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Actinobacteria are the major source of bioactive natural products that find their value in research

and drug discovery programmes. Antimicrobial resistance and the resulting high demand for

novel antibiotics underscore the need for exploring novel sources of these bacteria endowed with
biosynthetic potential. Intertidal ecosystems endure regular periods of immersion and emersion, and
represent an untapped source of Actinobacteria. In this study, we studied the diversity and biosynthetic
potential of cultivable Actinobacteria from intertidal sediments of Diu Island in the Arabian Sea. A
total of 148 Actinobacteria were selectively isolated using a stamping method with eight isolation
media. Isolates were grouped into OTUs based on their 16S rRNA gene sequence, and categorized
within actinobacterial families such as Glycomycetaceae, Micromonosporaceae, Nocardiaceae,
Nocardiopsaceae, Pseudonocardiaceae, Streptomycetaceae, and Thermomonosporaceae. The
biosynthetic potential of the Actinobacteria, necessary for secondary metabolite biosynthesis, was
screened and confirmed by extensive fingerprinting approaches based on genes coding for polyketide
synthases and nonribosomal peptide synthetases. The observed biosynthetic potential was correlated
with the antibacterial activity exhibited by these isolates in laboratory conditions. Ultimately, the
results demonstrate that intertidal sediment is a rich source of diverse cultivable Actinobacteria with
high potential to synthesize novel bioactive compounds in their genomes.

Infectious diseases and multidrug resistance of clinically relevant pathogens are threatening global human health-
care systems'. The development of new antibiotics is imperative to fight bacterial infections* *. Natural products,
especially microbial metabolites, are a fertile source of bioactive scaffolds and serve as the foundation for the
development of several life-saving antibiotics*. Despite their undeniable significance, technological hitches in
screening and discovery of novel compounds conveyed an interim decline in the attention to microbial natural
products®~®. However, a noteworthy renaissance is being felt in the current century, with the ongoing explora-
tion of microorganisms of underexplored sources, through the innovations in analytical and genome mining
methods®7°. Actinobacteria are the foremost runner in the production of biologically active scaffolds, especially
anti-infectives'® . These commercially important Gram-positive bacteria have largely been isolated from both
aquatic and terrestrial environments'?~'*. High-throughput genome sequencing methods expand our under-
standing of the biosynthetic potential of previously isolated Actinobacteria'®!¢, while metagenomes reveal the
presence of many novel isolates that were previously undetected in cultivation studies'. Ultimately, isolation
and exploitation of Actinobacteria from diverse environments are significant and could be continued for marine
Actinobacteria?-?*. Marine Actinobacteria evolved with unique physiological, chemical, and structural features
that enable them to survive under the varying pressure, salinity, and temperature occurring in marine ecosys-
tems?*~2%. In fact, such marine organisms are further endowed with the ability to produce novel molecules with
interesting therapeutic applications not observed in their terrestrial counterparts, which is evident from various
findings reporting the production of diverse bioactive compounds?-?’.
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Figure 1. Sampling site map. Circle indicates sampling spots (20°42/320”N 70°57’400”E), intertidal region of
Diu Island in the Arabian Sea. The map was generated using DIVA-GIS 7.5 (http://www.diva-gis.org/).

Marine ecosystems have the potential to yield huge actinobacterial populations and their diversity is indis-
putable?> . Marine Actinobacteria are largely associated with marine sediments®®?°. This enormous diversity of
marine Actinobacteria promises the discovery of bioactive molecules, and reflects growing international attention
on marine microbial natural products. Holding true to this promise, many novel chemical structures have been
discovered from marine Actinobacteria?!>?>3-%,

Intertidal areas, which endure regular periods of immersion and emersion, are important in the coastal or
estuarine environment and represent an underexplored biological niche that could be of interest for the discov-
ery of novel biosynthetic genes and antimicrobials producing strains®. Diu (20.71°N 70.98°E) is a small island
in the Arabian Sea near the Saurashtra Peninsula of Gujarat (India) covering an area of 38.8 km?. Intertidal
regions of this island would be a potential source of unique and diverse microorganisms; however, there
is no report on the isolation and characterization of Actinobacteria from this region. In the study presented
here, a culture-dependent approach was undertaken to evaluate the biodiversity and biosynthetic potential of
Actinobacteria from intertidal sediment samples. The results illustrate the high levels of diversity and biosynthetic
potential dictated in terms of genomic fingerprints.

Results

Actinobacterial isolates. Eighteen sediment samples were collected from three different locations on Diu
Island, Gujarat (Fig. 1), and used for selective isolation of Actinobacteria with eight different agar media. A total
of 148 isolates with colony morphologies indicative of the order Actinomycetales by their characteristic aerial or
substrate mycelium, and pigmentation, were identified. Most of the actinobacterial colonies were visible by the
second week of incubation; however, some took as long as 5 weeks to appear on isolation agar. Among the isolates,
126 (85.1%) isolates formed well-defined aerial mycelium, while the remaining 22 (14.9%) lacked areal hyphae.
Some isolates were initially orange in colour and turned dark after 20 days upon sporulation.

Diversity and taxonomic profile. Out of 148 isolates, 66 representatives based on colony morphology,
colour of aerial and substrate mycelia, and diffusible pigment production on M1 media were selected for genomic
DNA isolation and sequencing of the 16S rRNA gene. The taxonomic diversity was evaluated based on the par-
tial 16S rRNA gene sequences. Blastn analysis of 16S rRNA gene sequences against those in the NCBI GenBank
database revealed phylogenetic affiliations to seven different families, Glycomycetaceae, Micromonosporaceae,
Nocardiaceae, Nocardiopsaceae, Pseudonocardiaceae, Streptomycetaceae, and Thermomonosporaceae.
At a genus level, the isolates were found to be affiliated with Streptomyces, Micromonospora, Nocardiopsis,
Saccharomonospora, Actinomadura, Glycomyces, and Nocardia.

In the calculation of operational taxonomic units (OTUs), the isolates were clustered on sequence identi-
ties of 100%, 99%, and 98%. Four isolates were identified as duplicates using 100% sequence identity, where
66 isolates clustered into 62 OTUs. OTUs calculated based on sequence identities of 99% and 98% revealed 39
and 25 OTUs, respectively. At 99% sequence identity, Streptomyces accounted for 61.5% of OTUs, followed by
Micromonospora (15.4%), Nocardiopsis (10.2%), Saccharomonospora (5.1%), Actinomadura (2.6%), Glycomyces
(2.6%), and Nocardia (2.6%). Overall, 39 OTUs assigned to seven different genera showed <99% 16S rRNA gene
sequence similarity with validly published type strains of species of Streptomyces, Micromonospora, Nocardiopsis,
Actinomadura, Glycomyces, and Nocardia.
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Figure 2. Maximum-likelihood (ML) phylogenetic tree of the Streptomyces based on 16S rRNA gene sequences
of representative isolates of this study and nearest type strains. Isolates of this study are shown in bold font.
GenBank accession numbers of 16S rRNA sequences are given in parentheses. “Type strains with terrestrial
origin. "Type strains with marine origin. Bootstrap values (>>50%) of the NJ and ML analyses are shown above
the internodes before and after the backslash, respectively. Scale bar corresponds to 0.02 substitutions per
nucleotide position.

Phylogenetic relationships of the representative isolates affiliated to Streptomyces and rare Actinobacteria
(non-streptomycetes) were analysed by both neighbour-joining (NJ) and maximum-likelihood (ML) methods.
Forty-one isolates of 24 OTUs were affiliated to Streptomyces (Fig. 2). These isolates shared 97.9% to 100% 16 S
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rRNA gene sequence similarity with species of the genus Streptomyces. Six isolates, JJ36 (OTU38), JJ38 (OTU18),
JJ53 (OTU21), JJ66 (OTU35), J]J73 (OTU39), and JJ123 (OTU34) shared 97.6% to 98.6% sequence similarity and
were loosely related to the nearest relatives. Isolates JJ73 and JJ123 found unique positions with their highest 16S
rRNA gene sequence similarity, 97.9% and 98.6%, respectively, to species of Streptomyces. Four isolates J]J36, JJ38,
JJ53, and JJ66 shared 97.6% to 98.5% sequence similarity and formed a separate clade along with two type strains
Streptomyces cuspidosporus NRRL 12378T and Streptomyces ginglanensis 172205™. Interestingly, the isolates that
showed a phylogenetic relationship with the type strains of terrestrial origin occupied the upper half of the phy-
logenetic tree (Fig. 2), while the lower half was mainly dominated by streptomycetes of marine origin. Among
the Streptomyces of this study, 29 (70.7%) isolates showed terrestrial origin, and the remaining 12 (29.3%) isolates
showed marine origin.

The phylogenetic positions of 25 isolates belonging to 15 OTUs were assigned to at least 19 phylogenetic
lineages within six genera, Micromonospora, Nocardiopsis, Saccharomonospora, Actinomadura, Glycomyces,
and Nocardia (Fig. 3). The eight isolates belonging to Micromonospora shared 98.9% to 99.8% 16S rRNA gene
sequence similarity with the nearest type strains. Isolate JJ95 (OTU32) showed lower sequence similarity (98.9%)
with the nearest type strain, Micromonospora carbonacea DSM 43168™. Isolates JJ106 (OTU16) and JJ96 (OTU30)
shared a single type strain Micromonospora echinaurantiaca DSM 439047 with 99.2% and 99.8% sequence simi-
larity, respectively. OTUs 09 and 11 contained two isolates each. It is noteworthy that one isolate from each OTU
showed a different phylogenetic position. Isolates JJ103 of OTU09, as well as JJ80 of OTU11, showed a phyloge-
netic relationship to Micromonospora tulbaghiae TUV1™. Isolate JJ50 was the only isolate affiliated to Nocardia in
this study. It shared 98.5% sequence similarity with Nocardia amamiensis TT 00-78". Five isolates belonging to
two OTUs of Saccharomonospora within the family Pseudonocardiaceae were assigned to at least three phyloge-
netic lineages. OTU13 represents the genus Actinomadura and comprised two isolates, JJ54 and JJ91. Isolate JJ54
showed 99.6% sequence similarity to Actinomadura cremea JCM 3308, while JJ91 showed lower sequence simi-
larity (98.7%) to Actinomadura rifamycini IFO 14183™. In the case of Nocardiopsis, eight isolates (J]64, JJ37, JJ117,
JJ09,]J51, JJ18, JJ14, and JJ76) contained in four OTUs shared 98.6% to 99.9% 16S rRNA gene sequence similarity
and at least five phylogenetic lineages. Among these isolates, Isolate JJ09 showed 98.6% sequence similarity and
formed a stable monophyletic line that was shown to separate the isolates within the genus Nocardiopsis. Within
the genus Glycomyces, JJ135 shared the highest similarity (97.6%) to the 16S rRNA gene sequence of type strain
Glycomyces arizonensis (NRRL B-16153" and formed a distinct branch.

Screening for biosynthetic potential. In the PCR based screening for biosynthetic potential, presence
of non-ribosomal peptides synthetase (NRPS) and polyketide synthase type IT (PKS-II) systems was checked by
targeting adenylation and ketosynthase alpha domains, respectively. The screening was carried out in 62 distinct
actinobacterial isolates (after omitting 4 duplicate isolates having 100% 16S rRNA gene sequence homology) to
ascertain their biosynthetic potential. The presence of these genes was considered positive whenever a strong
unambiguous amplicon of the right size could be observed. The observed numbers of NRPS and PKS-II positive
isolates affiliated to different genus are summarized in Table S1. A total of 50 (80.6%) isolates were found to be
positive for either or both NRPS and PKS-II. Among them, streptomycetes and rare Actinobacteria contrib-
uted 46.8% (29 isolates) and 33.9% (21 isolates), respectively. NRPS was predominant and found in 67.7% of
Actinobacteria compared to 45.1% that were positive for PKS-II. This predominance was contributed by positive
isolates that affiliated to all the genera Glycomyces, Micromonospora, Nocardia, Nocardiopsis, Saccharomonospora,
Streptomyces, and Actinomadura (Fig. 4). PKS-II was found in four genera, Nocardiopsis, Saccharomonospora,
Streptomyces, and Actinomadura, but not in Glycomyces, Micromonospora, and Nocardia. Twelve isolates collec-
tively from four genera were not positive for both the PKS-II and NRPS. However, none of the seven genera was
entirely negative for both PKS-II and NRPS.

Screening for antibacterial activity. Sixty-two distinct actinobacterial isolates were further screened for
antibacterial activities against 2 multi-drug resistant clinical isolates (Enterococcus sp. and Klebsiella pneumonia)
and 3 type cultures (Bacillus subtilis ATCC 6051, Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC
8739). Antibiotic-resistance profile of these 5 test strains was assessed and data are summarised in Table S2.
Out of 62 isolates, 23 were positive against one or more test bacterial strains. The positive isolates belonged to
different genera, Streptomyces (19), Noardiopsis (2), Micromonospora (1) and Saccharomonospora (1). Majority
(78.3%) of the positive isolates showed inhibitory activity against Gram- positive bacteria (Fig. 5). Notably, eight
isolates were active against vancomycin-resistant Enterococcus sp. Seven isolates were found to be active against
Gram-negative bacteria, of these 4 were active against multi-drug resistant Klebsiella pneumoniae.

The occurrence of NRPS and PKS-II was correlated with the detected antimicrobial activity of the isolates,
and the relationship was visualized in a Cytoscape network image (Fig. 6). Among the 23 actinobacterial isolates
that showed antibacterial activity, ten (43.4%) were positive for both PKS-II and NRPS. Eight isolates (34.8%)
were positive for either PKS-II or NRPS while remaining five (21.8%) were negative for either. The Streptomyces
constituted a majority (19, 82.6%) of antibacterial isolates, and most of them (15) were positive for either NRPS,
PKS-II or both. Additionally, a significant number of actinobacterial isolates (31) showed no antibacterial activity
while bearing either NRPS, PKS-II or both.

Amplified fragment restriction analysis. The diversity of NRPS and PKS-II that indicates the biotech-
nological potential of the isolates was examined using a fingerprinting approach, based on restriction analysis of
their amplified gene fragments. A combination of two widely used restriction enzymes with 4-bp recognition sites
(Alul and HaellI)*” was used to generate the restriction fingerprints.

To validate the suitability of individual restriction enzymes, Alul and Haelll were independently used for
generating restriction fingerprints of amplified NRPS and PKS-II fragments. Alul generated moderately complex
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Figure 3. Maximum-likelihood phylogenetic tree of the Micromonospora, Nocardiopsis, Saccharomonospora,
Actinomadura, Glycomyces, and Nocardia based on 16S rRNA gene sequences of representative isolates and
nearest type strains. Isolates of this study are shown in bold font. GenBank accession numbers of 16S rRNA
sequences are given in parentheses. Bootstrap values (>50%) of the neighbor-joining (NJ) and maximum-
likelihood (ML) analyses are shown above the internodes before and after the backslash, respectively. Scale bar
corresponds to 0.01 substitutions per nucleotide position.

fingerprints, which consisted of 29 and 17 distinct restriction fragments for NRPS and PKS-II, respectively. In
the subsequent UPGMA cluster analysis, 42 NRPS positive isolates were grouped under 33 groups (Figure S1),
whereas 28 PKS-II positives were grouped under 12 groups at similarity coeflicient value 0.93 (Figure S2). In the
case of Haelll, restriction fragments were found to be more complex, scoring 38 and 24 distinct fragments for
NRPS and PKS-II, respectively. The isolates were allocated to 37 and 18 groups in a UPGMA dendrogram based
on NRPS (Figure S3) and PKS-II (Figure S4) fingerprints, respectively. The similarity coefficient value was set at
0.93 for the above grouping.
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Figure 4. Doughnut chart summarising the proposition of NRPS and PKS-II positive isolates among the
distinct actinobacterial isolates affiliated to different genus. The two levels of ripples around the doughnut
represent the percentage of Actinobacteria that were positive for NRPS (inner ripple) and PKS-II (outer ripple).
The number in the centre of doughnut indicates total actinobacterial isolates tested.
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Figure 5. Bar chart summarising percentage of active actinobacterial isolates against different test strains
(clinical isolates marked with “*’).

Restriction fingerprints generated by both Alul and Haelll were used to construct a UPGMA dendrogram,
and potential relatedness among the actinobacterial isolates was defined. Isolates presented distinct NRPS (Fig. 7)
and PKS-II (Fig. 8) restriction patterns, irrespective of their ribosomal fingerprint patterns. High pattern hetero-
geneity was observed among the isolates classified within Streptomyces and Nocardiopsis. In contrast, high simi-
larity of restriction patterns was observed between unrelated isolates of Micromonospora. Restriction fingerprints
among the rare genera such as Nocardia and Actinomadura were very variable and, probably, not representative
due to the small number of isolates.

Analysis of biosynthetic gene sequences. Correctly sized inserts from the NRPS (12) and PKS-II (14)
clones of seven strains were sequenced and subjected to detailed sequence analysis in an effort to assess diversity
and biosynthetic richness. In the Blastx analysis against the nr protein sequence database (NCBI), the top matches
were for adenylation domain of NRPS or the alpha domain of the PKS-II, confirming that the correct loci had
been amplified. The Blastx results, closest match, E-value, and percentage similarity of 11 unique inserts that
specify NRPS or PKS-II are summarized in Table S3.

Overall, NRPS sequence identities to the closest hits from the Blastx analysis ranged from 73% to 99%, and
belonged to the phylum Actinobacteria. Despite strain JJ23 showing a very high amino acid sequence similarity
of 99% to a domain of peptide synthetase from Streptomyces sp. SCAU5027, other strains harboured amino acid
sequences with maximal identities of only up to 90%. Interestingly, strain JJ06 harboured two distinct NRPSs, one
showing identity to Streptomyces sp. CNS606 (82%), the other to a gentamicin producer, Micromonospora pallida
DSM 43817 (90%). The obtained amino acid sequences aligned partially to conserved domains of annotated
NRPS sequences.

Translated PKS-II sequence of the tested strains showed similarity up to 99% with the previously described
ketosynthase domains of PKS-II in Streptomyces strains. However, none of the sequences showed similarity to
PKS-II of already-reported antibiotic producing strains. PKS-II of strains J]J23, JJ24, and J]J54 showed similarity to
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Figure 6. Correlation of antibacterial activity and occurrence of NRPS and PKS-II systems visualized by
cytoscape network image.

Streptomyces isolated from liquorice. Strain JJ40 harboured a ketosynthase protein domain of PKS-II with maxi-
mal identity (98%) to Streptomyces isolated from Indian coastal solar salterns. Strain JJ142 showed 91% homology
to a putative type I PKS-ketosynthase alpha subunit of uncultured bacteria.

Phylogenetic analysis of amino acid sequences deduced from five PKS-II fragments of this study, with refer-
ence sequences, was done and the NJ tree is presented in Fig. 9. Significant diversity was found among the five
PKS-II fragments that were distributed throughout various clades corresponding to different classes of com-
pounds. Based on the heuristic rule that PKSs for the synthesis of structurally similar antibiotics share a high
degree of sequence similarity, and the simplest assumption that PKS-II sequences in the same sub-cluster exhibit
similar functions®, the biosynthetic potential of the five strains was predicted. Strains JJ23, JJ40, and J]J54 were
distributed in the clade which covers pigment compounds; notably, the former one formed a very clear branch.
JJ40 and J]54 formed a branch with S. curacoi and S. venezuelae, respectively. Interestingly, JJ142 fell into the
anthracycline-producing group with significant novelty. Two clones of JJ24 shared high-level similarity to each
other and fell within the angucycline group with Streptomyces sp. WP 4699.

Fermentation and secondary metabolites analysis. Secondary metabolites analysis of three isolates
that showed antibacterial activity and biosynthetic potential was done using LC-MS-Q-TOF. A total of 23 differ-
ent compounds were found in the crude extract from the spent broth of three strains JJ21, JJ23 and JJ42 (Table 1).

In a subsequent compounds purification study, two antibacterial compounds were isolated from the culture
broth of Streptomyces sp. JJ21and designated as OBLC-02 and OBLC-03. Both these compounds were partially
confirmed as octalactin-like compounds by comparison of their' H NMR data with that of reported octalactin®.
The 'H NMR spectrum (supplementary data, Figure S7) of OBLC-02 showed the presence of an olefinic proton
(8 5.80-5.78), an oxymethine proton (& 4.62-4.60) attached to alkyl substituted carbon in cyclic ring and five
methyl protons (8 2.10 - 0.91) that correlated well with that of octalactin. In comparison, OBLC-03 showed less
number of methyl protons.

Discussion

Marine Actinobacteria have remarkable ability to produce a wealth of metabolites with substantial structural
complexity and exceptional biological activity. Our data elaborate the taxonomic diversity, phylogenetic novelty,
and biosynthetic potential of cultivable Actinobacteria from intertidal marine sediments of Diu Island (India) in
the Arabian Sea.

In this study, we performed a stamping method with eight different isolation media that favoured iso-
lation of 148 actinobacterial isolates. These cultivable isolates belong to seven different genera, Streptomyces,
Micromonospora, Saccharomonospora, Nocardia, Nocardiopsis, Actinomadura, and Glycomyces. There is no pre-
vious report on bioprospection of cultivable Actinobacteria from the intertidal sediments of Diu Island in the
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Figure 7. Diversity of NRPS studied by amplified fragment restriction fingerprinting method. UPGMA
dendrogram (a) was inferred by restriction pattern of NRPS amplicons digested by Haelll (b) and Alul (c).
Lanes in the gels are in original order; irrespective of isolates appear in dendrogram. The gels were analyzed by
densitometry and the bands whose areas were greater than 5% of the whole lane area were used for generating
binary matrix. The similarities were calculated using the Jaccard’s coefficient, and the clustering was done by
using the unweighted pair group method. Genus level affiliation of the isolates is also shown (d). Original gels
are presented in supplementary Figure S5.

Arabian Sea, although Kokare et al.*, isolated 80 Actinobacteria from Alibag, Janjira, and Goa coastlines and
assigned them to six genera. In this study, a higher abundance of Actinobacteria in Diu sediments was observed
compared to other parts of the western coastline where Actinobacteria belonging to a maximum of five genera
were isolated, using almost the same sample processing and cultivation conditions*’. Besides the geographic
deviation, seasonal variations with respect to temperature, tide, and other abiotic conditions might have affected
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Figure 8. Diversity of PKS-II studied by amplified fragment restriction fingerprinting method. UPGMA
dendrogram (a) was inferred by restriction pattern of PKS-II amplicons digested by HaellI (b) and Alul (c).
Lanes in the gels are in original order; irrespective of isolates appear in dendrogram. The gels were analyzed by
densitometry and the bands whose areas were greater than 5% of the whole lane area were used for generating
binary matrix. The similarities were calculated using the Jaccard’s coefficient, and the clustering was done by
using the unweighted pair group method. Genus level affiliation of the isolates is also shown (d). Original gels
are presented in supplementary Figure S6.

the relative occurrence of Actinobacteria in this study, as sample collection was performed at different time of the
year (early winter for this study and monsoon for previous study*’).

The predominance of Streptomyces was observed in the sediment samples, as is also common in other
reports*»*!. However, in the present study, members of six non-streptomycete genera constituting 40% of iso-
lates were obtained, of which Saccharomonospora, Actinomadura, and Glycomyces were not observed in pre-
vious studies*”*!. The relative occurrence of non-streptomycetes and their significance have recently come to
light'"**-% and reports have increased in recent decades*>*6. However, several genera including Microbispora,
Saccharomonospora, and Verrucosispora are rarely observed in culture-dependent studies, and remain as rare
Actinobacteria.

Based on 16S rRNA gene sequence identity at different thresholds, isolates were clustered into OTUs. The
100% threshold eliminated four isolates as duplicates from the group of isolates. According to the revised 16S
rRNA gene sequence similarity threshold which is currently 99% for Actinobacteria®’, representative isolates were
clustered into 39 OTUs. In recent studies, 37 and 147 OTUs have been reported from 136 and 358 representative
isolates, respectively from terrestrial'* and marine ecosystems*. Relatively high number of OTUs deduced from
66 representative isolates indicates the presence of many novel taxonomical groups. Using this metric, the lineages
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Figure 9. Neighbor-joining tree of PKS-II amino acid sequences of five strains (shown in bold) with reference
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[M-H]~ =335.40 Antibiotic SF2768" Isonitrile-bearing antibiotic
1 [M-H]~ =563.79 Geldanamycin Macrocyclic polyketide
[M-H] =311.50 1 putative novel compound —
[M-H]~ =339.52 3 Octalactin B like compounds Octalactin
[M-H]~ = 269.56 (li(e);li\‘;[:ttil‘i,zlhexadecanoic acid _
7723 [M-H]~ =325.70 1 putative novel compound —
[M-H] =339.74 3 putative novel compounds —
[M-H]™ =v564.15 3 putative novel compounds —
[M-H] =560.11 1 putative novel compound —
[M-H]™ =213.41 4 Anmindenol derivatives Sesquiterpenoids
JJ42 [M-H]~ =227.48 2 putative novel compounds —
[M-H]~ =338.69 1 putative novel compound —
[M-H]~ =241.53 1 putative novel compound —

Table 1. Summary of putative novel and known compound detected by LC-MS-Q-TOF based secondary

metabolites analysis performed in three isolates. *Compounds with reports of antibacterial activity.
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within these OTUs that exhibited <99% sequence similarity with validly reported species were considered to
represent putative new species. Such putative new species formed distinct phyletic lines in the phylogenetic trees
(Figs 2 and 3), supported by valid bootstrap values. Notably, novel isolates belong to the genera Actinomadura,
Glycomyces, Nocardiopsis, Nocardia, and Streptomyces, and support further taxonomic studies of Actinobacteria
from Diu. These results indicate that Diu intertidal sediments harbour readily cultivable novel Actinobacteria
which can be explored for bioactive natural products.

Moreover, Blastn analysis against 16S rRNA gene sequences in the NCBI database suggests that the
Actinobacteria inhabiting the intertidal sediments have either terrestrial or marine origin. In particular, a larger
number of Streptomyces showed adaptation to the marine environment rather than originating from these envi-
ronments. This observation suggested that intertidal regions are sites where terrestrial and marine Actinobacteria
meet one another, and evolve under emersion stress. It was attested by phylogenetic trees (Fig. 2) in which
Streptomyces of terrestrial origin occupied the upper half, while the lower half was mainly dominated by the
strains of marine origin.

Underexplored environments continue to provide diverse Actinobacteria with novel biosynthetic potential.
The biosynthetic potential of Actinobacteria could not be determined using bioactivity screening in limited
production conditions. Genetic screening is an alternative approach which recognizes biosynthetic poten-
tial that could be systematically exploited for drug discovery*»#-0, To assess the biosynthetic potential of the
Actinobacteria, we adopted PCR-based screening, restriction fingerprinting, and phylogenetic analysis of func-
tional gene fragments.

In the present study, genetic screening was done by targeting specific domains of PKS-II and NRPS that pro-
vide a rapid measure of biosynthetic potential and functional diversity within the isolates. This is because PKS
(type I or type II), NRPS, and even PKS-NRPS hybrid pathways are responsible for most natural products with
interesting biological activity®" 2. The PKS-II and NRPS primers used in this study successfully detected the
targeted portion of these genes in a total of 50 (81%) actinobacterial isolates. This PCR-based screening revealed
that most of the isolates bear biosynthetic genes coding for either or both PKS-IT and NRPS that are widely dis-
tributed among the Actinobacteria®. Notably, the relative occurrence of NRPS was found in both Streptomyces
and non-Streptomyces, which indicates a wider range of Actinobacteria of interest for bioprospecting. The relative
presence of NRPS sequences in members of the genus Micromonospora is in agreement with previous results
obtained in different isolates of the same genus®* >, The occurrence of the PKS-II was observed in almost all the
streptomycetes (96%), which furthers their already-recognized potential in secondary metabolism. Half of the
non-Streptomyces belonging to Saccharomonospora, Nocardiopsis, and Actinomadura also showed evidence of
PKS-II. The overall biosynthetic potential of the Diu-based isolates was either higher than or comparable to that
of recent reports*~>°. On these grounds, the different Actinobacteria cultured from the Diu sediments provide
opportunities to explore these isolates for the genetic potential to produce secondary metabolites.

The diversity of NRPS and PKS-II among the isolates was examined using a fingerprinting approach based on
restriction analysis of the amplified biosynthetic sequences. In the present study, two restriction enzymes Haelll
and Alul were used for the fingerprinting of PKS-II and NRPS. The results revealed that the availing restriction
data generated with both enzymes are more valid and preferable to using a single enzyme®?. Interestingly, a pat-
tern of heterogeneity was observed in restriction profiles among the isolates at inter- and intra-genus levels, irre-
spective of their ribosomal fingerprint patterns. Most of the Streptomyces showed extremely different restriction
profiles and constituted clusters across the dendrogram. Indeed, those that had closer relation in the 16S rRNA
gene-based phylogeny also showed significant heterogeneity, which suggested a quite diverse biosynthetic poten-
tial even among closely related isolates. Similarly, isolates classified under Nocardiopsis and Saccharomonospora
showed significant diversity, and correlates with the heterogeneity of PKS-II and NRPS gene clusters in Nocardia
strains varied substantially depending on species. Overall, the high levels of heterogeneity in the restriction frag-
ment fingerprints underscore the biosynthetic diversity and richness among the Actinobacteria of Diu intertidal
sediments.

As a token of interest, some of the randomly selected PKS-II and NRPS fragments were sequenced and exten-
sively studied to understand the novelty of the secondary metabolites with which they are involved. Blastx results
revealed that the obtained sequences were part of either the PKS-II or NRPS. The deduced amino acid sequence
based on phylogenetic analysis of PKS-II fragments done with a reference sequence reported by Metsi-Keteld
et al.*® endorsed categorization of the PKS-II sequences into functional chemical classes (Fig. 7). The results
revealed that PKS-II of isolate JJ24 grouped with the naphthoquinone class of molecules, which also demonstrates
antibiotic and antitumor activity.

Interestingly, the PKS-II of strain JJ142 formed a well-separated lineage within the anthracycline group, sug-
gesting its potential to produce novel compounds related to this class of bioactive compounds. Moreover, most of
the Blastx hits of the PKS-II fragment of JJ142 were uncultured bacteria, which indicate the novelty of this strain.
Additionally, strain JJ142 showed significant phylogenetic distance in its 16S rRNA gene sequence (less than 96%
similarity) from anthracycline-producing species of Streptomyces. Another interesting thing is that strain JJ54 is a
member of the genus Actinomadura, but showing PKS-II sequence similarity to Streptomyces. It reflects the occur-
rence of horizontal gene events within members of a given actinobacterial community of intertidal sediments, as
previously reported by Sigmund et al.*.

Antibacterial activity screening of distinct isolates demonstrated that more than two-thirds of the isolated
Actinobacteria produce antibacterial metabolites that are readily accessible for further bioprospection to novel
leads. The bioactivity was found to be either narrow against Gram-negative or Gram-positive bacteria, or broad
against both types. The secondary metabolites analysis of three antibacterial strains led to the detection several
putative novel compounds and some known compounds. Notably strains JJ23 and JJ42 were found to produce
more number of putative compounds. It suggests that the compounds responsible for antibacterial activity of
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these strains are novel and they could find biotechnological importance. Detection of previously reported anti-
bacterial compounds in strain JJ21 correlates with their antibacterial activity.

Cytoscape visualization of correlation between the prevalence of antibacterial activity and biosynthetic genes
(PKS-II and NRPS) revealed that the prevalence of biosynthetic systems is high among the isolated strains when
compared to the antibacterial activity which is relatively low. The prevalence of PKS-II and NRPS systems sug-
gests that these strains possess the genetic capacity to produce some secondary metabolites if cultivated under
alternative conditions that have an impact on secondary metabolite production®” 8. The strains could also be
exploited through the genome-guided route of bioprospection®>%. Collectively, these data demonstrate that all
the distinct Actinobacteria isolated in this study from intertidal sediment have the potential to produce secondary
metabolites.

The LC-MS-Q-TOF analysis of EtOAc extracts of three potential strains JJ21, JJ23 and JJ42 revealed that
these strains produce several known as well as putatively novel compounds under normal laboratory conditions.
Subsequently, two antibacterial compounds were purified and partially confirmed as octalactin-like compounds
based on'H NMR spectra. To our knowledge, there is no previous report of antibacterial activities associated
with octalactins. Our present study indicates that the purified octalactin-like compounds have inhibitory activ-
ity against vancomycin-resistant Enterococcus. Further work is in progress for complete characterization and
validation.

In summary, this study is the first comprehensive investigation into the cultivable biodiversity and bio-
synthetic potential of Actinobacteria from previously unreported Diu intertidal sediments. The relatively
small number of intertidal sediments that we sampled from Diu Island in the Arabian Sea harbours a signif-
icant variety of actinobacterial genera such as Streptomyces, Micromonospora, Saccharomonospora, Nocardia,
Nocardiopsis, Actinomadura, and Glycomyces, many of which merit novel species. Considering that these dif-
ferent Actinobacteria provide opportunities to explore their biosynthetic potential which could be subsequently
exploited for the discovery of novel natural products, their NRPS and PKS-II were fingerprinted. Ultimately, it is
clear that intertidal sediments are a rich source of diverse cultivable Actinobacteria with high biosynthetic poten-
tial in their genomes. Further studies are underway to discover promising natural products that may have value
in research and drug discovery programmes.

Methods

Sediment collection. A total of 18 marine sediment samples were collected from three inter-tidal locations
along the coast of the Diu, Gujarat (Fig. 1), in November 2015. The collected samples were transported intact at
ambient temperature to the laboratory and immediately processed for isolation of Actinobacteria.

Selective isolation. All the composite sediment samples were dried in a laminar flow hood for 16 h prior
to the selective isolation of Actinobacteria. Once dried, the samples were ground and inoculated using the plate
stamping technique® on 8 different isolation media (M1 to M8); the compositions of these media are given in
Table S4 in the supplemental material. All the isolation media were amended with cyclohexamide (100 pg/mL)
and nalidixic acid (50 pg/mL) to reduce fungal and fast growing bacteria, while select for Actinobacteria. The
inoculated plates were incubated at 28 °C and regularly observed up to 12 weeks for appearance of actinobacte-
rial colonies. Colonies were purified on the same media, and purified isolates preserved at —80°C in 15% (v/v)
glycerol.

The pure isolates were primarily grouped based on the presence or absence of aerial mycelium. Within these
categories, strains were further grouped according to colony morphology, colour, and diftusible pigment produc-
tion. Representatives as well as some duplicates from each group were selected for 16S rRNA gene sequencing
and phylogenetic analysis

16S rRNA gene amplification and sequencing.  The selected strains were cultured in 20 mL of medium
M1 and shaken at 180 rpm and 28 °C for 3 to 7 days. Cells were harvested by centrifugation and genomic DNA
extracted with FastDNA SPIN Kit (MP Biomedicals, USA) using the manufacturer’s protocol. The 16S rRNA
gene was amplified using 10 pM of universal primers 27 f (5~ AGAGTTTGATCCTGGCTCAG-3' and 1492r
(5-GGTTACCTTGTTACGACTT-3'), in 50 pL reaction mixture contained 1X reaction Buffer (Sigma, USA),
200 uM of dNTPs, each primer, 5 to 25 ng of genomic DNA and 0.05 U of Taq DNA polymerase enzyme (Sigma,
USA). The thermo-cycling was started with an initial denaturalization at 94 °C for 8 min followed by 31 cycles at
94°C for 1 min, 58 °C forl min and 72 °C for 1.5 min, followed by a final extension at 72 °C for 5 min. The PCR
products were purified and sequenced with the same primers, using an ABI 3730XL sequencer. The 16S rRNA
gene sequences were deposited in GenBank under the accession numbers, KX352755 to KX352820.

Operational taxonomic units (OTUs). The resultant forward and reverse electropherograms were
checked manually, edited and assembled using the Chromas Lite (http://chromas-lite.software.informer.com/)
and EMBOSS merger (http://www.bioinformatics.nl/cgi-bin/emboss/merger) online tools. The assembled contigs
of about 1,300 nucleotides were aligned using RDP online aligner®! and grouped into operational taxonomic units
(OTUs) using the online tool Clusterer (http://www.bugaco.com/mioritic/) based on 98, 99 and 100% sequence
identity. Each singleton and cluster was numbered as an OTU.

Phylogenetic analysis. Phylogenetic trees were constructed based on the quality checked 16S
rRNA gene sequences of the isolates and a set of related reference sequences, with neighbor-joining® and
maximum-likelihood methods®® in MEGA 5.0 package®. The confidence of the tree topologies was assessed by
1,000 bootstrap replicates.
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Screening for antibacterial activity. Actinobacterial isolates were screened for antibacterial activity
against panel of bacteria (Table S2) by agar-plug method. In agar plug method, the isolates were initially inocu-
lated over M1 agar media (Table S4) in Petri dishes and incubated at 28 °C for 7 to 12 days. After the incubation,
agar plugs of 6 mm in diameter were cut from the actinobacterial plates, and plugged into the wells bored (diame-
ter of 6 mm) in Mueller Hinton (MH) agar plates seeded with test bacteria. The MH plates were incubated at 37°C
for 24 hours and observed for zone of inhibition around the inserted agar plugs.

PCR amplification of PKS-Il and NRPS fragments. Ketosynthase alpha domain of polyketide synthase
type IT (PKS-II) was amplified from genomic DNA of the representative isolates, using the degenerative primers
set, PKS-F (5'-GGC AAC GCC TAC CAC ATG CAN GGN YT-3’) and PKS-R (5'-GGT CCG CGG GAC GTA
RTC NAR RTC-3")*. Similarity, adenylation domain of NRPS system was targeted using the degenerate primers
set, NRPSF 5'- CGC GCG CAT GTA CTG GACNGG NGA YYT -3’ and NRPSR (5'- GGA GTG GCC GCC CAR
NYB RAA RAA -3")%. Reaction mixture contained 200 uM of each dANTP, 0.5% DMSO (v/v), 1 mM of degener-
ate primers, 25 ng of genomic DNA and 0.5 units of Taq polymerase (Sigma-Aldrich, USA) in 50 uL of 1X PCR
buffer. The PCR was performed in a BioRad T100 Thermal cycler (BioRad, USA), with the thermal cycling started
with initial denaturation at 95 °C for 5 min, followed by a 30 cycles of denaturation at 95 °C for 30 Sec; annealing
at either 61 °C (PKS-II) or 63 °C (NRPS) for 45 Sec and extension at 72 °C for 90 Sec, and a final extension at 72 °C
for 10 min. Streptomyces kanamyceticus MTCC 324 and Micromonospora echinospora MTCC 930 were used as the
positive controls with each set of reactions, while a negative control lacks template. All PCR products were elec-
trophoresed along with GeneRuler DNA Ladder Mix (Fermentas, USA) on 1% agarose gel (w/v) in TBE buffer.
The expected size of PCR amplicons was 350 bp and 480 bp for PKS-II and NRPS, respectively.

Amplified fragment restriction and data analysis.  All correctly sized PCR products were subjected to
restriction profiling to detect polymorphism of PKS-II and NRPS harboured by the isolated Actinobacteria. The
amplified PKS-II and NRPS fragments were independently digested by Alul and Haelll (New England Biolabs,
Inc.), following the protocol suggested by manufacturer. Digested fragments were separated on 10% of poly-
acrylamide gel (w/v) and visualized using ethidium-bromide. The bands whose area percentage higher than 5%
of the whole lane area was scored and binary data were generated. Subsequently, the binary data processed to dis-
tance matrix and dendograms were drawn using unweighted pairgroup arithmetic mean algorithm® (UPGMA)
by NTSYSpc v.2.

Cloning and sequencing of the amplified KS and NRPS fragments. The amplified PKS-II and
NRPS fragments (PCR products) were purified using the High Pure PCR product purification kit (Roche
Molecular, Basel, Switzerland), following the manufacturer’s protocols. The purified PCR products were cloned
using pGEM-T Easy Vector System I (Promega) with DH5a E.coli cells, according to manufactorer’s protocols.
Transformed clones were cultured in 3 mL Luria-Bertani broth with ampicillin to a final concentration of 100 pg/
mL. Plasmids DNA was isolated using Pure-Link Quick Plasmid Miniprep Kit (Invitogen, Life Technologies),
following the manufacturer’s protocols. PKS-II and NRPS inserts were sequenced using the M13F primer. Vector
contaminations were removed from the resulting sequence using VecScreen online-tool (https://www.ncbi.nlm.
nih.gov/tools/vecscreen/). The PKS-II and NRPS sequences were deposited in GenBank under the accession
numbers, MF443243 to MF443247 and MF443237 to MF443242, respectively.

Homology search and phylogenetic analysis. The obtained PKS-II and NRPS fragment sequences
were analysed against public databases using Blastx online tool (http://www.ncbi.nlm.nih.gov/BLAST/). ORFs
in the contigs were identified using ORF finder (https://www.ncbi.nlm.nih.gov/orffinder/). The deduced
amino acid sequences were aligned with 29 reference sequences and a phylogenetic tree was constructed using
neighbour-joining method in MEGAS. The representative PKS-II sequences have been described in earlier
studies®.

Fermentation and secondary metabolites analysis. Frozen stock of selected strains was inoculated
into 250 mL Erlenmeyer flasks containing 50 mL M1 broth prepared with 70% seawater (v/v). These starter cul-
tures were incubated at 28 °C on a rotary shaker (180 rpm) for 5 days. An 8 mL aliquot of the starter cultures was
then transferred to 2L Erlenmeyer flask containing 800 mL of same media, and incubated at 28 °C on a rotary
shaker with 180 rpm for 10 days. Spent broth was harvested by centrifugation, and extracted with equal volume of
ethyl acetate (EtOAc). The organic layer was separated and concentrated to dryness in a vacuum and suspended
in 1.5 mL methanol. Ten microliters of extract were subjected to chromatographic separation over SUPELCO
516 C-18 column (5um, 250mm X 4.6 mm) on an Alliance Separations Module (Alliance 2690, Waters).The
mobile phase consisted of water containing 0.1% formic acid (A) and methanol (B). The gradient condition was
as follows: 0 to 10% B at 0.5 min, 40% B at 40 min, 55% B at 7 min, 80% B at 15min, 100% B at 22 min and
hold up to 30 min, and finally 0% B at 42 min. Column eluent was analyzed using a Micromass Q-TOF Mass
Spectrometer (Micromass 2487, Waters) equipped with an electrospray ionization (ESI) source in negative ion
mode. Instrument parameters were set as follows: capillary voltage, 2.5kV; sample cone voltage, 25 V; source tem-
perature, 110°C; desolvation temperature, 200 °C; nitrogen as the collision gas. Data acquisition and processing
were done by Mass Lynx Software version 4.1 (Waters, USA). The compounds were identified by the comparison
of molecular weights, mass features and retention times with published chemical data from standard databases
(Dictionary of Natural Products, version 29.2; SciFinder, 2017) and literature.

Purification and characterization of bioactive compounds. The EtOAc extract of Streptomyces sp.
JJ21 culture broth was partitioned on a preparative HPLC (LC-20AP, SPD-M20A, FRC-10A; SHIMADZU) using
an Enable C18 column (250 x 20 mm, 10 pm; Sigma) with a gradient solvent system (10% to 100% MeOH in H,O
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over 64 min; flow rate, 9.45 ml/min). A total of 32 fractions with different retention time were collected and tested
for antibacterial activity by disc diffusion method (data not shown), against vancomycin-resistant Enterococcus
species. Active fractions were concentrated under reduced pressure at room temperature and used for structural
characterization. The'H NMR spectra at 600 MHz were recorded in CDCl, using a JOEL 600 spectrometer (JOEL,
USA). Chemical shifts were referenced relative to an internal standard (TMS, 6H: 0.00 ppm).

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.
36.

37.

38.

39.

40.

Khan, S. N. & Khan, A. U. Breaking the spell: Combating multidrug resistant ‘Superbugs’ Front. Microbiol. 7, 174, doi:10.3389/
fmicb.2016.00174 (2016).

. Spizek, J., Novotna, J., Rezanka, T. & Demain, A. L. Do we need new antibiotics? The search for new targets and new compounds. J.

Ind. Microbiol. Biotechnol. 37, 1241-1248 (2010).

. Cully, M. Nosing around for new antibiotics. Nat. Rev. Drug Discov. 15, 604, doi:10.1038/nrd.2016.170 (2016).
. Challinor, V. L. & Bode, H. B. Bioactive natural products from novel microbial sources. Ann. N. Y. Acad. Sci. 1354, 82-97 (2015).
. Wright, G. D. Something old, something new: revisiting natural products in antibiotic drug discovery. Can. J. Microbiol. 60, 147-154

(2014).

. Katz, L. & Baltz, R. H. Natural product discovery: past, present, and future. J. Ind. Microbiol. Biotechnol. 43, 155-176 (2016).
. Jose, P. A. & Jha, B. New Dimensions of Research on Actinomycetes: Quest for Next Generation Antibiotics. Front. Microbiol. 7,

1295, doi:10.3389/fmicb.2016.01295 (2016).

. Brown, E. D. & Wright, G. D. Antibacterial drug discovery in the resistance era. Nature 529, 336-343 (2016).

. Mohimani et al. Dereplication of peptidic natural products through database search of mass spectra. Nat. Chem. Biol. doi:10.1038/
nchembio.2219 (2016)
Abdelmohsen et al. Elicitation of secondary metabolism in actinomycetes. Biotechnol. Adv. 33,798-811 (2015).

Jose, P. A. & Jebakumar, S. R. D. Non-streptomycete actinomycetes nourish the current microbial antibiotic drug discovery. Front.
Microbiol. 4, 240, doi:10.3389/fmicb.2013.00240 (2013).

Jiang, C. & Xu, L. Diversity of aquatic actinomycetes in lakes of the middle plateau, yunnan, china. Appl. Environ. Microbiol. 62,
249-53 (1996).

Ghanem, N. B,, Sabry, S. A., El-Sherif, Z. M. & Abu El-Ela, G. A. Isolation and enumeration of marine actinomycetes from seawater
and sediments in Alexandria. J. Gen. Appl. Microbiol. 46, 105-111 (2000).

Guo et al. Red soils harbor diverse culturable actinomycetes that are promising sources of novel secondary metabolites. Appl.
Environ. Microbiol. 81, 3086-3103 (2015).

Zhao et al. Biogeography and adaptive evolution of Streptomyces strains from saline environments. Sci. Rep. 6, 32718, doi:10.1038/
srep32718 (2016).

Doroghazi et al. A roadmap for natural product discovery based on large-scale genomics and metabolomics. Nat. Chem. Biol. 10,
963-968 (2014).

Rutledge, P. J. & Challis, G. L. Discovery of microbial natural products by activation of silent biosynthetic gene clusters. Nat. Rev.
Microbiol. 13, 509-523 (2015).

Ziemert, N., Alanjary, M. & Weber, T. The evolution of genome mining in microbes - a review. Nat. Prod. Rep. 33, 988-1005 (2016).
Milshteyn, A., Schneider, J. S. & Brady, S. F. Mining the metabiome: identifying novel natural products from microbial communities.
Chem. Biol. 21, 1211-1223 (2014).

Bull, A. T. & Stach, J. E. M. Marine actinobacteria: new opportunities for natural product search and discovery. Trends Microbiol. 15,
491-499 (2007).

Subramani, R. & Aalbersberg, W. Marine actinomycetes: An ongoing source of novel bioactive metabolites. Microbiol. Res. 167,
571-580 (2012).

Manivasagan, P., Venkatesan, J., Sivakumar, K. & Kim, S.-K. Pharmaceutically active secondary metabolites of marine actinobacteria.
Microbiol. Res. 169, 262-278 (2014).

Claverias, F. P., Undabarrena, A., Gonzalez, M., Seeger, M. & Cdmara, B. Culturable diversity and antimicrobial activity of
Actinobacteria from marine sediments in Valparaiso bay, Chile. Front. Microbiol. 6,737, doi:10.3389/fmicb.2015.00737 (2015).

De Carvalho, C. & Fernandes, P. Production of metabolites as bacterial responses to the marine environment. Mar. Drugs 8, 705-727
(2010).

Abdelmohsen et al. Actinomycetes from Red Sea sponges: sources for chemical and phylogenetic diversity. Mar. Drugs 12,
2771-2789 (2014a).

Patin, N. V., Duncan, K. R, Dorrestein, P. C. & Jensen, P. R. Competitive strategies differentiate closely related species of marine
actinobacteria. ISME J. 10, 478-490 (2016).

Abdelmohsen, U. R., Bayer, K. & Hentschel, U. Diversity, abundance and natural products of marine sponge-associated
actinomycetes. Nat. Prod. Rep. 31, 381-399 (2014b).

Wagner et al. Dermacozines H-J isolated from a deep-sea strain of Dermacoccus abyssi from Mariana Trench sediments. J. Nat. Prod.
77,416-420 (2014).

Mincer, T. J., Jensen, P. R., Kauffman, C. A. & Fenical, W. Widespread and persistent populations of a major new marine actinomycete
taxon in ocean sediments. Appl. Environ. Microbiol. 68, 5005-5011 (2002).

Asolkar, R. N., Jensen, P. R., Kauffman, C. A. & Fenical, W. Daryamides A-C, weakly cytotoxic polyketides from a marine-derived
actinomycete of the genus Streptomyces strain CNQ-085. J. Nat. Prod. 69, 1756-1759 (2006).

Lam, K. S. Discovery of novel metabolites from marine actinomycetes. Curr. Opin. Microbiol. 9, 245-251 (2006).

Jensen, P. R., Williams, P. G., Oh, D. C., Zeigler, L. & Fenical, W. Species-specific secondary metabolite production in marine
actinomycetes of the genus Salinispora. Appl. Environ. Microbiol. 73, 1146-1152 (2007).

Prudhomme et al. Marine actinomycetes: a new source of compounds against the human malaria parasite. PLoS One 3, 2335,
doi:10.1371/journal.pone.0002335 (2008).

Olano, C., Méndez, C. & Salas, J. A. Antitumor compounds from actinomycetes: from gene clusters to new derivatives by
combinatorial biosynthesis. Nat. Prod. Rep. 26, 628-660 (2009).

Rahman et al. Novel anti-Infective compounds from marine Bacteria. Mar. Drugs 8, 498-518 (2010).

Tambadou et al. Novel nonribosomal peptide synthetase (NRPS) genes sequenced from intertidal mudflat bacteria. FEMS Microbiol.
Lett. 357, 123-130 (2014).

Sessitsch, A., Reiter, B., Pfeifer, U. & Wilhelm, E. Cultivation-independent population analysis of bacterial endophytes in three
potato varieties based on eubacterial and Actinomycetes-specific PCR of 16S rRNA genes. FEMS Microbiol. Ecol. 39, 23-32 (2002).
Komaki, H. & Harayama, S. Sequence diversity of type-II polyketide synthase genes in Streptomyces. Actinomycetologica 20, 42-48
(2006).

Tapiolas, D. M., Roman, M. & Fenicall, W. Octalactins A and B: Cytotoxic eight-membered-ring Lactones from a marine bacterium,
Streptomyces sp. . Am. Chem. Soc. 113, 4682-4683 (1991).

Kokare, C. R., Mahadik, K. R. & Kadam, S. S. Isolation of bioactive marine actinomycetes from sediments isolated from Goa and
Maharashtra coastlines (west coast of India). Indian J. Mar. Sci. 33, 248-256 (2004).

SCIENTIFICREPORTS |7: 10041 | DOI:10.1038/s41598-017-09672-6 14


http://dx.doi.org/10.3389/fmicb.2016.00174
http://dx.doi.org/10.3389/fmicb.2016.00174
http://dx.doi.org/10.1038/nrd.2016.170
http://dx.doi.org/10.3389/fmicb.2016.01295
http://dx.doi.org/10.1038/nchembio.2219
http://dx.doi.org/10.1038/nchembio.2219
http://dx.doi.org/10.3389/fmicb.2013.00240
http://dx.doi.org/10.1038/srep32718
http://dx.doi.org/10.1038/srep32718
http://dx.doi.org/10.3389/fmicb.2015.00737
http://dx.doi.org/10.1371/journal.pone.0002335

www.nature.com/scientificreports/

41. Ballav, S., Kerkar, S., Thomas, S. & Augustine, N. Halophilic and halotolerant actinomycetes from a marine saltern of Goa, India
producing anti-bacterial metabolites. J. Biosci. Bioeng. 119, 323-330 (2015).

42. Fenical, W. & Jensen, P. R. Developing a new resource for drug discovery: marine actinomycete bacteria. Nat. Chem. Biol. 2, 666-73
(2006).

43. Kurtboke, D. I. Biodiscovery from rare actinomycetes: an eco-taxonomical perspective. Appl. Microbiol. Biotechnol. 93, 1843-52
(2012).

44. Hamada, M., Shibata, C., Tamura, T. & Suzuki, K. Agromyces marinus sp. nov., a novel actinobacterium isolated from sea sediment.
J. Antibiot (Tokyo). 67, 703-706 (2014).

45. Parrot et al. Littoral lichens as a novel source of potentially bioactive Actinobacteria. 5, 15839; doi:10.1038/srep15839 (2015).

46. Tiwari, K., Raj, V. S., Upadhyay, D. J. & Gupta, R. K. In vitro activity of bioactive extracts from rare actinomycetes against multi-drug
resistant Streptococcus pneumoniae. J. Appl. Microbiol. 118, 1306-1420 (2015).

47. Stach et al. Statistical approaches for estimating actinobacterial diversity in marine sediments. Appl. Environ. Microbiol. 69,
6189-6200 (2003).

48. Becerril-Espinosa, A., Freel, K. C., Jensen, P. R. & Soria-Mercado, I. E. Marine Actinobacteria from the Gulf of California: diversity,
abundance and secondary metabolite biosynthetic potential. Antonie Van Leeuwenhoek 103, 809-819 (2013).

49. Gohain et al. Antimicrobial biosynthetic potential and genetic diversity of endophytic actinomycetes associated with medicinal
plants. FEMS Microbiol. Lett. 362, fnv158, doi:10.1093/femsle/fnv158 (2015).

50. Undabarrena et al. Exploring the Diversity and antimicrobial potential of marine Actinobacteria from the Comau Fjord in Northern
Patagonia, Chile. Front. Microbiol. 7, 1135, doi:10.3389/fmicb.2016.01135 (2016).

51. Fischbach, M. A. & Walsh, C. T. Assembly-line enzymology for polyketide and nonribosomal Peptide antibiotics: logic, machinery,
and mechanisms. Chem. Rev. 106, 3468-96 (2006).

52. Dutta et al. Structure of a modular polyketide synthase. Nature 510, 512-517 (2014).

53. Ayuso et al. A novel strain de-replication approach based on PKS and NRPS biosynthetic pathway diversity in actinomycetes. Appl.
Microbiol. Biotechnol. 67, 795-806 (2005).

54. Gonzalez, I, Ayuso-Sacido, A., Anderson, A. & Genilloud, O. Actinomycetes isolated from lichens: evaluation of their diversity and
detection of biosynthetic gene sequences. FEMS Microbiol. Ecol. 54, 401-415 (2005).

55. Metsa-Keteld et al. Molecular evolution of aromatic polyketides and comparative sequence analysis of polyketide ketosynthase and
16S ribosomal DNA genes from various Streptomyces species. Appl. Environ. Microbiol. 68, 4472-4479 (2002).

56. Sigmund, J. M., Clark, D. J., Rainey, F. A. & Anderson, A. S. Detection of eubacterial 3-hydroxy-3-methylglutaryl coenzyme A
reductases from natural populations of actinomycetes. Microb. Ecol. 46, 106-112 (2003).

57. Zhang et al. Heronamides D-F, polyketide macrolactams from the deep-sea-derived Streptomyces sp. SCSIO 03032. J. Nat. Prod. 77,
388-912 (2014).

58. Kim, H. U,, Charusanti, P, Lee, S. Y. & Weber, T. Metabolic engineering with systems biology tools to optimize production of
prokaryotic secondary metabolites. Nat. Prod. Rep. 33, 933-941 (2016).

59. Huang et al. Genome-guided Investigation of antibiotic substances produced by Allosalinactinospora lopnorensis CA15-2" from Lop
Nor region, China. Sci. Rep. 6, 20667, doi:10.1038/srep20667 (2016).

60. Johnston ef al. An automated Genomes-to-Natural Products platform (GNP) for the discovery of modular natural products. Nat.
Comm. 6, 8421, d0i:10.1038/ncomms9421 (2015).

61. Cole et al. The Ribosomal Database Nucleic Acids Res. 37(Database issue), D141-D145 (2009).

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

63. Felsenstein, J. Evolutionary trees from DNA sequences: a maximum likelihood approach. J. Mol. Evol. 17, 368-376 (1981).

64. Tamura et al. MEGA5: molecular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and maximum
parsimony methods. Mol. Biol. Evol. 28,2731-2739 (2011).

65. Amos et al. Designing and implementing an assay for the detection of rare and divergent NRPS and PKS clones in European,
Antarctic and Cuban soils. PLoS ONE 10, 0138327, doi:10.1371/journal.pone.0138327 (2015).

66. Nei, M. & Li, W. H. Mathematical model for studying genetic variation in terms of restriction endonucleases. PNAS 76, 5269-5273
(1979).

Acknowledgements

CSIR-CSMCRI Communication No.: 183/2016. PAJ gratefully acknowledges the Council of Scientific and
Industrial Research (CSIR), Government of India for the funding through CSIR-Nehru Postdoctoral Research
Fellowship (HRDG/CSIR-Nehru PDF LS/EMR-1/01/2015). The Ministry of Environmental Sciences (MoES),
Government of India is acknowledged for the research grant (No. MoES/16/06/2013-RDEAS). Authors also
thank R. Arunachalam, IMCD, CSIR-CSMCRI for assistance in interpretation of NMR data.

Author Contributions
The work was conceived and designed by P.A.J. and B.]. Experiments and data analysis were performed by P.A.J.
The manuscript was written by PA.J and B.].

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-09672-6

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 10041 | DOI:10.1038/s41598-017-09672-6 15


http://dx.doi.org/10.1038/srep15839
http://dx.doi.org/10.1093/femsle/fnv158
http://dx.doi.org/10.3389/fmicb.2016.01135
http://dx.doi.org/10.1038/srep20667
http://dx.doi.org/10.1038/ncomms9421
http://dx.doi.org/10.1371/journal.pone.0138327
http://dx.doi.org/10.1038/s41598-017-09672-6
http://creativecommons.org/licenses/by/4.0/

	Intertidal marine sediment harbours Actinobacteria with promising bioactive and biosynthetic potential

	Results

	Actinobacterial isolates. 
	Diversity and taxonomic profile. 
	Screening for biosynthetic potential. 
	Screening for antibacterial activity. 
	Amplified fragment restriction analysis. 
	Analysis of biosynthetic gene sequences. 
	Fermentation and secondary metabolites analysis. 

	Discussion

	Methods

	Sediment collection. 
	Selective isolation. 
	16S rRNA gene amplification and sequencing. 
	Operational taxonomic units (OTUs). 
	Phylogenetic analysis. 
	Screening for antibacterial activity. 
	PCR amplification of PKS-II and NRPS fragments. 
	Amplified fragment restriction and data analysis. 
	Cloning and sequencing of the amplified KS and NRPS fragments. 
	Homology search and phylogenetic analysis. 
	Fermentation and secondary metabolites analysis. 
	Purification and characterization of bioactive compounds. 

	Acknowledgements

	Figure 1 Sampling site map.
	Figure 2 Maximum-likelihood (ML) phylogenetic tree of the Streptomyces based on 16S rRNA gene sequences of representative isolates of this study and nearest type strains.
	Figure 3 Maximum-likelihood phylogenetic tree of the Micromonospora, Nocardiopsis, Saccharomonospora, Actinomadura, Glycomyces, and Nocardia based on 16S rRNA gene sequences of representative isolates and nearest type strains.
	Figure 4 Doughnut chart summarising the proposition of NRPS and PKS-II positive isolates among the distinct actinobacterial isolates affiliated to different genus.
	Figure 5 Bar chart summarising percentage of active actinobacterial isolates against different test strains (clinical isolates marked with ‘*’).
	Figure 6 Correlation of antibacterial activity and occurrence of NRPS and PKS-II systems visualized by cytoscape network image.
	Figure 7 Diversity of NRPS studied by amplified fragment restriction fingerprinting method.
	Figure 8 Diversity of PKS-II studied by amplified fragment restriction fingerprinting method.
	Figure 9 Neighbor-joining tree of PKS-II amino acid sequences of five strains (shown in bold) with reference sequences.
	Table 1 Summary of putative novel and known compound detected by LC-MS-Q-TOF based secondary metabolites analysis performed in three isolates.




