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ABSTRACT

Plant growth promoting rhizobacteria (PGPR) improve soil health, nutrient availability, and plant development, all of which
are critical components of sustainable agriculture. While fenugreek (Trigonella foenum-graecum) is a medicinally and
nutritionally important crop, limited information is available on the effectiveness of cross-species rhizobacteria isolated
from non-fenugreek hosts when applied to fenugreek cultivation systems. In the study, rhizobacteria were isolated from
tomato and wheat rhizospheric soils and characterized for important characteristics that promote plant growth, such as the
synthesis of indole-3-acetic acid (IAA), biofilm formation, motility, volatile compound production (HCN and H-S),
antibiotic sensitivity, and interaction with the fenugreek secondary metabolite diosgenin. Pot experiments and root
colonization assays were conducted to assess early plant growth responses and bacterial colonization ability. Among the
isolates, UT3 exhibited the highest IAA production, while all isolates showed comparable biofilm-forming ability. None
of the isolates produced HCN or H-S, and diosgenin showed no inhibitory effect on rhizobacterial growth. Antibiotic
sensitivity assays revealed resistance to tetracycline and sensitivity to ampicillin and kanamycin. Pot experiments
confirmed successful seed germination and early seedling establishment of fenugreek; however, extended growth
promotion could not be evaluated due to environmental constraints. Root colonization by the isolates was limited under
the experimental conditions. The findings suggest that cross-species rhizobacteria possess select plant growth—promoting
traits but exhibit limited root colonization in fenugreek. Host compatibility and colonization efficiency are critical factors
for effective application of PGPR-based bio-inoculants in fenugreek cultivation
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INTRODUCTION

A vast array of microorganisms with a range of
ecological roles make up the biologically complicated
system that is soil. While many soil microorganisms are
neutral or non-helpful, many of them have a beneficial
effect on soil fertility and plant growth. Plant growth-
promoting rhizobacteria (PGPR) are one of these; they
are known to increase plant productivity when they
come into close contact with plant roots (Benmrid et al.,
2024). These bacteria improve the work of the plants by
adjusting the nutrient availability, triggering the
activities of phytohormones, and raising resilience to
environmental stressful conditions (Chandra and Singh,
2016). The promotion of plant growth by rhizobacteria
can be broadly thought of into rhizospheric which are
those bacteria which colonize the root surface and
endophytic, which are bacteria living in the inside plant
tissues. They have positive functions, such as biological
fixation of nitrogen and potassium and phosphorus
solubility, synthesis of organic acids and enzymes, and
synthesis of phytohormones that control the growth of
plants (Chikkamath, 2017). Rhizobacteria are an
important nitrogen-fixing bacterium essential in
facilitating the conversion of nitrogen in the atmosphere

into a form that can be absorbed by the plant and thereby
decrease the use of artificial fertilisers to enrich the soil
(Fahad et al., 2015). An important process through
which the plant growth is affected by the PHGR is
through synthesis of phytohormones. Indole-3-acetic
acid (IAA), cytokinins, ethylene, and abscisic acid are
some of the hormones that control root architecture,
shoot development, and stress response (Figueiredo et
al., 2016). Moreover, the PRG increase the fertility of
soil by means of nutrient solubilization, especially
phosphorus and potassium, which are most likely to
occur in insoluble forms in the soil of farms (Grobelak
et al., 2015). These two mechanisms enhance the
availability of nutrients and the overall productivity of
the herbal (Gunes et al., 2015). Fenugreek (7rigonella
foenum-graecum L.) is a medicinally significant
leguminous plant of family fabaceae which is
extensively grown due to its nutritional and medicinal
interest. Fenugreek seeds contain a lot of protein and
bioactive components and have been traditionally
employed to stabilize blood pressure, cholesterol, and
hormonal control (Imen et al., 2021). A number of
studies have already indicated that rhizobacterial
inoculation improves the growth, yield, and tolerance to
stress in fenugreek, pointing to the possibility of using
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biofertilizers based on the usage of PGPR in sustainable
farming (Irum et al., 2024). Therefore, the use of the
PRGs provides a solution to the chemical inputs since
they help to maintain soil health and crop yield (Jha and
Saraf, 2015).

Although much is known about the growth-promoting
rhizobacteria in plant growth, there is not much
information on whether the rhizobacteria isolated in
non-fenugreek hosts have cross-species activity when
used in the fenugreek growth system. The majority of
the researches concentrated on the isolation and
characterization of the fenugreek-specific rhizobia in
specific ecological niche with less attention to the
functional compatibility of host plants (Khachatryan et
al., 2023). Recent genomic and phylogenetic studies
have given information on the diversity of fenugreek-
related rhizobia but such studies are mainly focused on
the molecular characterization instead of performing
functional assessment of plant growth-promoting
characteristics under cross-host conditions (Khairnar et
al., 2025; Khairnar et al., 2022). Moreover, although
microbial consortia have been reported to trigger the
plant defense mechanism and enhance the plant vigor, its
impact on cross-species rhizobacteria interactions with
fenugreek has not been adequately studied (Kumar et al.,
2016). Combined tests on encouraging the development
of plants, antimicrobial and compatibility in fenugreek
systems remain limited (Kumari et al., 2020).
Considering the ecological and economic value of
fenugreek, there is the increasing need to find efficient
bio-inoculants that can boost the growth of the plant and
at the same time not interfere with the metabolic
processes of the plant. Phenotypic description of
rhizobacterial isolates is a feasible method of isolating
plant beneficial growth-promoting strains (Melki et al.,
2021). In addition, it is important to assess the
relationship between fenugreek metabolites and
rhizobacterial growth to be able to determine the
functional stability and applicability of bio-inoculants
(Nathiya et al., 2020). Rhizobacteria with a combination
of useful characteristics, including manufacturing of
phytohormones, biofilm, the solubility of nutrients, and
the inhibition of pathogenic bacteria, are some
promising applications in sustainable agriculture (Patel
et al., 2023). Evaluation of cross-species rhizobacterial
isolates based on their able to occupy the roots of
fenugreek and promote growth in plants is an important
knowledge gap that will result in the creation of
biofertilizer plans that are environmentally friendly
(Qaddabi, 2023).

Research Objectives

1. To isolate rhizobacteria from tomato and wheat
rhizospheric soils

2. To characterize the isolated rhizobacteria for plant
growth-promoting traits

3. To evaluate the effect of fenugreek metabolites on
the growth of rhizobacterial isolates

2. Materials and Methods

2.1 Isolation of Rhizobacteria

Sampling was done on tomato and wheat rhizospheric
soil to obtain Rhizobacteria. The four-flame streaking
method was used to obtain three isolates, UT3 and UT4
(rhizosphere of tomatoes) and UW4 (rhizosphere of
wheat) under the conditions of sterility. Luria-Bertani
(LB) agar (20 g L ') plates were streaked then incubated
for 24 hours at 30 °C. Isolated colonies were picked and
inoculated with 3 mL LB broth, then incubated for 24
hours at 30 degrees Celsius while being shaken at 120

rpm.

2.2 Characterization of Rhizobacterial Properties
2.2.1 Indole-3-Acetic Acid (IAA) Production

The Salkowski reagent was used to measure the amount
of IAA produced. Tryptophan (100 ug mL-1) was added
to LB broth in which the isolates of bacteria were
cultivated, centrifuged (5000 rpm 5 min), supernatant
subjected to reaction with Salkowski reagent and
orthophosphoric acid. Reaction mixture was left at room
temperature and measured after 30 min in terms of the
absorbance at 530 nm.

2.2.2 Biofilm Formation

The microtiter plate assay was used to measure biofilm
formation. Saline was added back to bacterial pellets and
the bacteria were cultured at 25°C after being inoculated
in LB broth wells, under static conditions, 48 h. After
washing and staining the wells with 0.1% crystal violet,
80% ethanol was used to dissolve the dye. The
absorption value at 570 nm was used to assess the
capacity to produce biofilms.

2.2.3 Antibiotic Sensitivity Assay

The sensitivity to antibiotics was determined on LB agar
plates that were supplemented with either kanamycin,
ampicillin or tetracycline at the expected concentration
of 1 umL!. The media were autoclaved, placed on Petri
plates and streaked with bacterial isolates. To identify
the resistance or sensitivity, Plates were incubated for 24
hours at 30°C, and the growth of the bacteria was
measured.

2.2.4 Hydrogen Cyanide (HCN) Production

The alkaline picrate method was used to determine the
production of HCN. Agar plates were streaked with
bacterial cultures, and strips of Whatman No. 1 filter
paper soaked in alkaline picrate solution were put in the
lids. Plates were covered and placed at 30°C for 24 h,
and the colour variation of the strips was taken as a sign
of HCN formation.

2.2.5 Motility Assay

The agar plates were made of 0.5% agar and 0.1% LB
broth, and motility was checked. The plates were
inoculated at the centre using bacterial cultures, then left
to incubate at 25°C for 48 h. The motility was evaluated
in terms of the radial diffusion of the bacterial growth
point of inoculation.
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2.2.6 Effect of Secondary Metabolite Diosgenin
Diosgenin was assayed through an agar diffusion
procedure to determine the antimicrobial effect of
diosgenin on isolates of rhizobacteria. Bacterial cultures
on the LB agar plates were inoculated, and diosgenin (3,
5,and 7 uL) was placed as sterile discs on the surface of
the agar plate, and chloroformwas employed as a
negative control. Inhibition zones were seen when plates
were incubated for 24 hours at 30°C.

2.2.7 Hydrogen Sulfide (H:S) Production

Triple Sugar Iron (TSI) agar slants were used to measure
the amount of hydrogen sulfide produced. TSI agar was
inoculated and stabbed with bacterial cultures and left at
30°C to incubate for 24 h. Slants were scrutinised for the
colour change, the formation of gases and the formation
of the black precipitate.

2.3 Pot Experiment

An experiment on the pot was carried out using
fenugreek seeds (GM2 variety) to determine the impact
of the rhizobacterial inoculation. Eight pots containing
sterilized soil (400g per pot) were used and surface-
sterilized seeds were sown and watered on a daily basis.
Seven days later, the seedlings were inoculated with the
suspensions of bacterial strains containing UT3, UT4, or

UW4 and the plant growth was observed under
conditions of normal watering and light conditions.

2.4 Root Colonization Assay

The degree of root colonisation was measured using
surface-sterilised fenugreek seedlings. Roots that
germinated were incubated with bacterial suspension
and then diluted and put on LB agar in serial dilution. To
determine bacterial colonisation, After 24 hours of
incubation at 30°C, colony-forming units (CFU mL-1)
were measured on the plates.

3. Results

3.1 Isolation and Identification of Rhizobacteria
Four-flame streaking method in LB agar was used to
isolate rhizobacteria in the tomato and wheat
rhizospheric soil samples. UT3 and UT4 were two
isolates that were found in the tomato rhizosphere
(Solanum lycopersicum), and UW4 was found in the
wheat rhizosphere (Triticum aestivum). After 24 hours of
incubation at 30°C, distinct and transparent bacterial
colonies were seen as an indication that the
rhizobacterial strains were successfully isolated. Table 1
summarizes the origin and host association of the
rhizobacterial isolates.

Table 1. Rhizobacteria isolates used in the study

Isolate Code Rhizosphere Source Host Plant

UT3 Tomato Solanum lycopersicum
UT4 Tomato Solanum lycopersicum
Uw4 Wheat Triticum aestivum

After isolation, representative colonies of each source of rhizosphere were picked and tested on morphological uniformity
and separation to purify cultures before further characterization (Figure 1).

Uw4

UT3

Figure 1. Rhizobacteria isolates
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The distinct distinctiveness and homogenous colony
appearance of the isolates point to the fact that pure
cultures were attained and the fact that, therefore, they
can be further used to evaluate the plant growth-
promoting characteristics.

3.2 Characterization of Plant Growth—Promoting
Traits
3.2.1 Indole-3-Acetic Acid (IAA) Production

Rhizobacterial isolates were evaluated in terms of IAA
production by the use of the Salkowski reagent. The pink
coloration became light pink thus showing positive
production of IAA with UT3 showing maximum
activity, UT4 and UW4 showing second and third
positions respectively. UT3 was also found to be the
most productive IAA-producing isolate of all those
tested by quantitative estimation (Figure 2).

IAA Porduction

0.25

0.05

uTa

Cultures

m1AA

Figure 2. IAA production by rhizobacterial isolates.

The difference in the IAA production by the isolates is
an indication of the variation in their plant growth-
promoting capacity under the experimental conditions.

3.2.2 Biofilm Formation

Rhizobacterial isolates were assessed to form biofilm in
static conditions through the crystal violet assay. Each
and every isolate had the capacity to develop biofilms,
which implies successful surface attachment and
extracellular matrix development (Figure 3).

Biofilm Formation By Rhizobacteria

0.0 FOR 600le

uT3

% GROWTH @ BIOFILM

uT4 uw4a

Figure 3. Biofilm formation by rhizobacterial isolates

There were no significant differences in the biofilm
biomass of UT3, UT4 and UW4 detected in post-assay
analysis indicating that the isolates have a similar
capacity to form biofilms.

3.2.3 Motility, HCN, and H:S Production
Motility tests revealed that UT3 and UT4 motility were
motile with UW4 having minimal or no motility. All the

rhizobacterial isolates did not form hydrogen cyanide as
there was no change in color in the alkaline picrate test.
Equally, none of the isolates produced hydrogen sulfide
based on the lack of black precipitate or the gas
evolution in TSI agar slants. Table 2 shows a
summarized account of the growth-promoting assets of
rhizobacterial isolates in a plant.

Table 2. Plant growth- promoting traits of rhizobacteria

PGPR Trait

UT3

UT4 Uw4
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TAA production +++ ++ +
Biofilm formation + + +
Motility + + _
HCN production - _ _
H:S production - _ _

3.2.4 Antibiotic Sensitivity Pattern

The sensitivity of the rhizobacterial isolates to
commonly used antibiotics was done in order to
establish the resistance and susceptibility profile of the
rhizobacterial isolates. The isolates were all tetracycline
resistant with sensitivity to ampicillin and kanamycin.

Table 3. Antibiotic sensitivity

The growth was only observed in the media containing
tetracycline supplement and none in the plate containing
ampicillin or kanamycin. The antibiotic resistance and
sensitivity of the rhizobacterial isolates are presented in
the Table 3.

attern of rhizobacteria

Antibiotic UT3 UT4 Uw4

Tetracycline Resistant Resistant Resistant
Ampicillin Sensitive Sensitive Sensitive
Kanamycin Sensitive Sensitive Sensitive

To visually verify the pattern of antibiotic response, the isolates of UT3, UT4 and UW4 were grown on LB agar plates
that were supplemented with tetracycline, ampicillin and kanamycin (Figure 4).

Figure 4. Antibiotic Sensitivity Assay

The growth exhibited on tetracycline plates and the lack
of growth in the ampicillin- and kanamycin-
supplemented media are a good indication of a uniform
susceptibility of all rhizobacterial isolates to the
antibiotics under experimental conditions.

3.3 Pot Experiment
Pot experiment was done to evaluate the impact on the
inoculation with rhizobacterial inoculation on fenugreek

(Trigonella  foenum-graecum GM-2 variety) in
controlled environments. All treated pots showed seed
germination, and seedlings showed normal early growth
having attained the two leaf stage during the first growth
period. Even though the rhizobacterial inoculation was
done the further analysis of plant growth promotion was
curtailed by adverse environment conditions such as
variation in temperature which required harvesting of
the plants after 10-15 days (Figure 5).
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Figure 5. Fenugreek pots of Rhizobacterial isolates

The pot test verifies that seed germination and the initial
growth of seedlings occurred successfully in fenugreek
after the rhizobacterial treatment: but the duration of
growth reaction could not be checked under the current
experiment conditions.

3.4 Root Colonization Ability

Root colonization assays were conducted in order to
determine the capability of the rhizobacterial isolates to
colonize the fenugreek roots in controlled conditions.
Bacterial growth was also noted on LB agar plates
inoculated with root-associated samples after incubation
thus showing the existence of viable bacterial cells
(Figure 6).

(A)

Figure 6. Root colonization rhizobacteria isolates

Though growth of bacteria was observed on the plates; no
distinct isolated colonies within reasonable range of 30-300
CFU mL"! were seen. All these findings suggest that under
the experimental conditions effective colonization of the
fenugreek root by the rhizobacterial isolates tested was not
achieved.

4. Discussion

The current paper examined the rhizobacteria species in
tomato and wheat rhizospheric soils possessing growth-
promotional effects and determined their compatibility with
fenugreek (7rigonella foenum-graecum) in terms of their
functions. The findings give information regarding the

(B)

phenotypic characteristics of cross-species rhizobacterial
isolates, and their response to fenugreek in controlled
experimental settings. Three different isolates (UT3, UT4
and UW4) of rhizobacteria of tomato and wheat
rhizospheres were isolated, exhibiting stable growth and
uniform cell morphology, which confirmed that viable
rhizobacteria were recovered to continue with their
characterization. This was necessary as it allowed the
growth promoting properties of the plants to be attributed to
pure cultures as opposed to mixed populations of microbes.
TAA production was one of the plant growth-promoting
traits that were observed as a major characteristic. [AA was
also produced by all the isolates but UT3 produced the
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highest followed by UT4 and UW4. IAA is one of the
phytohormones that can be engaged in the elongation of
roots, lateral root development and the development of the
plant in general. The differences in IAA production of
isolates indicate that the metabolic capacity of the isolates
differ and thus they may have varied effects on the plant
growth. Isolate-specific biosynthetic pathways and auxin
production regulation mechanisms could be the cause of
such differences. Another significant characteristic that was
evaluated in this study was biofilm formation. Formation of
biofilms was observed in all the isolates and there was no
significant difference in formation between them. The
formation of biofilms helps bacteria to be more resilient in
the rhizosphere through making the bacteria adhere better
onto root surfaces and withstand environmental stress. The
similarity in the ability of UT3, UT4, and UW4 to form
biofilms shows that the characteristic was preserved in the
isolates tested and that it could aid their survival in the root-
associated interface. Conversely, all the isolates did not
produce any hydrogen cyanide (HCN) or hydrogen sulfide
(H2s); both are volatile agents that are usually linked to
biocontrol. The fact that these metabolites were not
produced indicates that the isolates might not have any
antifungal mechanisms that act via volatile intermediates.
The absence of HCN and H2s production, however,
contributes to the diminution of phytotoxicity as well,
which is also benefit-taking in choosing bio-inoculants in
agricultural sustainability. Consecutive samples showed the
same trend in antibiotic sensitivity profiling exposing
tetracycline resistance and ampicillin and kanamycin
sensitivity. This consistency of response shows comparable
adaptive characteristics of the isolates and offers convenient
background data about the treatment of the isolates in
laboratory and possible practice in the field. The pot
experiment indicated that, with rhizobacterial inoculation,
successful germination of the seeds and early development
of seedlings of fenugreek occurred. Nevertheless, in a
hostile environment, the growth of plants could not be
observed after the initial stage of development. This
experiment alone was therefore not enough to arrive at
conclusive findings related to enhancement of growth. Root
colonization assays also showed that the isolates had
limited colonization capacity because bacterial culture
developed but was not within the acceptable range of CFU.
This implies that we can conserve life of the isolates near
the roots of fenugreek, yet it has not been possible to attain
stable and effective colonization under the experimental
conditions.

The growth-promoting and biocontrol potential of the
rhizobacteria that are affiliated with fenugreek was reported
as high in past, especially under stress conditions and within
host-specific systems (Rashad et al., 2022; Sharghi et al.,
2018). Conversely, the current research points to the finding
that cross-species rhizobacterial isolates can have
insufficient root colonization and growth-promoting
activities when used on fenugreek. The research on native
or endophytic rhizobacteria has shown an increase in
compatibility and functioning efficacy, which highlights the
relevance of host selectivity (Vasant & Raghav, 2022;

Toukabri et al., 2021). On the same note, studies of stress-
resistant PGPR have demonstrated enhanced growth of
fenugreek in the abiotic stress conditions, which the present
study never analyzed (Sharma et al., 2022). Genomic and
physiological research also indicates that multifaceted plant
growth-promoting qualities tend to be associated with host-
adapted microbial populations (Raj et al., 2023).

The results of the current research indicate that cross-
species rhizobacteria have some positive characteristics
such as IAA production and biofilm formation, but they
may not be effective bio-inoculants of fenugreek unless
they properly colonize the root. The findings also highlight
the necessity to consider the functional characteristics as
well as host compatibility in creating the biofertilizers
including PGPR.

The long-term growth evaluation was curtailed by the
limitation of the study to short-duration pot experiments
and lack of control of the environmental conditions. Also,
there is no molecular identification and stress-condition
assessment, which makes the findings less applicable on a
larger scale.

Future research ought to aim at enhancing root colonization
efficiency by developing formulation strategies, assessing
rhizobacterial activity conditions in abiotic and biotic stress
and incorporating molecular characterization to understand
better the interactions between the host and the microbe.
The effects of native fenugreek-related rhizobacteria versus
those of cross-species isolates would shed more light on
their merits as sustainable bio-inoculants.

5. Conclusion

In the study experiment, the growth-promoting activity of
rhizobacteria in tomato and wheat rhizospheric soils was
calculated and their functional compatibility with the
fenugreek (Trigonella foenum-graecum) was investigated.
Out of the isolates, UT3 produced the greatest amount of
indole-3-acetic acid (IAA), which demonstrates that UT3
had high potential to promote plant growth through the
phytohormone than UT4 and UW4. The isolates were all
capable of forming biofilms, indicating successful attaching
to surfaces and being in a position to persist well in
rhizosphere environment. All the rhizobacterial isolates did
not generate volatile compounds like hydrogen cyanide
(HCN) or hydrogen sulfide (H2s), which means that no
biocontrol activity was detected through volatiles during the
experimental conditions. Notably, the diosgenin secondary
metabolite of fenugreek did not inhibit the growth of the
respective rhizobacterial isolates and this indicates
metabolic compatibility of fenugreek and the rhizobacteria.
The sensitivity to tetracycline was also uniformly resistant
to all the isolates, whereas sensitivity to ampicillin and
kanamycin was sensitive to all the isolates. The pot
experiment established that the seed germination and early
seedling development of fenugreek were made successful
after the addition of rhizobacterial inoculation; the further
growth was not measurable owing to poor environmental
conditions. Root colonization assays revealed that there was
a low potential of colonization, which means that additional
optimization of host association might be necessary.
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Altogether, the given research shows that cross-species
rhizobacterial isolates can be used as a potential tool in
sustainable agriculture, and the matter of host specificity
and efficiency of colonization is critical to their successful
use in the cultivation of fenugreek
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