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Abstract

Nitrogen stress as well as other stresses can negatively impact the plant development and metabolism. Generally, stress factors
increase the reactive oxygen species (ROS) and methylglyoxal (MG) production, which may, in the absence of effective protective
mechanisms, induce irreparable metabolic dysfunction and death. The effect of different amounts (from deficiency to excess) of
nitrate, ammonium or nitrate combined to ammonium, on enzyme activities of antioxidant and methylglyoxal detoxification
systems of two sorghum ecotypes (3P4 and 4P11) was studied. The N supply was performed per pot during the sowing step using
potassium nitrate and/or ammonium sulfate. Six N treatments were applied using 120, 240 and 480 Kg ha™ of ammonium or nitrate
and three other treatments were applied using 120 kg ha-! nitrate combined to 120, 240 and 480 kg haof ammonium. The specific
activities of superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), glutathione reductase (GR), glyoxalase | (Gly 1) and
glyoxalase Il (Gly II) were investigated. Results showed that, ammonium excess and N-deficient conditions increased the contents of
malondialdehyde (MDA), and induced the enzyme activities of ROS and MG detoxification systems, supporting the sorghum’s
ability to counteract the negative effect of N stress (deficit and excess). We have also shown that the SOD, CAT, GR and Gly |
enzyme activities were higher in the 4P11 ecotype compared to the 3P4 ecotype. These results indicate that sorghum ecotypes
exhibit differential tolerance to N stress and suggest that the 4P11 ecotype has higher capacity to cope with N stress.
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ROS_Reactive oxygen species; O, °_superoxide radical; SOD_superoxide dismutase; TBA_thiobarbituric acid; TCA_trichloroacetic
acid.

Introduction

Appropriate fertilization is a prerequisite to meet high yields ammonium is of great importance because it can replace
and optimum quality of crops. Unlike most of mineral nitrate and thus, increase the amounts of N available for
elements essential to plant development that are needed in plants and decrease the negative impact of N on
trace amounts, some key elements (macroelements) like groundwater. However, it is now well known that
nitrogen (N) and phosphorus (P) are required in large ammonium is toxic to many plant species, leading to a
amounts. These elements are regularly insufficient in the soil reduction in growth and alteration in content of amino acids,
to allow optimum growth of crops. Of all mineral elements, mineral cations and organic anions (Li et al., 2011).

N is the one that organisms require in greatest quantity, Only few studies about antioxidant responses in crop-plants
because it is a constituent of macromolecules such as grown under differential N supply have been conducted
proteins (Yang et al.,, 2012). Adequate N fertilization is (Nimptsch and Pflugmacher, 2007; Yafiez-Mansilla et al.,
therefore of importance for better growth of crops. 2014; Yafiez-Mansilla et al., 2015). Asada and Takahashi
Nitrate (NO;-N) and ammonium (NH,"-N) are the most (1987) reported that N excess is generally related to the
important forms of N that plants use for growth and accumulation of ammonium in plant tissues, whereas N
development. However, nitrate is very mobile and easily deficiency may increase the production of ROS. Polesskaya
moves with water, causing a diminution in the levels of N et al. (2004b) reported that NH,  increased antioxidant
available to plants and leads to many problems related to enzyme activities. They also reported that N deficiency leads
environment and human health (Dominguez-Valdivia et al., to an oxidative stress due to an increase in the Mehler
2008; Khajuria and Kanae, 2013). For these reasons, reaction and an energetic imbalance related to a decrease in
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N assimilation. Accordingly, excess production of ROS
disturbs the normal redox environment of cells and lead to
lipid peroxidation of cell membranes (Asada and Takahashi,
1987). To maintain ROS under control and reduce the
oxidative damage caused by N stress, plants have evolved
different protective mechanisms, including the antioxidative
enzymes such as SOD, POD, CAT, and GR.

Methylglyoxal (MG) is a natural metabolite and a highly
reactive cytotoxic compound. The overproduction of MG
under abiotic stress has been reported in several studies
(Yadav et al.,, 2008). Besides, it was turned out that the
overproduction of MG is related to lipids, proteins and DNA
damage (Yadav et al., 2005). The MG is detoxified mainly by
the glyoxalase system composed of two enzymes, Gly | and
Gly Il (Yadav et al., 2005). While Gly | catalyzes the
transformation of MG to S-D-lactoglutathione by using one
molecule of reduced glutathione (GSH), Gly Il catalyzes the
formation of D-lactic acid from the S-D-lactoylglutathione.
This reaction allows the regeneration of one molecule of
GSH (Yadav et al.,, 2008). Thereby, the MG detoxifying
system could play an important role in plant tolerance to
abiotic stress by recycling GSH and thus maintaining GSH
homeostasis (Yadav et al., 2008). Many studies have
reported the involvement of Gly | and Gly Il in the regulation
of environmental stresses such as salinity (Hasanuzzaman
and Fujita, 2013). However, the effect of N stress on the
enzymes of MG detoxifying system has been not studied yet.
Sorghum bicolor (L.) Monech is considred to be the 5" most
important cereal in the world; it is known for its resistance
to drought and its low demand for inputs. Sorghum is also
considered as a good model for physiological and molecular
studies in C, metabolism (EI Omari et al., 2010). Numerous
studies recorded the improving effect of nitrogenous
fertilizers on yield of forage crops (Hussein and Sabbour,
2014). Beyaert and Roy (2005) obtained the highest yields of
forage sorghum at 125 kg N ha™, and Ketterings et al. (2007)
found that optimum N levels for brown midrib forage
sorghum was between 125 and 145kgN ha™ in the
northeastern U.S. A recent study showed that Sorghum-
sudangrass plants are tolerant to high levels of inorganic N
supply and this tolerance is accompanied by an increase in
the capacity of N assimilation in roots (El Omari et al., 2010).
In this way, sorghum could be a good model to study the
implication of antioxidant and glyoxalase system enzymes in
the tolerance to N stress.

The response of plants to the N availability depends on the
genotype and the N sources and levels (Chardon et al.,
2012). Previous works have shown that sorghum-sudangrass
acclimation to conditions of ammonium supply, as well as N
deficiency in  growth medium, produced different
phenotypes. These changes involved plant growth, plant and
cell morphology, the content of amino acids and proteins in
leaf and root tissues, and some key enzymes of N and
carbon metabolism (El Omari et al., 2010; El Omari and Nhiri,
2015). The goal of this work is to study whether such
significant changes in plant metabolism, as induced by the
changes in N supply, activate the antioxidant and glyoxalase
system enzymes in sorghum plants. The second objective is
to study the effect of the N source (ammonium, nitrate or
both) and doses, on two sorghum ecotypes, to examine if
there is a differential response depending on the N source
and the genotype.
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Results

Lipid peroxidation as affected by different nitrogen sources
and levels in the two sorghum ecotypes

The effect of N treatments on lipid peroxidation levels in leaf
tissues, measured as the content of MDA, is represented in
Figure 1. Lipid peroxidation in plants grown without N supply
was approximately 50% higher (p<0.05) compared to plants
grown under moderate N doses. However, unlike nitrate,
which had no remarkable effect on the lipid peroxidation;
increased ammonium concentration in the medium resulted
in a profound increase in lipid peroxidation levels. The effect
of the combination of ammonium and nitrate was more
pronounced and increased the MDA content to levels similar
(p>0.05) to those of the N-deficient plants. The MDA content
was similar in both ecotypes (Figure 1).

Antioxidant enzyme activities as affected by different
nitrogen sources and levels in the two sorghum ecotypes

The SOD activity showed differential results in response to N
levels and source. However a similar trend in SOD activity
was observed in both ecotypes (Figure 2A). The highest
specific SOD activity was observed at 0 kg N ha™. Nitrate
leads to a slight increase in SOD activity, but only at 480 kg
ha™. Nevertheless, SOD activity strongly increased with
increasing ammonium supply. Under N stress conditions
(deficiency or ammonium excess), the activity of SOD was
significantly higher in the 4P11 ecotype compared to the 3P4
ecotype.

The effect of N on CAT activity was shown in Figure 2B. The
activity of CAT was significantly induced in plants treated
with ammonium as single N source. It reaches its maximum
at 480 kg NH,"-N ha™ for both ecotypes. However, CAT
activity was reduced when nitrate was combined with the
same doses of ammonium. Plant without N supply showed
high CAT activity in comparison with plants treated with
moderate N doses (120 kg N ha'l). Figure 2B also shows that
the 4P11 exhibited higher CAT activity mainly under N
deficient and high ammonium level conditions.

Plants treated with nitrate as sole N source showed the
lowest POD activity for both ecotypes (Figure 2C). However,
in the leaves of N-deficient plants, and those grown under
high levels of ammonium, POD activity almost doubled
compared to plants treated with nitrate. Ammonium or
ammonium plus nitrate induced significantly the POD
activity which reaches its maximum at A3 for both ecotypes.
As for SOD and CAT, the combination of nitrate and
ammonium reduce the POD activity in both ecotypes. It
should be also noted the POD activity was significantly
higher (P<0.001) in the 3P4 ecotype compared to the 4P11
ecotype in almost all treatments.

In Figure 2D, the GR activity significantly varied in response
to the ecotypes as well as by the effect of N source and
concentration. Ammonium-fed sorghum plants had higher
GR activity than nitrate-fed plants. In fact, GR activity (Figure
2D) increased significantly in plants exposed to ammonium
or ammonium plus nitrate compared to N untreated plants.
For both ecotypes, GR activity reaches its maximum at A2
after which the activity in the 3P4 ecotype decreased but for
the 4P11 ecotype, this activity remains constant. Higher GR



Table 1. The treatments applied to sorghum plants. Six N treatments were applied using 120, 240 and 480 Kg ha™ of ammonium or
nitrate and three other treatments were applied using 120 kg ha™* nitrate combined to 120, 240 and 480 kg ha™* of ammonium. Pots
without N supply were considered as control and abbreviated as (-N).

Nitrate Ammonium Nitrate + Ammonium
Treatment Nitrate supply Treatment Ammonium supply Treatment Nitrate supply Ammonium supply
(kg/ha) (kg/ha) (kg/ha) (kg/ha)

N1 120 Al 120 NF1 120 120

N2 240 A2 240 NF2 120 240

N3 480 A3 480 NF3 120 480

0.60 [ 3P4 ecotype
4P11 ecotype

MDA content
(umol. mg! protein)

-N Al A2 A3 NI N2 N3 NF1 NF2 NF3

Nitrogen supply

Fig 1. Concentration of malondialdehyde (MDA) in the leaves of two sorghum ecotypes (3P4 and 4P11) growing at different levels
and sources of inorganic N. Six N treatments were applied using: 120 (A1), 240 (A2), 480 (A3) Kg ha™ of ammonium and 120 (N1),
240 (N2), 480 (N3) Kg ha™ of nitrate and three other treatments were applied using 120 kg ha™ nitrate combined to 120 (NF1), 240
(NF2) and 480 (NF3) kg ha™ of ammonium. Pots without N supply were considered as control and abbreviated as (-N). Each value
represents the mean of six replicates. Bars represent the standard error. Different letters indicate significant differences among N
treatments, for the same ecotype, at the 5% level. The signs *, T and ¥ indicate significant difference between the two varieties for
same N treatment at P<0.05, P<0.01 and at P<0.001, respectively.
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Fig 2. Activities of antioxidative enzymes; superoxide dismutase (SOD, A), catalase (CAT, B), peroxidase (POD, C) and glutathione
reductase (GR, D) in the leaves of two sorghum ecotypes (3P4 and 4P11) growing at different levels and sources of inorganic N.
three N treatments were applied using: 120 (A1), 240 (A2), 480 (A3) Kg ha™ of ammonium and 120 (N1), 240 (N2), 480 (N3) Kg ha™
of nitrate and three other treatments were applied using 120 kg ha™ nitrate combined to 120 (NF1), 240 (NF2), 480 (NF3) kg ha™ of
ammonium. Pots without N supply were considered as control and abbreviated as (-N). Each value represents the mean of 5-6
replicates. Bars represent the standard error. Different letters indicate significant differences among N treatments, for the same
ecotype, at the 5% level. The signs *, T and ¥ indicate significant difference between the two varieties for same N treatment at
P<0.05, P<0.01 and at P<0.001, respectively.
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Fig 3. Activities of glyoxalase system enzymes; glyoxalase | (Gly I, A) and glyoxalase Il (Gly Il, B) in the leaves of two sorghum
ecotypes (3P4 and 4P11) growing at different levels and sources of inorganic N. Six N treatments were applied using: 120 (A1), 240
(A2), 480 (A3) Kg ha™* of ammonium and 120 (N1), 240 (N2), 480 (N3) Kg ha® of nitrate and three other treatments were applied

using 120 kg ha™

nitrate combined to 120 (NF1), 240 (NF2) and 480 (NF3) kg ha™ of ammonium. Pots without N supply were

considered as control and abbreviated as (-N). Each value represents the mean of 4-6 replicates. Bars represent the standard error.
Different letters indicate significant differences among N treatments, for the same ecotype, at the 5% level. The signs *, T and ¥
indicate significant difference between the two varieties for same N treatment at P<0.05, P<0.01 and at P<0.001, respectively.

activity was observed for the 4P11 ecotype compared to the
3P4 ecotype.

Glyoxalase system enzyme activities as affected by
different nitrogen sources and levels in the two sorghum
ecotypes

Results showed that, independent of the N source and
ecotype, there was a significant decrease in the Gly | activity
at 120 kg N ha® dose compared to N untreated plants
(Figure 3A). The Gly | activity subsequently increased in plant
treated with 240 and 480 kg ha™ of ammonium or
ammonium plus nitrate treatments, reaching a level similar
or even higher to those detected in N untreated plants.
Despite the increase in enzyme activity of nitrate-treated
plants, the maximum activity reached remains significantly
lower compared to N-deficient condition. The Activity of Gly
| was significantly higher in the 4P11 ecotype compared to
the 3P4 ecotype.

The effect of N source and rate on the on the Gly Il activity
was shown in figure 3B. For the 3P4 and 4P11 ecotypes, the
Gly Il activity significantly decreased by 119 and 116 % when
ammonium rate increased from 0 to 240 kg ha™. However,
high level of ammonium (480 kg ha'l) caused an increase in
the Gly Il activity, this activity remains lower compared to
the level observed in N untreated plants. Furthermore, the
effect of nitrate on the Gly Il was less marked compared to
that of ammonium. For the 3P4 ecotype, Gly Il activity was
116, 153 and 112% lower at N1, N2 and N3 treatments in
comparison to plants with no N supply. However, for the
4P11 ecotype, this decrease was about 93, 77 and 59% lower
compared to the N untreated plants. The Gly Il activity
increased with increasing ammonium doses in plants treated
with ammonium combined to nitrate.

Discussion

Nitrogen deficiency or excess increase the production of ROS
in plants, which results in lipid peroxidation of cell
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membranes (Asada and Takahashi, 1987; Pompelli et al.,
2010). In oxidative stress, MDA content can be used as an
indicator of lipid peroxidation. Several studies have reported
that increased level of MDA was correlated with oxidative
damages caused by different abiotic stresses (Garg and
Manchanda, 2009). In our results, N deficiency (-N) and
ammonium excess (A3) lead to the highest lipid peroxidation
in the two sorghum ecotypes studied here (Figure 1).
Moreover, nitrate showed no significant increase in leaves
lipid peroxidation among nitrate supply rates. Many studies
have reported that the leaf lipid peroxidation was increased
under both N deficiency and N excess stress conditions. In
fact, it was demonstrated that N deficiency increased MDA
concentration in Vaccinium corymbosum (Yafiez-Mansilla et
al.,, 2014; Yafez-Mansilla et al., 2015). Similar increase of
MDA was observed in Myriophyllum spicuatum and
Potamogeton crispus leaves under ammonium stress (Jiao et
al., 2009; Yin et al, 2016). The N starvation led to the highest
lipid peroxidation in leaves, without difference between the
ecotypes. Indeed, N addition, significantly reduced lipid
peroxidation in leaves of both ecotypes, without difference
among nitrate supply rates. The increasing content of MDA
and thus, of lipid peroxidation products in plants under
higher ammonium levels signified that the damage extended
as the ammonium level increased. The increases in MDA
content in the same way for both ecotypes may suggest two
things: (i) these ecotypes respond in the same way to N
stress, and/or (ii) the lipid peroxidation is not a solid
indicator of N stress.

Superoxide dismutase is recognized as the primary plant
defense barrier against ROS (Alscher et al., 2002), which
catalyzes the dismutation of superoxide anion radicals (O,)
to hydrogen peroxide (H,0,). Our results showed that for
both ecotypes, the highest specific SOD activity was
observed at 0 kg N ha™ (Figure 2A). Previous studies showed
a significant increase in SOD activity in N-deficient mulberry
plants and rice seedlings (Tewari et al.,, 2007; Lin et al,,
2011). Moreover, in the present work we observed slight
increases in the SOD activity in response to nitrate supply,



but only at the highest dose. In contrast, ammonium supply
at rates from 240 kg ha™ to 480 kg ha™ markedly increased
the SOD activity in both cultivars. Similar outcomes have
been reported previously for spinach, sunflower and wheat
plants grown under ammonium excess (Rios-Gonzalez et al.,
2002; Polesskaya et al., 2004b; Dominguez-Valdivia et al.,
2008). From these results, it is possible to suggest that both
N deficiency or ammonium excess conditions triggered SOD
activity in order to combat ROS production as it was
proposed by Alscher et al. (2002). The increase of SOD
activity under N deficiency may also be related to the low
rate of CO, fixation under these conditions (Polesskaya et al.,
2004a). In fact, it was shown that the rate of CO, is lower in
plants cultivated under N deficiency as compared to control
plants without differences in PSII functioning (Polesskaya et
al., 2004a). Furthermore, it was reported that this imbalance
is accompanied by the over-reduction of carriers in the
electron-transport chain which increases the probability of
0, ° generation through the Mehler reaction (Fryer et al.,
1998). According these antecedents, the high SOD activity
detected here could be related to the enhanced 0O,°
generation during photosynthesis in the leaves of the N-
deficient sorghum plants. The negative impacts of a high
ammonium accumulation in plant tissues might be a
consequence of an increase in ROS production in cell
membranes due to failure in photosynthesis (Pompelli et al.,
2010). It is now well known that N stress (excess or
deficiency) can trigger ROS production, affecting cell
membranes as well as the integrity of chloroplasts and
photosynthetic machinery (Buchanan et al., 2000). Thus,
enzymatic antioxidant defenses could help to protect the
photosynthetic apparatus against N-induced oxidative stress.
Our results also showed that, under N stress conditions
(deficiency or ammonium excess), the activity of SOD was
significantly higher in the 4P11 ecotype compared to the 3P4
ecotype, suggesting that this antioxidant enzyme may be
strongly related to a higher tolerance of 4P11 ecotype to N
stress.

Hydrogen peroxide, generated by the SOD enzyme, to
prevent cellular damage, is a toxic compound and must be
eliminated by conversion to H,0. In this way, CAT and POD
regulate H,0, level in plants (Hossain et al., 2015). In leaves
of ammonium treated and N deficient sorghum plants, the
activities of POD and CAT were significantly higher than
those detected in nitrate-grown plants (Figure 2B and 2C).
The increased on POD and CAT activities in N deficient plants
observed here are in accordance with results obtained by
Tewari et al. (2007) in mulberry plants. These authors
related POD and CAT increments with increased H,0,
concentration. In addition, we found that POD and CAT
activities were significantly induced when plants were
supplied with ammonium, especially when this N source was
used as sole nitrogen source. Our findings are in accordance
with the earlier observations of 5 for Myriophyllum.
Moreover, Medici et al. (2004) tested the effect of N supply
on the activities of the antioxidant system enzymes in the
roots of some crop species, including Zea mays and
Hordeum vulgare, and obtained similar results. In this work,
the activity of CAT was generally higher in the 4P11 ecotype
especially under N deficient and high ammonium level
conditions, suggesting that this ecotype has more catalase to
protect against oxidative damages caused by N stress
particularly, N deficient stress. Associating the results
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obtained for the SOD activity and the CAT activity we can
consider that the 4P11 ecotype is more tolerant to N stress
compared to the 3P4 ecotype. In contrast to the result
obtained for CAT, activity of POD was much higher in the
3P4 compared to the 4P11 ecotype. The drastic increase in
the activity of this enzyme in the 3P4 ecotype might not be
related to an effective protective mechanism by this
enzyme, but it could be due to an accumulation of a damage
lasting for a long time.

In N-deficient plants, GR activity was lower compared to the
others treatments conditions (Figure 2D). A similar result
was found by Polesskaya et al. (2004b), who showed a low
GR activity in N-deficient wheat compared to plants supplied
with nitrate or ammonium. The results presented here,
showed also that both N sources induced GR activity in
sorghum plants. Increased GR activity has been observed in
sunflower plants grown under ammonia stress (Rios-
Gonzalez et al., 2002). The increases on GR activity may be
due to the high demand for reduced glutathione (GSH) for
plant growth (Mullineaux and Creissen, 1997). In fact, GR is
essential to maintain high levels of GSH in plant cells. This
molecule is used in numerous redox reactions in the cell,
including those involved in protein and DNA synthesis and
amino acid transport (Noctor et al., 2002; Frendo et al.,
2013). The high GSH/GSSG (GSSG: oxidized glutathione) ratio
is also essential to accelerate the H,0, scavenging pathway,
principally under stress environment (Pang and Wang,
2010). In the present work, the increased GR activity was
greater in NH,'-N treated plants compared to NO;-N treated
plants which confirm the importance of the GR in
maintaining high levels of GSH to be used in reactions
involved on growth rate and antioxidative processes in
higher plants (Noctor et al., 2002).

Glutathione produced by the GR enzyme may be involved in
the detoxification of methylglyoxal (MG) via a reaction
catalyzed by Gly | and Gly II. In this way, different studies
have shown that the activities of these enzymes are affected
by various abiotic stress conditions including salt and heavy
metal (Hossain and Fujita, 2009; Kaur et al., 2014). In the
present study, we observed an increase of the Gly I and Gly Il
specific activities in plants grown under both N deficient
conditions and N excess, especially when ammonium was
used as N source (Figure 3A and 3B). This is the first report
indicating that N stress can induce increases of glyoxalase
system enzymes in higher plants. It has been reported that
high activities of Gly | and Gly Il can protect plants against
the negative impacts of methylglyoxal which is formed
during abiotic stress (Hossain and Fujita, 2009; Saxena et al.,
2011, Alvarez et al., 2013). In fact, overexpression studies of
the glyoxalase system enzymes in plants have shown that
glyoxalases may avoid excessive accumulation of MG under
stress conditions, by maintaining intracellular antioxidant
pools (Hasanuzzaman and Fujita, 2011; Hasanuzzaman et al.,
2011; Ghosh et al., 2014). In addition, it was reported that
glyoxalase enzymes increased the tolerance of plants to
drought-induced oxidative damage by maintaining the
GSG/GSSG ration (Hasanuzzaman and Fujita, 2011).
Therefore, the increases in Gly | and Gly Il activities observed
here, allow suggesting that this system seems to be essential
for the detoxification of MG under N stress in sorghum
plants. Our findings also indicated that Gly | was much more
induced by ammonium compared to the Gly Il. In addition, a
slight decrease was observed in the Gly Il between 120 kg N



ha™ and 240 kg ha™. A decrease in Gly Il activity was also
reported in preceding studies conducted on onion callus and
mung bean under Cd stress (Hossain and Fujita, 2009;
Hossain et al.,, 2010). These authors suggested that the
decrease observed could be related to the proteolytic
degradation or the inactivation of enzymes. However, in this
study, we observed an increase of the Gly Il at 480 kg N ha™
suggesting that the decrease observed at A1 and A2 might
not be due to the proteolytic degradation of enzymes. The
induction of Gly | activity was higher in the 4P11 ecotype
compared to the 3P4 ecotype. One possible explanation of
these results is related to an increase of GSH, which acts as a
co-factor of Gly | (Hasanuzzaman et al., 2014) due to the
consequent mitigation of oxidative stress in plants grown
under N stress, which is in line with the results obtained for
the GR activity.

Materials and methods
Plant material and growth conditions

Two sorghum ecotypes (3P4 and 4P11) were chosen for this
study. These ecotypes were collected from the North
Western of Morocco and used after three cycles of selection.
They were chosen for the present study because they have
been shown to display different growth rates under various
N treatments in a preliminary experimental trial.

Sorghum seeds (Sorghum bicolor) were sterilized with 5% of
NaOCl for 15 minutes and washed thoroughly with sterile
water. Plants were then cultivated in 18-cm plastic pots
(3000 cm3) containing 2 kg of a soil that had never received
N fertilizer. Twenty seeds per pot of each ecotype were
planted. After one week, the plants were thinned to 15
plants per pot. The plants were grown in a controlled
environment chamber at 28°C day/21-22°C night, with a
photoperiod 16/8 h (light/dark). Before sowing, the soil of
each pot was carefully homogenized. Both ecotypes were
cultivated in the same conditions and received the same
treatments. The N supply was performed per pot during the
sowing step using 500 mL of pH-adjusted solutions (pH =6 +
0.2) of potassium nitrate (KNO3) and/or ammonium sulfate
((NH,4),S0,,). During the experiment, all pots were watered
to near saturation twice a week and were randomized every
day. Six N treatments were applied using 120, 240 and 480
Kg ha™ of ammonium or nitrate and three other treatments
were applied using 120 kg ha-! nitrate combined to 120, 240
and 480 kg ha™of ammonium. Pots without N supply were
considered as control and abbreviated as (-N). All the pots
received a basal dose of 60 kg P ha™ and 60 kg K ha™.

Table 1 indicates the treatments applied to sorghum plants.
The experiment was arranged in a randomized complete
block design (RCBD) with 3 replications. After five weeks,
samples from fully expanded leaves were harvested
randomly, liquid N, frozen and stored at -80 °C for enzyme
activity analysis.

Measurement of lipid peroxidation
The level of lipid peroxidation was measured by estimating

the malondialdehyde (MDA) content according to Heat and
Packer (1968) using 0.4 grams of frozen leaves.
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Enzyme extraction

Using a pre-cooled mortar and pestle, frozen leaves (0.4
grams) were homogenized in 50 mM ice-cold phosphate
buffer (pH 7.6) containing 14 mM B-mercaptoethanol, 1 mM
Ethylenediaminetetraacetic ~ acid (EDTA), 1 mM
phenylmethylsulfonyl  fluoride (PMSF) , 1% (w/v)
polyvinylpyrrolidone (PVP) and 10% (w/v) glycerol. The
homogenates were centrifuged at 15,000 g for 20 min and
the supernatants were used for determination of enzyme
activities. All procedures were performed at 0-42C.

Enzymatic measurements

The activity of SOD (EC 1.15.1.1) was assayed according to
the method described by Beauchamp and Fridovich (1971).
The CAT (EC: 1.11.1.6) activity was assayed according to the
method described by Aebi (1974), whereas POD (EC:
1.11.1.17) activity was measured as described by Putter
(1974). The activity of GR (EC: 1.6.4.2) was measured by the
method of Yannareli et al. (2007). Glyoxalase | (EC: 4.4.1.5)
assay was carried out according to Racker (1951) and
Glyoxalase Il (EC: 3.1.2.6) activity was determined according
to the method of Principato et al. (1987). The total soluble
protein content of the enzyme extracts was determined
following the method of Bradford (1976), using bovine
serum albumin (BSA) as a protein standard.

Statistical analysis

The used data are mean values * S.D. Results were subjected
to a one-way analysis of variance (ANOVA) followed by the
Tukey test using PASW statistics (version 18).

Conclusion

In conclusion, N stress (ammonium excess and N deficient
conditions) increased the contents of MDA and in turn
induces the activities of SOD, POD, GR and CAT and the
glyoxalase system in both sorghum ecotypes. The POD and
CAT activities of sorghum leaves increased even under
excessive rates of ammonium (480 kg ha), supporting the
sorghum’s ability to alleviate the effect of ammonium stress.
It was clear that the 4P11 ecotype has higher levels of SOD,
CAT and GR enzymes, and also higher Gly | activity in
comparison to the 3P4 ecotype under both N deficient and
ammonium excess conditions. These results suggest that the
4P11 ecotype has higher capacity to cope with N stress. The
work presented here could help to identify the way in which
antioxidant enzymes and glyoxalase systems are affected by
N stress. These results will also be used in the identification
of biochemical markers useful for the selection of genotypes
characterized by higher levels of tolerance to N stress.

References

Aebi H, Wyss SR, Scherz B, Skvaril F (1974) Heterogeneity of
erythrocyte catalase Il. Eur J Biochem. 48: 137-145.

Alscher RG, Erturk N, Heath LS (2002) Role of superoxide
dismutases (SODs) in controlling oxidative stress in plants.
J Exp Bot. 53:1331-1341.



Alvarez Viveros MF, Inostroza-Blancheteau C, Timmermann
T, Gonzalez M, Arce-Johnson P (2013) Overexpression of
Glyl and Glyll genes in transgenic tomato (Solanum
lycopersicum Mill.) plants confers salt tolerance by
decreasing oxidative stress. Mol Biol Rep. 40: 3281-3290.

Asada K, Takahashi M (1987) Production and scavenging of
active oxygen in photosynthesis. In: Kyle DJ, Arntzen CJ
(eds) Photoinhibition: Topics in Photosynthesis, Elsevier,
Amsterdam. 227-287.

Beauchamp C, Fridovich | (1971) Superoxide dismutase:
improved assays and an assay applicable to acrilamide
gels. Anal Biochem. 44: 276-287.

Beyaert RP, Roy RC (2005) Influence of nitrogen fertilization
on multi-cut forage sorghum-sudangrass yield and
nitrogen use. Agron J. 97: 1493-1501.

Bradford MM (1976) A rapid and sensitive method for the
guantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal Biochem. 72:
248-54.

Buchanan BB, Gruissem W, Jones RL (2000) Biochemistry
and molecular biology of plants. American Society of Plant
Physiologists. Rockville, MD.

Chardon F, Noel V, Masclaux-Daubresse C (2012) Exploring
NUE in crops and in Arabidopsis ideotypes to improve yield
and seed quality. J Exp Bot. 63: 3401-3412.

Dominguez-Valdivia MD, Aparicio-Tejo PM, Lamsfus C, Cruz
C, Martins-Lougdo MA, Moran JF (2008) Nitrogen nutrition
and antioxidant metabolism in ammonium-tolerant and -
sensitive plants. Physiol Plantarum. 132: 359-369.

El Omari R, Nhiri M (2015) Effect of high levels of ammonium
or nitrate on growth and nitrogen metabolism in roots and
leaves of sorghum (Sorghum sudangrass) plants. Am-Eur J
Agric Environ Sci. 15: 1860-1867.

El Omari R, Rueda-Léopez M, Avila C, Crespillo R, Nhiri M,
Canovas MF (2010) Ammonium tolerance and the
regulation of two cytosolic glutamine synthetases in the
roots of sorghum. Funct Plant Biol. 37: 55-63.

Frendo P, Baldacci-Cresp F, Benyamina SM, Puppo A (2013)
Glutathione and plant response to the biotic environment.
Free Radical Bio Med. 65: 724-730.

Fryer MJ, Andrews JR, Oxborough K, Blowers DA, Baker NR
(1998)  Relationship  between  CO, assimilation,
photosynthetic electron transport, and active O,
metabolism in leaves of maize in the field during periods of
low temperature. Plant Physiol. 116: 571-580.

Garg N, Manchanda G (2009) ROS generation in plants: Boon
or bane? Plant Biosyst. 143: 81-96.

Ghosh A, Pareek A, Sopory SK, Singla-Pareek SL (2014) A
glutathione responsive rice glyoxalase |1l, OsGLYII-2,
functions in salinity adaptation by maintaining better
photosynthesis efficiency and anti-oxidant pool. Plant J.
80: 93-105.

Hasanuzzaman M, Alam MM, Rahman A, Hasanuzzaman M,
Nahar K, Fujita M (2014) Exogenous proline and glycine
betaine mediated upregulation of antioxidant defense and
glyoxalase systems provides better protection against salt-
induced oxidative stress in two rice (Oryza sativa L.)
varieties. Biomed Res Int. 2014: 1-17.

Hasanuzzaman M, Fujita M (2011) Selenium pretreatment
upregulates the antioxidant defense and methylglyoxal
detoxification system and confers enhanced tolerance to
drought stress in rapeseed seedlings. Biol Trace Elem Res.
143:1758-1776.

1286

Hasanuzzaman M, Fujita M (2013) Exogenous sodium
nitroprusside alleviates arsenic-induced oxidative stress in
wheat (Triticum aestivum L.) seedlings by enhancing
antioxidant defense and glyoxalase system. Ecotoxicology.
22:584-596.

Hasanuzzaman M, Hossain MA, Fujita M (2011) Selenium-
induced up-regulation of the antioxidant defense and
methylglyoxal detoxification system reduces salinity-
induced damage in rapeseed seedlings. Biol Trace Elem
Res. 143:1704-1721.

Heat RL, Packer K (1968) Photoperoxidation in isolated
chloroplasts. I. Kinetics and stoichiometry of fatty acid
peroxidation. Arch Biochem Biophys. 125: 189-198.

Hossain MA, Bhattacharjee S, Armin SM, Qian P, Xin W, Li
HY, Buritt DJ, Fujita M, Tran LSP (2015) Hydrogen peroxide
priming modulates abiotic oxidative stress tolerance:
insights from ROS detoxification and scavenging. Front
Plant Sci. 6: 1-19.

Hossain MA, Fujita M (2009) Purification of glyoxalase | from
onion bulbs and molecular cloning of its cDNA. Biosci
Biotech Bioch. 73: 2007-2013.

Hossain MA, Hasanuzzaman M, Fujita M (2010) Up-
regulation of antioxidant and glyoxalase systems by
exogenous glycinebetaine and proline in mung bean
confer tolerance to cadmium stress. Physiol Mol Biol Pla.
16: 259-272.

Hussein MM, Sabbour MM (2014) Irrigation intervals and
nitrogen fertilizer on yield and water use effeciency of
sorghum fodder. Int J Sci Res. 3: 404-410.

Jiao L, Wang S, Jin X, (2009) Physiological responses of
Myriophyllum spicatum to ammonium nitrogen. Chinese J
Appl Ecol. 20: 2283-2288.

Kaur C, Ghosh A, Pareek A, Sopory SK, Singla-Pareek SL
(2014) Glyoxalases and stress tolerance in plants. Biochem
Soc T. 42:485-490.

Ketterings QM, Cherney JH, Godwin G, Kilcer TF, Barney P,
Beer S (2007) Nitrogen management of brown midrib
sorghumx sudangrass in the northeastern USA. Agron J.
99: 1345-1351.

Khajuria A, Kanae S (2013) Potential and use of nitrate in
agricultural purposes. ) Water Resource Prot. 5: 529.

Li BH, Shi WM, Su YH (2011) The differing responses of two
Arabidopsis ecotypes to ammonium are modulated by the
photoperiod regime. Acta Physiol Plant. 33: 325-334.

Lin YL, Chao YY, Huang WD, Kao CH (2011) Effect of nitrogen
deficiency on antioxidant status and Cd toxicity in rice
seedlings. Plant Growth Regul. 64: 263-273.

Medici LO, Azevedo RA, Smith RJ, Lea PJ (2004) The influence
of nitrogen supply on antioxidant enzymes in plant roots.
Funct Plant Biol. 31: 1-9.

Mullineaux PM, Creissen GP (1997) Glutathione reductase:
regulation and role in oxidative stress. In: Scandalios JG
(eds) Oxidative stress and the molecular biology of
antioxidants, Cold Spring Harbor Monograph Press, New
York. 667-713.

Nimptsch J, Pflugmacher S (2007) Ammonia triggers the
promotion of oxidative stress in aquatic macrophyte
Myriophyllum mattogrossense. Chemosphere. 66: 708-
714.

Noctor G, Gomez L, Vanacker H, Foyer CH (2002)
Interactions between biosynthesis, compartmentation and
transport in the control of glutathione homeostasis and
signaling. J Exp Bot. 53: 1283-304.



Pang CH, Wang BS (2010) Role of ascorbate peroxidase and
glutathione reductase in ascorbate—glutathione cycle and
stress tolerance in plants. In: Anjum NA, Chan MT, Umar S
(eds) Ascorbate-glutathione pathway and stress tolerance
in plants, Springer, Dordrecht. 91-113.

Polesskaya OG, Dzhibladze TG, Kashirina El, Alekhina ND,
Bukhov NG (2004a) Photosynthetic CO, fixation in the
second leaf of wheat seedlings grown at different
conditions of nitrogen nutrition. Russ J Plant Physl+ 51:
366-372.

Polesskaya OG, Kashirina El, Alekhina ND (2004b) Changes in
the activity of antioxidant enzymes in wheat leaves and
roots as a function of nitrogen source and supply. Russ J
Plant Physl+. 51: 615-620.

Pompelli MF, Martins SC, Antunes WC, Chaves AR, DaMatta
FM (2010) Photosynthesis and photoprotection in coffee
leaves is affected by nitrogen and light availabilities in
winter conditions. J Plant Physiol. 167: 1052-1060.

Principato GB, Rosi G, Talesa V (1987) Purification and
characterization of two forms of glyoxalase Il from the liver
and brain of Wistar rats. Biochim Biophys Acta. 911: 349—
355.

Putter J (1974) Peroxidases. In: Bergmeyer HU Methods of
enzymatic analysis, Academic Press, New York. 2.

Racker E (1951) The mechanism of action of glyoxalase. J Biol
Chem. 190: 685-96.

Rios-Gonzalez K, Erdei L, Lips SH (2002) The activity of
antioxidant enzymes in maize and sunflower seedlings as
affected by salinity and different nitrogen sources. Plant
Sci. 162: 923-930.

Saxena M, Roy SB, Singla-Pareek SL, Sopory SK, Bhalla-Sarin
N (2011) Overexpression of the glyoxalase Il gene leads to
enhanced salinity tolerance in Brassica juncea. Open Plant
SciJ. 5:23-28.

1287

Tewari RK, Kumar P, Tewari N, Srivastava S, Sharma PN
(2007) Macronutrient deficiencies and differential
antioxidant responses-influence on the activity and
expression of superoxide dismutase in maize. Plant Sci.
166: 687-694.

Yadav SK, Singla-Pareek SL, Ray M, Reddy MK, Sopory SK
(2005) Methylglyoxal levels in plants under salinity stress
are dependent on glyoxalase | and glutathione. Biochem
Bioph Res Co. 337: 61-67.

Yadav SK, Singla-Pareek SL, Sopory SK (2008) An overview on
the role of methylglyoxal and glyoxalases in plants. Drug
Metabol Drug Interact. 23: 51-68.

Yafiez-Mansilla E, Cartes P, Reyes-Diaz M, Ribera-Fonseca A,
Rengel Z, Alberdi M (2015) Leaf nitrogen thresholds
ensuring high antioxidant features of Vaccinium
corymbosum cultivars. J Soil Sci Plant Nut. 15: 574-586.

Yafiez-Mansilla E, Cartes P, Reyes-Diaz M, Ribera-Fonseca
AE, Alberdi M (2014) Photosynthetic and antioxidant
performance aredifferentially affected by short-term
nitrogen supply in highbush blueberry cultivars. Cienc
Investig Agrar. 41: 61-70.

Yang X, Wang X, Wei M, Hikosaka S, Goto E (2012) Changes
of glutamine and asparagine content in cucumber
seedlings in response to nitrate stress. Int J Plant Prod. 5:
1-8.

Yannareli GG, Fernandez-Alvarez AJ, Santa-Cruz DM, Tomaro
ML (2007) Glutathione reductase activity and isoforms in
leaves and roots of wheat plants subjected to cadmium
stress. Phytochemistry. 68: 505-512.

Yin X, Zhang J, Guo Y, Fan J, Hu Z (2016) Physiological
responses of Potamogeton crispus to different levels of
ammonia nitrogen in constructed wetland. Water Air Soil
Poll. 227: 1-9.



