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ABSTRACT

Influence of the exogenously applied glutamate (0, 0.5, 1, 2 and 5 mM) was investigated on growth, chlorophyll synthesis and some
tolerance mechanisms in Vigna radiata grown on salt stress. Salt stress (100 mM NaCl) reduced height, fresh and dry weight of shoot
while as glutamate supplementation mitigated the decline. Applied glutamate affectively increased glutamate 1-semialdehyde, 6-amino
levulinic acid and the activity of §-amino levulinic acid dehydratase, and in addition assuaged the decline caused by salt stress. Treatment
of glutamate alleviated the decline in total chlorophyll, carotenoids and the activity of rubisco with highest increase imparted due to 1 and
2 mM glutamate. Activity of chlorophyllase increased due to salt stress and glutamate treated plants exhibited a decline in its activity. The
activity of nitrate reductase and glutamate synthase was reduced due to salt stress and glutamate supplementation mitigated the decline
and also increased their activities in unstressed conditions. Content of proline and sugars increased due to the supplementation of glutamate
in both unstressed and salt stressed plants. The activities of antioxidant enzymes (SOD, POD, APX and CAT) and the content of reduced
glutathione and tocopherol increased due to glutamate treatments. Salinity triggered enhancement in hydrogen peroxide and the lipid
peroxidation was mitigated by the exogenous treatment of glutamate. Nitrogen and potassium content was reduced while as sodium and
chloride accumulation increased due to salt stress, however treatment of glutamate mitigated the decline in nitrogen and potassium and
also reduced the accumulation of sodium and chloride. Hence, glutamate treatment can be exploited to prevent the adverse effects of

salinity on Vigna radiata growth and metabolism.
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INTRODUCTION

Salinity is the global problem that influences growth and yield of plants
significantly. Salinity reduces germination, chlorophyll synthesis and influences
the enzyme functioning therefore causing considerable harmful effects on the plant
metabolism (Abid et al., 2020; Soliman et al., 2020). Salt stress reduces root and
shoot growth, photosynthesis, mineral and water uptake, protein synthesis, alters
the redox homeostasis etc thereby imparting severe decline in the overall growth
of plants (Fatma et al., 2016; Qin ef al., 2020, 2021). Environmental stresses
reduce growth by influencing the chlorophyll synthesis, photosynthesis and the
functioning and synthesis of key enzymes like rubisco (Fatma et al., 2016; Qin et
al., 2024). Chlorophyll synthesis is drastically hampered by stresses through the
impact on synthesis of key precursors and the intermediate components of
chlorophyll biosynthesis pathway (Li et al., 2024). In addition, the stresses cause
increased accumulation of the toxic radicals which result in significant decline in
the normal plant metabolic functioning (Iqbal et al., 2015; Fatma et al., 2016;
Lee et al., 2021). The reactive radicals cause oxidation of the proteins, lipids,
nucleic acids etc resulting in altered growth by influencing the structural and
functional integrity of cellular organelles. Significant increase in nitrogen
metabolism can help in improving the synthesis of amino acids (Ahanger et al.,
2017) which sever as precursors for several key components like chlorophyll. Salt
stress leads to osmotic and ionic stresses therefore intensifying the negative effects
and hampering the normal plant functioning severely.

To counter the above mentioned growth alterations, plants are equipped with
certain mechanisms that assist them to prevent the damage caused by stresses. The
major tolerance mechanisms include the antioxidant system and the osmolytes
which protect the plants from the ill effects of the stresses. Antioxidant system has
both enzymatic and non-enzymatic machinery that together or individually
neutralize the toxic reactive species from the cells to prevent their damaging effects
on metabolism (Ahanger et al., 2019). The efficient activity of antioxidant system
also contributes to growth stability and maintenance of metabolism, redox
homeostasis etc therefore contributing to better growth and metabolic performance
under stressful conditions (Qin et al, 2024). It has been reported that increased
activity of antioxidant system significantly prevents the damaging impact of salt
stress and also protects the growth, photosynthesis, mineral uptake and
assimilation (Fatma ef al, 2016; Taie and Rady, 2024). Besides this the
accumulation of osmolytes like sugars, glycine betaine, proline etc is believed to

have significnat contribution to prevent or alleviate the negative effects of stresses.
These metabolites help to scavenge the toxic radicals, maintain the tissue water
potential and redox homeostasis, protect enzyme functioning and also have

important role in stress signalling (Chakraborty and Kumari 2024). It has been
reported that salt stress increased the buildup of osmolytes (Gharsallah et al., 2016;
Ahanger et al., 2019). Plants exhibiting greater functioning of antioxidant system
and the osmolyte buildup show better adaptation to stresses and can also perform
well (Gharsallah et al,, 2016; Guo et al., 2017; El-Metwally et al., 2022).
Strengthening these tolerance mechanisms can prevent the damaging impact of
stresses. In this context, to improve the functioning of indigenous existing
tolerance mechanisms through the exogenous application of protective molecules
like phytohormones, amino acids, mineral nutrients is considered as efficient
management strategies. Therefore, in this backdrop the influence of glutamate
supplementation was worked out in this study.

Glutamate is an important acidic amino acid occupying a central position in plants
linking nitrogen and carbon metabolism, and acts as key signalling molecule (Qiu
et al., 2020; Liao et al., 2022). Glutamate is generated by glutamate synthase from
glutamine and 2-oxoglutarate, and glutamate itself acts as a substrate for glutamine
synthesis from ammonia that is catalysed by glutamine synthetase (Forde and
Lea, 2007). By the activity of aminotransferases, glutamate is involved in synthesis
of several amino acids. In addition, it forms a building block of glutathione, folate
and tetrapyrroles, and can also conjugates auxin for its oxidative degradation and
isochorismate for the synthesis of salicylic acid (Liao et al. 2022). The signalling
role of glutamate regulates the growth and development by affecting seed
germination, root architecture, pollen germination, pollen tube growth and defense
responses to range of stresses (Forde, 2014; Kan et al., 2017; Qiu et al., 2020;
Ramakrishna and Atanu, 2020). In animals, glutamate is considered as
neurotransmitter and its functioning in plants has not been worked exclusively.
Exogenous supplementation of glutamate increased the germination and radical
length of Cucumis sativus under salt stress (Chang et al., 2010). Pretreatment of
glutamate increased the survival percentage under heat stress (Li et al, 2019). It
should be mentioned here that the research studies evaluating the role of applied
glutamate in mitigating the influence of abiotic stresses have not been worked as
much. Therefore, in present study the impact of different concentrations of
glutamate on the growth, chlorophyll synthesis and the tolerance mechanisms was
evaluated in mungbean (Vigna radiata). 1t is a legume crop of great importance
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grown for food and fodder. It is rich in essential proteins and forms an important
part of human diet. The increasing salinity levels in soils can adversely affect the
growth and productivity of mungbean. Therefore, present study was carried to
investigate the hypothesis that exogenous glutamate can protect mung bean
growth, nitrogen assimilation and chlorophyll synthesis by regulating the
antioxidant system and the osmolyte synthesis mechanisms.

MATERIAL AND METHODS
Seed sterilization and experimental treatments

Seeds of mung bean (Vigna radiata) were disinfected using 0.001% mercuric
chloride for ten minutes. The sterilized seeds were then washed and blot dried
using a filter paper. Sowing of seeds was done in earthen pots filed with soil, sand
and compost (5:2:1), and were irrigated with Hoagland nutrient solution to full
saturation. After the germination of seeds, four healthy growing seedlings were
kept in each pot and others were removed. All pots were fully saturated by
irrigating them twice a week with nutrient solution. After ten days of normal
growth, the pots were divided into two major groups in which one group was
supplied with 100 mM NaCl along with nutrient solution while as other group
received the normal nutrient solution. Within the both group (normal and NaCl
treated) of pots, different concentrations of L-glutamate i.e., 0, 0.5, 1, 2 and 5 mM
were also supplied along with nutrient solution. Pots were kept in green house
under natural conditions with three replicates for each treatment and were arranged
in complete randomized block design. The plants were allowed to grow for another
three weeks. Therefore, four week old plants i.e., three weeks after NaCl and
glutamate treatment, were analysed for different growth and biochemical
parameters discussed below.

Measurement of height, fresh and dry weight

The height of treated and untreated plants was measured with the help of a tape.
Fresh weight was immediately recorded after harvesting the plants while as the
same plants were dried in oven set at 70 °C for 48 hours to record the dry weight.

Estimation of mineral ions

The content of nitrogen was estimated according to method described by Jackson
(1973) and the plant samples were digested in sulphuric acid. The sodium and
potassium were estimated flame photometrically after the samples were digested
in mixture of sulphuric acid, nitric acid and perchloric acid. Dry plant material was
digested in acid until clear solution was obtained and the digested samples were
diluted using distilled water and filtered. Thereafter the filtered solution was read
using flame photometer to determine the content of sodium and potassium. The
content of chloride was determined following the titration method with silver
nitrate. Briefly, dry plant material was boiled in 100 mL distilled water for half
hour and the extract was filtered and titrated against 0.1 N silver nitrate.

Measurement of hydrogen peroxide and lipid peroxidation

Hydrogen peroxide was extracted by macerating the fresh 100 mg tissue in 0.1%
trichloro acetic acid (TCA) and optical density was taken at 390 nm (Velikova ef
al., 2000). Method of Heath and Packer (1968) was followed for measuring the
lipid peroxidation. Tissue was homogenized in 1% TCA and the supernatant was
mixed with thiobarbituric acid (0.5%) and the resultant was incubated in water bath
at 95 °C for one hour. Thereafter the samples were cooled and centrifuged at 5000g.
Then the mixture was read at 532 and 600 nm. The lipid peroxidation was
measured as the malonaldehyde (MDA) formed after allowing the extract to react
with thiobarbituric acid.

Determination of d-amino levulinic acid (6-ALA) and glutamate 1-
semialdehyde (GSA)

The 5-ALA content was estimated by following the method of Harel and Klein
(1972). Briefly, two sets of leaf tissues from each treatment were taken and one set
was incubated with 60 mM levulinic acid for four hours under light. However, the
other set was extracted instantly in 1 M sodium acetate buffer (pH 4.6). The extract
was centrifuged at 15000g for 10 min and the supernatant was mixed with
acetylacetone and mixture was incubated in boiling water bath for 10 minutes.
Thereafter samples were cooled and Ehrlich’s reagent was added. After ten
minutes optical density was recorded at 555 nm. The other set of samples that were
incubated were also handled in the same way. Content of ALA was calculated by
subtracting the ALA synthesized after four hour incubation from the zero hour
incubation. Method described by Kannangara and Schouboe (1985) was used to
measure the GSA. Two separate sets of 200 mg fresh leaf tissue from each
treatment were taken and one set was immediately homogenised in 0.1 N HCI
while as the other set was incubated in 500 uM gabaculine for 4 hours under light.
Centrifugation was done at 15 000g for 10 minutes and supernatant was mixed
with HCI and 3-methyl-2-benzothiazolinonehydrazone (MBTH). The mixture was

incubated for two minutes in boiling water bath. Thereafter samples were cooled
and FeCl; was added. Absorbance was taken at 620 nm.

Measurement of 3-amino levulinic acid dehydratase (6-ALAD) activity

The method described by Shemin (1962) was followed for measuring the ALAD
activity. Briefly, fresh leaf was macerated in a prechilled pestle and mortar using a
chilled buffer containing 100 mM Tris buffer (pH 7.6) supplemented with 10 mM
mercaptoethanol. Homogenate was centrifuged for 10 minutes at 12000g at 4 °C
and supernatant was collected and used as enzyme source. Assay mixture
contained 60 mM Tris buffer, MgCl, (15 mM), ALA (0.2 mM), EDTA, 200 mM
sucrose, BSA (0.5%) and enzyme extract. The assay mixture was incubated at 28
°C for 1 hour followed by addition of trichloroacetic acid to stop the reaction.
Thereafter the amount of porphobilinogen formed was measured by Ehrlich
reagent and was read at 555 nm. Absorption coefficient of 6.2 x 10* M cm™! was
used for calculation.

Measurement of chlorophyllase activity

Fresh leaf was extracted in 0.1 M potassium phosphate buffer (pH 7.0) having 50
mM potassium chloride, | mM diethylenetriaminepentaacetic acid (DPTA), 5 mM
sodium diethyldithiocarbamate (DECA), triton X and polyvinyl pyrrolidone. After
centrifugation for 15 minutes at 15000g, the supernatant was taken. Briefly, the
constituents of the assay were phosphate buffer (pH 7.0), 0.24% triton X, 0.22 n
mol Chl a dissolved in acetone and enzyme. Samples were incubated in dark at 40
°C for 15 minutes and after that 500 pL of sample was taken and mixed with
separation mixture that contained acetone, hexane and 10 mM KOH (2:3:0.2).
Mixture was vortexed and centrifuged at 12000 g for 5 minutes. Chlide a was
determined in acetone phase by measuring the optical density at 667 nm (Gupta
etal., 2012).

Measurement of chlorophylls, carotenoids and the activity of Rubisco

Pigments were determined by the method of Arnon (1949). Rubisco activity was
assayed by the method described by Sharwood et al. (2016) and the absorbance
was read at 340 nm. Lowry et al. (1951) method was used for protein
determination.

Activity of nitrate reductase and glutamate synthase activity

The activity of nitrate reductase (E.C. 1.6.6.1.) was assayed following Jaworski
(1971). Fresh 300 mg leaf was incubated in 100 mM potassium phosphate buffer
(pH 7.5) supplemented with KNO; and 0.5% n-propanol (v/v) for 3 h in dark at 30
°C. One 1 mL aliquot was mixed with 1% sulphanilamide and 0.2% 1-
nephthylethylene diamine dihydrochloride. After 20 minutes the absorbance was
taken at 540 nm. Activity of NADH-glutamate synthase was assayed in accordance
to Lea et al. (1990) and the absorbance change was recorded at 340 nm. Fresh 100
mg leaf tissue was homogenized in chilled 100 mM Tris-HCI buffer (pH 8.0)
containing magnesium chloride, cysteine, EDTA and 1% PVP. After centrifuging
the extract for 20 minutes at 13,000g at 4 °C, supernatant was collected as used as
enzyme source. The absorbance of mixture containing 100 mM potassium
phosphate buffer (pH 7.5), enzyme, 100 uM NADH, 10 mM glutamine and 2-
oxoglutarate was taken at 340 nm.

Estimation of proline and sugar

Proline was estimated according to the method of Bates et al. (1973). Plant tissue
was extracted in 3% sulphosalicylic acid and extract was centrifuged at 3000g for
20 minutes. Supernatant was mixed with acid ninhydrin and glacial acetic acid, and
the mixture was incubated at 100 °C for one hour. Thereafter the samples were
cooled on ice and proline was separated using toluene. Optical density was taken
at 520 nm. For the estimation of the sugar content, tissue was extracted in 80%
ethanol. After centrifugation at 5000g, the anthrone method was used according to
Shields and Burnet (1960). The optical density was taken at 585 nm.

Measurement of the reduced glutathione and tocopherol

The content of reduced glutathione was estimated as per Ellman (1959). Briefly,
fresh 100 mg fresh tissue was extracted in phosphate buffer (pH8.0) and extract
was centrifuged at 1000g for 10 minutes. Thereafter, 500 puL supernatant was
reacted with 5, 5-dithiobis-2-nitrobenzoic acid and left for ten minutes.
Absorbance of the mixture was taken at 412 nm and the concentration of GSH was
calculated using standard curve of GSH. Tocopherol was measured following
Backer et al. (1980) and the sample was macerated in mixture of ethanol and
petroleum ether prepared at the ratio of 1.6:2. Supernatant was mixed with 2, 2-
dipyridyl (2%) and absorbance taken at 520 nm.
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Assay of the antioxidant enzyme activities

500 mg fresh leaf tissue was extracted in chilled extraction buffer that has 0.1 M
phosphate buffer (pH 7.8) containing1% polyvinyl pyrolidine, 0.1 mM of each
EDTA and PMSF. The extract was centrifuged for ten minutes at 12,000g and the
supernatant was used as enzyme for measuring the activity of enzymes.
Superoxide dismutase activity was measured by following the method described
by van Rossum et al., (1997). Assay mixture having phosphate buffer, methionine,
riboflavin, sodium carbonate, nitroblue tetrazolium, EDTA and enzyme was
incubated under light for fifteen minutes. Thereafter the optical density was taken
at 560 nm. Catalase activity was measured according to Aebi (1984) and the
reduction in the absorbance was monitored at 240 nm for 2 minutes. The method
described by Zhou and Leul, (1998) was adapted for assaying the activity of
guaiacol peroxidase. Change in absorbance at 470 nm was recorded for two
minutes in the assay mixture containing potassium phosphate buffer, enzyme
extract, H,O, and guaiacol. Activity of the ascorbate peroxidase was determined
following Nakano and Asada, (1981). Assay mixture has phosphate buffer,
EDTA, ascorbate, H,O,and enzyme. Change in optical density was taken for two
minutes at 290 nm.

Statistical analysis

For every treatment data is the mean (+SE) of three replicates. Data were
statistically analysed using (ANOVA) analysis of variance with the help of
Statistix 8.1 software and the treatment means were analysed by using LSD test at
P <0.05.

RESULTS

Figure 1 shows the results of plant height, fresh weight and dry weight of shoot as
influenced by the treatment of glutamate and NaCl. Different concentrations of
glutamate resulted in increase in these growth parameters in a concentration
dependent manner and the highest increase was observed in 2 mM. Compared to
the control, at 1 mM glutamate height, fresh weight and dry weight increased by
19.35%, 14.08% and 23.92% respectively while as 2 mM glutamate resulted in an
increase of 30.09%, 24.64% and 41.14% respectively. Salt stress declined height
by 31.71%, fresh weight by 51.68% and the dry weight by 43.06% contrary to
control. When glutamate was supplied to NaCl treated plants it caused increase in
these parameters reflecting in the mitigation of the decline. Highest mitigation of
the decline was exhibited by the plants treated with 2 mM glutamate. Compared to
NaCl stressed plants, the height, fresh weight and dry weight showed an increase
of 32.52%, 28.80% and 34.45% respectively in plants receiving NaCl + 2 mM
glutamate (Figure 1).
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Figure 1 Effect of supplementation of glutamate (0, 0.5 1, 2 and 5 mM) on (A)
plant height, (B) plant fresh weight and (C) plant dry weight of Vigna radiata
under unstressed and salt (100 mM NaCl) stress. The data presented in mean
(£SE) of three replicates and the different letters on bars show significant
difference at P<0.05.

The content of sodium and chloride increased by 171.73% and 159.48% in NaCl
stressed plants over the unstressed control plants however, treatment of glutamate
to NaCl stressed plants reduced the accumulation of sodium and chloride. When
compared with NaCl stressed plants, percent decline in the sodium and chloride
was 14.20% and 7.30% in NaCl + 0.5 mM glutamate, 25.20% and 22.59% in NaCl
+ 1 mM glutamate, 26.60% and 30.56% in NaCl + 2 mM glutamate and 17.20%
and 16.61% in NaCl + 5 mM glutamate treated counterparts respectively (Figure
2A and B). Nitrogen and potassium increased by the exogenous treatment of
glutamate as compared to control and also mitigated the reduction caused by NaCl
stress. Compared to control, both nitrogen and potassium increased in
concentration dependent manner exhibiting the highest increase of 33.47% and %
38.42by the application of 2 mM glutamate. Salt stress reduced nitrogen by 45.63%
and potassium by 41.52% contrary to the control however, when glutamate was
supplied to NaCl stressed plants mitigation of the decline was observed. As
compared to NaCl stressed counterparts, nitrogen and potassium exhibited an
increase of 18.63% and 15.00% in NaCl + 0.5 mM glutamate, 38.42% and 40.30%
in NaCl + 1 mM glutamate, 50.04% and 41.00% in NaCl + 2 mM glutamate and
40.19% and 22.70% in NaCl + 5 mM glutamate respectively (Figure 2C and D).
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Figure 2 Effect of supplementation of glutamate (0, 0.5 1, 2 and 5 mM) on (A)
sodium, (B) chloride, (C) nitrogen and (D) potassium of Vigna radiata under
unstressed and salt (100 mM NaCl) stress. The data presented in mean (£SE) of
three replicates and the different letters on bars show significant difference at
P<0.05.

Salt stress increased hydrogen peroxide by 74.57% and the lipid peroxidation by
114.19% over the control. Supplementation of glutamate resulted in reduced
hydrogen peroxide and lipid peroxidation at all concentrations, though 1 and 2 mM
glutamate imparted highest decline under unstressed and the stressed conditions.
When compared to NaCl treated plants, hydrogen peroxide and lipid peroxidation
exhibited a decline of 24.28% and 33.36% in NaCl + 1 mM glutamate and 26.77%
and 24.84% in NaCl + 5 mM glutamate. However, in normal grown plants the
decline in hydrogen peroxide and lipid peroxidation was 5.63% and 10.40% by 0.5
mM glutamate, 34.05% and 37.68% by 1 mM glutamate, 29.71% and 25.40% by
2 mM glutamate and 17.20% and 9.83% by 5 mM glutamate treatment contrary to
control (Figure 3A and B).
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Figure 3 Effect of supplementation of glutamate (0, 0.5 1, 2 and 5 mM) on (A)
lipid peroxidation and (B) hydrogen peroxide of Vigna radiata under unstressed
25 - and salt (100 mM NaCl) stress. The data presented in mean (+SE) of three

replicates and the different letters on bars show significant difference at P<0.05.

The d-amino levulinic acid (8-ALA), glutamate 1-semialdehyde (GSA), total
chlorophylls and carotenoids decreased significantly by the salt stress. In
comparison to control, a decline of 41.61%, 43.43%, 43.73% and 34.81% was
exhibited in 3-ALA, GSA, total chlorophylls and carotenoids respectively in NaCl
stressed plants. The treatment of glutamate to NaCl stressed plants caused
enhancement in these parameters. Relative to NaCl stressed plants, 3-ALA, GSA,
total chlorophylls and carotenoids increased by17.81%, 17.84%, 5.88% and
15.53% due to NaCl + 0.5 mM glutamate, by 37.41%, 32.80%, 22.48% and
32.00% due to NaCl + 1 mM glutamate, by 51.86%, 53.36%, 35.76% and 36.02%
due to NaCl + 2 mM glutamate and by 31.39%, 34.64%,10.92% and 7.24% due to
NaCl + 5 mM glutamate. In unstressed conditions, glutamate increased these
parameters in concentration dependent manner causing greater increase of 38.66%,
40.85%, 26.50% and 20.56% in 6-ALA, GSA, total chlorophylls and carotenoids
at 2 mM concentration as contrary to control (Figure 4 and 5).
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Figure 4 Effect of supplementation of glutamate (0, 0.5 1, 2 and 5 mM) on (A) 6-
amino levulinic acid (6-ALA) and (B) glutamate 1-semialdehyde (GSA) of Vigna
radiata under unstressed and salt (100 mM NaCl) stress. The data presented in
mean (+SE) of three replicates and the different letters on bars show significant
difference at P<0.05.




J Microbiol Biotech Food Sci/ Alshaharni 2026 :

15 (4) e12705

é&\ FEE

g 2,5 A

= 2 1

b0

o0 1,5

g

4 1

= 05 -

= s

a,

o 0

—

S

= S & & XSO N N
< o"\é & $\0 & $\Cé = éxC> & é»C) @Q
s 05 N 5¢ 5 N %@ 6&
s Q- Y O ><

F

A

- 30 A
g i
E’E 25
> 20
= en = d
gE~§15' € f
o s'3
£OEN
=I5) ]
& g 0 -
=
~ S & & & L
F O FEE S 3
SEF IS
s S o
B é@o R

—_
= 0,6 a

05

[Ty}

oo 04 -

E 03

< 0,2 -

e 0,1 -

[}

o 0 -

G S & & & & o\ ORI
S RS e e 3 F & & 3

ST S

N ><
\
B & FEE
Figure 5 Effect of supplementation of glutamate (0, 0.5 1, 2 and 5 mM) on (A)
total chlorophylls and (B) carotenoids of Vigna radiata under unstressed and salt
(100 mM NaCl) stress. The data presented in mean (£SE) of three replicates and
the different letters on bars show significant difference at P<0.05.

The treatment of glutamate was affective in increasing the activities of 3-amino
levulinic acid dehydratase (3-ALAD) and Rubisco while as reduced the
chlorophyllase activity (Figure 6 and 7). In normal grown plants the exogenous
application of 2 mM glutamate resulted in highest increase of 33.19% and 58.29%
in the activity of 8-ALAD and Rubisco, even though the effect of other
concentrations was also obvious. Salt stress caused a reduction of 38.66% and
44.50% in the activities of 3-ALAD and Rubisco as contrary to control (Figure 6).
The treatment of glutamate resulted in mitigation of the decline in their activities
at all concentration. Compared to the NaCl stressed plants, the activities of -
ALAD and Rubisco increased by 18.43% and 7.50% in NaCl + 0.5 mM glutamate,
by 37.34% and 31.65% in NaCl + 1 mM glutamate, by 50.92% and 66.47% in
NaCl + 2 mM glutamate and by 26.62% and 41.03% in NaCl + 5 mM glutamate
(Figure 6). Activity of chlorophyllase decreased by 8.39%, 29.92%, 28.26% and
9.31% in plants treated with 0.5, 1, 2and 5 mM glutamate as contrary to control
however, NaCl treated plants exhibited an increase of 86.20% in its activity. The
application of glutamate to salt stressed plants declined the activity of
chlorophyllase and in comparison to NaCl treatment the decline in activity was
11.74% in NaCl + 0.5 mM glutamate, 24.24% in NaCl + 1 mM glutamate, 33.79%
in NaCl + 2 mM glutamate and 13.70% in NaCl + 5 mM glutamate (Figure 7).
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Figure 6 Effect of supplementation of glutamate (0, 0.5 1, 2 and 5 mM) on the
activity of (A) §-amino levulinic acid dehydratase (3-ALA) and (B) Rubisco of
Vigna radiata under unstressed and salt (100 mM NaCl) stress. The data
presented in mean (+SE) of three replicates and the different letters on bars show
significant difference at P<0.05.
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Figure 7 Effect of supplementation of glutamate (0, 0.5 1, 2 and 5 mM) on the
activity of chlorophyllase of Vigna radiata under unstressed and salt (100 mM
NaCl) stress. The data presented in mean (+SE) of three replicates and the
different letters on bars show significant difference at P<0.05.

The content of sugars and the proline exhibited an increase with the
supplementation of glutamate in both unstressed and stressed conditions. Salt
stress resulted in 68.64% and 44.90% increase in the sugar and proline content over
the control plants. The treatment of glutamate to NaCl stressed plants resulted in
further increase in sugar and proline accumulation. In comparison to NaCl stressed
plants, the sugars and proline increased by 9.04% and 13.45% in NaCl + 0.5 mM
glutamate, by 19.60% and 35.01% in NaCl + 1 mM glutamate, by 23.87% and
50.87% in NaCl + 2 mM glutamate and by 8.40% and 24.43% in NaCl + 5 mM
glutamate respectively (Figure 8A and B). In normal plants the content of sugars
showed highest increase of 21.11% by the 2 mM glutamate treatment while as
proline exhibited highest increase of 101.42% by the 5 mM glutamate as contrary
to control (Figure 8A and B).
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Figure 8 Effect of supplementation of glutamate (0, 0.5 1, 2 and 5 mM) on (A)
sugars and (B) proline of Vigna radiata under unstressed and salt (100 mM

NaCl) stress. The data presented in mean (£SE) of three replicates and the
different letters on bars show significant difference at P<0.05.

The activity of nitrate reductase and glutamate synthase decreased by 43.24% and
34.73% respectively in NaCl conditions over the control. Supplementation of
glutamate at all concentrations increased their activities and also mitigated the
reduction caused by NaCl. Compared to NaCl treatment, an increase of 17.30%
and 16.73% was observed in NaCl + 0.5 mM glutamate, 30.84% and 33.07% in
NaCl + 1 mM glutamate, 49.58% and 50.95% in NaCl + 2 mM glutamate and
27.15% and 22.81% in NaCl + 5 mM glutamate in the activity of nitrate reductase
and glutamate synthase respectively. In unstressed plants, glutamate
supplementation increased their activities at all concentrations however 1 and 2
mM imparted much evident effects. Highest increase in activities of nitrate
reductase and glutamate synthase was 31.84% and 32.25% in 2 mM glutamate
contrary to the control (Figure 9A and B).
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Figure 9 Effect of supplementation of glutamate (0, 0.5 1, 2 and 5 mM) on the
activity of (A) nitrate reductase and (B) glutamate synthase of Vigna radiata
under unstressed and salt (100 mM NaCl) stress. The data presented in mean
(£SE) of three replicates and the different letters on bars show significant
difference at P<0.05.

Besides, the activities of antioxidant enzymes showed an increase due to the
supplementation of glutamate in both stressed and unstressed plants. Salinity
stressed plants showed 100.03%, 73.33%, 76.74% and 88.03% increase in the
activities of SOD, POD, CAT and APX contrary to normal. The application of

glutamate to NaCl treated plants further increased the activities exhibiting highest
increase of 202.66%, 228.33%, 166.53% and 139.66% in the activities of SOD,
POD, CAT and APX over the control in NaCl + 2 mM glutamate. In normal grown
plants the supplementation of glutamate also increased the activities of these
enzymes at all concentrations (Figure 10A-D).In addition the reduced glutathione
and tocopherol contents increased by 44.33% and 46.93% in NaCl stressed plants.
Application of glutamate increased the accumulation of reduced glutathione and
tocopherol. Compared to NaCl treated plants, the content of reduced glutathione
and tocopherol further increased by 6.38% and 18.67% in NaCl + 0.5 mM
glutamate, by 19.47% and 46.68% in NaCl + 1 mM glutamate, by 28.09% and
49.14% in NaCl + 2 mM glutamate and by 12.85% and 19.65% in NaCl + 5 mM
glutamate. In non stress conditions the exogenous glutamate supplementation
increased reduced glutathione and tocopherol at all concentrations and the highest
increase was 12.34% and 32.49% respectively in 2 mM glutamate treatment
(Figure 11A and B).
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Figure 10 Effect of supplementation of glutamate (0, 0.5 1, 2 and 5 mM) on the
activity of (A) superoxide dismutase, (B) guaiacol peroxidase, (C) catalase and
(D) ascorbate peroxidase of Vigna radiata under unstressed and salt (100 mM
NaCl) stress. The data presented in mean (+SE) of three replicates and the
different letters on bars show significant difference at P<0.05.
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Figure 11 Effect of supplementation of glutamate (0, 0.5 1, 2 and 5 mM) on (A)
reduced glutathione and (B) tocopherol of Vigna radiata under unstressed and
salt (100 mM NacCl) stress. The data presented in mean (£SE) of three replicates
and the different letters on bars show significant difference at P<0.05.

DISCUSSION

In the contemporary era the intensity of abiotic stresses is increasing day by day
causing a significant reduction in the productive agricultural land. To protect the
crop plants from the damaging effects of salinity various strategies have been
tested and implemented from last decades. In present study the beneficial impact
glutamate was investigated in reducing the adverse effects of salinity stress in one
of the important crop plant, Vigna radiata. Different concentrations of glutamate
tested showed a significant effect on the growth and morphological parameters.
Supplying glutamate showed a beneficial effect on the growth parameters in
unstressed plants and also helped in alleviating the decline resulting due to NaCl
treatment. The reports showing that salt stress decreases germination, root and
shoot growth, fresh and dry weight of plants are available (Qados 2011; Ahanger
and Agarwal 2017; Soliman et al. 2020; Ahanger ef al., 2019; Abid et al. 2020).
Salinity decreases the access and uptake of water, reduces the enzyme functioning,
photosynthesis, mineral uptake and affects the cellular division therefore
influencing the growth (Ahanger and Agarwal 2017; Abid et al. 2020; Zhao et al.

2021; Lu et al. 2023). However, glutamate supplementation alleviated the decline
caused in the growth parameters to some extent with 1 and 2 mM concentration
imparting much obvious impact. Exogenous treatment of poly-y-glutamic
mitigated the decline in height and weight of wheat under salt stress (Guo et al.,
2017). Alfosea-Simon et al. (2020) have also observed significant mitigation of
the decline in growth parameters in tomato by the supplementation of aminoacids
including glutamic acid. Therefore, from the results of present study, it seems that
the applied glutamate can help mungbean plants to counter the decline in growth
parameters under salt stress. Additional studies will be useful in comprehending
the exact role and mechanisms. It was also observed that glutamate treatments
reduced the accumulation of excess sodium and chloride ions which was otherwise
significantly increased in NaCl treated plants. Under salt stress the sodium and
chloride concentrations are increased manifold and to reduce its accumulation
either by restricting its uptake from soil or sequester and compartmentalize the
accumulated ions to vacuoles or intercellular spaces can reduce their toxic effects
on growth (Deinlein ef al., 2014; van Zelm et al., 2020). Increased accumulation
of sodium and chloride ion has been reported in mung bean (Nazar et al., 2011),
wheat (Ahanger and Agarwal, 2017), kiwi fruit genotypes (Abid et al., 2020) and
pumpkin (Irik and Bikmaz, 2024), and they have also observed a noteworthy
decline in the concentration of essential elements due to salt stress. This increased
accumulation of sodium and chloride directly affects the growth and development
of plants. For sensing sodium toxicity and subsequently reducing its accumulation
to toxic levels within the tissue or organelles plants involve the efficient
functioning of salt overly senstivel (SOS1), Na/H antiporters, AHK1/ATHKI1 etc
has been considered to be important (Wu, 2018). Plants exhibiting the over
expression of the transporters mediating sensing and exchange of sodium have
been reported to show improved salt tolerance (Chen et al., 2007; Gouiaa et al.,
2012; Yue et al., 2012). Application of poly glutamic acid alleviated the salinity
effects in wheat by mediating increased potassium and reduced sodium
accumulation (Guo et al., 2017). Glutamate supplementation may have affected
these pathways to trigger quick sodium sequestration and reducing its excess
accumulation and the damaging effects. Not only did applied glutamate reduce
accumulation of sodium and chloride but also resulted in significant improvement
in the uptake of nitrogen and potassium. The nitrogen and potassium regulate
several plant growth and developmental events leading to increased stress
tolerance and better yield productivity (Ahanger and Agarwal, 2017; Sarraf ef
al., 2023; Singhal et al., 2023).

In addition, the supplementation of glutamate caused an increase in the activities
of the nitrate reductase and glutamate synthase which were reduced by the salt
stress. The decline in the activities of the enzymes mediating the nitrogen
assimilation in plants by NaCl has been reported by others also (Igbal et al., 2015;
Zhang et al., 2023). Both nitrate reductase and glutamate synthase are key to the
efficient nitrogen assimilation in plants and decline in their activities by the salinity
stress severely influences the nitrogen uptake, assimilation, remobilization and
subsequent synthesis of amino acids thereby hindering growth (Liu et al., 2022).
Nitrate reductase catalyzes key step in nitrogen assimilation while as glutamate
synthase assimilates the ammonium derived from the primary nitrogen uptake and
the several internal nitrogen recycling pathways therefore playing a crucial role in
remobilization of protein derived nitrogen (Bernard and Habash, 2009).
Glutamate application increased the activity of both enzymes and also assuaged
the reduction caused by the salt stress. Improved functioning of the nitrogen
assimilation enzymes by glutamate application can contribute to enhanced amino
acid synthesis and also trigger better salinity tolerance through regulation of key
pathways as glutamate itself is a precursor for synthesis of many stress protective
metabolites.

It was obvious that salt stress reduced the synthesis of chlorophyll and carotenoids
however, plants that were grown with exogenous treatment of glutamate exhibited
mitigation of the decline. This reduced decline in chlorophyll synthesis in
glutamate treated plants was associated with greater synthesis of glutamate 1-
semialdehyde and aminolevulinic acid which are the key primary intermediates in
chlorophyll biosynthesis pathway. Glutamate is a precursor for chlorophyll
synthesis that is converted to glutamate 1-semialdehyde and aminolevulinic acid
by enzymatic reactions (Tripathy and Pattanayak, 2012). Stresses including
drought, salinity, metals etc has been reported to reduce the synthesis of
chlorophyll by hindering the generation of glutamate 1-semialdehyde and amino
levulinic acid (Dalal and Tripathy, 2012; Turan and Tripathy, 2015; Qin et al.,
2024). Salinity reduces the chlorophyll and carotenoid synthesis in many crop
plants (Ahanger and Agarwal, 2017; Kwon et al., 2019; Lu et al., 2023). Salinity
results in distorted chloroplasts, scattering and deformation of grana, disintegration
of the thylakoid and also significantly declines the expression of genes controlling
chloroplast development (Lu et al., 2023) therefore affecting overall chloroplast
functioning and the chlorophyll synthesis. Glutamate supplementation increased
glutamate 1-semialdehyde, aminolevulinic acid and chlorophyll content. In
addition, glutamate treatment alleviated the decline in these parameters caused by
the salt stress. The activity of 6-amino levulinic acid dehydratase (3-ALAD) was
also increased while as the chlorophyllase was reduced by the supplementation of
glutamate. Similar results of increased activity of chlorophyll synthesizing
enzymes and the declined activity of the degrading enzymes due to glutamate has
been reported in bentgrass (Rossi er al, 2021). Stresses affect chlorophyll
synthesis by hampering the biosynthetic pathway and also hindering the expression
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of related genes, declining the uptake key elements like magnesium and nitrogen
that form central components of chlorophyll (Li ef al, 2024). Glutamate
supplementation prevented the decline in chlorophyll by regulating the synthesis
of intermediate components and also making availability of enough glutamate for
chlorophyll synthesis. Treatment of glutamate alleviated the decline in chlorophyll
under salt stress in tomato (Alfosea-Simon ez al., 2020). Franzoni et al. (2021)
have also confirmed mitigation of decline in chlorophyll and photosynthetic
parameters due to application of 1.9 mM glutamic acid in water stressed lettuce.
Treatment of glutamic acid increased chlorophyll and carotenoids in peanut
causing enhancement in yield (El-Metwally et al., 2021).

Besides this, the activity of antioxidant enzymes showed an increase due to
treatment of salt stress. Increase in the activities of the antioxidant enzymes in salt
stressed plants has been observed by other workers in different crops like
Broussonetia papyrifera (Zhang et al., 2013), wheat (Ahanger and Agarwal,
2017), soybean (Soliman et al., 2020) and Moringa oleifera (Azeem et al., 2023).
The antioxidant functioning determines the tolerance potential of crop genotype to
thrive under extreme growth conditions (Neto et al., 2006). Glutamate treatment
resulted in further increase in the antioxidant enzymes thereby avoiding the excess
buildup of toxic radicals therefore leading to prevention of their deleterious effects
on plant cellular structure and functioning. Reports showing increase in the
antioxidant enzyme activities due to treatment of glutamic acid conferring
tolerance to stresses like salinity (Guo ef al., 2017), cold (Lee et al., 2021) and
cadmium (Saleem et al., 2024) are available. The exogenous treatment of glutamic
acid to Lens culinaris resulted in increased activity of antioxidants therefore
attenuating the oxidative damage and increasing photosynthetic pigments and
growth (Fardus ez al., 2021). Increased activity of SOD neutralizes superoxide and
CAT, POD and APX eliminates hydrogen peroxide therefore protect the cells from
their damaging impact. Exogenous glutamic acid increased the expression the
antioxidant enzyme coding genes under different stresses to strengthen the
indigenous potential to counter their adverse effects (Lee et al., 2021; Franzoni et
al., 2022). In addition, exogenous treatment of glutamate caused a significant
increase in the reduced glutathione and tocopherol which are important redox
components and have the antioxidant potential also. Both reduced glutathione and
tocopherol scavenge the radicals and also mediate the enzymatic antioxidant
reactions especially reduced glutathione causing neutralization of the toxic radicals
(Mehla et al., 2017). Tocopherols are present in thylakoid membranes and protect
the polysaturated fatty acids and the lipoprotein by protecting them from
lipoxygenase attack (Sathishkumar et al., 2010; Waskiewicz et al., 2014).
Salinity stress increased the reduced glutathione content and tocopherol in
Artemisia sphaerocephala (Chen et al., 2018), wheat (Ahanger et al. 2019) and
soybean (Soliman et al., 2020; Alnusairi, 2022). Tocopherol improves membrane
permeability and also maintains Na/K (Chen et al., 2018), and can contribute to
lessen the oxidative impact of salinity on chlorophyll synthesis, photosynthesis and
growth by improving the antioxidant functioning and secondary metabolite
accumulation (Taie and Rady, 2024).

The exogenously supplied glutamate further contributed to salt tolerance by
increasing the accumulation of sugars and proline. Nevertheless, salt stress
treatment triggered the accumulation of sugars and proline however, application of
glutamate resulted in additional increase in concentration dependent manner. Salt
stress increased the sugar and proline content in different plants including tomato
(Gharsallah et al., 2016), wheat (Ahanger et al., 2019; Hussain et al., 2022) and
soybean (Soliman et al., 2020). Glutamate acts as precursor for proline synthesis
and applied glutamate makes the precursor available in sufficient concentration
and may have also affected the biosynthetic pathway which needs to be evaluated.
In olive plants, Saleem et al. (2024) has also observed increased proline and sugar
accumulation due to glutamic acid treatment contributing to increased growth and
chlorophyll content under cadmium stress. Exogenously applied glutamic acid
increased proline in Solanum lycopersicum resulting in alleviation of oxidative
effects and increasing the yield under salt stress (Lee et al., 2021). Greater
accumulation of these compatible osmolytes (proline and sugar) significantly
contributes to maintenance of water content and regulating the major cellular
functioning including photosynthesis and enzyme functioning. Osmolytes
scavenge radicals and mediate signalling events to elicit responses for alleviating
the adverse impact of stresses on growth and overall performance of plants
(Varshney et al., 2023; Fu ad Yang, 2023; Chakraborty and Kumari, 2024).
Further studies to evaluate the role of glutamate in gene expression analysis of
osmolyte pathways can be very helpful in unraveling the exact mechanisms.

CONCLUSION

Salinity stress caused a significant decline in growth, chlorophyll synthesis and
nitrogen assimilation, and glutamate supplementation was affective in alleviating
the negative effects to significant levels. Glutamate treatment increased the
chlorophyll synthesis and reduced chlorophyllase activity. Increased functioning
of antioxidants and the buildup of osmolytes due to glutamate supplementation
contributed to mitigate the deleterious effects of salinity in mungbean. Taken
together, glutamate proved beneficial in protecting mungbean from the unpleasant
impact of salinity by preventing the oxidative effects on growth, mineral uptake,
chlorophyll synthesis, nitrogen assimilation and rubisco activity. Glutamate at 1
and 2 mM proved much affective and future studies to understand the influence of

glutamate on gene expression and key signalling molecules under salinity can be
very helpful.
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