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Abstract

Gibberellic acid (GA) is a well-established group of phytohormones with growth
eliciting properties. Considering the substantial damage by salt stress, we
investigated whether foliar sprays of 10�6 MGA3 could reverse salinity implicated
constraints in fenugreek plants and up to what extent. Our study suggested that
exogenous GA3 could significantly (p� 0.05) mitigate the effects of salinity in the
fenugreek plants. This treatment maximised the growth and yield variables, as
well. The activities of various assimilatory enzymes, such as carbonic anhydrase
and nitrogen reductase, observed an increment of about 17% each over salt-
stressed plants (50 mg L�1). Further metabolomic analyses revealed an
upregulated antioxidant defence system with increased activities of superoxide
dismutase (18%), catalase (13%), and ascorbate peroxidase (15%). The enhanced
proline content (19%) in tandem with upregulated antioxidant enzymes minimised
cellular damage through restricting TBARS and H2O2 contents by about 16% and
14%, respectively. Thus, in the light of sufficient data, we are convinced that foliar
sprays of 10�6 M GA3 could be used for minimising the salinity induced growth
and yield constraints in the fenugreek crop.
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6.1 Introduction

Fenugreek (Trigonella foenum-graceum L.) is an aromatic leguminous plant belong-
ing to the family Fabaceae (Beyzi 2020). The plant is exploited for the broad
spectrum of its medicinal properties, which includes antidiabetic, anticancer, anal-
gesic, antimicrobial, antioxidant, hypocholesterolemic, along with lactation and
appetite enhancing attributes (Ouzir et al. 2016; Choudhary et al. 2021a). These
therapeutic characteristics can be attributed to the high concentration of bioactive
phytochemicals present in the fenugreek, such as flavonoids, alkaloids, amino acids,
vitamins, saponins, and fibres (Ouzir et al. 2016; Bitarafan et al. 2019). However, the
concentration of these secondary metabolites, as well as the overall growth and
development of the fenugreek plant, can be influenced by various environmental
stimuli (Bitarafan et al. 2019; Mickky et al. 2019).

Soil salinity is one of the leading environmental stresses that hamper crop growth
and physiology, causing a reduction in plant productivity (Van Zelm et al. 2020).
The salt stress affects plants in two ways: first limiting the plant water uptake and
subsequently building an ion excess in the plant system (Munns and Tester 2008).
The first phase creates oxidative stress, while the later one contributes to the ionic
stress (Shabala and Cuin 2008). Most crops, including fenugreek, are glycophytes
and cannot grow well in high salt concentrations, and thus, depending on the
severity, salinity can regulate seed germination, cell expansion, stomatal conduc-
tance, photosynthesis, and other metabolic and development pathways in such plants
(Shabala and Cuin 2008; Mickky et al. 2019; Van Zelm et al. 2020). An essential
aspect of salinity induced damage lies in the overproduction of reactive oxygen
species (ROS) by salt stress (Zhu 2001). Although ROS acts as a secondary
messenger for various vital physiological processes, their accumulation can cause
oxidative damage to proteins, lipids, and nucleic acids (Apel and Hirt 2004; Foyer
2018; Mukarram et al. 2021a). As a counter mechanism, plants possess an efficient
antioxidant defence system to regulate the ROS build-up (Gill and Tuteja 2010;
Mukarram et al. 2021b, c). Principal ROS scavenging antioxidants are superoxide
dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX), and the har-
mony among their activities to adjust superoxide radicals (O2

�) and hydrogen
peroxide (H2O2) can determine the plant tolerance level to the stress (Mittler 2002;
Corpas et al. 2017; Zehra et al. 2020; Choudhary et al. 2021b).

Phytohormones are chemical messengers that interact with various physiological
processes to ensure normal growth, development, and productivity of the plants
(Javid et al. 2011). Gibberellin (GA) is a well-known plant hormone that promotes a
wide range of phenomena pertaining to plant growth and development, such as seed
germination, cell expansion, stem and leaf elongation, flower induction, and pollen
development (Ueguchi-Tanaka et al. 2007; Choudhary et al. 2021c). Although
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more than 130 types of GAs have been discovered by far in different organisms, only
a few of them can impart the aforementioned effects (Davière and Achard 2013).
Nevertheless, external stimuli such as salt stress can influence the endogenous level
of gibberellin and its biosynthesis through regulating plant water relation and
membrane permeability (Tuna et al. 2008). Given salinity causes damage by reduc-
ing gibberellin content in the fenugreek plants, the present study hypothesised that
these effects could be minimised if additional GA is provided to the plants. To test
our hypothesis, we exogenously applied GA3 to salt-stressed fenugreek plants as
foliar treatments. Data analyses suggested that GA3 can assist in the reversal of salt-
induced constraints and oxidative damage through enzymatic enhancements and
upregulating antioxidant metabolism in fenugreek, and thus can ensure enhanced
plant growth and productivity.

6.2 Materials and Methods

6.2.1 Growth Conditions and Experimental Setup

Fenugreek (Trigonella foenum-graceum L.) plant was used as the plant material for
the present study. The authorised seeds from the Indian Agricultural Research
Institute (IARI), New Delhi, India, were used for propagating fenugreek plants.
Subsequent surface sterilisation of the seeds was performed with 0.2% HgCl2 for
5 min and repeated washing with deionised water. Sterilised seeds were sown in the
earthen pots (25 cm � 25 cm) in the semi-automatic net house at the Department of
Botany, Aligarh Muslim University, Aligarh (27�520 N latitude, 78�510 E longitude,
and 187.45 m altitude). Each pot of the 5 kg capacity was filled with a mixture of soil
and organic manure in a 5:1 ratio (w/w). A temperature range of 17–25 �C (�4 �C)
and the relative humidity [68 � 5%] were recorded during the experimental period.
Soil analysis at the IARI, New Delhi of the random samples collected from different
pots revealed the following soil attributes: texture- sandy loam, pH (1:2): 7.6, and
electrical conductivity (1:2): 0.52 m mhos cm�1. Available nitrogen, phosphorous,
and potassium content in the soil was recorded as 94.7, 8.8, and 136.6 mg kg�1 of
the soil, respectively. The pots were arranged according to a simple randomised
block design with five replicates, and the plants were irrigated daily to keep the soil
hydrated. The effects of the salinity and gibberellic acid were assessed in terms of the
modulation observed in the growth, physiology, and productivity of the 90 days old
fenugreek plant.

6.2.2 Induction of Salt Stress

Fenugreek plants were maintained under two different NaCl concentrations (50 and
100 mg L�1). These concentrations were supplied in the form of 300 mL of modified
full-strength Hoagland’s nutrient solution on alternate days starting from 10 days
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after the seed germination, while the control group was supplied with 300 mL
nutrient solution only.

6.2.3 Supplementation of Gibberellic Acid

Exogenous application of gibberellic acid was carried in the form of foliar sprays for
the amelioration for salinity induced constraints. Based on the literature available, a
concentration of 10�6 M of GA3 was supplemented to the fenugreek plants (Miceli
et al. 2019a, b). In total, five foliar sprays (50 mL each) were applied every week
starting from 30 days after seed germination using a battery sprayer. The control
group was supplied with the sprays of deionised water only.

6.2.4 Determination of the Growth Attributes

Growth parameters were evaluated in terms of plant length and weight. Five plants
from each treatment were uprooted after 90 days of seed sowing and were cleansed
carefully with deionised water in order to remove stuck foreign particles. The plant
surface was dried with blotting paper. The length of the shoot and root was measured
using a metric scale and was expressed in cm. Subsequent shoot and root fresh
weights were measured using an electric balance. Thereafter, the plants were dried
for 40 h in an oven at 80 �C to attain a dry state. Separate weights of the shoot and
root were calculated using the electric balance. All the weight measurements (fresh
and dry) were expressed in g. The leaf area index was determined using the graph
paper sheet by following the procedure of Watson (1958). The average number of
leaves for each treatment was counted accordingly.

6.2.5 Determination of the Total Chlorophyll Content

The total chlorophyll content in the fresh fenugreek leaves was estimated using the
methods developed by Lichtenthaler and Buschmann (2001). Fresh tissue from the
interveinal leaf area was ground with acetone solution (80%) with the help of a
mortar and pestle. The optical density of the chlorophyll extract was recorded at
662 nm for chlorophyll a content and at 645 nm for chlorophyll b content with a
spectrophotometer (Shimadzu UV-1700, Tokyo, Japan). Total chlorophyll content
was estimated by adding chlorophyll a and b content and was expressed in mg
g�1 FW.

6.2.6 Determination of the Nitrate Reductase (NR) Activity

The intact tissue assay method of Jaworski (1971) was adapted for nitrate reductase
(E.C. 1.7.1.1) activity in the fenugreek leaves. 0.2 g of fresh leaves were chopped
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and transferred into the test tubes. Each test tube contained a mixture of 2.5 mL of
phosphate buffer (pH 7.5) with 0.1 M, 0.5 mL of potassium nitrate (0.2 M) and
2.5 mL of isopropanol (5%). The reaction mixture was incubated at 30 �C for 2 h.
Thereafter, 0.4 mL of the aliquot was transferred to the test tube containing 0.3 mL
of sulfanilamide (1%) and 0.3 mL of NED-HCl (N-1-naphthyl ethylenediamine
dihydrochloride) (0.02%) for nitrite generation after azocoupling with sulfanilamide
and NED-HCl. The reaction mixture was incubated again at 30 �C for 20 min for
maximised colour development. Distilled water was used for subsequent dilution to
reach a final volume of 5 mL. The absorbance of the solution was recorded at 540 nm
using a spectrophotometer (Shimadzu UV-1700, Tokyo, Japan), and the enzyme
activity was expressed as the nmol of nitrite generated per gram of fresh weight of
the leaf tissue per hour (nmol NO2

�1 g�1 FW h�1).

6.2.7 Determination of Carbonic Anhydrase (CA) Activity

Considering the crucial role in stomatal conductance, carboxylation, and conversion
of CO2 into bicarbonates, the activity of carbonic anhydrase (E.C. 4.2.1.1) was
determined. CA activity was measured in the fenugreek leaves by following the
procedure of Dwivedi and Randhawa (1974). 0.2 g of fresh leaves were chopped and
transferred to the petri dishes, followed by dipping them in the 10 mL of cysteine
hydrochloride solution (0.2 M). After leaving the setup was at 4 �C for 20 min, 4 mL
of sodium bicarbonate solution (0.2 M) and 0.2 mL of bromothymol blue dye
(0.022%) was added to each petri dish. Finally, the reaction mixture was titrated
using methyl red as an indicator against 0.05 N HCl. The enzyme activity was
expressed in μmol CO2 kg

�1 leaf FW s�1.

6.2.8 Determination of H2O2 Content

Hydrogen peroxide (H2O2) content was determined by a peroxidase dependent assay
adopting the method of Okuda et al. (1991). Peroxidase was added to initiate the
reaction at 25 �C, and the increase in absorbance was observed at 590 nm spectro-
photometrically for 3 min. The H2O2 content was expressed as μmol H2O2 g

�1 FW.

6.2.9 Quantification of Lipid Peroxidation

The method of Cakmak and Horst (1991) was adapted to quantify lipid peroxidation
in fenugreek leaves through estimating total thiobarbituric acid reactive substances
(TBARS) content. TBARS content was determined as malondialdehyde (MDA)
equivalents and expressed in nmol MDA g�1 FW. Conclusively, 0.5 g of fresh
fenugreek leaves were crushed in 5 ml of 0.1% (w/v) trichloroacetic acid (TCA). The
mixture was centrifuged at 12,000 � g for 5 min. Thereafter, 0.5% (w/v)
tetrabutylammonium (4 mL) in 20% (w/v) TCA was mixed with an aliquot of
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1 mL of the supernatant. The setup was left for incubation for 30 min at 90 �C.
Subsequent termination of the reaction was carried out in an ice bath. The mixture
was centrifuged again at 10,000 � g for 5 min. Spectrophotometric analysis
(Shimadzu UV-1700, Tokyo, Japan) of the supernatant was performed at 532 nm,
and the values were corrected for non-specific turbidity by subtracting the absor-
bance at 600 nm.

6.2.10 Determination of Proline Content

The proline content was estimated according to the methods described by Bates et al.
(1973). 0.25 g of the fresh leaves were ground in the 2.5 mL aqueous solution of
sulfosalicylic acid (3%). The mixture was centrifuged for 10 min at 10,000 � g. The
aliquot (2 mL) of the supernatant collected afterwards was transferred to a test tube
containing sulfosalicylic acid (2.5 mL), glacial acetic acid (1 mL), and acid ninhy-
drin solution (1 mL). The test tube was boiled at 100 �C for 1 h using a hot water
bath. Termination of the reaction was performed using an ice bath while extraction
was carried by adding toluene (3 mL) and subsequent rousing of the mixture for
20–25 s. The reaction mixture was left for some time to separate the aqueous portion
from the toluene layer. The optical density of the toluene aspired layer possessing
chromophore was recorded at 520 nm using a spectrophotometer (Shimadzu
UV-1700, Tokyo, Japan). The proline content was calculated from against a standard
curve and was expressed in mg g�1 FW using the following equation:

μg proline=ml�ml tolueneð Þ=115:5 μg=μmol� 1½ �= g sampleð Þ=5½ �
¼ μmoles proline=fresh weight of the material gð Þ:

6.3 Quantification of the Enzymatic Antioxidant Defence
System

6.3.1 Preparation of Enzyme Extract

For the enzymatic assays, 0.2 g of fresh fenugreek leaves was ground in liquid N2

using a mortar and pestle at 4 �C. The resulting coarse powder (0.5 g) was transferred
to 5 ml (w/v) of chilled extraction medium containing potassium phosphate buffer
(100 mM and pH 7.8), 1% (w/v) polyvinylpyrrolidone and 0.5% (v/v) Triton-X-100.
Homogenates were centrifuged at 15,000 � g for 5 min at 4 �C. The supernatants
acquired after centrifugation was used for the determination of enzymatic
antioxidants activity (Kuo et al. 1982).
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6.3.2 Superoxide Dismutase (SOD) Activity

The estimation of SOD (E.C. 1.15.1.1) activity was done according to the procedure
of Beauchamp and Fridovich (1971). Riboflavin (1 mM), methionine (9.9 mM),
nitro blue tetrazolium (55 mM), EDTA (2 mM), and Triton-X-100 (0.02%) was
added to the 40 mL of freshly prepared enzyme extract and illuminated and
maintained for one hour at 30 �C. The reaction mixture was analysed by a spectro-
photometer (Shimadzu UV-1700, Tokyo, Japan), and absorbance was recorded at
560 nm. One SOD unit is the amount of the enzyme needed for half inhibition of
nitro blue tetrazolium reaction at the set wavelength.

6.3.3 Catalase (CAT) Activity

The activity of CAT (E.C. 1.11.1.6) was determined with the methods of Chandlee
and Scandalios (1984) with slight modification. In the 0.04 mL of the enzyme
extract, 2.6 mL of potassium phosphate buffer (50 mM with pH 7) and 0.4 mL of
H2O2 (15 mM) was added. The solution was centrifuged afterwards at 12,500 � g
for 20 min at 4 �C. Enzyme activity was measured by determining the disappearance
of H2O2 at 240 nm for 2 minutes with 5 seconds interval.

6.3.4 Ascorbate Peroxidase (APX) Activity

Enzyme activity for APX (E.C. 1.11.1.11) was measured according to Nakano and
Asada (1981). A reaction mixture was prepared with enzyme extract containing
phosphate buffer (50 mM with pH 7), EDTA (0.1 mM), ascorbate (0.5 mM), and
H2O2 (0.1 mM). Enzyme activity was measured by determining the reduction in the
substrate absorbance at 290 nm using the extinction coefficient of 2.8 mM�1 cm�1.
One APX unit is the amount required per min for the decomposition of 1μmol
substrate at 25 �C.

6.3.5 Determination of Yield and Quality Variables

The yield parameters in the fenugreek plant were quantified in terms of seed
attributes. The total number of seeds per pod and pods per plant was calculated
accordingly. The weight of 1000 seeds and seed yield were weighed using an electric
balance and were expressed in g while the length of the pods was expressed in cm
using a metric scale.

The quality of fenugreek seeds was determined in terms of alkaloid content. Seed
alkaloid content was estimated by grounding 1 g of seed powder with methanol
(80%) and magnesium oxide using a mortar and pestle. The mixture was incubated
for 30 min at 60 �C, followed by centrifugation. The supernatant collected was
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allowed to dry and then transferred to a flask. The Seed alkaloid content was
calculated using the following equation:

Seed alkaloid content %ð Þ ¼ weight of petri dish after evaporation gð Þ½
�weight of empty flask gð Þ�=weight of seed powder gð Þ � 100:

6.3.6 Statistical Analyses and Graphics

SPSS-25.0 for Windows (SPSS, Inc., Chicago, IL, USA) was used for the statistical
analysis of the data. The standard errors were calculated, and analysis of variance
(ANOVA) was performed on the data with five replicates to determine the least
significant difference (LSD) between treatment means with the level of significance
at p � 0.05. The graphs presented in the study were generated using SigmaPlot
12 (Systat Software Inc., California, USA).

6.4 Results

6.4.1 Exogenous GA3 Supplementation Protected Growth
and Development in Fenugreek Under Salinity

We observed that salinity reduced growth and development modules to a minimum
in a dose-dependent manner. Nevertheless, plants supplied with 10�6 M GA3

exhibited better vegetative growth over the control group, even under salt stress.
Although gibberellin mitigated growth and development in both NaCl 50 mg L�1

and NaCl 100 mg L�1 stressed fenugreek, the optimum amelioration was observed
with NaCl 50 mg L�1. Plants under this concentration exhibited mitigation in shoot
length (24.89%), root length (25.38%), shoot fresh weight (28.21%), shoot dry
weight (15.70%), fresh root weight (20.18%), and root dry weight (16.22%) with
the GA3 application. Similarly, the average number of leaves plant�1 and leaf area
was increased with 10�6 M GA3 sprays by 23.36% and 8.64%, respectively, over its
salt-stressed counterpart (NaCl 50 mg L�1) (Table 6.1).

6.4.2 GA3 Treated Plants Exhibited Upregulated Photosynthetic
Pigment and Assimilatory Enzymes Activities

Foliar sprays of 10�6 M GA3 boosted photosynthetic pigment and the activities of
enzymes pertaining to carbon, nitrogen, and sulphur assimilation. This concentration
also assuaged salt-induced constraints through upregulating chlorophyll content by
19.81% in plants exposed to NaCl 50 mg L�1. Similarly, the best amelioration of
enzymatic activities through gibberellin supplementation was observed in NaCl
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50 mg L�1. The obtained data suggest an upregulation of 16.94% and 17.22%, in the
activities of CA and NR, respectively, with exogenous gibberellin application in salt-
stressed (NaCl 50 mg L�1) fenugreek. Additionally, this degree of palliation was
followed by gibberellin application in plants treated with NaCl 100 mg L�1 concen-
tration (Fig. 6.1).

6.4.3 GA3 Application Reduced Lipid Peroxidation and Electrolyte
Leakage Through Upregulating Antioxidant Defence

Salinity-imposed substantial membrane damage through lipid peroxidation in a
dose-dependent manner. The maximum membrane damage was observed with
NaCl 100 mg L�1, followed by NaCl 50 mg L�1 concentration. Salt stress-induced
electrolyte leakage also followed a similar pattern through H2O2 overproduction.
Exogenous application of 10�6 M GA3 minimised the lipid peroxidation and
electrolyte leakage in both NaCl concentrations. The optimum mitigation in
TBARS content (16.36%) and H2O2 content (14.11%) was observed foliar applica-
tion of GA3 in salt-stressed (50 mg L�1) fenugreek plants.

The antioxidant defence system in fenugreek plants was found hyperactivated in
both stressful (with NaCl treatments) and assuaging environment (with GA3

treatments). Plants under the highest salt concentration (100 mg L�1) possessed
the maximum activity for antioxidant enzymes to counter the induced damage.
Nevertheless, the best amelioration in the activities of key antioxidant enzymes
such as SOD (17.96%), CAT (13.02%), and APX (15.38%) was observed after the
GA3 application in NaCl 50 mg L�1 stressed plants. The content of proline, a key
osmolyte, followed the analogous trend with the antioxidant enzymes. The proline
content was increased by 18.88% with the 10�6 M GA3 application compared to its
salt-stressed (NaCl 50 mg L�1) counterpart (Fig. 6.2).

6.4.4 Foliar Sprays of GA3 Mitigated Salinity Induced Yield
Constraints in Fenugreek

The fenugreek plants supplied with 10�6 M GA3 treatments experienced maximum
production. Although both concentrations of NaCl (50 and 100 mg L�1) restricted
crop yield significantly ( p� 0.05), the best placation of this reduction was observed
in 50 mg L�1 NaCl-stressed plants with foliar GA3 supplementation. This treatment
exhibited an increment of 62.90%, 38.27%, and 30.92% in seed yield, alkaloid
content, and pod length, respectively. Moreover, a similar enhancement was
observed in seeds pod�1 (11.75%) and pods plant�1 (25.25%) (Table 6.2).
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enzymatic activities in
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salinity stress. Although both
the salt concentrations
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of CA and NR, the maximum
reduction was observed with
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6.5 Discussion

Soil salinity is one of the leading abiotic stresses that can restrict plant growth and
yield to a minimum (Zelm et al. 2020). Salt stress can cause damage depending on
certain variables, including salt concentration and plant adaptability (Munns and
Tester 2008). Fenugreek being a salt-sensitive crop afflicts severe oxidative damage
on the advent of salinity (Mickky et al. 2019). In the present study, different salt
concentrations (50 and 100 mg L�1) reduced growth variables related to plant
length, weight, and leaves. A similar impact was observed in yield variables of
fenugreek plants. Seed production, pod length, and alkaloid content were all
restricted with increasing salinity concentration. These alterations are
understandable as salinity limits water uptake, stomatal conductance, and mineral
uptake that negatively influence plant water relation and source-sink potential
(Vetrano et al. 2020). As a result, plants experience retarded growth and yield, as
were observed in our study. Notably, salinity could reduce GA3 biosynthesis, and
improving plant GA3 status through exogenous gibberellin supplementation could
have upregulated cell expansion, leaf area, and stem length, resulting in improved
growth and productivity (Wang et al. 2019). Additionally, GA3 has also been
attributed as a growth elicitor for various crops (Khan et al. 2006; Vetrano et al.
2020). We perceived similar promoting activity of GA3 in the fenugreek as well.
Exogenous application of GA3 could reverse salinity drawn growth and production
constraints through improving water and ion uptake besides stomatal adjustments
(Javid et al. 2011). Additionally, GA3 might promote leaf expansion and shoot
elongation, contributing to the growth and yield enhancements in fenugreek
(Ueguchi-Tanaka et al. 2007).

In the present study, we observed limited chlorophyll content in salt-stressed
plants. The higher salt concentration had a more severe effect on chlorophyll
synthesis. Salinity can achieve such an effect by destabilising the chlorophyll-
protein complex through chlorophyll oxidation or damaging the enzymes that
synthesise chlorophyll (Wang et al. 2019). Additionally, salinity could induce
chlorophyllase synthesis in the mesophyll cells. Chlorophyllase is a proteolytic
enzyme with chlorophyll digesting potential and could also disrupt the photosyn-
thetic machinery and, thus, regulates the chlorophyll content (Tuna et al. 2008). This
view is also shared by other plant physiologists who made similar observations in
different crops during salt stress. Salinity induced Na+ accumulation increases the
osmotic potential that could disrupt the photosynthetic electron transport system and
damage the chloroplast. Salt stress could restrict photosynthetic enzymes, gaseous
exchange, and poses structural and functional threats to the thylakoid membrane
(Hendawey 2015). The low chlorophyll content is generally considered as a disad-
vantage, but interestingly, plants could utilise the same phenomenon to protect
the photosynthetic electron transport system from over reduction, and thus, reducing
the ROS production (Belmecheri-Cherifi et al. 2019). Gibberellin could enhance the
ultra-structural morphogenesis of plastids and chlorophyll retention (Ahmad 2010).

Salt stress influenced the activities of CA and NR in a dose-dependent manner
causing significant reduction at the highest salt concentration. Carbonic anhydrase
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(CA) is a metal-containing ubiquitous enzyme that catalyses the reversible conver-
sion reaction of CO2 and H2O to bicarbonate ions and plays an essential role in
stomatal conductance and carboxylation (Naeem et al. 2020). The salinity reduces
CA activity by restricting stomatal conductance and CO2 fixation and subsequently
reducing CO2 availability for CA (Singh et al. 2016). Additionally, salinity induced
ion excess could make it harder for the plant to uptake other ions and minerals. In
this context, salinity could downregulate CA activity by reducing Zn uptake, which
is a crucial component of CA (Chakraborty et al. 2016; Singh et al. 2016). Exoge-
nous application of GA3 overcame the constraints in CA activity under salt stress.
This upregulation could be because of the positive influence of GA3 on stomatal
conductance and CO2 metabolism (Ribeiro et al. 2012). Moreover, GA3 is also
attributed to improve plant water relations and minerals uptake (Ueguchi-Tanaka
et al. 2007; Wang et al. 2019). As a result, we observed enhancement in CA activity
with GA3 supplementation. Several studies are in harmony with our observation,
where GA3 application enhanced CA activity in different plants under salt stress
(Afroz et al. 2006; Siddiqui et al. 2008; Tuna et al. 2008).

Salt stress also inhibited the NR activity, a crucial enzyme associated with nitrate
metabolism, facilitating protein synthesis at various stages of plant growth (Afroz
et al. 2006). Given the salinity interfere with the mineral uptake and assimilation,
decreased NR activity could be an outcome of salt stress-induced restriction in the
nitrogen and sulphur uptake (Nazar et al. 2011; Chakraborty et al. 2016). Moreover,
salt stress might also enhance the activity of DNase, RNase, and protease enzymes
that could affect NR activity negatively (Siddiqui et al. 2008). However, the GA3

application curbed the salt-induced effects on NR in the present study and enhanced
its activity. Previous reports favour these correlations, where the similar eliciting
pattern in NR activity was observed under salt stress with phytohormones action
(Eleiwa et al. 2011; Iqbal et al. 2014).

The ROS overproduction and ion accumulation are the chariots that enable
salinity to interfere with plant metabolism (Munns and Tester 2008). While ROS
poses an osmo-oxidative threat in the fenugreek system, ion accumulation could
regulate membrane permeability, stomatal conductance, and the uptake of other ions
(Belmecheri-Cherifi et al. 2019). Fenugreek has antioxidant and osmolyte defence to
counter such physiological complications to a certain extent (Mickky et al. 2019).
Foliar sprays of GA3 were noticed to enhance antioxidant generation in fenugreek
plants compared to the control treatment. In this context, Maggio et al. (2010)
suggested that GA3-induced protein synthesis could have increased antioxidant
enzymes production and upregulated their activities. However, salt severity might
exceed the threshold defence capacity and cause severe damage at higher
concentrations, as was observed in our study with 100 mg L�1 of NaCl. It could
be noticed that although at this dose, the activities of SOD, CAT, and APX were
increased, the natural biochemical defence of the plant was failing to tolerate salinity
effectively. Nevertheless, the exogenous application of GA3 might have ameliorated
cellular stress by relieving antioxidant hyperproduction, as suggested by comparing
salt-stressed fenugreek with GA3 supplied plants under salt stress. This could
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probably be the reason for GA3 induced reduction in antioxidant content in salt-
stressed fenugreek.

High TBARS and H2O2 contents directly intoxicate the plasma membrane and
negatively influence cytosolic metabolism through their cell structure breaking
tendency (Wang et al. 2019). Thus, from the data, we can conceive an increased
lipid peroxidation and electrolyte leakage in salt-stressed fenugreek plants. Never-
theless, the foliar supplementation of GA3 ameliorated salinity-imposed lipid perox-
idation and electrolyte leakage, as indicated by lower TBARS and H2O2 contents.
The antioxidant defence could likely have scavenged H2O2, while the osmolytes
such as proline might have helped maintain membrane permeability through osmotic
adjustments. In this context, it is noteworthy that plants can accumulate a very high
concentration of organic and inorganic osmolytes and use them as a defencive
measure against various stress conditions. The present study offered the same
analogy with proline, where the highest proline content was found with the most
severe salt stress. Apart from being an osmolyte, proline could also act as a storage
house offering carbon and nitrogen for plant defence and development in dire
situations (Matysik et al. 2002). Different studies have made similar observations
where fenugreek accumulated proline besides other osmolytes in response to salinity
exposure (Nair et al. 2017; Mickky et al. 2019). Additionally, proline can also assist
the plant in cell expansion, pH homeostasis, and membrane stabilisation (Mickky
et al. 2019). Interestingly, gibberellin seems to increase as well as decrease the
proline content depending on the stress presence (Tuna et al. 2008). In the absence of
stress, gibberellin enhances proline content while in stressed plants, it reduces
proline content, probably by inhibiting lipid peroxidation (Tuna et al. 2008; Javid
et al. 2011).

6.6 Conclusion and Future Perspectives

Fenugreek is an aromatic plant with substantial pharmacological potential. However,
the growth, development, and yield of fenugreek crop are greatly restricted under salt
stress. Increasing soil salinity is posing an imminent threat to fenugreek along with
other agronomic crops. In the present study, we suggested an alternative for the
salinity reversal through the exogenous supplementation of 10�6 GA3 in the fenu-
greek crop. This treatment was proved beneficial to a broad spectrum of morpho-
physiological parameters in the fenugreek plants. Plant length and weight were
elicited with this treatment as well as the seed number and yield were also enhanced.
Plant sprayed with GA3 experienced better tolerance against salinity, and thus, salt
concentration was unable to pose more significant damage in such plants than those
without GA3. Moreover, such plants exhibited an upregulated antioxidant defense
and osmoprotection. Overall, the present investigation suggested that crop enhance-
ment in fenugreek could be conferred through exogenous application of GA3 in the
plants under salinity stress. Considering the eliciting effects of GA3 in this study,
similar treatments could also be instigated for conferring stress tolerance in other
related crops with agronomical potential.
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