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In this study, photochemical and antioxidant responses of the monocotyledonous resurrec-
tion plant Xerophyta viscosa Baker and the crab grass Digitaria sanguinalis L. under water
deficit were investigated as a function of time. Water deficit was imposed by withholding
irrigation for 21 d. Gas exchange and chlorophyll a fluorescence analyses indicated that the
dehydration treatment caused photoinhibition in both species. The reduction in the photosyn-
thesis rate in both species during water deficit probably contributed to the decline in the
photochemical efficiency of PSII and electron transport rate. However, the stomatal conduct-
ance of both species did not change during treatment whereas the intercellular CO2 pressure
increased after 10 d of water deficit treatment. These observations could be related to non-
stomatal limitations. The increasing net transpiration rate of both species may have contrib-
uted to leaf cooling because of water limitations. Prolonged water deficit resulted in photo-
synthetic pigment chlorophyll (a + b) and carotenoids content loss in only D. sanguinalis.
Both species especially D. sanguinalis had increased the level of anthocyanin after 15 d of
treatment, possibly to prevent the damaging effect of photooxidation. The total SOD activity
of D. sanguinalis was significantly different from X. viscosa during the treatment. The total
peroxidase activity in D. sanguinalis was significantly higher than in X. viscosa. X. viscosa
acclimated to water deficit with no ultimate apparent oxidative damage due to endogenous
protective mechanisms of resurrection. In case of D. sanguinalis, water deficit induced con-
siderable stress and possibly caused some oxidative damage, despite the upregulation of
protection mechanisms.
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Introduction

Water deficit is one of the most important envi-
ronmental stress factors, which can cause various
types of physiological response and oxidative dam-
age in plants. Most of the damage is associated
with the photosynthetic process of the plant, which
can be affected by light as well as water deficit.
When plants are exposed to prolonged water defi-
cit, they often decrease the rate of photosynthesis
mainly due to stomatal closure and may limit pho-
tosynthetic CO2 fixation (Lawlor, 1995). Whatever
the case, limitation of CO2 assimilation precedes
inactivation of electron transfer reactions, reduc-
tion of photosynthetic electron transport may re-
sult in the formation of reactive oxygen species
(ROS), such as superoxide (OÐ

2 ), hydroxyl radicals
(OH·), and hydrogen peroxide (H2O2) (Asada,
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1999). ROS can lead to photoinhibitory and photo-
oxidative damage in the photosynthetic apparatus
(Asada, 1999). Photosystem II (PSII) in particular
has been shown to be very sensitive to water deficit
stress (Saccardy et al., 1998). The formation of ROS
within the cell, in particular within the chloroplast,
may increase in water stressed leaves, leading to
lipid peroxidation, which ultimately causes mem-
brane damage (Tambussi et al., 2000).

Plants have several protection mechanisms in or-
der to prevent the damaging effect of photoinhibi-
ton and of ROS. They can prevent the absorption
of excess light by the production of sun-screen pig-
ments (carotenoids and anthocyanins) (Sherwin and
Farrant, 1998). Additionally, plants have evolved a
series of non-enzymatic (glutathione, ascorbate, α-
tocophenol) and enzymatic [superoxide dismutase
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(SOD), glutathione reductase (GR), ascorbate per-
oxidase (APX), peroxidase (POD) and catalase
(CAT)] antioxidants to cope with water deficit and
avoid photooxidative damage, either by stress
avoidance or stress tolerance (Foyer and Mulli-
neaux, 1994). SODs are metalloproteins that cata-
lyse the dismutation of superoxide radicals to H2O2

and O2 and play a major role in the defence against
superoxide-derived oxidative stress in plant cells
(Bowler et al., 1992). In addition, detoxification of
cellular H2O2 through the activity of the Asada-
Foyer-Halliwell scavenging cycle is an important
step in the defence mechanisms against reactive
oxygen species. The cycle found in chloroplasts and
the cytosol involves the oxidation and reduction of
ascorbate and glutathione through the activation of
enzymes such as APX and GR (Foyer and Mulli-
neaux, 1994; Noctor and Foyer, 1998). APX cataly-
ses the reaction of ascorbate with H2O2 and GR ca-
talyses the regeneration of ascorbate. Under water
deficit condition, an increase in activities of antioxi-
dant enzymes to overcome the increased photooxi-
dative stress, has been reported recently (Lima
et al., 2002; Srivalli et al., 2003; Jung, 2004; Ra-
machandra-Reddy et al., 2004; Pinheiro et al., 2004).

Xerophyta viscosa Baker (family Velloziaceae) is
a monocotyledonous resurrection plant that can
withstand severe environmental stresses such as de-
hydration, high temperature, chilling and high light
(Mundree et al., 2000; Mowla et al., 2002; Garwe
et al., 2003; Ekmekci et al., 2004). Molecular, bio-
chemical and physiological approaches have been
used to obtain a greater insight into the mechanism
of abiotic stress tolerance in this extremophile
(Sherwin and Farrant, 1996, 1998; Mundree and Far-
rant, 2000; Mundree et al., 2000; Ndima et al., 2001;
Mowla et al., 2002). X. viscosa can be dehydrated to
5% relative water content and upon rewatering the
desiccated plant rehydrates completely within 80 h,
resuming full physiological activities (Sherwin and
Farrant, 1996). Digitaria sanguinalis L. (family Poa-
ceae) is a grass that grows widely in South Africa.
It is sensitive to abiotic stresses such as water deficit
(Sionit and Patterson, 1985) and high light (Ek-
mekci et al., 2004) and is thus an excellent system
to use for comparison with X. viscosa.

The aim of this study was to evaluate the photo-
chemical responses of X. viscosa and D. sanguinalis
to water deficit, both in terms of net photosynthesis
and transpiration rate, stomatal conductance and in-
tercellular CO2 pressure and photosynthetic effi-
ciency of PSII. Additionally, the response of protec-

tive pigments as well as some antioxidant enzymes
was investigated to determine whether they played
a role in the acclimation mechanisms of X. viscosa
and D. sanguinalis to water deficit conditions.

Materials and Methods

Plant material and experimental conditions

Xerophyta viscosa Baker plants collected from
the Cathedral Peak Nature Reserve (Kwazulu-Na-
tal Province, South Africa) and Digitaria sangui-
nalis collected from the grounds of the University
of Cape Town (Western Province, South Africa)
were used in this comparative study. X. viscosa
and D. sanguinalis plants were grown in a phyto-
tron at 25 ∞C/17 ∞C, with a photon flux density of
500 µmol mÐ2 sÐ1 in a 16 h light/8 h dark photo-
period. Both species were watered to full turgor
prior to the commencement of the experiment. All
of the parameters measured at this time were ac-
cepted as parameters of 0 d (untreated). Water
deficit was imposed by withholding irrigation for
21 d. Water deficit treatment periods were for 0 d
(untreated), 1 to 12 d (every second day) and 12
to 21 d (every third day). The effects of water defi-
cit on X. viscosa and D. sanguinalis were investi-
gated as a function of time. The leaves of both
species were harvested at the end of each dehydra-
tion treatment period, at the same time for the
duration of the study.

Relative water content (RWC)

The RWC was calculated using the standard for-
mula previously determined by Farrant (2000),
where FW, HydW and DW are the leaf fresh
weight, hydrated (full turgor) and dry weights,
respectively. The hydrated weight was determined
by weighing the leaf after 24 h of immersion in
distilled water in a sealed flask at room temper-
ature. The dry weight was determined gravimetri-
cally by oven drying at 70 ∞C for 48 h. Five leaf
samples of both species were used in RWC analy-
ses at each of the dehydration treatment periods.

Gas exchange measurements

The measurements of gas exchange were made
on nine randomly selected leaves of each species
at various intervals during the dehydration treat-
ment periods in a phytotron at 25 ∞C. The light
saturated, net photosynthesis rate (µmol mÐ2 sÐ1),
transpiration rate (mmol mÐ2 sÐ1), stomatal con-
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ductance (mol H2O mÐ2 sÐ1) and intercellular CO2

pressure (µbar) were measured using a LCA 3
(ADC Co. Ltd., Huddelston, UK) Infrared Gas
Analyser (IRGA). The instrument was operated
in differential mode, at an ambient CO2 pressure
of 300 µbar. The parameters were calculated ac-
cording to the equations of von Caemmerer and
Farquhar (1981). Water use efficiency was calcu-
lated according to net photosynthesis rate/transpi-
ration rate (µmol/mmol).

Chlorophyll a fluorescence measurements

Chlorophyll a fluorescence measurements were
performed with a portable, modulated chlorophyll
fluorescence analyzer (OS-500, Opti-Science, USA),
on the same nine leaves used for gas exchange
measurements in both species at the end of the
dehydration treatment periods in a phytotron at
25 ∞C. Following 10 min dark adaptation, the mini-
mal fluorescence (Fo), and the weak measuring
light (about 4 µmol mÐ2 sÐ1) were recorded.
Thereafter the leaf material was exposed to a 1 s
saturating light with an intensity of approximately
7500 µmol mÐ2 sÐ1 to obtain the maximum fluores-
cence (FM) (Krause and Weis, 1991). The ratio of
variable (FV) to maximum fluorescence FV/FM was
calculated as follows: FV/FM = (FM Ð Fo)/FM. In
addition, the electron transport rate (ETR)
through PSII was determined (Genty et al., 1989).

Pigment analysis

For each dehydration treatment period, photo-
synthetic pigments were extracted from five sepa-
rate leaf samples in 100% acetone. The absorb-
ance of the extracts was measured at 470, 644.8
and 661.6 nm using a Beckman DU-600 UV-Vis
spectrophotometer. The content of chlorophyll
(a + b) and carotenoids (x + c) was calculated
using adjusted extinction coefficients (Lichten-
thaler, 1987). Anthocyanins were extracted from
leaf material (five replicates) in 1 ml of acidified
methanol [methanol/water/HCl (79:20:1)] for 48 h
at 4 ∞C. The extract was then centrifuged for
1Ð2 s (Sherwin and Farrant, 1996). The absorb-
ance was measured at 530 and 657 nm and the
anthocyanin content was determined by: A530 Ð
(1/3 A657) (Mancinelli et al., 1975).

Preparation of crude enzyme extracts

Aliquots (0.25 g for SOD and 0.25 g for POD)
of control and dehydration treated leaves from

both species were homogenised in a homogenisa-
tion buffer (92 mm Tris-HCl, pH 6.8, and 13.6%
glycerol) for 5 min (Burke and Oliver, 1992) for
SOD enzyme or in 100 mm potassium phosphate
buffer (pH 7.8) containing 0.1 mm EDTA, 1%
PVP-40 (Rao et al., 1995) for POD enzyme. The
homogenate was then transferred to an Eppendorf
tube and centrifuged at 18,000 ¥ g (1214H rotor in
a Sigma 2K15 centrifuge) for 20 min at 4 ∞C in a
microcentrifuge. The supernatants were removed
and concentrated using a freeze drier for 4 h.
After lyophilisation the supernatant was stored
at Ð70 ∞C until used.

The protein concentration of the crude leaf ex-
tract was determined according to Bradford
(1976).

Determination of antioxidant enzyme activities

The crude extracts of treated leaves from both
species containing equal amounts of protein were
subjected to discontinuous PAGE under non-de-
naturing conditions, using 5% stacking and 12%
separating gels as described by Laemmli (1970).
Electrophoretic separation was performed at 4 ∞C
for approx. 3 h with a constant current.

Total SOD activity in extracts was determined
using the staining technique of Burke and Oliver
(1992). After electrophoresis the gels were trans-
ferred to a plastic container carrying 25 ml
of negative activity stain [50 mm potassium
phosphate buffer (pH 7.5), 0.1 mm EDTA, 0.2%
v/v N,N,N�,N�-tetramethyl ethylene diamine
(TEMED)]. 3 mm Riboflavin and 0.25 mm Nitro-
blue tetrazolium were added and the gels incu-
bated by shaking in the dark for 45 min. Following
incubation, the gels were rinsed with and placed
in distilled water and exposed to a high pressure
lamp, 60 cm above the gel, generating a light in-
tensity of 300 µmol mÐ2 sÐ1, for approx. 15 min at
25 ∞C. The gels were then stored in 0.01 m acetic
acid until an image was recorded. Total POD ac-
tivity was determined by incubating gels in 0.2 m
sodium acetate buffer (pH 4.5) containing 2 mm
benzidine for 1 h at room temperature, with agita-
tion. The reaction was initiated by adding 3 mm
H2O2 and was allowed to continue for 20 min
(Rao et al., 1995).

SOD and POD enzyme activities were deter-
mined using enzyme standards from bovine ery-
throcyte (EC 1.15.1.1) and horseradish peroxidase
(EC 1.11.1.7), respectively. The sum of individual
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antioxidant enzyme activity bands was quantified
with the Syngene software programme used by the
Gene Genius Bio Imaging System. The sum of in-
dividual band activities of SOD and POD was de-
termined by total activity (units mgÐ1 protein).

Statistics

The experiment was performed in a completely
randomised design with two factors (species and
water deficit treatments). Differences among the
treatments as well as between the two species
were tested using the Systat 10 statistical pro-
gramme. Statistical variance analysis of the results
was performed and compared with the least signif-
icant differences (LSD) at the 5% level.

Results and Discussion

Relative water content (RWC)

In the first 10 d of the dehydration treatment
the RWC of X. viscosa and D. sanguinalis fluctu-
ated between 75 and 90% RWC and 80 and 90%
RWC, respectively. After 12 d without water sup-
ply the leaf water status of the non-watered plants
started to decrease significantly (Fig. 1A). This re-
sult indicated that a water deficit stress was im-
posed on both species by the dehydration treat-
ment.

Gas exchange measurements

The effect of water deficit on gas exchange
parameters in X. viscosa and D. sanguinalis was
investigated. The water deficit treatment (particu-
larly after 8 d of dehydration treatment) led to a
substantial reduction in the photosynthetic CO2

assimilation in both species (Fig. 1B). At the end
of the dehydration treatment, the net photosyn-
thesis rate of X. viscosa and D. sanguinalis de-
creased to 75% and 90%, respectively. The net
photosynthesis rate of D. sanguinalis was higher
than in X. viscosa during 18 d of the dehydration.
At the end of the dehydration treatment, the loss
of 90% in the net photosynthesis rate of D. sangui-
nalis resulted in the death of the plants. The
decrease of 75% in the net photosynthesis rate did
not affect X. viscosa permanently. Following rehy-
dration, X. viscosa was able to recover fully (data
not shown). The stomatal conductance of D. san-
guinalis increased during dehydration treatment
(Fig. 1C). In X. viscosa an increase was only ob-
served for the first 4 d of dehydration. Thereafter,

the stomatal conductance returned to an ambient
level, then decreased with increasing the time. The
intercellular CO2 pressure of both species in-
creased after a 10 d dehydration period, but this
was particularly striking in D. sanguinalis (Fig. 1D).
An increase of intercellular CO2 pressure was not
accompanied by an increase of photosynthesis
rate. Thus a decrease in the photosynthesis rate of
both species could not be related to limited CO2

diffusion to intercellular spaces of leaves as a con-
sequence of stomatal closure, probably related to
impaired metabolism by direct inhibition of photo-
synthesis (non-stomatal limitation). The transpira-
tion rate (in the light) in D. sanguinalis increased
significantly after 12 d of water deficit, whereas in
X. viscosa, the transpiration rate increased signifi-
cantly initially and then decreased, and at the end
of the treatment returned to its original level
(Fig. 1E). This response may have contributed to
leaf cooling because of water limitations. The
increase in the transpiration rate and stomatal
conductance together with a decline in the net
photosynthesis rate resulted in the decline in water
use efficiency in both species after 10 d of dehy-
dration. It was concluded that a controlled shut-
down of photosynthesis occurs at relatively high
water contents in order to minimise photooxida-
tion, as proposed in a previous study (Farrant,
2000). However, the decline of water use effi-
ciency was significantly higher in D. sanguinalis
compared to X. viscosa after 10 d (Fig. 1F). This
was expected as X. viscosa is capable of tolerating
severe desiccation (5% RWC) (Sherwin and Far-
rant, 1996; 1998; Mundree and Farrant, 2000).

Chlorophyll a fluorescence measurements

To examine the effects of water deficit on the
activity of PSII, changes in the photochemical effi-
ciency (FV/FM) of PSII in X. viscosa and D. sangui-
nalis were measured (Fig. 2A). In the leaves of the
untreated plants of X. viscosa and D. sanguinalis,
the fully dark-adapted FV/FM ratios were 0.80.
With increasing the dehydration period the ratios
decreased in both species. The FV/FM ratios had
decreased only from day 10 and 6 of the dehydra-
tion treatment in X. viscosa and D. sanguinalis,
respectively. These FV/FM ratios suggest a higher
stability of PSII in X. viscosa. By the end of the
dehydration treatment (21 d), a complete break-
down of the PSII activity of both species occurred
and no noticeable photochemical efficiency was
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Fig. 1. Relative water content (RWC) and gas exchange responses of X. viscosa (O) and D. sanguinalis (�) leaves
exposed to water deficit; (A) RWC; (B) net photosynthesis rate; (C) stomatal conductance; (D) intercellular CO2
pressure; (E) transpiration rate (in the light); and (F) water use efficiency. The error bars represent ðSE.

measurable. The electron transport rate (ETR) of
X. viscosa and D. sanguinalis did not change sig-
nificantly during the first 10 d and 12 d of treat-
ment, respectively (Fig. 2B). With continued stress
a significant decline in the electron transport rate

was observed in both species which suggested a
shut down or inhibition of the PSII reaction
centres (Fig. 2B). The observation was strength-
ened by the decrease of the net photosynthesis
rate due to non-stomatal limitation in both species.
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Fig. 2. Changes in fluorescence and pigment content of X. viscosa (�) and D. sanguinalis (�) leaves subjected to
water deficit; (A) photochemical efficiency of PSII in the dark adapted conditions, FV/FM; (B) electron transport
rate; (C) chlorophyll (a + b) content; (D) carotenoid (x + c) content. The error bars represent ðSE.

These results alone propose a considerable dam-
age to both species due to the decrease of photo-
chemical efficiency of PSII, but PSII activity of X.
viscosa was up-regulated when water was supplied
again (data not shown).

Pigment content

The chlorophyll (a + b) and carotenoid (x + c)
content of D. sanguinalis leaves decreased during
the dehydration treatment (Fig. 2C and D). The
chlorophyll (a + b) content of D. sanguinalis leaves
decreased significantly after 10 d of water deficit
treatment. On the other hand, in X. viscosa, the
chlorophyll (a + b) content did not change signifi-
cantly with increasing the time. The carotenoid

(x + c) content of X. viscosa decreased signifi-
cantly during the first 8 d and continued decreas-
ing to 75% at the end of the experiment. There
was no significant decrease in the carotenoid
(x + c) content of D. sanguinalis leaves in the first
8 d of water deficit treatment. However, it signifi-
cantly decreased at the end of the experiment. The
dehydration probably limited the light harvesting
capacity of the plant and induced chlorophyll de-
gradation. The decline in the chlorophyll (a + b)
and carotenoids content which may have contrib-
uted to the decrease in the photosynthesis rate was
significantly higher in D. sanguinalis due to dehy-
dration, whereas the chlorophyll content of X. vis-
cosa was not completely degraded. Leaf folding
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during dehydration of X. viscosa which is a poiki-
lochlorophyllus species has been proposed to pre-
vent light-chlorophyll interaction and damage
while chlorophyll was still present. The decline in
the carotenoid content suggests that these com-
pounds do not serve a protective role in X. viscosa,
possibly because of the efficiency mechanisms to
prevent ROS formation in the first place and the
operation of other antioxidant systems including
anthocyanins.

The anthocyanin content of both species did not
change significantly during the first 15 d of dehy-
dration treatment (data not shown). However, the
anthocyanin content of D. sanguinalis leaves
increased significantly after day 15. There were no
significant changes in the anthocyanin content of
X. viscosa during the treatment period. At the end
of the treatment, the anthocyanin content of
D. sanguinalis was five-fold higher than that of
X. viscosa. The water deficit seems to limit the
ability of D. sanguinalis to increase the caro-
tenoids and anthocyanins contents as this could
have acted as a potential protection against the
oxidative damage, protecting the photosynthetic
apparatus against ROS.

Changes in the activity of antioxidant enzymes

The activity of SOD and POD in X. viscosa and
D. sanguinalis was analysed by native PAGE. The
activity of individual antioxidant enzyme bands
was quantified with the Syngene software pro-
gramme using an imaging system. The dehydration
treatment caused an increase in the activation of
SOD enzymes in X. viscosa. In X. viscosa, the total
SOD activity increased significantly from day 1 to
day 18 of the treatment, compared to the un-
treated plants (Fig. 3A). At the end of the experi-
ment, the total SOD activity in X. viscosa was sig-
nificantly higher (2-fold) than in the control. In
D. sanguinalis the total SOD activity did not sig-
nificantly change during the dehydration treat-
ment (Fig. 3A). The total SOD activity of X. vis-
cosa leaves was higher than D. sanguinalis leaves
throughout the treatment. At the end of the treat-
ment the total SOD activity of X. viscosa was
three-fold higher than that of D. sanguinalis.
Water deficiency caused a marked increase in the
total SOD activity in X. viscosa compared to
D. sanguinalis. We propose that through a higher
SOD activity the superoxide radicals in the chloro-

Fig. 3. Changes in total activity of the antioxidant en-
zymes (A) superoxide dismutase and (B) peroxidase
during water deficit treatment in X. viscosa (�) and D.
sanguinalis (�). Error bars represent ðSE.

plast are eliminated and oxidative damage through
water deficit stress is significantly reduced.

Following an initial increase of total POD activ-
ity in X. viscosa (day 1Ð8) the activity significantly
decreased (Fig. 3B). Total POD activity of D. san-
guinalis increased significantly at day 2. This was
maintained until day 18 before it decreased signifi-
cantly (Fig. 3B). The total POD activity in D. san-
guinalis was higher than in X. viscosa. The obser-
vation that POD was only slightly decreased
during the dehydration treatment suggests that the
water deficit was not damaging for X. viscosa. The
antioxidant enzyme activity of X. viscosa obtained
in this study showed that its response to a water
deficit was the same as the antioxidant enzyme be-
haviour of other resurrection plants in other
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studies. It has been reported that at least three
antioxidant enzymes (SOD, GR and APX) are
upregulated during water deficit in Xerophyta
humilis (Farrant, 2000).

The resurrection plant X. viscosa acclimated to
water deficit within the first 8Ð10 d. This resulted
in a reduction in photosynthesis and an increase
in SOD levels, with no ultimate apparent damage.
Also the absence of increase in POD activity in
X. viscosa suggests that there was no peroxidative
damage of its membranes. After rewatering the
desiccated plant rehydrated completely within
80 h, resuming full physiological activities (results
not shown). In case of D. sanguinalis, the water
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