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Drought-induced proline accumulation is uninvolved
with increased nitric oxide, which alleviates drought stress

by decreasing transpiration in rice
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Abstract Accumulation of proline is trusted to be an
adaptive response of plants against drought stress, and
exogenous application of nitric oxide (NO) enhances pro-
line accumulation in Cu-treated algae. In order to investi-
gate whether NO works as a necessary signaling molecule
in drought-induced proline accumulation in rice leaves,
effects of drought stress on endogenous NO content and
proline accumulation were studied in rice leaves, using
sodium nitroprusside (SNP, a NO donor) and 2-(4-car-
boxyphenyl)-4.,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(cPTIO, a NO scavenger). The results showed that drought
treatment increased both endogenous NO and proline
contents in rice leaves, while foliar spray of various con-
centrations of SNP failed to induce proline accumulation in
the leaves of well-watered rice and foliar spray of cPTIO
failed to inhibit proline accumulation in the leaves of
drought-stressed rice. These results indicate that increase of
endogenous NO is dispensable for proline accumulation in
the leaves of rice under drought stress. Further studies
indicate that exogenous application of NO alleviates
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Abbreviations

ABA Abscisic acid

CEC Cation exchange capacity

cPTIO 2-(4-Carboxyphenyl)-4.,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide

DAF-FM DA  4-Amino-5-methylamino-2',7’-
difluorofluorescein diacetate

DwW Dry weight

FwW Fresh weight

NO Nitric oxide

P5CS A'-Pyrroline-5-carboxylate synthetase

PPED Photosynthetic photo flux density

SNP Sodium nitroprusside

SW Saturated weight

ROS Reactive oxygen species
RWC Relative water content
Introduction

As one of the most pivotal factors limiting crop production
in many regions of the world, drought stress causes several
seriously deleterious effects on plant metabolic processes
including water relations, nutrient uptake and metabolism,
and photosynthetic assimilates (Zhang and Kirkham 1994;
Shinozaki et al. 2003). Plants have evolved a wide series of
defense mechanisms to increase tolerance capacity during
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water deficit and other osmotic stresses, such as inducing
stomatal closure and decreasing transpiration (Garcia-Mata
and Lamattina 2001). A strategy that may confer drought
tolerance is the activation of antioxidative enzymes and
accumulation of antioxidants (Loggini et al. 1999; Fu and
Huang 2001; Luna et al. 2005). Another strategy is the
rapid accumulation of compatible, low-molecular-weight
osmolytes, such as sugar alcohols, special amino acids, and
Gly-betaine (Munns 2002).

As a crucial gaseous signaling molecule in plants, nitric
oxide (NO) plays significant roles in modulating several
physiological and biochemical functions in different plant
tissues, from germination to flowering, and until senes-
cence (Lamattina et al. 2003; Crawford and Guo 2005).
Recently, increasing instances suggest that NO is involved
in the plant response to biotic and abiotic stresses such as
pathogen, chilling, salt, heavy metals and drought, and a
number of articles have reported the roles of exogenously
applied NO in alleviating abiotic stresses in plants (Qiao
and Fan 2008; Xiong et al. 2010). Studies suggest that
exogenous application of NO donors might induce stomatal
closure and enhance the adaptive responses against drought
stress in Triticum aestivum (Garcia-Mata and Lamattina
2001). Recently, experimental evidence indicates that
exogenously applied NO alleviates osmotic stress by
decreasing oxidative damage and stimulating proline
accumulation in wheat (Tan et al. 2008). Moreover,
exogenous application of NO enhanced drought tolerance
in Cucumis sativus, Zea mays, and Oryza sativa are sug-
gested primarily with increased antioxidants, which scav-
enge reactive oxygen species (ROS), improve cellular
membranes stability and maintain photosynthesis and
water status (Hao et al. 2008; Arasimowicz-Jelonek et al.
2009; Farooq et al. 2009). Recently, it is reported that NO
dependence on nitric oxide synthase-like activity serves as
a signaling component in the induction of protective
responses and is associated with drought tolerance in maize
seedlings (Hao et al. 2008). So far, exogenous application
of NO to drought-stressed plants has facilitated obtaining
enhanced plant growth and maintenance of a higher rela-
tive water content (RWC) (Tian and Lei 2006; Lei et al.
2007; Arasimowicz-Jelonek et al. 2009). However, reports
on the effects of exogenous NO on drought stress is still
limited, and current understanding of the molecular and
physiological mechanisms of NO in alleviating drought
stress is limited too.

Free proline is not only an osmoprotectant, but it might
also eliminate ROS and promote the antioxidant ability,
stabilize the structure of biological macromolecules,
decrease cell activity and relieve the toxicity of NH,"
(Taylor 1996). Accumulation of proline is trusted to be an
adaptive response of plants against environmental stresses
such as heavy metal, high salinity, light-induced stress, and
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drought stress (Siripornadulsil et al. 2002; Zhang et al.
2008). Exogenously applied NO not only promotes free
proline accumulation in annual ryegrass under chilling
stress (Ma et al. 2005), but also improves leaf-free proline
content in wheat and rice under drought stress (Lei et al.
2007; Tan et al. 2008; Farooq et al. 2009). A few authors
report that exogenous application of NO enhances drought
tolerance in plants is partly involved with the accumulation
of free proline in plants (Tan et al. 2008; Farooq et al.
2009). In contrast, Lopez-Carrion et al. (2008) show that
exogenous application of NO decreases saline-induced
proline accumulation in Brassica rapa. Until now, the
relationships between endogenous NO increase and proline
accumulation in rice leaves is still unclear. Moreover, the
effects of drought stress on endogenous NO content in rice
leaves require further researches too.

Recently, Zhang et al. (2008) reported that copper-
induced proline synthesis was associated with NO gener-
ation in Chlamydomonas reinhardtii, while exogenous NO
failed to induce proline accumulation in the absence of
copper. In order to investigate whether drought-induced
proline accumulation is associated with NO generation in
rice leaves, this study aims to investigate the effects of
drought stress on endogenous NO content and proline
accumulation in rice leaves. We also will evaluate the
effect of exogenous application or scavenging of NO on
proline content in rice leaves. The outcome of this work
may help to understand the mechanisms and regulatory
pathways of NO in alleviating drought stress in crucial
crops such as rice.

Materials and methods
Plant cultivation and drought treatment

The experiments were conducted at the experimental base
of China National Rice Research Institute (CNRRI) in
Fuyang city of China (30°03'N, 119°57'E). Healthy rice
seeds (Oryza sativa L., cv. Nipponbare) were sterilized
with 5% sodium hypochlorite for 15 min, and then the
seeds were rinsed 3 times with sterilized water and incu-
bated for 48 h at 37°C. Uniformly germinated seeds were
transferred to a net tray floating on container filled with a
half-strength Yoshida rice nutrient solution for 2 weeks;
the nutrient solution was refreshed every 4 days. Then,
three uniform rice seedlings were transplanted into a 12 1
polyvinyl chloride pot (30 cm in diameter and 40 cm in
height) filled with 15 kg submerged puddle gleyic stagnic
anthrosol, and 1 g urea was mixed into each pot 1 day
before transplanting. The soil was taken from the experi-
mental paddy field at CNRRI farm that was plowed and
harrowed 7 days ago, the pH (H,O) of the topsoil
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(0-15 cm) was 6.0, and the soil contained 28.6 g kg
organic matter, 1.88 g kg™' total N, and 15.6 cmol kg~
CEC. All experiments were conducted in a greenhouse
with 30/24°C (day/night) thermoperiod, 80% relative
humidity and natural photoperiod (about 14/10 h, day/
night).

When the rice seedlings were 6 weeks old, drought was
imposed by withholding water application and draining off
water from holes in the bottom of the polyvinyl chloride
pots, the duration of drought was 15 days.

Determination of soil water potential and water content

A negative pressure tensiometer (produced by Institute of
Soil Science, Chinese Academy of Sciences) was inserted
into the soil for 15 cm depth, and the soil water potential
was recorded every day. Soil from 15 cm depth was dried
for 24 h at 105°C and water content in the soil was directly
determined using the difference in weight before and after
drying a soil sample, the water content was recorded every
day. Water content and water potential in the soil during
drought duration were shown in Fig. 1.

Chemicals and treatment

Sodium nitroprusside (SNP; Fluka, Germany) was used
as NO donor, and 2-(4-carboxyphenyl)-4,4,5,5-tetra-
methylimidazoline-1-oxyl-3-oxide (cPTIO; Sigma, St
Louis, MO, USA) was used as NO scavenger. Uniform
6-weeks-old rice plants were used in the experiments, a
half of the plants were drought stressed by withholding
water application and by draining off water from holes in
the bottom of polyvinyl chloride pots, and another half of
the plants were well watered as control. From the first day
of drought treatment, each plant was sprayed with 50 ml of
SNP, cPTIO or SNP + cPTIO (0, 10, 50, 100, 200 and
500 uM) every 2 days. Plants were sprayed with a con-
centration of 100 uM SNP or/and cPTIO mainly, the wide
range of 0-500 pM was only used for concentration-
dependent proline measurement.

Determination of NO content

NO determination was performed by fluorometric approach
following the method of Zhao et al. (2009) with slight
modification. For NO visualization in rice leaf, 2 cm seg-
ments of the penultimate leaf were excised and incubated
with 2.5 pM NO-specific fluorescent probe 4-amino-5-
methylamino-2',7'-difluorofluorescein diacetate (DAF-FM
DA; Invitrogen, Carlsbad, CA, USA) for 30 min. DAF-FM
DA was prepared in HEPES-NaOH buffer (pH 7.5),
therefore, incubated leaves were washed 3 times with the
same buffer for 10 min each. Leaf segments were then
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Fig. 1 Water content (a) and water potential (b) in the soil during
drought treatment. The value is the average of 5 repeats each, vertical
bar represents SE

soaked in glycerol: HEPES-NaOH buffer (1:1 v/v) and
mounted in the same medium for examination with a
confocal laser scanning microscope system (LSM 510;
Zeiss, Oberkochen, Germany), the fluorescence was
imaged with excitation and emission wavelengths of 488
and 515 nm, respectively. The three-dimensional recon-
structed image of the leaf was used to calculate the relative
fluorescence intensity, and the fluorescence intensity was
expressed in color level on a scale ranging from 0 to 255.

Determination of leaf relative water content

To determine RWC, fresh rice leaves were weighed
immediately to get fresh weight (FW), then these leaves
were soaked in deionized water for 2 h and saturated
weight (SW) was determined, these leaves were dried for
24 h at 75°C to determine dry weight (DW). RWC was
calculated as:

RWC = (FW — DW)/(SW — DW) x 100%

Determination of leaf water potential

A water potential system (PSYPRO; Wescor Inc., Logan,
UT, USA) was used for leaf water potential measurement.
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For each treatment, eight rice plants were chosen randomly
and the penultimate leaves were used for measurement.

Determination of leaf ion leakage

After treatment, 1 g fresh rice leaves were cut into 25-mm?
pieces and engrossed in a test tube with 12 ml deionized
water for 2 h at 25°C, after the incubation, the electrical
conductivity of solution (EC1) was determined with a
conductivity meter (DDA-11A; Shanghai Hongyi Instru-
ment Co. Ltd., Shanghai, China). Samples were then heated
at 80°C for 2 h in their effusates and cooled to 25°C, and
the electrical conductivity (EC2) was measured again in the
bathing solution. Ion leakage was calculated as the ratio
between EC1 and EC2.

Determination of leaf proline content

Proline content was determined following the method of
Bates et al. (1973) with slight modification. 0.25 g fresh
rice leaves were frozen with liquid N, and then ground into
powder, 5 ml of 3% aqueous sulphosalicyclic acid was
added into the powder. The homogenate was centrifuged at
13,000g for 10 min at 4°C, 2 ml supernatant was mixed
with 2 ml acid-ninhydrin and 2 ml glacial acetic acid in a
test tube. The mixture was heated in a water bath at 100°C
for 1 h, then the reaction mixture was extracted with 4 ml
toluene and the toluene containing chromophore was
aspirated, cooled to 25°C and absorbance was measured at
520 nm with a UV/vis spectrophotometer (Lambda 25;
PerkinElmer, MA, USA).

Determination of transpiration

Transpiration assay was done with a portable photosyn-
thesis system (LI-6400, LICOR, Lincoln, NB, USA). All
the measurements were taken at a constant airflow rate at
500 pumol s™' and saturation irradiance with incident
photosynthetic photo flux density (PPED) of 1,200 pmol
m 2 s~'. The ambient CO, concentration was approxi-
mately 400 cm® m and the temperature was 30°C. Data
were recorded hour after foliar spray of water, SNP, cPTIO
or SNP + cPTIO.

Statistical analysis

Each experiment was repeated 3 times independently,
values were expressed as mean + SE. Data were analyzed
by analysis of variance (ANOVA) and difference test
(LSD) was employed to determine the differences among
the treatments at P = 0.05 level.
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Results

Effects of drought, SNP and cPTIO treatment
on NO content in rice leaf

The results of our pre-experiments showed that 100 pM
SNP or cPTIO had no obvious promoting or inhibiting
effect on the growth performance of well-watered rice,
and furthermore, 100 pM SNP had the most significant
alleviation effect on growth performance of drought-trea-
ted rice and a concentration of 100 uM cPTIO had been
widely used as a NO scavenger in many plants. Therefore,
a concentration of 100 pM SNP or/and cPTIO was used in
subsequent experiment mainly. In order to monitor the
effect of drought stress on endogenous NO content in rice
leaves accurately, NO content was detected visually with
the NO-specific fluorescent probe DAF-FM DA in a time-
course manner (Figs. 2, 3). In the penultimate leaf of well-
watered rice, the fluorescence intensity of NO was faint
and had no obvious variation in relation to duration
(Fig. 2). However, in the drought-stressed rice, the fluo-
rescence intensity of NO in penultimate rice leaf increased
significantly with the duration of drought. The peak level
of fluorescence intensity was observed at 9 days of
drought, with the intensity being approximately 3-fold of
the control. Following that period, the level of fluores-
cence intensity declined gradually (Fig. 3). These obser-
vations reveal that drought stress significantly increase
endogenous NO content in rice leaves, with time-depen-
dent changes.

As shown in Figs. 2 and 3, the effects of foliar spray of
SNP or/and cPTIO on endogenous NO in rice leaves were
investigated, foliar spray of 100 uM SNP significantly
increased NO content in the leaves of both well-watered
and drought-treated rice. In contrast, foliar spray of
100 pM cPTIO significantly decreased NO content in the
leaves of both well-watered and drought-treated rice.
Simultaneously foliar spray of 100 pM SNP and 100 uM
cPTIO slightly increased NO content in the leaves of well-
watered rice. However, simultaneously foliar spray of
100 uM SNP and 100 pM cPTIO inhibited drought-
induced NO increase in the leaves of drought-treated rice,
the NO content maintained at a steady level.

Effects of drought stress and NO on proline
accumulation in rice leaf

To understand the pattern of drought-induced proline
accumulation in rice leaves, an Iinitial
experiment was performed (Fig. 4). In the leaves of well-
watered rice, the proline level had no obvious change
with the duration (Fig. 4a). However, in the leaves of

time-course
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Fig. 2 Effects of foliar spray of 100 uM SNP or/and cPTIO on NO
content in the leaves of well-watered rice. a Visualization of
NO-specific fluorescence in the leaves of well-watered rice.
b Time-course of NO-specific fluorescence density in the leaves of
well-watered rice. The value is the average of 5 leaves each, vertical
bar represents SE of each treatment. Asterisk means significant
difference compared with control at the same day

drought-stressed rice, there was a rapid accumulation of
proline in the time-course experiment. The proline level
increased by 5-fold after 12 days of drought stress, and
following that period, the proline level decreased gradu-
ally (Fig. 4b).

In order to investigate the role of NO in drought-
induced accumulation of proline in rice leaves, an exog-
enous NO donor SNP and an exogenous NO scavenger
cPTIO were applied in the study (Fig. 4). Interestingly,
foliar spray of 100 uM SNP had no significant effect on
proline level in the leaves of well-watered rice, and the
proline content remained unchanged with the duration
(Fig. 4a). Similarly, foliar spray of 100 pM cPTIO had no
effect on proline level in the leaves of well-watered rice.
At the same time, foliar spray of 100 pM SNP also had
no effect on the proline content in the leaves of well-
watered rice (Fig. 4a). Foliar spray of 100 pM cPTIO also
failed to decrease proline accumulation in the leaves of
drought-stressed rice (Fig. 4b). Figure 4 also showed that
simultaneous spray of 100 uM SNP and 100 pM cPTIO
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Fig. 3 Effects of foliar spray of 100 uM SNP or/and cPTIO on NO
content in the leaves of drought-treated rice. a Visualization of
NO-specific fluorescence in the leaves of drought-treated rice.
b Time-course of NO-specific fluorescence density in the leaves of
drought-treated rice. The value is the average of 5 leaves each,
vertical bar represents SE of each treatment. Asterisk means
significant difference compared with control at the same day

had no effect on proline level in the leaves of well-
watered and drought-stressed rice. These results reveal
that exogenous application of NO possible has no effect
on proline accumulation in the leaves of both well-
watered and drought-stressed rice. These results indicate
that increase of endogenous NO has no relationship with
proline accumulation in the leaves of both well-watered
and drought-stressed rice.

To exclude the possibility that the concentrations of
100 uM SNP or (and) 100 uM cPTIO were not suitable to
affect proline accumulation in rice leaves, concentration-
course studies of SNP (Fig. 5a) and cPTIO (Fig. 5b) also
were performed. These results showed that treatments with
10, 50, 100, 200 and 500 uM SNP or cPTIO hardly
affected proline levels in the leaves of well-watered and
drought-stressed rice, as compared with the controls. Taken
together, our results demonstrate that neither exogenously
applied NO nor endogenous NO affect proline accumula-
tion in the leaves of rice under drought-stressed or well-
watered condition.
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Fig. 4 Effects of foliar spray of 100 uM SNP or/and cPTIO on
proline content in the leaves of rice. a In the leaves of well-watered
rice. b In the leaves of drought-treated rice. The value is the average
of 8 leaves each, vertical bar represents SE of each treatment.
Asterisk means significant difference compared with control at the
same day

Effect of NO in alleviating drought-caused water loss
and ion leakage

Farooq et al. (2009) reported that exogenous application of
NO significantly increased free proline content in the
leaves of rice under drought stress and then enhanced rice
drought tolerance. In contrast, our results indicate that
although drought induces both proline and NO accumula-
tions in rice leaves, exogenous application of NO hardly
affected proline accumulation in the leaves of well-watered
and drought-stressed rice. In order to evaluate the effect of
exogenously applied NO in enhancing rice drought toler-
ance, SNP and cPTIO were foliar sprayed to investigate the
effect of NO on water loss and ion leakage in rice leaves
under drought stress. Figure 6a shows that foliar spray of
100 uM SNP, 100 pM cPTIO or 100 uM SNP + cPTIO
hardly had effect on the RWC in the leaves of well-watered
rice, while foliar spray of 100 uM SNP significantly alle-
viated drought-induced decrease of RWC in the leaves
of drought-stressed rice (Fig. 6b). Figure 6¢ shows that
foliar spray of 100 uM SNP, 100 uM cPTIO or 100 uM
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Fig. 5 Effects of different concentrations of foliar spray of SNP or
cPTIO on proline content in the leaves of well-watered and drought-
stressed rice. a Treatment with 0, 10, 50, 100, 200 and 500 pM SNP
on proline content in rice leaves. b Treatment with 0, 10, 50, 100, 200
and 500 uM cPTIO on proline content in rice leaves. The proline
content was determined after 12 days drought treatment. The value is
the average of 8 leaves each, vertical bar represents SE of each
treatment. Different letters indicate significant differences at
P =0.05

SNP + cPTIO hardly had effect on the water potential in
the leaves of well-watered rice, while foliar spray of
100 pM  SNP significantly alleviated drought-induced
decrease of water potential in the leaves rice (Fig. 6d).
Similarly, foliar spray of SNP, cPTIO or SNP + cPTIO
hardly had effect on the ion leakage in the leaves of well-
watered rice (Fig. 6e), while foliar spray of 100 uM SNP
significantly alleviated drought-induced increase of ion
leakage in the leaves of rice. All of these results demon-
strate that applying or scavenging NO hardly affect water
content or ion leakage in the leaves of well-watered rice,
while exogenous application of NO alleviates water loss
and ion leakage in the leaves of drought-stressed rice.

Effect of NO on transpiration rate of rice leaves
A possible effect of NO on transpiration rate was assayed in

well-watered and drought-stressed rice (Fig. 7). Exogenous
application of NO donor, SNP, significantly inhibited
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Fig. 6 Effects of foliar spray of 100 uM SNP or/and cPTIO on
relative water content, water potential and relative ion leakage in the
leaves of well-watered and drought-stressed rice. a Relative water
content in the leaves of well-watered rice. b Relative water content in
the leaves of drought-treated rice. ¢ Water potential in the leaves of
well-watered rice. d Water potential in the leaves of drought-treated

transpiration rate in the well-watered rice, but NO scavenger
cPTIO hardly affected transpiration rate in the well-watered
rice. In the drought-stressed rice, transpiration rate decreased
obviously as the duration, foliar application of SNP aggra-
vated drought-induced decrease of transpiration rate insig-
nificantly. In contrast, foliar application of cPTIO also hardly
affected transpiration rate in the drought-stressed rice.
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rice. e Relative ion leakage in the leaves of well-watered rice.
f Relative ion leakage in the leaves of drought-treated rice. The assays
were performed after 12 days drought treatment. The value is the
average of 8 leaves each, vertical bar represents SE of each treatment.
Asterisk means significant difference compared with control at the
same day

Discussion

Until now, the effect of drought stress on endogenous
NO content in rice leaves remains unclear. In this study,
we provided the first evidence that drought stress signifi-
cantly increased endogenous NO content in rice leaves,
with time-dependent changes (Figs. 2, 3). Simultaneously,
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Fig. 7 Effects of foliar spray of 100 uM SNP or/and cPTIO on
transpiration rate of rice. a well-watered rice. b Drought-treated rice.
The value is the average of 8 leaves each, vertical bar represents SE
of each treatment. Asterisk means significant difference compared
with control at the same day

we observed that drought stress induced a rapid proline
accumulation in rice leaves (Fig. 4), and the facts were
identical to previous reports on many other plants.
Recently, Zhang et al. (2008) reported that copper-induced
proline synthesis was associated with NO generation in
C. reinhardtii. Based on these results, one might speculate
that NO works as a significant signaling molecule in
drought-induced proline accumulation in rice leaves. In
order to prove this hypothesis, another two evidences are
required. First, exogenous application of NO could induce
proline accumulation in the leaves of well-watered rice.
Secondly, scavenging of NO could inhibit proline accu-
mulation in the leaves of drought-stressed rice. However,
in the present study, foliar spray of SNP failed to induce
proline accumulation in the leaves of well-watered rice and
foliar spray of cPTIO failed to inhibit drought-induced
proline accumulation too.

According to the facts that treatment with SNP pro-
moted proline accumulation and treatment with cPTIO
inhibited SNP-induced proline accumulation in Cu-treated
C. reinhardtii, Zhang et al. (2008) concluded that NO was
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probably playing important roles in regulating the algae
proline accumulation and tolerance to Cu toxicity. How-
ever, similar to our observations, exogenous application of
SNP hardly affected proline content in C. reinhardtii in
absence of Cu (Zhang et al. 2008). These results excluded
the possibility that NO works as signaling molecule
downstream of drought in drought-induced proline accu-
mulation in rice leaves. A'-pyrroline-5-carboxylate syn-
thetase (P5CS) is the rate-limiting key enzyme in the
synthesis rout of proline, and its expression and enzymatic
activity are controlled by proline levels as well as by
environmental stimuli such as salinity, drought, chilling
and darkness (Alia and Matysik 2001; Abrahdam et al.
2003). Zhang et al. (2008) reported that treatment with the
SNP induced an additional increase in the activity of PSCS
and up regulated expression of P5CS in Cu-treated algae,
while exogenous application of NO hardly affected the
activity of PSCS or expression of P5CS in the algae in the
absence of Cu. These results also demonstrate that NO is
not directly related with proline content or PSCS activity,
the expression of P5CS is not directly regulated by NO.

We demonstrate that treatment with SNP fails to induce
proline accumulation in rice and Zhang et al. (2008)
demonstrate that treatment with SNP has no effect on
proline content in algae without Cu stress. We suppose an
explanation might attribute to the observation that treat-
ment with SNP promoted proline accumulation in
Cu-treated algae in the study of Zhang et al. (2008). It is
reported that proline accumulation in Cu-treated algae
exhibits a concentration-dependent change with Cu (Zhang
et al. 2008), and it is possible that treatment with SNP
increased proline accumulation in Cu-treated algae by
enhancing Cu absorption. In higher plant rice, we have
demonstrated that exogenous application of SNP in nutri-
ent solution increase Cd accumulation in rice roots (Xiong
et al. 2009). Recently, Besson-Bard et al. (2009) demon-
strate that NO promotes Cd accumulation in the roots of
Arabidopsis. Therefore, we suppose that exogenous appli-
cation of NO induced an additional increase of proline in
Cu-treated algae by increasing Cu accumulation. Of
course, this hypothesis requires further verification.

In our study, altered concentrations of exogenous SNP
were independent from proline accumulation at both well-
watered and drought-stressed conditions in rice leaves.
However, this was contrary to the published reports in
wheat (Tan et al. 2008) and in fine grain aromatic rice
(Farooq et al. 2009). We suggest that these opposite find-
ings on SNP-induced proline accumulation could be
explained by the different plant species (or varieties) used,
different drought level, different age of the plants and
different time of drought treatment. In addition, in the
paper of Tan et al. (2008), Proline content was determined
and expressed as pmol g~ fresh mass. As we know, PEG
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(or drought) treatment causes serious loss of water content
in plant leaves, so it is more credible to determine and
express proline content with dry weight.

Many evidences demonstrate that drought-induced pro-
line accumulation is regulated by ABA-dependent signal-
ing pathway (Hare et al. 1999), osmotic stress induces
ABA accumulation and then regulates the expression of
P5CS gene (Xiong et al. 2001). In Arabidopsis, ABA
induces NO synthesis in guard cells, with a concomitant
response of stomatal closure (Desikan et al. 2002). Our
present study demonstrates that NO is not directly related
with proline accumulation in drought-stressed rice.
Therefore, we also exclude the possibility that NO plays a
role downstream of ABA in drought-induced proline
accumulation in rice leaves.

Although exogenous application of NO fails to induce
proline accumulation in well-watered or drought-stressed
rice (Fig. 4), it does alleviate drought-induced water loss
and ion leakage in rice leaves (Fig. 6), and these findings
are consistent with previous studies (Garcia-Mata and
Lamattina 2001; Farooq et al. 2009). Foliar spray of SNP
decreased transpiration rate in well-watered rice in present
study (Fig. 7), and the result is consistent with the study of
Garcia-Mata and Lamattina (2001).

In conclusion, although our studies demonstrate that
drought stress induces a simultaneous accumulation of NO
and proline, NO is dispensable for drought-induced proline
accumulation in rice leaves. Foliar spray of SNP increases
endogenous NO content, induces stomatal closure,
decreases transpiration rate and enhances the adaptive
responses against drought stress in rice.
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