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Abstract: As one of the important traditional medicinal plants listed in the Chinese pharmacopoeia,
Vernonia anthelmintica (L.) Willd has been shown to possess various biological activities. In this study,
we characterized culturable endophytic bacteria associated with the medicinal plant V. anthelmintica
collected from Hotan within the Xinjiang autonomous region of China. Bacterial endophytes were
identified via 16S rRNA gene sequence analysis and compared to similar sequences from the GenBank.
Isolated strains exhibited 99.08–100% similarity to Bacillus haynesii XJB-5, Bacillus proteolyticus XJB-
16, Bacillus halotolerans XJB-35, Bacillus safensis XJB-71, Pseudomonas punonensis XJB-7, Lysinibacillus
fusiformis XJB-17, Streptococcus lutetiensis XJB-66, Leclercia adecarboxylata XJB-12, Paenibacillus alvei
XJB-14, and Pantoea agglomerans XJB-62. The ethyl acetate extracts of the bacterial endophytes
demonstrated various pharmacological properties, such as antimicrobial, cytotoxic, antidiabetic,
and antioxidant activity, according to a melanin content assay and have shown tyrosinase activity
in murine B16 cells. A crude extract of B. halotolerans XJB-35 displayed more powerful biological
activities than other bacterial endophytes; therefore, this strain was studied further in order to select
the optimized parameters for enhancing the synthesis of bioactive compounds. The optimal culture
medium was found to be nutrient broth (NB) medium, using peptone as its carbon source and
yeast extract as its nitrogen source. A 24 h incubation time produced the optimal conditions for the
maximum growth of B. halotolerans XJB-35 and the production of bioactive compounds. Moreover, we
investigated the volatile chemical component of the dichloromethane fraction using GC-MS analysis.
Our findings provide valuable information regarding the synthesize of bioactive natural products by
B. halotolerans XJB-35 for use by the medicinal and pharmaceutical industries.

Keywords: bacterial endophytes; antimicrobial; cytotoxic; antidiabetic; antioxidant activity; bioactive
secondary metabolites

1. Introduction

Bacterial endophytes can be found in all medicinal plant species investigated so far
as well as in the intracellular compartment of the host [1,2]. Endophytic microorganisms
live in relationships with their host plants to enhance plant growth and improve plant
nutrition gain [3,4]. Moreover, they can confer abiotic and biotic stress tolerance and protect
against attack from pathogens [5,6]. The production of a large amount of unique and
structurally diverse pharmacologically active natural products by endophytes is the cause
and triggers such action [7–9]. Bioactive natural products from plants, microorganisms and
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animals are important because they are used in medicine as vital therapeutic drugs. In
the last decade, a large number of studies have included medicines and pharmaceutical
agents because of the development, spread, and threat of various diseases affecting human
health—for example, diabetes mellitus, cancer, neurodegenerative diseases, and various
infectious diseases [10,11]. New structurally complex and diverse secondary metabolites
with high anticancer, antimicrobial, antioxidant, and anti-inflammatory properties have
been isolated from endophytic microorganisms, and they are significant tools for the dis-
covery of novel drug leads in medicinal chemistry [12–15]. Endophytic microorganisms
associated with medicinal plants may produce similar secondary metabolites and possess
similar pharmacological activities [16,17]. The bioactive natural products synthesized by
medicinal plants might effectively affect their association with endophytic microorgan-
isms [18]. In our previous study [19,20], we investigated the biodiversity of endophytic
bacteria and fungi associated with V. anthelmintica roots and flowers. However, we investi-
gated the pharmacological properties of crude ethyl acetate extracts as well as individual
secondary metabolites [19]. The indole derivatives, diketopiperazines, dihydrocinnamic,
isocoumarins, lactone derivatives, and phenolic compounds have been obtained from the
most active endophytic bacteria, Pantoea ananatis, and fungus, Aspergillus terreus XJA8 [21].
Their antimicrobial activity has been evaluated against S. aureus, E. coli, and C. albicans,
and the effects of melanin synthesis and tyrosinase activity on B16 cells have also been
studied [21]. In the last few years, endophytic bacteria have become a natural source with
high potential for the synthesis of bioactive natural products for pharmaceutical and medic-
inal chemistry. Therefore, this study focused on (a) isolating and molecularly identifying
bioactive endophytic bacteria associated with the V. anthelmintica stem; (b) determining the
antimicrobial, cytotoxic, antidiabetic, antioxidant, and melanin synthesis and tyrosinase
activity of the crude extracts; (c) optimizing the culture conditions for the most active
bacterial endophyte, B. halotolerans XJB-35; and (d) identifying the volatile chemical compo-
nent of compounds produced by B. halotolerans XJB-35 that display high pharmacological
activities. To the best of our knowledge, this is the first study of the synergetic properties
of the chemical composition of endophytic bacteria associated with the medicinal plant V.
anthelmintica to evaluate their potential as pharmacological agents. Our findings can be
interpreted as a natural tool for discovering new drugs for vitiligo, human pathogens, and
cancer cures in pharmacology and medicinal chemistry.

2. Materials and Methods
2.1. Isolation and Purification V. anthelmintica Endophytes

Generally, the isolation of endophytes can be using the surface sterilization method
previously described [21]. The stem sections of the healthy plant (10 g fresh weight) were
separated from the plant body and washed in sterile water. They were then washed a
second time in sterile water and surface-sterilized by placing the stem tissue in 90% ethanol
for 2 min and 10% sodium hypochlorite for 2 min. After that, they were washed in sterile
double-distilled water and dried for 5 min on a sterile paper towel. After sterilization,
approximately 5–10 g of fresh stems was cut off into small parts and properly crushed in a
sterile mortar and pestle [22]. The crushed tissue (1 g) was transferred into plastic tubes
with 9 mL sterile phosphate buffered saline (PBS) and shaken for 1 min using a Vortex
Biosan B-1. The plant tissue, diluted to 101–105, was spread on nutrient agar (NA) (BD,
Difco Laboratories, Detroit, MI, USA) media and incubated for four days at 28 ◦C. After
incubation, morphologically distinct colonies were selected and carefully held onto nutrient
agar plates via streaking and then incubated for another four days before checking the
purity of the isolates. After purification, pure isolates were transferred to NA media and
used for further studies.
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2.2. Molecular Identification of the Endophytic Isolates
2.2.1. DNA Isolation

Molecular identification of isolated endophytic bacteria was performed after DNA
extraction using methods described in a previous study with some modifications [23].
The DNA was extracted from pure isolated bacterial strains, displaced into Eppendorf
tubes (2 mL), and mixed with a Biosan B-1 Vortex and 1.5 mL of sterile MQ-water for
10 s. The tubes with bacterial suspension were incubated at 90 ◦C for 20 min in a dry
block heater (IKA Works, Inc., Wilmington, NC, USA) and centrifuged at 8050× g force for
5 min. Isolated DNA was stored at –20 ◦C use for PCR in the future. The existence of DNA
was investigated and calculated via horizontal gel electrophoresis (0.8% agarose) with a
NanoDrop™ One spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.2.2. 16S rRNA Gene Amplification

The genomic DNA was extracted using phenol, and the extraction was performed
according to the previously used method [24]. PCR amplification of the 16S rRNA gene was
sequenced with the following primers: 27F (5′-GAGTTTGATCCTGGCTCAG-3′) and 1492R
(5′-GAAAGGAGGTGATCCAGCC-3′) (Sigma-Aldrich, St. Louis, MO, USA) [25]. Each
PCR reaction (final volume 25 µL) mix consisted of 1 µL (15–40 ng) DNA, 5 µL 5×OneTaq
standard reaction buffer (BioLabs, New England), 1 µL 0.1% bovine serum albumin (TaKaRa
Bio Inc., USA), 0.5 µL 10 mM dNTP mix (Thermo Scientific, Louis, MO, USA), 0.5 µL 10 mM
primer 16SF (Merck, Louis, MO, USA), 0.5 µL 10 mM primer 16SR (Merck, Louis, MO,
USA) (25 µmol/mL), 0.125 µL One Taq polymerase (BioLabs, New England), and 16.375 µL
Milli-Q water. The PCRs were subjected to the following: a primary warming step for
30 s at 94 ◦C; 30 cycles of denaturation for 15 s at 94 ◦C, annealing for 30 s at 55 ◦C, and
enlargement for 1.5 min at 68 ◦C; and a final step of 20 min at 68 ◦C. The PCR was analyzed
using a PTC-200 thermocycler (Bio-Rad Laboratories, Louis, MO, USA).

2.2.3. Restriction Fragment Length Polymorphism (RFLP) Analysis

To ascertainment the difference between the isolated bacterial strains that were similar
in their size, color, and shape, we conducted RFLP analysis of PCR amplicons of the 16S
rRNA gene as described by Jinneman et al. (1996) [26]. The fragments of digested PCR-
amplified products were investigated via agarose gel electrophoresis on a 0.8% containing
GelRed. After the electrophoresis, the gel was visualized using a digital gel imaging system
(Gel-Doc XR TM+, Bio-Rad Laboratories, USA) to identify identical isolates and reduce the
number of strains to be sequenced. All 16S rDNA sequences of endophytic bacteria were
compared to known species from GenBank databases by using BLASTN.

2.2.4. Sequencing and Phylogenetic Analysis

The PCR products were purified by using the USB® ExoSAP-IT® PCR Product clean-up
Kit (Affymetrix, USB® Products, USA), and sequencing was screened using an ABI PRISM
BigDye 3.1 Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, USA).
All results were analyzed and edited using Chromas software v2.6.5. Corrected sequences
were manually merged using EMBOSS Explorer (http://emboss.bioinformatics.nl/, ac-
cessed on 17 July 2023). Then, the sequences obtained in the current study were compared
with GenBank database at the NCBI (http://www.ncbi.nlm.nih.gov/, accessed on 17 July
2023) using the BLAST progrem. The original sequences were edited aligned using Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/, accessed on 17 July 2023), and a
FASTA-format file was used to construct the phylogenetic tree. The phylogenetic creation
was inferred using neighbor joining [27]. The neighbor-joining analyses were conducted in
the MEGA 6 [28] software with bootstrap values determined from 500 replicate runs [29].
The evolutionary distances were measured using the maximum composite likelihood
method [30] and were in the units of the number of base change-over per site. This analysis
involved 40 nucleotide sequences. There were a total of 1604 positions in the final dataset.

http://emboss.bioinformatics.nl/
http://www.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/Tools/msa/clustalo/
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2.3. Incubation and Extraction of Bacterial Culture

All ten selected bacterial endophytes were incubated in Erlenmeyer flasks (1 L) con-
taining 500 mL of nutrient broth (NB) fermentative media (5 g/L peptone; 3 g/L yeast
extract; 5 g/L NaCl; and distilled water, pH 7.4) for three days at 28 ◦C on a shaker at
160 rpm. During the incubation process, in the fermentation medium, bacterial endophytes
synthesize biologically active compounds. After incubation, the bacterial culture was
centrifuged at 4293× g force at 4 ◦C for 15 min. Thereafter, the cell-free supernatant was
extracted with the organic solvent ethyl acetate using a separatory funnel and dried in a
rotavator until a dry crude extract was obtained. The crude ethyl acetate extract was stored
at 40 ◦C for further investigation of chemical composition and biological activity.

2.4. Biological Activities of Endophytic Bacteria

The crude ethyl acetate of endophytic bacteria was dissolved in DMSO, and phar-
macological properties such as antimicrobial, cytotoxic, antidiabetic, antioxidant, melanin
synthesis, and tyrosinase activity were measured.

2.4.1. Antimicrobial Activity

An in vitro antimicrobial assay of the crude extracts of endophytic bacteria was
screened against three pathogenic microorganisms. The gram-positive bacteria Staphylo-
coccus aureus (ATCC6538), Gram-negative bacteria Escherichia coli (ATCC11229) and fungi
Candida albicans (ATCC10231) were used in the screening test of antimicrobial activity using
the paper disk method, as described in previous studies [21,24]. The inhibition zone was
assumed by determining the diameter of the bacterial growth inhibition zone. Ampicillin
and amphotericin B (Gibco-BRL, Grand Island, NY, USA) were used as positive controls.

2.4.2. Melanin Content Assay and Tyrosinase Activity

Cell culture: The B16 murine melanoma cell lines (B16F10) were collected from the Chi-
nese Academy of Sciences, China (CAS). The cells were incubated in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco Life Technologies, Waltham, MA, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS). Penicillin G (100 U/mL) and streptomycin
(100 mg/mL) (Gibco-BRL, Grand Island, NY, USA) were added at 37 ◦C in a humidified
atmosphere of 5% CO2.

Melanin measurement: The effects of melanin synthesis of secondary metabolites
from the total extracts of bacterial endophytes isolated from the V. anthelmintica stem were
screened in accordance with the procedure described by Rustamova et al. [19,21]. B16 cells
were seeded at a density of 2 × 105 cells per well in a 6-well plate and incubated for 24 h.
Then, test samples were added to the individual wells. The cells were incubated for 48 h,
then washed twice with ice-cold PBS. Consequently, they were lysed at low temperature,
and harvested cells were centrifuged at 8050× g force for 20 min and were simultaneously
investigated using proteinaceous supernatant; after that, the pellet was dissolved by adding
1 N sodium hydroxide and incubated at 80 ◦C for 1 h. Into a 96-well microplate was in
placed 150 mL of each lysate and evaluated spectrophotometrically at 405 nm using a
multi-plate reader. The protein content of each sample was calculated using a BCA Protein
Assay Kit (Biomed, Beijing, China). The melanin amount was normalized to the cellular
protein concentration. Melanin content was determined according to the following formula:

Melanin content(%) =
S
B
× 100

where S is the absorbance of the cells treated by the samples and B is the absorbance of the
wells containing untreated cells. Each measurement was carried out in triplicate.

Tyrosinase activity assay: Analysis of the effects of bioactive natural products from
the ethyl acetate extracts of endophytic bacteria associated with the V. anthelmintica stem
on tyrosinase activity was performed according to the previously described method [19,21]
with some modification. Firstly, the B16 murine melanoma cells were seeded in a 6-well
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plate at a concentration of 2 × 105 cells per well and inoculated for 24 h. Then, 50 µg/mL
of each bacterial extract was added to individual wells and incubated overnight. After
incubation, cells were washed with ice-cold PBS twice and lysed with 1% Triton X-100
solution containing a 1% sodium deoxycholate for 30 min at −80 ◦C, and each lysate
was centrifuged at 12,000× g for 15 min. After determining and regulating the protein
concentration of the supernatants, 90 µL of the supernatant and 10 µL of a freshly prepared
substrate solution (10 µM 8-MOP) were transferred in a 96-well plate and incubated
at 37 ◦C for 60 min. The optical densities of samples were measured at 490 nm, and
8-methoxypsoralen (MOP) was used as a positive control.

2.4.3. Cytotoxic Activity

To screen the anticancer activity of the secondary metabolites of crude ethyl acetate
extracts of endophytic bacterial isolates, the MTT (3-(4,5-dimethylthiazolyl)-diphenyl tetra-
zolium bromide) assay method was performed as described by Rustamova et al. [19].
Firstly, we prepared the samples using 50 mg ethyl acetate extracts of bacteria dissolved in
1 mL of DMSO. In vitro anticancer screening used MCF-7 (breast cancer), HeLa (cervical
cancer), and HT-29 (colon cancer) cells. MCF-7 and HeLa cells were purchased from the
Shanghai Cell Bank (Shanghai, China), and HT-29 cells were obtained from Procell Life
Science and Technology Co., Ltd. (Wuhan, China). The significant anticancer drug dox-
orubicin (DOX) was used as a positive control and purchased from BBI Inc. (Shanghai,
China). Three human cancer MCF-7, HeLa, and HT-29 cell lines were particularly seeded
in aliquots of 200 µL in 96-well plates at a density of 3–103 cells per well. After incubation
at 37 ◦C, 95% moisture, and 5% CO2 for 24 h, cells were treated with 30 µM of the crude
extracts of endophytes and kept for 48 h. After that, into each well was placed 20 µL of
5 mg/mL MTT and incubated at 37 ◦C for 4 h. Then, the supernatant was removed, and
200 µL of DMSO was added to each well. Finally, the multiwall plates were shaken for
10 min to completely dissolve the test samples. Absorbance was read at 540 nm using an
enzyme-linked immunosorbent assay reader (SpectraMax M5, Molecular Devices, USA).
The IC50 values were measured using the inhibition rate.

IR =
(C− S)
(C− B)

× 100

Here, C is the OD of the control group, S is the OD of the experimental group, and B is
the OD of the blank.

2.4.4. Anti-Diabetic Activity (PTP-1B Inhibition Assay)

The evaluation of tyrosine phosphatase 1B (PTP1B) inhibition activity was measured
using a previously described method with a slight modification [20].

2.4.5. Antioxidant Activity (DPPH Radical-Scavenging Activity)

The 2,2′-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging activity of the natural
products of crude ethyl acetate extracts of endophytic bacteria was evaluated according to
our previous study [20]. In each well of a 96-well microplate, a 100 µL sample (50 mg/mL
concentration) and 100 µL of a freshly prepared 0.2 mM DPPH solution were added. After
that, the microplate was left in the dark for 30 min at room temperature. The absorbance
was recorded at 517 nm, and the IC50 values were determined. Ascorbic acid was used as a
positive control. The inhibition rate (IR) of the positive control and samples was calculated
using the following formula:

IR(%) = 1−
(

A0 − A1

A0

)
× 100

where A0 is the absorbance of the blank and A1 is the absorbance of the test sample.
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2.5. Optimization of Culture Condition

We investigated the effect of different culture media, such as carbon and nitrogen
sources, and incubation times on the growth and synthesis of bioactive natural products
produced by the most active endophytic bacteria B. halotolerans XJB-35. In particular, of the
ten selected bacterial endophytes, strain B. halotolerans XJB-35 highlighted the powerful
biological activities. Therefore, that strain was grown in various media namely, nutrient
broth (NB); N-free broth; De Man, Rogosa, and Sharpe broth (MRS); LB broth; and tryptic
soy dextrose (TSD) broth (Table 1). The medium in which the bacterial strain B. halotolerans
XJB-35 showed maximum growth, and the production of bioactive products was selected
as the optimal medium for further use. The total extract of the endophytic bacteria that
grew in different media was analyzed in terms of their chemical composition using GC-MS.

Table 1. Chemical composition of culture medium.

NB N-Free MRS LB TSD

Peptone 5 g/L K2HPO4 0.1 g/L Peptone 10 g/L Peptone 10 g/L Tryptone 17 g/L
Yeast extract 3 g/L KH2PO4 0.4 g/L Yeast extract 0.4 g/L Yeast extract 5 g/L Soytone 3 g/L

NaCl 5 g/L MgSO4 0.2 g/L Beef extract 10 g/L NaCl 5 g/L Dextrose 2.5 g/L
NaCl 0.1 g/L Glucose 20 g/L NaCl 5 g/L

C2H9NaO5 0.5 g/L K2HPO4 2.5 g/L
Tween 80 1 mL

K2HPO4 0.2 g/L

2.6. The Effect of Incubation Time on the Synthese Natural Product by Most Active
Endophytic Bacteria

The incubation time plays a significant role in endophytic micro-organisms’ growth
and in secondary metabolites’ production [31,32]. In order to study the effect of different
incubation times on the production of natural products by the selected bacterial strain,
cultivation was performed for 24 h to 240 h. The extracts were obtained using ethyl acetate,
and the yield of the natural product synthesized was determined.

2.7. Scanning Electron Microscopy (SEM) Analysis of Endophytic Bacteria

The scanning electron microscopy (SEM) of the most-active isolated bacterium B.
halotolerans XJB-35 was treated according to the method described by Nongkhlaw et al. [33].
After incubation, the surface of the bacteria was directly coated with gold using an iron
sputter coater (Hitachi E-1045, Japan), and the appearance of the surface of the bacteria
including their shape and color the diameter of the colony, and the colony reversal was
observed under a scanning electron microscope (Zeiss Supra 55 VP, Germany).

2.8. High-Performace Liquid Chromatography (HPLC) Analysis

Extracts of bacterial isolates were analyzed with analytical HPLC using a DIONEX
UltiMate 3000 instrument (Thermo, Waltham, MA, USA) combined with a Sunfire C18
column (4.6 × 250 mm, 5 µm) (Waters, USA) and a Sunfire C18 guard column (4.6 × 20 mm,
5 µm) (Waters, Waltham, MA, USA). Isgradient solvent systems: A was 0.2% (v/v) formic
acid (HCOOH) in water; mobile phase B was acetonitrile (ACN). The elution profile was:
0–10 min 100% B (isocratic), 1–86 min 10–100% B (acetonitrile). Analytical-grade solvents
(Baishi Chemical Co., Ltd., Tianjin, China) were used for column chromatography and
HPLC-grade solvents (Merck, Germany) were used for HPLC analysis. The flow rate was
1 mL/min, and the injection volume was 10 µL. UV chromatograms were recorded at 210,
254, and 330 nm.

2.9. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

B. halotolerans XJB-35, the most bioactive endophytic bacteria, was incubated in several
liquid media, such as NB, N-free broth, MRS, LB, and TSD, with various contents. After in-
cubation, the natural products synthesized by the endophytic bacteria in media of different
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compositions were extracted using the polar organic solvent ethyl acetate. Then, 10 mg
of the total extracts of each sample were dissolved in dichloromethane, and the volatile
chemical composition of B. halotolerans XJB-35 was subjected to gas chromatography–mass
spectrometry (GC-MS) analysis, as previously reported [34]. The components identification
of peaks was performed using on the basis of their retention time (RT) and by comparing
the spectra to a stored MS library (W8N05ST and NIST08).

2.10. Statistical Analysis

All data analysis was performed with GraphPad Prism using three replicate values in
one-way subcolumn analysis of variance (ANOVA) and using Tukey’s test to determine
statistical significance. A p-value of <0.05 was considered to be statistically significant. The
correlation index was calculated using the Pearson coefficient (ρ).

3. Results and Discussion
3.1. Isolation and Identification of Endophytic Bacteria

A total of 30 endophytic bacteria were isolated from the healthy plant tissues of V.
anthelmintica. Among them, 10 isolates were identified and selected for future investigation
(Figure 1). The primary screening of these crude extracts showed satisfactory antimicrobial
activity. All selected bacterial strains were identified using the basic local alignment search
tool (BLAST) and compared to similar strains from GenBank in NCBI, registered under ac-
cession numbers MW820297, MW876136, MW876143, MW876161, MW876130, MW876137,
MW876158, MW876133, MW876135, and MW876157 (www.ncbi.nlm.nih.gov) (Figure 2
and Table 2). The most numerous were species of the order Bacillus genera (B. haynesii
XJB-5, B. proteolyticus XJB-16, B. halotolerans XJB-35, B. safensis XJB-71,). The remaining
strains belonged to the Pseudomonas (P. punonensis XJB-7), Lysinibacillus (L. fusiformis XJB-17),
Streptococcus (S. lutetiensis XJB-66), Leclercia (L. adecarboxylata XJB-12), Paenibacillus (P. alvei
XJB-14) and Pantoea (P. agglomerans XJB-62) genera. In our previous work [24], we isolated
other species belonging to the Bacillus genera namely B. megaterium VERA2, B. endophyticus
VERA6, and B. atrophaeus VERA9 from the root of V. anthelmintica. Moreover, others of
strains P. chlororaphis VERA3, P. kilonensis VERA 4, and P. ananatis VERA8 were isolated
and identified, and they belong to the Pseudomonas and Pantoea genera associated with the
V. anthelmintica root.

Table 2. Sequence similarities of bacterial endophytes isolated from the stem of V. anthelmintica with
sequences registered in GenBank.

Isolated Strains Sequences
Deposited in GenBank

Closest Match among Bacteria
(16S rRNA Genes) (GenBANK)

Strains Accession Number Species Source ID%

XJB-5 MW820297 B. haynesii stem 99.26%
XJB-16 MW876136 B. proteolyticus stem 99.79%
XJB-35 MW876143 B. halotolerans stem 99.93%
XJB-71 MW876161 B. safensis stem 100%
XJB-7 MW876130 P. punonensis stem 99.65%

XJB-17 MW876137 L. fusiformis stem 99.86%
XJB-66 MW876158 S. lutetiensis stem 99.79%
XJB-12 MW876133 L. adecarboxylata stem 99.08%
XJB-14 MW876135 P. alvei stem 99.94%
XJB-62 MW876157 P. agglomerans stem 100%

www.ncbi.nlm.nih.gov
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3.2. Antimicrobial Activity

Plant endophytic bacteria are excellent candidates for antibiotic agents against human
pathogenic microorganisms. Previous reports have demonstrated that Bacillus has dis-
played antimicrobial activity against several pathogenic microorganisms [24]. For example,
B. subtilis YRL02, B. licheniformis YRL03, and B. subtilis YRL07 inhibited moderate antifungal
activity against the plant pathogens Phytophyhora capsii, Fusarium oxysporum, Rhizoctonia
solani, and Phythium ultimun [35]. Christina et al. [36] reported that several endophytic bac-
teria associated with plants have shown significant antimicrobial activity. Other researchers
found that terpenes compounds synthesized by endophytic microorganisms displayed
powerful antimicrobial activity [37,38]. For example, novel sesquiterpene derivatives ob-
tained from the endophytic fungus Bipolaris eleusines showed potent antibacterial activities
against Alternaria solani, with MIC values of 8 and 16 g/mL, respectively [39]. Others
diterpenoids were isolated from the fungal strain Drechmeria sp. and exhibited significant
inhibition of C. albicans, with an MIC value of 12.5 µg/mL [40]. In our previous studies,
we have reported the antibacterial and antifungal activity of total ethyl acetate extracts
as well as pure secondary metabolites of the endophytic bacteria and fungus associated
with V. anthelmintica roots [19,21]. In the present study, 10 bacterial strains were screened
for in vitro antimicrobial activity against three human pathogenic bacteria (E. coli and S.
aureus) and one fungus (C. albicans). The results showed that the majority of tested strains
exhibited activity against all pathogens. The crude extract of B. halotolerans XJB-35 was
assayed and demonstrated strong to moderate antibacterial and antifungal activity against
E. coli, S. aureus, and C. albicans with an inhibition zone of 17.5, 18, and 10.5 mm, respectively.
Three species of Bacillus, B. haynesii XJB-5, B. proteolyticus XJB-16, and B. safensis XJB-71
also demonstrated activity against all pathogens. S. lutetiensis XJB-66 showed satisfactory
antifungal and higher antibacterial activity against C. albicans, E. coli, and S. aureus with
inhibition zones of 9.5, 15 and 17 mm, respectively (Table 3). The crude extract of L. ade-
carboxylata XJB-12 significantly inhibited S. aureus, with an inhibition zone of 18 mm. Our
investigation suggests that antibiotics synthesized by bacterial endophytes, particularly
Bacillus strains, are active against the screened pathogens. Bacillus are a potential source
due to their structurally diverse range of bioactive products, including novel antibiotics.
The advantage of using bacterial endophytes as antimicrobial treatments is that they can
often be cultured and produced after isolation from their host plant. Moreover, endophytic
bacteria are rich natural sources of antimicrobial active natural compounds.

Table 3. In vitro antimicrobial activity (zone of inhibition) of crude extracts of endophytic bacteria
from the medicinal plant V. anthelmintica.

Sample Sample Concentration
(µg/mL)

Sample
Amount (µL)

C. albicans
(mm ZOI)

E. coli
(mm ZOI)

S. aureus
(mm ZOI)

Ampicillin 4.88 20 NT 12.5 10
Amphotericin B 5 20 15 NT NT
B. haynesii XJB-5 50 20 11.5 15 14

B. proteolyticus XJB-16 50 20 11 NA 16
B. halotolerans XJB-35 50 20 10.5 17.5 18

B. safensis XJB-71 50 20 8.5 12.5 14
P. punonensis XJB-7 50 20 12 10 16
L. fusiformis XJB-17 50 20 10 NA 16
S. lutetiensis XJB-66 50 20 9.5 15 17

L. adecarboxylata XJB-12 50 20 10.5 8.5 18
P. alvei XJB-14 50 20 14 13 14

P. agglomerans XJB-62 50 20 11 11 12

NA—not active; NT—not tested.

3.3. Melanin Content Assay and Tyrosinase Activity

The biosynthesis of melanin plays an important role in the pigmentation of the skin [41].
Vitiligo is a disease caused by depigmentation of cells in the epidermis and decreased
melanin biosynthesis in skin epidermal cells, a complex process regulated by tyrosinase
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enzymes [42]. Many natural products isolated from the medicinal plant V. anthelmintica
have been used for the treatment of pigmentation disorders [43,44]. Previous studies
have reported that crude extracts and pure natural compounds obtained from endophytic
microorganisms of V. anthelmintica are involved in the regulation of melanin synthesis
and tyrosinase activity [19,45]. In the present study, we investigated the influence of
secondary metabolites produced by endophytic bacteria in the stem of V. anthelmintica.
Our results showed that crude extracts of only six endophytic bacteria, B. halotolerans
XJB-35, B. haynesii XJB-5, B. proteolyticus XJB-16, L. fusiformis XJB-17, L. adecarboxylata XJB-
12, and P. agglomerans XJB-62, demonstrated increased melanin synthesis (226.1 ± 16.57%,
197.5 ± 18.65%, 168.3 ± 17.5%, 164.5± 15.68%, 152.7± 7.989%, and 145.6 ± 7.373%, respec-
tively) in murine B16 cell, at a concentration of 50 µM, compared with the positive control
8-MOP (129.9 ± 4.179%). According to the testing data (Figure 3A and Table 4), only four
bacterial endophytes exhibited stronger increased melanin synthesis and tyrosinase activity
at different concentrations compared to the positive control (8-MOP 50 µM, 129.9 ± 4.179%).
Therefore, we treated them again with various concentrations. The crude extract of
B. halotolerans XJB-35 exhibited powerful melanin synthesis inhibition with 1µg/mL,
138.6 ± 7.638%; 10 µg/mL, 161.5 ± 3.751%; and 50 µg/mL, 229.9 ± 6.737% concentra-
tions, respectively. The endophytic bacteria B. haynesii XJB-5 (1 µg/mL, 185.6 ± 12.51%;
10 µg/mL, 191.5 ± 76.61%; and 50 µg/mL, 198.2 ± 18.65%) (Figure 4), L. fusiformis XJB-17
(1 µg/mL, 129.3 ± 10.02%; 10 µg/mL, 139.8 ± 1.822%; 50 µg/mL, 183.8 ± 7.762%), and
B. proteolyticus XJB-16 (1 µg/mL, 118.8 ± 11.50%; 10 µg/mL, 138.1 ± 7.450%; 50 µg/mL,
179.0 ± 2.288%) increased melanin synthesis by up to 1.5 fold compared with 8-MOP
(50 µM, 132.0 ± 2.818%) (Figure 3B and Table 5) depending on the concentration. Four
selected bacterial strains also increased tyrosinase activity as well as melanin synthesis in a
dose-dependent manner (Figure 3C). All results were compared with the positive control
8-MOP (50 µM, 124.1 ± 3.172%).
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Figure 3. (A) Effect of the crude ethyl acetate extracts of endophytic bacteria on melanin content
and tyrosinase activity in B16 melanoma cells. (B,C) melanin synthesis and tyrosinase activity of
cells treated with different concentrations of crude extracts. Note: * Compared to the blank control
group (NC), p < 0.05; ** compared to the blank control group (NC), p < 0.01; *** compared to the blank
control group (NC), p < 0.001; **** compared to the blank control group (NC), p < 0.0001.

3.4. Cytotoxic Activity

Over the last decade, natural compounds with anticancer properties obtained from
endophytic bacteria and fungi have been widely used in pharmacology and medicinal
chemistry [10,12]. The cytotoxic natural products obtained from the endophytes of As-
pergillus versicolor demonstrated significant cytotoxic activity against the mouse lymphoma
L5178Y cell line [46]. Jian Xiao found that new anticancer metabolites from Botryosphaeria
dothidea KJ-1 exhibited powerful cytotoxicity activity against HCT 116 cancer cells [47].
Other authors have reported the anticancer activity of four novel natural compounds pro-
duced by Aspergillus terreus [48]. In the present study, we focused on the anticancer activity
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of secondary metabolites produced by bacterial endophytes associated with V. anthelmintica.
The results revealed that the crude extract of B. halotolerans XJB-35 demonstrated in vitro
cytotoxic activity against the human cancer cell lines HT-29, MCF-7 and HeLa, exhibit-
ing IC50 values of 15.07 µg/mL ± 0.34, 19.05 µg/mL ± 0.90, and 11.39 µg/mL ± 0.23,
respectively. However, B. safensis XJB-71 failed to demonstrate cytotoxic activity against
the human HT-29 and MCF-7 cancer cell lines; IC50 values were 23.45 µg/mL ± 0.15 and
28.72 µg/mL ± 0.34, respectively. Crude extracts of S. lutetiensis XJB-66 and P. alvei XJB-14
also displayed satisfactory activity against HT-29, MCF-7, and HeLa with IC50 values
of 36.5 µg/mL ± 1.10, 33.9 µg/mL ± 0.78, 22.09 µg/mL ± 0.00, 38.6 µg/mL ± 1.054,
29.99 µg/mL ± 0.89, and 25.29 µg/mL ± 0.15, respectively (Table 6).

Table 4. Effects of melanin synthesis of secondary metabolites of endophytic bacteria in B16 cells (n = 3).

Experimental Group Concentration Relative Melanin Content
(%)

NC NC 100.0 ± 3.465
8-MOP-50µM 50 µM 129.9 ± 4.179

B. haynesii XJB-5 50 µg/mL 197.5 ± 18.65
B. proteolyticus XJB-16 50 µg/mL 168.3 ± 17.5
B. halotolerans XJB-35 50 µg/mL 226.1 ± 16.57

B. safensis XJB-71 50 µg/mL 128.1 ± 4.226
P. punonensis XJB-7 50 µg/mL 123.5 ± 5.616
L. fusiformis XJB-17 50 µg/mL 164.5 ± 15.68
S. lutetiensis XJB-66 50 µg/mL 105.6 ± 7.373

L. adecarboxylata XJB-12 50 µg/mL 152.7 ± 7.989
P. alvei XJB-14 50 µg/mL 108.5 ± 7.363

P. agglomerans XJB-62 50 µg/mL 145.6 ± 7.373
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Table 5. Effects of melanin synthesis and tyrosinase activity of secondary metabolites in B16 cells
treated with various concentrations (n = 3).

Experimental Group Concentration Relative Melanin
Content (%)

Relative Tyrosinase
Activity (%)

NC 50 µM 100.0 ± 5.193 100.0 ± 5.193
8-MOP 50 µM 132.0 ± 2.818 124.1 ± 3.172

B. halotolerans XJB-35
1 µg/mL 138.6 ± 7.638 123.1 ± 3.761
10 µg/mL 161.5 ± 3.751 130.0 ± 5.653
50 µg/mL 229.9 ± 6.737 154.7 ± 3.266

B. haynesii XJB-5
1 µg/mL 185.6 ± 12.51 125.0 ± 4.56
10 µg/mL 191.5 ± 76.61 131.4 ± 3.94
50 µg/mL 198.2 ± 18.65 138.7 ± 2382

L. fusiformis XJB-17
1 µg/mL 129.3 ± 10.02 115.3 ± 7.194

10 µg/mL 139.8 ± 1.822 118.3 ± 6.790
50 µg/mL 183.8 ± 7.762 121.9 ± 2.753

B. proteolyticus XJB-16
1 µg/mL 118.8 ± 11.50 116.9 ± 5.334

10 µg/mL 138.1 ± 7.450 103.7 ± 6.514
50 µg/mL 179.0 ± 2.288 146.6 ± 5.417

Table 6. Cytotoxic activity of secondary metabolites of crude extracts of bacterial endophytes associ-
ated with V. anthelmintica (n = 3).

Samples

Cell Lines
IC50 (µg/mL)

HT-29
(µg/mL)

MCF-7
(µg/mL)

HeLa
(µg/mL)

B. haynesii XJB-5 45.10 ± 0.004 Not active 65.6 ± 0.15
B. proteolyticus XJB-16 32.41 ± 2.20 Not active 29.38 ± 1.27
B. halotolerans XJB-35 15.07 ± 0.34 19.05 ± 0.90 11.39 ± 0.23

B. safensis XJB-71 23.45 ± 0.15 28.72 ± 0.34 44.89 ± 0.43
P. punonensis XJB-7 78.37 ± 1.82 53.98 ± 1.14 47.01 ± 2.08
L. fusiformis XJB-17 33.098 ± 1.03 25.98 ± 1.66 27.11 ± 0.34
S. lutetiensis XJB-66 36.5 ± 1.10 33.9 ± 0.78 22.09 ± 0.005

L. adecarboxylata XJB-12 34.21 ± 2.20 57.6 ± 1.04 39.58 ± 1.08
P. alvei XJB-14 38.6 ± 1.054 29.99 ± 0.89 25.29 ± 0.15

P. agglomerans XJB-62 36.24 ± 0.85 29.55 ± 1.05 43.008 ± 0.23
DOX 0.82 ± 0.041 0.17 ± 0.006 33.11 ± 0.005

3.5. Antidiabetic Activity of the Natural Products Synthesis by Endophytic Bacteria

Diabetes is a serious metabolic disorder that occurs when the pancreas does not pro-
duce insulin, resulting in hyperglycemia. It has become a global problem for human health
in recent years. Many natural drugs obtained from medicinal plants and endophytes
have been used for the treatment of this disease [49,50]. The alkaloid compounds were
obtained from the mangrove fungal endophyte Aspergillus sp., which exhibited signifi-
cant antidiabetic activity against the PTP1B enzyme [49]. The fungal strain Penicillium
canescens produced bioactive secondary metabolites that showed inhibitory activity against
a-glucosidase [51]. We have also measured the inhibitory effects of the crude extract of
endophytic bacteria against PTP1B activity in vitro. The crude extracts of B. halotolerans
XJB-35, P. punonensis XJB-7, L. adecarboxylata XJB-12, and P. alvei XJB-14 demonstrated a
powerful inhibitory effect on PTP1B, with an IC50 of 4.93 ± 0.29, 6.18 ± 1.45, 8.08 ± 0.81,
and 7.62 ± 0.46 µg/mL, respectively (Table 7). P. agglomerans XJB-62 did not show any
inhibitory activity against PTP-1B. All results were compared with the positive control
PTP1B inhibitor (1.46 ± 0.40 µg/mL).
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Table 7. PTP1B enzyme inhibition activity of the selected endophytic bacteria crude extracts (n = 3).

Sample IC50 (µg/mL)

B. haynesii XJB-5 13.24 ± 0.53
B. proteolyticus XJB-16 19.15 ± 0.23
B. halotolerans XJB-35 4.93 ± 0.29

B. safensis XJB-71 16.54 ± 0.77
P. punonensis XJB-7 6.18 ± 1.45
L. fusiformis XJB-17 18.08 ± 0.78
S. lutetiensis XJB-66 29.17 ± 0.57

L. adecarboxylata XJB-12 8.08 ± 0.81
P. alvei XJB-14 7.62 ± 0.46

P. agglomerans XJB-62 No effect
PTP1B inhibitor 1.59 ± 0.40

3.6. Antioxidant Activity of the Natural Products’ Synthesis by Endophytic Bacteria

The endophytes are pharmacologically rich sources for the production of natural
products with biological activity, such as antioxidant activity [52]. For example, Silva et al.
reported secondary metabolites isolated from the endophytic fungus Botryosphaeria fabicer-
ciana with antioxidant activity [53]. The extracts of the endophytic bacteria Bacillus siamensis
HMB1 and Bacillus aryabhattai HMD4 have demonstrated antioxidant activity [54]. Sharma
et al. studied novel natural compounds isolated from the endophytic fungus Diaporthe
sp. [55] that displayed significant DPPH scavenging activity. Sun et al. [56] investigated
potential antioxidant activity of natural products synthesized by several species of Bacil-
lus. According to our previous study, the culturable endophytic bacteria associated with
the V. anthelmintica root showed antioxidant activity. In the current study, we investi-
gated the DPPH radical scavenging activity of extracts of endophytic bacteria. Our results
showed that B. halotolerans XJB-35, B. safensis XJB-71 and L. adecarboxylata XJB-12 demon-
strated moderate antioxidant activity with an IC50 value of 35.453 ± 3.25, 56.41 ± 0.7
and 36.21 ± 0.3 µg/mL, respectively (Table 8). Ascorbic acid (vitamin C) was used as the
positive control.

Table 8. Antioxidant activity of ethyl acetate crude extract of bacterial endophytes (n = 3).

Sample IC50 (µg/mL)

B. haynesii XJB-5 78.38 ± 1.06
B. proteolyticus XJB-16 161.58 ± 2.06
B. halotolerans XJB-35 35.453 ± 3.25

B. safensis XJB-71 56.41 ± 0.7
P. punonensis XJB-7 No effect
L. fusiformis XJB-17 143.18 ± 7.06
S. lutetiensis XJB-66 115.75 ± 0.65

L. adecarboxylata XJB-12 36.21 ± 0.3
P. alvei XJB-14 No effect

P. agglomerans XJB-62 153.98 ± 2.06
Vitamin C 5.87 ± 0.52

3.7. The Effect of Cultivation Time and Medium Content on the Natural Products Synthesis of
Endophytic Bacteria

The effect of different physico-chemical parameters, including pH, temperature, in-
cubation time, and different carbon and nitrogen sources, on the bioactive secondary
metabolite production by endophytes has been reported by other researchers [57,58]. The
following can be shown as an example of these: Yi et al. [32] found the optimal culture
conditions for the growth and antifungal activity of the endophytic bacterium strain BT4.
According to this study, bacteria reached their maximum growth and produced antifungal
secondary metabolites at 48 h and pH 7.5, and the optimal carbon and nitrogen sources
were starch and yeast extracts. The effect of optimal culture conditions on the synthesis
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of bioactive natural compounds by the endophyte strain Geosmithia pallida was also inves-
tigated by Deka et al. [59]. In the present study, we optimized the culture conditions of
the most active endophytic bacterium, B. halotolerans XJB-35, for maximum growth and
produced bioactive secondary metabolites. The effect of incubation time on growth and the
yield of natural products is shown in Figure 5A. B. halotolerans XJB-35 reached maximum
growth at 48 h and produced metabolites at a concentration of 395 mg/L. B. halotolerans
XJB-35 reached its highest growth and maximum production of bioactive natural products
in MRS and NB media at 400 and 396 mg/L, respectively (Figure 5B).
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 Figure 5. Effect of incubation time (A) and different media (B) on growth and produced secondary
metabolites by the most active endophytic bacteria, B. halotolerans XJB-35.

3.8. SEM Analysis of the Endophytic Bacteria B. halotolerans XJB-35

The morphological structure of the colonizing bacterial strain was visualized by SEM.
The structure of the surface of the most active bacterial endophyte, the B. halotolerans XJB-35
colony, could be seen in different sizes via scanning electron microscopy (Figure 6).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 15 of 21 
 

Figure 5. Effect of incubation time (A) and different media (B) on growth and produced secondary 
metabolites by the most active endophytic bacteria, B. halotolerans XJB-35. 

3.8. SEM Analysis of the Endophytic Bacteria B. halotolerans XJB-35 
The morphological structure of the colonizing bacterial strain was visualized by SEM. 

The structure of the surface of the most active bacterial endophyte, the B. halotolerans XJB-
35 colony, could be seen in different sizes via scanning electron microscopy (Figure 6). 

 
Figure 6. Lower to higher magnification SEM images of colonies surfaces of the most active endo-
phytic bacteria, B. halotolerans XJB-35, from a plate cultured with agar medium. Scale bars = 1 (A,B) 
and 200 (C,D) µm. 

3.9. Secondary Metabolites Produced by the Most Active Endophytic Bacteria B. halotolerans 
XJB-35 on Different Culture Media HPLC Analysis  

Endophytes are an unconventional source of bioactive natural products. Endophytes 
are now well-known to biosynthesize novel bioactive natural compounds with significant 
biological activities, and there have been reports of a large number of potential natural 
products derived from endophytes [60]. The chemical properties of secondary metabolites 
synthesized by endophytes directly depend on the composition of the media in which 
they grow. They may synthesize dissimilar compounds in culture media with different 
contents. This has been proven in our research study. We analyzed secondary metabolites 
using HPLC, which produced the most bioactive bacterium, B. halotolerans XJB-35, in dif-
ferent culture media, such as NB, N-free, TSD, LB, and MRS (Figures S20–S24). Accord-
ingly, peaks with retention times at 16.5, 20, and 30 min were synthesized in all the culture 
media (Figure S31). In both LB and TSD media, the peak absorption at 42.5 and 65 min 
was not observed in the other media. It is also worth noting that the peak at 32.5 min in 
MRS was not found in the other cultural media (Figure S20). Also worthy of special atten-
tion is that, unlike fungus, the incubation time did not affect the qualitative quality of the 
compounds synthesized (Figure S18). It is possible that the yield of products decreased 
once the incubation time exceeded 48 h. The HPLC analysis is an initial screening tool for 
the identification of the various components of crude extracts. The use of HPLC as the sole 
tool of identifying the bioactive metabolites in the crude extracts is limited. The deter-
mined spectra of compounds show that endophytes produce various metabolites in dif-
ferent culture media. 

Figure 6. Lower to higher magnification SEM images of colonies surfaces of the most active endo-
phytic bacteria, B. halotolerans XJB-35, from a plate cultured with agar medium. Scale bars = 1 (A,B)
and 200 (C,D) µm.



Appl. Sci. 2023, 13, 9797 15 of 20

3.9. Secondary Metabolites Produced by the Most Active Endophytic Bacteria B. halotolerans
XJB-35 on Different Culture Media HPLC Analysis

Endophytes are an unconventional source of bioactive natural products. Endophytes
are now well-known to biosynthesize novel bioactive natural compounds with significant
biological activities, and there have been reports of a large number of potential natural
products derived from endophytes [60]. The chemical properties of secondary metabolites
synthesized by endophytes directly depend on the composition of the media in which they
grow. They may synthesize dissimilar compounds in culture media with different contents.
This has been proven in our research study. We analyzed secondary metabolites using
HPLC, which produced the most bioactive bacterium, B. halotolerans XJB-35, in different
culture media, such as NB, N-free, TSD, LB, and MRS (Figures S20–S24). Accordingly,
peaks with retention times at 16.5, 20, and 30 min were synthesized in all the culture media
(Figure S31). In both LB and TSD media, the peak absorption at 42.5 and 65 min was not
observed in the other media. It is also worth noting that the peak at 32.5 min in MRS
was not found in the other cultural media (Figure S20). Also worthy of special attention
is that, unlike fungus, the incubation time did not affect the qualitative quality of the
compounds synthesized (Figure S18). It is possible that the yield of products decreased
once the incubation time exceeded 48 h. The HPLC analysis is an initial screening tool
for the identification of the various components of crude extracts. The use of HPLC as
the sole tool of identifying the bioactive metabolites in the crude extracts is limited. The
determined spectra of compounds show that endophytes produce various metabolites in
different culture media.

3.10. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

The volatile chemical composition of the most active bacterial endophyte, B. halotol-
erans XJB-35, was analyzed using GC-MS when it was grown on different culture media.
A total of 39 non-polar compounds were identified by retention time and comparing
the spectra to a stored MS library (W8N05ST and NIST08). Six major compounds were
identified from the extract with the NB medium (Figure S26), namely p-xylene, orcinol, 1,3-
benzenediol, 4,5-dimethyl-, 2,2′-isopropylidenebis(5 methylfuran), 9-octadecenoic acid (Z)-,
methyl ester, pyrrolo[1,2-a]pyrazine-1,4dione, and hexahydro-3-(phenylmethyl)-. Six major
features from the N-free medium (Figure S27) were obtained at RT 3.741, 17.223, 17.512,
19.517, 19.848, and 20.111, suggesting the presence of p-xylene, hexadecanoic acid, methyl
ester, pyrrolo[1,2-a]pyrazine-1,4dione, hexahydro-3-(2-methylpropyl)-, 9-octadecenoic acid
(Z)-, methyl ester, heptadecanoic acid, 16-methyl-, methyl ester, and methyl 10-trans,12-
cis octadecadienoate (Table 9). Many types of non-polar compounds were produced in
the MRS medium (Figure S30). Approximately 26 compounds were identified; among
them, 12 peaks represented major compounds, including butanoic acid, 3-methyl-, bu-
tanoic acid, 2-methyl-, benzeneacetic acid, methyl ester, benzeneacetic acid, diethyltrisul-
phide, pyrrolo[1,2-a]pyrazine-1,4dione, hexahydro-3-(2-methylpropyl)-, dibutyl phthalate,
9-octadecenoic acid (Z)-, methyl ester, 1,4,7,10,13,16-hexaoxacyclooctadecane, pyrrolo[1,2-
a]pyrazine-1,4dione, hexahydro-3-(phenylmethyl)-, 9-octadecenamide, (Z)-, and eicosane.
It is worth noting that compounds 9-octadecenoic acid (Z)-, methyl ester, pyrrolo[1,2-
a]pyrazine-1,4dione, hexahydro-3-(2-methylpropyl)-, pyrrolo[1,2-a]pyrazine-1,4dione, and
hexahydro-3-(phenylmethyl)- were major components in all of the media.

The GC-MS analysis is an important technique for the investigation of the chemical
composition of the secondary metabolites produced by various endophytic microorganisms.
Some volatiles compounds produced by various fungi and bacteria have been previously
identified. For instance, dibutyl phthalate, p-xylene, and phenylethyl alcohol were pro-
duced by the most bioactive endophytic bacteria, B. subtilis EGY16 [61]. Eicosane and
benzene derivatives were produced by Aspergillus clavatonanicus and Phytophthora palmivora,
respectively, as antimicrobial compounds [62,63]. Butanoic acid, 2-methyl- identified from
the dicloromethene fraction of endophytic bacteria Colletotrichum falcatum and fungus Tri-
choderma sp., has been reported for antiproliferative and antimicrobial activity [64,65]. Simi-
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larly, other such compounds, i.e., pyrrolo[1,2-a]pyrazine-1,4 dione, hexahydro-, pyrrolo[1,2-
a]pyrazine-1,4dione, and hexahydro-3-(2-methylpropyl)-, have been previously reported
by other researchers [66]. In our previous study, the major compounds butanoic acid,
3-methyl-, butanoic acid, 2-methyl-, p-xylene, pyrrolo[1,2-a]pyrazine-1,4dione, hexahydro-
3-(2 methylpropyl)-, and 9-octadecenoic acid (Z)- methyl ester have already been reported
for their pharmacological potential [19].

Our results showed that endophytic bacteria can produce different secondary metabo-
lites in different media. Our research is continuous, and in the future, we will isolate
individual compounds from the ethyl acetate fraction and will evaluate their biological
activity. This will make it possible to understand exactly which compounds displayed
pharmacological properties in the total extract.

Table 9. The volatile chemical composition of the most active endophytic bacteria, B. halotolerans XJB-35.

№ Composition Rt (min)
Relative Peak Area %

NB N-free TSD LB MRS

1 Butanoic acid, 3-methyl- 3.410 3.19 19.03
2 Butanoic acid, 2-methyl- 3.690 2.61
3 p-Xylene 3.741 1.31 2.22
4 Phenylethyl Alcohol 7.139 0.25
5 Benzoic acid 7.844 0.15
6 Benzeneacetic acid, methyl ester 8.057 1.19
7 Benzeneacetic acid 9.085 1.62
8 Indole 9.756 0.13

9 Benzenepropanoic acid, .alpha.-hydroxy-,
methyl ester 10.775 0.30

10 Orcinol 10.852 6.62
11 1,3-Benzenediol, 4,5-dimethyl- 11.412 11.48
12 13-Methyltetradecanal 11.999 1.13
13 2,2′-Isopropylidenebis(5 methylfuran) 14.343 11.13
14 2-Tridecen-1-ol, (E)- 14.403 0.44
15 Pyrrolo[1,2-a]pyrazine-1,4 dione, hexahydro- 15.337 0.33
16 Methyl 13-methyltetradecanoate 15.609 0.68 0.64
17 Methyl 9-methyltetradecanoate 15.609 0.71
18 Diethyltrisulphide 17.206 2.92

19 Pyrrolo[1,2-a]pyrazine-1,4dione,
hexahydro-3-(2 methylpropyl)- 17.317 4.45

20 Hexadecanoic acid, methyl ester 17.223 7.33

21 Pyrrolo[1,2-a]pyrazine-1,4dione,
hexahydro-3-(2-methylpropyl)- 17.512 1.46 2.41

22 Dibutyl phthalate 17.775 1.48 1.72 1.29
23 Tetradecanamide 18.684 0.55
24 9-Octadecenamide, (Z)- 18.684 0.78
25 9-Hexadecen-1-ol, (Z)- 18.965 0.26

26 2-[2-[2-[2-[2-[2-[2-(Hydroxyethoxy)ethoxy]
ethoxy]ethoxy]ethoxy]ethoxy]ethoxy]e hanol 19.126 0.30

27 1-Octadecene 19.271 0.82
28 9-Octadecenoic acid (Z)-, methyl ester 19.517 1.38 16.05 0.39 1.17
29 Cis-13-Octadecenoic acid, methyl ester 19.593 0.30
30 Heptadecanoic acid, 16-methyl-, methyl ester 19.848 2.24
31 Methyl stearate 19.848 0.29
32 Methyl 7,12-octadecadienoate 20.112 0.18
33 Methyl 10-trans,12-cis octadecadienoate 20.111 7.55 0.15
34 Hexadecanamide 20.604 0.65
35 1,4,7,10,13,16-Hexaoxacyclooctadecane 23.068 1.06

36 Pyrrolo[1,2-a]pyrazine-1,4dione,
hexahydro-3-(phenylmethyl)- 23.552 2.18 26.25 29.16 12.23

37 9-Octadecenamide, (Z)- 23.204 1.72

38
2(1H)-Naphthalenone,

octahydro-4a-methyl-7-(1-methylethyl)-,
(4a.alpha.,7.beta.,8a.beta.)-

23.824 0.29

39 Eicosane 30.595 1.17

Note: NB—nutrient broth; N-free—N-free broth; TSD—tryptic soy dextrose; LB—LB broth; MRS—De Man,
Rogosa, and Sharpe broth.
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4. Conclusions

In conclusion, the observed results contribute to our knowledge on diversity, antimi-
crobial, cytotoxic, antidiabetic, antioxidant, melanin content assay, and tyrosinase activity
in murine B16 cells of crude extracts of endophytic bacteria isolated from the stem of V.
anthelmintica. Overall, our results highlighted the powerful biological activities of the
endophytic bacterial strain B. halotolerans XJB-35. Moreover, the present study determined
the optimal culture conditions for the growth and production of bioactive natural products
of the most active bacterium, B. halotolerans XJB-35. The optimal culture conditions were
an MRS medium and incubation time of 48 h to increase the secondary metabolite yield.
B. halotolerans XJB-35 has the potential to be an ideal bioactive agent in the biosynthesis
of pharmacologically active natural compounds. This bio-based tool indicated that the
secondary metabolites of endophytic bacteria could be a novel bacterial resource for new
drug discovery for the treatment of various diseases. This study investigated the syner-
getic properties of the crude extract compositions, evaluated on their melanin synthesis,
antimicrobial, antioxidant, antidiabetic, and cytotoxic activity. These results suggest that
the pharmacological role of the V. anthelmintica derived bacterial endophytes, in partic-
ular individual secondary metabolites of most active endophytic bacteria remains to be
investigated in future studies. Our laboratory is continuing to pursue this research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13179797/s1, Figure S1: Main approach of this work; Figure S2:
HPLC Analysis of natural products synthesized by endophytic bacteria B. haynesii XJB-5; Figure S3:
HPLC Analysis of natural products synthesized by endophytic bacteria P. punonensis XJB-7; Figure S4:
HPLC Analysis of natural products synthesized by endophytic bacteria L. fusiformis XJB-17; Figure S5:
HPLC Analysis of natural products synthesized by endophytic bacteria B. halotolerans XJB-35;
Figure S6: HPLC Analysis of natural products synthesized by endophytic bacteria B. safensis XJB-71;
Figure S7: HPLC Analysis of natural products synthesized by endophytic bacteria S. lutetiensis XJB-66;
Figure S8: HPLC Analysis of natural products synthesized by endophytic bacteria L. adecarboxylata
XJB-12; Figure S9: HPLC Analysis of natural products synthesized by most active endophytic bacteria
B. halotolerans XJB-35 on 24 h; Figure S10: HPLC Analysis of natural products synthesized by most
active endophytic bacteria B. halotolerans XJB-35 on 48 h; Figure S11. HPLC Analysis of natural prod-
ucts synthesized by most active endophytic bacteria B. halotolerans XJB-35 on 72 h; Figure S12. HPLC
Analysis of natural products synthesized by most active endophytic bacteria B. halotolerans XJB-35 on
96 h; Figure S13. HPLC Analysis of natural products synthesized by most active endophytic bacteria
B. halotolerans XJB-35 on 120 h; Figure S14. HPLC Analysis of natural products synthesized by most
active endophytic bacteria B. halotolerans XJB-35 on 144 h; Figure S15. HPLC Analysis of natural prod-
ucts synthesized by most active endophytic bacteria B. halotolerans XJB-35 on 168 h; Figure S16. HPLC
Analysis of natural products synthesized by most active endophytic bacteria B. halotolerans XJB-35
on 192 h; Figure S17. HPLC Analysis of natural products synthesized by most active endophytic
bacteria B. halotolerans XJB-35 on 216 h; Figure S18. HPLC Analysis of natural products synthesized
by most active endophytic bacteria B. halotolerans XJB-35 on different incubation times; Figure S19.
HPLC Analysis of natural products synthesized by most active endophytic bacteria B. halotolerans
XJB-35 on different incubation times; Figure S20. HPLC Analysis of natural products synthesized by
most active endophytic bacteria B. halotolerans XJB-35 on MRS media; Figure S21. HPLC Analysis of
natural products synthesized by most active endophytic bacteria B. halotolerans XJB-35 on TSD media;
Figure S22. HPLC Analysis of natural products synthesized by most active endophytic bacteria B.
halotolerans XJB-35 on N-Free media; Figure S23. HPLC Analysis of natural products synthesized
by most active endophytic bacteria B. halotolerans XJB-35 on TSB media; Figure S24. HPLC Analysis
of natural products synthesized by most active endophytic bacteria B. halotolerans XJB-35 on differ-
ent media; Figure S25. HPLC Analysis of natural products synthesized by most active endophytic
bacteria B. halotolerans XJB-35 on different media; Figure S26. Volatile chemical component of most
active endophytic bacteria B. halotolerans XJB-35 on different NB media; Figure S27. Volatile chemi-
cal component of most active endophytic bacteria B. halotolerans XJB-35 on different N-free media;
Figure S28. Volatile chemical component of most active endophytic bacteria B. halotolerans XJB-35 on
different TSD media; Figure S29. Volatile chemical component of most active endophytic bacteria B.
halotolerans XJB-35 on different TSB media; Figure S30. Volatile chemical component of most active
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endophytic bacteria B. halotolerans XJB-35 on different MRS media; Figure S31. HPLC analysis of
secondary metabolites produced by the most-active endophytic bacteria B. halotolerans XJB-35 on
different culture media.
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