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Abstract
The present study scrutinizes the presence of Streptomyces strains in the soil sample collected from industrial area of Baha-
durgarh (Haryana) India. The morphological approach manifested the isolated strain belong to Streptomyces species and 
named as Streptomyces sp. KD18. Sequencing of Streptomyces sp. KD18 genome was performed by Illumina Nextseq500 
platform. 65 contigs were generated via SPAdes v3.11.1 and harboured genome size of 7.2 Mb. AntiSMASH server revealed 
the presence of 25 biosynthetic gene clusters in KD18 genome where BGC of lipstatin was of more interest from industrial 
and pharmaceutical purpose. The draft genome sequence represented via ANI values claimed that the KD18 strain belongs 
to Streptomyces toxytricini and finally named as S. toxytricini KD18. The LC–MS analysis of the extracted metabolite con-
firmed the production of lipstatin. The genome sequence data have been deposited to NCBI under the accession number of 
GCA_014748315.1.
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Introduction

Actinobacteria are copious in nature, with nearly 500 for-
mally illustrated species (Goodfellow 2012; Labeda et al. 
2012). The actinobacterial species possess a complex life 
cycle along with the production of diverse pharmaceuti-
cally important compounds (Claessen et al. 2014). More 
than 10,000 bioactive metabolites, such as anti-biotics, anti-
cancer, anti-tumor, anti-obesity, anti-fungal, anti-microbial, 
anti-viral, volatile organic compounds, and so on, are syn-
thesised by Streptomyces species, and many more bioac-
tive compounds must be identified for both economic and 
health benefits (Zerouki et al. 2021). Genome sequencing 
and bioinformatics provide a better understanding of how 
gene sequences synthesize the functional small molecules 
that are important for life. This revolution has facilitated the 
discovery of a vast array of natural products, many of which 
have been found to possess novel therapeutic activities. Bio-
synthetic Gene Clusters (BGCs) and a huge diversity of pol-
yketides and non-ribosomal peptides have been identified 
from diverse bacteria and fungi (Majer et al. 2021). BGCs 
represent the group of genes involved in the metabolism, 
i.e., the production, transport and regulation of secondary 
metabolites (Williams 2013; Beld et al. 2014; Luo et al. 
2014; Baltz 2019; Galanie et al. 2020).
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The genus Streptomyces has been extensively studied in 
recent years in search of new bioactive compounds. The goal 
of the current investigation was to determine the taxonomic 
status of the isolated Streptomyces sp. KD18 followed by 
the investigation of its potential to produce bioactive com-
pounds. For this, the isolated strain KD18 was subjected to 
genome sequencing and analysis. In addition, liquid chro-
matography–mass spectrometry (LC–MS) was performed to 
identify the secondary metabolites in the fermentation liq-
uid, confirming the presence of lipstatin BGC. The genome 
sequence of Streptomyces sp. KD18 might be utilized to bet-
ter understand the genetic basis involved in the production 
of secondary metabolites along with future bioengineering 
purposes.

Materials and methods

Sampling source and strain isolation

Samples were collected from many diverse habitats (forest 
area, agriculture land, industrial area) from Bahadurgarh, 
Haryana, India. The colonies were grown in inorganic salt 
starch agar (ISSA; ISP medium No. 4, HiMedia M359, 
India), and starch casein agar medium (HiMedia M2054, 
India) as a procedure for selective isolation of Streptomy-
ces (Amin et al. 2017). Isolated culture was sub-cultured 
in 30 ml of YEME broth medium (yeast extract 4.0 g/L, 
malt extract 10.0 g/L, dextrose 4.0 g/L,  CaCO3 2.0 g/L) 
containing 0.5% glycine for 48 h at 28 °C and 220 rpm in 
shaking incubator. Isolation of genomic DNA was executed 
as described by Nikodinovic and group, 2003 (Nikodinovic 
et al. 2003).

Genome sequencing, assembly and annotation

Paired end sequencing library was constructed from the 
isolated genomic DNA using Illumina library preparation 
kit. The genome was sequenced with Illimina-Nextseq500 
sequencing platform 150 bp X 2 paired end read length. 
The genomic high-quality reads were assembled and vali-
dated using SPAdes version 3.11.1 (Bankevich et al. 2012). 
SSPACE version 3.0 (Boetzer et al. 2011). Genome was 
annotated using NCBI PGAP pipeline, PROKKA v1.12 and 
RAST server based on the RAST tool kit (RASTtk). CRISPR 
finder was also used to annotate CRISPRs in the genome. 
For further analysis, AntiSMASH 6 beta bacterial version 
webserver was used for the identification of BGCs (Medema 
et al. 2011; Seemann 2014; Aziz et al. 2008). AMPHORA2 
was used to identify the presence of single copy essential 
genes (Wu and Scott 2012)in the KD18 genome.

Phylogeny and pathway mapping

Whole genome-based phylogenetic analysis was carried 
out for 10 Streptomyces strains. The phylogenetic tree was 
constructed using maximum likelihood methodology with 
1000 bootstrap value and visualized using iTOL (Letunic 
and Bork 2021). Average Nucleotide Identity (ANI) was 
calculated using the ANI matrix of Kostas lab (Goris et al. 
2007)for the taxonomic demarcation of strain KD18 and 9 
reference genotypes and visualized using Morpheus Broad 
Institute’s webserver (Morpheus, https:// softw are. broad insti 
tute. org/ morph eus). M1CR0B1AL1Z3R webserver was used 
for core genome length and ORF counting of all the selected 
genomes (Avram et al. 2019).

Core‑pan genome analysis

Bacterial pan genome analysis (BPGA) pipeline was used 
to examine the core and accessory genome of the selected 
strains (http:// www. iicb. res. in/ bpga/ index. html) (Chaud-
hari et al. 2016) whereas Othro Venn software was used for 
the alignment and prediction of highly conserved proteins 
among the 10 selected strains (http:// www. bioin fogen ome. 
net/ Ortho Venn/ start. php) (Wang et al. 2015).

Extraction and analysis of lipstatin

For the production of lipstatin, the bacteria were inoculated 
in production medium containing soy flour 35.0 g/L, glycerol 
22.5 ml/L, soy oil 25.0 ml/L, soy lecithin 15.0 g/L, polypro-
pylene glycol 0.5 g/L and grown at 28 °C with 220 rpm for 
10 days. The extraction and HPLC analysis of lipstatin was 
carried out as described by Kumar and group, 2012 (Kumar 
et al. 2012).The crude extract of the secondary metabolite 
produced by Streptomyces sp. KD18 was subjected to LCMS 
analysis and followed the methodology as described by Yang 
and group, 2019 (Yang et al. 2019).

Results and discussion

Strain culturing and growth patterns

The cultured strains were analyzed morphologically and 
the representative colonies were further inoculated on new 
culture plates of ISSA and starch casein agar medium. Stor-
age of selected colonies were done on Streptomyces agar 
medium (HiMedia M1352, India). The Streptomyces sp. 
KD18 thrived on inorganic salt starch agar (ISSA) and casein 
agar medium. Initially, the colonies were opaque white with 
dry surface and rough texture. After 6–7 days, pink-colored 

https://software.broadinstitute.org/morpheus
https://software.broadinstitute.org/morpheus
http://www.iicb.res.in/bpga/index.html
http://www.bioinfogenome.net/OrthoVenn/start.php
http://www.bioinfogenome.net/OrthoVenn/start.php
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colonies were clearly visible with earthy odor and long-
growing hyphae were observed under microscope without 
any fracture over surface. Pellet formation was observed in 
the submerged culture. Morphological analysis revealed that 
the isolated KD18 strain was related to Streptomyces sp. The 
selected isolates were used for molecular analysis.

General genomics attributes

Using Illumina NextSeq 500 sequencing technology, a total 
of 4,924,225 paired-end reads were generated from a single 
library. After low-quality reads were removed, 48,748,878 
(99.00%) high-quality reads were used for de novo genome 
assembly. A total of 65 scaffolds were created with N50 
value of 190,392 bp.

Genome annotation

Annotation using NCBI (prokaryotic genome annotation 
pipeline) PGAP

The size of Streptomyces sp. KD18 genome was 7.2 Mb with 
73.8% G + C content. It has been illustrated earlier that the 
genomes with high G + C content are generally large and 
possess a large number of open reading frames (ORFs) (Wu 
et al. 2012; Boldögkoi et al. 1995). The genome of Strepto-
myces sp. KD18 was annotated using the PGAP workflow. 
The genome harboured 6462 genes. Nearly 6235 genes were 
coding for the proteins. With 0.71 GC content, the genome 
of Streptomyces sp. KD18 contained 8791 ORFs.

Out of 6235 annotated CDSs, only 5163 were grouped 
into the pre-existing COG categories. It was observed that 
most of these genes encoded hypothetical proteins, i.e., the 
proteins with unknown function. The proteins with unknown 
function might be the novel proteins whose function can-
not be predicted using existing homology-based annotation 
techniques.

Annotation via PROKKA software

5 rRNA and 94 tRNA were predicted using PROKKA soft-
ware. Average size of genes was 958 bp. Maximum size of 
gene was 14,256 bp while the gene of minimum size was 
of 59 bp.

RAST server: rapid annotation using subsystems 
technology

According to RAST analysis, 181,447 bp N50 and 13 L50 
were predicted. In addition, 309 subsystems were identi-
fied using RAST annotation. S. avermitilis MA-4680, S. 
scabiei 87.22, S. coelicolor A3(2) and S. griseus subsp. 
griseus NBRC 13,350 with 542, 520, 489 and 430 score, 

respectively, were identified as the closest neighbours of S. 
sp. KD18. The four identified neighbours were selected to 
examine the evolutionary relationship of KD18 strain. The 
KD18 strain was found to contain the genes belonging to 
stress response, iron acquisition and metabolism, nitrogen 
metabolism, phosphorous metabolism, etc. The KD18 strain 
possessed subsystem of about 374 for amino acids and deriv-
atives, 258 for carbohydrates, 231 for protein metabolism 
and 52 for stress response (Fig. 1).

Functional annotation via KEGG

To identify the potential involvement of predicted CDSs of 
Streptomyces genome in the biological pathways, the genes 
were mapped to the canonical pathways in KEGG. All the 
genes were classified in five different categories such as 
metabolism, cellular Processes, genetic information process-
ing, environmental information processing and organismal 
system. Output of the KEGG automated annotation server 
(KAAS) includes KEGG orthology assignments with cor-
responding enzyme commission numbers and metabolic 
pathways of predicted genes. 6543 predicted genes of KD18 
genome were processed in KAAS. A total of 1952 genes 
were involved in 24 KEGG pathways. Metabolism process 
contains the highest gene count, i.e., 1362. In metabolism 
category, amino acid metabolism has the highest gene 
counts, i.e., 279, followed by 257 and 159 in “carbohydrates 
metabolism” and “metabolism of cofactors and vitamins”, 
respectively, whereas environmental adaptation pathways of 
organismal system have the lowest gene count, i.e., 11.

Secondary metabolites gene clusters

The biosynthetic gene cluster analysis revealed the presence 
of 25 BGCs of different secondary metabolites in Strepto-
myces sp. KD 18 (Table 1). The identified BGCs included 
non-ribosomal peptide synthase (NRPS) (4), T3PKS (1), 
T1PKS (1), siderophore (3), terpene (6), butyrolactone 
(1), RiPP-like, lanthipeptide (2), thiopeptide, CDPS. Out 
of 25 predicted BGCs, 6 clusters exhibited 90% or above 
similarity with already known BGCs, suggesting that all the 
genes required for the synthesis of respective compound are 
present and organism can produce these metabolites under 
suitable culture conditions. 4 clusters showed above 50% 
similarity with respect to BGCs data deposited in MIBiG 
database. Eleven BGCs in the KD18 genome assembly 
exhibited low sequence similarity, i.e., between 4 and 30%, 
while four BGCs displayed null sequence identity with pre-
viously described BGCs, indicating the potential to produce 
new natural compounds. All these identified clusters possess 
various clinically important applications.

The percentage similarity is a measure of how closely 
related a given BGC is to the reference cluster on MIBiG 
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database. Notably, the non-ribosomal peptidase synthase 
(NRPS) cluster with 92% similarity to the known BGC of 
lipstatin was observed in S. sp. KD18 and S. toxytricini. 
Along with S. toxytricini, S. virginiae is also the producer 
of lipstatin. According to the NPATLAS database entry, it is 
a linear polyketide as well as an organic compound derived 
from leucine or its derivates. The compound acts as an irre-
versible inhibitor of pancreatic lipase. Furthermore, the 
β-lactone ring also inhibits the fatty acid synthase (FAS) 
activity via binding to the thioesterase domain and exhibits 
anticancer activity (Mulzer et al. 2014).

Lanthipeptide-class-iv gene cluster (contig 22) was found 
to demonstrate 100% similarity to the venezuelin BGC in 
Streptomyces venezuelae ATCC 10712 (Goto et al. 2010). 
Lanthibiotic synthetases are the most important biocatalysts 
as they use only two posttranslational modification reactions, 
i.e., Ser/Thr residues dehydration and Cys thiols addition to 
the resulted amino acids to form conformationally amena-
ble peptides to execute different biological functions (Goto 
et al. 2010).

Siderophore gene cluster (contig 25) was showing 100% 
similarity with the desferrioxamine B BGC in Streptomyces 
griseus subsp. griseus NBRC 13350. Desferrioxamine B is 
marketed under the trade name “Desferal” and possess the 
clinical history associated with chronic iron overload due to 
β-thalassemia (Telfer et al. 2019).

A gene cluster present at contig 14 was identified as 
nucleoside BGCs with 100% similarity to tunicamycin B1 
BGC in Streptomyces chartreusis NRRL 3882 (Wyszynski 
et al. 2012). Streptomyces chartreusis, Streptomyces lysosu-
perificus are the main producers of Tunicamycin B1 (Shirai-
shi et al. 2005). Tunicamycins are the nucleoside antibiotics 
specifically targeting the MarY enzyme of bacteria to inhibit 
the synthesis of lipid I precursors and thus inhibit the cell 
wall formation (Bible and Ryder 2016). In addition, these 
antibiotics also restrict N-linked glycosylation in eukaryotes 
which leads to arrest of cell cycle at G1 phase. The antibiotic 
is used to induce the response to unfolded proteins (Chen 
et al. 2009). Tunicamycin also possesses the ability to cause 
redifferentiation in anaplastic thyroid cancers (ATCs) via 
inducing the restoration of genes involved in iodide handling 
and radioiodine avidity during radioiodine therapy (Choi 
et al. 2021). Terpene type BGC (contig 23) was showing 
100% similarity with isorenieratene biosynthetic gene clus-
ter in Streptomyces griseus subsp. griseus NBRC 13350. 
Streptomyces genomes, including Streptomyces sp. KD18, 
are also predicted to contain a core set of natural products 
encoding genes like desferrioxamine B, hopene along with 
some common clusters such as ectoine, melanin, isoreni-
eratene, etc. (Kim et al. 2015; Seipke 2015; Komaki et al. 
2018; Vicente et al. 2018; Benaud et al. 2021). Through 
further research, a better understanding of the relationship 
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Fig. 1  An overview of subsystems with their associated genes present in KD18 genome annotated using RAST v5.0
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between the genome completeness and AntiSMASH output 
will be achieved.

Phylogenetic analysis

Even though a single genome analysis can yield useful infor-
mation, comparative examination of many genomes adds a 
whole new level of biological knowledge and can produce 
unexpectedly important findings (Ikeda et al. 2003). Four 
closest neighbours, i.e., S. avermitilis MA-4680, S. scabiei 
87.22, S. coelicolor A3(2) and S. griseus subsp. griseus 
NBRC 13350 were extracted from RAST while four other 
members i.e., S. globosus LZH-48, S. scabiei 87.22, S. sp. 
fd1-xmd, S. sp. TN58 were selected from BLAST analysis. 

Due to 16S rRNA gene sequence similarity, S. toxytricini 
was also selected for comparative and phylogenetic analysis. 
Among the 10 selected genomes, S. scabiei 87.22 had the 
largest genome with a total length of 10,148,695 bp and 
the GC content ranged from 69.9 to 73.9%. Details of each 
genome are described in Table S1.

Total 1306 genes were predicted as core genes and were 
aligned using muscle aligner to reconstruct phylogeny. It 
was observed that S. sp. KD18 shared the clade with S. glo-
bus and S. toxytricini (Fig. 2A). Similarly, on the basis of 
pairwise comparison, the ANI have clustered strain KD18 
and S. toxytricini in a monophyletic clade with S. globous. S. 
coelicolor and S. scabiei were clustered together according 
to ANI topology (Fig. 2B). Thus, with multiple phylogenetic 

Table 1  Biosynthetic gene 
clusters identified across 
Streptomyces sp. KD18 genome

Percentage similarity with already known clusters and their MIBiG IDs are also mentioned

Contig no Size (nt.) Similar biosynthetic cluster % Similarity MIBiG BGC-ID

RiPP
 1 20,546 Legonaridin 16 BGC0001188
 22 22,674 Venezuelin 100 BGC0000563
 24 34,722 Lactazole 66 BGC0000606
 12 11,578 – 0 –

NRP
 2 204,321 Lipstatin 92 BGC0000382
 12 67,001 Ashimides 12 BGC0001961
 13 59,217 Caperomycin 9 BGC0000316
 34 44,392 Salinichelins 69 BGC0001767

NRP + RiPP
 2 74,354 Pheganomycin 57 BGC0001148

Siderophore
 3 13,227 – 0 –
 11 12,115 – 0 –

Saccharide
 35 29,631 Acarbose 10 BGC0000691

Polyketide
 11 30,658 Granaticin 8 BGC0000227
 21 21,482 Ebelactone 5 BGC0001580
 30 38,559 Monensin 26 BGC0000100

Terpene
 18 46,558 Hopene 30 BGC0000663
 44 14,724 Hopene 30 BGC0000663
 22 17,096 – 0 –
 24 26,103 Isorenieratene 100 BGC0000664

CDPS
 4 11,257 – 0 –

Other
 3 45,166 Cystargolide 50 BGC0000880
 4 (Nucleoside) 28,750 Tunicamycin B1 100 BGC0001440
 25 11,785 Desferrioxamin B 100 BGC0000941
 43 22,217 Toxoflavin 14 BGC0001972
 3 40,687 Melanin 100 BGC0000911
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Fig. 2  Phylogenetic analysis of Streptomyces sp. KD18. A ML-based 
phylogenomic tree construction based on whole genome sequence of 
the 10 selected strains of Streptomyces used in this study. B Correla-

tion plot for Streptomyces sp. KD18 and its 9 reference genotypes on 
the basis on the basis of pairwise ANI values Maximum (green: ANI) 
and minimum (blue: ANI) correlation are shown with the color scale
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analysis it was predicted that the strain KD18 was closest 
to the species Streptomyces toxytricini. Streptomyces sp. 
KD18 and S. toxytricini JCM were 100% similar at ANI 
level. Therefore, on the basis of ANI threshold related to 
sub-species demarcation (> 98%) (Konstantinidis and Tiedje 
2005), it was concluded that the isolated strain KD18 can 
be considered as sub-species and should be classified as S. 
toxytricini KD18.

Core‑pan genome prediction

From the Core-Pan plot, it was clear that the core genes 
were decreasing gradually along with the addition of new 
genomes. It was observed that the pan genome was com-
posed of 22,218 genes, out of which only 2341 genes were 
conserved among the selected species as the core genome. 
Maximum number of accessory genes (3710) were present 
in S. toxytricini while S. griseus possessed minimum number 
of accessory genes (2349). In case of unique genes, Strep-
tomyces scabiei 87.22 (2507) was at the top while Strepto-
myces sp. KD18 was having only 21 unique genes. An open 
pan genome was observed for the Streptomyces sp., which 
suggests the addition of new genes in the accessory genome 
of newly sequenced genomes.

OrthoVenn software was used for the further determina-
tion of essential genes. A total of 10,703 protein clusters 

were identified with 8119 orthologous clusters and 2584 sin-
gle-copy gene clusters, from the 10 selected species of Strep-
tomyces. The number of protein clusters for each species 
varied: Streptomyces sp. KD18 (6134), S. avermitilis (6059), 
S. scabiei (6364), S. coelicolor A3(2) (6103) and S. griseus 
(5641) S. globosus (5754), S. sp. fd1-xmd (6023), S. sp. 
TN58 (5843), S. toxytricini (6221) and S. katrae (5646). The 
result indicated that 3056 orthologous genes were shared by 
six selected genomes (Fig. 3). The COG distribution analy-
sis revealed that the main functions of the core genes were 
associated with central dogma, production and conversion of 
energy along with primary metabolic processes, whereas the 
secondary metabolic processes were mainly under the con-
trol of accessory and unique genes instead of the core genes.

The KEGG analysis disclosed that a large proportion of 
the core, accessory as well as unique genes controls the car-
bohydrate, amino acid and lipid metabolism processes. In 
the categories of membrane transport and metabolism of ter-
penoids and polyketides, the accessory and unique genes are 
the key players. COGs distribution revealed that core genes 
were associated with central dogma, production and con-
version of energy along with primary metabolic processes 
whereas the secondary metabolic processes were mainly 
under the control of accessory and unique genes instead of 
the core genes.

Fig. 3  Venn diagram generated 
through orthoVenn showing 
unique and shared protein clus-
ters among six selected taxa
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Production of lipstatin

As the BGC of lipstatin was identified through antiSMASH 
analysis, the Streptomyces sp. KD18 culture was subjected 
to the production of lipstatin. The UV pattern of the crude 
extract was similar to that of pure lipstatin, where the maxi-
mum absorbance was observed at 210 nm. Through HPLC 
analysis, it was observed that 2.06 mg/ml of lipstatin was 
produced by the KD18 strain. The retention time for the 
lipstatin was 1.45 min. All these results confirmed the pro-
duction of lipstatin by the isolated strain KD18.

LC–MS analysis of crude lipstatin

Mass spectroscopy analysis of the culture extracts was per-
formed to confirm the presence of lipstatin in the context of 
m/z ratio. The confirmatory peak for the lipstatin observed 
at retention time of 11.33 min with a m/z of 491.369, repre-
sents the positive ionization [M +  H]+ of lipstatin (Fig. 4). 
Similar results were obtained by Sladič and group, (2014) 
during LC–MS analysis of lipstatin (Sladič et al. 2014). In 
another study, the m/z value for compound 6 was 492.371 
indicating the positive ionization [M +  H]+ of lipstatin (Yang 
et al. 2019). It has been reported that the molecular weight of 
lipstatin is 491.7 and the exact mass of lipstatin is 491.361.

HPLC and LC–MS/MS analysis confirmed the lipstatin 
production potential of KD18 strain. The compound is uti-
lised as an anti-obesity drug as it is an irreversible inhibitor 
of pancreatic lipase. Lipstatin is sold in the market under the 
trade name of Orlistat, the only FDA approved anti-obesity 
drug. The saturated form of lipstatin is tetrahydrolipstatin 
(THL) which is more stable as compared to the natural 
form of lipstatin. THL might be utilized for the treatment 
of giardiasis in future as it possesses the ability to inhibit 

the growth of Giardia duodenalis under in vitro conditions 
(Hahn et al. 2013).

Finally, the genome sequence might be utilized for genetic 
engineering to improve the production of secondary metabo-
lites or alter the morphology of the bacteria. In addition, 
the genome sequence might aid in designing approaches to 
uncover the hidden metabolic pathways of cryptic clusters.
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