


Microbial-Assisted Salinity Stress Alleviation in Acid Lime (Citrus aurantifolia Swingle)


[bookmark: _GoBack]Abstract: Soil salinity is a major abiotic stress limiting citrus productivity, particularly in acid lime (Citrus aurantiifolia Swingle), which is moderately sensitive to salt stress. Microbial inoculants, especially plant growth-promoting rhizobacteria (PGPR), have emerged as eco-friendly tools to alleviate salt-induced damage by enhancing nutrient uptake and osmotic adjustment. This study evaluates the efficacy of selected microbial inoculants, including Pseudomonas fluorescens, Bacillus subtilis, and Trichoderma viride in mitigating the effects of salinity (3 dS m-1 and 6 dS m-1 EC) on acid lime seedlings under controlled conditions. Key physiological parameters such as shoot, root, root/shoot, seedling length, germination percentage, seedling vigour index 1, root-shoot ratio were assessed. Results indicate that inoculated seedlings exhibited improved growth compared to uninoculated controls, particularly at moderate salinity levels. Among treatments, Trichoderma viride followed by Pseudomonas fluorescens, Bacillus subtilis showed a significant increase in different parameters under saline conditions. The findings support the potential of microbial inoculants as sustainable solutions for managing salt stress in acid lime cultivation.
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1. Introduction: Plants are continuously exposed to a wide range of biotic and abiotic stressors, which might hinder their ability to grow and produce. Among all the abiotic stresses, salinity is considered to be one of the most prominent restraints which disturb the usual growth and metabolism of the plants.  Salt-affected soils (SAS) currently spread across 6.73 million hectares (mha) in India could more than double by 2050, posing a serious threat to the sustainability of the crop production system, city-based Indian Council of Agriculture Research (ICAR) affiliated Central Soil Salinity Research Institute (CSSRI) has found (Nagpal et al., 2024). The citrus fruits were the second most produced fruit worldwide in 2021, accounting for 161.8 million tons produced in more than 10.2 million hectares. Only bananas and plantains combined exceeded this amount, reaching more than 170.3 million tons (FAO, 2023). Citrus fruits provide carbohydrates, such as sucrose, glucose, and fructose mostly. Fresh citrus fruits are also an immeasurable source of dietary fiber associated with gastrointestinal disease prevention and lowered circulating cholesterol. Citrus fruits also have a distinct aroma and delicious taste along with low protein and fat content. Citrus fruits also provide the most potent source of vitamins C and B (thiamines, pyridoxines, niacins, riboflavin, pantothenic acids, and folate). The fruit also leads to the use of phytochemicals, such as carotenoids, flavonoids, and limonoids (Liu et al., 2012). Citrus suffers badly when it is exposed to salt stress. Even a small change in the electrical conductivity (EC) of the soil can lead to detrimental effects on the citrus. Climate change, poor drainage, groundwater contamination, sea water intrusion and poor irrigation water quality etc. are the possible reason of increasing salt stress day by day. Saline soils contain inorganic dissolved salts including cations [sodium (Na+), calcium (Ca+2) and magnesium (Mg+2)] and anions, [chloride (Cl-), sulfate (SO4-2) and bicarbonate (HCO3-)]. These ions generate an electrical field in the solution so that the concentration of salts correlates linearly with electrical conductivity (EC) of the water (Grattan et al., 2015). High EC (saline conditions >4 dS m-1) disrupt root membrane integrity, reduce nitrate (NO3) uptake by Cl- (compete with NO3 during uptake and translocation to leaf), alter the activities of nitrogen (N) assimilating enzymes, and reduce relative growth rate (Ashraf et al., 2016). Plants respond to salt stress by increasing root/canopy ratio and chlorophyll content and inducing changes in the leaf anatomy to prevent leaf ion toxicity, maintain leaf water, turgor and photosynthesis (Acosta-Motos et al., 2015). The use of beneficial microorganisms inhabiting the rhizosphere (Plant growth promoting rhizosphere) (PGPR) can be a promising tool to alleviate salt stress in various crops and represents a strategy to increase agricultural productivity in salt soils (Giannelli et al., 2023). PGPR can improve plant growth in a salt environment in two main ways: (i) activating or modulating the response systems of plants during exposure to salt; and (ii) synthesizing anti-stress molecules (Fouda et al., 2019). The fungi are also tasted for abiotic stress management in different crops and Trichoderma sp. are one of them but still, there are only few studies on it. It makes an interesting topic for research and analyse the potential of these different microbes on salt stress mitigation in acid lime. So, the objective of the study was to evaluate the impact of microbial inoculant on the different traits of the acid lime under various level of salt stress in invitro conditions. 

2. Material and methods: The experiment was done during 2023 at College of Agriculture, Jabalpur, JNKVV, Jabalpur (M.P.). The design of the experiment was 2 factorial completely randomized. Bacillus subtilis, Pseudomonas fluorescens and Trichoderma viride were used for the inoculation of the acid lime seeds. Micrbial cultures of Bacillus subtilis, Pseudomonas fluorescens and Trichoderma viride were brought from Microbe Research & Production Centre established at JNKVV, Jabalpur (M.P.). The seeds were surface sterilized in the lab. Then seeds were dipped in the different microbial cultures for nine hours. So that they can soak the culture and microbes can penetrate and establish in them well. The non-inoculated seeds were dipped in the distilled water. The seeds were then sown in the seed germinator using paper towel methods. The trays, in which paper towels were put, were filled with different salt solutions. One tray was filled with distilled water (no salt stress) and other 2 trays with salt solutions having 3 dS m-1 and 6 dS m-1, respectively. Each tray contained four towel papers having seeds dipped in distilled water, Bacillus subtilis, Pseudomonas fluorescens and Trichoderma viride, respectively. This setup ended up having total 12 different treatments. Each treatment had 3 replications and 10 seeds/replication. The seeds were sown in the germinator at 85% relative humidity and 25ºC temperature under light conditions. The seeds were checked time to time and solutions were changed after every 4 day.  The seeds were observed for 2 months for different trait studies. 

2.1 Germination %: The germination % was calculated at 30 and 60 days after sowing of the seeds. It was calculated by dividing the number of total seeds sown in a replication of a treatment by number of seeds germinated in it and multiplied by 100. 

×100

2.2 Shoot length: The seedlings were removed carefully from the paper towel and used tissue paper to blot off excess water, especially from the root area. Then the seedlings were placed on the sterilized lab bench. 5 seedlings from each replication of each treatment were chosen for shoot length measurement. Shoot length was also calculated 60 days after the sowing. So, shoot length can be measured at the same stage. Shoot length was measured by using the 30 cm ruler. It was measured from the base of the shoot (cotyledon node) to the tip of the shoot. The shoot length was recorded in centimeters (cm).

2.3 Root length: After measuring the shoot length, the same plants were used for root length measurement. Root length was. The roots were placed fully extended (not curled or tangled) on the lab bench. The root length was measured from the collar (junction of shoot and root) to the tip of the longest root. The root length was recorded in centimeters (cm).

2.4 Root/Shoot: Root/shoot was calculated by dividing the root length by shoot length. 

2.5 Seedling length: Seedling length was calculated by adding the shoot and root length. The unit of seedling length is also cm. 

2.6 Seedling Fresh weight: Seedlings were weighed using weighing balance in the lab. The entire seedling was placed on a pre-weighed weighing boat or paper. The fresh weight was recorded in grams (g).

2.7 Seed vigor index 1: Seed vigor index 1 was calculated by multiplying seedling length and germination %. 



2.8 Statistical analysis: The collected data are presented as the means of the three replicates. One way analysis of variance (ANOVA) was used to determine significantly significant differences between the means of treatments according to Least significance difference test. The statistical analysis was done by using “Agrianalyze” software. 

3. Result and discussion: 
	Treatment
	Shoot (cm)
	Root (cm)

	
	
	

	Salt Stress

	0 EC (dS m-1)
	6.87
	13.03

	3 EC (dS m-1)
	4.89
	10.09

	6 EC (dS m-1)
	4.26
	10.70

	SE(m) ±
	0.10
	0.19

	C.D. (P=0.05)
	0.28
	0.53

	C.D. (P=0.01)
	0.37
	0.70

	Microbial inoculants

	No inoculation
	4.43
	11.44

	Bacillus subtilis
	5.44
	10.45

	Pseudomonas fluorescens
	5.53
	11.32

	Trichoderma viride
	5.95
	11.87

	SE(m) ±
	0.11
	0.21

	C.D. (P=0.05)
	0.32
	0.61

	C.D. (P=0.01)
	0.43
	0.81

	Interaction effect

	0 dS m-1EC× No inoculation
	6.00
	11.98

	3 dS m-1EC × No inoculation
	4.08
	10.92

	6 dS m-1EC× No inoculation
	3.22
	11.42

	0 dS m-1EC ×B. subtilis
	6.78
	12.54

	3 dS m-1EC × B. subtilis
	4.98
	9.28

	6 dS m-1EC× B. subtilis
	4.56
	9.54

	0 dS m-1EC × P. fluorescens
	6.76
	13.14

	3 dS m-1EC × P. fluorescens
	5.04
	10.04

	6 dS m-1EC× P. fluorescens
	4.78
	10.78

	0 dS m-1EC ×T. viride
	7.94
	14.46

	3 dS m-1EC ×T. viride
	5.44
	10.10

	6 dS m-1EC×T. viride
	4.46
	11.04

	SE(m)±
	0.20
	0.37

	C.D. (P=0.05)
	0.56
	1.05

	C.D. (P=0.01)
	0.75
	1.41



Shoot length: Shoot length in the lab setting also showed a significant decrease with increasing salt stress. The shoot length decreased from 6.87 cm at 0 dS m−1 EC to 4.89 cm at 3 dS m−1 EC and 4.26 cm at 6 dS m−1 EC. These reductions were statistically significant (P=0.01). Microbial inoculants significantly improved shoot length. Trichoderma viride showed the highest shoot length of 5.95 cm, significantly greater than no inoculation (4.43 cm), Bacillus subtilis (5.44 cm), and Pseudomonas fluorescens (5.53 cm). The interaction effect demonstrated the ameliorative role of inoculants under stress. Under non-saline conditions, Trichoderma viride (7.94 cm) resulted in the tallest shoots. While, non-incoulated plants were limited to 6 cm shoot length leading to significantly lesser shoot length to Pseudomonas fluorescens (6.76 cm) and Bacillus subtilis (6.78 cm). At 6 dS m−1 EC, while the no inoculation control had only 3.22 cm, Pseudomonas fluorescens maintained a higher shoot length of 4.78 cm, and Bacillus subtilis had 4.56 cm, indicating their effectiveness in mitigating severe salt stress in a controlled environment. Improvement of shoot length by using PGPR was also noticed by Ning et al., 2024 in rice plants. 
Root length: Root length showed an irregular trend with increasing salt level. Root length in the lab setting showed a significant decrease with increasing salt stress, though with a slight increase at the highest stress level compared to the intermediate. The mean root length decreased from 13.03 cm at 0 dS m−1 EC to 10.09 cm at 3 dS m−1 EC, and then slightly increased to 10.70 cm at 6 dS m−1 EC. These differences were statistically significant (P=0.01). Microbial inoculants significantly influenced root length. Trichoderma viride showed the highest mean of 11.87 cm, followed by no inoculation (11.44 cm), and Pseudomonas fluorescens (11.32 cm). Bacillus subtilis had the lowest root length (10.45 cm). The interaction effect demonstrated the ameliorative role of inoculants under stress. Under non-saline conditions, Trichoderma viride (14.46 cm) resulted in the longest roots followed by Pseudomonas fluorescens (13.14 cm) and Bacillus subtilis (12.54 cm). While, The non-inoculated seedlings had least root length (11.98 cm). At 6 dS m−1 EC, while Bacillus subtilis showed 9.55 cm, Pseudomonas fluorescens maintained a higher root length of 10.76 cm, and Trichoderma viride had 11.01 cm, indicating their effectiveness in mitigating severe salt stress in a controlled environment. Seedling with no microbial inoculation had the highest root length at 6 dS m−1 EC, showing highly impacted with salt stress.  According to Rehman et al., 2018 salt inhibits root length in wheat in a dose-dependent way between 50 and 200 mM NaCl.  Ahmed et al., 2015 also reported the root length reduction due to salt stress in Indian mustard (Brassica juncea L) but interestingly root length increased when the salt level increased from 3 dS m-1 to 6 dS m-1. Although, This increase was non-significant. This same slight was also observed by Yahia et al., 2023 under increased salt stress. Water stress and/or suboptimal nutritional circumstances in the root environment are indicators of increased resource allocation to root growth (Bell and O’Leary, 2003).
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Fig.1 Effect of different treatments on Shoot (1) and Root (2) in acid lime. 
Where, T1-0 dS m-1EC× No inoculation, T2-3 dS m-1EC × No inoculation, T3-6 dS m-1EC× No inoculation, T4-0 dS m-1EC ×B. subtilis, T5-3 dS m-1EC × B. subtilis, T6-6 dS m-1EC× B. subtilis, T7-0 dS m-1EC × P. fluorescens, T8-3 dS m-1EC × P. fluorescens, T9-6 dS m-1EC× P. fluorescens, T10-0 dS m-1EC ×T. viride, T11-3 dS m-1EC ×T. viride, T12-6 dS m-1EC×T. viride
	Treatment
	Root/Shoot
	Seedling length (cm)

	
	
	

	Salt Stress

	0 EC (dS m-1)
	1.91
	19.90

	3 EC (dS m-1)
	2.11
	14.97

	6 EC (dS m-1)
	2.60
	14.85

	SE(m) ±
	0.04
	0.25

	C.D. (P=0.05)
	0.12
	0.71

	C.D. (P=0.01)
	0.16
	0.94

	Microbial inoculants

	No inoculation
	2.75
	15.87

	Bacillus subtilis
	1.94
	15.89

	Pseudomonas fluorescens
	2.07
	16.71

	Trichoderma viride
	2.06
	17.81

	SE(m) ±
	0.05
	0.29

	C.D. (P=0.05)
	0.14
	0.82

	C.D. (P=0.01)
	0.18
	1.09

	Interaction effect

	0 dS m-1EC× No inoculation
	2.01
	17.98

	3 dS m-1EC × No inoculation
	2.69
	15.00

	6 dS m-1EC× No inoculation
	3.56
	14.64

	0 dS m-1EC ×B. subtilis
	1.85
	19.32

	3 dS m-1EC × B. subtilis
	1.88
	14.26

	6 dS m-1EC× B. subtilis
	2.09
	14.10

	0 dS m-1EC × P. fluorescens
	1.95
	19.90

	3 dS m-1EC × P. fluorescens
	2.01
	15.08

	6 dS m-1EC× P. fluorescens
	2.26
	15.16

	0 dS m-1EC ×T. viride
	1.83
	22.40

	3 dS m-1EC ×T. viride
	1.86
	15.54

	6 dS m-1EC×T. viride
	2.48
	15.50

	SE(m)±
	0.08
	0.50

	C.D. (P=0.05)
	0.24
	1.42

	C.D. (P=0.01)
	0.32
	1.89



Root/Shoot: The root/shoot ratio in the lab setting significantly increased with rising salt stress, indicating a shift in biomass allocation towards roots. The mean ratio increased from 1.91 at 0 dS m−1 EC to 2.11 at 3 dS m−1 EC and 2.60 at 6 dS m−1 EC. These differences were statistically significant (P=0.01). Microbial inoculants generally reduced the root/shoot ratio compared to the no inoculation control (2.75). Bacillus subtilis showed the lowest pooled ratio of 1.94, suggesting a more balanced growth under its influence. Pseudomonas fluorescens (2.07) and Trichoderma viride (2.06) also showed lower ratios compared to the control. The interaction effect showed that while salt stress increased the root/shoot ratio in all treatments, microbial inoculants helped maintain a lower ratio, especially under saline conditions. For instance, at 6 dS m−1 EC, the no inoculation control had a high ratio of 3.56, whereas Bacillus subtilis, Pseudomonas fluorescens and Trichoderma viride treatments resulted in significantly lower ratios of 2.09, 2.26 and 2.48 respectively, indicating their role in promoting balanced growth even under stress. The increase was minor at 3 dS m-1 from 0 dS m-1 but further increase in salt level lead to sharp increase in the root/shoot. Numerous researchers have shown that the root/shoot ratio increases as a result of shoot growth being more susceptible to salinity than root growth. The fact that the root/shoot length ratio in our investigation was greater than the control level suggests that more metabolites and energy were allocated to root growth than to shoot growth. Salt-stressed roots prioritize elongation growth, which enables them to sift through the soil in search of a better environment for obtaining minerals and water (Hu et al., 2012).
Seedling length: Seedling length in the lab setting significantly decreased with increasing salt stress. The mean seedling length decreased from 19.90 cm at 0 dS m−1 EC to 14.97 cm at 3 dS m−1 EC and 14.85 cm at 6 dS m−1 EC. These reductions were statistically significant (P=0.01). A study on citrus rootstocks also showed that irrigation with saline water reduced seedling length (Alam et al., 2020). Microbial inoculants significantly improved seedling length. Trichoderma viride showed the highest mean of 17.81 cm, significantly greater than no inoculation (15.87 cm) and Bacillus subtilis (15.89 cm). Pseudomonas fluorescens also showed a significant improvement with 16.71 cm. The interaction effect demonstrated the ameliorative role of inoculants under stress. Under non-saline conditions, Trichoderma viride (22.40 cm) resulted in the tallest seedlings followed by Bacillus subtilis (19.32 cm), Pseudomonas fluorescens (19.90 cm). While no inoculation seedlings had least seedling length (17.98 cm). At 6 dS m−1 EC, while the no inoculation control had 14.64 cm, Pseudomonas fluorescens maintained a higher seedling length of 15.16 cm, and Trichoderma viride had 15.50 cm, indicating their effectiveness in mitigating severe salt stress in a controlled environment. Previous studies on maize showed Pseudomonas sp. improved the seedling length under various salt levels (Zhao et al., 2025). 
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Fig.2 Effect of different treatments on Root/Shoot (1) and Seedling length (2) in acid lime. 
Where, T1-0 dS m-1EC× No inoculation, T2-3 dS m-1EC × No inoculation, T3-6 dS m-1EC× No inoculation, T4-0 dS m-1EC ×B. subtilis, T5-3 dS m-1EC × B. subtilis, T6-6 dS m-1EC× B. subtilis, T7-0 dS m-1EC × P. fluorescens, T8-3 dS m-1EC × P. fluorescens, T9-6 dS m-1EC× P. fluorescens, T10-0 dS m-1EC ×T. viride, T11-3 dS m-1EC ×T. viride, T12-6 dS m-1EC×T. viride

	Treatment
	Germination% at 30 DAS
	Germination% 
At 60 DAS

	
	
	

	Salt Stress
	
	

	0 EC (dS m-1)
	65.83
	93.0

	3 EC (dS m-1)
	36.67
	65.0

	6 EC (dS m-1)
	29.17
	42.0

	SE(m) ±
	0.27
	1.19

	C.D. (P=0.05)
	       0.79
	3.38

	C.D. (P=0.01)
	      1.06
	4.51

	Microbial inoculants

	No inoculation
	31.11
	58.0

	Bacillus subtilis
	41.11
	66.0

	Pseudomonas fluorescens
	46.67
	67.3

	Trichoderma viride
	56.67
	75.3

	SE(m) ±
	0.31
	1.37

	C.D. (P=0.05)
	0.91
	3.91

	C.D. (P=0.01)
	1.23
	5.21

	Interaction effect

	0 dS m-1EC× No inoculation
	50.00
	90.0

	3 dS m-1EC × No inoculation
	23.33
	52.0

	6 dS m-1EC× No inoculation
	20.00
	32.0

	0 dS m-1EC ×B. subtilis
	63.33
	94.0

	3 dS m-1EC × B. subtilis
	33.33
	62.0

	6 dS m-1EC× B. subtilis
	26.67
	42.0

	0 dS m-1EC × P. fluorescens
	73.33
	94.0

	3 dS m-1EC × P. fluorescens
	36.67
	66.0

	6 dS m-1EC× P. fluorescens
	30.00
	42.0

	0 dS m-1EC ×T. viride
	76.67
	94.0

	3 dS m-1EC ×T. viride
	53.33
	80.0

	6 dS m-1EC×T. viride
	40.00
	52.0

	SE(m)±
	0.54
	2.38

	C.D. (P=0.05)
	1.57
	6.77

	C.D. (P=0.01)
	2.12
	9.03



Germination %: Germination percentage of acid lime seeds significantly decreased with increasing salt stress. The mean germination percentage at 30 DAS dropped from 65.83% at 0 dS m−1 EC to 36.67% at 3 dS m−1 EC and 29.17% at 6 dS m−1 EC. All these reductions were highly significant (P=0.01). Even at 60 DAS, it showed the same trend n kept on decreasing with increasing salt stress. The mean germination percentage at 60 DAS dropped from 93% at 0 dS m−1 EC to 65% at 3 dS m−1 EC and at 42% dS m−1 EC. So, the overall germination did increased with the time from 65.83% to 93% at 0 dS m−1 EC. Microbial inoculants significantly improved germination percentage at both of the timings (30 and 60 DAS) compared to the no inoculation control (31.11% and 58%, respectively). Trichoderma viride showed the highest mean of 56.67% and 75.3%, followed by Pseudomonas fluorescens (46.67% and 67.3%) and Bacillus subtilis (41.11% and 66%). The interaction effect demonstrated the strong ameliorative effect of inoculants on germination under salinity both at 30 and 60 DAS. Under non-saline conditions, Pseudomonas fluorescens (73.33% and 94% at 30 and 60 DAS) and Trichoderma viride both resulted in a high germination (76.67% and 94% at 30 and 60 DAS). The least germination % was observed at 6 dS m−1 EC with no inoculation seeds (20% and 32% at 30 and 60 DAS). While, The microbes improved the germination % at even high level of salts (6 dS m−1 EC), especially Trichoderma viride (40% and 52% respectively). At 6 dS m−1 EC, while the no inoculation control had only 32.00%, Trichoderma viride maintained a significantly higher germination percentage of 53.00%, and Bacillus subtilis and Pseudomonas fluorescens both had 42.00%, indicating their crucial role in improving seed viability under severe stress. A decrease in the activity of α-amylase, an enzyme involved in starch hydrolysis, and delayed water absorption may have an impact on seed germination under salinity stress. Salinity prevents water absorption during seed imbibition by lowering the osmotic potential of the outer media in comparison to the seed's internal osmotic potential (Munns et al., 2020). This causes the reduction in the seed germination % due to salt. Trichoderma sp. treated seeds consistently exhibited faster and more consistent germination on rice and maize too (Yameen et al., 2018).

  			(1)
Fig.3 Effect of different treatments on Germination % at 30 and 60 DAS in acid lime. 
Where, T1-0 dS m-1EC× No inoculation, T2-3 dS m-1EC × No inoculation, T3-6 dS m-1EC× No inoculation, T4-0 dS m-1EC ×B. subtilis, T5-3 dS m-1EC × B. subtilis, T6-6 dS m-1EC× B. subtilis, T7-0 dS m-1EC × P. fluorescens, T8-3 dS m-1EC × P. fluorescens, T9-6 dS m-1EC× P. fluorescens, T10-0 dS m-1EC ×T. viride, T11-3 dS m-1EC ×T. viride, T12-6 dS m-1EC×T. viride

	Treatment
	Fresh weight (g)
	Seed vigour index 1


	
	
	

	0 EC (dS m-1)
	0.15
	1741.2

	3 EC (dS m-1)
	0.12
	928.6

	6 EC (dS m-1)
	0.11
	807.1

	SE(m) ±
	0.002
	21.51

	C.D. (P=0.05)
	0.006
	61.16

	C.D. (P=0.01)
	0.008
	81.58

	No inoculation
	0.10
	953.5

	Bacillus subtilis
	0.12
	1095.8

	Pseudomonas fluorescens
	0.14
	1204.2

	Trichoderma viride
	0.13
	1382.3

	SE(m) ±
	0.003
	24.84

	C.D. (P=0.05)
	0.007
	70.62

	C.D. (P=0.01)
	0.009
	94.21

	0 dS m-1EC× No inoculation
	0.108
	1617.8

	3 dS m-1EC × No inoculation
	0.093
	776.8

	6 dS m-1EC× No inoculation
	0.079
	465.8

	0 dS m-1EC ×B. subtilis
	0.140
	1815.6

	3 dS m-1EC × B. subtilis
	0.113
	881.8

	6 dS m-1EC× B. subtilis
	0.098
	590.0

	0 dS m-1EC × P. fluorescens
	0.157
	1867.8

	3 dS m-1EC × P. fluorescens
	0.137
	993.4

	6 dS m-1EC× P. fluorescens
	0.119
	635.0

	0 dS m-1EC ×T. viride
	0.158
	2100.6

	3 dS m-1EC ×T. viride
	0.121
	1241.4

	6 dS m-1EC×T. viride
	0.103
	804.8

	SE(m)±
	0.004
	43.02

	C.D. (P=0.05)
	0.011
	122.31

	C.D. (P=0.01)
	0.015
	163.17


Fresh weight: Fresh weight of acid lime plants in the lab setting significantly decreased with increasing salt stress. The mean fresh weight dropped from 0.15 g at 0 dS m−1 EC to 0.12 g at 3 dS m−1 EC and 0.11 g at 6 dS m−1 EC. All these differences were highly significant (P=0.01). Microbial inoculants significantly improved fresh weight. Pseudomonas fluorescens showed the highest mean of 0.14 g, followed by Trichoderma viride (0.13 g) and Bacillus subtilis (0.12 g), all significantly greater than no inoculation (0.10 g). The interaction effect demonstrated the efficacy of inoculants in mitigating salinity-induced reductions in fresh weight. Under non-saline conditions, Pseudomonas fluorescens and Trichoderma viride resulted in the highest fresh weights (0.16 g). At 6 dS m−1 EC, while the no inoculation control had only 0.08 g, Pseudomonas fluorescens maintained a higher fresh weight of 0.12 g, and Bacillus subtilis and Trichoderma viride both had 0.10 g, indicating their crucial role in sustaining biomass under severe stress. Additionally, Contreras-Corenjo et al., 2009 documented increased biomass production when Trichoderma was added to Aradopsis. When comparing Bacillus sp.-inoculated plants to non-inoculated plants at varying salt stress levels, a notable increase in frest weight was noted (wang et al., 2018). Kumar et al., (2021) also reported that microbial inoculants restored normal plant physiology.
Seed vigour index 1: Seed Vigour Index 1 (SV 1) of acid lime significantly decreased with increasing salt stress. The mean SV 1 dropped from 1741.2 at 0 dS m−1 EC to 928.6 at 3 dS m−1 EC and 807.1 at 6 dS m−1 EC. All these reductions were highly significant (P=0.01). Microbial inoculants significantly improved SV 1 compared to the no inoculation control (953.5). Trichoderma viride showed the highest pooled mean of 1382.3, followed by Pseudomonas fluorescens (1204.2) and Bacillus subtilis (1095.8). The interaction effect demonstrated the strong ameliorative effect of inoculants on seed vigor under salinity. Under non-saline conditions, Trichoderma viride (2100.6) and Pseudomonas fluorescens (1867.8) resulted in the highest SV 1. At 6 dS m−1 EC, while the no inoculation control had only 465.8, Trichoderma viride maintained a significantly higher SV 1 of 804.8, and Pseudomonas fluorescens had 635.0, indicating their crucial role in improving seed vigor under severe stress.
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Fig.4 Effect of different treatments on Fresh weight (1) and SVI 1 (2) in acid lime. 
Where, T1-0 dS m-1EC× No inoculation, T2-3 dS m-1EC × No inoculation, T3-6 dS m-1EC× No inoculation, T4-0 dS m-1EC ×B. subtilis, T5-3 dS m-1EC × B. subtilis, T6-6 dS m-1EC× B. subtilis, T7-0 dS m-1EC × P. fluorescens, T8-3 dS m-1EC × P. fluorescens, T9-6 dS m-1EC× P. fluorescens, T10-0 dS m-1EC ×T. viride, T11-3 dS m-1EC ×T. viride, T12-6 dS m-1EC×T. viride
Conclusion: Acid lime is a very salt sensitive fruit crop. Our study shows the impact of different level of salt stress on different traits of the acid lime. It showed the various plant growth characters like shoot, root, root/shoot, seedling length etc. were enhanced by the microbes under stressed conditions. This study supports the use of not just the application of PGPR (Pseudomonas fluorescens, Bacillus subtilis) even inoculation of fungi like Trichoderma viride, which have a great potential to overcome the salt stress in acid lime. Their utility can be tested for other crops or abiotic stresses too. So, the microbes can be an eco-friendly and better way to manage stresses in the plant.
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Seedling length (cm)
Seedling length (cm)	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	17.98	15	14.64	19.32	14.26	14.1	19.899999999999999	15.08	15.16	22.4	15.54	15.5	

Germination % at 30 and 60 DAS
T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	50	23.33	20	63.33	33.33	26.67	73.33	36.67	30	76.67	53.33	40	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	90	52	32	94	62	42	94	66	42	94	80	52	


Fresh weight (g)	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	0.108	9.2999999999999999E-2	7.9000000000000001E-2	0.14000000000000001	0.113	9.8000000000000004E-2	0.157	0.13700000000000001	0.11899999999999999	0.158	0.121	0.10299999999999999	

SVI 1
Seed vigour index 1	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	1617.8	776.8	465.8	1815.6	881.8	590	1867.8	993.4	635	2100.6	1241.4000000000001	804.8	

Shoot (cm)
Shoot (cm)	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	4.08	3.22	6.78	4.9800000000000004	4.5599999999999996	6.76	5.04	4.78	7.94	5.44	4.46	

Root (cm)
Root (cm)	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	11.98	10.92	11.42	12.54	9.2799999999999994	9.5399999999999991	13.14	10.039999999999999	10.78	14.46	10.1	11.04	

Root/Shoot
Root/Shoot	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	2.0099999999999998	2.69	3.56	1.85	1.88	2.09	1.95	2.0099999999999998	2.2599999999999998	1.83	1.86	2.48	




