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Growth and sugar accumulation in durum
wheat plants under water stress
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SUMMARY

The effect of water stress on growth of Triticum durum L. was investigated in relation to sugar accumulation and
water status of wheat plants before, during and after a period of water stress. The slight decrease in water potential
in the first few davs after withholding water had no detectable effect on growth. Inhibition of growth was only
apparent when the water content started to decline, Dryv weight continued to increase during water stress, even
under severe stress (after day 27) which was associated with a sharp rise in sugar content, accounting for 20° of
the gain in dry matter between davs 27 and 31. The increase in leaf length and leaf area of stressed plants following
re-watering, from day 31, was owing to the leaves regaining turgidity after wilting. Growth inhibition coincided
with a considerable increase in sugar content. The role of growth inhibition and other factors in sugar
accumulation under water stress is discussed. Photosvnthesis rather than reserve starch might be the major source

of sugar accumulated under water stress in durum wheat.
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INTRODUCTION

Soluble sugars have been shown to increase in the
leaves of wheat under water stress {Munns & Weir,
1981; Drossopoulos, Karamanos & Niavis, 1987;
Kameli & Lasel, 1993). They are also considered to
plav an important role in osmotic adjustment which
is widelv regarded as an adaptive response to water
stress conditions (Turner & Jones, 1980; Morgan,
1984; Kameli & Lésel, 1993, 1995). Factors which
have been suggested to contribute to this increase
under water stress include reduced translocation of
sugars out of the leaves, slower utilization because of
decreased growth and other changes, such as starch
hvdrolysis. These might contribute individually or
together, under different conditions and in different
plant species.

The extent to which growth inhibition might be
responsible for a rise in sugar concentration under
water stress was investigated in this studv by
comparing the timing of the two responses in the
same species. Changes in soluble and insoluble
carbohvdrates were examined, during and after water
stress, in relation to growth.

* Present address: Département de Biologie, Ecole Normale
Supérieure, Vieux-Kouba, Algiers, Algena.
+ To whom correspondence should be addressed.

MATERIALS AND METHODS

Seeds of durum wheat (Triticiom durum L.) variety
MBB from Algeria 24 h and
germinated in vermiculite for 6 d. The seedhings

were soaked for

were planted in pots of mixed compost and ver-
miculite (2:1 v/v), as described previously (Kameli
& Losel, 1993). After 17 d of growth with normal
water supply, stress was applied by withholding
water from half of the pots, selected in a randomized
manner. Stressed plants were again watered from
dav 31. Control plants received full water treatment
throughout the period of the experiment. The plants
were grown under fluorescent tubes (Osram white,
65/80 W) with irradiance 90-100 gmol m™*s™!, day
and night temperatures 2242 and 1842 °C re-
spectively, and relative humidity 709,

Single plants were harvested nine times during the
experiment: three times before the start of stress
treatment (davs 7, 13 and 17 after germination), four
times during the stress period (davs 20, 24, 27 and 31
after germination) and twice after re-watering (dayvs
34 and 38 after germination). All measurements were
replicated five times, each representing individual
plants from five replicate pots.

Both RWC and water potential were measured in
order to estimate the water status of the plants. The
water potential of the voungest expanded leaf was
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determined using a pressure chamber (Scholander
et al., 1965) and relative water content (RWC) by the
relative turgidity technique of Weatherlev (1950), as
modified bv Barrs & Weatherley (1962).

After dry weight measurements, the whole shoot
was ground in a ball mill and a sample of 40-60 mg
of ground dried tissue was used for estimation of
soluble  carbohvdrates.  Carbohvdrates  were
extracted with 3 x 5 ml hot 80", ethanol (70 °C) for
15 min. The pooled extract was then reduced under
compressed air to 3—4 ml, cleared by adding a similar
volume of 209, aluminium hvdroxide AI(OH), (w/v
in water) and deionized with equal weights (1 g) of
Amberlite®* IR-45 (OH™) and 1R-120 (H).

Soluble sugars were estimated bv gas chromato-
graphy, after conversion to trimethvlsilyl derivatives
(Holligan & Drew, 1971). Starch and alpha-glucans
remaining in the residue from ethanol extraction
were hvdrolvsed to glucose using amvloglucosidase
(AMG), and free glucose then determined by the
method of Llovd & Whelan (1969).

The results were analysed by two-wayv analvsis of
variance using the GENSTAT statistical package
(Genstat release 4.04B, Lawes Agricultural Trust,
Rothamstead Experimental Station).

RESULTS

Although a slight decline in water potential was
noted from dav 17, when water was withheld, RWC
decreased only 10 d later (Fig. 1). Both RWC and
water potential fell sharply after dav 27 and returned
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Figure 1. Changes in (a) relative water content and (4)
water potential of leaves in control ([J) and stressed plants
(M) of Triticum durum, before, during and after water
stress treatment, Arrows indicate the start and end of
stress treatment (means of five replicates).
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Figure 2. Changes in (a) leaf number (b) leaf length and (¢)
leaf area in control ([J) and stressed plants (M) of Triticum
durum, before, during and after water stress treatment,
Arrows indicate the start and end of stress treatment
(means of five replicates).

to control levels rapidly after re-watering. The
growth parameters measured (Fig. 2) showed similar
responses between davs 17 and 24 in both treatments,
except for leaf number which was slightly lower in
stressed plants after day 17 (Fig. 2a). Stressed
plants, however, showed a rapid recoverv in number
of leaves after re-watering,

Leaf Jength, leaf area and fresh weight measure-
ments (Figs 2, 3a) showed similar responses, ceasing
to increase after day 24 and decreasing significantly
after day 27 (i.e. after 10 davs of stress) which
coincided with a considerable loss of water. These
parameters recovered shghtlv after re-watering but
still showed a significant deficit 7 d later. Drv weight
measurements (Fig. 34) increased in both treatments
at similar rates until dav 24, after which the rate of
increase was lower in stressed plants, but continued
even after day 27. After re-watering on dav 31, rapid
recovery in dry weight was noticeable by dav 34,
This parameter was the least affected by water stress
among those measured.

Both soluble and insoluble carbohvdrates, which
were high at the early stages of seedling development,
declined until 10-11 d after germination, when the
carbohydrate reserve in the seeds was exhausted, as
indicated by an empty pericarp. Soluble sugars
increased slightly in stressed plants after day 17
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Figure 3. Changes in (a) fresh and (b) dry weight in

control ([J) and stressed plants (M) of Triticum diurum,

before, during and after water stress treatment. Arrows

indicate the start and end of stress treatment (means of five
replicates).
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Figure 4. Changes in (a) ethanol soluble carbohydrates
(mainly glucose, fructose and sucrose) and (h) ethanol
insoluble carbohydrates (starch and z-glucans) in shoots of
control ([J) and stressed plants (M) of Triticum durum,
before, during and after water stress treatment. Arrows
indicate the start and end of stress treatment (means of five
replicates).

(Fig. 4a) but the increase became significant only
after day 24. The sugar content then rose rapidly up
to day 31 then dropped sharply after re-watering but
still remained slightly higher in stressed plants than

in controls. Lower amounts of ethanol-insoluble
carbohvdrate (starch and z-glucans) were found in
stressed plants between davs 17 and 24 but the
differences from control plants were not significant
after day 27 (Fig. 45).

DISCUSSION

Growth and water status

Although a slight decrease in water potential oc-
curred in the first davs after withholding water and
accelerated during the period of stress, no significant
inhibition of growth was apparent until the water
content fell (from day 27). Leaf expansion growth
(leaf length and leaf area) is often reported to be
extremely sensitive to changes in water potential
(Bover, 1968, 1970; Acevedo, Hsiao & Henderson.,
1971, Cutler, Shahan & Steponkus, 1980; Van Loo,
1992), resulting in the inhibition of growth even at
relatively higher water potential.

At each time interval in the present experiment,
RWC and growth measurements were made on the
same plants which were then harvested for the
estimation of dry weight as well as sugar content.
This destructive method might, however, fail to
detect small changes in leaf elongation because
different sets of plants were used at each harvesting
time. Nevertheless, inhibition of expansion growth,
as indicated by leaf length and leaf area, is clearly
seen at water potentials lower than —1 MPa. Diurnal
and short term changes in leaf elongation rate can
best be detected by continuous measurements on the
same plant (non-destructive method) but the analvsis
of solutes or sugar content can only be done on
different plants.

The growth inhibition (Figs 2, 3), observed at the
time when sugar increased markedly,
supports the suggestion that reduction in growth is
the main cause of sugar accumulation and might
indicate that the slight rise in sugars in the first 6 d
of stress also resulted from changes below the level
detectable using this method. From continuous
measurement of leaf elongation in maize plants
under water stress, Volkenburg & Bover (1983)
concluded similarly that solute accumulation in the
growing cells occurred after the elongation rate was
reduced.

Although the high sensitivity of expansion growth
to low water potential seems the likelv cause of the
increase of solutes under water stress, it is not clear
what causes this sensitivity. The dependence of cell
enlargement on hvdrostatic pressure inside the
cell (turgor) as the driving force (Matthews,
Volkenburgh & Bover, 1984) suggests that anv
decrease in growth results from reduction or loss of
turgor, as found by Mever & Bover (1972), Sharp &
Davies (1979), Van Loo (1992) and Kutschera &
Kéhler (1994),

content
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Turgor maintenance

Consistent observations of inhibition of growth while
turgor is maintained (Cutler et al., 1980; Matsuda &
Riazi, 1981; Michelena & Bover, 1982; Bover,
Cavalieri & Schulze, 1985 ; Van Loo, 1992) point to
the involvement of other factors in the regulation of
leaf growth. The vield threshold (i.e. the minimum
turgor required for cell expansion) might be high, so
that small changes in turgor would lead to growth
inhibition. An alteration in the sensitivity of leaf
elongation owing to stress acclimation was reported
to result from a decrease in the vield threshold
(Bover et al., 1985), allowing growth to continue at
lower turgor pressure. Similar effects were found in
leaves of re-watered maize plants after water deficit
(Acevedo et al., 1971).

In the present study. the loss of turgor indicated
bv a considerable decrease in RWC occurred only
after increases in both leaf length and leaf area were
inhibited (i.e. growth had ceased before any
noticeable decrease in RWC). The continuation of
normal growth during the first 7 d of stress, despite a
slight decrease in water potential, is likely to result
from osmotic adjustment, already demonstrated in
this variety of durum wheat, which enables the
plants to maintain turgor and water content (Kameli
& Losel, 1993, 1995). The observation that leaf
water potential declined during the first 6 d after
withholding water, without a noticeable change in
RWC, suggests a degree of osmotic adjustment in
these plants preventing water oss in the first days of
treatment, when water stress was not severe.

From experimental evidence that osmotic ad-
justment can reduce growth sensitivity to water
stress (Cutler et al., 1980) or allow growth to proceed
at a slower rate under water stress (Mever & Bover,
1981) by maintaining turgor, it can be concluded
that the continuation of growth at lower water
potential is a result of turgor maintenance, whereas
the inhibition of growth is not entirelv dependent on
turgor (BassiriRad & Coldwell, 1992).

In contrast to other growth parameters, dryv weight
increased during water stress, even under severe
stress (after day 27), coinciding with a sharp increase
in sugar content which accounted for 20 ¢, of the rise
in dry matter between days 27 and 31.

Recovery phase

The increase in leaf length and leaf area in stressed
plants, immediately after re-watering, was owing to
the leaves regaining their turgidity after wilting (Fig.
1). There was no indication in this experiment of
higher rates of leaf expansion than in control plants.
Stressed plants still had lower rates of leaf area and
leaf length increase than did control plants (359
that of controls) between 3 and 7 d after watering,
indicating a continuing effect on growth. Although

turgor is regained quickly after re-watering, other
factors might continue to limit growth, depending
on the degree of water stress to which the plants were
exposed. The rate of dry weight increase was less
affected than leaf expansion but was still only 50%,
of that of controls, a deficit which is likely to affect
the final vield of the plants.

Photosvnthetic capacitv depends on leaf area,
which was reduced considerably under stress. Part of
this reduction is irreversible, owing to leaf sen-
escence induced by water stress, as was also noted
by Bover (1976). Leaf area in stressed plants as 55%
of that of control plants, whereas the increase in leaf
area was only 359, of that in controls, 7d after
watering. This 20°, gap could be explained by
effects on the photosvnthetic apparatus itself,
resulting from the severity of water stress applied.
Other workers (e.g. Gates, 1953) concluded that
growth can return to normal after exposure to mild
water stress, which suggested that processes neces-
sarv for growth, such as photosynthesis, were not
affected.

The role of starch in sugar accumulation

Changes in amounts of sugars and starch from the
same tissue did not support an important role of
starch in the observed increase in sugars under water
stress. Although the decline in starch and a-glucans
in the early davs of stress (davs 17-24), when growth
was still not affected, might have resulted in a slight
increase in sugars, no such decrease was noticed later
when sugar accumulation was high (davs 24-31).
Thus in Triticum durum, at least, starch might not be
an important source for sugar accumulation. The
stability of starch in stressed plants was not signifi-
cantly different from well-watered plants, as was
observed by Barlow, Munns & Brady (1980). A
comparison between the amounts of sugars accumu-
Jated and starch, especially in the growing tissue,
suggests that during prolonged water stress starch is
not of great value in providing substantial amounts
of sugars for osmotic adjustment, as was also
concluded by Munns, Bradv & Barlow (1979).

Osmotic potential was not measured in this
experiment, but was previously determined for
similar plants (Kameli & Lasel, 1995). On the basis
of a tissue water constant consistently close to 909,
of fresh weight in leaves of this stage of development,
the range of sugar content per unit dry weight
indicated in Figure 4 would be equivalent to between
4 and 47 mmol kg™' tissue water, if all the soluble
sugars were monosaccharides (mol. wt. = 180). The
real contribution to osmotic pressure will be lower,
however, since a significant part of the soluble sugars
is usually present in the form of disaccharides (mol.
wt. = 342),

In a separate experiment (Kameli, 1990), it was
shown that free fructose, after hvdrolysis of existing



fructans, was muchn higher 1n the growing tiall 1
the expanded leaves. However, the increase due to
the stress treatment was significant only in the
growing tissue. There was no indication of fructans
being hydrolvséd to fructose, since the amount of
fructose was not lower in the growing leaves of
stressed than of control plants and the amount was
even higher in the growing leaves under water stress.

Photosynthesis as a source of sugar accumulation

There is strong evidence implicating photosynthesis
as the main source of accumulation of organic solutes
under water stress, as was indicated by the cessation
of osmotic adjustment in Centrosema resulting from
stomatal closure (Ludlow et al., 1983). Mever &
Bover (1972, 1981) showed that cutting the photo-
synthetic cotvledons from sovbean seedlings pre-
vented solute accumulation and osmotic adjustment.
From similar experiments with sunflower seedlings,
Kutschera & Koahler (1994) demonstrated that,
although the turgor pressure driving hvpocotyl
extension growth was a function of tissue osmotic
pressure in intact seedlings, removal of the source of
organic solutes by excision of both cotyledons
inhibited hypocotvl growth and was accompanied by
a significantly greater decrease in turgor rather than
in osmotic pressure. Solutes accumulate as long as
their uptake exceeds utilization (growth and res-
piration), resulting in a net gain of carbon, even at
severe water stress (McGree, Kallsen & Richardson,
1984).

A number of factors might be involved in the
increased content of sugars and possibly other
compounds in durum wheat under water stress. The
higher sensitivity of expansion growth to changes in
water potential relative to other processes such as
photosynthesis and translocation (Bover, 1976)
seems to be the primary cause of accumulation of
soluble sugars. This could be a result of differences
between the turgor levels required for stomatal
opening and growth, as concluded by Wright, Smith
& Morgan (1983). The present observations are
consistent with the view (Hsaio, Acedevo & Fereres,
1976) that the maintenance of turgor by osmotic
adjustment might allow stomata to stay open and
CO, assimilation to continue unaffected while ex-
pansion growth is inhibited. While CO, assimilation
is maintained, the translocation of solutes to sites
awav from the source of synthesis i1s likelv 1o
continue. There is no strong evidence to support
suggestions that hvdrolysis of starch provides a
significant source of sugars either after photosyn-
thesis stops, as proposed by Munns & Weir (1981),
or during early stages discussed
previously.

Reduced utilization of photosynthate, resulting
from inhibition of growth when water stress develops

of stress, as

slowlv over a relatively long period, as in the present
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concentrations in leaf tissues. However, the osmotic
adjustment (accumulation of solutes) observed bv
some workers, e.g. Kituta and Richter (1988), during
rapid water stress (hours), cannot be explained solely
by a reduced utilization of solutes and could result
from hvdrolysis of existing polysaccharides or
proteins.
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