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Abstract

Antibiotic resistance poses a significant global health threat, necessitating a
thorough understanding of its prevalence in various ecological contexts. Me-
dicinal plants, renowned for their therapeutic properties, host endophytic bac-
teria that produce bioactive compounds. Understanding antibiotic resistance
dynamics in these bacteria is vital for human health and antibiotic efficacy pre-
servation. In this study, we investigated antibiotic resistance profiles in en-
dophytic bacteria from five medicinal plants: Thankuni, Neem, Aparajita, Jo-
ba, and Snake plant. We isolated and characterized 113 endophytic bacteria,
with varying resistance patterns observed against multiple antibiotics. Notably,
53 strains were multidrug-resistant (MDR), with 14 exhibiting extensive drug
resistance (XDR). Thankuni-associated bacteria displayed 44% MDR and 11%
XDR, while Neem-associated bacteria showed higher resistance (60% MDR,
13% XDR). Aparajita-associated bacteria had lower resistance (22% MDR, 6%
XDR), whereas Joba-associated bacteria exhibited substantial resistance (54%
MDR, 14% XDR). Snake plant-associated bacteria showed 7% MDR and 4%
XDR. Genus-specific distribution revealed Bacillus (47%), Staphylococcus
(21%), and Klebsiella (11%) as major contributors to MDR. Our findings high-
light diverse drug resistance patterns among plant-associated bacteria and
underscore the complexity of antibiotic resistance dynamics in diverse plant
environments. Identification of XDR strains emphasizes the severity of the
antibiotic resistance problem, warranting further investigation into contri-
buting factors.
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1. Introduction

The emergence of antimicrobial resistance (AMR), whereby bacteria, viruses,
fungi, parasites, or other microbes evade the effects of antibiotics, poses a signif-
icant global health threat. Despite varied projections, the World Health Organi-
zation (WHO) underscores the urgent need to address AMR (10 global health
issues to track in 2021), which was responsible for an estimated 1.27 million
deaths globally in 2019 [1] and there is a projection that AMR could lead to ap-
proximately 10 million deaths annually by 2050 [2]. While debates persist [3]
[4], there is consensus among WHO and other stakeholders on the necessity for
comprehensive action to combat AMR, as outlined in a number of reports [5]
(6] [7].

Antibiotic resistance represents a pressing global health crisis, challenging the
efficacy of conventional treatment methods and necessitating novel strategies for
containment and management. With the rise of resistance across various ecologi-
cal niches, understanding its prevalence in diverse environments is paramount
for effective mitigation. Medicinal plants have been integral to therapeutic prac-
tices since ancient times [8], known to harbor a diverse array of endophytic bac-
teria [9]. The intricate interplay between medicinal plants and their associated
endophytic bacteria underscores the importance of comprehensively understand-
ing antibiotic resistance within this symbiotic relationship. Investigating the an-
tibiotic resistance profiles of endophytic bacteria isolated from medicinal plants
offers insights into the resilience and adaptability of microbial communities in
response to antibiotic pressure. Such insights are crucial for safeguarding human
health and preserving the effectiveness of antibiotics in both medical and agricul-
tural contexts.

Human acquisition of antimicrobial-resistant bacteria (ARB) stems from var-
ious origins, encompassing human-to-human transmission, animal interaction,
food consumption, and environmental exposure. Despite growing acknowledg-
ment of the environment’s role in AMR, uncertainties persist regarding its pre-
cise contribution to the emergence and dissemination of ARB [10]. In the years
since the discovery of antibiotics, it has become evident that the utilization of these
drugs in human medicine, veterinary medicine, and agriculture is associated
with the pollution of various environmental components (such as surface water,
groundwater, drinking water, municipal sewage, soil, vegetables, and sludge). This
contamination has led to an increase in antibiotic resistance and has resulted in
adverse ecological impacts [11]. The release of antibiotics into the environment

through wastewater discharge, and improper disposal of pharmaceuticals can lead
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to the selection pressure for resistant bacteria. Once present in the environment,
antibiotic residues can adversely affect organisms across various trophic levels
and pose risks to human health through the consumption of contaminated food
and water. Additionally, they contribute to the proliferation of resistant bacterial
populations and sustain selective pressures that promote the emergence and spread
of resistance in different environmental compartments [12]. While numerous stu-
dies have explored AMR in diverse environmental samples like poultry litter [13]
[14] [15] [16], municipal wastewater [17] [18] [19], and heavy metal-polluted soils
[20], limited research has been conducted on the AMR of endophytic bacteria
from medicinal plants.

The escalating use of antibiotics has led to soil pollution, with antibiotic re-
sidues infiltrating soil through human activities, particularly for soil fertiliza-
tion [21]. Consequently, soil contamination with antibiotics, along with antibi-
otic-resistant bacteria (ARB) and genes (ARGs), has become a global challenge.
The primary sources of this contamination are the application of manure as fer-
tilizer and the irrigation of soil with treated wastewater [22]. Soil, being the pri-
mary reservoir of bacterial endophytes [23], can play a crucial role in the transmis-
sion of these bacteria to plants. Bacteria from the soil can enter and colonize the
interior of plants as endophytes either early on, through the germination environ-
ment known as the spermosphere or later on through the rhizosphere and into the
roots of both seedlings and mature plants [24]. Due to the widespread presence of
antibiotic-resistant bacteria in soil, endophytic bacteria are also affected, leading
to the development of antibiotic resistance.

Antibiotic resistance can arise through either mutations or the acquisition of
resistance-conferring genes via horizontal gene transfer (HGT), with the latter
recognized as the predominant factor driving the current pandemic of antimi-
crobial resistance (AMR). Evidence suggests HGT between soil bacteria and pa-
thogens, with the direction of transfer remaining uncertain [25]. Antibiotic re-
sistance genes (ARGs) have the capability to spread horizontally among bacteria
through mobile genetic elements (MGEs) [26]. Mechanisms facilitating the hori-
zontal transfer of ARGs encompass transformation, conjugation transfer, trans-
duction, membrane vesicles (MVs), and DNA encapsulated within virus-like par-
ticles [27]. Several research investigations have indicated that antibiotic resistance
genes (ARGs) present in soil can migrate to both the roots and leaves of plants
[28]. This highlights the possibility that the consumption of medicinal plants
containing endophytic bacteria could contribute to antimicrobial resistance via
horizontal gene transfer. Hence, understanding the antibiotic resistance profile
of endophytic bacteria becomes crucial in addressing this complex health chal-
lenge.

In this study, we explore the antibiotic resistance profiles of endophytic bacte-
ria sourced from five distinct medicinal plants: Thankuni (Centella asiatica),
Neem (Azadirachta indica), Aparajita (Clitoria ternatea), Joba (Hibiscus ro-

sa-sinensis), and Snake plant (Dracaena trifasciata). By isolating and characte-
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rizing 113 endophytic bacteria across these plant species, we aimed to eluci-
date the prevalence and patterns of multidrug resistance (MDR) and extensively
drug-resistant (XDR) strains within the plant-associated microbial communi-
ties.

Through a systematic assessment of resistance against various antibiotics, we
unveil the diversity and distribution of MDR and XDR strains among the inves-
tigated plant-associated bacteria. Furthermore, genus-specific analysis sheds light
on the predominant contributors to antibiotic resistance, highlighting the differen-
tial susceptibility of bacterial genera to antimicrobial agents.

This research not only provides valuable insights into the complex dynamics
of antibiotic resistance in diverse plant environments, but also underscores the
urgency of addressing this global health challenge. The identification of XDR
strains emphasizes the severity of the antibiotic resistance problem, underscoring
the need for further investigation into the underlying factors shaping resistance

within plant-associated bacterial communities.

2. Material and Method

A sequential work flow of this study is summarized in Figure 1.

2.1. Sample Collection

Five medicinal plant samples, Thankuni (Centella asiatica), Neem (Azadirachta
indica), Joba (Hibiscus rosa-sinensis), Aparajita (Clitoria ternatea), and Snake
plant (Dracaena trifasciata) were selected for this experiment. We have chosen
these plants to represent a variety of plants, including herbs such as Thankuni,
Aparajita, and Snake plant, shrubs like Joba, and trees such as Neem. This selection
allows us to assess the antibiotic resistance profile of endophytic bacteria across di-
verse medicinal plants. Additionally, these medicinal plants are occasionally in-
gested as herbal remedies, presenting a potential pathway for the transmission of
resistant bacteria from plants to humans. These samples were collected from vari-
ous field environments, including the Botanical Garden of the University of Dha-
ka, as well as field areas, residential zones, and academic premises at the univer-
sity. These areas were chosen based on the fact that they provide a controlled
and well-maintained environment with a diverse collection of plant species from
various regions and ecosystems. This diversity offers a unique opportunity to access
a wide range of plant species with potential medicinal properties. The majority of
these areas utilized both organic and inorganic fertilizers, including herbicides,
insecticides, and fungicides. For the isolation of endophytic bacteria, different
parts (leaves, stems, roots, and flowers) of healthy plants were collected. Using
a sterile knife and forceps, plant parts were collected and placed in clean plas-
tic zipper bags. They were then brought to the laboratory, where they were im-
mediately used for the isolation of bacterial endophytes. Fresh plant materials were
used for the isolation of the bacterial endophytes to minimize the chances of con-

tamination.
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Figure 1. A sequential work-flowchart of the study.

2.2. Isolation of Endophytic Bacteria

This study employed a modified version of the isolation procedure [29] to effec-
tively remove potential epiphytic bacteria from the surface of collected plant sam-
ples. Initially, the plant samples underwent a series of washes to eliminate adher-

ing soil particles and surface microbial epiphytes. This process involved rinsing
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the samples under slow-running tap water for 15 minutes, followed by consecu-
tive washes with 0.5% Tween20, 2% sodium hypochlorite, 70% ethanol, and 2%
mercuric chloride. After each chemical wash, the samples were thoroughly rinsed
with sterilized deionized water (dH2O) three times. Finally, the samples were
washed with autoclaved nano-pure (Milli-Q) water and dried on sterile tissue
paper. The final rinse water was collected as a negative control. All materials and
solutions used in the process were autoclaved and exposed to UV light to pre-
vent contamination.

Following surface sterilization, the plant samples were ground using an autoc-
laved mortar and pestle. The resulting samples were suspended in autoclaved 0.9%
saline solution and diluted serially to obtain dilutions of 107, 107, 107, 107,
107, and 107°. Subsequently, 100 uL of each dilution was spread onto tryptic soy
agar (TSA) growth media in Petri dishes. Control plates were prepared by spread-
ing the water collected from the final rinse of the sample to ensure the absence of
epiphytes post-washing. The plates were then incubated at 37°C for 24 - 48
hours. Morphologically distinct bacterial colonies were selected as individual
endophytic bacterial colonies. Each colony was preserved in a 50% glycerol solu-
tion for further use and stored at —20°C.

2.3. Morphological and Biochemical Characterization of the
Endophytic Bacteria

For morphological characterization, the endophytic bacteria from Thankuni,
Neem, Aparijita, Joba, and Snake plant bacterial isolates were evaluated based on
their surface structure, color intensity, size, form, and appearance using a mi-
croscope.

Five different tests—Gram Staining, MacConkey Agar Test, Starch Hydrolysis
Test, Carbohydrate Fermentation Test, and Catalase Test were conducted for the
biochemical characterization of the endophytes. All the tests were done follow-
ing the protocols described in [30] and ASM MicrobeLibrary
(http://www.microbelibrary.org/).

2.4. Antibiotic Susceptibility Assay

The disk diffusion susceptibility assay was employed to assess the susceptibility
or resistance of endophytic bacteria to a range of antibiotics. Bacterial cultures
isolated from Thankuni, Aparajita, Joba, and Snake plant were grown in tryptic
soy broth (TSB) media, while Neem-associated bacteria were cultured in brain
heart infusion (BHI) broth, followed by overnight incubation at 37°C on a shak-
er operating at 180 rpm. Subsequently, the optical density (OD) of the overnight
cultures was measured at a wavelength of 600 nm, with an absorbance of 0.125
corresponding to a cell density of 2 x 10° cells/mL.

Tryptic soy agar (TSA) and king’s B (KB) medium agar plates were prepared
for the disk diffusion assay. Diluted cultures of endophytic bacteria were spread
onto TSA agar plates for Thankuni, Aparajita, Joba, and Snake plant-associated

bacteria, while Neem-associated bacteria were spread on KB medium plates. An-
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tibiotic filter paper discs, each containing one of 14 different antibiotics, namely
penicillin (PEN) 10 pg, cephradine (RAD) 30 pg, clindamycin (CLI) 2 pg, eryt-
hromycin (ERY) 15 pg, kanamycin (KAN) 30 pg, ampicillin (AMP) 30 pg, Ci-
profloxacin (CIP) 5 pg, gentamicin (GEN) 10 pg, doxycycline (DOX) 30 ug,
Amoxicillin (AMX) 30 pg, vancomycin (VAN) 30 pg, ceftriaxone (CTR) 30 pg,
chloramphenicol (CHL) 30 pg, and cotrimoxazole (COT) 30 ug, were then placed
onto the agar surface. We chose these 14 antibiotics from 10 distinct categories
to serve as references for the 1st, 2nd, and 3rd generation antibiotics, enabling us
to evaluate the susceptibility and resistance of the bacteria.

The plates were subsequently incubated at 37°C for 16 - 18 hours. Following
incubation, the diameter of the zones of inhibition (ZOI) surrounding each anti-
biotic disc was measured, and the sensitivity or resistance of the endophytic bacte-

ria to each antibiotic was determined based on the observed ZOI.

2.5. Genotypic Characterization of Antibiotic-Resistant
Endophytes

The genotypic characterization of antibiotic-resistant endophytic bacteria was
conducted through the extraction of genomic DNA, followed by polymerase chain
reaction (PCR) amplification of the 16S rRNA gene, and subsequent sequencing
of the amplified fragment. This methodological approach allowed for the identi-
fication and analysis of genetic markers within the bacterial isolates, providing
valuable insights into their taxonomic classification and antibiotic resistance

profiles.

2.5.1. DNA Extraction

For the extraction of total genomic DNA, the Thermo Scientific GeneJET Genom-
ic DNA Purification Kit was employed following the manufacturer’s recommend-
ed protocol. This kit is designed to efficiently isolate high-quality genomic DNA
from various sample types. The protocol involves several steps, including cell ly-
sis, protein precipitation, DNA binding to a silica membrane, washing to remove

contaminants, and elution of purified DNA.

2.5.2. PCR Amplification

To amplify the 16S rRNA gene from bacterial genomic DNA, PCR was con-
ducted using the universal primers 27-F (AGAGTTTGATCCTGGCTCAG) and
1492-R (GGTTACCTTGTTACGACTT). Each PCR reaction contained 25 pL of
reaction mixture, comprising 12.5 uL of PCR Master Mix, 2 uL of 100ng/uL DNA
template, 2.5 pL of each 10 mM primer, and nuclease-free water to achieve a fi-
nal volume of 25 uL. A negative control was included in each PCR run.

PCR amplification was performed through a 35-cycle program, beginning
with an initial denaturation step at 95°C for 5 minutes, followed by 35 cycles
of denaturation at 95°C for 30 seconds, annealing at 58°C for 40 seconds, and
elongation at 72°C for 1 minute and 40 seconds. A final elongation step was
conducted at 72°C for 7 minutes, after which the reaction was held at 4°C inde-

finitely.
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2.5.3. Gel Electrophoresis

To confirm the amplification of the target gene, the PCR products were run
through agarose gel electrophoresis. The PCR product’s size was approximately
1500 base pairs. 2% agarose gel was prepared in Tris-acetate-ethylenediamine-
tetraacetic acid (EDTA) (TAE) buffer and used to perform the electrophoresis.
The same buffer was used to run the gel. The gel was submerged with the 1x
TAE (40 mM Tris-acetate, 1 mM EDTA) running buffer. In this electrophore-
sis, a 1-kilo base-pair DNA ladder was used. The electrophoresis was run at a con-
stant voltage of 120 V for 40 minutes. After completing the electrophoresis, the
gel was placed under a UV-illuminator (Alphalmager Mini System, Proteinsimple)
and imaged using special software (Alpha view software), which was included in

this system.

2.5.4. DNA Sequencing and Taxonomic Identification of the Endophytes

The PCR-amplified products of 16S rRNA genes of the endophytes underwent
sequencing using Sanger’s method. Subsequent sequence analysis was conducted
using Genious Prime software, aligning the sequences with reference sequences
of the 16S rRNA gene obtained from the National Center for Biotechnology In-
formation (NCBI) database via the basic local alignment search tool (BLAST).
Species identification was accomplished by comparing the acquired sequences
with those in the GenBank database, selecting the sequence with the highest
maximum identity score. In instances where the identity of the best match was
below 99% and the query cover was less than 96%, only genus-level assignment

was made.

3. Results
3.1. Isolation of Endophytic Bacteria

A comprehensive investigation into the antibiotic resistance profiles of endo-
phytic bacteria was conducted, utilizing specimens sourced from five distinct
plant species. A total of 113 endophytic bacterial isolates were successfully iso-
lated, cultured, and characterized from these plant sources. Specifically, 18 iso-
lates were associated with Thankuni (labeled as T1 to T18), 15 with Neem (la-
beled as N1 to N15), 18 with Aparajita (labeled as Al to A18), 35 with Joba (la-
beled as J1 to J35), and 28 with Snake plant (labeled as S1 to S28). This extensive
sampling strategy allowed for a comprehensive assessment of antibiotic resistance
profiles across a diverse range of endophytic bacterial communities associated with
different plant hosts.

3.2. Morphological and Biochemical Characterization

The initial morphological characterization of the bacteria involved the observa-
tion and differentiation of colony characteristics, including size, color, and tex-
ture. Subsequently, a series of biochemical tests were conducted to further deli-
neate their characteristics. Gram staining was employed to classify the bacteria

based on cell wall structure, while the MacConkey Agar Test provided insight
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into their ability to ferment lactose. Additional tests, such as the Starch Hydroly-
sis Test and Carbohydrate Fermentation Test, were performed to assess the bac-
teria’s capacity to utilize specific substrates. Furthermore, the Catalase Test was
conducted to determine the presence of the enzyme catalase, which aids in the
breakdown of hydrogen peroxide. These biochemical assays collectively contri-
buted to the comprehensive biochemical characterization of the bacterial iso-

lates, and the summarized results are depicted in Figure 2.
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Figure 2. Biochemical characteristics of the isolated endophytic bacteria. Five biochemical tests were performed to assess the bio-
chemical characteristics of the endophytic bacteria. The figure illustrates the number of bacteria demonstrating positive (depicted
by green bars) and negative (depicted by red bars) outcomes in the Gram staining, MacConkey agar test, starch hydrolysis test,
carbohydrate fermentation test, and catalase test, respectively. The data are categorized based on the plant sources from which the
bacteria were isolated, namely (a) Thankuni, (b) Neem, (c) Aparajita, (d) Joba, and (e) Snake plant.
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3.3. Antibiotic Susceptibility Test

The disk diffusion method, recognized as the gold standard for assessing antibi-
otic susceptibility, was utilized to evaluate the susceptibility of isolated bacteria
to 14 different antibiotics spanning 10 distinct categories (Table 1). The zone of
inhibition (ZOI) resulting from each antibiotic was measured, and the bacteria
were categorized as resistant, intermediate, or sensitive following the Clinical and
Laboratory Standards Institute (CLSI) guidelines outlined in the 27th edition
(2017) of the “Performance Standards for Antimicrobial Susceptibility Testing”.
The distribution of resistant, intermediate, and sensitive bacteria against the
antibiotics is depicted in Figure 3. Detailed information regarding the ZOI of
each bacterium against the antibiotics utilized in the study can be found in Table
S1.

All endophytic bacteria identified in this study exhibited varying degrees of an-
tibiotic resistance. Multidrug-resistant (MDR), extensively drug-resistant (XDR),
and pan-drug-resistant (PDR) bacteria are distinctively categorized in medical
literature, delineating diverse patterns of antimicrobial resistance. MDR bacteria,
as defined by the Centers for Disease Control and Prevention (CDC) and the
European Centre for Disease Prevention and Control (ECDC), encompass organ-
isms exhibiting acquired resistance to at least one agent in three or more antimi-
crobial categories. Conversely, XDR bacteria manifest resistance to at least one
agent in all but two or fewer antimicrobial categories, maintaining susceptibility
to only one or two categories. Pan-drug-resistant (PDR) bacteria demonstrate
resistance to all antimicrobial agents, rendering them impervious to treatment

options [31].

Table 1. Antimicrobial categories and agents used to define MDR, XDR, and PDR.

Antimicrobial category Antimicrobial agent
Penicillin
Penicillins Ampicillin
Amoxicillin
Lincosamides Clindamycin
Kanamycin
Aminoglycosides
Gentamycin
Fluoroquinolones Ciprofloxacin
Glycopeptides Vancomycin
Macrolides Erythromycin
Folate pathway inhibitors Cotrimoxazole
Phenicols Chloramphenicol
Tetracyclines Doxycycline
Cephradine

Extended-spectrum cephalosporins
Ceftriaxone
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Figure 3. Antibiotic susceptibility profiles of the endophytic bacteria. Endophytic bacteria isolated from (a) Thankuni,
(b) Neem, (c) Joba, (d) Aparajita, and (e) Snake plant were assessed for their sensitivity against 14 different antibiotics.
“Red” indicates resistance, “Yellow” indicates intermediate, and “Green” indicates the sensitivity (legend box at the
right) of the isolate against the used antibiotics. VAN: Vancomycin; RAD: Cephradin; PEN: Penicillin; KAN: Kanamy-
cin; GEN: Gentamycin; ERY: Erythromycin; DOX: Doxycycline; CTR: Ceftriaxone; CIP: Ciprofloxacin; COT: Cotri-
moxazole; CLI: Clindamycin; CHL: Chloramphenicol; AMX: Amoxicilliny AMP: Ampicillin.
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According to the conditions, bacteria that were found to be resistant to the
antibiotics used are shown in Table 2. Thankuni-associated bacteria T1, T3, T5,
T6, T7, T8, T9, and T10 were identified as multidrug-resistant (MDR), while T17
and T18 exhibited extensive drug resistance (XDR). Among Neem-associated
bacteria, N1, N2, N5, N6, N7, N10, N11, and N13 were categorized as MDR,
whereas N8 and N15 demonstrated XDR. Within Joba-associated bacteria, J4, J5,
17,79, J11, J12,J17, J20, J21, J22, ]23, J24, J25, J28, J29, ]J31, J32, J33, and J34 were
identified as MDR, while J13, J14, J18, J19, and J27 exhibited XDR patterns.
Aparajita-associated bacteria A5, A6, A9, and A16 were classified as MDR, whe-
reas A1l showed XDR characteristics. Lastly, Snake plant-associated bacteria S9
and S24 were identified as MDR, while S17 displayed XDR traits.

The distribution of bacterial populations across various plant species, along
with the categorization into non-MDR, MDR, and XDR strains, is presented in
Figure 4 and Figure 5. Among the total 113 endophytic isolates, 53 exhibited
multi-drug resistance (MDR), with 12 demonstrating an alarming level of resis-
tance, qualifying as extremely drug-resistant (XDR). Notably, the highest propor-
tion of bacterial isolates originated from Joba specimens (31%), followed by the
Snake plant (24%), Aparajita (16%), Thankuni (16%), and Neem (13%), respec-
tively.

Upon scrutiny of resistance profiles, snake plant-associated bacteria exhibited
the highest prevalence of non-multidrug resistance (non-MDR) at 89%, render-
ing it the least resistant among the studied plants. Conversely, Joba-associated
bacteria showcased the highest multidrug resistance (MDR) at 54%, indicating
elevated resistance levels. Moreover, extreme drug resistance (XDR) was notably
pronounced in Neem-associated bacteria at 13%, designating Neem as the plant
source harboring the highest level of extreme resistance. In contrast, the snake

plant exhibited the lowest XDR percentage at 4%.

3.4. Identification of Antibiotic-Resistant Endophytic Isolates

The utilization of the 16S rRNA gene sequence serves as an invaluable tool for

Table 2. List of multi-drug resistant (MDR) and extremely-drug resistant (XDR) endo-
phytic bacteria isolated from medicinal plants.

Multi-drug resistant Extremely
Source .
(MDR) drug-resistant (XDR)
Thankuni-associated bacteria T1, T3, T5, T6, T7, T8, T9, T10 T17, T18
. . N1, N2, N5, N6, N7, N10,
Neem-associated bacteria N8, N15

N11, N13, N14

J4,75,17,19,J11, J12, ]J17,
Joba-associated bacteria J20,J21, J22, J23, J24, J25, J13,]14, J18, J19, J27
J28,]29, 31,32, ]33, ]34

Aparajita-associated bacteria A5, A6, A9, Al6 All

Snake plant-associated bacteria S9, S24 S17
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BACTERIA
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22% MDR
6% XDR

32% Non-MDR
54% MDR
14%  XDR

Figure 4. The distribution of enodophytic isolates and their corresponding resistance
profiles across five distinct medicinal plants. Endophytic bacteria obtained from the me-
dicinal plants exhibited a diverse array of resistance patterns. Joba, Snake plant, Aparajita,
Thankuni, and Neem contributed 31%, 24%, 16%, 16%, and 13% of isolates, respectively. The
resistance profiles for each plant species are as follows: Joba-associated bacteria exhibited
32% non-MDR, 54% MDR, and 14% XDR. Snake plant displayed 89% non-MDR, 7% MDR,
and 4% XDR. Aparajita demonstrated 72% non-MDR, 22% MDR, and 6% XDR. Thankuni
presented 45% non-MDR, 44% MDR, and 11% XDR. Neem showcased 27% non-MDR,
60% MDR, and 13% XDR. Resistance categorizations were determined based on specific
criteria: MDR indicates non-susceptibility to >1 agent in >3 antimicrobial categories, while
XDR denotes non-susceptibility to =1 agent in all but <2 categories.

Total Bacteria

53 A MDR

Figure 5. Quantification of total bacteria, MDR, and XDR bacteria derived from isolated
endophytic bacterial strains. Among the 113 bacteria isolated from the Thankuni, Neem,
Aparajita, Joba, and Snake plant, a total of 53 strains exhibited multi-drug resistance
(MDR), with 12 of them categorized as extremely-drug resistant (XDR). The determination
of MDR and XDR strains adheres to specific criteria: MDR signifies non-susceptibility
to 21 agent in >3 antimicrobial categories, while XDR denotes non-susceptibility to =1
agent in all but <2 categories.
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identifying microbial genera that elude conventional biochemical profiling [32].
Consequently, PCR-amplified products from each of the 53 resistant endophytic
isolates underwent Sanger sequencing. Post-sequencing, data retrieval was facili-
tated through “Geneious Prime” software, followed by sequence analysis against
NCBI’s 16S rRNA gene reference sequences using BLAST. In silico sequence
hybridization compared 16S rRNA gene sequences from previously deposited bac-
teria in NCBI with those from the present study’s isolates, with BLAST results
tabulated in Table S2. The diversity of resistant isolates was visually represented
in a pie chart (Figure 6).

An analysis of the 53 identified multidrug-resistant bacteria revealed Bacillus
as the predominant genus, constituting 47% of the total. Staphylococcus accounted
for 21%, making it the second most prevalent genus among the multidrug-resistant
strains, while Klebsiella represented a substantial portion at 11%. The distribution
of remaining genera included Corynebacterium (5%), Enterococcus (5%), Entero-
bacter (2%), Exiguobacterium (2%), Pantoea (2%), and Mammaliicoccus (2%),
with a combined 2% for other genera. This distribution underscores the signific-
ance of Bacillus, Staphylococcus, and Klebsiella as major contributors to multi-

drug resistance.

Diversity of the isolated MDR baceria
2% 2%

5%
4%
2%

11%
= Bacillus = Exiguobacterium = Corynebacterium = Klebsiella
= Pantoea = Staphylococcus ® Mammaliicoccus = Enterobacter
= Enterococcus = Priestia m Other

Figure 6. MDR resistance profile across the genus of the isolated endophytes. This figure
illustrates the differential antibiotic resistance patterns observed among different bacterial
genera. The distribution of antibiotic resistance among 53 multi-drug resistant (MDR)
bacteria reveals prominent resistance across various genera. Bacillus (47%), Staphylococ-
cus (21%), and Klebsiella (11%) are the predominant contributors to MDR, showcasing
notable levels of resistance against diverse antibiotics.
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Further analysis of sequencing data revealed genus-specific antibiotic resistance
profiles, depicted in the phylogenetic tree (Figure 7). Phylogenetic tree analysis
of multidrug-resistant (MDR) bacteria, defined as resistant to three or more an-
tibiotic classes, delineated three distinct lineages. Lineage 1 comprised the majority
of bacteria (43), suggesting a substantial prevalence within this lineage. In con-
trast, Lineage 3 was represented by a solitary bacterium, T5, indicating a compara-
tively unique or less prevalent lineage. Notably, Lineage 2, consisting of 9 bacte-
ria, was associated with the Joba plant, with all members exhibiting resistance
against more than three antibiotic classes. This distinctive resistance profile high-
lights Lineage 2’s potentially elevated level of antibiotic resistance complexity com-

pared to other lineages.

Tree scale: 0.1
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Figure 7. The phylogenetic tree illustrating the evolutionary relationships among the antibiotic-resistant endophytic bacteria. The
phylogenetic tree depicted here illustrates the relationships among antibiotic-resistant endophytic bacteria, with three distinct
lineages delineated by different colors. Furthermore, 10 different symbols are employed to represent 10 distinct classes of antibio-
tics, as elucidated in the legend box. Isolates demonstrating resistance to various antibiotics are dispersed around the tree, reflect-
ing their resistance profiles across different antibiotic classes. This visual representation provides valuable insights into the evolu-
tionary relationships among the resistant bacteria and their patterns of antibiotic resistance. VAN: Vancomycin; RAD: Cephra-
dine; PEN: Penicillin; KAN: Kanamycin; GEN: Gentamycin; ERY: Erythromycin; DOX: Doxycycline; CTR: Ceftriaxone; CIP: Ci-
profloxacin; COT: Cotrimoxazole; CLI: Clindamycin; CHL: Chloramphenicol; AMX: Amoxicilliny AMP: Ampicillin.
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4. Discussion

The introduction of the first antibiotic, penicillin, in 1940 marked the beginning
of a new era in global antibiotic therapy, offering potent remedies for the prevail-
ing diseases of that time. However, the overuse and misuse of antibiotics, coupled
with the emergence of new bacterial strains, have led to the development of anti-
biotic resistance. Antibiotic resistance presents a global concern, as numerous pa-
thogenic organisms have developed resistance to one or more types of antibiotics
[33]. Indeed, one of the top three major threats to public health in the twen-
ty-first century, according to the World Health Organization, is antibiotic resis-
tance [34]. Methicillin resistance in Staphylococcus aureus (MRSA) stands as one
of the most prominent examples of AMR and has been associated with elevated
mortality rates worldwide each year [35].

Similar to the ubiquity of bacteria, antibiotic resistance is widely distributed,
and resistance genes are found in water, the environment, animals, and people.
These resistance genes are transmitted both inside and across these reservoirs,
with the proportional contributions of the different transmission pathways vary-
ing according to the resistance elements and bacterial species involved [36]. Al-
though several studies have identified risk factors for acquiring, infecting, or co-
lonizing with ARB, precise measurement of transmission pathways and their rela-
tive significance is necessary given the worldwide urgency to lower the frequency
of antibiotic resistance [37]. The present study comprehensively examined the an-
tibiotic resistance profiles of endophytic bacteria isolated from five distinct me-
dicinal plant species. Our findings emphasize the significant prevalence of anti-
biotic resistance among endophytic bacteria associated with medicinal plants,
highlighting the potential implications for human health and ecosystem dynam-
ics.

Medicinal plants are widely used in traditional medicine, and endophytic bac-
teria play a role in the health of these plants [9]. Studying antibiotic resistance in
endophytic bacteria ensures the safety of medicinal plants, as antibiotic-resistant
strains may have implications for the efficacy of traditional remedies. If these bac-
teria harbor antibiotic-resistant genes, there is a risk of transmitting these traits
to pathogenic bacteria in the human or animal microbiome. This transfer could
contribute to the wider problem of antimicrobial resistance, supported by evidence
of antibiotic resistance genes transferring from soil bacteria to clinical pathogens
[25].

Our research aimed to investigate the antibiotic resistance profiles of endophyt-
ic bacteria isolated from five different medicinal plants—Thankuni, Neem, Apa-
rajita, Joba, and Snakeplant. The isolation process yielded a total of 113 endo-
phytic bacteria, each associated with a specific plant species.

Antibiotic susceptibility testing revealed varying degrees of resistance among
the isolated endophytic bacteria. The disk diffusion method enabled the assess-
ment of susceptibility to 14 different antibiotics across 10 distinct categories.
Our results demonstrated that all bacterial isolates exhibited some level of anti-
biotic resistance, with a notable prevalence of multidrug-resistant (MDR) and
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extensively drug-resistant (XDR) strains. The comparative analysis of antibiotic
resistance among different plant species revealed significant variability in resis-
tance profiles. Joba-associated bacteria exhibited the highest MDR prevalence,
while Neem-associated bacteria displayed the highest XDR prevalence. These
findings highlight the importance of considering plant host specificity in under-
standing antibiotic resistance dynamics within plant-microbe ecosystems.

The emergence of MDR and XDR strains among endophytic bacteria from di-
verse plants emphasizes the global challenge of antibiotic resistance and prompts
further investigation into the specific factors driving resistance in these bacterial
communities. Understanding the genetic basis of resistance in endophytic bacte-
ria is crucial for developing effective strategies to mitigate the spread of resistant
strains.

Our findings highlight the importance of continued surveillance of antibiotic
resistance percentages in diverse ecological niches. Responsible antibiotic use,
coupled with in-depth research into the mechanisms driving resistance in en-
dophytic bacteria, will be essential in addressing the escalating issue of antibiotic
resistance. Future studies should also explore the potential risks associated with
the traditional use of medicinal plants hosting these resistant strains, considering
the varying resistance percentages observed in this research.

Furthermore, our study identified Bacillus, Staphylococcus, and Klebsiella as the
predominant genera among multidrug-resistant bacteria. These findings align with
previous studies [38] [39] highlighting the importance of these genera in clinical
and environmental settings. The prevalence of these genera in our study suggests
their potential role as reservoirs of antibiotic resistance genes within medicinal
plant ecosystems.

The phylogenetic analysis provided insights into the evolutionary relationships
among antibiotic-resistant endophytic bacteria. Three distinct lineages were de-
lineated, with varying distributions of resistant bacteria across the lineages. In-
terestingly, Lineage 2 was associated with the Joba plant and exhibited resistance
against multiple antibiotic classes, suggesting a potentially unique resistance pro-

file within this lineage.

5. Conclusion

In conclusion, our study provides valuable insights into the antibiotic resis-
tance profiles of endophytic bacteria associated with medicinal plants. The pre-
valence of multidrug-resistant strains, coupled with the diverse resistance pro-
files across plant species, emphasizes the complexity of antibiotic resistance within
plant-microbe systems. Future research efforts should focus on elucidating the
genetic mechanisms underlying antibiotic resistance in endophytic bacteria and
developing targeted intervention strategies to mitigate the spread of resistance in

both clinical and environmental settings.
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Table S1. Antibiotic susceptibility of endophytic bacteria from Thankuni (a), Neem (b), Aparajita (c), Joba (d), and Snakeplant (e)
as determined by zone of inhibition diameters.

PEN RAD CLI ERY KAN AMP CIP GEN DOX AMX VAN CTR CHL COT
Bacteria (10 pg) (25 pg) (2 pg) (15 pg) (30 pg) (25 pg) (5 ug) (10 pg) (30 pg) (30 pg) (30 pg) (30 pg) (30 pg) (25 pg)
No. ZOI ZOI ZOI ZOI ZOI ZOI ZOI ZOI ZOI ZOI ZOl ZOl ZOI ZOI

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

(2)
TI  6(R) 15(R) 32(S) 12(R) 15(I) 6(R) 33(S) 17(S) 15(I) 6(R) 15(1) 21(I) 13() 6(R)
T2  6(R) 20(I) 29(S) 22(I) 17(I) 22(S) 30(S) 22(S) 25(S) 8(R) 18(S) 21(I) 23(S) 26(S)
T3  6(R) 25(S) 20(S) 17(1) 17(I) 6(R) 30(S) 19(S) 24(S) 6(R) 17(S) 21(I) 23(S) 6(R)
T4 6(R) 20(I) 18(I) 22(I) 17(I) 23(S) 29(S) 21(S) 25(S) 7R 15(I) 19(R) 25(S) 21(S)
T5 6(R) 13(R) 21(S) 8(R) 22(R) 6(R) 25(S) 24(S) 26(S) 6(R) 16(I) 6(R) 24(S) 7(R)
T6 6(R) 16(R) 6(R) 17(I) 15(1) 6(R) 23(S) 19(S) 22(S) 6(R) 17(S) 20(I) 24(S) 6(R)
7 6(R) 9(R) 6(®) 6(R) 20(S) 6(R) 27(S) 19(S) 16(S) 6(R) 6(R) 17(R) 22(S) 20(S)
T8  6(R) 23(S) 22(S) 20(I) 19(S) 12(R) 25(S) 19(S) 21(S) 6(R) 17(S) 6(R) 22(S) 7(R)
T9 6(R) 12(R) 25(S) 6(R) 18(S) 6(R) 24(S) 18(S) 24(S) 6(R) 18(S) 18(R) 23(S) 25(S)
TI0O 6(R) 24(S) 20(S) 23(S) 20(S) 6(R) 19(1) 16(S) 26(S) 6(R) 15(1) 9(R) 25(S) 7(R)
Tl  6(R) 21(S) 6(R) 20(I) 19(S) 6(R) 24(S) 15(S) 17(S) 6(R) 16(1) 27(S) 26(S) 28(S)
T2 11(R) 20(I) 25(S) 20(I) 21(S) 13(R) 24(S) 20(S) 17(S) 6(R) 17(S) 20(I) 24(S) 22(S)
T13 18(R) 30(S) 28(S) 25(S) 19(S) 27(R) 32(S) 24(S) 28(S) 7(R) 17(S) 29(S) 24(S) 33(S)
Ti4 17(R) 19(I) 28(S) 19(1) 19(S) 11(R) 25(S) 22(S) 23(S) 6(R) 17(S) 25(S) 22(S) 21(S)
TI5 14(R) 6(R) 24(S) 27(S) 23(S) 6(R) 22(S) 19(S) 28(S) 6(R) 24(S) 26(S) 31(S) 36(S)
T16 24(R) 23(S) 19(I) 26(S) 24(S) 18(R) 26(S) 23(S) 33(S) 6(R) 22(S) 21(R) 33(S) 29(S)
T17 6(@R) 8(R) 6 6(R) 140 6(R) 200 16(S) 13(I) 6(R) 6(R) 25(S) 23(S) 23(S)
TiI8 6(R) 8(R) 6(R 6(R) 13(R) 7(R) 22(5) 141 13(I) 6(R) 6(R) 24(S) 23(S) 20(S)
(b)

NI  6(R) 14(R) 20(I) 13(R) 21(S) 21(S) 22(S) 22(S) 18(S) 6(R) 14(R) 9(R) 25(S) 11(I)
N2 6(R) 27(S) 6(R) 11(R) 23(S) 13(I) 23(S) 20(S) 10(R) 6(R) 16(I) 17(S) 22(S) 26(S)
N3  6(R) 29(S) 20(I) 27(S) 19(S) 7(R) 30(S) 21(S) 16(S) 8(R) 18() 7(R) 27(S) 32(S)
N4 6(R) 17(I) 21(S) 17() 21(S) 21(S) 30(S) 20(S) 22(S) 6(R) 17(I) 8(R) 16(I) 35(S)
N5 6(R) 16(R) 6(R) 22(I) 19(S) 11(R) 24(S) 19(S) 16(S) 6(R) 14(R) 19(S) 22(S) 26(S)
N6 6(R) 18(I) 21(S) 17(I) 23(S) 11(R) 27(S) 25(S) 15() 6(R) 13(R) 6(R) 22(S) 25(S)
N7  6(R) 20() 20(I) 20(I) 20(S) 19(S) 30(S) 21(S) 9(R) 6(R) 14(R) 7(R) 20(S) 23(S)
N8 6(R) 20(I) 15(I) 18(I) 22(S) 15(R) 24(S) 19(S) 10(R) 6(R) 14(R) 10(R) 23(S) 25(S)
N9 6(R) 14(R) 20(I) 22(I) 21(S) 8(R) 20(I) 19(S) 15(1) 6(R) 16(I) 6(R) 24(S) 17(S)
N10 6(R) 15(R) 17(I) 21(I) 20(S) 6(R) 19(I) 19(S) 14(I) 6(R) 14(R) 6(R) 24(S) 16(S)
NIl 6(R) 16(R) 19(I) 20(I) 21(S) 10(R) 18(I) 18(S) 18(S) 6(R) 14(R) 6(R) 24(S) 24(S)
NI2 6(R) 18(I) 23(S) 23(S) 18(S) 13(1) 20(I) 21(S) 16(S) 6(R) 15(I) 19(S) 21(S) 23(S)
NI3 6(R) 17(I) 7(R) 25(S) 25(S) 19(S) 22(S) 22(S) 20(S) 6(R) 13(R) 21(S) 22(S) 22(S)
N4 6(R) 16(R) 14(R) 20(I) 17(1) 21(R) 17(I) 18(S) 16(S) 6(R) 13(R) 13(R) 23(S) 24(S)
N15 6(R) 13(R) 20(I) 21(I) 21(S) 10(R) 19(I) 20(S) 13(1) 6(R) 14(R) 6(R) 24(S) 6(R)
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(©
Al 17(R) 18(I) 25(S) 24(S) 23(S) 14(R) 29(S) 20(S) 30(S) 25(R) 18(S) 26(S) 26(S) 30(S)
A2 30(S) 18(I) 25(S) 23(S) 21(S) 26(R) 25(S) 20(S) 32(S) 28(R) 20(S) 25(S) 25(S) 25(S)
A3 36(S) 23(S) 25(S) 25(S) 18(S) 25(R) 25(S) 19(S) 30(S) 35(S) 16(I) 25(S) 24(S) 25(S)
A4 30(S) 28(S) 26(S) 30(S) 19(S) 30(S) 30(S) 20(S) 26(S) 32(S) 21(S) 30(S) 20(S) 28(S)
A5 6(R) 8(R) 6(R) 11(R) 18(S) 6(R) 30(S) 12(R) 19(S) 8(R) 6(R) 26(S) 26(S) 18(S)
A6 6(R) 12(R) 6(R) 6(R) 11 (R) 6(R) 25(S) 13(I) 15(I) 10(R) 6(R) 22(I) 22(S) 25(S)
A7 8(R) 14(R) 25(S) 22(I) 16(I) 10(R) 24(S) 15(S) 30(S) 20(R) 15(I) 25(S) 24(S) 30(S)
A8  45(S) 21(S) 30(S) 33(S) 18(S) 25(R) 22(S) 17(S) 40(S) 46(S) 20(S) 24(S) 29(S) 23(S)
A9 6(®R) 10(R) 6(R) 13(R) 24(S) 8(R) 30(S) 15(S) 20(S) 10(R) 7(R) 28(S) 27(S) 19(S)
A10  40(S) 30(S) 32(S) 32(S) 23(S) 26(R) 32(S) 22(S) 33(S) 46(S) 16(I) 30(S) 30(S) 30(S)
All 7@R) 9MR) 7@®) 7(@R) 18(S) 20(R) 30(S) 15(S) 20(S) 7(R) 7(R) 12(R) 22(S) 20(S)
Al2  14(R) 23(S) 15() 21(I) 17(1) 20(R) 31(S) 14(I) 28(S) 20(R) 16(I) 16(I) 15(I) 34(S)
Al13 36(S) 30(S) 20(I) 20(I) 19(S) 26(R) 26(S) 22(S) 23(S) 36(S) 18(S) 20(I) 25(S) 25(S)
Ald  26(I) 26(S) 18() 19(1) 15(I) 7(R) 25(S) 11(R) 30(S) 21(R) 17(S) 27(S) 13(I) 32(S)
Al5  24() 25(S) 15(I) 32(S) 17(I) 22(R) 30(S) 15(S) 30(S) 30(S) 15(I) 20(I) 20(S) 35(S)
Al6 6([R) 12(R) 6(R) 6(R) 12(R) 6(R) 23(S) 15(S) 13(I) 8(R) 6(R) 24(S) 20(S) 16(S)
Al7  29(S) 34(S) 17(I) 40(S) 20(S) 18(R) 30(S) 16(S) 40(S) 30(S) 19(S) 19(I) 6(R) 42(S)
A18 11 (R) 15(R) 26(S) 24(S) 22(S) 14(R) 25(S) 18(S) 34(S) 20(R) 21(S) 23(S) 26(S) 40(S)

(d)
J1 23(I) 24(S) 6(R) 26(S) 19(S) 18(R) 30(S) 21(S) 28(S) 13(R) 20(S) 25(S) 30(S) 20(S)
J2 40(S) 34(S) 30(S) 34(S) 25(S) 28(R) 32(S) 20(S) 35(S) 50(S) 19(S) 30(S) 24(S) 28(S)
J3  6(R) 23(S) 26(S) 24(S) 18(S) 11(R) 28(S) 18(S) 25(S) 12(R) 21(S) 11(R) 28(S) 20(S)
J4 240 17D 6®R) 6(R) 16(I) 12(R) 25(S) 19(S) 19(S) 6(R) 12(R) 25(S) 21(S) 24(S)
J5 40(S) 12(R) 6(R) 7(R) 15(I) 25(R) 26(S) 20(S) 26(S) 7(R) 10(R) 30(S) 21(S) 22(S)
J6 10(R) 22(S) 25(S) 18(I) 27(S) 8(R) 30(S) 20(S) 28(S) 13(R) 16(I) 28(S) 25(S) 25(S)
J7 10(R) 15(R) 20(I) 21(I) 15(I) 6(R) 27(S) 21(S) 30(S) 17(R) 12(R) 13(R) 24(S) 6(R)
J8  32(S) 24(S) 25(S) 23(S) 17(I) 35(S) 30(S) 17(S) 32(S) 50(S) 13(R) 30(S) 27(S) 27(S)
9 6@R) 15(R) 6(R) 6(®R) 15(I) 20(R) 26(S) 20(S) 20(S) 11(R) 6(R) 29(S) 25(S) 25(S)
JI0  13(R) 21(S) 28(S) 23(S) 19(S) 14(R) 30(S) 19(S) 30(S) 16(R) 17(S) 26(S) 15(R) 27(S)
J11 6(R) 9(R) 6(R) 10(R) 17(I) 7(R) 30(S) 13(I) 18(S) 9(R) 6(R) 25(S) 21(S) 15()
J12 25(I) 13@R) 6(R) 6(R) 7(R) 17(R) 16(I) 15(S) 21(S) 6(R) 18(S) 15(R) 23(S) 20(S)
J13 12(R) 8(R) 20() 15() 16(I) 6(R) 22(S) 10(R) 25(S) 12(R) 15(I) 8(R) 20(S) 6(R)
Jla  8(R) 8(R) 20(I) 15(I) 16(I) 6(R) 25(S) 12(R) 26(S) 11(R) 14(R) 13(R) 18(S) 6(R)
J15 32(S) 21(S) 25(S) 21(I) 15(I) 23(R) 26(S) 18(S) 28(S) 35(S) 16(I) 25(S) 27(S) 26(S)
JiI6  15(R) 23(S) 25(S) 20(I) 16(I) 15(R) 28(S) 21(S) 30(S) 20(R) 17(S) 23(S) 25(S) 22(S)
J17 6(R) 12(R) 6(R) 6(R) 15(I) 6(R) 30(S) 16(S) 16(S) 9(R) 7(R) 32(S) 28(S) 20(S)
J1I8  11(R) 15(R) 20(I) 21() 15(1) 7(R) 23(S) 17(S) 26(S) 13(R) 20(S) 13(R) 23(S) 6(R)
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J19 6(R) 6(R) 20(I) 6(®R) 1I1(R) 6(R) 20(I) 12(R) 12(R) 6(R) 6(R) 25(S) 20(S) 21(S)
J20 28(S) 12(R) 12(R) 20(I) 14(I) 19(R) 20(I) 17(S) 30(S) 30(S) 18(S) 19(I) 26(S) 22(S)
J21 6(R) 12(R) 6(R) 15(I) 12(R) 6(R) 20(I) 13(I) 15(I) 8(R) 6(R) 26(S) 22(S) 20(S)
j22 6(R) 6(R) 6(R) 6(®R) 13(R) 6(R) 22(S) 15(5) 13(I) 6(R) 6(R) 35(S) 20(S) 17(S)
J23 22(I) 12(R) 9(R) 25(S) 9(R) 15(R) 17(I) 13(I) 25(S) 30(S) 16(I) 18() 25(S) 23(S)
24 6(R) 12(R) 6(R) 6(R) 13(R) 6(R) 20(I) 15(5) 15(I) 9(R) 6(R) 26(S) 22(S) 20(S)
J25 20(I) 13(R) 6(R) 6(R) 8(R) 15(R) 21(S) 14(I) 19(S) 30(S) 16(I) 15(R) 27(S) 18(S)
J26 35(S) 18(R) 25(S) 30(S) 16(I) 21(R) 24(S) 15(S) 30(S) 40(S) 15(I) 22(I) 25(S) 21(S)
27 6(R) 6(R) 6(R) 22(I) 6(®) 6(R) 21(S) 19(S) 25(S) 6(R) 12(R) 11 (R) 21(S) 6(R)
J28  36(S) 19(I) 25(S) 8(R) 21(S) 23(R) 26(S) 23(S) 33(S) 30(S) 16(I) 23(S) 30(S) 6(R)
j20 6(R) 20(I) 20(I) 6(R) 12(R) 6(R) 28(S) 21(S) 17(S) 20(R) 17(S) 25(S) 26(S) 24(S)
J30 25(I) 35(S) 6(R) 26(S) 20(S) 24(R) 28(S) 25(S) 30(S) 28(R) 20(S) 31(S) 28(S) 25(S)
J31 18(R) 20(I) 6(R) 6(R) 20(S) 6(R) 28(S) 16(S) 40(S) 15(R) 20(S) 10(R) 15(I) 23(S)
J32 6(R) 9(R) 30(S) 6(R) 20(S) 6(R) 38(S) 20(S) 21(S) 16(R) 21(S) 30(S) 26(S) 28(S)
]33 15(R) 15(@R) 27(S) 27(S) 26(S) 13 (R) 32(S) 26(S) 32(S) 21 (R) 17(S) 18(I) 26(S) 6(R)
J3¢  11(R) 13(R) 27(S) 12(R) 22(S) 6(R) 28(S) 21(S) 23(S) 14(R) 20(S) 21(I) 27(S) 27(S)
J35  40(S) 20(I) 24(S) 26(S) 20(S) 24(R) 25(S) 14(I) 30(S) 40(S) 15(I) 22(I) 25(S) 23(S)
(e)
SI 40(S) 30(S) 28(S) 32(S) 14(I) 24(S) 30(S) 18(S) 30(S) 40(S) 28(S) 20(I) 28(S) 28(S)
S2 14(R) 30(S) 32(S) 26(S) 20(S) 8(R) 30(S) 20(S) 40(S) 16(R) 18(S) 18(I) 30(S) 20(S)
S3 36(S) 30(S) 30(S) 32(S) 18(S) 24(S) 26(S) 19(S) 30(S) 40(S) 16(I) 20(I) 20(S) 22(S)
S4  14(R) 27(S) 24(S) 36(S) 18(S) 10(R) 30(S) 18(S) 30(S) 20(R) 15(I) 27(S) 25(S) 16(S)
S5 11(R) 16(I) 24(S) 28(S) 15(I) 10(R) 20(I) 15(S) 28(S) 19(R) 16(I) 19(I) 23(S) 16(S)
S6 32(S) 22(I) 21(S) 22(I) 15(I) 25(S) 25(S) 18(S) 29(S) 40(S) 17(S) 18(I) 25(S) 22(S)
7 18(R) 17(I) 25(S) 27(S) 20(S) 9(R) 25(S) 9(R) 30(S) 21(R) 17(S) 21(S) 27(S) 17(S)
S8 40(S) 21(I) 26(S) 27(S) 18(S) 24(S) 24(S) 18(S) 34(S) 42(S) 16(I) 22(S) 27(S) 21(S)
S9 7@R) 20(I) 7R 9@ 13®R) 7(R) 25(S) 12(R) 16(S) 7(R) 7(R) 26(S) 25(S) 20(S)
S10  16(R) 25(S) 24(S) 9(I) 19(S) 9(R) 29(S) 19(S) 26(S) 21(R) 16(I) 19(I) 27(S) 29(S)
SI1 34(S) 23(S) 26(S) 28(S) 15(I) 22(S) 22(S) 15(S) 30(S) 38(S) 16(I) 19(I) 23(S) 22(S)
S12 34(S) 23(S) 24(S) 26(S) 16(I) 18(S) 30(S) 16(S) 34(S) 34(S) 16(I) 21(S) 22(S) 22(S)
S13  37(S) 24(S) 26(S) 28(S) 15(I) 21(S) 24(S) 14(I) 32(S) 34(S) 16(I) 17(I) 23(S) 22(S)
S14  20(I) 25(S) 12(R) 24(S) 18(S) 13(I) 20(I) 18(S) 24(S) 20(R) 16(I) 28(S) 24(S) 21(S)
S15 18 (R) 25(S) 30(S) 18(I) 15(I) 17(S) 25(S) 15(S) 28(S) 30(S) 15(I) 20(I) 25(S) 22(S)
S16 22(I) 23(S) 24(S) 29(S) 16(I) 12(I) 19(I) 16(S) 29(S) 24(R) 17(S) 20(I) 27(S) 20(S)
S17 6(R) 7(®) 20() 21(1) 140 6(R) 19(I) 11(R) 22(S) 6® 14([R) 7[R 21(S) 6(R)
S18  12(R) 21(I) 24(S) 28(S) 16(I) 10(R) 21(S) 14(I) 27(S) 17(R) 15(I) 20(I) 24(S) 14 (R)
S19  21(I) 25(S) 28(S) 27(S) 16(1) 13(I) 26(S) 18(S) 24(S) 20(R) 17(S) 18(I) 27(S) 21(S)
S20  34(S) 22(I) 22(S) 24(S) 15(I) 23(S) 29(S) 15(S) 30(S) 18(R) 14(R) 20(I) 25(S) 20(S)
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S21  15(R) 24(S) 25(S) 25(S) 17(I) 19(S) 25(S) 14(I) 17(S) 20(R) 13 (R) 21(S) 24(S) 17(S)
S22 33(S) 26(S) 25(S) 30(S) 18(S) 21(S) 27(S) 20(S) 32(S) 38(S) 18(S) 21(S) 27(S) 24(S)
$23 20(I) 30(S) 26(S) 28(S) 23(S) 20(S) 26(S) 18(S) 30(S) 22(R) 17(S) 23(S) 26(S) 18(S)
S24 6(R) 30(S) 6(R) 10(R) 17(I) 8(R) 27(S) 15(S) 17(S) 9(R) 7(R) 17(I) 25(S) 20(S)
S25  16(R) 24(S) 26(S) 26(S) 19(S) 16(S) 26(S) 18(S) 30(S) 20(R) 17(S) 24(S) 26(S) 18(S)
S26 18 (R) 25(S) 27(S) 30(S) 18(S) 20(S) 26(S) 18(S) 31(S) 22(R) 19(S) 25(S) 26(S) 18(S)
S27  20(I) 28(S) 25(S) 36(S) 24(S) 21(S) 32(S) 22(S) 26(S) 25(R) 19(S) 23(S) 28(S) 22(S)
S28  21(I) 28(S) 30(S) 36(S) 28(S) 22(S) 28(S) 20(S) 32(S) 32(S) 19(S) 29(S) 27(S) 20(S)

Table S2. Identification of the isolated endophytic bacteria to genus or species level and their percent identity based on blasting
our sequence data with NCBI databases.

X Accession No. X
Bacteria X X X . . K Query Maximum
Bacterial genus, species, and strain with the greatest similarity = with the greatest

No. similarity coverage  identity
T1  Bacillus altitudinis strain EN-43-07 16S ribosomal RNA gene OR898492 100 99.7
T3  Exiguobacterium mexicanum strain MKSAN3 16S ribosomal RNA gene OR452292 100 98.9
T5 Corynebacterium gintianiae strain MC1420 16S ribosomal RNA NR_181082 99.76 98.6
T6  Bacillus subtilis isolate NRS6131 genome assembly 0X419652 100 99.5
T7  Bacillus sonorensis strain Isolat7 16S ribosomal RNA gene OR264514 100 95.5
T8  Bacillus altitudinis strain CES-OCA-19 chromosome CP126086 100 99.6
T9 Bacillus subtilis strain MBB3B9_DBT-NECAB chromosome CP089269 99.89 99.9
T10  Bacillus tropicus strain T36S-23 chromosome CP119875 100 100
T17  Klebsiella pneumoniae subsp. pneumoniae strain KP67 chromosome CP101560 100 97.8
T18  Bacillus subtilis strain MBB3B9_DBT-NECAB chromosome CP089269 100 97.8
N1 Bacillus altitudinis strain BT 62 16S ribosomal RNA gene KJ848578 98.97 85.2
N2 Bacillus megaterium strain BMS4 16S ribosomal RNA gene KC429572 98.51 95.4
N5  Pantoea dispersa strain YSD_]2 chromosome CP074350 100 97.9
N6  Bacillus halotolerans strain HEP10A4 16S ribosomal RNA gene KY608836 100 97.8
N7  Bacillus altitudinis strain ABT_AC37 chromosome CP087276 100 98.7
N8  Staphylococcus sp. GZDM-49 16S ribosomal RNA gene DQ416800 100 96.6

N10  Bacillus cereus strain JSNBEBT50_4E 16S ribosomal RNA gene PP064124 99.89 92.9

N11  Bacillus sp. NCCP-980 gene for 16S ribosomal RNA AB970705 100 97.8

N13  Bacillus sp. MB108 gene for 16S ribosomal RNA AB536937 100 97

N14  Mammaliicoccus sciuri strain FDAARGOS_285 chromosome CP022046 100 98.9

N15  Bacillus tropicus strain T36S-23 chromosome CP119875 100 98.4
J4  Staphylococcus epidermidis strain AS-6s208 16S ribosomal RNA gene OR899957 100 99.3
15 Staphylococcus epidermidis strain PartG-Sepidermidis-RM8376 CP064359 100 99.8
]7 Staphylococcus epidermidis strain PartG-Sepidermidis-RM8376 CP064360 100 97.8
]9 Staphylococcus epidermidis strain PartG-Sepidermidis-RM8376 CP064361 100 99.6
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Continued
J11  Klebsiella pneumoniae strain KP36482022BGR genome assembly 0Y978494 100 98.3
J12 Enterococcus sp. strain AabL10 16S ribosomal RNA gene OR513033 100 99.3
J13  Staphylococcus epidermidis strain AS-6s208 16S ribosomal RNA gene OR899957 100 99.3
J14  Bacillus subtilis strain AUBS5 16S ribosomal RNA gene PP064165 100 99.2
J17  Klebsiella pneumoniae isolate 152 genome assembly OW967899 100 99.3
J18  Bacillus sp. (in: firmicutes) strain CpHO06 16S ribosomal RNA gene OR742178 99.65 97.6
J19  Enterobacter asburiae strain NJ-2 16S ribosomal RNA gene OR064262 100 994
J20  Enterococcus gallinarum strain 27SVSFAW 168 ribosomal RNA gene, ON514114 100 99
J21  Enterobacter quasiroggenkampii strain V1735 16S ribosomal RNA gene OR454040 100 99
J22  Klebsiella pneumoniae strain KP36482022BGR genome assembly 0Y978494 100 99.2
J23  Enterococcus sp. strain AabL10 16S ribosomal RNA gene OR513033 100 99.2
J24  Klebsiella pneumoniae strain KP36482022BGR genome assembly 0Y978494 100 98.3
J25  Bacterium NV21116S ribosomal RNA gene, partial sequence. KU561912 100 98.3
J27  Bacillus sp. (in: firmicutes) strain YX16-26 16S ribosomal RNA OR394161 100 97.5
J28  Staphylococcus taiwanensis strain 171 16S ribosomal RNA gene OR673552 100 98.9
J29  Staphylococcus hominis strain CEMTC_7276 16S ribosomal RNA gene OR640309 99.76 98.8
J31  Priestia megaterium strain YX2-3 16S ribosomal RNA gene OR394178 100 95.8
J32  Staphylococcus hominis strain ZG13-53 16S ribosomal RNA gene OR243850 100 97.5
J33  Bacillus aerius strain V3122 16S ribosomal RNA gene OR752027 100 99.4
]34 Staphylococcus hominis strain PCU7 16S ribosomal RNA gene OR253330 99.76 98.4
A5 Klebsiella pneumoniae strain KP36482022BGR genome assembly, 0Y978494 100 99.1
A6 Staphylococcus petrasii strain AM14 16§ ribosomal RNA gene ON323047 100 99
A9 Bacillus subtilis strain UKS56 16S ribosomal RNA gene, partial KX953131 100 99.3
A1l Bacillus sp. (in: Bacteria) strain IG5(32) 16S ribosomal RNA gene, MH595647 89.66 81.2
A16  Bacillus subtilisisolate NRS6131 genome assembly, chromosome: 0X419652 75.95 93.9
S9  Lysinibacillus sp. xfqu3 16S ribosomal RNA gen GQ480504 100 98.4
S17  Bacillus cereus strain 13.1 16S ribosomal RNA gene, partial 0Q756385 100 97.9
S24  Lysinibacillus sp. YS11 chromosome, complete genome CP026007 100 98.3
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