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Abstract

Drought stress is a critical environmental stress that hinders plant growth
and development. Most pulses are grown in rainfed ecosystems,
significantly affected during drought conditions. To address this
predicament in this study, a liquid microbial consortium of nodule-
associated plant probiotics was used for seed priming of Greengram to
assess its efficacy in alleviating drought stress and improving seed quality
attributes. Applying an optimum dose of plant probiotics at the appropriate
stage enhances plant productivity, improving tolerance to stresses and
reducing dependence on harmful agrochemicals. To optimize the dose, two
green gram seeds viz., VBN4 and CO8, were subjected to various
concentrations of nodule-associated plant probiotics (NAPP), namely, 2,4, 6
and 8%, along with the control and hydropriming. In the present study, 2%
NAPP improved the physiological and biochemical parameters of the green
gram, such as germination, seed vigour index, protein content,
dehydrogenase activity and a-amylase in both varieties. The primed seeds
were further evaluated under moisture stress conditions by exposing them
to various concentration levels of Polyethylene Glycol 6000 ranging from -2
to -6 bar. The experiment revealed that increasing the concentration of PEG
6000 above in -4 bar reduced germination and seedling vigour in both green
gram varieties. However, green gram seeds primed with 2% NAPP showed
greater moisture stress resistance than nonprimed seeds. The highest
activity of stress-related enzymes such as catalase, peroxidase and super
oxidase dismutase triggered by NAPP in green gram plants was observed to
have potential for drought stress management. This study highlights the
importance of NAPP as a potential seed priming agent for improving seed
germination and vigour under moisture stress.

Keywords

germination; seed vigour
superoxide dismutase

index; dehydrogenase activity; catalase;

Introduction

In typical agriculture, chemical fertilizers and pesticides increase
production and yield. However, the extravagant use of chemicals harms
ecological balance, crop productivity and food safety and is considered the
primary cause of land and water pollution. Over the past few years,
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sustainable agriculture has gained more attention, which
promotes organic approaches in the context of preserving
environmental quality and ensuring soil health. A crucial
aspect of sustainable agriculture is the interaction
between microorganisms and plants (1). Therefore,
agricultural inputs and practices based on microbes could
benefit soil fertility and plant health.

In India, pulse production is uncertain due to the
evolution of abiotic stress factors (e.g., high-temperature
moisture and salinity). It is cultivated mainly as a rainfed
crop and drought during the critical growth stage affects
productivity due to heavy flower drop and the incidence of
pests and diseases. In various crops, water scarcity
adversely affects seed germination and seedling vigour (2).
A lack of effective seed production strategies, inadequate
post-harvest handling operations, farmers' awareness of
suitable varieties and the nonavailability of quality seeds
are the major factors for low-quality seed production. The
quality of seeds is a critical factor in sustainable
agriculture, which produces vigorous seedlings under
adverse conditions. Pulses have low productivity because
of using low-quality seeds under rainfed conditions and
improper crop management (3). Seed priming is a pre-
sowing treatment that improves uniform germination and
overall plant growth, even under water deficit conditions.
Moreover, seed priming reduces the imbibition period and
enhances the regulation of enzymes such as lipase,
protease, a-amylase and DNA repair during imbibition in
preparation for seed germination (4).

Seed biopriming is the application of beneficial
biological agents to seeds, such as phytohormones and
beneficial microorganisms, such as bacteria, fungi and
yeast that increase germination and protect seeds from
environmental conditions. This novel technique increases
the speed of germination (SP), total seedling length,
germination rate (GR) and vigour index (VI) without
harming the ecosystem. It helps to improve soil fertility by
fixing nitrogen from the atmosphere, solubilizing insoluble
nutrients, decomposing plant residues and stimulating
plant growth (5).

Growing evidence suggests that using a consortium
of microbes during the inoculation process could increase
plant productivity compared with using a single microbe
(6). However, the microbial consortium significantly
promoted plant growth and improved plant resilience
under adverse environmental conditions. Studies have
been reported on plant growth-promoting bacterium-
induced stress resilience in pea and rice (7,8). Green gram
(Vigna radiata L.) is one of the most important legume crops
in the world and is cultivated mainly in developing
countries. Dry and sprouted seeds are highly used because
of their high protein content (24-27%), essential amino
acids, fibres, minerals and vitamins (9). Soil fertility is
improved by fixing atmospheric nitrogen by forming
symbiotic associations with rhizobia, essential for
significant crop germination and used as green manure.
Therefore, it enhances soil fertility and productivity, which
promotes cropping systems. Indian agriculture depends
primarily on two monsoons, specifically the Southwest
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Monsoon and the Northeast Monsoon. 35-45% of the
cropping area is under drought conditions due to the
scarcity of monsoon rains (10). Therefore, identifying the
beneficial microbes that contribute to the tolerance of
crop plants to drought is crucial.

Rhizobium sp. VRE1l+ Candida tropicalis VYW1
influences plant growth-promoting traits such as indole
acetic acid, ammonia, 1-aminocyclopropane-1-carboxylate,
siderophore and polyamine production (11). Furthermore,
the multifunctional plant growth-promoting traits of
Paenibacillus taichungensis TNEB6+ AMF play essential roles
in nodulation, plant growth and yield enhancement in
Blackgram (12,13). In this context, a microbial consortium
was formulated with three NAPP (Rhizobium sp VREL +
Candida tropicalis VYW1+ Paenibacillu  staichungensis
TNEB6+ and Arbuscular Mycorrhizal Fungi (AMF). The
formulated consortium was tested with two green gram
varieties, VBN4 and CO8, using a biopriming approach
under water stress conditions and compared with hydro-
primed and untreated seeds. With various concentrations of
Nodule Associated Plant Probiotics, as well as hydroprimed
and control seeds, to simulate drought stress conditions.
The effect of stress was evaluated based on seed
germination, the growth potential of seedlings and specific
enzyme activities. Significant differences were observed
among primed, hydro-primed and nonprimed seeds.

Materials and Methods
Source of seeds and bioinoculants

Certified seeds green gram varieties VBN4 and CO8 were
purchased from the National Pulses Research Centre,
Vamban, Tamil Nadu and used for this experiment. The
microbial consortium (Rhizobium sp. VREL + C. tropicalis
VYW1 + P. taichungensis TNEB6 + AMF) used in this
experiment was carefully crafted by the Department of
Agricultural Microbiology of Tamil Nadu Agricultural
University, Coimbatore, India based on the compatibility
and mutualistic interactions among the four
microorganisms (11-13). Seed quality assessment-related
experiments were carried out by the Department of Seed
Science and Technology, TNAU, Coimbatore.

Biopriming of green gram seeds with microbial consortia

The seeds were surface sterilized with 2% NaOCl for 5 min
and then treated with 80% ethanol for 2 min, followed by
rinsing three times with distilled water. The seeds were
primed with a liquid-based NAPP formulation containing
10° CFU per mL at different concentrations. The treatment
details were as follows: control dry seeds (T:i), hydro
priming (T2), priming with 2% NAPP (Ts), 4% NAPP (T,), 6%
NAPP (Ts) and 8% NAPP (Te) for three h at a 1:0.35 seed-to-
solution ratio and shade-dried for 24 h to maintain the
original moisture content. The priming efficiency was
assessed based on the number of colonies that appeared.
The presence of microbes on the primed seeds was
determined by scanning electron microscopy (SEM) (Fig.
3). The highest percentage of viable bacterial cells in the
bioprimed seeds was selected to further assess seed
quality parameters.
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Effect of bio agent concentration on seedling growth and
vigour

The efficacy of the microbe was determined by scanning
electron microscopy using the optimal concentration of
each microbial consortium. Various physiological
parameters, such as percentage of germination,
germination speed, total seedling length (cm), shoot
length (cm), root length (cm) and dry matter (g/10
seedlings), were measured according to the protocol of
(14) and seed vigour index (15).

Germination percentage (GP) = (Eqn.1)

Number of seeds germinated/Number of seeds sown x 100

Speed of germination = (Eqn.2)

[G1/1]+[G2/2]+G3/3]+[G4/4]+[G5/5]+G6/6]+[G7/7]+[G8/8]

Here, G1, G2, ... G8: Number of emerged seedlings and 1, 2,
... 8 Number of days after sowing

Seed Vigor Index (SVI-1)= (Eqn.3)

Average root length + Average hypocotyl length x GP

Seed Vigor Index (SVI-11)= (Eqn.4)

Total Dry Matter Production x GP

Determination of biochemical parameters

The protein content was determined using a standard
method (16) with an absorbance spectrophotometer at 580
nm. A digital electrical conductivity meter (Elico type CM-82)
with a cell constant of 1.0 was used to determine the
electrical conductivity (EC) (17). Moreover, dehydrogenase
enzyme activity was determined in treated seed samples (3
g) using tetrazolium chloride (18). The a-amylase activity
was determined using a standard method (19) and the

absorbance was measured at 670 nm using a
spectrophotometer (UV-VIS Double Beam
Spectrophotometer).

Effect of nodule-associated plant probiotics on seedling
growth and vigour under drought stress conditions

The best-performing treatment (Ts) and green gram VBN4
and CO8 control seeds were studied under low osmotic
potential conditions (-2, -4 and -6 bar). The osmotic
solutions were prepared by using polyethene glycol 6000.
The following relationship was used to create the desired
osmotic potential for drought stress as follows:

Ws = (11.12x10-2)xC-(1.18x10-4)xC+(2.67x10-4)XCXT+(8.39x10-7)XCXT

where Ws is the osmotic pressure (Bar), C is the
concentration of polyethene glycol 6000 (g kg™ H.0) and T
is the temperature (°C) (20). After that, the germination
percentage was evaluated according to the ISTA seed
testing protocols (14).

Determination of enzyme activity

Primed and control seeds were sown under different
moisture stress viz., -2, -4 and -6 bar conditions. Each
treatment took 2 grams of plant sample on the eighth day
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after sowing. Treatment wise collected plant tissues were
subjected to assess the superoxide dismutase (21),
peroxidase (22) and catalase (23) activity.

Statistical design

All the data are expressed by triplicate samples. For the
statistical analysis of the data, analysis of variance was
performed using SPSS (version 22, IBM Inc., Chicago, IL,
USA) and the means were separated using the least
significant difference (LSD) test (P <0.05). The
physiological and biochemical data were also subjected to
principal component analysis (PCA) using R software along
with Microsoft Excel.

Results

Effects of nodule associated plant probiotics on
Physiological traits

The experiment results revealed a significant increase (P
<0.05) in seedling growth for the VBN4 and CO8 varieties of
green gram seeds subjected to different treatments
compared with the untreated seeds. Among the various
concentrations of biopriming agents used, Ts and T.
consistently exhibited better performance in terms of
seedling growth, vigour and other physiological
parameters. Seed germination was greatest in the T
treatment (85%), followed by the Titreatment (84%)
compared with the untreated control (77%). Ts (2%)
significantly increased the total length of the seedlings
(34.2 cm), the mean length of the roots (19.2 cm) and the
length of the shoots (15.0 cm) compared with untreated
seeds. A greater vigour index (2907) was observed in the Ts
treatment, followed by the T4 treatment (2772), than in the
untreated control (2204). The dry matter production was
significantly greater in the Ts treatment (0.283 g/10
seedlings), followed by the Titreatment (0.271 g/10
seedlings), than in the untreated control (0.230 g/10
seedlings) (Table 1). Similarly, for CO8 green gram seeds,
treatment with different concentrations (Ts to Te) of the
microbial consortia significantly improved seedling growth
characteristics, viz., germination, root length and shoot
length, compared with those of untreated seeds. Total
seedling growth significantly improved (P <0.05) with
microbial treatment (Table 2). However, increasing the
NAPP concentration affected seed germination and other
seedling parameters.

Effect of nodule-associated plant probiotics on
Biochemical Changes

The protein content of VBN4 green gram seeds significantly
differed among the treatments. The bioprimed seeds of Ts
recorded the highest percentage of protein content
(20.90%), followed by those of Ts (20.75%) and the
untreated control (Fig. 1A). The electrical conductivity of Ts
was 0.214 dSm, which was lower than untreated control
(0.289 dSm™) (Fig. 1B). T3 showed an increase in the DA
level (0.724 OD value/620 nm), followed by T, (0.697 OD
value/620 nm) compared to the untreated control.
Dehydrogenase activity slightly increased with increasing
NAPP concentration and ranged between 0.597 and 0.724
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Table 1. Effect of nodule-associated plant probiotics on the growth attributes of green gram VBN4 seeds
n:f:tts SG G (%) RL (cm) SL(cm)  TSL(cm) SVI-1 SVI-1I DMP AB (%) DS (%)
T 8.1+2.0d TT+4c 15.4+0.25c¢ 13.2+1.7d 28.6+3.0e  2204+33d 17.7+1.5e 0.230+0.09d 10+2b 13+3c
T, 9.9+0.7b 80+3b 17.240.29b  13.8+1.4cd  31.0+2.5d  2478+31bc  20.2+1.3d 0.253+0.07c 8+2ab 12+1c
Ts 10.7+1.5a 85+2a 19.2+0.01a 15.0+1.2a 34.2+2.1a 2907+27a 24.1+1.8a 0.283+0.04a 6xla 9+2a
Ta 10.5+0.9a 84+3a 18.5+0.39a 14.5+1.5b  33.0+2.4b 2772+40a 23.1+1.9b 0.271+0.04b 6xla 10+2ab
Ts 10.1+1.3c 81+2b 18.3#0.14a  13.9+1.0bc  32.2+2.0c 2608+38b 21.4+2.0c  0.264+0.08bc 8+2ab 10+1ab
Te 9.8+1.6¢ 79+5b 17.0£0.35b  13.5+1.6cd  30.5+2.7d 2410+46¢ 20.5+3.5d  0.260+0.07bc 9+3b 13+2c

(SG-speed of germination, G- germination, RL- root length, SL- shoot length, TSL- total seedling length, SVI- seed vigour index, DMP- dry matter production (g 10
seedling?), AB- abnormal, DS- dead seeds). The data are presented as the means + standard errors of the means from triplicate samples, with P<0.05 indicating
that the means with separate letters were significantly different. (T:- Control, To- Hydropriming, Ts- 2% NAPP, T, 4% NAPP, Ts- 6% NAPP, T¢- 8% NAPP).

Table 2. Effect of nodule-associated plant probiotics on the growth attributes of green gram CO8 seeds

reat SG G (%) RL (cm) SL(cm)  TSL(cm) SVI-1 SVI- I DMP (’2/5) (E/os)
T 9.2¢16e  93t4c  17.3:23e  155+2.5d  32.8+4.1c  3050:21f  23.0+1.9¢  0.247+0.06c  4tlc  3tl
T.  110t19cd  95:2bc  19.1+1.6d  16.6+1.8c  35.7+3.6b  3396t16d  25.7+2.4b  0.270:0.05b  3+lb 21
T 121+12a  98+2a  21.3+13a*  17.7+3.0a  39.1332a  3832:18a  28.3t2.8a  0.289:0.08a 2+la 0
T, 117:13ab  96:4ab  20.6+2.1b  17.3+19ab  38.1+2.7a  3655:24b  26.6+3.5b 0277:0.09ab 4+2c 0
Ts  1l4:llbc  96:3bc  20.1¥2.0c  16.9+2.0bc 37.1+3.7ab  3557+19c  26.3+1.9b 0.274:0.07ab 4+lc 0
Ts 105¢1.8d  95:2c  18.8+14d  165tl1c  35.6:4.2b  3373:28e  25.6+2.9b  0.269:0.09b  4+2c  2%0

(SG-speed of germination, G- germination, RL- root length, SL- shoot length, TSL- total seedling length, SVI- seed vigour index, DMP- dry matter production (g 10
seedling?), AB- abnormal, DS- dead seeds). The data are presented as the means + standard errors of the means from triplicate samples, with P<0.05 indicating
that the means with separate letters are significantly different. (T:- Control, To- Hydropriming, Ts- 2% NAPP, T4- 4% NAPP, Ts- 6% NAPP, Te- 8% NAPP).
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Fig. 1. Protein content (A), electrical conductivity (B), dehydrogenase
activity (C) and a-amylase activity (D) of green gram VBN4 bioprimed with
various concentrations of microbial consortia.(T:- Control, T.- Hydropriming,

0D/620 nm (Fig. 1C). However, biopriming of CO8 green
gram seeds did not significantly affect the protein content
between treatments (Fig. 2A). EC of the CO8 variety was
lower in the bioprimed seeds in T3(0.176 dSm) followed
by T4 (0.181 dSm) than in the control (0.192 dSm™) (Fig.
2B). For dehydrogenase activity, Ts resulted in increased

level of dehydrogenase activity (0.813 OD value/620 nm)
compared with that of T; (0.767 OD value/620 nm) (Fig. 2C).
The results revealed that the level of EC found in the
bioprimed seeds decreased, whereas the dehydrogenase
enzyme increased. The a-amylase activity was measured
in pregerminated seeds, Ts (1.691 mg maltose min) was
followed by T. (1.688 mg maltose min™) concerning the
control (1.529 mg maltose min?) (Fig. 1D). Similar results
were observed for CO8 a-amylase activity, Ts had the
maximum level of a-amylase activity (1.719 mg maltose
min) followed by T4 (1.714 mg maltose min?) compared
with untreated control seeds (1.701 mg maltose min) (Fig.
2D). The results revealed that the amount of a-amylase
activity in the bioprimed seeds increased, whereas the
germination percentage increased.

Scanning electron microscopy (SEM)

Scanning electron microscopy revealed the presence of
microbes in the seed coat of the bioprimed seeds. The
results also confirmed the movement of bacteria from the
seed to the radicle and the whole root system (Fig. 3).

Principal component analysis

Principal component analysis was used to determine the
impact of nodule-associated plant probiotics treatment on
the physiological and biochemical changes of the seeds.
Principal component analysis of the VBN4 and CO8

https://plantsciencetoday.online
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Fig. 2. Protein content (A), electrical conductivity (B), dehydrogenase
activity (C) and a-amylase activity (D) of CO8 green gram seeds bioprimed
with various concentrations of microbial consortia. (T:- Control, T>- Hydro-

varieties (Fig. 4A, B) revealed two principal components
and the different NAPP concentration indices were
represented by PC1 and PC2, which accounted for 98.8% of
the total variation (Fig. 4A). For VBN4 variety, principal
component 1 (PC1, X-axis) accounted for 94.9% of the
variation and principal component 2 (PC2, Y-axis)
accounted for 3.9% of the variation and the variety of CO8
accounted for 98.9% of the total variation (Fig. 4B). For CO8
variety, (PC1, X-axis) accounted for 94.9% of the variation
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and PC2 (Y-axis) accounted for 3.88% of the variation. PCA
of the physiological and biochemical parameters of the
green gram VBN4 and CO8 varieties revealed that
germination percentage, vigour index, protein content,
dehydrogenase activity and a-amylase were more
significant in Ts than in T1, whereas the changes in
electrical conductivity were reversed in Ts; i.e., when the
protein content, a-amylase and dehydrogenase activity
decreased, whereas electrical conductivity has increased.
Hence, the results showed that among the NAPP
treatments, T3 significantly increased the biochemical
properties of the seeds.

Effect of Nodule associated plant probiotics on seed
germination under moisture stress conditions

Greengram seedling growth was significantly affected by
moisture stress at various concentrations of PEG 6000 (-2, -
4 and -6 bar). The results of this study revealed that the
response of the seeds varied according to the level of
moisture stress. With increasing stress levels (PEG 6000),
the germination speed, germination rate and total
seedling length of both green gram varieties gradually
decreased. At a moisture stress level of -6 bar, VBN4 and
CO8-treated seeds exhibited a more significant percentage
of germination compared with control plants under
conditions of -6 moisture stress. Compared with VBN4, the
CO8 variety had a more substantial percentage of
germination with higher concentrations of PEG stress (Fig.
5a). The results showed that compared with the control
seeds, the primed seeds could withstand germination and
seedling growth up to -6 bar moisture stress.

Fig. 3. Scanning electron microscopy (SEM) analysis of plant probiotics associated with nodules. (A) seed coat, (B) cotyledon and (C) radicle
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Fig. 4. Principal component analysis showing the impact of treatments on variables of the VBN4 (A) and CO8 (B) varieties. (T1- Control, T,- Hydropriming,

Ts- 2% NAPP, Ts- 4% NAPP, Ts- 6% NAPP, Te- 8% NAPP).
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Effect of Nodule associated plant probiotics on
antioxidant enzymes under conditions of moisture stress

Catalase and peroxidase activity was observed in the
green gram plants treated with probiotics at different
moisture stress levels. Bioprimed seeds showed greater
catalase and peroxidase activity (Fig. 5b, c) in response to
moisture stress. The enzyme activity of the NAPP-treated
seeds increased to -4 bar of moisture stress. The enzyme
activity then decreased with increasing stress levels. The
highest catalase and peroxidase activities were observed
in VBN4 bioprimed seeds (2.59 yM H;0; reduced min* mg
of protein and 0.78 OD value min*®) compared with the
control (0.99 reduced min? mg of protein? and 0.35 OD
value min?%) under moisture stress conditions of -4 bar.
Similarly, the green gram variety of CO8 recorded the
highest catalase and peroxidase activity in the bioprimed
seeds (2.80 UM H,0, reduced min™ mg of protein® and 1.09
OD value min9 respectively) compared with the control
seeds under the condition of moisture stress of -4 bar.

Moisture stress increased the superoxide dismutase
activity of both varieties (Fig. 5d). SOD activity was more
significant in bioprimed VBN4 and CO8 seeds (2.29 mg of
proteintand 2.45 mg of protein™, respectively) than in
untreated control seeds under -4 bar moisture stress.
Among the varieties, CO8 NAPP-treated plants exhibited
more catalase, peroxidase and superoxide dismutase
activities than VBN4 treated plants under moisture stress
conditions.
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Discussion

Enhancing plant tolerance to stress conditions is a crucial
task for sustainable agriculture. Despite being well
established and proven, the benefits of plant growth
bacteria include improving yield, quality, and resistance to
crop stress. Globally, 50-80% of crop yield is lost annually
because of extreme temperature, drought, deficiency and
toxicity to plant nutrients (24). Among various abiotic
stresses, drought stress occurs when the soil's available
moisture content decreases to the point where
transpiration by the plants exceeds water absorption.
Drought stress results in reduced germination and
retarded growth, thereby leading to poor overall crop
establishment. Beneficial microbes are the most feasible,
reliable and long-term option for managing abiotic and
biotic stress and their effects on plant growth, yield and
productivity (25).

Using seeds formulated with potentially beneficial
microorganisms is an attractive ecological technique for
improving the seed germination percentage and plant
growth under unfavourable environmental conditions (26,
27). The use of a bioinoculant as a priming agent increases
the accumulation of rhizosphere stimuli, aids in the cycling
of biochemical nutrients, fosters enzyme activity and aids
in improved translocation and crop performance in
response to changing climatic conditions. Furthermore,
the biopriming of seeds with microbial consortia facilitates
seed germination and plant growth, depending on the
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Fig. 5. Effect of plant probiotics on germination (%), catalase activity (UM H20, reduced min** mg of protein?), peroxidase activity (OD value) and superoxide
dismutase activity (mg of protein?) in the green gram varieties of VBN4 and CO8. The data are presented as the means + standard errors of the means from
triplicate experiments. (Mo- without moisture stress, Mi- -2 bar, M,= -4 bar, Ms=-6 bar).
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concentration of microbial cells used for priming.
Selecting an optimal concentration is crucial for
preventing seeds from experiencing any stress and
ensuring the overall impact of biopriming (28). Hence, a
standardization experiment was carried out to determine
the optimum concentration of microbial consortia
required for biopriming.

Interestingly, the present studies revealed that 2%
and 4% NAPP increased the seed quality parameters
compared with the control. These gibberellins trigger the
amylase enzyme, which increases starch assimilation in
seeds and promotes early germination (29-31).

Bioprimed seeds exhibit a more significant
percentage of germination because the production of
microbial seed leachates provides a source of carbon and
nitrogen during the initial days. Subsequently, the
translocation of quantum and nature of photosynthates in
the form of root exudates determines the proliferation of
microbial inoculants (32). This could be the possible
reason for the improved germination of the bioprimed
seeds (NAPP) compared with the germination of the
control seeds. Numerous researchers have reported that
biopriming with microbial consortia improves seed
germination in various crops, including black gram (33,
34).

In the present study, the bioprimed seeds'
physiological parameters, such as germination speed,
germination percentage, shoot length, seed vigour index
and dry matter production, increased due to biopriming.
However, bioinoculants at lower concentrations have a
more significant effect than those at higher concentrations
(34). This may be because bioinoculants at lower
concentrations induce a mild stress response in plants,
which  may enhance their growth and defence
mechanisms. Higher concentrations might overwhelm the
plant, leading to adverse effects (35).

The interaction between microbes and plants
produces phytohormones and hydrolyzing enzymes,
facilitates the mobilization of nutrients from the
endosperm to the embryo and contributes to increased
dry matter production. Many microorganisms can produce
phytohormones, which regulate plant growth and
development. Auxin is one of the most critical
phytohormones for plant growth and development. IAA is
vital for plant cell division, extension, and differentiation,
and it enhances xylem formation, seed germination and
root growth. Additionally, it promotes adventitious and
lateral roots and the formation of pigments, enhances
photosynthesis and mediates responses to fluorescence,
light and gravity (36).

The increased production of hydrolytic enzymes
such as protease and amylase by nodule-associated plant
probiotics increases the germination percentage. The
essential enzyme known as amylase is crucial for
hydrolyzing food reserves and aiding in the utilization of
starch-based reserves. The early germination of the
embryo is caused by this enzyme hydrolyzing the starch
reserves and providing sugars. According to (34), the
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nutrients or metabolites produced by seed and
microorganism consortia could increase the amount of
nutrients available for their cell multiplication and
expansion, improving seedling growth. The protein
content was slightly more significant in the bioprimed
seeds than in the control seeds.

A reliable indicator of seed vigour and viability is
believed to be the electrical conductivity of the seed
leachate. The electrical conductivity of primed seeds was
lower than that of the control. The production of energy
and synthesis of proteins during germination depends on
the dehydrogenase enzyme. The viability of the seeds was
evaluated based on colour changes in living tissue.

The activity level of the dehydrogenase enzyme
system is closely related to the respiration and viability of
the seeds when exposed to a 2,3,5-triphenyl tetrazolium
chloride solution. The dehydrogenase enzyme activity is
an outstanding and reliable metabolic marker for
assessing the viability of seeds (37). However, biopriming
with NAPP slightly changed the amount of dehydrogenase
in the primed seeds. Our findings are consistent with
previous studies on maize seeds (38).

The present investigation revealed that moisture
stress significantly affected seed quality traits such as
germination, total seedling length and vigour index of
untreated seeds at moisture levels ranging from -2 to -6
bar. However, the bioprimed seeds resisted induced
moisture stress up to -4 bar. These results align with those
of (39), who reported that a green gram affected plant
growth under moisture stress. Growth-promoting bacteria
aid in plant root system development and increase plant
nutrient uptake, water-holding capacity and soil structure
(40).

Abiotic stress causes cells to accumulate reactive
oxygen species. ROS such as hydrogen peroxide,
superoxide and hydroxyl radicals are produced in
mitochondria and chloroplasts due to disturbances in the
electron transport cycle. These ROS are highly reactive
with macromolecules like proteins and membrane lipids,
thereby causing damage to the cell membrane (41). The
antioxidant enzymes are superoxide dismutase,
peroxidase and catalase, which metabolize oxygen-free
radicals, thereby counteracting the generated stress-free
radicals. The study revealed that catalase, peroxidase and
superoxidase activity increased significantly with moisture
stress in bioprimed plants compared with nonprimed
seeds, which aligns with previous findings (42). The use of
probiotics can also modify the antioxidant defence system
based on the enzymatic activities of POD and SOD,
increasing tolerance to the ROS produced under moisture-
stress conditions. Microorganisms withstand moisture
stress conditions by increasing reactive oxygen species
scavengers in host plants, which acts as a protective
mechanism for stress-exposed plants by detoxifying ROS,
including hydrogen peroxide (H:.0:), singlet oxygen (,0?%)
and hydrogen radical (+OH) intermediates of oxygen in
mitochondria and chloroplasts (43).
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conclusion

Biopriming with nodule-associated plant probiotics
significantly increased the germination of green gram
seeds. Among the various concentrations of NAPP, 2%
contributed positively to germination and increased the
total seedling length, seed vigour index and antioxidant
enzyme activity with reduced electrical conductivity of the
seeds. However, the bioprimed seeds could tolerate
abiotic stress (moisture stress) better than the unprimed
seeds because of their increased vigour and germination.
From this study, it can be concluded that seed priming
with beneficial microorganisms is a practical and eco-
friendly approach for improving seed quality and
minimizing the side effects of typical crop production
practices on the environment. Furthermore, identifying
the ability of beneficial plant microbes to withstand
moisture stress at the molecular level will demonstrate the
benefits of seed priming with beneficial microbes in
improving stress resilience for a wide range of crops.
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