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Abstract

In this study, we investigated the effects of exogenously applied nitric acid (NO) source i.e., sodium nitroprusside
(SNP), NO scavenger i.e., 2-(4-carboxypheny-4,4,5,5-tetramethylimidazoline-1-10xyl-3-oxide, potassium salt (cPTIO), NO
inhibitor i.e., NaN; and NOS inhibitor i.e., No-nitro-larginine methyl ester hydrochloride (L-NAME) on eglycinbetaine
(GB) metabolism in root tips and leaves of maize seedlings under drought stress (DS). The accumulation of NO peaked
earlier than that of GB in shoot tips and leaves. The maximum NO content in root tips was attained earlier than that in
leaves, while the reverse was observed with respect to GB content. The concentrations of NO, GB and choline in root tips
and leaves of maize seedlings under DS were greater in the plants which received exogenous SNP application as compared
to those in plants without SNP application. Exogenous SNP application also increased betaine aldehyde dehydrogenase
(BADH) activity in leaves. The GB metabolism was negatively influenced by exogenous applications of either PTIO, NaNj3
or L-NAME. The combined application of NaN; and L-NAME had the most serious negative effects. These results
demonstrate that GB metabolism in drought stressed maize plants was significantly enhanced by exogenous NO application.
The accumulation of greater level of NO in maize seedlings contributed to increase GB accumulation by regulating BADH
activity and choline content. This study provides a direct evidence of regulation of GB metabolism in maize plants under

drought stress by exogenous application of NO.

Introduction

In arid and semiarid regions of the world, drought
stress (DS) has been a major limitation to plant growth
and crop productivity. Adaptation to water deficit is rather
common to all terrestrial plants (Li, 2007; Ashraf, 2010;
Anwar et al., 2011). Maize (Zea mays L.), an important
cereal crop in these areas, is highly sensitive to drought
resulting in a significant yield reduction (Ashraf et al.,
2007; Zhang et al, 2007; Ali & Ashraf, 2011).
Understanding the mechanism of tolerance to these
stresses is a prerequisite for developing strategies to
improve plant stress tolerance (Ashraf et al., 2007,
Ashraf, 2010; Zhang et al., 2011).

Plants sense and adapt to different stresses by altering
their physiological metabolism, growth pattern, and
mobilizing various defense mechanisms (Arasimowicz &
Floryszak-Wieczorek, 2007; Ashraf & Foolad, 2007; Ren
et al., 2007; Zhang et al., 2011; Zhang et al., 2012).
Therefore, accumulation of osmolytes is a prerequisite for
osmotic adjustment of all organisms under DS (Zhang et
al., 2009; Ashraf et al., 2011). It is well established that
glycinebetaine (GB) accumulates in plants during their
adaptation to various types of environmental stresses,
including drought (Ashraf & Foolad, 2007; Zhang et al.,
2009). Glycinebetaine, a quaternary ammonium
compound, is a very effective compatible solute which is
found in a wide range of crops (Ashraf & Foolad, 2007;
Shahbaz et al., 2011). Glycinebetaine is synthesized from
its precursor choline by a two-step oxidation, via the
intermediate betaine aldehyde. Choline is synthesized in
protoplast and transported to chloroplast and vacuole. The
first oxidation step is catalyzed by choline
monooxygenase (CMO, EC 1.14.15.7), and the further
oxidation to GB is catalyzed by betaine aldehyde
dehydrogenase (BADH, EC 1.2.1.81) in chloroplast

(Sakamoto & Murata, 2002; Sithtisarn et al., 2009).
Glycinebetaine synthesized by mature leaves during stress
behaves as an inert end product and upon rewatering is
translocated to the new leaves and roots, most probably
via the phloem (Ashraf & Foolad, 2007). In maize, GB
accumulates in leaves and well responds to water deficit,
which was determined by choline content and BADH
activity (Ashraf & Foolad, 2007; Rhodes & Hanson,
1993; Zhang et al., 2012).

Nitric oxide (NO) is a free radical involved in
numerous and diverse cellular pathways in mammals
(Torreilles, 2001; Hancock et al., 2011). In recent years,
there has been much research about the presence of NO
and its physiological role in the plant kingdom. Thus,
evidence has been obtained for the involvement of NO
in growth and developmental processes, as well as in
defense responses against oxidative stress under various
adverse growing conditions (Wojtaszek, 2000; Beligni &
Lamattina, 2001; Lamattina et al., 2003; Wang et al.,
2004). Recent studies support that NO has a vital
antioxidant characteristic, therefore, it is required for
activating antioxidant enzyme activities and some
osmolytes metabolism under abiotic stresses (Liu &
Zhang, 2009; Misra et al., 2011). Plants exposed to
drought show an increased accumulation of NO and GB,
especially in a drought tolerant maize cultivar (Zhang et
al., 2012). Although the signal regulation role of NO has
been well documented (Siddiqui et al., 2011), its
influence on regulation GB metabolism in maize under
drought is not clearly understood (Ruan et al., 2004;
Sarath et al., 2007; Liu & Zhang, 2009; Ashraf, 2010;
Misra et al., 2011; Zhang et al., 2012). In this study, a
drought tolerant maize cultivar Zhengdan 958 was used
to investigate the role of NO in induction of GB
metabolism in leaves and roots under drought stress.
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Materials and Methods

Plant material and trial location: Solution culture
experiments were conducted in a controlled growth
chamber at the College of Life Sciences of Northwest A
& F University, Yangling, P.R. China. Maize (Zea mays
L.) cultivar Zhengdan 958 was used in this study (Zhang
etal., 2011).

Plant growth and experimental design: The seeds were
germinated at 28 °C for 72 h in petri dish in dark. The
young seedlings were inserted into holes of styrofoam
boards placed over plastic containers (inner length: 26
cm; width 18 cm; height 12 c¢cm) containing deionized
water initially, which was replaced by one-half-strength
and then by full strength nutrient solution 4, and 8 days
later, respectively (Hoagland & Arnon, 1950). The growth
containers were placed in a growth chamber under the
following environmental conditions: average day/night
temperature 25/18 °C, relative humidity 60-70%, light
intensity 350 pumol/m*/s and 16 h of photoperiod. The
containers were wrapped with black plastic to prevent
roots exposure to light. The pH of the nutrient solution
was adjusted to 6.30 (£0.05) every day.

When the seedlings were at stage of 3-leaf, DS
treatment was initiated by adding 120 g polyethylene
glycol (PEG-6000) per kg of nutrition solution to achieve
drought (osmotic) stress level of approximately -0.23
MPa (Wang & Li, 2002). No drought stress, i.e., control
treatment solution received no PEG.

Experiment 1: Influence of NO donors i.e., sodium
nitroprusside (SNP) on GB and NO accumulation in
maize under drought for 72 h (Chen et al., 2006).
Treatments included factorial combination of : (a) main
treatments (2): with or without DS; (b) sub-treatments (2):
no NO or with NO, using 0.1 mmol/L SNP as NO donors
in nutrient solution for 72h. Each treatment was
replicated four times.

Experiment 2: Effects of NO donors i.e., SNP and NO
scavenger i.e., cPTIO [2-(4-carboxyphenyl) -4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide potassium salt] on
NO content and GB metabolism at 24 h after drought
stress treatment (Chen et al., 2006; Tan et al., 2008).
Treatments included factorial combination of : (a) main
treatments (2): with or without DS; (b) sub-treatments
(4): a. without NO donors or scavenger ; b. with NO
donors only (0.1 mmol/L SNP); c. with NO scavenger
only (400pumol/L cPTO); d. combination of b and c¢. Total
treatments were eight with number of 4 replications.

Experiment 3: Effects of NO synthase (NOS) inhibitor
ie, L-NAME (No-nitro-Larginine methyl ester
hydrochloride) or/and nitrate reductase (NR) inhibitor i.e.,
NaN; on NO and GB content after 24h of drought
treatment (Chen et al., 2006; Tan et al., 2008). Treatments
included factorial combination of : (a) main treatments
(2): with or without DS; (b) sub-treatments (4): a. without
NOS or NR inhibitor; b. with NOS inhibitor L-NAME
only (0.025 mmol/L L-NAME); c. with NR inhibitor
NaNj; only (0.1mmol/L NaN3); d. combination of b and c.
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Total treatments were eight with number of 4 replications.
SNP, cPTIO and L-NAME were from Sigma company
(St. Louis, MO, USA), other chemicals were from
Shanghai Experiment Reagent Co., Ltd. (Shanghai ,
China).

Plants were grown in a growth chamber in 3.4 L
plastic pots, which were sealed carefully to avoid
evaporation, with a sponge wrapped around the interface
of the roots and the shoots. All treatment units were
replicated four times, with a completely randomized
design. The treatment solutions were under continuous
aeration.

All experiments were repeated twice. Data
presented here are means of four replicates of the two
experiments (N=8).

Sampling and recording of data: The maize plants
were harvested after a given duration following the
treatments as explained above each experiment. Fresh
mass of the second or third leaves from top of each plant
and root tips were recorded. Some fresh samples were for
assay of NO content and BADH activity. The other fresh
samples were placed in an oven at 105 °C for 30 min, and
then dried to a constant weight at 75°C for measurement
of GB and choline content.

NO content was assayed as described by Griess (1879)
with some modifications. Fresh plant materials (1.0g)
were homogenizied in ImL 40 mmol/L N-2-
hydroxyethylpiperazine-N'-2-ethanesulphonic acid
(HEPES) pH 7.2 buffer, washed with 4 mL buffer, filtered
through 2 layers of gauze. The filtered solution was then
centrifuged at 4440xg for 10 min at 4°C and supernatants
were used for determination of NO concentration
according to the indication on the NO assay kit (Beyotime
Institute of Biotechnology, Shanghai, China). Aliquots of
Iml were put in test tubes, cooled in ice water for 1 h,
before 2 mL Griess Reagent I solution was added. The
reaction was maintained 60 min at 37°C, then centrifuged
at 710xg for 10 min at 25°C. Aliquots of 2ml supernatant
were added in 2 ml Griess Reagent II solution at 25°C.
After 10 min, the absorbance was measured at 540 nm
with UV-visible spectrophotometer. The NO content was
determined based on a standard curve using NaNO, and
expressed as n mol/g DW.

GB content was determined following Grieve &
Grattan, (1983) with some modifications. Dried and finely
powdered plant material (0.5 g) was shaken with 20 ml of
deionized water for 24 h at 25°C. The extracts were
diluted 1:1 with 2 N H,SO,. Aliquots of 0.5 ml were put
in test tubes and cooled in ice water for 1 h, before a cold
KI-12 reagent (200 pul) was added. The tubes were stored
at 0-4°C for 16 h and then centrifuged at 12,000xg for 15
min at 4°C. The supernatant was aspirated. The periodite
crystals were dissolved in 5 ml of 1, 2-dichloroethane.
After 2-2.5 h, the absorbance was read at 365 nm with a
UV-visible spectrophotometer. The GB content was
determined using a for calibration curve of GB (50-200
g/ml) and expressed as n mol/g DW.

BADH activity was assayed as described by Daniell
et al., (2001) with some modifications. To obtain crude
protein extracts, plant materials were homogenized in 250
pl homogenization buffer containing 50 mM HEPES-
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KOH, pH 8.0, 1 mM EDTA, 20 mM sodium
metabisulfite, 10 mM sodium borate, 5 mM ascorbic acid,
5 mM dithiothreitol, and 2% (w/v) PVPP. The
homogenates were then centrifuged at 12,000xg for 15
min at 4°C and the supernatants were used for
determination of BADH activity. The BADH activity was
determined by measuring absorbance at 340 nm with 0.05
mM betaine aldehyde chloride as a substrate. The activity
was calculated using the extinction coefficient of 6220/M
cm for NADH. The BADH activity was expressed as p
mol/min/ mg protein.

Choline content was determined following Feng &
Ren, (2004) and Richard & Emily, (1945) with some
modifications. About 0.5 g dried and finely ground plant
material was transferred to a triangle vase (100 ml
volume) in 70 ml of deionized water added. After
thorough nixing, the vase was bathed in hot water at 80°C
for 15 min, shaken in an oscillator for 30 min. The
volume was adjusted to 100 ml, and then filtered through
a filter paper. Aliquots of 10ml filtered solution were
poured into a triangle vase, cooled in ice water to -5°C
before 15ml Reinecke salt- methanol solution was added
(4 g Reinecke salt was dissolved in 100 ml methanol).
The mixed solution was stirred for 30 min and placed in a
refrigerator for 12 h. The red water insoluble substance
was filtered out, washed in 10 ml portion each of
propylalcohol three times, dissolved in acetone, and the
volume was adjusted to 25 ml. The choline content was
assayed by measuring the absorbance at 520nm with UV—
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visible spectrophotometer using acetone as a control.
Reference standards of choline (9-27 mg mlI™") were used
for calibration and estimation of choline concentration,
and expressed as n mol/ g DW.

Statistical analysis: Analysis of variance (ANOVA) for
different responses parameters were evaluated by SAS
software package (Anon., 1996). Least significance
difference (LSD) test was used to determine the significant
difference among the mean values at the 0.05 level.

Results

Dynamic accumulation of NO and GB in root tips and
leaves of maize seedlings during DS period with or
without NO donor SNP treatment: Endogenous NO and
GB accumulated in root tips and leaves with prolonged
period of DS treatment, with or without SNP application.
The greatest increase in NO content occurred root tips
while that of GB was in leaves. Following the DS
initiation, NO content in root tips and leaves attained the
peak values after 12 and 24 h with SNP, and 24 and 36 h
without SNP, respectively. The respective increases were
7.8- and 7.0-fold, and 6.9- and 6.1-fold of that of the no
DS plants. In contrast, GB content in root tips and leaves
reached the maximum after 36 and 48 h with SNP, and
48h and 60 h with no SNP in the DS treatment. Their
increases were 4.0- and 5.2-fold, 3.2- and 3.7-fold of that
of no DS plants (Figs. 1 & 2).
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Fig. 1. Dynamic changes of nitric oxide (NO) accumulation in (A) roots tips and (B) leaves of maize seedling during drought stress
(DS) period with or without NO donor i.e., sodium nitroprusside (SNP) treatments. Mean+SE (n=8). DS and C represent drought

stress and non-drought stress (control) respectively.
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Fig. 2. Dynamic changes of glycinebetaine (GB) accumulation in (A) roots tips and (B) leaves of maize seedling during drought stress
(DS) period with or without NO donor i.e., sodium nitroprusside (SNP) treatments. Mean+SE (n=8). DS and C represent drought

stress and non-drought stress (control) respectively.

The dynamic accumulations of NO and GB in root
tips and leaves were enhanced by SNP application under
DS. The SNP application increased NO and GB in root
tips by 31-81% and 20-31%, respectively, compared to
the respective values of the plants without SNP
application. The corresponding increases in leaves were
18-55% and 27-42%. The SNP application showed no
significant effects on GB content in roots tips and leaves
of plants which were not under DS. The NO content in
both roots tips and leaves attained the peak earlier than in
time required for peak values of GB content. The peak
NO values attained much earlier in root tips as compared
to that for leaves (Figs. 1 & 2).

Effects of NO donor i.e., SNP and NO scavenger i.e.,
cPTIO on NO content and GB metabolism parameters
in roots tip and leaves of maize seedlings under DS:
NO content in root tips was greater than that in leaves,
while converse was true for GB content. The BADH
activity was detectable in leaves only. Exogenous SNP
treatment increased NO, GB and choline contents in root
tips and leaves as well as BADH activity in leaves. The
cPTIO application on plants under DS decreased all
response parameters as compared to those without cPTIO
application. The responses to combination of SNP and
cPTIO applications were very similar to those with
application of only cPTIO and weaker than those with
SNP application of the plants under DS. As for no DS,
SNP or cPTIO treatment induced less increase/decrease
only in NO content in root tips of DS plants (Fig. 3).

Effects of different NO synthesis inhibitors i.e., NaN;
and L-NAME on NO content and GB metabolism
parameters in roots tips and leaves of maize seedling
during DS: NOS inhibitor L-NAME or NR inhibitor
NaNj treatments induced a decrease in NO, GB and
choline contents in both root tips and leaves as well as
BADH activity in leaves only. The combination of both
inhibitors had greater negative effects as compared that
with application of single inhibitor. Application of NaNj
and/or LNAME decreased NO content in root tips only in
the plants under no DS. However, the decrease rate was
lower than those in DS plants (Fig. 4).

Discussion

A widely occurring adaptation in plants to counteract
abiotic stress is an accumulation of stress signal
molecules such as NO and compatible organic solutes
such as GB (Taiz & Zeiger, 2006; Anwar et al., 2011;
Ashraf et al., 2011; Siddiqui et al., 2011). Zhang et al.,
(2012) reported an obvious increase in NO and GB
accumulation in leaves under DS maize plants. The roles
of these two stress-related substances have attracted the
attention most of the stress physiologists (Arasimowicz &
Floryszak-Wieczorek, 2007; Ashraf & Foolad, 2007; Ren
et al., 2007; Liu & Zhang, 2009; Misra et al., 2011;
Zhang et al., 2012). On one hand, a series of studies have
been conducted about exogenous application of stress
signal molecules such as NO and hydrogen peroxide,
ethylene etc., has tremendous potential to improve stress
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tolerance (Zhu, 2002; Taiz & Zeiger, 2006). Among these
substances, NO, a common signal molecule in plants, has
been documented to influence plant growth and
development as well as their physiological responses
under DS (Wojtaszek, 2000; Beligni & Lamattina, 2001;
Lamattina et al., 2003; Himmelbach et al., 2003; Tan et
al., 2008). For example, the role of NO in closing stomata
of DS plants has been widely reported (Ruggiero et al.,
2004; Bright et al., 2006; Neill et al., 2008). This effect is
suggested to be vital for fast growth resumption and
recovery of water content of the plants (Durner & Kessig,
1999). NO not only possesses a vital antioxidant
characteristic, but a signal function in some osmolytes
metabolism such as proline under abiotic stress (Liu &
Zhang, 2009; Misra et al., 2011). On the other hand, plant
growth inhibition and relative adaptive physiological

processes such as osmotic regulation caused by
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environmental stress might be regulated by the
application of osmolytes (Achard et al., 2006; Ashraf &
Foolad, 2007; Ashraf et al., 2011; Hancock et al., 2011).
As a major organic osmolyte, accumulation of GB has
been reported in a variety of plant species in response to
different stresses (Ashraf & Foolad, 2007; Ashraf et al.,
2011). The accumulation of GB has been found in many
organisms, including higher plants. Since accumulation of
GB in plant tissues serves as an index of the internal
water status of plants in crop plants under drought stress
suggests that GB may play a protective role in preventing
cell damage from stress-induced dehydration (Rhodes &
Hanson, 1993; Ashraf & Foolad, 2007). There are many
reports demonstrating positive effects of exogenous GB
on water relations, plant growth and final crop yield under
water deficit conditions (Rhodes & Hanson, 1993; Ashraf
& Foolad, 2007; Zhang et al., 2011).
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Fig. 3. Effects of NO scavenger i.e., 2-(4-carboxypheny-4,4,5,5-tetramethylimidazoline-1-10xyl-3-oxide, potassium salt (cPTIO) on
NO and GB contents in roots tips and leaves of maize seedling during DS. Mean+SE (n=8). DS and C represent drought stress and
non-drought stress (control) respectively. Different letters at the top of histograms indicate significant differences (p<0.05).
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Fig. 4. Effects of different NO synthesis inhibitors i.e.,, NaN3 and No-nitro-larginine methyl ester hydrochloride (L-NAME) on NO
and GB contents in roots tips and leaves of maize seedling during DS. Mean+SE (n=8). DS and C represent drought stress and non-
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Up to now, there are no conclusive experimental data
to clarify the relationship of NO and GB accumulation
under DS plants. The confirmed promoting role of NO on
GB accumulation in DS maize is not well understood
(Siddiqui et al., 2011; Ashraf et al., 2011; Zhang et al.,
2012). The results of this study clearly showed greater
increase in NO and GB contents in root tips and leaves in
DS maize plants with application of NO donor i.e., SNP
as compared with no application of SNP. The application
of SNP provoked the earlier occurrence of maximum GB
accumulation by NO burst as compared to those in plants
receiving no SNP application under DS (Figs. 1 & 2).
These findings suggest that root tips are the primary site
of NO production, GB synthesis occurs in leaves and
translocates to roots. The SNP addition enhanced these
physiological processes, especially for accumulation of
NO in roots and that of GB in leaves.

As previous reports, it is well known that GB
accumulates in many plants subjected to DS (Ashraf &
Foolad, 2007; Ashraf et al., 2011). Glycinebetaine is
synthesized in chloroplast from its precursor choline by a
two-step oxidation via betaine aldehyde catalyzed by
choline monooxygenase (CMO), a ferredoxindependent
soluble  Rieske-type  protein, betaine aldehyde
dehydrogenase (BADH), and soluble NAD" dependent
enzyme (Rhodes & Hanson, 1993). Choline is synthesized
in protoplast and transported to chloroplast and vacuole
(Sakamoto & Murata, 2002; Sithtisarn et al., 2009). The
chloroplast in mature leaves synthesizes GB and
translocated to other organs such as new leaves and roots
during stress behaves as an inert end product and upon
rewatering, most probably via the phloem (Ashraf &
Foolad, 2007). However, there are not published reports
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of influence of NO on GB metabolism in DS maize plants
(Ashraf & Foolad, 2007; Ashraf et al., 2011; Misra et al.,
2011; Siddiqui et al., 2011; Zhang et al., 2012). This
study has shown that application of SNP to DS maize
plants increased BADH activity and choline content, in
turn, enhanced accumulation of GB (Fig. 3). In contrast
application of NO-scavenger i.e., cPTIO and/or NO
inhibitor i.e., NaN3 and NOS inhibitor i.e., L-NAME had
negative effects on NO and GB accumulation. The above
negative effects were more predominant in combination
of NaN; and L-NAME treatments. The positive impacts of
SNP were more prominent in root tips for NO and in
leaves for GB (Figs. 3-4). It is, therefore, concluded that
endogenous NO is involved in the regulation of GB
metabolism by increasing BADH activity and choline
content in enhancing osmotic ability under drought,
especially in leaves. These results imply that NO
rmediates the synthesis and accumulation of GB in maize
under DS. Such increases in both BADH activity and
choline content were correlated with enhanced
accumulation of GB in the maize plants in response to DS
with application of NO.

Conclusion

In conclusion, changes in the contents of NO, GB and
choline as well as BADH activity are good indicators of
plants to DS. The results showing significant positive
effects of exogenously applied NO and negative effects of
NO-scavenger cPTIO, and/or NO and/or NOS inhibitor
on the above parameters supported that NO mediates GB
synthesis and accumulation in drought-stressed maize
plants. It is, therefore, suggested that application of NO
can be a practical strategy to improve plant tolerance to
DS by modulation of GB accumulation in maize plants.
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