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Plant Growth Promoting Rhizobacteria (PGPR) - rhizobia multi-strain biofertilizer has received a lot of attention
lately as a way to improve agricultural crop productivity and growth. The study was aimed to assess the capacity of
Methylobacterium radiotolerans and Kosakonia radicincitans bacterial strains to fix nitrogen in nitrogen-free media and
produce growth hormones including cytokinins, gibberellins and auxins using HPLC (in vitro) and determine the effect of
their inoculation on faba bean plants by measuring COz evolution in soil, chlorophyll content, nodulation status, shoot and
root dry weight in addition to N,P,K contents at 60 days after planting and plant yield at harvest. Results of in vitro tests
showed that both M. radiotolerans and K. radicincitans could grow on Jensen’s medium, could produce indole-3-acetic acid
at concentration (1.76 and 2.22 mg/100 ml), gibberellins (13.88 and 4.22 mg/100 ml), respectively. Concerning cytokinins,
M. radiotolerans was higher in Kineitin (0.148 ug/100 ml) and Benzyl adinin (1.05 pg/100 ml), while K. radicincitans was
higher in Zeatin (0.032 pug/100 ml). In a field trial, Tripartite co-inoculation of rhizobium and two PGPR showed the best
results for number and dry weight of nodules, dry weight of root and shoot, chlorophyll, relative leaf water content (RWC%),
CO2 evolution, N.P.K. percentage, seed yield, and 100-seed weight of faba bean plants as compared to the control plants.
Future studies should concentrate on field-scale validation and bacterial consortia development to maximize agricultural
benefits.
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Introduction

The goal of the new green revolution is to maintain increased crop yields by substituting chemical fertilizers with microbial
inoculants (Besset Manzoni et al.,, 2018). Rhizobia are natural inoculants that enable crops to utilize nitrogen through
biological nitrogen fixation (BNF), serving as an alternative to artificial fertilizers. Schulte et al.,, (2021) proved that BNF
supplies 50 to 70 million tons of bioavailable nitrogen annually, making the use of efficient rhizobial strains as biofertilizers
crucial for sustainable agriculture and legume production (Babu et al., 2015). However, environmental factors such as high
temperature, salinity, low clay content, and pH conditions detrimental to rhizobia survival in soil pose a significant threat
to legume production (Denton et al., 2013).

According to Qureshi etal.,, (2009), free-living N2-fixers increase the efficiency of rhizobia by changing the root construction,
which creates heightened nodulation sites and improves legumes' capacity to fix nitrogen. PGPR is very important soil
bacteria for increasing the availability of nutrients in plant rhizosphere. They have a high capacity to fix nitrogen (N), they
directly promote plant growth by altering effect the level of phytohormones (cytokinins, gibberellic acid and indole acetic
acid). It has been reported that PGPRs enhance numerous legume-rhizobia symbioses (Vessey, 2003). Barbosa et al., (2021)
proved that, PGPR and rhizobia co-inoculation promotes the growth of the legume's roots, providing additional nodulation
sites for rhizobia, resulting in a synergistic increase in BNF. Mowafy et al,, (2022) proved in a pot experiment that, co-
inoculation of faba beans with one Rhizobium strain (Rlv) and two PGPR strains significantly increases in number of nodules,
shoot N- content, and plant growth. Recent studies have highlighted how co-inoculation strategies can significantly enhance
legume productivity. While rhizobia primarily provide fixed nitrogen, Kosakonia and other PGPB contribute additional
growth-promoting activities for example; improved nutrient availability, production of phytohormones, and yield. This
confirmed by Preyanga et al,, (2021) who stated that, Maximum nodule number, length and dry weight of root and shoot
were recorded when Rhizobium sp. and Kosakonia sp. were co-inoculated. Moreover, Torres Vera et al,, (2024) proved that
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strains of M. oryzae, M. radiotolerans, and M. nodulans have a great deal of promise in enhancing the development and yields
of crops like groundnuts, tomatoes, strawberries, and maize. Eevers et al. (2015) confirmed that, Methylobacterium isolates
promote plant growth by fixing nitrogen and producing phytohormones such as auxins and gibberellins. Backer et al. (2018)
and Santoyo et al,, (2021) confirmed that the use of PGPR mixtures whose functions are known and that could act
synergistically is of interest as they offer multiple approaches of action. For example, it has been cleared that, the [AA
production by different PGPR promotes root proliferation (Khalid et al.,, 2004). Also, Khalil, et al (2022) confirmed that
Endophytic bacteria Methylobacterium radiotolerans, are a promising source of bioactive compounds for developing
antimicrobial and Plant Growth-Promoting agents. Furthermore, it has recently been shown that IAA may potentially
function as a signaling molecule in bacteria, which means it may directly impact bacterial physiology. Similarly, gibberellins
produced by PGPB have the ability to promote leaf and fruit senescence, change the dormancy of seeds that germinate, and
stimulate plant stem development (Lee et al.,, 2015). In the same way, cytokinins generated by PGPB perform a crucial
function in the development of interactions between plants (Uniyal et al., 2022).

Faba bean (Vicia faba L.) serves as a critical source of plant-based protein worldwide. There is a known relationship
between the amount of nitrogen fixed and yield in faba beans, despite the fact that many factors influence production (Maluk
etal, 2022). Therefore, enhancing BNF is a feasible strategy to increase and stabilize this crop's yields (Del Papa
etal, 2024).

The investigation aimed to evaluate the efficiency of two bacterial strains in fixing nitrogen in a nitrogen-free medium and
in the production of growth hormones, including auxins, gibberellins, and cytokinins, utilizing High-Performance Liquid
Chromatography (HPLC) and to explore the effect of single and coinoculation of Rhizobium leguminosarum bv. viciae (El
khatatba) with Methylobacterium radiotolerans and Kosakonia radicincitans on faba bean yield and overall plant
performance under field conditions.

Results and Discussion

Biological nitrogen fixation (BNF)

The most effective method of lowering the amount of chemical nitrogen fertilizer applied to crops is nitrogen fixation. The
in vitro test on Jensen’s nitrogen free media showed that both the two bacterial strains of M. radiotolerans and K.
radicincitans could grow on Jensen’s medium and was acid producer as in Figure (1). These findings concur with Zhang et
al. (2021) who revealed that M. radiotolerans and Methylobacterium sp. 4-46 and L2-4 are closely related in nitrogen fixation
and Brock et al,, 2013 who confirmed the capacity of K. radicincitans to synthesize hormones and physiologically fix
atmospheric nitrogen. Furthermore, Gao et al. (2022) proposed that K. radicincitans was either an endophytic or associative
nitrogen-fixing bacterium. Additionally, Becker et al. (2018) demonstrated that K. radicincitans interacts with tomato plants
by first attaching to root hairs, penetrating through cracks near newly forming lateral roots, and then colonizing individual
root parenchyma cells. According to Carvalho et al. (2014), such a life cycle, influenced by plant and environmental cues,
aligns well with the characteristics of endophytic or associative nitrogen-fixing bacteria.

Mot/ v’-'\
Fig 1. Growth of K. radicincitans on Jensen’s N-free medium.

Phytohormones production

IAA is one of the key phytohormones that promotes plant growth while alleviating various biotic and abiotic stress
conditions (Mutluru and Konada, 2007). Both K. radicincitans and M. radiotolerans strains were exposed to HPLC in this
investigation in order to precisely measure the quantity of IAA generated. The results shown in Figure 2 showed that [AA
extracted from both bacterial strains exhibited a similar peak to the standard IAA in HPLC analysis. The retention times of
extracted auxin (IAA) from K. radicincitans and M. radiotolerans were 3.102 and 3.323 minutes, respectively, aligning with
the retention time of authentic IAA at 3.078 minutes and K. radicincitans recorded higher indole-3-acetic acid concentration
(2.22 mg/100 ml) compared to M. radiotolerans that recorded (1.76 mg/100 ml) as shown in Table 2. The IAA production
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Table 1. Some physical and chemical properties of the used soil.

Physical properties Value Chemical properties Value
Sand % 31.70 pH 7.87
Silt % 30.85 E.C (ds m1 25°C) 1.32
Clay % 37.45 Saturation percent (S.P) % 47%
Texture Clay loam Organic matter % 1.74
Total nitrogen % 0.074

Table 2. Assessment of PGPR activities in vitro.
IAA GA3
R.T Area Conc. R.T Area Conc.
(min) (nV*sec) (mg/100 ml) (min) (uV*sec) (mg/100 ml)

M. radiotolerans 3.323 478400 1.76b 2.702 939763 13.882
K.radicincitans 3.102 602039 2.222 2.578 285673 4.22b

Means in the same column followed by the same letters are not significantly different (P=0.05), according to Duncan’s test.

Table 3. Cytokines production by PGPR bacterial strains.

Cytokines
i Zeatin Kineitin Benzyl adenin
Strains R.T Area Conc. R.T Area Conc. R.T Area Conc.
(min) (uV*sec)  (ng/100 (min)  (uV*sec)  (ug/100 (min)  (uV*sec) (ug/100
ml) ml) ml)
M. radiotolerans 2.229 210908 0.016P 2.682 574454 0.1482 3.334 1223218 1.052
K.radicincitans 2.685 432225 0.032a 2900 330750 0.085v 3.300 448277 0.385P

Means in the same column followed by the same letters are not significantly different (P=0.05), according to Duncan’s test.

ability of tested bacterial strains under study were consistent with findings of Singh et al. (2020) which verified that, K.
radicincitans produced a significant IAA that could be used to regulate plant growth and Ali and El-Kholy. (2022) who
proved that the strain of K. radicincitans was able to produce indole acetic acid (40.44 pg/ml) in the cultural filtrate.
Moreover, Grossi et al. (2020) indicated that some species of Methylobacterium, such as M. radiotolerans ED5-9 produce
[AA, which has been shown to promote seed germination, boost plant development, and increase root length.

Concerning the production of the gibberellins hormone, A qualitative analysis of GA in the culture fluid of the two bacterial
strain was performed by (HPLC) method. M. radiotolerans recorded higher results (13.88 mg/100 ml) at retention time
2.702 min as compared to K. radicincitans that recorded (4.22 mg/100 ml) at retention time 2.578 min as cleared in Figure
3 and Table 2.

The ability of gibberellins hormone production of tested bacterial strains under study were in line with the findings of
Turaeva et al,, (2020) who confirmed that microorganisms synthesize growth-activating gibberellic acid, which enhances
the development of the plant’s root system.

Concerning the production of cytokines, there was differences in the amount of cytokines production for both bacterial
strains under study where M. radiotolerans was higher in Kinetin (0.148 ug/100 ml) and Benzyl adinin (1.05 pg/100 ml),
while K.-radicincitans was higher in Zeatin (0.032 pg/100 ml) Figure (4) and Table (3). The findings align with those of Lee
et al. (2006), who confirmed that, Methylobacterium produce phytohormones like auxins and cytokinins that are known to
promote seed germination. Moreover, Al-Tammar and Khalifa (2022) showed that number of bacteria can synthesize
cytokinins. Among these are Pseudomonas putida, Bradyrhizobium japonicum, Pseudomonas fluorescens, and
Methylobacterium. zeatin riboside, and isopentenyladenine are CKs that can be produced by specific types of bacteria (Forni
etal, 2017).

Plant growth parameters

In the present study, rhizobia and selected two bacterial strains had a growth-promoting effect on faba bean plants at 60
days of planting. Tripartite co-inoculation gave the highest results and significantly increased nodule dry weight and
number up to (0.540 gm/ plant and 99) respectively compared to control (Figure 5). Moreover, the maximum value of shoot
and root dry weight was achieved in case of the tripartite co-inoculation at increases of 33.7 and 62.8%, respectively, over
the control (Table 4). This could be because the strain secretes plant growth hormones and "fixes atmospheric nitrogen
naturally”. According to Kishore et al. (2005), Rhizobium inoculation in conjunction with free-living rhizospheric bacteria
has demonstrated excellent outcomes in terms of boosting crop growth and productivity. As determined by root and shoot
dry weight, the potential for enhancing plant growth was in line with Quintas Nunes et al. 2022, who showed that Kosakonia
spp. might interact and have positive impacts on plant growth. Ladwal et al. (2012) confirmed that, Rhizobia and specific
rhizobacteria enhance plant growth and nodulation. As demonstrated by Garcia de Salamone (2000), The hormonal balance
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Fig. 2. UV-HPLC profiles of Indol acitic acid production (a) Authentic indolic compound standards, Retention time: IAA
3.078 min. (b) Indolic compounds produced by Methylobacterium radiotolerans at retention time 3.323 min. (c) Indolic
compounds produced by Kosakonia radicincitans at retention time 3.102 min.

Table 4. Effect of inoculation with plant growth promoting bacteria on growth of faba bean plants.
Nodule Nodule Shoot dry Root

Treatments no. dry wt. wt. dry wt.
plant! g/plant g/plant g/plant
Control (recommended dose of NPK 6 0.0704 7.7 1.25¢
Rhizobium legumisarium 104 0.1014 7.0 0.862¢
Rhizobia + Methylobacterium radiotolerans . 13¢ 0.208¢ 7.40¢ 1.854°
Rhizobia +Kosakonia radicincitans 19° 0.400° 7.82° 2.0082
Rhizobia + + M. radiotolerans + K. radicincitans  99° 0.540° 10.32 2.035

Means in the same column followed by the same letters are not significantly different (P=0.05), according to Duncan’s test.

in [AA and cytokinin secretion may be the cause of the growth on the lateral roots. As stated by Bielach et al. (2017),
cytokines play a crucial part in mitosis, vascular cell differentiation, and root hair development.

Total chlorophyll content

Chlorophyll content of faba bean plants using rhizobial inoculants and two PGPR strains are presented in Figure (6), the
results appeared significant increases in chlorophyll content where the higher content of chlorophyll was obtained in case
of Tripartite coinoculation of rhizobium combined with M. radiotolerans and K. radicincitans followed by the dual
inoculation of rhizobium with, M. radiotolerans or K. radicincitans. The minimum content of Chlorophyll was recorded in
single inoculation with rhizobium plants. The results of the current study’s findings align with those of Singh et al (2020),
who discovered that increased rhizobium levels in cluster beans led to a considerable increase in the total chlorophyll
content per plant at harvest.

Relative water content (RWC)

The capacity of a plant to sustain water status is shown by its relative leaf water content (Hasanuzzaman, 2020). In this
study, the maximum relative water content (RWC) of 82.32%, was observed using the tripartite coinoculation of rhizobia
and the two PGPR strains followed by dual inoculation of rhizobia with K. radicincitans (80.91%) and M. radiotolerans
(67.01%) while the lowest content of 61.84% was recorded using the rhizobia alone compared to the control (Figure 7).
According to Ali et al. (2017), rhizobia inoculation may be the cause of the improvement in the relative water content.
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Fig. 3. UV-HPLC profiles of Gibberellic acid production (a) Authentic gibberellic acid compound standards. Retention times:
GA 2.790 min compound standards. (b) Gibberellic acid compound produced by Methylobacterium radiotolerans at
retention time2.702 min. (C) Gibberellic acid compound produced by Kosakonia radicincitans at retention time 2.578 min.
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Olenska et al., (2020) confirmed that the increase of RWC by biofertilizers can be attributed to raising the concentration of
plant hormones like indole acetate (IAA), gibberellic acid (GA) and ethylene.

Soil respiration (CO: evolution)

According to the findings in Figure 8, the impacts of two PGPR strains and rhizobial strains showed higher rate of CO2
production (44.8 pg CO2 g h'1), followed by dual inoculation of rhizobium with K. radicincitans and M. radiotolerans
respectively (40.7 and 36.5pg COz g'1h'1). These findings are consistent with those of Abo El-Eyoun (2005) in maize and El-
Zeky et al. (2005) in rice, which demonstrated that biofertilization increased the soil's microorganism community by
increasing microbial activity and organic matter, which consequently raised dehydrogenase, nitrogenase, and evolution of
CO2. This, in turn, increased soil fertility and plant growth efficiency.

Macroelements (N.P.K.) concentration

60 days after planting, the data in Table 5 showed that the concentration of macroelements (N.P.K.) in faba bean plants was
increased. The maximum NPK concentration was observed using the tripartite coinoculation of rhizobia and the two PGPR
strains followed by dual inoculation of rhizobia with K. radicincitans or M. radiotolerans respectively while the lowest results
were recorded using the rhizobia alone as Compared to the control. Our findings are consistent with the study by Heggo

Table 5. Macro elements concentration as affected by treatments.

Treatments N (%) P (%) K (%)
Control (recommended dose of NPK) 2.6 0.5 3.56
Rhizobium leqgumisarium 3.2 0.5 3.4
Rhizobia + Methylobacterium radiotolerans . 3.5 0.56 3.7
Rhizobia +Kosakonia radicincitans 3.6 0.56 4.1
Rhizobia + + M. radiotolerans + K. radicincitans 3,7 0.6 5.2

Means in the same column followed by the same letters are not significantly different (P=0.05), according to Duncan’s test.

Table 6. Effect of rhizobium and two PGPR strains on yield of faba bean plant.
no. of No. of 100- Seed
branches/ pods / seed yield

Treatments plant plant wt.(g) (ton/ fed)
Control (recommended dose of NPK) 4b 17.74 75.9 1.165¢
Rhizobium legumisarium 244 12.1¢ 64.7  0.720¢
Rhizobia + Methylobacterium radiotolerans . 3.7¢ 19.3¢ 74.5 1.271¢
Rhizobia +Kosakonia radicincitans 4.1° 20.7v 78.5 1.357°
Rhizobia + + M. radiotolerans + K. radicincitans 4.32 22.6° 79 1.469°

Means in the same column followed by the same letters are not significantly different (P=0.05), according to Duncan’s test.

Fig. 5. Nodulation status using the tripartite co-inoculation of rhizobium and PGPR strains.
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and Barakah (2004), which found that, the density of Rhizobium in the soil affected the improvement of mineral uptake.
Moreover, Zarrin et al. (2008) proposed that the quantity and effectiveness of symbiotic N2 fixation in root nodules are
directly connected to legume production and N accumulation. Radha et al. (2009) reported that treated soybean seeds with
Bradyrhizobium and PPFM increased nitrogen and potassium uptake in the vegetative plant parts, nodulation, and yields
compared to control.
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Yield of faba bean crop

Data on branch and pod numbers, 100-seed weight, and seed yield demonstrated significant differences due to various
treatments, as shown in Table 6. The highest values were achieved with tripartite co-inoculation of rhizobia and two PGPR
strains, followed by dual inoculation of rhizobia with K. radicincitans or M. radiotolerans, compared to the control. Prando
et al. (2024) reported that co-inoculation of Bradyrhizobium with PGPR Azospirillum brasilense improves crop tolerance to
water stress and enhances biological nitrogen fixation and grain yield. Additionally, Berger etal. (2017) showed that various
Kosakonia strains could promote plant growth and increase yield by fixing atmospheric nitrogen through nitrogenase
present in the bacteria (Bergottini et al.,, 2015).

Materials and Methods

Strains of bacteria

A faba bean-specific strain of Rhizobium leguminosarum bv. viciae (El khatatba) was kindly provided by the Biofertilizers
Production Unit, Agric., Microbiology Dept., Soil, Water and Environment Research Institute (SWERI), Agriculture Research
Center (ARC), Giza, Egypt. The endophytic strain Kosakonia radicincitans, accession number OM980222.1, was isolated from
the root nodules of faba bean (Vicia faba) plants in clay soil affected by salt in Egypt (Ali and El-Kholy, 2022).
Methylobacterium radiotolerans strain H-AO1 accession number (OR185547.1) was previously isolated from Jatropha
curcas leaves (Orf and Noor El-Deen, 2023).

Seeds used
The legume research department, Field Crops Res. ARC, Giza, Egypt provided the faba bean seeds (Vicia faba L.), cultivar
Giza 843.

Plant growth-promoting attributes

Nitrogen-fixing ability

The nitrogen fixation test was conducted using Jensen's medium, which contained 2% sucrose, 0.05% MgS04, 0.1% K2HPO4,
0.05% NacCl, 0.0005% Naz2Mo0s4, 0.2% CaCO0s3, 0.01% FeSO4 and 1.5% Agar. The capacity of bacterial strains to fix nitrogen is
demonstrated by their growth on Jensen's medium (Jimtha et al., 2014 and Ahmad et al., 2008).

Extraction of hormones produced

Yeast extract mannitol broth mixed with 100 pgmL-! of L-tryptophan is used to cultivate bacterial strains. Following the
distribution of the medium into 250 mL bottles, each containing 100 mL, 5 mL of bacterial strains is inoculated and
incubated at 28°C for 24 hours while shaking at 100 rpm. Afterward, the bacterial culture is centrifuged at mgx7700 for 30
minutes to extract the culture from 100 mL of medium. A 50 mL filtrate is then obtained, and hydrochloric acid is added to
adjust the pH to 2.5. The partitioning process is performed four times using an equal volume of ethyl acetate, subsequently
collecting the organic phase containing plant hormones, which is then evaporated using a rotary evaporator at 35°C as
described by (Tien et al., 1979; Rouillon et al., 1986; Abbas et al., 1995). Following the addition of 5 mL of methanol alcohol,
Samples were analyzed using high-performance liquid chromatography (HPLC). (Water1525 Binary HPLC pump, Water
2707 Auto sampler, water 2489 UV /Visible Detector, Column (C18) 1.39x300 mm and HP Lasser Jet P1102). Readings were
then taken for each of the Auxins and Gibberellins at wave length 254 nm, and Cytokinins at wave length 269 nm according
to Macmillan (1983); Sivagamasundari and Gandhi (2018). The concentration of phytohormones in each sample was
calculating according to following formula:

Concentration = (Peak area of the phytohormone in the sample) / (Response factor of the standard phytohormone)

*The response factor is the ratio of the peak area to the concentration of the standard phytohormone. The samples were
kindly determined at Arid land Agricultural research and services Center Lab., Ain Shams University.

Field experiment

Afield study conducted during the winter growing season of 2024-2025 at Giza Agricultural Research Station in Egypt aimed
to investigate the effects of K. radicincitans and M. radiotolerans, in conjunction with rhizobia, on nitrogen fixation and the
growth of Faba Bean. Seeds were treated with vermiculite-based inoculants, while all treatments, except for the control,
received phosphorus, potassium, and a third of the nitrogen (15 Kg N/Fed-1). A randomized complete block design with
three replicates was utilized for each treatment applied as follows:

Control (recommended dose of NPK)

Rhizobium leguminosarum alone

R. leguminosarum + M. radiotolerans (1:1 v/v)

R. leguminosarum + K. radicincitans (1:1 v/v)

R. leguminosarum + M. radiotolerans + K. radicincitans (1:1:1 v/v)

Soil analysis

According to Jackson (1973), a field experiment was conducted to assess the physical and chemical characteristics of the
soil, detailed in Table 1.

Establishing the parameters of plant growth
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Ten plant samples per plot were collected, dried at 70 degrees Celsius, and weighed to determine dry matter content,
following the methods of Page et al. (1982). The amounts of N, P, and K in plant shoots were measured according to Page et
al. (1982).

Estimation of total chlorophyll content

The Chlorophyll content was measured 60 days after planting with a portable chlorophyll meter (SPAD-502) according to
Peterson et al., (1993).

Leaf relative water content (RWC)

To calculate RWC, the samples were separated into 2-cm pieces and allowed to float in distilled water for four hours after a
direct fresh weight (FW) measurement. The leaf discs were first weighed after removing surface water to find their turgid
weight (TW). They were then dried in an oven at 60° C for 24 hours to establish their dry weight (DW). The relative water
content (RWC) was calculated using a formula from Barrs (1968).

RWC (%) = [(FW- DW)/(TW-DW)] x100

Growth stage

According to Vencent (1970), samples were collected 60 days after planting in order to measure nodulation status by
assessing the number and dry weight of nodules from ten plant samples per plot. The samples were dried at 70° C, and their
dry matter per plant was recorded. Digestion of plant samples followed techniques by Page et al. (1982), with nitrogen,
phosphorus, and potassium contents in the plant shoot determined accordingly.

Harvest stage
Determinations of the number of branches, number of pods, seed yield (ton per fed), and 100-seed weight were conducted
in samples after 140 days of planting, following guidelines of A.0.A.C. (1990).

CO: evolution
The approach developed by Hu and van Bruggen (1997) was used to calculate the quantity of CO2 that changed with the
respiration of soil microbes.

Statistical analysis
General linear model technique of SAS (1999) was used to statistically examine the results. Duncan's multiple range tests
were utilized to statistically assess the differences and establish their significance level.

Conclusion

The study confirms that the dual application of the PGPR strains, Methylobacterium radiotolerans and Kosakonia
radicincitans, acts as an effective biostimulant system. These strains are innovative tools that specifically address and
overcome nitrogen fixation limitations in faba bean cultivation. Crucially, the co-inoculation strategy integrating multiple
PGPR strains with rhizobium demonstrates a powerful synergistic effect. This leads to enhanced nodulation, improved plant
growth, and higher yields, establishing this integrated microbial approach as a highly effective and sustainable alternative
for significantly lowering conventional chemical fertilizer inputs.
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