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Abstract

Salinity stress is one of the major hurdles in agriculture which adversely affects crop production. It can cause
osmotic imbalance, ion toxicity that disrupts essential nutrient balance, impaired nutrient uptake, stunted growth,
increased oxidative stress, altered metabolism, and diminished crop yield and quality. However, foliar application

of osmoprotectant is becoming popular to resolve this issue in crops. These osmoprotectants regulate the cellular
osmotic balance and protect plants from the detrimental effects of high salt concentrations. Furthermore, the role
of arbuscular mycorrhizae (AMF) is also established in this regard. These AMF effectively reduce the salinity negative
effects by improving the essential nutrient balance via the promotion of root growth. That's why keeping in mind
the effectiveness of osmoprotectants current study was conducted on cotton. Total of six levels of y-Aminobutyric
acid (GABA=0mM, 0. 5 mM, and 1 mM) and ectoine (ECT=0 mM, 0.25 mM, and 0.5 mM) were applied as treat-
ments in 3 replications. Results showed that 0.5 mM y-Aminobutyric acid and ectoine performed significantly best
for the improvement in cotton growth attributes. It also caused significant enhancement in K and Ca contents

of the leaf, stem, bur, and seeds compared to the control. Furthermore, 0.5 mM y-Aminobutyric acid and ectoine
also caused a significant decline in Cl and Na contents of leaf, stem, bur, and seeds of cotton compared to control
under salinity stress. A significant enhancement in chlorophyll contents, gas exchange attributes, and decline in elec-
trolyte leakage validated the effectiveness of 0.5 mM y-Aminobutyric acid and ectoine over control. In conclusion,
0.5 mM y-Aminobutyric acid and ectoine have the potential to mitigate the salinity stress in cotton.
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Introduction

Salinity stress is a significant abiotic factor [1] that
adversely affects crop growth and productivity [2-5].
When soil or water contains high concentrations of salts,
particularly sodium chloride, it can impede plant devel-
opment and result in numerous negative consequences
[6-9]. The detrimental effects of salinity stress on crops
encompass reduced water uptake due to osmotic imbal-
ance, ion toxicity that disrupts essential nutrient bal-
ance [4, 10], impaired nutrient uptake, stunted growth,
increased oxidative stress, altered metabolism, and
diminished crop yield and quality [11]. Excess salts hin-
der water absorption by plants, leading to dehydration
and water stress [12, 13]. Furthermore, the disturbed
nutrient balance and reduced availability of essential
nutrients [14, 15].

To overcome this issue, the use of osmoprotectants as
foliar application is becoming popular. y-Aminobutyric
acid (GABA) and ectoine (ECT) are two such examples of
osmoprotectants that have shown potential in mitigating
the effects of salinity stress on crop plants [16]. GABA is
a non-protein amino acid that accumulates in plant cells
under various stress conditions, including salinity stress
[17]. It plays a crucial role as an Osmo protectant by
regulating cellular osmotic balance and protecting plants
from the detrimental effects of high salt concentrations
[18]. GABA acts as a signaling molecule and interacts
with different metabolic pathways to enhance stress tol-
erance in plants [19]. It can scavenge reactive oxygen spe-
cies, stabilize membranes, and modulate ion transport,
thereby maintaining cellular integrity and function [20].

Ectoine is a naturally occurring osmoprotectant pro-
duced by halophilic microorganisms [21]. It can stabi-
lize cellular structures and maintain proper cell function
under high salinity conditions [22]. Ectoine acts as a com-
patible solute by protecting proteins, enzymes, and mem-
branes from salt-induced denaturation and dehydration
[23]. Its application as a foliar spray has demonstrated
potential in enhancing salt stress tolerance in plants by
reducing oxidative damage, maintaining photosynthetic
activity, and promoting overall plant growth and produc-
tivity [24]. Furthermore, arbuscular mycorrhizal fungi
(AMF) have emerged as valuable allies for plants fac-
ing salinity stress in their growth environment [25]. The
mutualistic relationship between AMF and plant roots
provides several benefits, especially under conditions of
high salt concentrations [26]. AMF enhances plant toler-
ance to salinity stress through various mechanisms [16].
They improve nutrient uptake by extending their hyphal
networks into the soil, accessing otherwise inaccessible
nutrients [27].

Cotton is one of the most economically impor-
tant fiber crops globally, providing raw material for
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the textile industry [28, 29]. It is cultivated in various
regions, including areas with high soil salinity, where
salinity stress poses a significant challenge to cotton
production [30]. Salinity stress adversely affects cot-
ton plant growth, reduces yield, and impairs fiber qual-
ity [31]. While the effects of salinity stress on cotton
crops and the potential use of osmoprotectants have
been studied to some extent, there is a knowledge gap in
understanding the specific mechanisms and efficacy of
osmoprotectant application for mitigating salinity stress
in cotton plants [32].

The current study is covering the regarding the use of
y-Aminobutyric acid (GABA) and ectoine (ECT) combi-
nation against salinity stress. The study aimed to examine
the impact of y-Aminobutyric acid (GABA) and ectoine
(ECT) on cotton cultivated under salinity stress. We
hypothesized that the foliar application of osmoprotect-
ants might enhance the salinity stress tolerance of cot-
ton crops. The osmoprotectants, through their osmotic
adjustment properties and antioxidant activities, are
expected to improve water uptake, maintain ion home-
ostasis, and mitigate oxidative damage in cotton plants
exposed to salinity stress.

Material and methods

Plant material

Cotton seeds (CIM 616 BT) were used for the experi-
ment. Cotton seeds were surface sterilized with a suit-
able sterilizing agent (e.g., 5% sodium hypochlorite) and
rinsed thoroughly with sterile distilled water [33]. The
sterilized seeds were germinated in sterilized sand or
paper towels in a controlled environment with appropri-
ate temperature and humidity until the seedlings reached
a uniform size. Uniform 2 seedlings were transferred for
further experimentation in the pot.

Pot preparation

Plastic pots of a specific size (10 inchx 18 inch) were
filled with a saline soil substrate. In each pot, 15 kg of soil
was filled. Before filling the pot debris and clods of soil
were removed manually by using a sieve. The soil used
was representative of the target growing conditions and
was salt-affected. The characteristic of the soil is provided
in Table 1.

Arbuscular mycorrhizal fungi (AMF)

To introduce arbuscular mycorrhizal fungi (AMF) into
the soil, a commercial inoculum (Clonex® Root Maxi-
mizer, 5711 Enterprise Drive, Lansing, MI, USA) was
utilized. The inoculum consisted mainly of Glomus
species and had a concentration of 158 propagules per
gram. For the experimental setup, 3.75 g of the inoculum
were added to 15 kg of soil [43]. For inoculation, AMF
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Table 1 Pre-experimental soil and irrigation characteristics
Soil Values References Irrigation Values References
pH 834 34] pH 7.15 [35]
ECe (dS/m) 5.64 [36] EC (uS/cm) 712
SOM (%) 0.50 [37] Carbonates (meq./L) 0.00
TN (%) 0.03 [38] Bicarbonates (meq./L) 419
AP (Lg/9) 2.10 [39] Chloride (meq./L) 0.015
EK (ng/g) 61 [40] Ca+Mg (meg./L) 30
ENa (pg/9) 456 [41] Sodium (mg/L) 131
Texture Loam [42] TN =Total Nitrogen; AP =Available
Phosphorus; EK=Extractable Potassium
ENa=Extractable Sodium

inoculum was evenly distributed across the soil’s surface  Table 2 Treatment plan
in a sterilized container. A thorough mixing followed, - AMEF GABA and ECT
ensuring the AMF inoculum was uniformly incorporated
into the soil. The moisture of the soil was kept at 65% T No AMF 0mM GABA
field capacity. Finally, the soil mixture was transferred to T2 No AMF 0.5 mM GABA
pots as per the treatment plan. 13 No AMF 1 mM GABA

T4 No AMF 0mMECT
GABA and ECT T5 No AMF 0.25 mM ECT
The y-Aminobutyric acid (GABA) and ectoine (ECT) '° No AMF 05 Mm ECT
were prepared at different concentrations by suing ana- AMF 0 mMGABA
lytical grade salts i.e., GABA =Product Number: A2129; E AME 0.5 MM GABA
Batch Number: BCCJ0874; Color: White; Appear- AME 1 MM GABA
ance =Powder; Sigma Aldrich and ECT =Product Num- 10 AMF O mMECT
ber: 81619; Batch Number: BCCJ4305; Color: White; ' AMF 0.25 mM ECT

T12 AMF 0.5 Mm ECT

Appearance=Powder; Sigma Aldrich. For the GABA
treatments (0 mM, 0.5 mM, and 1 mM), the solutions
were foliar applied to the plants at a rate of 25 mL per
pot, five times at 15, 17, 19, 21, and 24 days after trans-
plantation. For the ECT treatments (0 mM, 0.25 mM,
and 0.5 mM), the solutions were also foliar applied at the
same rate and frequency.

Experimental design

The experiment followed a randomized complete block
design (RCBD) with a factorial arrangement of treat-
ments. All treatments were applied in 3 replicates in salt-
affected soil. The treatment plant is provide in Table 2.

Fertilizer

Nitrogen was applied in three equal splits, with a total
rate of 115 kg ha™!, at 40, 60, and 80 days after planting.
The nitrogen source used was urea. Phosphorus, at a rate
of 60 kg ha™!, was applied in its diammonium phosphate
(DAP) form, while potassium, also at a rate of 60 kg ha™!,
was supplied as potassium sulfate (K,SO,). The complete
dose of phosphorus and potassium was broadcasted at
the time of sowing to ensure availability to the growing
cotton crop [44].

mM miliMolar

Irrigation

A total of nine irrigations were administered during the
cotton sowing season, with the timing of each irrigation
based on the soil moisture levels. The initial irrigation
was provided at the time of planting, and subsequent irri-
gations were scheduled based on the soil moisture con-
tent monitoring [44].

Data collection

Soon after harvesting, the following parameters were
analyzed to assess the effects of the treatments: germina-
tion (%), plant height (cm), stem dry biomass (g/pot), leaf
dry biomass (g/pot), boll dry biomass (g/pot), seed dry
biomass (g/pot), shed dry biomass (g/pot), root dry bio-
mass (g/pot).

Digestion of samples for nutrient analysis

One gram sample was subjected to a diacid digestion mix-
ture (10 mL). The diacid digestion protocol was employed,
which involved the use of a diacid mixture consisting
of concentrated nitric acid (HNO;) and concentrated
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perchloric acid (HCIO,) in 2:1 ratio. The digestion process
was initiated by heating the vessels in a digestion block or
furnace at a specific temperature, typically around 180 °C
-200 °C until the solution become clear like water [45].

Nutrients analysis

The flame photometer was calibrated using standard solu-
tions of known concentrations for each element (K, Ca, and
Na) [41]. Calibration curves were generated by measuring
the emission intensities of the standards at specific wave-
lengths. For Cl analysis, a few drops of potassium chro-
mate (K,CrO,) indicator solution were added to the flask.
After that titration of the sample solution was done with
standard silver nitrate (AgNO;) solution until a reddish-
brown color appeared. To convert milliequivalents per liter
(meq/L) to grams per kilogram (g/kg) [35].

1meq/L = (molarmassing/mole/valence) x 1mg/L x 1g/kg
1meq/L = (35.45g/mole/valence) x 1mg/L x 1g/kg

1meq/L = 35.45mg/L = 35.45g/kg

Chlorophyll contents and gas exchange attributes

The chlorophyll a, chlorophyll b, and total chlorophyll
contents in fresh wheat leaves were determined follow-
ing the protocol described by Arnon [46]. Leaf extracts
were obtained using an 80% acetone solution. To estimate
the chlorophyll a and chlorophyll b contents, the absorb-
ance of the extracts was measured at specific wavelengths
using a spectrophotometer. The absorbance at 663 nm was
recorded for chlorophyll a, while the absorbance at 645 nm
was recorded for chlorophyll b. Using the obtained absorb-
ance values, the final calculations for chlorophyll a, chloro-
phyll b, and total chlorophyll content were performed using
the following relationships:

mg
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Photosynthesis system, CID, Inc. USA). On a sunny
day, the readings were taken between 10:30 AM and
11:30 AM at the saturating intensity of light [47, 48].

Electrolyte leakage

The electrolyte leakage (EL) was assessed using a modi-
fied version of the method described by Lutts et al.
[49]. To determine EL, the leaves were carefully washed
with deionized water to remove any external contami-
nants. Subsequently, uniform-sized leaf pieces weigh-
ing approximately one gram were excised using a steel
cylinder with a diameter of 1 cm. These leaf pieces
were placed in individual test tubes containing 20 ml
of deionized water and incubated at a temperature of
25 °C for a period of 24 h. After the incubation period,
the electrical conductivity (EC1) of the water solution
in the test tubes was measured using an EC meter that
had been pre-calibrated. The test tubes were then sub-
jected to a water bath set at 120 °C for 20 min, and the
electrical conductivity (EC2) was recorded following
the heating process.

EL(%) = (EC1/EC2) x 100

Antioxidants

Superoxide dismutase (SOD) activity was determined
by measuring the inhibition of nitro blue tetrazolium
(NBT) reduction in the presence of riboflavin. The
reaction mixture, consisting of enzyme extract, NBT,
riboflavin, and phosphate buffer, was illuminated, and
the change in absorbance at 560 nm [50]. Peroxidase
(POD) activity was evaluated by monitoring the oxida-
tion of a suitable substrate, such as guaiacol or o-diani-
sidine [51]. Catalase (CAT) activity was determined by
monitoring the decomposition of hydrogen peroxide

Chlorophylla() = 12.7(0D663) — 2.69(0D645) x V/1000(W)
g

Chlorophyllb <mg> = 22.9(0D645) — 4.68(0D663) x V/1000(W)
g

TotalChlorophyll ( mg) = 20.2(0D645) + 8.02(0D663) x V/1000(W)
g

The photosynthetic rate, transpiration rate, and
stomatal conductance of plant samples were ana-
lyzed using an Infrared Gas Analyzer (IRGA) (CI-340

(H,O,) by the enzyme [52]. The decrease in absorb-
ance at 240 nm resulting from H,O, decomposition was
measured. Ascorbate peroxidase (APX) activity was
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assessed by monitoring the oxidation of ascorbate in
the presence of H,O, [53].

Statistical analysis

The collected data was subjected to standard statistical
analysis [54]. Means were compared using paired com-
parison by applying Fisher’s LSD test at a significance
level of P<0.05. For making graphs, cluster plot convex
hull and hierarchical cluster plot OriginPro 2021 soft-
ware was used [55].

Results

Germination

When no arbuscular mycorrhizal fungi (AMF) were pre-
sent and 0 mM gamma-aminobutyric acid (GABA) was
used as an osmoprotectant, the germination percent-
age was 31.84%. With 0.5 mM GABA, the germination
percentage increased to 56.73%, representing a 78.19%
increase compared to the control. When 1 mM GABA
was used, the germination percentage was 49.93%,
showing a 56.81% increase. In the absence of AMF and
using 0 mM ectoine (ECT) as an osmoprotectant, the
germination percentage was 25.71%. However, when
0.25 mM ECT was introduced, the germination per-
centage significantly increased to 46.61%, indicating an
81.29% increase. Using 0.5 0 mM ECT resulted in a ger-
mination percentage of 59.08%, representing a remark-
able 129.83% increase compared to the control. On the
other hand, when AMF were present and 0 mM GABA
was used as the osmoprotectant, the germination per-
centage was 41.43%. With 0.5 mM GABA, the germina-
tion percentage increased to 60.48%, reflecting a 45.96%
increase. When 1 mM GABA was used, the germination

ab _a

O0mM GABA
0.5 mM GABA
1 mM GABA
OmM ECT
0.25mM ECT
0.50mM ECT
OmM GABA
0.5 mM GABA
1 mM GABA
OmM ECT
0.25mM ECT
0.50mM ECT

No AMF AMF
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percentage was 54.02%, showing a 30.39% increase com-
pared to the control. In the presence of AMF and using
0 mM ECT as an osmoprotectant, the germination per-
centage was 33.04%. However, when 0.25 mM ECT was
introduced, the germination percentage significantly
increased to 54.97%, indicating a 66.39% increase. Using
0.50 mM ECT resulted in a germination percentage of
63.09%, representing a notable 90.95% increase compared
to the control (Fig. 1A).

Plant height

In the case of no arbuscular mycorrhizal fungi (AMF)
and 0 mM gamma-aminobutyric acid (GABA) was used
as an osmoprotectant, the average plant height was
2391 cm. With 0.5 mM GABA, the plant height sig-
nificantly increased to 66.79 cm, indicating a 179.36%
increase compared to the control. When 1 mM GABA
was used, the average plant height was 34.19 c¢cm, show-
ing a 43.02% increase. Without AMF and using 0 mM
ectoine (ECT) as an osmoprotectant, the average plant
height was 28.45 cm. However, when 0.25 mM ECT was
introduced, the plant height increased to 34.23 c¢m, indi-
cating a 20.34% increase. Using 0.50 mM ECT resulted
in an average plant height of 62.81 cm, representing a
significant 120.79% increase compared to the control. In
AMF and 0 mM GABA was used as the osmoprotect-
ant, the average plant height was 28.96 cm With 0.5 mM
GABA, the plant height increased to 77.25 cm, reflect-
ing a 166.76% increase. When 1 mM GABA was used,
the average plant height was 51.56 cm, showing a 78.04%
increase compared to the control. For AMF and 0 mM
ECT, the average plant height was 30.42 cm. However,
when 0.25 mM ECT was introduced, the plant height
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Fig. 1 Effect of osmoprotectants y-Aminobutyric acid (GABA) and ectoine (ECT) different foliar application rates with and with AMF on germination
(A) and plant height (B) of cotton cultivated in salinity stress (soil EC=5.64 dS/m). Bars are means of 3 replicates + SE. Different letters on bars

showed significant changes at p <0.05; Fisher’s LSD
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increased to 46.72 cm, indicating a 53.57% increase.
Using 0.50 mM ECT resulted in an average plant height
of 72.34 cm, representing a notable 137.80% increase
compared to the control (Fig. 1B).

Leaf dry biomass

In the absence of AMEF, the control group (0 mM GABA)
exhibited a mean leaf dry biomass of 32.48 g/pot. Inter-
estingly, the introduction of 0.5 mM GABA led to a sig-
nificant increase in leaf dry biomass, with a mean value
of 43.38 g/pot, representing a 33.58% enhancement com-
pared to the control. Similarly, the use of 1 mM GABA
resulted in a mean leaf dry biomass of 38.06 g/pot, sig-
nifying a 17.20% increase. When AMF were absent and
ECT was employed as the osmoprotectant, the mean
leaf dry biomass for the control group (0 mM ECT) was
30.26 g/pot. However, the introduction of 0.25 mM ECT
led to a notable increase in leaf dry biomass, with a mean
value of 35.04 g/pot, indicating a 15.79% enhancement.
Furthermore, the use of 0.50 mM ECT resulted in a mean
leaf dry biomass of 41.47 g/pot, reflecting a substan-
tial increase of 37.05% compared to the control. In con-
trast, when AMF were present, the control group (0 mM
GABA) exhibited a mean leaf dry biomass of 34.58 g/
pot. The introduction of 0.5 mM GABA significantly
increased the leaf dry biomass to 45.03 g/pot, represent-
ing a 30.22% enhancement. Similarly, the use of 1 mM
GABA resulted in a mean leaf dry biomass of 41.19 g/pot,
indicating a 19.12% increase compared to the control.
Under the presence of AMF and using 0 mM ECT as the
osmoprotectant, the mean leaf dry biomass was 32.49 g/
pot. However, the introduction of 0.25 mM ECT led to
a significant increase in leaf dry biomass, with a mean
value of 37.48 g/pot, signifying a 15.35% enhancement.
Moreover, the use of 0.50 mM ECT resulted in a mean
leaf dry biomass of 45.38 g/pot, representing a substantial
increase of 39.68% compared to the control (Fig. 2A).

Stem dry biomass

For AMF, the control group (0 mM GABA) exhibited
a mean stem dry biomass of 31.52 g/pot. Notably, the
introduction of 0.5 mM GABA resulted in a significant
increase in stem dry biomass, with a mean value of
51.97 g/pot, representing a 64.92% enhancement com-
pared to the control. Similarly, the use of 1 mM GABA
yielded a mean stem dry biomass of 38.34 g/pot, signi-
fying a 21.64% increase. Without AMF and with ECT
as the osmoprotectant, the control group (0 mM ECT)
displayed a mean stem dry biomass of 31.13 g/pot.
However, the addition of 0.25 mM ECT led to a nota-
ble increase in stem dry biomass, with a mean value of
40.57 g/pot, indicating a 30.30% enhancement. Moreo-
ver, the utilization of 0.50 mM ECT resulted in a mean
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stem dry biomass of 52.59 g/pot, reflecting a substan-
tial increase of 68.93% compared to the control. Con-
versely, with AMF, the control group (0 mM GABA)
showed a mean stem dry biomass of 35.06 g/pot. The
introduction of 0.5 mM GABA significantly increased
the stem dry biomass to 56.60 g/pot, representing a
61.44% enhancement. Similarly, the utilization of 1 mM
GABA yielded a mean stem dry biomass of 45.14 g/pot,
indicating a 28.74% increase compared to the control.
In the presence of AMF and employing 0 mM ECT as
the osmoprotectant, the mean stem dry biomass was
35.93 g/pot. Nevertheless, the inclusion of 0.25 mM
ECT led to a significant increase in stem dry biomass,
with a mean value of 45.81 g/pot, signifying a 27.49%
enhancement. Furthermore, the use of 0.50 mM ECT
resulted in a mean stem dry biomass of 59.42 g/pot,
representing a notable increase of 65.34% compared to
the control (Fig. 2B).

Bur dry biomass

Under no AMF, the control group (0 mM GABA) exhib-
ited a mean bur dry biomass of 12.62 g/pot. Remark-
ably, the introduction of 0.5 mM GABA resulted in a
substantial increase in bur dry biomass, with a mean
value of 24.99 g/pot, representing a remarkable 98.07%
increase compared to the control. Similarly, the utiliza-
tion of 1 mM GABA led to a mean bur dry biomass of
21.25 g/pot, signifying a significant 68.37% increase. In
the absence of AMF and using ECT as the osmoprotect-
ant, the control group (0 mM ECT) displayed a mean
bur dry biomass of 12.66 g/pot. However, the introduc-
tion of 0.25 mM ECT resulted in a notable increase
in bur dry biomass, with a mean value of 18.98 g/pot,
indicating a 50.00% enhancement. Furthermore, the
utilization of 0.50 mM ECT yielded a mean bur dry bio-
mass of 24.39 g/pot, reflecting a substantial increase of
92.69% compared to the control. Under AMF, the con-
trol group (0 mM GABA) showed a mean bur dry bio-
mass of 16.93 g/pot. The introduction of 0.5 mM GABA
significantly increased the bur dry biomass to 28.04 g/
pot, representing a 65.57% enhancement. Similarly, the
utilization of 1 mM GABA yielded a mean bur dry bio-
mass of 22.59 g/pot, indicating a 33.38% increase com-
pared to the control. In the case of AMF with 0 mM
ECT as the osmoprotectant, the mean bur dry biomass
was 14.35 g/pot. However, the inclusion of 0.25 mM
ECT led to a significant increase in bur dry biomass,
with a mean value of 23.15 g/pot, signifying a 61.35%
enhancement. Furthermore, the use of 0.50 mM ECT
resulted in a mean bur dry biomass of 28.63 g/pot, rep-
resenting a remarkable increase of 99.57% compared to
the control (Fig. 2C).
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Fig. 2 Effect of osmoprotectants y-Aminobutyric acid (GABA) and ectoine (ECT) different foliar application rates with and with AMF on leaf dry
biomass (A), stem dry biomass (B), bur dry biomass (C) and seed dry biomass (D) of cotton cultivated in salinity stress (soil EC=5.64 dS/m). Bars are
means of 3 replicates + SE. Different letters on bars showed significant changes at p <0.05; Fisher's LSD

Seed dry biomass

For no AMF with 0 mM GABA, the mean seed dry bio-
mass was 15.92 g/pot. However, the introduction of
0.5 mM GABA resulted in a substantial increase in seed
dry biomass, with a mean value of 40.85 g/pot, repre-
senting a notable percentage increase of 156.58 com-
pared to the control. Similarly, the utilization of 1 mM
GABA yielded a mean seed dry biomass of 28.67 g/pot,
indicating a significant percentage increase of 80.06. In
the case of no AMF with ectoine (ECT) as the osmopro-
tectant, the control group (0 mM ECT) displayed a mean
seed dry biomass of 14.97 g/pot. However, the introduc-
tion of 0.25 mM ECT led to a substantial increase in seed
dry biomass, with a mean value of 33.34 g/pot, signify-
ing a remarkable percentage increase of 122.73. Further-
more, the utilization of 0.50 mM ECT resulted in a mean
seed dry biomass of 40.46 g/pot, reflecting a significant

percentage increase of 170.31 compared to the control.
For AMF, the control group (0 mM GABA) showed a
mean seed dry biomass of 23.48 g/pot. The introduction
of 0.5 mM GABA significantly increased the seed dry
biomass to 45.44 g/pot, representing a notable percent-
age increase of 93.53. Similarly, the utilization of 1 mM
GABA yielded a mean seed dry biomass of 31.52 g/pot,
indicating a percentage increase of 34.24 compared to
the control. In AMF with 0 mM ECT as the osmopro-
tectant, the mean seed dry biomass was 25.22 g/pot.
However, the inclusion of 0.25 mM ECT led to a signifi-
cant increase in seed dry biomass, with a mean value of
36.91 g/pot, signifying a percentage increase of 46.35.
Furthermore, the use of 0.50 mM ECT resulted in a
mean seed dry biomass of 45.18 g/pot, representing a
substantial percentage increase of 79.12 compared to the
control (Fig. 2D).
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Shed dry biomass

In the absence of arbuscular mycorrhizal fungi (AMF)
and with 0 mM gamma-aminobutyric acid (GABA) used
as the osmoprotectant, the mean shed dry biomass was
12.51 g/pot. However, the introduction of 0.5 mM GABA
resulted in a significant increase in shed dry biomass,
with a mean value of 26.81 g/pot, representing a sub-
stantial percentage increase of 114.32 compared to the
control. Similarly, the utilization of 1 mM GABA yielded
a mean shed dry biomass of 20.12 g/pot, indicating a
notable percentage increase of 60.87. Under the absence
of AMF and with ectoine (ECT) as the osmoprotect-
ant, the control group (0 mM ECT) displayed a mean
shed dry biomass of 13.32 g/pot. However, the intro-
duction of 0.25 mM ECT led to a significant increase
in shed dry biomass, with a mean value of 21.59 g/pot,
signifying a notable percentage increase of 62.04. Fur-
thermore, the utilization of 0.50 mM ECT resulted in a
mean shed dry biomass of 28.98 g/pot, reflecting a sub-
stantial percentage increase of 117.56 compared to the
control. Conversely, in the presence of AMEF, the control
group (0 mM GABA) showed a mean shed dry biomass
of 18.28 g/pot. The introduction of 0.5 mM GABA sig-
nificantly increased the shed dry biomass to 31.72 g/
pot, representing a notable percentage increase of 73.58.
Similarly, the utilization of 1 mM GABA yielded a mean
shed dry biomass of 23.97 g/pot, indicating a percent-
age increase of 31.15 compared to the control. Under
the presence of AMF and employing 0 mM ECT as the
osmoprotectant, the mean shed dry biomass was 15.46 g/
pot. However, the inclusion of 0.25 mM ECT led to a sig-
nificant increase in shed dry biomass, with a mean value
of 24.38 g/pot, signifying a notable percentage increase
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of 57.70. Furthermore, the use of 0.50 mM ECT resulted
in a mean shed dry biomass of 33.28 g/pot, representing
a substantial percentage increase of 115.23 compared to
the control (Fig. 3A).

Root dry biomass

Without arbuscular mycorrhizal fungi (AMF), the mean
root dry biomass was 13.00 g/pot when no gamma-
aminobutyric acid (GABA) was added as an osmopro-
tectant. However, the introduction of 0.5 mM GABA
led to a significant increase in root dry biomass, with a
mean value of 19.97 g/pot, representing a percentage
increase of 53.61 compared to the control. Similarly, the
utilization of 1 mM GABA resulted in a mean root dry
biomass of 15.89 g/pot, indicating a percentage increase
of 22.26. When ectoine (ECT) was used as the osmopro-
tectant in the absence of AME, the control group (0 mM
ECT) exhibited a mean root dry biomass of 12.99 g/pot.
However, the inclusion of 0.25 mM ECT led to a signifi-
cant increase in root dry biomass, with a mean value of
17.64 g/pot, signifying a percentage increase of 35.79.
Furthermore, the use of 0.50 mM ECT resulted in a mean
root dry biomass of 20.33 g/pot, reflecting a percentage
increase of 56.49 compared to the control. With AMEF,
the control group (0 mM GABA) displayed a mean root
dry biomass of 14.65 g/pot. The introduction of 0.5 mM
GABA significantly increased the root dry biomass to
21.30 g/pot, representing a percentage increase of 45.37.
Similarly, the utilization of 1 mM GABA yielded a mean
root dry biomass of 17.93 g/pot, indicating a percentage
increase of 22.33 compared to the control. Under the
presence of AMF and without the addition of ECT, the
mean root dry biomass was 15.21 g/pot. However, the

525,
o a p ab
220+ c
(2]
® d d
® 154
E15
K]
m 104
fany
0O 5
8
x O
< = < e
S d 00 32 F ko0 o0
T S cowmw 2T g0 wmwd
0] O Y ss o o Y s s
s =T EE s3T=ZTEE
c EELDOEEEELOO
0 S N 0 To) o N v
S & - c s S & - s o
No AMF AMF

Fig. 3 Effect of osmoprotectants y-Aminobutyric acid (GABA) and ectoine (ECT) different foliar application rates with and with AMF on shed dry
biomass (A) and root dry biomass (B) of cotton cultivated in salinity stress (soil EC=5.64 dS/m). Bars are means of 3 replicates + SE. Different letters

on bars showed significant changes at p <0.05; Fisher's LSD



Ma et al. BMC Plant Biology (2023) 23:476

inclusion of 0.25 mM ECT led to a significant increase
in root dry biomass, with a mean value of 19.63 g/pot,
signifying a percentage increase of 29.04. Furthermore,
the use of 0.50 mM ECT resulted in a mean root dry bio-
mass of 20.91 g/pot, representing a percentage increase
of 37.44 compared to the control (Fig. 3B).

Leaf potassium

When AMF was absent, the leaf K content varied
between 12.52 g/kg and 18.55 g/kg. The addition of
0.5 mM GABA resulted in a significant increase of
54.41% in leaf K content compared to the absence of
AME. Similarly, the addition of 1 mM GABA led to a
33.96% increase in leaf K content. For ECT treatments
without AME, the leaf K content ranged from 12.71 g/
kg to 18.55 g/kg. The addition of 0.5 mM ECT resulted
in a significant increase of 45.98% in leaf K content com-
pared to the absence of AMEF. In the presence of AME, the
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leaf K content varied between 13.94 g/kg and 20.65 g/kg.
The addition of 0.5 mM GABA led to a 45.02% increase
in leaf K content compared to AMF presence without
GABA. Similarly, the addition of 1 mM GABA resulted in
a 31.00% increase in leaf K content. For ECT treatments
with AME, the leaf K content ranged from 13.90 g/kg to
20.65 g/kg. The addition of 0.50 mM ECT led to a sig-
nificant increase of 48.51% in leaf K content compared to
AMEF presence without ECT (Fig. 4A).

Leaf calcium

Without AMF, the leaf Ca content varied between
8.40 g/kg and 32.50 g/kg. The addition of 0.5 mM GABA
resulted in a significant increase of 250.94% in leaf Ca
content compared to the absence of AMEFE. Similarly,
the addition of 1 mM GABA led to a 105.70% increase
in leaf Ca content. For ECT treatments without AMF,
the leaf Ca content ranged from 9.98 g/kg to 32.50 g/
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Fig. 4 Effect of osmoprotectants y-Aminobutyric acid (GABA) and ectoine (ECT) different foliar application rates with and with AMF on leaf K (A),
leaf Ca (B), leaf CI (C) and leaf Na (D) of cotton cultivated in salinity stress (soil EC=5.64 dS/m). Bars are means of 3 replicates + SE. Different letters

on bars showed significant changes at p <0.05; Fisher's LSD



Ma et al. BMC Plant Biology (2023) 23:476

kg. The addition of 0.25 mM ECT resulted in a signifi-
cant increase of 140.13% in leaf Ca content compared
to the absence of AMF. In AME, the leaf Ca content var-
ied between 10.36 g/kg and 38.00 g/kg. The addition of
0.5 mM GABA led to a 251.59% increase in leaf Ca con-
tent compared to AMF presence without GABA. Simi-
larly, the addition of 1 mM GABA resulted in a 102.82%
increase in leaf Ca content. For ECT treatments with
AMEF, the leaf Ca content ranged from 14.74 g/kg to
38.00 g/kg. The addition of 0.50 mM ECT led to a signifi-
cant increase of 157.75% in leaf Ca content compared to
AMEF presence without ECT (Fig. 4B).

Leaf chloride

In case of no AME, the leaf Cl content ranged from
33.86 g/kg to 14.48 g/kg. The addition of 0.5 mM GABA
resulted in a significant decrease of -56.07% in leaf Cl
content compared to the absence of AMF. Similarly, the
addition of 1 mM GABA led to a -16.86% decrease in leaf
Cl content. For ECT treatments without AME, the leaf Cl
content varied from 31.12 g/kg to 14.48 g/kg. The addi-
tion of 0.25 mM ECT resulted in a significant decrease
of -19.05% in leaf Cl content compared to the absence of
AME. In the presence of AME, the leaf CI content ranged
from 31.67 g/kg to 9.10 g/kg. The addition of 0.5 mM
GABA led to a significant decrease of -62.90% in leaf
Cl content compared to AMF presence without GABA.
Similarly, the addition of 1 mM GABA resulted in a
-29.34% decrease in leaf Cl content. For ECT treatments
with AME, the leaf Cl content ranged from 28.65 g/kg to
9.10 g/kg. The addition of 0.50 mM ECT resulted in a sig-
nificant decrease of -68.24% in leaf Cl content compared
to AMF presence without ECT (Fig. 4C).

Leaf sodium

In the absence of AMEF, the leaf Na content ranged from
5.65 g/kg to 2.07 g/kg. The addition of 0.5 mM GABA
resulted in a significant decrease of -70.96% in leaf Na
content compared to the absence of AMF. Similarly, the
addition of 1 mM GABA led to a -21.60% decrease in leaf
Na content. For ECT treatments without AMEF, the leaf
Na content varied from 5.77 g/kg to 2.07 g/kg. The addi-
tion of 0.25 mM ECT resulted in a significant decrease
of -36.42% in leaf Na content compared to the absence
of AME. Under AME, the leaf Na content ranged from
5.19 g/kg to 1.25 g/kg. The addition of 0.5 mM GABA
led to a significant decrease of -77.71% in leaf Na con-
tent compared to AMF presence without GABA. Simi-
larly, the addition of 1 mM GABA resulted in a -38.51%
decrease in leaf Na content. For ECT treatments with
AME, the leaf Na content ranged from 5.07 g/kg to 1.25 g/
kg. The addition of 0.50 mM ECT resulted in a significant
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decrease of -75.29% in leaf Na content compared to AMF
presence without ECT (Fig. 4D).

Stem potassium

The stem K content ranged from 15.06 g/kg to 17.50 g/
kg in the absence of AMF. The addition of 0.5 mM GABA
resulted in a 17.67% increase in stem K content compared
to the absence of AMF. Similarly, the addition of 1 mM
GABA led to 2 9.91% increase in stem K content. For ECT
treatments without AMF, the stem K content varied from
14.32 g/kg to 17.50 g/kg. The addition of 0.50 mM ECT
resulted in a 22.16% increase in stem K content com-
pared to the absence of AMF. When AMF was applied,
the stem K content ranged from 15.36 g/kg to 18.32 g/kg.
The addition of 0.5 mM GABA led to a 21.73% increase
in stem K content compared to AMF presence without
GABA. Similarly, the addition of 1 mM GABA resulted in
a 10.94% increase in stem K content. For ECT treatments
with AME, the stem K content ranged from 14.88 g/kg
to 18.32 g/kg. The addition of 0.50 mM ECT resulted in
a 23.09% increase in stem K content compared to AMF
presence without ECT (Fig. 5A).

Stem calcium

In the absence of AMF, applying 0 mM GABA resulted in
an average stem calcium level of 8.04 g/kg. When 0.5 mM
GABA was introduced, the stem calcium level increased
to 11.72 g/kg, representing a percentage increase of
45.74% compared to the control. Applying 1 mM GABA
resulted in a mean stem calcium level of 9.74 g/kg, corre-
sponding to a percentage increase of 21.18% compared to
the control. Similarly, in the presence of AMF, with 0 mM
GABA, the average stem calcium level was 9.00 g/kg.
Applying 0.5 mM GABA led to an increase in stem cal-
cium levels, with an average of 12.31 g/kg, representing
a percentage increase of 36.78% compared to the control.
The application of 1 mM GABA resulted in an average
stem calcium level of 10.66 g/kg, corresponding to a per-
centage increase of 18.47% compared to the control. For
the treatments with ECT, in the absence of AMF, apply-
ing 0 mM ECT resulted in a mean stem calcium level of
8.74 g/kg. Introducing 0.25 mM ECT caused an increase
to 11.23 g/kg, corresponding to a percentage increase of
28.39% compared to the control. Applying 0.50 mM ECT
resulted in an average stem calcium level of 12.31 g/kg,
representing a percentage increase of 40.83% compared
to the control. When AMF was present, the average stem
calcium level with 0 mM ECT was 10.60 g/kg. Introduc-
ing 0.25 mM ECT caused a slight increase to 11.69 g/kg,
representing a percentage increase of 10.23% compared
to the control. Applying 0.50 mM ECT resulted in an
average stem calcium level of 12.82 g/kg, corresponding
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Fig. 5 Effect of osmoprotectants y-Aminobutyric acid (GABA) and ectoine (ECT) different foliar application rates with and with AMF on stem K
(A), stem Ca (B), stem Cl (C) and stem Na (D) of cotton cultivated in salinity stress (soil EC=5.64 dS/m). Bars are means of 3 replicates + SE. Different

letters on bars showed significant changes at p <0.05; Fisher's LSD

to a percentage increase of 20.93% compared to the con-
trol (Fig. 5B).

Stem chloride

Application of no AMF and 0 mM GABA resulted in
an average stem chloride level of 12.82 g/kg. When
0.5 mM GABA was introduced, the stem chloride
level decreased to 9.14 g/kg, representing a percent-
age decrease of -28.73% compared to the control.
Applying 1 mM GABA resulted in a mean stem chlo-
ride level of 11.13 g/kg, corresponding to a percent-
age decrease of -13.21% compared to the control.
Under 0 mM GABA +AMF, the average stem chlo-
ride level was 11.67 g/kg. Applying 0.5 mM GABA led
to a decrease in stem chloride levels, with an average
of 8.26 g/kg, representing a percentage decrease of
-29.20% compared to the control. The application of

1 mM GABA resulted in an average stem chloride level
of 9.99 g/kg, corresponding to a percentage decrease
of -14.40% compared to the control. In no AMF, apply-
ing 0 mM ECT resulted in a mean stem chloride level
of 14.51 g/kg. Introducing 0.25 mM ECT caused a
decrease to 12.00 g/kg, corresponding to a percentage
decrease of -17.28% compared to the control. Apply-
ing 0.50 mM ECT resulted in an average stem chloride
level of 9.82 g/kg, representing a percentage decrease
of -32.32% compared to the control. When AMF was
present, the average stem chloride level with 0 mM
ECT was 13.06 g/kg. Introducing 0.25 mM ECT caused
a decrease to 10.96 g/kg, representing a percentage
decrease of -16.10% compared to the control. Applying
0.50 mM ECT resulted in an average stem chloride level
of 9.12 g/kg, corresponding to a percentage decrease of
-30.12% compared to the control (Fig. 5C).
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Stem sodium

In the absence of AME, the stem Na content ranged from
3.59 g/kg to 2.04 g/kg. The addition of 0.5 mM GABA
resulted in a significant decrease of -56.44% in stem Na
content compared to the absence of AMEF. Similarly,
the addition of 1 mM GABA led to a -31.76% decrease
in stem Na content. For ECT treatments without AMFE,
the stem Na content varied from 3.66 g/kg to 2.04 g/kg.
The addition of 0.25 mM ECT resulted in a significant
decrease of -24.10% in stem Na content compared to the
absence of AME. For AME, the stem Na content ranged
from 3.00 g/kg to 1.44 g/kg. The addition of 0.5 mM
GABA led to a significant decrease of -60.35% in stem Na
content compared to AMF presence without GABA. Sim-
ilarly, the addition of 1 mM GABA resulted in a -32.19%
decrease in stem Na content. For ECT treatments with
AME, the stem Na content ranged from 3.02 g/kg to
1.44 g/kg. The addition of 0.50 mM ECT resulted in a
significant decrease of -52.42% in stem Na content com-
pared to AMF presence without ECT (Fig. 5D).

Bur potassium

In the absence of AMF, the mean bur K value was
27.59 g/kg for plants treated with 0 mM GABA. When
the concentration of GABA increased to 0.5 mM, the
mean bur K value rose to 31.68 g/kg, representing a per-
centage change of 14.86%. Similarly, with 1 mM GABA,
the mean bur K value was 29.47 g/kg, reflecting a per-
centage change of 6.82%. For plants treated with ECT as
the osmoprotectant, the mean bur K value without AMF
was 27.99 g/kg for 0 mM ECT. When the concentration
of ECT increased to 0.25 mM and 0.50 mM, the mean
bur K values were 29.69 g/kg and 31.89 g/kg, respec-
tively, with corresponding percentage changes of 6.05%
and 13.94%. When AMF were present, the mean bur K
value for plants treated with 0 mM GABA increased
to 28.41 g/kg. Introducing 0.5 mM GABA resulted in a
mean bur K value of 33.12 g/kg, reflecting a percentage
change of 16.58%. With 1 mM GABA, the mean bur K
value was 30.30 g/kg, representing a percentage change
of 6.65%. For plants treated with 0 mM ECT in the pres-
ence of AME, the mean bur K value was 28.70 g/kg.
When the concentration of ECT increased to 0.25 mM
and 0.50 mM, the mean bur K values were 30.56 g/kg and
33.24 g/kg, respectively, with corresponding percentage
changes of 6.47% and 15.84% (Fig. 6A).

Bur calcium

Without AMF, the mean bur calcium value was 9.35 g/
kg for plants treated with 0 mM GABA. When the con-
centration of GABA increased to 0.5 mM, the mean bur
calcium value rose to 11.01 g/kg, representing a percent-
age change of 17.79%. Similarly, with 1 mM GABA, the
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mean bur calcium value was 10.43 g/kg, reflecting a per-
centage change of 11.56%. For plants treated with ECT as
the osmoprotectant, the mean bur calcium value without
AMF was 9.22 g/kg for 0 mM ECT. When the concen-
tration of ECT increased to 0.25 mM and 0.50 mM, the
mean bur calcium values were 10.32 g/kg and 11.47 g/
kg, respectively, with corresponding percentage changes
of 11.95% and 24.42%. In case of AMF were present, the
mean bur calcium value for plants treated with 0 mM
GABA increased to 9.72 g/kg. Introducing 0.5 mM
GABA resulted in a mean bur calcium value of 11.74 g/
kg, reflecting a percentage change of 20.77%. With 1 mM
GABA, the mean bur calcium value was 10.73 g/kg,
representing a percentage change of 10.41%. For plants
treated with 0 mM ECT in the presence of AMEF, the
mean bur calcium value was 9.38 g/kg. When the concen-
tration of ECT increased to 0.25 mM and 0.50 mM, the
mean bur calcium values were 10.97 g/kg and 11.77 g/kg,
respectively, with corresponding percentage changes of
16.98% and 25.56% (Fig. 6B).

Bur chloride

Under no AMF, the mean bur chloride value was 14.43 g/
kg for plants treated with 0 mM GABA. When the con-
centration of GABA increased to 0.5 mM, the mean
bur chloride value decreased to 10.65 g/kg, represent-
ing a percentage change of -26.18%. Similarly, with
1 mM GABA, the mean bur chloride value was 12.20 g/
kg, reflecting a percentage change of -15.43%. For plants
treated with ECT as the osmoprotectant, the mean bur
chloride value without AMF was 14.15 g/kg for 0 mM
ECT. When the concentration of ECT increased to
0.25 mM and 0.50 mM, the mean bur chloride values
were 9.72 g/kg and 8.34 g/kg, respectively, with corre-
sponding percentage changes of -31.27% and -41.07%.
In AMF were present, the mean bur chloride value for
plants treated with 0 mM GABA decreased to 13.73 g/kg.
Introducing 0.5 mM GABA resulted in a mean bur chlo-
ride value of 9.47 g/kg, reflecting a percentage change of
-31.05%. With 1 mM GABA, the mean bur chloride value
was 11.64 g/kg, representing a percentage change of
-15.27%. For plants treated with 0 mM ECT in the pres-
ence of AME, the mean bur chloride value was 12.43 g/kg.
When the concentration of ECT increased to 0.25 mM
and 0.50 mM, the mean bur chloride values were 8.68 g/
kg and 7.74 g/kg, respectively, with corresponding per-
centage changes of -30.16% and -37.74% (Figu. 6C).

Bur sodium

In the absence of AMF, the mean bur sodium value was
1.68 g/kg for plants treated with 0 mM GABA. When the
concentration of GABA increased to 0.5 mM, the mean
bur sodium value decreased to 0.79 g/kg, representing
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Fig. 6 Effect of osmoprotectants y-Aminobutyric acid (GABA) and ectoine (ECT) different foliar application rates with and with AMF on bur K (A),
bur Ca (B), bur CI (C) and bur Na (D) of cotton cultivated in salinity stress (soil EC=5.64 dS/m). Bars are means of 3 replicates + SE. Different letters

on bars showed significant changes at p <0.05; Fisher's LSD

a percentage change of -52.84%. Similarly, with 1 mM
GABA, the mean bur sodium value was 1.25 g/kg, reflect-
ing a percentage change of -25.66%. For plants treated
with ECT as the osmoprotectant, the mean bur sodium
value without AMF was 1.82 g/kg for 0 mM ECT. When
the concentration of ECT increased to 0.25 mM and
0.50 mM, the mean bur sodium values were 1.24 g/kg
and 0.62 g/kg, respectively, with corresponding percent-
age changes of -31.76% and -65.73%. When AMF were
present, the mean bur sodium value for plants treated
with 0 mM GABA decreased to 1.50 g/kg. Introduc-
ing 0.5 mM GABA resulted in a mean bur sodium value
of 0.37 g/kg, reflecting a percentage change of -75.61%.
With 1 mM GABA, the mean bur sodium value was
1.05 g/kg, representing a percentage change of -30.24%.
For plants treated with 0 mM ECT in the presence of
AME, the mean bur sodium value was 1.55 g/kg. When

the concentration of ECT increased to 0.25 mM and
0.50 mM, the mean bur sodium values were 0.95 g/kg
and 0.35 g/kg, respectively, with corresponding percent-
age changes of -38.90% and -77.71% (Fig. 6D).

Seed potassium

At no AMEF, the mean seed potassium value was 9.65 g/
kg for seeds treated with 0 mM GABA. When the con-
centration of GABA increased to 0.5 mM, the mean seed
potassium value rose to 10.08 g/kg, representing a per-
centage change of 4.49%. Similarly, with 1 mM GABA,
the mean seed potassium value was 9.95 g/kg, reflect-
ing a percentage change of 3.11%. For seeds treated with
ECT as the osmoprotectant, the mean seed potassium
value without AMF was 9.59 g/kg for 0 mM ECT. When
the concentration of ECT increased to 0.25 mM and
0.50 mM, the mean seed potassium values were 9.89 g/
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kg and 10.23 g/kg, respectively, with corresponding per-
centage changes of 3.18% and 6.68%. When AMF were
present, the mean seed potassium value for seeds treated
with 0 mM GABA increased to 9.80 g/kg. Introducing
0.5 mM GABA resulted in a mean seed potassium value
of 10.35 g/kg, reflecting a percentage change of 5.61%.
With 1 mM GABA, the mean seed potassium value was
10.01 g/kg, representing a percentage change of 2.14%.
For seeds treated with 0 mM ECT in the presence of
AMF, the mean seed potassium value was 9.75 g/kg.
When the concentration of ECT increased to 0.25 mM
and 0.50 mM, the mean seed potassium values were
9.98 g/kg and 10.36 g/kg, respectively, with correspond-
ing percentage changes of 2.35% and 6.31% (Fig. 7A).

Seed calcium
For no AME, the mean seed calcium value was 4.17 g/
kg for seeds treated with 0 mM GABA. When the
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concentration of GABA increased to 0.5 mM, the mean
seed calcium value rose to 4.71 g/kg, representing a per-
centage change of 12.87%. Similarly, with 1 mM GABA,
the mean seed calcium value was 4.42 g/kg, reflecting
a percentage change of 6.01%. For seeds treated with
ECT as the osmoprotectant, the mean seed calcium
value without AMF was 4.09 g/kg for 0 mM ECT. When
the concentration of ECT increased to 0.25 mM and
0.50 mM, the mean seed calcium values were 4.24 g/
kg and 4.64 g/kg, respectively, with corresponding per-
centage changes of 3.69% and 13.55%. Under AMF, the
mean seed calcium value for seeds treated with 0 mM
GABA increased to 4.32 g/kg. Introducing 0.5 mM
GABA resulted in a mean seed calcium value of 4.91 g/
kg, reflecting a percentage change of 13.51%. With 1 mM
GABA, the mean seed calcium value was 4.53 g/kg, rep-
resenting a percentage change of 4.81%. For seeds treated
with 0 mM ECT in the presence of AMF, the mean seed
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calcium value was 4.15 g/kg. When the concentration of
ECT increased to 0.25 mM and 0.50 mM, the mean seed
calcium values were 4.45 g/kg and 4.89 g/kg, respectively,
with corresponding percentage changes of 7.25% and
18.01% (Fig. 7B).

Seed chloride

In the absence of AMF, the mean seed chloride value
was 3.88 g/kg for seeds treated with 0 mM GABA. When
the concentration of GABA increased to 0.5 mM, the
mean seed chloride value decreased to 2.69 g/kg, repre-
senting a percentage change of -30.70%. Similarly, with
1 mM GABA, the mean seed chloride value was 3.10 g/
kg, reflecting a percentage change of -19.94%. For seeds
treated with ECT as the osmoprotectant, the mean
seed chloride value without AMF was 3.75 g/kg for
0 mM ECT. When the concentration of ECT increased
to 0.25 mM and 0.50 mM, the mean seed chloride val-
ues were 3.25 g/kg and 2.25 g/kg, respectively, with cor-
responding percentage changes of -13.25% and -39.88%.
When AMF were present, the mean seed chloride value
for seeds treated with 0 mM GABA decreased to 3.49 g/
kg. Introducing 0.5 mM GABA resulted in a mean seed
chloride value of 2.32 g/kg, reflecting a percentage change
of -33.52%. With 1 mM GABA, the mean seed chloride
value was 2.89 g/kg, representing a percentage change of
-17.34%. For seeds treated with 0 mM ECT in the pres-
ence of AMEF, the mean seed chloride value was 3.45 g/kg.
When the concentration of ECT increased to 0.25 mM
and 0.50 mM, the mean seed chloride values were 2.86 g/
kg and 2.09 g/kg, respectively, with corresponding per-
centage changes of -17.05% and -39.32% (Fig. 7C).

Seed sodium

In case of no AMF, the mean seed sodium value was
0.38 g/kg for seeds treated with 0 mM GABA. When
the concentration of GABA increased to 0.5 mM, the
mean seed sodium value decreased to 0.33 g/kg, repre-
senting a percentage change of -13.13%. Similarly, with
1 mM GABA, the mean seed sodium value was 0.35 g/
kg, reflecting a percentage change of -6.71%. For seeds
treated with ECT as the osmoprotectant, the mean seed
sodium value without AMF was 0.37 g/kg for 0 mM ECT.
When the concentration of ECT increased to 0.25 mM
and 0.50 mM, the mean seed sodium values were 0.34 g/
kg and 0.31 g/kg, respectively, with corresponding per-
centage changes of -7.90% and -14.98%. Applying AMF
with 0 mM GABA, the mean seed sodium value for seeds
treated decreased to 0.36 g/kg. Introducing 0.5 mM
GABA resulted in a mean seed sodium value of 0.31 g/kg,
reflecting a percentage change of -14.75%. With 1 mM
GABA, the mean seed sodium value was 0.34 g/kg, repre-
senting a percentage change of -5.51%. For seeds treated
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with 0 mM ECT in the presence of AMF, the mean seed
sodium value was 0.35 g/kg. When the concentration of
ECT increased to 0.25 mM and 0.50 mM, the mean seed
sodium values were 0.33 g/kg and 0.30 g/kg, respectively,
with corresponding percentage changes of -5.33% and
-16.04% (Fig. 7D).

Chlorophyll a

In the absence of AMF, the mean chlorophyll a value was
0.79 mg/g for samples treated with 0 mM GABA. When
the concentration of GABA increased to 0.5 mM, the
mean chlorophyll a value rose to 1.56 mg/g, represent-
ing a percentage change of 96.25%. Similarly, with 1 mM
GABA, the mean chlorophyll a value was 1.10 mg/g,
reflecting a percentage change of 39.15%. For samples
treated with ECT as the osmoprotectant, the mean chlo-
rophyll a value without AMF was 0.79 mg/g for 0 mM
ECT. When the concentration of ECT increased to
0.25 mM and 0.50 mM, the mean chlorophyll a values
were 1.19 mg/g and 1.52 mg/g, respectively, with cor-
responding percentage changes of 49.61% and 91.66%.
When AMF were present, the mean chlorophyll a value
for samples treated with 0 mM GABA increased to
0.95 mg/g. Introducing 0.5 mM GABA resulted in a mean
chlorophyll a value of 1.81 mg/g, reflecting a percentage
change of 89.69%. With 1 mM GABA, the mean chloro-
phyll a value was 1.29 mg/g, representing a percentage
change of 35.13%. For samples treated with 0 mM ECT
in the presence of AMF, the mean chlorophyll a value was
0.93 mg/g. When the concentration of ECT increased to
0.25 mM and 0.50 mM, the mean chlorophyll a values
were 1.32 mg/g and 1.83 mg/g, respectively, with cor-
responding percentage changes of 41.68% and 95.37%
(Fig. 8A).

Chlorophyll b

For no AMF, the mean chlorophyll b value was 0.36 mg/g
for samples treated with 0 mM GABA. When the con-
centration of GABA increased to 0.5 mM, the mean
chlorophyll b value rose to 1.11 mg/g, representing a per-
centage change of 205.31%. Similarly, with 1 mM GABA,
the mean chlorophyll b value was 0.60 mg/g, reflect-
ing a percentage change of 63.81%. For samples treated
with ECT as the osmoprotectant, the mean chlorophyll b
value without AMF was 0.36 mg/g for 0 mM ECT. When
the concentration of ECT increased to 0.25 mM and
0.50 mM, the mean chlorophyll b values were 0.59 mg/g
and 1.00 mg/g, respectively, with corresponding percent-
age changes of 63.22% and 173.82%. In the presence of
AME, the mean chlorophyll b value for samples treated
with 0 mM GABA increased to 0.46 mg/g. Introducing
0.5 mM GABA resulted in a mean chlorophyll b value
of 1.28 mg/g, reflecting a percentage change of 180.08%.
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Fig. 8 Effect of osmoprotectants y-Aminobutyric acid (GABA) and ectoine (ECT) different foliar application rates with and with AMF on chlorophyll
a (A), chlorophyll b (B), total chlorophyll (C) and electrolyte leakage (D) of cotton cultivated in salinity stress (soil EC=5.64 dS/m). Bars are means of 3
replicates + SE. Different letters on bars showed significant changes at p <0.05; Fisher's LSD

With 1 mM GABA, the mean chlorophyll b value was
0.84 mg/g, representing a percentage change of 82.95%.
For samples treated with 0 mM ECT in the presence of
AME, the mean chlorophyll b value was 0.45 mg/g. When
the concentration of ECT increased to 0.25 mM and
0.50 mM, the mean chlorophyll b values were 0.88 mg/g
and 1.24 mg/g, respectively, with corresponding percent-
age changes of 95.76% and 174.52% (Fig. 8B).

The mean total chlorophyll value was 1.16 mg/g for
samples treated with no AMF and 0 mM GABA. When
the concentration of GABA increased to 0.5 mM, the
mean total chlorophyll value rose to 2.67 mg/g, repre-
senting a percentage change of 130.56%. Similarly, with
1 mM GABA, the mean total chlorophyll value was
1.70 mg/g, reflecting a percentage change of 46.90%.
For samples treated with ECT as the osmoprotect-
ant, the mean total chlorophyll value without AMF was
1.16 mg/g for 0 mM ECT. When the concentration of

ECT increased to 0.25 mM and 0.50 mM, the mean
total chlorophyll values were 1.78 mg/g and 2.51 mg/g,
respectively, with corresponding percentage changes of
53.89% and 117.49%. Applying AMF with 0 mM GABA,
the mean total chlorophyll value for samples increased
to 1.41 mg/g. Introducing 0.5 mM GABA resulted in a
mean total chlorophyll value of 3.10 mg/g, reflecting a
percentage change of 119.00%. With 1 mM GABA, the
mean total chlorophyll value was 2.13 mg/g, representing
a percentage change of 50.64%. For samples treated with
0 mM ECT in the presence of AME, the mean total chlo-
rophyll value was 1.39 mg/g. When the concentration of
ECT increased to 0.25 mM and 0.50 mM, the mean total
chlorophyll values were 2.21 mg/g and 3.07 mg/g, respec-
tively, with corresponding percentage changes of 59.30%
and 121.16% (Fig. 8C).

The results revealed interesting insights into the role
of AMF in exacerbating electrolyte leakage in certain
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treatments compared to those without AMF. When AMF
was present alongside 0 mM GABA, the electrolyte leak-
age increased by approximately 8.85% compared to the
treatment without AMF. Similarly, with 0.5 mM GABA,
the increase was approximately 15.21%, and with 1 mM
GABA, it was approximately 8.30%. Additionally, when
0 mM ECT was combined with AME, the electrolyte
leakage increased by around 6.01%. Notably, the pres-
ence of AMF had a more pronounced effect when paired
with higher ECT concentrations, showing an increase of
approximately 24.43% with 0.25 mM ECT and 19.44%
with 0.50 mM ECT, both compared to the corresponding
treatments without AMF (Fig. 8D).

Photosynthetic rate

In the absence of AMF, the mean photosynthetic rate was
10.21 umol m~2 57! for samples treated with 0 mM GABA.
When the concentration of GABA increased to 0.5 mM,
the mean photosynthetic rate rose to 17.26 pmol m=2s7,
representing a percentage change of 69.02%. Similarly,
with 1 mM GABA, the mean photosynthetic rate was
13.99 umol m~2 s7!, reflecting a percentage change of
36.97%. For samples treated with ECT as the osmopro-
tectant, the mean photosynthetic rate without AMF was
10.98 pumol m~ s for 0 mM ECT. When the concen-
tration of ECT increased to 0.25 mM and 0.50 mM, the
mean photosynthetic rates were 14.73 umol m~2 s™! and
18.88 umol m~2 s71, respectively, with corresponding per-
centage changes of 34.19% and 71.97%. When AMF were
present, the mean photosynthetic rate for samples treated
with 0 mM GABA increased to 12.16 pmol m™2 s
Introducing 0.5 mM GABA resulted in a mean photosyn-
thetic rate of 18.12 pmol m™2 s7}, reflecting a percentage
change of 49.01%. With 1 mM GABA, the mean pho-
tosynthetic rate was 15.22 pmol m™2 s, representing a
percentage change of 25.14%. For samples treated with
0 mM ECT in the presence of AMEF, the mean photosyn-
thetic rate was 11.91 pmol m™2 s™!. When the concen-
tration of ECT increased to 0.25 mM and 0.50 mM, the
mean photosynthetic rates were 16.94 umol m~2 s™! and
19.61 pmol m~2 s71, respectively, with corresponding per-
centage changes of 42.20% and 64.66% (Fig. 9A).

Transpiration rate

At no AMF the mean transpiration rate was
0.28 mmol m~2s~! for samples treated with 0 mM GABA.
When the concentration of GABA increased to 0.5 mM,
the mean transpiration rate rose to 0.62 mmol m~2 57,
representing a percentage change of 124.25%. Simi-
larly, with 1 mM GABA, the mean transpiration rate
was 0.50 mmol m~2 s7!, reflecting a percentage change
of 82.60%. For samples treated with ECT as the osmo-
protectant, the mean transpiration rate without AMF
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was 0.25 mmol m~2 s for 0 mM ECT. When the con-
centration of ECT increased to 0.25 mM and 0.50 mM,
the mean transpiration rates were 0.39 mmol m~2 s7!
and 0.58 mmol m™2 s}, respectively, with corresponding
percentage changes of 55.70% and 132.39%. Inoculation
of AMF, the mean transpiration rate for samples treated
with 0 mM GABA increased to 0.42 mmol m~2 s~%, Intro-
ducing 0.5 mM GABA resulted in a mean transpiration
rate of 0.64 mmol m~2 57}, reflecting a percentage change
of 52.74%. With 1 mM GABA, the mean transpiration
rate was 0.56 mmol m~ s7!, representing a percentage
change of 33.20%. For samples treated with 0 mM ECT
in the presence of AMF, the mean transpiration rate was
0.34 mmol m™2 s7!. When the concentration of ECT
increased to 0.25 mM and 0.50 mM, the mean transpira-
tion rates were 0.52 mmol m~2s~! and 0.67 mmol m 2577,
respectively, with corresponding percentage changes of
52.19% and 95.40% (Fig. 9B).

Stomatal conductance

Without AMF, the mean stomatal conductance was
16.04 mmol m™2 s7! for samples treated with 0 mM
GABA. When the concentration of GABA increased
to 0.5 mM, the mean stomatal conductance rose to
31.07 mmol m™ s7!, representing a percentage change
of 93.70%. Similarly, with 1 mM GABA, the mean sto-
matal conductance was 25.07 mmol m™2 s7}, reflect-
ing a percentage change of 56.33%. For samples treated
with ECT as the osmoprotectant, the mean stomatal
conductance without AMF was 14.09 mmol m~ s~} for
0 mM ECT. When the concentration of ECT increased to
0.25 mM and 0.50 mM, the mean stomatal conductance
values were 20.64 mmol m~2 s~ and 26.98 mmol m~2 571,
respectively, with corresponding percentage changes
of 46.47% and 91.51%. In AMF, the mean stomatal
conductance for samples treated with 0 mM GABA
increased to 20.76 mmol m~2 s~!. Introducing 0.5 mM
GABA resulted in a mean stomatal conductance of
34.02 mmol m~2 s7!, reflecting a percentage change of
63.92%. With 1 mM GABA, the mean stomatal conduct-
ance was 28.57 mmol m~2 s}, representing a percentage
change of 37.63%. For samples treated with 0 mM ECT
in the presence of AMF, the mean stomatal conduct-
ance was 15.36 mmol m™2 s™!, When the concentration
of ECT increased to 0.25 mM and 0.50 mM, the mean
stomatal conductance values were 22.78 mmol m™2 s~
and 30.28 mmol m~2 s}, respectively, with corresponding
percentage changes of 48.28% and 97.13% (Fig. 9C).

In the absence of AME, the mean SOD activity was
188.59 U/g FW for samples treated with 0 mM GABA.
When the concentration of GABA increased to 0.5 mM,
the mean SOD activity decreased to 115.94 U/g FW, rep-
resenting a percentage change of -38.52%. Similarly, with
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Fig. 9 Effect of osmoprotectants y-Aminobutyric acid (GABA) and ectoine (ECT) different foliar application rates with and with AMF
on photosynthetic rate (A), transpiration rate (B) and stomatal conductance (C) of cotton cultivated in salinity stress (soil EC=5.64 dS/m). Bars are
means of 3 replicates + SE. Different letters on bars showed significant changes at p<0.05; Fisher's LSD

1 mM GABA, the mean SOD activity decreased to 154.40
U/g FW, reflecting a percentage change of -18.13%. For
samples treated with ECT as the osmoprotectant, the
mean SOD activity without AMF was 176.44 U/g FW for
0 mM ECT. When the concentration of ECT increased
to 0.25 mM and 0.50 mM, the mean SOD activity values
were 147.17 U/g FW and 119.92 U/g FW, respectively,
with corresponding percentage changes of -16.59% and
-32.03%. When AMF were present, the mean SOD activ-
ity for samples treated with 0 mM GABA decreased to
168.83 U/g FW. Introducing 0.5 mM GABA resulted in
a mean SOD activity of 104.87 U/g FW, reflecting a per-
centage change of -37.89%. With 1 mM GABA, the mean
SOD activity decreased to 129.57 U/g FW, representing

a percentage change of -23.25%. For samples treated
with 0 mM ECT in the presence of AMF, the mean SOD
activity was 162.19 U/g FW. When the concentration of
ECT increased to 0.25 mM and 0.50 mM, the mean SOD
activity values were 127.83 U/g FW and 106.83 U/g FW,
respectively, with corresponding percentage changes of
-21.19% and -34.13% (Fig. 10A).

Under no AMEF, the mean POD activity was 47.25 U/g
FW for samples treated with 0 mM GABA. When the
concentration of GABA increased to 0.5 mM, the mean
POD activity decreased to 19.49 U/g FW, representing
a percentage change of -58.74%. Similarly, with 1 mM
GABA, the mean POD activity decreased to 33.20
U/g FW, reflecting a percentage change of -29.73%.
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Fig. 10 Effect of osmoprotectants y-Aminobutyric acid (GABA) and ectoine (ECT) different foliar application rates with and with AMF on SOD (A),
POD (B), CAT (C) and APX (D) of cotton cultivated in salinity stress (soil EC=5.64 dS/m). Bars are means of 3 replicates + SE. Different letters on bars

showed significant changes at p <0.05; Fisher’s LSD

For samples treated with ECT as the osmoprotectant,
the mean POD activity without AMF was 47.41 U/g
FW for 0 mM ECT. When the concentration of ECT
increased to 0.25 mM and 0.50 mM, the mean POD
activity values were 30.53 U/g FW and 18.58 U/g FW,
respectively, with corresponding percentage changes
of -35.60% and -60.82%. When AMF were present,
the mean POD activity for samples treated with 0 mM
GABA decreased to 42.01 U/g FW. Introducing 0.5 mM
GABA resulted in a mean POD activity of 14.33 U/g
FW, reflecting a percentage change of -65.89%. With
1 mM GABA, the mean POD activity decreased to
28.08 U/g FW, representing a percentage change of
-33.17%. For samples treated with 0 mM ECT in the
presence of AMF, the mean POD activity was 37.98
U/g FW. When the concentration of ECT increased to
0.25 mM and 0.50 mM, the mean POD activity values
were 26.75 U/g FW and 11.77 U/g FW, respectively,

with corresponding percentage changes of -29.57% and
-69.01% (Fig. 10B).

In the absence of AMF, the mean CAT activity was
54.84 U/g FW for samples treated with 0 mM GABA.
When the concentration of GABA increased to 0.5 mM,
the mean CAT activity decreased to 32.84 U/g FW, rep-
resenting a percentage change of -40.12%. Similarly, with
1 mM GABA, the mean CAT activity decreased to 41.81
U/g FW, reflecting a percentage change of -23.75%. For
samples treated with ECT as the osmoprotectant, the
mean CAT activity without AMF was 59.21 U/g FW for
0 mM ECT. When the concentration of ECT increased
to 0.25 mM and 0.50 mM, the mean CAT activity val-
ues were 44.23 U/g FW and 36.01 U/g FW, respectively,
with corresponding percentage changes of -25.30% and
-39.19%. When AMF were present, the mean CAT activ-
ity for samples treated with 0 mM GABA decreased to
47.82 U/g FW. Introducing 0.5 mM GABA resulted in
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a mean CAT activity of 31.58 U/g FW, reflecting a per-
centage change of -33.95%. With 1 mM GABA, the mean
CAT activity decreased to 35.80 U/g FW, representing a
percentage change of -25.12%. For samples treated with
0 mM ECT in the presence of AMF, the mean CAT activ-
ity was 47.52 U/g FW. When the concentration of ECT
increased to 0.25 mM and 0.50 mM, the mean CAT activ-
ity values were 37.99 U/g FW and 31.81 U/g FW, respec-
tively, with corresponding percentage changes of -20.05%
and -33.07% (Fig. 10C).

In the absence of AMEF, the mean Ascorbate Peroxidase
(APX) activity was 43.23 U/g FW for samples treated with
0 mM GABA. Increasing the concentration of GABA
to 0.5 mM led to a decrease in the mean APX activ-
ity to 31.65 U/g FW, resulting in a percentage change of
-26.79%. Similarly, when treated with 1 mM GABA, the
mean APX activity decreased to 38.15 U/g FW, showing
a percentage change of -11.75%. For samples treated with
ECT as the osmoprotectant without AMEF, the mean APX
activity was 43.07 U/g FW for 0 mM ECT. As the con-
centration of ECT increased to 0.25 mM and 0.50 mM,
the mean APX activity values were 35.53 U/g FW and
31.43 U/g FW, respectively, with corresponding percent-
age changes of -17.51% and -27.02%. With the presence
of AME, the mean APX activity for samples treated with
0 mM GABA decreased to 41.03 U/g FW. Introduc-
ing 0.5 mM GABA resulted in a mean APX activity of
30.28 U/g FW, showing a percentage change of -26.20%.
With 1 mM GABA, the mean APX activity decreased
to 35.30 U/g FW, representing a percentage change of
-13.97%. For samples treated with 0 mM ECT in the pres-
ence of AMF, the mean APX activity was 39.74 U/g FW.
As the concentration of ECT increased to 0.25 mM and
0.50 mM, the mean APX activity values were 33.25 U/g
FW and 29.61 U/g FW, respectively, with corresponding
percentage changes of -16.33% and -25.49% (Fig. 10D).

The provided data represents a cluster plot with
two principal components, PC 1 and PC 2, explaining
93.54% and 2.80% of the variance, respectively. Examin-
ing the plot, we observe distinct clusters formed by data
points associated with different osmoprotectants. The
"0 mM GABA" cluster is located in the lower left quad-
rant, encompassing data points with PC 1 values rang-
ing from -9.01907 to -3.60154 and PC 2 values ranging
from 0.27977 to 1.17514. In contrast, the "0.5 mM GABA"
cluster occupies the upper left quadrant, with PC 1 val-
ues between 3.73708 and 8.8567, and PC 2 values from
0.40714 to 1.03281. Furthermore, the "I mM GABA"
cluster is found in the middle right quadrant, with PC
1 values ranging from -2.62036 to 2.6096 and PC 2 val-
ues between 1.09642 and 1.32916. On the other hand,
the "0 mM ECT" cluster is situated in the lower right
quadrant, encompassing data points with PC 1 values
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ranging from -9.25916 to -2.78645 and PC 2 values from
-1.10333 to -0.50306. Moreover, the "0.25 mM ECT"
cluster is observed in the middle left quadrant, with PC
1 values ranging from 2.79046 to -1.35643 and PC 2 val-
ues between -1.71727 and -0.72487. Lastly, the "0.50 mM
ECT" cluster is positioned in the upper right quadrant,
with PC 1 values ranging from 4.00189 to 9.30335 and PC
2 values from -1.01182 to -0.11442 (Fig. 11A).

The scores for each data point are given in two columns
corresponding to PC 1 and PC 2. Additionally, the data
points are labeled as "No AMF" and "AME" indicating
the presence or absence of Arbuscular Mycorrhizal Fungi
(AMF) treatment. Looking at the plot, we can observe
two separate clusters of data points representing the
"No AMF" and "AMF" treatments. The "No AMF" clus-
ter is situated in the lower left quadrant, with data points
having negative values for PC 1 and PC 2. These points
are spread across a range of PC 1 values from -9.25916
to -3.60154 and PC 2 values from -1.71727 to 1.17514. In
contrast, the "AMF" cluster is located in the upper right
quadrant, with data points having positive values for both
PC 1 and PC 2. The PC 1 values for this cluster range
from 0.1524 to 9.30335, while the PC 2 values vary from
-1.31452 to 1.21826 (Fig. 11B).

The plot suggests several groups of variables that share
similarities. For example, variables "Chlorophyll a (mg/g)"
and "Total Chlorophyll (mg/g)" are closely related, as
indicated by their small similarity value of 0.19291.
Similarly, variables "Chlorophyll b (mg/g)" and "POD
(U/g FW)" are linked with a similarity value of 0.51947.
Another group of variables includes "Seed Dry Biomass
(g/pot)" and "Root Dry Biomass (g/pot)," as well as "Stem
Dry Biomass (g/pot)" and "Seed Cl (g/kg)." These pairs
have similarity values of 0.92601 and 0.87348, respec-
tively, suggesting a close relationship between them. Fur-
thermore, variables related to elemental compositions
such as "Leaf Na (g/kg)," "Leaf K (g/kg)," "Leaf ClI (g/kg),"
"Leaf Ca (g/kg)," "Stem Na (g/kg)," "Stem K (g/kg)," "Stem
Cl (g/kg)," "Stem Ca (g/kg)," "Seed Na (g/kg)," "Seed K (g/
kg)," and "Seed Ca (g/kg)" form another cluster, indicat-
ing their similar patterns (Fig. 11C).

Discussion

GABA, as a signaling molecule, promotes plant growth
by stimulating cell division and elongation through the
activation of GABA receptors and downstream signal-
ing pathways [56, 57]. It enhances nutrient uptake, par-
ticularly for potassium (K), and improves nitrogen (N)
assimilation [58]. Potassium is essential for the activation
of various enzymes involved in plant growth, metabo-
lism, and stress responses [59]. Under salinity stress,
potassium enhances the activity of enzymes responsible
for antioxidant defense, such as superoxide dismutase
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(SOD) and catalase (CAT) [60]. These enzymes scavenge  as an osmolyte, helping stabilize water potential in plant

reactive oxygen species (ROS) generated during salinity
stress and protect plant cells from oxidative damage [60].
GABA also plays a vital role in osmotic stress protec-
tion by maintaining cellular osmotic balance [61]. It acts

cells. On the other hand, potassium helps regulate sto-
matal opening and closure by influencing the movements
of guard cells [62]. Adequate potassium levels maintain
the turgor pressure in guard cells, allowing for efficient
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stomatal functioning and optimizing gas exchange, even
under salinity stress conditions [63]. Furthermore, it
also plays a vital role in maintaining ion homeostasis by
competing with sodium for uptake and binding sites on
cell membranes [64]. Adequate potassium supply helps
reduce sodium uptake, preventing the toxic effects of
sodium accumulation in plant cells [65]. Ectoine protects
plants from osmotic stress by acting as a molecular sta-
bilizer [66]. It safeguards proteins and cell membranes
from damage caused by dehydration and high salinity
[67]. Ectoine helps maintain ion homeostasis by balanc-
ing ion influx and efflux, ensuring optimal concentrations
of essential ions like K and Ca [68]. Calcium plays a key
role in maintaining cell membrane stability by binding to
phospholipids and stabilizing the lipid bilayers [69]. This
helps to prevent the leakage of ions and compounds from
the cells, thereby preserving cell integrity. By stabilizing
cell membranes, ectoine reduces membrane permeabil-
ity and prevents electrolyte leakage [21]. Calcium ions
act as crucial secondary messengers in signal transduc-
tion pathways in response to various stresses, including
salinity stress [70, 71]. Changes in cytosolic calcium lev-
els activate signaling cascades, leading to the expression
of stress-responsive genes and the activation of stress
defense mechanisms in plants [20, 72]. Moreover, ectoine
enhances the activity of antioxidant enzymes, including
SOD, POD, APX, and CAT, to scavenge ROS and coun-
teract oxidative stress [22]. Antioxidants SOD and POD
is an essential antioxidant enzyme that catalyzes the
dismutation of superoxide radicals (O,-) into molecular
oxygen (O,) and hydrogen peroxide (H,0O,) [73]. This
enzymatic reaction prevents the accumulation of super-
oxide radicals, which are highly reactive and can cause
cellular damage [74, 75]. They also help to maintain cellu-
lar redox balance by converting superoxide radicals into
less harmful molecules. APX is an important enzyme in
the ascorbate—glutathione cycle, which is a key antioxi-
dant system in plants [76-78]. APX reduces hydrogen
peroxide (H,0O,) using ascorbate (vitamin C) as the elec-
tron donor [74, 79-82]. By converting hydrogen perox-
ide into water, APX helps minimize oxidative stress and
protects plant cells from damage caused by salinity stress
[83]. In addition to the above, CAT is an enzyme that
plays a crucial role in breaking down hydrogen peroxide
(H,0O,) into water and molecular oxygen (O,) [84]. It is
a major antioxidant enzyme that helps detoxify hydrogen
peroxide, which is a byproduct of various metabolic pro-
cesses [85]. It contributes to maintaining cellular redox
homeostasis and prevents the accumulation of hydrogen
peroxide, which can be toxic to plant cells [86].

GABA’s antioxidant properties allow it to scavenge
harmful reactive oxygen species (ROS), reducing oxi-
dative damage to chloroplasts where chlorophyll is
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located. Additionally, GABA can regulate stomatal
closure, reducing water loss through transpiration and
conserving water—a crucial factor in saline conditions
[61]. Ectoine acts as a compatible solute, helping to sta-
bilize cellular structures under stress conditions. This
stability extends to chloroplasts, which contain chloro-
phyll. By protecting chloroplasts from damage, Ectoine
indirectly supports chlorophyll synthesis and mainte-
nance [67].

Conclusion

In conclusion, y-Aminobutyric acid (GABA) and ectoine
(ECT) have the potential to alleviate the salinity stress
in cotton when applied as foliar application. Treatment
0.5 mM GABA and 0.5 Mm ECT are the best application
rates for the improvement in growth attributes of cot-
ton cultivated under salinity stress. Both treatments i.e.,
0.5 mM GABA and 0.5 Mm ECT have the potential to
improve the cotton chlorophyll contents, gas exchange
attributes, K and Ca concentration in leaf, stem, bur, and
seeds. A significant decline in electrolyte leakage, Cl and
Na of leaf, stem, bur, and seeds also validated the effec-
tiveness of 0.5 mM GABA and 0.5 Mm ECT. Growers are
recommended to use 0.5 mM GABA and 0.5 Mm ECT
on cotton for the achievement of better growth and pro-
duction under salinity stress. More investigations are
suggested at the field level under different climatic condi-
tions to declare 0.5 mM GABA and 0.5 Mm ECT as best
treatments against salinity in cotton production.

Study protocol must comply with relevant
institutional, national, and international guidelines
and legislation

Our experiment follows the with relevant institutional,
national, and international guidelines and legislation.

Acknowledgements

This work was supported by Anhui Science and Technology University

(No. SKWD201902 and NO. 2021zrzd14), Key Laboratory of Marine Fishery
Resources Exploitment and Utilization of Zhejiang Province (No.5L2022017).
The authors extend their appreciation to the Researchers Supporting Project
number (RSPD2023R1048), King Saud University, Riyadh, Saudi Arabia

Authors’ contributions

U.Y; S.D; contributed to the conceptualization and design of the study, as well
as data collection, analysis, and M.S.E; H.R,; interpretation. G.S.H,; S.F; YM,; PH,
SH. contributed to the statistical analysis and G.S.H.; S.F; interpretation of the
data. MS.E; HR, contributed to the writing and Y.M,; PH.; SH,; editing of the
manuscript. All authors have reviewed and approved the final version of the
manuscript.

Funding

This work was supported by Anhui Science and Technology University

(No. SKWD201902 and NO. 2021zrzd14), Key Laboratory of Marine Fishery
Resources Exploitment and Utilization of Zhejiang Province (No.5L2022017).
The authors extend their appreciation to the Researchers Supporting Project
number (RSPD2023R1048), King Saud University, Riyadh, Saudi Arabia.



Ma et al. BMC Plant Biology (2023) 23:476

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
We all declare that manuscript reporting studies do not involve any human
participants, human data, or human tissue. So, it is not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

!College of Life and Health Science, Anhui Science and Technology University,
Fengyang 233100, China. >College of Chemistry and Materials Engineering,
Anhui Science and Technology University, Fengyang 233100, China. >Botany
Department, The Islamia University of Bahawalpur, Sub Campus Rahim Yar
Khan, Rahim Yar Khan, Punjab, Pakistan. *Department of Agronomy, Faculty
of Agricultural Sciences and Technology, Bahauddin Zakariya University, Mul-
tan 66000, Pakistan. °Department of Agronomy, Abdul Wali Khan University
Mardan, Mardan, Khyber Pakhtunkhwa, Mardan 23200, Pakistan. °Department
of Soil Science, Faculty of Agricultural Sciences and Technology, Bahauddin
Zakariya University, Multan, Pakistan. ’Department of Botany and Microbiol-
ogy, College of Science, King Saud University, PO. 2455, 11451 Riyadh, Saudi
Arabia.

Received: 18 July 2023 Accepted: 25 September 2023
Published online: 09 October 2023

References

1. Noman MU, Azhar S. Metabolomics, a potential way to improve abiotic
stresses tolerance in cereal crops. Int J Agric Biosci. 2023;12:47-55.

2. Gupta A Bano A, Rai S, Mishra R, Singh M, Sharma S, et al. Mechanistic
insights of plant-microbe interaction towards drought and salinity
stress in plants for enhancing the agriculture productivity. Plant Stress.
2022;4:100073.

3. Adil M, Noor Shah A, Khan AN, Younas T, Sajid Mehmood M, Mahmood
A, et al. Amelioration of harmful effects of soil salinity on plants through
silicon application: a review. Pak J Bot. 2023;55:1-10.

4. Abd Rahman SNB, Razak MSFBA, Othman MRB, Abd Rahim NIB. Screening
of Mardi rice accessions for salinity tolerance at seedling stage based on
growth performance and molecular analysis. Pak J Bot. 2023;55:893-902.

5. Boualem Boumaaza, Abdelhamid Gacemi, Ibrahim E Benzohra, M'hamed
Benada, Sofiane Boudalia HB and OK. Impact of salinity on the behavior
of fungi. Int J Agric Biosci. 2022;11:139-47.

6. Cordea MI, Borsai O. Salt and Water Stress Responses in Plants. Plant Stress
Physiology-Perspectives in Agriculture. 2021.

7. Qaoud HA, Ali IA, Al-Fares H, Qubbaj T, Shtaya MJ. Effect of salinity on
the growth and some morphological traits of pearl millet. Pak J Bot.
2023;55(3):807-11.

8. Muhammad Shakeel Nawaz, Syed Abdul Sami, Mugaddas Bano, Mah
Rukh Qamar Khan, Zunaira Anwar, Agsa ljaz and TA. Impact of salt stress
on cotton. Int J Agric Biosci. 2023;12:98-103.

9. Komal Liagat, Amir Shakeel, Muhammad Nouman Khalid IA and AS.
Assessment of tomato accessions for various seedling attributes under
NaCl salt stress. Int J Agric Biosci. 2023;12:116-21.

10. Khalig M, Nawaz K, Hussain K, Javeria M, Igbal |, Arshad N, et al. Foliar
application of sorbitol is a shotgun approach to alleviate the adverse
effects of salinity stress on two varieties of wheat (Triticum aestivum L.).
Pak J Bot. 2023;55:1243-56.

11. Shereen A, Asma A, Shirazi MU, Khan MA, Ali M, Arif M. Physio-biochem-
ical analysis of salinity tolerance in sodium contrasting rice (Oryza sativa
L) genotypes. Pak J Bot. 2022;54:787-94.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

Page 23 of 25

Safdar H, Amin A, Shafig Y, Ali A, Yasin R, Shoukat A, et al. A review: impact
of salinity on plant growth. Nat Sci. 2019;17:34-40.

Khan RWA, Awan FS, Igbal RK. Evaluation and identification of salt
tolerant wheat through in vitro salinity induction in seeds. Pak J Bot.
2022;54:1987-93.

Raza A, Salehi H, Rahman MA, Zahid Z, Madadkar Haghjou M, Najafi-Kaka-
vand S, et al. Plant hormones and neurotransmitter interactions mediate
antioxidant defenses under induced oxidative stress in plants. Front Plant
Sci. 2022;13.

Zafar-ul-Hye M, Yaseen R, Abid M, Abbas M, Ahmad M, Rahi AA, et al.
Rhizobacteria having ACC-deaminase and biogas slurry can mitigate
salinity adverse effects in wheat. Pak J Bot. 2022;54:297-303.

Dubey A, Kumar A, Malla MA, Chowdhary K, Singh G, GudasalamaniRa-
vikanth H, et al. Approaches for the amelioration of adverse effects of
drought stress on crop plants. 2021.

Srivastava V, Mishra S, Chowdhary AA, Lhamo S, Mehrotra S. The
y-Aminobutyric Acid (GABA) Towards Abiotic Stress Tolerance. In:
Compatible Solutes Engineering for Crop Plants Facing Climate Change.
Cham: Springer International Publishing; 2021. p. 171-87.

Zulfigar F, Akram NA, Ashraf M. Osmoprotection in plants under

abiotic stresses: new insights into a classical phenomenon. Planta.
2020;251:1-17.

Suhel M, Husain T, Pandey A, Singh' S, Dubey NK, Prasad SM, et al. An
appraisal of ancient molecule GABA in abiotic stress tolerance in plants,
and its crosstalk with other signaling molecules. J Plant Growth Regul.
2023;42:614-29.

ArifY, Singh P, Siddiqui H, Bajguz A, Hayat S. Salinity induced physiological
and biochemical changes in plants: an omic approach towards salt stress
tolerance. Plant Physiol Biochem. 2020;156:64-77.

Hasanuzzaman M, Banerjee A, Bhuyan MHMB, Roychoudhury A, Al
Mahmud J, Fujita M. Targeting glycinebetaine for abiotic stress tolerance
in crop plants: physiological mechanism, molecular interaction and
signaling. Phyton. 2019,88:185.

Chauhan PK, Upadhyay SK, Tripathi M, Singh R, Krishna D, Singh SK; et al.
Understanding the salinity stress on plant and developing sustainable
management strategies mediated salt-tolerant plant growth-promoting
rhizobacteria and CRISPR/Cas9. Biotechnol Genet Eng Rev. 2022;:1-37.
Chatterjee A, Shankar A, Singh S, Kesari V, Rai R, Patel AK, et al. Beneficial
microorganisms and abiotic stress tolerance in plants. In: Approaches for
enhancing abiotic stress tolerance in plants. CRC Press; 2019. p. 473-502.
Zulfigar F, Ashraf M. Nanoparticles potentially mediate salt stress toler-
ance in plants. Plant Physiol Biochem. 2021;160:257-68.

Carneiro B, Cardoso P, Figueira E, Lopes |, Venancio C. Forward-looking on
new microbial consortia: combination of rot fungi and rhizobacteria on
plant growth-promoting abilities. Appl Soil Ecol. 2023;182:104689.

Wang Y, Wang M, Li Y, Wu A, Huang J. Effects of arbuscular mycorrhizal
fungi on growth and nitrogen uptake of Chrysanthemum morifolium
under salt stress. PLoS ONE. 2018;13:20196408.

Diagne N, Ngom M, Djighaly P, Fall D, HocherV, Svistoonoff S. Roles of
arbuscular mycorrhizal fungi on plant growth and performance: Impor-
tance in biotic and abiotic stressed regulation. Diversity. 2020;12:370.
Tokel D, Dogan I, Hocaoglu-Ozyigit A, Ozyigit Il. Cotton agriculture in
Turkey and worldwide economic impacts of Turkish cotton. Journal of
Natural Fibers. 2022;19:10648-67.

Chaudhry UF, Khalid MN, Aziz S, Amjad |, Khalid A, Sajid HB. Genetic stud-
ies in different F2 segregating population for yield and fiber quality traits
in cotton (Gossypium hirsutum L.). Int J Agric Biosci. 2022;11:59-69.

Lu F, Chi B, Dong H. Cotton cultivation technology with Chinese char-
acteristics has driven the 70-year development of cotton production in
China. J Integr Agric. 2022;21:597-609.

Maryum Z, Lugman T, Nadeem S, Khan SMUD, Wang B, Ditta A, et al. An
overview of salinity stress, mechanism of salinity tolerance and strategies
for its management in cotton. Front Plant Sci. 2022;13:907937.

Gavit Pavankumar M, Chaudhari Ambalal B, Shelar Rajendra D, Dandi
Navin D. Microbial Augmentation of Salt-Affected Soils: Emphasis on
Haloalkalitolerant PGPR. In: Microbial Interventions in Agriculture and
Environment. Singapore: Springer Singapore; 2019. p. 255-302.

Ahmad |, Akhtar MJ, Zahir ZA, Naveed M, Mitter B, Sessitsch A. Cadmium-
tolerant bacteria induce metal stress tolerance in cereals. Environ Sci
Pollut Res. 2014;21:11054-65.



Ma et al. BMC Plant Biology

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49

50.

51

52.

53.

54.

(2023) 23:476

Page AL, Miller RH, Keeny DR. Soil pH and lime requirement. In: Page AL,
editor. Methods of Soil Analysis: Part 2 Chemical and Microbiological
Properties, 9.2.2/Agronomy Monographs. 2nd edition. Madison: Ameri-
can Society of Agronomy, Inc. and Soil Science Society of America, Inc,;
1983.p. 199-208.

Estefan G, Sommer R, Ryan J. Methods of Soil, Plant, and Water Analysis: A
manual for the West Asia and North Africa region. 3rd ed. Beirut, Lebanon:
International Center for Agricultural Research in Dry Areas; 2013.
Rhoades JD, et al. Salinity: electrical conductivity and total dissolved
solids. In: Sparks DL, Page AL, Helmke PA, Loeppert RH, Soltanpour PN,
Tabatabai MA, et al., editors. Methods of Soil Analysis, Part 3, Chemical
Methods. Madison, W1, USA: Soil Science Society of America; 1996. p.
417-35.

Nelson DW, Sommers LE. Total Carbon, Organic Carbon, and Organic
Matter. In: Page AL, editor. Methods of Soil Analysis: Part 2 Chemical

and Microbiological Properties. Madison, WI, USA: American Society of
Agronomy, Crop Science Society of America, and Soil Science Society of
America; 1982. p. 539-79.

Bremner M. Nitrogen-Total. In: Sumner DL, ALL. S, PA.B RH. H,N.LP A.
SM, et al,, editors. Methods of Soil Analysis Part 3. Chemical Methods-
SSSA Book Series 5. Madison, W1, USA: John Wiley & Sons, Inc,; 1996. p.
1085-121.

Kuo S. Phosphorus. In: Sparks DL, Page AL, Helmke PA, Loeppert RH,
Soltanpour PN, Tabatabai MA, et al,, editors. Methods of Soil Analysis Part
3: Chemical Methods. SSSA, Madison, Wisconsin: John Wiley & Sons, Ltd;
2018. p. 869-919.

Pratt PF. Potassium. In: Norman AG, editor. Methods of Soil Analysis, Part
2: Chemical and Microbiological Properties. John Wiley & Sons, Ltd; 2016.
p. 1022-30.

Donald AH, Hanson D. Determination of potassium and sodium by flame
emmision spectrophotometery. In: Kalra Y, editor. Handbook of Reference
Methods for Plant Analysis. 1st ed. Washington, D.C.: CRC Press; 1998. p.
153-5.

Gee GW, Bauder JW. Particle-size analysis. In: Methods of soil analysis. Part 1.
Physical and mineralogical methods. 2nd edition. Madison; 1986. p. 383-411.
Saboor A, Ali MA, Danish S, Ahmed N, Fahad S, Datta R, et al. Effect of
arbuscular mycorrhizal fungi on the physiological functioning of maize
under zinc-deficient soils. Sci Rep. 2021;11:18468.

Ullah A, Ali M, Shahzad K, Ahmad F, Igbal S, Rahman MHU, et al. Impact
of Seed Dressing and Soil Application of Potassium Humate on Cotton
Plants Productivity and Fiber Quality. Plants. 2020;9:1444.

Miller OM. Nitric-Perchloric Acid Wet Digestion In an Open Vessel. In: Kalra
Y, editor. Reference Methods for Plant Analysis. 1st ed. Washington, D.C.:
CRC Press; 1998. p. 57-62.

Arnon DI. Copper Enzymes in Isolated Chloroplasts. Polyphenoloxidase in
Beta vulgaris. Plant Physiol. 1949;24:1-15.

Danish S, Zafar-ul-Hye M. Co-application of ACC-deaminase producing
PGPR and timber-waste biochar improves pigments formation, growth
and yield of wheat under drought stress. Sci Rep. 2019;9:5999.

Nazar R, Khan MIR, Igbal N, Masood A, Khan NA. Involvement of ethylene
in reversal of salt-inhibited photosynthesis by sulfur in mustard. Physiol
Plant. 2014;152:331-44.

Lutts S, Kinet JM, Bouharmont J. NaCl-induced senescence in leaves

of rice (Oryza sativa L) cultivars differing in salinity resistance. Ann Bot.
1996;78:389-98.

Dhindsa RS, Plumb-Dhindsa PL, Reid DM. Leaf senescence and lipid
peroxidation: effects of some phytohormones, and scavengers of free
radicals and singlet oxygen. Physiol Plant. 1982;56:453-7.

Hori M, Kondo H, Ariyoshi N, Yamada H, Hiratsuka A, Watabe T, et al.
Changes in the hepatic glutathione peroxidase redox system produced
by coplanar polychlorinated biphenyls in Ah-responsive and-less-respon-
sive strains of mice: mechanism and implications for toxicity. Environ
Toxicol Pharmacol. 1997,3:267-75.

Aebi H. Catalase in vitro. In: Packer L, editor. Oxygen Radicals in Biological
Systems: Methods in Enzymology. Elsevier BV; 1984. p. 121-6.

Nakano Y, Asada K. Hydrogen peroxide is scavenged by ascorbate-
specific peroxidase in spinach chloroplasts. Plant Cell Physiol.
1981;22:867-80.

Steel RGD, Torrie JH. Principles and procedures of statistics A biometri-
cal approach 3rd ed McGraw Hill Book Company Inc. New York, USA.
1996;:334-81.

55.

56.

57.

58.

59.

60.

61

62.

63

64

65.

66.

67

68.

69.

70.

71

72.

73.

74.

75

76.

Page 24 of 25

OriginLab Corporation. OriginPro. Northampton, MA, USA.: OriginLab;
2021,

Mahmood T, Khalid S, Abdullah M, Ahmed Z, Shah MKN, Ghafoor A, et al.
Insights into drought stress signaling in plants and the molecular genetic
basis of cotton drought tolerance. Cells. 2019;9:105.

Guo Z,Gong J, Luo S, Zuo Y, Shen Y. Role of gamma-aminobutyric acid in
plant defense response. Metabolites. 2023;13:741.

Ali S, Hafeez A, Ma X, Tung SA, Chattha MS, Shah AN, et al. Equal
potassium-nitrogen ratio regulated the nitrogen metabolism and yield
of high-density late-planted cotton (Gossypium hirsutum L.) in Yangtze
River valley of China. Ind Crops Prod. 2019;129:231-41.

Kumar V, Thakur JK, Prasad M. Histone acetylation dynamics regu-

lating plant development and stress responses. Cell Mol Life Sci.
2021;78:4467-86.

Naz T, Mazhar Igbal M, Tahir M, Hassan MM, Rehmani MIA, Zafar MI, et al.
Foliar application of potassium mitigates salinity stress conditions in spin-
ach (Spinacia oleracea .) through reducing nacl toxicity and enhancing
the activity of antioxidant enzymes. Horticulturae. 2021,7:566.

Chen L, LiuL, LuB,MaT, Jiang D, Li J, et al. Exogenous melatonin
promotes seed germination and osmotic regulation under salt stress in
cotton (Gossypium hirsutum L.). PLoS ONE. 2020;15:e0228241.

Kamran M, Parveen A, Ahmar S, Malik Z, Hussain S, Chattha MS, et al. An
overview of hazardous impacts of soil salinity in crops, tolerance mecha-
nisms, and amelioration through selenium supplementation. Int J Mol
Sci. 2020;21:148.

Mostofa MG, Rahman MM, Ghosh TK, Kabir AH, Abdelrahman M, Khan
MA, et al. Potassium in plant physiological adaptation to abiotic stresses.
Plant Physiol Biochem. 2022;186:279-89.

Guo H, Huang Z, Li M, Hou Z. Growth, ionic homeostasis, and physiologi-
cal responses of cotton under different salt and alkali stresses. Sci Rep.
2020;10(1):21844.

Hamani AKM, Chen J, Soothar MK, Wang G, Shen X, Gao Y, et al. Applica-
tion of Exogenous Protectants Mitigates Salt-Induced Na$\mathplus$
Toxicity and Sustains Cotton (Gossypium hirsutum L.) Seedling Growth:
Comparison of Glycine Betaine and Salicylic Acid. Plants. 2021;10:380.
Saddhe AA, Manuka R, Penna S. Plant sugars: homeostasis and transport
under abiotic stress in plants. Physiol Plant. 2020;171:739-55.

Ma Z, Wu C, Zhu L, Chang R, Ma W, Deng Y, et al. Bioactivity profiling of
the extremolyte ectoine as a promising protectant and its heterologous
production. 3 Biotech. 2022;12(12):331.

Choudhary M, Chandra P, Arora S. Soil-Plant-Microbe Interactions in Salt-
affected Soils. In: Research Developments in Saline Agriculture. Springer
Singapore; 2019. p. 203-35.

Ahmad P, AbdAllah EF, Alyemeni MN, Wijaya L, Alam P, Bhardwaj R, et al.
Exogenous application of calcium to 24-epibrassinosteroid pre-treated
tomato seedlings mitigates NaCl toxicity by modifying ascorbate—glu-
tathione cycle and secondary metabolites. Sci Rep. 2018;8:13515.

Zhang Y, Fan Y, Rui C, Zhang H, Xu N, Dai M, et al. Melatonin improves cot-
ton salt tolerance by regulating ROS scavenging system and Ca2+ signal
transduction. Front Plant Sci. 2021;12:693690.

de Melo B, Carpinetti PD, Fraga OT, Rodrigues-Silva PL, Fioresi VS, de
Camargos LF, et al. Abiotic stresses in plants and their markers: a practice
view of plant stress responses and programmed cell death mechanisms.
Plants. 2022;11:1100.

LiW, Mi X, Jin X, Zhang D, Zhu G, Shang X, et al. Thiamine functions as a
key activator for modulating plant health and broad-spectrum tolerance
in cotton. Plant J. 2022;111:374-90.

Sachdev S, Ansari SA, Ansari MI, Fujita M, Hasanuzzaman M. Abiotic stress
and reactive oxygen species: generation, signaling, and defense mecha-
nisms. Antioxidants. 2021;10(277):2021.

Jiang D, Lu B, Liu L, Duan' W, Chen L, Li J, et al. Exogenous melatonin
improves salt stress adaptation of cotton seedlings by regulating active
oxygen metabolism. Peer]. 2020;8:e10486.

Ahmad P, Ahanger MA, Alam P, Alyemeni MN, Wijaya L, Ali S, et al. Silicon
(Si) supplementation alleviates NaCl toxicity in mung bean [Vigna radiata
(L) Wilczek] through the modifications of physio-biochemical attributes
and key antioxidant enzymes. J Plant Growth Regul. 2019;38:70-82.
Kamburova VS, Ubaydullaeva KA, Shermatov SE, Buriev ZT, Charishnikova
OS, Nebesnaya KS, et al. Influence of RNA interference of phytochrome
A1 gene on activity of antioxidant system in cotton. Physiol Mol Plant
Pathol. 2022;117:101751.



Ma et al. BMC Plant Biology

77.

78.

79

80.

81.

82

83.

84.

85.

86.

(2023) 23:476

Alam P, Albalawi TH, Altalayan FH, Bakht MA, Ahanger MA, Raja V, et al.
24-Epibrassinolide (EBR) confers tolerance against NaCl stress in soybean
plants by up-regulating antioxidant system, ascorbate-glutathione cycle,
and glyoxalase system. Biomolecules. 2019;9:640.

Raja V, Wani UM, Wani ZA, Jan N, Kottakota C, Reddy MK, et al. Pyramiding
ascorbate—glutathione pathway in Lycopersicum esculentum confers
tolerance to drought and salinity stress. Plant Cell Rep. 2022;41:619-37.
Khan M, Samrana S, Zhang Y, Malik Z, Khan MD, Zhu S. Reduced glu-
tathione protects subcellular compartments from Pb-induced ROS injury
in leaves and roots of upland cotton (Gossypium hirsutum L.). Front Plant
Science. 2020;11:412.

Lemos Neto H de S, de Almeida Guimaraes M, Mesquita RO, Sousa Freitas
WE, de Oliveira AB, da Silva Dias N, et al. Silicon supplementation induces
physiological and biochemical changes that assist lettuce salinity toler-
ance. Silicon. 2021;13:4075-89.

Ahmad P, Alyemeni MN, Abass Ahanger M, Wijaya L, Alam P, Kumar A,

et al. Upregulation of antioxidant and glyoxalase systems mitigates NaCl
stress in Brassica juncea by supplementation of zinc and calcium. J Plant
Interact. 2018;13:151-62.

Ma J, Saleem MH, Yasin G, Mumtaz S, Qureshi FF, Ali B, et al. Individual and
combinatorial effects of SNP and NaHS on morpho-physio-biochemical
attributes and phytoextraction of chromium through Cr-stressed spinach
(Spinacia oleracea L.). Front Plant Sci. 2022;13:973740.

Tanveer M, Shabala S. Targeting redox regulatory mechanisms for salinity
stress tolerance in crops. Salinity Responses and Tolerance in Plants,
Volume 1: Targeting Sensory, Transport and Signaling Mechanisms.
2018;:213-34.

Dhiman S, Kohli SK, Bhardwaj T, Kapoor D, Srihindi G, Bhardwaj R. ROS
Regulation by Salicylic Acid Under Abiotic Stress. Managing Plant Stress
Using Salicylic Acid: Physiological and Molecular Aspects. 2022;:239-57.
Hasanuzzaman M, Raihan MRH, Masud AAC, Rahman K, Nowroz F,
Rahman M, et al. Regulation of reactive oxygen species and antioxidant
defense in plants under salinity. Int J Mol Sci. 2021;22:9326.

Basu S, Kumar G. Exploring the significant contribution of silicon in
regulation of cellular redox homeostasis for conferring stress tolerance in
plants. Plant Physiol Biochem. 2021;166:393-404.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 25 of 25

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	γ-Aminobutyric acid (GABA) and ectoine (ECT) impacts with and without AMF on antioxidants, gas exchange attributes and nutrients of cotton cultivated in salt affected soil
	Abstract 
	Introduction
	Material and methods
	Plant material
	Pot preparation
	Arbuscular mycorrhizal fungi (AMF)
	GABA and ECT
	Experimental design
	Fertilizer
	Irrigation
	Data collection
	Digestion of samples for nutrient analysis
	Nutrients analysis
	Chlorophyll contents and gas exchange attributes
	Electrolyte leakage
	Antioxidants
	Statistical analysis

	Results
	Germination
	Plant height
	Leaf dry biomass
	Stem dry biomass
	Bur dry biomass
	Seed dry biomass
	Shed dry biomass
	Root dry biomass
	Leaf potassium
	Leaf calcium
	Leaf chloride
	Leaf sodium
	Stem potassium
	Stem calcium
	Stem chloride
	Stem sodium
	Bur potassium
	Bur calcium
	Bur chloride
	Bur sodium
	Seed potassium
	Seed calcium
	Seed chloride
	Seed sodium
	Chlorophyll a
	Chlorophyll b
	Photosynthetic rate
	Transpiration rate
	Stomatal conductance

	Discussion
	Conclusion
	Study protocol must comply with relevant institutional, national, and international guidelines and legislation
	Acknowledgements
	References


