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ABSTRACT

Bacterial endophytes are found in the internal tissues of plants and have intimate associations with their host. However,
little is known about the diversity of medicinal plant endophytes (ME) or their capability to produce specialised metabolites
that may contribute to therapeutic properties. We isolated 75 bacterial ME from 24 plant species of the Western Ghats,
India. Molecular identi cation by 16S rRNA gene sequencing grouped MEs into 13 bacterial genera, with members of
Gammaproteobacteria and Firmicutes being the most abundant. To improve taxonomic identi cation, 26 selected MEs were
genome sequenced and average nucleotide identity (ANI) used to identify them to the species-level. This identi ed multiple
species in the most common genus as Bacillus. Similarly, identity of the Enterobacterales was also distinguished within
Enterobacter and Serratia by ANI and core-gene analysis. AntiSMASH identi ed non-ribosomal peptide synthase, lantipeptide
and bacteriocin biosynthetic gene clusters (BGC) as the most common BGCs found in the ME genomes. A total of ve of the
ME isolates belonging to Bacillus, Serratia and Enterobacter showed antimicrobial activity against the plant pathogen
Pectobacterium carotovorum. Using molecular and genomic approaches we have characterised a unique collection of
endophytic bacteria from medicinal plants. Their genomes encode multiple specialised metabolite gene clusters and the
collection can now be screened for novel bioactive and medicinal metabolites.
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INTRODUCTION

Multiple countries use indigenous plants as traditional reme-
dies for treatment of injury or disease. In the Indian tradi-
tional medicinal system of Ayurveda and other similar prac-
tices, leaves, roots, seeds and fruits are commonly used as
alternative medicines. Garcinia indica (Baliga et al. 2011), Sala-
cia chinensis (Deokate and Khadabadi 2012) and Alstonia schol-
aris (Ganjewala and Gupta 2013) are examples of Indian medici-
nal plant species described to have multiple therapeutic prop-
erties. Garcinia indica, commonly known as the kokum tree,
produces fruits which are used in Ayurvedic medicine for its
antimicrobial, antiulcer, anticancer and antiobesity properties,
as well as being able to ease in ammatory and pain-related
issues (Baliga et al. 2011). The roots of the Salacia chinensis herb
tree have also been exploited for bene cial properties in treat-
ing tooth decay, ulcers, obesity and skin conditions (Deokate
and Khadabadi 2012). Multiple parts of the Indian devil tree,
Alstonia scholaris, such as leaves, follicles and latex show exten-
sive antimicrobial and antioxidant properties (Ganjewala and
Gupta 2013). Recently, the medicinal plant-associated micro-
biome, and especially the interaction between the complex com-
munity of endophytic microorganisms (endomicrobiome; Koéberl
etal. 2013) have been attributed to these antimicrobial (Martinez-
Klimova, Rodriguez-Pefia and Sanchez 2017) and bioactive prop-
erties through the metabolites they produce (Gouda et al. 2016;
Ek-Ramos et al. 2019). Endophytic bacteria isolated from tradi-
tional Chinese medicinal plants used as anticancer therapy were
screened for bioactivity and all isolates exhibited either cyto-
toxic, antibacterial or antifungal activities in at least one assay
(Miller et al. 2012b).

Endophytic microorganisms (endophytes) are bacteria or
fungi that colonise the intercellular and/or intracellular spaces
of plants, often living in a symbiotic relationship (Hardoim et al.
2015). Endophytes are known to promote plant growth and
nutrient gain, improve yield and aid the plant to survive in
harsh conditions when under stress or attack from pathogens
(Ryan et al. 2008; Hardoim et al. 2015; Santoyo et al. 2016). It
is thought for this reason many endophytes produce a range
of unique specialised metabolites, such as peptides, polyke-
tides and alkaloids, to aid the plants immune response and
prevent colonisation by pathogens and other microbes. Natu-
ral products from endophytes frequently possess bioactivities
such as antimicrobial, antifungal, anticarcinogen, immunosup-
pressant and antioxidant (Zhang, Song and Tan 2006; Akin-
sanya et al. 2015; Sharma et al. 2020) and their investiga-
tion offers huge potential in identifying new pharmaceutical
compounds.

However, whilst nearly all plants are thought to contain
endophytes, very little is known about the diversity of endo-
phytes in traditional Indian medicinal plant species. India is
considered to be one of the 16 mega diversity countries in
the world with around 17 500 higher plants species, of which
4050 plants are found in the Western Ghats (Pascal, Ramesh
and De Franceschi 2004), many of which are used in the treat-
ment of infection, disease, wounds and injuries (Ayyanar and
Ignacimuthu 2011). In this study we aimed to determine the
culturable diversity of bacterial endophytes present within a
large collection of plant species taken from the Western Ghats
region. Plants were chosen based on their ethnobotanical usage,
being endemic to the region or were found growing within bio-
diversity rich areas (Strobel and Daisy 2003). Endophytes were
then isolated from the leaves (the main plant part of medicinal

value) from 24 plant species, initially identi ed by 16S rRNA gene
analysis, and then followed up with whole genome sequenc-
ing for ner resolution of their taxonomy. Selected endophytes
were also investigated further for their specialised metabolite
potential via a genome mining and antimicrobial bioactivity
analysis.

MATERIALS AND METHODS
Sample site and plant material collection

The Western Ghats (or Sahyadri) is a mountain region that cov-
ers an area of around 140 000 km? and 1600 km in length
running parallel to the western coast of the Indian peninsula
from the river Tapti in the North to Kanyakumari in the South
(Reddy, Jha and Dadhwal 2016). It traverses parts of six states,
Kerala, Tamil Nadu, Karnataka, Goa, Maharashtra and Gujarat
and is a UNESCO World Heritage Site and one of the eight
“hottest hotspots” of biological diversity in the world (Myers et al.
2000). It has non-equatorial tropical evergreen forests which
hosts at least 325 globally threatened species of ora and fauna
(UNESCO). The database on ethnomedicinal plants of Western
Ghats lists 500 plants from 115 families that have been used to
prepare around 600 different medicinal formulations as listed by
the Indian Council of Medical Research (Project by SD Kholkute,
2005-2008, submitted to ICMR). However, it is estimated that
the true number of medicinal plants in the Western Ghats is
>700 species with many being endemic and listed as endan-
gered in the International Union for Conservation of Nature
(IUCN) Red List of threatened species (https://www.iucnredlist.
org/).

Leaf samples (and one fruit sample) from 24 plant species
(covering 19 plant genera; Figure Sla and Table S1, Supporting
Information) were collected from two sites of the Western Ghats
and one site of Mysore in Karnataka, India between 5th July and
28th August 2017. All samples were then transported to the lab-
oratory in sterile polypropylene bags and processed within 24 h
of collection. Each plant was identi ed by referring to literature,
herbarium specimens, consulting with taxonomists and search-
ing databases including The Western Ghats (India Biodiversity
Portal), Sahyadri (Western Ghats Biodiversity Information Sys-
tem) and Digital Flora of Karnataka. Samples of the plant species
were preserved in the Herbarium of Department of Studies in
Microbiology, University of Mysore, India.

Isolation of endophytic bacteria

Samples were washed with distilled water and surface ster-
ilised using the following procedure: 0.1% (w/v) HgCl, solution
for 1 min, sterile water for 1 min, 90% (v/v) ethanol for 2 min
and nally washed again with sterile water. Leaf samples were
then cut into segments of approximately 0.5 cm? using a sterile
scalpel and placed onto Luria-Bertani (LB) agar (HiMedia Labora-
tories, Mumbai, India) plates and incubated at ambient temper-
ature in the dark. To ensure bacterial growth was only obtained
from plant endophytes, one additional LB agar plate for each
plant was also incubated with uncut surface sterilised leaves
as a control (Martinez-Klimova, Rodriguez-Pefia and Sanchez
2017). No growth from plant epiphytic bacteria was observed.
During incubation, inoculated plates were frequently observed
for bacterial growth at the cut-ends of the leaf tissue and emerg-
ing bacteria were transferred onto fresh LB agar. Bacterial endo-
phytes were streaked, and individual colonies were selected and
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sub-cultured three times to obtain pure bacterial cultures on LB
agar. Each bacterial isolate was transferred separately to LB agar
slopes and stored at 4°C for further study. The cultures were
maintained at the University of Mysore for characterisation and
elucidation of bioactive compounds, while phylogenetic anal-
ysis and genome sequencing of endophytes was performed at
Cardiff University. All bacterial cultures isolated in this study are
available from the laboratory collection held at the Department
of Studies in Microbiology, University of Mysore, India by request
from the corresponding author.

For molecular characterisation analysis, bacterial isolates
were revived on TSA (Tryptone Soy agar; Oxoid, Basingstoke, UK)
plates at 30°C, sub-cultured three times and checked for purity,
exceptisolates ME7 and ME8 which grew better on Reasoner’s 2A
agar (R2A agar, Oxoid). Pure cultures were stored at —80°C in 8%
(v/v) dimethyl sulfoxide (DMSO) and tryptone soya broth (TSB)
or R2A.

16S rRNA gene diversity and phylogenetic analysis of
bacterial endophytes

DNA was extracted from 10 pL of an overnight culture (grown
in TSB or R2A at 30°C) with 100 pL of 5% (w/v) Chelex 100 resin
(Walsh, Metzger and Higuchi 1991) by undergoing two cycles of
boiling and freezing (5 mins each) as described (Parkes et al.
2010). The crude DNA extract was then used as template in a
16S rRNA gene PCR with bacterial primers 27F and 907R (Webster
et al. 2006). All 16S rRNA gene PCR amplicons were analysed by
1.2% (w/v) agarose gel electrophoresis, puri ed and sequenced
at Euro ns Genomics (https://www.euro nsgenomics.eu/en/ho
me/) by Sanger sequencing with primer 27F. Sequence chro-
matograms were analysed using Chromas version 2.6.6 (http:
//technelysium.com.au) and mixed sequences (suggestive that
some isolates were not pure) were removed from further analy-
sis resulting in 75 pure endophytic bacterial isolates (see Table 1).

Bacterial 16S rRNA gene sequences were analysed using
Nucleotide BLAST implemented on the NCBI server (https://blas
t.nchi.nlm.nih.gov) against the nucleotide collection (nr/nt) and
the 16S ribosomal RNA sequences databases to identify closest
relatives. Sequences were assigned to various operational taxo-
nomic units (OTUs) by using BLASTClust (http://www.ncbi.nlm
.nih.gov/) at 95% similarity, representing a genus level group-
ing (Schloss and Handelsman 2004). Diversity measurements
including rarefaction curves, coverage, Shannon’s and Simp-
son’s indices of diversity and species richness (Schao1) Were cal-
culated using the Past software package v3.14 (Hammer, Harper
and Ryan 2001).

All 16S rRNA gene sequences were aligned using MAFFT
v7 online (Katoh, Rozewicki and Yamada 2019) with sequences
retrieved from the database. Alignments were edited manu-
ally using BioEdit (Hall 1999) and phylogenetic trees were con-
structed using MEGA7 (Kumar, Stecher and Tamura 2016) by
using the Maximum Likelihood method with the General Time
Reversible model and Gamma distribution. Congruent trees
were also obtained using other methods, including minimum
evolution and LogDet distance, neighbour-joining with Jukes-
Cantor algorithm.

Bacterial genome sequencing and assembly

Bacterial genomic DNA was extracted from isolates of inter-
est (n = 26), identi ed by 16S rRNA gene sequencing, from a
3 mL overnight culture grown in TSB or R2A at 30°C. Cells were
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collected by centrifugation at 4000 rpm using ALC PK120 Cen-
trifuge for 10 min, resuspended in 4M guanidinium lIsothio-
cyanate and DNA extracted using an automated Maxwell R 16
Instrument with Tissue DNA Puri cation Kits (Promega UK Ltd,
Southampton, UK) according to the manufacturer’s instructions.
DNA was quanti ed using a Qubit 3.0 Fluorometer, and libraries
prepared for 250 bp nucleotide paired-end sequencing using the
NEBNext r Ultra Il DNA Library Prep Kit for lllumina. Genome
libraries were then sequenced by an lllumina MiSeq platform.

Sequence reads were trimmed from lllumina adaptors using
the TrimGalore v0.4.2 script (https://www.bioinformatics.babra
ham.ac.uk/projects/trim_galore/) and paired reads were merged
with FLASH v1.2.11 (Magoc and Salzberg 2011). Genomes were
assembled with SPAdes v3.13.0, and mis-assemblies corrected
using Pilon v1.22 (Bankevich et al. 2012; Walker et al. 2014).

Bacterial genome and 16S rRNA gene sequences reported
in this study have been submitted to the European Nucleotide
Archive (ENA) under the project/study accession number
PRJEB37902.

Species Identi cation of bacterial endophyte genomes

To allow species identi cation of the 26 bacterial endophyte
genomes, the genus of each bacterial isolate was initially
assigned by 16S rRNA gene comparison to the NCBI BLAST
database coupled with genome identi cation using the taxo-
nomic sequence classi cation system Kraken2 v2.0.6-beta and
RefSeq complete bacterial genomes. Using this preliminary
identi cation as a guide, full species assignment was then
achieved by combining average nucleotide identity (ANI) and
core-gene phylogenomics. The MinHash-based ANI tool Fas-
tANI (Jain et al. 2018) was used to identify RefSeq genomes of
the same genus with high sequence similarity to each endo-
phyte isolate. RefSeq genomes of each genus were downloaded
using a NCBI genome download script available at GitHub (https:
//github.com/kblin/ncbi-genome-download). Up to 30 genomes
with >90% sequence identity to each isolate, in addition to
other endophyte isolates of the same genus, were passed to
an alignment-based ANI tool, PyANI (Pritchard et al. 2016) for
enhanced ANI accuracy. A core-gene phylogeny was constructed
for each genus comprising genomes (Refseq and endophyte iso-
lates) with >95% sequence identity to a given isolate, in addi-
tion to type strains and additional species representatives. Core-
gene alignments were generated with Roary v3.13.0 (Page et al.
2015) implementing MAFFT v7.407 (Katoh and Standley 2013)
and using genome annotations produced with Prokka v1.12.
Maximume-likelihood phylogenetic trees were constructed using
RaxML v8.2.12 with a general time reversible substitution model
and gamma model of rate heterogeneity; and visualised with
FigTree (http://tree.bio.ed.ac.uk/software/). In addition, for com-
parison genome sequences were also uploaded to the Type
(strain) Genome Server (TYGS) bioinformatics platform avail-
able (https://tygs.dsmz.de) for whole genome-based taxonomic
analysis (Meier-Kolthoff and Goker 2019). This platform provides
both species assignment and digital DNA-DNA hybridisation
(dDDH) values to the closest type strain genomes available.

Assessing biosynthetic gene cluster potential of
whole-genome sequenced endophytes

To ascertain the biosynthetic gene cluster (BGC) potential of
bacterial endophytes the genomes were analysed with the spe-
cialised metabolite predicting software antiSMASH v4.0 (Blin
et al. 2017). Following BGC prediction, the sequences were
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Table 1. List of bacterial endophytes isolated from leaves of medicinal plant species sampled at different locations of the Western Ghats,
Karnataka, India.

Identi cation by

Identi cation by Type

Endophytic Plant species isolated Identi cation by 16S average nucleotide strain Genome Server

bacterium? from Sampling location rRNA gene similarity identity (ANI) (TYGS)

ME1 Memecylon malabaricum Bisle Ghat region Serratia sp.

ME3 Memecylon malabaricum Bisle Ghat region Serratia sp.

ME4 Aphanamixis polystachya Bisle Ghat region Bacillus sp.

MES Aphanamixis polystachya Bisle Ghat region Bacillus sp. Bacillus thuringiensis Bacillus paranthracis

ME6 Terminalia bellirica Bisle Ghat region Bacillus sp.

ME7 Terminalia bellirica Bisle Ghat region Aureimonas sp. Aureimonas sp. Aureimonas sp.

MES8 Terminalia bellirica Bisle Ghat region Aureimonas sp.

ME9 Terminalia bellirica Bisle Ghat region Bacillus sp.

ME10 Ventilago sp. Bisle Ghat region Enterobacter sp.

ME11 Ventilago sp. Bisle Ghat region Bacillus sp.

ME12 Terminalia paniculata Bisle Ghat region Curtobacterium sp. Curtobacterium sp. Curtobacterium sp.

ME13 Terminaliapaniculata Bisle Ghat region Enterobacter sp. Enterobacter Enterobacter
bugandensis bugandensis

ME14 Avistolochia tagala Bisle Ghat region Enterobacter sp.

ME15 Avristolochia tagala Bisle Ghat region Klebsiella sp.

ME16 Avistolochia tagala Bisle Ghat region Enterobacter sp.

ME17A Avristolochia tagala Bisle Ghat region Klebsiella sp.

ME18 Avistolochia tagala Bisle Ghat region Enterobacter sp.

ME19 Avristolochia tagala Bisle Ghat region Enterobacter sp.

ME20 Avistolochia tagala Bisle Ghat region Bacillus sp.

ME21 Avristolochia tagala Bisle Ghat region Klebsiella sp.

ME23 Garcinia xanthochymus Bisle Ghat region Bacillus sp.

ME25 Aphanamixis polystachya Bisle Ghat region Bacillus sp. Bacillus taxi Bacillus taxi

ME26 Ventilago sp. Bisle Ghat region Curtobacterium sp. Curtobacterium sp. Curtobacterium sp.

ME27 Aphanamixis polystachya Bisle Ghat region Acinetobacter sp. Acinetobacter lactucae Acinetobacter lactucae

ME28 Salacia macrosperma Bisle Ghat region Bacillus sp.

ME29 Salacia macrosperma Bisle Ghat region Bacillus sp.

ME30 Garcinia xanthochymus Bisle Ghat region Klebsiella sp. Klebsiella pneumoniae Klebsiella pneumoniae

ME31 Garcinia xanthochymus Bisle Ghat region Enterobacter sp.

ME32 Ventilago sp. Bisle Ghat region Bacillus sp.

ME33 Ventilago sp. Bisle Ghat region Brevibacillus sp.

ME34 Ventilago sp. Bisle Ghat region Enterobacter sp. Enterobacter Enterobacter
bugandensis bugandensis

ME35 Terminalia bellirica Bisle Ghat region Bacillus sp. Bacillus licheniformis Bacillus licheniformis

ME36 Terminalia paniculata Bisle Ghat region Bacillus sp.

ME38 Ventilago sp. Bisle Ghat region Bacillus sp.

ME39 Pterocarpus santalinus Mysore Bacillus sp. Bacillus aryabhattai Bacillus aryabhattai

ME40 Garcinia indica Mysore Bacillus sp. Bacillus megaterium Bacillus sp.

ME42 Pterocarpus santalinus Mysore Bacillus sp. Bacillus aryabhattai Bacillus aryabhattai

ME43 Coscinium fenestratum Mangaluru Serratia sp. Serratia marcescens Serratia sp.

ME44 Coscinium fenestratum Mangaluru Enterobacter sp. Enterobacter asburiae Enterobacter asburiae

ME45 Coscinium fenestratum Mangaluru Enterobacter sp.

ME46 Coscinium fenestratum Mangaluru Enterobacter sp.

ME47 Coscinium fenestratum Mangaluru Serratia sp. Serratia marcescens Serratia sp.

ME51 Coscinium fenestratum Mangaluru Stenotrophomonas sp.

MES53 Coix lacryma-jobi Mangaluru Stenotrophomonas sp.

MES5S5 Coix lacryma-jobi Mangaluru Stenotrophomonas sp. Stenotrophomonas Stenotrophomonas

pavanii pavanii

ME56 Coix lacryma-jobi Mangaluru Paenibacillus sp.

ME57 Coix lacryma-jobi Mangaluru Klebsiella sp.

MEG0 Coix lacryma-jobi Mangaluru Bacillus sp.

ME62 Coix lacryma-jobi Mangaluru Enterobacter sp.

MEG63 Coix lacryma-jobi Mangaluru Pseudomonas sp. Pseudomonas sp. Pseudomonas sp.

ME64 Coix lacryma-jobi Mangaluru Enterobacter sp.

MEG6 Coix lacryma-jobi Mangaluru Klebsiella sp.

ME67 Coix lacryma-jobi Mangaluru Stenotrophomonas sp.

ME68 Salacia chinensis Mangaluru Klebsiella sp.

ME70 Salacia chinensis Mangaluru Klebsiella sp.

ME71 Salacia chinensis Mangaluru Stenotrophomonas sp.
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Table 1. Continued
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Identi cation by

Identi cation by Type

Endophytic Plant species isolated Identi cation by 16S average nucleotide strain Genome Server
bacterium? from Sampling location rRNA gene similarity identity (ANI) (TYGS)
ME72 Salacia chinensis Mangaluru Klebsiella sp.
ME73 Salacia chinensis Mangaluru Klebsiella sp. Klebsiella variicola Klebsiella variicola
ME74 Salacia chinensis Mangaluru Enterobacter sp.
ME75 Calophyllum inophyllum Mangaluru Bacillus sp. Bacillus aryabhattai Bacillus sp.
ME76 Calophyllum inophyllum Mangaluru Bacillus sp. Bacillus aryabhattai Bacillus sp.
ME78 Madhuca insignis Mangaluru Bacillus sp. Bacillus thuringiensis Bacillus cereus
ME79 Madhuca insignis Mangaluru Klebsiella sp. Klebsiella variicola Klebsiella variicola
ME81 Garcinia morella Mangaluru Erwinia sp. Pantoea sp. Pantoea sp.
MES83 Apama siliquosa Mangaluru Klebsiella sp.
ME84 Apama siliquosa Mangaluru Stenotrophomonas sp.
ME86 Desmodium pulchellum Mangaluru Klebsiella sp. Klebsiella variicola Klebsiella variicola
ME87 Barringtonia acutangula Mangaluru Enterobacter sp.
ME89 Barringtonia acutangula Mangaluru Enterobacter sp.

fruit
MEQ0 Alstonia scholaris Mangaluru Enterobacter sp.
ME91 Alstonia scholaris Mangaluru Enterobacter sp.
ME92 Alstonia scholaris Mangaluru Enterobacter sp.
ME93 Alstonia scholaris Mangaluru Pseudomonas sp.
ME94 Alstonia scholaris Mangaluru Methylobacterium sp. Methylobacterium Methylobacterium

radiotolerans radiotolerans

ME95 Alstonia scholaris Mangaluru Pseudomonas sp.

2Genome sequenced medicinal plant endophytes (ME) are highlighted in bold font

extracted for de-replication to understand the overall biosyn-
thetic diversity of the endophyte genome collection. BGC
sequences were grouped according to genus and de-replicated
using a pairwise k-mer-based comparison with Mash v2.2
(Ondov et al. 2016) and applying a maximum distance thresh-
old of 0.24. De-replication was performed with the assumption
that BGCs would not be shared between the different genera.
The resulting distance network was visualised using Cytoscape
v3.4.0 (Shannon 2003). Manual curation of the network was
required to identify instances of BGCs split across multiple con-
tigs and erroneously predicted hybrid BGCs due to close genomic
locus proximity.

In vitro antagonism assays

Genome-sequenced medicinal plant endophytes (ME) were
tested for antimicrobial activity against a small panel of human
and plant pathogens (Pectobacterium carotovorum LMG 2464;
Staphylococcus aureus NCTC 12981; Candida albicans SC5314) using
an agar overlay inhibition assay as described (Mullins et al.
2019). In brief, ME isolates were grown overnight at 30°C on
agar-solidi ed basal salts medium supplemented with glyc-
erol (BSMG). After 24 h growth, a 10 plL-sized loopful of bacte-
ria was resuspended in 1 mL phosphate buffered saline (PBS)
buffer, spotted (3 pL volume) onto BSMG plates and incubated
at 30°C for 48 h. ME isolates were killed by chloroform expo-
sure for 2 mins, overlaid with pathogen-seeded half-strength
iso-sensitest agar (Oxoid) supplemented with 0.2% (w/v) triph-
enyl tetrazolium chloride and incubated at 30°C or 37°C for 24 h.

RESULTS

Medicinal plants from the Western Ghats contain high
diversity of bacterial endophytes

A total of 26 different medicinal plant samples (Table S1 and
Figure Sla, Supporting Information) were taken from two sites

in the Western Ghats and one site in Mysore, India. This rep-
resented one of the largest surveys of bacterial endophytes in
Indian plants used for multiple medicinal purposes (Table S1,
Supporting Information). The incubation of inoculated leaf tis-
sue samples on LB agar readily enabled the growth of culturable
endophytes from medicinal plants (Figure S1b, Supporting Infor-
mation). During incubation, visible colonies were easily distin-
guishable on the edges of the leaf sections. After further sub-
culture and incubation, 95 plant endophyte cultures were col-
lected. These cultures were then further puri ed on TSA/R2A
and checked for purity using 16S rRNA gene sequencing which
resulted in 75 pure cultures of medicinal plant endophytes (des-
ignated as ME isolates). The assembled pure bacterial collection
included 50 ME Gram-negative and 25 ME Gram-positive bacte-
rial isolates (Table 1).

Overall, from the three locations sampled (Bisle Ghat, Mysore
and Mangaluru) pure culturable endophytes were isolated from
20 plant species covering 16 plant genera (Fig. 1A; Table 1). Only
three plant genera (four plant species: Nothapodytes nimmoni-
ana, Garcinia gummi-gutta, Kingiodendron pinnatum and Dysoxylum
binectariferum) were unsuccessful in ME pure culture isolation.
Interestingly, diversity indices and rarefaction analysis calcu-
lated at the bacterial genus level (Fig. 1B; Table 2; Figure S2,
Supporting Information) suggested that the endophyte popula-
tion collected from Bisle Ghat (34 isolates) was more diverse and
species rich than the populations collected at Mangaluru (38 iso-
lates) or Mysore (three isolates). In addition, rarefaction curves
(Figure S2, Supporting Information) and Good'’s coverage statis-
tics (Table 2) suggest that the total culturable bacterial diversity
has not yet been isolated from the medicinal plants investigated
in this study and further analysis is necessary to identify the full
range of bacterial endophytes present.

Using 16S rRNA gene sequence similarity all medicinal plant
endophytes were representatives of three bacterial phyla (Pro-
teobacteria, 66%; Firmicutes 31%; Actinobacteria, 3%; Fig. 2; Fig-
ure S3, Supporting Information) belonging to the following 13
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Figure 1. Community composition and rarefaction curves for the Western Ghats medicinal plant endophyte (ME) collection isolated during this study. (A) Composition
of the bacterial endophyte collection assigned at the taxonomic genus level based on 16S rRNA genes. Each bar represents the relative distribution of each bacterial
genus isolated from different medicinal plant genera. Numbers in parentheses represent the number of ME obtained from each plant genera. (B) Rarefaction curves for
bacterial endophyte 16S rRNA gene diversity. ME were isolated from leaves of plants from the Bisle Ghat and Mangaluru regions of the Western Ghats, India. Curves
were plotted for 95% similarity for 16S rRNA genes. Note, since there were only three isolates from Mysore leaf samples, this endophyte collection is not included.

genera (Fig. 1A) in order of dominance: Bacillus, 28%; Enterobac-
ter, 25.4%; Klebsiella, 17.3%; Stenotrophomonas, 8%; Serratia, 5.4%;
Pseudomonas, 4%; Acinetobacter, 1.3%; Aureimonas, 1.3%; Curtobac-
terium, 1.3%; Brevibacillus, 1.3%; Erwinia/Pantoea, 1.3%; Methylobac-
terium, 1.3%; Paenibacillus, 1.3%.

The grass species Coix lacryma-jobi was observed to contain
the highest culturable diversity (ten isolates) of MEs (Fig. 1A;
Table 1) with six different bacterial genera present (Enterobacter,
Klebsiella, Pseudomonas, Stenotrophomonas, Bacillus and Paenibacil-
lus). Contrastingly, the shrub Desmodium pulchellum had the low-
est culturable diversity with only one bacterial isolate belonging

to Klebsiella (ME86). Both plants were sampled from the Man-
galuru location. For comparison, Aristolochia tagala, a climbing
species found in forests of Asia had the highest culturable diver-
sity (eight isolates) of MEs (Enterobacter, Klebsiella and Bacillus)
identi ed from leaf samples taken from the Bisle Ghat (Fig. 1A;
Table 1).

Multiple ME isolates were taxonomically related (based on
16S rRNA gene similarity) to previously known endophytes
or bacteria isolated from soil and rhizosphere environments
(Fig. 2). For example, the large collection of ME Enterobacter (19
isolates) are closely related (Fig. 2A) to endophytes from tomato,
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Figure 2. Phylogenetic trees showing the relationship of medicinal plant endophyte (ME) 16S rRNA gene sequences to sequences from representative type species
and other plant endophytes. (A) Proteobacteria (Gram-negative) and (B) Firmicutes and Actinobacteria (Gram-positive). Trees were constructed using Maximum Likelihood
method based on the GTR model. A discrete Gamma distribution was used to model evolutionary rate differences among sites. All positions containing gaps and
missing data were eliminated and there was a total of 627 and 695 positions in the nal datasets, respectively. Deltaproteobacteria 16S rRNA gene sequences were used
as outgroups in (A) Desulfobacter curvatus DSM 3379 (AF418175), Desulfuromonas acetoxidans DSM 684 (AAEW02000008), Desulfovibrio aerotolerans Dv06 (AY746987); and
Proteobacteria 16S rRNA gene sequences were used as outgroups in (B) Methylobacterium radiotolerans JSCM 2831 ( NR_074244), Desulfovibrio aerotolerans Dv06 (AY746987),
Enterobacter ludwigii EN-1197 (AJ853891). Evolutionary analyses were conducted in MEGA7. The percentage of trees in which the associated taxa clustered together is
shown next to the branches, based on 100 bootstraps. Nodes with black circles represent >75% bootstrap support; nodes with white circles represent >50% bootstrap
support. The scale bar represents 5% sequence divergence. Sequences in bold represent ME isolates and sequences in bold blue represent ME isolates that had their
genomes sequenced.
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