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There is a large market demand for new drugs. The existing chronic or common
ailments without cures, development of new diseases with unknown causes, and
the widespread existence of antibiotic-resistant pathogens, have driven this field
of research further by looking at all potential sources of natural products. To date,
microbes have made a significant contribution to the health and well-being of people
globally. The discoveries of useful metabolites produced by microbes have resulted
in a significant proportion of pharmaceutical products in today’'s market. Therefore,
the investigation and identification of bioactive compound(s) producing microbes
is always of great interest to researchers.

Actinobacteria are one of the mostimportant and efficient groups of natural metabolite
producers. Among the numerous genera, Streptomyces have been recognized as
prolific producers of useful natural compounds, as they provide more than half of the
naturally-occurring antibiotics isolated to-date and continue to emerge as the primary
source of new bioactive compounds. Certainly, these potentials have attracted ample
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research interest and a wide range of biological activities have been subsequently
screened by researchers with the utilization of different In vitro and In vivo model of
experiments. Literature evidence has shown that a significant number of interesting
compounds produced by Actinobacteria were exhibiting either strong anticancer
or neuroprotective activity. The further in depth studies have then established the
modulation of apoptotic pathway was involved in those observed bioactivities. These
findings indirectly prove the biopharmaceutical potential possessed by Actinobacteria
and at the same time substantiate the importance of diverse pharmaceutical
evaluations on Actinobacteria. In fact, many novel compounds discovered from
Actinobacteria with strong potentialin clinical applications have been developed into
new drugs by pharmaceutical companies. Together with the advancementin science
and technology, it is predicted that there would be an expedition in discoveries of new
bioactive compounds producing Actinobacteria from various sources, including soil
and marine sources. In light of these current needs, and great interest in the scope of
this research, this book seeks to contribute on the investigation of different biological
active compound(s) producing actinobacteria which are exhibiting antimicrobial,
antioxidant, neuroprotective, anticancer activities and similar.

Publisher’s note: In this 2nd edition, the following article has been updated: Kavitha A and Savithri HS
(2017) Biological Significance of Marine Actinobacteria of East Coast of Andhra Pradesh, India. Front.
Microbiol. 8:1201. doi: 10.3389/fmicb.2017.01201
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INTRODUCTION

Nature has always been an interesting source for bioactive products, particularly those derived
from microorganisms. Even though microorganisms can be found literary throughout Earth, more
efforts are still needed to study the microbial biodiversity, given that there are still 99.999% of
microbial taxa that awaits to be discovered (Locey and Lennon, 2016). As the largest phylum
under the Bacteria kingdom, Actinobacteria has gained tremendous amount of attention from the
scientific community, mainly due to their ability in producing a vast array of bioactive compounds
with interesting chemical structures (Barka et al., 2016). To date, actinobacteria have contributed
more than 65% of antibiotics used in medicine; out of which over 10,000 bioactive compounds were
produced by the members of the genus Streptomyces (Bérdy, 2005; Bull and Stach, 2007; Subramani
and Aalbersberg, 2012; Zotchev, 2012; Karuppiah et al., 2016). Even after decades of bioprospecting
research, the genus Streptomyces remains in the spotlight of microbial product research, mainly
due to its seemingly unsurpassed ability in synthesizing a vast array of compounds with various
bioactivities (Forget et al; Kamjam et al;; Law et al;; Lyu et al; Maryam and Khan; Tan et al,,
20165 Ser et al.,, 2017). The genus Streptomyces was firstly introduced by Waksman and Henrici
in 1943, several years before Professor Waksman was bestowed with the Nobel Prize in Physiology
or Medicine in 1952 for the discovery of streptomycin from Streptomyces griseus (Schatz et al., 1944;
Nobelprize.org., 2018). Since then, continuous efforts have been put in to explore the potential of
these Gram-positive bacteria and the genus now contains over 860 species and subspecies isolated
from various habitats (www.bacterio.net). One of the reasons behind their ubiquitous nature is
the unique developmental life cycle—these bacteria grow to form substrate mycelium and further
develop spores when the environment becomes unfavorable for growth. Facing this environmental
stress, some actinobacteria have also deployed defense system and/or survival mechanism like
production of secondary metabolites that may have more functions than we initially thought.
Under the research topic “The search for biological active agent(s) from actinobacteria,” a
total of 23 articles were published, covering a variety of topics revolving actinobacteria including
their diversity in different habitats and the discovery of novel, bioactive strains along with some
interesting bioactivities such as antibacterial, antifungal, antioxidant, and anticancer properties.
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Due to the ease of sampling, numerous literature
has previously indicated diversity of terrestrial-derived
actinobacteria across the globe. For instance, Professor
William C. Campbell and Professor Satoshi Omura have
successfully discovered Streptomyces avermitilis (from golf
course in Ito) which synthesized an antiparasitic compound,
avermectin, and subsequently earn them (part of) the Nobel
Prize of Physiology and Medicine in 2015 (Burg et al., 1979;
Nobelprize.org., 2018). Even after extensive search of bioactive
strains from terrestrial area, there are some actinobacteria
hidden in parts of world/geographical region that have been
previously overlooked (Sharma et al; Khieu et al.,, 2015). For
example, one of the study has discovered rich diversity of
antimicrobial producing Streptomyces from moonmilk cave,
which is locally used as traditional medicine against several
ailments (Maciejewska et al.). The same study reported that
90% of the strains isolated from the cave induced strong
growth suppression against the multi-drug resistant Rasamsonia
argillacea, thus possessed great potential to be developed for
cystic fibrosis patients and those with chronic granulomatous
diseases. On the other hand, researchers have also reported
presence of bioactive Streptomyces sp. agricultural soil in
Beni-Suef, Egypt and successfully discovered a diketopiperazine
derivative (m/z 488.05) which may contribute to antimicrobial
and anticancer activities (Ahmad et al.). On the other hand,
Streptomyces sp. ASK2 was shown to produce an aromatic
compound with aliphatic side chain (m/z 444.43) exhibiting
antagonistic activity against multidrug resistant K. pneumoniae
using adult zebrafish infection model (Cheepurupalli et al.).
Furthermore, actinobacteria found in rhizosphere soil of plants
and endophytic actinobacteria (e.g., reside on/within certain
plant species) contribute as good source of bioactive compounds,
as they could synthesize a wide diversity of secondary metabolites
which may promote and/or ensure health of their host. Growing
in the wetland area, 10 actinobacteria strains were recovered
from the medicinal plant Vochysia divergens located in wetland
area in Brazil, belonging to the Aeromicrobium, Actinomadura,
Microbacterium, Microbispora, Micrococcus, Sphaerisporangium,
Streptomyces, and Williamsia genera (Gos et al.). One of
the extract produced by strain LGMB491 (a close relative of
Aeromicrobium ponti) displayed the highest activity against
methicillin-resistant  Staphylococcus aureus (MRSA), with a
minimum inhibitory concentration of 0.04 mg/mL. Strain
LGMB491’s extract contained 1-acetyl-B-carboline (1), indole-
3-carbaldehyde (2), 3-(hydroxyacetyl)-indole (4), brevianamide
F (5), and cyclo-(L-Pro-L-Phe) (6) as major compounds with
antibacterial activity. Though, more than 50 years have passed
since the discovery of streptomycin from soil streptomycete,
these papers have once again demonstrated the pharmaceutical
importance of terrestrial-derived actinobacteria.

Actinobacteria are abundance in nature, therefore some
studies have expanded from the initial isolation source (i.e.,
terrestrial area) and began to search for actinobacteria from
freshwater and marine environments. As over 70% of the Earth
is covered by water (e.g., lake, sea, ocean), it is almost close
to impossible not to encounter any actinobacteria with unique
traits (Balasubramanian et al.; Dhakal et al.; Islam et al.; Quezada

et al;; Undabarrena et al.). As discussed by Kamjam et al., there
have been more than 21 new species of 13 genera reported
between year 2006 and 2016. Some of which could produce
secondary metabolites, among which Streptomyces species is
the richest producer. By the same token, marine soil/sediments
have also demonstrated similar bioactive potential as those
derived from terrestrial sources; several actinobacteria strains
isolated in India displayed strong antimicrobial activity against
Gram-positive bacteria, Gram-negative bacteria, and Candida
albicans (Dholakiya et al; Kavitha and Savithri). Furthermore,
bioprospecting of actinobacteria from dynamic environment
such as the mangrove areas are gaining good results as well.
Many studies were from Asia, an area that has the largest
coverage of mangrove forests which equates to 42% of the
total global mangrove area (Giri et al, 2011; ITTO, 2014).
Malaysia is home to 3.7% of global total mangrove coverage
and three studies in this research topic have emphasized the
importance of this ecosystem, particularly for the search of
bioactive compounds from actinobacteria (Arumugam et al,
2013; Lee et al,, 2014; Ser et al, 2015, 2016; Azman et al,
2017). The hexane partition of Streptomyces sp. CCB-PSK207 was
found to be able to protect Caenorhabditis elegans against with
Pseudomonas aeruginosa strain PA14 infection via re-activation
of lysozyme 7, without impairing feeding behavior of C. elegans
(Fatin et al.). These findings have revealed a key component for
P. aeruginosa PA14 infection—lysozyme 7 which functions as
innate immunity defense molecule and this was the first report
of marine actinobacteria producing metabolites which is capable
of rescuing C. elegans from PA14 through modulation of lys-
7 activity. Another two novel Streptomyces species have also
been isolated from different parts of Malaysia: (a) Streptomyces
colonosanans MUSC 93]JT from Sarawak, East Malaysia, and
(b) Streptomyces antioxidans MUSC 1647 from east coast of
Peninsular Malaysia. MUSC 93] was given the name as S.
colonosanans given that the strain demonstrated anticancer
activity against human colon cancer cell lines without significant
cytotoxic effect against human normal colon cells (Law et al.).
On the other hand, S. antioxidans MUSC 164" was found to
produce pyrazines and phenolic-related compounds which are
capable of reducing free radicals and protect neurons against
hydrogen peroxide damages (Ser et al.). Altogether, these studies
suggested the importance of aquatic associated actinobacteria,
especially against harmful pathogens and chronic human diseases
like neurodegenerative diseases and cancer.

Exploring new taxa has always been successful strategy
in the discovery of candidates for the development of new
microbial drug(s). However, the subsequent steps to maximize
yield and production from the species of interest are equally
important. As part of the commonly used antibiotics, clavulanic
acid is initially isolated from Streptomyces clavuligerus. Ser
et al. discussed the importance of optimization in traditional
fermentation technology, particularly fermentation conditions
and media composition to increase clavulanic acid production
in S. clavuligerus. In fact, the differences in major ingredient(s)
of a medium is imperative as slight changes in composition (or
concentration) could tip off the balance between the growth of
the organism and the production of secondary metabolite(s).
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Using clavulanic acid as example, the addition of its precursors
like arginine and ornithine increase the supply of C5 precursors
into the biosynthesis pathway, which ultimately lead to higher
production of the antibiotics. Similarly, one could also increase
the yield of compound of interest by reducing occurrence of
competing pathway, either via addition of specific inhibitors or
even reprogram metabolic pathways via genetic modifications
(Pickens et al., 2011).

With the advancement in next-generation sequencing (NGS),
actinobacteria are recognized as “hidden treasures” in the nature
that awaits exploration (Jose and Jha). In point of fact, the
availability of genome sequences has unlocked possibly new
potential of actinobacteria (van Heel et al., 2013; Skinnider
et al., 2015; Blin et al., 2017; Ser et al., 2018). Following
stimulated much progress in computational resources, including
bioinformatics tools like antibiotics and Secondary Metabolites
Analysis SHell (antiSMASH) and Prediction Informatics for
Secondary Metabolomes (PRISM) to assist in surveying of the
genomic the announcement of the complete genome sequence
for the model actinobacterium Streptomyces coelicolor A3(2),
many researchers have discovered presence of “cryptic” or
silent biosynthetic gene clusters among actinobacteria genomes,
indicating that researchers may have underestimated the
“true nature” of actinobacteria specifically in producing useful
secondary metabolites (Bentley et al, 2002; Takagi and Shin-
ya, 2011; Harrison and Studholme, 2014). As a result, several
studies have employed the CRISPR/Cas9 system to increase
production yield, by (a) either knock-in genes to activate
silent biosynthetic gene clusters or (b) delete repressors genes
(Pickens et al., 2011; Jia et al.,, 2017; Robertsen et al., 2017;
Zhang et al., 2017). By introducing a heterologous promoter,
kasO* promoter in the upstream region of the biosynthetic
gene clusters, Zhang et al. (2017) have successfully “awaken”
the silent biosynthetic gene cluster in Streptomyces roseosporus
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Antibacterial and Antioxidant
Activities of Novel Actinobacteria
Strain Isolated from Gulf of
Khambhat, Gujarat

Riddhi N. Dholakiya, Raghawendra Kumar, Avinash Mishra*, Kalpana H. Mody and
Bhavanath Jha*

Marine Biotechnology and Ecology Division, CSIR-Central Salt and Marine Chemicals Research Institute, Bhavnagar, India

Bacterial secondary metabolites possess a wide range of biologically active compounds
including antibacterial and antioxidants. In this study, a Gram-positive novel marine
Actinobacteria was isolated from sea sediment which showed 84% 16S rRNA
gene sequence (KT588655) similarity with Streptomyces variabilis (EU841661) and
designated as Streptomyces variabilis RD-5. The genus Streptomyces is considered
as a promising source of bioactive secondary metabolites. The isolated novel bacterial
strain was characterized by antibacterial characteristics and antioxidant activities. The
BIOLOG based analysis suggested that S. variabilis RD-5 utilized a wide range of
substrates compared to the reference strain. The result is further supported by statistical
analysis such as AWCD (average well color development), heat-map and PCA (principal
component analysis). The whole cell fatty acid profiing showed the dominance of
iso/anteiso branched C15-C17 long chain fatty acids. The identified strain S. variabilis
RD-5 exhibited a broad spectrum of antibacterial activities for the Gram-negative
bacteria (Escherichia coli NCIM 2065, Shigella boydii NCIM, Klebsiella pneumoniae,
Enterobacter cloacae, Pseudomonas sp. NCIM 2200 and Salmonella enteritidis NCIM),
and Gram-positive bacteria (Bacillus subtilis NCIM 2920 and Staphylococcus aureus
MTCC 96). Extract of S. variabilis strain RD-5 showed 82.86 and 89% of 2,2-diphenyl-
1-picrylhydrazyl (DPPH) free radical scavenging and metal chelating activity, respectively,
at 5.0 mg/mL. While HoO» scavenging activity was 74.5% at 0.05 mg/mL concentration.
Furthermore, polyketide synthases (PKSs types | and Il), an enzyme complex that
produces polyketides, the encoding gene(s) detected in the strain RD-5 which may
probably involve for the synthesis of antibacterial compound(s). In conclusion, a novel
bacterial strain of Actinobacteria, isolated from the unexplored sea sediment of Alang,
Gulf of Khambhat (Gujarat), India showed promising antibacterial activities. However,
fractionation and further characterization of active compounds from S. variabilis RD-5
are needed for their optimum utilization toward antibacterial purposes.

Keywords: Actinobacteria, antibacterial, antioxidant, biolog, marine bacteria, novel strain, polyketide synthases,
sea sediment
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INTRODUCTION

More than 70% of the surface of the earth planet covers by
the sea which contains exceptional diversity which is more than
95% of the whole biosphere (Qasim, 1999). It was observed that
the living diversity is higher in some marine ecosystems, such
as the deep sea and coral reefs, than the tropical rainforests
(Edwards et al., 2006). The ocean is the habitat of several groups
of life-forms which live in a complex environment with extreme
variations in pressure, salinity, light, and temperature (Munn,
2004). Recently, it was proven that the ocean floor possesses
many unique forms of Actinobacteria (Fenical and Jensen,
2006). Actinobacteria are widely distributed in intertidal zones,
mangroves, seawaters, animals, plants, sponges, and in ocean
sediments (Goodfellow and Williams, 1983; Castillo et al., 2005;
Jensen and Mafnas, 2006; Ramesh and Mathivanan, 2009; Sun
et al., 2010; Xiao et al., 2011; Rao and Rao, 2013). Actinobacteria
from the marine environment are considered as a promising
source of pharmaceutically important compounds because of a
different kind of unique adaptation characteristics (Fenical and
Jensen, 2006; Jose and Jha, 2017).

Actinobacteria are Gram-positive bacteria with filamentous
structure. These are considered the most economical and
biotechnological important prokaryotes which produce several
secondary metabolites with significant biological activities. Out
of these Actinobacteria, Streptomyces is an important industrial
group of organisms that widely explored for the wide range
of biologically active compounds (Berdy, 2005). Actinobacteria
comprise of G + C rich microorganisms (Embley and
Stackebrandt, 1994), live in varying habitats and well established
for the synthesis of bioactive secondary metabolites (Sengupta
etal,, 2015). Actinobacteria inhabiting marine environment (such
as sea sediments, etc.) gain much attention (Lane and Moore,
2011) because they are considered more challenging to culture
compared to their terrestrial relatives. They have special growth
requirements and media composition. Furthermore, several
Actinobacteria genera produce novel secondary metabolites
with several bioactivities (Jensen et al., 2005). The recent
grasp of the fact that marine environment can be a potential
source for the novel isolates with novel natural products
encourages intensive search and efforts from several groups.
Nearly seventy five percent of all the known industrial antibiotics
(Kieser et al, 2000) and numerous economically important
compounds (Okami and Hotta, 1988) were obtained from the
streptomycess. Actinobacteria have also ability to synthesize
antiviral (Sacramento et al., 2004), antifungal (Zarandi et al,
2009), antitumor (Hong et al., 2009), insecticidal (Pimentel-
Elardo et al, 2010), antioxidants (Janardhan et al., 2014),
anti-inflammatory (Renner et al., 1999), anti-biofouling (Xu
et al, 2010), immunosuppressive (Mann, 2001), anti-parasite
(Pimentel-Elardo et al,, 2010), plant growth promoting and
herbicidal compounds (Sousa et al., 2008), enzyme inhibitors
(Hong et al,, 2009) and industrially important enzymes. Advance
molecular tools such as metagenomics, metatranscriptomics, and
metaproteomics can be employed directly for the extraction
of DNA, RNA, and protein from environment samples
(Mincer et al., 2005). Simultaneously, polymerase chain reaction

(PCR) amplified products were cloned and sequenced for
identifying new Actinobacteria present in the environment
samples (Monciardini et al, 2002; Riedlinger et al., 2004).
Selective primer is now available to amplify the 16S rRNA
gene from the specific Actinobacteria (Monciardini et al.,
2002). Metabolic bioactive compounds obtained from marine or
territorial Actinobacteria are commonly synthesized by enzymes
polyketide synthases (PKS) or non-ribosomal peptide synthetases
(NRPS). The PKS is categorized into three different groups such
as types I, II, and III. Both NRPS peptides and PKS-type I are
encoded by a number of modules which are multifunctional in
nature (Ayuso-Sacido and Genilloud, 2005; Smith and Sherman,
2008). They form a series of biosynthesis reaction including
acyl (PKS-I) or peptidyl (NRPS) chain initiation, elongation,
and termination (Walsh, 2008). PKS-II molecules which are
non-modular, complex of several single module proteins and
their group of enzymatic activity act in an iterative manner to
produce a polyketide (Gallo et al., 2013). The core PKS module
comprises of a ketoacyl-synthase (KSa), a chain elongation factor
(KSB), and an acyl-carrier protein (Walsh, 2004; Das and Khosla,
2009). The PKS-III types are homodimer enzymes and act on
the acyl-CoA without involving any acyl-carrier proteins (Shen,
2003). In continues searching potential bioactive, molecular
methods will help for analyzing and comparing the genetic
variations within these genes, in the normal laboratory condition
strain’s specialized metabolites is not routinely produced which
are useful for screening for molecule production is remains
mostly a trial-and-error approach (Metsa-Ketela et al., 1999;
Ayuso-Sacido and Genilloud, 2005; Gontang et al., 2010).

Extensive study has been done on various coastal areas of
India for isolation and cultivation of Actinobacteria. However,
the coast of Gujarat and especially, Gulf of Khambhat is
relatively unexplored so far. Therefore, the present study was
aimed to investigate the novel marine Actinobacteria using
molecular methods and phylogenetic comparisons of the isolates.
Furthermore, the isolated bacterial strain was functionally
characterized by antibacterial and antioxidant activities. The
present study provides a useful insight of bacteria inhabiting
sea sediment of Arabian Sea. The isolated bacterial strain
can be utilized further for the developing novel antibacterial
compounds.

MATERIALS AND METHODS

Isolation and Culture Characterization of

Marine Actinobacteria

The sea sediment samples (25 g) were collected from coastal
areas of Gulf of Khambhat, Gujarat, India near a ship
scraping industries (21°24'35.85”N, 72°11'54.1”E). Samples
were transported to the laboratory under cool and control
conditions, and immediately processed for the isolation of
marine Actinobacteria (through serial dilution method) from
sediment samples using modified Gause’s Synthetic Agar medium
(Yeetal., 2009). In brief, 0.5 g sea sediment was suspended in
9.5 ml of sterile saline solution (0.9% NaCl). The suspended
solution was serially diluted up to 10~ '? in saline solution. About
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100 pl diluted solution (1073 to 1071%) was spread individually
on modified Gause’s Synthetic Agar medium containing 0.01%
(w/v) potassium dichromate to prevent the early growth of
other bacteria and fungus. Plates were incubated at 30°C for
4-7 days, and Actinobacteria were preliminarily screened based
on traditional morphology.

BIOLOG Assay of Selected

Actinobacteria Isolates

The isolated bacteria were categorized by GEN III MicroPlate test
assay performed with a Biolog system. The test panel comprises
of 71 carbon sources with 23 chemical sensitivity assays and thus
provides a “Phenotypic Fingerprint” of the tested microorganism.
The Biolog system dissects and analyses the ability of a
cell to metabolize all major substrates. Furthermore, other
important physiological properties such as salt, pH, reducing
power, chemical sensitivity and lactic acid tolerance were also
determined. Overnight grown bacterial suspensions were mixed
with 0.85% saline solution (5 mL) and IF-a was adjusted for
90-98% transmittance (T90) with a Biolog turbidimeter. Into
each well of Biolog microplate, about 100 L bacterial suspension
was dispensed and incubated at 30°C. The developed color is
compared with the Biolog species library to identify the bacterial
isolates.

Average Well Color Development Assay

BIOLOG plates are commonly used for the analysis of microbial
community function and micro-organism may be identified
by the specific phenotype color fingerprint. The average well
color development (AWCD) quantification of individual plate
or individual well is performed by continuous monitoring of
OD absorbance at 590 nm. The measured data was expressed as
AWCD in response to incubation time (Garland and Mills, 1991).

AWCD = XO0Di/95

Chemotaxonomic Identification
Chemotaxonomic identification of isolates was done by fatty acid
methyl ester (FAME) analysis using gas chromatography coupled
with Sherlock microbial identification system (MIS). The MIS
gives the data output includes fatty acids composition and sample
chromatographic run. The software computes “Sim index” which
congregates values of samples FAME with the library and gives a
Euclidian distance (ED).

Molecular Identification

Isolate RD-5 was grown in 50 mL of Gause’s Synthetic broth
containing NaCl (4%, w/v) for 7 days. The mycelia were
harvested by centrifugation at 10,000 rpm for 5 min and genomic
DNA was extracted using phenol-chloroform extraction method
(Hopwood et al., 1985). DNA quality and concentration were
measured using a Nanodrop 1000 Spectrophotometer.

The 16S rRNA gene was amplified using genomic DNA and
universal bacterial primers (Table 1). The 50 WL PCR mixture
was contained; 1-2 pL DNA template, 0.5 pL 20 uM of each
primer, 5 pL of 10X buffer, 5 pL of ANTPs (2.5 mM), 0.5 pL

Taq DNA (5 units/pL), and 41.5 mL ddH,0O. PCR was done
in MyCyclerT-100 (Bio-Rad, United States) using the optimized
conditions (Yousuf et al., 2012, 2014a,b; Keshri et al., 2013;
Keshri et al., 2015). The amplified products were analyzed on
a 1.0% agarose gel, purified (QIAquick PCR Purification Kit,
Qiagen, Germany) and sent to M/s Macrogen, S. Korea for the
sequencing services. The 16S rRNA gene sequence was aligned
using BioEdit software, compared with gene sequences available
in the databases (NCBI + DDBJ + EMBL) and deposited in
GenBank with an accession number KT588655. The putative
phylogenetic affiliation was determined using the naive Bayesian
rRNA classifier and RDP-II database with the 95% confidence
(Wang et al., 2007; Cole et al., 2009).

Bioactivity from Marine Actinobacteria
Primary Screening of Marine Actinobacteria for
Antibacterial Activity

The isolated and purified Actinobacteria isolates were screened
for antibacterial activity by cross streak method (Balagurunathan
and Subramanian, 2001) using Mueller-Hinton agar (Himedia,
India) against eight different pathogenic bacteria; Gram-negative
(Escherichia coli NCIM 2065, Shigella boydii NCIM, Klebsiella
pneumonia, Enterobacter cloacae, Pseudomonas sp. NCIM 2200,
Salmonella enteritidis NCIM, and two Gram-positive bacteria
(Bacillus subtilis NCIM 2920 and Staphylococcus aureus MTCC
96). Plates containing well grown RD-5 strain was cross streaked
with pathogenic bacteria at 90° angles and incubated at 37°C
overnight. Antagonism was observed by noting the absence or
presence of pathogenic bacterial growth.

Optimization of Growth Conditions for the Production
of Bioactive Compounds

The promising strain RD 5 was cultured in six different media;
starch casein agar, yeast malt extract agar (ISP2), glycerol
asparagine agar (ISP5), inorganic salt agar (ISP-4), tyrosine agar
(ISP-7) and gause’ synthetic agar (GSA) and incubated at 30°C
for 7-9 days. The cell mass was measured by the dry weight of
cell biomass after 24 h interval and compound production was
measured using well diffusion method at 24 h interval for 9 days.
The experiments were repeated three times for each assay.

Extraction of Bioactive Compounds and Bioactivity
Assay

The most promising isolate (RD-5) was grown in the optimized
gause’s synthetic broth (GSB) media for the isolation of the active
compounds. The selected isolate was inoculated in GSB medium
and incubated for 7 days in shaking condition at 180 rpm at 30°C.
Culture media was harvested every 24 h, centrifuged for 15 min
at 8,000 rpm and collected supernatant was mixed with an equal
volume of ethyl acetate followed by extraction with separating
funnel (Ismail et al., 2009). The crude extract was obtained by
removing the solvent using rotary evaporator. The dried crude
extract was dissolved in methanol, and stock concentration was
prepared as 100 mg/mL. The crude extracts (3 to 7 mg) were
used for the bioactivity against different pathogenic bacteria using
well diffusion method with Mueller Hinton agar (Nandhini and
Selvam, 2011). Methanol used as a control and the bioactivity of
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extracts was noted based on the zone of inhibition. Furthermore,
the bacterial extract was evaluated for the different antioxidant
and radicals scavenging activity.

DPPH Radicals Scavenging Assay
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
activity of the bacterial extract was determined using
method reported by (Bersuder et al, 1998) using different
concentrations of melanin (0.05-5.0 mg/mL). In test tubes,
different concentration of melanin was taken, and volume was
made up to 2 mL with distilled water. About 2 mL of 0.002%
DPPH solution was added to each tube, mixed and incubated for
30 min in the dark. Reduction of DPPH radical was quantified
at 517 nm using UV-Vis spectrophotometer. The percentage of
DPPH radical scavenging activity was calculated as:

DPPH radical scavenging activity [%] = [(Ac — As)/Ac] x 100

Where, A. and A; were the absorbance of the control
and sample, respectively. The experiment was conducted in
triplicates.

Hydrogen Peroxide Radical Scavenging Activity

A solution of hydrogen peroxide (40 mmol/L) was prepared
in phosphate buffer (pH 7.4). To 4 mL of bacterial extract of
different range of concentrations (0.05-5.0 mg/mL), 0.6 mL of
H,0, solution was added. The absorbance was measured at
230 nm by the UV-visible spectrometer and percentage inhibition
of HyO, scavenging activity was calculated (Keser et al., 2012;
Mishra et al., 2015; Patel et al., 2016).

H, 0O, scavenging activity [%] [(Ac — Ag)/Ac] x 100

Where A. and A were the absorbance of control and test samples,
respectively. The experiment was conducted in triplicates.

Metal Chelating Activity

The ferrous ions chelating activity of the bacterial extract was
analyzed (Dinis et al., 1994). Different concentration of extract
(0.05-5.0 mg/mL) was made up with final volume 0.5 mL
and mixed with 0.05 mL of 2 mM FeCl,. About 0.2 mL
ferrozine solution (5 mM) was added to the reaction mix,
shaken vigorously and kept for 10 min at room temperature.
The absorbance of the reaction mix was estimated at 562 nm and
percentage inhibition of ferrozine-Fe?* complex formations was
calculated:

% of inhibition = (A;/A;) x 100

Where A, and A, were the absorbance of control and test samples,
respectively.

Cloning of PKS-I and PKS-Il Genes

Two set of degenerative primers were designed to amplify
internal fragment of KSa and PKS-I biosynthetic genes fragments
from RD-5 strain (Table 1). PCR was done in 25 pl volume
that contained 1X Taq buffer, 2.5 pwL of dNTPs (2.5 mM),
20 pM primers (forward and reverse), 0.05 U of Taq DNA
polymerase enzyme (Sigma, United States) and 10-15 ng
genomic DNA. PCR was carried out with denaturation of the
templete DNA at 95°C for 5 min followed by 35 cycles at
95°C for 30 s, primer annealing at 58°C for 120 s, for the
KS of PKS-II domain while 55°C for 2 min was used for the
amplification of K1F/M6R PKS-I gene and finally extension
at 72°C for 4 min. Amplified PCR products were analyzed
on 1% agarose gel, purified, cloned into pGEM-T easy vector
(Promega, United States) and transformed to E. coli DH5a.
Recombinant plasmid DNA was extracted using alkaline lysis
method and confirmed by PCR with vector-specific primers
MI13F and MI3R. Both cloned genes fragments, PKS-1 and
PKS-II were sequenced from M/s Macrogen Inc, South Korea and
deposited in GenBank with the accession numbers MG459176
and MG459177, respectively.

Phylogenetic Analysis

The 16S rRNA gene sequences (KT588655) were subjected to
BLASTn for the comparision with the other 16S rRNA gene
sequences exist in GenBank and closest relative 16S ribosomal
RNA sequences were retrieved from NCBI database (Zhang
et al., 2000). Sequence alignment was performed with cluster
W (Altschul et al., 1997), phylogenetic trees were constructed
(using Mega ver. 6) with the neighbor-joining method and
a bootstrap value of 1000 replicates (Tamura et al., 2013).
The resultant sequence of both PKS-I and PKS-II genes
fragment was also analyzed with BLASTx search and protein
sequence were retrieve from NCBI, aligned and the phylogenetic
tree was constructed using the neighbor-joining tree-making
algorithm.

Statistical Analysis

Average well color development (AWCD), diversity richness
(R), and Shannon evenness (E) were calculated by analysis of
variance (ANOVA) of each strain based on color development
with every 24 h. The cluster analysis was used to evaluate the
most utilized substrate for each strain. The AWCD data was

TABLE 1 | List of primers used for amplification of non-ribosomal peptide synthetases (NRPS) and PKS-1gene fragments and 16S rRNA.

Primer Name DNA sequences (5'-3') Name of product Target size Reference

27F 5- AGAGTTTGATCMTGGCTCAG -3 16S rRNA 1.5 Kb Lane, 1991

1492R 5- ACCTTGTTACGACTT -3’

K1F 5'-TSAAGTCSAACATCGGBCA-3' Type-I polyketide 1.4 Kb Ayuso-Sacido and Genilloud, 2005
M6R 5'-CGCAGGTTSCSGTACCAGTA-3 synthases (PKS-I)

KSaF 5-TSGCSTGCTTGGAYGCSATC-3 Ketosynthase gene 700 bp Metsa-Ketela et al., 1999

KSaR 5-TGGAANCCGCCGAABCCTCT-3 (PKS-1I)
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FIGURE 1 | Isolated colonies on (A) gause’ synthetic agar (GSA) medium, (B)
microscopy and (C) SEM image of RD-5.

standardized to remove inoculum density effects. Ordination
methods were used for principal component analysis (PCA)
of the data taken at 96 h. The method categeorised samples
on scatter plots of two or more axes and the most closest
micro-organism come together (Randerson, 1993; Podani, 2000).
For the comparision of numerical responses in the 95 substrates,
PCA plot reduced the multivariate data set (variables or
individuals) and exhibited any changes in the variation of the
data.

RESULTS

Isolation and Characterization of

Actinobacterial Strains

A total of 11 different strains of Actinobacteria were isolated
from Gulf of Khambhat, Alang, Bhavnagar, Gujarat. The
distinctly different isolates based on their morphological and
pigmentation were purified by repeated streak method on
Gause’s Synthetic Agar medium and preserved at 4°C as
on slant. All the isolates were screened with preliminary

cross streak assay. Out of them, Isolate RD-5 was found
novel, additionally exhibits potent activity against pathogenic
bacteria.

Selected strain was aerobic, Gram-positive and the colonies
are dry, powdery, fuzzy with a concentric ring on agar surface
which showed secondary metabolite production with diffusible
brownish pigment were initially identified as Actinobacteria
(Figure 1A). Microscopic examination of the strain was
undertaken under a compound microscope. The short branched
vegetative hyphae and aerial mycelia were sparse with a patchy
distribution (Figures 1B,C).

Characterization of Microbial Strain(s)
from the Selected Cultures Based on
BIOLOG

All Actinobacteria were examined using Biolog System to
obtain their metabolic profiles or biotyping. Biolog System
analysis is based on carbon (C) utilization patterns of the
Actinobacteria toward different carbon source. The ability
to use a wide range of carbon source may indicate that the
Actinobacteria were able to survive in the different environment
in nature. Metabolic profiles resulted from Biolog GENE
III System analysis indicated the 11 Actinobacteria were
differentiated into different strains. As shown in (Supplementary
Table S1) the eleven strains of Actinobacteria (RD-1 to RD-9
and RD 15 and RD 16) have the different capability to
metabolize 95 carbon sources from GENE III microplates.
The 95 carbon sources are categorized as polymers, sugar
and sugar derivatives, carboxylic acids and methyl esters,
carboxylic acids and methyl esters, alcohol, nucleosides
and nucleotides and sugar phosphates. Of the 95 carbon
sources, only 75 can be utilized by the all eleven strains of
Actinobacteria. Strain RD-5 was one from the eleven colonies,

0.3
m24 m48 m72 m96 m120
0.2 4
a
:
<«
0.1 A
0 4
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Different strain of Actinobacteria
FIGURE 2 | Average well color development (AWCD) of metabolized substrates in BIOLOG GENE Il in every 24 h.
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FIGURE 3 | This cluster heat map was generated using the http://biit.cs.ut.ee/clustvis/ online program package with Euclidean distance as the similarity measure

and hierarchical clustering with complete linkage.

RD-02

RD-05

RD-01  RD-16 RD-06

showing significantly higher in carbon sources activity with
90 substrates followed by Strain RD-6 and RD-9 using 89
followed by RD-4, and RD-16 using 88 RD-15, RD-8 and
RD-1, RD-2 and RD-7 and RD-3 with 87, 86, 82, and 81,
respectively.

Monitoring Color Development in
BIOLOG™ GENE lll Plates with Other

Reference Strain of Actinobacteria

Normalized value of AWCD further evidence that different strain
cluster (Figure 2). In the hierarchical clustering with the complete
linkage, RD-5 shows the most of the substrate is utilized in
96 h, but other strain is less used the substrate (Figure 3). PCA
of ordinance methods scatter plot of each strain in BIOLOG
allow the sample to be represented two or more axis PCl
(55.5%) second one PC2 (15%) RD-5 was scatter in PC2 axis
(Figure 4).

FAME Analysis

The chemotaxonomic study of the potential isolate RD-5 revealed
that it belongs to the Actinobacteria. Saturated iso/anteiso-
branched fatty acids with C15-C17 long chain was detected as
major cellular fatty acids. The cluster analysis of FAME profile
showed correlation among organisms by Euclidian distance.
Cluster containing isolates identified was delineated at 22.5
ED (Figure 5) were closely matched those of Streptomyces,
but considerable differences were recorded among the eleven
strains.

10-
RD-07
[}
5_
~ | RDO05
X i
n 0 ¢ RD-02@) R%OI ORD-09
< 0 /0 RD-0s RDg'd
3 RD-06 phis @ ORD-03
%]
_5_
RD-04
[ J
-104
-10 0 10
PC1 (55.5%)

FIGURE 4 | Principal component analysis (PCA) of all 11 strain of
Actinobacteria.

Phylogenetic Analysis of 16S rRNA

The 16S rRNA gene of RD-5 was amplified and sequenced
(KT588655). The partial 16S rRNA gene sequence of RD-5
covered a stretch of 1382 bp having an average 54.8%
G+-C content. Nucleotides were subjected to BLASTn analysis
(Table 2) which showed the 84% similarity with Streptomyces
variabilis. The nucleotide sequences of the type strain were
retrieved from the NCBI, and a phylogeny was studied

Frontiers in Microbiology | www.frontiersin.org 16

December 2017 | Volume 8 | Article 2420


http://biit.cs.ut.ee/clustvis/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Dholakiya et al.

Actinobacteria Strain with Antibacterial Activity

RD-16
RD-9
RD-1
RD-4
RD-3
R —— F—— [
RD-7
RD-6
RD-5

RD-15
RD-8

I_

|
T 1 I T 1
0 25 5 7.5 10 12.5 15 17.5 20 225

FIGURE 5 | Dendrogram of fatty acid methyl ester (FAME) profiles novel strain
RD-5 with reference strain.

(Figure 6). The phylogenetic position of the strain was within
a cluster that contains Streptomyces fenghuangensis (KJ575043),
Actinomycetales bacterium (KT021825), and Streptomyces sp.
RD-4 (KT588654). Streptomyces sp. RD-5 was posed with as
single branch and shared with 99% Query cover and 82%
sequence identity with a closed group. Another phylogenetic tree
was constructed with the reference strain, and out-group were
taken E. coli, and it does not show any similarity match with
reference strain (Figure 7).

These 16S rRNA sequences were also classified in Rdp
Naive Bayesian rRNA Classifier Version 2.11 database with
>1200 Nucleotide and Confidence threshold is 95% it shows
domain Bacteria unclassified_Actinomycetales at the genus
level.

Bioactivity from Marine Actinobacteria
Primary Screening of Antibacterial Activity

Isolated different marine Actinobacteria were primarily
screened with the cross streak method for bioactivity against
pathogenic bacteria. On the basis of maximum inhibition
of pathogenic strain, RD-5 was selected for the further
screening.

Culture Media Study and Optimization of Cell Growth
and Production of the Compound

To maximize the antibacterial production as well as cell
mass, strain RD-5 was cultured in five different media,
out of six different media, GSA medium supposed to
maximize the cell mass as (Table 3 and Figure 8) well as
the production of antibacterial activity. The growth curve
for strain RD-5 and the antibacterial activity produced
in the GSA medium was measured every 24 h of the
interval (Figure 9). Strain RD-5 showed the first phase of
growth 72 h post inoculation. The second phase occurred
during 168 h, and thereafter stationary phase occurred.
This strain produced compounds after around 72 h and
production increased depending on cell growth. The
compounds produced were maximized at the end of the
second phase. Shigella boydii and Klebsiella pneumonia

TABLE 2 | The BLASTn results, of 16S rRNA according to the NCBI database.

Description Accession number

Maximum query cover

Maximum score Total score Maximum identity (%)

Streptomyces variabilis strain RD-5 16S KT588655.1

ribosomal RNA gene, partial sequence

Streptomyces variabilis strain EU841661.1
HBUM173496 16S ribosomal RNA
gene, partial sequence
Streptomyces variabilis strain 173634 EU570414.1
16S ribosomal RNA gene, partial

sequence

Streptomyces variabilis strain 173500 EU570413.1
168 ribosomal RNA gene, partial

sequence

Streptomyces sp. RD4 16S ribosomal KT588654.1

RNA gene, partial sequence

Streptomyces fenghuangensis strain KJ575043.1
NIOT-Ch-34 16S ribosomal RNA gene,

partial sequence

Streptomyces radiopugnans strain EU841699.1
HBUM174024 16S ribosomal RNA

gene, partial sequence

Streptomyces nanhaiensis strain JA 24 KJ947850.1
168 ribosomal RNA gene, partial

seqguence

Streptomyces atacamensis strain C60 NR_108859.1
16S ribosomal RNA gene, partial

seqguence

100%

99%

99%

99%

99%

99%

99%

94%

99%

2563 2553 100%

1299 1299 84%

1085 1085 81%

1055 1055 81%

1168 1168 82%

1142 1142 82%

1127 1127 82%

1050 1050 81%

1092 1092 81%
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32| Actinomycetales bacterium A481 Ydz-AH 165 (EU368819)
Streptomyces radiopugnans strain HBUM174026 16S (EU841544)
Streptomyces fenghuangensis strain NIOT-Ch-34 165 (KJ575043)

5L Streptomyces sp. RC 1832 16S (JQ862603)

100IL Streptomyces nanhaiensis strain SCSIO 01248 16 (NR_108633)
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FIGURE 6 | Neighbor-joining tree based on nearly complete 16S rRNA gene sequences showing relationships between strain RD-5 and closely related members of
the genus Streptomyces. Numbers at nodes indicate levels of bootstrap support based on a neighbor-joining analysis of 1000 resampled datasets; only values

above 50% are given. Bar, 0.02 substitutions per nucleotide position.

ggr Streptomyces cyaneus strain RD1 16S (KT588651)
38| Actinomycetales bacterium RD9 16S (KT588659)
&Il Streptomyces pseudogriseolus strain RD3 16S (KT588653)
Streptomyces pseudogriseolus strain RD2 16S (KT588652)
- Streptomyces phaeochromogenes strain RD6 16S (KT588656)
Streptomyces fenghuangensis strain RD15 16S (KY378907)
,{D Streptomyces cavourensis strain RD7 16S (KT588657)

001 Streptomyces cavourensis strain RD8 16S (KT588658)
Streptomyces labedae strain RD16 16S (KY378908)
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FIGURE 7 | Neighbor-joining tree based on nearly complete 16S rRNA gene sequences showing relationships between strain RD-5 and closely related members of
the genus Streptomyces as reference strain with out-group Escherichia coli. Numbers at nodes indicate levels of bootstrap support based on a neighbor-joining

analysis of 1000 resampled datasets; only values above 50% are given. Bar, 0.10 substitutions per nucleotide position.

Secondary Screening of Antibacterial Compound

The bioactive compounds were extracted from the fermented
broth using ethyl acetate solvent, and concentrated crude extract
which was used as test compound was carried out by agar

showed maximum antibacterial activity from an extract of
RD-5 which was 27 mm in both. While the response of
Pseudomonas sp. was less compared to other pathogenic strains

(19 mm).
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TABLE 3 | Cultural characteristics of Streptomyces variabilis RD-5 on different media.

Medium Growth Aerial mycelium Substrate mycelium Pigment
Starch casein agar Moderate Brownish white Brownish white None

Yeast malt extract agar (ISP2) Good White Brownish white Yellow
Inorganic salt agar (ISP-4) Good Brownish white Brownish white Yellow
Glycerol asparagine agar (ISP5) Good Slight orange Light brown Light yellow
Tyrosine agar (ISP-7) Moderate Light brown Brownish white None

well diffusion method. The antibacterial activity of crude extract
at concentration of 5 mg/well was assayed against pathogenic
strain Shigella boydii (13 mm), Klebsiella pneumonia (24 mm),
Enterobacter cloacae (16 mm), Bacillus pumilus (22 mm),
Salmonella enteritidis (14 mm), Staphylococcus sp. (16 mm),
E. coli (15 mm), Pseudomonas sp. (17 mm) (Figure 10).

Antioxidant and Scavenging Activity

DPPH is a stable free radical having absorption maxima at
517 nm. The results of DPPH radical scavenging activity of ethyl
acetate extract of S. variabilis is depicted in (Figure 11). Bacterial
extract showed 43.67-82.86% DPPH free radical scavenging
activity at 0.05-5.0 mg/mL as compared to ascorbic acid which
showed 86% activity at 0.05 mg/mL concentration. The activity
of the extract was increased with an increase in concentration and
reached to around 55% at 1.0 mg/mL concentration against 98%
of ascorbic acid. Further, increase in concentration marginally
influenced activity. It was observed that extract of S. variabilis
showed maximum activity at 2 mg/mL concentration after
that slight difference was observed. The activity of the extract
increased up to 2.0 mg/mL concentration, a further increase
in concentration did not influence activity. Metal chelating

activity of extracts of various Actinobacteria ranged from 16% as
compared to Na-EDTA which showed 65% activity at 0.05 mg/mL
concentration (Figure 12). With an increase in concentration of
extract, the activity increased to 16-89% at 0.05-5 mg/mL while
in case of Na-EDTA, 0.5 mg/mL, at concentration yielded 87.5%
metal chelating activity. Here, S. variabilis exhibited maximum
activity at 5 mg/mL concentration. HO, scavenging activity of
extracts ranged from 64% as compared to ascorbic acid exhibiting
74.5% activity at 0.05 mg/mL concentration (Figure 13). As far
as HyO, scavenging activity is concerned, extract of S. variabilis
exhibited activity almost at par with that of ascorbic acid.

Phylogenetic Analysis PKS-I and PKS-Il Genes

BLASTx analysis of PKS-I and PKS-II amino acid biosynthetic
genes of strain RD-5 showed the 99-92% of query cover
and 54-52% sequences identity with their closest matches
(Tables 4, 5). The phylogenetic tree was inferred by maximum
likelihood method using the amino acid sequences of both PKS-I
and PKS-II of RD-5 novel strain. PKS-I gene sequences showed
the maximum identity with S. hygroscopicus, Streptomyces
sp. NBRC 109436, S. atratus, S. melanosporofaciens, and
S. atratus with 59-56% identity (Figure 14). The PKS-II

ISP-4 agar medium

(E) ISP-5 medium.

ISP-5 medium

FIGURE 8 | Growth of RD-5 in different media such as (A) ISP-2 medium, (B) Tyrosine agar medium, (C) Starch casein agar medium, (D) ISP-4 agar medium and
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FIGURE 9 | Growth curve of RD-5 at the indicated times, mycelial pellets
were harvested for growth determination by biomass measurement.

gene sequences showed the maximum identity of 71-49%
with previously reported sequences. Amino acid search
analysis showed similarity with universal stress and
hypothetical proteins from Streptomyces sp. NRRL F-5727
(WP_031002278.1), S. globisporus (WP_030690697.1), .

exfoliates (WP_024756517.1), S. laurentii (BAU87338.1), and
Streptomyces sp. CcalMP-8W (WP_018491225.1) (Figure 15).

DISCUSSION

Adaptations of marine bacteria have developed prodigious
metabolic and physiological ability to survive in the extreme
conditions that allows them to produce different kind of
metabolites, which could not be produced by the terrestrial
ones. Actinobacteria are well established for producing
secondary metabolites with novel antibiotics which are of
immense importance to prevent multi-drug resistant pathogens.
The Actinobacteria produce spores which generally resist
desiccation and show to some extent higher resistance toward
environmental fluctuation to adopt the harsh condition
comparative to others microbes (Hopwood and Wright,
1973).

In the present study, total 11 different isolates were
screened, out of them, one promising marine Actinobacteria
strain, identified as S. wvariabilis RD-5 showed the novelty
with antagonistic properties. The phylogenetic position
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of the S. wvariabilis RD-5 suggested that isolated strain
from coastal areas of Gulf of Khambhat have a potential
diverse arrangement with novelty which can be useful
for many of the applications and can be explored
broadly.

Culture medium, GCA, found to be the best for isolation
of marine Actinobacteria S. variabilis RD-5. The strain
showed optimum growth at 30°C on GSA and ISP-2 media.
A retarded growth was also showen on Tyrosine agar medium
and ISP-5 medium. S. variabilis RD-5 was characterized
morphologically and microscopically which confirmed its
identity as Streptomyces genus (Williams et al., 1989; Manfio
et al., 1995).

BIOLOG analysis suggested higher AWCS in RD-5 compared
to others reference strains of Actinobacteria. BIOLOG assay
further showed that strain S. variabilis RD-5 utilized a wide
range of substrates. The cluster and PC analyses showed substrate
utilization pattern similar to other Actinobacteria community
(Figures 5, 6). The cluster analysis and PCA showed the
comparability of both experiments and further confirmed the
overlap metabolic fingerprints among the different strains of
Actinobacteria.

Thel6S rRNA gene sequencing and phylogenetic analysis
revealed that RD-5 is a novel strain, having identity below 85%
as shown by RDP-II classifier. Phylogenetic analysis showed
that RD-5 strain was closely related to novel Actinobacteria
bacterium such as TDI19 (KT021825), S. radiopugnans
strain HBUM174026 (EU841544), Streptomyces sp. RC 1832
(JQ862603), S. nanhaiensis strain SCSIO 01248 (NR_108633),
isolated from different geographical location including deep-sea
sediment (Tian et al., 2012).

PCR amplification and identification of these biosynthetic
genes was very important for assessing its potential for both
culturable and unculturable microorganism (Minowa et al,
2007). Large numbers of biologically active compounds are
identifying which is encoded by a set of genes, in which PKS-I
and PKS-II are responsible for the biosynthesis of the active
metabolite (Ayuso-Sacido and Genilloud, 2005). The presence of
types I and II PKS gene in S. variabilis RD-5 showed a direct
correlation with the identified bioactive compound, which is
polyketide in nature.

The extracted compound of S. variabilis RD-5 was found the
most active against pathogenic bacteria, and thus it can play
an important role in clinical appliances. Extracellular enzymes
play a key role in the recycling of organic carbon and nitrogen
compounds in biotechnology. The strain RD-5 exhibited highest
antibacterial activity against Klebsiella pneumonia. The result
showed that secondary metabolite active compounds containing
antibacterial activities were extracellular and it could be extracted,
quantified and further explored for the discovery of new drugs
(Passari et al., 2015). To best of our knowledge, this is the
first report of S. variabilis RD-5 having strong antimicrobial
activity against bacteria. From the results, we concluded that
the results of morphological, biochemical characteristics and
polyphasic approach; the isolate S. variabilis RD-5 was the
member of Actinobacteria, which secretes bioactivity with novel
characteristics.

m Ascorbic acid ® Streptomyces variabilis RD-5
100 1
90 -
80 -
70
60
50
40 A
30 A
20 A
10 A

% DPPH scavenged

005 01 02 03 04 05 1 2 3 4 S

Bacterial extract concentration (mg/ml)

FIGURE 11 | Antioxidant activity of bacterial extract with different
concentration.

mEDTA ® Streptomyces variabilis RD-5

Chelating activity of Fe+* (% )

0.05 0.1 0.2 0.3 0.4 0.5 1 2 3 4 5
Bacterial extract concentration (mg/ml)

FIGURE 12 | Chelating activity of bacterial extract with different concentration.
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80
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60
50
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% H,0, Scavenged
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Bacterial extract concentration (mg/ml)

1 2 3 4 5

FIGURE 13 | H,O, scavenged activity of bacterial extract with different
concentration.

The crude extract was tested and found good antioxidant
properties which can be useful for further research development
to make it the industrially important. The radical scavenging
activity of the extract was concentration dependent, and gradual
increase of concentration increased the activity which was
supported by the report of Kumagqai et al. (1993). The DPPH
free radical scavenging assay was extensively used to measure
antioxidant capacity. Antioxidants react with DPPH and reduce
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TABLE 4 | The BLASTx results, of PKS-I according to the NCBI database.

Description Accession no. Maximum query cover Maximum score Total score Maximum identity (%)
Polyketide synthase WP_060954384.1 99% 419 809 56%
(Streptomyces hygroscopicus)

Polyketide synthase WP_064455733.1 418 813 56%
(Streptomyces sp.) NBRC

109436

Polyketide synthase 12 SFY45126.1 99% 414 709 59%
(Streptomyces atratus)

Type | polyketide synthase WP_053161268.1 99% 381 424 55%
(Streptomyces caatingaensis)

type | polyketide synthase EJJ02441 .1 99% 381 514 54%
(Streptomyces auratus)

AGR0001

Type | polyketide synthase 3 APD71668.1 99% 379 1103 53%
(Streptomyces sp.)

Beta-ketoacyl synthase WP_078638584.1 99% 392 685 54%
(Streptomyces hygroscopicus)

Polyketide synthase 12 SED16442.1 99% 408 813 55%
(Streptomyces

melanosporofaciens)

Polyketide synthase WP_014057309.1 99% 408 817 56%
(Streptomyces violaceusniger)

Polyketide synthase WP_078646099.1 99% 407 808 55%
(Streptomyces hygroscopicus)

TABLE 5 | The BLASTX results, of PKS-Il according to the NCBI database.

Description Accession number Maximum query cover Maximum score Total score Maximum identity (%)
Universal stress protein WP_053703232.1 96% 159 159 58%
(Streptomyces sp.) WMB368

Universal stress protein WP_079403829.1 96% 157 157 58%
(Streptomyces sp.) 3211

Universal stress protein WP_053631949.1 96% 165 165 57%
(Streptomyces sp. HO21)

Universal stress protein WP_030895366.1 96% 165 165 57%
(Streptomyces virginiae)

Universal stress protein WP_030690697.1 92% 188 188 66
(Streptomyces globisporus)

Universal stress protein WP_030493181.1 92% 184 184 70%
(Microtetraspora glauca)

Universal stress protein WP_030326218.1 92% 173 173 62%
(Streptomyces

flavochromogenes)

Universal stress protein WP_055640132.1 92% 171 171 92%
(Streptomyces venezuelae)

Universal stress protein WP_030748761.1 92% 169 169 68%
(Streptomyces griseus)

MULTISPECIES: universal WP_030648525.1 92% 168 168 63%

stress protein (Streptomyces)

the DPPH molecules equal to the number of freely available
hydroxyl groups (Matthaus, 2002). The DPPH scavenging
activity depends on the degree of due to its ability to donate
hydrogen proton. With the same concentration, the isolate was
capable of reducing Fe’™ ions which indicated the presence
of active compounds in the solvent extracts (Kekuda et al,
2010). S. variabilis RD-5 is potential sources of antioxidants,
which reflects by high hydrogen peroxide activity, is useful

in preventing the progress of various oxidative stress-related
disorders (Poongodi et al., 2012). Hydrogen peroxide has ability
to cross cell membrane easily and also reacts with metal ions
(Fe?t and/or Cu?t) to produce ROS (reactive oxygen species)
such as hydroxyl free radical which have toxic effects (Swant et al.,
2009). Thus, the present study suggests that the Actinobacterial
extract of RD-5 can act as better antioxidant agents for removing
H,0,.
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Streptomyces violaceusniger polyketide synthase (WP_014057309.1)

Streptomyces sp. PRh5 polyketide synthase (WP_037963242.1)
Streptomyces endus polyketide synthase partial (WP_067078889.1)
99| streptomyces hygroscopicus polyketide synthase (WP_060945265.1)
Streptomyces hygroscopicus polyketide synthase (WP_060954384.1)
Streptomyces sp. NBRC 109436 polyketide synthase (WP_064455733.1)

Streptomyces sporocinereus polyketide synthase (WP_062013674.1)

Streptomyces rapamycinicus NRRL 5491 hypothetical protein M271_46355 (AGP60636.1)

Actinomycete OAct835 type | polyketide synthase partial (ANR94504.1)

A Type | polyketide synthase partial Sequences RD-5

2 Streptomyces sp. WM6368hypothetical protein ADKS1_20570 (KOU22280.1)

FIGURE 14 | Representative neighbor-joining tree of PKS-1 amino acid sequences. The scale bar indicates the number of substitutions that occur per site.

Streptomyces exfoliatus universal stress protein (WP_024756517.1)

Streptomyces flavochromogenes universal stress protein (WP_030326218.1)
Streptomyces venezuelae universal stress protein (WP_055640132.1)

Strepfomyces globisporus universal stress protein (WP_030690697.1)

B8 L Streptomyces venezuelae universal stress protein (WP_055645077.1)
1| — Streptomyces sp. NRRL F-5727 universal stress protein (WP_031002278.1)
Streptomyces MULTISPECIES: hypothetical protein (WP_018104867.1)

Microtetraspora glauca universal stress protein (WP_030433181.1)

2
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Streptomyces sp. NRRL F-4335 universal stress protein (WP_052873570.1)
—
005

FIGURE 15 | Representative neighbor-joining tree of PKS-Il amino acid sequences. The scale bar indicates the number of substitutions that occur per site.

According to a report of Thenmozhi and Kannabiran (2012),
ethyl acetate extract of Streptomyces species VITSTK7, isolated
from marine environment of the Bay of Bengal, exhibited 43.2%
DPPH scavenging activity and 51% metal chelating activity at
10 mg/mL concentration. Similarly, Karthik et al. (2013) reported
antioxidant activity of three marine Actinobacteria isolated
from marine sediments of Nicobar Islands whereas phenolic

compounds extracted from Streptomyces sp. LK-3 exhibited
76% DPPH scavenging activity at 100 pg/mL. Two phenolic
compounds from Streptomyces sp. JBIR-94 and JBIR-125 showed
DPPH scavenging activity with an IC value of 11.4 and 35.1 pM,
respectively. Sowndhararajan and Kang (2013) studied free
radical scavenging potential of culture filtrate of Streptomyces
sp. AM-S1 isolated from forest humus soil in Gyeongsan,
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South Korea where ethyl acetate extract exhibited higher
activity as compared to the lyophilised cell-free supernatant.
According to Rao and Rao (2013), the extracts of Actinobacteria
isolated from mangrove soil of Vishakhapatnam region showed
46-70% DPPH scavenging activity and 68-78% FRAP activity
at 20 pg/mL concentration. Karthik et al. (2014) reported an
extracellular protease produced by a marine Streptomyces sp.
MAB 18 which exhibited antioxidant activity. Nocardiopsis alba
isolated from mangrove soil collected from Andhra Pradesh,
India, exhibited antioxidant activity. The potential fraction
obtained by chromatography showed antioxidant activity at par
with standard ascorbic acid (Janardhan et al., 2014). Nagaseshu
et al. (2016) reported antioxidant activity of methanol extracts
of Actinobacteria isolated from marine sediment collected from
Kakinada coast. They also correlated the antioxidant activity of
the extract which cytotoxic and antiproliferative activities.

The results of FAME of carbon chain length C15-Cl17 is
consistent with the long carbon chain with saturated fatty acids
which is used to produce phospholipids for Streptomyces cell
membranes. Possibly S. variabilis RD-5 makes a triglyceride
lyase which breaks bonds present between the carbon atoms, in
resultant the FAMEs were generated (Lu et al., 2013). Further
elucidation of genome sequences of strain RD-5 should be helpful
for the investigation how the FAMEs were generated.

CONCLUSION

Adaptation of marine microorganism has developed prodigious
physiological and metabolic capacities to survive in a harsh
condition that triggered them to synthesize different metabolites,
which could not be produced by the terrestrial ones. In the
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isolated from the medicinal plant Vochysia divergens located in the Pantanal
sul-mato-grossense, an unexplored wetland in Brazil. Strains were classified as belonging
to the Aeromicrobium, Actinomadura, Microbacterium, Microbispora, Micrococcus,
Sphaerisporangium, Streptomyces, and Williamsia genera, through morphological and
16S rRNA phylogenetic analyzes. A susceptibility analysis demonstrated that the strains
were largely resistant to the antibiotics oxacillin and nalidixic acid. Additionally, different
culture media (SG and R5A), and temperatures (28 and 36°C) were evaluated to
select the best culture conditions to produce the active SM. All conditions were
analyzed for active metabolites, and the best antibacterial activity was observed from
metabolites produced with SG medium at 36°C. The LGMB491 (close related to
Aeromicrobium ponti) extract showed the highest activity against methicillin-resistant
Staphylococcus aureus (MRSA), with a MIC of 0.04 mg/mL, and it was selected for SM
identification. Strain LGMB491 produced 1-acetyl-B-carboline (1), indole-3-carbaldehyde
(2), 3-(hydroxyacetyl)-indole (4), brevianamide F (5), and cyclo-(L-Pro-L-Phe) (6) as major
compounds with antibacterial activity. In this study, we add to the knowledge about the
endophytic community from the medicinal plant V. divergens and report the isolation of
rare actinomycetes that produce highly active metabolites.

Keywords: actinomycetes, endophytes, Vochysia divergens, pantanal, MRSA, secondary metabolites

INTRODUCTION

Endophytes are microorganisms that inhabit the internal tissues of plants without causing any
negative effects, and actinomycetes isolated from plants have been widely studied due their ability
to produce active metabolites (Kim et al., 2000; Zhao et al., 2011; Kadiri et al., 2014; Golinska
et al., 2015; Savi et al., 2015a,b). Actinomycetes have been used for drug discovery for more than
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five decades, producing more than 10,000 bioactive compounds.
Of these ~75% are produced by Streptomyces, the by far
mostly explored actinomycete genus. The remaining 25%
bioactive compounds were isolated from “rare actinomycetes”,
i.e., actinomycetes isolated in lower frequency than Streptomyces
(Rong and Huang, 2012; Tiwari and Gupta, 2012). Since,
the rare actinomycetes are an underexplored group, the use
of these organisms, and their compounds have gained great
importance in drug discovery programs (Rong and Huang, 2012;
Tiwari and Gupta, 2012), mainly to combat infections caused
by resistant microorganisms. The widespread use of broad-
spectrum antibiotics has created a strong selective pressure,
resulting in survival, and spread of resistant bacteria (Davies
and Davies, 2010). The increase in bacterial resistance is a major
concern for public health (Ventola, 2015). Unfortunately, many
pharmaceutical companies have reduced or eliminated their
search for new antibiotics, due to economic reasons, exasperating
the problem further (Borrero et al., 2014). In order to find
microorganisms with potential to produce active metabolites
our group has been searching endophytic microorganisms from
medicinal plants located in underexplored environments, such
as the Brazilian wetland regions (Savi et al., 2015a,b; Hokama
et al., 2016; Pefia et al., 2016; Santos et al., 2016; Tonial et al.,
2017). The Brazilian Pantanal is the largest wetland in the world,
and it is characterized by two seasons: flooding and the dry.
Hence, the Pantanal has developed a peculiar biological diversity
regarding its fauna and flora (Alho, 2008). According to Arieira
and Cunha (2006), only 5% of the species of plants of the
Pantanal can survive the stress caused by drought and flood
periods. Among them is the medicinal plant Vochysia divergens,
which is commonly used in form of syrups and teas for the
treatment of colds, coughs, fever, pneumonia, and other diseases
(Pott et al., 2004). In a study carried out with endophytes from
V. divergens, Savi et al. (2015a) identified actinomycetes able
to produce highly active metabolites. However, the study was
performed with a small number of isolates, and the diversity
of V. divergens remained little explored. Thus, the focus of
this study is to identify endophytic actinomycetes from the
medicinal plant V. divergens and to assay their secondary
metabolites, dependent on different culture conditions, against
clinical pathogens associated with antibiotic resistance.

MATERIALS AND METHODS

Sample Collection

V. divergens leaves with no marks or injuries were collected
from 21 plants located in the Pantanal sul-mato-grossense/Brazil,
specifically in two regions of the Pantanal of Miranda, Abobral
(19°30'09.5”S, 57°02'32.2"W) and Sio Bento (19°28'53.9”S,
57°02'36.9"W).

Isolation of Actinomycetes

The leaves from V. divergens were subjected to surface
sterilization according to a protocol described by Petrini (1986).
The leaves were fragmented (8 x 8 mm) and deposited on petri
dishes containing starch casein agar (SCA) (Mohseni et al., 2013),
with nalidixic acid (50 pg/mL) and cycloheximide (50 pg/mL).

The plates were incubated at 28°C for 30 days, and were
examined daily for the presence of colonies. The actinomycetes
isolates were deposited in the Laboratério de Genética de
Microrganismos (LabGeM) culture collection, Federal University
of Parand, Brazil (http://www.labgem.ufpr.br/).

Identification

Morphological Analysis

Four different culture media were used to access the macro-
morphological characteristics, ISP2—Agar yeast-malt extract;
ISP3—Oat Agar; ISP4—Agar Starch and inorganic salts; [SP5—
Glycerol Asparagine Agar (Shirling and Gottlieb, 1966). The
isolates were streaked on the plates and incubated at 28°C for
21 days. The characteristics evaluated were growth rate, the
formation and color of aerial spore mass and substrate mycelia.

Molecular Taxonomy

Total genomic DNA was extracted from 3 day old cultures
using the method described by Raeder and Broda (1985).
Partial sequence of the 16S rRNA gene was amplified using
primers 9F (5GAGTTTGATCCTGGCTCAG3') and 1541R
(5’ AAGGAGGTGATCCAGCC3'), as described by Savi et al.
(2016). The PCR product was purified using Exol and FastAP
enzymes (GE Healthcare, USA), and sequenced using the
BigDye® Terminator v3.1 Kit. The products were purified
with SephadexG50 and submitted to an ABI3500® automated
sequencer (Applied Biosystems, Foster City, CA, USA).
Consensus sequences were analyzed and aligned using Mega 6.0
(Tamura et al., 2013) and BioEdit, and compared to sequences
available in the GenBank database (http://www.ncbi.nlm.nih.
gov/BLAST/). Type strain sequences were found through search
in the List of Prokaryotic Names with Standing Nomenclature
database (http://www.bacterio.net/). All sequences obtained were
deposited in the GenBank, the accession numbers are listed in
Table 1. For Bayesian inference analysis, a Markov Chain Monte
Carlo (MCMC) algorithm was used to generate phylogenetic
trees with posterior probabilities using MrBayesv3.2.6 x86
(Ronquist et al., 2011). GRT evolutionary model was determined
using the Akaike Information Criterion (AIC) in R software (R
Core Team, 2017) and the phangorn package (Schliep, 2011).
Comparisons of sequences with respect to their percentile
similarity were estimated using the R software (R Core Team,
2017) and the pegas package (Paradis, 2010).

Antibiotic Sensitivity

The susceptibility of the endophytes to 11 antibiotics, oxacilin (a
penicillin), vancomycin (a glycopeptide), chloramphenicol (an
amphionicol), meropenem (a carbapenem), streptomycin (an
aminoglycoside), tetracycline (a tetracycline), gentamicin
(another aminoglycoside), rifampicin (a macrolactam),
ampicillin (another penicillins), ceftazidime (a third generation
cephalosporin), and nalidixic acid (a quinolone) were evaluated
as described by Passari et al. (2015). The analysis was performed
considering the isolate sensitive (S) with an inhibition zone
> 20 mm, intermediate (I) with an inhibition zone of 10-19.9
mm and resistant (R), if the inhibition zone was between 0.0-9.9
mm (Williams et al., 1989).
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Biological Activity

Screening of Culture Conditions

Isolates were inoculated in 50 mL of SG medium (Shaaban et al.,
2011), incubated for 3 days at 36°C and 180 rpm. Subsequently, 1
mL from the pre-culture was inoculated in SG and R5A media
(100 mL) (Fernandez et al., 1998), and incubated for 10 days
at two different temperatures, 28 and 36°C, and 180 rpm. The
culture was filtered-off on Whatmann 4 filters, the water fraction
was extracted with EtOAc (3 x 100 mL). The combined organics
were evaporated in vacuo at 40°C and diluted in methanol at 10
mg/mL.

Antibacterial Activity—Disk Diffusion Assays

The antibacterial activity of crude extracts and the isolated
compounds 1-9 was evaluated against methicillin-sensitive
Staphylococcus aureus (MSSA) (ATCC 25923), methicillin-
resistant S. aureus (MRSA) (BACHC-MRSA), Pseudomonas
aeruginosa  (ATCC  27853), Candida albicans (ATCC
10231), Acinetobacter baumannii (BACHC-ABA), Klebsiella
pneumoniae, the producer of the enzyme KPC (K. pneumoniae
carbapenemase) (BACHC-KPC), Stenotrophomonas maltophilia
(BACHC-SMA), and Enterobacter cloacae a producer of the
enzyme VIM (Verona integron-encoded metallo-B-lactamase)
(BACHC-VIM). The bacteria were cultivated for 12 h at 37°C,
and diluted according to the McFarland standard 0.5 scale. Each
test organism was streaked on a sterile Mueller-Hinton agar plate
with a cotton swab. Extracts were aliquoted in 100 g amounts
per 6 mm sterile filter disc. The discs were placed on plates and
incubated for 24 h at 37°C. The diameter halos were measured
in millimeters. As a positive control, a disc with a standard
antibiotic with activity against each of the bacteria was used, and
pure methanol was used as negative control (CLSI, 2015; Savi
et al., 2015b).

MIC-Minimum Inhibitory Concentration and
MBC-Minimum Bactericidal Concentration

Extracts from strain LGMB491 that showed high antibacterial
activity were selected to determine the minimum inhibitory
concentration. The MIC of extracts against the clinical pathogens
was performed as described by Ostrosky et al. (2008) and CLSI.
The minimum bactericidal concentration was determined as
described by Soltani and Moghaddam (2014).

Statistical Analyses

The statistical analysis was performed using analysis of variance
(ANOVA) to compare extract effects to their respective controls.
We also performed Post-hoc tests using Tukey’s honest significant
difference. All tests premises were fulfilled; the significance level
used was 0.05 (o).

Large-Scale Fermentation, Extraction and Isolation

A large-scale fermentation (10 L) of strain LGMB491 was
performed using SG culture medium at 36°C for 10 days. The
culture was subjected to extraction with EtOAc (3 x v/v), and
the combined organic layers were evaporated in vacuo at 40°C to
yield 653 mg of crude extract. The crude extract was subjected to
reverse phase Cjg column chromatography (20 x 8 cm, 250 g),

eluted with a gradient of H,O-MeOH (100:0-0:100) to produce
fractions FI-FV. The single fractions were subjected to HPLC
and Sephadex LH-20 (MeOH; 1 x 20 cm) purifications to yield
compounds 1-9 in pure form (Figure 9, Figure S9). NMR spectra
were measured using a Varian (Palo Alto, CA) Vnmr 400 (‘H,
400 MHz; 13C, 100 MHz) spectrometer, 8-values were referenced
to the respective solvent signals (CD3;OD, 8y 3.31 ppm, 8¢
49.15 ppm; DMSO-dg, 8y 2.50 ppm, 3¢ 39.51 ppm). HPLC-
MS analyses were accomplished using a Waters (Milford, MA)
2695 LC module (Waters Symmetry Anal C;s, 4.6 x 250 mm,
5 wm; solvent A: H,0/0.1% formic acid, solvent B: CH3CN/0.1%
formic acid; flow rate: 0.5 mL min~'; 0-4 min, 10% B; 4-22 min,
10-100% B; 22-27 min, 100% B; 27-29 min, 100-10% B; 29-30
min, 10% B). HPLC analyses were performed on an Agilent 1260
system equipped with a photodiode array detector (PDA) and a
Phenomenex Cig column (4.6 x 250 mm, 5 um; Phenomenex,
Torrance, CA). Semi-preparative HPLC was accomplished using
Phenomenex (Torrance, CA) Cig column (10 x 250 mm, 5 um)
on a Varian (Palo Alto, CA) ProStar Model 210 equipped with a
photodiode array detector and a gradient elution profile (solvent
A: H,0, solvent B: CH3CN; flow rate: 5.0 mL min~'; 0-2 min,
25% B; 2-15 min, 25-100% B; 15-17 min, 100% B; 17-18 min,
100-25% B; 18-19 min, 25% B). All solvents used were of ACS
grade and purchased from the Pharmco-AAPER (Brookfield,
CT). Size exclusion chromatography was performed on Sephadex
LH-20 (25-100 pm; GE Healthcare, Piscataway, NJ).

RESULTS

Isolation of Endophytic Actinomycetes

From 2,988 fragments analyzed, 10 endophytic actinomycetes
were isolated (Table 1), thus the isolation frequency was 0.34%.
From the 10 isolates, 70% (n = 7) were isolated from the Abobral,
and 30% (n = 3) from the Sdo Bento region. Five isolates were
obtained from stems, and five from leaf tissues of the plant
(Table 1).

Morphological Identification

A great macro-morphological diversity was observed, with white,
ivory-white, pink, brown, gray, orange, and yellow colony colors.
Most of isolates showed abundant to moderate growth after 21
days of incubation, and six isolates showed abundant to moderate
spore formation on ISP2 and ISP3 media. Isolates LGMB461 and
LGMB465 showed high morphological similarity, and probably
represent the same species (Table 1).

Molecular Analysis

Using a BLAST analysis in the GenBank database, the isolates
were classified as eight genera: Aeromicrobium, Williamsia,
Microbacterium, Sphaerisporangium, Micrococcus, Microbispora,
Actinomadura, and Streptomyces. Each genus was analyzed in a
separate phylogenetic tree based on Bayesian inference.

Actinomadura (LGMB466 and LGMB487)

The alignment consisted of strains LGMB466 and LGMB487,
55 type strains representative of Actinomadura genus, and
Streptomyces glauciniger (AB249964) as out group taxa. The
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analysis comprises of 1,402 characters, 1,011 of these were
conserved, 124 were parsimony informative and 131 were
uninformative. Strains LGMB466 and LGMB487 showed high
similarity among themselves (98.86%), and in the phylogenetic
analysis these isolates did not cluster with any species from the
Actinomadura genus (Figure 1, Table S1), and probably represent
a new species.

Aeromicrobium (LGMB491)

Strain LGMB491 was aligned with all type strains from the
Aeromicrobium genus (12 species), and Nocardioides albus
(X53211) was used as out group taxa. The alignment consisted
of 1,336 characters, 1,164 of these were conserved, 89 were
parsimony informative and 68 were uninformative. Based on

this phylogenetic analysis, strain LGMB491 is close related
to Aeromicrobium ponti (Figure2), sharing high sequence
similarity, 99.25 % (Table S2).

Microbacterium (LGMB471)

Strain LGMB471 was aligned with type strains from the
Microbacterium genus, and Agrococcus jenensis (X92492) as out
group taxa. The alignment comprised of 1,314 characters, of
those 721 conserved sites, 122 were parsimony informative, and
57 uninformative. In the phylogenetic tree, isolate LGMB471
ended up in a single branch related to species Microbacterium
liquefaciens, Microbacterium maritypicum, Microbacterium
oxydans, Microbacterium luteolum, Microbacterium saperdae,
and Microbacterium paraoxydans (Figure 3, Table S3).

0,76

0,55

0,63

0,64

0.03

FIGURE 1 | Bayesian phylogenic tree based on 16S rRNA gene of LGMB466, LG
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FIGURE 2 | Bayesian phylogenic tree based on 16S rRNA gene of LGMB491 and the 12 type strain of Aeromicrobium genus. Values on the node indicate Bayesian
posterior probabilities. The species Nocardioides albus was used as out group. Scale bar indicates the number of substitutions per site.

TABLE 2 | Antibiotic sensitivity pattern of endophytic actinomycetes.

Strain/Genera

Antibiotic sensitivity

Oxa1pg Van30pg Clo30png Mer10pg Est10pg Tet30png Gen10pg Rif5pg Amp10pg Caz30pg Nal30pg

Actinomadura sp.
LGMB466
Actinomadura sp.
LGMB487
Aeromicrobium ponti
LGMB491
Microbacterium sp.
LGMB471
Microbispora sp.
LGMB461
Microbispora sp.
LGMB465
Micrococcus sp.
LGMB485
Sphaerisporangium sp
LGMB482
Streptomyces
thermocarboxydus.
LGMB483

Williamsia serinedens.
LGMB479

R

S

S

S S S | R R R
S S S S S S
S S S S R S S
S S S R R R
S S S R R R
S S R R R

| R S R
S S S R R R
S | S R R R R
S | S S R

Degree of susceptibility: >20 mm—Sensitive; 10-19.9 mm—intermediate; 0.0-9.9 mm resistant. Oxa, Oxacillin (1 ug/disc); Van, Vancomycin (30 ng/disc); Clo, Chloramphenicol
(30 ng/disc); Mer, Meropenem (10 ng/disc); Est, Streptomycin (30 ng/disc); Tet, Tetracycline (30 ng/disc);.Gen, Gentamicin (10 ng/disc); Rif, Rifampicin (5 wg/disc); Amp, Ampicillin
(10 ng/disc); Caz, Ceftazidime (30 ng/disc); Nal, Nalidixic acid (30 ug/disc).
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FIGURE 3 | Bayesian phylogenic tree based on 16S rRNA gene of LGMB471 and the 94 type strain of Microbacterium genus. Values on the node indicate Bayesian
posterior probabilities. The species Agrococcus jenensis was used as out group. Scale bar indicates the number of substitutions per site.
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Microbispora (LGMB461 and LGMB465)

The analysis comprises of strains LGMB461 and LGMB465,
10 species accepted in Microbispora genus, and the isolates
previously reported as Microbispora sp.1, Microbispora sp.2, and
Microbispora sp.3 (Savi et al., 2016). Actinomadura echinospora
(AJ420135) was used as out group taxa. The alignment
consists of 1,371 characters, 1,309 of these were conserved,
33 were parsimony informative, and 29 uninformative. In the
phylogenetic analysis strains LGMB461 and LGMB465 presented
similarity with Microbispora sp.1 (LGMB259) with 99.84 and
100% f similarity, respectively (Figure 4, Table S4).

Micrococcus (LGMB485)

The Bayesian analysis comprised of all Micrococcus type
strains, strain LGMB485 and Citricoccus parietis (FM9923367)
as out group taxa (Figure5). The alignment consisted of
1,340 characters with 452 conserved sites, nine were parsimony
informative and 19 uninformative. Since the sequences were very
similar (Table S5) and the alignment had only nine parsimony
informative sites, a species designation cannot be assigned, and
isolate LGMB485 was identified as Micrococcus sp.

Sphaerisporangium (LGMB482)

For the Bayesian analysis, the sequence from LGMB482 was
aligned with strains of the Sphaerisporangium genus, and
Actinomadura madurae (X97889) was used as out group taxa.
The alignment consisted of 1,320 characters, 886 of these
were conserved, 51 were parsimony informative and 47 were
uninformative. Strain LGMB482 is closely related to S. melleum
AB208714 (99.4% similarity) and S. viridalbum X89953 (97.89%
similarity), however, it is in an isolated branch and may represent
a new species of the Sphaerisporangium genus (Figure 6,
Table S6).

Streptomyces (LGMB483)

The phylogenetic analysis was performed using 23 type strains
closely related with LGMB483; including Streptomyces albus
subsp. albus (X53163) as out group taxa. The alignment
consisted of 1,391 characters, with 1,291 conserved sites, 45
were parsimony informative, and 39 uninformative. In the
phylogenetic tree, isolate LGMB483 grouped with Streptomyces
thermocarboxydus, sharing 99.86% of similarity (Figure 7,
Table S7), and thus we suggest this isolate may belongs to this
species.

Williamsia (LGMB479)

The analysis consists of 11 sequences, including all type strains of
the Williamsia genus, the strain LGMB479, and Mycobacterium
tuberculosis (X58890) was used as out group taxa. The alignment
comprises of 1,346 characters, of these 1,185 were conserved, 81
were parsimony informative and 56 were uninformative. Strain
LGMB479 was in the same clade with Williamsia serinedens
(AM283464) (Figure 8) and share 99.85% sequence similarity
(Table S8), and may belongs to this species.

Antibiotic Sensitivity Test

In order to characterize the susceptibility profiles of the
endophytes, 11 antibiotics with different mechanisms-of-
action were utilized. Isolates were susceptible to vancomycin
(80% sensitive and 20% intermediate), streptomycin (90%
sensitive and 10% intermediate), tetracycline (70% sensitive
and 30% intermediate), and gentamicin (80% sensitive and 20%
intermediate). The two isolates of Microbispora sp. (LGMB461
and LGMB465) showed resistance to meropenem, and 90% of
the isolates showed resistance to oxacillin, and nalidixic acid
(Table 2).

Antibacterial Activity of Crude Extracts

All strains and culture conditions analyzed produced active
extracts (Table 3, Table S9), however, the extract from LGMB491
(close related to A. ponti) cultured in SG medium at 36°C
showed great antibacterial activity against S. aureus (22 mm)
and MRSA (19.8 mm), and moderate activity against others
clinical pathogens (Table 3, Figures S1-S8). The MIC and MBC
of extract from LGMB491 against S. aureus and methicillin-
resistant S. aureus were 0.02, and 0.04 mg/mL, respectively,
and the MBC was 5 mg/mL for both bacteria (Table4). In
addition, the crude extract from LGMB491 had an MIC of 0.63
mg/mL against gram-negative bacteria associated with antibiotic
resistance, K. pneumoniae KPC, S. maltophilia, and E. cloacae
VIM, and a MIC of 0.31 mg/mL against A. baumannii and
P. aeruginosa, respectively (Table 4).

Structure Determination of Secondary

Metabolites from Strain LGMB491

Scale-up fermentation of strain LGMB491 (10 L) using SG
medium, followed by extraction afforded 653mg of crude
extract. Fractionation, isolation and purification of the obtained
extract using various chromatographic techniques resulted
in compounds 1-9 in pure forms (Figure S9). Thorough
analyses of the HPLC/UV, ESIMS and NMR spectroscopy
data (Figure S10-S43), and by comparison with literature data
(Laatsch, 2012), the compounds were identified as 1-acetyl-B-
carboline (1) (Shaaban et al., 2007; Savi et al., 2015b), indole-
3-carbaldehyde (2) (Zendah et al, 2012; Savi et al., 2015b),
tryptophol (3) (Rayle and Purves, 1967), 3-(hydroxyacetyl)-
indole (4) (Zendah et al., 2012), brevianamide F (5) (Shaaban,
2009), cyclo-(L-Pro-L-Phe) (6) (Barrow and Sun, 1994), cyclo-
(L-Pro-L-Tyr) (7) (Barrow and Sun, 1994), cyclo-(L-Pro-L-
Leu) (8) (Yan et al, 2004), and cyclo-(L-Val-L-Phe) (9)
(Pickenhagen et al., 1975) (Figure9). In order to determine
the compounds responsible for the biological activity observed
for the crude extract of strain LGMB491, we evaluated the
antibacterial activity of compounds 1-9 against S. aureus and
methicillin-resistant S. aureus. 1-Acetyl-B-carboline (1) showed
an equivalent activity as the antibiotic methicillin against
S. aureus, however, different from this antibiotic, compound
1 also showed activity against MRSA (Table 5). In addition,
compounds 2, 4-6 also showed moderate activity against both
MSSA and MRSA.

Frontiers in Microbiology | www.frontiersin.org

34

September 2017 | Volume 8 | Article 1642


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Gos et al.

Antibacterial Activity of Endophytic Actinomycetes
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Microbispora hainanensis (FJ261972)
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1
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ﬁ
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— LGMB261 (KT345246)

Actinomadura echinospora (AJ420135)

0.006

,1— Microbispora thailandensis (HM043728)

| Microbispora mesophila (AF002266)

FIGURE 4 | Bayesian phylogenic tree based on 16S rRNA gene of LGMB461, LGMB465, the 10 type strain of Microbispora genus, and 7 strains previously reported
by Savi et al. (2016). Values on the node indicate Bayesian posterior probabilities. The species Citricoccus parietis was used as out group. Scale bar indicates the

number of substitutions per site.

Micrococcus terreus (FJ423763)

— LGMB485 (KY423496)

Micrococcus sp.

Micrococcus flavus (DQ491453)

0,63]

Citricoccus parietis (FM992367)

0.004

Micrococcus lylae (X80750)

Micrococcus aloeverae (KF524364)

Micrococcus luteus (AJ536198)

Micrococcus yunnanensis (FJ214355)

— Micrococcus endophyticus (EU005372)

Micrococcus antarticus (AJ005932)

Micrococcus cohnii (FR832424)

FIGURE 5 | Bayesian phylogenic tree based on 16S rRNA gene of LGMB485 and the 9 type strain of Micrococcus genus. Values on the node indicate Bayesian
posterior probabilities. The species Citricoccus parietis was used as out group. Scale bar indicates the number of substitutions per site.

Frontiers in Microbiology | www.frontiersin.org

35

September 2017 | Volume 8 | Article 1642


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Gos et al. Antibacterial Activity of Endophytic Actinomycetes

Sphaerisporangium flaviroseum (EU499338)

LGMB482 (KY458126) Sphaerisporangium sp.

Sphaerisporangium melleum (AB208714)

Sphaerisporangium viridalbum (X89953)

—— Sphaerisporangium krabiense (HM037365)

Sphaerisporangium siamense (HM043727)

Sphaerisporangium cinnabarium (X89939)

0,51 —— Sphaerisporangium album (EU499344)

Sphaerisporangium rufum (AB842299)

Sphaerisporangium aureirubrum (KM094177)

—— Sphaerisporangium rubeum (AB208718)

Actinomadura madurae (X97889)

0.02

FIGURE 6 | Bayesian phylogenic tree based on 16S rRNA gene of LGMB482 and the 10 type strain of Sphaerisporangium genus. Values on the node indicate
Bayesian posterior probabilities. The species Actinomadura madurae was used as out group. Scale bar indicates the number of substitutions per site.

— Streptomyces mexicanus (AB249966)
LGMB483 (KY423333)
Streptomyces thermocarboxydus (U94490)

S. thermocarboxydus

Streptomyces lusitanus (AB184424)

Streptomyces hyderabadensis (FM998652)
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1
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o 0.5 Streptomyces somaliensis (AJO07403)
1 Strep (AB249917)
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Streptomyces prasinosporus (AB184390)
i [ Streptomyces chromofuscus (AB184194)
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FIGURE 7 | Bayesian phylogenic tree based on 16S rRNA gene of LGMB483 and the 33 type strain of Streptomyces genus. Values on the node indicate Bayesian
posterior probabilities. The species Streptomyces albus subsp.albus was used as out group. Scale bar indicates the number of substitutions per site.
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Williamsia sterculiae (KC550143)
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Williamsia maris (AB010909)
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Williamsia phyllosphaerae (FR691321)
Mycobacterium tuberculosis (X58890)

FIGURE 8 | Bayesian phylogenic tree based on 16S rRNA gene of LGMB479 and the 9 type strain of Willamsia genus. Values on the node indicate Bayesian posterior
probabilities. The species Mycobacterium tuberculosis was used as out group. Scale bar indicates the number of substitutions per site.
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W. serinedens

Williamsia faeni (DQ157929)

Williamsia limnetica (HQ157192)

Williamsia marianensis (AY894336)

Williamsia muralis (Y17384)

DISCUSSION
Endophytes Isolation and Identification

Actinomycetes from medicinal plants are the source of several
secondary metabolites with biological activity (Qin et al., 2015;
Savi et al., 2015b), and their metabolites may be associated
with the medicinal properties of the plant host (Kusari et al,
2013; Santos et al,, 2015). We explored the endophytes from
the medicinal plant V. divergens, in order to catalog the species
richness and biological properties. A low frequency of isolation
(0.34%), compared with the isolation of terrestrial actinomycetes,
was observed, in agreement with literature data (Passari et al.,
2015). However, despite the lower isolation frequency a higher
richness of genera was observed (Passari et al, 2015; Saini
et al., 2016). We reported for the first time the isolation of
strains close related to the species A. ponti (LGMB491) and
Williamsia serinedens (LGMB479) as endophytes. A. ponti
was originally isolated from seawater (Lee and Lee, 2008),
and has been found in this environment (Jiang et al., 2010;
Claverias et al., 2015). W. serinedens was first isolated from an
oil-contaminated soil sample and it is common isolated from
different types of soil (Yassin et al., 2007). In addition, species
S. thermocarboxydus was isolated from soil (Kim et al., 2000),
and was recently described as endophyte from a medicinal
plant in India (Passari et al., 2015). Based on the 16S rRNA

phylogenetic analysis we suggest that strains LGMB471 and
LGMB482 may represent new species within the Microbacterium
and Sphaerisporangium genera, respectively (Figures 3, 6), and
isolates LGMB466 and LGMB487 seem to be a new species
within the Actinomadura genus (Figure 1). Isolates LGMB461
and LGMB465 belong to genus Microbispora, and showed high
sequence similarity with strains belonging to Microbispora
sp.1 group, previously isolated from V. divergens (Savi et al.,
2016). However, sequencing others genes than 16S rRNA,
and DNA-DNA hybridization would be required for species
description (Meyers, 2014). Microbacterium, Sphaerisporangium,
and Micrococcus species are common associated with medicinal
plants in different regions, and climate conditions (Kim et al,
2000; Kamil et al,, 2014; Xing et al, 2015). However, none
of these has been isolated from wetland regions. Savi et al.
(2015a) performed the first report about actinomycetes from
the medicinal plant V. divergens. However, despite the higher
number of isolates, the authors then just identified three genera
as endophytes from this plant, Microbispora, Micromonospora,
and Streptomyces. In addition to those genera previously
mentioned (Microbispora and Streptomyces) we isolated species
belonging to Actinomadura, Aeromicrobium, Microbacterium,
Sphaerisporangium, Micrococcus, and Williamsia (Figures 1-8),
thereby significantly increasing the knowledge regarding
endophytes from V. divergens.
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TABLE 4 | Minimum Inhibitory and Minimum Bactericidal Concentrations of the
extract from strain Aeromicrobium ponti LGMB491.

Microrganism MIC (mg/mL) MBC
Methicillin-sensitive S. aureus (MSSA) 0.02 5.0

Methicillin-resistant S. aureus (MRSA) 0.04 5.0

Acinetobacter baumannii 0.31 0.63
Pseudomonas aeruginosa 0.31 0.63
Enterobacter cloacae producer of VIM 0.63 1.25
Klebsiella pneumoniae producer of KPC 0.63 1.25
Stenotrophomonas maltophilia 0.63 1.25

Antibiotic Sensitivity Assay

In order to characterize the susceptibility profile as well as to
suggest antibiotics to be used in actinomycete isolation, we
evaluated the susceptibility profile of endophytes. We detected
significant resistance to antibiotics oxacillin and nalidixic acid,
only strain Actinomadura LGMB487 was sensitive to both
compounds (Table 2). Nalidixic acid is the antibiotic used
to inhibit bacterial growth during actinomycete isolation,
however, even with the use of this compound, the presence
of contaminating bacteria was common (Baskaran et al,
2011; Kadiri et al, 2014). Therefore, based on the high
resistance to oxacillin observed in this study, we suggest the
use of this antibiotic to inhibit bacterial growth during the
isolation of actinomycetes. Strains LGMB466 and LGMB487,
both characterized as Actinomadura sp., showed a complete
different sensitivity pattern: strain LGMB487 was resistant only
to chloramphenicol, and LGMB466 showed resistance to four
antibiotics, and intermediate resistant to chloramphenicol, and
rifampicin, suggesting that the resistance profile of isolates is not
associated with the intrinsic factors of Actinomadura genus. The
resistance observed in these strains can result from the presence
of plasmids, which contributes to the well-known problem of
antibiotic resistance (Wintersdorff et al., 2016). In addition,
vancomycin, streptomycin, tetracycline, and gentamicin were
previously reported from actinomycetes (Gonzalez and Spencer,
1998; Chopra and Roberts, 2001; Levine, 2006; Zumla et al.,
2013), however, all strains evaluated here showed some sensitivity
level to these antibiotics, which suggest that these compounds are
not present as secondary metabolites from our isolates.

Biological Activity and Secondary

Metabolites Identification

All isolates and conditions analyzed produced active secondary
metabolites, ratios superior than observed in previous studies
(Higginbotham and Murphy, 2010; Passari et al., 2015; Tonial
et al, 2016), suggesting the high biotechnological potential
of the evaluated strains. This may be related to the culture
conditions used to obtain the secondary metabolites. Extracts
from LGMB491 (close related to A. ponti) showed great activity
against MRSA, with inhibition zones higher than caused by
vancomycin, the clinical antibiotic used for the treatment of
this resistant bacterium (Table 3). In addition, extracts from
strain LGMB491 also had considerable MIC, and MBC values

Frontiers in Microbiology | www.frontiersin.org

39

September 2017 | Volume 8 | Article 1642


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Gos et al. Antibacterial Activity of Endophytic Actinomycetes

— R O
Z~N % N HN HN
H 0o H |

2: R=CHO; Indole-3-carbaldehyde
3: R=CH,CH,0H; Tryptophol
4: R=COCH,0H; 3-(Hydroxyacetyl)-indole 5: Brevianamide F

getesiiteriiicben

N
0O

1: 1-Acetyl-#-carboline

. Cyclo-(L-Pro-L-Phe)

6: R=H
7: R=0H; Cyclo-(L-Pro-4-OH-L-Phe) 8: Cyclo-(L-Pro-L-Leu) 9: Cyclo-(L-Val-L-Phe)

R
R

FIGURE 9 | Chemical structure of compounds isolated from strain Aeromicrobium ponti LGMB491.

TABLE 5 | Inhibition zone (mm) growth of methicillin-sensitive Staphylococcus aureus (MSSA) and methicillin-resistant S. aureus (MRSA) of compounds 1-9 (100 pg/disk).

W 1 2 3 4 5 6 7 8 9 Methicillin
Microorganism

MSSA 18 10 10 10 11 10 - - - 20
MRSA 15 9 - 8 9 9 - - - -

against S. aureus, MRSA, K. pneumoniae KPC, S. maltophilia,  activity of compound 1 against MRSA, and suggest the use
A. baumannii, P. aeruginosa, and E. cloacae VIM. These data  of this compound for an effective treatment of this resistant
suggest the presence of metabolites with broad spectrum activity ~ bacterium (Shin et al, 2010; Lee et al., 2013). In addition to
(Smith etal., 2011). Compounds with broad spectrum activityare  1-acetyl-p-carboline (1), compounds 2-6 displayed moderate
required to treat multidrug resistant pathogens, such as MRSA,  antibacterial activity, and may act synergistically with compound
S. maltophilia, P. aeruginosa, and A. baumannii (Bonomo and (1), contributing for the activity observed. Brevianamide F (5),
Szabo, 2006; Cikman et al., 2016), bacteria that are considered  an alkaloid, was isolated for the first time from Penicillium
one of the most urgent issues in modern healthcare (Paulus  brevicompactum (Birsh and Wright, 1969), and has nematocidal
et al, 2017). Therefore, due to the good activity observed,  (Shiomi and Omura, 2004), anti-inflammatory (Rand et al,
and the absence of studies about metabolites with biological ~ 2005), and antibacterial activity against methicillin-sensitive and
activity from A. ponti species, we decided to characterize the  resistant S. aureus (Kumar et al., 2014; Alshaibani et al., 2016).
major compounds produced by strain LGMB491. From the nine  Cyclo-(L-Pro-L-Phe) (6) is a diketopiperazine, i.e., a member of
secondary metabolites isolated, 1-acetyl-B-carboline (1) turned  these cyclic dipeptides commonly isolated from microorganisms
out to be the compound responsible for the antibacterial activity ~ that have been associated with antimicrobial activity, and plant
of the LGMB491 extract. The compound displayed high activity =~ growth regulation (Zhang et al., 2013; Kalinovskaya et al., 2017).
against the MRSA (Table 5). B-carbolines are normally isolated  Interesting, several diketopiperazines, including cyclo-(L-Pro-L-
from plants with a large spectrum of biological activity (Lee  Phe), were previously isolated from Aspergillus fumigatus from a
et al., 2013). Savi et al. (2015b) reported the production of  soil sample of the Pantanal, and showed high antibacterial activity
four B-carbolines by the Microbispora sp. 1 also isolated from  against S. aureus (Furtado et al., 2005), which supports the idea
V. divergens. The authors isolated as the major metabolite the  of synergism of the compounds produced by strain LGMB491.
compound 1-vinyl-B-carboline-3-carboxylic acid, and attributed ~ The indoles isolated from strain LGMB491 are commonly
the vinyl chain as the likely responsible structural feature causing ~ produced by plants and endophytic microorganism (Braga et al.,
the antibacterial activity of this natural product. However, 1-  2016). 3-(Hydroxyacetyl)-indole (4) showed a broad-spectrum
acetyl-p-carboline (1), found during this study, showed also  antibacterial activity against methicillin-resistant S. aureus, and
high biological activity, which is unlikely associated with the  against vancomycin-sensitive or resistant Enterococci, attributed
acetyl chain in position 1. Several studies demonstrated great  to disruption of cell membrane (Sung and Lee, 2007). In plants,
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indole-3-carbaldehyde (3) is associated with the innate immunity
to microbial pathogen infections (Stahl et al, 2016). This
compound was also produced by Microbispora sp. 1 previously
isolated from the medicinal plant V. divergens (Savi et al,
2015b). Some studies suggested that indole compounds play an
important role in plant-microorganism interaction and plant
defense (Gamir et al.,, 2012; Lin and Xu, 2013; Jeandet et al.,
2014).

CONCLUSION

In this study, we increased the knowledge regarding the
endophytic community of the medicinal plant V. divergens,
through the isolation of rare actinomycetes, some of which
were never described as endophytes. We identified for the first
time some secondary metabolites produced by one strain close
related to the species A. ponti, and demonstrated that this
species is able to produce indoles, p-carbolines, brevianamide,
and diketopiperazines. Future studies to evaluate the potential
of these compounds in animal models are required to better
understand the potential of compound 1-acetyl-B-carboline as
an alternative to treat MRSA infections. Our results indicate that
actinomycetes from V. divergens have biotechnological potential
as producer of bioactive compounds.
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The emergence and spread of multi-drug resistant (MDR) especially carbapenem-
resistant Klebsiella pneumoniae is a major emerging threat to public health, leading
to excess in mortality rate as high as 50-86%. MDR K. pneumoniae manifests all
broad mechanisms of drug resistance, hence development of new drugs to treat
MDR K. pneumoniae infection has become a more relevant question in the scientific
community. In the present study a potential Streptomyces sp. ASK2 was isolated
from rhizosphere soil of medicinal plant. The multistep HPLC purification identified
the active principle exhibiting antagonistic activity against MDR K. pneumoniae. The
purified compound was found to be an aromatic compound with aliphatic side chain
molecule having a molecular weight of 444.43 Da. FT-IR showed the presence of OH
and C=0 as functional groups. The bioactive compound was further evaluated for
drug induced toxicity and efficacy in adult zebrafish infection model. As this is the first
study on K. pneumoniae — zebrafish model, the infectious doses to manifest sub-clinical
and clinical infection were optimized. Furthermore, the virulence of K. pneumoniae in
planktonic and biofilm state was studied in zebrafish. The MTT assay of ex vivo culture of
zebrafish liver reveals non-toxic nature of the proposed ASK2 compound at an effective
dose. Moreover, significant increase in survival rate of infected zebrafish suggests that
ASK2 compound from a new strain of Streptomyces sp. was potent in mitigating MDR
K. pneumoniae infection.

Keywords: carbapenem resistant, MDR Klebsiella pneumoniae, zebrafish, Streptomyces sp. ASK2, bioactive
compound

INTRODUCTION

The emergence and spread of pathogens harboring extended spectrum B-lactamase-like
carbapenem-resistant Klebsiella pneumoniae (CR-KP), Escherichia coli, and other gram negative
bacteria are major emerging threat to public health (Schwaber and Carmeli, 2008; Vatopoulos,
2008). Of particular concern is the spread of multi-drug resistant (MDR) strains of K. pneumoniae,
an encapsulated opportunistic pathogen, colonizes the human gastrointestinal tract, skin,
nasopharynx and urinary tract. The pathogen is characterized by the presence of major virulence
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factors such as capsule (Siu et al, 2012), type 1 and type
3 pili (Di Martino et al.,, 2003), LPS (Vuotto et al., 2014) and
siderophores (Schembri et al., 2005). Among which, the thick
polysaccharide capsule is a promising virulence factor in
K. pneumoniae that facilitate its evasion of host defenses (Yu et al.,
2008). During infectious state, K. pneumoniae grow as a biofilm
on medical equipments like catheters and this is not only crucial
for the establishment of infection but also makes treatment
difficult (Zowawi et al., 2015). K. pneumoniae is the major cause
of infections in catheterized patients, and hence categorized as
one of the top eight significant nosocomial pathogens (Ullmann,
1998; Khan et al, 2015). Added to all, K. pneumoniae is
emerged as a new MDR varieties of human pathogens that
can have drastic consequences on health care worldwide (Patel
et al., 2008; Struelens et al, 2010; Ulu et al., 2015). One
such best example is the evolution and spread of CR-KP.
Extended spectrum f-lactamase (ESBL) and carbapenamase
producing K. pneumoniae have been shown to manifest all
broad mechanisms of drug resistance (Nordmann et al., 2009)
and also confer resistance to other class of antibiotics such
as aminoglycosides, sulphonamides, trimethoprim, tetracyclines,
and chloramphenicol, as the plasmids coding for ESBLs may
also carry additional genes conferring resistance to many other
antimicrobial classes (Rawat and Nair, 2010). Various drug
resistance mechanisms including gene mutation, acquisition of
novel antibiotic catalytic genes, modification of target site and
membrane proteins, differential expression of specific genes for
efflux pumps which mediate drug effects and biofilm formation
(Tenover, 2006; Nordmann et al., 2009; Cooksey, 2011). Hence
infections caused by CR-KP are hard to treat (Kumar et al., 2011;
Thakur et al., 2013). Currently, clinicians follow one of the three
strategies for the treatment of CR-KP, the first line antibiotic such
as meropenem, fluoroquinolone, and aminoglycoside. However,
at higher concentrations, these drugs are highly toxic. The second
choices of drugs are colistin, tigecycline, and fosfomycin, are
more toxic than the fist-line drugs (Melano et al., 2003; Petrosillo
etal., 2013).

Unfortunately, the emergence of colistin resistance limits
further treatment options leading to increase in mortality rates
to as high as 50-86% (Hirsch and Tam, 2010; Tzouvelekis et al.,
2012; Capone et al., 2013). The third approach, combination
therapy has been shown to be a promising choice to overcome the
emergence of drug resistance and minimizing drug toxic effect,
but in terms of outcomes there are very few reports illustrating
combination therapy in humans (Kontopidou et al., 2014). Hence
to combat the occurrence of resistant bacteria, development of
new antimicrobials has become a more relevant question in the
scientific community.

Rhizosphere soil of medicinal plants constitutes one such
source for exploring antimicrobials owing primarily to their
rich biodiversity (Khamna et al., 2009). Streptomyces spp. are
one such group of microbes with huge and untapped potential
for antimicrobial production. Thus many scientific communities
are exploring actinomycetes spp. from various habitats for the
development of novel anti-infectives. Rhizosphere soil are rich
source of microbes, as rhizodeposition provides an important
substrate for soil microbial community (Haichar et al., 2008),

especially medicinal plants due to their unique and enormously
divergent bioactive molecules. Hence, we have selected few
medicinal plants to isolate actinomycetes spp. antagonistic
against MDR K. pneumoniae.

During early stage of drug development, drug validation is
an important step. Zebrafish (Danio rerio) are widely accepted
model in the current decade for in vivo assessment of drug
efficacy (Kari et al., 2007). The major advantages of zebrafish as
a predictive model for assessing drug induced toxicity includes
the similarity of toxicity profiles to that of humans, requirement
of small amount of drug, simple route of administration and also
the efficacy of drug can be studied for different infectious dose (Li
and Hu, 2012).

In the present study, we have selected five different medicinal
plants to isolate potential Streptomyces sp. antagonistic against
MDR K. pneumoniae. The bioactive molecule was isolated by
multistep HPLC purification. The toxicity and efficacy of the
bioactive molecule were evaluated using adult zebrafish. Also we
optimized infectious dose to manifest sub-clinical and clinical
infections using planktonic and biofilm of K. pneumoniae. Even
though many zebrafish infectious models have been developed,
this is the first study to report K. pneumoniae — zebrafish model
and ex vivo organ culture of zebrafish liver to screen drug induced
toxicity.

MATERIALS AND METHODS

Screening of Multi-drug Resistance in

K. pneumoniae

Multi-drug resistant K. pneumoniae was obtained from
Department of Microbiology, Aravind Eye Hospital, Madurai,
India. The presumptive identification of the isolate was
done using HiCrome UTI agar (HiMedia, India). Further
identification were made by performing biochemical tests such
as Indole production, MR-VP test, urease test, and lactose
fermentation at 44.5°C for 5 days (Ullmann, 1998; Podschun
etal., 2001).

Further, the strain was screened for drug resistance by
performing Kirby-Bauer disk diffusion test against various
selected antibiotics according to Clinical Laboratory Standards
Institute (CLSI) guidelines. The selected antibiotics cover a range
of B-lactams, fluoroquinolones, aminoglycosides, tetracyclines
and polypeptides. Commercially available antibiotics disks
(HiMedia, India) were used. The details of antibiotics used in the
present study are given in Table 1. Triplates were maintained and
the results were recorded as sensitive or resistant according to
CLSI standard chart.

Screening of ESBL Production

Double disk synergy method was performed to detect ESBL
production as recommended by CLSI (2011b). The method was
executed using cefotaxime (30 pg) alone and in combination
with clavulanic acid (10 pg). The cefotaxime disks were placed
30 mm apart from clavulanic-cefotaxime disk. The increase in
zone toward the disk of cefotaxime-clavulanate was considered
as positive for ESBL production (CLSI, 2011a; Kumar et al., 2014).
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TABLE 1 | Antimicrobial susceptibility pattern of clinical strain of
K. pneumoniae.

Antibiotic name Quantity of Resistance/
antibiotic sensitive/intermediate

g-lactums

I. Penicillins

Oxacillin 1o Resistance

Methicillin 5ug Resistance

1. Cephalosporins

a. First generation antibiotics

Cefazolin 30 ng Resistance

Cefadroxil 30 ng Resistance

Cefalexin 30 ng Resistance

b. Second generation antibiotics

Cefuroxime 30 ng Resistance

c. Third generation antibiotics

Cefotaxime 30 ng Resistance

Ceftazidime 30 ng Resistance

Ceftazoxime 30 ng Resistance

d. Fourth generation antibiotics

Cefepime 30 ng Resistance

Cefazolin 30 ng Resistance

Ill. Carbapenems

Imipenem 10 ng Resistance

Meropenem 10 ng Resistance

Ertapenem 10 ng Resistance

Doripenem 10 ng Resistance

IV. Aminopenicillins

Amoxicillin 10 ng Resistance

Ampicillin 10 ng Resistance

Fluoroquinolones

Levofloxacin 5ug Resistance

Gatifloxacin 5ug Resistance

Moxifloxacin 5ug Resistance

Ofloxacin 5ung Resistance

Aminoglycosides

Gentamicin 30 ng Resistance

Tobramycin 10 ng Resistance

Amikacin 10 g Sensitive

Tetracyclines

Tetracycline 30 ng Resistance

Polypeptides

Polymyxin B 300 units Sensitive

Rhizosphere Soil Collection and

Pretreatment

Rhizosphere soil of five different medicinal plants (Solanum
trilobatum, Ocimum tenuiflorum, Cardiospermum halicacabum,
Justicia adhatoda, and Wedelia chinensis) were collected from
local medicinal plant garden. The plants were removed with
intact roots and root zone soil were collected in a sterile container
and kept at 4°C for further processing (Turnbull et al., 2012).
Ten gram of each soil samples was incubated at 60°C for
40 min and re-suspended in 50 ml of saline. The re-suspended
mixture was diluted with 50 ml of saline containing 1.5% (v/v)

phenol and shaken for 30 min at 28°C (Ramakrishnan et al,
2009).

Isolation of Actinomycetes spp.

The actinomycetes spp. were isolated by serially diluting
the pretreated rhizosphere soil sample and inoculating by
spread plate method onto various agar medium recommended
for Actinomycetes spp. such as glycerol asparagine agar,
actinomycetes isolation agar (Nanjwade et al., 2010), tryptone
yeast extract medium (ISP1), yeast extract malt extract agar
(ISP2) (Busarakam et al., 2014) and Czapek dox agar (Mangamuri
et al., 2016). The media were supplemented with gentamicin
(1 pg/ml) and fluconazole (50 pg/ml) after sterilization to inhibit
the growth of bacteria and fungi, respectively (Eccleston et al.,
2008). The plates were then incubated for 21 days at 30°C. All the
morphologically different actinomycetes sp. grown on different
agar medium were sub-cultured. Further, 20% of glycerol stocks
at —80°C were maintained.

Antagonistic Activity against MDR

K. pneumoniae

Anti-bacterial activity of 51 actinomycetes isolates were assayed
to select a potential strain according to Ramakrishnan et al.
(2009). Spore suspensions of individual isolates were spot
inoculated (10 pl per spot) on Muller Hinton agar plates, and
incubated at 30°C for 3 days. The cells were then killed with
chloroform vapors and were subsequently over laid with 15 ml
of medium containing 1% (w/v) agar, 0.5% (w/v) peptone, 0.5%
(w/v) yeast extract and inoculated with 100 pl of test isolate
MDR K. pneumoniae on the agar surface. The resulting clear
zone of inhibition (ZOI) was measured after 24 h of incubation.
The experiment was repeated thrice. Mean diameter of ZOI
and standard deviations were calculated. The strain ASK2 which
exhibited the antagonistic activity against MDR K. pneumoniae
was selected for taxonomical investigation.

Taxonomical Investigation of ASK2

Genomic DNA from Streptomyces sp. ASK2 was isolated using
the procedure described by Kimura (1980). The gene fragments
were amplified by using PCR Kit (GENEI Pvt. Ltd, India) and
the 16S rRNA gene was amplified using Mastercycler pro thermal
cycler (Eppendorf) with the following profile: initial denaturation
at 95°C for 4 min, 30 amplification cycles of (95°C for 1 min,
annealing temperature at 50°C for 60 s, 72°C for 1 min) and
a final extension step at 72°C for 4 min. The PCR product
was electrophoresed and purified from 1.5% agarose gel using
QIAquick PCR purification kit (QIAGEN) and sequenced using
the primers 8F and U1492R (Abdel Azeiz et al., 2016). Sequencing
was done at Chromous Biotech, Bengaluru, India using ABI
3100 sequencer (Applied Biosystems). The sequence was edited
using FinchTV (Geospiza, Inc.) and BioEdit (Ibis Biosciences,
Abbott Labs). Sequence similarity search was made using 16S
rRNA gene and taxid specific BLAST tool. Representative 16S
rRNA sequences of related type strains of Streptomyces sp. were
retrieved from National Center for Biotechnology Information
(NCBI) database, and were aligned with Streptomyces sp.
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ASK2 using CLUSTAL-X software (Ser et al, 2015a). MEGA
version 5.2.2 neighbor-joining algorithm used to construct
phylogenetic tree (Tan et al, 2015). Kimura’s two-parameter
model was used to compute evolutionary distances for the
neighbor-joining algorithm (Ser et al., 2015b).

Fermentation and Recovery of

Biomolecules

The seed culture of ASK2 was grown on seed medium
(1% starch, 0.5% glucose, 0.5% yeast extract, 0.5% Ky;HPOy,
0.05% MgSO47H,0) and incubated at 30°C for 3 days on a rotary
shaker. 15% (v/v) of seed culture was used to seed 10 liters of
production medium (1% starch, 0.5% glucose, 0.5% yeast extract,
0.5% Ky;HPOy4, 0.05% MgSO4 and 0.5% peptone) at 30°C for
11 days. The fermented broth was centrifuged at 4300 x g for
10 min at 4°C. The culture filtrate was extracted with equal
volume of ethyl acetate (EtOAc) and concentrated using rotary
vacuum evaporator. The EtOAc extract was further concentrated
in vacuo and dissolved in 10X phosphate buffer saline pH 7.0.

Purification
The EtoAc extract dissolved in phosphate buffer was purified
using Semi-preparatory HPLC (Agilent Technologies, India).
Reverse-phase analytical C18 column (Agilent Technologies,
Netherlands: 4.6 mm x 250 mm) was used for standardizing the
experimental conditions. The chromatographic separation was
carried out using C18 preparatory column (Agilent Technologies,
Netherlands: 10 mm x 250 mm) with water and methanol, 60:40,
flow rate of 4 ml/min and injection volume of 0.5 ml. The elution
pattern was monitored at 250 nm, peaks were then eluted out
separately and each of them was screened for bioactivity by means
of broth dilution method. The broth system consisted of 30 .1 of
0.5 McFarland of K. pneumoniae culture in 2 ml nutrient broth
with 200 pl of purified compound. The similar protocol was
followed to find the activity against the standard isolate obtained
from Microbial culture collection, Pune, MCC 2570-Klebsiella
pneumoniae, NDM type drug resistant strain.

The fraction which displayed antimicrobial activity was
further processed for second and third step purification by using
water and methanol (40:60) as a mobile phase.

Characterization

Fourier Transform-infra-red Spectroscopy

The HPLC purified ASK2 was studied by Fourier transform-
infra-red spectroscopy and the characteristics bands between

4000 and 400 cm ™! were recorded using Perkin Elmer, Spectrum
RX I

Mass Spectroscopy Analysis

The purified compound was subjected to Electron Spray
Tonization and the molecular weight was determined from m/z
values.

'H-NMR
The purified ASK2 was dissolved in DMSO and spectral analysis
was performed using BRUCKER 300MHz AVANCE-II.

MIC Determination

The MIC of the compound ASK2 against K. pneumoniae
was determined for the active fraction using microbroth
dilution assay as described in the CLSI protocols. The
overnight K. pneumoniae culture was diluted to obtain the final
concentration of 10° cfu/ml. The compound was dissolved in PBS
and was tested at concentrations from 0.5 to 64 pg in twofold
step intervals. Each well contains 100 .1 of nutrient broth, 10 pl
of culture and 100 pl of compound with varying concentrations.
Triplicates were maintained for each concentration. The OD
values were recorded at 600 nm, as well, the colony counts were
recorded on Nutrient agar plates. The OD values and colony
forming units were used to determine the MIC.

Animals

Zebrafish (D. rerio) irrespective of sex measuring approximately
4 to 5 cm in length, and weighing 300 mg, were purchased from
a local aquarium. Proper care and maintenance such as feed,
aeration and 14:10-h light/dark cycle at 25°C were ensured to
allow acclimatization for a week before the study. All experiments
were performed in compliance with applicable national and/or
institutional guidelines for the care and use of animals (Animal
Biosafety Level 2) were followed.

Preparation of Different Concentration of

K. pneumoniae

Klebsiella pneumoniae were grown overnight in nutrient broth
at 37°C. Different concentrations of cells were prepared by
observing optical density and by plating on solid media ranging
from 10* to 10'* cfu/ml.

Biofilm Formation

A loopful of K. pneumoniae cells were inoculated in 50 ml
nutrient broth and incubated at 37°C for 18 h. The cells
were collected by centrifugation and adjust to 0.5 McFarland
(108 cfu/ml) with nutrient broth. 500 .l of inoculum were added
to wells of 6 well cell culture plates containing glass coverslip of
1 cm?and incubated at 37°C for 72 h. The media were discarded
and non-adherent cells were removed by washing with PBS. The
biofilms that remained over the coverslips were scrapped and
suspended in PBS and optical density of biofilm was measured
at ODgo.

Induction of K. pneumoniae Planktonic
and Biofilm Infection

To establish K. pneumoniae infection in zebrafish, planktonic
cells of different density (10*-10'* cfu/ml) and biofilm
(10°-10" cfu/ml) were used. Each test group (n = 5 for each
group) were infected by injecting 10 pl of different density of
planktonic cells of intramuscularly 45° angle to the spine into
a position immediately lateral to the Dorsal fin at a depth of
2 mm using sterile 1 ml insulin syringe (U-40, 0.30 mm x 8 mm).
One uninfected group was maintained as control. The fish were
observed daily to monitor pathological changes such as infection
and lethality. The fish which were alive were sacrificed after
24 h and the dead fish were dissected immediately (~6 hpi).
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The selected infected and uninfected whole fish were placed on
iced wax plate, the organs were dissected out and the muscle
tissue was used to estimate K. pneumoniae loads in. 100 mg of
dissected muscle tissue were placed in a 2 ml microcentrifuge tube
and homogenized using micropestle in 0.5 ml phosphate buffer
saline and made upto 1 ml. This was followed by serial dilutions
of 107! to 107> homogenates using sterile PBS and counts of blue
mucoid colonies were estimated on UTI agar medium using 10>
dilution. The colonies were counted following 24 h incubation at
37°C.

Toxicity Assessment

The compound was dissolved in phosphate buffer (10X) and fixed
dose procedure was followed to assess the non-lethal toxicity.
The following concentrations of compound were evaluated
(8,16, 32, 64, and 128 jg/ml). Zebrafish were challenged with
intramuscular injection of 10 pl of different doses of compound
(n = 5), and control groups received phosphate buffer as vehicle
control (n = 5). Zebrafish were monitored for behavioral changes
and mortality for upto 120 h. The experiments were repeated
thrice on three independent days.

Ex Vivo Culture of Liver and Cell Viability
Assay

Liver toxicity assay were performed for low dose (24 jg/ml),
effective dose (48 pg/ml), and high dose (128 pg/ml) of ASK2.
Effective dose is the one that was sufficient to achieve the
desired clinical improvement (survival) after being challenged
with infectious dose of K. pneumoniae cells. The toxicity was
evaluated by MTT cell viability assay in ex vivo organ culture
of zebrafish liver. The protocol developed for hepatotoxicity
assessment in ex vivo organ culture of zebrafish is provided in
Figure 1.

Each test group (n = 5) was administered with 24, 48, and
128 pug/ml of drug concentrations, and the control group received
PBS. After 12 h, the fish were anesthetized by 150 mM of tricaine-
S (MS-222) and euthanized by decapitation, the liver was isolated
and washed thrice with PBS (experiment was carried at 4°C).
The cleaned and chilled liver was trypsinized for 5 min to obtain
single cells. To allow cell adherence, trypsin was then neutralized
with culture media (DMEM + 10% FCS + 1X antibiotics).
The dissociated cells were centrifuged (43 x g for 5 min) at
4°C and the cell pellets were re-suspended in growth media.
The cells were seeded in a 96 well flat bottom microtitre plate
at a density of 10* cells/ml with 100 pl of culture medium.
A control well (culture medium alone) was maintained. The
plate was incubated at 37°C for 12 h to allow the liver cells
to grow and adhere. After incubation, the medium from the
wells were removed carefully and MTT assay was performed.
Briefly, 10 pl of MTT solution was added and the plates were
incubated for 4 h at 28°C. At the end of the incubation, the
culture medium was removed and 100 pl of DMSO was added
and allowed to react for 45 s. The readings were obtained at
570 nm using ELISA plate reader. Meanwhile, the viability of
cells were also assessed using fluorescent microscopy using FITC
and propidium iodide stain to discriminate live and dead cells.

After the removal of cell culture medium, the staining solution
was added and allowed to stain for 15 min in dark. The staining
solution was removed by washing with PBS and the samples were
analyzed using Nikon Trinocular microscope (Nikon Eclipse
Ni-U, Japan).

Histopathology

Selected whole zebrafish were fixed following wash with 0.9%
ice-cold saline and fixed immediately by immersion in Dietrich’s
fixative (10 ml per fish), with overnight incubation at room
temperature. Fixed samples were routinely processed and then
embedded in paraffin; 5 mM thick longitudinal sections were
prepared which were de-waxed and rehydrated by standard
methods and stained by haematoxylin and eosin. The histological
observation of muscle tissue were made using Nikon Trinocular
microscope (Nikon Eclipse Ni-U, Japan).

Efficacy of Compound to Treat MDR

K. pneumoniae Infection

Two groups of fish were infected with 10 pl of 10'? cells
intramuscularly. After 3 h of infection, the treatment group
(n = 20) were intramuscularly administered with effective dose
(48 pg/10 pl) of ASK2. The control group received sterile
PBS as vehicle control. All the groups were monitored for the
behavioral changes and mortality for 120 h. The survival rate and
K. pneumoniae burden were recorded.

Statistical Analysis

All experiments were performed in triplicates. Mean, Standard
deviation and Student’s t-test was performed to test the statistical
significance in MTT assay studies and graphs were prepared by
using Graphpad prism 6.

RESULTS

Screening of Multi-drug Resistance in

K. pneumoniae

Presumptive identification of K. pneumoniae using chromogenic
agar results in the formation of blue mucoid colonies (Rajaratnam
etal., 2014). Further, the use of conventional phenotypic methods
allowed the characterization of K. pneumoniae as mucoid, non-
motile, encapsulated isolate exhibiting positive reactions for
VP test, urease test, lactose fermentation at 45°C and Indole
negative, which basically distinguish it from K. oxytoca (Brisse
et al., 2006; Patel et al., 2008). The antimicrobial susceptibility
of K. pneumoniae against various antibiotics are given in
Table 1. It was observed that the clinical K. pneumoniae
exhibits resistance to all antibiotics of different classes including
p-lactams, fluoroquinolones, aminoglycosides, tetracyclines and
polypeptides and shows sensitivity to polymyxins alone. Further,
the test strain shows positive for ESBL screening using
cefotaxime-clavulanate combined disk test as recommended by
CLSI The test strain showed 25 mm of ZOI for cefotaxime-
clavulanate combined disk (30/10 pg) whereas absence of ZOI
was observed for cefotaxime disk. This result confirms that the
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fresh water to adapt group separated a.nd
laboratory condition tran‘sferred n
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Incub Washed Thrice
e with Sterile
ed for 12 v Cell count and cell PBS and
hoursin | g—1ff aliquot of 10* cells Trypsinized at
hun.n.d ¢ in transferrefl in €< 37°C for 5 min
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at 25°C 10*liver cells/ well J’
were plated
Centrifuged at 800
rpm for 10 min
Cells were mixed
with DMEM medium
8 TR with 2% FCS and 1X
Cell\il\]??bﬂlty 2 3 Drug Induced liver toxicity were antibiotics
assay measured
FIGURE 1 | Schematic overview of ex vivo organ culture of zebrafish liver cells. Step |: Acclimatization of zebrafish for 1 week; Step II: Injected with different
concentrations of ASK2 and observe for 6 h; Step Il: Separation and trypsinization of liver; Step IV: Plating of liver cells in 96 well plate for over night and checking
cell viability by MTT assay.

clinical strain K. pneumoniae used in the present study produces
ESBL. Hence the clinical strain was designated as MDR bacteria
as per ECDC and CDC standard definition (Magiorakos et al.,
2011).

Anti CR-KP Activity and Taxonomical

Characterization of Potential Isolate

During the study, 51 morphologically different actinomycetes
spp. were isolated from rhizosphere soil of five different medicinal
plants. However, only one isolate was shown to have a potential
activity against MDR K. pneumoniae. The isolate Streptomyces sp.
ASK2 obtained from Solanum trilobatum soil sample displayed
promising antagonistic activity with ZOI of 33 £ 0.5 mm
by colony over lay assay (Figure 2B). Similarly the culture
supernatant exhibited strongest activity against drug resistant
K. pneumoniae and thus the strain ASK2 was subjected for
taxonomical studies. The strain ASK2 was characterized by
wrinkled, rough, irregular, dry and white aerial mycelia on ISP2
agar medium (Figure 2A). The scanning electron micrograph
of ASK2 was found to have branched ribbon like spores with
smooth surface (Figure 2C). The sequence (1053 base sequences)
similarity search using BLAST tool reveals that ASK2 (Gen

Bank Accession Number: KR187109) belongs to a distinct
phyletic line in Streptomyces sp. The isolate was closely related
to the type strain of S. rimosus subsp. paromomycinus strain
NBRC 15454 sharing a homology of 97%. On the basis of
cultural characteristics, spore structural properties, and 16S
rRNA sequence, ASK2 was identified as a new strain belonging
to Streptomyces sp. (Figure 3). The evolutionary history was
inferred using the Neighbor-Joining method (Saitou and Nei,
1987; Ser et al., 2016). The optimal tree with sum of branch
length = 0.04392832 was shown. The percentage of replicate
trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) were shown next to the branches
(Felsenstein, 1985). The tree was drawn to scale, with branch
lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree. The evolutionary distances
were computed using the Kimura 2-parameter method (Kimura,
1980) and were in the units of the number of base substitutions
per site. The rate variation among sites was modeled with
a gamma distribution (shape parameter = 10). The analysis
involved nucleotide sequences of 20 Streptomyces sp. All
ambiguous positions were removed for each sequence pair. There
were a total of 1520 positions in the final dataset. Evolutionary
analyses were conducted using MEGA5 (Tamura et al., 2011).
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FIGURE 2 | (A) Colony morphology of Streptomyces sp. ASK2 on ISP2 agar medium; (B) Antagonistic activity against K. pneumoniae by colony overlay assay;
(C) Scanning electron micrograph of Streptomyces sp. ASK2 displaying branched ribbon like spores with smooth surface.
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FIGURE 3 | Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences showing the relationship between Streptomyces sp. ASK2 and

representatives of related species.

[ Streptomyees sp. ASK2 (KR187109.1)

Multistep Purification and Identification

of Active Peak

To isolate the active component, the crude extract (3 g) was
subjected to reverse phase HPLC using optimized experimental
parameters. Among the 12 fractions collected, the 3rd fraction
with a retention time of 4.57 min showed potential antibacterial
activity using broth dilution method. The re-passage of the
active peak over the same column under the same experimental
conditions yielded three peaks, among which one prominent

peak at a retention time of 4.4 min was found to have bioactivity
against K. pneumoniae. The compound purity obtained at
the second re-passage was 86%. Hence the active peak was
subjected to third round of re-passage with 40% water and 60%
methanol solvent system. The compound purity was increased
to 93% (Supplementary Image S1). The compound showed the
killing effect on standard NDM type K. pneumoniae. The pure
compound obtained was white solids and are soluble in H,O,
DMSO, methanol and insoluble in CDClI3 and petroleum ether.
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FIGURE 4 | Characterization of purified ASK2 bioactive molecule from Streptomyces sp. ASK2: (A) FT-IR Spectra: Presence of strong absorption troughs at
3400 cm™! (**) and 1651 cm™" (*) representing the presence of OH and C=0 groups; (B) ESI-MS spectra; (C) "H NMR spectra represents the presence of aromatic
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In order to verify whether the compound is similar to that
produced by S. rimosus, the HPLC comparison of ASK2 and
oxytetracycline were made. HPLC comparison of oxytetracycline
and ASK2 does not appear to have similar separation profile.
Moreover, the FI-IR spectrum of oxytetracycline and ASK2
were different. IR spectrum of ASK2 showed strong absorption
troughs at 3400 and 1651 cm™! that represents the presence
of OH and C=O groups, respectively (Figure 4A). Whereas,
primary amine is the main functional groups in oxytetracycline,
the ASK2 did not show any absorption peaks for primary amine
(two peaks at ~3400 cm~! and ~3500 cm~!), (Ramasamy
et al,, 2014). ESI MS data reveals that the molecular weight
of ASK2 is found to be 444.43 Da (Figure 4B), which was
found to be differing from oxytetracycline (460.43 Da) (Singh
et al,, 2011). In addition the 'H NMR showed the triplet peaks
at 6.944 to 7.249 ppm. It indicates the presence of hydrogen
moiety in aromatic environment. Peaks in the range of 1.199 to
1.313 ppm indicate the presence of aliphatic nature of carbon
chain (Figure 4C). Hence the bioactive compound isolated from
Streptomyces sp. ASK2 is warrant to be a new compound,
however, other NMR spectrometric methods are required to
elucidate the complete structural details of the compound.

Screening of Toxicity and Efficacy of

ASK2 in Zebrafish Model

Prior to testing of compound, the MIC of ASK2 was estimated
for the purified compound. 16 pg/mL was found to be the MIC.
The agar plates were recorded for the absence of colonies at
this concentration. And the ODgpp was comparable with the
control (Nutrient broth + compound) for final concentrations of
16 pg/mL and above.

Optimization of Subclinical and Clinical

Infection for Planktonic Cells

We examined the susceptibility of zebrafish to K. pneumoniae.
The adult fish were injected intramuscularly with various
infectious dose (10*-10'* cfu/ml) to induce subclinical and
clinical infection in zebrafish. The survival rate of each infectious
dose is given in Table 2. Upon infection with 10!* and
10'2 cfu/ml, zebrafish readily became infected displaying 100%
mortality within 24 and 120 h, respectively. Whereas, upon
infection with less than 10'2 cfu/ ml, zebrafish were active
and no mortality was observed (Table 2). Even though the
aquarium water was highly loaded with K. pneumoniae, cells
less than 10'? cfu/ml does not lead to clinical symptoms,
suggesting that intramuscular injection with optimum dosage
of K. pneumoniae are crucial to enhance the intracellular
invasion and spread. Further, the estimation of colony forming
units from tissue homogenates of the infected fish of each
group on UTI agar reveals the presence of large numbers
of K. pneumoniae organisms. These results demonstrated
that K. pneumoniae successfully infects zebrafish and cause
clinical illness. K. pneumoniae is considered to be the most
important histamine producing bacteria in fish (Kanki et al.,
2002). It is also known to cause fin and tail disease in
Rainbow trout and more reports on Klebsiella infection

in different fishes are documented (Diana and Manjulatha,
2012).

Virulence of K. pneumoniae Planktonic

and Biofilm

The role of different phenotypic expression (planktonic and
biofilm) of K. pneumoniae were examined in zebrafish free
living and biofilm model. Adult zebrafish were challenged
with different concentrations of K. pneumoniae in planktonic
and biofilm state. Biofilm at the dose of 10'% cells, caused a
significant clinical symptoms and 100% mortality within 120 h.
The lower dose (<10'? cfu/ml) leads to sub-clinical infection
alone. These observations were similar to that of planktonic
cells. Furthermore, the colony counts of tissue homogenate were
similar to that of planktonic cells. The results show no correlation
between severity of infection and different phenotypes of

K. pneumoniae in zebrafish planktonic and biofilm infection
model (Table 3).

Toxicity Assessment by Fixed Dose
Procedure

To assess the non-lethal toxicity, various concentrations of
ASK2 were evaluated. Zebrafish challenged with different
concentrations were observed for behavioral changes and
mortality for upto 120 h. The compound was non-lethal
upto 64 pg/ml concentration, whereas doses greater than
64 pg/ml was toxic, and 100% mortality were observed for
128 pg/ml (Table 4). However, to screen for liver toxicity,
the low dose (24 pg/ml), effective dose (48 pg/ml) and high
dose (128 pg/ml) of ASK2 were evaluated by performing
MTT reduction assay, fluorescent microscopic technique, and
histopathology.

Hepatotoxicity Assessment in Ex Vivo

Culture of Zebrafish Liver

To evaluate cytotoxic activity of ASK2, the zebrafish were
challenged with either low dose, effective dose or high dose of
the compound. The treated and control groups were sacrificed
after 7 h exposure and liver was obtained. The liver were carefully
washed, trypsinized and grown in cell culture medium and
incubated for 12 h. After the incubation period, the monolayer
cultures were checked for cross contamination and light
microscopic examination revealed the presence of adherent liver
cells in microtitre plate. The cell viability by MTT assay displays
that the compound induced hepatotoxicity in a concentration
dependent manner (Figure 5). Zebrafish challenged with 24,
48, and 128 pg/ml compound shows 94, 83, and 61% relative
cell viability, respectively (Figure 5). In addition, the florescent
microscopic image depicts the toxicity by discriminating dead
cells and viable cells. The effective dose (48 g/ml) was
found to have more viable cells (Figure 6B) similar to control
(Figure 6A) compared to high dose (128 pg/ml) (Figure 6C).
The statistical significance by Student’s t-test for 24 pg/ml
was p = 0.0337, 48 pg/ml; p = 0.0040 and 128 pg/ml;
p = 0.0003.
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TABLE 2 | Optimization of infectious dose of K. pneumoniae in zebrafish (planktonic cells).

Dose of challenge Type of infection

Klebsiella burden in muscle cultured on UTI agar medium

Survival rate (%)

24hpi  48hpi  72hpi 96 hpi 120 hpi
10 cfu/ml Sub-clinical 1+ 0.5 x 105 cfu/ml 100 100 100 100 100
106 cfu/ml Sub-clinical 2+ 0.4 x 106 cfu/ml 100 100 100 100 100
108 cfu/ml Sub-clinical 2.6 + 0.3 x 10° cfu/ml 100 100 100 100 100
1010 cfu/ml Sub-clinical 2.8 4+ 0.3 x 10° cfu/ml 100 100 100 100 100
10'2 ofu/ml Clinical 3.8+ 0.6 x 106 cfu/ml 90 50 35 30 0
10" cfu/ml Clinical 3.2 4 0.7 x 107 cfu/ml 0 0 0 0 0
Experiment was repeated thrice on three independent days, n = 5.
TABLE 3 | Effect of biofilms of K. pneumoniae in zebrafish (Biofilm).
Bacterial inoculums Klebsiella burden in muscle Survival rate (%)
24 hpi 48 hpi 72 hpi 96 hpi 120 hpi
108 cfu/ml 2.3+ 0.5 x 106 cfu/ml 100 100 100 100 100
100 cfu/ml 2.8 4+ 0.4 x 106 cfu/ml 100 100 100 100 100
10" cfu/ml 3.9+0.7 x 10° cfu/ml 85 50 40 35 0
Experiment was repeated one time on three independent days, n = 5.
Histopathology
A histopathological analysis of muscle after injection of the ASK2 1507 &8 Control
compound was performed to check for toxicity of the compound. & 1254 24 ug/ml
As can be seen from Figure 6, exposure of zebrafish to ASK2 2 100- €3 48 pg/ml
compound at a concentration of 48 pg/ml (Figure 6E) did not E
p : pg/ml ( g . ) : T s 7 3 128 pg/ml

produce any adverse change in the muscle, the site of injection of z -
the compound. The muscle showed normal morphology as that & 501 -
observed with the control fish (Figure 6D). However, in the case 25
of zebrafish that were exposed to the compound at a higher dose, .

0 .

128 pg/ml (Figure 6F), there were focal points of cell infiltration
into the muscle but the overall morphology of the muscle in this
case also appeared to be normal. This suggests that the compound
ASK2 is not toxic at the effective dose of 48 jLg/ml, used to treat
Klebsiella infection.

Efficacy of Compound to Treat Klebsiella

Infection

Injection of 10'2 cfu/ml of Klebsiella inoculum to the healthy
adult fish showed clinical infection and 100% mortality within
120 h. Whereas, 90% of survival rate were observed for the
treatment group after being treated with 48 pg/ml of ASK2
compound. Also, there was visible reduction in Klebsiella burden

TABLE 4 | In vivo toxicity of different concentrations of compound (n = 5).

Concentration
of compound

Survival rate (%)

(rg/ml) 24 h 48 h 72h 96 h 120 h
8 100 100 100 100 100
16 100 100 100 100 100
32 100 100 100 100 100
64 100 60 60 60 60
128 20 0 0 0 0

Concentration of ASK2 (ug/ml)

FIGURE 5 | MTT assay of zebrafish liver cells in ex vivo conditions.
Student’s t-test was performed to each treated group comparing with control.
24 ug/ml (*p = 0.0337), 48 pg/ml (**p = 0.0040), 128 wg/ml (***p = 0.0003).

after 24 hpi in zebrafish treated with effective dose of ASK2
compound (Figure 7). The significant increase in survival rate
at intermediate concentration clearly indicates that ASK2 exerts
a potential therapeutic effect by controlling K. pneumoniae
proliferation.

DISCUSSION

As the burden of MDR K. pneumoniae is growing rapidly,
discovery of new drugs is an indispensable process to combat
those emerging resistant pathogens (Bérdy, 2012). Actinomycetes
are still the promising candidates for the discovery of novel
antibiotics which are being isolated from wide range of natural
habitats (Tiwari and Gupta, 2012). Exploring the untapped
region for collection of rare and novel microbial species is
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Fluroscence Microscopy
Liver cells
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128 pg/ml

FIGURE 6 | Fluorescent Microscopic images of liver cells and Histopathology of zebrafish muscle after exposure to ASK2 compound: Liver cell
viability by fluorescence microscopy, (A) Control; (B) Treatment with 48 ng/ml ASK2; (C) Treatment with 128 wg/ml ; Muscle tissue histopathology; (D) Control;
(E) Treatment with 48 pg/ml ASK2; (F) Treatment with 128 pg/ml (Arrows point to cellular infiltration in muscle, possibly owing to toxicity of the compound).
However, no such changes were seen in Control and; (E) muscle tissue histopathology.
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FIGURE 7 | Efficacy studies of ASK2 in in vivo conditions: Treated
group was showing 90% survival up to 120 h, where as 100% mortality
was observed within 120 h in untreated group compared to control
group.

challenging for the exploration of novel drugs (Cragg and
Newman, 2013). However, we believe that potential antibiotics
producers are still hidden in very familiar sources like soil,

plants, marine plant and animals etc. Rhizosphere soil of
medicinal plants are one such striking source of diverse microbial
community (Koberl et al., 2013). In the present study, 51 different
actinomycetes spp. were isolated from rhizosphere soil of five
different medicinal plants. Streptomyces sp. ASK2 isolated from
Solanum trilobatum was found to have a potential inhibitory
activity against MDR K. pneumoniae. Solanum trilobatum is an
important plant in medicine with wide applications including
treatment of respiratory diseases, tuberculosis, cardiac and liver
infection. It is also familiar for anti-inflammatory, anti-oxidant
and immunostimulatory properties (Priya and Chellaram, 2014;
Venugopal et al., 2014).

Streptomyces rimosus is well-known for the synthesis of
oxytetracycline, possessing broad spectrum antibacterial activity
and some bacterial strains have developed resistance (Chopra and
Roberts, 2001). However, the usage of oxytetracycline for humans
is prohibited as it is associated with adverse toxic effects. Hence
it is now generally used to treat rickettsiae and mycoplasma
infection in animals (Stuen and Longbottom, 2011).
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The significance of toxicological screening are well recognized
as an important step in drug development process, hence several
zebrafish models and assays have been developed to study drug
toxicology this decade (Bhusnure, 2015). In the current report,
we have modeled K. pneumoniae infection in adult zebrafish, to
study toxicity and efficacy of ASK2 isolated from Streptomyces sp.
ASK2.

Since there are no reports on K. pneumoniae zebrafish
infection model, we decided to optimize infectious dose,
which are quite varied with strain, host susceptibility and
even the route of transmission. Sub-clinical and clinical
infections were established with infectious dose of 10%-
10'% and 10'2-10 cfu/ml, respectively (Table 2). A similar
kind of observation was recorded for E. faecalis in a dose-
dependent manner in zebrafish larvae. In general, most of
the studies with zebrafish embryo and early larvae used
bacterial density of 10°-10% cfu/ml to study host pathogen
interactions and to predict drug safety. However, the
infectious dose and pathogenicity are varied with pathogens
belonging to same species of different strains. For instance,
in Galleria mellonella infection model, Wand et al. (2013),
demonstrated that different strains of K. pneumoniae showed
different virulent expression. And another study revealed
that different strain of same species can exhibit different
degree of pathogenicity in vivo model (Lavender et al,
2004).

Though several zebrafish infectious models have been
developed (Neely et al., 2002), the effect of drug to treat
biofilm related infections are very limited using zebrafish (Chu
et al., 2014). Infact, many studies have suggested that biofilm
formation is an important phase in the infective process.
Therefore, we investigated the significant role of planktonic and
biofilm state of K. pneumoniae to cause infection. In our study,
K. pneumoniae biofilm being formed in vitro were analyzed
for its virulence in zebrafish. We observed a similar kind of
pathological consequences in zebrafish planktonic and biofilm
model. The infectious dose, severity of illness, survival rates and
bacterial counts in muscle homogenates were similar for biofilm
and planktonic zebrafish infection models (Tables 2, 3). One
possible reason for similar pathological observation is the gene
expression for biofilm formation on solid support is different
from those required to establish in vivo (Lavender et al., 2004).
Many studies have explored biofilm formation as a virulence
phenotype in majority of the bacteria. For example, in a study
with Streptococcus suis zebrafish model, S. suis biofilm had LD50
values greater than the LD50 values of planktonic cells, the
virulence of biofilm cells were weaker than planktonic cells
(Wang et al, 2011). However, in our case, the pathological
consequences are similar for planktonic and biofilms. Our result
suggests that biofilm state of the pathogens is not exclusively
required for virulence expression. However, screening of biofilm
establishment in zebrafish and validating with different strains of
K. pneumoniae are essential to confirm our findings which is our
lab’s future focus.

Once the infectious doses were optimized, we investigated
the efficacy of ASK2 compound and toxicity in adult zebrafish,
because drug induced liver injury is a major toxicological

problem. The similarity of zebrafish liver functions and drug
metabolism to that of humans, zebrafish has been used as good
model for drug toxicity (Triebskorn et al., 2004; Zodrow et al.,
2004; Devi et al,, 2015; Ayaz Ahmed et al., 2016; Lowrence et al.,
2016). The most commonly used drug induced hepatotoxicity
assay in laboratory animals includes serum enzyme assay and
histological assay (McGrath and Li, 2008). The present study
assessed the liver injury by measuring MTT reduction to
determine the cell viability for ex vivo culture of liver. There
were no obvious changes in liver cell viability and metabolic
activity, during ex vivo culture of liver from healthy adult
zebrafish. The cytotoxic effect of ASK2 was observed in a dose
dependent manner in zebrafish. The effective dose (48 jLg/ml)
of ASK2 displayed 83% liver cell viability, similarly no mortality
were recorded during in vivo toxicity study. However, 61% liver
damage within 6 h was recorded for treatment group with high
dose (128 g/ml), that is at eightfold of MIC and at the same
point, 100% mortality were recorded within 24 h. The results of
ex vivo culture of liver toxicity are highly co-related with in vivo
toxicity and histopathology analysis, suggesting that ex vivo
culture of zebrafish liver are a highly reliable and reproducible
method for the assessment of drug induced toxicity. In an earlier
study, zebrafish brain was similarly cultured ex vivo to study the
effects of ethanol and acetaldehyde (Zenki et al., 2014).

The efficiency of drug to treat infected zebrafish showed that
ASK2 compound was highly effective in killing and controlling
K. pneumoniae proliferation. The obvious reduction of 10'? to
10* cfu/ml bacterial burden was recorded with an improvement
of 90% survival rate. The efliciency of the compound was
highly comparable with untreated group which showed 100%
mortality at 120 hpi (Figure 7). Hence, ASK2 compound isolated
from Streptomyces sp. ASK2 was shown to be effective for the
management of MDR K. pneumoniae infection in zebrafish
model.

CONCLUSION

The continuous use of similar kind of drugs for treatment and
overuse of antibiotics in both human and livestock induces
different drug resistance mechanisms in bacteria. Since there
are no novel antibiotics in drug development in the present
century for carbapenemase producing enterobacteriaceae, the
existing antibiotics have re-emerged for current medications.
Hence in response to address these issues the present research
has come up with a potential anti-MDR K. pneumoniae molecule
from Streptomyces sp. ASK2. The antibacterial compound ASK2
reported in the present study was shown to control MDR
K. pneumoniae infection in zebrafish infection model with
a significant improvement in fish survival rate. Furthermore,
the in vivo toxicity, MTT assay of ex vivo liver culture, and
histopathology results strongly support the non-toxic property of
ASK2 at effective dose. These findings support the potentiality of
ASK2 to treat MDR K. pneumoniae infection in zebrafish model.
Further investigations on complete structural elucidation and
extensive evaluation of chronic toxicity may lead to a novel drug
candidate to combat the persistent MDR K. pneumoniae.

Frontiers in Microbiology | www.frontiersin.org

April 2017 | Volume 8 | Article 614


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Cheepurupalli et al.

Klebsiella pneumoniae Zebrafish Infection Model

AUTHOR CONTRIBUTIONS

All authors listed, have made substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This study was financially supported by the Science and
Engineering Research Board (SERB), Department of science and
technology, Govt. of India, under the EMR scheme (SR/SO/HS-
0073/2012) to JR and (File No. EMR/2015/000648) to TR.

ACKNOWLEDGMENTS

We thank the Science and Engineering Research Board (SERB),
Department of Science and Technology, New Delhi. DST-FIST
funding (No: SR/FST/ETI-331/2013) provided by DST, Govt. of

REFERENCES

Abdel Azeiz, A. Z., Hanaf, D. K., and Hasanein, S. E. (2016). Identification of a new
antifungal oligoacetal derivative produced by Streptomyces toxytricini against
Candida albicans. Nat. Prod. Res. 30, 1816-1823. doi: 10.1080/14786419.2015.
1081199

Ayaz Ahmed, K. B, Raman, T., and Anbazhagan, V. (2016). Platinum
nanoparticles inhibit bacteria proliferation and rescue zebrafish from bacterial
infection. RSC Adyv. 6, 44415-44424. doi: 10.1039/C6RA03732A

Bérdy, J. (2012). Thoughts and facts about antibiotics: where we are now and where
we are heading. J. Antibiot. 65, 385-395. doi: 10.1038/ja.2012.54

Bhusnure, O. (2015). Drug target screening and its validation by zebrafish as a novel
tool. Pharm. Anal. Acta 6:426. doi: 10.4172/21532435.1000426

Brisse, S., Grimont, F., and Grimont, P. A. D. (2006). “The genus Klebsiella,” in The
Prokaryotes, Vol. 6, eds M. Dworkin, S. Falkow, E. Rosenberg, K.-H. Schleifer,
and E. Stackebrandt (New York, NY: Springer), 159-196. doi: 10.1007/0-387-
30746-X_8

Busarakam, K., Bull, A. T., Girard, G., Labeda, D. P., Van Wezel, G. P, and
Goodfellow, M. (2014). Streptomyces leeuwenhoekii sp. nov., the producer
of chaxalactins and chaxamycins, forms a distinct branch in Streptomyces
gene trees. Antonie van Leeuwenhoek 105, 849-861. doi: 10.1007/s10482-014-
0139-y

Capone, A., Giannella, M., Fortini, D., Giordano, A., Meledandri, M.,
Ballardini, M., et al. (2013). High rate of colistin resistance among patients with
carbapenem-resistant Klebsiella pneumoniae infection accounts for an excess of
mortality. Clin. Microbiol. Infect. 19, E23-E30. doi: 10.1111/1469-0691.12070

Chopra, I, and Roberts, M. (2001). Tetracycline antibiotics: mode of action,
applications, molecular biology, and epidemiology of bacterial resistance.
Microbiol. Mol. Biol. Rev. 65, 232-260. doi: 10.1128/mmbr.65.2.232-260.2001

Chu, W,, Zhou, S., Zhu, W., and Zhuang, X. (2014). Quorum quenching bacteria
Bacillus sp. QSI-1 protect zebrafish (Danio rerio) from Aeromonas hydrophila
infection. Sci. Rep. 4:5446. doi: 10.1038/srep05446

CLSI (2011a). Performance Standards for Antimicrobial Susceptibility Testing:
Twenty-First Informational Supplement. CLSI Document M100-S21. Wayne, PA:
Clinical and Laboratory Standard Institute.

CLSI (2011b). Preventing Pneumococcal Disease Among Infants and Young
Children. Recommendations of the Advisory Committee On Immunization
Practices (ACIP). Wayne, PA: Clinical and Laboratory Standards Institute,
1-165.

Cooksey, R. C. (2011). Mechanisms of resistance to antibacterial agents. Princ. Med.
Biol. 9A, 199-214.

Cragg, G. M., and Newman, D. J. (2013). Natural products: a continuing source
of novel drug leads. Biochim. Biophys. Acta 1830, 3670-3695. doi: 10.1016/j.
bbagen.2013.02.008

India to SCBT, SASTRA University is greatly acknowledged. We
thank Dr. Lalitha Prajna, Aravind Eye Hospital, India, for being
provided with clinical strain. We sincerely thank the SASTRA
University for providing us the infrastructure needed to carry out
research work. We thank Dr. Venkatasubramanian Ulaganathan,
Dr. S. Nagarajan, and Dr. V. Sridharan for their kind assistance in
characterization of compound.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2017.00614/full#supplementary- material

IMAGE S1 | Isolation of bioactive molecule by Multi step reverse phase
HPLC purification: (A) Crude extract: *active peak at RT 4.57 min with 23%
purity (B) Re-passage of *active peak eluted at RT 4.4 min with 86% purity; (C)
Re-passage of *active peak eluted at RT 2.23 min with 94% purity.

Devi, G. P, Ahmed, K. B. A,, Varsha, M. K. N. S,, Shrijha, B. S., Lal, K. K. S,
Anbazhagan, V., et al. (2015). Sulfidation of silver nanoparticle reduces its
toxicity in zebrafish. Aquat. Toxicol. 158, 149-156. doi: 10.1016/j.aquatox.2014.
11.007

Di Martino, P., Cafferini, N., Joly, B., and Darfeuille-Michaud, A. (2003). Klebsiella
pneumoniae type 3 pili facilitate adherence and biofilm formation on abiotic
surfaces. Res. Microbiol. 154, 9-16. doi: 10.1016/S0923-2508(02)00004-9

Diana, T., and Manjulatha, C. (2012). Incidence and identification of
Klebsiella pneumoniae in mucosal buccal polyp of Nemipterus japonicus
of Visakhapatnam Coast, India. J. Fish. Aquat. Sci. 7, 454-460.
doi: 10.3923/jfas.2012.454.460

Eccleston, G. P., Brooks, P. R., and Kurtboke, D. 1. (2008). The occurrence
of bioactive micromonosporae in aquatic habitats of the sunshine coast in
Australia. Mar. Drugs 6, 243-261. doi: 10.3390/md20080012

Felsenstein, J. (1985). Confidence limits on phylogenies: an approach using the
bootstrap. Evolution 39, 783. doi: 10.2307/2408678

Haichar, F. Z., Marol, C., Berge, O., Rangel-Castro, J. I, Prosser, J. I, Balesdent, J.,
et al. (2008). Plant host habitat and root exudates shape soil bacterial
community structure. ISME J. 2, 1221-1230. doi: 10.1038/isme;j.2008.80

Hirsch, E., and Tam, V. (2010). Detection and treatment options for Klebsiella
pneumoniae carbapenemases (KPCs): an emerging cause of multidrug-resistant
infection. J. Antimicrob. Chemother. 65, 1119-1125. doi: 10.1093/jac/dkq108

Kanki, M., Yoda, T., Tsukamoto, T., and Shibata, T. (2002). Klebsiella pneumoniae
produces no histamine: Raoultella planticola and Raoultella ornithinolytica
strains are histamine producers. Appl. Environ. Microbiol. 68, 3462-3466.
doi: 10.1128/AEM..68.7.3462-3466.2002

Kari, G., Rodeck, U., and Dicker, A. P. (2007). Zebrafish: an emerging model
system for human disease and drug discovery. Clin. Pharmacol. Ther. 82,70-80.
doi: 10.1038/sj.clpt.6100223

Khamna, S., Yokota, A., and Lumyong, S. (2009). Actinomycetes isolated from
medicinal plant rhizosphere soils: diversity and screening of antifungal
compounds, indole-3-acetic acid and siderophore production. World J.
Microbiol. Biotechnol. 25, 649-655. doi: 10.1007/s11274-008-9933-x

Khan, H. A., Ahmad, A., and Mehboob, R. (2015). Nosocomial infections and their
control strategies. Asian Pac. J. Trop. Biomed. 5, 509-514. doi: 10.1016/j.apjtb.
2015.05.001

Kimura, M. (1980). A simple method for estimating evolutionary rates of base
substitutions through comparative studies of nucleotide sequences. J. Mol. Evol.
16, 111-120. doi: 10.1007/BF01731581

Kaoberl, M., Schmidt, R., Ramadan, E. M., Bauer, R., and Berg, G. (2013). The
microbiome of medicinal plants: diversity and importance for plant growth,
quality and health. Front. Microbiol. 4:400. doi: 10.3389/fmicb.2013.00400

Kontopidou, F., Giamarellou, H., Katerelos, P., Maragos, A., Kioumis, I, Trikka-
Graphakos, E., et al. (2014). Infections caused by carbapenem-resistant

Frontiers in Microbiology | www.frontiersin.org

April 2017 | Volume 8 | Article 614


http://journal.frontiersin.org/article/10.3389/fmicb.2017.00614/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fmicb.2017.00614/full#supplementary-material
https://doi.org/10.1080/14786419.2015.1081199
https://doi.org/10.1080/14786419.2015.1081199
https://doi.org/10.1039/C6RA03732A
https://doi.org/10.1038/ja.2012.54
https://doi.org/10.4172/21532435.1000426
https://doi.org/10.1007/0-387-30746-X_8
https://doi.org/10.1007/0-387-30746-X_8
https://doi.org/10.1007/s10482-014-0139-y
https://doi.org/10.1007/s10482-014-0139-y
https://doi.org/10.1111/1469-0691.12070
https://doi.org/10.1128/mmbr.65.2.232-260.2001
https://doi.org/10.1038/srep05446
https://doi.org/10.1016/j.bbagen.2013.02.008
https://doi.org/10.1016/j.bbagen.2013.02.008
https://doi.org/10.1016/j.aquatox.2014.11.007
https://doi.org/10.1016/j.aquatox.2014.11.007
https://doi.org/10.1016/S0923-2508(02)00004-9
https://doi.org/10.3923/jfas.2012.454.460
https://doi.org/10.3390/md20080012
https://doi.org/10.2307/2408678
https://doi.org/10.1038/ismej.2008.80
https://doi.org/10.1093/jac/dkq108
https://doi.org/10.1128/AEM.68.7.3462-3466.2002
https://doi.org/10.1038/sj.clpt.6100223
https://doi.org/10.1007/s11274-008-9933-x
https://doi.org/10.1016/j.apjtb.2015.05.001
https://doi.org/10.1016/j.apjtb.2015.05.001
https://doi.org/10.1007/BF01731581
https://doi.org/10.3389/fmicb.2013.00400
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Cheepurupalli et al.

Klebsiella pneumoniae Zebrafish Infection Model

Klebsiella pneumoniae among patients in intensive care units in Greece: a
multi-centre study on clinical outcome and therapeutic options. Clin. Microbiol.
Infect. 20, 0117-0123. doi: 10.1111/1469-0691.12341

Kumar, D., Singh, K., Rashid Ali, M., and Chander, Y. (2014). Antimicrobial
susceptibility profile of extended spectrum B-lactamase (ESBL() )producing
Escherichia coli from various clinical samples. Infect. Dis. 7, 1-8. doi: 10.4137/
IDRt.s13820

Kumar, V., Kato, N., Urabe, Y., Takahashi, A., Muroyama, R., Hosono, N., et al.
(2011). Genome-wide association study identifies a susceptibility locus for
HCV-induced hepatocellular carcinoma. Nat. Genet. 43, 455-458. doi: 10.1038/
ng.809

Lavender, H. F., Jagnow, J. R., and Clegg, S. (2004). Biofilm formation in vitro
and virulence in vivo of mutants of Klebsiella pneumoniae. Infect. Immun. 72,
4888-4890. doi: 10.1128/1A1.72.8.4888

Li, Y.J.,and Hu, B. (2012). Establishment of multi-site infection model in zebrafish
larvae for studying Staphylococcus aureus infectious disease. J. Genet. Genomics
39, 521-534. doi: 10.1016/}.jgg.2012.07.006

Lowrence, R. C,, Raman, T., Makala, H. V., Ulaganathan, V., Subramaniapillai,
S. G., Kuppuswamy, A. A., et al. (2016). Dithiazole thione derivative as
competitive NorA efflux pump inhibitor to curtail multi drug resistant clinical
isolate of MRSA in a zebrafish infection model. Appl. Microbiol. Biotechnol. 100,
9265-9281. doi: 10.1007/s00253-016-7759-2

Magiorakos, A. P., Srinivasan, A., Carey, R. B., Carmeli, Y., Falagas, M. E.,
Giske, C. G., et al. (2011). Bacteria : an international expert proposal for
interim standard definitions for acquired resistance. Microbiology 18, 268-281.
doi: 10.1111/§.1469-0691.2011.03570.x

Mangamuri, U., Muvva, V., Poda, S., Naragani, K., Munaganti, R. K., Chitturi, B.,
et al. (2016). Bioactive metabolites produced by Streptomyces Cheonanensis
VUK-A from Coringa mangrove sediments: isolation, structure elucidation and
bioactivity. 3 Biotech 6, 63. doi: 10.1007/s13205-016-0398-6

McGrath, P., and Li, C. Q. (2008). Zebrafish: a predictive model for assessing drug-
induced toxicity. Drug Discov. Today 13, 394-401. doi: 10.1016/j.drudis.2008.
03.002

Melano, R., Corso, A., Petroni, A., Centrén, D., Orman, B., Pereyra, A., etal. (2003).
Multiple antibiotic-resistance mechanisms including a novel combination of
extended-spectrum beta-lactamases in a Klebsiella pneumoniae clinical strain
isolated in Argentina. J. Antimicrob. Chemother. 52, 36-42. doi: 10.1093/jac/
dkg281

Nanjwade, B. K., Chandrashekhara, S., Shamarez, A. M., Goudanavar, P. S., and
Manvi, F. V. (2010). Isolation and morphological characterization of antibiotic
producing actinomycetes. Trop. J. Pharm. Res. 9, 231-236. doi: 10.4314/tjpr.
v9i3.56282

Neely, M. N,, Pfeifer, J. D., and Caparon, M. (2002). Streptococcus-zebrafish model
of bacterial pathogenesis. Infect. Immun. 70, 3904-3914. doi: 10.1128/iai.70.7.
3904-3914.2002

Nordmann, P., Cuzon, G., and Naas, T. (2009). The real threat of Klebsiella
pneumoniae carbapenemase-producing bacteria. Lancet Infect. Dis. 9, 228-236.
doi: 10.1016/S1473-3099(09)70054- 4

Patel, G., Huprikar, S., Factor, S., and Jenkins, S. (2008). Outcomes of carbapenem-
resistant Klebsiella pneumoniae infection and the impact of antimicrobial
and adjunctive therapies. Infect. Control 29, 1099-1106. doi: 10.1086/
592412

Petrosillo, N., Giannella, M., Lewis, R., and Viale, P. (2013). Treatment of
carbapenem-resistant Klebsiella pneumoniae: the state of the art. Expert Rev.
Anti Infect. Ther. 11, 159-177. doi: 10.1586/eri.12.162

Podschun, R., Pietsch, S., Holler, C., and Ullmann, U. (2001). Incidence of Klebsiella
species in surface waters and their expression of virulence factors. Appl. Environ.
Microbiol. 67, 1-4. doi: 10.1128/AEM.67.7.3325

Priya, G., and Chellaram, C. (2014). Antiproliferative effect of ethanolic leaf extract
of Solanum trilobatum on Hep2 cancer cell lines. Asian J. Pharm. Clin. Res. 7,
58-61.

Rajaratnam, A., Baby, N. M., Kuruvilla, T. S., and Machado, S. (2014). Diagnosis of
asymptomatic bacteriuria and associated risk factors among pregnant women in
Mangalore, Karnataka, India. J. Clin. Diagn. Res. 8, OC23-OC25. doi: 10.7860/
JCDR/2014/8537.4842

Ramakrishnan, J., Shunmugasundaram, M., and Narayanan, M. (2009).
Streptomyces sp. SCBT isolated from rhizosphere soil of medicinal plants
is antagonistic to pathogenic bacteria. Iran. J. Biotechnol. 7, 75-81.

Ramasamy, S., Balakrishna, H. S., Selvaraj, U., and Uppuluri, K. B. (2014).
Production and statistical optimization of oxytetracycline from Streptomyces
rimosus NCIM 2213 using a new cellulosic substrate, Prosopis juliflora.
BioResources 9, 7209-7221.

Rawat, D., and Nair, D. (2010). Extended-spectrum B-lactamases in Gram Negative
Bacteria. J. Glob. Infect. Dis. 2, 263-274. doi: 10.4103/0974-777X.68531

Saitou, N., and Nei, M. (1987). The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406-425. doi: 10.1093/
oxfordjournals.molbev.a040454

Schembri, M. A., Blom, J., Krogfelt, K. A., and Klemm, P. (2005). Capsule and
fimbria interaction in Klebsiella pneumoniae. Infect. Immun. 73, 4626-4633.
doi: 10.1128/TA1.73.8.4626-4633.2005

Schwaber, M. J., and Carmeli, Y. (2008). Carbapenem-resistant Enterobacteriaceae:
a potential threat. JAMA 300, 2911-2913. doi: 10.1001/jama.2008.896

Ser, H. L., Mutalib, N. S. A,, Yin, W. F., Chan, K. G., Goh, B. H,, and Lee, L. H.
(2015a). Evaluation of antioxidative and cytotoxic activities of Streptomyces
pluripotens MUSC 137 isolated from mangrove soil in Malaysia. Front.
Microbiol. 6:1398. doi: 10.3389/fmicb.2015.01398

Ser, H. L., Palanisamy, U. D., Yin, W. F., Abd Malek, S. N., Chan, K. G., Goh,
B. H., et al. (2015b). Presence of antioxidative agent, Pyrrolo[1,2-a]pyrazine-
1,4-dione, hexahydro- in newly isolated Streptomyces mangrovisoli sp. nov.
Front. Microbiol. 6, 1-11. doi: 10.3389/fmicb.2015.00854

Ser, H. L., Tan, L. T. H., Palanisamy, U. D., Abd Malek, S. N,, Yin, W. F.,
Chan, K. G,, et al. (2016). Streptomyces antioxidans sp. nov., a novel mangrove
soil actinobacterium with antioxidative and neuroprotective potentials. Front.
Microbiol. 7:899. doi: 10.3389/fmicb.2016.00899

Singh, N, Rai, V., and Tripathi, C. K. M. (2011). Production and optimization of
oxytetracycline by a new isolate Streptomyces rimosus using response surface
methodology. Med. Chem. Res. 21, 3140-3145. doi: 10.1007/s00044-011-9845-4

Siu, L. K, Yeh, K. M,, Lin, J. C,, Fung, C. P,, and Chang, F. Y. (2012). Klebsiella
pneumoniae liver abscess: a new invasive syndrome. Lancet Infect. Dis. 12,
881-885. doi: 10.1016/S1473-3099(12)70205-0

Struelens, M. J., Monnet, D. L., Magiorakos, A. P., Santos O’Connor, F.,
and Giesecke, J. (2010). New Delhi metallo-B-lactamase 1-producing
Enterobacteriaceae: emergence and response in Europe. Euro Surveill. 15, 1-10.

Stuen, S., and Longbottom, D. (2011). Treatment and control of chlamydial and
rickettsial infections in sheep and goats. Vet. Clin. North Am. Food Anim. Pract.
27,213-233. doi: 10.1016/j.cvfa.2010.10.017

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. (2011).
MEGAD5: molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28,
2731-2739. doi: 10.1093/molbev/msr121

Tan, L. T. H., Ser, H. L., Yin, W. F,, Chan, K. G., Lee, L. H., and Goh, B. H.
(2015). Investigation of antioxidative and anticancer potentials of Streptomyces
sp. MUM256 isolated from Malaysia mangrove soil. Front. Microbiol. 6:1316.
doi: 10.3389/fmicb.2015.01316

Tenover, F. C. (2006). Mechanisms of antimicrobial resistance in bacteria.
Am. . Infect. Control 34(5 Suppl. 1), S3-S10. doi: 10.1016/j.amjmed.2006.
03.011

Thakur, P., Chawla, R., Goel, R., Arora, R, and Sharma, R. K. (2013). In silico
modeling for identification of promising antimicrobials of herbal origin against
highly virulent pathogenic strains of bacteria like New Delhi Metallo-beta-
lactamase -1 Escherichia coli. Int. ]. Innov. Appl. Stud. 4, 582-592.

Tiwari, K., and Gupta, R. K. (2012). Rare actinomycetes: a potential storehouse
for novel antibiotics. Crit. Rev. Biotechnol. 32, 108-132. doi: 10.3109/07388551.
2011.562482

Triebskorn, R., Casper, H., Heyd, A., Eikemper, R., Kéhler, H. R., and Schwaiger, J.
(2004). Toxic effects of the non-steroidal anti-inflammatory drug diclofenac:
part IL. Cytological effects in liver, kidney, gills and intestine of rainbow trout
(Oncorhynchus mykiss). Aquat. Toxicol. 68, 151-166. doi: 10.1016/j.aquatox.
2004.03.015

Turnbull, A. L., Liu, Y., and Lazarovits, G. (2012). Isolation of bacteria from
the rhizosphere and rhizoplane of potato (Solanum tuberosum) grown in
two distinct soils using semi selective media and characterization of their
biological properties. Am. J. Potato Res. 89, 294-305. doi: 10.1007/s12230-012-9
253-4

Tzouvelekis, L. S., Markogiannakis, A., Psichogiou, M., Tassios, P. T., and
Daikos, G. L. (2012). Crisis of global dimensions and other Enterobacteriaceae:

Frontiers in Microbiology | www.frontiersin.org

April 2017 | Volume 8 | Article 614


https://doi.org/10.1111/1469-0691.12341
https://doi.org/10.4137/IDRt.s13820
https://doi.org/10.4137/IDRt.s13820
https://doi.org/10.1038/ng.809
https://doi.org/10.1038/ng.809
https://doi.org/10.1128/IAI.72.8.4888
https://doi.org/10.1016/j.jgg.2012.07.006
https://doi.org/10.1007/s00253-016-7759-2
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.1007/s13205-016-0398-6
https://doi.org/10.1016/j.drudis.2008.03.002
https://doi.org/10.1016/j.drudis.2008.03.002
https://doi.org/10.1093/jac/dkg281
https://doi.org/10.1093/jac/dkg281
https://doi.org/10.4314/tjpr.v9i3.56282
https://doi.org/10.4314/tjpr.v9i3.56282
https://doi.org/10.1128/iai.70.7.3904-3914.2002
https://doi.org/10.1128/iai.70.7.3904-3914.2002
https://doi.org/10.1016/S1473-3099(09)70054-4
https://doi.org/10.1086/592412
https://doi.org/10.1086/592412
https://doi.org/10.1586/eri.12.162
https://doi.org/10.1128/AEM.67.7.3325
https://doi.org/10.7860/JCDR/2014/8537.4842
https://doi.org/10.7860/JCDR/2014/8537.4842
https://doi.org/10.4103/0974-777X.68531
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1128/IAI.73.8.4626-4633.2005
https://doi.org/10.1001/jama.2008.896
https://doi.org/10.3389/fmicb.2015.01398
https://doi.org/10.3389/fmicb.2015.00854
https://doi.org/10.3389/fmicb.2016.00899
https://doi.org/10.1007/s00044-011-9845-4
https://doi.org/10.1016/S1473-3099(12)70205-0
https://doi.org/10.1016/j.cvfa.2010.10.017
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.3389/fmicb.2015.01316
https://doi.org/10.1016/j.amjmed.2006.03.011
https://doi.org/10.1016/j.amjmed.2006.03.011
https://doi.org/10.3109/07388551.2011.562482
https://doi.org/10.3109/07388551.2011.562482
https://doi.org/10.1016/j.aquatox.2004.03.015
https://doi.org/10.1016/j.aquatox.2004.03.015
https://doi.org/10.1007/s12230-012-9253-4
https://doi.org/10.1007/s12230-012-9253-4
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Cheepurupalli et al.

Klebsiella pneumoniae Zebrafish Infection Model

an evolving carbapenemases in Klebsiella pneumoniae carbapenemases in
Klebsiella pneumoniae and other Enterobacteriaceae: an evolving crisis of
global dimensions. Clin. Microbiol. Rev. 25, 682-707. doi: 10.1128/CMR.
05035-11

Ullmann, U. (1998). Klebsiella spp. as nosocomial pathogens : epidemiology.
taxonomy, typing methods, and pathogenicity factors. Clin. Microbiol. Rev. 11,
589-603.

Uly, A. C,, Kurtaran, B., Inal, A., and Kémiir, S. (2015). Risk factors of carbapenem-
resistant Klebsiella pneumoniae infection: a serious threat in ICUs. Med. Sci.
Monit. 21, 219-224. doi: 10.12659/MSM.892516

Vatopoulos, A. (2008). High rates of metallo-beta-lactamase-producing Klebsiella
pneumoniae in Greece - a review of the current evidence. Euro Surveill. 13,
1854-1861.

Venugopal, R., Mahesh, V., Ekambaram, G., Aadithya, A., and Sakthisekaran, D.
(2014). Protective trilobatum  (Solanaeace) against
benzo(a)pyrene-induced lung carcinogenesis in Swiss albino mice. Biomed.
Prev. Nutr. 4, 535-541. doi: 10.1016/j.bionut.2014.08.001

Vuotto, C., Longo, F., Balice, M. P., Donelli, G., and Varaldo, P. E. (2014).
Antibiotic resistance related to biofilm formation in Klebsiella pneumoniae.
Pathogens 3, 743-758. doi: 10.3390/pathogens3030743

Wand, M. E., McCowen, J. W., Nugent, P. G., and Sutton, J. M. (2013). Complex
interactions of Klebsiella pneumoniae with the host immune system in a Galleria
mellonella infection model. J. Med. 62, 1790-1798. doi: 10.1099/jmm.0.06
3032-0

Wang, Y., Zhang, W., Wu, Z., and Lu, C. (2011). Reduced virulence is an important
characteristic of biofilm infection of Streptococcus suis. FEMS Microbiol. Lett.
316, 36-43. doi: 10.1111/j.1574-6968.2010.02189.x

role of Solanum

Yu, W., Ko, W., Cheng, K., and Lee, C. (2008). Comparison of prevalence of
virulence factors for Klebsiella pneumoniae liver abscesses between isolates with
capsular K1 / K2 and. Diagn. Microbiol. Infect. Dis. 62, 1-6. doi: 10.1016/j.
diagmicrobio.2008.04.007

Zenki, K. C., Mussulini, B. H. M., Rico, E. P., de Oliveira, D. L., and Rosemberg,
D. B. (2014). Effects of ethanol and acetaldehyde in zebrafish brain structures:
an in vitro approach on glutamate uptake and on toxicity-related parameters.
Toxicol. Vitro 28, 822-828. doi: 10.1016/j.tiv.2014.03.008

Zodrow, J. M., Stegeman, J. J., and Tanguay, R. L. (2004). Histological analysis
of acute toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in zebrafish.
Aquat. Toxicol. 66, 25-38. doi: 10.1016/j.aquatox.2003.07.002

Zowawi, H. M., Harris, P. N. A., Roberts, M. J., Tambyah, P. A., Schembri, M. A.,
Pezzani, M. D, et al. (2015). The emerging threat of multidrug-resistant Gram-
negative bacteria in urology. Nat. Rev. Urol. 12, 570-584. doi: 10.1038/nrurol.
2015.199

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Cheepurupalli, Raman, Rathore and Ramakrishnan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org 58

April 2017 | Volume 8 | Article 614


https://doi.org/10.1128/CMR.05035-11
https://doi.org/10.1128/CMR.05035-11
https://doi.org/10.12659/MSM.892516
https://doi.org/10.1016/j.bionut.2014.08.001
https://doi.org/10.3390/pathogens3030743
https://doi.org/10.1099/jmm.0.063032-0
https://doi.org/10.1099/jmm.0.063032-0
https://doi.org/10.1111/j.1574-6968.2010.02189.x
https://doi.org/10.1016/j.diagmicrobio.2008.04.007
https://doi.org/10.1016/j.diagmicrobio.2008.04.007
https://doi.org/10.1016/j.tiv.2014.03.008
https://doi.org/10.1016/j.aquatox.2003.07.002
https://doi.org/10.1038/nrurol.2015.199
https://doi.org/10.1038/nrurol.2015.199
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

',\' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 13 March 2017
doi: 10.3389/fmicb.2017.00438

OPEN ACCESS

Edited by:
Learn-Han Lee,
Monash University Malaysia, Malaysia

Reviewed by:

Courtney M. Starks,

Sequoia Sciences, USA

Hiroyuki Morita,

University of Toyama, Japan
Elisabeth Doris Helmke,

Marnas Biochemicals GmbH,
Germany

Lay Hong Chuah,

Monash University Malaysia, Malaysia

*Correspondence:
Ahmed O. El-Gendy
ahmed.elgendy@pharm.bsu.edu.eg

T These authors have contributed
equally to this work.

Specialty section:

This article was submitted to
Antimi crobials, Resistance
and Chemotherapy,

a section of the journal
Frontiers in Microbiology

Received: 12 December 2016
Accepted: 03 March 2017
Published: 13 March 2017

Citation:

Ahmad MS, El-Gendy AO,
Ahmed RR, Hassan HM,
El-Kabbany HM and Merdash AG
(2017) Exploring the Antimicrobial
and Antitumor Potentials

of Streptomyces sp. AGM12-1
Isolated from Egyptian Soil.

Front. Microbiol. 8:438.

doi: 10.3389/fmicb.2017.00438

®

Check for
updates

Exploring the Antimicrobial and
Antitumor Potentials of
Streptomyces sp. AGM12-1 Isolated
from Egyptian Soil

Maged S. Ahmad't, Ahmed O. El-Gendy?**, Rasha R. Ahmed?, Hossam M. Hassan*,
Hussein M. El-Kabbany® and Ahmed G. Merdash'

! Botany and Microbiology Department, Faculty of Science, Beni-Suef University, Beni-Suef, Egypt, 2 Microbiology and
Immunology Department, Faculty of Pharmacy, Beni-Suef University, Beni-Suef, Egypt, ® Zoology Department, Faculty of
Science, Beni-Suef University, Beni-Suef, Egypt, * Pharmacognosy Department, Faculty of Pharmacy, Beni-Suef University,
Beni-Suef, Egypt, ° Health Research Department, The National Center for Radiation Research and Technology, Atomic
Energy Authority, Beni-Suef, Egypt

The occurrence of extensive antibiotics resistant bacteria increased the demands
for mining out new sources of antimicrobial agents. Actinomycetes, especially
Streptomyces sp. have grasped considerable attention worldwide due to production
of many useful bioactive metabolites. In the present study, a total of 52 actinomycetes
were isolated from agricultural soil samples in Beni-Suef, Egypt. All isolates were
characterized based on colony morphology, mycelium coloration, and pigment diffusion.
They were screened for their capabilities to show antimicrobial activities against different
indicator microorganisms, and only 20 isolates have shown significant antimicrobial
activities against at least one of the tested indicator microorganisms. The isolate
AGM12-1 was active against all tested microorganisms and showed a marked antitumor
activity with IC5g 3.3 and 1.1 wg/ml against HCT-116 and HepG-2 cell lines respectively.
It was genotypically characterized as Streptomyces sp. with the presence of PKS I1
biosynthetic gene cluster. Mannitol, ammonium sulfate, pH 7, 2% inoculum size and
incubation for 11 days at 30°C were the optimum conditions that used to maximize
the production and hence allowed purification of one active antimicrobial compound
to homogeneity using high performance liquid chromatography with a molecular mass
of m/z 488.05. Nuclear magnetic resonance structural elucidation showed that this
compound was a diketopiperazine derivative.

Keywords: actinomycetes, antimicrobial, antitumor, diketopiperazine, Streptomyces sp., Streptomyces
vinaceusdrappus

INTRODUCTION

Actinomycetes are Gram-positive filamentous bacteria with fungal morphology. They are
characterized by a complicated life cycle belonging to the phylum Actinobacteria (Dilip et al.,
2013). They are widely distributed in terrestrial ecosystems, especially in soil, where they play a
pivotal role in recycling of industrial wastes and biomaterials by decomposing complex polymeric
structures in dead plants, animals, and fungal materials (Goodfellow and Williams, 1983).
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Actinobacteria, especially Streptomyces sp. are known as
noble factories for the production of many biologically active
compounds that are useful as antibacterials, antifungals,
antivirals, antithrombotics, immunomodifiers, anti-tumor drugs,
and enzyme inhibitors in many fields especially in medicine
(Sacramento et al., 2004; Atta, 2009; Fukuchi et al., 2009;
Olano et al, 2009; Ser et al, 2015). Due to the emergence
of multi-resistant microorganisms to almost all available
antibiotics, many researchers are focused now on discovering
novel antimicrobials from many natural resources such as
those produced by actinomycetes especially those isolated
from many undiscoverable or poorly explored environments
(Undabarrena et al., 2016). These antimicrobials are produced
by many metabolic pathways, mainly organized by polyketide
synthases (PKS) and non-ribosomal peptide synthetases (NRPS)
(Undabarrena et al., 2016). Incidence and presence of these
biosynthetic genes in actinobacteria are obviously high (Donadio
etal., 2007).

Egyptian soil reservoir is considered as a poorly investigated
source for actinobacteria, and very few reports were published
(Hozzein and Goodfellow, 2007; Awad et al., 2009; Abd-Alla
et al,, 2013; Rifaat et al., 2013). In these perspectives, the present
study aimed to isolate and characterize different actinomycetes
from soil niche in Beni-Suef governorate, Egypt. Actinomycetes
were screened for their capabilities to produce antimicrobial and
antitumor active metabolites. The bioactive compound from the
most potent isolate was further purified and characterized.

MATERIALS AND METHODS

Collection of Samples and Isolation of

Actinomycetes

A number of 13 agricultural soil samples were collected
aseptically from four different sites located in Egypt (Beni-
Suef City, Beba City, Ehnasia City, and El-Fayum roads) from
the upper 15 cm layer of soil using sterile plastic bags and
transported to the laboratory for further isolation steps. Isolation
of actinomycetes was managed using soil dilution plate technique
(Williams et al., 1983) on starch nitrate agar (SNA) and tryptone
soya agar (TSA) supplemented with Rifampicin (10 pg/ml)
and Nystatin (50 pg/ml) to inhibit any bacterial or fungal
contaminants. Briefly, 1 g of each soil sample was diluted with
9 ml of 0.9% saline, homogenized and then a serial dilution
up to 10~* was carried out. A 100 pl from 1072, 1073, and
10~* dilutions were spread on SNA and TSA, and incubated
at 30°C for 7 days. Suspected colonies of actinomycetes were
characterized morphologically (Aghamirian and Ghiasian, 2009;
Reddy et al., 2011), re-purified using streak plate method, and
then stored in 40% glycerol at —80°C.

Screening of Actinomycetes for their

Antimicrobial Activities

Antimicrobial activities of pure isolates were determined by
agar diffusion method (Williams and Davies, 1965) and double
layer agar method (modified spot on lawn technique) (Thakur

et al, 2007; Dundar et al, 2015), against different indicator
microorganisms; Escherichia coli (ATCC 8739), Staphylococcus
aureus (ATCC 6538), Bacillus subtilis (clinical sample), Candida
albicans (clinical sample), and Sarcina lutea (environmental
sample). In double layer agar method, all pure isolates were spot
inoculated on SNA and incubated at 30°C for 5 days and then
5 ml of molten TSA seeded with 100 .l overnight culture of
indicator microorganisms were poured on spotted plates and
incubated at 37°C for 24 h. Antimicrobial activities represented
in zones of inhibitions were examined.

Fermentation and Extraction of
Secondary Metabolites and Total

Proteins

The most potent actinomycetes, showing significant antimicro-
bial activities, were undergoing fermentation. Briefly, actino-
mycetes were sub-cultured in tryptone soya broth (TSB) for
5 days and 2% of starting inoculum was used to inoculate 1 L
of International Streptomyces Project 4 (ISP4) broth in a 2 L
Erlenmeyer flask and then incubated on rotary shaker incubator
(200 RPM) at 30°C for 7 days. The cell-free supernatant from
each flask was collected after centrifugation at 13,000 g for 20 min
and divided into two portions; one used to extract total secondary
metabolites, and the other used to extract total proteins. For
extraction of total metabolites, a 1:1 v/v ethyl acetate was added to
the cell-free culture supernatant and shacked vigorously for 1 h.
The organic phase was separated and evaporated to dryness using
a rotary evaporator (Romankova et al., 1971; Selvameenal et al.,
2009). Total extract residues were weighed and dissolved in 5 ml
ethyl acetate and kept in a refrigerator at 4°C. For extraction of
total proteins, an ammonium sulfate was added to the cell-free
culture supernatant in a concentration of 40%. Protein pellets
were collected by centrifugation at 14,000 g for 30 min at 4°C and
then dissolved in 5 ml distilled water, and kept in a refrigerator
at 4°C.

In vitro Anti-tumor Cytotoxicity

Both ethyl acetate extracts and total proteins of the most potent
actinomyces isolates with significant antimicrobial activities were
evaluated for their cytotoxicity using tissue culture technique.
HepG2 (hepatocellular carcinoma cell line) and HCT 116 (human
colon carcinoma) were obtained from the Pharmacology Unit,
Cancer Biology Department, National Cancer Institute, Cairo
University, Egypt. Cells were maintained in DMEM medium
with 10% fetal calf serum, sodium pyruvate, 100 U/ml penicillin
and 100 mg/ml streptomycin at 37°C and 5% CO, till the
cytotoxicity bioassay was carried out. The potential cytotoxicity
of four samples was tested using the method of Skehan et al.
(1990). Briefly, 100 cells/well were plated onto 96-well dishes
overnight before the treatment with the tested compounds to
allow the attachment of cells to the wall of the plate. Different
concentrations of each tested compound (0, 6.25, 12.5, 25, 50,
100 pg/ml) were added to the cell monolayer and triple wells were
used for each individual dose. Monolayer cells were incubated
with the tested agent(s) for 48 h at 37°C and 5% CO,. At the
end of the incubation period, the cells were fixed and stained
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with sulforhodamine B dissolved in acetic acid. Unbound stain
was removed by washing four times with 1% acetic acid and
the protein-bound dye was extracted with Tris-EDTA buffer.
The absorbance was measured in an ELISA reader. The relation
between surviving fraction and compound concentration was
plotted to get the survival curve of each tumor cell line and the
ICsg. The concentration of an agent that causes a 50% growth
inhibition, for each tested agent using each cell line was obtained
from the survival curve (Skehan et al., 1990).

Phenotypic Characterization of AGM12-1

Isolate

The physiological, biochemical, and cultural characteristics of
the talented isolate AGM12-1 which showed broad antimicrobial
and cytotoxic activities were examined in detail. The growth
capability, pigment production, and color of both aerial and
substrate mycelium was determined using different growth
media; ISP-3, ISP-4, ISP-5, Czapek Dox, Sato, nutrient agar
and SNA. The color was determined visually by making a
comparison with chips from the ISCC-NBS centroid color
charts (Williams et al, 1983). The types of spore-bearing
hyphae and spores chain morphology were determined using
direct microscopical examination and the shape of the spore
surface was observed using scanning electron microscope (SEM).
Production of catalase, lecithinase, protease, lipase, pectinase,

amylase, hydrogen sulfide, nitrate reductase, urease, gelatinase,
and melanin besides screening for utilization of different nitrogen
sources (peptone, protease peptone, potassium nitrate, yeast
extract, ammonium sulfate), different carbon sources (starch,
glucose, sucrose, fructose, mannitol) and ability to grow at a wide
range of pH from 5 to 11 were carried out according to Williams
et al. (1983).

Genomic DNA Extraction and

Purification

Genomic DNA extraction was done according to Sinha et al.
(2004) and Aly et al. (2016) with some modifications. Briefly,
a 1.5 ml of culture was centrifuged for 10 min at 3,000 g, the
supernatant was discarded and the pellets were resuspended
in 200 pl spheroblast buffer (10% sucrose, 25 mM Tris pH
8.4, 25 mM EDTA pH 8.0, 2 mg/mL lysozyme and 0.4 mg/ml
RNase A), vortexes and incubated at 37°C for 10 min until
cell lysis occurred. Then, 50 il of 5% SDS (lysis buffer 1) and
5 M NaCl (lysis buffer 2) were added, mixed and incubated
at 65°C for 5 min. A 100 pl neutralizing buffer (60 ml 5 M
Potassium acetate, 11.5 ml glacial acetic acid, and 28.5 ml
dH,0) was then added and put on ice for 5 min before
centrifugation at 18,000 g at 4°C for 15 min. The supernatant
(approximately 400 1) was transferred to a new tube, mixed with
equal volume of isopropanol, left 5 min at room temperature

FIGURE 1 | In vitro anti-tumor cytotoxicity bioassay. (A) Normal human liver cancer cell line (HepG2) while the effect of three tested concentrations 25, 50,
100 png/ml of the AGM12-1 extract on the survival percent of HepG-2 are illustrated in (B=D), respectively.
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FIGURE 2 | Anti proliferative effect of total ethyl acetate extract,
produced by AGM12-1, on HCT116 cell lines in vitro (A) and on HepG2
cell lines in vitro (B).

and centrifuged at 18,000 g at room temperature for 15 min
to precipitate the DNA. The resulting pellet was washed with
70% ethanol by centrifugation at 18,000 g at room temperature
for 5 min. The final pellet was air-dried and resuspended
in 50 pl 1x TE buffer pH 8 and stored in the refrigerator
at4°C.

PCR Amplification and Sequencing of
16S rRNA Gene

The primers used for amplification of the 16S rRNA gene were
11F: 5-TAACACATGCAAGTCGAACG-3’ (Birri et al, 2013;
Hong-Thao et al., 2016) and 12R: 5-AGGGTTGCGCTCGTTG-
3’ (Stackebrandt and Charfreitag, 1990; Isik et al., 2014). PCR
was carried out in 50 pl reaction volume in sterile 200 wl PCR
tube. The PCR reaction mixture consisted of 500 ng genomic
DNA, 10 mM dNTPs mixture, 1 pl (20 uM of each primer),
2.5 units of Taq DNA polymerase enzyme and 10 pl 5x reaction
buffer. The PCR program included template denaturation at 94°C
(3 min), followed by 34 cycles of denaturing at 94°C (30 s),
annealing at 56°C (30 s), and extension at 72°C (60 s), and
followed by completion of DNA synthesis at 72°C (5 min).
Primers were removed from the final PCR product prior to
sequencing using QIAquick PCR purification kit (QIAGEN,
Germany). The PCR product of interest was detected and purified

by agarose gel electrophoresis using 1% (w/v) agarose gels with
reference to 1 kbp DNA ladder. DNA was sequenced using
the ABI Prism BigDye terminator sequencing ready reaction
kit version 3.1 and analyzed with the ABI Prism 3100 generic
analyzer.

Sequence Manipulation and

Phylogenetic Analysis

The BLAST facility' was employed in order to assess the degree
of DNA similarity. Multiple sequence alignment and molecular
phylogeny were evaluated using MEGA7 software (Tamura et al.,
2007).

PCR Screening for Antibiotic

Biosynthetic Gene Clusters

The genomic DNA of AGMI12-1 isolate was screened for the
presence of the biosynthetic genes involved in the production of
type I polyketide synthase (PKS I), type II polyketide synthase
(PKS II), NRPS and glycopeptide antibiotics. This was achieved
by PCR amplification of these genes using the following
primers; PKS/K1 F: 5-TSAAGTCSAACATCCGBCA-3’ and
PKS/M6 R: 5'-CGCAGGTTSCSGTACCAGTA-3' to amplify the
PKS I gene with expected product size of 1200-1400 bp
(Passari et al., 2015), ARO-PKS-F: 5-GGCAGCGGITTCGGC
GGITTCCAG-3' and ARO-PKS-R: 5-CGITGTTIACIGCG
TAGAACCAGGCG-3' to amplify the PKS II gene with expected
product size of 492-630 bp (Wood et al, 2007), NRPS/A3
F: 5/-GCSTACSYSATSTACACSTCSGG-3' and NRPS/A7 R:
5'-SASGTCVCCSGTSGCGTAS-3" to amplify the NRPS gene
with expected product size of 700 bp (Passari et al., 2015), and
finally oxyB F: 5-CTGGTCGGCAACCTGATGGAC-3’ and
oxyB R: 5-CAGGTACCGGATCAGCTCGTC-3" to amplify
the glycopeptide antibiotic gene with expected product size
of 696 bp (Wood et al., 2007). The PCR program included
template denaturation at 95°C (5 min), followed by 40 cycles of
denaturing at 95°C (30 s), annealing for PKS I, PKS II, NRPS and
glycopeptide primers at 55, 64, 59, and 60°C, respectively (60 s),
extension at 72°C (2 min), and followed by completion of DNA
synthesis at 72°C (10 min) (Baker et al., 2003).

Optimization of Antimicrobial Production

In order to maximize the production of secondary metabolites
by the isolate AGM12-1, the effect of different carbon sources;
fructose, glucose, mannitol, starch, and sucrose (20 g/l) in
basal nitrate salt medium were studied (Selvin et al., 2009).
The effect of different nitrogen sources; peptone, yeast extract,
ammonium sulfate, protease peptone, and KNO3 (2 g/l) in
the basal starch salt medium were also studied. The most
effective carbon and nitrogen sources were further used in
different concentrations at (1, 1.5, 2, 2.5, 3 g/100 ml) and
(0.1, 0.15, 0.2, 0.25, 0.3 g/100 ml) respectively. The effects of
cultural conditions like different incubation time (2-14 days),
different starting pH (5, 6, 7, 8, 9, 10, and 11), and different
starting inocula (0.01, 0.1, 2, 5, 10, and 15%) were also

'www.ncbi.nlm.nih.gov/blast
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TABLE 1 | Morphological characters and growth of Streptomyces sp. AGM12-1.

Growth media Growth Color of aerial Color of substrate Diffused Form of spore
mycelium mycelium pigments chain

Sato medium Abundant Light brown Light yellowish brown —ve Rectus

Starch nitrate medium Good Medium gray Light grayish-reddish —ve Rectus

brown

Czapek dox medium Good Light gray Light yellowish brown —ve Rectus

Nutrient agar Abundant Medium gray Dark grayish yellow —ve Rectus

ISP 3 Good Light grayish—yellowish Grayish yellow —ve Rectus
brown

ISP 4 Good Light gray Light yellowish brown —ve Rectus

ISP 5 Good Grayish—yellowish brown Pale yellow —ve Rectus

examined (Kadiri and Yarla, 2016). The antimicrobial activity
assay using cup technique against sensitive indicator Sarcina
lutea was managed after each experiment, and zones of
inhibitions were measured after incubation of plates at 37°C for
24 h.

Fermentation Using Optimized
Conditions and Extraction of the

Antimicrobial Compound

To extract putative antimicrobial compound, a 20 ml of 5 days
sub-cultured broth was inoculated in 2 L Erlenmeyer flasks
containing 1 L of liquid mannitol - ammonium sulfate medium
(tow flasks). These flasks were incubated in a rotary shaker (160
RPM) at 30°C for 11 days. A 2-L total volume was filtered through
Whatman No. 1 filter. After filtration, the total culture filtrate was
extracted with ethyl acetate in a ratio of (1:1 v/v) and shaken
vigorously in a separating funnel. Then, the organic layer was
collected and the solvent extracts were concentrated to dryness
using rotary evaporator and tested for their antimicrobial activity
against various indicator microorganisms.

Purification by HPLC

The total ethyl acetate extract of AGM12-1 was concentrated and
chromatographed via high performance liquid chromatography
(HPLC) (Dionex Ultimate 3000 model HPLC system at the
faculty of pharmacy, Beni-Suef University) using a Nucleosil
C18 column. Elution was carried out using flow-rate 3 ml/min
of 10-100% acetonitrile in water with total run time 25 min.
A total of 23 fractions, 3 ml each, were collected. Fractions
were concentrated, dried, weighed then dissolved in DMSO
and tested for their antimicrobial activities by spotting on the
lawn of Sarcina lutea, and tested for their minimum inhibitory
concentrations by broth micro-dilution method against various
indicator microorganisms.

Spectroscopic Characterization

The LC-Mass spectrum in positive and negative ion mode was
determined at the faculty of postgraduate studies of advanced
science, Beni-Suef University, Egypt and the nuclear magnetic
resonance (NMR) spectrum was determined at the faculty of
pharmacy, Beni-Suef University, Egypt (El-Hawary et al., 2016).

TABLE 2 | Physiological and biochemical characteristics of AGM12-1
isolate.

Experiment Reaction by AGM12-1

The enzymatic activity

Catalase activity +
Gelatinase activity +++
H»S production -
Urea decomposition ++
Amylase activity +++
Pectinolytic activity +++
Lethinase activity —
Lipase activity —
Nitrate reductase activity —
Carbon source utilization

Starch utilization +++
Glucose utilization ++
Sucrose utilization +
Fructose utilization ++
Mannitol utilization 4+
Nitrogen source utilization

Peptone utilization ++
Protease peptone utilization +4
Potassium nitrate utilization +
Yeast extract utilization +
Ammonium sulfate utilization +++
Growth at different pH

pH5 +
pH 6 +
pH 7 -
pH8 ++
pH9 ++
pH 10 +
pH 11 +

Melanin production —

—, negative; +, weakly positive; ++, moderately positive; +++, highly positive.
Bolded symbols mean: Main experimental category.

RESULTS AND DISCUSSION

The emergence of extensive antibiotics resistant bacteria increa-
sed the demands for finding out new sources of antimicrobial
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FIGURE 3 | Phylogenetic tree of AGM12-1 isolate based on partial 16S rRNA

Neighbor-Joining method (Saitou and Nei, 1987). The distances were computed using the Kimura 2-parameter method (Kimura, 1980) and are in the units of the
number of base substitutions per site. Numbers at nodes indicate percentages of 1000 bootstrap re-samplings, only values above 50% are shown. The analysis
involved 20 nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were eliminated. There
were a total of 827 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2016).
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gene sequences. The phylogenetic tree was inferred using the

agent. Actinomycetes, especially Streptomyces sp., have grasped
considerable attention worldwide due to the production of many
useful bioactive metabolites. Isolation of these species from
poorly explored habitats could increase the possibility to discover
novel microbial products with new types of activities (Ser et al,,
2016b; Sharma et al., 2016).

Isolation of Actinomycetes and

Screening for their Antimicrobial

Activities

A total of 52 actinomycetes were isolated from agricultural
soil samples collected from different locations in Beni-Suef
Governorate, Egypt. Soil niches were reported to be rich
in many significant actinomycetes (Savic et al, 2007; Tan
et al,, 2015). All isolates were characterized based on colony
morphology, mycelium coloration, and pigment diffusion. The
protein and organic extracts of each strain were screened for
antimicrobial activity against different indicator microorganisms.
The organic extracts of 20 (38.46%) out of 52 actinomyces
isolates showed antimicrobial activity against at least one of the
tested indicator microorganisms (Supplementary Tables la,b).

This percentage was not surprising because it was reported many
times before that incidence of actinomycetes with antimicrobial
activities from the soil niche was relevant high (Thakur et al,,
2007; Bizuye et al, 2013). In this study, four isolates were
able to exhibit promising broad spectrum activity against all
tested indicator microorganisms especially AGM12-1 isolate.
So, these talented isolates were undergoing batch fermentation
plus extraction of their secondary metabolites for further
assessments.

In vitro Anti-tumor Cytotoxicity

Incessant efforts have been directed at the search for more
effective anti-tumors from natural resources which could be
settled into new therapeutic drugs (Ser et al.,, 2016a). In this
study, both of protein and organic extracts were screened for anti-
tumor cytotoxicity against human liver cancer cell line (HepG2)
and human colon carcinoma (HCT116). The organic extracts of
20 isolates showed anti-tumor toxicity against both cell lines.
The organic extract of AGMI2-1 isolate showed substantial
anti-tumor activity (Figure 1) where the survival fractions
were significantly decreased as the concentration increased
(Figures 2A,B). The ICsp values were reached for all examined
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TABLE 3 | Different growth conditions of Streptomyces sp. AGM12-1 and
their impacts on antimicrobial agent production measured by inhibition
zones against Sarcina lutea.

Different growth conditions Inhibition zone in

millimeter
Starch 19
Glucose 15
Sucrose 14
Fructose 18
Mannitol 20
Potassium nitrate 19
Peptone 24
Yeast extract 22
Ammonium sulfate 26
Protease peptone 24
Mannitol 1% 26
Mannitol 1.5% 26
Mannitol 2% 28
Mannitol 2.5% 29
Mannitol 3% 28
Ammonium sulfate 0.1% 25
Ammonium sulfate 0.15% 27
Ammonium sulfate 0.2% 29
Ammonium sulfate 0.25% 26
Ammonium sulfate 0.3% 25
pH5 14
pH 6 15.5
pH 7 22
pH 8 19
pH9 17
pH 10 16
pH 11 11
Starting inoculum 0.01% NA
Starting inoculum 0.1% NA
Starting inoculum 2% 22
Starting inoculum 5% 15.5
Starting inoculum 10% 11
Starting inoculum 15% 11
Incubation period 2nd day NA
Incubation period 3rd day 12
Incubation period 4th day 15
Incubation period 5th day 18
Incubation period 6th day 19
Incubation period 7th day 19
Incubation period 8th day 20
Incubation period 9th day 21
Incubation period 10th day 22
Incubation period 11th day 25
Incubation period 12th day 23
Incubation period 13th day 22
Incubation period 14th day 21

extracts using the tested concentrations for both cell lines. The
ethyl acetate extract from isolate AGM12-1 exhibited the most
potent effect against both cell lines with ICsp 3.3 and 1.1 pg/ml
against HCT 116 and HepG-2 respectively. Moreover, all tested

compounds showed higher cytotoxicity against HepG 2 cell line
compared to HCT 116.

Phenotypic Characterization of AGM12-1

Isolate

The light microscopic observation of AGM12-1 isolate on ISP4
media showed a straight chain section with no fragmentation
of the aerial mycelium. Also SEM observation showed a crimpy
spore surface with aerial and vegetative hyphae which were
well-developed and not fragmented. The other morphological
characters, after growing in different growth media, are
summarized in Table 1. The physiological and biochemical
characters denoted in the production of different enzymes,
utilization of different nitrogen and carbon sources, and ability
to grow at a wide range of pH are illustrated in Table 2. Based on
these morphological and biochemical characteristics of AGM 12-
1, it was presumptively identified as a member of Streptomyces sp.
according to Williams et al. (1983).

Genotypic Characterization of AGM12-1
Isolate and Screening for Antibiotic

Biosynthetic Gene Clusters

The partial 16S rRNA gene sequencing revealed a 99% similarity
with Streptomyces vinaceusdrappus according to NCBI GenBank.
The resulted sequence was aligned to 19 of the closely related
Streptomyces sp. by retrieving their sequences from the NCBI
GenBank database and assembled in MEGA7 software for
phylogenetic analysis using the Neighbor-Joining method and
the evolutionary distances were computed using the Kimura 2-
parameter method. The obtained phylogenetic tree (Figure 3)
confirmed the similarity of the AGM12-1 isolate to Streptomyces
vinaceusdrappus with a similarity matrix bootstrap value of 89.
The GenBank accession number for the partial 16S rRNA gene
sequence of AGM12-1 strain is KY392992.

Screening of Streptomyces sp. AGM12-1 for the presence of
biosynthetic genes involved in the production of glycopeptide
antibiotics (OXY B), NRPS, type I polyketide synthase (PKS
I) and type II polyketide synthase (ARO-PKS II) revealed
the presence of type II polyketide synthase system which is
mostly responsible for the synthesis of aromatic polyketides. In
another study (Busti et al., 2006), they reported the presence of
antibacterial activated genes NRPSs, type I and type II PKSs in
their isolate.

Optimizing the Production of

Antimicrobial Secondary Metabolites

The optimum growth conditions for production of antimicrobial
and antitumor agents from Streptomyces sp. AGM12-1 were
screened and illustrated in Table 3. It was found that the
maximum productivity was achieved after using mannitol
and ammonium sulfate at concentrations of 2.5 and 0.2%,
respectively. Other factors like pH 7, starting inoculum 2%
and incubation for 11 days at 30°C were found to produce a
high yield of antimicrobial and antitumor substance. In other
studies (Sujatha et al.,, 2005), it was reported that the glucose
and ammonium nitrate in synthetic media were the optimum
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FIGURE 4 | High performance liquid chromatography (HPLC) chromatograms of a re-purified sample using a Nucleosil C18 column showing the
active compound eluted at 20.32 min (fraction tube number 18).
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FIGURE 5 | Nuclear magnetic resonance (NMR) spectrum of antimicrobial and antitumor agent produced by Streptomyces sp. AGM12-1.
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carbon and nitrogen sources to obtain a high yield of antibiotic.
Also (Kadiri and Yarla, 2016) reported that the arabinose and
dextrose were the best carbon sources and L-asparagine was the
best nitrogen source in their study. Pandey et al. (2005) tested
a number of carbon and nitrogen compounds for their effect
on the production of an antibacterial antibiotic by Streptomyces
kanamyceticus M27. It was found dextrose as the most suitable
carbon source while maltose, sucrose, and soluble starch gave
moderate yield. (NH4)H,P04 and yeast extract were adequate
nitrogen sources for antibiotic production. It was found that
media with alkaline pH gave high antibiotic yield.

Purification of the Antimicrobial

Compound and MIC Determination

The active metabolites were extracted with ethyl acetate at
the level of (1:1 v/v) and the separation of the antimicrobial
compound was carried out by HPLC in which 23 fractions
were collected manually and tested for their antimicrobial
activities (Supplementary Figure 1). The active fractions were re-
chromatographed till showing one pure compound at 20 min
(fraction number 18) as seen in Figure 4. MIC values, ranging
from 50 to 0.77 pg/ml, were tested against all indicator
microorganisms by broth-micro dilution method. Lowest MIC
was recorded against Sarcina lutea (6.25 pwg/ml) while largest
MIC was recorded against Candida albicans and Escherichia coli
ATCC 8739 (25 pg/ml). For both Staphylococcus aureus ATCC
6538 and Bacillus subtilis, the recorded MIC was 12.5 pg/ml.

Spectroscopic Characteristics
Based on 'HNMR spectrum (Figure 5), molecular mass (m/z
488.05) and comparing the results with previously published
data, the isolated compound was identified as Cyclo (S-Pro-S-
Val) (Figure 6) (Jayatilake et al., 1996). This compound is related
to the diketopiperazine family that has important biological
activities as inhibition of plasminogen activator inhibitor-1 (PAI-
1) (Einholm et al., 2003) and alteration of cardiovascular and
blood-clotting functions (Martins and Carvalho, 2007). They also
have activities as antitumor, antiviral, antifungal, antibacterial,
and antihyperglycaemic (Martins and Carvalho, 2007).
Diketopeprazine is a huge family with variable bioactivities
and about 200 articles had isolated many of these derivatives.
For examples, Wang et al. (2013) reported that five new
diketopiperazine derivatives were isolated from the marine-
derived actinomyces “Streptomyces sp. FX]J7.328.” In another
study, researchers reported that five diketopiperazines
derivatives were isolated from deep-sea bacterium Streptomyces
fungicidicus with a novel antifoulants activity (Li et al,
2006). Also, Streptomyces globisporus 1912, a producer of
the antitumor antibiotic landomycin E, forms new low molecular
signaling molecule N-methyl phenylalanyl-dehydrobutyrine
diketopiperazine (Matselyukh et al., 2012).

CONCLUSION

Actinomycetes, especially streptomycetes, still an important
source for bioactive compounds that are used for treating

Cyclo(S-Pro-S-Val)

FIGURE 6 | Chemical structure of the identified compound (a
derivative of diketopiperazine) from Streptomyces sp. AGM12-1.

infections, cancer, and many other diseases. The derivative
of diketopiperazine produced by Streptomyces sp. AGMI12-
1, isolated from Beni Suef Governorate, Egypt, demonstrated
obvious inhibitory effects against both Gram-positive and Gram-
negative bacteria beside an antifungal activity. Also, an anti-
tumor toxicity against human liver and colon cell lines; HepG
2 and HCT 116 was reported. To our knowledge, this is
the first time to characterize a diketopiperazine derivative as
a secondary metabolite recovered from Streptomyces sp. in

Egypt.
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Bioprospecting natural products in marine bacteria from fjord environments are attractive
due to their unique geographical features. Although, Actinobacteria are well known
for producing a myriad of bioactive compounds, investigations regarding fjord-derived
marine Actinobacteria are scarce. In this study, the diversity and biotechnological
potential of Actinobacteria isolated from marine sediments within the Comau
fiord, in Northern Chilean Patagonia, were assessed by culture-based approaches.
The 16S rRNA gene sequences revealed that members phylogenetically related
to the Micrococcaceae, Dermabacteraceae, Brevibacteriaceae, Corynebacteriaceae,
Microbacteriaceae, Dietziaceae, Nocardiaceae, and Streptomycetaceae families were
present at the Comau fjord. A high diversity of cultivable Actinobacteria (10 genera)
was retrieved by using only five different isolation media. Four isolates belonging to
Arthrobacter, Brevibacterium, Corynebacterium and Kocuria genera showed 16S rRNA
gene identity <98.7% suggesting that they are novel species. Physiological features such
as salt tolerance, artificial sea water requirement, growth temperature, pigmentation and
antimicrobial activity were evaluated. Arthrobacter, Brachybacterium, Curtobacterium,
Rhodococcus, and Streptomyces isolates showed strong inhibition against both
Gram-negative Pseudomonas aeruginosa, Escherichia coli and Salmonella enterica and
Gram-positive Staphylococcus aureus, Listeria monocytogenes. Antimicrobial activities
in Brachybacterium, Curtobacterium, and Rhodococcus have been scarcely reported,
suggesting that non-mycelial strains are a suitable source of bioactive compounds. In
addition, all strains bear at least one of the biosynthetic genes coding for NRPS (91%),
PKS | (18%), and PKS Il (73%). Our results indicate that the Comau fjord is a promising
source of novel Actinobacteria with biotechnological potential for producing biologically
active compounds.

Keywords: cultivable actinobacteria, antimicrobial activity, Comau fjord, marine sediments, Northern Patagonia
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INTRODUCTION

The increased prevalence of multi-drug resistance pathogens
along with the rapid development of cross resistances with
new antibiotics is the driving force in the identification and
production of novel therapeutic agents (Livermore, 2009).
All classes of antibiotics have seen emergence of resistance
compromising their use; hence there is an urgent need for
new bioactive compounds (Genilloud, 2014). The traditional
approach consisting of isolation and cultivation of new
microorganisms of underexplored habitats is still rewarding
(Axenov-Gribanov et al., 2016), and has brought to the
identification, production and commercialization of most of the
antibiotics (Newman and Cragg, 2012). Despite the chemically
synthetic efforts, natural environments are still the main source
for the discovery of novel antibiotics (Fenical and Jensen, 2006;
Bull and Stach, 2007). Although, the diversity of life in terrestrial
environments is well reported, the highest biodiversity is in the
world’s oceans (Donia and Hamann, 2003). Oceans are strongly
complex habitats in terms of pressure, salinity and temperature
variations (Fenical, 1993), therefore marine microorganisms have
to develop physiological traits including chemically complex
biosynthesized metabolites to ensure their survival in this highly
dynamic habitat. Research has taken advantage from these
unique molecules to discover novel bioactive compounds with
antibacterial, antifungal and/or antitumor properties, and apply
them in current clinical challenges (Gulder and Moore, 2010).

In this scenario, bacteria from the phylum Actinobacteria are a
prominent source of biologically active natural compounds, since
they are well known for their capacity to biosynthesize versatile
secondary metabolites (Katz and Baltz, 2016). Actinobacteria are
one of the major phyla of the domain Bacteria (Goodfellow and
Fiedler, 2010). It encompasses high GC-content Gram-positive
bacteria that includes 17 orders (Gao and Gupta, 2005; Sen et al.,
2014). Surprisingly, the class Actinobacteria contains both the
most deadly bacterial pathogen (i.e., Mycobacterium genus) and
the microorganisms that are the most important for antibiotic
production (i.e., Streptomyces genus) (Doroghazi and Metcalf,
2013). Streptomyces are responsible for two-thirds of all known
antibiotics. In addition, several other important biologically-
active compounds have been found, including antitumoral,
antifungal, herbicidal, and antiparasitic compounds (Bérdy,
2005). Due to the extensive sampling of soil Streptomyces, the rate
of discovery of novel metabolites is decreasing (Fenical, 1993),
which is the reason why bioprospecting efforts are currently
being developed in marine underexplored ecosystems.

Marine environments are an established ecological niche for
actinobacteria (Das et al., 2006; Ward and Bora, 2006). Cultivable
actinobacteria from marine habitats have been characterized
from mangrove forests (Hong et al., 2009; Baskaran et al., 2011;
Lee et al., 2014a,b; Ser et al., 2015, 2016), marine sponges (Kim
et al,, 2005; Montalvo et al, 2005; Zhang et al., 2006; Jiang
et al., 2007; Sun et al., 2015), corals (Hodges et al., 2012; Kuang
et al., 2015; Mahmoud and Kalendar, 2016; Pham et al., 2016),
sea cucumbers (Kurahashi et al., 2010), pufferfishes (Wu et al.,
2005), and seaweed (Lee et al.,, 2008). Notably, actinobacteria
are predominant in marine sediments (Mincer et al., 2002;

Magarvey et al., 2004; Jensen et al., 2005; Bredholdt et al., 2007;
Gontang et al., 2007; Leén et al., 2007; Maldonado et al., 2008;
Duncan et al,, 2014; Yuan et al,, 2014) and also in deep sea
sediments (Colquhoun et al., 1998; Pathom-Aree et al., 2006).
Marine actinobacteria have been described as an emerging source
for novel bioactive molecules (Lam, 2006; Joint et al., 2010;
Subramani and Aalbersberg, 2012; Zotchev, 2012). The majority
of these secondary metabolites are produced by polyketide
synthases (PKS) and non-ribosomal peptide synthetases (NRPS)
metabolic pathways (Salomon et al., 2004). Notably, it is reported
that actinobacteria have a higher number of these biosynthetic
genes (Donadio et al., 2007).

The extensive coast of Chile is a promising biome to explore
marine actinobacterial communities, and in this context, the
bioprospecting of sediments of a marine protected area, the
Comau fjord, in the Chilean Northern Patagonia was proposed.
The Comau fjord is a pristine area unique by its geological nature.
It is comparatively smaller than other fjords in Chile, and also
one of the deepest (Ugalde et al., 2013); characterized by steep
slopes, with surrounding mountains that have a height of up
to 2000 m with a dense extratropical rainforest covering from
the sea to the top (Lagger et al., 2009). The aim of this study
was to isolate marine actinobacteria from this unique ecosystem.
The cultivable diversity of actinobacterial strains along with
their environmental adaptation traits was investigated, and their
ability to produce antibacterial activity against model strains was
assessed.

MATERIALS AND METHODS

Environmental Samples

Sampling was performed in the Marine Protected Area of Huinay
in January 2013, located in the Commune of Hualaihué, in the
Los Lagos Region, Chile. Samples were collected from marine
sediments within the Comau Fjord in the Northern Patagonia.
Four different coastal locations were sampled in front of Lilihuapi
Island (42°20, 634'S; 72°27, 429'W), Tambor Waterfall (42°24,
161'S; 72°25, 235'W), Punta Llonco (42°22, 32'S; 72°25, 4W),
and in front of Lloncochaigua River mouth (42°22, 37'S;
72°27, 25'W) (Figure 1). Underwater samples were collected by
Huinay Scientific Field Station scuba divers, dispensing samples
directly from marine sediments into sterile 50 mL tubes. Marine
sediments were taken from subtidal zones at different depths,
ranging from 0.25 to 26.2 m. Salinity was measured at each
sampling site, and ranged from 5 jLg L™! in the coast in front
of Lloncochaigua River mouth, where there is a meaningful
input of fresh water, to 31 pg L™! in the coast of Lilihuapi
Island, located further away from continental land. Samples were
maintained on ice until transported to the laboratory, where they
were stored at 4°C.

Isolation of Actinobacteria

Samples were both plated directly or serially diluted (10~*
and 107°) before plating on selective media for the isolation
of actinobacteria. Five selective media were used as previously
reported (Claverias et al., 2015): M1 Agar (Mincer et al,
2002), ISP2 and NaST21Cx Agar (Magarvey et al., 2004),
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FIGURE 1 | Geography of sampling sites for actinobacteria isolation from the Comau fjord in Northern Patagonia, Chile. Map of sampling locations within
the Comau fjord (Los Lagos Region). Numbers indicate the sites where marine sediments were collected at the coast close to: Lilihuapi Island (1), Punta Llonco (2),
Lloncochaigua River mouth (3), and Tambor Waterfall (4). Black dot indicates location of the Huinay Scientific Field Station.

R2A Agar (Difco), and Marine Agar (MA) 2216 (Difco). All
media were amended with nalidixic acid (25 pg mL™1), as an
inhibitor of primarily fast-growing Gram-negative bacteria, and
cycloheximide (100 ug mL~1) for fungi inhibition [28]. All media
with the exception of Marine Agar, were prepared with artificial
sea water (ASW) (Kester et al., 1967). The agar media cultures
were incubated at 30°C until visible colonies were observed, up
to 1-2 months. For isolation purposes, colonies were individually
streaked out onto Tryptic Soy Agar medium (TSA) prepared
with ASW (TSA-ASW) and eventually transferred on new plates
until pure cultures were obtained. Isolated bacteria were stored
at —20 and —80°C, in 20% glycerol, TSB medium and ASW for
maintenance.

Detection and Identification of

Actinobacteria

A PCR-assay was conducted as a screening method for detecting
actinobacterial strains among the isolates with primers targeting
the V3-V5 regions of the 16S rRNA gene of actinobacteria
(S-C-Act-0235-a-S-20 and S-C-Act-0878-A-19) (Stach et al,
2003). DNA extractions were performed, using a lysis method by
culture boiling suspensions of bacterial cells (Moore et al., 2004).
Each PCR reaction contained 1 pL of genomic DNA, 12.5 pL of
GoTaq Green Master Mix (Promega) and 0.6 wM of each primer
in a final reaction volume of 25 L. The reaction started with
an initial denaturation, at 95°C for 5 min, followed by 35 cycles
of DNA denaturation, at 95°C for 1 min, primer-annealing, at
70°C for 1 min and extension cycle, at 72°C for 1.5 min, with
a final extension at 72°C for 10 min (Claverias et al., 2015).
PCR-amplicons were visualized in 2% agarose gel electrophoresis

and subsequently revealed with SYBR Green staining (E-gel,
Invitrogen).

Positive isolates were selected for 16S rRNA gene
amplification, using universal primers 27F and 1492R (Lane,
1991). The reaction mix (50 wL) contained 1 wL of genomic
DNA, 25 pL of GoTaq Green Master Mix (Promega) and
0.2 pM of each primer. The reaction started with an initial
DNA denaturation at 95°C for 5min, followed by 30 cycles
of denaturation at 95°C for 1min, primer-annealing at
55°C for 1min and primer-extension at 72°C for 1.5min,
with a final extension at 72°C for 10min. PCR products
were sent to Macrogen Inc. (Seoul, Korea) for purification and
sequencing using the conserved universal primer 800R. Retrieved
sequences were manually edited and BLAST nucleotide analyses
were performed with the National Center for Biotechnology
Information server (NCBI) and actinobacteria were initially
identified up to the genus level.

Antimicrobial Activity Tests

Bioprospecting for antimicrobial activity was initially performed
using the cross-streak method as described (Haber and Ilan,
2014), with slight modifications (Claverias et al., 2015). Fresh
cultures of the isolated actinobacterial strains were inoculated
as a line in the middle of an agar medium plate and incubated
at 30°C until notable growth was observed (7 days for mycelial
strains and 5 days for non-mycelial strains). Strains were grown
on TSA-ASW and ISP2-ASW media. Five reference bacteria
were the target of inhibition tests: Staphylococcus aureus NBRC
1009107 (STAU); Listeria monocytogenes 07PF0776 (LIMO);
Salmonella enterica subsp enterica LT2" (SAEN); Escherichia
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coli FAP1 (ESCO) and Pseudomonas aeruginosa DSM50071%
(PSAU). Cultures were incubated at 37°C overnight and
inhibition zones were ranked qualitatively as: —, no inhibition;
+/—, attenuated growth of test strain in the area closest to the
actinobacterial line; +, <50% growth inhibition (less than half
of the bacterial line was inhibited); ++, 50% growth inhibition
(half of the bacterial line was inhibited); + + +, >50% growth
inhibition (more than half of the bacterial line was inhibited).
All experiments were performed in duplicate, using an internal
control with one of the reference strains.

Further antimicrobial tests were performed with selected
isolates Streptomyces sp. H-KF8, Arthrobacter sp. H-JH3,
Brevibacterium sp. H-BE7, Kocuria sp. H-KB5 and Rhodococcus
sp. H-CASf. Strains were grown in a 50 mL liquid culture in
ISP2-ASW medium for 10 days for non-mycelial strains and
15 days for the mycelial strain, with continuous shaking at
30°C. Crude extracts were obtained after solvent extraction using
hexane, methanol and ethyl acetate in a 1:1 ratio (v/v) for two
times. Evaporation of solvent was performed with speed vacuum,
and extract was dissolved in 10% dimethyl sulphoxide (DMSO)
until a final concentration of 5mg mL~!. Antimicrobial assays
were evaluated using 10 iL of each extract, over LB agar plates
spread with the bacterial test strains STAU, PSAU, SAEN, and
ESCO. Plates were incubated overnight at 37°C and inhibitions
zones were checked. ISP2 medium and 10% DMSO were used as
negative controls.

Detection of PKS and NRPS Biosynthetic

Genes

Amplification of biosynthetic genes was carried out by PCR,
using degenerate primers targeting the ketosynthase domain
in PKS type I with primers KS-F (5'CCSCAGSAGCGCSTS
YTSCTSGA3’) and KS-R (5 GTSCCSGTSCCGTGSGYSTCSA3)
(Gontang et al, 2010); and PKS type II with primers KSa
(5 TSGRCTACRTCAACGGSCACGG3') and KSB (5'TACSAG
TCSWTCGCCTGGTTC3') (Ayuso et al.,, 2005). The adenylation
domain in NRPS systems was detected with primers A3F
(5’"GCSTACSYSATSTACACSTCSGG3') and A7R (5'SASGTCV
CCSGTSCGGTAS3') (Ayuso-Sacido and Genilloud, 2005). PCR
programs were performed as previously described (Ayuso et al.,
2005; Ayuso-Sacido and Genilloud, 2005; Gontang et al., 2010).
Products were visualized in 1% agarose gels electrophoresis, and
stained with GelRed (Biotium). Streptomyces violeaceoruber DSM
40783 was used as a control for all PCR reactions. Detection was
determined as +, if the amplicon was located at the expected size
(700 bp for PKS type I; 800-900 bp for PKS type II and 700-800
bp for NRPS); and —, if amplicon was absent or it was present at
any other size.

Phylogenetic Analysis

Representative strains for each genus identified from partial
16S rRNA gene sequence analyses were selected for the nearly-
complete sequencing of this gene, as previously described
(Claverias et al., 2015). PCR products were quantified and sent
to Macrogen Inc. (Seoul, Korea) for purification and sequencing,
using primers 27F, 518F, 800R, and 1492R. Manual sequence
edition, alignment, and contig assembling were performed using
Vector NTI v10 software package (Invitrogen). Sequence contigs

were analyzed performing BLAST with NCBI to determine
the closest type strain match using the 16S ribosomal RNA
sequence of Bacteria and Archaea database. The Neighbor-
Joining algorithm (Saitou and Nei, 1987) using MEGA software
version 6.0 (Tamura et al, 2013) with bootstrap values
based on 1000 replications (Felsenstein, 1985) was used to
construct a phylogenetic tree based on the V1-V9 region of
the 16S rRNA gene sequences. The 16S rRNA gene sequences
were deposited in GenBank under the following accession
numbers: Arthrobacter sp. H-JH3 (KT799841); Brachybacterium
sp. H-CG1 (KT799842); Brevibacterium sp. H-BE7 (KT799843);
Corynebacterium sp. H-EH3 (KT799844); Curtobacterium sp.
H-ED12 (KT799845); Kocuria sp. H-KB5 (KT799846); Dietzia
sp. H-KA4 (KT799847); Micrococcus sp. H-CD9b (KT799848);
Rhodococcus sp. H-CASf (KT799849); Streptomyces sp. H-KF8
(KT799850) and Streptomyces sp. H-CB3 (KT799851).

Phenotypic Characterization of
Actinobacterial Strains

For the morphological and physiological characterization of the
representative strains, colony pigmentation, spore formation,
growth temperatures, ASW requirement and NaCl tolerance
were evaluated. Optimal colony pigmentation was observed on
TSA-ASW after a 3-month incubation at 4°C. To establish
the effects of temperature on growth, 10 pL of actinobacterial
cultures were streaked onto TSA-ASW plates, and incubated
at 4, 20, 30, 37, and 45°C. For NaCl tolerance, LB agar with
0, 1, 3.5, 5.0, 7.0, 10, and 20% (w/v) NaCl was prepared. As
described previously, 10 iL of the actinobacterial cultures were
streaked onto LB agar plates and incubated at 30°C. To detect
the requirement of seawater on growth, ISP2 was prepared as
follows: medium with Milli-Q H,0O; medium with ASW; and
medium with Milli-Q H,O supplemented with 3.5% (w/v) NaCl
(equivalent to ASW NaCl concentration). Incubation times were
from 10 days (for non-mycelial strains) to 14 days (for mycelial
stains) at 30°C. The reference time for growth was that on which
growth was observed on control plates. Results were interpreted
as: +, if the strain tested was able to grow on medium-ASW but
did not grow on medium/Milli-Q H,O and on medium/Milli-Q
H,O supplemented with 3.5% NaCl; and —, if the strain tested
was able to grow on all three media.

Resistance to Model Antibiotics

Representative strains of each genus were grown to exponential
phase (turbidity at 600 nm of 0.3) and plated on Mueller-Hinton
agar plates for antibiotic susceptibility testing. Antibiotic discs for
Gram-positive bacteria (Valtek) were placed above and inhibition
grown zones as diameters were measured and compared with
values obtained from the Clinical and Laboratory Standards
Institute (CLSI) from year 2016 to determine susceptibility (S),
or resistance (R) of each antibiotic tested.

RESULTS

Isolation and Identification of

Actinobacteria
Eleven marine sediment samples were collected from four
different sites in Comau fjord, Northern Patagonia, Chile
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(Figure 1). Altogether 25 marine actinobacteria were isolated.
Their distribution according to the sampling site was: 40%
from Lilihuapi island coast, 28% from Punta Llonco, and
16% from Loncohaigua river mouth and Tambor waterfall,
each. The majority (80%) of the isolates were from sediments
situated approximately 10m deep. Only occasional isolates
were obtained from deeper sediments or from the shallow
locations. The Actinobacteria isolated belong to three suborders:
Streptomycineae, ~ Micrococcineae, and  Corynebcaterineae;
comprising eight different families. Relative abundances of the
strains according to the genera isolated (Figure 2A) indicated
that most abundant genera were Kocuria and Brachybacterium.
The selective media had a major influence on the number
of isolates obtained (Figure2B). MI-ASW medium was
the most effective regarding the number and diversity of
isolates recovered. Interestingly, strains of Brachybacterium,
Brevibacterium, Micrococcus, and Rhodococcus genera were
isolated exclusively with this medium (Figure 2B).

Antimicrobial Activity Assays

Our first approach was to screen all actinobacterial strains
for antimicrobial activity, using the cross-streak method,
against five reference strains: STAU, LIMO, PSAU, SAEN, and
ESCO (Figure 3A). Actinobacterial strains showed antimicrobial
activity, presenting a broad spectrum of inhibition although with
different inhibition patterns (Table 1). Inhibition of reference
strains largely depended on the media where actinobacterial
strains were cultivated, proving TSA-ASW to be generally better
for antimicrobial activity than ISP2-ASW medium. Arthrobacter,
Brachybacterium, Curtobacterium, and Rhodococcus isolates
showed potent antimicrobial bioactivity to more than one target
(Table 1). Regarding the Gram-negative bacteria tested, TSA-
ASW-grown actinobacterial strains were able to inhibit ESCO
(84%) and PSAU (24%); whereas ISP2-ASW-grown isolates
inhibited up to 76 and 48%, respectively. Concerning the
Gram-positive reference strains, 64% of the TSA-ASW-grown

actinobacterial strains inhibited both LIMO and STAU; whereas
ISP2-ASW-grown strains, 56% showed inhibition for LIMO and
36% for STAU (Figure 3B).

Notably, 67% of the antimicrobial activities observed with
the cross-streak method were retrieved with various solvent
extractions from actinobacterial liquid cultures (Table 2). Ethyl
acetate was more effective in extracting active compounds, as
crude extracts from Rhodococcus sp. H-CA8f, Kocuria sp. H-KB5
and Brevibacterium sp. H-BE7 presented antimicrobial activity.
On the other hand, antimicrobial activity from Arthrobacter
sp. H-JH3 was effectively extracted from the cell pellet using
methanol. Crude extracts from Rhodococcus sp. H-CA8f showed
an antimicrobial effect against all bacteria tested, confirming
results obtained from the cross-streak method.

Detection of PKS and NRPS Biosynthetic

Genes

The presence of biosynthetic PKS (type I and II) and NRPS
genes were detected by PCR in representative actinobacterial
isolates (Table 3). Interestingly, most isolates bear at least one
biosynthetic gene of PKS or NRPS. Among them, NRPS was
the predominant gene observed (91%), followed by PKS type II
(73%). Only 18% of actinobacterial isolates showed the presence
of PKS type I gene.

Phylogenetic Analysis

For phylogenetic analysis, the 16S rRNA gene was sequenced
for selected actinobacterial isolates, representatives of each
genus retrieved in sediment samples from Comau fjord. A
dendogram of the estimated phylogenetic relationships is
presented in Figure 4 and the sequence similarities of selected
actinobacterial strains to type strains of related species are
given in Table3. Four of the actinobacterial isolates are
below the 98.7% sequence identity threshold and therefore
may be potential candidates of new taxons. These isolates
belong to Arthrobacter and Kocuria genera (Micrococcaceae

Streptomyces
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20%
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8%
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Number of Isolates

FIGURE 2 | Biodiversity of actinobacteria from the Comau fjord in Northern Patagonia. (A) Distribution of the relative abundance of the actinobacterial genera
isolated. (B) Number of actinobacteria of various genera isolated using different culture media.
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H-CA8f showing different patterns of inhibition zones with several model bacteria. (B) Antimicrobial activity of actinobacterial strains using the cross-streak method.
STAU, Staphylococcus aureus; LIMO, Listeria monocytogenes; PSAU, Pseudomonas aeruginosa; SAEN, Salmonella enterica; ESCO, Escherichia coli. |, ISP2-ASW
media; T, TSA-ASW media.

TABLE 1 | Antimicrobial activity of actinobacterial strains against model pathogens using the cross-streak method.

Strain Genus LIMO PSAU SAEN ESCO

ISP2 TSA ISP2 TSA ISP2 TSA ISP2 TSA ISP2 TSA
H-CA8b Arthrobacter +/— +/— +++ +++ +++ +++ +/— +/— ++ ++
H-JH1 Arthrobacter - - ++ - + - +/— +/— + _
H-JH3 Arthrobacter - - ++ - + - +/= +/— + +/—
H-CA4 Brachybacterium - - +++ + — ++ - +/— 4/ — T
H-CD1 Brachybacterium - +/— — +++ - — - /- /- 4/—
H-CE9 Brachybacterium - +/— + ++ - - + + ++ +
H-CF1 Brachybacterium ++ ++ + ++ - - - +/— - +/—
H-CG1 Brachybacterium — +/— — + 4+ +/— — - — /- /-
H-BE7 Brevibacterium + +/— - - + +/— 4 + + —
H-EH3 Corynebacterium - +/— +/— +4++ — - - - _ 4/—
H-KF5 Corynebacterium - - - +/— - - +/— - +/—
H-BE10 Curtobacterium +++ +++ +/— +++ - - ++ +++ +/— ++
H-CD9a Curtobacterium + + +/— + - - +/— — 4/— +/—
H-ED12 Curtobacterium ++ ++ + ++ — — /- — 4/— 4/—
H-KA4 Dietzia — - — - — — - +/— _ _
H-KA9 Kocuria - - - - +/— - - +/— — 4/—
H-KA10 Kocuria - +/— - +/— - - - +++ +/— +/—
H-KB1 Kocuria - - - - - - - +/— +/— +/—
H-KB5 Kocuria - - - - +/— - - +/— +/— _
H-KB6 Kocuria - +/— +/— +4++ +/— +/— + +/— +/— +
H-JH7 Kocuria - - - - - - + — 4/—
H-CD9b Microccocus — +/— — +++ + +/— +/— — 4/— +/—
H-CA8f Rhodococcus ++ ++ +++ +++ - +4++ +++ +++ +++ +++
H-CB3 Streptomyces +++ +++ +/— +/— +/— - - _ + ++
H-KF8 Streptomyces +++ +++ +/— +/— +/— - - - + +

—, no inhibition; +/—, attenuated growth, +, <50% growth inhibition; ++, 50% growth inhibition; + + 4+, >50% growth inhibition. Both media were prepared with ASW.
gl gl gl
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TABLE 2 | Antimicrobial activities of crude extracts using various solvents
for selected actinobacterial isolates grown in ISP2-ASW medium.

Strain Solvent Bacterial Test Strain

STAU PSAU SAEN ESCO

H-KF8 Hexane
Ethyl acetate

Methanol

H-CA8f Hexane
Ethyl acetate

Methanol

H-KB5 Hexane
Ethyl acetate

Methanol

H-JH3 Hexane
Ethyl acetate

Methanol

H-BE7 Hexane
Ethyl acetate

Methanol

family), Brevibacterium genus (Brevibacteriaceae family), and
Corynebacterium genus (Corynebacteriaceae family) (Table 3).
Interestingly, the psychrotolerant isolate Kocuria sp. H-KB5 has
a 96.97% sequence identity with the type strain K. polaris CMS
76 or', a strain isolated from an Antarctic cyanobacterial mat
sample (Reddy et al., 2003). Moreover, strain H-KB5 forms a
separate branch within the Kocuria group in the phylogenetic
tree (Figure4). This isolate will be further characterized in a
polyphasic approach to determine its taxonomic position.

Phenotypic Characterization of Isolated

Actinobacterial Strains

The Comau fjord is characterized by defined zoning patterns of
strong vertical and horizontal salinity gradients. The first 15m
underwater are influenced by waters of low salinity (~1.0%).
Below this depth, a halocline is found that produces a constant
water salinity of 3.2% (Castillo et al., 2012). In order to analyze
how the salinity affects the growth of the actinobacterial isolates,
NaCl tolerance was determined for each strain (Table 3). 82% of
the representative isolates were able to grow in the presence of
1.0, 3.5, 5.0, and 7.0% (w/v) NaCl (Figure 5). 45% of the strains,
belonging to Arthrobacter, Brachybacterium, Brevibacterium,
Curtobacterium, and Kocuria genera, were able to grow in
presence of 10% (w/v) NaCl (Table 3). None of the isolated
actinobacteria was able to grow with 20% w/v NaCl.

To study adaptation to marine environments, actinobacterial
strains were tested for ASW requirement. Most strains (73%),
belonging to Arthrobacter, Brachybacterium, Corynebacterium,
Dietzia, Kocuria, Rhodococcus, and Streptomyces genera were
positively influenced by sea water as they required ASW
for growth, suggesting marine adaptation. Interestingly, strain

Brevibacterium sp. H-BE7, showed improved growth with both
ASW and 3.5% NaCl, rather than with Milli-Q H,O and 0% NaCl,
suggesting a specific salt requirement confirmed by its growth in
10% (w/v) NaCl (Figures 5B-D).

As the Comau fjord deep-waters reach temperatures below
10°C, actinobacterial strains were tested for growth at different
temperatures. Notably, 73% of strains belonging to Arthrobacter,
Brachybacterium,  Brevibacterium, Kocuria, Dietzia, and
Rhodococcus, and to a lesser extent, Streptomyces, were able to
grow at 4°C (Figure 6). Moreover, pigmentation of the colonies
was more intense after growth at 4°C, in comparison to 30°C
(Figures 6B-D). Colony pigmentation of all representative
actinobacteria was visualized macroscopically and detailed in
Table 3.

Resistance to Model Antibiotics

Antibiogram experiments demonstrated that all isolated
actinobacterial strains are resistant to at least one of the
antibiotics tested. Furthermore, these isolates showed resistance
to several antibiotics of different classes. Interestingly, strains
H-JH3, H-BE7, H-KA4, H-CD9, H-CG1, H-ED12, and H-CAS8f
showed resistances to >6 antibiotics, wherein resistance to
tetracycline, ciprofloxacin and oxacyllin were observed for all
the actinobacterial strains. Strain H-KA4 and H- ED12 showed
resistance to all antibiotics tested, whereas strain H-BE7 was
susceptible only for sulfonamides (Table 4).

DISCUSSION

Marine actinomycetes isolated from the National Marine
Protected Area of Huinay at the Comau fjord in Northern
Patagonia were studied, along with their physiological
and taxonomic properties, and their potential to produce
antimicrobial compounds. Patagonian fjords are largely
unexplored, and may provide a rich source of microorganisms
producing novel anti-infective compounds. This is the first
bioprospection report of cultivable actinobacteria in this
unique ecosystem, where 25 actinobacteria were isolated and
characterized. Two studies report the isolation of marine
actinobacteria from sediments of Chile’s vast coast; one from
Chiloé Island (Hong et al., 2010) and a recent study performed
in Valparaiso Central Bay (Claverias et al, 2015). Only a
metagenomic study has been carried out with a microbial mat
located in the Comau fjord, revealing that 1% of community
reads was represented by the phylum Actinobacteria (Ugalde
et al., 2013).

In this study, a lower abundance of actinobacteria associated
to marine sediments was observed compared to Valparaiso
Bay where actinobacterial strains belonging to 18 genera were
isolated, using the same cultivating conditions (Claverias et al.,
2015). Although, members of the Rhodococcus and Dietzia genera
were successfully isolated from the Comau fjord, they were
less represented (8%) than in Valparaiso Bay (33%). The lower
actinobacterial abundance in Comau fjord could be due to the
lower content of organic matter in this microhabitat that can
range between 0.5 and 3.4% of organic carbon content for
Northern Chilean Patagonian fjords (Sepulveda et al.,, 2011).
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tree of 16S rRNA gene showing the three suborders within the phylum Actinobacteria. Node numbers represent the percentage of bootstrap replicates (1000
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Gram-positive bacteria are more commonly observed in organic
rich habitats (Fenical, 1993). Water samples from Valparaiso
Bay are influenced by contamination with polycyclic aromatic
hydrocarbons as well as with heavy metals (Campos et al,
1987; Palma-Fleming et al., 2008; Fuentes et al., 2015). It can
also be influenced by hydrographic features such as seasonal
upwelling which can supply nutrients to shallow waters (Capone
and Hutchins, 2013). In contrast, the Comau fjord has a high
precipitation rate that provides a fresh water input (Silva,
2006) which can affect microorganisms in marine sediments.
The four sites from Comau fjord have minimal anthropogenic
intervention, thereof changes in microbial communities are given
almost exclusively by natural processes.

Despite the fact that a relatively low number of actinobacterial
strains were retrieved from Comau fjord, a rather high cultivable
biodiversity (10 genera) was observed using 5 isolation media.
In comparison, the actinobacteria isolated using 11 selective
media from the Trondheim fjord (Norway) belonged to 12
genera (Bredholdt et al, 2007). Also, in a culture-dependent
study using sediments collected near Chiloé Island, Chile,

five genera were retrieved using 7 media, being dominant
the Micromonospora genus (Hong et al,, 2010). Although, no
Micromonospora members have been isolated in this work, this
could be due to the different isolation media used. In this
report, 24% of isolates were obtained from NaST21Cx medium,
which is derived from ST21Cx medium by elimination of yeast
extract and replacement of artificial sea water (Magarvey et al.,
2004). It has been reported that media composed of relatively
simple nutrients yielded more cultured actinobacteria in diverse
environments (Zhang et al., 2006; Gontang et al., 2007; Qin
et al, 2012). This is consistent with the negligible amount of
nutrients that are actually available for marine actinobacteria
within hostile ocean ecosystems (Das et al., 2006). This is the
case for our study since more isolates were obtained with media
containing low nutrients or complex carbon sources rather
than common media constituents such as peptone and simple
sugars, which are proposed to be unrealistic marine nutrients
(Kurtboke et al., 2015). In this study, the major abundance
of actinobacteria was found in deeper samples, which is in
accordance with that observed in the Trondheim fjord (Hakvég
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FIGURE 6 | Temperature effect on actinobacterial growth. Upper panel: (A) Distribution of actinobacterial isolates and their ability to grow in different
temperatures. Bottom panel: As an example, actinobacterial strains grown in TSA-ASW medium at either 30°C (left) or 4°C (right), showing differences in
pigmentations. (B) Dietzia sp. H-KA4; (C) Kocuria sp. H-KB5; (D) Brachybacterium sp. H-CG1.

TABLE 4 | Antibiotic resistance of selected actinobacterial strains.

Antibiotic Class Huinay Isolates

H-JH3 H-CG1 H-BE7 H-EH3 H-ED12 H-KB5 H-KA4 H-CD9 H-CA8f H-KF8 H-CB3

Penicillin (10 UOF) B-Lactam R R R NG R R R R R R S
Chloramphenicol (30 ng) Other S S R R S R R R R R
Tetracycline (30 ng) Poliketide R R R R R R R R R R
Oxacyllin (1 ng) B-Lactam R R R R R R R R R R
Erythromycin (15 pg) Macrolide R S R R S R S S R S
Clindamycin (2 i) Lincosamides R S R R S R S R S S
Sulfa-Trimethroprim (25 wg)  Sulfonamide R S S R S R S R S S
Ciprofloxacin (5 p.g) Fluoro-quinolone R R R R R R R R R R
Cefazolin (30 ng) Cephalosporin (1st) R R R R R R R R S S
Gentamicin (10 ng) Aminoglycoside S R R R S R R R S S

NG, No growth; R, Resistant; S, Susceptible.

et al., 2008). Moreover, an elevated number (73%) of isolates  been reported (Mincer et al., 2002; Maldonado et al., 2005).
showed an ASW requirement for growth. Evidence of isolation ~ The fact that growth of some isolates is positively influenced by
of seawater-dependent actinobacteria from marine sedimentshas ~ sea water can be an indicator that suggests they might be well
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adapted to the marine environments (Bredholdt et al., 2007; Penn
and Jensen, 2012; Yuan et al., 2014). Nevertheless, since isolates
obtained from Comau fjord can also grow without NaCl, they
represent novel moderate halotolerant features in actinobacteria
from this pristine sampling zone. This is consistent with the
fact that these isolates have to overcome the dynamics of strong
salinity gradients observed within the Comau fjord.

Reports of marine actinomycetes as a source of novel
secondary bioactive metabolites have been extensively recognized
(Haefner, 2003; Knight et al., 2003; Fiedler et al., 2005; Fenical
and Jensen, 2006; Zhang et al., 2006; Gulder and Moore, 2010;
Kurtboke et al., 2015). Two screenings for antimicrobial activities
were pursued in this report, and notably, inhibition of the
growth of at least one of the model bacteria was observed.
It is noteworthy to highlight that antimicrobial activities from
non-mycelial strain (e.g., Rhodococcus sp. H-CA8f) outcompete
the activities of mycelial-type strains. To our knowledge, this is
the first report of strong antibacterial activities associated to a
Rhodococcus isolated from marine sediments. The Rhodococcus
strain isolated in this study has a strong activity (>50%
growth inhibition) against E. coli, S. enterica, P. aeruginosa,
and L. monocytogenes; whereas a Rhodococcus strain isolated
from Valparaiso Bay sediments (Claverias et al., 2015) had only
a modest activity against E. coli. Antimicrobial activity from
marine-derived isolates, but not necessarily from sediments,
includes a Rhodococcus isolated from South China Sea corals
that presented activity against B. subtilis, B. thuringiensis, and
E. coli (Zhang et al., 2013), whereas Rhodococcus strains isolated
from corals of the Arabian Gulf showed activity against S. aureus
(Mahmoud and Kalendar, 2016). In this study, antimicrobial
activity of Arthrobacter sp. H-JH3 against S. enterica and E. coli
is highlighted by its novelty. In this line, there are reports about
antarctic Arthrobacter strains isolated from sponges that were
able to inhibit the growth of Burkholderia cepacia complex by
the production of volatile organic compounds (Fondi et al., 2012;
Orlandini et al., 2014). Also, antimicrobial activity against Vibrio
anguillarum and S. aureus was detected from samples collected
from the Arctic Ocean (Wietz et al., 2012). Interestingly, this is
the first report indicating growth inhibition of Gram-negative
strains by a Brevibacterium isolate. Only a bacteriocin able to
inhibit L. monocytogenes, but inactive against Gram-negative was
reported for this genus (Motta and Brandelli, 2002). In contrast,
antimicrobial activity against S. enterica was observed in crude
extracts, suggesting a different mode of action.

It has been reported that most natural products with
interesting biological activities are synthesized by PKS (type I or
type II), NRPS, and even PKS-NRPS hybrid pathways (Fischbach
and Walsh, 2006). Some pharmacologically commercial examples
include the polyketide antibiotic erythromycin (Staunton and
Wilkinson, 1997) and the non-ribosomal peptide antibiotic of
the cephalosporin family (Aharonowitz and Cohen, 1992). In
this report, a PCR-based screening was pursued for the detection
of these biosynthetic genes in actinobacterial isolates, in order
to explore the potential to produce secondary metabolites with
biotechnological applications. Notably, 91% of the isolates tested
showed the presence of at least one of the three biosynthetic
genes, which confirms that these metabolic pathways are

widely distributed among this phylum (Donadio et al., 2007).
As molecular methods for analyzing these genes are useful
for screening of isolates for prediction of potential bioactive
molecule production (Hodges et al., 2012), future efforts will
be focused in sequencing these biosynthetic genes, to gain
knowledge of the novelty of the bioproducts in which they are
involved in.

The marine habitat sampled in the Northern Patagonia
of Chile was a promising scenario to search for novel
actinobacterial strains. In this study, four putative new species
are proposed: Arthrobacter sp. H-JH3, Brevibacterium sp. H-
BE7, Corynebacterium sp. H-EH3 and Kocuria sp. H-KB5, based
on numerical thresholds related to 16S rRNA gene sequences
(Rossello-Mora and Amann, 2015). In addition, representatives
of Micrococcineae, Corynebacterineae, and Streptomycineae
suborders were isolated. Interestingly, actinobacterial isolates
showed sequence similarity with strains reported from colder
habitats. 73% of the isolates belonging to Arthrobacter,
Brachybacterium, Brevibacterium, Kocuria, Dietzia, Rhodococcus,
and Streptomyces genera were able to grow at 4°C, suggesting
a psychrotolerant adaptation which is in accordance with the
water body temperature range of the Comau fjord (Lagger
etal., 2009; Sobarzo, 2009), sustaining a thermohaline circulation
(Bustamante, 2009). A difference in colony pigmentation was
observed at low temperatures. Pigments can be enhanced under
specific conditions such as climate stress, since they are part
of the non-enzymatic antioxidant mechanisms in cell defense
to prevent oxidative damage (Correa-Llantén et al, 2012).
Another role of pigments in response to cold is to decrease
the membrane fluidity to counterbalance the effects of fatty
acids in Antarctic bacteria (Chattopadhyay, 2006). Pigments
can also contribute to antibacterial activity, positioning them as
interesting biotechnological candidates for food, cosmetic and
textile industries (Rashid et al., 2014; Leiva et al., 2015).

Comparison with 16S ribosomal RNA sequences Bacteria and
Archaea NCBI database, reveals only two closest type strains
of marine origin: Brevibacterium oceani BBH7 isolated from
deep sea sediment of the Indian Ocean (Bhadra et al., 2008)
and Curtobacterium oceanosedimentum ATCC 313177 isolated
from Irish sea marine sediments (Kim et al., 2009). In contrast,
when sequences are compared with NCBI nucleotide collection
database, actinobacterial isolates showed more similarity with
polar marine isolates. This is the case for the psychrotolerant
Arthrobacter sp. H-JH3, which showed a 98.82% identity with
A. scleromae Asd M4-11 (Vardhan Reddy et al, 2009), a
bacterium isolated from a melt water stream of an Arctic
glacier. The psychrotolerant Brachybacterium sp. H-CG1 showed
a high similarity (99.16%) with B. articum Lact 5.2 (Acc.
Number: AF434185, unpublished), a bacterium isolated from
a sea-ice sample from the permanently cold fjord of Wijde
fjord, Spitzbergen, in the Arctic Ocean. Another interesting
relation is given for strain H-CD9b from the genus Micrococcus,
which has a 99.15% of sequence identity with the type strain
M. luteus NCTC 26657 (Rokem et al, 2011) that is a soil
metal resistant bacterium, and a slightly more sequence identity
(99.43%) with Micrococcus sp. strain MOLA4 (Acc. Number:
CP001628, unpublished) a bacterium isolated from sea water of
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North Western Mediterranean Sea. Also, strain H-CA8f, showed
a higher sequence similarity (98.91%) to Rhodococcus sp. TMT4-
41 isolated from a glacier in China (Acc. Number: JX949806,
unpublished) than to its closest type strain R. jialingiae djl-6-27
(Wang et al., 2010).

Antibiogram experiments demonstrated that, in general,
actinobacterial ~strains showed resistance. Interestingly,
Curtobacterium sp. H-ED12, Dietzia sp. H-KA4 and
Brevibacterium sp. H-BE7 showed resistance to almost all
antibiotics tested, possibly due to the presence of multiple
biosynthetic clusters, involving different classes of antibiotic
compounds. Strains H-BE7 and H-ED12 inhibited both Gram-
positive and Gram-negative model bacteria, suggesting different
modes of action of the antibacterial molecules produced by
this strain. Thus, it seems plausible that biosynthetic pathways
involving metabolites of similar nature could be present in these
isolates. A typical cluster of secondary metabolism includes
genes for multi-domains enzymes that carry out the synthesis
of different bioactive metabolites and when this metabolite
has an antimicrobial activity, it is coupled to its corresponding
resistance gene (Zotchev, 2014).

To our knowledge, this is the first report of the isolation
and ecophysiological characterization of actinobacteria from
sediments of a Patagonian fjord. This single survey uncovered
a broad cultivable diversity which provides the basis for
the bioprospection of bioactive compounds. The isolation
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Moonmilk speleothems of limestone caves host a rich microbiome, among which
Actinobacteria represent one of the most abundant phyla. Ancient medical texts
reported that moonmilk had therapeutical properties, thereby suggesting that its
filamentous endemic actinobacterial population might be a source of natural products
useful in human treatment. In this work, a screening approach was undertaken in order
to isolate cultivable Actinobacteria from moonmilk of the Grotte des Collemboles in
Belgium, to evaluate their taxonomic profile, and to assess their potential in biosynthesis
of antimicrobials. Phylogenetic analysis revealed that all 78 isolates were exclusively
affiliated to the genus Streptomyces and clustered into 31 distinct phylotypes displaying
various pigmentation patterns and morphological features. Phylotype representatives
were tested for antibacterial and antifungal activities and their genomes were mined for
secondary metabolite biosynthetic genes coding for non-ribosomal peptide synthetases
(NRPSs), and polyketide synthases (PKS). The moonmilk Streptomyces collection
was found to display strong inhibitory activities against a wide range of reference
organisms, as 94, 71, and 94% of the isolates inhibited or impaired the growth of
Gram-positive, Gram-negative bacteria, and fungi, respectively. Interestingly, 90% of
the cave strains induced strong growth suppression against the multi-drug resistant
Rasamsonia argillacea, a causative agent of invasive mycosis in cystic fibrosis and
chronic granulomatous diseases. No correlation was observed between the global
antimicrobial activity of an individual strain and the number of NRPS and PKS genes
predicted in its genome, suggesting that approaches for awakening cryptic metabolites
biosynthesis should be applied to isolates with no antimicrobial phenotype. Overall, our
work supports the common belief that moonmilk might effectively treat various infectious
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diseases thanks to the presence of a highly diverse population of prolific antimicrobial
producing Streptomyces, and thus may indeed constitute a promising reservoir of
potentially novel active natural compounds.

Keywords: geomicrobiology, secondary metabolism, MLSA phylogeny, cryptic antibiotics, genome mining

INTRODUCTION

Members of the phylum Actinobacteria can be found in all
kinds of extreme environments (Saiz-Jimenez, 1999; Bull, 2010;
Prieto-Davd et al., 2013; Zhang et al., 2014; Mohammadipanah
and Wink, 2015; Shivlata and Satyanarayana, 2015). Their
successful survival in severe conditions suggests broad adaptive
abilities that might be directly related to their very diverse and
specialized (secondary) metabolism. Natural small molecules,
collectively termed the parvome (Davies and Ryan, 2012),
apart from having essential ecological functions, possess a wide
range of bioactivities, which are applicable for agro-industrial
purposes and human/animal therapy (Hopwood, 2007). Since
the metabolome of soil-dwelling Actinobacteria, especially of the
members of the genus Streptomyces, has been widely exploited,
leading to the multiple re-isolation of already known bioactive
compounds, the attention has been refocused toward unexplored
and extreme environments, which can potentially be a source
of novel species and consequently of novel molecules of interest
(Cheeptham et al., 2013; Claverias et al., 2015; Mohammadipanah
and Wink, 2015; Liao et al., 2016).

The geological isolation of caves from surface processes
makes them a unique niche, not only to study microbial
interactions and adaptations to extreme oligotrophy, but also
to screen for potentially novel bioactive compounds. Although,
the most common Actinobacteria reported from caves belong
to Pseudonocardiaceae and Nocardiaceae families (Stomeo et al.,
2008; Porca et al, 2012; Quintana et al, 2013; Riquelme
et al, 2015), many investigations have identified cultivable
members of the genus Streptomyces, which are the most
prolific antimicrobial producers (Canaveras et al., 1999; Groth
et al,, 1999; Cheeptham et al., 2013; Nimaichand et al., 2015;
Axenov-Gribanov et al., 2016). The presence of Actinobacteria
as dominant members of microbial ecosystems in caves is
puzzling, as these bacteria, particularly Streptomyces are often
presented as major protagonists in the recycling of the residual
plant biomass in nutrient-rich soil environments (Hodgson,
2000). Nonetheless, >99% of allochtonous carbon entering
caves, primarily with drip water, contains soil-derived dissolved
organic carbon in the form of partially degraded plant and
fungal polymers, which can be catabolized by the enzymatic
arsenals of Streptomyces (Saiz-Jimenez and Hermosin, 1999;
Simon et al.,, 2007; Barton, 2015). Additionally, highly prolific
and diversified secondary metabolism could be a driving force
in the dominance of these species in oligotrophic environments,
through which they could shape microbiomes thanks to their
specialized metabolites, such as metal-chelators for acquiring
trace metals, and antibiotics to prevent nutrient-exclusion by
competitive species (Bhullar et al,, 2012). Antibiotics do not
exclusively prevent microbial growth, but are also known to act as

inter-/intraspecies communication (Sengupta et al., 2013), and as
cues triggering adaptations, such as motility or biofilm formation
(Linares et al., 2006), or can be used as alternative carbon and/or
nitrogen sources (Dantas et al., 2008). Consequently, small
bioactive molecules expressed under nutrient-starved conditions,
could be used as weapons, as signals, or as nutrient sources.

Moonmilk is a comparatively rare speleothem in cave
environments, where it forms as a thick calcite paste (similar in
consistency to toothpaste) up to 10s-of-centimeters in thickness
in passageways that receive significant airflow (Hill and Forti,
1997; Borsato et al., 2000). The exact process of moonmilk
formation remains in debate; however, the consistency, the high
abundance of filamentous bacterial cells and members of the
Actinobacteria has led researchers to suggest a biogenic origin
(Canaveras et al., 2006; Rooney et al., 2010; Portillo and Gonzalez,
2011). Despite its relative scarcity in caves, moonmilk has had
long scientific interest due to its historical use as a medical
treatment. Interestingly, moonmilk was used in human and
animal therapy since the Middle Ages (Reinbacher, 1994). Its
curative properties could be associated with the presence of the
numerous filamentous Actinobacteria, particularly Streptomyces,
presumably producing bioactive molecules. Indeed, isolation of
Streptomyces with antimicrobial and antifungal activities has been
reported for moonmilk from the Bolshaya Oreshnaya Cave in
Siberia (Axenov-Gribanov et al., 2016). The identification of
potential novel compounds with broad-spectrum activities from
Streptomyces found in this karstic secondary deposit supports the
idea of moonmilk being a great target for bioactivity screening,
although to date very few studies have examined cultivable
moonmilk microbiome and the diversity of its metabolome as
a possible reservoir of novel compounds. The fact that caves
are unique and still highly under-explored environment increase
the chances of finding novel organisms and consequently novel
bioactive compounds that might be useful in the context of the
global health problem of antibiotic resistance (Bush et al., 2011;
Laxminarayan et al., 2013; Berendonk et al., 2015; Frére and
Rigali, 2016).

In this work, we report the isolation and phylogenetic analysis
of a collection of novel Streptomyces isolates from moonmilk
deposits, and assess their potential as producers of compounds
with antimicrobial and antifungal properties through in vitro
screening and genome mining approaches.

MATERIALS AND METHODS

Site Description and Sampling

The cave called Grotte des Collemboles (Springtails Cave)
located in Comblain-au-Pont in Belgium is a shallow (<20 m),
~70 m long fissure cave, formed in the upper Viséan limestone
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FIGURE 1 | Cave map of the Grotte des Collemboles and visualization of the
(Springtails’ Cave) in Comblain-au-Pont (Liege, Belgium) and cave map with general
(COL).

moonmilk deposit sampling points. Location of the Grotte des Collemboles
view and close up of the moonmilk deposits from the different collection points

(Figure 1), with an average annual temperature of ~11.5°C.
Due to cave protection policies and location on private property,
specific location details and access information is available to
other researchers upon request. Within the cave, white to brown-
orange (presumably from iron-oxide precipitates) moonmilk
deposits are found on the walls within the first 20 m of the cave
in the first narrow chamber located at the entrance of the cave
as well as in the narrow passages leading deeper into the cave
(Figure 1). Samples used in this work were aseptically collected
in January 2012 from three moonmilk deposits (Figure 1). Soft
moonmilk speleothem was scratched with sterile scalpels from
the wall in the first chamber, adjacent to the cave entrance
(COL4) and the walls in a narrow passage after the first chamber
(COL1, COL3; Figure 1). Samples were collected into falcon
tubes, transferred to the laboratory, freeze-dried on a VirTis
Benchtop SLC Lyophilizer (SP Scientific, Warminster, PA, USA)
and stored at —20°C.

Isolation of Cultivable Actinobacterial
Species
Selective isolation of Streptomyces species from moonmilk was

carried out by a serial dilution method as described previously
(Maciejewska et al., 2015). 250 mg of lyophilized moonmilk

sample from each collection point was suspended in 0.25X
strength Ringer’s solution supplemented with 0.001% Tween
80. Resulting moonmilk suspensions were serially diluted in
PBS and inoculated in duplicates on ISP media (Shirling and
Gottlieb, 1966), starch nitrate (SN) medium (Gauze’s medium
No.1; Waksman and Lechevalier, 1961), B-4 agar (Boquet et al.,
1973), and minimal medium (Kieser et al., 2000) with 1% chitin
(MMch). Isolation media were supplemented with nalidixic acid
(75 pg/ml) and nystatin (50 pg/ml) to suppress the growth of
Gram-negative bacteria and fungi, respectively. After 1 month
of incubation at 17°C, colony forming units (CFUs) were
enumerated and 129 isolates were selected. After two rounds of
subcultivation, 78 isolates were recovered as purified strains and
subsequently preserved both on ISP2 slopes at 4°C and as 25%
glycerol mycelium stock at —20°C.

DNA Extraction, Genome Sequencing,
and Gene Selection from

Moonmilk-Derived Isolates

In order to screen for the genes of interest, which would enable
to identify moonmilk derived isolates, to perform phylogenetic
analysis, as well as to investigate strains antimicrobial properties,

Frontiers in Microbiology | www.frontiersin.org 88

September 2016 | Volume 7 | Article 1455


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Maciejewska et al.

Antimicrobial Properties of Moonmilk Streptomyces Isolates

de novo genome sequencing was carried out. DNA from
purified strains was extracted with GenElute Bacterial Genomic
DNA Kit (Sigma-Aldrich, St. Louis, MO, USA) according
to manufacturer’s instructions from liquid LB (Luria-Bertani;
Difco, BD, Franklin Lakes, NJ, USA) cultures incubated
at 28°C. The genomic libraries of moonmilk isolates were
constructed using Nextera XT kit (Illumina, Inc., San Diego,
CA, USA). Library concentrations and mean fragment lengths
were measured by Qubit fluorometer (Invitrogen, Grand Island,
NY, USA) and Agilent Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA), respectively. De novo sequencing
with 2 x 250 bp and 2 x 300 bp reads configuration was
carried out on the Illumina MiSeq platform (Illumina, Inc.,
San Diego, CA, USA) at the Luxembourg Institute of Science
and Technology. Complete genomes were assembled from raw
sequence data with SPAdes v.3.6.2 (Bankevich et al, 2012)
using the “careful” option, and the quality of the assemblies
was subsequently assessed with QUAST v2.3 (Gurevich et al.,
2013).

To infer the evolutionary relationships between moonmilk
strains and their closest relatives, as well as between cave
isolates themselves, 16S rRNA-based phylogeny was combined
with multilocus sequence analysis (MLSA). For this purpose,
along with the 16S rRNA gene, five additional housekeeping
genes were selected, namely atpD, gyrB, recA, rpoB, and trpB
(Han et al, 2012). In order to identify these genes within
moonmilk genomes, the corresponding nucleotide sequences
(16S rRNA) and protein translations (atpD, gyrB, recA, rpoB,
and trpB) were retrieved from the NCBI web portal for
three reference strains: Streptomyces peucetius AS 4.1799,
Streptomyces pristinaespiralis ATCC 25486 and Streptomyces
venezuelae ATCC 10712 (Supplementary Table S1). Core
alignments were built using MAFFT v7.273 (Katoh and
Standley, 2013) with default parameters, then enriched in
the corresponding sequences from moonmilk genomes using
the software “42” (D. Baurain, to be published elsewhere),
which mines genomic contigs for orthologous genes and
aligns the (translated) identified sequences on their closest
relatives. Enriched alignments were then refined by hand using
the ED program of the MUST software package (Philippe,
1993). Finally, protein sequences were turned into nucleotide
sequences using the software “1331” (D. Baurain, to be
published elsewhere), which uses a protein alignment as a
guide to generate the corresponding nucleotide alignment from
genomic contigs. The sequences of the five protein coding
housekeeping genes for all the moonmilk isolates were deposited
in GenBank and the corresponding accession numbers are given
in Supplementary Table S2, while Table 1 and Supplementary
Table S3 list the NCBI accession numbers of the 16S rRNA gene
sequences.

In order to profile the potential of moonmilk isolates
to biosynthesize secondary metabolites, the genes coding for
type I, type II, and type III polyketide synthases (PKS-I,
PKS-II, and PKS-III) and non-ribosomal peptide synthetases
(NRPS) were recovered from their genomes using antiSMASH
v3.0.4 (Weber et al., 2015). Due to the fragmented nature
of the genome assemblies (ranging from 318 contigs longer

than 1 kb for MM23 to 1416 contigs for MM59) and to
the large size of the modular NRPS and PKS-I genes (over
40 kb, Wang et al., 2014), the probability of finding complete
coding sequences decreases together with the contig length.
Therefore, counting the number of genes or clusters split across
several shorter contigs would result in an overestimation of
the total amount of such genes. To palliate the absence of
fully assembled chromosomes while still collecting meaningful
statistics, we decided to apply a cut-off on the length of the
contigs selected for analysis (minimum length of 10 kb) and
to consider NRPS and PKS-I gene sequences only when they
displayed adenylation and acyltransferase domains, respectively.
These domains, which are the highly selective gatekeeper
enzymes for the incoming monomeric building blocks, are
required for the initiation and elongation modules of the
NRPS/PKS-I clusters. The number of predicted genes of
each category for each individual phylotype is compared to
their respective mean antimicrobial activities against Gram-
positive, Gram-negative bacteria, and fungi. The accession
numbers of NRPS and PKS-I/II/III genes are listed in
Supplementary Table S4.

Phylogenetic Analysis

To carry out phylogenetic analysis, in each nucleotide
alignment of the six selected housekeeping genes (see
above), the sequences from the three reference strains used
to mine the moonmilk genomes were removed. Then,
positions with missing character states in >5 moonmilk
isolates were removed. Finally, the trimmed alignments
were concatenated into a single (MLSA) supermatrix of
10,632 nucleotides for 70 isolates using SCaFoS v1.30k
(Roure et al., 2007). For 16S rRNA phylogenies, the closest
relatives to the moonmilk isolates were recovered by BLAST
searches using full-length 16S rRNA sequences, along with
the Streptomyces isolates from a moonmilk deposit in Siberia
(Axenov-Gribanov et al, 2016). For the eight isolates for
which the genomes were not sequenced (MM9, MM32,
MM39, MM55, MM73, MM88, MM90, MM93), nearly
full-length 16S rRNA sequences were obtained using PCR
primers and conditions as previously reported (Maciejewska
et al, 2015). The 78-moonmilk strain alignment of the
16S rRNA was further processed using the software “two-
scalp” (D. Baurain, to be published elsewhere) to integrate
35 additional sequences, corresponding to the 27 (non-
redundant) best BLAST hits, 7 Siberian moonmilk sequences,
and the sequence of Saccharopolyspora erythraea, used as the
outgroup.

Both the MLSA supermatrix and the 16S rRNA alignment
were submitted to phylogenetic inference using the rapid
bootstrap analysis of RAXML v8.1.17 (Stamatakis, 2014; 100
pseudoreplicates) under the model GTR+I+I"y. The resulting
MLSA and 16S rRNA trees were first formatted in FigTree v1.4.2'
then further arranged using Inkscape v0.91°. Patristic distances
between moonmilk isolates were derived from the MLSA tree

http://tree.bio.ed.ac.uk/software/figtree/
22https://inkscape.org/
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TABLE 1 | The closest relatives, phylogenetic affiliations, phylotype clustering, and isolation origin of the 31 representative moonmilk isolates.

Isolate Closest relatives 16S rRNA identity Accession Origin of the coL Md Phylotype
% (gaps) number closest relatives 16S — MLSA
MM1 S. sp. CFMR 7 strain CFMR-7/S. 99.1 (4)/99.1 (6) KU714864 Plant COL3 SN =1
fulvissimus DSM 40593 (rubber)/unknown
MM3 Un. bacterium clone Md-54/Un. 99.8 (0)/99.8 (0) KU714892 Soil/sail COL3 SN =1
bacterium clone 10-355
MM5 S. scabiei BCCO 10_524/S. 99.7 (0//99.4 (2) KU714904 Both plant (potato) COLS3 SN =1
europaeiscabiei 08-46-04-2 (#50)
MM6 S. sp. Mg1/S. sp. SXY10 99.7 (0)/99.8 (0) KU714910 Glacier soil COL3 SN V=1
(Alaska)/soil
MM7 S. sp. NEAU-spg16/S. sp. A42 99.6 (0)/99.9 (0) KU714915 Soil/sail COL3 SN V=V
MM10 S. sp. NEAU-QHHV11/S. sp. 99.1 (4)/98.6 (7) KU714865 Soil/sail COLS3 SN VI=VI
(Acc.Nr.D63866)
MM12 S. sanglieri A14/S. sp. ME03-5656.2¢ 99.8 (0)/99.6 (0) KU714878 Soil/plant (potato) COL3 SN Vil = Vil
MM13 S. turgidiscabies ATCC 700248/S. 98.8 (4)/98.7 (4) KU714882 Both plant (potato) COLS3 SN Vil = VIl
turgidiscabies WI04-05A
MM14 S. anulatus strain 173826/S. anulatus 100 (0)/100 (0) KU714883 Both unknown COL3 SN X =IX
strain 173541
MM17 S. sp. Mg1/S. sp. SXY10 99.7 (0)/99.8 (0) KU714885 Glacier soil COL3 SN IV — XXVI
(Alaska)/soil
MM19 S. sp. NEAU-spg16/S. sp. A42 99.6 (0)/99.9 (0) KU714887 Soil/soil COL3 SN V — XXVII
MM21 Un. bacterium clone Md-54/Un. 99.7 (0)/99.7 (0) KU714888 Soil/sail COL3 SN Xl =X
bacterium clone 10-355
MM23 Un. bacterium clone Md-54/Un. 99.8 (0)/99.8 (0) KU714890 Soil/sail COL3 SN Il — XXVIII
bacterium clone 10-355
MM24 S. sp. ME02-6979.3/S. sp. 1C-HV8 98.3 (5)/98.4 (4) KU714891 Plant COLS3 SN Xl = Xil
(potato)/animals
(ants)
MM44 Un. bacterium clone Md-54/Un. 99.7 (0)/99.7 (0) KU714900 Soil/sail COL3 SN Xl — XXIX
bacterium clone 10-355
MM48 S. sp. HBUM171258/S. sp. Mg1 99.9 (1)/99.6 (0) KU714903 Unknown/glacier COLS3 MMch Xl = Xill
soil (Alaska)
MM59 S. sp. ID05-8D/S. sp. ID0O1-6.2a 99.5 (1)/99.4 (1) KU714909 Both plant (potato) COL3 MMch I — XXX
MM68 S. turgidiscabies ATCC 700248/S. 99.0 (2)/99.0 (2) KU714913 Both plant (potato) COL3 B-4 XV = XIV
turgidiscabies WI04-05A
MM90 S. sp. AA58/S. sp. AS40 99.5 (4)/99.4 (5) KU714925 Soil/sail COL1 ISP4 XV — -
MM99 S. fulvissimus DSM 40593/S. sp. 99.7 (2)/99.7 (2) KU714928 Unknown/plant COL1 ISP6 XVI = XVI
ME02-6987.2¢ (potato)
MM100 S. sanglieri A14/S. sp. ME03-5656.2¢ 99.9 (0)/99.5 (0) KU714866 Soil/plant (potato) COL1 B-4 XVII = XVII
MM104 S. scopuliridis strain SCSIO ZJ46/S. sp. 99.2 (0)/99.0 (0) KU714869 Deep sea/plant COL3 ISP6 XVIII = XVIII
AKO02-1a (potato)
MM105 S. finlayi strain CB00817/S. olivoviridis 99.4 (6)/99.3 (5) KU714870 Soil/animals COLS3 ISP6 XIX = XIX
strain S3 (earthworm)
MM106 S. rishiriensis strain 1706/S. fimbriatus 99.0 (0)/98.8 (1) KU714871 Soil/unknown COL3 ISP1 XX = XX
strain cfcc3155
MM107 S. pristinaespiralis strain HCCB 98.8 (2)/98.8 (0) KU714872 Soil/sail COL3 ISP1 XXI = XXI
10218/S. sp. NEAU-bt10
MM108 S. sp. SXY66/S. sp. 1TH-TWYE2 100 (0)/99.3 (2) KU714873 Soil/animals (ants) COL3 ISP7 XXII = XXII
MM109 S. lunaelactis MM109'/S. lunaelactis 100 (0)/99.9 (0) KM207217.2 Cave/cave COL3 ISP7 X=X
MM15
MM111 S. sp. TH-TWYE2/S. sp. SXY66 99.7 (0//99.5 (2) KU714875 Animals (ants)/soil COL4 ISP6 XXIIE = XXl
MM117 S. sp. PAMC26508/S. pratensis ATCC 99.7 (0)/99.7 (0) KU714876 Antarctic lichen/sail coL4 ISP7 XXIV = XXIV
33331
MM122 S. sp. PAMC26508/S. pratensis ATCC 100 (0)/100 (0) KU714879 Antarctic lichen/soil CcOoL4 B-4 IX — XXXI
33331
MM128 S. sp. ZLN234/S. sp. SXY66 99.9 (0)/99.0 (4) KU714881 Glacier soil COL4 SN XXV = XXV
(Arctic)/soil

B-4, B-4 agar medium; MMch, minimal medium with 1% chitin; ISR, International Streptomyces Project medium; SN, starch nitrate medium; COL, moonmilk collection
site; Md, isolation medium; Un., uncultured. Symbols: —, isolates not included in the MLSA; T, Type strain (Maciejewska et al., 2015).
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using the TREEPLOT program of the MUST software package
(Philippe, 1993).

Antimicrobial Activity Screening

Antimicrobial activities of one representative of each phylotype
deduced from the MLSA, together with MM90 (representing 16S-
phylotype XV) were tested using the cross-streak method on
two (antifungal test) to five (antibacterial test) different culture
media: Mueller Hinton Agar (MHA) (Difco, BD, Franklin Lakes,
NJ, USA), Tryptic Soy Agar (TSA) (tryptone 15 g, soybean meal
5 g, NaCl 5 g, agar 15 g pH 7.3), ISP media No. 7 (Shirling
and Gottlieb, 1966), starch nitrate (SN) medium (Waksman
and Lechevalier, 1961), and minimal medium (Kieser et al.,
2000) supplemented with 25 mM N-acetylglucosamine (MM +
GlcNAc). Each moonmilk strain was independently inoculated
from the mycelium stock as a single line in the center of the
square plate and incubated for 7 days at 28°C, before being
cross-streaked with bacterial or fungal reference strains.

Antibacterial activities were tested against a range of Gram-
positive and Gram-negative bacteria, including Escherichia
coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 27853),
Citrobacter freundii (ATCC 43864), Klebsiella pneumoniae
(ATCC 13883), Bacillus subtilis (ATCC 19659), Staphylococcus
aureus (ATCC 25923), and Micrococcus luteus (ATCC 9341).
Each tested bacteria was cross-streaked perpendicular to the
growth of the moonmilk isolate at the distance of 2 cm from
one another from a suspension prepared according to EUCAST
recommendations (EUCAST, 2015). Briefly, each inoculum was
made from the overnight-grown plate of each pathogen in solid
LB (Difco, BD, Franklin Lakes, NJ, USA) at 37°C by suspending
several morphologically similar colonies in LB broth (Difco, BD,
Franklin Lakes, NJ, USA) until the ODgy5 nm reached 0.08-
0.13, corresponding to the McFarland 0.5 standard. The reference
bacterial strains were cross-streaked with a cotton swab, the plates
incubated overnight at 37°C, and the activities determined by
measurement of the inhibition zone (in cm).

Antifungal activities were tested against a range of pathogenic
fungi including Candida albicans (ATCC 10231), C. albicans
(azole-resistant routine strain from the National Reference
Center for Mycoses, 13-160409-5014), referred as C. albicans
‘R; Aspergillus fumigatus (Neqas 1210), Rasamsonia argillacea
(Neqas 1872), Penicillium chrysogenum (Neqas 2068), and
Trichophyton mentagrophytes (Neqas 1208). Each fungal
strain was suspended in water at the density equivalent to
0.5 McFarland, and the obtained fungal suspension was
perpendicularly cross-streaked against moonmilk isolates with a
distance of 4 cm from one another. The plates were incubated at
37°C, for up to 4 days, and the measurements of inhibition zones
(in cm) were recorded every day.

MM99 Isolate Antifungal Agents
Extraction and Purification by High
Pressure Liquid Chromatography (HPLC)

Streptomyces sp. MM99 was inoculated on 15 Glucose Yeast
and Malt medium (GYM; glucose 4 g; yeast extract 4 g; malt
extract 10 g; casein enzymatic hydrolysate 1 g; NaCl 2 g; agar

20 g) plates and incubated for 10 days at 28°C. The agar was
collected, poured into a flask with an equal volume of ethyl
acetate (~300 ml) and agitated overnight at room temperature
for metabolites extraction. Ethyl acetate was collected and pieces
of agar were removed by centrifugation (25 min at 4000 rpm)
before the solvent was evaporated on a rotary evaporator (IKA
RV10 digital, VWR, Radnor, PA, USA). The dried crude extract
was resuspended in 4 ml of pure methanol high pressure
liquid chromatography (HPLC Barker UHPLC grade). Prior to
fractionation by HPLC, the antifungal activity of the total extract
was assessed by a disk diffusion assay on a yeast peptone dextrose
(YPD; peptone 20 g; yeast extract 10 g; glucose 20 g; agar 15 g)
agar plate inoculated with Saccharomyces cerevisiae (ATCC 9763;
with a cotton swab dipped in a 0.25-0.27 ODg,5 LB suspension).
The full extract was then fractionated by HPLC (Waters, Milford,
MA, USA) using a Waters 2695 Separations Module (Alliance)
with a Waters 2998 Photodiode Array Detector coupled to a
Waters Fraction Collector WFC III. The methanol extract was
analyzed on a Nucleodur Cl8ec column (2.0 mm x 150 mm,
5 pwm particle size, Macherey-Nagel) at a column temperature
of 40°C. Extract separation was achieved by increasing the
acetonitrile (Barker, HPLC far UV grade)/water (milliQ filtrated
on 0.22 pm) + 0.05% trifluoroacetic acid (TFA, Sequencing
grade; Thermo Fisher Scientific, San Jose, CA, USA), ratio (from
0 to 62.5% of acetonitrile during 30 min, then from 62.5 to
100% of acetonitrile during 8 min) at a 300 pl/min flow rate.
Online UV absorption measurement was performed from 190
to 800 nm. Data were analyzed using Empower 3 software
(Waters, Milford, MA, USA). The obtained extract fractions were
subsequently tested for antifungal activities by a disk diffusion
assay as described above.

Compound Identification by
Ultra-Performance Liquid
Chromatography-Tandem Mass
Spectrometry (UPLC-MS/MS)

Fractions displaying antifungal activities revealed by the disk
diffusion assay were analyzed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Briefly, compounds
were separated by reverse-phase chromatography using Ultra
Performance Liquid chromatography (UPLC IClass, Waters)
using a Nucleodur Cl8ec column (2.0 mm x 150 mm,
5 wm particle size, Macherey-Nagel). Elution was achieved by
increasing the acetonitrile/water (milliQ filtrated on 0.22 pum)
+ 0.05% trifluoroacetic acid ratio (from 0 to 62.5% during
30 min, then from 62.5 to 100% during 8 min) at a 300 pl/min
flow rate. On-line UV absorption measurement was performed
at 210 and 265 nm and the chromatography system was
finally coupled to a Q Exactive Plus hybrid Quadrupole-
Orbitrap Mass Spectrometer (Thermo Fisher Scientific,
San Jose, CA, USA), operated in positive ion mode and
programmed for data-dependent acquisitions. Survey scans
were acquired at mass resolving power of 140,000 FWHM
(full width at half maximum) from 100 to 1500 m/z (1 x 10°
ions accumulation target). The five most intense ions were
then selected to perform MS/MS experiments by Higher
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Energy Collision Dissociation (HCD) fragmentations using
stepped normalized collision energy (NCE; 21,2; 25; 28) within
2 amu isolation windows (resolution 17500, 1 x 10° ions
accumulation target). A dynamic exclusion was enabled for
10 s. Data were analyzed using Xcalibur v2.2 (Thermo Fisher
Scientific, San Jose, CA, USA). Commercial cycloheximide
standard (Sigma-Aldrich, St. Louis, MO, USA) was used as a
control.

RESULTS AND DISCUSSION

Isolation of Actinobacteria from

Moonmilk Deposits

Cultivable actinobacterial species were isolated from the three
separate moonmilk deposits within Grotte des Collemboles
(Figure 1). Our cultivation-based screening on Actinobacteria-
specific media revealed high population density across the three
collection sites studied, with up to 10* CFUs/g (Figure 2).
No microbial growth could be detected in the ISP5 medium
(Glycerol Asparagine Agar), while the highest numbers of CFUs
for each sampling point were recorded on the starch nitrate
(SN) medium (5 x 10% and 1.3 x 10* CFUs/g in COL1 and
COL4, respectively), and on the minimal medium supplemented
with chitin (2.6 x 10* CFUs/g in COL3; Figure 2). Most
of the viable isolates (>50%) were chosen from the starch
nitrate medium (Table 1; Supplementary Table S3), in which
the most distinct colony phenotypes were observed. From
the 129 colonies initially selected, only 78 were recovered
as pure isolates after three rounds of inoculation/cultivation,
and were preserved for further studies. This important loss
(40%) during the purification steps was expected, as living
in an oligotrophic environment necessarily implies nutrient
exchange between individuals of the microbiome, a cooperative
strategy that was only possible in the non-diluted plates
where colonies were originally picked. Inoculation of single
colonies thus biased the selection of specimens able to feed
only from nutrients present in the synthetic medium, whereas
species most adapted to cooperative growth certainly represented
a significant part of the isolates lost during the screening
procedure.

CFU (10% CFUs/g)

ISP1 ISP2 ISP4 ISP5 ISP6 ISP7

SN MMch B-4

FIGURE 2 | Total number of CFU obtained from each moonmilk
collection point according to the selective media used. CFU,
colony-forming units; ISP, International Streptomyces Project; SN, starch
nitrate; MMch, minimal medium supplemented with chitin.

Phylogeny of Cultivable
Moonmilk-Derived Streptomyces
Isolates

When cultivated in liquid cultures, all the isolates formed
filamentous pellets, suggesting their affiliation to the genus
Streptomyces or to other filamentous Actinobacteria (data
not shown). BLAST search using either full or nearly full-
length 16S rRNA gene sequences indeed revealed that the
closest hits to each of the moonmilk-derived isolate were
Streptomyces species displaying between 98.3 and 100% identity
(Table 1; Supplementary Table S3). Cultivable members of
this genus have been previously reported from moonmilk
(Canaveras et al., 1999; Axenov-Gribanov et al., 2016), however
isolates belonging to other genera, such as Amycolatopsis,
Saccharothrix, Acinetobacter, Chryseomonas (Cafaveras et al.,
1999), Arthrobacter (Rooney et al., 2010), Pseudonocardia,
Propionibacterium (Portillo and Gonzalez, 2011), and Nocardia
(Axenov-Gribanov et al.,, 2016), have been found through both
culture-dependent and independent approaches. It was therefore
unexpected that only Streptomyces were isolated across a wide
range of Actinobacteria-specific media. One reason for such
biased recovery might be that Streptomyces are saprophytes
accustomed to use a large variety of nutrient sources, and are
thus better adapted to grow on the synthetic rich media used
in our screening procedure. Secondly, among actinobacterial
populations, Streptomyces are known for their more rapid growth
in comparison to other genera, recognized as rare Actinobacteria,
which are isolated much less frequently (Subramani and
Aalbersberg, 2013). Therefore, in our in vitro culture conditions,
Streptomyces have probably overtaken nutrients and space over
other, slower growing, actinobacterial representatives.

Based on the 16S rRNA tree topology, we grouped the
78 moonmilk isolates into 25 phylogenetic clusters (Figure 3;
Table 1; Supplementary Table S3). The largest cluster on the
tree (Figure 3, phylotype X), delineating the recently described
Streptomyces lunaelactis species, grouped six novel isolates in
addition to the 13 strains reported previously (Maciejewska et al.,
2015), which collectively originate from each of the studied
sampling site. The clustering of isolates from multiple sampling
sites in a single branch was also observed for six other phylotypes,
namely phylotypes I, II, VII, IX, XI, and XII, which suggests
a widespread occurrence of these isolates within the moonmilk
deposits of the cave.

Among the closest environmental Streptomyces species
deduced from the 16S rRNA BLAST searches, 36 (46%)
have been isolated from soils, 12 (15%) from plants, while
relatives associated with water ecosystems, lichens, and animals
constituted 2 (3%), 2 (3%), and 1 (1%), respectively (Table 1;
Supplementary Table S3). Finally, 19 isolates (24%) were found
to be affiliated to the recently described moonmilk species,
S. lunaelactis (99.9 or 100% 16S rRNA identity), with isolate
MM109T selected as the type strain (Maciejewska et al., 2015).
The closest known relative of S. Iunaelactis found through
full-length 16S rRNA gene search, Streptomyces globisporus,
further increases the number of relatives originating from soils
to 55 (71%). The high sequence identity of 16S rRNA genes
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—MM117*  (XXIV)
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Streptomyces anulatus 173826,/ Streptomyces sp. PAMC26508
Streptomyces sp. 1B2014178-8
Streptomyces sp. ME02-6979.3a
Streptomyces sp. NEAU-spg16
MM7 /MM16 /MM19 /MM30 /MM33 /MM53 /MM61 /MM69 /MM73 /MM79° (V)
Streptomyces nitrosporeus HBUM173702 / Streptomyces sp. A45

Uncultured bacterium clone Md-54
Streptomyces sp.AA58

MM3'/MM4 /MM23'/MM35 /MM38 /MM98  (II)

41| MM21/MM44 /MM88  (XI)

MM9O  (XV)

MM22’/MM28"/MM29/MM31°/MM40 /MM51°/MM78 /MMS3°/MM91 /MMO3 /MM113*
Streptomyces lunaelactis MM109T */MM15 /MM25 /MM32 /MM37 7MM103 /MM115 /MM126"
iEStreptvmyces sp.1B2014178-1

Streptomyces sp. |1B2014178-9
Streptomyces sp. 1B2014178-3
¢¢ -MM13/MM45/MM82 (VIII)
Ar MM68  (XIV)
68 Streptomyces turgidiscabies ATCC 700248
s-MM10 (VI)
Streptomyces sp. NEAU-QHHV11
o5 - Streptomyces sp. ID05-8D
9 | |Streptomyces scabiei BCCO10524
4 MM57/MM8/MM59° (III)
Streptomyces sp. |B2014178-11

74 I: Streptomyces rishiriensis 1706
MM106° (XX)

40

MM104° (XVIII)

Streptomyces sp. 1B201 4I78-6*
Streptomyces scopuliridis SCSIOZJ46
MM1’/MM9/MM18°/MM119*/ Streptomyces sp. AA50  (I)
Streptomyces pristinaespiralis HCCB10218
MM107 /MM110° (XXI)

MM24/MM94  (XII)

Streptomyces sp. CFMR7 CFMR-7

ﬂ[ Streptomyces finlayi CB00817

MM105° (XIX)

MM99 (XVI)

47 || Streptomyces subrutilus IHBA9907

AF

7I\éIM48 /MM55 /MM56°  (XIII)
Streptomyces sp. HBUM171258

MM6 /MM17 /MM36 /MM39 /MM63 (IV)
Streptomyces spororaveus HBUM173231
Streptomyces sp. Mg1

Saccharopolyspora erythraea NRRL2338 0.05

represents 0.05 substitutions per site.

FIGURE 3 | 16S rRNA-based phylogenetic tree of moonmilk cultivable isolates (MM). The collection points, from which each moonmilk isolate originates are
indicated by colored symbols, while the phylotype affiliations are indicated in brackets. The Streptomyces isolates originating from moonmilk deposits of the
Bolshaya Oreshnaya Cave in Siberia are marked by a star. The alignment of nearly complete 16S rRNA sequences had 1413 unambiguously aligned nucleotide
positions for 113 strains. The evolutionary model was GTR+I+I"4 and bootstrap values are based on 100 pseudoreplicates (the bootstrap values below 40% are not
displayed). Saccharopolyspora erythraea was used as outgroup, and its branch was reduced five times which is indicated by the slanted bars. The scale bar

Streptomyces sp. 1H-TWYE2 CoL1

MM108 / Streptomyces sp. SXY66 (XXII) coL3
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Frontiers in Microbiology | www.frontiersin.org

93 September 2016 | Volume 7 | Article 1455


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Antimicrobial Properties of Moonmilk Streptomyces Isolates

Maciejewska et al.

"Auojoo e|Buls e Jo adAjousyd ey} yum Jeyiebol pajussald e

BlI810Bq UMOIB-USIP 1184 8l JO YOEQ PUE JUOJ) ‘91e|0s] yoes 10 ‘papnjoul sedA1ojAyd paonpap-yYNy! S| 48Wo) 8yl YIm ‘Siexoelq ul pareoipul st jequinu adAjojAyd SN 8yl "selejos| aaielussaldal adAjolAyd
1€ 8y Jo adAjousud (g) -eus Jed suonnuisans Q'O sjuesaidal Jeq s[eods ey ‘suole YNYI S| 10} Se N0 PaLIed sem aoualsjul onsuabolAyd i "selejos! 0/ 4o} suoisod epiosjonu peubife Aisnonbiqueun zeg‘ol
pey xurewladns a8y 's1exoelq ul Jaquinu Bulpuodsallod sy} pue Jojod oioads e Aq payesipul s| edAlojAyd paonpep-ySA Yoed (gdi ‘giab ‘godi ‘ol ‘gdie ‘YNYJ S91) seusb Buideasasnoy xis jo seousnbes

yibus|-[In} 8y} uo peseq sem ySTIN (v) odAiojAyd yoea jo aanejuasaidal pajosjes ayy jo sedAjousyd pue sajejosi yjiwuoow jo AuabojAyd (YSTIN) sisAleue eouanbas snooniAl | ¥ 3HNDIL

£aS! (XX €x1) ZZTWW £dS1 Hox€) 6SWN £ast (Xnx€1x) yrINN
3 I3 -

A
£dSt (IXEA) LTAW

LaStIAXXE1) EZTNN Lds! —_ETZ 6T

a . 19

NS (A LTTAW

{\\lL

NS (11000 TETIAW Tasi (000 LOTINW

2451 (x1X) woﬂii £4s1(1AX) QOTWIN

£as1 00) 90TWIN

(1ma)

2451 (1AX) 66NN Las1(nx) w.!zi
m&. (1) yZWW Last(X) TN Last (X) 60T £ds1 (X)) TN

V-

- !

i

Es)

NS(IA) ETININ NS(IA) ZTWIN NS (In) OTWIN Last (N LW

Last (N) 9NN Las1(in) SWIN

Ns() TAW

Z8WW/ SYWW / ETWIW

86WW 0’0
() SEWW

(mAd)  €ZWIN
() TCWW -~
(X1XX) W

i
(N 6LWW/ 69WW/ TOWIW/ EEWIW/ omz_,_m.zz .

(IIAXX) 6TWKW ook
T6WW
E8WIW/ TSWIW
SLWW/ TEWIW/ 6ZWW/ TZWIW o

) OCTWW

O WW/ 8ZWIW 00t
LEWW
60TWIW/EOTWIW

(000 OTTWW/ LOTWW

(A1) 8OWIW

(IN) OTWIW
(AXX B
(00 90TWW 090 SOTWW | oor |
(1xx) TITWW I oot
o:xNxv SOTWW
I
(1A%) v.nm_me_“z z4
(000) ZZEWW
(ADOO LTTWW
(1AX) ﬁon—u_ﬂ — o E -
(1A L8WW/ PWIW/ TTWIW oot
(10 YCWN |
PEWN ' oot L
AC .ﬂzz_
6TTWW/ TWIW ' ook
(A pOTIWIW o8
E9WN ,
(AD 9EWW
S |
() LTWIW oot

oot

() 9GS W/ 8PWIW

94 September 2016 | Volume 7 | Article 1455

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Antimicrobial Properties of Moonmilk Streptomyces Isolates

Maciejewska et al.

*91B|0S] H|ILUUOOW 8y} JO YmodB Jood Jo ou ‘Bu fwnipaw uasoyo sy} Ul moib jouued usboyled paisel ey ‘X "dewiesy

aU} mojeq pake|dsip syNsal 3eaus-ssoi0 8y} Jo sajduexs Uasoyd U} 0} Jojel Jopiog YOe|q B YIM Pa1osjes splal) 8y "[ogquiAs Aue yim paspewl Jou ale sjoege uoiiqiyul Yot [epioLieoeq Jesjo pue ‘ejolld usaib
B YIM padew ase uoniqiyul ymmolb pue ymmolb pairedw y1og Bujuiquuiod sioaye uoiigiyul ‘eibuely mojjoA e Aq peledipul aJe eusioeq paisel au} Jo ymolb pasredwi Buisned saye|os| "e[eos J0j00 B O} paleje. pue
91B|0S! Y{[ILIUOOW YJBSs 40} Pajedipul si (WO Ul) auoz uolgiyul 8y} Jo azis a8y "sedAjojAyd yjiwuuoow jo saanejuasaldas sy} Jo SaNIAOE [BlLI9)OBgIIUE 8Y) JO YiBuais ay) Bunensn|) dewiesH | ¢ 3HNOIL

SO0T
9

[44"
LTT

1
6T

06NN
EWN
ETAN
TZANW
YN
LWN
6TWIN
60T
LOTAW
SWN
6SWIN
8INW
ETANN
OTWIN
8ZTANW
90T
80T
TITAW
SOTAW
YTAW
66NN
ZTIAW
0 LITAW
00TWN
ZTAN
YA
AW
PYOTAW
9NN
LTAW
o [ 0 ) ) ) 0 0 0 o ) o SYWW

© © © © ©

l°?°!°°°°l°!°°°
© © © © © © © © 0 0 © © ©o ©°
© © © © © © ©

© © ©O ©O ©O O O ©O 0O 0 O OO0 ©0 o0 o0 0 O o o o

w
5

© ©O © © © 0O © ©O©C 0 O OO0 o0 o o o o o o o

© 0o 0o o oo oo o o o o o o o
©

© © o

© ©O O ©© © 0 © 0 ©0 0 0 0 0 © e 0 o o o o
© © © © © © © © 0O © © © © © o

© © © © © 0 © © © 0 0 © 0 © 0 © 0 0 o ©o o
© © © © © ©O© 00 © 0 0 0 o0 © o0 o0 o o o o
© © © © © © © © © 0 0 © o o

© © © © o ©

© © © ©O © ©©O© © 0 0 ©0 0 o0 © 0 o © o
©O © ©O ©O O O ©© 0O 00O OO O© o0 o0 O©0 oo o o o o o

ooooooooolo

© © © ©o ©o © © © o

© ©o ©o © o ©
ooooooI

© © © ©o ©o ©© © 0 © © ©°

© © © © © ©

© © © © © © © © ©

© © © 00 © 0 0 0 0 0 00 o000 PO OO OO0 OO0 o0 o0 0 o o o

ooooooooooooooooooE‘oooooo.o'o

© © © © © 0 © © 0 0 0 0 0 0 0 0 © 0 0 0 0 0 0 0 0 0 0 o o o

© © © © © © © ©

°°!

© © © © © © ©
© © © © © © © ©
© © © ©

o
o

0

©O © 0O OO O © © 0O 0O O O OO0 0 OO0O0OO0O0OO0OO0C OO0 o0 o0 o o o o o

© © © 0O © O O ©© 00 OO0 O© 0 o0 o0 o0 o0 o o0 o o o

cast [punaio] wsi | wvhw

[ zast punoio] wsi | vhw

Ns [ zast [ownoio] vsi [vhw | Ns [ zasi [ounoio] wsi [ wHi | Ns [ cast [punoio] wsi [ whiw | Ns [ zast wnoiof wsi [ vhw

s113qns 'g

_ snainp s

psou)bniap ‘g npunaif -y 103°3 apjuownaud )

+wesn

-wein

95 September 2016 | Volume 7 | Article 1455

Frontiers in Microbiology | www.frontiersin.org


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Maciejewska et al.

Antimicrobial Properties of Moonmilk Streptomyces Isolates

Eurotiomycetes

Saccharomycetes

P. chrysogenum A. fumigatus R. argillacea

T. phy C.alb R C. albicans

GleNAc
MMm48 4
MM17
MM6
MM104
MM1
MM24
MM12
MM100
MM117
MM122
Mm99
MM14
MM105
MM111
MM108
MM106
MM128
MM10
MM13
MM68
MM59
MM5
MM107
MM109
MM19
MM7
MM44
MM21
MMm23
MM3
MM90

GleNAce

GleNAc

24
17

128
ﬂ
117 109
I

17
==

FIGURE 6 | Heatmap illustrating the strength of the antifungal activities of the representatives of moonmilk phylotypes. The size of the inhibition zone (in
cm) is indicated for each moonmilk isolate and related to a color scale. Isolates causing impaired growth of the tested fungal strains are indicated by a triangle,
inhibition effects combining both impaired growth and growth inhibition are marked with a green circle, and clear bactericidal growth inhibition effects are not marked
with any symbol. The fields selected with a black border refer to the chosen examples of the cross-streak results displayed below the heatmap. ng, no or poor
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of moonmilk isolates to species from soil, plant, and water
environments suggests that the moonmilk may have been seeded
with Actinobacterial species brought into the cave from the
surface by dripping water (Laiz et al, 1999; Legatzki et al,,
2012; Yun et al, 2015). It should be noted that some of our
phylotypes are phylogenetically closely related to Streptomyces
isolates recently identified from moonmilk deposits of the
Bolshaya Oreshnaya Cave in Siberia (Axenov-Gribanov et al.,
2016). This is particularly the case for phylotypes IX, X, XVIII,
and XXIV (Figure 3), however the comparison is restricted
by the small size of the collection generated from the Siberian
cave (limited to seven Streptomyces isolates). Nonetheless, this
observation supports the idea that we may have identified at

least some bacterial species specifically associated with moonmilk
speleothems.

As 16S rRNA-based phylogeny is known to be insufficient
for discriminating between closely related Streptomyces species
(Guo et al,, 2008; Labeda, 2011; Rong and Huang, 2012) and,
consequently, could underestimate the true diversity of our
collection, a MLSA was additionally performed. Instead of
partial gene fragments used previously (Maciejewska et al,
2015), we have retrieved nearly full-length sequences of the
selected housekeeping genes (atpD, rpoB, trpB, gyrB, and
recA) from the genomes of 70 out of 78 isolates. As expected,
the phylogenetic resolution of the MLSA tree, based on a
supermatrix of 10,632 unambiguously aligned nucleotides
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FIGURE 7 | lllustration of the paradoxical zone phenomenon observed
with Klebsiella pneumoniae. Zones with the so-called Eagle or hormesis
effects are delineated by a dotted line. Note that for compounds produced by
isolate MM117 we only observed the emergence of isolated resistant colonies
instead of the wide and confluent zone of growth observed for the other
marked cases. MM68 was chosen as a control to show non-affected growth
of K. pneumoniae on the ISP7 medium.

(including 16S rRNA), was much higher. Hence, some strains
previously considered to belong to a single phylotype were
separated into several sub-clusters (Figure 4A). To clearly
delineate the phylotypes, the comparison of the pairwise
patristic distances between isolates was taken into account
together with the tree topology (Supplementary Figure S1;
Figure 4A). The highest pairwise distance among S. lunaelactis
strains (0.0096) was considered as the threshold for phylotype
assignment since most of these isolates were previously
reported to belong to a single species (Maciejewska et al,

2015). Consequently, the number of phylogenetic clusters
increased from 25, inferred from the 16S rRNA tree, to 31
based on MLSA. The new phylotypes differentiated through
MLSA were represented by MM17 (IV—XXVI), MMI19
(V= XXVII), MM23 (II—> XXVIII), MM44 (XI— XXIX), MM59
(III—XXX), and MM122 (IX—XXXI) (Table 1). To assess
whether the distinction of new phylotypes was supported
by phenotypic traits, we compared pigment production
and colony morphologies between representative isolates of
MLSA phylotypes and representative isolates of their former
16S rRNA-based phylotypes. For instance, the separation
of isolate MM17 (now phylotype XXVI) from isolates of
phylotype IV (represented by MM6) was indeed additionally
supported by the phenotype analysis, as unlike MM6 isolate,
which produces a dense pink-reddish intracellular pigment,
isolate MM17 remains unpigmented when grown on ISP7
(Figure 4B). Dissimilar phenotypes were also observed between
representative isolates that formerly belonged to the same
phylotype, ie, MM7 and MM19, MM23 and MM3, MM44
and MM21, MM59 and MMS5, and MMI22 and MM14
(Figure 4B).

Antimicrobial Activity Screening

The potential for antimicrobial activity of the moonmilk-
derived cultivable isolates was assessed for one representative
of each of the 31 phylotypes deduced from the MLSA (see
heatmaps in Figures 5 and 6 for antibacterial and antifungal
activities, respectively). Two categories of antimicrobial
activities were recorded, i.e., (i) those that fully inhibited
the growth (GI, growth inhibition) of the tested reference
strains (see Figure 5 MMI122 against S. aureus as an
example), and (ii) those that allowed only partial growth
(IG, impaired growth, see Figure 5 MM5 against B. subtilis as an
example).

The screening for antibacterial properties was carried out
under five different culture conditions, i.e., the two complex
and nutrient rich media (MHA and TSA), the ISP7 and SN
media from which most of our strains were isolated (see
Table 1; Supplementary Table S3), and the minimal medium
supplemented with GIcNAc, which is a known elicitor of
antibiotics under poor culture conditions (Rigali et al., 2008;
Swiatek et al, 2012; Zhu et al, 2014). Results from the
antibacterial cross-streak are presented in the heatmap of
Figure 5 (with particular cases highlighted in Figure 7), and
summarized in Figures 8A and 9. Overall, the moonmilk
isolates expectedly displayed a much stronger antibacterial
activity (GI and IG) against Gram-positive bacteria (94% of the
phylotypes) than against Gram-negative bacteria (71% of the
phylotypes). Indeed, 94% of the tested isolates were active against
B. subtilis, 87% against M. luteus, and 36% against S. aureus,

while 65% were found to show activity against K. pneumoniae,
39% against E. coli, 39% against C. freundii and only 16%
against P. aeruginosa (Figures 5 and 8A). The most active
isolate in terms of both strength and spectrum of targeted
pathogens was MM122 (Figures 5 and 9). Interestingly, a group
of four isolates (MM3, MM7, MM21, and MM90) similarly
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condition.

triggered the production of compounds active against Gram-
negative bacteria, particularly P. aeruginosa and K. pneumonia,
in the presence of GIcNAc (Figure 5). All these isolates
branch together in the 16S rRNA and the MLSA-deduced
phylogenetic trees (Figures 3 and 4A), which suggests that
their similar response to the GlcNAc eliciting molecule should
be induced by the same signaling pathway and involves
similar or identical bioactive compounds. Those isolates together
with other closely related moonmilk strains, namely MM19,
MM44, and MM23, showed one of the strongest inhibitory
profiles against a broad spectrum of pathogens and under
most of the tested culture conditions. This suggests that they
possibly might share a similar set of antibacterial secondary
metabolite clusters. In contrast, MM10, MM13, and MM68,
all representatives of closely related phylotypes, did not reveal
any antibacterial activity; however, genome mining showed that
those three isolates are predicted to possess in total 16, 19,
and 13 biosynthetic cluster-associated genes (including NRPS,
all types of PKS), respectively (Figure 9). This suggests that
the absence of antibiotic activity would be rather caused by
inappropriate culture conditions for eliciting the production

of cryptic antibiotics, rather than a lack of genetic material
associated with secondary metabolism.

Another remarkable example evidencing that the antibiotic
production highly depends on the culture medium composition
is illustrated by the isolate MM108, which did not display any
antibacterial activity unless grown on the ISP7 medium, where it
induced a strong GI effect against K. pneumonia, B. subtilis, and
M. luteus (Figure 5).

Strikingly, the ISP7 medium also stimulated unusual growth
phenotypes by K. pneumoniae to compounds produced by our
moonmilk isolates. All different atypical cases observed for this
pathogen are presented in Figure 7. For instance, beyond the
classical GI and the IG effects (see Figure 5), we observed
that K. pneumoniae would grow or be only slightly inhibited
near the antimicrobial producing strain, whereas its growth was
fully or partially inhibited (for example MM23 in Figure 7)
or impaired (for example MM5 in Figure 7) at a higher
distance. This non-linear response to a diffusion gradient of
the secreted antibiotics has been described as the Eagle effect
(Eagle and Musselman, 1948). According to this phenomenon,
the activity of antimicrobial compounds is paradoxically higher
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FIGURE 9 | The global antimicrobial pattern of moonmilk Streptomyces isolates and their presumed secondary metabolites biosynthesis potential
based on genome mining. The heatmap plot, correlated with MLSA-based phylogeny, represents the mean of the antifungal and antibacterial (Gram-positive and
Gram-negative bacteria) activities for each of the 30 phylotype representatives, together with the sum of those activities. In addition, the greyscale on the heatmap
displays the biosynthetic genes content of individual strain, including number of its NRPS, PKS-I, PKS-II, and PKS-IIl genes, together with their total number.

at lower concentrations, whereas high concentrations allow
growth within the vicinity of Streptomyces. The observed growth
close to the antimicrobial-producing strain might be due to
the onset of the resistance mechanisms, which were reported
to be rapidly induced by some antibiotics in K. pneumoniae
(Zhong et al., 2013; Adams-Sapper et al., 2015). Indeed,
several resistant K. pneumoniae colonies were detected in the
proximity to the moonmilk isolate MM117 (Figure 7). Another
possible explanation might be that the high production of
antimicrobials by certain moonmilk isolates on the ISP7 medium
could lead to precipitation and consequently inactivation of
the antibacterial agents active against K. pneumoniae. Finally,
the observed atypical response might be explained by a certain
form of the hormesis phenomenon, which states that ‘the
dose makes the poison’ ( Zhanel et al., 1992; Linares et al,
2006; Allen et al., 2010). Consequently, the produced molecules
would effectively suppress the growth of the pathogen, but
only at the appropriate concentration ranges (Migliore et al,
2013).

Our collection of cultivable moonmilk Streptomyces strains
was further assessed for the production of compounds with
antifungal activities (Figure 6). The corresponding screening was
carried out under two different culture conditions, i.e., (i) the rich
medium MHA and (ii) the minimal medium supplemented with
GlcNAc. The latter medium was again selected as GIcNAc, being
the monosaccharide composing chitin, exerts a strong carbon
catabolite repression on the induction of the chitinolytic system
in Streptomyces species (Saito et al., 2007; Colson et al., 2008).
This prevents ‘false-positive’ growth inhibition of tested fungi
due to enzymatic hydrolysis of their chitin-based cell wall. The
results of antifungal screening are presented in Figure 6 and
summarized in Figures 8B and 9. Overall, the antifungal activities
were stronger when the Streptomyces strains were grown on the
rich MHA medium (Figures 6 and 8B). Globally, 94% of the
tested isolates showed inhibitory activities against fungal strains,
with 84% being specifically active against P. chrysogenum, 77%
against A. fumigatus, 94% against R. argillacea, 65% against T.
mentagrophytes, and 52% active against both C. albicans and its
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FIGURE 10 | Identification of cycloheximide and dehydrocylcoheximide as antifungal compounds produced by the isolate MM99. The antifungal
activities of MM99 were detected through disk diffusion assay (A, top) of HPLC-separated (A, bottom) fractions of the crude metabolites extract. The two bioactive
fractions detected were subsequently identified by UPLC-MS/MS to contain mass peaks corresponding to dehydrocycloheximide (B) and cycloheximide (C).

drug-resistant strain, C. albicans ‘R (Figures 6 and 8B). The
most bioactive isolate in terms of the strength and the number
of inhibited fungal strains was found to be MM24, while MM10
and MM107 did not show any suppression under conditions
tested (Figure 6). The latter two isolates, together with MM68,
generally represented the least prolific antimicrobial producers
(Figure 9). The correlation between phylogenetic inference and
detected activities was significant for moonmilk phylotypes MM6
and MM17, as well as MM5 and MM59 (Figure 6). Remarkably,
most of our isolates displayed very strong growth inhibitory
properties against the clinically relevant filamentous fungi —
R. argillacea. This mold, belonging to the so-called R. argillacea
species complex, is a causative agent of chronic infections of
cystic fibrosis (CF) and chronic granulomatous disease (CGD)
patients, displaying tolerance to various antifungals (Giraud et al.,
2013). That almost all our isolates display high GI activity against

R. argillacea suggests the involvement of one or more molecules
commonly produced by cultivable moonmilk streptomycetes.
The identification of active compound(s) is currently under
investigation.

In order to provide a first evidence that the observed
antimicrobial activities are indeed caused by the production
of small inhibitory molecules, and do not result from other
factors, such as enzymatic degradation, a single isolate - MM99 -
was selected to characterize the compound(s) responsible for
its antifungal response. For this purpose, MM99 was cultivated
on GYM media, which triggered its antifungal activity, with
the media collected for metabolite extraction and separation
by HPLC. The two most active HPLC fractions were collected
(Figure 10A), and subjected to UPLC-ESI-MS/MS analysis,
which identified two masses (281.1626 and 279.1470 Da).
These two peaks corresponded to cycloheximide and its
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precursor, dehydrocycloheximide, respectively (Figures 10B,C).
Cycloheximide is a known inhibitor of eukaryotic protein
synthesis, which was first isolated from Streptomyces griseus
and previously known as actidione (Whiffen et al., 1946; Leach
et al., 1947). To additionally confirm that our newly isolated
antifungal compound was indeed cycloheximide, we compared
the MS/MS fragments profile between the compound isolated
from MM99 (Figure 10C) and a cycloheximide standard.
Identical fragmentation patterns of both samples (Supplementary
Figure S2), ultimately confirmed that cycloheximide was
responsible — at least in part — for the antifungal activity of
the isolate MM99. The identification of this single molecule
is representative of ongoing efforts that aim to exhaustively
identify the bioactive molecules of cultivable Streptomyces from
moonmilk deposits.

Genome Mining

Complementary to in vitro antimicrobial screenings, we have
carried out in parallel a large scale genome mining investigation.
For this purpose, the draft genomic assemblies were examined
for the presence of biosynthetic genes encoding polyketide
synthases — PKSs (including PKS-I, PKS-II, and PKS-III), as
well as NRPSs, which are collectively responsible for production
of bioactive molecules in Actinobacteria. Notably, 100% of
evaluated strains encoded at least two NRPS genes, 97% were
found to possess PKS-I, 94% PKS-II, and 48% PKS-III genes
(Figure 9). This clearly indicates a significant predisposition of
moonmilk isolates to secrete bioactive secondary metabolites.
The isolate MM17 was found to carry the highest total number
of biosynthetic genes (45), while MM105 harbored only 10 of
them, being classified as the weakest potential antimicrobial
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producer (Figure 9). Comparison of the biosynthetic genes
content and the antimicrobial activities of each individual
phylotype did not show significant correlation, with only small
relationship observed for anti-Gram positive test (Figure 11).
Remarkably, MM17 although encoding the highest amount
of secondary metabolites genes displayed one of the weakest
antimicrobial activities (Figure 11). This observation clearly
highlights the urgency for finding appropriate culture conditions
and triggers which would awaken silent metabolite clusters.

CONCLUSION

In this work we have isolated 78 cultivable Streptomyces
strains from three moonmilk deposits collected in the Grotte
des Collemboles, Comblain-au-Pont (Belgium), and assessed
their capacity to secrete compounds with antibacterial and
antifungal activities. Surprisingly, the isolated strains were
found to exclusively belong to the single Streptomyces genus,
despite other cultivable-dependent and -independent approaches
revealed the presence of many other Actinobacteria in
moonmilk speleothems (Canaveras et al., 1999; Rooney et al.,
2010; Portillo and Gonzalez, 2011; Axenov-Gribanov et al,
2016). Hence, a more specific protocol for the isolation of
rare Actinobacteria is currently tested in order to assess
their potential in producing bioactive natural compounds.
Phylogenetic analysis revealed the novelty of the selected isolates,
and suggests that they might indeed represent indigenous
moonmilk populations adapted to life in an inorganic and
oligotrophic environment. Overall, antimicrobial screening
showed that moonmilk strains were much more active against
fungi, than against the bacterial reference strains, which
was previously observe for plant-associated actinobacterial
isolates (Bascom-Slack et al.,, 2009; Verma et al., 2009; Zhao
et al., 2011). Identification of bioactive compounds is under
investigation, particularly molecules active against R. argillacea.
A complementary, in silico genome mining approach additionally
revealed a high richness and diversity of secondary metabolite
gene clusters, as evidenced by the presence of numerous
NRPSs, and PKSs genes. Consequently, an effort has to
be made in order to find cues and triggers that would
activate the expression of these biosynthetic clusters. Our
findings extend the previous data related to broad spectrum
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A mesophilic actinomycete strain designated as PB-52 was isolated from soil samples
of Pobitora Wildlife Sanctuary of Assam, India. Based on phenotypic and molecular
characteristics, the strain was identified as Nocardia sp. which shares 99.7% sequence
similarity with Nocardlia niigatensis IFM 0330 (NR_112195). The strain is a Gram-positive
filamentous bacterium with rugose spore surface which exhibited a wide range
of antimicrobial activity against Gram-positive bacteria including methicillin-resistant
Staphylococcus aureus (MRSA), Gram-negative bacteria, and yeasts. Optimization for
the growth and antimicrobial activity of the strain PB-52 was carried out in batch culture
under shaking condition. The optimum growth and antimicrobial potential of the strain
were recorded in GLM medium at 28°C, initial pH 7.4 of the medium and incubation
period of 8 days. Based on polyketide synthases (PKS) and non-ribosomal peptide
synthetases (NRPS) gene-targeted PCR amplification, the occurrence of both of these
biosynthetic pathways was detected which might be involved in the production of
antimicrobial compounds in PB-52. Extract of the fermented broth culture of PB-52
was prepared with organic solvent extraction method using ethyl acetate. The ethyl
acetate extract of PB-52 (EA-PB-52) showed lowest minimum inhibitory concentration
(MIC) against S. aureus MTCC 96 (0.975 pg/mL) whereas highest was recorded against
Klebsiella pneumoniae ATCC 13883 (62.5 j.g/mL). Scanning electron microscopy (SEM)
revealed that treatment of the test microorganisms with EA-PB-52 destroyed the targeted
cells with prominent loss of cell shape and integrity. In order to determine the constituents
responsible for its antimicrobial activity, EA-PB-52 was subjected to chemical analysis
using gas chromatography-mass spectrometry (GC-MS). GC-MS analysis showed the
presence of twelve different chemical constituents in the extract, some of which are
reported to possess diverse biological activity. These results confirmed that the presence
of bioactive constituents in EA-PB-52 could be a promising source for the development of
potent antimicrobial agents effective against wide range of microbial pathogens including
MRSA.

Keywords: Nocardia sp., antimicrobial activity, microbial pathogens, biosynthetic genes, culturing conditions,
SEM, GC-MS
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INTRODUCTION

The discovery of antibiotics like penicillin and other
antimicrobial agents to treat infectious diseases has
revolutionized the field of medicine in the mid-twentieth
century. These discoveries have led to the development of
improved antibiotics with a hope to serve humanity well (Walsh,
2003). However, due to overuse or misuse of antibiotics over a
prolonged period, most of the pathogens have become resistant
to the antibiotic therapy. These pathogens have accumulated a
large number of resistance elements encoded by genes found
both within the genome and plasmids, greatly limiting the
therapeutic options (Wright, 2012). Thus, there is an immense
need for the discovery and development of new antibiotics
to effectively target these deadly pathogens that cause life-
threatening infections. Actinomycetes are one of the most
efficient groups of natural bioactive metabolite producers such as
antibiotics, enzyme inhibitors, immunomodifiers, plant growth
promoting substances, and many other compounds useful
to mankind (Fiedler et al, 2004; Shivlata and Satyanarayana,
2015). Among actinomycetes, around 75% of commercially
useful antibiotics such as ivermectin, tetracycline, streptomycin,
nystatin etc. are produced by the dominant genus Streptomyces
(Miao and Davies, 2010). But, in the past two decades, there
has been a decline in the discovery of novel metabolites from
Streptomyces as culture extracts usually yield disappointingly
high number of previously described molecules (Qin et al,
2009; Aouiche et al., 2011). As such, new sources of bioactive
metabolites from another group of actinomycetes, known
as rare actinomycetes from different ecological niches have
promoted recent advances in the discovery of new antibiotic
molecules (Lazzarini et al., 2000; Lee et al, 2014; Azman
et al, 2015; Nimaichand et al, 2015). The genus Nocardia,
Saccharopolyspora, Micromonospora, Streptosporangium,
Streptoverticillium, — Actinoplanes, and Actinomadura are
considered as the rare group of actinomycetes. It is because these
microbes are difficult to isolate and maintain under conventional
conditions (Berdy, 2005). Amongst the rare actinomycetes,
numerous interesting biologically active compounds have been
reported from the genus Nocardia such as nargenicin (Celmer
et al., 1980), transvalencin (Hoshino et al., 2004), nocardithiocin
(Mukai et al., 2009) etc.

Nocardia is a genus under the family Nocardiaceae of order
Corynebacteriales within the class Actinomycetes (Goodfellow
et al., 2012). The genus was first proposed by Trevisan (1889)
and was named in honor of Edmond Nocard, who in 1888
described the first species (Kageyama et al., 2004a). Nocardia is
a Gram-positive, aerobic, filamentous branching bacillus that is
partially acid fast and ~86 species have been reported in the
genus Nocardia (Brown-Elliott et al., 2015). It is represented by
a list of chemical markers, including the presence of mycolic
acids, meso-DAP, galactose, and arabinose and DNA G + C
content of 63-72% (Goodfellow, 1992). However, little attention
has been paid to Nocardia from where we continue our interest to
extract biologically active compounds from this group of bacteria.
They are prominent for their ability to produce a wide variety of
biologically active compounds; however, some are also known to

be opportunistically pathogenic to humans and animals (Chun
and Goodfellow, 1995).

The plausibility of finding new bioactive molecules from
Nocardia could be increased by shifting the search from routinely
explored ecological niches to unexplored ones (Manikkam
et al, 2014). The poorly explored environments contain
highest populations of actinomycetes with valuable antimicrobial
secondary metabolites as reported by Ara et al. (2007). Isolation
of microorganisms from poorly explored areas of the world
like Jordan (Saadoun and Gharaibeh, 2003), Antarctica (Lee
et al., 2012), and certain ecological niches of Northeast India
(Bordoloi et al., 2001; Debnath et al., 2013) reflects that these
habitats should be carefully explored for novel microorganisms
and their valuable bioactive products. Northeast India is a part
of the Indo-Burma mega-biodiversity hotspot (Myers et al.,
2000). The influence of the local environment in the biodiversity
hotspots might result in the evolution of novel secondary
metabolic pathways in organisms (Glover, 1995). Pobitora
Wildlife Sanctuary of Assam is largely an unscreened forest
ecosystem and thus an unexplored source of actinomycetes and
biologically active secondary metabolites. Many actinomycetes
from forest ecosystems are known to produce polyketides
and non-ribosomal peptides by type-I and type-II polyketide
pathways and non-ribosomal peptide synthase pathways which
are the hallmark of secondary metabolites production in this
group of bacteria (Passari et al., 2015).

Our continuous screening for new bioactive metabolites from
rare actinomycetes resulted in the isolation of a promising
Nocardia strain designated as PB-52 from the soil samples of
Pobitora Wildlife Sanctuary of Assam, India. This sanctuary
(38.8sq km) lies in the sub-tropical zone and is situated in
the flood plains of river Brahmaputra in Assam, India. In this
work, we aimed to investigate the antimicrobial biosynthetic
potential of PB-52 strain against a wide range of microbial
pathogens. Optimization of different culture conditions like
fermentation media, temperature, pH and period of incubation
was performed to facilitate improved growth and antimicrobial
activity of the strain. To evaluate the antimicrobial potency of
ethyl acetate extract of PB-52 (EA-PB-52), various techniques like
MIC determination against microbial pathogens, rate kill assay,
interaction with the test microbial pathogens by SEM analysis
was performed. The chemical constituents present in EA-PB-
52 were further identified using GC-MS. The outcome of this
research lays the foundation for performing in-depth studies
focusing on the development of potent antimicrobial agents
effective against a broad range of disease-causing microbial
pathogens including methicillin-resistant Staphylococcus aureus
(MRSA) and Candida albicans.

MATERIALS AND METHODS

Sampling Site and Sample Collection

Soil samples were collected in the month of April, 2013 from
varied locations of Pobitora Wildlife Sanctuary (26°12" to
26°16'N and 91°58’ to 92°05'E) of Assam, India. The Sanctuary
experiences semi-dry hot climate in summer (37-39°C) and cold
in winter (6-7°C) with an average humidity of 75% and annual
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rainfall of 1500-2600 mm. The habitat comprises of alluvial
grassland with hilly forests. Soil samples each weighing ~50¢g
was collected randomly from 5 to 20 cm depth after removing
the upper surface layer of the top soil. The samples were
transferred aseptically in sterile zip-lock bags and transported to
the laboratory on the same day.

Isolation of the Actinomycete Strain

During the screening of actinomycetes from soil samples,
PB-52 strain was isolated by serial dilution technique in
actinomycetes isolation agar medium (Himedia, India) amended
with rifampicin (2.5pug/mL) and amphotericin B (75 jug/mL)
after incubation at 28°C for 7-10 days (Thakur et al., 2007).
The pure culture of the isolate was sub-cultured on GLM agar
medium (Yeast extract, 3 g; malt extract, 3 g; peptone Type I,
5g; starch, 10 g; agar, 20 g; distilled water, 1000 mL; pH 7.4) and
preserved in 15% glycerol at —80°C for future use.

Identification and Characterization of the

Actinomycete Strain

Cultural Characteristics

The cultural characteristic of PB-52 strain was examined by
growing the strain in different culture media. Micromorphology
of the strain was examined by using cover slip insertion method
(Williams et al., 1989) on GLM medium. The morphology and
ornamentation of the spore chain was observed by scanning
electron microscopy (Kumar et al., 2011). Utilization of carbon
and nitrogen was determined by growth of the strain on ISP
Medium No. 9 supplemented with 1% carbon and 1% nitrogen
sources respectively at 28°C. Temperature range (15-45°C), pH
range (4-11) and NaCl tolerance for growth (1-5% NaCl, w/v)
was determined on ISP Medium No. 4 (Shirling and Gottlieb,
1966). Hydrolysis of starch, cellulose, casein, tween 20, tween 80,
liquefaction of gelatin, nitrate reduction and other biochemical
tests were assessed by following the methods of Gordon et al.
(1974). Whole-cell hydrolysates were determined according to
Lechevalier and Lechevalier (1970). Sensitivity and resistance of
PB-52 strain to nineteen standard antibiotics were detected by
disc diffusion method (Kumar V. et al., 2014a).

Molecular Identification

DNA Extraction

Genomic DNA was isolated according to Sambrook and Russell
(2001) with slight modifications. For isolation of genomic DNA,
PB-52 strain was grown in GLM broth on a rotary shaker
(150 rpm) at 28°C, pH 7.4 for 4 days. The cells were harvested by
centrifugation (8000 rpm, 5 min), washed two times with sterile
water and suspended in 800 pL lysis buffer (100 mM Tris-HCI,
20 mM EDTA, 250 mM NaCl, 2% SDS and 1 mg/mL lysozyme).
2 wL RNase was added and the sample was incubated at 37°C for
3h. 2L proteinase K was added to the sample and incubated
at 65°C for 30 min. 800 wL phenol, chloroform (1:1) was added
and centrifuged (12,000 rpm, 5min). The upper aqueous layer
was collected, mixed with equal volume of chloroform, isoamyl
alcohol (24:1) and centrifuged (12,000 rpm, 5min). Again, the
upper layer was collected, mixed with 0.1 volume sodium acetate
along with 2 volume 96% ethanol and incubated at —20°C

for 1h and centrifuged (12,000 rpm, 15min). The pellet was
washed first with 300 jL1 70% ethanol and then with 90% ethanol
(8000 rpm, 10 min each). The pellet was air dried and suspended
in 30 uL TE buffer (pH 7.7). DNA was analyzed by 1% agarose
gel electrophoresis.

PCR Amplification

16S rRNA gene was amplified using universal eubacterial primer
set, 27F (5-AGA GTT TGA TCC TGG CTC AG-3'), and
1492R (5'-GGT TAC CTT GTT ACG ACT T-3') (Weisburg
et al,, 1991). PCR reactions were performed in Proflex PCR
System (Applied Biosystems, USA) in a total volume of 50 pl
reaction mixture containing 50 ng template DNA, 1X Taq DNA
polymerase buffer, 1.5 mM MgCl,, 0.2 mM of each NTP, 1 U
Taq DNA polymerase enzyme and 0.2 uM of each primer. The
thermal cycling conditions were programmed as follows: initial
denaturation at 94°C for 5 min; followed by 35 cycles at 94°C for
305, 52°C for 30's, 72°C for 1 min and final extension at 72°C for
10 min. The amplified products were determined by 1.8% (w/v)
agarose gel electrophoresis. The amplified products were further
purified using GenElute PCR Clean-Up Kit (Sigma Aldrich, USA)
and the purified PCR products were sequenced by automated
DNA sequencer with specific primers using the facility at Xcelris
Genomics Lab Ltd. (Ahmedabad, India).

Phylogenetic Analysis

Identification of phylogenetic neighbors and calculation of
pairwise sequence similarities of 16S rRNA gene of PB-52 strain
were carried out using BLASTN (Altschul et al, 1990) and
EzTaxon server (http://www.eztaxon.org/; Kim et al., 2012). Top
14 reference sequences with highest scores were selected for
multiple sequence alignment which was performed by CLUSTAL
W program (Thompson et al., 1997). The phylogenetic tree was
constructed by neighbor-joining method (Saitou and Nei, 1987)
using MEGA version 4.0 (Tamura et al., 2007). The support of
each clade was determined by bootstrap analysis performed with
1000 replications (Felsenstein, 1985). The GenBank accession
number for the partial 16S rRNA gene sequence of PB-52 strain
is KM406386.

Evaluation of Antimicrobial Activity of

PB-52 Strain

Test Microorganisms

The following test microorganisms were used for the experiment.
Gram-positive bacteria: S. aureus MTCC 96, S. aureus MTCC
3160, MRSA ATCC 43300, S. epidermidis MTCC 435, Bacillus
subtilis MTCC 441, B. cereus MTCC 1272, B. megaterium
MTCC 8075, Micrococcus luteus MTCC 1538; Gram-negative
bacteria: Escherichia coli MTCC 40, E. coli MTCC 739, Serretia
marcescens MTCC 97, Klebsiella pneumoniae MTCC 3384, K.
pneumoniae ATCC 13883, Pseudomonas aeruginosa MTCC 741,
P. aeruginosa MTCC 424, P. aeruginosa MTCC 2582, Proteus
vulgaris MTCC 426; Yeast: C. albicans MTCC 227, C. tropicalis
MTCC 2208 and C. albicans ATCC 10231. All the MTCC strains
were purchased from Microbial Type Culture Collection, CSIR-
Institute of Microbial Technology, Chandigarh, India and ATCC
cultures were purchased from HiMedia, Mumbai. The bacterial
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strains were cultured in nutrient agar medium at 37°C and yeasts
strains were cultured on Sabouraud dextrose medium at 25°C.
The test organisms were preserved at —70°C in glycerol stock
vials for further study.

Antimicrobial Activity Assessment and Media
Optimization

Strain PB-52 was screened for in vitro antimicrobial activity
against test microorganisms by conventional spot inoculation
method (Shomurat et al., 1979) on GLM agar medium after 8 days
of incubation at 28°C. The inhibition zone was observed after 24—
48 h incubation at 37°C for bacteria and at 25°C for yeasts. Each
experiment was conducted in three replicates and the average
size of PB-52 colony diameter and mean value of inhibition zone
diameter (mm = SD) of test microorganisms was calculated.

The selection of best culture medium for growth and
antimicrobial activity of PB-52 was performed by growing
the strain in different growth media such as GLM broth,
Thronton’s broth (K;HPOy4, 1 g5 KNO3, 0.5g; MgSO4.2H,0,
0.2 g; CaCl,.H,0, 0.1 g; NaCl, 0.1 g; FeCl3, 0.01 g; aspargine, 0.5 g;
distilled water, 1000 mL), CSPY-ME broth, Actinomycetes broth
and nutrient broth. The strain PB-52 was grown with continuous
shaking on a rotary shaker (150 rpm) at 28°C, pH 7.4 for 8 days.
Antimicrobial potential was evaluated against S. aureus MTCC
96 by disc diffusion method (Bauer et al., 1966) since this test
organism was found to be more sensitive during antimicrobial
evaluation by spot inoculation method. The experiment was
repeated three times and its mean value was recorded.

Crude extract of PB-52 strain was recovered from the culture
filtrate by solvent extraction using ethyl acetate in 1:1 ratio
(v/v). The ethyl acetate extract of PB-52 (EA-PB-52) obtained
by evaporation of ethyl acetate was prepared by dissolving
it in 10% dimethyl sulphoxide (DMSO) at a concentration
of 1 mg/mL prior to antimicrobial bioassay. 20 unL EA-PB-
52 was loaded on to sterile discs (6 mm diameter) placed on
nutrient agar plates spread with bacterial test organisms (0.5
McFarland turbidity standards). Similarly, the experiment was
conducted with Candida species on sabouraud dextrose agar
plates. 10% DMSO loaded disc was used as a negative control
while rifampicin (20 pg/disc) for bacteria and amphotericin B
(30 ng/disc) for Candida species served as positive controls.
Antimicrobial activity was observed after 24-48 h incubation at
37°C for bacteria and at 25°C for yeasts. Each experiment was
conducted in three replicates and the mean value of inhibition
zone diameter was calculated. Among all the different liquid
media evaluated for antimicrobial activity, GLM was found to be
the best medium for PB-52 strain; hence, it was selected as the
production medium for further studies.

Effect of Temperature, pH and Incubation
Period on Growth and Antimicrobial
Activity

GLM medium was inoculated with PB-52 strain to study the
growth response and antimicrobial activity at different range of
temperatures from 20 to 40°C at 150 rpm for 8 days at pH 7.4. To

study the effect of pH, different ranges of acidic to alkaline pH-
values (5-10) were used for the growth and antibiotic production
in GLM broth at 28°C for 8 days. Similarly, incubation periods
were observed up to 12 days to determine the optimum growth
and antibiotic production of PB-52 in GLM broth at 28°C, pH
7.4. The antimicrobial activity of PB-52 was assessed against S.
aureus MTCC 96 by disc diffusion method (EI-Gendy et al., 2008;
Thakur et al., 2009) in terms of diameter of inhibition zone.

PCR Amplification and Sequencing of
Biosynthetic Genes of PB-52 Strain (PKS-I

and NRPS)

Degenerate primers K1F (5-TSA AGT CSA ACA TCG GBC
A-3") and M6R (5- CGC AGG TTS CSG TAC CAG TA-3))
were used for amplification of PKS-I ketosynthase and methyl-
malonyltransferase domain sequences and primers A3F (5'-GCS
TAC SYS ATS TAC ACS TCS GG-3') and A7R (5'-SAS GTC
VCC SGT SCG GTA S-3") were used for amplifications specific
for NRPS adenylation domain sequences (Ayuso-Sacido and
Genilloud, 2005). PCR reactions were performed in Proflex PCR
System (Applied Biosystems, USA) in a final volume of 50 pl
consisting of template DNA (50 ng), 1X Taq DNA polymerase
buffer, MgCl,(1.5mM), each dNTP (0.2mM), 1 U Taq DNA
polymerase enzyme and each primer (0.2 pM). For increasing the
specificity, touchdown PCR was performed for the amplification
of PKS-I genes. In touchdown PCR, annealing temperature was
set 10°C above the expected annealing temperature (56.8°C)
and decreased by 1°C every second cycle until a touchdown
of 46.8°C, at which temperature 25 additional cycles were
carried out. Denaturation was carried out at 94°C for 1min,
primer annealing was performed at the appropriate temperature
(46.8°C) for 1min, and primer extension at 72°C for 2min
followed by the final extension at 72°C for 10 min. The thermal
cycling conditions for the amplification of NRPS genes were
programmed as: initial denaturation at 94°C for 5 min; followed
by 35 cycles at 94°C for 1 min, 63°C for 1 min, 72°C for 2 min,
and final extension at 72°C for 10 min.

The amplified products were purified by GenElute PCR Clean-
Up Kit (Sigma Aldrich, USA). The purified PCR products were
sequenced by automated DNA sequencer with the specific PKS-
I and NRPS primers using the sequencing facility at First BASE
Laboratories, Malaysia. The resultant sequence was analyzed
using BLAST N. The PKS-I (1040 bp fragment) and NRPS (647
bp fragment) gene sequences were deposited to GenBank under
the accession number KU721843 and KU721842, respectively.

Determination of Minimum Inhibitory
Concentration (MIC) of EA-PB-52

MIC was determined as illustrated by the Clinical Laboratory
Standards Institute (CLSI; 2012) and Andrews (2001) with slight
modifications using broth dilution method. An inoculum of
1 x 10° CFU/mL of test microorganisms (log phase culture)
was added to 5mL of Mueller Hinton broth (for bacterial test
organisms) and Sabouraud dextrose broth (for yeasts) in different
test tubes and incubated at room temperature for 24-48 h. EA-
PB-52 was dissolved in 10% DMSO (1000 pg/mL) and two-fold
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serial dilutions of the extract was prepared for MIC tests (62.5-
0.975 g/mL). MIC was determined after 48 h of incubation of
the test microorganisms in the presence of EA-PB-52. 10l
of the test microorganisms were removed from each tube and
spread on Mueller Hinton agar plates/sabouraud dextrose agar
plates. The growth of test organisms was observed after 24 h
of incubation at 37°C for bacteria and 25°C for yeasts. MIC
was recorded as the lowest concentration of the antimicrobial
compound which inhibits the visible growth of the inoculated test
microorganisms completely after 24-48 h. Control was prepared
using 10% DMSO without antimicrobial agent which should be
turbid (negative control) while control with standard antibiotic
such as rifampicin, streptomycin, and amphotericin B should be
clear (positive control).

Rate of Kill Assay of EA-PB-52

Antimicrobial assay for the rate of killing of test microorganisms
by EA-PB-52 was done in accordance with the description
of Eliopoulos and Moellering (1996) using modified plating
technique. EA-PB-52 was inoculated into 10 mL Mueller Hinton
broth for bacterial test microorganisms and Sabouraud dextrose
broth for yeasts at 4x MIC, 1 x MIC and 2 x MIC.
Broth with EA-PB-52 at the test concentrations without the
test microorganisms and broth without EA-PB-52 with test
organisms served as controls. 1 x 10° CFU/mL inoculum was
used to inoculate 10 mL of both control and test bottles. The
bottles were incubated at 37°C for bacteria and 25°C for yeasts
on an orbital shaker at 150 rpm. 100 pl aliquot was removed from
the culture medium after 0, 4, and 8 h incubation to determine
CFU/mL by the plate count technique (Cruickshank et al., 1975)
by plating 25l of each of the dilutions. After incubation,
emergent colonies were counted, CFU/mL was determined and
compared with the count of the control culture without EA-
PB-52. 10% DMSO was used as control. The experiments were
conducted in replicates and the mean value was obtained. The
results were expressed as positive or negative logjo values (Baltch
et al., 1998).

Interaction of EA-PB-52 with Test

Microorganisms by SEM Analysis

EA-PB-52 with strong antimicrobial activity was further studied
for its possible effects on targeted cells of P. aeruginosa MTCC
741 and C. albicans MTCC 227 by SEM according to Supaphon
et al. (2013) with slight modifications. Test microorganisms were
grown overnight and then treated with 1 x MIC EA-PB-52.
Cells were harvested after 24 h of incubation and washed with
phosphate buffered saline (PBS), pH 7.4. The cells were fixed
with 2.5% (v/v) glutaraldehyde in PBS for 2h and dehydrated in
series of increasing concentrations of acetone (30-100%, v/v) for
10 min. The cells were dried for 30-45 min and mounted onto
steel stub with double-sided carbon tape. Samples were coated
with a film of gold-palladium alloy under vacuum and scanned
under scanning electron microscope (Zeiss Sigma VP, Germany).

GC-MS Analysis of EA-PB-52

Identification of the chemical compounds present in EA-PB-52
was analyzed using GC-MS as previously described (Ser et al,

2015b; Sun et al., 2015) with slight modifications. The sample was
dissolved in spectroscopy-grade methanol and filtered through
0.2 wm filter. GC-MS analysis was performed on Shimadzu GC
2010 plus with triple quadrupole MS (TP-8030) fitted with
EB-5 MS column (length- 30 m, thickness-0.25uwm, internal
diameter-25 mm). The oven programme started at 40°C, held for
5min and then ramped at 10°C/min to 280°C, held for 10 min
and then again raised to 285°C at 5°C/min and finally held for
10 min. Sample was injected at 300°C using helium as carrier gas
(1 mL/min), split at the ratio of 1:20. The mass spectrometer was
operated in the electron ionization (EI) mode at 70 eV with a
continuous scan from 45 to 600 m/z. The peaks were identified
by matching the mass spectra with the National Institute of
Standards and Technology (NIST, USA) library.

Detection of Polyenic or Non-polyenic

Antimicrobial Activity of EA-PB-52

The polyene like activity of EA-PB-52 was determined by
ergosterol agar plate method by using ergosterol as the reversal
agent to test for its ability to reverse the inhibition of C. albicans
MTCC 227 caused by the metabolite (Thakur et al., 2007). EA-
PB-52 was dissolved in methanol and its absorption spectrum
was scanned in the UV-vis region (200-800nm) by using a
Nanodrop 2000c UV-vis spectrophotometer (Thermo Fisher
Scientific, USA).

Statistical Analysis

All experiments were performed in biological triplicate and
repeated for three times. The data was expressed as the mean +
standard deviation of mean of the three replicates. Duncan’s
multiple range test was performed to compare that the sample
means differ significantly from each other at a significant level of
P < 0.05 (Gomez and Gomez, 1984).

RESULTS
Characterization of PB-52 Strain

Actinomycete strain PB-52 isolated from soil samples of Pobitora
Wildlife Sanctuary of Assam, India, was aerobic, Gram-positive,
and filamentous in nature (Figure 1A). The branched vegetative
hyphae were light brown in color while aerial mycelium with
orange color was sparse with a patchy distribution. The strain
produced faint brown soluble pigment after incubation for more
than 20 days at 28°C. SEM analysis revealed that the aerial
mycelia formed long, straight to rectiflexibiles spore chains with
rugose spore surface (Figure 1B). The cultural characteristics of
PB-52 strain in different media are shown in Table 1, where
the strain showed good growth on all the media except Mueller
Hinton agar and Omeliansky’s agar medium. The strain was
found to grow between the temperature range of 20-42°C,
pH 5-11 with optimal growth temperature at 28°C, pH 7.4,
and in the presence of upto 5% NaCl (w/v) with optimum at
1-3% NaCl. The morphological, physiological, and biochemical
characteristics of PB-52 and its antibiotic sensitivity are shown
in Table 2. The whole-cell hydrolysates of PB-52 were rich in the
meso-diaminopimelic acid along with galactose and arabinose as
characteristic whole cell sugars.
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Partial 16S rRNA gene sequence (1259 nucleotides) of PB-52
strain was determined and submitted to NCBI GenBank database
under the accession number KM406386. The strain showed
highest 16S rRNA gene sequence similarities with Nocardia
niigatensis IFM 0330 (NR_112195; 99.7%). The phylogenetic
tree also indicated its closest similarity to N. niigatensis based
on Neighbor-joining method (Figure 2). The phenotypic and
genomic data indicated that PB-52 strain represented a strain
of the genus Nocardia for which the strain was referred to as
Nocardia sp. strain PB-52.

Antimicrobial Potential of PB-52 Strain

During the screening of PB-52 strain for drug discovery by spot
inoculation method in GLM agar medium, it was observed that
PB-52 exhibited excellent activity by inhibiting Gram-positive

Dste 28.un 2015

FIGURE 1 | Microscopic view showing spore chain of Nocardia sp.
PB-52 on GLM agar (A) Micro morphology using cover slip insertion
method; (B) Scanning electron micrograph view.

bacteria, Gram-negative bacteria and yeasts. The average size of
the colony of PB-52 in GLM medium was (7 £ 2) mm in diameter
after 8 days of incubation at 28°C. The maximum mean value
of inhibition zones (mm =+ SD) was found against S. aureus
MTCC 96 (inhibition zone diameter of 36 % 0.8), followed by

TABLE 1 | Cultural characteristics of Nocardia sp. PB-52 on different
media.

Medium Aerial Substrate Diffusible Growth
mycelium mycelium pigment
color color
Actinomycetes isolation Brown Dark brown — +++
agar
Streptomyces agar Light orange  Orange - ++
GLM medium Orange Light brown  Faint Brown +4++
CSPY-ME medium Pink Brown - +++
Mueller Hinton Agar Light brown Brown - +
Nutrient agar White Cream - ++
Sabouraud Dextrose Orange Cream - ++
Agar
Thronton’s medium Orange Brown - ++
Omeliansky’s agar White Brown - +
ISP 2 Pink Orange - +++
ISP 3 White Brown - ++
ISP 4 White Cream - +++
ISP 7 Orange Cream - ++

+ + +, Good growth, ++, Moderate growth; +, Poor growth; —, No growth.

93

ocardia yamanashiensis IFM 0265 (AB092561)

Nocardia inohanensis IFM 0092 (AB092560)

E ‘ PB 52 (KM406386)
100 L= Nocardia niigatensis IFM 0330 (NR_112195)

Nocardia jiangxiensis 43401 (AY639902)

— Nocardia aobensis IFM 0372 (AB126876)
100 L—— Nocardia mikamii NBRC 108933 (EU484388)

Nocardia concava IFM 0354 (AB126880)

86|

Nocardia brasiliensis DSM 43758 (NR_119106)

"

ssl
4")'7

| |
0.005

0.005 substitutions per nucleotide position.

Nocardia cyriacigeorgica MFB93 (KP406583)
Nocardia asteroides NBRC 15531 (NR_041856)

Nocardia shimofusensis YZ-96 (NR_028650)

FIGURE 2 | Phylogenetic tree of Nocardia sp. PB-52 and the closest Nocardia species showing phylogenetic relationships based on the 16S rRNA
gene sequences using neighbor-joining method. Bootstrap percentages based on 1000 resamplings are listed at nodes, only values above 50% are given. Bar,

Nocardia takedensis MS1-3 (AB158277)

Nocardia puris IMMIB R-145 (NR_028994)
Nocardia carnea ATCC 6847 (JF797307)
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TABLE 2 | Morphological, physiological, and biochemical characteristics

of Nocardia sp. PB-52.

Characteristics

Result

MORPHOLOGICAL
Aerial mycelium color
Substrate mycelium color
Diffusible pigment
Melanin pigment

Spore chain morphology
Spore surface
PHYSIOLOGICAL
Temperature range for growth
Optimum temperature for growth
pH range for growth
Optimum pH for growth
NaCl tolerance
BIOCHEMICAL

Gram reaction

Utilization of

Glucose

Fructose

Arabinose

Mannitol

Inositol

Adonitol

Galactose

Sucrose

Xylose

Lactose

Maltose

Starch

Glycerol

Erythritol

Sorbitol

Rhamnose

Gluconate

Carboxy methyl cellulose
Citrate

Urea

Ammonium chloride
Ammonium sulfhate
Sodium nitrate

Glycine

Asparagine

Casein

Tween 20

Tween 80

Nitrate reduction

Gelatin liquefaction

Cell wall amino acids

Cell wall sugars

Orange

Brown

Faint brown

Straight to rectiflexibiles

Rugose

20-42°C
28°C
5-11

7.4

Up to 5%

Positive

+

+ o+ o+

+ o+ o+ o+

o+ o+ o+ +

+
+

Meso-diaminopimelic acid

Arabinose, galactose

(Continued)

TABLE 2 | Continued
ANTIBIOTIC SENSITIVITY (ng/disc)
Vancomycin (30)
Chloramphenicol (30)
Oxacillin (1)
Ciprofloxacin (5)
Co-trimoxazole (25)
Streptomycin (10)
Methicillin (5)
Ampicillin (10)
Penicillin-G (10)
Gentamicin (120)
Nalidixic acid (30)
Erythromycin (5)
Norfloxacin (10)
Amphotericin B (100)
Clotrimazole (10)
Fluconazole (25)
Itraconazole (10)
Ketoconazole (10)
Nystatin (100)

T O T T W T O v nw IO DT OO DT OO DT OO0

+, Positive for test; —, Negative for test; S for Sensitivity; R for Resistant.

) [ Diameter of inhibition zone (mm) "
—— Weight of dry mycelia (mg/mL)

Weight of dry mycelia (mg/mL)
Diameter of inhibition zone (mm)

GLM broth  Actinomycetes Nutrient broth
broth broth

Different media

CSPY-ME broth  Thronton's

FIGURE 3 | Effect of different culture media on growth and
antimicrobial activity assessed in terms of diameter of inhibition zone
by Nocardia sp. PB-52 (Test organism: S. aureus MTCC 96).

E. coli MTCC 40 (31 + 1.2) and MRSA ATCC 43300 (30 +
0.8). Maximum growth inhibition among yeast test pathogens
was observed in C. albicans MTCC 227 (27 £ 0.4). The detailed
antimicrobial profiles in GLM agar medium are shown in Table 3.
Among the different liquid culture media evaluated for the
production of the bioactive compounds in shake flask condition,
GLM was found to be most appropriate for growth and
antimicrobial activity assessed in terms of diameter of inhibition
zone by PB-52 strain (Figure 3). The culture filtrate of PB-52
grown on GLM medium exhibited maximum zone of inhibition
against S. aureus MTCC 96 followed by the culture filtrate grown
on CSPY-ME broth while lowest activity was observed with the
one grown on nutrient broth. The antimicrobial activity of EA-
PB-52 along with the controls (10% DMSO as negative control
and standard antibiotics as positive control) against S. aureus
MTCC 96 and C. albicans MTCC 227 is shown in Figure 4.
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TABLE 3 | Antimicrobial activity and MIC (rg/mL) of Nocardia sp. PB-52 by broth dilution method.

Test microorganisms *Zone of inhibition (mm)

MIC of EA-PB-52 (.g/mL)

MIC of Rif (,g/mL) MIC of Strep (rg/mL) MIC of Amp B (rg/mL)

GRAM-POSITIVE BACTERIA

S. aureus MTCC 96 36K+0.8 >0.975
S. aureus MTCC 3160 2ghi +0.8 >1.95
S. epidermidis MTCC 435 23de 116 >7.81
B. subtilis MTCC 441 289h +0.8 >1.95
B. cereus MTCC 1272 229404 >7.81
B. megaterium MTCC 8075 269 +0.4 ~3.9
M. luteus MTCC 1538 22d+1.6 >7.81
MRSA ATCC 43300 301 +£0.8 >1.95
GRAM-NEGATIVE BACTERIA

E. coli MTCC 40 31i+1.2 >3.9
E. coli MTCC 739 25ef +0.4 >3.9
S. marcescens MTCC 97 18P +1.2 >31.2
K. pneumoniae MTCC 3384 o7fah + 1.6 >1.95
K. pneumoniae ATCC 13883 1584+1.6 >62.5
P, aeruginosa MTCC 741 20N £ 0.8 >1.95
P, aeruginosa MTCC 424 19bc £ 1.2 ~15.6
P, aeruginosa MTCC 2582 2619 +0.8 ~3.9
P, vulgaris MTCC 426 1724£0.8 >31.25
YEAST

C. albicans MTCC 227 279" + 0.4 >1.95
C. tropicalis MTCC 2208 239 £0.2 >7.81
C. albicans ATCC 10231 21cd £ 16 >7.81

>1.95 >6.25 NA
>1.95 >12.5 NA
>3.125 >6.25 NA
>1.95 >6.25 NA
>6.25 >12.5 NA
>3.12 >3.12 NA
>0.97 >6.25 NA
>25 >50 NA
>6.25 >3.12 NA
>50 - NA
>12.5 >3.12 NA
>25 - NA
>50 - NA
>25 >25 NA
- >12.5 NA
>80 >25 NA
>25 >6.25 NA
NA NA >0.97
NA NA >0.48
NA NA >1.95

*Zone of inhibition by spot inoculation method on GLM agar medium. Average size of colony of PB-52 in GLM agar was (7 + 2) mm in diameter after 8 days of incubation at 28°C.
Zone of inhibition values are given as mean + SD (n = 3). Values having different superscripts (a-k) differ significantly (P < 0.05).
Rif, Rifampicin (antibacterial agent); Strep, Streptomycin (antibacterial agent); Amp B, Amphotericin B (antifungal agent); NA, not applicable; —, No activity.

FIGURE 4 | In-vitro antimicrobial activity of EA-PB-52 following disc
diffusion method against (A) S. aureus MTCC 96 (B) C. albicans MTCC
227 (i) 10% DMSO (negative control), (ii) 20 pg/disc rifampicin (positive
control), (iii) 30 pg/disc amphotericin B (positive control), (iv) 20 ng/disc
EA-PB-52.

Effect of Cultural Parameters on Growth

and Antimicrobial Activity

The culture conditions for growth and antimicrobial evaluation
by PB-52 strain was studied on GLM medium. PB-52 displayed
a narrow range of incubation temperature for its good growth
and production of antibiotics. 28°C was found to be the optimum
temperature for highest growth and maximum antimicrobial
activity by the strain (Figure 5). The organism appeared to be

40
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.
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o
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FIGURE 5 | Effect of temperature on growth and antimicrobial activity
assessed in terms of diameter of inhibition zone by Nocardia sp. PB-52
(Test organism: S. aureus MTCC 96).

mesophilic in terms of its growth at optimum temperature.
However, poor growth and decreased antibiotic production were
evident at higher incubation temperature. The maximum growth
as well as highest antibiotic production was obtained at pH-
value of 7.4 (Figure 6). However, adverse growth and antibiotic
production were observed at pH-values above and below neutral.
Maximum incubation period of 8 days is required for best
growth and antibiotic production under shake flask conditions
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FIGURE 6 | Effect of pH on growth and antimicrobial activity assessed
in terms of diameter of inhibition zone by Nocardia sp. PB-52 (Test
organism: S. aureus MTCC 96).
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FIGURE 7 | Effect of incubation period on growth and antimicrobial
activity assessed in terms of diameter of inhibition zone by Nocardia
sp. PB-52 (Test organism: S. aureus MTCC 96).

(Figure 7). Antimicrobial activity by PB-52 strain was assessed in
terms of diameter of inhibition zone.

Analysis of PKS-1 and NRPS Genes

Polyketide synthase (PKS) and non-ribosomal peptide synthetase
(NRPS) are biosynthetic enzymes responsible for the production
of different classes of bioactive molecules in Actinomycetes
(Hodges et al., 2012). PCR amplification of PKS-I gene of the
strain PB-52 resulted in a band size of 1200-1400 bp fragments
(Figure 8A) using KI1F/M6R primers corresponding to PKS-
I ketosynthase and methyl-malonyl-CoA transferase modules
of the polyketide synthase gene. Sequencing of the PKS-I
gene fragment yielded a sequence length of 1040 bp (NCBI
accession no. KU721843). PB-52 strain showed highest PKS-I
gene sequence similarities (89%) with Streptomyces olivoviridis
strain O855 clone 22 modular polyketide synthase gene (NCBI
accession no. FJ405974). The NRPS amplicon was found to
be 700 bp size (Figure 8B) using A3F/A7R specific primers
for NRPS genes targeting NRPS adenylation domain sequences.
Sequencing of the NRPS gene fragment yielded 647 bp sequence
length (NCBI accession no. KU721842). NRPS sequence of
PB-52 showed highest similarities (76%) to Streptomyces sp.
Sp080513GE-23 gene for non-ribosomal peptide synthetase

(NCBI accession no. AB492018). The closest similarity of PKS-I
and NRPS sequences of PB-52 to the closest relatives in GenBank
is shown in Table S1.

MIC of EA-PB-52

MIC values of EA-PB-52 ranging from 62.5 to 0.975pug/mL
were performed against all the test microorganisms by broth
dilution method. The quantitative efficiency of EA-PB-52 against
these organisms was estimated as MIC and it has got lowest
MIC against S. aureus MTCC 96 (0.975pug/mL) whereas
highest was recorded against K. pneumoniae ATCC 13883
(62.5ug/mL; Table3). According to CLSI recommendations
for MIC, K. pneumoniae ATCC 13883 was found to be
resistant to EA-PB-52 (MIC: 62.5pg/mL) since <8pg/mL
was taken as susceptible, <16pug/mL as intermediate and
>32ug/mL as resistant (CLSI, 2012). It was observed that
10% DMSO (control) had no inhibitory effect on the test
microorganisms.

Time-Kill Assay

The time-kill assay was conducted for EA-PB-52 against all
the test microorganisms. Table4 shows the changes in the
logip CFU/mL of viable colonies of the test microorganisms
following exposure to different concentration of EA-PB-52 which
is expressed in terms of logjp CFU/mL change. It is based
on the conventional bactericidal activity standard, i.e., 3 logjo
CFU/mL or greater reduction in the viable colony count (Pankey
and Sabath, 2004). After incubating the test microorganisms for
4h with 1 x MIC and 2 x MIC of EA-PB-52, the average
log reduction in the viable cell count ranged between —0.157
logio and 1.897 log;p CFU/mL. While after 8 h of incubation,
the average log reduction in the viable cell count ranged
between —2.092 logjp and 0.864 log;o CFU/mL. After 4h of
incubation of the test microorganisms with 1 x MIC, the average
log reduction in the viable cell count ranged between 0.947 log;
and 1.897 logio while incubating the test microorganisms with
2 x MIC resulted in the average log reduction in the viable cell
count ranging between —0.157 logjo and 0.891 logo. After 8 h of
incubation with 1 x MIC resulted in average log reduction in the
viable cell count between 0.342 log;o and 0.864 log;o while 2 x
MIC resulted in the average log reduction in the viable cell count
ranging between —2.092 log;g and —1.213 logjo. The highest log
reduction in cell density with EA-PB-52 was observed in S. aureus
MTCC 96 (—2.092 log;p CFU/mL) followed by E. coli MTCC
40 (—1.917 logyo CFU/mL) and MRSA ATCC 43300 (—1.908
logip CFU/mL), while least log reduction in cell density was
observed in K. pneumoniae ATCC 13883 (—1.213 log;o CFU/mL)
followed by P. vulgaris MTCC 426 (—1.325 log;o CFU/mL). No
inhibitory effect was observed with 10% DMSO (control) on the
test microorganisms.

SEM Analysis

Antibacterial and anti-candidal activity of the EA-PB-52 was
evaluated against P. aeruginosa MTCC 741 and C. albicans
MTCC 227 by SEM analysis. SEM study revealed that
treatment of the test microorganisms with 1 x MIC EA-
PB-52 showed considerable morphological alterations in the cells

Frontiers in Microbiology | www.frontiersin.org

March 2016 | Volume 7 | Article 347


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Sharma et al.

Antimicrobial Activity of Nocardia sp. PB-52

A PB-52 1kb ladder

PKS-1 =i R

~g== 1500 bp

~a= 1000 bp

B pB-52 100 bp ladder

== 800 bp

NRPS mip- <= 700 bp

FIGURE 8 | Agarose gel electrophoresis of PCR amplified products of Nocardia sp. PB-52. (A) Selective amplification of PKS-1 using K1F/M6R specific
primers; (B) Selective amplification of NRPS using A3F/A7R specific primers.

TABLE 4 | In vitro time-kill assessment of EA-PB-52 against the test microorganisms.

Test microorganisms logqg kill (1/2) x MIC

logsg kill 1 x MIC log1g kill 2 x MIC

Oh 4h 8h Oh 4h 8h Oh 4h 8h

GRAM-POSITIVE BACTERIA

S. aureus MTCC 96 2.452 2,772 4.330 2.456 0.947 0.342 2.468 -0.157 -2.092
S. aureus MTCC 3160 2.510 3.245 3.998 2.487 1.263 0.582 2.433 0.422 -1.775
S. epidermidis MTCC 435 2.853 3.421 4.227 2.610 1.612 0.539 2.717 0.531 -1.717
B. subtilis MTCC 441 2.329 3.022 4172 2.311 1.235 0.492 2.352 0.544 -1.842
B. cereus MTCC 1272 2115 2914 4.013 2.302 1.429 0.483 2.196 0.436 -1.741
B. megaterium MTCC 8075 2.277 3.510 4.734 2.256 1.197 0.548 2.290 0.282 -1.869
M. luteus MTCC 1538 2314 3.219 3.816 2.334 1.315 0.513 2,105 0.587 -1.512
MRSA ATCC 43300 2.412 2.868 3.797 2.249 1.206 0.429 2.270 0.124 -1.908
GRAM-NEGATIVE BACTERIA

E. coli MTCC 40 2.212 2.842 3.714 2.368 1.191 0.404 2.292 -0.112 -1.917
E. coli MTCC 739 2.401 3.124 3.874 2.427 1.374 0.473 2.218 0.677 -1.880
S. marcescens MTCC 97 2.316 2.997 4.512 2212 1.629 0.597 2.307 0.528 -1.663
K. pneumoniae MTCC 3384 2.312 3.046 4.147 2.299 1.434 0.501 2.333 0.648 -1.693
K. pneumoniae ATCC 13883 2.216 3.934 4.729 2137 1.897 0.864 2.296 0.891 -1.213
P, aeruginosa MTCC 741 2.142 3.013 3.976 2.312 1.463 0.413 2,133 0.432 -1.436
P, aeruginosa MTCC 424 2314 3.814 5.214 2.367 1.545 0.456 2121 0.612 -1.517
P, aeruginosa MTCC 2582 2.202 2.889 4.318 2.311 1.385 0.567 2.273 0.418 -1.493
P vulgaris MTCC 426 2.013 3.214 4.813 2.213 1.662 0.727 2.115 0.723 -1.325
YEAST

C. albicans MTCC 227 2.104 3.116 3.937 2.204 1.229 0.435 2.316 0.499 -1.865
C. tropicalis MTCC 2208 2.049 3.313 4.712 2.014 1.575 0.541 2179 0.583 -1.630
C. albicans ATCC 10231 2.098 3.236 4.213 2.212 1.305 0.512 2.513 0.513 -1.518

including shrinkage and deformity leading to prominent
cell shape loss and integrity. The control cells treated
with 10% DMSO appeared smooth with intact cell surface
(Figure 9).

GC-MS Analysis

Chemical composition of EA-PB-52 was done using GC-MS.
Twelve chemical compounds were identified by comparison of
their mass spectra with the NIST library based on their retention
time, molecular weight, and molecular formula shown in Table 5
and the chemical structures were illustrated in Figure 10. The

peak area of the compound is directly proportional to its quantity
in EA-PB-52 (Figure S1).

Detection of Polyenic or Non-polyenic
Antimicrobial Activity of EA-PB-52

The ergosterol test of EA-PB-52 showing antimicrobial activity
indicated the absence of polyene class of antibiotics. The nature
of the metabolite was thus found to be non-polyene. The UV-
vis spectrum of the EA-PB-52 in methanol showed the presence
of three distinct peaks at 247, 260, and 296 nm where maximum
absorption peak was observed at 296 nm (Figure S2).
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TABLE 5 | Chemical compounds detected in EA-PB-52 by GC-MS analysis.

Compound name Similarity RT Mw Area (%) Nature of Activity References

(%) compound
(2)-3-tridecene 95 18.27 182 514 Hydrocarbon No activity reported
3,5-bis 91 19.93 206 34.43 Phenolic compound No activity reported
(1,1-dimethylethyl)-phenol
(2)-3-tetradecene 95 20.94 196 7.90 Hydrocarbon Antimicrobial Natarajan and Dhas, 2014
Dodecyl acrylate 96 22.13 240 6.01 Ester Antibacterial Manilal et al., 2009
2,4-di-t-butyl-6-nitrophenol 63 22.22 251 4.32 Phenolic compound  Antimicrobial Gutierrez et al., 2009
Hexahydro-pyrrolo[1,2- 90 23.11 154 5.03 Pyrrolizidine Antimicrobial Narasaiah et al., 2014; Ser et al., 2015a
a|pyrazine-1,4-dione Antioxidant
(E)-5-Eicosene 95 23.32 280 5.07 Hydrocarbon Antimicrobial Elavarasi et al., 2014
3,5-dihydroxy-4,4-dimethyl-2,5- 81 24.08 154 3.60 Quinone No activity reported
cyclohexadien-1-one
Hexahydro-3-(2-methylpropyl)- 89 25.11,25.17 210 9.04 Pyrrolizidine Antimicrobial Manimaran et al., 2015
pyrrolo[1,2-a]pyrazine-1,4-dione
(E)-9-Octadecene 94 25.47 252 2.21 Hydrocarbon Antimicrobial Cao et al., 2014; Okwu and Ighodaro,

2010

Trichloroacetic acid, hexadecyl 87 27.42 387 1.03 Acid Cytotoxic, Luo et al., 2014
ester Antioxidant
Hexahydro-3-(phenylmethyl)- 82 29.08 244 16.22 Pyrrolizidine Antimicrobial, Dashti et al., 2014; Wang et al., 2014
pyrrolo[1,2-a]pyrazine-1,4-dione Nematicidal

RT is retention time; MW is molecular weight of compounds.
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FIGURE 9 | Scanning electron micrograph showing the effect of 1xMIC
EA-PB-52 against P. aeruginosa MTCC 741 (A) without treatment, (B)
treatment with EA-PB-52; and against C. albicans MTCC 227 (C)
without treatment, (D) treatment with EA-PB-52.

DISCUSSION

Actinomycetes remain as the most proliferant producers of small
molecule diversity including antimicrobials, diverse group of
enzymes and useful secondary metabolites with an incredible
variety of biological activities (Berdy, 2005). Depending on the
abundance of actinomycetes in the soil, 99% of the diverse
species has still been unexplored (Davies, 1999). Isolation of
these novel species from unexplored habitats increases the
possibility of discovery of new types of microbial products with

new types of activities. Many ecosystems have still been poorly
investigated and thus, there is a remarkable likelihood to exploit
novel microorganisms with diverse biological activities from
such ecosystems. There are several reports available regarding
the study of metabolic pathways leading to the production
of novel secondary metabolites from different microorganisms
exploited from untapped ecosystems (Glover, 1995; Tiwari
et al., 2014). Actinomycetes from diverse environments have
been explored in the last few decades for their capability to
produce a wide variety of natural bioactive compounds (Mitra
et al., 2008). Isolation of actinomycetes for the production of
antimicrobial secondary metabolites from the forest ecosystems
of Northeast India is reported by several researchers (Thakur
et al.,, 2007; Talukdar et al,, 2012; Sharma et al., 2014; Passari
et al, 2015). After literature review, it has been found that
Pobitora Wildlife Sanctuary of Assam, India is an unexplored
ecosystem and no considerable data could be found regarding
bioactivity prospective of its microflora. Thus, we have an
additional advantage by isolating a Nocardia strain selectively
designated as PB-52 having broad spectrum bioactivity against
a wide range of pathogens including MRSA from this unexplored
habitat. Pobitora Wildlife Sanctuary is a part of the mega
biodiversity hotspot which indicates that it is a very dynamic
ecosystem where the occurrence of novel microflora may
be very likely (Myers et al, 2000). This study signifies the
first report on genus Nocardia isolated from this untouched
habitat.

Based on the comparative study of 16S rRNA gene sequence
and phylogenetic relationship, PB-52 strain lies in clade with N.
niigatensis IFM 0330 (NR_112195). PB-52 shared 99.7% sequence
similarity with type strain N. niigatensis IFM 0330 with 77
nucleotide differences, where PB-52 has a stretch of unique 64
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FIGURE 10 | Chemical structures of the identified compounds from
EA-PB-52.

nucleotides at 881 to 944 sites in the middle of the sequence which
is absent in the type Nocardia strains included in the phylogenetic
tree. PB-52 differs from N. niigatensis IFM 0330 phenotypically
where PB-52 possess orange aerial mycelium with light brown
vegetative mycelium while N. niigatensis IFM 0330 (Kageyama
et al., 2004b) produced white aerial mycelium with orange-tan
vegetative mycelium. The spore surface of PB-52 was rugose
while N. niigatensis had smooth spore surface, PB-52 utilized
adonitol and maltose while N. niigatensis could not. N. niigatensis
could grow up to a maximum temperature of 37°C while PB-52
grew up to 42°C.

Nocardia strain PB-52 showed promising broad spectrum
antagonistic activity both in agar medium as well as in culture
broth against different bacteria and yeasts. Similar findings were
reported by a subset of the researchers (Kavitha et al., 2009,
2010; Mukai et al., 2009). The results signified that the bioactive
metabolites having antimicrobial activity were extracellular in
nature. Most of the bioactive secondary metabolites including
antibiotics produced by actinomycetes are previously reported
to be extracellular products (Augustine et al.,, 2005; Kumar P.
S. et al, 2014b). The results of antimicrobial activity of PB-
52 strain showed that it secretes broad spectrum antagonistic
metabolites which showed the capacity to inhibit the growth
of Gram-positive bacteria, Gram-negative bacteria, and Candida

species. These results are consistent with previous reports of
Sun et al. (2007) and Kavitha et al. (2009). The study for
evaluation of antimicrobial activity generally involves the search
of suitable culture medium. GLM was found to be the best
suitable medium for the growth and evaluation of antimicrobial
activity of Nocardia sp. PB-52 among the tested media. It was
obvious from the findings that the antimicrobial activity of PB-
52 was positively influenced by the presence of starch as carbon
and peptone as the nitrogen source in the medium. This result is
quite similar to the previously reported study of El-Gendy et al.
(2008) where it was shown that starch was the most suitable
carbon source for antibiotic production by Nocardia sp. ALAA
2000. It has also been shown that the production of antibiotics
in different organisms is strongly influenced by the nature of
carbon and nitrogen sources (Vilches et al., 1990). Extraction
of the culture broth of PB-52 strain using ethyl acetate led to
the recovery of EA-PB-52 consisting of a mixture of metabolites
which showed a wide range of activity against the selected
test microorganisms. El-Gendy et al. (2008) and Kavitha et al.
(2009) have also reported antimicrobial activity of ethyl acetate
extracted compound of Nocardia levis MK-VL_113 and Nocardia
sp. ALAA 2000 respectively showing broad spectrum bioactivity.

It is essential to determine the efficiency of the organism
during its growth with different culture conditions for
determination of the factors that intensify the production
of antimicrobial compounds in culture media. PB-52 strain is
a mesophilic organism and its capacity of producing antibiotic
was consecutively increased with the increase in temperature
up to 28°C and pH of 7.4 as well. Complete biosynthesis of
antimicrobial compounds production of PB-52 was established
on the 8th day of growth. Our result is consistent with the
findings of El-Gendy et al. (2008) who reported that Nocardia sp.
ALAA 2000 showed maximum growth and antibiotic production
at 28°C, pH up to 7.4. As reported by Griffiths and Saker
(2003), Cylindrospermopsis raciboskii produced highest bioactive
metabolites when the bacterium moved into the post-exponential
phase of growth, while Egorov (1985) suggested that highest
antagonistic potential was directly proportional to the value of
the biomass. These results signify that cultural environmental
aspects like temperature, pH, and incubation period have
profound influence on growth and antimicrobial potential of
Nocardia sp. PB-52 as reported in genus Nocardia by El-Gendy
et al. (2008).

Non-ribosomal peptides and polyketides are structurally
varied group of compounds and have significant biological roles
to play. Myriad of bioactive natural products belonging to these
two diverse groups have a wide range of applications in the field
of medicine, agriculture, and veterinary science (Cane and Walsh,
1999). PCR detection of genes encoding PKS-I and NRPS might
be responsible for both of their involvement in the regulation
of antimicrobial activity in PB-52. The result is comparable
with the studies of Ding et al. (2013) and Passari et al. (2015)
where it was clearly shown that few actinomycetes possessing
antimicrobial activity were positive for the presence of both of
these two biosynthetic pathway genes in their genome. Zhang
etal. (2014) also reported that antibacterial activity in Lysobacter
enzymogenes is regulated by the involvement of both a PKS and
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NRPS biosynthetic gene. This serves as useful information for
discovery of novel bioactive secondary metabolites from PB-52
strain.

MIC of EA-PB-52 at very low concentrations (as low as
0.975 ug/mL) against all the test microorganisms supports the
popular notion that Nocardia can be one of the best source
of potent antimicrobial agents that can be of significance in
the treatment of infectious diseases especially those caused by
clinically resistant pathogens, such as MRSA, P. aeruginosa,
C. albicans etc. (Oskay et al., 2004). Our result is comparable
with the report of Kumar P. S. et al. (2014b) where the
crude ethyl acetate extracted product of Streptomyces lavendulae
strain SCA5 showed good antimicrobial activity against Gram-
positive and Gram-negative bacteria with the MIC-value of
125png/mL and the MIC-value against fungi was reported
to be 31.25pg/mL. In addition, Teng hern et al. (2015)
and Ser et al. (2015b) showed that the crude extract of
Streptomyces sp. MUM256 and S. pluripotens MUSC 137
respectively exhibited good antioxidant and anticancer property.
The effect of incubating the test microorganisms at 2 X
MIC EA-PB-52 lead to rapid decrease in the average log
of the viable cells counts whose value was observed to be
higher than that treated with 1 x MICs. The considerable
decrease in cell counts between 4 and 8 h of incubation period
signifies that EA-PB-52 is highly bactericidal/fungicidal seeing
that the population of the test microorganisms were almost
totally wiped out after 8h of incubation. Furthermore, the
net growth of all the test microorganisms was observed when
administered with %2x MICs of EA-PB-52. Growth inhibition
and efficiency of EA-PB-52 was ascertained to be dosage and
time-dependent which produces discrete time-kill profiles for the
tested microorganisms. Similar antimicrobial activity had also
been reported by Olajuyigbe and Afolayan (2012) and Singh et al.
(2014). The strong antimicrobial activity of EA-PB-52 was further
confirmed by SEM studies which lead to morphological changes
in the selected test microorganisms leading to shrinkage and
cytosolic loss of the cells. These results are in conformity with the
studies of Supaphon et al. (2013) and Nurkanto and Julistiono
(2014).

Actinomycetes are known to produce a wide variety of
bioactive secondary metabolites possessing diverse biological
activity. There are plentiful reports available incorporating
the study of GC-MS for chemical analysis of these microbial
metabolites (Jog et al., 2014; Teng hern et al., 2015; Ser et al.,
2015a,b). For instance, study by Selvin et al. (2009) illustrated
several antimicrobial agents isolated from Nocardiopsis
dassonvillei MADO8 by using GC-MS. Also, Kim et al. (2008) and
Ser et al. (2015a) reported the detection of bioactive compound
protocatechualdehyde and an antioxidative agent hexahydro-
pyrrolo[1,2-a]pyrazine-1,4-dione in the extract of S. lincolnensis
M-20 and S. mangrovisoli sp. nov., respectively with the help
of GC-MS. As such, in this study EA-PB-52 was subjected to
GC-MS analysis and twelve chemical compounds were detected
with different retention time and abundance. The identified
compounds comprised of phenolic compounds, pyrrolizidines,
quinones, hydrocarbons, esters, and acids. Phenolic compounds
are commonly known as potent antimicrobial agents as well

as antioxidant agents as they possess hydrogen-donating
capability to reduce free radicals (Yogeswari et al., 2012).
Recently, the study conducted by Kumar P. S. et al. (2014c)
showed highest antimicrobial activity in the GC-MS fractions
containing the highest amount of phenolic compounds. 3,5-bis
(1,1-dimethylethyl)-phenol and  2,4-di-t-butyl-6-nitrophenol
were the two phenolic compounds detected in EA-PB-52.
3,5-bis (1,1-dimethyethyl)-phenol constituted 34.43% of the
total constituents present in EA-PB-52. Antimicrobial activity
of 2,4-di-t-butyl-6-nitrophenol is already reported (Kumar P. S.
et al.,, 2014c) but there is no report of 3,5-bis (1,1-dimethyethyl)-
phenol as an antimicrobial agent. Roy et al. (2015) reported
surfactant activity of 3,5-bis (1,1-dimethyethyl)-phenol in
Nocardiopsis VITSISB isolated from Marina beach, India.
The pyrrolizidine compounds present in EA-PB-52 include
hexahydro-pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-
3-(2-methylpropyl)-pyrrolo[1,2-a]pyrazine-1,4-dione, and
hexahydro-3-(phenylmethyl)-pyrrolo[1,2-a]pyrazine-1,4-dione.

These compounds had been reported to possess promising
antimicrobial activity (Dashti et al, 2014; Manimaran et al.,
2015), nematicidal activity (Wang et al., 2014), and antioxidant
activity (Ser et al., 2015a). Another study conducted by Devi and
Wahab (2012) illustrated that hexahydro-3-(2-methylpropyl)-
pyrrolo[1,2-a]pyrazine-1,4-dione in endophytic fungi isolated
from Camellia sinensis possess strong antimicrobial activity.
Furthermore, a quinone compound, 3,5-dihydroxy-4,4-
dimethyl-2,5-cyclohexadien-1-one was detected in the PB-52
crude extract for which no antimicrobial activity has been
reported till now. Previous study by Sher (2009) demonstrated
that the antimicrobial effects of quinines are due to the fact
that they are known to complex with nucleophilic amino acids
in protein irreversibly. This often leads to loss of function and
inactivation of the protein. Asolkar et al. (2010) reported a
quinone antibiotic from Salinispora arenicola effective against
MRSA and other drug-resistant pathogens. Hydrocarbon
compounds such as (Z)-3-tetradecene, (E)-5-eicosene, and
(E)-9-octadecene are reported to possess antagonistic potential
against a wide range of pathogens by a subset of researchers (Cao
et al.,, 2014; Elavarasi et al.,, 2014; Natarajan and Dhas, 2014).
Manilal et al. (2009) reported antibacterial activity of dodecyl
acrylate produced by red algae, Falkenbergia hillebrandii against
multidrug resistant human pathogens. Antimicrobial activity of
(Z)-3-tridecene is not available till now. According to the recent
reports by Luo et al. (2014), trichloroacetic acid, hexadecyl ester
is reported to possess both antioxidant and anticancer activity
along with its antimicrobial nature. These compounds are well
recognized for their antimicrobial activity and together they may
be responsible for the broad spectrum antimicrobial activity
of EA-PB-52 against the wide range of test microorganisms.
Previous reports by Narayana et al. (2008), Selvin et al. (2009),
Ser et al. (2015a,b), and Teng hern et al. (2015) demonstrated
the combinatorial effect of bioactive compounds from GC-MS
analysis. Thus, we propose that these compounds could be
the key contributing factor for the antimicrobial activities of
EA-PB-52. Further, the study of other biological activities of the
metabolites produced by the strain PB-52 is the subject of future
investigation.
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CONCLUSION

During the exploration of rare actinomycetes prevailing in
forest-derived soil samples of Pobitora Wildlife Sanctuary of
Assam, India, Nocardia sp. PB-52 was isolated by serial dilution
technique. Based on phenotypic and molecular characteristics,
the strain was identified as Nocardia sp. which shares 99.7%
sequence similarity with N. niigatensis IFM 0330 (NR_112195).
However, the differential phenotypic characteristics on agar
media and utilization of carbon sources mainly adonitol and
maltose reveal that the strain PB-52 may be classified within
the genus Nocardia as a different or novel species. Thus to
confirm it, further experiments are required such as cellular
fatty acid composition, DNA-DNA relatedness value, whole cell
sugar analysis etc. of strain PB-52 along with the closest species
N. niigatensis IFM 0330 and additional type strains.

Extracellular metabolite produced by PB-52 strain exhibited
a wide range of antimicrobial activity against Gram-positive
bacteria including MRSA, Gram-negative bacteria and yeasts.
The antimicrobial potential of Nocardia sp. PB-52 was positively
influenced by appropriate carbon and nitrogen supplements
in the GLM culture media along with the optimum cultural
conditions. GLM media constitute of starch and peptone as
the principal carbon and nitrogen sources respectively. The
maximum production of the antimicrobial compounds was
attained on the 8th day of growth at a temperature of 28°C with
pH 7.4.

The antimicrobial activity of EA-PB-52 was further confirmed
by SEM studies where considerable morphological alterations
were observed in the test microbial pathogens. GC-MS analysis
revealed that the broad spectrum antimicrobial activity of
EA-PB-52 was due to the presence of biologically active
compounds. Twelve different compounds were detected in EA-
PB-52 which comprised of phenolic compounds, pyrrolizidines,
quinones, hydrocarbons, esters, and acids and some of them
are already reported to possess antimicrobial or other biological
activities. 3,5-bis (1,1-dimethylethyl)-phenol and 2,4-di-t-butyl-
6-nitrophenol were the two phenolic compounds detected in
EA-PB-52. Phenolic compounds are commonly known as potent
antimicrobial agents as well as antioxidant agents. Antimicrobial
activity of 2,4-di-t-butyl-6-nitrophenol is already documented
but 3,5-bis (1,1-dimethyethyl)-phenol is not reported as an
antimicrobial agent. As 3,5-bis (1,1-dimethyethyl)-phenol
occupied 34.43% of the total constituents present in EA-PB-52, it
might be involved in antimicrobial action.

REFERENCES

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic
local alignment search tool. J. Mol. Biol. 215, 403-410. doi: 10.1016/S0022-
2836(05)80360-2

Andrews, M. (2001). Determination of minimum inhibitory concentrations.
J. Antimicrob. Chemother. 48, 5-16. doi: 10.1093/jac/48.suppl_1.5

Aouiche, A., Sabaou, N., Meklat, A., Zitouni, A., Bijani, C., Mathieu, F., et al.
(2011). Saccharothrix sp. PAL54, a new chloramphenicol-producing strain
isolated from a Saharan soil. World J. Microbiol. Biotechnol. 28, 943-951. doi:
10.1007/s11274-011-0892-2

The genus Nocardia was previously reported for the
production of antimicrobial compounds against microbial
pathogens. Mukai et al. (2009) reported nocardithiocin from
N. pseudobrasiliensis IFM 0757 active against Mycobacterium
and Gordonia species. Transvalencin A, an antifungal antibiotic
is produced from N. transvalensis IFM 10065 (Hoshino et al.,
2004). Kavitha et al. (2009) reported two bioactive compounds
bis-(2-ethylhexyl) phthalate and bis-(5-ethylheptyl) phthalate
from N. levis MK-VL_113 which showed antagonistic activity
against gram-positive bacteria, gram-negative bacteria, yeast,
and filamentous fungi. Celmer et al. (1980) reported that
N. argentinensis produced nargenicin Al which was found to
be active against MRSA. In this work Nocardia sp. PB-52
isolated from the soil samples of Pobitora Wildlife Sanctuary,
Assam, India exhibited a wide range of antimicrobial activity
against Gram-positive bacteria including methicillin resistant
S. aureus (MRSA), Gram-negative bacteria and yeasts. However,
there is no report available regarding the antimicrobial activity
of N. niigatensis IFM 0330 (NR_112195) which is the closest
type strain of PB-52. From our results, it is evident that PB-
52 strain could be a promising candidate for the development
of potential antimicrobial drug active against a wide range of
microbial pathogens including drug resistant microorganisms
such as MRSA.

AUTHOR CONTRIBUTIONS

DT supervised the research work and guided the experimental
design. MK provided the research work suggestion. PS conducted
the experiments, analyzed the data. DT and PS prepared the
manuscript.

ACKNOWLEDGMENTS

Authors thank the Director, Institute of Advanced Study in
Science and Technology (IASST), Assam, India, for providing
facilities for this work and Department of Science and
Technology (DST), Government of India for the fellowship to PS.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2016.00347

Ara, I, Kudo, T. Matsumoto, A., Takahashi, Y., and Omura, S. (2007).
Nonomuraeaaheshkhaliensis sp. nov., a novel actinomycetes isolated from
mangrove rhizosphere mud. Gen. Appl. Microbiol. 53, 159-166. doi:
10.2323/jgam.53.159

Asolkar, R. N., Kirkland, T. N., Jensen, P. R., and Fenical, W. (2010).
Arenimycin, an antibiotic effective against rifampin- and methicillin-resistant
Staphylococcus aureus from the marine actinomycete Salinispora arenicola.
J. Antibiot. 63, 37-39. doi: 10.1038/ja.2009.114

Augustine, S. K., Bhavsar, S. P., and Kapadnis, B. P. (2005). Production of a growth
dependent metabolite active against dermatophytes by Streptomyces rochei AK
39. India. J. Med. Res. 121, 164-170.

Frontiers in Microbiology | www.frontiersin.org

March 2016 | Volume 7 | Article 347


http://journal.frontiersin.org/article/10.3389/fmicb.2016.00347
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Sharma et al.

Antimicrobial Activity of Nocardia sp. PB-52

Ayuso-Sacido, A., and Genilloud, O. (2005). New PCR primers for the screening
of NRPS and PKS-I systems in actinomycetes: detection and distribution of
these biosynthetic gene sequences in major taxonomic groups. Microb. Ecol.
49, 10-24. doi: 10.1007/500248-004-0249-6

Azman, A.-S,, Othman, I, Velu, S. S, Chan, K.-G,, and Lee, L.-H. (2015).
Mangrove rare actinobacteria: taxonomy, natural compound and discovery
of bioactivity. Front. Microbiol. 6:856. doi: 10.3389/fmicb.2015.00856. doi:
10.3389/fmicb.2015.00856

Baltch, A. L., Smith, R. P., Rite, W. J., and Bopp, L. H. (1998). Comparison of
inhibitory and bactericidal activities and post-antibiotic effects of LY333328
and ampicillin used singly and in combination against vancomycin-
resistant  Enterococcus — faecium. Antimicrob. Agents Chemother. 42,
2564-2568.

Bauer, A. W, Kirby, W. M. M., Sherris, J. C., and Turck, M. (1966). Antibiotic
sensitivity testing by a standardised single disk method. Am. J. Clin. Pathol. 45,
493-496.

Berdy, J. (2005). Bioactive microbial metabolites: a personal view. J. Antibiot. 58,
1-26. doi: 10.1038/ja.2005.1

Bordoloi, G., Kumari, B., Guha, A., Bordoloi, M. J., Roy, M. K., and Bora, T. C.
(2001). Isolation and structure elucidation of a new antifungal and antibacterial
antibiotic produced by Streptomyces sp. 201. Biosci. Biotechnol. Biochem. 65,
1856-1858. doi: 10.1271/bbb.65.1856

Brown-Elliott, B. A., Conville, P., and Wallace, R. J. Jr. (2015). Current status of
Nocardiataxonomy and recommended identification methods. Clin. Microbiol.
Newslett. 37, 25-32. doi: 10.1016/j.clinmicnews.2015.01.007

Cane, D. E., and Walsh, C. T. (1999). The parallel and convergent universes
of polyketidesynthases and nonribosomal peptide synthetases. Chem. Biol. 6,
319-325. doi: 10.1016/51074-5521(00)80001-0

Cao, G., Xu, Z., Wu, X,, Li, Q., and Chen, X. (2014). Capture and identification of
the volatile components in crude and processed herbal medicines through on-
line purge and trap technique coupled with GC x GC-TOF MS. Nat. Prod. Res.
28,1607-1612. doi: 10.1080/14786419.2014.929129

Celmer, W. D., Chmurny, G. N., Moppett, C. E., Ware, R. S., Watts, P. C., and
Whipple, E. B. (1980). Structure of natural antibiotic CP-47, 444. . Am. Chem.
Soc. 102, 4203-4209. doi: 10.1021/ja00532a036

Chun, J., and Goodfellow, M. (1995). A phylogenetic analysis of the genus
Nocardia with 16S rRNA gene sequences. Int. ]. Syst. Bacteriol. 45, 240-245.
doi: 10.1099/00207713-45-2-240

Clinical and Laboratory Standards Institute (CLSI) (2012). Performance Standards
for Antimicrobial ~ Susceptibility Testing; Twenty-Second Informational
Supplement (M100-S22). Wayne, PA: CLSL

Cruickshank, R., Duguid, J. P., Marmion, B. P., and Swain, R. H. A. (1975).
Textbook of Medical Microbiology, 12th Edn. Edinburgh; London: Churchill
Livingstone.

Dashti, Y., Grkovic, T., Abdelmohsen, U. R., Hentschel, U., and Quinn,
R. J. (2014). Production of induced secondary metabolites by a co-
culture of sponge-associated actinomycetes, Actinokineospora sp. EG49
and Nocardiopsis sp. RV163. Mar. Drugs. 12, 3046-3059. doi: 10.3390/
md12053046

Davies, J. (1999). Millennium bugs. Trends Biochem. Sci. 24, M2-M5. doi:
10.1016/50968-0004(99)01452-8

Debnath, R., Saikia, R., Sarma, R. K., Yadav, A., Bora, T. C., and Handique,
P. J. (2013). Psychrotolerant antifungal Streptomyces isolated from Tawang,
India and the shift in chitinase gene family. Extremophiles 17, 1045-1059. doi:
10.1007/500792-013-0587-8

Devi, N. N, and Wahab, F. (2012). Antimicrobial properties of endophytic fungi
isolated from medicinal plant Camellia sinesis. Int. J. Pharma. Bio. Sci. 3,
420-427.

Ding, D., Chen, G., Wang, B., Wang, Q., Liu, D., Peng, M., et al. (2013). Culturable
actinomycetes from desert ecosystem in northeast of Qinghai-Tibet Plateau.
Ann. Microbiol. 63, 259-266. doi: 10.1007/s13213-012-0469-9

Egorov, N. S. (1985). Antibiotics: A Scientific Approach. Moscow: Mir Publishers.

Elavarasi, A., Peninal, S., Rathna, G. S., and Kalaiselvam, M. (2014). Studies on
antimicrobial compounds isolated from mangrove endophytic fungi. World J.
Pharma. Pharm. Sci. 3, 734-744.

El-Gendy, M. M. A., Hawas, U. W., and Jaspars, M. (2008). Novel bioactive
metabolites from a marine derived bacterium Nocardia sp. ALAA 2000.
J. Antibiot. 61, 379-86. doi: 10.1038/j2.2008.53

Eliopoulos, G. M., and Moellering, R. C. (1996). “Antimicrobial combinations,” in
Antibiotics in Laboratory Medicine, ed V. Lorain (Baltimore, Md: The Williams
and Wilkins Press), 330-396.

Felsenstein, J. (1985). Confidence limits on phylogenies: an approach using the
bootstrap. Evolution 39, 783-791. doi: 10.2307/2408678

Fiedler, H. P., Bruntner, C., Bull, A. T., Ward, A. C., Goodfellow, M., Potterat, O.,
et al. (2004). Marine actinomycetes as a source of novel secondary metabolites.
Antonie Van Leeuwenhoek 87, 37-42. doi: 10.1007/5s10482-004-6538-8

Glover, J. B. (1995). “Applications of Fungal Ecology in the Search of new Bioactive
Natural Products,” in The Mycota IV: Environmental, Microbial Relationships,
ed D. T. Wicklow (Berlin; Heidelberg: Springer-Verlag), 249-268.

Gomez, K. A., and Gomez, A. A. (1984). A Statistical Procedure for Agricultural
Research. New York, NY: John Willy and Sons.

Goodfellow, M. (1992). “The family Nocardiaceae,” in The Prokaryotes, eds M. P.
Starr, H. Stolp, H. G. Truper, A. Balows, and H. G. Schlegel (New York, NY:
Springer-Verlag), 1188-1213.

Goodfellow, M., Kampfer, P., Busse, H. J., Trujillo, M. E., Suzuki, K. I, Ludwig,
W., et al. (2012). The Actinobacteria part A - Bergey’s Manual of Systematic
Bacteriology. New York, NY: Springer.

Gordon, R. E,, Barnett, D. A., Handerhan, J. E., and Pang, C. H. (1974). Nocardia
coeliaca, Nocardia autotrophica and the Nocardia strain. Int. J. Syst. Bacteriol.
24, 54-63. doi: 10.1099/00207713-24-1-54

Griffiths, D. J., and Saker, M. L. (2003). The Palm island mystery disease 20
years on: a review of research on cyanotoxin cylindrospermopsin. Inc. Environ.
Toxicol. 18, 78-93. doi: 10.1002/tox.10103

Gutierrez, J., Bourke, P., Lonchamp, J., and Barry-Ryan, C. (2009). Impact of
plant essential oils on microbiological, organoleptic and quality markers of
minimally processed vegetables. Innov. Food Sci. Emer. Technol. 10, 195-202.
doi: 10.1016/j.ifset.2008.10.005

Hodges, T. W., Slattery, M., and Olson, J. B. (2012). Unique actinomycetes
from marine caves and coral reef sediments provide novel PKS and NRPS
biosynthetic gene clusters. Mar. Biotechnol. 14, 270-280. doi: 10.1007/s10126-
011-9410-7

Hoshino, Y., Mukai, A., Yazawa, K., Uno, J., Ishikawa, J., Ando, A., et al.
(2004). Transvalencin A, a thiazolidine zinc complex antibiotic produced by a
clinical isolateof Nocardia transvalensis. 1. Taxonomy, fermentation, isolation
and Dbiologicalstudies. J. Antibiot. 57, 797-802. doi: 10.7164/antibiotics.
57.797

Jog, R, Pandya, M., Nareshkumar, G., and Rajkumar, S. (2014). Mechanism of
phosphate solubilisation and antifungal activity of Streptomyces spp. isolated
from wheat roots and rhizosphere and their application in improving plant
growth. Microbiology 160, 778-788. doi: 10.1099/mic.0.074146-0

Kageyama, A., Poonwan, N., Yazawa, K., Mikami, Y., and Nishimura, K. (2004a).
Nocardia asiatica sp. nov., isolated from patients with nocardiosis in Japan and
clinical specimens from Thailand. Int. J. Syst. Evol. Microbiol. 54, 125-130. doi:
10.1099/ijs.0.02676-0

Kageyama, A., Yazawa, K., Nishimura, K., and Mikami, Y. (2004b). Nocardia
inohanensis sp. nov., Nocardia yamanashiensis sp. nov. And Nocardia
niigatensis sp. nov., isolated from clinical specimens. Int. J. Syst. Evol. Microbiol.
54, 563-569. doi: 10.1099/ijs.0.02794-0

Kavitha, A., Prabhakar, P., Narasimhulu, M., Vijayalakshmi, M., Venkateswarlu,
Y., Rao, K. V., et al. (2010). Isolation, characterization and biological evaluation
of bioactive metabolites from Nocardia levis MK-VL_113. Microbiol. Res. 165,
199-210. doi: 10.1016/j.micres.2009.05.002

Kavitha, A., Prabhakar, P., Vijayalakshmi, M., and Venkateswarlu, Y. (2009).
Production of bioactive metabolites by Nocardia levis MK-VL_113. Lett. Appl.
Microbiol. 49, 484-490. doi: 10.1111/j.1472-765X.2009.02697.x

Kim, K.-J., Kim, M.-A., and Jung, J.-H. (2008). Antitumor and antioxidant activity
of protocatechualdehyde produced from Streptomyces lincolnensis M-20. Arch.
Pharmacal. Res. 31, 1572-1577. doi: 10.1007/s12272-001-2153-7

Kim, O. S., Cho, Y. J., Lee, K., Yoon, S. H., Kim, M., Na, H., et al. (2012).
Introducing EzTaxon: a prokaryotic 16S rRNA gene sequence database with
phylotypes that represent uncultured species. Int. J. Syst. Evol. Microbiol. 62,
716-721. doi: 10.1099/ijs.0.038075-0

Kumar, P. S., Al-Dhabi, N. A., Duraipandiyan, V., Balachandran, C., Kumar, P. P.,
and Ignacimuthu, S. (2014b). In vitro antimicrobial, antioxidant and cytotoxic
properties of Streptomyces lavendulae strain SCA5. BMC Microbiol. 14:291. doi:
10.1186/512866-014-0291-6

Frontiers in Microbiology | www.frontiersin.org

March 2016 | Volume 7 | Article 347


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Sharma et al.

Antimicrobial Activity of Nocardia sp. PB-52

Kumar, P. S., Duraipandiyan, V., and Ignacimuthu, S. (2014c). Isolation, screening
and partial purification of antimicrobial antibiotics from soil Streptomyces
sp. SCA 7. Kaohsiung J. Med. Sci. 30, 435-446. doi: 10.1016/j.kjms.2014.
05.006

Kumar, V., Bharti, A., Gusain, O., and Bisht, G. S. (2011). Scanning electron
microscopy of Streptomyces without use of any chemical fixatives. Scanning 33,
1-4. doi: 10.1002/sca.20261

Kumar, V., Naik, B., Gusain, O., and Bisht, G. S. (2014a). An actinomycete isolate
from solitary wasp mud nest having strong antibacterial activity and kills the
Candida cells due to the shrinkage and the cytosolic loss. Front. Microbiol.
5:446. doi: 10.3389/ fmicb.2014.00446

Lazzarini, A., Cavaletti, L., Toppo, G., and Marinelli, F. (2000). Rare genera
of actinomycetes as potential producers of new antibiotics. Antonie van
Leeuwenhoek 78, 399-405. doi: 10.1023/A:1010287600557

Lechevalier, M. P., and Lechevalier, H. (1970). Chemical composition as a criterion
in the classification of aerobic actinomycetes. Int. J. Syst. Evol. Microbiol. 20,
435-443. doi: 10.1099/00207713-20-4-435

Lee, L.-H., Cheah, Y.-K,, Sidik, S. M., AbMutalib, N.-S., Tang, Y.-L., Lin, H.-P., et al.
(2012). Molecular characterization of Antarctic actinobacteria and screening
for antimicrobial metabolite production. World J. Microbiol. Biotechnol. 28,
2125-2137. doi: 10.1007/s11274-012-1018-1

Lee, L.-H., Zainal, N., Azman, A.-S., Eng, S.-K., Goh, B.-H., Yin, W.-F,, et al.
(2014). Diversity and antimicrobial activities of actinobacteria isolated from
tropical mangrove sediments in Malaysia. Sci. World J. 2014, 1-14. doi:
10.1155/2014/698178

Luo, H., Cai, Y., Peng, Z., Liu, T., and Yang, S. (2014). Chemical composition and
in vitro evaluation of the cytotoxic and antioxidant activities of supercritical
carbon dioxide extracts of pitaya (dragon fruit) peel. Chem. Central J. 8:1. doi:
10.1186/1752-153X-8-1

Manikkam, R., Venugopal, G., Subramaniam, B., Ramasamy, B., and Kumar, V.
(2014). Bioactive Potential of actinomycetes from less explored ecosystems
against Mycobacterium tuberculosis and other non-mycobacterial pathogens.
Int. Sch. Res. Not. 812974, 1-9. doi: 10.1155/2014/812974

Manilal, A., Sujith, S., Selvin, J., Shakir, C., and Kiran, G. S. (2009). Antibacterial
activity of Falkenbergia hillebrandii (Born) from the Indian coast against human
pathogens. ¢ YTON Int. J. Expt. Botany 78, 161-166.

Manimaran, M., Gopal, J. V., and Kannabiran, K. (2015). Antibacterial activity of
Streptomyces sp. VITMKI isolated from mangrove soil of Pichavaram, Tamil
Nadu, India. Proc. Indian. Acad. Sci. Sect. B. 1-8. doi: 10.1007/s40011-015-
0619-5

Miao, V., and Davies, J. (2010). Actinobacteria: the good, the bad and the ugly.
Antonie Van Leeuwenhoek 98, 143-150. doi: 10.1007/s10482-010-9440-6

Mitra, A., Santra, S. C., and Mukherjee, J. (2008). Distribution of actinomycetes,
their antagonistic behaviour and the physico chemical characteristics of the
world’s largest tidal mangrove forest. Appl. Microbiol. Biotechnol. 80, 685-695.
doi: 10.1007/500253-008-1626-8

Mukai, A., Fukai, T., Hoshino, Y., Yazawa, K., Harada, K., and Mikami,
Y. (2009). Nocardithiocin, a novel thiopeptide antibiotic, produced by
pathogenic Nocardia pseudobrasiliensis IFM 0757. J. Antibiot. 62, 613-619. doi:
10.1038/ja.2009.90

Myers, N., Russel, M. A., Cristina, M. G., Gustavo, A. B. F., and Jennifer, K. (2000).
Biodiversity hotspots for conservation priorities. Nature 403, 853-858. doi:
10.1038/35002501

Narasaiah, B. C., Leelavathi, V., Sudhakar, G., Mariyadasu, P., Swapna, G.,
and Manne, A. K. (2014). Isolation and structural confirmation of bioactive
compounds produced by thestrain Streptomyces albus CN-4. IOSR. J. Pharm.
Biol. Sci. 9, 49-54. doi: 10.9790/3008-09654954

Narayana, J. P., Prabhakar, P., Vijayalakshmi, M., Venkateswarlu, Y., and Krishna,
S.J. (2008). Study of bioactive compounds from Streptomyces sp. ANU 6277.
Pol. J. Microbiol. 57, 35-39.

Natarajan, V., and Dhas, A. S. A. G. (2014). Phytochemical Composition and
in vitro antimicrobial, antioxidant activities of ethanolic extract of Leptadenia
reticulata| W&A] leaves. Middle East ]. Sci. Res. 21, 1698-1705. doi: 10.5829/
idosi.mejsr.2014.21.10.8596

Nimaichand, S., Devi, A. M., Tamreihao, K., Ningthoujam, D. S., and Li, W.
J. (2015). Actinobacterial diversity in limestone deposit sites in Hundung,
Manipur (India) andtheir antimicrobial activities. Front. Microbiol. 6:413. doi:
10.3389/fmicb.2015.00413

Nurkanto, A., and Julistiono, H. (2014). Screening and study of antifungal activity
of leaf litter actinomycetes isolated from Ternate Island, Indonesia. Asian Pac.
J. Trop. Med. 7, S238-S243. doi: 10.1016/s1995-7645(14)60239-x

Okwu, D. E., and Ighodaro, B. U. (2010). GC-MS evaluation of bioactive
compounds and antibacterial activity of the oil fraction from the leaves of
Alstonia boonei De Wild. Der. Pharma. Chemica. 2, 261-272.

Olajuyigbe, O. O., and Afolayan, A. J. (2012). In vitro antibacterial and time-
kill assessment of crude methanolic stem bark extract of Acacia mearnsii
de wild against bacteria in Shigellosis. Molecules 17, 2103-2118. doi:
10.3390/molecules17022103

Oskay, M., Tamer, A. U., and Azeri, C. (2004). Antibacterial activity of some
actinomycetesisolated from farming soils of Turkey. Afr. J. Biotechnol. 3,
441-446. doi: 10.5897/AJB2004.000-2087

Pankey, G. A., and Sabath, L. D. (2004). Clinical relevance of bacteriostatic versus
bactericidal mechanisms of action in the treatment of Gram positive bacterial
infections. Clin. Infect. Dis. 38, 864-870. doi: 10.1086/381972

Passari, A. K., Mishra, V. K., Saikia, R, Gupta, V. K,, and Singh, B. P. (2015).
Isolation, abundance and phylogenetic affiliation of endophytic actinomycetes
associated with medicinal plants and screening for their in vitro antimicrobial
biosynthetic potential. Front. Microbiol. 6, 273. doi: 10.3389/fmicb.2015.00273

Qin, S., Li, J., Chen, H.-H., Zhao, G.-Z., Zhu, W.-Y,, Jiang, C.-L., et al. (2009).
Isolation, diversity, and antimicrobial activity of rare actinobacteria from
medicinal plants of tropical rain forests in Xishuangbanna, China. Appl.
Environ. Microb. 75, 6176-6186. doi: 10.1128/AEM.01034-09

Roy, S., Chandni, S., Das, I, Karthik, L., Kumar, G., and Rao, K. V. B.
(2015). Aquatic model for engine oil degradation by rhamnolipid producing
Nocardiopsis VITSISB. Biotech 5, 153-164. doi: 10.1007/s13205-014-0199-8

Saadoun, I., and Gharaibeh, R. (2003). The Streptomyces flora of Badia region
of Jordan and its potential as a source of antibiotic-resistant bacteria. J. Arid
Environ. 53, 365-371. doi: 10.1006/jare.2002.1043

Saitou, N., and Nei, M. (1987). The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406-425.

Sambrook, J., and Russell, D. W. (2001). Molecular Cloning- A Laboratory Manual,
3" Edn. NewYork, NY: Cold Spring Harbor Laboratory.

Selvin, J., Shanmughapriya, S., Gandhimathi, R., Seghal, K. G., Rajeetha, R.
T., Natarajaseenivasan, K., et al. (2009). Optimization and production of
novel antimicrobial agents from sponge associated marine actinomycetes
Nocardiopsis dassonvillei MADO8. Appl. Microbiol. Biotechnol. 83, 435-445. doi:
10.1007/500253-009-1878-y

Ser, H., Ab_mutalib, N., Yin, W., Chan, K., Goh, B., and Lee, L. (2015b). Evaluation
of antioxidative and cytotoxic activities of Streptomyces pluripotens MUSC
137 isolated from mangrove soil in Malaysia. Front. Microbiol. 6:1398. doi:
10.3389/fmicb.2015.01398

Ser, H., Palanisamy, U. D., Yin, W.-F., AbdMalek, S. N., Chan, K.-G., Goh, B.-
H., et al. (2015a). Presence of antioxidative agent, Pyrrolo[1,2-a]pyrazine-1,4-
dione, hexahydro- in newly isolated Streptomyces mangrovisoli sp. nov. Front.
Microbiol. 6:854. doi: 10.3389/ fmicb.2015.00854

Sharma, P., Das, R., Kalita, M. C., and Thakur, D. (2014). Investigation of
extracellular antifungal proteinaceous compound produced by Streptomyces sp.
5K10. Afr. J. Microbiol. Res. 8, 986-993. doi: 10.5897/AJMR2013.6264

Sher, A. (2009). Antimicrobial activity of natural products from medicinal plants.
Gomal J. Med. Sci. 7, 72-78.

Shirling, E. B., and Gottlieb, D. (1966). Methods for characterization of
Streptomyces species. Int. J. Syst. Bacteriol. 16, 313-340. doi: 10.1099/00207713-
16-3-313

Shivlata, L., and Satyanarayana, T. (2015). Thermophilic and
alkaliphilicActinobacteria: biology and potential applications. Front. Microbiol.
6:1014. doi: 10.3389/fmicb.2015.01014

Shomurat, T., Yoshida, J., Amano, S., Kojina, M., and Niida, T. (1979). Studies
on Actinomycetal producing antibiotics only in agar culture. I. Screening
taxonomy and morphology-productivity relationship of Streptomyces halstedii,
strain SF-1993. J. Antibiot. 32, 427-435. doi: 10.7164/antibiotics.32.427

Singh, L. S., Sharma, H., and Talukdar, N. C. (2014). Production of potent
antimicrobial agent by actinomycete, Streptomyces sannanensis strain SU118
isolated from phoomdi in Loktak Lake of Manipur, India. BMC Microbiol.
14:278. doi: 10.1186/512866-014-0278-3

Sun, C. H, Wang, Y., Wang, Z, Zhou, J. Q. Jin, W. Z, You, H. G,
et al. (2007). Chemomicin A: a new angucyclinone antibiotic produced by

Frontiers in Microbiology | www.frontiersin.org

March 2016 | Volume 7 | Article 347


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Sharma et al.

Antimicrobial Activity of Nocardia sp. PB-52

Nocardia mediterranei subsp. kanglensis 1747-64. ]. Antibiot. 60, 211-215. doi:
10.1038/ja.2007.25

Sun, W., Zhang, F., He, L., Karthik, L., and Li, Z. (2015). Actinomycetes from
the South China Sea sponges: isolation, diversity, and potential for aromatic
polyketides discovery. Front. Microbiol. 6:1048. doi: 10.3389/fmicb.2015.01048

Supaphon, P., Phongpaichit, S., Rukachaisirikul, V., and Sakayaroj, J. (2013).
Antimicrobial potential of endophytic fungi derived from three seagrass
species: Cymodoceaserrulata, Halophilaovalis and Thalassiahemprichii. PLoS
ONE 8:72520. doi: 10.1371/journal.pone. 0072520

Talukdar, M., Duarah, A., Talukdar, S., Gohain, M. B., Debnath, R., Yadav, A, et al.
(2012). Bioprospecting Micromonospora from Kaziranga National Park of India
and their anti-infective potential. World J. Microbiol. Biotechnol. 28,2703-2712.
doi: 10.1007/s11274-012-1080-8

Tamura, K., Dudley, J., Nei, M., and Kumar, S. (2007). MEGA4: molecular
evolutionary genetics analysis (MEGA) software version 4.0. Mol. Biol. Evol.
24, 1596-1599. doi: 10.1093/molbev/msm092

Teng hern, T., Ser, H., Yin, W.,, Chan, K., Lee, L, and Goh, B. (2015).
Investigation of antioxidative and anticancer potentials of Streptomyces sp.
MUM256 isolated from Malaysia mangrove soil. Front. Microbiol. 6:1316. doi:
10.3389/fmicb.2015.01316

Thakur, D., Bora, T. C., Bordoloi, G. N., and Mazumdar, S. (2009). Influence
of nutrition and culturing conditions for optimum growth and antimicrobial
metabolite production by Streptomyces sp. 201. J. Mycol. Med. 19, 161-167. doi:
10.1016/j.mycmed.2009.04.001

Thakur, D., Yadav, A., Gogoi, B. K., and Bora, T. C. (2007). Isolation and screening
of Streptomyces in soil of protected forest areas from the states of Assam and
Tripura, India, for antimicrobial metabolites. J. Med. Mycol. 17, 242-249. doi:
10.1016/j.mycmed.2007.08.001

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., and Higgins, D. G.
(1997). The CLUSTAL_X windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids Res. 25,
4876-4882. doi: 10.1093/nar/25.24.4876

Tiwari, K., Upadhyay, D. J., Mosker, E., Sussmuth, R., and Gupta, R. K.
(2014). Culturable bioactive actinomycetes from the Great Indian Thar Desert.
Ann. Microbiol. 65, 1901-1914. doi: 10.1007/s13213-014-1028-3

Trevisan, V. B. A. (1889). I Generi e le Specie delle Batteriacee. Milan: Zanaboni and
Gabuzzi.

Vilches, C., Mendez, C., Hardisson, C., and Salas, J. A. (1990). Biosynthesis of
oleandomycin by Streptomyces antibioticus: influence of nutritional conditions
and development of resistance. J. Gen. Microbiol. 136, 1447-1454. doi:
10.1099/00221287-136-8-1447

Walsh, C. T. (2003). Antibiotics: Actions, Origin, Resistance. Washington, DC: ASM
Press.

Wang, Y., Chen, K, Li, Z., Wu, Y., Guo, K, Li, J., et al. (2014). Isolation and
identification of nematicidal active substance from Burkholderia vietnamiensis
B418. Plant Prot. 40, 65-69.

Weisburg, W. G., Barns, S. M., Pelletier, D. A, and Lane, D.J. (1991). 16S ribosomal
DNA amplification for phylogenetic study. J. Bacteriol. 173, 697-703.

Williams, S. T., Sharpe, M. E., and Holt, J. G. (1989). Bergey’s Manual of Systematic
Bacteriology. Baltimore, MD: Williams and Wilkins.

Wright, G. D. (2012). Antibiotics: a new hope. Chem. Biol. 19, 3-10. doi:
10.1016/j.chembiol.2011.10.019

Yogeswari, S., Ramalakshmi, S., Neelavathy, R., and Muthumary, J. (2012).
Identification and comparative studies of different volatile fractions from
Monochaetia kansensis by GCMS. Global J. Pharmacol. 6, 65-71.

Zhang, J., Du, L, Liu, F., Xu, F., Hu, B, Venturi, V., et al. (2014). Involvement of
both PKS and NRPS in antibacterial activity in Lysobacte renzymogenes
OH11. FEMS Microbiol. Lett. 355, 170-176. doi: 10.1111/1574-6968.
12457

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Sharma, Kalita and Thakur. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

121

March 2016 | Volume 7 | Article 347


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

1' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 06 July 2017
doi: 10.3389/fmicb.2017.01201

OPEN ACCESS

Edited by:
Jem Stach,
Newcastle University, United Kingdom

Reviewed by:

D. Ipek Kurtboke,

University of the Sunshine Coast,
Australia

Osmar Nascimento Silva,
Universidade Catdlica Dom Bosco,
Brazil

*Correspondence:
Alapati Kavitha
dr.kavithaalapati@gmail.com

Specialty section:

This article was submitted to
Antimicrobials, Resistance and
Chemotherapy,

a section of the journal
Frontiers in Microbiology

Received: 12 March 2017
Accepted: 13 June 2017
Published: 06 July 2017

Citation:

Kavitha A and Savithri HS (2017)
Biological Significance of Marine
Actinobacteria of East Coast of
Andhra Pradesh, India.

Front. Microbiol. 8:1201.

doi: 10.3389/fmicb.2017.01201

Check for
updates

Biological Significance of Marine
Actinobacteria of East Coast of
Andhra Pradesh, India

Alapati Kavitha* and Handanahal S. Savithri

Department of Biochemistry, Indian Institute of Science, Bangalore, India

An attempt was made to identify actinobacterial strains present in the marine soil of East
Coast regions viz., Chirala, Bapatla, and Peddaganjam, Andhra Pradesh; Kanyakumari,
Tamil Nadu and Goa, Goa along with the study of their antimicrobial potential. Eight
out of 73 actinobacterial strains isolated from these regions showed strong antimicrobial
activity against Gram positive bacteria, Gram negative bacteria, and Candida albicans.
Molecular identification (16S rRNA analysis) of the eight strains revealed that they
belong to Dietzia sp., Kocuria sp., Nocardiopsis sp., and Streptomyces spp. ISP
(International Streptomyces project) -1, ISP-2 and starch casein media supported
high antimicrobial potential after 5-6 days of growth. Production of antimicrobials
by the strains varied significantly with different carbon and nitrogen sources. Gas
chromatography mass spectrometry (GCMS) analysis of volatile compounds produced
by the strains illustrated an array of antimicrobial compounds such as 1, 2-benzene
dicarboxylic acid, 2-piperidinone, pyrrolo[1,2-a]pyrazine-1,4-dion, phenyl ethyl alcohol,
3-phenyl propionic acid etc. Ours is the first report on the study and detection of
above mentioned antimicrobial metabolites from Dietzia sp. (A3), Kocuria sp. (A5),
and Nocardiopsis sp. (A7). By sequence based analysis for secondary metabolites,
non-ribosomal peptide synthetase (NRPS) gene cluster was noticed in six strains (A2,
A3, A4, A6, A7, and A8) and none of them had polyketide synthase (PKS) system. The
present study intimates the biological potentiality of the actinobacterial strains isolated
from East Coast of Andhra Pradesh, India which reveals further scope to investigate
new bioactive compounds from them by employing both natural product chemistry and
modern biotechnological aspects.

Keywords: marine actinobacteria, Dietzia, Kocuria, Nocardiopsis, Streptomyces

INTRODUCTION

Pathogens causing infectious diseases are rapidly developing resistance towards traditional
antibiotics (Chambers and DelLeo, 2009; Morens and Fauci, 2013; Ventola, 2015); therefore, there
is an urgent necessity to search for safer and more potent compounds with broader spectrum of
activity (Devine et al., 2017; WHO, 2017). Natural compounds or their derived products persist as
alead hub for the discovery of novel medicines to treat most of the human diseases. It has also been
estimated that about 60% of the drugs that are available now including penicillin, anthracycline,
bleomycins A, and B,, mitomycin C, doxorubicin, epothilones, camptothecin, lovastatin etc. are
mostly obtained from natural products (Lam, 2007; Newman, 2008; Cragg and Newman, 2013;
Newman and Cragg, 2016). By knowing their potent bioactivities, organic chemists have developed
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new drugs using modern advancements in synthetic biology
(Beghyn et al., 2008; Maier, 2015; Rodrigues et al., 2016).

Originally considered as an intermediate group between
bacteria and fungi, Actinobacteria include Gram-positive
bacteria with high G+C (>55%) content in their DNA which
provide fifty percent of bioactive metabolites as recorded in the
Dictionary of Natural Products (Barka et al., 2016). Initially, they
were considered to be native to terrestrial habitats, but they are
also common in marine ecosystems (Behie et al., 2017; Betancur
et al., 2017) as evident by the isolation of various genera like
Agrococcus, Arthrobacter, Dietzia, Gordonia, Mycobacterium,
Pseudonocardia, Rhodococci, Streptomyces etc. (Claverias et al.,
2015). The rate of finding new bioactive metabolites from the
species of soil habitats has reduced. Therefore, a few attempts
have been made to understand the microbial diversity of marine
sediments which are an inexhaustible resource for the search of
new drugs (Hassan et al., 2017).

Adaptation of marine actinobacteria to extreme climatic
conditions such as high salinity, high pressure, and high
temperature have modified their physiological conditions to
survive and elaborate novel bioactive metabolites (Blunt et al.,
2015, 2016, 2017; Behie et al., 2017; Kamjam et al., 2017).
Approximately, 41 species belonging to 8 genera have been
recorded from four states (Maharastra, Kerala, Tamil Nadu, and
Andhra Pradesh) of Indian Peninsula (Sivakumar et al., 2007)
and have been shown to yield new bioactive compounds (Ramesh
and Mathivanan, 2009; Ramesh and William, 2012). East Coast
regions of Andhra Pradesh, India have not been much explored
for the presence of micro-organisms that could produce potent
new drugs against several diseases. Therefore, an attempt was
made to study the diversity of marine actinobacteria in East Coast
as well as their antimicrobial potential.

MATERIALS AND METHODS

Collection of Marine Soil Samples

Marine soil samples were collected at a depth of 14cm from
the surface of different marine habitats viz., Suryalanka (Bapatla
region), Chirala, Peddapalem (Peddaganjam region) located near
East Coast of Andhra Pradesh, India along with Kanyakumari,
Tamil Nadu and Goa, Goa. They were air-dried and pretreated
with calcium carbonate (1:1 w/w) followed by drying in a hot air
oven at 45°C for 1h, in order to reduce the contamination with
bacteria and molds (El-Nakeeb and Lechevalier, 1963; Kavitha
etal., 2010).

Isolation of Actinobacterial Strains

International Streptomyces project (ISP-1, Tryptone glucose yeast
extract) and ISP-2 (Yeast extract-malt extract-dextrose) agar
media were prepared, sterilized at 121°C for 15 min and poured
into Petri plates under aseptic conditions. Antibiotics such as
streptomycin and amphotericin-B were added to the media just
before pouring into Petri plates. Soil dilution plate technique was
used for the isolation and enumeration of actinobacterial strains
(Williams and Cross, 1971; Kavitha et al., 2010). Marine soil
(1 g) sample pretreated with calcium carbonate was suspended in
100 ml of sterile distilled water followed by plating 0.1 ml of 103

serial dilution on different Petri dishes. After incubation of the
plates at 30°C for 10 days, actinobacterial strains were isolated
by observing the characteristics like tough and leathery colonies
which are partially embedded into the agar (Jensen et al., 1991).

Screening of Actinobacterial Strains for
Potent Antimicrobial Metabolites Using
Agar Well Diffusion Method

The secondary metabolites produced by the actinobacterial
strains were extracted by using standard protocol (Ellaiah
et al., 2005; Kavitha et al., 2010). Under aseptic conditions,
actinobacterial strains were inoculated individually into the seed
medium (ISP-2 broth) and incubated for 24 h. After that, the seed
culture (10% v/v) was transferred into the production medium
(ISP-2) and allowed to ferment for 5 days at 28 £ 2°C, 180 rpm.
Sterile Whattman No. 1 filter papers were used to separate
biomass from their culture filtrates. The collected biomass of
all the strains was dried in a hot air oven and the residual dry
weight was measured (mg/100 ml). The secondary metabolites
obtained from all the culture filtrates were extracted with ethyl
acetate twice, pooled individually and condensed under vacuum
to yield solid residues. The residues were then resuspended in
ethyl acetate and checked for their antimicrobial activity against
the overnight grown cultures of Bacillus megaterium (NCIM
2187), B. subtilis (MTCC 441), Staphylococcus aureus (MTCC
96), Pseudomonas aeruginosa (MTCC 424) whereas 24-48h
old culture of Candida albicans (MTCC 183) was tested for
evaluating antifungal activity.

The secondary metabolites produced by the strains were tested
for their antimicrobial potentiality using agar well diffusion
assay (Cappuccino and Sherman, 2002). Luria agar and Potato
dextrose agar media were employed for the growth of test bacteria
and fungus, respectively. About 0.1 ml of test bacterial/fungal
suspension was transferred into the corresponding media
(100ml) sterilized previously at 15 lbs pressure (121°C) for
15 min. The inoculated medium was thoroughly mixed, poured
into Petri plates and allowed to solidify under aseptic conditions.
After that, wells of around 5 mm diameter were drilled into the
agar medium with the help of a sterilized cork borer. The solvent
extracts (50 ul) prepared at a concentration of 5 mg/ml were
added to each well and ethyl acetate alone served as control.
The inoculated plates were incubated at 30°C for 24h and
the diameter of inhibition zone was measured for bacteria and
fungus.

Antimicrobial potential of the metabolites produced by the
actinobacterial strains was examined to select the potent ones
among the 73 isolated actinobacterial strains. Eight potent strains
were chosen to determine their taxonomic position through
cultural and molecular 16S rRNA gene fragment analysis.

Taxonomic Studies of the Eight

Actinobacterial Strains

Cultural and molecular (16S rRNA gene sequencing) analysis
of the strains were studied. Different ISP media viz., ISP-
1 (Tryptone-yeast extract agar), ISP-2 (Yeast extract malt
extract dextrose agar), ISP-3 (Oat meal agar), ISP-4 (Inorganic
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salts starch agar), ISP-5 (Glycerol-asparagine salts agar), ISP-6
(Peptone yeast extract iron agar medium), and ISP-7 (Tyrosine
agar) as well as non ISP media like Czapek Dox, Gauze, Maltose
tryptone, Nutrient, and Potato dextrose agar with initial pH 7.2
maintained at 30°C were used to monitor the characteristics
of the organisms (Dietz and Theyer, 1980). Cultural characters
including growth, color of the aerial mycelia and substrate
mycelia with their pigmentation were recorded.

Molecular Identification of the Potent
Actinobacterial Strains Through Genomic

(16S rRNA Gene Fragment) Analysis
For the extraction of genomic DNA (gDNA), the cell mass of the
strains grown individually in maltose tryptone broth at 30°C for
2-3 days was centrifuged at 10,000 rpm, 4°C for 20 min (Stach
et al,, 2003). The cells were resuspended immediately in 5 ml of
TE25S buffer followed by rapid vortexing. The cells were exposed
to heat shock treatment (kept in water bath at 90°C for 5-
10 min with immediate cooling on ice) followed by the addition
of 250 pl of lysozyme (100 mg/ml) for proper cell wall lysis. Two
microliters of RNase A (20 mg/ml) was also added to this mixture
and incubated at 37°C for 1-2 h with proper inversion at every
20 min. To this, 100 pl of pronase (20 mg/ml) and 300 ! of 10%
SDS were added, mixed by inversion occasionally and incubated
at 55°C for 2-3 h. Further, 1 ml of 5M NaCl and 325 pl of 10%
CTAB were added, mixed thoroughly and incubated for 10 min
at 65°C. Later, chloroform: isoamyl alcohol (24:1) solvent system
was added to the mixture and incubated for 30 min at 37°C.
The aqueous phase obtained after centrifugation at 8,000 rpm for
5 min was transferred to a fresh tube. An equal volume of ice-cold
isopropanol was added to the aqueous phase, mixed by gentle
inversion for 10 min at 37°C and centrifuged at 12,000 rpm, 4°C
for 10 min. The white DNA precipitate obtained was washed with
1 ml of ice-cold 70% ethanol followed by another centrifugation
step to remove excess ethanol. The pellet was air-dried and 100 .l
of sterile H,O or 0.2X TE buffer was added to dissolve the DNA.
The same procedure was followed for all the strains to get good
quality of gDNA for further amplification of 16S rRNA region.

The 16S rRNA gene segment of actinobacterial strains
was amplified by polymerase chain reaction (PCR)
individually in a reaction mixture containing 1X PCR buffer
(ThermoFisher Scientific, USA), 2 U of Taq polymerase,
each deoxynucleoside triphosphate at a concentration of 200
wM, 50-100 ng of gDNA, 20 uM of primer forward (5'-
GAGTTTGATCCTGGCTCA -3') and 20 uM of primer reverse
(5’- ACGGCTACCTTGTTACGACTT -3). The final volume
of the PCR mixture was made up to 100 ul by adding distilled
H,0 and the reaction mixture was overlaid with 80 pl of sterile
mineral oil. Thermal cycling was carried out with a model S1000
(Bio-Rad, USA) and all the samples were subjected to an initial
denaturation (3 min at 98°C) followed by denaturation (1 min
at 94°C), annealing (1min at 52°C, 28 consecutive cycles),
extension (2 min at 72°C), and a final extension (5 min at 72°C)
step at the end.

The amplified DNA fragment from all the strains was
monitored on 1% agarose gel, eluted, and purified using

Nucleospin gel extraction kit (Macherey-Nagel, Germany).
The purified PCR products were sequenced using the Big-
Dye terminator kit ABI 310 Genetic Analyzer (Applied
Biosystems, USA) and further recorded their accession numbers
by depositing them in National Center for Biotechnology
Information (NCBI) GenBank. The 16S rRNA sequences were
compared with that of related sequences obtained from GenBank
through NCBI BLAST search program. Nucleotide substitution
rates (Knuc values) were evaluated (Kimura, 1980). Phylogenetic
tree using neighbor-joining method was constructed (Saitou and
Nei, 1987) along with the statistical analysis of bootstrap values by
employing Molecular Evolutionary Genetics Analysis (MEGA?7)
software (Thompson et al., 1997).

Nutritional Parameters Affecting the

Production of Antimicrobial Metabolites
Growth Pattern and Effect of Incubation Time on the
Production of Antimicrobial Metabolites

Growth pattern of the eight actinobacterial strains and
their antimicrobial activity against Gram positive bacteria
(B. megaterium and S. aureus) and Gram negative bacteria
(Enterococcus faecalis and P. aeruginosa) was recorded in ISP-
2 medium for 8 days. Biomass was measured as dry weight of
the cell mass (mg/100 ml culture medium) and the supernatant
was extracted with ethyl acetate, vacuum dried in a rotavapor
followed by testing the residues (1 mg/ml) for antimicrobial
activity against bacteria through agar well diffusion method using
the diameter of inhibition zone (mm) (Cappuccino and Sherman,
2002).

Effect of Culture Media Composition on the
Production of Antimicrobial Metabolites

Effect of growth media on the production of antimicrobial
metabolites was studied by culturing the strains separately in
different media viz., Arginine-glycerol (Arg-Gly), Czapek-Dox
(Dox), ISP-1, ISP-2, ISP-4, Luria broth (LB), Maltose-tryptone
(MT), Nutrient broth (NB), Starch-casein (SC), Yeast mannitol
broth (YMB), and Yeast extract-peptic digest of animal tissue-
dextrose (YPD) broths. Efficiency of the secondary metabolites
of the strains was recorded as antimicrobial potential against
Gram positive and Gram negative bacteria by employing agar
well diffusion assay. The medium in which the strain elaborates
maximum levels of antimicrobials was studied individually for all
the eight strains (Kavitha and Vijayalakshmi, 2009).

Influence of Carbon and Nitrogen Sources on the
Yield of Antimicrobial Metabolites

Various carbon sources such as dextrose, galactose, glycerol,
maltose, mannitol, starch, sucrose, and xylose were added to the
optimized media by replacing their carbon source. Likewise, the
impact of different nitrogen sources on the yield of antimicrobials
of the strains was studied by supplementing the nitrogen source
in the medium with different nitrogen sources like ammonium
chloride, aspartic acid, L-arginine, potassium nitrate, tryptone,
urea, and yeast extract in the optimized carbon medium (Kavitha
and Vijayalakshmi, 2009).
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Detection of Possible Secondary
Metabolites through Gas
Chromatography —Mass Spectral Analysis
(GC-MS) and Screening of Biosynthetic

Gene Clusters

Analysis of Volatile Compounds by GCMS

The components of the biologically active crude extracts
obtained from the strains were analyzed through Agilent GC-
MS apparatus (GC: 7890A; MSD5975C). It has fused- silica HP-
5 capillary column (30 m-0.25 mm, ID, film thickness of 0.25
mm) coupled directly with single quadrupole MS. Flow rate
of the carrier gas, helium was maintained at 1 ml/min. Oven
temperature was automated (50°C for 1min, then 50-300°C
at a rate of 5°C/min) and subsequently, held isothermally for
5min. The temperature of injector port was kept at 250°C and
that of transfer line at 300°C. MS quadrupole and MS source
temperatures were maintained at 150 and 230°C, respectively
(Boussaada et al., 2008). The peaks detected in GC were
concluded as corresponding compounds through mass spectral
data analysis software and NISTMS library data, 2008.

Preliminary Detection of Non-ribosomal Peptide
Synthetases (NRPS) and Type | Polyketide Synthases
(PKS-I) Biosynthetic Gene Systems

NRPS and PKS-I are the major biosynthetic gene sequences
in micro-organisms involved for the production of bioactive
polyketide and peptide compounds. Therefore, gDNA of the
eight strains was checked for the presence or absence of these
biosynthetic systems using actinobacterial specific NRPS and
PKS-I PCR primers (Ayuso-Sacido and Genilloud, 2005). A 50
pl reaction cocktail containing 5 il gDNA as template, 0.4 pM
of each primer [A3F (5 GCSTACSYSATSTACACSTCSGG 3')
and A7R (5 SASGTCVCCSGTSCGGTAS 3'), for NRPS;
K1 (5 TSAAGTCSAACATCGGBCA 3'), and M6R (5
CGCAGGTTSCSGTACCAGTA 3') for PKS-I], 0.2 mM of
each of the four dNTPs, 1 U Taq polymerase, 10X Taq buffer,
and 10% DMSO was prepared for all the strains separately.
PCR amplification protocol for the excepted product size
included initial denaturation (95°C for 5min) followed by 35
cycles of denaturation (95°C for 30 sec), annealing (59°C for
2 min—NRPS and 58°C for 2 min—PKS-I), and extension (72°C
for 4min). The amplified PCR products obtained after a final
extension step at 72°C for 10 min were monitored on 1% (w/v)
agarose gel electrophoresis.

RESULTS AND DISCUSSION

Enumeration of Actinobacterial Strains
Isolated from Different Marine Soil
Samples and Testing the Efficiency of Their

Antimicrobials

A total of 73 actinobacterial strains were isolated from soil
samples of East Coast of Indian marine ecosystem viz.,
Chirala, Bapatla, Peddaganjam, Andhra Pradesh along with
Kanyakumari, Tamil Nadu and Goa, Goa. As depicted in

FIGURE 1 | (A) Pie diagram illustrating the percentile of actinobacterial strains
isolated from marine soil samples of Chirala, Bapatla, Peddaganjam, Andhra
Pradesh; Kanyakumari, Tamil Nadu and Goa, Goa, (B) Image of few
actinobacterial strains.

Figure 1, majority of the actinobacterial strains were obtained
from the marine soil samples of Chirala (63%) followed by
Peddaganjam (16%) by serial dilution method on ISP-2 medium
supplemented with 3% (w/v) NaCl. All the 73 actinobacterial
strains isolated from the different marine soil samples were
evaluated for their antimicrobial activity as described in Materials
and Methods Section (Figures 2A,B). Among those, strains 24,
25, 26, 28, 30 (strains from Chirala region), 31 (strain from
Bapatla region), 33 and 34 (strains from Peddaganjam region)
exhibited high antimicrobial activity against the bacteria tested.

Marine ecosystem serves as an attractive source for the
isolation and production of bioactive compounds (Blunt et al.,
2015, 2016, 2017; Kamjam et al., 2017), bioactive pigments
(Soliev et al, 2011), enzymes (Ramesh and William, 2012;
Leipoldt et al., 2015), biofuels (Lewin et al., 2016), and also
showed potential for biomineralization activities along with the
maintenance of nutrient web cycle, biological N, fixation, and
environmental protection (Das et al., 2006; Biswas and Gresshoff,
2014; Alvarez et al., 2017). Around 9% actinobacteria was
recorded in marine sediments (Bull et al., 2005) and suggested
as a stable and prominent bioactive group of micro-organisms
in marine ecology from the earlier findings (Claverias et al.,
2015; Betancur et al., 2017). The present study also highlights
the existence of numerous actinobacterial strains with various
bioactivities from different marine coastal regions of India. Eight
out of 73 strains (24, 25, 26, 28, 30, 31, 33, and 34) isolated from
East Coast of Andhra Pradesh had shown pronounced bioactivity
and designated them as A1, A2, A3, A4, A5, A6, A7, and A8 for
further taxonomic and nutritional studies.

Cultural and Molecular Identification of

Actinobacterial Strains

Growth and cultural characteristics of the eight actinobacterial
strains were studied on ISP and non-ISP agar media (Table 1).
All the strains exhibited good to moderate to poor growth
patterns on different media tested. Strains A1, A3, A4, A5, and
A6 showed white to pink aerial mycelia with brown substrate
mycelia whereas the strains A2 and A7 exhibited creamy aerial
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mycelia and dark brownish substrate mycelia. Diffused yellow
pigmentation was observed with only strain A8, having white
to light yellowish aerial mycelia and brown substrate mycelia.
Actinobacteria are ubiquitous in nature and includes a wide range
of color series ranging from gray, white, yellow, red, green, blue
to black (Barka et al., 2016).

Molecular identification of the strains was carried out
through 16S rRNA gene fragment analysis, a powerful tool to
recognize micro-organisms up to genus level (Barka et al., 2016).
Figures 3A,B depicts the isolation of gDNA from all the strains
and amplification with actinobacterial specific 16S rRNA gene
fragment primers as described in Section Materials and Methods.
The amplified products were sequenced and the phylogenetic
position of the strains was analyzed through NCBI Blast search
program. The results revealed that the strains viz.,, A3, A5, and
A7 belong to genera Dietzia, Kocuria, and Nocardiopsis with 98,
99, and 100% similarity, respectively; while the remaining ones
Al, A2, A4, A6, and A8 showed similarity index between 97 and

100% to the genus Streptomyces (Figure 3C). The 16S rRNA gene
sequence of all the strains has been deposited in NCBI Genbank
with the accession numbers KF017344 (A1—Streptomyces sp.),
KF017345 (A2—Streptomyces sp.), KF006391 (A3—Kocuria sp.),
KF896236 (A4—Streptomyces sp.), KC841637 (A5—Dietzia sp.),
KF017342 (A6—Streptomyces sp.), KF006394 (A7—Nocardiopsis
sp.), and KF896235 (A8—Streptomyces sp.).

Nutritional Parameters Affecting the

Production of Antimicrobial Metabolites

Secondary metabolites especially antimicrobial compounds
produced during iodiophase are the natural missiles to combat
infectious diseases. Elaboration of secondary metabolites is
highly dependent on the growth and nutritional parameters
(Gonzalez et al., 2003; Jose et al., 2013). Growth pattern of the
eight strains studied individually in ISP-2 medium for 8 days
and their interesting antimicrobial profiles were tested against
Gram positive and Gram negative bacteria by employing agar
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TABLE 1 | Continued

Cultural characters on different media

Actinobacterial

strains

13

12

11

10

Moderate Good Good Good Good Good Good Good Good Good Good Good

Good

A7

Cream Cream Cream Cream Cream Cream Cream Cream Cream Cream Cream Cream
Dark Dark Dark Dark Dark Dark Dark Dark Dark Dark

Light

Cream
Dark

Dark

brown brown brown brown brown brown brown brown brown brown brown brown

brown

Moderate Good Good Good Good

White
Light

Moderate Good Good Good Good Good Moderate
White
Light

White
Light

Good
White

A8

White White White

White

White White White White

White

Yellow to Yellow to Yellow to
light

light

Yellow to
light

Yellow to
light

Yellow to Yellow to Yellow to
light light

light

Yellow to
light

Yellow to

light

brown

brown

brown

light

brown brown brown

brown

brown brown brown brown

brown

brown

Yellow Yellow Yellow Yellow Yellow Yellow Yellow Yellow Yellow Yellow Yellow Yellow

Yellow

G, Growth; A, Aerial mycelium; R, Reverse mycelium,; P, Pigment production. Media— 1 International Streptomyces Project (ISP) agar 1, 2 ISP-2 agar, 3 ISP-3 agar, 4 ISP-4 agar, 5 ISP-5 agar, 6 ISP-6 agar, 7 ISP-7 agar, 8 Asparagine

glucose agar, 9 Czapek-Dox agar, 10 Gauze agar, 11 Maltose tryptone agar, 12 Nutrient agar, 13 Potato dextrose agar.

well diffusion assay (Figures 4A-D). Log phase of all the strains
appeared within 48 h of growth period. Strains A2, A3, A4, and
A7 entered stationary phase on 4th and 5th days of incubation
and then declined while the strains A5, A6, and A8 exhibited
stationary growth on 5th and 6th days. Strain Al showed a
little bit prolonged stationary phase between 5th and 7th days of
growth.

In most of the actinobacterial strains, production of
antimicrobials happens mostly after 4-6 days of growth (Kavitha
and Vijayalakshmi, 2009; Kavitha et al., 2010) and those recorded
from 5 days old culture of Streptomyces spp. showed best
potential (Manivasagan et al., 2014). In the present study, the
ethyl acetate extracts obtained from 5th day old cultures of the
strains Al, A2, A3, A4, A6, and A7 exerted high antimicrobial
activity against the organisms tested whereas the strains A5
and A8 produced better yields of antimicrobials after 6 days
of incubation. Out of the eight strains, secondary metabolites
obtained from the strain A4 (Streptomyces sp.) were highly
active on E. faecalis followed by those of strain A6 (Streptomyces
sp.). Ethyl acetate extracts of strains A8 (Streptomyces sp.)
and A5 (Dietzia sp.) are more effective against P. aeruginosa.
Other strains, A3 (Kocuria sp.) and A7 (Nocardiopsis sp.)
showed more or less similar antimicrobial pattern on all the
bacteria tested. Claverias et al. (2015) recorded the antimicrobial
profile of marine actinobacteria including Streptomyces and
Dietzia isolated from Valparaiso bay, Chile. Kamjam et al.
(2017) reviewed the bioactive compounds produced by deep sea
Streptomyces spp. and Nocardiopsis spp. To our knowledge, this
is the first report on the antimicrobial profile of a marine strain
A3 (Kocuria sp.).

Nutritional parameters greatly influence the biosynthesis of
antimicrobial compounds which may be varied for different
strains. Therefore, the secondary metabolites produced by
eight strains in 11 different growth media are illustrated
(Figures 5A-D). ISP-2 medium served as the best culture
medium for the production of antimicrobial metabolites by the
strains Al, A3, A4, A5, and A6. High yields of antimicrobials
were observed for the strains A7 and A8 when cultured in ISP-
1 medium. Starch-casein broth supported high antimicrobial
activity against the test bacteria for strain A2 followed by YPD.
Other media like Czapek-Dox (for strain A3), YPD (for strains
A5 and A7), ISP-5 and Starch-casein (for strain A1), YMB and
YPD (for strain A6), YMB and ISP-2 (for strain A8) stood next
preferential ones for the production of antimicrobial metabolites.
Among all, strains A2 and A4 showed potent antimicrobial
activity against the bacteria tested. Earlier findings also illustrated
ISP-2 (Rateb et al., 2014) and starch casein as suitable media for
the production of secondary metabolites by Streptomyces spp.
(Djinni et al., 2013).

Synthesis of antibiotics depends on the type of nutrients
amended in the culture media. Especially, carbon and nitrogen
sources play a crucial role on the biosynthesis of secondary
metabolites by the strains both at level of activity and over
expression of the genes corresponding to the enzymes involved
(Sanchez et al., 2010). Initially, production of antimicrobial
metabolites by the strains in the selected media supplemented
with different carbon sources were tested (Figures 6A-D). The
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FIGURE 3 | Molecular identification of actinobacterial strains through 16S rRNA gene fragment analysis (A) Isolation of Genomic DNA, (B) PCR amplification of gDNA
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secondary metabolites of the strain Al showed promising
antimicrobial activity against the bacteria tested when cultured
in ISP-2 medium amended with mannitol followed by xylose,
maltose, and galactose. Starch and galactose acted as promising
carbon sources for the production of antimicrobial metabolites
by the strain A2. Strains A3 and A7 showed optimal rates of
secondary metabolites when grown in xylose enriched ISP-2 and
ISP-1 media, respectively. Among the carbon sources tested, ISP-
2 medium with dextrose remained as the best carbon source for
the strain A4 to yield optimal antimicrobial metabolites. Strain
A5 produced optimal yields of antimicrobial metabolites in the
medium with starch followed by xylose. High levels of secondary

metabolites were produced by the strain A6 in ISP-2 medium
incorporated with mannitol whereas dextrose in ISP-1 medium
replaced with other carbon sources like galactose followed by
starch and sucrose enhanced the synthesis of antimicrobials of
the strain A8. Out of all the strains, strains A5 (Dietzia sp.),
A8 and Al (Streptomyces spp.) exhibited strong antimicrobial
potential. Among the bacteria tested, P. aeruginosa showed
maximum sensitivity to the secondary metabolites of the strains
A5 followed by A8 and Al.

The yield of secondary metabolites varied with different
carbon sources in different strains. Dextrose enriched culture
medium supported the production of secondary metabolites
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FIGURE 4 | Growth pattern of actinobacterial strains and their antimicrobial
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(D) A7 and A8. Actinobacterial strains exhibited iodiophase between 4th and
5th (A2, A3, A4, and A7), 5th and 6th (A5, A6, and A8), and 5th-7th days (A1)
of growth period. The secondary metabolites obtained from 5-day old cultures
of A1, A2, A3, A4, A6, and A7 showed high antimicrobial activity against
Gram-positive bacteria and Gram-negative bacteria while those obtained from
6 days of the strains A5 and A8 had pronounced effect. Data was statistically
analyzed by Two-way ANOVA and had no significant difference between the
strains.
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FIGURE 5 | Effect of culture media on the yields of antimicrobial metabolites of
actinobacterial strains (A) A1 and A2, (B) A3 and A4, (C) A5 and A6, and (D)
A7 and A8. Arginine-glycerol (Arg-Gly), Czapek-Dox (Dox), ISP-1, ISP-2, ISP-4,
Luria broth (LB), Maltose-tryptone (MT), nutrient broth (NB), Starch-casein
(SC), Yeast mannitol broth (YMB), and Yeast extract-peptic digest of animal
tissue-dextrose (YPD) broths. ISP-2 medium supported better yields of
antimicrobial metabolites for majority of the strains (A1, A3, A4, A5, and AB)
whereas the strain A2 preferred starch casein broth for its antimicrobial activity.
Other strains, A7 and A8 elaborated high antimicrobial activity when grown in
ISP-1 medium. Data was statistically analyzed by Two-way ANOVA and found
to be significant at 5% level (P < 0.05) between the strains.

by strain A4 in agreement with the earlier reports on marine
Streptomyces sp. (Manikkam et al., 2015; Haque et al., 2017).
But, indeed it was less efficient in increasing the yields of
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FIGURE 6 | Influence of carbon sources on the yields of antimicrobial
metabolites of actinobacterial strains (A) A1 and A2, (B) A3 and A4, (C) A5
and A6, and (D) A7 and A8. Utilization of carbon sources by the strains varied
widely. Optimal culture medium with preferred carbon sources such as
mannitol (for strains A1 and AB), starch and galactose (for strain A2), xylose
(for strains A3 and A7), dextrose (for strain A4), starch (for strain A5), and
galactose (for strain A8) favored strong antimicrobial potential. Data was
statistically analyzed by Two-way ANOVA and found to be significant at 5%
level (P < 0.05) between the strains.

secondary metabolites by most of the strains, when compared
to that of other sugars. It can be inferred from these results
that the simple sugars like dextrose are easily metabolized
and utilized rapidly in the early log phase itself, whereas
the other sugars may favor the growth of the organisms

even up to stationary phase for the optimal release of
secondary metabolites. Sengupta et al. (2015) also recorded that
most of the actinobacterial strains isolated from Sundarbans
mangrove ecosystem preferred polysaccharides (D-galactose and
D-raffinose) over monosaccharides for antibiotic production.
Sunita et al. (2015) observed maximum yields of antimicrobial
metabolites by Streptomyces spp. in starch enriched medium.

Utilization of different nitrogen sources in the growth medium
by actinobacterial strains are critical for secondary metabolite
production (Francois and Stephane, 2001; Yao and Ye, 2016).
Hence, the effect of various nitrogen sources on the yields
of antimicrobial metabolites of the strains was presented in
Figures 7A-D. Out of nine nitrogen sources, malt extract and
yeast extract served as suitable combination in ISP-2 medium for
the elaboration of antimicrobial metabolites by the strains Al,
A4, and A6. Strain A2 exhibited high antimicrobial activity when
cultured in starch casein medium as well as with yeast extract
amendement. Strain A3 yielded optimal levels of antimicrobials
in ISP-2 medium incorporated with only yeast extract (minus
malt extract combination) whereas malt extract plus yeast
extract and yeast extract alone favored high rates of secondary
metabolites from the strain A5. Other nitrogen sources like
potassium nitrate, ammonium chloride and aspartic acid also
supported better yields of metabolites for the latter ones. ISP-1
media containing tryptone alone or tryptone plus yeast extract
or yeast extract alone were quite suitable for the production of
antimicrobial metabolites by the strains A7 and A8.

Rateb et al. (2014) isolated trirandamycin, an antifilarial
drug lead from Streptomyces sp. 17,944 cultured in traditional
ISP-2 (containing both malt extract and yeast extract) as well
as under optimized conditions. Other researchers (Kavitha and
Vijayalakshmi, 2009; Ripa et al., 2009) also proved yeast extract
as the best nitrogen source for antimicrobial metabolites. While
screening Streptomyces spp. for the elaboration of antimicrobial
metabolites. Khaliq et al. (2013) reported tryptone enriched
medium for one of the strains SK-5. In the present study, the
antimicrobial metabolites of the strains A5 and A8 were highly
effective against P. aeruginosa whereas those produced by the
strain Al are more active on B. megaterium. Ours is the first
report on the production and optimization of antimicrobial
metabolites by Dietzia sp. (A3) and Kocuria sp. (A5). Secondary
metabolites of other strains (A1, A2, A4, A6, and A8) belonging
to Streptomyces spp. and Nocardiopsis sp. (A7) showed strong
antimicrobial potential as evident from the earlier findings
(Manivasagan et al., 2014; Kamjam et al., 2017).

Analysis of Volatile Compounds from
Biologically Active Crude Ethyl Acetate
Extracts of the Strains by GCMS

Antimicrobial metabolites including volatile compounds were
detected from actinobacteria through standard chromatographic
methods (Bucar et al., 2013). Volatile compounds have been
reported to exhibit diverse functions such as antibacterial,
antifungal, plant growth accelerator or suppressor, infochemical
molecules in inter and intra specific interactions, cell-to-cell
signaling etc. (Scholler et al., 2002; Cordovez et al., 2015;
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FIGURE 7 | Impact of nitrogen sources on the yields of antimicrobial
metabolites of actinobacterial strains (A) A1 and A2, (B) A3 and A4, (C) A5 and
A8, and (D) A7 and A8. Actinobacterial strains exhibited strong antimicrobial
potential when grown individually in the selected culture medium with malt
extract plus yeast extract (strains A1, A4, and AB), casein/yeast extract (strain
A2), yeast extract (strain A3), malt extract plus yeast extract/yeast extract
alone (strain A5), and tryptone alone/tryptone plus yeast extract/yeast extract
alone (strains A7 and A8). Data was statistically analyzed by Two-way ANOVA
and found to be significant at 5% level (P < 0.05) between the strains.

Schmidt et al, 2015; Zothanpuia et al, 2017). Therefore,
the culture filtrates of actinobacterial strains obtained after
fermentation were extracted with ethyl acetate and analyzed

for volatile compounds by using GCMS. A wide variety of
chemical compounds were detected using GCMS library data
(Supplementary Table, Figures 8, 9). All the strains showed an
array of chemical compounds like amines, acids, pyrrolizidines,
ketones, quinones, alcohols, and hydrocarbons. In the present
study, production of 1, 2-benzene dicarboxylic acid by all the
strains except strain A6 was recorded which may contribute
for their antimicrobial potentiality. It has been reported to
exhibit anti-extended spectrum f-lactamase activity (Subashini
and Krishnan, 2014) as well as anticancer agent against HepG2
and VERO cell lines (Sudha and Selvam, 2012), HepG2 and MCE-
7 cell lines (Krishnan et al., 2014). Phenyl ethyl alcohol of strain
A2 and 3-phenyl propionic acid from strain A4 are well-known
antimicrobial agents against bacteria and fungi (Narayana et al.,
2008).

Antimicrobial potential of the strains A1, A3, A5, and A6 may
also be due to the elaboration of 2-piperidinone and pyrrolo[1,2-
a]pyrazine-1,4-dione from the strains A7 and A8. 2-piperidinone
and pyrrolo[1,2-a]pyrazine-1,4-dione are characterized as one
of the potential antimicrobials from Streptomyces sp. (Khattab
etal., 2016) and fungus, Schistidium antarctici (Melo et al., 2014),
respectively. Heterocyclic compounds like pyrazines are having
two nitrogen atoms in their aromatic ring and are reported to
have various bioactivities such as antimicrobial, antioxidant,
anticancer, neuroprotection against ischemia/reperfusion
injuries, and hypoxia (Premkumar and Govindarajan, 2005;
Jia et al., 2009; Baldwin et al., 2013; Tan et al., 2015; Ser et al.,
2016). Ours is the first report on the production of antimicrobial
compounds viz., 2-piperidinone by Dietzia sp. (A3) and Kocuria
sp. (A5) and 1, 2-benzene dicarboxylic acid by the former ones
including Nocardiopsis sp. (A7). Further purification methods
need to be standardized to characterize other interesting
bioactive compounds produced by these strains.

Preliminary Detection of NRPS and PKS-I

Biosynthetic Gene Systems

Apart from the isolation of antimicrobial compounds through
classical extraction methods, genome-based natural product
discovery also directs to most possible promising routes for
searching novel secondary metabolites from various marine
actinobacteria. The synthesis of antimicrobial compounds
including polyketide and peptide compounds involves the
biosynthetic gene clusters of NRPS and PKS-I, or even the
combination of both (Undabarrena et al., 2017). Therefore, an
attempt was made to check the presence of these biosynthetic
systems in the gDNA of eight strains through PCR specific
primers. Out of eight strains, 700 base pair nucleotide fragment
specific to NRPS was recorded in the gDNA of six strains
(Figure 10) whereas the PKS-I system (1,200-1,400 bp product)
was not observed in all the strains tested.

Structurally, biosynthetic systems like NRPS and PKS
consist of multifunctional polypeptides with diverse number of
modules having different enzymatic properties. The modules of
NRPS system constitute the activities related to condensation,
adenylation, and thiolation which are mainly concerned in
the recognition and condensation of the substrate. On the
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FIGURE 8 | GC chromatogram of the secondary metabolites of Nocardiopsis sp. (A7).

essentiality of substrate activation, elongation and modification,
other domains such as heterocyclase, N-methylase, epimerase,
thioesterase, and reductase are also noticed (Ayuso-Sacido
and Genilloud, 2005). Degenerate primers A3F and A7R
are employed to detect the conserved motif region (700 bp)
of adenylation domain. Out of eight strains, six of them
showed positive results for NRPS wviz,, A2, A3, A4, A6,
A7, and A8 emphasizing the possible mode of production
of antimicrobial metabolites through this biosynthetic
system.

Similarly, the module of other biosynthetic system, PKS-
1 include three domains concerned to ketosynthase (KS),
acyltransferase (AT), and acyl carrier protein (ACP) which
helps in the selection and condensation of the correct extender
unit. They can further act as enoylreductase, dehydratase,
and ketoreductase to undergo reduction step of B-keto group
formed in the condensation. Systematic coordination of all
these domains results in the production of a new polypeptide
chain (Donadio and Katz, 1992; Anderson et al., 2000). In the
present study, PCR amplification of gDNA of the strains by
degenerate PCR primers specific to conserved motif region

of PKS-I ketosynthase and methyl-malonyl-CoA transferase
(1,200-1,400 bp) was studied. But the expected gene product
size was not found in the all the strains tested indicating the
probable absence of this system. This may be due to insufficient
complementarity of degenerate primers designed for PKS-I
module or the bioactivity of the strains may correspond to the
metabolites produced through other biosynthetic systems. In
secondary metabolism of Streptomyces sp. H-KF8, Undabarrena
et al. (2017) recorded 26 biosynthetic gene clusters through
bioinformatics analysis tool, AntiSMASH and further grouped
them into different types viz., NRPS, PKS, hybrids, terpenes,
RiPP, ectoine, melanine, siderophores, lantipeptides, and
butyrolactones.

NRPS synthetases along with fatty acid and/or polyketide
synthetases (FAS/PKS) produce different kinds of bioactive
compounds including anti-infective, antimicrobial, anticancer
etc. For example, pyrrole containing natural products such
as prodigiosin, chlorizidine A (anti-tumor), vancomycin
(antibacterial), chlorothricin (cholesterol lowering drug) are
synthesized through NRPS pathway (Jaremko et al, 2015).
In mixed NRPS/PKS pathway, phenyl propionic acids are

Frontiers in Microbiology | www.frontiersin.org

133

July 2017 | Volume 8 | Article 1201


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Kavitha and Savithri

Marine Actinobacteria of Andhra Pradesh East Coast, IN

Abundancg
9000000
8500000
8000000
7500000
7000000

6500000/

ackd, bis(2

6000000/
5500000/

5000000/ }

12

4500000/

4000000/

2-Propenoic acid, cxybis(methyl-2,1

3500000
3000000
2500000
2000000

1500000/

—— Pyreolo{1,2-ajpyrazine-1,4-Gione, he

1000000/

]

|
i

[

500000 |
| v
| | /~I,| 1 My “N‘

~— Tetradecane, 2,6,10-4rimethy-

ATegiglgacare

"
1y A

4h Vi VW
o TATY )

| I L' I I P ; ; =
Time--> 22.00 24.00 26.00 28.00 30.00 32.00

34.00

FIGURE 9 | GC chromatogram of the secondary metabolites of Streptomyces sp. (A8).