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Abstract. Geraldi A, Clement C, Pertiwi MD, Lestari Y, Parinnata DH, Arsad RN, Sadikin RA, Lugman A, Santoso H, Kristanti AN,
Manuhara YSW, Wibowo AT. 2024. Isolation and characterization of plant growth-promoting bacteria from medicinal plants Java
cardamom (Amomum compactum) and bitter ginger (Zingiber zerumbet). Biodiversitas 25: 2556-2564. Java cardamom (Amomum compactum)
and bitter ginger (Zingiber zerumbet) are valuable medicinal plants native to Indonesia with significant economic and pharmacological
importance. While their pharmacological properties have been extensively studied, little is known about the role of their endophytic
bacterial communities in influencing plant growth and development. Understanding the interactions between these plants and their
associated bacteria could provide insights into novel strategies to enhance their cultivation. This study investigates the potential of endophytic
bacteria associated with A. compactum and Z. zerumbet in promoting plant growth. Samples were collected from leaf, rhizome, and
rhizosphere soil, followed by isolation and characterization of bacterial strains. Molecular identification revealed the presence of
Methylobacterium aquaticum, Paenibacillus tyrfis, Priestia megaterium strain 1, Priestia aryabhattai, and Microbacterium arthrosphaerae
among the isolated strains from A. compactum, while strains isolated from Z. zerumbet included Enterobacter mori, Pr. megaterium
strain 2, and Pr. megaterium strain 3. Those results demonstrated that Pr. megaterium strains exhibited strong phosphate solubilization,
nitrogen fixation, and cellulolytic activity, while Pr. aryabhattai and Pa. tyrfis showed significant nitrogen fixation and cellulolytic
potential. Additionally, M. aquaticum, Pa. tyrfis, and Pr. aryabhattai exhibited anti-phytopathogenic activity against Xanthomonas
campestris. These findings not only highlight the diverse beneficial attributes of the isolated bacterial strains but also suggest their
potential application as biofertilizers and biocontrol agents in agriculture, offering a promising avenue for sustainable farming practices.
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INTRODUCTION

Java cardamom (Amomum compactum) and bitter ginger
(Zingiber zerumbet) are medicinal plants native to
Indonesia with high economic value. Indonesia's Central
Bureau of Statistics (BPS) reports that cardamom seeds are
the most widely produced non-rhizome biopharmaceutical
product in Indonesia, where the production level reaches
81,724 tonnes per year. Bitter ginger is also one of the
main pharmaceutical commodities in Indonesia, where the
rhizome production level reaches 9,150 tonnes per year
(BPS 2018). Both plants are important commodities for the
food industry as spices or seasonings and the pharmaceutical
industry as raw materials for drugs and medicines. Various
studies have shown that Java cardamom seed extract has
various pharmacological activities, including, anticancer

(Subehan et al. 2006), anti-asthma (Lee et al. 2010), anti-
inflammatory (Lee et al. 2012), antifungal (Ujilestari et al.
2019), and antibacterial (Juwitaningsih et al. 2020). Bitter
ginger rhizome extract is also known to have various
pharmacological activities, including antitumor (Kirana et
al. 2003), antiviral (Tan et al. 2006), antibacterial (Yunus et
al. 2015), and larvicidal (Sofian et al. 2019). Several studies
have focused on cultivating java cardamom and bitter
ginger, biochemical properties, and bioactivity. However,
there is still limited information available regarding the
microorganisms associated with the organs of these two
medicinal plants and their effects on plant growth.
Microbes, including bacteria, fungi, viruses, and protists,
can inhabit various surfaces and organs of an organism (Do
et al. 2022; Nugrahapraja et al. 2022; Lugman et al. 2023). In
plants, they are found on the surface of plant organs
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(epiphytic) and the inside of the organs (endophytic);
together, they constitute the overall microbiome of plant
compositions (Compant et al. 2019). Various studies have
shown that the plant microbiome plays an important role in
plant growth, stress response, and environmental adaptation
(Liu et al. 2020; Vu et al. 2022; Do et al. 2022).
Microorganisms that inhabit the surface and the inside of
plant organs while forming symbiotic relationships that
benefit plant growth and health are called plant growth-
promoting bacteria (PGPB). These bacteria facilitate plant
growth through various mechanisms, including nitrogen
fixation, phosphate solubilization, phytohormones production,
pathogens biocontrol, and nutrient uptake enhancement. By
promoting plant growth and improving resistance to
environmental stresses, PGPB is crucial for sustainable
agriculture and crop production (Khalid 2012; Pathania et
al. 2020).

Besides acting as PGPB, recent studies also show that
the endophytic microbiome can influence the production of
secondary metabolites in various medicinal plants. Research
by Das et al. (2012) reported the promising application of
the probiotic fungus Piriformospora indica, showing its
capacity to promote inflorescence development and enhance
p-Cymene production within the inflorescence (Das et al.
2012). Similarly, in chamomile (Chamomilla recutita), the
inoculation of indigenous Gram-positive bacterial strains
leads to an increase in the bioactive secondary metabolite
apigenin-7-O-glucoside (Schmidt et al. 2014); furthermore,
the symbiotic relationship between the fungal endophyte
Gilmaniella sp. AL12 and the medicinal herb Atractylodes
lancea lead to improvements in both plant growth and the
accumulation of sesquiterpenoids (Yuan et al. 2019). Those
findings showed the potential of harnessing beneficial
microbial interactions to enhance medicinal plants' growth
and secondary metabolite production.

Since the quality and economic value of a medicinal
plant are determined by the content and concentration of
metabolites in its organs, the endophytic microbiome plays
an important role in its cultivation process and economic
value. Therefore, isolating and characterizing the
microorganisms associated with medicinal plants is
important to identify microbes that can improve plant
growth and secondary metabolite accumulation. However,
research on isolating and characterizing plant growth-
promoting bacteria from indigenous Indonesian medicinal
plants is limited. In this study, we isolate and characterize
various bacterial strains from the leaf, rhizome, and
rhizosphere soil of those two medicinal plants to support
the cultivation of java cardamom and bitter ginger. Our
findings unwveil promising attributes among the isolated
bacterial strains, including nitrogen fixation, phosphate
solubilization, cellulolytic activity, and anti-pathogenic
properties. These traits collectively underscore the potential
of these bacterial strains as plant growth-promoting agents.

MATERIALS AND METHODS
Sample collection

Rhizome, leaf, and rhizosphere soil samples were
collected from A. compactum and Z. zerumbet, which wildly
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grow and spread across the forest and mountainous areas of
Pacet, Mojokerto, Indonesia. We collect samples from two
different plant populations for each species, and for each
population, we collect three plant individuals. Rhizome,
leaf, and soil samples were also collected from A. compactum
and Z. zerumbet cultivated at Taman Husada Herbal Park,
Surabaya, Indonesia.

Isolation of bacterial strains

Bacteria were isolated by mixing 5 g of homogenized
samples with 45 mL of sterile distilled water. Next, 1 mL
of the resulting suspension is mixed with 9 mL of 0.85%
NaCl solution; using the pour plate method, as much as 1
mL of the mixture is inoculated into Reasoner's 2A (R2A)
media. The plate was then incubated at 30°C for 24 to 48
hours. Single bacterial colonies were then inoculated into
fresh R2A media using the streak method and incubated at
24-30°C for 24 to 48 hours (Fatimah et al. 2022).

Macroscopic and microscopic identification of bacterial
strains

Macroscopic identification is done by observing the
shape, margin, elevation, color, opacity, size, and surface
of the bacterial colonies grown on R2A agar plates for 24
to 48 hours. Microscopic identification of endophytic
bacteria is done by evaluating the bacteria's cell shape and
Gram type under a microscope following Gram's staining.

Molecular identification through 16S rRNA sequencing
According to manufacturer instructions, DNA was
extracted from the bacterial culture using the GeneaidTM
DNA Isolation Kit. Subsequently, the target region of the
16S rRNA gene at position 27F was amplified using
universal primers 27F (5'- AGAGTTTGATCMTGGCTCAG-
3')and 1492R (5'- TACGGYTACCTTGTTACGACTT-3'). The
PCR product was then purified using a DNA Clean &
Concentrator™ kit (Zymo Research, USA) and sent to
First Base (Singapore) for sequencing. The resulting 16S
rRNA sequences were trimmed using the Bioedit software
ver 7.2.5. and similarity analysis of the consensus sequence
was performed using NCBI's BLASTn software (Fatimah
et al. 2022). Furthermore, the BLAST analysis results were
confirmed using 16S-based identification from EZBioCloud
(https://mww.ezbiocloud.net/).

Phosphate solubilization assay

Bacterial isolates were cultured on liquid Nutrient Broth
(NB) media until they reached OD 0.5 at 600 nm. Next, 25
ML of bacterial culture was then inoculated into a 6 mm
paper disk, placed on Pikovskaya Agar media, and incubated
at 37°C for 72 hours. The clear zone formed around the
disk was measured. The diameter of the clear zone indicates
the phosphate dissolution index. For each isolate, three
replicates were used (Jiang et al. 2018).

Nitrogen fixation assay

Bacterial isolates were inoculated into semi-solid
Nitrogen-Free Bromothymol (NFB) media using an
inoculating loop and then incubated at 30°C for 10 days.
Positive results were indicated by a change in the color of
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NFB media from yellow to bluish and the formation of a
thin membrane on the media surface (Baldani et al. 2014).

Cellulolytic assay

Bacterial isolates were inoculated into a paper disk
placed on CMC (carboxymethyl cellulose) media and
incubated at 37°C for 48 hours. The plates were then
stained with 1% Congo Red for 15 minutes and 2 to 3 times
washing using 1M NaCl for 15 minutes. The formation of a
clear zone indicated positive results. The clear zone formed
around the disk was measured, and the diameter of the
clear zone indicates the cellulolytic index; for each isolate,
three replicates were used (Sari et al. 2017; Ardhi et al.
2019).

Anti-plant pathogen assay

Bacterial isolates were cultured in Luria Bertani (LB)
Broth media for 24 hours and then centrifuged at 14,000
rpm. Phytopathogenic bacteria Xanthomonas campestris
were inoculated on Mueller Hinton Agar (MHA) media in
three different areas. The first area was placed with a paper
disc soaked with bacterial isolate supernatant, the second
area was placed with a paper disc soaked with sterile LB
Broth (negative control), and the third area was placed with
a paper disc soaked with gentamicin 40 mg/mL (positive
control). The media is then incubated at 37°C for 24 hours,
forming an inhibition zone that indicates the presence of
antibacterial activity; for each isolate, three replicates were
used (Yemata et al. 2019).

RESULTS AND DISCUSSION

Macroscopic, microscopic, and molecular identification
of bacterial isolates

A total of 8 bacterial isolates were obtained from the
leaf, rhizome, and rhizosphere soil of A. compactum and Z.
zerumbet (Table 1). Following isolation, macroscopic,
microscopic, and molecular identification and characterization
were performed for each bacterial strain. Notably, all
isolates exhibited rod-shaped morphology except for isolate
A, which has pink and opaque colonies. The remaining
isolates displayed colonies that were uniformly white and
opaque in appearance. Moreover, the bacterial isolates
showcased diverse colony characteristics and morphology.
Gram staining showed that 5 isolates were categorized as
Gram-positive bacteria, while 3 were identified as Gram-
negative.

Through molecular identification utilizing 16s rRNA
sequencing, our analysis revealed the following bacterial
isolates associated with A. compactum: Methylobacterium
aquaticum that is isolated from the leaf, Paenibacillus
tyrfis, Priestia megaterium strain 1, and Priestia aryabhattai
that isolated from the rhizome, and Microbacterium
arthrosphaerae that is isolated from the rhizosphere soil
(Table 2). Notably, these bacterial species have been previously
reported to exhibit plant growth-promoting activities (Lindang
et al. 2021; Zhang et al. 2021; Shahid et al. 2022; Jo et al.
2023).
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Methylobacterium are among the most prevalent
bacterial genera associated with the plant phyllosphere.
Studies have shown that inoculation with M. aguaticum can
effectively promote the growth of model plant Arabidopsis
thaliana, tobacco (Nicotiana benthamiana), and rice (Oryza
sativa) (Tani et al. 2012; Juma et al. 2022). Paenibacillus
tyrfis is a soil bacteria previously isolated from forest and
peat swamp soil ecosystems. This bacterium exhibits a
broad spectrum of antimicrobial activity, including against
plant pathogens (Aw et al. 2016). It is also reported to have
plant growth-promoting ability and demonstrate high
efficacy against phytopathogenic fungi (Tran et al. 2023;
2024).

Various members of the Priestia genus have been
reported to possess plant growth-promoting activities by
facilitating nutrient acquisition by plants and producing
compounds that modulate plant growth and defense
(Zelaya-Molina et al. 2023). Priestia megaterium can be
found in diverse habitats, particularly within plants and
soil. Various works have reported its beneficial effects on
different plant species, including economically significant
crops such as tomato (Ibort et al. 2017), maize (Al-Enazy et
al. 2017), rice (Feng et al. 2017), bean (Phaseolus vulgaris)
(Korir et al. 2017), and soybean (Glycine max) (Zhou et al.
2017). Priestia aryabhattai is a facultative endophytic
bacteria reported to be capable of enhancing wheat
development by solubilizing mineral nutrients (P, K, and
Zn), producing indole-3-acetic acid (IAA), releasing ACC
deaminase, ammonia, and siderophores. Furthermore,
inoculation of Pr. aryabhattai was reported to improve
wheat seedling tolerance against salt stress (Shahid et al.
2022). Microbacterium arthrosphaerae is a soil bacterium
previously isolated from the fecal sample of the pill
millipede Arthrosphaera magna and the rhizosphere soil of
tomatoes. Inoculation of tomatoes with M. arthrosphaerae
enhanced tomato growth and seed germination, attributed
to its ability to produce 1AA and salicylic acid (Zazou et al.
2016).

From Zingiber zerumbet, we could only isolate bacteria
from rhizosphere soil samples; they are identified as
Enterobacter mori, Priestia megaterium strain 2, and Priestia
megaterium strain 3 (Table 2). Enterobacter are found in
diverse environments like water, soil, and the biological
systems of animals, humans, and plants, where they exert
varying effects on their hosts. While certain strains of
Enterobacter mori have been reported to induce bacterial
wilt in mulberry (Morus alba) and kiwi fruit, other strains
can function as plant growth-promoting bacteria (Zhu et al.
2011). Enterobacter mori isolated from the rhizosphere soil
of sorghum has been reported to exhibit plant growth-
promoting potential. Additionally, strains isolated from the
rhizosphere soil of the hyperaccumulator plant Sedum sp.
have been found to enhance plant growth and facilitate
cadmium (Cd) uptake from Cd-contaminated soil (Liu et al.
2015). While the Enterobacter mori strain we isolated
exhibited phosphate solubilizing, cellulolytic, and nitrogen-
fixing potential, further investigation is necessary to determine
if it also possesses pathogenic traits against medicinal
plants. This evaluation is crucial to ensure its safety as a
biofertilizing agent.
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Table 1. Colony and microscopic characterization of bacterial strains isolated from medicinal plants Amomum compactum (AC) and
Zingiber zerumbet (Z2)

Isolate
code

Microscopic

Colony characteristic Colony morphology characteristic

Cellular morphology

S

A Pink and opaque colonies with circular
or irregular shapes, raised elevation,
entire or undulated margin, smooth
surface, and viscid consistency

Rod-shaped, Gram-
negative

" & 1

B White and opaque colonies with circular
or irregular shape, convex elevation,
entire or undulated margin, smooth
surface, and viscid consistency

Rod-shaped, Gram-
negative

C White and opaque colonies with circular
shape, raised elevation, entire margin,
smooth glistening surface, and viscid
consistency

Rod-shaped, Gram-
positive

D White and opaque colonies with circular
or irregular shapes, raised elevation,
entire or undulated margin, smooth
surface, and viscid consistency

Rod-shaped, Gram-
positive

E White and opaque colonies with circular
shape, raised elevation, entire margin,
smooth glistening surface, and viscid
consistency

Rod-shaped, Gram-
positive

F White and opaque colonies with circular
shape, raised elevation, entire margin,
mucoid glistening surface, and viscid
consistency

Rod-shaped, Gram-
negative

G White and opaque colonies with a
circular shape, umbonate elevation,
entire margin, rough, dull surface, and
viscid consistency

Rod-shaped, Gram-
positive
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H White and opaque colonies with
punciform shape, pulvinate elevation,
entire margin, smooth glistening surface,
and viscid consistency

Table 2. BLASTn similarity results based on 16s rRNA sequence
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Rod-shaped, Gram-
positive

Plant species Plant samples Isolate code  Identification results Per. ident Accession
Amomum compactum  Leaf A Methylobacterium aquaticum 98.53% NR_025631.1
Rhizome B Paenibacillus tyrfis 99.23% NR_137255.1
C Priestia megaterium 100% NR_112636.1
D Priestia aryabhattai 99.64% NR_115953.1
Soil rhizosphere E Microbacterium arthrosphaerae 98.64% MN889371.1
Zingiber zerumbet Soil rhizosphere F Enterobacter mori 100% NR_146667.2
G Priestia megaterium 100% NR_117473.1
H Priestia megaterium 99.79% NR_112636.1

Phosphate solubilization potential of isolated bacterial
strains

Bacterial colonies exhibiting clear halo zones in
Pikovskaya Agar media encircling microbial growth were
identified as phosphate solubilizers (Figure 2.A). Among
the isolates, 6 bacterial strains demonstrated phosphate
solubilization potential. The average phosphate solubilization
index (PSI) value varied among isolates, ranging from 0,34
to 2,66 mm. Pr. megaterium strains 1 and 3 exhibited the
highest PSI, followed by Pr. megaterium strain 2, E. mori,
M. arthrosphaerae, and Pr. aryabhattai, respectively (Figure
2.B). But overall, the phosphate solubilization activity
among all isolates did not differ significantly.

Phosphate-solubilizing bacteria (PSB) are crucial for
agriculture and the environment due to their ability to
solubilize inorganic phosphate, making it available for plant
uptake. This is particularly significant because phosphorus
is essential for plant growth and development (Pan and Cai
2023). Priestia megaterium isolated from the rhizosphere
soil of lettuce, paddy field soil, and rhizosphere soil of
vegetable fields are reported to have phosphate solubilizing
ability (Kang et al. 2014; Damo et al. 2022; Li et al. 2022).
Following previous studies, we also found that P. megaterium
strains 1, 2, and 3 isolated from the rhizome and rhizosphere
soil of medicinal plants A. compactum and Z. zerumbet
exhibit strong phosphate-solubilizing ability. These findings
underscore the potential application of P. megaterium in
agriculture and environmental remediation due to its ability
to enhance phosphorus availability in soil ecosystems.

Cellulolytic activity of isolated bacterial strains

All bacterial isolates exhibited cellulolytic activity on
CMC agar plates following Congo-red staining, indicated
by the formation of clear zones around microbial growth
(Figure 3.A). Pr. megaterium strains 1 and Pr. aryabhattai
showed the highest cellulolytic index, followed by M.

arthrosphaerae, Pa. tyrfis, Pr. megaterium strains 3, Pr.
megaterium strains 2, M. aquaticum, and E. mori,
respectively (Figure 3.B). Nevertheless, the cellulolytic
activity among the isolates did not differ significantly.

Cellulolytic bacteria play a vital role in soil and
agriculture because they break down cellulose, a major
component of plant cell walls, into simpler sugars, making
them available for uptake by plants and other soil
organisms. This process helps to replenish soil fertility and
supports plant growth (Bautista-Cruz et al. 2024). Previous
research has reported the ability of both Pr. megaterium
and Pr. aryabhattai strains to produce extracellular cellulase
(Kalbarczyk et al. 2018; Shahid et al. 2022;
Bamrungpanichtavorn et al. 2023). Additionally, strains of
Pr. aryabhattai isolated from the leaves and stems of wheat
(Triticum aestivum) have been reported not only to
synthesize cellulase but also protease, amylase, lipase, and
pectinase. Furthermore, these strains have demonstrated
tolerance to various abiotic stress factors and exhibit a wide
range of anti-phytopathogenic activity (Kalbarczyk et al.
2018). Our study demonstrates that Pr. megaterium and Pr.
aryabhattai isolated from the rhizome and rhizosphere soil
of A. compactum and Z. zerumbet exhibit cellulolytic activity
on CMC agar plates. These results underline the potential
of Priestia genus members as nutrient cyclers within soil
ecosystems, particularly in the decomposition of plant
residues and organic matter rich in cellulose.

Nitrogen fixation potential of isolated bacterial strains

All bacterial isolates exhibited nitrogen-fixing activity,
as indicated by a change in color on NFB media from
yellow to a bluish hue after a 10-day incubation period.
The isolates demonstrated varying degrees of nitrogen
fixation activity, with Pr. megaterium, Pr. aryabhattai, Pa.
tyrfis, and E. mori identified as the bacterial isolates with
the highest nitrogen fixation potential (Table 3).
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Figure 2. Phosphate solubilizing activity (A) and phosphate solubilization index (PSI) (B) of bacterial strains isolated from medicinal
plants Amomum compactum and Zingiber zerumbet. Data are shown as Mean +SD (n=3); means followed by different letters indicate
significant differences (p<0.05) according to the Tukey test
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Figure 3. Cellulolytic activity (A) and cellulolytic index (PSI) (B) of bacterial strains isolated from medicinal plants Amomum
compactum and Zingiber zerumbet. Data are shown as Mean +SD (n=3); means followed by different letters indicate significant

differences (p<0.05) according to the Tukey test

Nitrogen is an essential nutrient for plants, necessary
for synthesizing proteins, enzymes, and chlorophyll;
however, it often has low bioavailability in soil. Nitrogen-
fixing bacteria play a crucial role in soil and agriculture due
to their ability to convert atmospheric nitrogen (N») into a
form that plants can readily utilize, typically ammonia
(NHs) or nitrate (NO7) through the nitrogen enzyme.

Harnessing their biological nitrogen fixation capabilities
can help reduce dependence on synthetic fertilizers and
promote overall soil health and fertility (Sepp et al. 2023).
Priestia megaterium strain isolated from rhizosphere soil of
sugarcane and Pr. aryabhattai strain isolated from the soil
of maize field has been identified as an effective nitrogen-
fixing rhizobacterium (Singh et al. 2020; Deng et al. 2022).
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Figure 4. Anti-phytopathogenic activity (A) and diameter of inhibition zone (B) of bacterial strains isolated from medicinal plants
Amomum compactum and Zingiber zerumbet against Xanthomonas campestris. Data are shown as Mean £SD (n=3); means followed by
different letters indicate significant differences (p<0.05) according to the Tukey test

Table 3. Nitrogen fixation activity of bacterial strains isolated
from medicinal plants Amomum compactum (AC) and Zingiber
zerumbet (Z2)

Samples Bacteria hame (species) Nitrogen fixing
Leaves Me. aquaticum ++
Rhizome Pa. tyrfis +++

Pr. megaterium Strain 1 +++

Pr. aryabhattai +++
Soil M. arthrosphaerae +

E. mori +++

Pr. megaterium Strain 2 +++

Pr. megaterium Strain 3 +++

Note: +++ (High), ++ (Medium), + (Low), the scoring was based
on the intensity of the blue color produced on NFB media
following a 10-day bacterial culture period

Similarly, members of the Paenibacillus genus isolated
from maize farmland and Enterobacter mori strain isolated
from rhizosphere soil of sorghum have been documented to
possess nitrogen fixation potential (Liu et al. 2019; Fadiji et
al. 2023). Consistent with prior findings, our study also
observed robust nitrogen fixation activity from Pr.
megaterium, Pr. aryabhattai, Pa. tyrfis, and E. mori isolated
from rhizome and rhizosphere soil of A. compactum and Z.
zerumbet. These results suggest the potential utility of
nitrogen-fixing bacteria from the Priestia, Paenibacillus,
and Enterobacter genera as biofertilizer agents to reduce
dependency on synthetic nitrogen fertilizers.

Anti-phytopathogenic potential of isolated bacterial strains
Moreover, the study revealed out of the 8 isolates, only

3 - M. aquaticum, Pa. tyrfis, and Pr. aryabhattai - exhibited

anti-phytopathogenic potential against the phytopathogenic

bacteria Xanthomonas campestris. Nevertheless, the
antibacterial activity demonstrated by these three strains is
relatively weak compared to the well-known antibiotic
gentamicin (Figure 4).

Anti-phytopathogenic bacteria are essential to sustainable
agriculture because they can hinder plant diseases caused
by pathogenic microorganisms. These bacteria offer
environmentally friendly alternatives to chemical pesticides
to control plant diseases (Christakis et al. 2021). This is the
first report on the antibacterial activity of M. aquaticum,
Pa. tyrfis, and Pr. aryabhattai against the renowned
phytopathogen X. campestris, which is responsible for
inducing black rot disease in Brassicaceae plants (Liu et al.
2022). These results suggest the potential of M. aquaticum,
Pa. tyrfis, and Pr. aryabhattai as biological control agents
for mitigating X. campestris infections.

Overall, our findings demonstrate that bacteria isolated
from the leaf, rhizome, and rhizosphere soil of medicinal
plants A. compactum and Z. zerumbet possess the potential
to act as plant growth-promoting bacteria. This underscores
the agricultural and environmental importance of Priestia,
Paenibacillus, and Enterobacter bacteria associated with A.
compactum and Z. zerumbet. These microbes exhibit
valuable traits such as phosphate solubilization, cellulolytic
activity, and nitrogen fixation, which can enhance soil
fertility, support nutrient cycling, and reduce reliance on
synthetic  fertilizers. They also demonstrated anti-
phytopathogenic activity, highlighting their potential as
biocontrol agents against plant pathogens. Further research
is needed to understand the molecular mechanisms behind
these beneficial traits fully. Moreover, the efficacy of the
isolated bacterial strains as biofertilizers and biocontrol
agents can be influenced by regional climatic factors, soil
properties, and microbial diversity. Depending on the
environmental conditions and plant species, these strains
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may exhibit either beneficial or detrimental effects on
plants’ growth and ecosystem. Therefore, to address this
variability and fully explore the potential of these bacterial
strains, future research should focus on conducting field
trials in diverse regions with varying environmental conditions.
Further investigation, including microbiome analysis of the
treated plants and soil, will be essential in elucidating both
the advantageous and deleterious effects of these bacterial
strains on plants and soil ecosystems.
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