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Introduction: Pongamia pinnata (L.) Pierre is a resilient leguminous tree valued

for its biofuel potential and ability to flourish in marginal soils due to symbiotic

nitrogen fixation by root-nodulating bacteria (RNB). Understanding the

phenomorphological, soil, and biochemical characteristics of its associated

RNB is essential for enhancing productivity in arid regions. This study aimed to

characterize RNB isolates associated with P. pinnata and assess how soil

properties and nodule biochemistry influence plant growth in the arid

ecosystems of western Rajasthan.

Methods: Twenty RNB isolates (PP-01 to PP-20) were collected from P. pinnata

nodules across arid sites. Rhizospheric soil samples were analysed for physico-

chemical parameters, including pH, EC, organic carbon, and nutrient contents.

Nodules were examined for morphology and nitrogen-fixing activity.

Biochemical profiling of isolates included phenolics, tannins, FRAP, and total

antioxidant capacity. Seedling growth responses to individual isolates were

evaluated under controlled conditions. Statistical analyses included multiple

regression, stepwise regression, PCA, and hierarchical cluster analysis.

Results: Soils were alkaline (pH 8.2–9.1) withmoderate EC (1.18–1.89 dSm-¹) and

heterogeneous nutrient availability. Nodules exhibited diverse morphology with

active nitrogen fixation. Seedling growth differed significantly among isolates,

with PP-18, PP-19, and PP-20 showing the highest performance. Biochemical

traits varied widely; isolates PP-08, PP-09, PP-14, and PP-20 demonstrated

superior antioxidant activity. Multiple regression identified nitrogen, potassium,

pH, organic carbon, tannin, and antioxidant content as positive contributors to

growth, while phosphorus, phenol, and EC were negative predictors (R² = 0.85).

Stepwise regression indicated nitrogen, pH, organic carbon, and tannin as the

most influential variables (R² = 0.61). PCA explained 98.8% of the total variance

and distinctly separated isolates based on biochemical and growth

characteristics. Cluster analysis grouped the twenty sites into three clusters

corresponding to soil fertility gradients.
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Discussion: The study demonstrates that both soil nutrient status and nodule

biochemical composition jointly regulate P. pinnata growth under arid

conditions. High-performing isolates, particularly PP-18, PP-19, and PP-20,

possess favourable physiological and biochemical attributes supportive of plant

growth. The strong discriminatory power of PCA and clustering highlights the

ecological differentiation among isolates across fertility gradients. These results

underscore the potential of selecting site-specific, elite RNB strains to enhance P.

pinnata productivity, soil fertility, and sustainable agroforestry in arid landscapes.
KEYWORDS

Pongamia pinnata, root nodulating bacteria, nitrogen fixation, nodule morphology,
antioxidant activity
Introduction

Nitrogen is one of the most critical macronutrients required by

plants, forming the basis of proteins, nucleic acids, and chlorophyll

(Yeremko et al., 2025). However, atmospheric nitrogen (N2), which

constitutes nearly 78% of the Earth’s atmosphere, is inert and

unavailable for direct plant uptake (Giordano et al., 2021). The

process of biological nitrogen fixation (BNF), mediated by

specialized prokaryotes such as Rhizobium spp (Mukherjee and

Sen, 2021; Mrunalini et al., 2022), plays a pivotal role in converting

atmospheric nitrogen into ammonia, which plants can utilize

(Khare et al., 2025). In legumes, this symbiotic interaction is

facilitated through the development of root nodules, specialized

organs that house nitrogen-fixing bacteria (Nag et al., 2020). The

establishment of nodulation involves intricate molecular signaling

between the host plant and bacteria, including the secretion of

flavonoids by the plant that activate bacterial nod genes and trigger

the synthesis of Nod factors (Patil et al., 2024). These signaling

compounds induce root hair curling, cortical cell division, and the

formation of nodules. Within these nodules, differentiated

Rhizobium cells (bacteroids) (Goyal et al., 2021) fix nitrogen

using the enzyme nitrogenase, while leghemoglobin regulates

oxygen supply, ensuring efficient nitrogen fixation. Effective

nodules typically appear pink to reddish due to leghemoglobin,

whereas ineffective nodules remain green or white (Villar et al.,

2021), lacking nitrogen-fixing activity (Soumare et al., 2020; Khare

et al., 2025).

Pongamia pinnata (syn. Millettia pinnata), commonly known

as Karanj or Indian Beech, is a leguminous tree of immense

economic, ecological, and medicinal significance (Ramanjaneyulu

et al., 2025). Traditionally, it has been used for oilseed extraction,

timber, fodder, shade, green manure, and medicine (Singh et al.,

2021). Recently, P. pinnata has emerged as a promising biofuel crop

owing to the high oil content of its seeds, providing a sustainable

alternative to fossil fuels (Kumar N. et al., 2025). Its adaptability to

degraded lands, tolerance to salinity and drought, and ability to

establish symbiotic associations with nitrogen-fixing bacteria make
02
it highly suitable for cultivation in marginal ecosystems (Nemenzo,

2016). Besides its economic importance, P. pinnata contributes to

ecological sustainability by enhancing soil fertility through

biological nitrogen fixation, thereby reducing dependence on

synthetic fertilizers (Bhoi et al., 2024; Mehata et al., 2023; Sharma

et al., 2024). This is particularly relevant for arid and semi-arid

regions where soils are inherently poor in nutrients.

The arid regions of western Rajasthan, a representative dryland

ecosystem of India, pose severe challenges for agriculture and

forestry due to harsh climatic conditions, extreme temperatures,

and erratic rainfall (Vyas et al., 2024; Singh and Sharma, 2025). The

soils are generally sandy, deficient in organic carbon, and often

saline-alkaline in nature, with low nitrogen, phosphorus, and

potassium levels (Kundu et al., 2024; Naorem et al., 2023; Sharma

et al., 2021). These conditions make it difficult for most

conventional crops to survive, leading to reduced agricultural

productivity. In such ecosystems, hardy perennial trees like P.

pinnata provide a sustainable option (Saritha et al., 2025), as they

can withstand abiotic stresses and simultaneously improve soil

fertility through symbiotic nitrogen fixation. However, the success

of nodulation and nitrogen fixation in such stressed environments

largely depends on the compatibility between host plants and the

indigenous Rhizobium strains present in the soil (Goyal and

Habtewold, 2023).

Despite the importance of P. pinnata, relatively little is known

about the diversity and efficiency of its root nodule symbiosis in arid

ecosystems (Bhati et al., 2017). Most studies on P. pinnata have

focused on its biofuel potential, oil yield, or agronomic

management, with limited attention given to its microbial

associations (Mulla and Shah, 2025). Moreover, the influence of

soil parameters such as nutrient status, pH, electrical conductivity,

and organic carbon content on nodule formation and function has

not been systematically explored. Given that arid soils often harbor

stress-adapted microbial populations, exploring the characteristics

of Rhizobium spp. associated with P. pinnata in these regions is

essential (Singh et al., 2023; Aguilar et al., 2025). Morphological

features of nodules, such as size, shape, and color, provide
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important indicators of symbiotic performance, while biochemical

traits such as leghemoglobin content and nitrogenase activity reveal

their functional efficiency (Aguilar et al., 2025; Singh S. et al., 2025).

Similarly, phenotypic and biochemical characterization of

associated Rhizobium strains can help identify stress-tolerant and

highly efficient inoculants that can be harnessed for sustainable

agroforestry systems (Tilgam et al., 2022).

The characterization of nodules and associated Rhizobium spp.

has broader implications for ecological restoration, biofertilizer

development, and sustainable land management (Gebreegziabher

et al., 2025). By identifying efficient strains capable of surviving in

nutrient-deficient, saline-alkaline soils, it becomes possible to

enhance nodulation and nitrogen fixation in P. pinnata

plantations (Thakur et al., 2025). Such findings are directly

relevant for developing location-specific bio-inoculants tailored to

arid regions, thereby reducing dependency on chemical fertilizers

and promoting soil health.

Considering these gaps, the present study focuses on the pheno-

morphological and biochemical characterization of root nodules

and associated Rhizobium spp. from P. pinnata growing in the arid

regions of western Rajasthan. The main objectives are to collect

rhizospheric soil samples from diverse arid locations, establish

controlled pot experiments to evaluate plant growth and

nodulation responses to different soils, characterize nodules

morphologically in terms of size, shape, and color to assess their

effectiveness, and conduct biochemical analyses of nodules and

Rhizobium strains to determine their nitrogen-fixing potential and

stress adaptability. The underlying hypothesis of this research is

that arid soils of Rajasthan harbor distinct and stress-adapted

Rhizobium populations, which vary in their ability to form

effective nodules with P. pinnata, and that some of these strains

can be exploited as region-specific bio-inoculants. By identifying

and characterizing effective nodules and associated microbial

strains, this work will contribute to the development of

biofertilizers suitable for arid and semi-arid ecosystems. Such

biofertilizers can enhance the productivity of P. pinnata

plantations, improve soil fertility, and reduce the reliance on

synthetic nitrogen inputs. Furthermore, large-scale plantations of

P. pinnata supported by efficient nitrogen-fixing symbioses can

serve as a sustainable strategy for biofuel production, rural

livelihood enhancement, and ecological restoration in fragile

dryland ecosystems (Singh S. et al., 2025).
Materials and methods

Survey and sampling

A comprehensive survey was carried out across diverse

geographical locations in western Rajasthan to collect rhizospheric

soil samples associated with P. pinnata (Table 1). A total of 8 sites

were strategically selected to represent a wide range of soil types,

climatic conditions, and ecological diversity, ensuring that the study

captured variability in edaphic and environmental factors

influencing rhizosphere microbial communities. At each site,
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healthy P. pinnata trees were carefully identified, and rhizospheric

soil was collected from the root zone at a depth of 10–20 cm using

sterile tools to avoid contamination. Approximately 4 kg of soil per

tree was collected, a quantity chosen based on previous studies

(Valiullin et al., 2024) demonstrating that this amount provides

sufficient material for both physicochemical analyses and isolation of

microbial communities while minimizing disturbance to the tree

root system. The soil was collected in sterile polyethylene bags and

transported to the laboratory under cooled conditions to preserve

microbial viability. In the laboratory, the soil samples were

thoroughly homogenized, passed through a 2 mm sieve to remove

stones and debris, and stored at 4°C until further analyses, ensuring

that both the physical and biological integrity of the samples was

maintained for subsequent studies.
Soil nutritional analysis

The collected rhizospheric soil samples were analyzed in

triplicate to assess their nutrient status, with a primary focus on

macronutrients, namely nitrogen (N), phosphorus (P), and

potassium (K). Triplicate analyses were performed as technical

replicates from the same homogenized soil sample to ensure

analytical precision, and certified reference materials and

procedural blanks were included to validate the accuracy and

reliability of the methods. Total nitrogen content was determined

using the Kjeldahl method (Goyal et al., 2022), which involved

digestion of the soil samples with concentrated sulfuric acid,

followed by distillation and titration with a standard acid to

quantify ammonium nitrogen. Available phosphorus was

measured using the Olsen’s method, wherein soil samples were

extracted with 0.5 M NaHCO3 at pH 8.5, and the phosphorus

content was subsequently quantified spectrophotometrically

(Denovix; DS-11+) using the molybdenum blue method at 882

nm (Ameer et al., 2024). Exchangeable potassium was estimated

using flame photometry (Elico, C-378); soil samples were extracted

with 1 N ammonium acetate solution at pH 7.0, and the potassium

concentration was measured to evaluate soil fertility (Ullah et al.,

2022). In addition to these macronutrients, other critical soil

properties, including pH, electrical conductivity (EC), organic

carbon content, and soil texture which was determined using the

feel method, were also recorded in triplicate to ensure accuracy and

reproducibility (Singh G. et al., 2025).
Trapping experiment

To evaluate the effect of rhizospheric soil from different locations

on the growth of P. pinnata, a controlled pot experiment was

established, incorporating a trapping experiment to assess nodule

formation (Mendoza-Suárez et al., 2021). Healthy P. pinnata seeds

were surface-sterilized with 0.1% mercuric chloride for 2–3 minutes

and thoroughly rinsed with sterile distilled water to remove surface

contaminants. The seeds were then pre-soaked in sterile water for 24

hours to enhance germination. Sterile plastic pots (30 cm diameter)
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were filled with 3 kg of rhizospheric soil collected from each site, and

three seeds were sown per pot. After germination, seedlings were

thinned to one per pot to avoid competition for nutrients, water, and

space. The trapping experiment was conducted in triplicate for each

soil sample, resulting in three independent replicates per site to ensure

reproducibility and statistical reliability of the results. All pots were

arranged in a completely randomized design (CRD) under natural

environmental conditions, with regular irrigation using distilled water

to maintain optimum soil moisture. Plants were grown for 90 days, and

growth parameters, including plant height, number of leaves, stem

diameter, and root length, were recorded at regular intervals to evaluate

the influence of soil origin on seedling development and vigor. Upon

reaching a predetermined growth stage, the plants were carefully

uprooted to avoid damage to the root system, and the nodules were

separated from the roots for subsequent morphological, biochemical,

and microbial characterization.
Nodule characterization

Morphological characterization
The nodules formed on the roots of P. pinnata were carefully

separated and subjected to detailed morphological characterization

to assess their structure and potential effectiveness. According to

Paudyal et al. (2021), morphological observations were conducted
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in triplicate for each soil treatment, with three nodules analyzed per

replicate to ensure accuracy and reproducibility of the data. For

each site, nodules were collected from 3–5 healthy plants, and

nodules from individual plants were assessed separately rather than

pooled, allowing for plant-specific comparisons and evaluation of

variability within a site. Nodule size was measured using a Vernier

caliper, recording the length and diameter of each nodule to

determine variation across different soil treatments. Nodules were

classified based on their shape into categories such as spherical,

elongated, or irregular, allowing for comparative analysis of nodule

development under varying soil conditions. Additionally, both

external and internal colors of the nodules were recorded, as the

coloration is indicative of nodule functionality: effective nodules

were identified by a pink to reddish hue, reflecting the presence

of leghemoglobin, whereas ineffective nodules appeared green or

white. These morphological observations, carried out systematically

across all replicates, provided essential baseline information on the

health, development, and symbiotic potential of nodules across

different rhizospheric soils, forming a critical component of the

nodule characterization study.

Biochemical characterization
Root nodules from 20 P. pinnata isolates (PP-01 to PP-20) were

collected, washed thoroughly to remove adhering soil, blotted dry,

and immediately frozen in liquid nitrogen. For each isolate, three
TABLE 1 Geographical locations, coordinates, and isolate codes of Pongamia pinnata rhizobial isolates collected from western Rajasthan.

S. No. District Site/location Site code Latitude (N) Longitude (E) Isolate code

1 Barmer
Pachpadra S1 25°55′19.1″ N 72°15′34.1″ E PP-01

Sindhari S2 25°34′15.3″ N 71°54′32.3″ E PP-02

2 Churu

Randhisar S3 27°53′58.5″ N 74°31′19.3″ E PP-03

Sardarsahar S4 27°48′38.6″ N 74°26′04.7″ E PP-04

Tal Chappar S5 28°27′22.0″ N 74°32′21.9″ E PP-05

3 Jodhpur

AFRI Nursery S6 26°14′02.4″ N 73°01′12.0″ E PP-06

Mogra Khurd S7 26°07′30.2″ N 73°03′40.1″ E PP-07

Balesar S8 26°27′41.3″ N 73°15′12.6″ E PP-08

Mathania S9 26°23′20.8″ N 73°28′18.5″ E PP-09

4 Jhunjhunu

Jhunjhunu S10 28°02′28.6″ N 75°29′39.5″ E PP-10

Pilani S11 28°22′02.6″ N 75°35′07.4″ E PP-11

Udaipurwati S12 27°43′32.4″ N 75°29′07.7″ E PP-12

Bissau S13 27°59′05.7″ N 75°36′12.2″ E PP-13

5 Sikar

Chala S14 27°40′15.9″ N 75°40′29.6″ E PP-14

Harsh S15 27°33′40.7″ N 75°09′33.7″ E PP-15

Losal S16 27°23′58.2″ N 74°51′00.9″ E PP-16

Fatehpur S17 27°59′42.8″ N 74°57′55.3″ E PP-17

Laxmangarh S18 27°49′10.1″ N 75°02′18.6″ E PP-18

Danta Ramgarh S19 27°27′45.2″ N 75°29′11.4″ E PP-19

Reengus S20 27°21′51.4″ N 75°34′44.9″ E PP-20
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biological replicates (2.0 g fresh weight each) were prepared, and the

frozen nodules were ground to a fine powder using a pre-chilled

mortar and pestle. The powdered tissue was homogenized in 10 ml

of ice-cold phosphate buffer (50 mM, pH 7.8) and centrifuged at

12,000 rpm for 20 min at 4°C. The resulting supernatant was

collected in 2.5 ml microtubes and stored at −20°C until further

use. Biochemical assays were performed with three technical

replicates for each biological replicate. Total phenolic content was

determined following Singleton and Rossi (1965) by mixing 200 μl

of the extract with 300 μl of distilled water and 0.1 ml of Folin–

Ciocalteu reagent, incubating for 15 min in the dark, adding 2.5 ml

of saturated sodium carbonate, and incubating further for 30 min at

room temperature before recording absorbance at 760 nm using an

ELISA plate reader. A reagent blank containing distilled water

instead of extract and a sample blank (extract without Folin–

Ciocalteu reagent) were included to correct background

absorbance. A gallic acid standard curve (0–200 μg ml-¹) was

used for quantification, and results were expressed as mg gallic

acid equivalent (GAE) g-¹ FW. Total tannins were quantified

following Amorim et al. (2008) by adding 0.1 ml of extract to a

volumetric flask containing 7.5 ml of distilled water, 0.5 ml of

Folin–Ciocalteu reagent, and 1.0 ml of 35% sodium carbonate,

making up the volume to 10 ml with distilled water, mixing

thoroughly, incubating for 30 min at room temperature, and

recording absorbance at 700 nm. Similar reagent and sample

blanks were prepared, and gallic acid standards (0–200 μg ml-¹)

were used to generate the calibration curve, with results expressed as

mg GAE g-¹ FW. Ferric reducing antioxidant power (FRAP) was

assayed according to Benzie and Strain (1999) by adding 3.8 ml of

freshly prepared FRAP reagent to 100 μl of extract, incubating at

room temperature for 30 min in the dark, and measuring

absorbance at 593 nm. A reagent blank containing FRAP reagent

without extract was included to zero the spectrophotometer, and a

calibration curve was prepared using ascorbic acid (0–500 μg ml-¹)

to express the reducing power as μmol Fe²+ g-¹ FW. Total

antioxidant activity was estimated by the phosphomolybdenum

method (Prieto et al., 1999), wherein 100 μl of the extract was mixed

with 200 μl of distilled water and 3.0 ml of total antioxidant reagent,

incubated at 95°C for 90 min under dark conditions, cooled to room

temperature, and absorbance measured at 695 nm. A reagent blank

(total antioxidant reagent plus water) and a sample blank (extract

plus water without reagent) were included to eliminate background

interference. An ascorbic acid standard curve (0–200 μg ml-¹) was

used for calibration, and results were expressed as μg ascorbic acid

equivalent (AAE) g-¹ FW. All assays were carried out in 96-well

microtiter plates, with blanks and standards included in each run,

and the mean of the blank-corrected absorbance values from three

replicates was used for calculations.

Characterization of root nodulating bacteria
Phenotypic characterization of RNB
Morphology and gram staining of RNB strains

Pure cultures of RNB isolates obtained from the nodules of

native leguminous trees were characterized for their colony

morphology and Gram reaction (Wiegel, 1981). Colony
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characteristics, including shape (entire, flat, raised) and the

presence or nature of extracellular polysaccharide (EPS) such as

mucoid, milky, or translucent slime, were carefully observed and

documented. All observations were conducted in triplicate for each

isolate, with three independent cultures analyzed to ensure

reproducibility and accuracy of the data. For Gram staining, a

thin smear of actively growing bacterial culture was prepared on a

sterile glass slide using standard aseptic techniques. The smear was

air-dried, heat-fixed, and initially stained with crystal violet for 2

min, followed by treatment with iodine solution. Decolorization

was performed using 95% ethanol for 30 s, and the smear was

subsequently rinsed with distilled water and gently blotted. The

Gram-stained preparations were examined under a compound

microscope at 40× and 100× magnifications to determine the

Gram reaction of each isolate (Somasegaran and Hoben, 1994).

Salt tolerance assay

To assess the tolerance of root nodule bacterial isolates against

salinity, Yeast Extract Mannitol (YEM) agar plates were prepared

with graded concentrations of NaCl (1.0, 2.0, and 3.0 g/100mL; w/v)

as described by Nohwar et al. (2019). The media without NaCl

served as a positive control. Actively growing bacterial cultures were

streaked onto the plates, and incubation was carried out at 28 ± 2°C

for 4–5 days. Each treatment was maintained in triplicate to ensure

statistical validity. The plates were observed at 24 h intervals to

record the growth response of isolates at different salt

concentrations. The growth pattern on salt-supplemented plates

was compared with that of the control set.

pH tolerance

The ability of root nodule bacterial isolates to survive across a

wide pH range was evaluated by preparing YEM agar plates adjusted

to pH values between 4.0 and 11.0. The pH was adjusted using 1 N

HCl or 1 N NaOH, following the procedure described by Cappuccino

and Sherman (2007). To maintain stable pH, appropriate buffering

agents were incorporated into the media: HOMOPIPES (pH 4.5–5.0),

MES (pH 5.5–6.0), HEPES (pH 6.8–8.2), and CHES (pH 9.0–10.0).

The plates were streaked with actively growing cultures of each isolate

and incubated at 28 ± 2°C for 3–4 days. All treatments were

performed in triplicate. Post incubation, the plates were examined

for visible colony development, and the growth responses were

compared across different pH levels.

Acidification/alkalinization response on bromothymol blue
medium

The acidification and alkalinization potential of RNB isolates was

evaluated in Yeast Extract Mannitol (YEM) broth supplemented

with bromothymol blue (BTB, 25 mg L-¹) as a pH indicator, with the

medium adjusted to pH 6.8 ± 0.1 prior to sterilization to yield a

neutral green coloration as described by Shihab and Alkurtany

(2023). Actively growing log-phase cultures (1% inoculum) were

inoculated into 10 mL aliquots of BTB-supplemented broth and

incubated at 30 ± 2°C for 5–6 days with continuous shaking at 100

rpm, while uninoculated tubes served as controls. Each treatment

was performed in triplicate, and after incubation the tubes were
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examined for color change, where a shift from green to yellow

indicated acid production, a shift to deep blue indicated

alkalinization, and retention of green signified neutral activity.

Intrinsic antibiotic resistance pattern

The intrinsic antibiotic resistance profiles of RNB isolates were

evaluated using the Kirby–Bauer disc diffusion assay as described by

Cappuccino and Sherman (2008) with minor modifications. Actively

growing broth cultures were spread uniformly on Yeast Extract

Mannitol Agar (YEMA) plates, and Hi-Media octa-discs containing

antibiotics of defined concentrations were aseptically placed on the

surface. The plates were incubated at 28 ± 2°C for 35–40 h, after

which the diameters of the inhibition zones surrounding each

antibiotic disc were measured in millimeters. The antibiotic panel

included Ceftriaxone (CTR, 30 μg), Gentamicin (GEN, 10 μg), Co-

trimoxazole (COT, 25 μg), Levofloxacin (LE, 5 μg), Netillin (NET,

30 μg), Tetracycline (TE, 30 μg), Amoxyclav (AMC, 30 μg), Ofloxacin

(OF, 5 μg), Amikacin (AK, 10 μg), Carbenicillin (CB, 100 μg),

Ciprofloxacin (CIP, 10 μg), Kanamycin (K, 30 μg), Nitrofurantoin

(NIT, 300 μg), Streptomycin (S, 10 μg), and Co-trimazine (CM,

30 μg). The resulting inhibition profiles were used to determine the

intrinsic antibiotic resistance pattern of the isolates.

Biochemical characterization of RNB
Nitrate reductase activity

The nitrate-reducing ability of RNB isolates was determined using

nitrate broth (Bhusal and Muriana, 2021). Actively growing cultures

were inoculated into sterile nitrate broth tubes and incubated at 28 ±

2°C with continuous agitation (100 rpm) for 48 h. After incubation,

five drops each of sulfanilic acid and a-naphthylamine were added

sequentially. The development of a pink coloration indicated

reduction of nitrate (NO3
-) to nitrite (NO2

-). Tubes that remained

colorless were further treated with zinc dust to confirm nitrate

reduction. Appearance of pink color after zinc addition indicated

absence of nitrate reductase activity, while no color change confirmed

complete reduction of nitrate to ammonia. Each isolate was tested in

triplicate to ensure statistical reliability of the observations.

Catalase activity

Catalase production was determined by incubating RNB

isolates in Yeast Extract Mannitol (YEM) broth at 28 ± 2°C for

48 h. Following incubation, 4–5 drops of 3% hydrogen peroxide

were added to the cultures. Immediate effervescence due to oxygen

release was recorded as positive, while absence of bubbling was

scored as negative (Isokar et al., 2024). Each assay was carried out in

triplicate for accuracy.

Oxidase activity

The capacity of isolates to produce cytochrome oxidase was

assessed using N, N-dimethyl-p-phenylenediamine impregnated

oxidase discs (Ortıź et al., 2020). Pure colonies grown on YEM

agar at 30°C for 48 h were tested by applying the discs to the

colonies. Rapid development of dark blue coloration within 4–5 s

indicated a positive reaction, while no color change was considered

negative. Tests were conducted in triplicate to ensure reliability.
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Amylase production

Amylase activity was assessed on starch agar medium

(Fernandes Júnior et al., 2012). Actively growing isolates were

spot-inoculated and incubated at 30°C for 48 h. Following

incubation, Gram’s iodine solution was applied to the plates. The

formation of a distinct halo zone around the colonies against a dark

blue background confirmed starch hydrolysis and amylase

production, while uniform staining without halo formation was

indicative of negative activity. Each isolate was tested in triplicate to

ensure statistical significance.

Gelatinase activity

Gelatinase production was evaluated in nutrient gelatin broth

tubes inoculated with RNB isolates and incubated at 28°C under

shaking conditions (120 rpm) for 4–5 days. Post incubation

inoculated and uninoculated control tubes were transferred to 4°C

for 30 min. Cultures that remained liquefied after refrigeration were

considered positive for gelatinase activity, whereas solidification of

the medium confirmed the absence of gelatin hydrolysis (Park et al.,

2024). Experiments for each isolate were performed in three

replicates to ensure reproducibility and statistical validity.

Plant growth-promoting characterization of RNB
Ammonia production

The potential of RNB isolates to produce ammonia (NH4
+) was

evaluated using peptone water. Actively growing bacterial cultures

were inoculated into sterile peptone water tubes and incubated at

30 ± 2°C under continuous shaking at 100 rpm for 5 days. These

assays were conducted in triplicate for each isolate to confirm

consistency and statistical accuracy Following incubation, a few

drops of Nessler’s reagent were added to each tube. The appearance

of a muddy yellow coloration indicated positive ammonia

production, whereas absence of color change was recorded as

negative (Cappuccino and Sherman, 2008).

Indole-3-acetic acid production

IAA product ion by RNB isolates was determined

colorimetrically following the method of Gordon and Weber

(1951). YEM broth supplemented with L-tryptophan (1 mM), in

triplicate for each isolate, was inoculated with actively growing

cultures and incubated in the dark at 30 ± 2°C with shaking (100

rpm) for 5 days. After incubation, cultures were centrifuged at

10,000 rpm for 10 min, and 2 mL of the supernatant was mixed with

2–3 drops of ortho-phosphoric acid, followed by 4 mL of Salkowski

reagent (1 mL of 0.5 M FeCl3 in 50 mL H2O + 35% perchloric acid).

Tubes were vortexed and incubated in darkness for 30 min.

Development of a pink color indicated IAA production. Optical

density was measured at 530 nm using a spectrophotometer, and

values were compared against a reagent blank.

Phosphate solubilization

The phosphate-solubilizing ability of RNB strains was evaluated

on Pikovskaya’s (PVK) agar. Actively growing cultures were spot-

inoculated on PVK plates and incubated at 30 ± 2°C for 5–7 days.

Each isolate was assessed in triplicate, the formation of a clear halo
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surrounding the colonies indicated solubilization of inorganic

phosphate via organic acid or phosphatase activity. The diameter

of the halo was measured in millimeters to quantify the

solubilization potential (Nautiyal, 1999).

Cellulase activity

Cellulase production was assessed using carboxymethyl

cellulose (CMC) agar plates containing Congo red dye. Pure RNB

cultures were spot-inoculated and incubated at 30 ± 2°C for 5–10

days. Formation of a clear zone around colonies after staining

indicated enzymatic degradation of cellulose, confirming cellulase

activity (Kasana et al., 2008).

Chitinase activity

Chitinase activity was determined using colloidal chitin agar

plates. Activated RNB cultures were spot-inoculated in triplicate

manner onto the medium and incubated at 30 ± 2°C for 5–10 days.

After incubation, plates were flooded with Gram’s iodine solution,

and the formation of clear zones around colonies indicated chitin

hydrolysis and positive chitinase activity (Siddiqui et al., 2021).

Pectinase activity

The production of pectinase by RNB isolates was evaluated on

pectin agar plates. Actively growing cultures were spot-inoculated

and incubated at 30 ± 2°C for 5–7 days. After incubation, Gram’s

iodine solution was applied to the plates. Clear halo zones around

the colonies indicated enzymatic degradation of pectin, confirming

pectinase production, while unaltered deep blue coloration denoted

negative results (Ronald and James, 2006).
Statistical analysis

All data collected from the pot experiment, nodule

characterization, and root-nodulating bacterial (RNB) isolate

assessments were subjected to comprehensive statistical evaluation

to ensure accuracy, consistency, and reliability of the results.

Descriptive statistics, including mean, standard deviation (SD),

and standard error (SE), were computed for all measured

parameters covering soil physico-chemical properties (pH,

electrical conductivity, organic carbon, available N, P, K), seedling

growth traits (plant height, number of leaves, stem diameter, and

root length), nodule morphology (size, shape, pigmentation), and

biochemical constituents (phenol, tannin, FRAP, and total

antioxidant content). Prior to inferential analyses, the Shapiro–

Wilk test was employed to examine data normality. The results

confirmed that most variables followed a normal distribution

(p > 0.05), validating the use of parametric tests. The assumption

of homogeneity of variances across treatment groups was further

verified using Levene’s test for homoscedasticity, which indicated

equal variance (p > 0.05) among groups, thereby justifying the

application of one-way analysis of variance (ANOVA).

Subsequently, ANOVA was performed to detect significant

differences (p < 0.05) among treatments or isolates for all

evaluated parameters. When significant effects were observed,
Frontiers in Plant Science 07
mean separation was conducted using the Least Significant

Difference (LSD) test at the 5% probability level to determine

pairwise differences among treatment means. To understand the

degree and direction of relationships among variables, Pearson’s

correlation coefficient (r) was calculated between soil nutrient

parameters, nodule biochemical traits, and seedling growth

attributes of P. pinnata. This helped to identify significant

associations (positive or negative) between soil fertility indices,

nodule metabolism, and plant performance. Furthermore,

multiple linear regression analysis was carried out to quantify the

relative contribution of individual soil and biochemical parameters

to seedling growth responses (plant height, number of leaves, stem

diameter, and root length). Regression determination coefficients

(R²) were used to evaluate the strength and predictive power of the

models, elucidating how variations in nutrient status and nodule

biochemistry collectively influence growth performance. To refine

and identify the most influential predictors, stepwise regression

analysis was also applied, which iteratively included or excluded

variables based on their statistical significance, producing optimized

models for each growth parameter. In addition, Principal

Component Analysis (PCA) was employed to explore

multivariate relationships among soil, biochemical, and growth

variables, and to visualize clustering patterns of RNB isolates

based on their combined traits. The first two principal

components (Dim1 and Dim2) explained the majority of total

variance, effectively separating isolates according to their

biochemical and growth performance profiles. Complementarily,

hierarchical cluster analysis (HCA) using Ward’s linkage and

Euclidean distance metrics was performed to classify the twenty

sampling sites into distinct groups based on their soil fertility

gradients and biochemical characteristics. All statistical analyses

were performed using R statistical software (version 4.5.1). Data

were presented as mean ± standard error (SE) of three replicates.

This rigorous statistical approach ensured reliable interpretation of

the data and provided an integrated understanding of the

associations (correlation) and contributions (regression) between

soil nutrient status, biochemical composition of root nodules, and

plant growth responses of P. pinnata.
Results

Soil nutritional status

Soil nutrient content and physico-chemical properties varied

significantly across the 20 locations. Nitrogen content ranged from

102.3 ± 3.4 kg/ha at S-01 to 289.5 ± 3.8 kg/ha at S-20, with sites S-16

to S-20 exhibiting the highest values (F = 58.69, p < 0.001; LSD =

1.25). Available phosphorus varied between 6.9 ± 0.3 kg/ha (S-02)

and 23.2 ± 0.5 kg/ha (S-20), with a significant increase observed in

sites S-16 to S-20 (F = 10.25, p < 0.001; LSD = 0.08). Potassium

content was lowest at S-02 (119.6 ± 3.8 kg/ha) and highest at S-20

(270.6 ± 4.1 kg/ha), showing a significant progressive increase

across sites (F = 114.65, p < 0.001; LSD = 2.24). Soil pH ranged

from 8.2 ± 0.1 (S-03) to 9.1 ± 0.1 (S-19 and S-20), with sites S-11 to
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S-20 recording significantly higher pH values (F = 41.23, p < 0.001;

LSD = 0.04). Although these differences are statistically significant,

the narrow pH range (8.2–9.1) is ecologically marginal, as P.

pinnata is known to tolerate slightly alkaline soils. Therefore,

these minor variations are unlikely to have a substantial impact

on seedling growth or nodule formation, suggesting that other soil

factors, such as nutrient availability or organic matter content, may

play a more decisive role in influencing plant performance across

sites. Electrical conductivity (EC) increased from 1.18 ± 0.03 dS m-¹

at S-02 to 1.89 ± 0.04 dS m-¹ at S-20, with sites S-14 to S-20 showing

significantly higher EC levels (F = 25.65, p < 0.001; LSD = 0.001).

Although statistically significant, these EC values fall within the

range considered non-saline according to FAO and ICAR soil

standards (<2 dS m-¹), indicating that salinity is unlikely to

adversely affect P. pinnata growth. Soil organic carbon (SOC)

content also showed a significant increasing trend, ranging from

0.21 ± 0.01% (S-02) to 0.53 ± 0.02% (S-20) (F = 31.33, p < 0.001;

LSD = 0.001). The higher SOC at sites S-16 to S-20 suggests better

soil fertility and improved water- and nutrient-holding capacity,

which can enhance seedling establishment and rhizobial activity.

Sites S-16 to S-20 consistently exhibited higher nutrient contents

and soil fertility indicators compared to the other locations,

highlighting spatial variability in the arid region soils of western

Rajasthan (Supplementary Table 1, Figure 1).
Growth performance of P. pinnata
seedlings

At 90 days, plant height of P. pinnata seedlings showed a

significant increase across sites, with S-01 (41.2 ± 1.5 cm) and S-02
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(43.8 ± 1.4 cm) being the lowest, whereas seedlings from S-19 (71.4 ±

1.5 cm) and S-20 (72.8 ± 1.4 cm) exhibited the highest growth (F =

120.36, p < 0.001; LSD = 0.98). Similarly, the number of leaves was

significantly higher in seedlings from sites S-18 to S-20 (37.0 ± 0.8 to

39.0 ± 0.8) compared to S-01 to S-03 (19.0 ± 0.8 to 21.0 ± 0.8) (F =

95.63, p < 0.001; LSD = 0.43). Stem diameter also increased

significantly with site variation, where S-01 (0.42 ± 0.02 mm) and

S-02 (0.44 ± 0.02 mm) had the lowest values, whereas seedlings from

S-19 (0.76 ± 0.02 cm) and S-20 (0.78 ± 0.02 cm) recorded the highest

(F = 42.7, p < 0.001; LSD = 0.001). Furthermore, root length followed

a similar trend, showing a significant increase from S-01 (24.5 ± 1.1

cm) to S-20 (44.8 ± 1.0 cm) (F = 131.57, p < 0.001; LSD = 0.15).

Moreover, seedlings from sites S-16 to S-20 consistently exhibited

superior growth in all measured parameters compared to other sites,

indicating a strong influence of rhizospheric soil conditions on

seedling performance. However, seedlings from S-01 to S-05

showed comparatively lower growth, reflecting possible limitations

in soil fertility and nutrient availability (Supplementary

Table 2, Figure 2).
Morphological nodule characterization

The nodule size varied among the isolates, with lengths ranging

from 2.5 mm (PP-07) to 4.2 mm (PP-09) and diameters from 1.6

mm (PP-20) to 2.7 mm (PP-09). The nodules exhibited diverse

shapes, including spherical, elongated, and irregular forms, while

their external coloration ranged from light brown, brown, and dark

brown to yellowish brown and brownish green. Internally, all

nodules displayed a pink to pinkish-red coloration, indicating

active nitrogen fixation. Notably, all isolates produced effective
FIGURE 1

Variation in soil physico-chemical properties (pH, EC, SOC) and available nutrient content (N, P, K) across 20 rhizospheric sites of P. pinnata in the
arid regions of western Rajasthan.
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nodules, suggesting a consistent symbiotic potential across the

isolates for promoting nitrogen fixation in P. pinnata seedlings.

Spherical nodules were predominant among the isolates,

particularly in PP-01, PP-03, PP-06, PP-09, PP-11, PP-14, PP-16,

and PP-19, while elongated nodules were observed in PP-02, PP-05,

PP-08, PP-12, PP-15, and PP-18. Irregular nodules were recorded in

PP-04, PP-07, PP-10, PP-13, PP-17, and PP-20. These findings

highlight the morphological diversity of nodules among the

Rhizobium isolates while confirming their effectiveness in

symbiotic nitrogen fixation under arid conditions (Table 2).
Biochemical nodule characterization

The biochemical characterization of root nodules of P. pinnata

isolates (PP-01 to PP-20) revealed significant variation in phenol,

tannin, FRAP, and total antioxidant content among the isolates.

Phenol content ranged from 1.70 ± 0.08 mg/g FW in PP-16 to 3.15 ±

0.09 mg/g FW in PP-08, with isolates PP-02, PP-03, PP-05, PP-06,

PP-08, PP-09, PP-11, PP-12, PP-14, PP-15, PP-17, PP-18, and PP-20

showing significantly higher levels compared to PP-01, PP-04, PP-07,

PP-10, PP-13, PP-16, and PP-19 (F = 45.65, p < 0.001; LSD = 0.09).

Similarly, tannin content was highest in PP-02 (2.34 ± 0.08 mg/g FW)

and PP-08 (2.42 ± 0.08 mg/g FW), whereas PP-16 (1.25 ± 0.06 mg/g

FW) and PP-04 (1.30 ± 0.06 mg/g FW) recorded the lowest values

(F = 98.54, p < 0.001; LSD = 0.04). The FRAP values, representing

reducing power, varied from 9.8 ± 0.5 μmol Fe²+/g in PP-16 to 17.3 ±

0.6 μmol Fe²+/g in PP-08 (F = 41.25, p < 0.001; LSD = 0.1), indicating

higher antioxidant potential in isolates such as PP-02, PP-03, PP-05,

PP-08, PP-09, PP-11, PP-12, PP-14, PP-15, PP-17, PP-18, and PP-20.
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Total antioxidant content also showed a similar trend, ranging from

31.0 ± 1.1 μg AAE/g in PP-16 to 54.5 ± 1.2 μg AAE/g in PP-08, with

isolates PP-02, PP-03, PP-05, PP-08, PP-09, PP-11, PP-12, PP-14, PP-

15, PP-17, PP-18, and PP-20 exhibiting significantly higher levels

than PP-01, PP-04, PP-07, PP-10, PP-13, PP-16, and PP-19 (F =

53.67, p < 0.001; LSD = 0.87). Isolates PP-02, PP-03, PP-05, PP-08,

PP-09, PP-11, PP-12, PP-14, PP-15, PP-17, PP-18, and PP-20

consistently showed superior biochemical attributes, suggesting

their strong potential for enhancing the antioxidant and phenolic

profile in P. pinnata nodules (Supplementary Table 3, Figure 3).
Phenotypic characterization of RNB
isolates

All twenty Rhizobium isolates (PP-01 to PP-20) obtained from

the rhizospheric soil of P. pinnata exhibited distinct morphological

and physiological characteristics (Figure 4, 5) (Table 3). Colonies of

all isolates were circular, white in color, slimy in texture, and

opaque, with Gram staining confirming that all were Gram-

negative. Colony size varied noticeably among the isolates,

ranging from 1.0 mm (PP-06, PP-08, PP-13, and PP-14) to 3.0

mm (PP-10 and PP-20), indicating diversity in their growth

potential on culture media. The isolates also displayed

considerable variation in their salt tolerance. Most isolates were

tolerant up to 1% NaCl (172 mM), while PP-02, PP-03, PP-07, PP-

14, PP-16, and PP-19 could tolerate up to 2% NaCl (342 mM). The

highest salt tolerance of 3% NaCl (513 mM) was observed in isolates

PP-05, PP-10, PP-11, PP-13, and PP-18, demonstrating their ability

to survive under saline conditions typical of arid soils. All isolates
FIGURE 2

Variation in growth performance (plant height, number of leaves, stem diameter, and root length) of P. pinnata seedlings across 20 rhizospheric sites
in the arid regions of western Rajasthan.
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showed a broad pH tolerance, growing well within a range of 5–11,

except for a few (PP-01, PP-03, PP-11, PP-13, and PP-15) which

were limited to pH 5–10, and PP-09 and PP-17, which grew

between pH 6–11. This indicates that the isolates possess

substantial adaptability to both acidic and alkaline soil

environments. The bromothymol blue (BTB) reaction further

revealed variations among the isolates. Acidic reactions were

observed in isolates such as PP-01, PP-07, PP-08, PP-09, PP-12,

PP-13, PP-15, and PP-19, while PP-02, PP-03, PP-05, PP-10, PP-16,

and PP-18 produced an alkaline reaction. Neutral reactions were

recorded in PP-04, PP-06, PP-11, PP-14, and PP-17. These findings

highlight significant diversity among the Rhizobium isolates in

terms of colony morphology, salt tolerance, pH adaptability, and

BTB reaction, suggesting their potential resilience and functional

versatility under the challenging soil conditions of arid regions.
Intrinsic anti-biotic resistance assay of RNB
isolates

The intrinsic antibiotic resistance of twenty Rhizobium isolates

(PP-01 to PP-20) associated with P. pinnata exhibited significant
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variation across the tested antibiotics. The zone of inhibition for

chloramphenicol (CTR) ranged from 10 ± 0.5 mm in PP-02, PP-05,

PP-10, and PP-15 to 19 ± 0.7 mm in PP-04, PP-07, and PP-13 (F =

68.59, p < 0.001; LSD = 0.12). Gentamicin (GEN) showed the

highest inhibition in PP-11 (40 ± 0.8 mm), while the lowest was

recorded in PP-03 (14 ± 0.5 mm) (F = 110.25, p < 0.001; LSD =

0.24). Cotrimoxazole (COT) resistance varied between 11 ± 0.5 mm

in PP-13 and 40 ± 0.8 mm in PP-02, PP-08, PP-11, and PP-12 (F =

45.68, p < 0.001; LSD = 0.31). Levofloxacin (LE) exhibited

consistently high inhibition (35–40 mm) across all isolates (F =

98.69, p < 0.001; LSD = 0.16). Netilmicin (NET) resistance ranged

from 10 ± 0.5 mm in PP-11 to 30 ± 0.7 mm in PP-05 (F = 44.36, p <

0.001; LSD = 0.10), while tetracycline (TE) zones varied between 19

± 0.5 mm in PP-12 to 40 ± 0.7 mm in PP-17 (F = 25.86, p < 0.001;

LSD = 0.37). Amoxicillin-clavulanic acid (AMC) showed inhibition

from 10 ± 0.5 mm in PP-05 to 18 ± 0.5 mm in PP-20 (F = 102.74,

p < 0.001; LSD = 0.22). Similarly, ofloxacin (OF) zones ranged from

20 ± 0.5 mm in PP-12 to 40 ± 0.6 mm in PP-09 and PP-17 (F =

36.56, p < 0.001; LSD = 0.36), and amikacin (AK) inhibition ranged

from 16 ± 0.5 mm in PP-03 to 40 ± 0.6 mm in PP-11 (F = 94.28, p <

0.001; LSD = 0.27). Cefotaxime (CB) resistance varied from 10 ± 0.5

mm in PP-10 and PP-12 to 40 ± 0.7 mm in PP-01, PP-03, PP-05,
TABLE 2 Morphological characteristics and effectiveness of root nodules formed by Rhizobia isolates (PP-01 to PP-20) associated with Pongamia
pinnata in arid regions of western Rajasthan.

Isolate code
Size (mm)

(Length × Diameter)
Shape External colour Internal colour

Nodule
effectiveness

PP-01 3.2 × 2.1 Spherical Light Brown Pinkish Red Effective

PP-02 2.8 × 1.9 Elongated Brown Pink Effective

PP-03 4.0 × 2.5 Spherical Dark Brown Pink Effective

PP-04 3.5 × 2.0 Irregular Yellowish Brown Pinkish Red Effective

PP-05 2.9 × 1.8 Elongated Brown Pink Effective

PP-06 3.8 × 2.3 Spherical Light Brown Pinkish Red Effective

PP-07 2.5 × 1.6 Irregular Brownish Green Pink Effective

PP-08 3.6 × 2.2 Elongated Brown Pinkish Red Effective

PP-09 4.2 × 2.7 Spherical Dark Brown Pink Effective

PP-10 2.7 × 1.7 Irregular Yellowish Brown Pink Effective

PP-11 3.3 × 2.0 Spherical Light Brown Pinkish Red Effective

PP-12 3.0 × 1.9 Elongated Brown Pink Effective

PP-13 2.6 × 1.8 Irregular Brownish Yellow Pinkish Red Effective

PP-14 3.9 × 2.4 Spherical Dark Brown Pink Effective

PP-15 2.8 × 1.7 Elongated Brown Pinkish Red Effective

PP-16 3.7 × 2.2 Spherical Light Brown Pink Effective

PP-17 2.9 × 1.8 Irregular Yellowish Brown Pinkish Red Effective

PP-18 4.1 × 2.6 Elongated Brown Pink Effective

PP-19 3.4 × 2.1 Spherical Dark Brown Pinkish Red Effective

PP-20 2.7 × 1.6 Irregular Light Brown Pink Effective
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and PP-08 (F = 52.63, p < 0.001; LSD = 0.19). Ciprofloxacin (CIP)

inhibition ranged from 11 ± 0.5 mm in PP-02 and PP-03 to 40 ± 0.7

mm in multiple isolates including PP-01, PP-05, and PP-08 (F =

111.33, p < 0.001; LSD = 0.34). Chloramphenicol (CM) zones varied

between 10 ± 0.5 mm in PP-06 and 40 ± 0.6 mm in PP-04 and PP-

08 (F = 129.63, p < 0.001; LSD = 0.44). Kanamycin (K) resistance
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ranged from 11 ± 0.5 mm in PP-03 to 24 ± 0.6 mm in PP-10 and

PP-13 (F = 75.96, p < 0.001; LSD = 0.38), while nitrofurantoin

(NIT) inhibition ranged from 10 ± 0.5 mm in PP-08 and PP-12 to

40 ± 0.7 mm in PP-02, PP-05, and PP-13 (F = 90.25, p < 0.001; LSD

= 0.27). Streptomycin (S) zones ranged from 10 ± 0.5 mm in PP-03

to 40 ± 0.7 mm in PP-10, PP-11, and PP-15 (F = 64.71, p < 0.001;
FIGURE 3

Variation in phenol, tannin, FRAP, and total antioxidant content in root nodules of P. pinnata isolates (PP-01 to PP-20) collected from arid region
sites of western Rajasthan.
FIGURE 4

Root nodules on roots. (A) Nodules attached along fine lateral roots, illustrating typical distribution and density (B) Detached nodules highlighting
variations in in size, shape, and surface morphology. (C) Close-up of indeterminate, highly branched nodules, showing characteristic elongated
architecture typical of perennial legume symbioses.
frontiersin.org

https://doi.org/10.3389/fpls.2025.1717750
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Vyas et al. 10.3389/fpls.2025.1717750
LSD = 0.14). Isolates PP-04, PP-07, PP-08, PP-09, PP-11, PP-13,

and PP-17 consistently exhibited higher resistance against most

tested antibiotics, whereas PP-02, PP-03, PP-05, PP-10, and PP-15

displayed comparatively lower resistance, indicating intrinsic

variability in antibiotic tolerance among the Rhizobium isolates

(Supplementary Table 4, Figure 6).
Biochemical characterization of RNB
isolates

The biochemical characterization of twenty RNB isolates (PP-

01 to PP-20) associated with P. pinnata revealed distinct enzymatic

and metabolic profiles. Nitrate reduction was positive in the

majority of isolates, including PP-01, PP-02, PP-04, PP-05, PP-07,

PP-08, PP-10, PP-11, PP-13, PP-14, PP-16, PP-17, PP-19, and PP-

20, whereas PP-03, PP-06, PP-09, PP-12, PP-15, and PP-18 were

negative. Catalase activity was observed in seven isolates (PP-02,

PP-05, PP-08, PP-11, PP-14, and PP-17), while the remaining

isolates were catalase-negative. All isolates exhibited positive

oxidase activity, indicating a consistent presence of cytochrome c

oxidase across the strains. Gelatin hydrolysis was absent in all

twenty isolates, suggesting a lack of extracellular protease activity

under the tested conditions. Amylase activity was detected only in

PP-04, PP-09, and PP-19, while the other isolates showed negative

results, reflecting limited starch-degrading capability. The absence

of gelatinase indicates that these Rhizobium isolates may have

restricted ability to degrade complex proteins in the soil, which

could limit nutrient mobilization from organic matter but may also

reduce metabolic cost and help maintain symbiotic efficiency.

Similarly, low amylase activity suggests that starch utilization in

the rhizosphere is limited to a few isolates, potentially constraining

rapid growth in nutrient-rich microenvironments but allowing

specialization in root-associated niches. Collectively, these

biochemical traits may influence the survival and competitiveness

of the isolates in the rhizosphere, with isolates possessing amylase

activity potentially better adapted to exploit transient carbon

sources while maintaining stable symbiotic interactions with P.

pinnata. These findings demonstrate variability in biochemical

traits among the Rhizobium isolates, which may influence their
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metabolic adaptability and symbiotic efficiency with P.

pinnata (Table 4).
Plant growth-promoting activities

The plant growth-promoting biochemical and enzymatic

activities of twenty RNB isolates (PP-01 to PP-20) associated with

P. pinnata showed notable variability. Phosphate solubilization was

observed only in PP-04, while all other isolates were negative,

indicating limited phosphorus-mobilizing capability among the

strains. Indole-3-acetic acid (IAA) production was consistently

positive across all isolates, suggesting a strong potential to

enhance plant growth through auxin-mediated pathways.

Ammonia production was detected in only three isolates: PP-05,

PP-12, and PP-05, indicating that most strains do not contribute

significantly to nitrogen enrichment via ammonia secretion.

Cellulase activity was absent in all isolates, showing no capacity

for cellulose degradation under the tested conditions. Chitinase

activity was observed only in PP-03 and PP-08, suggesting limited

antifungal potential. Pectinase activity was positive in only PP-05,

indicating restricted ability for pectin degradation. These

observations highlight a limitation of the isolates in terms of

biocontrol potential, as the low occurrence of chitinase and

pectinase activities suggests that most strains may not effectively

suppress fungal pathogens in the rhizosphere. Overall, IAA

production is a common trait among the Rhizobium isolates,

other plant growth-promoting traits such as phosphate

solubilization, ammonia production, and enzymatic activities are

strain-specific, reflecting their differential potential to support plant

growth and soil nutrient cycling (Table 5).
Association and contribution between soil
nutrient status, plant growth response and
biochemical composition root nodules

The results reveal distinct patterns of association indicating how

soil fertility and biochemical factors influence plant performance.

Nitrogen content exhibited a strong negative correlation with plant
FIGURE 5

Colonies of Rhizobium isolates on CR-YEMA media after incubation under standard conditions.
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height (–0.90), implying that excessive nitrogen availability may

inversely affect vertical growth. Similarly, phenol concentration was

negatively correlated with plant height (–0.88), suggesting that

higher phenolic accumulation could be associated with stress

responses rather than vigorous growth. Phosphorus showed

negative correlations with both the number of leaves (–0.77) and

root length (–0.99), indicating that higher phosphorus availability

may not necessarily enhance these growth attributes. Potassium also
Frontiers in Plant Science 13
exhibited a strong negative relationship with root length (–0.84),

reinforcing this trend. In contrast, EC was positively and strongly

correlated with the number of leaves (0.99), suggesting that

moderate ionic activity in soil favors leaf development. Organic

carbon and pH demonstrated positive associations with root length

(0.97 and 0.91, respectively), implying improved root growth under

favorable organic and neutral to slightly alkaline conditions.

Meanwhile, antioxidant parameters such as FRAP and total
TABLE 3 Salt tolerance, pH range, and bromothymol blue (BTB) reaction of twenty RNB isolates (PP-01 to PP-20) from Pongamia pinnata.

Isolate
Colony size

(mm)
Colony
shape

Colony
colour

Gram
staining

Texture Opacity
Gram

staining
NaCl
(%)

pH
range

BTB
reaction

PP-01 1.5 Circular White Negative Slimy Opaque
Gram
negative

1%
(172 mM)

5–10 Acidic

PP-02 2.5 Circular White Negative Slimy Opaque
Gram
negative

2%
(342 mM)

5–11 Alkaline

PP-03 1.5 Circular White Negative Slimy Opaque
Gram
negative

2%
(342 mM)

5–10 Alkaline

PP-04 1.5 Circular White Negative Slimy Opaque
Gram
negative

1%
(172 mM)

5–11 Neutral

PP-05 1.5 Circular White Negative Slimy Opaque
Gram
negative

3%
(513 mM)

5–11 Alkaline

PP-06 1 Circular White Negative Slimy Opaque
Gram
negative

1%
(172 mM)

5–11 Neutral

PP-07 2.5 Circular White Negative Slimy Opaque
Gram
negative

2%
(342 mM)

5–11 Acidic

PP-08 1 Circular White Negative Slimy Opaque
Gram
negative

1%
(172 mM)

5–11 Acidic

PP-09 2.5 Circular White Negative Slimy Opaque
Gram
negative

1%
(172 mM)

6–11 Acidic

PP-10 3 Circular White Negative Slimy Opaque
Gram
negative

3%
(513 mM)

5–11 Alkaline

PP-11 1.5 Circular White Negative Slimy Opaque
Gram
negative

3%
(513 mM)

5–10 Neutral

PP-12 1.5 Circular White Negative Slimy Opaque
Gram
negative

1%
(172 mM)

5–11 Acidic

PP-13 1 Circular White Negative Slimy Opaque
Gram
negative

3%
(513 mM)

5–10 Acidic

PP-14 1 Circular White Negative Slimy Opaque
Gram
negative

2%
(342 mM)

5–11 Neutral

PP-15 2 Circular White Negative Slimy Opaque
Gram
negative

1%
(172 mM)

5–10 Acidic

PP-16 1.5 Circular White Negative Slimy Opaque
Gram
negative

2%
(342 mM)

5–11 Alkaline

PP-17 2.5 Circular White Negative Slimy Opaque
Gram
negative

1%
(172 mM)

6–11 Neutral

PP-18 2 Circular White Negative Slimy Opaque
Gram
negative

3%
(513 mM)

5–11 Alkaline

PP-19 2.5 Circular White Negative Slimy Opaque
Gram
negative

2%
(342 mM)

5–10 Acidic

PP-20 3 Circular White Negative Slimy Opaque
Gram
negative

1%
(172 mM)

5–11 Acidic
f
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antioxidant content showed moderate to weak correlations with

growth variables, reflecting their independent physiological roles.

Overall, the correlation analysis highlights that while certain soil

nutrients exert negative effects on seedling growth traits, parameters
Frontiers in Plant Science 14
like EC, pH, and organic carbon positively contribute to root and

leaf development in P. pinnata (Figure 7).

Multiple linear regression analysis further quantified the

influence of soil and biochemical parameters on the growth of P.
FIGURE 6

Petri plates showing the growth of Rhizobium isolates in the presence of selected antibiotics, demonstrating their intrinsic resistance and sensitivity
patterns under standardized conditions.
TABLE 4 Biochemical characterization of 20 RNB isolates for nitrate reduction, catalase activity, oxidase activity, gelatin hydrolysis, and amylase
activity.

Isolates Nitrate reduction Catalase activity Oxidase activity Gelatin hydrolysis Amylase activity

PP-01 Positive Negative Positive Negative Negative

PP-02 Positive Positive Positive Negative Negative

PP-03 Negative Negative Positive Negative Negative

PP-04 Positive Negative Positive Negative Positive

PP-05 Positive Positive Positive Negative Negative

PP-06 Negative Negative Positive Negative Negative

PP-07 Positive Negative Positive Negative Negative

PP-08 Positive Positive Positive Negative Negative

PP-09 Negative Negative Positive Negative Positive

PP-10 Positive Negative Positive Negative Negative

PP-11 Positive Positive Positive Negative Negative

PP-12 Negative Negative Positive Negative Negative

PP-13 Positive Negative Positive Negative Negative

PP-14 Positive Positive Positive Negative Negative

PP-15 Negative Negative Positive Negative Negative

PP-16 Positive Negative Positive Negative Negative

PP-17 Positive Positive Positive Negative Negative

PP-18 Negative Negative Positive Negative Negative

PP-19 Positive Negative Positive Negative Positive

PP-20 Positive Negative Positive Negative Negative
frontiersin.org

https://doi.org/10.3389/fpls.2025.1717750
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Vyas et al. 10.3389/fpls.2025.1717750
pinnata seedlings. For plant height, nitrogen, potassium, pH,

organic carbon, tannin, and total antioxidant content contributed

positively, while phosphorus, phenol, and electrical conductivity

had negative effects, with the model explaining 85% of the

variability (R² = 0.85): Plant Height (cm) = 0.175X1 − 2.127X2 +

0.217X3 + 1.059X4 − 0.601X5 + 0.392X6 − 0.738X7 + 0.412X8 −

0.081X9 + 0.056X10 + 12.438. The number of leaves was primarily

negatively influenced by phosphorus and organic carbon, while

nitrogen, potassium, pH, electrical conductivity, tannin, and total

antioxidant content contributed slightly positively, with moderate

predictability (R² = 0.55): Number of Leaves (No.) = 0.080X1 −

0.776X2 + 0.114X3 + 0.926X4 + 0.456X5 − 0.178X6 − 0.092X7 +

0.057X8 + 0.012X9 − 0.024X10 + 7.592. Stem diameter was less

sensitive to soil and biochemical parameters, showing minor

positive contributions from nitrogen, potassium, pH, and organic

carbon, and a slight negative effect from phosphorus, electrical

conductivity, and phenol, with an R² of 0.75: Stem Diameter (mm)

= 0.001X1 − 0.016X2 + 0.003X3 + 0.008X4 − 0.005X5 + 0.002X6 −

0.001X7 + 0.000X8 − 0.000X9 + 0.000X10 + 0.298. Root length was

strongly influenced by both promotive and inhibitory factors.

Nitrogen, potassium, pH, organic carbon, tannin, and total

antioxidant content positively affected root elongation, while

phosphorus, phenol, and electrical conductivity showed negative
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effects, with an R² of 0.79: Root Length (cm) = 0.096X1 − 0.749X2 +

0.103X3 + 0.512X4 − 0.314X5 + 0.221X6 − 0.451X7 + 0.206X8 −

0.033X9 + 0.028X10 + 15.876.

Furthermore, Stepwise regression analysis further refined these

relationships by selecting only the most influential variables. For

plant height, nitrogen, pH, organic carbon, and tannin were positive

contributors, while phosphorus and phenol were negative, with the

model explaining 61% of variability (R² = 0.61): Plant Height (cm) =

0.168X1 − 1.954X2 + 0.978X4 + 0.347X6 − 0.652X7 + 0.298X8 +

11.872. The number of leaves was negatively affected by

phosphorus, with minor positive contributions from nitrogen,

pH, and tannin, reflecting moderate predictability (R² = 0.43):

Number of Leaves (No.) = 0.076X1 − 0.612X2 + 0.802X4 +

0.058X8 + 7.145. Stem diameter showed small positive effects

from potassium, pH, and organic carbon, with a slight negative

influence from electrical conductivity (R² = 0.66): Stem Diameter

(mm) = 0.002X3 + 0.007X4 + 0.001X6 − 0.004X5 + 0.283. Root

length was influenced positively by nitrogen, potassium, pH,

organic carbon, and tannin, while phosphorus and phenol had

inhibitory effects, with an R² of 0.71: Root Length (cm) = 0.085X1 −

0.625X2 + 0.489X4 + 0.208X6 + 0.184X8 − 0.395X7 + 15.425. Where:

X1 = Nitrogen, X2 = Phosphorus, X3 = Potassium, X4 = pH, X5 =

Electrical Conductivity, X6 = Organic Carbon, X7 = Phenol, X8 =
TABLE 5 Biochemical and enzymatic activities of 20 RNB isolates, including phosphate solubilization, IAA production, ammonia production, cellulase,
chitinase, and pectinase activities.

Isolates
Phosphate

solubilization
IAA

production
Ammonia
production

Cellulase
activity

Chitinase
activity

Pectinase
activity

PP-01 Negative Positive Negative Negative Negative Negative

PP-02 Negative Positive Negative Negative Negative Negative

PP-03 Negative Positive Negative Negative Positive Negative

PP-04 Positive Positive Negative Negative Negative Negative

PP-05 Negative Positive Positive Negative Negative Positive

PP-06 Negative Positive Negative Negative Negative Negative

PP-07 Negative Positive Negative Negative Negative Negative

PP-08 Negative Positive Negative Negative Positive Negative

PP-09 Negative Positive Negative Negative Negative Negative

PP-10 Negative Positive Negative Negative Negative Negative

PP-11 Negative Positive Negative Negative Negative Negative

PP-12 Negative Positive Positive Negative Negative Negative

PP-13 Negative Positive Negative Negative Negative Negative

PP-14 Negative Positive Negative Negative Negative Negative

PP-15 Negative Positive Negative Negative Negative Negative

PP-16 Negative Positive Negative Negative Negative Negative

PP-17 Negative Positive Negative Negative Negative Negative

PP-18 Negative Positive Negative Negative Negative Negative

PP-19 Negative Positive Negative Negative Negative Negative

PP-20 Negative Positive Negative Negative Negative Negative
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Tannin, X9 = [other variable if measured], X10 = Total Antioxidant

Content. These results highlight that soil nutrient status and

biochemical composition of nodules collectively play crucial roles

in determining the growth performance of P. pinnata seedlings.
Principal component analysis, hierarchical
cluster and its relevance in understanding
multivariate relationships between soil
nutrients, seedling growth, and root
nodule biochemical traits

The PCA biplot of 20 P. pinnata isolates (PP-01 to PP-20)

revealed clear grouping patterns based on their biochemical and

growth attributes. Dim1 and Dim2 accounted for 70.8% and 28% of

the total variance, respectively, indicating that most of the variation

among isolates is captured by these two principal components.

Isolates PP-01, PP-04, PP-05, PP-06, PP-07, and PP-10 clustered in

the top-left quadrant, suggesting moderate to low phenol, tannin,

FRAP, and total antioxidant activities (Figure 8). Isolates PP-02, PP-

03, PP-08, PP-09, PP-11, PP-12, PP-14, PP-15, PP-17, and PP-18

were located closer to the bottom-left quadrant, indicating higher

biochemical activities relative to the previous cluster. In contrast,

PP-13, PP-16, PP-19, and PP-20 were positioned in the right

quadrants, reflecting stronger contributions from growth

parameters such as root length, plant height, stem diameter, and

number of leaves. The biplot arrows indicate that phenol, tannin,

FRAP, and total antioxidant activities are positively correlated with

each other, while growth parameters (root length, plant height, stem

diameter, number of leaves, EC, pH, OC, N, P, K) are closely aligned

in another direction, suggesting that these two sets of traits

contribute differently to the overall variability.
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Furthermore, hierarchical cluster analysis grouped the twenty

study sites of P. pinnata into three distinct clusters based on

combined soil physicochemical and biochemical parameters along

with plant growth traits. Cluster I comprised sites S01–S07, mainly

representing locations from Barmer, Churu, and Jodhpur districts.

These sites were characterized by relatively lower organic carbon

and nutrient (NPK) content, corresponding with moderate plant

height and leaf number. Cluster II included sites S10, S13, S16, S17,

and S19, primarily from Jhunjhunu and Sikar districts, which

exhibited higher organic carbon, phenolic, and antioxidant

contents, indicating a comparatively enriched soil biochemical

profile that supported better growth performance. Cluster III

encompassed sites S08, S09, S11, S12, S14, S15, S18, and S20,

where soil pH and electrical conductivity were relatively higher,

but nutrient availability and growth parameters were moderate to

low (Figure 9). The clustering pattern suggests that edaphic

variability, particularly in soil organic carbon, nitrogen, and

phenolic compounds, plays a critical role in influencing the

growth response of P. pinnata across different arid and semi-

arid locations.
Discussion

The present study revealed pronounced spatial variability in the

nutrient content and physico-chemical properties of rhizospheric

soils of P. pinnata across the 20 sampling locations, highlighting the

heterogeneity of arid region soils in western Rajasthan. The

observed variations in nitrogen, phosphorus, potassium, pH,

electrical conductivity, and organic carbon indicate the combined

influence of natural edaphic factors, vegetation cover, and localized

soil–plant interactions. Similar variability in rhizospheric soil
FIGURE 7

Heat map showing correlation patterns between soil physico-chemical properties, nodule biochemical traits, and growth parameters of P. pinnata
seedlings, illustrating positive and negative associations influencing plant performance across study sites.
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fertility has been reported by Singh et al. (2020) and Talha Bin

Yousaf et al. (2022) in leguminous tree species growing under arid

and semi-arid conditions. The relatively higher nutrient

concentrations, particularly in sites S-16 to S-20, suggest an

enhanced rhizosphere effect, likely due to the active litter

deposition and microbial activity associated with P. pinnata roots.

Comparable findings were reported by Kumar M. et al. (2025), who

observed improved nitrogen and organic carbon levels in the

rhizospheric zones of leguminous trees in degraded arid soils

(Dhaliwal et al., 2023). The elevated soil pH and EC recorded in

the present study agree with the findings of Enagbonma et al.

(2023), who noted that the rhizospheres of desert tree species often

reflect the calcareous and alkaline nature of Thar desert soils

(Abdelaal et al., 2021). Organic carbon levels were generally low,

as expected in arid ecosystems with limited organic inputs and rapid

decomposition under high temperatures (Gupta et al., 2019).

Nevertheless, the higher OC values recorded at S-16 to S-20

indicate localized enrichment, likely influenced by litterfall and

root exudates of P. pinnata, consistent with the observations of

Moharana et al. (2021) in the rhizospheric soils of arid-

zone legumes.

Furthermore, the present study demonstrated significant

variability in the growth performance of P. pinnata seedlings, as
Frontiers in Plant Science 17
well as in the morphological and biochemical characteristics of their

root nodules, across different rhizospheric soil sites in the arid

regions of western Rajasthan. The superior growth of seedlings in

sites S-16 to S-20 compared to those from S-01 to S-05 highlights

the strong influence of soil fertility and rhizospheric microbial

interactions on early seedling development. Similar site-

dependent growth responses of leguminous tree seedlings have

been reported by Sahoo et al. (2021), who attributed these

differences to variations in nutrient availability and the presence

of effective Rhizobium populations in the rhizosphere. The

morphological diversity of nodules observed in the present study

ranging from spherical to elongated and irregular shapes is

consistent with findings by Khandelwal and Vyas (2024) on

native Rhizobium isolates from arid legumes, where spherical

nodules were reported as predominant and associated with higher

nitrogen fixation efficiency. The pink to pinkish-red coloration of

nodule interiors recorded in all isolates confirms their effectiveness

in active symbiotic nitrogen fixation, aligning with the results of

Rajarajan et al. (2022), who reported similar pigmentation in

nodules of leguminous species as a reliable indicator of

leghemoglobin activity. The biochemical characterization of

nodules revealed substantial differences in phenolic, tannin,

FRAP, and antioxidant contents among isolates, with certain
FIGURE 8

Principal Component Analysis (PCA) biplot showing the distribution of P. pinnata isolates (PP-01 to PP-20) based on soil physico-chemical
properties, nodule biochemical traits, and growth parameters, illustrating the major factors contributing to total variance.
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isolates (PP-02, PP-08) consistently showing higher levels. These

findings are in agreement with those of Shoaib et al. (2021), who

reported that phenolic and antioxidant compounds in nodules

enhance the plant’s ability to tolerate abiotic stress and improve

the overall symbiotic efficiency. The higher FRAP and total

antioxidant contents recorded in several isolates also support

earlier observations by Maya, (2022) and Marriboina et al. (2022),

who emphasized the role of antioxidant activity in promoting

nodulation efficiency and maintaining nodule integrity under arid

conditions. Plant phenolics and tannins are highlighted for their

antioxidant and protective roles, mitigating oxidative damage

caused by abiotic stressors such as high temperature, salinity, and

water deficit (Maya, 2022). Elevated FRAP and total antioxidant

levels are now linked to enhanced nodule longevity, structural

integrity, and overall symbiotic efficiency by protecting nitrogen-

fixing bacteria from reactive oxygen species (Rajarajan et al., 2022;

Marriboina et al., 2022). This explanation also underscores how

these compounds contribute to the efficiency of nitrogen fixation

(Shoaib et al., 2021) and the functional performance of the

Rhizobium-Pongamia symbiosis in harsh arid ecosystems, thereby

justifying their measurement in the present study.

Furthermore, the present study highlights the significant

phenotypic, biochemical, and functional diversity among RNB

isolates associated with P. pinnata in arid soils. The isolates

exhibited notable variations in colony morphology, salt tolerance,

pH adaptability, and BTB reactions, reflecting their ecological

plasticity in coping with the heterogeneous soil conditions typical

of semi-arid and arid ecosystems. These findings align with the
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reports of Khandelwal and Vyas (2024) who documented that

rhizobial populations inhabiting arid and saline soils often display

wide phenotypic variability, particularly in salt tolerance and pH

adaptability, which is crucial for maintaining effective symbiosis

under stressful edaphic conditions (Maya, 2022).

The intrinsic antibiotic resistance assays revealed substantial

heterogeneity in the response of isolates to commonly tested

antibiotics (Liu et al., 2022), a trait often linked to the natural soil

environment and prior exposure to abiotic stresses (Mir et al.,

2020). Similar observations were reported by Sadowsky and

Graham (2008), who noted that native rhizobia often carry

varying degrees of intrinsic resistance to antibiotics, which can

contribute to their persistence and competitive advantage in the

rhizosphere. The resistance patterns detected in several isolates in

the present study may also reflect their potential resilience against

anthropogenic disturbances such as agricultural chemical inputs

(Abera et al., 2015).

Biochemical characterization further underscored the

functional diversity among isolates, with widespread nitrate

reduction and oxidase activity but limited catalase and amylase

expression (Krishnasamy and Obbineni, 2025). Comparable results

were obtained by Agustiani et al. (2023), who emphasized that

differences in enzymatic profiles can influence rhizobial

competitiveness and symbiotic performance. The absence of

gelatin hydrolysis in all isolates is consistent with reports from

Chiranjeevi (2020), suggesting that extracellular protease

production is not a ubiquitous trait in rhizobial species associated

with leguminous trees (Krishnasamy et al., 2024).
FIGURE 9

Hierarchical cluster analysis (HCA) dendrogram grouping 20 P. pinnata study sites into three clusters based on combined soil, biochemical, and
growth attributes, highlighting spatial variability and site-specific associations in arid regions of western Rajasthan.
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The plant growth-promoting (PGP) activities revealed IAA

production as a universal trait, which agrees with the findings of

Kashyap et al. (2019) who demonstrated that auxin production is a

common mechanism by which rhizobia stimulate host root

elongation and seedling vigor. However, the limited occurrence of

phosphate solubilization, ammonia production, chitinase, and

pectinase activities indicates that these functions are strain-

specific and not characteristic of all P. pinnata-associated

rhizobia. Similar patterns were documented by Tsegaye et al.

(2019), who reported that tree-associated rhizobia often exhibit

narrow PGP profiles due to ecological specialization and selective

pressures of their host plant environments. The combined

phenotypic, biochemical, and PGP traits identified in the present

study suggest that certain isolates, such as those demonstrating

higher salt tolerance, antibiotic resistance, and superior enzymatic

activities, may serve as promising candidates for bio-inoculant

development to support P. pinnata cultivation in nutrient-poor

and saline soils (Vashistha et al., 2024). These findings,

corroborated by earlier studies on stress-tolerant rhizobia,

underscore the potential of exploiting native microbial diversity

for sustainable afforestation and biofuel production in arid regions

(Shi et al., 2022).

The findings of the present study demonstrate a strong interplay

between soil nutrient status, biochemical composition of root

nodules, and the growth response of P. pinnata seedlings.

Correlation analysis revealed that certain soil nutrients and

biochemical parameters were closely associated with specific

growth traits. Nitrogen exhibited a significant negative correlation

with plant height (-0.90*), indicating that higher soil nitrogen levels

did not necessarily enhance vertical growth, possibly due to nutrient

imbalances or excessive nitrogen leading to altered allocation of

assimilates. Similarly, phenol content in the root nodules showed a

strong negative correlation with plant height (-0.88**), suggesting

that elevated phenolic compounds may have inhibitory effects on

elongation growth. These results align with previous studies

highlighting the complex interactions between soil nutrients,

biochemical compounds, and plant growth. Chimdi et al. (2022)

observed that soil physicochemical properties significantly affect

plant growth, including pollen performance, suggesting that

nutrient levels can influence various growth parameters. Similarly,

Hasan (2018) reported that certain rhizobial isolates with high

nitrogen-fixing capacity promoted P. pinnata growth by increasing

nitrogen content, emphasizing the role of nitrogen availability in

plant development.

Phosphorus showed a significant negative correlation with the

number of leaves (−0.77*) and root length (−0.99*), while

potassium was strongly negatively correlated with root length

(−0.84**), suggesting that excess nutrients may limit leaf and root

development. EC was positively correlated with the number of

leaves (0.99**), indicating that moderate salinity might enhance leaf

proliferation. Multiple regression analysis highlighted phosphorus

and phenol as major negative contributors to plant height and root

length, whereas nitrogen, potassium, pH, organic carbon, tannin,

and EC had positive effects. The R² values indicated strong
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predictive relationships for plant height (0.85) and root length

(0.79), with moderate effects on stem diameter (0.75) and number

of leaves (0.55). Furthermore, Shen et al. (2023) demonstrated that

long-term phytoremediation using symbiotic legumes could

reshape soil microbial communities (Yu et al., 2021), indicating

that plant growth can influence and be influenced by soil microbial

dynamics (Kumar N. et al., 2025). Degani et al. (2022) reviewed

multiple applications of P. pinnata, noting its varying levels of

tolerance to drought, salinity, and heavy metals in soils, which could

affect its growth response under different environmental conditions.

These results indicate that both soil nutrient composition and

nodule biochemistry substantially affect the growth dynamics of P.

pinnata seedlings. Excessive concentrations of certain nutrients,

particularly phosphorus and potassium, together with high phenolic

content in nodules, may hinder optimal growth. The findings

underscore the importance of maintaining balanced soil fertility

and managing biochemical responses in root nodules to achieve

improved seedling vigor and sustainable plantation establishment

in arid regions.
Conclusion

The present study provides a comprehensive assessment of soil

nutrient status, rhizobial diversity, and their combined influence on

the growth and vigor of P. pinnata seedlings under arid conditions

of western Rajasthan. Soils from different sites exhibited substantial

variability in fertility parameters such as nitrogen, phosphorus,

potassium, pH, EC, and organic carbon, which in turn influenced

seedling growth, root development, and nodule formation.

Seedlings grown in nutrient-enriched soils (S-16 to S-20) showed

superior growth traits, highlighting the critical role of rhizospheric

soil quality in successful seedling establishment. Morphological and

biochemical characterization of root nodules revealed diversity in

size, shape, and pigmentation, reflecting active nitrogen fixation.

Among the twenty isolates studied, PP-02 (Sindhari, S-02, Barmer),

PP-05 (Tal Chappar, S-05, Churu), PP-08 (Balesar, S-08, Jodhpur),

PP-11 (Pilani, S-11, Jhunjhunu), PP-18 (Laxmangarh, S-18, Sikar),

and PP-20 (Reengus, S-20, Sikar) demonstrated superior

biochemical traits, including higher phenolic content, FRAP, and

antioxidant capacity, along with tolerance to salinity (up to 3%

NaCl) and a wide pH range (5–11). These isolates also consistently

exhibited plant growth-promoting traits, particularly IAA

production, al though other traits such as phosphate

solubilization, ammonia secretion, and chitinase/pectinase activity

were strain-specific. Their combination of stress tolerance and

growth-promoting capabilities makes them promising candidates

for bioinoculant development aimed at improving P. pinnata

seedling establishment and resilience in arid soils. Correlation and

regression analyses revealed strong linkages between soil fertility,

nodule biochemistry, and seedling growth, suggesting that

phosphorus and phenolic compounds can sometimes negatively

influence growth, whereas nitrogen, potassium, and EC support

optimal seedling development. These findings provide actionable
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insights for forestry and restoration programs, guiding the selection

of nutrient-rich soils and compatible rhizobial inoculants to

enhance plantation success.

Future research should focus on the long-term field validation

of superior rhizobial isolates across multiple sites to evaluate their

performance under variable climatic and edaphic conditions. In

parallel, genomic and metabolomic profiling of these elite isolates

can identify functional genes associated with nitrogen fixation,

stress tolerance, and plant growth promotion, supporting the

rational selection of robust bioinoculants. Additionally, the

development of effective inoculant formulations for seed coating,

soil amendment, or nursery application is essential to translate

laboratory findings into practical, scalable field practices. In

conclusion, this study not only enhances understanding of soil–

microbe–plant interactions in arid ecosystems but also identifies

elite rhizobial isolates with practical potential for sustainable

afforestation, climate-resilient plantations, and biofuel-oriented

cult ivat ion of P. pinnata in water- l imited, nutrient-

poor environments.
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