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Abstract
Streptomyces sp. HSG2, was isolated from rhizosphere soil of mangrove forest sampled at Qingmei
Gang, Sanya. The complete genome sequence of the strain HSG2 was obtained using PacBio Sequel
HGAP.4 and comprised of 5,282,528 base pairs with a 71.9 mol% G + C content, 4504 protein-coding
genes, 71 RNAs. In silico analysis con�rmed the genes associated with polysaccharide hydrolyzation,
hydrocarbon degradation and aerobic denitrification. 24 natural product biosynthesis gene clusters for
secondary metabolites were identi�ed as well, including those for Streptobactin and Nystatin A1. The
complete genome sequence indicated that Streptomyces sp. HSG2 will provide insight into the
biosynthesis and regulatory mechanisms for the secondary metabolites, and propose potential use in
biotechnological and novel bioactive natural product biosynthesis applications.

Introduction
The genus Streptomyces was proposed by Waksman & Henrici (Waksman and Henrici 1943) to
accommodate aerobic, spore-forming actinomycetes, which having almost 700 taxonomically validated
species (www.bacterio.net/streptomyces.html) and being the largest genus in the phylum Actinobacteria.
Members of the phylum Actinobacteria have been one of the major origins of bioactive natural products,
owing to their capability to produce plentiful secondary metabolites comprising diverse chemical
structures and biological activities (Lee et al. 2014). In particular, the genus Streptomyces has been
recognized for their ability to produce a wide range of bioactive compounds with antiviral, antifungal,
antiparasitic, antitumoral and immunosuppressant activity (Jones and Elliot 2017). Because of the
bene�cial properties of Streptomyces, people are sticking in exploring these living beings in different
habitats such as marine, terrestrial, desert, plant tissues and extreme environments (Cheng et al. 2015). In
recent years, people are increasing interest in the isolate of new Streptomyces strains from under-explored
zones such as the mangrove environment and hope extract new and bene�cial compounds from these
novel species. For example, Streptomyces malaysiense MUSC 136T with antioxidative activity and
cytotoxic potential against human cancer cell lines (Ser et al. 2016a). A novel mangrove soil
actinobacterium Streptomyces antioxidans MUSC 164T (Ser et al. 2016b) with antioxidative and
neuroprotective potential, has been isolated from a mangrove soil. Indeed, it is known that mangrove
forest is mostly located in the intertidal area of tropical and subtropical coastal regions (Ser et al. 2015)
and nurtures a variety of terrestrial, freshwater, and marine organisms. Therefore, the unique environment
of mangroves leads to vastly rich in nutrient and organic matter resulting from countless microbial
enzymatic and metabolic activities (Mangamuri et al. 2012).

In this study, we report the complete genome sequence of Streptomyces sp. HSG2, which was isolated
from rhizosphere soil of mangrove forest sampled at Qingmei Gang, Sanya. Using the genome
sequencing, 24 putative secondary metabolite biosynthetic gene clusters required for the biosynthesis of
several natural products were predicted in the genome of HSG2. Besides, we founded some genes
associated with aerobic denitri�cation, hydrocarbon degradation and polysaccharide hydrolyzation, as
well as several other genes involved in the degradation of xenobiotic substances. To the best of our
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knowledge, this is the �rst report on the bioactive properties of Streptomyces from mangrove
environments in Qingmei Gang, Sanya. Thus, the complete genome sequence of HSG2 will as an
intriguing case to provide insight into the biosynthesis and regulatory mechanisms for the secondary
metabolites, and propose potential use in biotechnological and natural product biosynthesis applications.

Materials And Methods
Bacterial strain and genomic DNA extraction

The strain of HSG2 was isolated from rhizosphere soil of mangrove forest sampled at Qingmei Gang,
Sanya (18.23° S, 109.63° E) and spread on isolation medium (10 g glucose, 5 g peptone, 5 g yeast extract,
0.2 g MgSO4 ·7H2O, 10 g NaHCO3, 27 g Na2CO3 ·10H2O, 20 g agar; 1 litre natural seawater, pH 10) and
incubated at 28℃ for three weeks. The individual bacterial colony was picked and continuously streaked
on plates with marine agar 2216 (MA; Becton Dickinson) to procure pure cultures. They were then stored
at -80℃ as glycerol suspension [15% (v/v) with 0.5% (w/v) trehalose]. Genomic DNA was extracted using
an EasyPure Bacteria Genomic DNA Kit (TransGen Biotech, Beijing, China) according to the
manufacturer's instructions.

Genome sequencing and annotation

The genome of strain HSG2 was then sequenced by Tianjin Biochip Corporation (Tianjin, China) using
the PacBio Sequel system (Paci�c Biosciences, Menlo Park, CA, USA). The mean depth of genome
coverage was 639-fold. De novo genome assembly was carried out following a hierarchical genome
assembly process (HGAP) (Chin et al. 2013) using HGAP.4 (SMRT Link V6.0.0.47841; Paci�c
Biosciences), to form a single contig with no gaps. The bacterial proteome was predicted using a protein
Basic Alignment Search Tool-based comparison against the Clusters of Orthologous Groups database.
Analysis and comparison of the functional annotation were performed using the Kyoto Encyclopedia of
Genes and Genomes automatic annotation server. RNAmmer (Lagesen et al. 2007) and tRNAScanSE
(Lowe and Chan 2016) were used to identify ribosomal RNA (rRNA) genes and transfer RNA (tRNA)
genes, respectively. Clustered regularly interspaced short palindromic repeats (CRISPR) elements were
identi�ed by CRISPRCasFinde (Couvin et al. 2018). Genomic islands were determined with the web tool
IslandViewer using two independent methods Islander and IslandPath-DIMOB (Bertelli et al. 2017). The
presence of secondary metabolite gene clusters was examined by antiSMASH 5.0 platform (Blin et al.
2019).

Phylogenetic analysis

The near-complete 16S rRNA gene sequences were obtained with two universal primers 27F (5’-
AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’- GGTTACCTTGTTACGACTT-3’) for Sanger sequencing.
The sequences of the 16S rRNA genes were compiled with Contig Express software and uploaded to
EzBioCloud (www.ezbiocloud.net/) to achieve the gene sequence similarity values with the reference
species which have valid published names. For 16S rRNA gene phylogenetic analysis, the type strains of
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closely related species were included in the alignments. All sequence alignments were carried out using
MEGA 7 software (Kumar et al. 2016). Phylogenetic trees were reconstructed with the Neighbor-Joining
(Saitou and Nei 1987) and bootstrap values based on 1000 replications. To further investigate the
taxonomic rank of strain HSG2, ninety-two bacterial core genes based on the up-to-date bacterial core
gene (UBCG) tool (https://www.ezbiocloud.net/tools/ubcg) were used for phylogenomic tree
reconstruction using default parameters (Na et al. 2018). The selection of the representative genes was
based on 1429 complete genome sequences, covering 28 phyla and providing a set of genes present in
the majority of the genomes or highly conserved single copy genes.

Nucleotide sequence accession number

The complete genome sequence of strain HSG2 has been deposited in the GenBank database under the
accession number CP066801. The strain is available from the Marine Culture Collection of China under
the accession number MCCC 1A06678.

Results And Discussion
The complete 16S rRNA gene sequence con�rmed that strain HSG2 belonged to the genus Streptomyces,
with 98.0% nucleotide sequence identity to the closest type strain, Streptomyces hyderabadensis OU-40T

(Reddy et al. 2011). Neighbor-joining tree (Fig. S1) based on 16S rRNA gene sequences and
phylogenomic tree (Fig. 1) based on the 92 bacterial highly conserved single-copy genes using the UBCG
tool obviously indicated strain HSG2 constituted a separated branch in the clade of the genus
Streptomyces. Therefore, we propose that strain HSG2 is a novel member of the genus Streptomyces.

The genome characteristics of strain HSG2 are presented in Table 1. The complete genome of HSG2
contains a circular chromosome of 5,282,528 bp with an average G + C content of 71.9 mol%, which is
consisted of 4504 protein-coding genes, 63 tRNA genes, 18 rRNA operons. Seven CRISPRs and thirty
genomic islands are identi�ed in the genome (Table S1 and Table S2). A circular map of the genome was
generated in GCView (Stothard and Wishart 2005) (Fig. 2).
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Table 1
General genome features of Streptomyces sp.

HSG2
Feature Value

Genome size (bp)

N50 Contig Length

GC content (%)

Total genes

Protein coding genes

CDS region ratio (%)

CRISPRs

Genomic islands

tRNA genes

rRNA genes

BioProject

BioSample

GenBank accession no.

5,282,528

5,277,571

71.9

4585

4504

85.9

7

30

63

18

PRJNA685641

SAMN17088907

CP066801

The genome of strain HSG2 contains genes encoding multiple enzymes that could be applied in
biodegradation processes, including amylase, protease, lipase, phospholipase and glycosyl hydrolase
(Table S3). In addition, the genome of strain HSG2 contains genes encoding a partial denitri�cation
pathway (nirABDJK). Genes encoding four hydrocarbon degradation-associated proteins and other
xenobiotic degradation-associated proteins were also recognized. Therefore, the genome mining
analysed in this study proposes that strain HGS2 has functional potential in biodegradation applications
and provides a frame to better learn biodegradation mechanisms and processes.

The presence of secondary metabolite gene clusters was examined by antiSMASH 5.0 platform (Blin et
al. 2019). We found 24 putative biosynthetic gene clusters, which were predicted to be related to the
biosynthesis of different types of secondary metabolites, including four non-ribosomal peptides, four
terpenes, three polyketides, three ectoines, one indole, one ladderane, one oligosaccharide, one
bacteriocin, one blactam, one TfuA-related, one linaridin, one thiopeptide, one lantipeptide and one
siderophore (Table S4). Among the 24 putative biosynthetic gene clusters, �ve putative gene clusters
show 100% similarity (100% of genes showing similarity) to the reported gene clusters staurosporine,
isorenieratene, geosmin, venezuelin and ectoine. Five putative gene clusters show high similarity
(72%-84%) to the reported nystatin A1 (72%), spore pigment (75%), hopene (76%), streptobactin (76%)
and triacsins (84%) gene clusters, respectively. The remaining ten putative gene clusters show low
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similarity (≤ 30%) to the most similar clusters and four gene clusters are no similar to any reported gene
clusters, which may be new ones. The existence of plenty secondary metabolite gene clusters indicates
that strain HSG2 could be a producer for novel bioactive natural products.

Nystatin A1 is a polyene macrolide antibiotic, which has 37 membered lactone rings containing 6
conjugated double bonds (Fig. 3b). The special structural feature most likely make a contribution to the
type of action of these compounds, decide to be an interaction with sterols present in the fungal
membranes (Bolard 1987). These interactions induce production of polyene–sterol complexes, which
made themselves into membrane channel making the membrane penetrable to ions and water, which
lead to cell death. Therefore, the polyene antibiotics not only being antifungal and antibacterial agents,
but also have antiviral and immunostimulant activities (Abu-Salah 1996; Ciftci et al. 1984). All core
biosynthetic genes (nysABCIJK) and transport-related genes (nysGH) (Fig. 3a, Table S5) implicated in
production nystatin A1 were found in the genome of strain HSG2. Functional assignments for the
proteins encoded within the cluster open possibilities for genetic manipulations with the aim of producing
novel nystatin derivatives.

Streptobactin is a catechol-type siderophore, which possesses a catechol bonded arginine-substituted
siderophore framed on a cyclic triester backbone of threonine (Fig. 3c). As we known, siderophore
facilitates the microbial acquisition of iron in the ocean environment and due to its e�cient siderophore-
mediated iron acquisition mechanisms, siderophores may be developed as novel antimicrobials by
covalently attaching clinical antibiotics to marine siderophores or novel iron chelator desferals (Hamilton
et al. 2014; Page 2013; Souto et al. 2012; Waksman and Henrici 1943). In genome of strain HSG2, the
genes (dhbACEBG) coding for converting chorismate to 2,3- dihydroxybenzoate and non-ribosomal
peptide biosynthesis, as well as genes (griA-H) involved in the import, uptake, and utilization of
siderophores were all existed (Fig. 3d, Table S6), suggesting that it may produce new natural products
with great potential in medicine.
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Figures

Figure 1

Phylogenomic tree showing the relationship between strain HGS2 and members of the genus
Streptomyces. The phylogenetic relationship of the related genomes was determined using UBCG
pipeline3 tool with GTR + CAT model based on concatenated alignment of 92 core genes. Genome
sequences for each of the type strains are available from the NCBI databases, with the GenBank
accession numbers shown in parentheses. Bootstrap values (expressed as percentages of 1000
replications) over 50 % are shown at branching nodes. Bar, 0.02 substitutions per nucleotide position

https://doi.org/10.1002/path.1700560116
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Figure 2

Complete genome map of Streptomyces sp. HSG2. Rings from the outside to the center indicate: 1) scale
marks for genome size (Mb); 2,3) protein-coding genes on the forward/reverse strand; 4,5) tRNA (black)
and rRNA (orange) genes on the forward/reverse strand; 6) Genomic islands, prediction methods:
Integrated (red) and IslandPath-DIMOB (blue); 7) GC content. Protein-coding genes are color coded
according to their COG categories.
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Figure 3

a Overview of the Nystatin A1 biosynthetic pathway. b Chemical structure of the Nystatin A1. c Chemical
structure of the Streptobactin. d Overview of the Streptobactin biosynthetic pathway. The transcriptional
orientation of the genes is indicated by arrows and different colors show the genetic organization of the
gene cluster.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

HSG2supplement.pdf

https://assets.researchsquare.com/files/rs-298540/v1/e41d5aec44167987343cce5f.pdf

