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Abstract

The most diverse and versatile endophytic actinobacteria are relatively unexplored potential sources of bioactive metabolites
useful for different medical, agricultural, and other commercial applications. Their diversity in symbiotic association with
traditionally utilized medicinal plants of northeast India is scantly available. The present investigation assessed the genetic
diversity of endophytic actinobacteria (z = 120) distributed around the root, stem, and leaf tissues of six selected medicinal plants
(Emblica officinalis, Terminalia chebula, T. arjuna, Murraya koenigii, Rauwolfia serpentina, and Azadirachta indica) from three
different protected areas of evergreen forest—the Gibbon Wildlife Sanctuary (GWS), the Kaziranga National Park (KNP), and
the North East Ecological Park (NEEP) of Assam, India. The samples were collected in two seasons (summer and winter). The
overall phylogenetic analysis showed significant genetic diversity with 18 distinct genera belonging to 12 families. Overall, the
occurrence of Streptomyces genus was predominant across all three sampling sites (76.66%), in both the sampling season
(summer and winter). Shannon’s and Simpson’s diversity estimates showed their presence at A. indica (1.496, 0.778),
R. serpentina (1.470, 0.858), and E. officinalis (0.975, 0.353). Among the site sampled, GWS had the most diverse community
of actinobacteria (Shannon = 0.86 and Simpson = 0.557). The isolates were antagonistically more active against the investigated
plant pathogenic bacteria than fungal pathogens. Further analysis revealed the prevalence of polyketide synthase genes (PKS)
type II (84%) and PKS type I (16%) in the genome of the antimicrobial isolates. The overall findings confirmed the presence of
biosynthetically active diverse actinobacterial members in the selected medicinal plants which offer potential opportunities
towards the exploration of biologically active compounds.

Abbreviations

PKS1 Polyketide synthase type I
PKSII  Polyketide synthase type 11
GWS  Gibbon Wildlife Sanctuary
KNP  Kaziranga National Park
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are emerging rapidly. Microbial biodiversity associated with
traditional Indian medicinal plants is considered as an impor-
tant reservoir of bioactive compounds which needs due atten-
tion and exploration to generate a library of effective mole-
cules against clinical manifestation (Gohain et al. 2015).
About 28% of new chemical entities and 42% of anti-cancer
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drugs that have been introduced into the global market are
natural products and their derivatives (Newman and Cragg
2007). Medicinal plants encompass a diverse endophytic
actinobacterial population of economic importance
(Bulgarelli et al. 2013). They are prospective sources of novel
natural products, having an exploitable application in the med-
ical and agricultural industries (Strobel et al. 2004). About
80% of the world’s antibiotics arsenal is derived from the
phylum actinobacteria (Bacon and White 2000) with a signif-
icant major contribution (50%) from the genus Streptomyces
(Mehdi et al. 2006). A number of antimicrobial compounds
have been discovered from endophytic actinobacteria, apart
from the actinobacteria of soil or water origin. The bioactive
compounds like kakadumycins, coronamycin, multicyclic
indolsesquiterpenes, spoxazomicins A-C etc. were derived
from endophytic actinobacteria species (Castillo et al. 2003;
Ezra et al. 2004; Ding et al. 2011; Inahashi et al. 2011).
Therefore, endophytic actinobacteria are expected to be po-
tential resources of new bioactive agents in the near future
(Duangmal et al. 2008).

Medicinal plants with an ethno-botanical history are con-
sidered valuable bio-resources for the isolation of endophytic
actinobacteria, which play a vital role in regulating the phys-
iology, health, and fitness of the medicinal plants (Yu et al.
2010). The tropical and temperate rainforests harbor excellent
biodiversity which are considered for novel endophytes and
their products (Strobel et al. 2004). The tropical rainforests of
Northeast India are best-known for their rich floral and faunal
diversity (Myers et al. 2000). To date, around 13,500 vascular
plants have been discovered in this region, out of which 7000
are considered to be endemic (Pawar et al. 2007).
Furthermore, with a high density of ethnic races and tribes,
the region has a long ethno-botanical history (Tiwari et al.
1993), which can guide in maximizing the chances of
harnessing novel endophytic actinobacterial isolates from the
medicinal plants found in the tropical forests of this region.
Our previous study reported the antimicrobial biosynthetic
potential and genetic diversity of endophytic actinobacteria
associated with medicinal plants in the Gibbon Wildlife
Sanctuary (GWS) in Assam, India (Gohain et al. 2015). The
investigation reported the dominance of the genus
Streptomyces with the prevalence of polyketide synthase
(PKS) type II gene clusters. However, since the distribution
and relative abundance of medicinal plant-associated
actinobacteria in general and Streptomyces in particular were
not clear, the present study aims to understand their variation
across different forested ecosystems in distinct geographical
locations. Hence, the present investigation was designed to
estimate the endophytic actinobacterial diversity of six
ethnobotanically and pharmaceutically important plants
(Emblica officinalis, Terminalia chebula, T. arjuna, Murraya
koenigii, Azadirachta indica, and Rauwolfia serpentine) from
distinct forested ecosystems located at GWS, North East
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Ecological Park (NEEP) and Kaziranga National Park
(KNP) in Assam, India (Supplementary Table S1).
Previously, Passari et al. (2015) reported 42 genera of endo-
phytic actinobacteria isolated from medicinal plants in
Phawngpuii National Park and Dampa Tiger Reserve Forest
in Mizoram, but studies on endophytic actinobacterial diver-
sity in KNP or the NEEP were not carried out till now.

Materials and methods
Sampling and isolation of endophytic actinobacteria

The healthy plant parts (roots, stems, and leaves) of six me-
dicinal plants (E. officinalis, T. chebula, T. arjuna, M. koenigii,
R. serpentine, and A. indica) were collected from different
forest arecas of GWS Jorhat (26°40" N; 94°20" E), NEEP
Jorhat (26°44'10"N; 94°9'30"E), and KNP Golaghat
(26°409'N; 93°21'E) (Supplementary Table S1 and Fig. S1).
Samplings were done during the months of
December—January (winter) and June—July (summer). The
soil pH ranged from 6.5 to 7.4, while the soil moisture content
varied from 30.84 to 18.21% (Supplementary Table S2). The
samples were processed immediately after reaching the labo-
ratory. The collected samples were washed under running tap
water to remove soil and other debris and were cut into small
(4 x 4 mm?) pieces. The diced samples were surface-sterilized
and air-dried in a laminar airflow cabinet (Taechowisan and
Lumyong 2003). The efficacy of surface sterilization was val-
idated (Schulz et al. 1993), and the isolation of endophytic
actinobacteria was done in starch casein agar (SCA) medium
(Taechowisan and Lumyong 2003) supplemented with antibi-
otics viz, nalidixic acid (25 mg/L) and nystatin (50 mg/L)
(Haque et al. 1992) to inhibit fungal colonies. The plates were
incubated at 28 +1 °C. Visible colonies were obtained after
5 days of incubation; however, some isolates required a max-
imum of 22 + 3days. Purified monocultures were obtained by
repeated streaking on SCA medium. The strains were pre-
served in a 20% glycerol stock and kept at a temperature of
—80 °C for future use. The pH values of the samples were
determined by fivefold dilution in sterile distilled water. The
pH of the soil samples were also recorded as the soil micro-
environment significantly modulates microbial entry and their
subsequent colonization within the plant host.

Morphological and biochemical characterization

A preliminary characterization of the purified isolates was
done based on the isolate’s morphological characteristics as
mentioned in the International Streptomyces Project (Shirling
and Gottlieb 1966) and Bergey’s Manual of Determinative
Bacteriology (Bergey et al. 1994). Biochemical characteriza-
tions, viz, nitrate reduction, catalase, amylase, protease,
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cellulase, Simmons citrate, H,S production, methyl red test,
and indole production, were carried out according to standard
protocols in five replications (Shirling and Gottlieb 1966;
Hankin and Anagnostakis 1975; Theantana et al. 2007).

Screening for antimicrobial activity

Bacterial and fungal pathogens used in the bioactive assay
were obtained from Microbial Type Collection Center, India
(MTCC). The test pathogens were Staphylococcus aureus
(ATCC 11632™)  Escherichia coli (ATCC 11229™),
Aspergillus niger (ATCC 16888™), Pseudomonas syringae
(MTCC 1604), P. aeruginosa (MTCC 2582), Candida
albicans (MTCC 3017), Rhizoctonia solani (MTCC 4633),
and Fusarium oxysporum (MTCC 284). The in vitro antimi-
crobial activities of the actinobacteria were screened against
the microbial pathogens using agar well diffusion assay
(Saadoun and Muhana 2008) and the zone of inhibition mea-
sured. Neomycin (2 mg/mL) and Amphotericin B (3 mg/mL)
were used as a control in antibacterial and antifungal tests,
respectively.

DNA extraction and genotypic analysis

The genomic DNA of actinobacterial isolates was purified
using Ultraclean microbial DNA isolation kit (MO BIO,
USA). Genotypic fingerprinting of 120 isolates was carried
out using BOXAIRI primer (5'-CTA CGG CAA GGC GAC
GCT GAC G-3') as described by Pathom-aree et al. (2006)
and REP1 (5'-1II ICG ICG ICA TCI GGC-3"), REP2 (5'-ICG
ITT ATC 1IGG CCT AC-3') primers (Smith et al. 2001;
Versalovic et al. 1994). Fingerprints were analyzed by hierar-
chical clustering using CLIQS 1DPRO (http://totallab.com/
cligs-1d-pro/).

Taxonomic characterization of endophytic bacteria

16S rRNA gene was amplified using bacterial universal
primers (27f and 1492r). Thermal cycling was performed in
the Applied Biosystems® Veriti® 96-Well Thermal Cycler
(Applied Biosystems, USA) with an initial denaturation at
95 °C for 5 min, followed by 35 cycles of 94 °C for 1 min,
annealing at 45 °C for 1 min, 72 °C for 1 min, followed by
final extension at 72 °C for 10 min. The amplified products
were purified by a PCR purification Kit (Qiagen, Germany).
DNA sequence was determined by fluorescent terminators
(Big Dye, Applied Biosystems) and run in an Applied
Biosystems ABI Prism automated DNA sequencer (3130 x 1).

Detection of biosynthetic genes of polyketide
synthase

The conserved regions of biosynthetic genes, PKSI and
PKSII, were amplified using two different sets of degenerate
primers—viz, K1F/M6R (5'TSA AGTCSA
ACATCGGBCA-3', 5-CGCAGGTTSCSGTACCAGTA-3)
and KSa/KSB (5'-TSGCSTGCTTGGAYGCSATC-3', 5'-
TGGAANCCGCCGAABCCTCT-3'). The PCR conditions
for both the genes were programmed as initial denaturation
at 95 °C for 5 min followed by 35 cycles of 60 s at 95 °C, 90 s
at 55 °C for PKSI (K1F/M6R) and 59 °C for PKSII (KSa/
KS), 90 s at 72 °C with a final extension of 8 min at 72 °C. The
confirmation of the 3-ketosynthase domains of PKS (I and II)
amplification was done by sequencing and concurrent nr nu-
cleotide database (NCBI GenBank) query using the Blastn
tool.

Phylogenetic analysis

For phylogenetic analysis, sequences of 16S rRNA genes
from the present study were analyzed for closest homology
matches using web-based BLASTn (https://blast.ncbi.nlm.
nih.gov) and EzTaxon (https://www.ezbiocloud.net/) tools.
Chimeric sequences were processed using Mallard Software
Program (versionl.02, School of Biosciences, Cardiff
University, http://www.bioinformatics-toolkit.org/Mallard/
index.html) (Ashelford et al. 2006) and Pintail (versionl.0)
(Ashelford et al. 2005). Only high-quality trimmed sequences
were submitted to NCBI GenBank repository to obtain acces-
sion id. MEGA 5.0 software package (Tamura et al. 2011) was
used for tree construction and inference. The nucleotide dis-
tances were calculated by a Kimura-2-parameter substitution
model. Phylogenetic trees were inferred by neighbor-joining
(NJ) and UPGMA method on the distance calculated matrix.
A bootstrap analysis with 1000 replicates was conducted to
estimate the confidence and reproducibility of the particular
clade.

The amplified PKS I and PKS II amplicons were se-
quenced, processed for low-quality bases, and analyzed by
BLASTP (blast.ncbi.nlm.nih.gov) program after six frame
translations (http://molbiol.ru/eng/scripts/01 13.html). The
deduced amino acid sequences were aligned using Clustal
Omega. The UPGMA and unrooted NJ tree were then
constructed using the Poisson correction model. The
consistency of the trees was verified by a bootstrap value
consisting of 1000 replications.

Analysis of promoter region of biosynthetic genes
Conserved motifs were predicted using the program MEME

(Bailey et al. 2009). Specific motif combinations of both the
polyketide genes (type I and type II) were detected using the
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program GLAM?2 (Frith et al. 2008), and sequence logos were
constructed.

Statistical data analysis

To calculate relative frequency (RF), the total number of iso-
lates for a genus was divided by the total number of genera
cultured from different plant species (El-Shatoury et al. 2013).
A diversity index {Shannon’s index (H) and Simpson’s index
(S)}, a richness index (Margalef and Menhinick), and an
evenness index (£) were calculated as mentioned previously
(Kennedy et al. 1995; Verma et al. 2007, 2009). The variation
of positive bioactive isolates within each plant species was
also observed with Shannon’s (H) and Simpson’s (S;) diversity
indices. RF was expressed as percentages and subjected to
ANOVA. All statistical analyses were done with SCaVis2.3
software (https:/fossies.org/dox/scavis-2.3/namespacesmtpd.
html). TeraPlot 2.0 (http://www.teraplot.com) was used to
create the histograms. All experiments were performed in
triplicate. Shannon’s index (H)=->) Pi(InPi); Simpson’s

index (S;) = 1*%; Margalef= (S — 1)/InN; Menhinick =

%, and Evenness index E = H/InS were calculated with the
formula described by Verma et al. (2007) and Kennedy and
Smith (1995), where

S numbers of genera encountered,

n  the total number of isolates of a particular genus,

N  the total number of isolates of all genera,

Pi fraction of entire population made up of particular genus

i(Pi=n/N),

> sum from genus 1 to genus S,
E  Evenness index,

H Shannon diversity index,

S;  Simpson’s index.

Results

Isolation and genotypic analysis

The purification of endophytic isolates and their preliminary
characterization yielded a total of 120 morphologically dis-
tinct putative endophytic actinobacterial isolates from the me-
dicinal plants. However, some of the isolates retained distinc-
tive morphologies of Streptomyces (Supplementary Table S4).
A significant difference [P=7.22 E-14 and Fo131)> Farit=
1.91)] in terms of colonization among the different tissue types
(i.e., root, stem, and leaf) was observed. A total of 63 (52.5%)
actinobacteria were isolated from the root, 34 (28.33%) from
the stem, and 23 (19.16%) from leaves (Fig. la and
Supplementary Table S5). The actinobacterial proportion dif-
fered significantly between the two sampling seasons [P =
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Fig. 1 a Endophytic actinomycte assemblages in different plant tissues,
i.e., root, stem, and leaf. Highest numbers of actinomycetes were isolated
from root followed by stem and leaf. Maximum colonization was
recorded in summer than in winter. b Overall colonization of
endophytic actinomycetes in three sampling sites. ¢ Relative abundance
of endophytic actinomycetes in six medicinal plant species. The genus
Streptomyces was found to be common in all the studied plants
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1.59E-12 and F _ 65 > F crit=2.23)) as well as among three sam-
pling sites [(P=6.59E-07 and F _¢ 87> Fcrit=1.91)] (Fig. 1a,
b). Relative abundance was greater in the summer than in the
winter. Among the three forest areas, culturability from the
plant tissues in GWS was higher than the KNP and NEEP
(Supplementary Table S6).

Repetitive extragenic palindromic (REP) PCR is one of the
most commonly used techniques in bacterial genetic diversity
studies to obtain taxonomic resolution. In the present study,
the BOX-PCR fingerprinting recorded a broad banding pat-
tern from 500 to 4500 bp while REP-PCR fingerprinting re-
corded a banding pattern from 500 to 3000 bp (data not
shown). The dendrogram obtained from BOX fingerprint re-
sulted in four clusters with three of these clusters concurrently
reproduced in the REP-PCR dendrogram; the coefficient of
genetic similarity ranged from 0.5 to 1 (Supplementary Fig.
S2). The dendrogram of the BOX-PCR fingerprint yielded
four major clusters which had similarity coefficient values of
> 70%. Furthermore, cluster I was subdivided into four sub-
clusters. Sub-cluster I comprised 12 isolates with similarity
coefficient values of > 80%:; sub-cluster-1I had 17 isolates with
coefficient values of > 60%:; isolates of sub-cluster III and sub-
cluster IV had similarity values of approximately 70%.
Cluster II was divided into two sub-clusters. Sub-cluster I
included 12 isolates having a similarity value of > 60%, and
sub-cluster II consisted of 24 isolates with a similarity value of
>70%. Cluster III had two sub-clusters, having 18 isolates
with similarity values of >70%. Cluster IV comprised 15
isolates which had similarity values of > 65%.

The REP-PCR fingerprinting yielded a dendrogram show-
ing three major clusters. Cluster I was composed of 39 isolates
with a coefficient value of >80%. Cluster II, having 34 iso-
lates, was divided into three sub-clusters. Sub-cluster I
contained 11 isolates whereas sub-cluster I and sub-cluster
IIT had 16 and 6 isolates, respectively, all sharing a coefficient
value > 60%. However, cluster III, with 47 isolates, formed
the major cluster and had a coefficient value of > 60%.

Morphological and biochemical characterization
of endophytic actinobacterial isolates

Microscopic observations revealed that the isolates were
gram-positive, endospore-forming, and had branched net-
works of hyphae. Most of the isolates showed positive test
results for protease, amylase, and catalase activity. However,
a few were found to be positive for cellulase, H,S production,
HCN production, IAA production, and nitrate reduction
(Supplementary Table S4).

Antimicrobial activity of endophytic actinobacteria

Bioassay with test pathogens showed 52 of 120
actinobacterial isolates to possess antimicrobial property with

varying intensity. Among the 52 antimicrobial isolates, 44
were found to be active only against bacteria while 3 inhibited
only growth of fungi, 6 isolates were found to be active
against both bacteria and fungi (Supplementary Table S3).
All the 44 antibacterial isolates showed a minimum 10 mm
zone of inhibition and maximum zone of 24 mm. Among the
antibacterial isolates, EAAG89 was found to be most active
against S. aureus (24 mm) and P. syringae (23 mm), followed
by the isolate EAAG90, which had inhibition zones of 18 mm
and 20 mm against P. syringae and S. aureus, respectively.
Additionally, isolate EAAG96 was also found to be active
against both P. syringae and S. aureus (Supplementary
Table S3). Act30 was the only strain active against E. coli in
this study. The isolates EAGBO05 and Act60 showed the
highest activity against C. albicans (20 mm). The isolate
Act60 also showed an inhibitory effect against F. oxysporum
(17 mm). However, no activity was found against
P. aeruginosa or A. niger.

Taxonomic and phylogenetic placement
of endophytes for habitat distribution analysis

A total of 120 distantly related isolates were selected based on
genotypic analysis. Based on 16S rRNA sequence analysis, all
the 120 actinobacterial strains could be classified into 12 fam-
ilies and 18 different genera (Table 1). The relative frequency
of the genera significantly differed among the studied plants
[P=1.84 E-14 and F(9.17)> F(crit=1.737)]. The genus
Streptomyces was evenly distributed among the studied plant
species with a high culturability (92 strains across six plant
types) while Amycolatopsis, Brevibacterium, Mycobacterium,
Nocardia, Leifsonia, Verrucosispora, Isoptericola,
Kytococcus, Kitasatospora, Promicromonospora, and
Timonella were associated with the single host species (Fig.
1c and Table 1).

The diversity (Shannon’s and Simpson’s) and evenness in-
dices revealed that A. indica (1.496, 0.778), R. serpentina
(1.470, 0.858), and E. officinalis (0.975, 0.353) are relatively
good habitats for the prospection and isolation of endophytic
actinobacteria (Table 2). Based on Margalef’s richness estima-
tor, the highest species richness values were recorded in
A. indica, followed by R. serpentina and T. chebula whereas
based on Menhinick’s richness index, species richness was
high in R. serpentine followed by A. indica. E. officinalis
showed the most diverse bioactive strains, having values of
0.358, 0.920, 0.363, and 0.826. Among the sampling sites,
plants analyzed from GWS forest ecosystem harbored more
diverse communities of actinobacteria compared to KNP and
NEEP (Shannon’s = 0.860 and Simpson’s = 0.557) (Table 3).

Further, to observe the relationships among the iso-
lates, 16S rRNA gene sequences were aligned with se-
quences from types strain retrieved from NCBI-
GenBank. Most of the actinobacterial strains were
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Table 1 Frequency (%) of endophytic actinobacteria isolated from plant species

S1. No. Genera E. officinalis T. chebula T arjuna M. koinigii A. indica R. serpentina
1 Streptomyces sp. 28.33 17.5 14.16 10 4.16 2.5
2 Microbispora sp. 1.66 0.83 1.66 0.00 0.00 0.00
3 Micromonospora sp. 0.00 0.00 0.83 0.00 0.83 0.00
4 Saccharopolyspora sp. 0.83 0.00 0.00 0.83 0.00 0.00
5 Microbacterium sp. 0.83 0.00 0.00 0.00 0.83 0.00
6 Kocuria sp. 0.00 0.00 0.00 0.00 0.83 0.83
7 Micrococcus sp. 1.66 0.00 0.00 0.00 0.83 0.83
8 Mycobacterium sp. 0.83 0.00 0.00 0.00 0.00 0.00
9 Brevibacterium sp. 0.00 0.83 0.00 0.00 0.00 0.00
10 Nocardia sp. 0.00 0.00 0.00 0.00 0.00 0.83
11 Amycolatopsis sp. 0.00 0.00 0.00 0.83 0.00 0.00
12 Verrucosispora sp. 0.00 0.83 0.00 0.00 0.00 0.00
13 Timonella sp. 0.00 0.00 0.00 0.00 0.83 0.00
14 Leifsonia sp. 0.00 0.83 0.00 0.00 0.00 0.00
15 Isoptericola sp. 0.83 0.00 0.00 0.00 0.00 0.00
16 Kytococcus sp. 0.00 0.00 0.00 0.00 0.00 0.83
17 Kitasatospora sp. 0.83 0.00 0.00 0.00 0.00 0.00
18 Promicromonospora sp. 0.83 0.00 0.00 0.00 0.00 0.00

grouped into the family Streptomycetaceae (77.5%). The
rest were grouped into Micrococcaceae (5%);
Streptosporagiaceae (4.16%); Micromonosporaceae,
Microbacteriaceae, and Pseudonocardiaceae (2.5% each);
Promicromonosporaceae (1.66%); and Brevibacteriaceae,
Intrasporangiaceae, Mycobacteriaceae, Nocardiaceae, and
Sanguibacteraceae (1.31% each). Since the Streptomyces
was proven to be the dominant genus within the host
studied and they conferred broad range activity against
most of the pathogens, their intra-generic variation was
determined by NJ and UPGMA methods. Further, due to
highly divergent alignment nature of the 120 sequences

with the reference sequences lead to cluster instability,
which was resolved by carrying out separate phylogenetic
analysis of the remaining 28 genera (other than
Streptomyces) (Fig. 2a, b). For the Streptomyces strains,
both NJ and UPGMA methods yielded the same type of
tree topology, with two major clusters (Supplementary
Fig. S3). The larger cluster I consisted of 88 strains along
with all the reference sequences, while the four strains of
cluster II (Actl0, Act26, Act21, Act44) phylogenetically
bifurcated from the rest. The UPGMA method also
showed a similar type of clustering pattern, which con-
firmed the correct phylogenetic placement of each strain.

Table 2 Genetic diversity

measurements for endophytic Generic diversity E. officinalis T chebula T arjuna M. koenigii  A. indica  R. serpentina
actinomycetes among the measurement
medicinal plants. Plant species
with highest genetic diversity are Number of isolates 44 25 20 14 10 7
highlighted in gray Richness index
Margalef’s index 0.181 1.246 0.668 0.760 2.173 2.096
Menbhinick’s index 1.36 1 0.671 0.802 1.582 1.890
Evenness index
E 0.443 0.411 0.626 0.459 0.929 0.919
Diversity indices
Shannon’s (H) 0.975 0.658 0.688 0.505 1.496 1.470
Simpson’s (Si) 0.353 0.300 0.076 0.275 0.778 0.858
Bioactive isolates 15 22 5 6 3 1
Shannon’s (H) 0.358 0.363 0.224 0.249 0.163 0.075
Simpsons’s (Si) 0.920 0.826 0.992 0.998 0.997 1
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Table 3 Genetic diversity
measurements for endophytic Genetic diversity Gibbon Wild Life Kaziranga National North East Ecological
actinobacteria among the three measurements Sanctuary Park Park
sampling sites
Number of isolates 80 21 19
Richness index
Margalef’s index 3.65 0.328 0
Menbhinick’s index 1.90 0.436 0.229
Evenness index
E 0.303 0.275 0
Diversity indices
Shannon’s (H) 0.860 0.191 0
Simpson’s index (Si) 0.557 0.0476 1

Similarly, two major clusters were evident among the rest
of the actinobacterial isolates, as analyzed separately by both
NJ and UPGMA clustering methods (Fig. 2a, b). Cluster I was
the major cluster with 26 actinobacterial strains along with
reference sequences. The majority of the members of cluster
I shared similarities with the Micromonospora and
Micrococcus groups. Cluster II, which had only two
actinobacterial strains (EAAGS52 and EAAGS1), was similar
to the Mycobacterium group. The topology of the clades and
the relative phylogenetic positions of strains obtained with NJ
clustering corroborated with UPGMA clustering, which con-
firmed the correct phylogenetic placement of each strain.

Detection of biosynthetic genes in the active strains
and in vitro antimicrobial activity

The actinobacteria were further studied for the presence of
genes encoding polyketide synthase I (PKSI) and polyketide
synthase II (PKSII). Of the strains analyzed, 84% produced
the expected bands for PKSII, while PKSI candidate
amplicons were detected only in six strains (16%). The genus
Streptomyces had broad activity against most of the patho-
gens, and the highest detection rates for PKSI and PKSII
was found in this genus. Out of 52 active strains, PKSI and
PKSII were detected in 33 strains. However, the strains Act19,
Act58, and Act74 did not show any antagonistic activity even
though PKS I or PKS II was present in these strains. In the
same way, strains EAAG89 and EAAG91 showed antimicro-
bial activity despite the non-detection of PKS I and PKS II
genes. Among the isolates studied, only two actinobacterial
strains (EAAG95 and EAAG96) showed the prevalence of
both PKSI and PKS IL

Phylogeny of ketosynthase domains of the detected
polyketide type | and type Il

In this study, the kefo synthase (KS) domains of PKSI were
detected in six isolates and shared 60—70% homology with the
KS domains retrieved from GenBank. The phylogenetic tree

of PKSI showed two distinct clusters (Fig. 3a). Cluster I
consisted three isolates viz. EAAG95 (KX790329),
EAAG96 (KX925851), and Act44 (KX925850) with similar-
ity values of > 80%. The EAAG9S and EAAGY6 isolates were
retrieved from the GWS site while Act44 was from KNP.
Similarly, cluster II also had three isolates, Act52 from KNP
and EAAG33, Act19 from GWS. These isolates also had sim-
ilarity values of > 80%.

The phylogeny of PKSII was found to be more diverse than
that of PKSI (Fig. 3a, b). The study included 32 strains which
had the biosynthetic gene PKS II. Three major clusters (cluster
I, cluster II, and cluster III) were observed (Fig. 3b). Cluster I
was divided into two sub-clusters. Sub-cluster I had six strains
while sub-cluster II had four strains with a similarity value of
>50%. Cluster II consisted of ten strains with a similarity
value of >70%. As shown in Fig. 3b, cluster III had 12 iso-
lates with a similarity value of > 60%. The phylogenetic anal-
ysis inferred that PKSII is more widespread than PKSI. It is
interesting to note that all the KS domains retrieved from the
isolates belonged to all the three different sampling sites.

Motif analysis

GLAM2 accurately predicted the motifs for PKS types I and
II. GLAM?2 reported nine motifs for the domains of both PKSI
and PKSII with a definite score. The best motif for PKSI
(highest score=311.061) and PKSII (highest score =
4087.99) is shown in Supplementary Fig. S4a and 4b.
Observed insertion (gray letters) and deletion (dots) in the
motif of PKSII were, however, not included in the final se-
quence logo.

Discussion
Plants are hotspots for diverse groups of endophytic mi-
croorganisms. Many of them are responsible for the pro-

duction of a wide variety of natural bioactive products
like antibiotic, antitumor, and anti-infection agents. This
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Fig. 2 a NJ phylogenetic tree of
rest 28 endophytic actinomycetes
strains (black triangle) on 16S
rRNA gene sequence alignments
rooted with Pseudomonas
aeruginosa and b UPGMA
phylogenetic tree. Bootstrap
values greater than 50% are
shown at the nodes and are based
on 1000 replicates. Sequence of
type strains and related isolates
were retrieved from GenBank,
and accession numbers appear in
parentheses. Scale bar indicates
0.02 substitutions per nucleotide

study investigated the diversity of endophytic
actinobacteria associated with six traditional medicinal
plants in three different habitats, as well as the coding
potential for the putative antibiotic biosynthetic gene. To
our knowledge, this is the first report on the assessment of
genetic diversity of medicinal plant-associated endophytic
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actinobacterial strains and evaluation of their bioactivity
in KNP and NEEP in Northeast India. The present study
revealed a significant diversity of endophytic

medicinal plants considered.

There were significant variations in the abundance of
actinobacterial isolates from the plant parts that were
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Fig. 2 continued.

considered for isolation. The maximum endophytic
actinobacteria population was observed in the roots
(52.5%), followed by the stems (28.33%) and leaves
(19.16%). This corroborated with our previous results
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C

u

(Gohain et al. 2015) and with similar studies from other
researchers (Taechowisan and Lumyong 2003; Verma
et al. 2009). Since actinobacteria is a common soil-
dwelling bacteria and roots are the main source of nutrient
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and water uptake in plants, endophytic actinomycetes may
colonize in the roots of plants more easily than in leaves
and stems (Janso and Carter 2010).

A comparative genotypic analysis was performed on the
endophytic actinobacterial isolates from six medicinally im-
portant plants from three different habitats. The PCR-based
fingerprinting techniques (i.e., BOX and REP-PCR) were
employed to examine genetic variability among the cultured
actinobacterial isolates. There was observable variation in the
molecular data. Genomic profiling using BOX-PCR finger-
printing and clustering grouped EAAG9%4, Act21, EAAGYS,
EAAG97, Act08, EAAGY95, Act35 into the same cluster;
however, they did not reveal similar grouping pattern in
REP-PCR fingerprinting. Thus, the grouping obtained from
BOX and REP-PCR techniques revealed poor correspondence
among the 120 isolates. Earlier studies provided similar results
(Davelos et al. 2004; Naik et al. 2008). This may be due to the
probable chromosomal rearrangements which results in insta-
bility of the actinobacteria genome (Dharmalingam and
Cullum 1996; Fischer et al. 1997) and is reflected in the ge-
nomic fingerprint.

The analysis of 16S rRNA sequences revealed that 77% of
the strains share a close relationship to the genus
Streptomyces. This is consistent with the findings of earlier
studies (Janso and Carter 2010; Passari et al. 2015). The 92
isolates representing 37 different species reflected significant
intra-generic diversity of endophytes. A reconstruction of the
molecular phylogeny grouped the 92 Streptomyces isolates
into two major clusters. Interestingly, all four Streptomyces
isolates in cluster II were isolated from the stem of
T. chebula, although the host habitats were different.
Streptomyces strains Actl0 and Act21 were isolated from
the GWS while other two strains (Act26 and Act44) were
isolated from KNP. The members of cluster II also showed a
similar pattern of host dependency, rather than habitat varia-
tion. Thus, the actinobacterial strains were host-specific rather
than habitat-specific (Holliday 1998). Similarly, intergeneric
diversity was noticed in the remaining 28 strains, representing
16 different genera.

The highest species richness index was recorded in
A. indica.. The next most species-rich samples were those of
R. serpentina and E. officinalis. Again, an even distribution
was recorded in A. indica followed by R. serpentina. Genetic
diversity was also recorded in 7. arjuna and M. koenigii.
Although all the plant species have some medicinal values
of their own, the highest numbers of bioactive isolates were
isolated from E. officinalis and T. chebula. This might be due
to differences in plant-specific factors, such as the chemical
metabolisms of the plants (Reinhold-Hurek and Hurek 2011).

Furthermore, the existing climatic conditions and seasonal
variations are key factors in the colonization of endophytic
microorganisms (Barka et al. 2016). We have previously re-
ported the endophytic nature of Promicromonospora

thailandica (isolated from E. officinalis), although it was pre-
viously reported to be the inhabitant of marine sediments
(Thawai and Kudo 2012). Likewise, the habitat variability of
Microbacterium testaceum was first observed during this in-
vestigation. This is the first report of the presence of
Microbacterium testaceum in the root interior of
E. officinalis, although its predominance in nature has been
described in agronomic and prairie plants (Zinniel et al. 2002).

Moreover, higher endophytic colonization rates are ob-
served in summer than in the winter. This finding is consistent
with those of previous reports (Silva et al. 2013; Gohain et al.
2015). The genus Streptomyces was frequently isolated in
both seasons while the rest of the 18 genera were recovered
during summer only. The greater availability of moisture con-
tent during the summer is likely a major driver for this in-
creased colonization (Barka et al. 2016).

Habitat-specific variation was also noticed among the
endophytic actinobacterial strains. Altogether, the study
revealed the highest endophytic actinobacterial diversity
in the GWS. This might be due to environmental and
edaphic factors that govern different study sites (Hou
et al. 2009). As described earlier, soil pH and moisture
content have tremendous effects on variation in
actinobacterial populations (Silva et al. 2013; Barka
et al. 2016). The soil pH of the sampling sites of the
GWS was 6.5 in both the seasons while, in KNP and
the NEEP, soil pH levels were 7.4 and 7.2, respectively.
Similarly, there was variation in terms of soil moisture
contents in the selected study sites. Indeed, the moisture
content of these sites varied seasonally. The moisture con-
tent of soil at the GWS was 30.84% in summer and
18.21% in winter. These values for KNP soil were
30.31% in the summer and 17.10% in the winter. For
NEEP soil, the values were 18.11% in the summer and
14.10% in the winter (Supplementary Table S2). Effect of
a moderately acidic soil environment in promoting richer
endophytic actinobacterial diversity in the GWS needs to
be studied and explored further. A similar type of predis-
position was also observed from an earlier investigation
(Kim et al. 2003). Similarly, endophytic actinobacterial
growth in higher moisture conditions is reported by
Barka et al. (2016).

The functional characterization of endophytic
actinobacterial isolates was further confirmed by their antimi-
crobial activities against plant and animal pathogens. The
strains possessed higher antibacterial than antifungal activity.
Other studies have shown the pronounced antifungal nature of
endophytic actinomycetes (Bascom-Slack et al. 2009; Zhao
et al. 2011). There is a discrepancy between antimicrobial
metabolite profiles and their biological activity, even metabol-
ic profiles of the same species may vary depending upon the
chemical properties of the host plant (Paulus et al. 2006).
Thus, the complex chemical properties of host plants may
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influence the process of endophytic metabolite production di-
rectly or indirectly.

The bacterial polyketide synthases are multifunctional
group of enzymes. The polyketide gene clusters have the ca-
pability to produce varied pharmaceutically important metab-
olites that help the bacteria compete with others in colonizing
a niche. Among the bacterial genera, Streptomyces are known
as prolific producers of several clinically active compounds.
Different biosynthetic gene clusters in the Streptomyces ge-
nome are responsible for the production of bioactive com-
pounds. The modular polyketide synthases are one of the im-
portant Streptomyces gene cluster responsible for the produc-
tion of bioactive metabolites, like antibiotics, antiparasitics,
insecticides etc. Therefore, the bioactive strains in the present
study were screened for the presence of the PKS gene cluster
to understand the basis of observed antagonism against tested
pathogens.

The studied actinobacterial strains showed a dominance of
PKSII (84% of the active strains contained this gene) over
PKSI genetic system. The high detection rate of the biosyn-
thetic genes was recorded with Streptomyces. This is support-
ed by previous reports which have found Streptomyces to be
one of the major genera of actinomycetes, having the ability to
produce nearly 80% of the world’s antibiotics (Li et al. 2008;
Passari et al. 2017). However, the observed antimicrobial ac-
tivity sometimes do not depend on the presence of PKS I and
PKS II fragments in the bacterial genome (Zhao et al. 2011;
Gohain et al. 2015) as additional biosynthetic genes (such as
PKSIII, PKSE, NRPS, phzE, CYP-450, dTGD etc.) can con-
fer antimicrobial properties in these strains (Yuan et al. 2014).
Similar predisposition was noticed in some of the
actinobacterial strains from the present study. Two possibili-
ties that may be accounted for are (i) endophytic
actinobacteria within the plant samples do not harbor PKS
biosynthetic genetic cluster or (ii) the divergent nature of the
gene sequences resulted in non-priming of target primers dur-
ing PCR amplification (Miller et al. 2012). Furthermore, some
strains did not show significant antimicrobial activity but had
positive PCR reactions for PKSI or PKSII genes. In this case,
the concentration of active fraction of the secondary metabo-
lites could be too low to inhibit the growth of the pathogens
(Zhao et al. 2011; Passari et al. 2015) or due to cryptic nature
of the gene cluster. The pathways for encoding these biosyn-
thetic genes may not be active under the studied environmen-
tal conditions but could be activated under modified condi-
tions (Passari et al. 2015).

Moreover, the occurrence of PKSI and PKSII genes, taken
together with the detection of bioactivity and the diversity of
actinobacteria in the present study, clearly explains the nature
of endophytic actinobacterial strains as promising sources of
natural bioactive agents (Wu and Jiang 2012). The sequence
analysis of the biosynthetic gene and phylogenetic analysis
provide an insight into the activity of the KS domains of
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PKS type I and type II genes. Phylogenetic trees were con-
structed to recount the structural and functional connections in
these genes. Two distinct phylogenetic clades were obtained
from the detected KS domains. This indicates that the genes
associated with these organisms have not been isolated so far
or that, until now, these organisms were not studied for their
PKS gene pathways (Li et al. 2008).

The study could not find any distinctive motif from the
isolate EAAG33, though all the sequences were selected for
motif analysis. The study determined the best motif by com-
paring it with the rest of the sequences (EAAG95, EAAGY6,
Actl9, Act44, and Act52). In addition to this, the isolate
EAAG33 was found to diverge only slightly from cluster 11
in the phylogenetic tree. Therefore, this may be considered a
unique KS (Li et al. 2008). Similarly, the tree topology of
PKSII depicted three distinct clusters, and the best motif was
found to have a score of 5363.97 and utilized in sequence
logos construction. These logos graphically represent se-
quence conservation rates of amino or nucleotide sequences
and also depict the diversity of sequences (Bailey et al. 2009).
Stronger motifs are always indicated by higher scores (Frith
et al. 2008).

The overall investigation verified the diversity of endo-
phytic actinobacteria as well as the novelty of the genes re-
sponsible for synthesizing novel bioactive compounds. Most
of the bioactive endophytic actinobacterial isolates and their
active KS domains were retrieved in the samples collected
from the GWS, providing information about the possibility
of harnessing novel, diverse bioactive compounds from the
plant resources for future studies. Most of the microbial com-
munities produce bioactive secondary metabolites in their nat-
ural habitats under different environmental conditions (tem-
perature, pH, moisture content, etc.) (Barka et al. 2016).
Moreover, the study has shown that the investigated ethnobo-
tanical medicinal plants are a reservoir of bioactive and antag-
onistic endophytic actinobacteria, which could be an ideal
bioresource for the extraction of novel bioactive compounds
in the near future.

A comparative genotypic analysis was performed on the
endophytic actinobacterial isolates from six medicinally im-
portant plants from three different habitats. The PCR-based
fingerprinting techniques (i.e., BOX and REP-PCR) were
employed to examine genetic variability among the cultured
actinobacterial isolates. There was observable variation in 16S
gene molecular data. Genomic profiling using BOX-PCR fin-
gerprinting and clustering grouped EAAG94, Act2l1,
EAAGI98, EAAGY97, Act08, EAAGY5, Act35 into the same
cluster; however, they did not reveal similar grouping pattern
in REP-PCR fingerprinting. Thus, the grouping obtained from
BOX and REP PCR techniques revealed poor correspondence
among the 120 isolates. Earlier studies provided similar results
(Davelos et al. 2004; Naik et al. 2008). This may be due to the
probable chromosomal rearrangements in the genome and the
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DNA amplification which reflects the instability of the
actinobacteria genome (Dharmalingam and Cullum 1996;
Fischer et al. 1997).

The analysis of 16S rRNA sequences revealed that 77% of
the strains share a close relationship to the genus
Streptomyces. This is consistent with the findings of earlier
studies (Janso and Carter 2010; Passari et al. 2015). The 92
isolates representing 37 different species reflected significant
intra-generic diversity of endophytes. A reconstruction of the
molecular phylogeny grouped the 92 Streptomyces isolates
into two major clusters. Interestingly, all four Streptomyces
isolates in cluster II were isolated from the stem of
T. chebula, although the host habitats were different.
Streptomyces strains Actl0 and Act21 were isolated from
the GWS while other two strains (Act26 and Act44) were
isolated from KNP. The members of cluster II also showed a
similar pattern of host dependency, rather than habitat varia-
tion. Thus, the actinobacterial strains were host-specific rather
than habitat-specific (Holliday 1998). Similarly, intergeneric
diversity had been noticed in the remaining 28 strains,
representing 16 different genera.

The highest species richness index recorded in A. indica.
Accordingly, A. indica has diverse types of actinobacteria.
The next most species-rich samples were those of
R. serpentina and E. officinalis. Again, an even distribution
was recorded in A. indica followed by R. serpentina. Genetic
diversity was also recorded in 7. arjuna and M. koenigii.
Although all the plant species have some medicinal values
of their own, the highest numbers of bioactive isolates were
isolated from E. officinalis and T. chebula. This might be due
to differences in plant-specific factors, such as the chemical
metabolisms of the plants (Reinhold-Hurek and Hurek 2011).

Furthermore, the existing climatic conditions and seasonal
variations are key factors in the colonization of endophytic
microorganisms (Barka et al. 2016). We have previously re-
ported the endophytic nature of Promicromonospora
thailandica (isolated from E. officinalis), although it was pre-
viously reported to be the inhabitant of marine sediments
(Thawai and Kudo 2012). Likewise, the habitat variability of
Microbacterium testaceum was first observed during this in-
vestigation. This is the first report of the presence of
Microbacterium testaceum in the root interior of
E. officinalis, although its predominance in nature has been
described in agronomic and prairie plants (Zinniel et al. 2002).

Moreover, higher endophytic colonization rates are
observed in summer than in the winter. This finding is
consistent with those of previous reports (Silva et al.
2013; Gohain et al. 2015). The genus Streptomyces
was frequently isolated in both seasons while the rest
of the 18 genera were recovered during summer only.
The greater availability of moisture content during the
summer is likely a major driver for this increased colo-
nization (Barka et al. 2016).

Moreover, habitat specific variation was noticed among the
endophytic actinobacterial strains. Overall, the study revealed
the highest endophytic actinobacterial diversity in the GWS.
This might be due to environmental and edaphic factors that
govern different study sites (Hou et al. 2009). As described
earlier, soil pH and moisture content have tremendous effects
on variation in actinobacterial populations (Silva et al. 2013;
Barka et al. 2016). The soil pH of the sampling sites of the
GWS was 6.5 in both the seasons while, in KNP and the
NEEP, soil pH levels were 7.4 and 7.2, respectively.
Similarly, there was variation in terms of soil moisture con-
tents in the selected study sites. Indeed, the moisture content
of'these sites varied seasonally. The moisture content of soil at
the GWS was 30.84% in summer and 18.21% in winter. These
values for KNP soil were 30.31% in the summer and 17.10%
in the winter. For NEEP soil, the values were 18.11% in the
summer and 14.10% in the winter (Supplementary Table S2).
Thus, the highest endophytic actinobacterial diversity in the
GWS indicates the effect of a moderately acidic soil environ-
ment. A similar type of predisposition was also observed from
an earlier investigation (Kim et al. 2003). Similarly, endophyt-
ic actinobacterial growth in higher moisture conditions is re-
ported by Barka et al. (2016).

The functional characterization of endophytic
actinobacterial isolates was further confirmed by their antimi-
crobial activities against plant and animal pathogens. The
strains possessed higher antibacterial activity than antifungal
activity. However, previous studies have shown the pro-
nounced antifungal nature of endophytic actinomycetes
(Bascom-Slack et al. 2009; Zhao et al. 2011). There is a dis-
crepancy between antimicrobial metabolite profiles and their
biological activity, even when isolates of the same species are
related to the chemical properties of the host plant (Paulus
et al. 2006). Thus, the complex chemical properties of host
plants may influence the process of endophytic metabolite
production directly or indirectly.

The bacterial polyketide synthases are multifunctional
group of enzymes. The polyketide gene clusters have
the capability to produce varied pharmaceutically impor-
tant antimicrobial, immunosuppressive or anticancer
compounds that make the bacteria potentially active
against various infectious diseases. Among the bacterial
genera, Streptomyces are known for the prolific pro-
ducers of several clinically active compounds. Different
biosynthetic gene clusters in the Streptomyces genome
are responsible for the production of bioactive com-
pounds. The modular polyketide synthases are one of
the important Streptomyces gene cluster responsible for
the production of bioactive metabolites, like antibiotics,
antiparasitics, insecticides etc. Therefore, the bioactive
strains of the present study were screened for the pres-
ence of the PKS gene cluster to understand the basis of
the observed antagonistic activity of the selected strains.
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The studied actinobacterial strains showed a dominance of
the PKSII biosynthetic gene (84% of the active strains
contained this gene) over PKSI genetic system. The high de-
tection rate of the biosynthetic genes was recorded with
Streptomyces. This is supported by previous reports which
have found Streptomyces to be one of the major genera of
actinomycetes, having the ability to produce nearly 80% of
the world’s antibiotics (Li et al. 2008; Passari et al. 2017).
However, the observed antimicrobial activity sometimes does
not depend on the presence of active segments of PKS I and
PKS II in the bacterial genome (Zhao et al. 2011; Gohain et al.
2015) or the antimicrobial activity in these strains may have
been caused by some other biosynthetic genes such as PKSIII,
PKSE, NRPS, p/zE, CYP-450, dTGD etc. (Yuan et al. 2014).
Similar predisposition was noticed in some of the
actinobacterial strains from the present study. Two possibili-
ties that may be accounted for are (i) endophytic
actinobacteria within the plant samples do not harbor PKS
biosynthetic genetic cluster or (ii) the divergent nature of the
gene sequences resulted in non-priming of target primers dur-
ing PCR amplification (Miller et al. 2012). Furthermore, some
strains did not show significant antimicrobial activity but had
positive PCR reactions for PKSI or PKSII genes. In this case,
the concentration of secondary metabolites of actinobacterial
origins could be too low to inhibit the growth of the pathogens
(Zhao et al. 2011; Passari et al. 2015). Thus, it is evident that
some of the pathways for encoding these biosynthetic genes
may not be active under the studied environmental conditions
but could be activated under modified conditions (Passari
et al. 2015).

Moreover, the occurrence of PKSI and PKSII genes, taken
together with the detection of bioactivity and the diversity of
actinobacteria in the present study, clearly explains the nature
of endophytic actinobacterial strains as promising sources of
natural bioactive agents (Wu and Jiang 2012). The sequence
analysis of the biosynthetic gene and phylogenetic analysis
provide an insight into the activity of the KS domains of
PKS type I and type II genes. Phylogenetic trees were con-
structed to recount the structural and functional connections of
these genes. Two distinct phylogenetic clades were obtained
from the detected KS domains. This indicates that the genes
associated with these organisms have not been isolated so far
or that, until now, these organisms were not studied for their
PKS gene pathways (Li et al. 2008).

Again, the study could not find any distinctive motif from
the isolate EAAG33, though all the sequences were selected
for motif analysis. The study determined the best motif by
comparing it with the rest of the sequences (EAAGYS,
EAAG96, Actl9, Act44, and Act52). In addition to this, the
isolate EAAG33 was found to diverge only slightly from clus-
ter I in the phylogenetic tree. Therefore, this may be consid-
ered a unique KS (Li et al. 2008). Similarly, the tree topology
of PKSII depicted three distinct clusters, and the best motif
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was found to have a score of 5363.97, and sequence logos
were constructed. These logos graphically represent sequence
conservation rates of amino or nucleotide sequences and also
depict the diversity of sequences (Bailey et al. 2009). Stronger
motifs are always indicated by higher scores (Frith et al.
2008).

The overall investigation verified the diversity of endo-
phytic actinobacteria as well as the novelty of the genes re-
sponsible for synthesizing novel bioactive compounds. Most
of the bioactive endophytic actinobacterial isolates and their
active KS domains were retrieved in the samples collected
from the GWS, providing information about the possibility
of harnessing novel, diverse bioactive compounds from the
plant resources for future studies. Most of the microbial com-
munities produce bioactive secondary metabolites in their nat-
ural habitats under different environmental conditions (tem-
perature, pH, moisture content, etc.) (Barka et al. 2016).
Moreover, the study has shown that the investigated ethnobo-
tanical medicinal plants are a reservoir of bioactive and antag-
onistic endophytic actinobacteria, which could be an ideal
bioresource for the extraction of novel bioactive compounds
in the future.
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