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Influence of water stress on leaf photosynthetic characteristics
in wheat cultivars differing in their susceptibility to drought
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Abstract

A gradual reduction in leaf water potential (‘We.5), Net photosynthetic rate (Py), stomatal conductance, and transpiration
rate was observed in two drought tolerant (C 306 and K 8027) and two susceptible (RW 893 and 899) genotypes sub-
jected to water stress. The extent of reduction was lower in K 8027 and C 306 and higher in RW 893 and RW 899.
Rewatering the plants after 5 d of stress restored Py and other gas exchange traits in all four cultivars. Water stress had
no significant effect on variable to maximum fluorescence ratio (F,/F,,) indicating that water stress had no effect on
primary photochemistry of photosystem 2 (PS2). However, water stress reduced the efficiency of excitation energy
transfer (F',/F ) and the quantum yield of electron transport (®ps,). The reduction was more pronounced in susceptible
cultivars. Water stress had no significant effect on photochemical quenching, however, the non-photochemical
quenching increased by water stress.
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water potential.
Introduction

Water availability mostly affects growth of leaves and
roots, stomatal conductance (gs), photosynthesis, and dry
matter accumulation (Blum 1996). The reduction in pho-
tosynthesis as a result of water stress can be attributed to
both stomatal and non-stomatal limitations (Graan and
Boyer 1990, Shangguan et al. 1999). Non-stomatal reduc-
tion in photosynthesis is attributed to reduction in RuBP
carboxylation efficiency, reduction in RuBP regeneration,
or reduction in the amount of ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBPCO) (Kanechi et al. 1995,
Tezara and Lawlor 1995). Generally, water stress dama-
ges oxygen-evolving complex of photosystem 2 (PS2)
(Canaani et al. 1986, Toivonen and Vidaver 1988) and
PS2 reaction centres (Havaux et al. 1988, He et al. 1995).
However, there are several studies concluding that PS2

Materials and methods

Plants and water stress treatment: Two wheat (Triti-
cum aestivum L.) cultivars, which are more sensitive to
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photochemistry is not affected by water stress (Cornic
and Briantais 1991, Cornic 1994, Liang et al. 1997). The
PS2 is well protected under water stress (Cornic et al.
1989, Jefferies 1994) by increased non-radiative energy
dissipation and by increased photorespiration (Heber
et al. 1996). The kinetics of chlorophyll (Chl) fluorescen-
ce, a tool that monitors the function of the photosynthetic
apparatus, changes in response to water stress and salinity
(Bongi and Loreto 1989, Monneveux et al. 1989). At
whole plant level, the effect of water stress was perceived
as reduction in photosynthesis and growth (Cornic and
Massacci 1996, Mwanamwenge et al. 1999). We exa-
mined the effect of water stress in four wheat cultivars
differing in drought tolerance using leaf gas-exchange
and Chl fluorescence measurements.

drought, and two cultivars, which are less sensitive to
drought, were grown in earthen pots containing a mixture
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Abbreviations: Chl = chlorophyll; ETR = apparent photosynthetic electron transport rate ETR; F,, F,” = maximum fluorescence of
dark- and light-adapted leaves, respectively; F,, F,” = minimal fluorescence of dark- and light-adapted state, respectively; Py = net
photosynthetic rate; PPFD = photosynthetic photon flux density; PS2 = photosystem 2; gp, gy = coefficients of photochemical and
non-photochemical quenching of variable fluorescence, respectively; RUBPCO = ribulose-1,5-bisphosphate carboxylase/oxygenase;
RWC = relative water content; @, = efficiency of excitation energy capture by PS2 reaction centre; ®ps, = in vivo quantum yield of
PS2 photochemistry; W .,s = leaf water potential.

125



D. SUBRAHMANYAM et al.

of soil collected from the farm and sand (2:1, v/v)
during the normal wheat growing period in greenhouse.
Five days after germination, the plants were thinned to 2
plants per pot. Starting from 45 d of sowing, two wate-
ring treatments were applied: one group of plants,
involving 4 pots per cultivar, were provided with optimal
irrigation (control) and the second group, involving 4
pots per cultivar, was subjected to water stress treatment
by withholding irrigation. After 5 d of water stress, water
stressed plants were re-irrigated and the recovery was
studied.

Leaf gas exchange was measured using a LI-6400 port-
able photosynthesis measuring system (LICOR, USA)
with a 6400-02B LED source providing a photosynthetic
photon flux density PPFD of 1300 umol m? s*. Tem-
perature was maintained at 25°C, relative humidity
at 70 %, and CO, concentration at 350 g m™>.

Chl fluorescence was recorded with a pulse amplitude
modulation fluorometer (PAM 2000, Walz, Effeltrich,
Germany) at room temperature. The instrument was con-
nected to a leaf-clip holder (2030-B, Walz) and to a com-
puter with data acquisition software (DA-2000, Walz).
The minimal fluorescence level (Fy) and maximal fluores-
cence level (F,) were recorded on attached leaf, pre-

Results and discussion

Withholding irrigation resulted in gradual reduction of
leaf water potential (W) in all the four cultivars studied.
However, the reduction was more pronounced in RW 893
and RW 899, which are more sensitive to water stress
(Fig. 1). Although ¥\, recovered in all the four cultivars
tested, the recovery is more pronounced in C 306 and K
8027, which are less sensitive to water stress. However,
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Fig. 1. Effect of water stress on water potential of wheat leaves.
Plants were subject to water stress by withholding irrigation.
Leaf water potential was determined every day up to 5 d of
stress after which the pots were re-irrigated to study recovery
and water potential was again measured after 3 d of recovery.
Means of four replications + SE.
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darkened for 20 min, on which the gas exchange was
measured. The plants were then exposed to natural
sunlight in the greenhouse for approximately 6 min for
induction of photosynthesis. The minimal fluorescence
level in irradiated state (F) was determined by irradia-
ting the leaf with far-red radiation. By using fluorescence
parameters determined on both light- and dark-adapted
leaves, the following parameters were calculated: the
maximal quantum yield of PS2 photochemistry F,/F,, the
photochemical quenching coefficient g = (Fn, — Fy)/
(Fm—Fy), non-photochemical quenching coefficient
On = 1 - (Fm— Fo)/(Fm — Fo), the efficiency of excitation
capture by open PS2 centres @, = F/F , in vivo quan-
tum yield of PS2 photochemistry ®ps, = (F\/F mX0p), and
apparent photosynthetic electron transport rate ETR =
yield x PAR x 0.5 x 0.84, where yield represents the
overall photochemical quantum yield [Y = (F,—F/
F'm], PAR corresponds to the flux density of incident
PPFD [umol(quantum) m? s™], transport of one electron
requires absorption of two quanta, as two photosystems
are involved (factor 0.5). It is assumed that 84 % of the
incident quanta are absorbed by the leaf (factor 0.84).

Leaf water potential was measured using digital press-
ure chamber (model 1003, PMS Instrument Co, USA).

the recovery in W, was only partial in all the four culti-
vars tested.

The photosynthetic efficiency, transpiration rate (E),
and gs were measured during water stress treatment and
3 d after re-watering both in control and stressed plants.
Leaf photosynthetic traits did not change appreciably in
well watered control plants during the experimental
period. In control treatment, significant variation in leaf
net photosynthetic rate (Py) was observed among the four
wheat cultivars. Py was highest in RW 893
[41.5 pmol(CO,) m? s and lowest in RW 899
[31.2 pmol(CO,) m? s™].

A gradual reduction in Py was observed in all four
cultivars (Fig. 2A). The difference in the reduction in Py
between relatively tolerant and susceptible cultivars was
much more apparent under moderate stress condition.
The extent of reduction in Py after 5 d of stress was lower
in tolerant cultivars K 8027 (62 %) and C 306 (59 %) and
more pronounced in relatively susceptible RW 893
(68 %) and RW 899 (71 %). Re-watering the plants, after
5 d of irrigation deprivation resulted in partial recovery of
Py in all four cultivars. The Py recovered from 14.7 to
22.9 pmol(CO,) m? s in K 8027 and in C 306 it recove-
red from 14.6 to 24.4 pmol(CO,) m? s™. In RW 893 the
Py recovered from 13.2 to 16.8 umol(CO,) m™ st and in
RW 899 from 9.0 to 16.4 umol(CO,) m? s . Similar
pattern was observed in E (Fig. 2B) and g (Fig. 2C).

The Chl fluorescence parameters were measured 4 d
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after imposition of water stress. Water stress had no sig-
nificant effect on F,/F,, (Fig. 3A), but it reduced the effi-
ciency of excitation energy transfer ®, and the quantum
yield of electron transport ®ps, (Fig. 3B,C). The
reduction was more pronounced in susceptible cultivars.
Imposition of water stress had no significant effect on gp
(Fig. 3D). However, non-photochemical quenching (gn)
was increased by water stress (Fig. 3E). Apparent electron
transport rate (ETR) (Fig. 3F) was significantly reduced
by water stress. The effect was more pronounced in
drought susceptible cultivars than in the less susceptible
ones.
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Fig. 2. Effect of water stress on net leaf photosynthetic rate, Py
(A), transpiration rate, E (B), and stomatal conductance, g (C).
Leaf gas-exchange characteristics were measured every day
during water stress treatment and 3 d after re-irrigation to study
the recovery. Means of four replications + SE.

Leaf gas exchange parameters indicate that under pro-
gressively increasing soil moisture stress Py, E, and g
declined in all cultivars tested. Drought rapidly reduces

the expansion of leaves and gs and may eventually impact
primary events in the photosynthetic apparatus (Passioura
1994). Stomatal closure under water stress is one of the
most important factors affecting photosynthesis. How-
ever, under severe stress, photosynthesis may be control-
led by chloroplast capacity to fix CO, rather than by
increased diffusive resistance (Herppich and Peckmann
1997). Non-stomatal reduction in photosynthesis is attrib-
uted to reduction in RuBP carboxylation efficiency,
reduction in RuBP regeneration, or reduction in the
amount of RuBPCO (Kanechi et al. 1995, Tezara and
Lawlor 1995). Genotypic differences related to drought
tolerant traits were reported in wheat (Labhilli et al.
1995). Loggini et al. (1999) reported that photosynthesis
of drought sensitive and drought tolerant wheat cultivars
responds differently to water stress imposed. Our data on
leaf gas exchange indicate that the inhibition in photosyn-
thesis and other related traits was more pronounced in
relatively tolerant cultivars than in the relatively
susceptible ones.

Chl fluorescence method is one of the important tools
in stress physiology and environmental research (Krause
and Weis 1991). Imposition of water stress did not result
in discernible changes in dark adapted fluorescence para-
meters indicating that water stress had not influenced the
primary photochemistry of PS2 and energy distribution
within the light-harvesting complex (Flagella et al. 1994,
Lu and Zhang 1999). However, in leaves adapted to irra-
diance, water stress imposition resulted in reduced ®ps,
and ®.. Since water stress did not affect gp, the reduction
in ®ps, was mainly due to the reduction in @, (F/F ).
The reduction in F./F,, may reflect the light-induced
non-photochemical quenching. Reduction in F/F , could
be interpreted as increase in thermal energy dissipation
(Schindler and Lichtenthaler 1996). We found that qp
showed very little reduction under stress. Conflicting
results were reported in the literature regarding the effect
of water stress on gp. A linear reduction in gp with
decreasing relative water content (RWC) was reported by
Marques da Silva and Arrabaca (2004). Loreto et al.
(1995) observed a decrease in gp under water stress in
Sorghum bicolor leaves. Havaux et al. (1988) observed a
significant reduction in gp and this reduction was attri-
buted to high actinic irradiance adopted in their experi-
ment (Flagella et al. 1994). However, Campos (1998)
reported no effect of water stress on gp in Vigna gla-
brescens. Similar results were reported by Flagella et al.
(1994) and Lu and Zhang (1999) in wheat. In our expe-
riments qy increased with water stress. An increase in Qy
induced by water stress was reported in wheat (Lu and
Zhang 1999). Gulias et al. (2002) reported an increase in
NPQ and reduction in ETR in Rhamnus ludovici-
salvatoris and other Mediterranean tree species. A sharp
increase in gy under moderate stress was reported by
Marques da Silva and Arrabaca (1993). Furthermore,
Schreiber and Bilger (1987) found in Arbutus unedo an
increment of gy at 60 % RWC but a decrease at 36 %
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RWC. The increased gy could dissipate some excitation
energy at the expense of photochemical utilization
(Brestic et al. 1995). The non-photochemical quenching
of fluorescence related to photoinhibition (q) may be
excluded since the plants were grown in moderate irra-
diance. Thus the differences in qy reflect what happened
in its main component, ge. The high-energy state quen-
ching (ge) is probably the most important mechanism of
non-photochemical energy dissipation (Horton et al.
1988) being related with the increase of proton concentra-
tion in the interior of the thylakoids (Quick and Stitt

1.0

1989). When the rate of photosynthesis is low, due to im-
posed water stress, the turnover and regeneration of ATP
are slow, because the proton concentration in the lumen
of thylakoids is high. This increases the heat dissipation
in PS2. The increase in non-photochemical quenching of
variable fluorescence was due to an increased rate
constant of thermal dissipation of excitation energy and
this increase represents a mechanism to down regulate
photosynthetic electron transport and match utilization of
NADPH and ATP under reduced photosynthesis (Lu and
Zhang 1999, Subrahmanyam and Rathore 2000).

i
L1l
1]

RW 893 RW 899 C306  Ks8027

08 [~

06 |-
TEd
UF 04 -

o

=
02 |-

04—

‘1:'952

== ==

02 -

RW 893 RW 899 C306

% Stressed |

— 60
— 40
— 20

0

K8027

06

04 &

02

ETR

Fig. 3. Effect of water stress on (A) the maximal quantum yield of photosystem 2 (PS2) photochemistry F,/Fy, (B) the efficiency of
excitation capture by open PS2 centres @, (F\/Fr), (C) in vivo quantum yield of PS2 photochemicstry ®ps, (F\/F mX Gp),
(D) coefficient of photochemical quenching (gp), (E) coefficient of non-photochemical quenching (qy), and (F) apparent electron
transport rate (ETR). Fluorescence parameters were measured 4 d after imposition of water stress. Means of four replications + SE.

In conclusion, our results indicate that the relative
tolerance to water stress in genotypes C 306 and K 8027
could be due to their ability to maintain high leaf water
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