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Abstract
The taxonomic position of novel bianthraquinone antibiotic producer Streptomyces strain RA-WS2, a soil isolate from Shiva-
lik region of NW Himalayas, India, has been described. The isolate produces Setomimycin as a major secondary metabolite 
under defined submerged fermentation conditions. 16S rRNA partial gene sequencing of the isolate indicated its closest 
similarity (99.4%) with Streptomyces cyaneochromogenes, followed by Streptomyces aquilus. However, the morphological 
characteristics i.e. colony colour, mycelium and spore chain arrangement were found to be close to Streptomyces aquilus. 
Therefore, a polyphasic approach was used for taxonomic positioning of the isolate. The Whole genome based similarity 
with 88.4% dDDH value, 98.65% ANI and 96.99% AAI value indicated its closest identity with Streptomyces justiciae. The 
taxonomic characteristics such as white colony with smooth surface, cylindrical spores arranged in straight chain, diffusible 
melanin production, high salt tolerance, 16S rRNA gene sequencing and phylogenomic studies, led to the identification of 
the strain as Streptomyces justiciae RA-WS2. The predicted biosynthetic gene clusters further confirmed the presence of the 
BGC for setomimycin biosynthesis in Streptomyces justiciae strain RA-WS2.
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Abbreviations
AAI  Average amino-acid identity
ANI  Average nucleotide identity
antiSMASH  Antibiotics and secondary metabolite 

analysis shell
BGC  Biosynthetic gene cluster
BLAST  Basic Local Alignment Search Tool
dDDH  Digital DNA–DNA hybridization
EtBr  Ethidium bromide
ISP  International Streptomyces project
IToL  Interactive Tree of Life
MEGA  Molecular Evolutionary Genetics 

Analysis

NCBI  National Center for Biotechnology 
Information

NW Himalayas  North Western Himalayas
RDP  Ribosomal database project
PBS  Phosphate buffer saline
SCA  Starch casein agar
SEM  Scanning electron microscopy
SRA  Sequence read archive
SSY  Starch soyabean meal yeast extract
STAG   Species tree inference all gene method
TAE  Tris acetate EDTA
TYGS  Type strain genome server

Introduction

Members of the genus Streptomyces, family Streptomyceta-
ceae, order Actinomycetales are considered to be one of the 
most important antibiotic producers (Berdy 2005). At the 
time of writing, the Streptomyces genus consists of about 
699 validly and correctly named member species based on 
phylogeny of the 16S rRNA genes and genomes (https:// 
lpsn. dsmz. de/ genus/ strep tomyc es). Members of the genus 
Streptomyces are understood to have a complex life cycle. 
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Their cellular morphologies and colony characteristics such 
as colony colour, aerial mycelium, formation of branched 
hyphae, and spore arrangement vary depending on the 
growth as well as substrate used. Therefore, these traits have 
been exploited to differentiate between species and strains 
(Parte et al. 2012).

Cultural studies of Streptomyces have provided an insight 
into the presence of an abundance of bioactive secondary 
products and the wide range of biosynthetic gene clusters 
have been confirmed by comparative genome analysis. It 
is now a common practice to perform genome sequencing, 
phylogenomics, and comparative genomics to determine the 
taxonomic placement and bioactive compounds in newly iso-
lated members of genus Streptomyces. For example, whole 
genome sequence studies of Streptomyces coelicolor has 
revealed that it has  a potential to produce twenty different 
secondary metabolites, whereas only three antimicrobials 
were discovered with cultural studies (Bentley et al. 2002). 
The whole genome sequencing of Streptomyces avermitilis 
revealed almost thirty different secondary metabolite clus-
ters (Ikeda et al. 2003). These studies have proved that Strep-
tomyces genus harbours a large and diverse range of natural 
bioactives (Stanbury et al. 2016).

We previously reported the isolation of a new Strepto-
myces isolate RA-WS2 which produces setomimycin, a rare 
9,9′-bianthraquinone antibiotic (Manhas et al. 2022a, b). 
Herein, we report the genome sequence of the isolate, its 
taxonomy, cultural, morphological and genomic traits vis-
a-vis its nearest phylogenomic neighbours.

Methods

Growth and characterization

The actinobacterium Streptomyces sp. strain RA-WS2 used 
in the present study was isolated from a soil sample col-
lected from the Shivalik foothills of North-Western Hima-
layan region (32.7266° N, 74.8570° E), India on starch 
casein agar medium (Manhas et al. 2022a, b). Growth of 
the isolate RA-WS2 was observed on SCA and SSY agar 
media plates. The isolate RA-WS2 was also grown in seto-
mimycin production medium broth (Constituents in g/L: 
Soluble starch-25, Soyabean meal-15, Calcium carbonate-4 
and Yeast extract-2) at different pH (5.0, 6.0, 7.0, 8.0, 9.0); 
temperatures (10 °C, 20 °C, 30 °C, 40 °C) and NaCl con-
centrations (0%, 0.25%, 0.5%, 1.0%, 2.5%, 5%, 7.5%, 10%) 
to evaluate the effect on the growth and morphology. The 
growth of RA-WS2 was determined according to the meth-
ods used by Verma et al. (2009). The utilization of different 
carbon and nitrogen sources was studied as per the methods 
of Shirling and Gottlieb (1966), using the basal medium 
recommended by Pridham and Gottlieb (1948). The sugar 

utilization ability of strain RA-WS2 was tested using the 
basal medium supplemented with glucose, adonitol, arab-
inose, lactose, sorbitol, mannitol, rhamnose, sucrose, xylose, 
inositol and nitrogen source i.e. arginine to differentiate it 
with the closely related phylogenetic neighbours.

Additionally, growth of the strain RA-WS2 was tested 
on International Streptomyces Project (ISP) media (ISP-1, 
ISP-2, ISP-3, ISP-4, ISP-5, ISP-6, ISP-7) as described by 
Shirling and Gottlieb (1966) and in various setomimycin 
production media (PM-1 to PM-12) at 28 °C ± 2 °C for 4 
to 6 days, unless stated otherwise. The colour of colonies 
and soluble pigments were determined according to the col-
our standard following Ridgway procedure (Ridgway et al. 
1912). Biochemical and physiological characteristics such 
as test for gelatin hydrolysis, starch hydrolysis, lipid hydroly-
sis were carried out according to the methods described by 
Li et al. (2020). The production of melanin was screened 
on specified medium (constituents in g/L: glucose 1.0, pep-
tone 10.0, NaCl 5.0,  CaCl2 0.1 and tyrosine 2.0; pH:7.0) 
agar plates by the methods described by Guo et al. (2014). 
Growth was examined by macroscopy as well as microscopy 
according to methods described by Li et al. (2020) at 40X 
magnification (Olympus- CH2 Japan) and under a scanning 
electron microscope (SEM) JEOL JSM-IT300, Tokyo Japan 
at voltage of 15.0 kV.

Molecular characterization and whole genome 
sequencing

The isolate RA-WS2 was grown in a 250 mL conical flask 
containing 50 mL production medium for 4 days at 28 ± 2 °C 
under shaking conditions. After 4 days of fermentation, 
broth was centrifuged and the recovered cells were washed 
with PBS and used for DNA isolation. DNA was isolated 
by Zymoresearch Bacterial DNA isolation Kit. The 16S 
rRNA gene from genomic DNA was amplified using 27F 
and 1492R universal primers by previously reported method 
(Manhas et al. 2022b). Briefly, reaction mixture contained 
PCR buffer with  MgCl2 (1X) (Takara Cat R500A), 0.5 mM 
of 1492R and 27F primers each, 0.2 mM of dNTP, 0.05 U/
µL Taq polymerase (Takara Cat R500A) and DNA template 
(2 ng/µL). The amplification was carried out with 95 °C ini-
tial denaturing for 5 min followed by denaturing at 95 °C 
for 30 s, annealing at 60 °C for 30 s, followed by extension 
at 72 °C for 1 min 30 s. After 35 cycles, final extension was 
performed at 72 °C for 7 min.

Thus obtained PCR product was gel purified using the 
Promega gel purification kit (Betz and Strader 2002) and 
directly used as template for Sanger sequencing on 3130xl 
Genetic Analyzer from Applied Biosystems. Sequencing 
PCR reaction mixture (10µL) consisted of 1 µL ready reac-
tion mix supplied by Invitrogen in Big dye terminator 3.1 
kit, 1 µL of 5X BigDye Sequencing Buffer, 0.5 µL of primer 
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(1492R/27F), 50 ng of template and DI water. The sequence 
PCR conditions were kept same as used for amplification 
reaction. Following cleanup, the sequencing PCR products 
were mixed with 10 µL of Hi-Dye formamide. POP-7 was 
used as matrix for capillary electrophoresis during Sanger 
sequencing. Fragments of different lengths were analyzed 
using the 3130xl Genetic analyzer from Applied Biosystems.

The partial consensus sequence of 1419 bp thus obtained 
was subjected to BLASTn tool of NCBI. Further, 16S rRNA 
gene sequence-based identification service of EZbiocloud 
(Yoon et al. 2017a), and sequence match function of RDP 
database (Cole et al. 2014) were used to find the closely 
related taxa. The 16S sequences of the closely related taxa, 
were aligned using the ClustalW and the evolutionary his-
tory was inferred using the neighbour-joining method (Sai-
tou and Nei 1987). The percentage of replicate trees in which 
the associated taxa clustered together in the bootstrap test 
(1000 replicates) are shown next to the branches (Felsenstein 
1985). The evolutionary distances were computed using the 
maximum composite likelihood method (Tamura et al. 2004) 
and are in the units of the number of base substitutions per 
site. The rate variation among sites was modelled with a 
gamma distribution (shape parameter = 1). The analysis 
involved 26 nucleotide sequences and all positions contain-
ing gaps and missing data were eliminated using complete 
deletion option. Evolutionary analyses were conducted in 
MEGA11 (Tamura et al. 2021) and the obtained tree was 
visualized in IToL server (Letunic and Bork 2021).

To perform Whole genome sequencing, 100 ng of DNA 
dissolved in nuclease free water was shredded using the 
Covaris Ultrasonicator (LE220, Covaris, USA) with 450 W 
Peak power using following settings: Duty Factor: 20; No. 
of cycles: 1000; Duration: 150 s. Thereafter, ends of frag-
mented DNA were enzymatically repaired for dA tailing and 
ligation of the adapter. Cleanup of adapter ligated fragments 
was performed using SPRI beads and the cleaned fragments 
were indexed using limited Cycle PCR to enrich adapter 
ligated molecules. After determining the quality and quan-
tity, the amplified products were subjected to sequencing 
in Novaseq 6000 with 2 × 150 reads. The sequencing was 
performed at MedGenome, India.

The read quality of pair end data was checked using 
FastQC. Adapter sequences having Phred score below 36 
were trimmed using FastP tool (Chen et al. 2018) using Gal-
axy version 0.23.2 + galaxy 0 (Afgan et al. 2018). The qual-
ity of trimmed raw data was re-assessed using the FastQC 
ver. 0.11.9 (Andrews 2022). The high quality raw data with 
a Phred score of 36 or above was used for genome assembly 
using Shovill (Galaxy version 1.1.0 + galaxy 1) and UniCy-
cler (Galaxy ver 0.4.8.0) following procedures described by 
(Seemann 2022a; Wick et al. 2017). The quality of assembly 
was assessed using the Quast (version 5.2.0 + plus galaxy 0). 
The obtained best draft assembly was analyzed on TYGS 

Server (https:// tygs. dsmz. de/) to find the closely related 
genomes (Meier-Kolthoff and Göker 2019). The complete 
16S rRNA sequence was obtained from the Whole genome 
using Barrnap package ver. 0.9 (Seemann 2022b) and was 
included in the dataset of closely related taxa, instead of par-
tial 16S rRNA gene sequence for constructing the phyloge-
netic tree in MEGA 11. The analysis was performed follow-
ing the method used for partial 16S rRNA gene sequence.

The ANI was calculated on EZbiocloud server by the 
method of Yoon et al. (2017b) to find the relative similar-
ity against closely related taxa and the AAI was calculated 
using the method of Rodriguez-R and Konstantinidis (2014) 
(http:// enve- omics. ce. gatech. edu/ aai/). Various genes from 
genome assembly were extracted using Prokka package in 
Galaxy server (Galaxy ver. 1.14.6 + galaxy1) as described by 
Seemann (2014). Secondary metabolite gene cluster elucida-
tion was performed in antiSMASH server (http:// antis mash. 
secon darym etabo lites. org) (Blin et al. 2021).

The orthologs are a set of genes in different species that 
have evolutionary descended from same gene of common 
ancestor. Therefore, to construct the phylogenetic tree based 
on whole genome data, various orthologs were identified in 
a set of top 24 closely related genomes including the cur-
rent reference based genome assembly and Mycobacterium 
tuberculosis as an out group genome, using orthofinder 
package (Emms and Kelly 2019). Various orthologs, thus 
identified were used to construct a consensus phylogenetic 
tree based on STAG protocol (Species tree inference all gene 
method) through orthofinder package Ver 2.5.4 (Emms and 
Kelly 2018). The orthofinder was installed using Conda, 
which provided all the dependencies and correct environ-
ment in Python version 3.10 and the tree was visualized in 
IToL server.

To confirm the species level identification, multiphasic 
approach was used, wherein various macroscopic (colony 
characteristics, pigment production), microscopy (spore 
chain morphology) as well as biochemical characteristics 
(sugar utilization, hydrolytic properties and salt tolerance) 
of Streptomyces justiciae RA-WS2 were compared with the 
closely related taxa at genome level i.e. Streptomyces jus-
ticiae  3R004T, Streptomyces aquilus GGCR-6 T and Strep-
tomyces cyaneochromogenes MK-45 T as used by other 
research groups (Tang et al. 2019; Li et al. 2020 and Phong-
sopitanun et al. 2021).

Results and discussion

Growth and characterization

The isolate RA-WS2 grows well in starch and soyabean rich 
media (SCA and SSY) under wide range of temperatures 
ranging from 20 °C to 40 °C with an optimum temperature 

https://tygs.dsmz.de/
http://enve-omics.ce.gatech.edu/aai/
http://antismash.secondarymetabolites.org
http://antismash.secondarymetabolites.org
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for growth at 25 °C to 30 °C (Fig. 1a, b). Under the sub-
merged conditions, wide range of pH (5.0–9.0) supports 
growth of RA-WS2 with optimum growth at pH 6.0–7.0 as 
shown in Fig. 1(c). It was also observed that the isolate has 
a capability to grow in high NaCl concentrations (upto 10%) 
indicating its halotolerant nature.

The culture is capable to utilize several sugars such as 
glucose, adonitol, arabinose, lactose, sorbitol, mannitol, 
rhamnose, sucrose and xylose as sole carbon source. Addi-
tionally, the texture of aerial as well as mature substrate 

mycelia of the isolate were observed on various ISP culture 
media series i.e. ISP-1 to ISP-7. The isolate has smooth and 
powdery aerial mycelium, mostly white in colour on ISP 
agar plates. Substrate mycelium colour varied from citrine to 
brown in colour. As shown in Fig. 2(a), the substrate myce-
lium appears brown on ISP1, ISP2, ISP5, ISP6 and ISP7, 
whereas on ISP3 and ISP4, it was citrine and light buff in 
colour, respectively. The strain RA-WS2 was also observed 
to be positive for diffusible melanin production. The iso-
late exhibits excellent starch, casein and gelatin hydrolysing 

Fig. 1  Growth of isolate 
RA-WS2: a Growth on Starch 
Casein Agar (SCA) and Starch 
Soyabean Yeast Extract Agar 
(SSY) demonstrates that the 
carbon and nitrogen rich media 
support the growth of culture b 
Growth of the isolate at 20 °C 
to 40 oC demonstrates its 
mesophilic nature c pH 5.0 to 
pH 9.0 support the growth of 
isolate with an optimum growth 
at neutral pH

SCA SSY

20°C 30°C 40°C

pH 5     pH 6     pH 7       pH 8     pH 9     

(a) 

(b) 

(c)

Fig. 2  a Growth of isolate 
RA-WS2 on various ISP media 
showing smooth and powdery 
aerial mycelium, mostly white 
in colour indicating character-
istic features of Streptomyces 
genus b Microscopic image 
under light microscope show-
ing branched and flagellated 
mycelia c Scanning Electron 
Microscopy image showing 
formation of cylindrical spores 
arranged in straight chains Scale 
bar = 2 µm)

(a) 

(b)                        (c) 

ISP1                  ISP2            ISP3                    ISP4           ISP5                    ISP6    ISP7 
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property and capable to utilize arginine as a sole nitrogen 
source. Under the light microscope (Fig. 2b) the isolate 
RA-WS2 exhibited typical characteristics of the members 
of Streptomyces genus i.e. having well developed filamen-
tous and branched mycelium. Scanning electron microscopy 
studies revealed that the aerial mycelium produced smooth 
surfaced cylindrical spores arranged in straight chains as 
shown in Fig. 2(c). Table 1 demonstrates the phenotypic 
characteristics of the isolate Streptomyces sp. RA-WS2.

Molecular characterization and whole genome 
analysis

To identify the isolate at molecular level, the forward and 
reverse sequences obtained by Sanger sequencing were 
aligned to obtain a consensus sequence of 1419 bp. The 
16S partial sequence was deposited in NCBI GenBank with 
ID OM540363.1. The BLASTn results with reference data-
base indicated 99.4% identity of the isolate Streptomyces 
sp. RA-WS2 with Streptomyces cyaneochromogenes having 
99% query coverage (Supplementary Figure S1). Further, 
the phylogenetic tree of 16S sequences of closely related 
taxa was constructed in MEGA 11 (Fig. 3). However, the 
morphological characteristics such as aerial and substrate 
mycelia of the strain were different from Streptomyces cya-
neochromogenes, which produces blue pigment. The results 
were reassessed by performing identification on EZbiocloud 
server to confirm the genetic similarity of Streptomyces sp. 

RA-WS2 and the results indicated that the isolate has closest 
similarity with Streptomyces cyaneochromogenes, followed 
by Streptomyces aquilus (Supplementary Figure S2) which 
has better morphological similarity with Streptomyces sp. 
RA-WS2. Therefore, biochemical characteristics were com-
pared with Streptomyces cyaneochromogenes and Strepto-
myces aquilus (Table 2). The observations of biochemical 
characteristics were not enough to conclude the identifica-
tion at species level. Thus, disagreement of the morphologi-
cal, biochemical and genetic characteristics of the isolate, 
led us to use Whole genome sequencing approach for species 
level identification.

The whole genome sequencing performed on Novaseq 
6000 provided 20.00100 million initial reads (submitted to 
SRA Archive with Accession ID SRX16786500). Out of 
these, 19.223154 million reads were filtered out on the basis 
of Phred score, (reads with Phred score 36 or above were 
selected). Table 3 demonstrates the parameters of assembled 
reads obtained from the Unicycler and Shovill programme. 
It was observed that Unicycler provided better assembly as 
compared to Shovill as indicated by N50 score with aver-
age depth coverage of 275 times. It was also observed that 
Shovill based assembly resulted in two times higher misas-
semblies, while 97.26% of reads could be properly paired 
to the assembly made by Unicycler. The draft assembly 
obtained using Unicycler was submitted in NCBI Genome 
database with Accession number JAMXPJ000000000. The 
size of the genome of the isolate Streptomyces sp. RA-WS2 

Table 1  Comparison of morphological characteristics of Streptomyces sp. RA-WS2 with closely related taxa

Medium  Macroscopic characteristics

Characteristic col-
our of Mycelium

Streptomyces sp. 
RA-WS2 (Present work)

Streptomyces cyaneochro-
mogenes (Tang et al. 2019)

Streptomyces aqui-
lus (Li et al. 2020)

Streptomyces justiciae 
(Phongsopitanun et al. 
2021)

ISP1 Aerial White NA NA NA
Substrate Brown NA NA NA

ISP2 Aerial White Greyish-White White NA
Substrate Brown Brown Brown NA

ISP3 Aerial Off White Glaucous-Grey White Greenish yellow/grey
Substrate Citrine to greyish yellow Pink Citrine Dark greyish yellow

ISP4 Aerial White Greyish-White White NA
Substrate Light Buff Creamy Light Buff NA

ISP5 Aerial White Light purple White NA
Substrate Buckthorn Brown Perilla Purple Buckthorn Brown NA

ISP6 Aerial Colourless Cinnamon-Buff Colourless NA
Substrate Brown Cinnamon-Buff Brown NA

ISP7 Aerial White White White NA
Substrate Brown Black Brown NA

Microscopic characteristics
 Spore chain morphology Cylindrical Spiral and coiled Long Straight Cylindrical
 Spore shape Smooth Smooth Smooth Smooth
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Fig. 3  Neighbour-joining phylogenetic tree based on 16S rRNA par-
tial gene sequence obtained by Sanger sequencing. The relationship 
between closely related species of the genus Streptomyces Type cul-
tures are shown. Mycobacterium tuberculosis  H37RvT was used as 
an out group. The percentage of replicate trees in which the associ-

ated taxa clustered together in the bootstrap test (1000 replicates) are 
shown next to the branches in decimal form. The analysis performed 
using MEGA 11 demonstrates Streptomyces justiciae  3R004T to be 
its closest neighbour

Table 2  Comparison of biochemical characteristics Streptomyces sp. RA-WS2 with closely related taxa

Characteristic feature Streptomyces sp. 
RA-WS2 (Present work)

Streptomyces cyaneochromoge-
nes (Tang et al. 2019)

Streptomyces aquilus 
(Li et al. 2020)

Streptomyces justiciae 
(Phongsopitanun et al. 
2021)

Protease test
Casein hydrolysis  + NA NA  + 
Gelatin Liquification  + W  +  + 
Amylase test
Starch hydrolysis  + + NA NA
Assimilation of sole carbon sources (1%, w/v)
Glucose  + NA NA NA
Adonitol  + NA NA NA
Arabinose  + NA NA W
Lactose  + NA NA NA
Sorbitol  + NA NA NA
Mannitol  + NA  + NA
Rhamnose  + NA NA NA
Sucrose  +  +  +  + 
Xylose  + NA  + NA
Inositol  +  + NA NA
Assimilation of sole nitrogen sources (1%, w/v)
Arginine  + NA  + NA
Melanin production
Melanin  + - _ NA
% Salt tolerance (w/v)
Growth in NaCl 10 6 7 4
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was found to be around 10,657,029 bp. The DNA G+C con-
tent was 70.74 mol%. About 9604 protein coding genes were 
predicted from the assembled genome by Prokka package.

Phylogenetic analysis of the Whole genome assemblies 
obtained from Shovill, and Unicycler on TYGS server 
showed a dDDH similarity of 88.3% and 88.4% respectively, 
with the recommended formula (DDH4) against the closest 
genome of Streptomyces justiciae  3R004T followed by Strep-
tomyces aquilus GGCR-6 T with a DDH value of 54.3%, the 
digital DDH value thus indicated the strain Streptomyces sp. 
RA-WS2 to be a strain of Streptomyces justiciae as no other 
species had comparable DDH value (above 70%).

As depicted from the ANI of closely related genome 
(Supplementary Table S1), the highest similarity was again 

found with the reference genome of Streptomyces justiciae 
 3R004T with an ANI of 98.65% having above 95% thresh-
old values, which demarcates the species based on whole 
genome similarity. The AAI of various close species as tabu-
lated in Supplementary Table S2 also indicated the clos-
est genome of Streptomyces justiciae  3R004T with 96.99% 
similarity. Therefore, the strain Streptomyces sp. RA-WS2 
was again found to have closest similarity with Streptomyces 
justiciae based on dDDH, ANI as well as AAI values.

Further, phenotypic and biochemical characteristics of 
Streptomyces sp. RA-WS2 were compared with its geneti-
cally close Streptomyces species i.e. Streptomyces justiciae 
 3R004T, Streptomyces aquilus GGCR-6 T and Streptomyces 
cyaneochromogenes MK-45 T (Table 1 and 2). Based on 
phenotypic as well as the genetic similarity, the isolate was 
identified as Streptomyces justiciae RA-WS2, however it has 
higher salt tolerance (upto 10%) as compared to Streptomy-
ces justiciae  3R004T which can grow upto 4% NaCl.

To ascertain the position of Streptomyces sp. RA-WS2, 
on the basis of 16S rRNA gene sequence (NCBI accession 
no. OP594900), the phylogenetic tree was constructed using 
complete 16S rRNA gene sequence of 1523 bp extracted 
from the genome of Streptomyces sp. RA-WS2 (Fig. 4). The 
results obtained were similar to the phylogenetic tree con-
structed using partial 16S rRNA gene sequence confirming 
its closest evolutionary relationship with Streptomyces jus-
ticiae, followed by Streptomyces aquilus.

To further assess the evolutionary history of the strain 
Streptomyces sp. RA-WS2 based on the proteins encoded 

Table 3  Quality assessment of assemblies prepared by Denovo 
assemblers (Unicycler and Shovill)

Reads before filtering 20.00100 million
Reads after filtering 19.223154 million

Assembler Unicycler Shovill

N50 272,356 175,592
Average coverage depth 275 225
Largest (bp) 704,158 728,680
Total (bp) 10,657,029 10,717,547
Misaassemblies 49 86
Local MA 56 52
Total contigs 76 156

Fig. 4  Neighbour-joining phylogenetic tree based on 16S rRNA com-
plete gene sequence, extracted from assembled genome. The rela-
tionship between closely related species of Type cultures from genus 
Streptomyces are demonstrated. Mycobacterium tuberculosis  H37RvT 
was used as an out group. The percentage of replicate trees in which 

the associated taxa clustered together in the bootstrap test (1000 rep-
licates) are shown next to the branches in decimal form. The analy-
sis performed using MEGA 11 demonstrates Streptomyces justiciae 
 3R004T to be its closest neighbour
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in whole genome, phylogenomics analysis was performed. 
Various orthologous genes were extracted from genome data 
set using the Orthofinder package and Phylogenetic tree was 
constructed by STAG (Fig. 5). The phylogenomic analysis 
further indicated that Streptomyces sp. RA-WS2 was evolu-
tionary closest to Streptomyces justiciae  3R004T.

The secondary metabolite analysis by antiSMASH, 
revealed the presence of 31 BGCs in the genome of 
Streptomyces justiciae RA-WS2 as elaborated in Table 4. 
100% similarity with the already known gene cluster for 
setomimycin biosynthesis in the genome of Streptomy-
ces justiciae RA-WS2, further confirmed it as a potent 
setomimycin producer as reported earlier by Manhas 
et al. (2022a, b). The BGC for setomimycin biosynthesis 
in Streptomyces justiciae RA-WS2 has been elaborated in 
Fig. 6. Presence of phenazine type gene cluster similar to 
esmeraldin (20464 bp), terpene type gene cluster similar 
to vazabitide A (20444 bp), Type 1 Polyketide gene cluster 
similar to maduropeptin (42,419), Type 1 Polyketide type 
gene cluster similar to tetronasin (58936 bp), butyrolac-
tone type gene cluster similar to scleric acid (19013 bp), 
Siderophore type gene cluster similar to paulomycin 
(12758 bp), Type 1 Polyketide type gene cluster similar 
to rustmicin (44625 bp), butyrolactone type gene cluster 

(10968 bp) and a NRPS lantipeptide gene cluster, similar 
to chejuenolide A /chejuenolide B (6454 bp) differentiated 
the strain Streptomyces justiciae RA-WS2 from Strepto-
myces justiciae  3R004T.

The high salt tolerance (upto 10%) of the strain Strep-
tomyces  justiciae RA-WS2 can be attributed to the ion 
transporters and compatible solutes. Presence of BGC of 
Ectoine, a compatible salt in the genome of our strain Strep-
tomyces justiciae RA-WS2 may be attributed to be one of 
the contributing factors responsible for the halotolerance. 
However, genetic sequence of the ectoine biosynthesis 
genes were found to be different from that of Streptomy-
ces justiciae  3R004T. The amino acid sequence of Ectoine 
ABC transporter protein sequence was also different at 67th 
position with substitution of arginine instead of histidine in 
Streptomyces justiciae RA-WS2 strain. Serine and aspar-
tic acid at 37th and 39th position in Streptomyces justiciae 
 3R004T were substituted by proline and glycine respectively, 
in Ectoine hydroxylase of Streptomyces justiciae RA-WS2. 
These mutations at genetic level might be responsible for 
enhanced halotolerance of the strain. Comparative BGC 
also revealed that Streptomyces justiciae RA-WS2 possesses 
Betaine (another osmoprotectant-related cluster), like in 
Streptomyces justiciae  3R004T.

Fig. 5  Phylogenetic tree based on Whole genome sequence of Strep-
tomyces sp. RA-WS2 using orthologous genes of closely related 
genomes. Various orthologs identified were used to construct a 
consensus phylogenetic tree based on STAG protocol through 

Orthofinder package Ver 2.5.4. Each multi copy gene was subjected 
to multiple alignment using MAFFT L-INS-I program and phyloge-
netic interference was done using IQ-Tree. Mycobacterium tuberculo-
sis  H37RvT was used as an out group
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Table 4  Predicted Biosynthetic gene clusters (BGCs) related to biosynthesis of secondary metabolites in Streptomyces justicae RA-WS2

Region Type Genome Location Most similar known cluster Similarity(
%)From To

Region 1
phenazine 206737 227201 esmeraldin

Polyketide + 

Other:Aminocoumarin
8

Region 2 T2PKS 653951 724444 spore pigment Polyketide
83

Region 3 terpene 793213 813657 vazabitide A NRP
4

Region 4
T1PKS 836286 878705 maduropeptin

Polyketide:Iterative type I + 

Polyketide:Enediyne type I
3

Region 5 melanin 1233379 1241462 melanin Other
71

Region 6
NRPS,NRPS-

like,T1PKS 1564418 1645306 coelichelin NRP
100

Region 7 T3PKS 1821483 1861690 herboxidiene Polyketide
9

Region 8 NAPAA 2409226 2443077 Not found Not found

Region 9 ectoine 2692342 2700596 ectoine Other
100

Region 10 other,T1PKS 3268532 3327468 tetronasin Polyketide
3

Region 11 lanthipeptide-class-i 3909215 3933422 Not found Not found

Region 12 melanin 4046061 4056669 melanin Other
60

Region 13
siderophore 4185891 4196603

desferrioxamin B / 

desferrioxamine E Other
83

Region 14 butyrolactone 4804858 4814910 Not found Not found

Region 15
T3PKS,NRPS,RiPP-

like 4985061 5083319 Feglymycin NRP
68

Region 16 ectoine 5431021 5441395 showdomycin Other
35

Region 17 butyrolactone 5603298 5622311 scleric acid NRP
17

Region 18
T2PKS,RRE-

containing 6731865 6812659 setomimycin Polyketide
100

Region 19 terpene 6930600 6951018 albaflavenone Terpene
100

Region 20 siderophore 7599236 7609169 Not found Not found

Region 21 RiPP-like 7832427 7842843 Not found Not found

Region 22 terpene 7924718 7945579 geosmin Terpene
100

Region 23 siderophore 8158263 8171021 paulomycin Other
9

Region 24 terpene 8625644 8649824 hopene Terpene
92

Region 25

RiPP-

like,lanthipeptide-

class-iii 9069318 9096498 informatipeptin RiPP:Lanthipeptide
100

Region 26 siderophore 9110129 9124659
0

Region 27 terpene 9394857 9414540 ebelactone Polyketide
5

Region 28 T1PKS,furan 9461748 9506373 rustmicin Polyketide:Iterative type I
10

Region 29
butyrolactone 9556546 9567514

marineosin A / 

marineosin B Polyketide
9

Region 30

NRPS,lanthipeptide-

class-

i,lanthipeptide-

class-ii 9857615 9922155

chejuenolide A / 

chejuenolide B Polyketide
7

Region 31 terpene 10267913 10290543 Not found Not found
0
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In conclusion, phenotypic and genotypic characteristics 
of the strain Streptomyces justiciae RA-WS2 evidently indi-
cate that the strain RA-WS2 is a novel strain of Streptomyces 
justiciae. The strain was further characterized as halotolerant 
actinomycete with tolerance upto 10% of NaCl.

Protologue

16S partial sequence NCBI GenBank OM540363. Genome 
accession number (GCF_024508375.2).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13205- 023- 03459-5.
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