cause

flooding in the slacks (Onyekwelu, 1966), The Fluctuations of the

water tables also influence the rate of drainage of rainwater from the

surface (WilliS.EEuilJ 19592). Therefore the water regime of dune soil

is subject to frequent violent fluctuations.




The poor water retention by sand dune soil is improved by the
addition of organic matter, which increases its water-holding capacity
and decreases its liability to extreme dryness (Downs and Hellmers,
1975).

The sand dunes are congidered as temperate deserts (Salisbury, 1952)
whose drought conditions are not caused by climatic factors like true
deserts, but due to the poor ability of sand to retain water. They
have also been called "edaphic deserts'". Moreover there is a large

contrast between the slack and dune habitats in their soil water regimes

(Jones, 1971).

The effect of the dune szstem.environment on vegetation

Shortage of available water in dune soils is a primary factor

in limiting the vegetation that can grow successfully on them

(Ranwell, 1972). 1It had been reported that some dune plants undergo

daily wilting in dry weather (Oosting, 1954). The contrast in moisture

content between dune soil and that of the slacks is greatest during

the summer months,

The particular importance of the soil molsture regime in
determining the variation of vegetation within the dune habitat has
been stressed by several workers (Willis et al, 1959a,b; Onyekwelu,

1966; Pemadasa, 1973). Some plant species such as Juncus articulatus L.

e

are confined to sites subject to flooding whereas others such as

Ammophila arenaria (L.) Link. and Ononis repens L. are almost entirely

restricted to sites which are dry. Other species extend both into

wet zones and some distance up the dunes; these include Festuca rubra L.,

Trifolium repens L,, Carex arenaria L,, and Agrostis stolonifera L.

e
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Plants growing on sand dunes are exposed to a complex of adverse

conditions, which they must be able to tolerate, or to avoid like

annuals which complete their life cycle before the advent of the dry

season and succulents that store water in order to use at time of

shortage. Plants can tolerate drought by means of morphological and

physiological modifications which could reduce water loss and increase

water uptake, such as deep root system, thick cuticle, responsive stomata °

or tolerance of some degree of cellular dehydration without injury

(Kramer, 1980).

Water Relations

A consistent and widely applicable terminology describing the water

gtatus in plants and soil is that of water potential., Total water

potential, ¥, has been considered lately as the best measure of the

water status in the plant (Kramer, 1974)., The water potential describes
the state of water by its chemical potential within the system relative

to that of pure water. It gives a measure of the capacity of water at
any point to do work (Slatyer and Taylor, 1960), The total water

potential is composed of the following commonents:

Y= ¥ + V¥ + VY
S m

P

?S is the osmotic potential resulting from dissolved solutes,
Wp 1s the pressure or turgor potential arising from hydrostatic forces.

?mlis the matric potential due to surface forces.

Leaves are often the part of the plant most sensitive to low water

potentials, so they serve as good indicators of the water status of the

plant, and often leaf water potential Wl is used in the literature.




A good understanding of the water relations of a plant under water deficit

can be made by measuring both the total water potential and the osmotic
potential and then calculating the pressure potential (actually,

pressure plus matric potential).

Soil water potential ‘FS ., also gives a good measure of the state

o1l
of soil moisture conditioms,
The unit used here is the SI unit of pressure, the Pascal; 1MPa
(2 10 bars) 1s of a convenient magnitude.
Alternatively, the status of tissue water can be described in terms

of the water content of the plant relative to the saturated water content,

which 1s called the relative water content RWC :

Relative water content = fresh weight - dry weight x 100

turgid weight - dry weight

(':Jeatherl?y , 1950),

Plants and low water EOtentials

Plants originally evolved in the medium of water; their life is
totally dependent on it for function and survival. The roles of water
in the plant include being a reactant, serving as a medium for ionization
of metabolites, stabilization of membranes, and the maintenance ©f the
turgidity of cells and hence the structure of the plant., It is also
known that the removal of only 10-157 of the water held in the plant
tissue at full turgor could clearly affect its metabolism (Hsiao et al,
1976)» Thus reduced water availability which is frequently encoOUlitered
by plants, could have great effects on all phases of plant growth,
from the seedling to the mature plant (Slatyer, 1967). Low water

status also has a profound influence on plant metabolism from the

subcellular to the plant organ level (Hsiao, 1973).



Effect of low water Eotentials on plants

The many effects of low water potentials are reflected in the
growth of the plant through decreased accumulation of dry matter,
decreased extension growth and changes in morphology such as a decreased
leaf area and increased root:shoot ratio (Hsiao, 1973; Begg and
Turner, 1976).

The overall effect of low water status on plant growth is a

reduction in total dry matter. This could be very severe as was
reported by Kaul (1966) for wheat, oats and barley when grown in

high concentrations of polyethylene glycol, and by Lawlor (1969) who

found that total dry weight of ryegrass, maize, bean and cotton
decreased with decreasing osmotic potential of the growth medium,
Belesky et al (1982) found that four fescue cultivars showed reduced

biomass at reduced water potentials., Extension growth is reduced by
low water potential through its dependence on water flux into
expanding cells in the zone of elongation (Wolf and Parrish, 1982),
Shields (1950) had suggested that a reduction in leaf growth as
a response to drought conditions could reduce the total transpiring
surfaces of the plant provided leaf number is not increased.

Begg and Turner (1976) considered that in addition to some reduction of
effective leaf area at low water potentials by reduction of leaf
expansion, there is also accelerated senescence or rolling and flagging

of leaves when wilted. Accelerated senescence at low water potentials

will lead to a reduction in the number of green leaves per plant

(Boyer and McPherson, 1975), which in turn will lead to a reduction in

total production of dry matter (Slatyer, 1973), Begg and Turner (1976)

concluded that reduction in leaf area under low water supply is the

most important consequence of the sensitivity of cell enlargement to

water deficits. Low leaf water potential influences leaf production
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through ﬂﬁ' . effect on leaf initiation in meristems and subsequent

rates of cell division (Boyer and McPherson, 1975), therefore causing

a decrease in the rate of production of new leaf area. However, leaf
initiation could cease altogether at low water potentials (Husain and
Aspinall, 1970). A slower rate of leaf enlargement was shown for

maize and soybean by reduction in leaf water potential to values below
-0,2MPa, and growth halted at a leaf water potential of -0,7MPa in maize
(Acevedo et al, 1971) and -1.2MPa in soybean (Boyer, 19703). It is
interesting to note that in the two previous cases big reductions in
leaf enlargement compared with the controls took place whilst

photosynthesis was not affected, thus reflecting the sensitivity of

cell expansion to a fall in water potential. Even in well watered plants,

leaf water potential drops significantly at mid-day, and cell enlargement
is stopped, but enlargement can continue during the night (Boyer, 1968),

Lawlor (1969) examined the effect of low water potentials on specific

leaf area (leaf area per unit leaf dry weight), which reflects the

distribution of dry matter inthe plant and found that it was usually
decreased at low water potentials. Fereres et al (1978) showed a similar
response in sorghum plants which were left unirrigated and then measured

after 90 days. However, Watts (1974) showed little effect on leaf
extension in maize at leaf water potentials down to -0.8 to =~0.9MPa.

Furthermore, a decline in leaf water potential down to =1,3MPa did not
affect total leaf extension in sorghum (McCree and Davis, 1974:

Chu and Kerr, 1977) but leaf extension was reduced at lower water

potentials and stopped at -1,7MPa. McCree and Davisg (1974) also

indicated that cell division is as important as cell expansion in

determining leaf extension. Therefore the exact water potential that

results in a reduction in growth varies with the condition under which -~

the plant is grown.



However, Hsiao and Acevedo (1974) suggested that the primary effect

of low water supply on plant growth appears to be physical, through the
1oss of turgor. Turgor pressure sustains plant structure (Hsiao, 1973).
controls gas—exchange through the stomata (Meidner and Mansfield, 1968)

and may regulate certain metabolic events in the plant (Hanson and

Hitz, 1982). Lawlor (1969) showed that the growth of all species he

used was affected more severely by a unit decrease of turgor potential
than by one of osmotic or total water potentials, indicating that loss
of turgor is particularly damaging., The same author (Lawlor, 1969)
concluded that decreased turgor caused a reduction in cell expansion,
which he considered to be the probable cause of leaf area reduction
under water deficits., Hsiao and Acevedo (1974) noticed that changes

in the water potential of the culture medium would cause nearly instant
changes in leaf expansion, and they concluded that such changes were

too rapid to be mediated metabolically and could only be explained in

terms of turgor potential. In young maize leaves which had been exposed
to mild water deficit, the very rapid resumption of elongation after

rewatering indicates that only lack of turgor prevented expansion
(Acevedo et al, 1971). Ordin (1960) found that decrease in turgor

limited cellulose synthesis, thus causing reduced cell wall growth,

an effect that paralleled reduction in cell elongation. Therefore,

it is reduced turgor potential that affects cell enlargement during

developing water deficits in plants,

Since at low turgor cell eniArgement is reduced, meristematic cells

would not expand to the size required before further division

(Barlow et al, 1980). Therefore a reduction in rate of cell division

can be a consequence of decreased cell expansion caused by low turgor

(Gardner and Nieman, 1964; Hsiao, 1973). Munrms et al (1979) showed

that a decline in turgor potential from 0.45 to 0.15 MPa caused a
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cessation of shoot apex elongation in wheat plants., However, McCree and

pavis (1974) concluded that reduced cell division rate is more crucial.

to plant growth than decreased cell enlargement under plant water deficits,
since only the latter could be restored after rewatering and resumption

of growth.

Turgor in the guard and subsidiary cells controls stomatal opening

and closure., Therefore water deficits causing turgor potential

difference changes would lead to loss of turgor in the guard cells

and subsequent stomatal closure (Jarvis, 1980), thus resulting in a

decrease in photosynthetic rates. Hanson and Hitz (1982) suggested that

turgor potential reduction is the factor affecting chloroplast activity

observed during developing water deficits in plants.

Low osmotic potentials induced by plant water deficits may produce
changes in enzymatic activity, since they induce conformational changes
in proteins (Crafts, 1968). Such an effect might be attributed to
the concentration of solutes at low water potentials, but Plaut (1971)

showed no inhibition of isolated enzymes of the photosynthetic carbonm
reauction cycle by -1.2MPa osmotic potential, However, he observed
inhibition of these enzymes when assayed in isolated but intact
chloroplasts at the same osmotic potential, Potter and Boyer; 1973,
showed only 5% reduction of isolated chloroplast activity when the
osmotic potential was lowered from -0,8 to -1,2MPa, whereas the same

decrease in osmotic potential during desiccation in vivo was

accompanied by an inhibition of chloroplast activity of 337. Low

osmotic potentials may be quite beneficial in some plants since they

maintain turgor potential in the tissue as the water potential declines,
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It was mentioned above that a reduction of leaf water potential to

values below =-0.,4 to -0.,6MPa brings about cessation of cell enlargement
and growth in some species (Boyer, 1970; Acevedo et al, 1971)., However,
in other species some leaves may almost always have a water potential
below -0.4 to -0.6MPa, and these plants must behave differently if

cell enlargement and growth are not to be affected (Boyer, 1976).

Meyer and Boyer (1972) suggested that solutes accumulate in enlarging
cells, lowering solute potential and hence maintaining turgor, as a

means of permitting cell enlargement under dry conditions., This

phenomenon of turgor maintenance, through solute accumulation in
cells resulting in lowering of osmotic potentials, is one of the most

important features of plants growing in dry habitats., It is discussed

below 1in more detail.

Effect of plant water deficits on root:shoot ratio

Root:shoot ratio tends to increase with decrease in soil moisture

(Harris, 1914; Kaul, 1966; Pearson, 1966; E1 Nadi et al, 1969).

Gwendolyn and Bray(1970) found that for plants growing on both dry and

moist soils the rootishoot ratio tends to increase with increasing
dryness of the -soil, Sharp and Davies (1979) suggested that a high
rootishoot ratio is a very important feature of plants growing in dry

habitats. It increases plant access to soil water (Hoffman et al, 1971;

Caldwell, 1976)., Absolute increases in root growth caused by low water

potentials, resulting in a higher root:shoot ratio, had been reported by

Bennett and Doss (1960), Hsiao and Acevedo (1974), and Sharp and Davies
(1979). The increased root growth under low water potentials may be

due to their capacity to adjust osmotically (see below) under mild

water deficits (Sharp and Davies, 1979). Stomata may remain open, and

photosynthesis may continue whilst shoot growth is reduced due to



reduced turgor. Then the increased supply of assimilates made available

by the reduced strength of the sink in the shoot may permit osmotic

adjustments in the roots., Extra root growth will then follow

(Hsiao and Acevedo, 1974), enabling the exploration of more soil such

that more soil water will become available to the plant. Perennial

grasses and shrubs of dry regions generally have root:shoot ratios

sbove 1, higher than those of plants from humid areas (Oppenheimer, 1960).
It has been mentioned above that low water potentials induce an

acceleration in leaf senescence (Boyer and McPherson, 1975), resulting
in a decrease in the shoot dry weight., This shoot dry weight decrease,

rather than an absolute increase in root growth, was suggested by

Lawlor (1969) to be responsible for the increase in the root:shoot ratio

of maize, cotton, bean and ryegrass,

Processes affected by low water Eotentials

New Leaf Area

Low soil water potentials reduces the number, rate of expansion,

and final size of leaves (Zahner, 1968). As a result production of

new leaf area will be greatly reduced,

Bhotosxnthesis

Inhibition of photosynthesis under low water potentials was reported

by Kozlowski (1949), Ashton (1956), and by more recent workers like
El-Sharkawy and Hesketh (1964), Strain (1970), and Bazzaz (1974), 1f

plants are to grow when exposed to low water potentials they must maintain

reasonable rates of photosynthesis. Since the stomata control both water

and CO2 exchange, reduction of water loss will also reduce 002

but owing to the difference in lengths in the diffusion pathways of

uptake,
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CO2 and water, water loss will be more affected by stomatal closure than

CO2 uptake (Meidner and Manfield, 1968). Thus photosynthesis may decline
more slowly than transpiration, and this 1s considered to be of great
importance for dry matter production, and hence competition and survival
under drought conditions (Crafts, 1968). Studying the rate of photo-
synthesis of lemves at low water potentials simultaneously with the rate
of transpiration (or the diffusion resistance to water loss), Brix (1962),
and Willis and Balasubramaniam (1968) found that the stomata are likely

to exert the major control over photosynthesis at low water potentials.

Brix (1962) found that the net rate of photosynthesis decreased at -0.4

and -0.7 MPa and ceased at -l.1 and ~1.4 MPa for loblolly pine and tomato
respectively; the pressure potentials were not shown. Data of Willis

and Balasubramaniam (1968) showed significant changes in leaf diffusive

resistance before changes i1n photosynthesis occurred during the early

part of desiccation and recovery; relevant water and pressure potentials
were not quoted. Barrs (1968) found that the stomata accounted for

virtually all the effects of desiccation on photosynthesis.

However, Boyer (1976) argued that stomatal closure may not exert
complete control over photosynthesis. Involvement of a non-stomatal

factor in the reduction of photosynthesis at low soil moisture levels
was also suggested by Shimshi (1963a,b). This factor, synonomous with

the mesophyll resistance of Gaastra (1959), increases with developing

water deficits. Boyer (1970b) and Hansen (1971) came to the same

conclusion. Ackerson et al (1977a) showed maximum photosynthetic rates

in cotton plants at -1.2 MPa; these decreased at lower water potentials

reaching a minimum rate at about =2,8 MPa since stomatal aperture stayed

virtually constant over that range of water potential, they attributed

the effect on photosynthesis to decreased rates of the Hill reaction,
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and of translocation. Graziani and Livmne (1971) removed the epidermis
from tobacco leaves and noticed then considerable loss in photosynthesis
during severe desiccation. There is clearly a significant change of
photosynthetic activity at low water potential, not attributable to
Q’O:.matal closure. It is then expected that changes take place in the
liquid phase pathway and at the site of Co, fixation at low water
potentials. Boyer (1971) identified an inhibition of chloroplast
activity in sunflower at low water potential as a cause of reduced
photosynthesis, as reported by Heichel and Musgrave in maize (1970)
and Redshaw and Meidner (1972) in tobacco leaves, Todd and Basler
(1965) suggested that the Hill activity in isolated chloroplasts was
affected by desiccation. Nir and Poljakoff-Mayber (1967) showed that
both Hill reaction and cyclic photophosphorylation were inhibited when
chloroplasts were isolated from leaves tﬁat had previously been severely
desiccated. Leaf water potentials below -0.8 MPa limited photosynthesis

in sunflower by an inhibition ¢f chloroplast electron transport (Boyer,

1971; Bover, 1976). Limitation on photosynthesis may shift from electron
transport to photophosphorylation when sunflower leaves reach water

potentials of -1.7 MPa and below (Keck and Boyer, 1974)., Leaf

desiccation also alters the activity of enzymes involved in the dark

reactions of photosynthesis (Plaut, 1971).

At least in some species, when water is deficient enough to cause

stomatal closure, the increase in stomatal resistance is commonly

accompanied by an increase in mesophyll resistance (Redshaw and Meidner,

1972). It 1s sometimes argued that even if mesophyll resistance to CO

2
uptake.is substantial then, at times of water deficits, the same increase

in epidermal resistance for water and CO, would affect transpiration

more than photosynthesis simply because epidermal resistance accounts for



a smaller portion of the total resistance to CO2 than to water (Slatyer,

1970). However, higher photosynthetic rates coupled with low transpiration
can only be achieved if the stomatal resistance is high and the mesophyll

resistance is low: this is clearly a desirable feature in drought

resistance (Slatyer, 1970; Gifford, 1974).
Variations in the effect of low water potentials on photosynthesis

within the same species was noted by Heichel and Musgrave (1970) 1in

different maize varieties, and by Blum (1974) in different sorghum

genotypes.

Ways of maintaining metabolism at low soil water Eotentials

Stomatal closure

One mechanism for regulating water loss and reducing development of

low leaf water potential is stomatal closure (Waggoner et al, 1964).
Usually stomata remain unaffected until the leaf pressure, or water,
potential drops to some critical threshold value (Hsiao, 1973). This
threshold value usually differs between species and also depends on

the growing conditions (Browm, 1974; Davies, 1977).

Stomatal closure by low water potentials is not simply due to an

overall loss of turgor from the leaf. Rather it appears to involve a

. + .
loss of solutes (mainly K ) from the guard cells which then result in
a sélective reduction in guard cell turgor (Stalfelt, 1955; Hsiao, 1973).

This mechanism ensures that stomata close before the onset of water

deficits in the remainder of the leaf, thereby prev ent ing deleterious

deficits from developing (Ludlow, 1980)., This may take place diurnally

or in response to a drop in atmospheric humidity,
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Osmotic adjustment or osmggegulation

This is defined as the regulation of osmotic potential within the
cell by addition or removal of solutes from solution until the
intracellular osmotic potential approximately equals that éf the
surrounding medium (Borowitska, 1981),

Considering the water potential components:

Yy = Ws + Wp + Wm.
as cell water potential drops in response to lowered external water
potential, the components ¥ and Wma must be lowered 1f ¥ 1is to be kept

S P
constant. Since Tm'remain; insignificant down to very low water potentials,
alteration must occur in ?s. This could take place either by dehydration
of the cell due to water loss (Osonubi and Davies, 1978) or by positive

accumulation of solutes by uptake or internal production of osmotically

active substances (Hsiao et al, 1976).

When a plant has a high concentration of solutes, the removal of a
small amount of water would cause a large decrease in solute potential
¥ , since

S

A Ws = -RINS/AVW

(R = gas constant; T = absolute temperature;

Ns = number of moles of solupe; AVw = change in volume of water)

thus the more solutes the cell contains, the larger Ns’ and the greater

is the effect of water removal on the value of ¥ and on cell water
S

potential (Hsiao and Acevedo, 1974).

Evidence for osmotic adjustment

The role played by solute accumulation in its maintenance of turgor

and growth was first recognized by Pfeffer (1877) in his investigations



of osmotic potential. Osmoregulation has long been recognized in
halophytes (Bernstein, 1961) but lately its role in mesophytes has also
been appreciated (Hsiao, 1973; Begg and Turner, 1976)., Seasonal
drought-induced and diurmnal osmotic adjustment in leaves takes place,

helping to maintain turgor and thus sustain growth despite fluctuations

in water potential (Fereres et al, 1978),

Seasonal osmotic adjustments

Osmotic potentials as low as =9,2 MPa are reported for Artemisia

he r'ba..alba leaves growing in the Negev desert, in the middle of summer

(Kappen et al, 1972). Moore et al (1972) reported that the halophyte
Atriplex confertifolia showed a seasonal osmotic adjustment with its
osmotic potential decreasing from -5,0 MPa at the beginning of summer
to -20.0 MPa in midsummer. Further, apple trees decrease their leaf
osmotic potentials by 0.5 MPa when left unirrigated from July to
September (Goode and Higgs, 1975)., One of the most striking examples
is that of sorghum (Fereres et al, 1978) which maintains its turgor
pressure by dropping its osmotic potential from -1.4 to =2,0 MPa from
the time of panicle initiation to maturity while the plants are
unirrigated; this is due to solute accumulation, In a review, Walter

and Stadlemann (1974) concluded that some plant species had up to a

3-fold decrease in thelr osmotic potential in the dry season as compared

to the wet one,

Diurnal osmotic adjustment

Leaf water potential decreases during the day reaching minimum

values at mid-day, and then starts to rise in the afternoon reaching
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maximum values before dawn. Such oscillation of osmotic potential was
shown by Acevedo et al (1979) in maize leaves, with the osmotic potential
reaching a minimum value 2 hours after the leaf water potential minimum,
thus giving higher values of pressure potential than would be caused by
simultaneous changes 1n solute and water potential, They concluded that
the drop in osmotic potential was mainly due to accumulation of soluble
sugars. Ackerson et al (1977b) ohserved diurnal changes in leaf osmotic
potential similar to those in water potential, such that turgor was
maintained in field grown sorghum and cotton. Davies and Lakso (1979)
showed the ability of apple trees to lower their leaf osmotic potentials

by as much as 1,65 MPa during the day, partly due to dehydration and

partly due to osmotic adjustment,'with.consequent maintenance of turgor.

Eggerimental evidence for osmotic adjustment

Many workers have shown evidence for osmotic adjustment in plants
experimentally subjected to low water potentials (see Hsiao, 1973; Begg
and Turner, 1976). Janes (1966) reported osmotic adjustment 1in leaves

of pepper and beans grown in polyethylene glycol, Chu et al (1976) working
on barley noticed osmoregulation with the water potential dropping to

around -1,8 MPa and osmotic potential down to around -2,4 MPa, when plants

were grown in NaCl at about -1,0 MPa, In experiments where the low water

potential is developed by decreasing the osmotic potential of the growth

medium, osmotic adjustment only takes place when low water potential is

imposed gradually (Janes, 1961). Indeed, in nature drought often develops

gradually. Meyer and Boyer (1972) showed that when low water potential

was imposed over 24 hours, soybean hypocotyls lowered their osmotic

potentials by 0.5 MPa and maintained turgor. However, when the same water

potential was imposed by applying pressure to the hypocotyls, little
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osmotic adjustment took place. When they removed the cotyledons, which
were the site of solute synthesis, negligible osmotic adjustment took
place, Morgan (1977a) showed evidence for osmotic adjustment in some
wheat genotypes which were capable of maintaining constant turgor by
dropping their osmotic potentials from initial values around ~1,5 MPa

down to -3.0 to -3.,5 MPa, whilst the leaf water potential fell to about

-1.5 MPa. Osmotic adjustment was also reported by Jones and Turmer (1978),
in leaves of sorghum which were left unwatered, and in expanding and fully

expanded leaves of sunflower which were subjected to low water potentials

(Jones and Turmer, 1980),

Substancesused 1in osmotic adjustment

Inorganic solutes

Osmotic adjustment could be accomplished by accumulation of inorganic

+ + [ &
solutes such as Na , K and anionms. In some marine algal cells

osmoregulation is preferentially regulated by K and Cl_, the main cation

+

and anion in the vacuole, whilst others have Na 1instead of K (Zimmermanl),

+ o L [ @
1978). Also measures of K showed its involvement in osmoregulation of

bacteria growing in saline media (Measures, 1975). However, osmotic

adjustment in higher plants in saline media is well documented, Many
plants adjust at least partly by the uptake of solute from the media

(Slatyer, 1961). The solutes accumulated will depend on the composition

. + o
of the external solution., K accumulation can be very marked; Na® and

Cl are also responsible for lowering osmotic pressure, as concluded by

<+
Bernstein (1963) after finding that K accounted for most of the diurnal

change in osmotic potential in beans growing in saline media. He also

found in another study (Bernstein, 1961) that an initial adjustment of



L [ +
osmotic pressure under low water potentials was an accumulation of K

and change in organic acid content, followed by accumulation of NaCl,
+ ] :
However, Gutknecht (1968) showed that net K influx is greatly increased

by the lowering of turgor, and reduced when turgor is maintained,

Janes (1966) reported that a decrease in the osmotic potential of

-

expressed juice of pepper and beans leaves was mainly due to an

2+

. . o + + -
accumulation of inorganic solutes, namely K, Na , Ca  , and Cl1 . These

accounted for 50 - 757 of the total decrease in WS.

Organic solutes

f

Some organisms osmoregulate by the accumulation of metabolites;

for example, Chlorella pyrenoidosa increased its sucrose content when

in a medium at -1.0 MPa (Hiller and Greenway, 1968), Iljin (1957) showed

sugar accumulation in plants at low water potentials, and .considered

that low water potential causes polymers such as starch to be converted

into more osmotically active substances such as sugars. Supporting this

Henckel (1964) mentioned that dehydration of plants under drought

conditions causes hydrolysis of starch. Prasad et al (1982) noticed that

in barley plants on polyethylene glycol solutions, glucose concentration

changed much more than sucrose when low water potentials were imposed.
Soluble sugars also accounted for part of the osmotic adjustment of
maize plants (Hsiao et al, 1976)., Other osmotically active organic

molecules which help in osmoregulation include polyols such as glycerol,

and mannitol and nitrogen derivatives such as proline, glycine, and

betaine (Zimmermann,1978).

Localisation of solutes

It has been suggested that osmotic adjustment in cells is effected
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by quite different solutes in the various cell compartments (Hanson and
Hitz, 1982). This 1s suggested by the need to maintain ion concentration
in the cytoplasm within narrow limits, and supported by the compartmentation
of metabolites in plants (Wyn Jones et al, 1977; Hall et al, 1978). There
1s no direct evidence on compartmentation of the solutes affecting osmotic
adjustment in plants during water deficits (Hanson and Hitz, 1982),

However, Wyn Jones et al, (1977) have shown in three halophytes,
concentrations of glycinebetaine develop high enough for the compound

to be used as the major osmoticum in the cytoplasm provided it is largely

but not exclusively localized there, The same authors (Wyn Jones et al,
1977) had hypothesised that the concentration of inorganic ions in the

. + : : : .
cytoplasm, with K the dominant cation, remains fairly constant and does

not normally exceed 200 - 250 mM, since metabolic reactions and enzyme
activity are very sensitive to high concentrations of salts. They
suggested that osmotic adjustment in the cytoplasm is achieved by the
accumulation of non toxic organic molecules such as glycinebetaine and
proline (Hall et al, 1978), which are known collectively as "compatible
solutes” (Borowitzka, 1981)., Support for this hypothesis came from
investigations of vacuoles isolated from the red beet storage tissue

(Wyn Jones et al, 1977), In most of the studies made on osmotic adjustment
the analysis ignored the possibility of solute compartmentation, hence

contributions of some organic molecules, for example proline, to the

osmotic adjustment is underestimated. This is because calculations were

made for whole tissue, but if the assumption was made that for instance

proline was confined to the cytoplasm then its contribution to the osmotic

potential change under water deficits would be substantial (Jones et al,

1981). On the other hand there is great flexibility in the compounds used

in osmotic adjustment in the vacuole (Mott and Steward, 1972) including
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2+

: + o * ~ .
inorganic ions such as K, Na , Ca~ and Cl1 as well as organic

compounds like soluble sugars, carboxylic acids,

Processes shown to be maintained by osmotic adjustment

Cell enlargement and growth

It has been said that a reduction in cell water potential of
0.3 - 0.4 MPa is enough to stop cell expansion (Boyer, 1970), but it 1is
rather turgor pressure which really affects cell enlargement (Boyer, 1974;

Hsiao, 1976). Plants growing under saline or drought conditions, as well

as leaves in tree canoples, can overcome low water potentials by lowering

their osmotic potentials and hence maintain turgor and therefore expansion
growth (Morgan, 1977b). Under very low soil water potentials turgor

pressure may fall to zero; in such a situation the plant can maintain
some growth only through osmotic adjustment. Boyer (1970) reported that
as a result of osmotic adjustment growth of soybean hypocotyls was less
sensitive than growth of soybean leaves when tissue water potential was
decreased, Sharp and Davies (1979) showed that at low water potentials
reduction of the rate of leaf expansion correlated well with the reduction
in leaf turgor. They also showed an increase in growth in root dry weight
and length under low water potential, which maintained favourable root:

shoot ratio. This they related to the accumulation of solute in root tips

which maintained turgor and elongation growth. The other important role

of osmotic adjustment is in the diurnal regulation of the leaf osmotic

potential and thus turgor (Fereres et al, 1978).

Stomatal response

0
Lower stmatal resistance is maintained at lower leaf water potentials

in plants that are capable of osmotic adjustment than in plants that are
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not (Turner and Jones, 1980)., Indications of such a feature were
reported by McCree (1974) and Davies (1977). Brown.EE_Ei_(1976) had
proposed that such stomatal adjustment in previously water-stressed

plants may be expalined by solute accumulation and turgor maintenance

as leaf water potential drops. The work of Osonubi and Davies (1978)

supports this hypothesis, as does that of Turmer et al (1978). Ludlow
(1980) concluded that there is a strong correlative and mechanistic

evidence that osmotic adjustment, particularly in the guard and

subsidiary cells, is‘the*main process responsible for stomatal opening
at low water potentials., In sorghum plants that adjust osmotically by
0.2 MPa or 0.5 MPa, Jones and Rawson (1979) showed a decrease to =2.1

and-2.4 MPa respectively in the water potential at which the stomatal

: -1 . : . :
resistance reached 6 scm =, Differences in the water potential at which

stomata close between plants growing in controlled environments and those
in the field when subjected to water deficits may reflect differences in
osmotic adjustment taking place in the plants. Plants in controlled
environments are usually grown in small pots, thus when watering ceases
it takes only days to reach the same water potentials that occur after
weeks of drying in the field. In the field, the additional time allows
plants to adjust osmotically and maintain turgor and stomatal opening at

lower leaf water potentials (Begg and Turner, 1976; Ludlow, 1980).

Photoszgthesis

When leaf water potential £falls, there is loss of turgor and the
stomata close, thereby reducing the amount of CO2 entering the leaf.

Therefore the maintenance of stomatal opening by osmotic adjustment is a

necessary step in maintaining CO2 fixation by leaves. Plants that can

adjust osmotically would be expected téimaintain higher rates of



photosynthesis at a particular leaf water potential, This was verified
by Jones and Rawson (1979) who showed that sorghum plants which were
allowed to adjust osmotically during slow drying maintained a higher
rate of photosynthesis at low water potentials than those plants in

which hardly any adjustment took place.

Drought tolerance

This refers to the ability of the plant to endure low water potentials
in its tissues without injury, or to be able to withstand the physiological

drought of the soil or of high evaporative demand of air whilst continuing

metabolic activity (Gates, 1968), A drought tolerant plant can experience

low water potential in its leaves and recover when drought ends.

Low osmotic Eotential

When plant water potential declines under the effect of drought, it
can decrease the subsequent dehydration effect by lowering its osmotic
potential by a net increase in solute content, Production of low water
potentials tends to create a high soil-to-leaf water potential gradient
and thus to more efficiency in extraction of soil water, Salisbury (1952)
stated that plants with a preference for wetter soils may be unable to
reduce their osmotic potentials to sufficiently low levels, Drought
tolerant plants on dry soils could compete successfully, showing continued
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