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ABSTRACT

Soybeans are cultivated worldwide due to their economic importance as a major source of oil and protein. The study
aims to mitigate the salinity by inoculating VAM spores with six rhizobia isolates. Exposure to salinity causes
significant growth retardation of soybean as compare to normal conditions In this study, soybean plants were
inoculated with VAM spores and six rhizobium isolates under salt stress conditions to evaluate their effects on primary
and secondary growth parameters and biochemical responses. The coupled inoculation of rhizobia and VAM led to a
considerable increase in soybean mass and length under salt stress. The inoculation significantly improved the
concentration of potassium (K) and phosphorus (P). The inoculation notably increased soybean polyphenol and protein
levels, which contributed to improving salt tolerance. It also led to a significant increase in the number of VAM spores
and nodules after harvest. The coupled inoculation with rhizobia and VAM effectively enhanced soybean growth and
stress tolerance. This strategy holds promise for sustainable soybean cultivation in salt-affected soils.
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INTRODUCTION

Soil salinity is the most threating environmental factor imposing hyper —osmotic and ionic stresses in
plants.Approximately 50% of the agricultural land area is badly affected and it reduces the production of crop plants
(Ullah et al., 2021). Salinity alters many metabolic and physiological processes, inhibits photosynthesis, reduces
growth and other biosynthesis mechanisms, and changes seed germination behavior (Hasanuzzaman and Fujita,
2022). Soybean (Glycine max L.) is one of the main oilseeds and an economically significant leguminous crop
because it provides 20% oil content and 40% protein for human and animal consumption (Asad et al., 2020). The
crop is badly influenced by salt stress through poor seed germination, reduced plant growth, Na* and CI ions
imbalance, osmotic stress, and inaccessibility of essential nutrients elements particularly phosphorus (P) because of
its precipitation that leads to a decrease of 40% crop yield hence agricultural production is declined (Hasanuzzaman
et al., 2022).

Microorganisms play a vital role in promoting plant growth, particularly through their ability to enhance stress
tolerance and fulfill nutritional requirements, making them ideal for use in innovative commercial biofertilizer
products (Lin et al., 2025). Among these beneficial microbes, rhizobia and vesicular-arbuscular mycorrhizal (VAM)
fungi are particularly notable for their well-established symbiotic relationships with plants (Dabré et al., 2022).
VAM fungi, as natural root symbionts, contribute significantly to plant development and productivity by improving
the uptake of key macronutrients, especially phosphorus (Begum et al., 2019). Likewise, biological nitrogen
fixation—considered the second most crucial process after photosynthesis—is facilitated by rhizobia, which form
mutually beneficial associations with the roots of legumes such as beans (Han et al., 2020). These bacteria have a
tremendous ability to convert unavailable atmospheric nitrogen into available form for leguminous plants (Sharif et
al., 2024). The symbiotic associations have gained global popularity due to their low cost, eco-friendly nature, and
ease of application (Spagnoletti et al., 2020).

This study elucidated the coupled effects of rhizobia and vesicular-arbuscular mycorrhizae (VAM) fungi on
soybean growth under salt stress. The research focused on discovering the mutualistic benefits of these
microorganisms in enhancing plant growth, improving nutrient uptake and mitigating the stress.

MATERIAL AND METHODS
Rhizobia cultures and Isolation of VAM spores:

The rhizobial isolates utilized in this investigation were previously documented by Farhat et al. (2017) and
Sharif et al. (2024). The Bokhari et al. (2023) wet sieving and decanting process was used to isolate VAM spores.
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PLANT GROWTH-PROMOTING TRAITS OF BACTERIA:
Bacterial growth on salt concentration:

Bacterial growth under salinity stress was assessed using the method of Chakraborty et al. (2011), with media
containing 0 mM, 50 mM, 100 mM, 150 mM, and 200 mM NacCl. Plates were incubated at 28 +2°C for 48-72
hours.

Determination of indole acetic acid production by bacteria:

Bacteria were cultured in YEMA broth for 48 hours. Salkowski’s reagent was added to the bacterial supernatant
and left at room temperature for 30 minutes. Absorbance was measured at 530 nm using a spectrophotometer, with
2 mL of uninoculated broth as the reagent blank (Patten and Glick, 2002; Noreen et al., 2018).

Cyanide production:

Hydrogen cyanide production was evaluated using the method of Noreen et al. (2018). Bacteria were streaked
on glycine-amended YEMA agar, and a sodium picrate—soaked Whatman No. 1 filter paper was placed inside the
lid. Plates were sealed with parafilm and incubated at 28 °C for 4 days.

Phosphate solubilization:
Rhizobial cultures were stabbed onto Pikovskaya’s agar plates for phosphate solubilization, following the
method of Noreen et al. (2018). A clear halo zone around the bacterial growth indicated phosphate solubilization.

Ammonia (NHj3) production:
Ammonia production was tested by inoculating freshly grown cultures in peptone water and incubating for 72
hours. Nessler’s reagent was then added to detect ammonia production (Cappuccino & Sherman, 1992).

PLANT GROWTH AND EXPERIMENTAL DESIGN:

Screen house experiments were conducted at the Department of Botany, University of Karachi, using a
randomized complete block design with three replicates. Six surface-sterilized soybean seeds were sown in each
pot. 25 mL of Rhizobium YEMA broth was added to the soil at sowing. Another set of pots was inoculated with 100
VAM spores and rhizobium suspension. The study consisted of two parts: one with unstressed plants and another
irrigated with 100 mM NaCl. After four weeks, plants were uprooted, and growth parameters—such as shoot and
root length, fresh and dry weights, number of nodules (Rehman et al., 2010), leaf area, relative water content, and
post-harvest VAM spore count—were recorded.

SECONDARY GROWTH PARAMETERS:
Plant mass fraction:

Seedling weight was used to calculate plant mass fractions (Sanchez-Gémez et al., 2010). The following
formula was used to calculate FSMF, DSMF, FRMF, DRMF, SLF, and RLF.

Fresh shoot mass fraction (FSMF) (g/g) = Fresh shoot mass/fresh seedling mass
Dry shoot mass fraction (DSMF) (g/g) = Fresh shoot mass/dry seedling mass
Fresh root mass fraction (FRMF) (g/g) = Fresh root mass/fresh seedling mass
Dry root mass fraction (DRMF) (g/g) = Dry root mass/dry seedling mass

Shoot length fraction (SLF) (cm/cm) = Shoot length/seedling length

Root length Fraction (RLF) (cm/cm) = Root length/seedling length

Total mass and length of seedling:

Total fresh weight (TFW) was calculated by adding the fresh weights of the shoot (including leaves), roots, and
nodules. Total dry weight (TDW) was determined by summing the dry weights of the roots, nodules, and shoot
(including leaves) (Zhang et al., 2020). Seedling length was the sum of root and shoot lengths in centimeters
(Paudel & Gupta, 2008). TSDFW, TSDDW, and TSDL were calculated using the following formulas:

Total seedlings fresh weight (TSDFW) (g) = Shoot fresh weight + root fresh weight + legume fresh weight
Total seedlings dry weight (TSDDW) (g) = shoot dry weight + root dry weight + legume dry weight
Total seedling length (TSDL) (cm) = shoot length + root length
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Plant growth ratio:
Root length, shoot length (above-ground part), and total leaf area relative to seedling mass were measured and
expressed as ratios (Goergen et al., 2019). LAR, SLR, and RLR were calculated using the following formula:

Leaf area ratio (LAR) (cm%g) = leaf area/seedling mass
Shoot length ratio (SLR) (cm/g) = Shoot length/seedling mass
Root length ratio (RLR) (cm/g) = Root length/seedling mass

PLANT BIOCHEMICAL ANALYSIS:

Chlorophyll:

Chlorophyll a and b were determined using the method of Arnon (1949). Fresh leaf samples were extracted in
acetone, and the mixture was centrifuged. The supernatant was used to measure absorbance at 645 nm and 663 nm.
Photosynthetic pigments were calculated using the following formulas:

Chlorophyll a (mg/g fresh wt.) = [(12.7 x A663) - (2.69 x A645)] x V /W x 1000
Chlorophyll b(mg/g fresh wt.) = 22.9(A645) — 4.68(A663) x V/ W x 1000
Total chlorophyll (mg/g fresh wt.) = 20.2 (A675) + 8.02 (A663) x V/ W x 1000

Protein determination:
Protein was estimated using the Bradford method (1976) with Coomassie Brilliant Blue dye. Bovine serum
albumin (BSA) was used to prepare the calibration curve in the range of 0 to 100 pg/mL.

Poly-Phenol determination:

Samples were homogenized in 80% ethanol, and 100 pL aliquots were mixed with 7.5% Na2CO3 and
incubated at room temperature for two minutes. After incubation, freshly prepared Folin-Ciocalteau reagent (0.2 N)
was added, and the optical density was measured at 720 nm (Chandini et al., 2008).

Estimation of carbohydrates:

Dry leaf samples were homogenized in distilled water and centrifuged. The supernatant was mixed with 0.2%
Anthrone and boiled for 30 minutes in a water bath. The reaction was stopped by placing the mixture in an ice bath.
Carbohydrate content was determined using the method of Hedge and Hofreiter (1962), and optical density was
measured at 620 nm.

Estimation of phosphorus:

Phosphorus content was determined using the method of Noreen et al. (2019). Oven-dried leaves were digested
in concentrated H2SO4, heated on a hot plate, and re-digested with dropwise addition of H202. An aliquot was
transferred to a test tube, and ammonium vanadomolybdate was added, followed by a 30-minute incubation.
Absorbance was measured at 420 nm, and phosphorus percentage was calculated using the following formula:

Phosphorus (%) = umol/mol P (from the standard curve) xRx100
Wt.x10000

Where: R= Ratio between the total volume of the digestion

Wt.= oven-dried weight of leaf sample

Estimation of nitrogen:

Nitrogen content was estimated using Nessler’s method (Noreen et al., 2019). A 0.1 mL aliquot of the digested
sample was mixed with Nessler’s reagent and incubated for 20-30 minutes at room temperature. Absorbance was
measured at 410 nm, and nitrogen percentage was calculated using the following formula:

Nitrogen (%) = umol/mol N (from the standard curve) x Rx 100
Wt. x10000

Where: R= Ratio between the total volume of the digestion

Wt.= oven-dried weight of leaf sample
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DATA ANALYSIS:
All the data were statistically analyzed by SPSS Software and all graphs were polted by OriginLab 2019
software.

RESULTS

In this study all the selected rhizobial strains tested, were showed positive results for cyanide, phosphate
solubilization, and ammonia production. IAA was produced with varying levels of concentration. Strain NFB-301
produced the highest concentration of IAA, while strains NFB-305 and NFB-306 produced the lowest
concentrations (Table 1). A significant difference was observed in the growth of bacteria under salt-amended media.
NFB-301, NFB-302, and NFB-303 strains exhibited the highest tolerance to increasing salinity, maintaining strong
growth even at 100 mM NaCl and moderate growth at 200 mM NaCl. NFB-304 showed strong tolerance up to 100
mM NacCl but growth reduced at higher concentrations, with minimal growth at 200 mM NaCl. NFB-305 and NFB-
306 strains showed good tolerance up to 100 mM NaCl, but their growth significantly diminished as the NaCl
concentration increased, showing only minimal growth at 200 mM NaCl. The results suggested that NFB-301,
NFB-302, and NFB-303 were the most salt-tolerant strains, while NFB-305 and NFB-306 were the least tolerant
under high salinity conditions.

Coupled inoculated treatments under control conditions showed the highest shoot length. Treatments of
rhizobia strains and VAM, especially NFB-302 + VAM and NFB-303 + VAM, exhibited significant shoot length
under both conditions, suggesting that these treatments helped in mitigating the negative effects of salinity on shoot
growth. The reduction in shoot length due to NaCl was less pronounced in these treatments compared to others,
indicating their effectiveness in combating salt stress. Like shoot length, root length was generally reduced under
100 mM NaCl compared to the control across all treatments. Maximum root length achieved in coupled inoculated
treatment (rhizobia 302 and 303 with VAM), which exhibited the longest root lengths under both stressed and
unstressed conditions, highlighting their potential to enhance root development even in saline environments (Fig 1).
The combination of rhizobia strains with VAM generally showed better plant growth including shoot and root
weight under normal and saline environments. Both microorganisms appeared to enhance the plant's ability to cope
with salinity, reducing the negative impacts of salt stress on growth. These coupled inoculated treatments were
considered as the most effective, consistently showing higher values across all parameters, even under saline
conditions. This suggested that these treatments could be particularly useful in enhancing plant growth in salt-
affected soils (Fig. 1).

Coupled inoculated treatments showed higher total seedling fresh and dry weight under non-saline conditions.
Under saline conditions, weight dropped, but still outperformed many other treatments regarding total seedling fresh
and dry weight under salt stress. This indicated that rhizobia and VAM might help to alleviate some effects of
salinity stress on fresh and dry weight fractions. There was a less significant difference observed in shoot length
fraction between saline and non-saline conditions while root length fraction was significantly (p<0.05) increased
under combined treatment (rhizobia and VAM) and improvement was found maximum in NFB-303+VAM (Fig. 2).

When plants were subjected to 100 mM NacCl stress photosynthesis efficiency was mitigated. The reduction in
a, b, and total chlorophyll directly affected growth and biomass accumulation. The coupled inoculation treatments
showed significant enhancement in photosynthetic pigments even under saline conditions, as shown in Fig. 4. This
suggested that these inoculants helped in alleviating the negative effects of salinity on photosynthesis. All three
combinations showed positive effects on photosynthetic activity under salt stress. These treatments improved the
efficiency of the photosynthetic process by maintaining chlorophyll levels, which allowed the plants to continue
growth under salt stress.

The Carbohydrate content is a crucial indicator of plant energy storage and reflects overall plant health. The
highest carbohydrate content was observed in treatments NFB-301 + VAM and NFB-302 + VAM. Other treatments,
like all NFB strains, also showed higher carbohydrate content compared to the control, but these were still not as
high as the combined treatments of rhizobia with VAM. Salinity significantly reduced carbohydrate content, but the
combined treatments with VAM were able to mitigate the damaging effect of salinity, showing the best results in
carbohydrate content under both conditions. Similarly, the highest protein and phenol content were observed in the
combined treatments of NFB-301 + VAM, NFB-302 + VAM, and NFB-303 + VAM. Other NFB strain treatments
such as NFB-304, NFB-305, and NFB-306 also showed relatively high protein and phenol content compared to
respective controls, but effectiveness was not as in the combination treatments with VAM as shown in Fig 6.

The number of post-harvested VAM spores without stress was significantly highest in the treatments involving
VAM (both with and without NFB), particularly in coupled inoculated treatments of NFB-301 + VAM and NFB-
302 + VAM, whereas other NFB treatments without mycorrhizal showed very low numbers of VAM spores. A
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slight reduction was observed under saline stress, but the combined treatments involving mycorrhizal fungi showed
the highest number of VAM spores. Similarly, the post-harvested number of nodules was significantly increased in
all three coupled inoculated combinations. These rhizobia treatments promoted mycorrhizal colonization, aiding
nutrient uptake and stress tolerance (Fig. 5).

Total nitrogen and phosphorus percentages were significantly enhanced across all plants treated with combined
inoculations. Although salinity stress caused a noticeable reduction in nitrogen and phosphorus content in all
treatments, the plants subjected to coupled inoculations managed to maintain comparatively higher nitrogen levels.
This demonstrated the effectiveness of these combined treatments in increasing phosphorus nitrogen uptake, even
under stressful saline conditions. The ability of the coupled inoculated plants to sustain elevated nutrient levels
suggests their capacity to mitigate the adverse effects of salinity, thereby supporting more robust growth and
nutrient assimilation. These findings highlighted the potential benefits of using microbial inoculations to improve
nutrient availability, particularly in challenging environments like saline soils. The increased nutrient content
highlighted the resilience of plants treated with both nitrogen-fixing bacteria and mycorrhizal fungi, emphasizing
their role in enhancing plant health under salt stress Fig. 6.

The coupled treatments, especially NFB-101 + VAM and NFB-102 + VAM, consistently showed higher values
across shoot length ratio, root length ratio, and seedling total length in both control and stressed conditions (Fig. 3).
Stress conditions generally reduced the shoot length ratio and total seedling length across treatments. Leaf area ratio
showed more variable responses to stress, with some treatments showing increased values under stress(Fig. 5). The
individual treatment of NFB-101 + VAM and NFB-102 + VVAM performed better than the control, especially under
stressed conditions. These observations suggested that the combined treatments provided stress tolerance or growth
promotion, particularly in stressful conditions.

Table 1. Characteristics of six rhizobial strains (NFB-301 to NFB-306) to their ability to produce indole acetic acid
(1AA), cyanide, solubilize phosphate, and produce ammonia.

S.n N . . Indole acetic acid
o Rhlgoblal Cyanlde_ Phosphate_ Ammon_la Concentration pg/ml
strains IAA | production solubilization production
1 |NFB-301 |+VE |+VE +VE +VE 7.33 +0.66
2 | NFB-302 | +VE |+VE +VE +VE 4.330.66
3 |INFB-303 | +VE |+VE +VE +VE 533 £0.66
4.
NFB — 304 +VE | +VE +VE +VE 3.67 £0.33
5. 3.33+0.88
NFB — 305 +VE | +VE +VE +VE
6. 3.33+0.33
NFB — 306 +VE | +VE +VE +VE

Table 2. Growth response of six rhizobial strains (NFB-301 to NFB-306) under different concentrations of sodium
chloride (NaCl).

S.No
0mM 50 mM 100 mM 150 mM 200 MM
Rhizobial strains NacCl NacCl NaCl NaCl NaCl

1. NFB — 301 ++++ ++++ ++++ +++ ++

2. NFB — 302 ++++ ++++ ++++ +++ ++

3 NFB — 303 ++++ ++++ ++++ +++ ++

4. NFB — 304 ++++ ++++ +++ +++ +

> NFB — 305 ++++ ++++ +++ ++ +

6. NFB — 306 ++++ ++++ +++ ++ +

The different levels of NaCl concentration are 0 mM, 50 mM, 100 mM, 150 mM, and 200 mM. The growth response is indicated
by a series of plus signs, with "++++" representing the strongest growth and "+" representing the weakest.
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Fig. 1. Comparative analysis of plant growth parameters under NaCl stressed (100 mM) and (0 mM) unstressed.
The bar charts displayed measurements for shoot length (cm), root length (cm), shoot weight (g), root weight (g),
shoot dry weight (g), and root dry weight (g). Each parameter is color-coded to illustrate the impact of each
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Fig. 2. Effect of rhizobia and VAM on seedling biomass and mass fraction. The line charts showed changes in total
seedling fresh weight (g), total seedling dry weight (g), fresh shoot mass fraction (g/g), dry shoot mass fraction
(9/9), fresh root mass fraction (g/g), and dry root mass fraction (g/g) across different treatments under unstressed
and 100 mM NacCl. Each growth parameter was represented by a unique color and symbol.
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Fig. 3. Effect of rhizobia and VAM on plant total seedling length, seedling fraction and seedling ratio under

unstressed and 100 mM NacCl.
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DISCUSSION

In vitro investigations of rhizobial strains (NFB—301, NFB-302, NFB-303) demonstrated a high level of salt
tolerance, as evidenced by their growth on salt-supplemented media at concentrations of 0 mM, 50 mM, 100 mM,
150 mM, and 200 mM NaCl. In contrast, other strains (NFB-304, NFB-305, NFB-306) showed moderate
tolerance, sustaining growth at up to 200 mM NaCl. These strains are categorized as plant growth-promoting
rhizobacteria (PGPR), possessing essential traits such as nitrogen fixation and phosphate solubilization. Both traits
are crucial for enhancing plant growth by increasing the availability and uptake of nitrogen and phosphorus,
respectively (Wang et al., 2020).

Rhizobia play a vital role in mobilizing insoluble soil phosphorus, thereby improving its availability to plants
either directly or indirectly (Ngosong et al., 2022). Phosphate solubilization is closely associated with the
production of indole-3-acetic acid (IAA), a phytohormone that enhances root development and nutrient uptake
(Waday et al., 2022). Additionally, rhizosphere-associated and nodule-inhabiting bacteria often produce hydrogen
cyanide (HCN), a secondary metabolite known to promote plant growth by suppressing root pathogens (Saeed et al.,
2021). Bacterial strains adapted to saline soils have also been reported to produce HCN under saline conditions
(Shahid et al., 2022).All rhizobial strains evaluated in this study were found to produce both ammonia and HCN
under in vitro conditions, though the concentrations varied among strains (Devi et al., 2023). These functional traits
underscore the potential of these rhizobia as bio-inoculants for improving plant resilience and productivity in saline
environments.

In this study, plants subjected to salinity stress exhibited a significant reduction in both root and shoot growth.
Previous research has shown that salt stress disrupts metabolic activities and hinders plant development due to
osmotic imbalances and ion toxicity (Ait-EI-Mokhtar et al., 2020). We evaluated six rhizobial isolates, among
which three—NFB-301, NFB-302, and NFB-303—when combined with vesicular-arbuscular mycorrhizal (VAM)
fungi, demonstrated the most promising results under saline conditions.

Our findings revealed that inoculation with rhizobia significantly enhanced plant growth parameters, even in
salinity. These results are consistent with previous studies, such as that of Ashwin et al. (2022), who reported
increases in shoot and root length, as well as in fresh and dry biomass, in plants inoculated with rhizobia. Similarly,
VAM fungi have been shown to promote plant growth by enhancing the uptake of essential nutrients, particularly
phosphorus, which supports improved shoot and root branching (Jager et al., 2022).

Data from our screen house experiments confirmed that single and combined inoculations of rhizobia and VAM
fungi improved overall plant growth and development. Compared to non-inoculated controls, soybean plants treated
with these microbial associations showed increased root and shoot lengths, along with greater fresh and dry
biomass. These microorganisms act as effective biofertilizers: the plant supplies carbohydrates to VAM fungi, while
the fungi and bacteria enhance nutrient availability, especially phosphorus, nitrogen,and water absorption for the
plant (Khaliq et al., 2022).

Moreover, the co-inoculation of rhizobia and VAM fungi was particularly effective in alleviating the negative
effects of salinity. This improvement is likely due to the ability of these beneficial microbes to reduce internal
ethylene levels in plants under stress (Fracetto et al., 2023). Plants treated with the combined inoculation showed
greater plant height and fresh weight compared to those exposed to salinity stress alone. Supporting this, Begum et
al. (2022) reported that co-inoculation helps protect plant cells from oxidative damage caused by salinity stress.

In addition to increased plant height and biomass, the number of root nodules and VAM spores also
significantly increased under co-inoculation compared to the control. These findings are consistent with the
observations of Revanna et al. (2021), who reported similar enhancements in microbial colonization and plant-
microbe symbiosis. Furthermore, several studies (Sun et al., 2020; Allito et al., 2020; Gebremariam and Tesfay,
2021) have demonstrated that the application of rhizobia enhances nitrogen uptake in the soil, which in turn
promotes greater root nodulation in plants compared to uninoculated treatments.

Alrajhei (2022) reported that co-inoculation with rhizobia and VAM fungi reduced the negative effects of
salinity by enhancing root nodulation and VAM sporulation. This increase in symbiotic activity led to higher counts
of both nodules and VAM spores, ultimately boosting the internal levels of nitrogen and phosphate in the plant and
indirectly contributing to increased protein content.

Salinity stress negatively impacts plants by causing stomatal closure, reducing leaf relative water content
(RWC), and limiting photosynthetic activity (Das and Biswas, 2022). However, Dobo (2022) demonstrated that
inoculation with VAM fungi and rhizobia improved both leaf surface area and RWC. Consistent with these
findings, our study showed that both single and combined applications of rhizobial isolates and VAM fungi
significantly enhanced RWC and leaf area in both stressed and non-stressed plants.
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These benefits can be attributed to the mechanisms employed by the microbes. Mycorrhizal fungi form
extensive hyphal networks that expand the effective surface area for water absorption, enhancing moisture
availability to roots (Seyahjani et al., 2020). Meanwhile, rhizobia contribute to plant resilience by producing
secondary metabolites that help mitigate salt-induced stress (Sunita et al., 2020) and by modifying the NaCl
concentration in the rhizosphere to create more favorable conditions for plant growth (Dastogeer et al., 2020).

Compared to the non-inoculated control, plants receiving co-inoculation with rhizobia and VAM fungi
exhibited significantly higher total carbohydrate and protein contents under both saline and non-saline conditions.
Notably, under salinity stress, the co-inoculated plants outperformed those receiving single inoculations, a finding
consistent with the work of Khan et al. (2022), who reported that co-inoculation enhances both protein and sugar
accumulation in plants.

According to Jabborova et al. (2022) and Khan et al. (2022), this synergistic effect results from the
complementary functions of VAM fungi and rhizobia: VAM fungi improve sugar and oil content by enhancing
phosphorus uptake, while rhizobia increase protein content through nitrogen fixation, especially under salinity
stress. Additionally, Jabborova et al. (2021) noted that co-inoculation under saline conditions improves soil nutrient
availability and enzymatic activity, which supports osmotic balance and enhances photosynthetic efficiency in
plants.

In the present study, total phenolic content also increased significantly under salinity, with higher values
observed in both single and co-inoculated treatments compared to the control. Phenolic compounds play critical
roles as signaling and defense molecules; they are secreted by roots to facilitate and maintain rhizobial associations
in the rhizosphere (Misra et al., 2023). Karimi et al. (2020) also reported elevated phenolic content under salinity
stress, particularly in plants receiving microbial inoculation.

The present study demonstrated that the coupled association of rhizobia and VAM fungi is highly beneficial for
soybean growth, particularly by enhancing mineral nutrition. Sagar et al. (2021) emphasized that the combined
application of beneficial bacteria and VAM fungi is an effective, affordable, and sustainable strategy for increasing
plant resilience to salinity stress. His findings confirmed that co-inoculation improved nutrient uptake and crop
productivity under both normal and stressed conditions. Similarly, Kavadia et al. (2021) reported that the
synergistic interaction between rhizobia and VAM fungi significantly promotes plant growth and development
through the mutual sharing of essential nutrients—phosphorus by VAM and nitrogen by rhizobia—establishing
them as effective biofertilizers.

Further supporting this, studies by Bourles et al. (2020) and Turrini et al. (2018) concluded that the consortium
of VAM and rhizobia enhances mineral uptake, plant yield, and nodulation. Dobo (2022) also documented
improvements in nodulation due to this symbiotic interaction. Kamau et al. (2020) noted that soybean, in particular,
relies heavily on VAM for phosphorus acquisition and rhizobia for nitrogen fixation. In agreement with Alinia et al.
(2022), our study found that rhizobial inoculation under salinity stress led to increased carbohydrate and protein
content, as well as higher uptake of nitrogen, phosphorus, and phenolic compounds, compared to non-inoculated
plants.

Additionally, the study observed a notable reduction in photosynthetic pigments, particularly chlorophyll, at
100 mM NaCl. This decline aligns with earlier research by Qados (2011) on Vicia faba, which showed that salt
stress inhibits chlorophyll biosynthesis and reduces the uptake of magnesium, a key component of chlorophyll
(Mushtaq et al., 2021). However, Rhizobium inoculation significantly improved chlorophyll content in both salt-
stressed and control plants, enhancing photosynthetic efficiency. These findings are consistent with the results of
Abd-Alla et al. (2019), who reported improved pigment production due to rhizobial treatment under salinity.

Moreover, mycorrhizal colonization under saline conditions has been shown to facilitate improved
micronutrient absorption, contributing to increased chlorophyll synthesis (Giri and Mukerji, 2003). Zhu et al. (2010)
observed that Glomus etunicatum enhanced photosynthetic activity, transpiration, and chlorophyll a and b content in
maize under salinity. Correspondingly, the current study demonstrated a significant increase in chlorophyll a,
chlorophyll b, and total chlorophyll content in soybean plants treated with the combined inoculation of rhizobia and
VAM fungi under salinity stress. These results are consistent with those of Nisha et al. (2014).

CONCLUSION

The research effectively created a nutrient-rich, cost-effective, and eco-friendly treatment for plants that greatly
improved their growth and development in salty environments. Beneficial microorganisms are used as organic
fertilizers in place of dangerous chemicals in this treatment. The encouraging findings of this study show that these
microbial-based treatments can be a useful substitute for expensive synthetic inorganic fertilizers. Farmers in areas
affected by salinity can increase crop output while lowering input costs and limiting environmental damage by
implementing this sustainable strategy.
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