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Abiotic stresses, including nitrogen stress (NS), can hamper photosynthesis and cause oxidative damage to plants.
Upregulation of the antioxidative defense system and photosynthesis induced by exogenous glycinebetaine (GB)
and humic acid (HA) can mitigate the inhibitory effects of NS on plants. In the present investigation, the
beneficial effects of exogenously applied GB and HA were examined on growth, leaf N status, photosynthesis,
lipid peroxidation, and activities of some key antioxidant enzymes in the seedlings of maize cv. Zhengdan 958
(ZD958) exposed to NS. NS caused a significant reduction in total dry matter of seedlings of ZD958, but both GB
and HA proved effective in mitigating this inhibition, hence, the beneficial effects of GB being more pronounced
than those of HA. NS led to a considerable decrease in leaf total N and endogenous GB contents, stomatal
conductance (g), net photosynthetic rate (P,), intercellular CO, concentration (C;), and activities of two key Cy4
photosynthesis enzymes phosphoenolpyruvate carboxylase (PEPCase) and ribulose-1,5-bisphosphate carboxylase
(RuBPCase) as well as of superoxide dismutase (SOD) and peroxidase (POD). This treatment caused an increase
in lipid peroxidation, but showed no effect on POD activity. Exogenous application of varying doses of GB
resulted in a decrease in lipid peroxidation and C;, and an increase in leaf total N and endogenous glycinebetaine
(EGB) content, P,, and activities of RuBPCase, PEPCase, SOD, and catalase (CAT) under NS. In contrast,
application of different doses of HA resulted in a decrease in lipid peroxidation, an increase in Py, g5, and C; as
well as SOD, CAT, and POD activities without increasing leaf total N and EGB content, and enhanced
RuBPCase and PEPCase activities. The present study suggests that exogenous application of GB and HA can
induce tolerance in maize plants to NS, but through the regulation of different mechanisms.
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Introduction

Although C,4 crops such as maize (Zea mays L.) are
known for their higher use efficiency of nitrogen (N),
CO», and solar radiation than most Cs crops, N stress
(NS) is still one of the major limiting factors for
crop yield in arid and semiarid areas of the world
(Greenwood 1976; Uhart & Andrade 1995; Pandey
et al. 2000; Sage & Zhu 2011). Understanding the
physio-biochemical mechanisms in maize under NS
could be vital for achieving increased crop yield by
increasing N use efficiency (Chapin et al. 1988;
Ding et al. 2005). Physiological attributes such as
net photosynthetic rate (P,) and stomatal conduc-
tance (g;), and activities of some key C4 photosynth-
esis enzymes, ribulose-1,5-bisphosphate carboxylase
(RuBPCase) and phosphoenolpyruvate carboxylase
(PEPCase), are directly associated with plant N status
and plant dry matter (DM) production under NS
(Chapin et al. 1987; Meinzer & Zhu 1998; Zhao et al.
2005; Zhang et al. 2011). Leaf N content can reflect
the N status in most plants, and some N-containing
organic osmolytes such as glycinebetaine (GB) could
be a prospective N source in some plants under

moderate NS (McCullough et al. 1994; Gorham
1996). For example, Grattan and Grieve (1985)
reported that wheat (7riticum aestivum L.) plants
can utilize GB as a source of available N under
conditions of moderate NS.

Similar to other environmental stresses, NS dis-
turbs the transport and accumulation of nutrients and
water in different plant parts, and causes oxidative
stress. Due to the oxidative stress a variety of reactive
oxygen species (ROS) are produced in plants sub-
jected to environmental cues including NS (Arora et
al. 2002; Ashraf 2009). The ROS interfere with
different organic molecules thereby perturbing key
metabolic processes, which result in reduced photo-
synthesis and subsequently retarded growth (Arora
et al. 2002; Zhang et al. 2007). It has been observed
that under stress conditions most plants are capable
of counteracting the ROS by overproducing a variety
of antioxidant molecules, both enzymatic and non-
enzymatic (Arora et al. 2002; Ashraf 2009). The key
antioxidant enzymes which play an effective role in
scavenging the ROS are superoxide dismutase (SOD,
EC 1.15.1.1), catalase (CAT, EC 1.11.1.6), and per-
oxidase (POD, EC 1.11.1.7). The activities of these
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enzymes usually increase under stress conditions,
perhaps under NS as well.

GB significantly accumulates in many crop
plants, including maize under drought and salt stress
(Ashraf & Foolad 2007; Zhang et al. 2011). However,
under NS GB content may possibly decline in shoots
of some crop plants (Bowman & Rohringer 1970). It
could be due to the reason that under NS, GB is
degraded to supply N to plants experiencing N
deficiency. For example, Grattan and Grieve (1985)
observed a maximal decrease in GB in wheat plants
growing under N-free regimes. They guessed that
GB is degraded in wheat plants to utilize it as a source
of N under N deficiency. Under such conditions,
exogenous application of GB is reported to be
beneficial for improving endogenous N status
(Bowman & Rohringer 1970) and thereby enhancing
photosynthesis and upregulating antioxidant defense
system in plants (Yang & Lu 2005; Ashraf & Foolad
2007; Hoque et al. 2008).

Another prospective plant regulator involved in
plant stress tolerance is humic acid (HA) (Chen &
Aviad 1990; Cimrin et al. 2010). HA could promote
plant growth and enhance stress tolerance by increas-
ing cell membrane permeability, potassium and phos-
phate uptake, rates of photosynthesis and respiration,
and accelerating protein synthesis as well as modulat-
ing plant hormone pool (Chen & Aviad 1990; B6hme
& Thi 1997; Cimrin et al. 2010; Saruhan et al. 2011).

All the above-cited studies report the beneficial
effects of GB or HA application on plants exposed to
drought stress and salinity stress, but reports on the
effects of these regulators on crops, especially maize,
under NS are lacking in the literature (Chen & Aviad
1990; Yang & Lu 2005; Ashraf & Foolad 2007;
Hoque et al. 2008; Ashraf 2010; Cimrin et al. 2010;
Saruhan et al. 2011). Therefore, the present study
aimed to investigate whether or not exogenous
application of varying levels of GB and HA could
alleviate the adverse effects of NS on growth, N
status, photosynthesis, and antioxidant defense
system in maize plants.

Materials and methods

Plant material and growth conditions

Experiments were conducted in a controlled growth
room at the College of Life Sciences of Northwest
A&F University, Yangling (34°20" N, 108°24" E),
China. Maize cultivar Zhengdan 958 was used in this
study.

Plant growth and experimental design

The seeds were germinated at 28°C for 72 h in Petri
dishes placed 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 cm) containing deionized water initially,
which was replaced by half-strength and then by

full-strength nutrient solution 4 and 8 d 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 (RH)
60—70%, light intensity 350 pmol m ~> s ! for 16 h.
A black plastic was wrapped around the containers to
prevent the roots from exposure to light. The pH of
the nutrient solution was maintained regularly at
6.30 (40.05).

Three seedlings at three-leaf stage were grown in
plastic pots (3.8 1) in a growth room. Each pot was
filled with acid-washed and sterilized quartz sand up
to 20 cm and supplied with distilled water. The
seedlings in each pot were thinned to one plant per
pot and then treatments initiated.

The non-NS treatment solution (control) and that
of NS were supplied with full-strength Hoagland’s
nutrient solution containing 15 mM NOj3 and Hoag-
land’s nutrient solution containing 0.15 mM NOj,
respectively (Hoagland & Arnon 1950). The 100
and 200 mg 17' GB media were NS medium
supplemented with 100 and 200 mg 1" GB, respec-
tively (GB supplied by Shiying Chemical Plant,
Changping, Beijing). The 100 and 200 mg 1-' HA
media were the NS medium supplemented with 100
and 200 mg 17" HA, respectively (derived from
lignitic coal using 0.1 M NaOH, manufactured by
Yangling Lvdu Bioecology Technology Co., Ltd.,
Yangling) (Hai & Mir 1998). The seedlings were
irrigated with nutrient solutions containing appro-
priate treatments for 12 d. Each treatment had four
replicates. The experiment was repeated once under
the same ecological conditions so as to confirm the
repeatability of the data for different attributes. Thus,
the data of both experiments were pooled (n = 8).

Total dry matter determination

The plants were harvested from all pots on day 12
after the initiation of treatments. For determining
total dry matter (TDM) the plant material was dried
in an oven at 105°C for 15 min, and then at 75°C until
constant dry weight attained.

Sampling of leaves and measurement of different
parameters

Leaves were excised from four plants on day 12 after
the initiation of treatments. All measurements were
made on fully developed third or fourth leaf from the
top of each plant. Soon after harvesting the leaves at
10:30—11:00 am, they were placed on ice and brought
to the laboratory for analysis.

Nitrogen and GB determination

Harvested leaves were first oven-dried at 75°C
and then crushed in an electric blender. Total
nitrogen was determined following the standard
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micro-Kjeldahl method (Bao 2000). GB was deter-
mined in the aqueous extracts of the ground leaf
samples following the slightly modified method of
Grieve and Grattan (1983).

Photosynthetic parameters

For the measurement of different photosynthetic
parameters an automatic portable photosynthesis
system (LI-6400; LI-COR Inc., Lincoln, NE, USA)
was used. All measurements were made on the second
fully developed leaf from the top at 9:00 to 11:00 am.
The ambient/instrument conditions were ambient CO,
concentration of 360 pmol mol !, photosynthetically
active radiation 1200 pmol m — s ~', leaf temperature
25.54+2°C, and the RH in the leaf chamber 45%.
RuBPCase was determined following Lilley and
Walker (1974). Fresh leaf material (0.5 g) was homo-
genized in 2.5 ml of extraction medium [0.1 M
Tricine—HCI1 (pH 8.4), containing 10 mM MgCl,,
I mM EDTA, 7 mM B-mercaptoethanol, 5% glycerol
(v/v), and 1% polyvinylpyrrolidone (PVP)] and then
centrifuged at 10,000 g for 10 min at 4°C. The clear
supernatant was used as the crude RuBPCase source.
For the quantification of the enzyme, the crude
extract was first reacted with 200 M NaHCO; and
1 M MgCl,, at 25°C for 10 min. The reaction mixture
contained 50 mM Tricine—HCI (pH 7.8), 10 mM KCI,
1 mM EDTA, 15 mM MgCl,, 0.21 mM NADH,
5 mM dithiothreitol, 5 mM phosphocreatine, 5 mM
ATP, 2 U of creatine phosphokinase, 15 U of
phosphoglyceric phosphokinase, 5 U of glyceralde-
hyde-phosphate dehydrogenase, and 10 mM NaH-
CO;. The reaction started with the addition of 0.5
mmol of RuBP. The activity of RuBPCase was
determined as the oxidation rate of NADH at 340
nm. The activity of PEPCase was appraised following
Arnozis et al. (1988). Leaf samples were homogenized
in 0.1 M Tricine—HCI buffer (pH 8.4) comprising
10 mM MgCl,, 1 mM EDTA, 7 mM B-mercaptoetha-
nol, 5% glycerol (v/v), and 1% PVP. This whole
mixture was centrifuged at 10,000 g for 10 min. The
enzyme extract was added to the reaction mixture
which contained 0.5 mmol PEP, 3.68 mmol NaHCO3,
0.16 mmol NADH, 11.2 mmol MgCl,, and 112 mmol
Tris—NaOH (pH 9.2). PEPCase activity was measured
spectrophotometrically by coupling the reaction to the
NADH oxidation at 340 nm mediated by 15 U of
malate dehydrogenase. The activity of each enzyme
was expressed on protein basis (U mg ' protein).

Preparation of extracts for measuring antioxidant
engyme activities

The fresh leaf material was homogenized in ice-cold 4
ml of 50 mM phosphate buffer (pH 7.8) containing
1% PVP (v/v) in a prechilled pestle and mortar. The
homogenates were centrifuged (10,000 g for 20 min at
4°C) and the supernatants used for appraising the
activities of the following antioxidant enzymes:

SOD activity was determined by recording a
decrease in absorbance at 560 nm of superoxide—
nitroblue tetrazolium (NBT) complex by the enzyme.
One unit of SOD was considered to be the amount of
enzyme required to inhibit NBT reduction by 50%
(Dhindsa et al. 1981). POD activity was assayed as
described by Putter (1974). POD activity was mea-
sured with guaiacol. One unit of enzyme activity was
taken as the rate of guaiacol which was oxidized in
three minutes. CAT activity was assayed by measur-
ing the residual H,O, by the Tris—HCIl reagent
following Dhindsa et al. (1981). Absorbance was
recorded immediately at 240 nm every 4 min and
one unit of enzyme determined the amount necessary
to decompose 1 umol of H,O, per minute at 25°C.

The activity of each enzyme measured above was
expressed as U mg ! protein. Protein concentration
of the crude extract was measured by the method of
Bradford (1976).

Determination of malondialdehyde contents

Malondialdehyde (MDA) was extracted with 10%
trichloroacetic acid and determined at 450, 532, and
600 nm with 0.6% thiobarbituric acid as described by
Zhang et al. (2007).

Data statistical analysis

Data for each of the growth and physio-biochemical
parameters were analyzed using the SAS software
package (SAS Institute Inc. 1996) and analysis of
variance for each attribute worked out. Standard errors
of all means were worked out. The least significant
difference (LSD) was calculated at 5% probability
level to examine the difference among mean values.

Results

Seedling growth

The seedlings of maize cv. ZD958 subjected to limited
N supply, i.e. NS (0.15 mM NO, in growth medium),
showed inhibited growth measured as DM, being
approximately 40% of control (15 mM NO, ) at the
end of the treatment (Figure 1). At 12 d after
treatments, TDM increased with increasing GB rates,
whereas such increase in TDM occurred only at the
first dose of HA. However, increase in TDM was
greater due to exogenous GB than that due to the same
dose of HA under NS (Figure 1).

Total N and GB contents

NS induced a decrease in total N content and
endogenous glycinebetaine (EGB) content in the
seedlings of maize cultivar ZD958. Exogenous appli-
cation of 100 and 200 mg 1~' GB significantly
increased total N content by 8% and 13%, and
endogenous GB content by 35% and 55%, respec-
tively, under NS. However, neither total endogenous
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Figure 1. Protective effects of GB and HA on growth of seedlings of maize cv. Zhengdan 958 under NS.

Notes: Total dry weights (TDW) were measured at 0 and 12 d after inoculation. Values represent the means +SE (n =8). At
the same incubation day, bars with the same letters are not significantly different at P < 0.05. Non-stress, NS, NS + GBI,
NS + GB2, NS + HAI, and NS+ HA2 indicate the standard medium (15 mM NOj5 ), NS medium (0.15 mM NOj3),
100 mg 1 ~! GB and NS medium, 200 mg 1! GB and NS medium, 100 mg 1~! HA and NS medium, and 200 mg 1! HA and
NS medium, respectively, as described in Materials and methods.

N content nor EGB content was affected by the
application of HA (Figure 2).

Photosynthesis

The NS treatment decreased leaf P,, g,, C;, and
RuBPCase and PEPCase activities significantly in the
seedlings of maize cv. ZD958 (Table 1). Exogenous
application of 100 and 200 mg 17' GB or HA
significantly increased P, by 22% and 33% or 11%

and 12%, respectively, under NS. The g; and C;
increased due to the application of HA, but there was
no difference between the two levels of HA used.
However, C; decreased, whereas g, remained unaf-
fected due to the application of GB. The RuBPCase
and PEPCase activities increased by 18% and
13%, respectively, due to application of 100 mg 1~
GB, and 33% and 15% at 200 mg 1" of GB under
NS. In contrast, no effect of HA was found on the
activities of these two enzymes under NS (Table 1).

1.50

Total N content (%)

1.00

0.50

0.00

b
d C I d
I L I L L I L

0.30

0.25 |

Glycinebetaine
content (L mol g‘1 DW)
=)

G

d
0.10
0.05
0.00 L

Non-NS NS+GB1

NS+GB2 NS+HALI NS+HA2

Figure 2. Effects of exogenous GB and HA on total N content in 12-d-old seedlings of maize cv. Zhengdan 958 under NS.
Notes: Values represent means +SE (n =8). Bars with the same letters are not significantly different at P < 0.05. Details of

culture media are given in the legend of Figure 1.
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Table 1. Effects of exogenous GB and HA on photosynthesis in 12-d-old seedlings of cv. Zhengdan 958 under NS.

photosynthesis parameters

Culture P,(umol CO, g, (nmol HLO  C; (n mol CO, RuBPCase activity (u mol mg ~' PEPCase activity (i mol
media m s m s mol ) protein min ~") mg ! protein min ")
Non-stress 35.23+1.23 a 258+13 a 176 +9 a 0.19540.014 a 0.158+0.013 a

NS 23.12+0.87 ¢ 206+10 ¢ 134+11 ¢ 0.13040.008 d 0.11840.011 ¢
NS+ GB1 28.14+093 ¢ 207+7 ¢ 117+8 d 0.1544+0.012 ¢ 0.134+0.006 b

NS+ GB2 30.68+1.03b 21049 ¢ 115+7d 0.17440.009 b 0.13640.009 b
NS + HA1 25.75+1.24d 235+14 b 148+6 b 0.136+0.013 cd 0.11940.012 ¢

NS +HA2 26.02+0.65d 237+11b 150+13 b 0.1384+0.014 cd 0.122+0.007 ¢

Notes: Non-stress, NS, NS 4+ GBI, NS + GB2, NS + HA1, NS + HA2 indicate the standard medium (15 mM NO; ), NS medium (0.15 mM
NO3), 100 mg 1~! GB and NS medium, 200 mg 1 ~' GB and NS medium, 100 mg I =" HA and NS medium, 200 mg 1 ~' HA and NS medium,
respectively, as described in Materials and methods. Cj, intercellular CO, concentration; g, stomatal conductance; P,, net photosynthetic
rate; RuBPCase, ribulose-1, 5-bisphosphate carboxylase. Different letters show significant differences among means at P <0.05.

Means +SE (n =8).

Lipid peroxidation

NS caused a significant increase in MDA contents in
ZD958 seedlings. Exogenously applied 100 and
200 mg 1~' GB significantly decreased MDA levels
by 22% and 31%, respectively, under NS. Exogenous
application of 100 and 200 mg 1! of HA also caused
a significant decrease by 15% and 16% in MDA
content under NS (Table 2).

Activity of antioxidant enzymes

A significant decrease (25% and 31%) in SOD and
CAT activities whereas no change in POD activity
was observed in the maize seedlings due to NS
(Table 2). Exogenously applied 100 and 200 mg 1~
GB resulted in a significant increase in SOD activity
by 9% and 18%, and CAT activity by 15% and
27%, respectively. However, POD activity remained
unchanged. Exogenously applied 100 and 200 mg 1~
HA resulted in a significant increase in SOD activity
by 7% and 12%, CAT activity by 14% and 17%, and
POD activity by 7% and 7%, respectively, under
NS (Table 2).

Discussion

Although maize plants being C4 use N more effi-
ciently than most Cs-type crops (Uhart & Andrade
1995; Pandey et al. 2000; Sage & Zhu 2011), NS
suppressed their plant growth and DM accumulation

(Figure 1). Decreased TDM production due to N
shortage in the maize plants was found to be
associated with reductions in leaf photosynthetic
capacity as earlier observed by Uhart and Andrade
(1995) and it was mainly ascribed to a smaller total N
content and GB content in the plants (Figures 1
and 2). The ameliorative effects of GB and HA on
most plants exposed to various stresses have been
widely reported in the literature (Chen & Aviad 1990;
Demiral & Turkan 2004; Ashraf & Foolad 2007;
Cimrin et al. 2010). For example, GB was reported to
be utilized as an N source in wheat under N-deficit
conditions (Grattan & Grieve 1985). However, the
defensive roles of GB and HA in plants exposed to
NS are yet to be fully explored. In this study, the
evidence of NS can be seen from growth inhibition of
the seedlings of maize cv. ZD958 (Figure 1). Despite
the protective roles of both GB and HA in plants
against NS, the mitigation effects of GB increased
with increasing external GB levels, whereas such
increasing effect of HA occurred only at its lower
level. Overall, the mitigating effect of GB was more
pronounced than that of HA (Figure 1).

Plants have adopted a variety of metabolic
strategies to judiciously utilize endogenous N sources
under the conditions of N shortage (Grattan &
Grieve 1985). Except the availability of inorganic
N source, the N bound in organic molecules can also
be a good source of N under N deficiency. For
example, in Hibiscus tiliaceus the methylated onium

Table 2. Effects of exogenous GB and HA on antioxidant parameters in 12-d-old seedlings of cv. Zhengdan 958 under NS.

Antioxidant parameters

Culture media  SOD (U mg ™' protein)

CAT (U mg ' protein)

POD (U mg ! protein) MDA (u mol g~ DW)

Non-stress 82.26+1.23 a 39.78+1.34 a
NS 61.39+1.18 ¢ 27.45+2.21d
NS + GBI 66.844+1.56 cd 31.65+1.78 ¢
NS + GB2 72914123 b 348742.02b
NS + HAI1 66.4742.03 cd 31.23+1.65¢
NS + HA2 68.84+2.32 ¢ 32.3441.86 bc

41.34+2.12 b 9.69+1.12d
40.29+1.78 b 15.34+1.09 a
40.56 +£2.56 b 12.03+0.08 be
39.45+195D 10.56+1.14 ¢
4598+2.23 a 13.05+0.86 b
46.23+1.55 a 12.87+1.26 b

Notes: Different letters show significant differences among means at P < 0.05. Means + SE (n =8). Details of culture media are given in Table 1.
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compounds comprise 6% of the N in old leaves and
10% in the young leaves (Gorham 1996). In drought
stressed plants of cotton (Gossypium hirsutum L.),
approximately 300 mmol GB kg ™' dry weight was
reported to be accumulated which accounts for about
8-10% of the total N (Gorham 1996). GB could be
degraded in plants such as wheat to utilize it as a
source of N under N-deficit conditions (Grattan &
Grieve 1985). In our study, NS led to a decrease in
total N and GB contents in the maize seedlings
(Figure 2). The improvement in NS tolerance by
exogenous GB but not HA was found to be asso-
ciated with increased intracellular GB accumulation
(Zhang et al. 2009; Cimrin et al. 2010). Thus, it could
be suggested that exogenously applied GB contri-
butes to increased total N and GB content in the
maize seedlings exposed to NS (Figure 2). However,
the increased total N content in the maize seedlings
was not related to exogenously applied HA, suggest-
ing that HA mitigates NS not by enhancing N
accumulation, but by other mechanisms not fully
known yet (Cimrin et al. 2010; Saruhan et al.
2011). Conversely, GB could mitigate NS by its
own degradation to the N pool within the plant
(Demiral & Turkan 2004; Ashraf & Foolad 2007).
GB improved N tolerance more than HA did in the
maize seedlings.

Leaf photosynthetic rate depends on a multitude
of physio-biochemical processes, including g, E, C;,
functioning of PSII, and activities and levels of key
enzymes involved in carbon dioxide fixation. A study
in wheat has shown that N deficiency caused a
marked reduction in leaf P, and level and activity
of Rubisco (Ding et al. 2005). In sorghum (Sorghum
bicolor L.; a C4 plant) N deficiency reduced the quan-
tities of both PEPcase and Rubisco (Maranville &
Madhavan 2002). In sunflower, Ciompi et al. (1996)
reported reduced leaf P, under N deficiency accom-
panied by an increase in g; and C;. The suppression in
leaf photosynthetic rate in N-deficient sunflower
plants at light saturation level was found to be due
to a more decrease in mesophyll activity than that in
stomatal regulation. Cruz et al. (2003) have drawn
similar inferences while working with cassava
(Manihot esculenta L.). In contrast, our findings
show that under NS, both g, and C; decreased
simultaneously with decrease in leaf P, of maize (a
C4 crop); therefore, the suppression in stomatal
conductance seems to be one of the major causes of
decrease in maize leaf P, under N-deficient condi-
tions (Table 1). These results agree with those of
Zhao et al. (2005) in maize. However, decrease in
RuBPCase and PEPCase activities under NS have
also been noted in this study. The mesophyllic activity
is another cause of limiting maize leaf P, under NS
(Cruz et al. 2003). Decrease in P, due to N deficiency
has been reported to be one of the major causes
that limit plant growth and productivity (Uhart &
Andrade 1995; Zhao et al. 2003, 2005).

GB accumulates in most plants under drought
stress. It accumulates primarily in chloroplast where
it protects thylakoid membrane, thereby sustaining
photosynthetic capacity (Ashraf & Foolad 2007). In a
study with maize, Yang and Lu (2005) reported that
exogenous application of GB can effectively promote
rate of photosynthesis in salt-stressed plants. HA is
also known to increase rates of photosynthesis and
respiration in plants, especially under stressful envir-
onments (Chen & Aviad 1990; Cimrin et al. 2010;
Saruhan et al. 2011). Although a comprehensive
knowledge on the use of GB and HA is a prerequisite
for their commercial utilization for achieving
improved crop drought or salinity stress tolerance
particularly in high-valued crops, unfortunately, little
research has so far been carried out to appraise the
effectiveness of GB or HA on photosynthesis in
plant species under N-deficit conditions (Demiral &
Turkan 2004; Ashraf & Foolad 2007; Cimrin et al.
2010; Saruhan et al. 2011). In our study, either
exogenous GB or HA increased P, under NS. The
gs and C; were increased by the application of
HA, while C; was decreased, but g, not affected by
exogenous application of GB. The RuBPCase and
PEPC activities were also increased only due to GB,
but not due to HA application (Table 1). Therefore,
the mitigating role of HA on photosynthesis in maize
plants under NS is suggested to be due to stomatal
factors, while that of GB due to mesophyllic activity.

NS can indirectly cause the production of ROS
that can cause oxidative damage to cellular ultrastruc-
tures and biomolecules including lipids (Greenwood
1976; Maranville & Madhavan 2002). In our study,
increased levels of MDA have been found in N-
stressed maize seedlings (Table 2). These results agree
with those of Pandey et al. (2000) in maize. Compatible
solutes such as GB protect cellular components from
different stresses. However, in our study reduced levels
of MDA in N-stressed maize plants due to exogenous
application of GB or HA protected the plants from
oxidative damage most probably to lipid membranes
(Table 2). However, GB was found to be more effective
than HA probably because of their differential role in
protecting the N-stressed plants against oxidative
damage.

It is now evident that both GB and HA promote
antioxidant defense systems and improve stress toler-
ance to drought or salinity (Cimrin et al. 2010; Saruhan
et al. 2011). GB is believed to have a beneficial effect
on enzyme and membrane integrity in plants subjected
to stressful environments (Demiral & Turkan 2004;
Ashraf & Foolad 2007). Zhang et al. (2011) reported
that exogenous GB application increased antioxidant
enzyme activities, but reduced MDA accumulation in
maize under drought. Under salt stress, GB increased
CAT activity in cultured tobacco (Nicotiana tabacum
L.) cells (Hoque et al. 2008). The HA compounds may
have various biochemical effects in terms of enhanced
protein synthesis such as antioxidative enzymes
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(Cimrin et al. 2010; Saruhan et al. 2011). In the
current study, NS decreased SOD and CAT activ-
ities; however, this decrease was found to be
mitigated by exogenously applied GB or HA
(Table 2). HA but not GB provides protection
against NS also by increasing the activity of POD.
However, the increase in POD activity was not
correlated with NS tolerance in our study, suggest-
ing that this enzyme is not sensitive to N supply
(Zhao et al. 2005). In contrast, from the present
study it is evident that the activities of SOD and
CAT could be used as biomarkers for N deficiency
in maize plants (Table 2). The above results suggest
that SOD, CAT, and POD may function differen-
tially under NS as well as other stresses. For
example, increased POD activity positively corre-
lated with salt tolerance, but not with NS tolerance,
suggesting that POD activity may be more respon-
sive to salt than to NS.

From the above-reported data it is possible to
infer that GB and HA acted differently to alleviate
NS in maize plants, because the former caused
improvement in tissue N status, endogenous GB
content, and activities of RuBPCase and PEPCase,
while the latter caused stomatal regulation by
increasing g; and C;,

Conclusion

Nitrogen deficiency decreased leaf total N and
endogenous GB contents, P,, g, C;, and RuBPCase
and PEPCase activities as well as the activities of
SOD and POD in maize plants, thereby causing
reduced DM accumulation. Decreased maize leaf
photosynthetic capacity due to N deficiency was
found to be associated with limited stomatal regula-
tion and mesophyllic activity. Exogenously applied
GB and HA induced tolerance to NS in cv. ZD958
seedlings by increasing P, and activities of SOD and
CAT, and decreasing lipid peroxidation. In addition,
GB offers greater protection against NS compared to
HA, but the specific mechanism of GB-induced NS
tolerance was different from that of HA-induced NS
tolerance. Exogenous GB only increased leaf total N
and endogenous GB content and activities of RuBP-
Case and PEPCase, while it decreased C; under NS.
In contrast, exogenous HA only increased g5 and C;
as well as POD activities. Further research is required
to explicate the molecular mechanisms and signaling
pathways involved in GB- or HA-induced NS toler-
ance in plants.
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