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Abstract: Natural products produced by microorganisms are considered an important resource of
bioactive secondary metabolites, such as anticancer, antifungal, antibiotic, and immunosuppressive
molecules. Streptomyces are the richest source of bioactive natural products via possessing a wide
number of secondary metabolite biosynthetic gene clusters (SM-BGCs). Based on rapid development
in sequencing technologies with advances in genome mining, exploring the newly isolated Strepto-
myces species for possible new secondary metabolites is mandatory to find novel natural products.
The isolated Streptomyces thinghirensis strain HM3 from arid and sandy texture soil in Qassim, SA,
exerted inhibition activity against tested animal pathogenic Gram-positive bacteria and pathogenic
fungal species. In this study, we report the draft genome of S. thinghirensis strain HM3, which consists
of 7,139,324 base pairs (bp), with an average G+C content of 71.49%, predicting 7949 open reading
frames, 12 rRNA operons (5S, 16S, 23S) and 60 tRNAs. An in silico analysis of strain HM3 genome
by the antiSMASH and PRISM 4 online software for SM-BGCs predicted 16 clusters, including four
terpene, one lantipeptide, one siderophore, two polyketide synthase (PKS), two non-ribosomal pep-
tide synthetase (NRPS) cluster)/NRPS-like fragment, two RiPP/RiPP-like (ribosomally synthesised
and post-translationally modified peptide product), two butyrolactone, one CDPS (tRNA-dependent
cyclodipeptide synthases), and one other (cluster containing a secondary metabolite-related protein
that does not fit into any other category) BGC. The presented BGCs inside the genome, along with
antibacterial and antifungal activity, indicate that HM3 may represent an invaluable source for new
secondary metabolites.

Keywords: Streptomyces; arid soil; secondary metabolites; genome sequencing; data mining; BGCs

1. Introduction

Streptomyces [1], the leading bacterial genus of the family Streptomycetaceae, have been
the subject of investigations for over a century, particularly following the discovery of their
prodigious ability to produce interesting secondary metabolites and bioactive compounds
with important biological activities [2–6]. Strains belonging to the genus Streptomyces,
members of the order Actinomycetales within the class Actinobacteria [7], are Gram-
positive, aerobic, spore-forming, and possess a very high G+C content (69 ± 78 mol%.)
with complex multicellular morphology [8]. Streptomyces species are widespread and able
to colonize several aquatic and terrestrial ecosystems. The genus members are ubiquitous
in the soil environment, where they grow as a substrate mycelium composed of multiple
hyphae, but some strains are able to live in symbiosis with eukaryotic organisms, most
notably plants, fungi, and animals [9].
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Streptomyces strains have served as the major producer of bioactive natural products,
medicinal chemicals, and novel drugs, contributing 62% of the microbe-derived antibi-
otics from the 1950s to the 1970s [10]. Yet, studies estimate that Streptomyces species can
synthesize some 150,000 more antimicrobial compounds than those currently known, high-
lighting the genus as a significant resource of new innovations in secondary metabolites
discovery [11–14]. Streptomyces produce clinically useful antibiotics and highly valuable
pharmaceutical products, including anticancer, immunostimulatory, immunosuppressive,
antioxidative agents, insecticides, and antiparasitic drugs, which have bio-economic bene-
fits and broad medical and agricultural applications [15]. Streptomyces produce antibacterial,
antifungal, and certain wide-spectrum antibiotics such as rifamycins, chloramphenicol,
fungichromin, macrolides (erythromycin and its relatives), and aminoglycosides (strep-
tomycin and its relatives), and are, thus, considered to be rich biotechnological cell facto-
ries [16–21]. They also produce broad-spectrum insecticides and antiparasitic bioactive
agents with strong activity against arthropods and nematodes, such as Ivermectin [22].
Streptomyces spp. are a valuable source of active metabolites applied on several crops
to control several phytopathogenic microorganisms, and they are used to promote plant
growth through the siderophore or auxin production [23–25]. Numerous Streptomyces
species exhibit a remarkable capacity for the production of industrially high economic
value enzymes such as α-amylases, cellulases, alkaline protease, keratinases, lipases, uric-
ase, cholesterol oxidase, and L-asparaginase [26]. Recently, the use of Streptomyces species as
environmentally friendly “nanofactories” for nanoparticle biosynthesis has been suggested
by many scientists [27,28].

Researchers around the world continue to explore the enormous potential of Strep-
tomyces using the latest developed strategies of modification of culture conditions, bioin-
formatics and genome mining, genome editing tools, heterologous expression, and other
approaches [3–29]. The integration of genome-scale DNA sequencing with various omics
technologies is a helpful tool to select effective-production organisms, through the as-
sessment of their metabolic capacities, and has provided more information regarding the
biosynthetic pathways of secondary metabolites that will expand the biotechnological and
industrial applications of Streptomyces species [30–32]. Based on the resistance of infectious
diseases to drugs, looking for new drugs to break down this resistance is vital and urgent.
Novel bioactive natural products from Streptomyces are eagerly anticipated including clini-
cal and agricultural antibiotics, immunosuppressant agents, antitumour, antifungal and
antibacterial drugs [33].

In this study, we aimed to evaluate the antibacterial and antifungal activities of
S. thinghirensis strain HM3, a strain isolated from Qassim, Saudi Arabia, and to sequence
its genome. The genome was subjected to comprehensive phylogenetic, genomic, and
secondary metabolic analyses to search for a possible new source of natural products.

2. Materials and Methods
2.1. Soil Properties, Cultural Conditions, and Antimicrobial Assay

S. thinghirensis strain HM3 (Accession: MN527231) [34,35] was isolated from Qassim
University campus, SA, with soil characteristics (Table 1), as follows:

Table 1. Soil properties of isolated strain S. thinghirensis strain HM3.

pH
EC OM C/N N P K Particle Size Analysis

Texture
(dS m−1) (%) Ratio mg kg−1 Sand (%) Silt (%) Clay (%)

7.90 3.2 0.25 35 42 4.6 35 98.0 1.2 0.8 Sand

• pH was measured in the soil aqueous extract (soil:water) at a ratio of (1:2.5) using a
pH meter type (Jenway, model 3310), according to the method of Page et al. [36].
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• EC (electrical conductivity, dS m−1) was measured in the saturated soil paste extract
and estimated using an EC-meter type (ELE, model 470), according to the method
recommended in the study of Jackson [37].

• Total N was determined by the Kjeldahl method; P was extracted using the Olsen
method; K by 1 N NH4OAc at pH 7, Page et al. [36].

• Organic matter (OM, %) was determined in soil by the modified Walkley–Black
method, according to Nelson and Sommers [38].

• Particle size analysis and soil texture were measured by Gee [39].

Tryptic Soy Agar/broth (TSA/B) composed of peptic digest of soybean meal (5.0 g/L),
sodium chloride (5.0 g/L), agar (15.0 g/L), pH 7.5, was used for regular growth and
maintenance. For spore production, glucose soybean meal agar (GSA), which consisted of
(g/L), 10 soybean meal, 10 glucose, 1 CaCO3, 10 NaCl, and pH adjusted to 7.0 with NaOH
(0.5 N), was used to grow the HM3 strain for 5 days at 30 ◦C. PDA and Muller Hinton
media were chosen for secondary metabolites production in antifungal and antibacterial
assays, as previously described by Rehan et al. [34] and Qureshi et al. [40]. In antibacterial
assay, eight animal pathogenic bacteria, four as a Gram-positive, Streptococcus pneumoniae
ATCC 49619, Staphylococcus aureus ATCC 29213, Methicillin-resistant Staphylococcus aureus
(MRSA-A), Enterococcus faecalis ATCC 29212, plus four Gram-negative bacteria Pseudomonas
aerugenosa ATCC 9027, Proteus mirabilis ATCC 29906, Escherichia coli ATCC 25922, and
Klebsiella pneumoniae ATCC 27736, were selected for this purpose. One single colony form
Streptomyces grown on GSA medium was used to inoculate Muller Hinton agar medium
spread with each of the animal pathogenic bacteria, and an inhibition zone was observed
around the inoculated strains. Moreover, ten fungal strains were screened against the
selected HM3 strain [34]. Briefly, a 6 mm disk from fungal mycelium was placed in the
centre of a PDA plate and a single colony from Streptomyces placed into the opposite sides
of each PDA plate, then incubated at 30 ◦C for five days.

2.2. Genomic DNA Extraction and Whole Genome Sequencing

To extract genomic DNA (gDNA) from S. thinghirensis strain HM3, a cetyltrimethy-
lammonium bromide (CTAB) protocol was applied [41]. The bacterial culture was grown
in Czapek broth medium for 5 days at 28 ◦C. The bacterial cells were collected from 5 mL
of Czpeck liquid culture by centrifugation at 14,000× g for 5 min. The biomass was re-
suspended in TE buffer (10 mM of Tris; 1 mM of EDTA, pH 8.0) and homogenized by
successive passing through a 0.1 mm diameter sterile syringe needle. We added 20 µL of
100 mg/mL lysozyme (EM Science, Darmstadt, Germany) to the homogenized cells and
incubated them at 37 ◦C to break down the cell walls. After 30 min, 8 µL of 20 mg/mL
proteinase K was added and incubated overnight at 56 ◦C to digest the residual proteins.
The gDNA was purified by phenol-chloroform extractions, cleaned, and concentrated by
mixing with 1 volume AMPure beads (Beckman Coulter Life Sciences, Brea, CA, USA),
according to the manufacturer’s instructions. The dried DNA pellets were dissolved in
50 µL of Tris-HCl Buffer (10 mM with 50 mM of NaCl, pH 8.0), and the purity of the
genomic DNA was checked using an Invitrogen Qubit® 3.0 fluorometer and the 1× Qubit
double-stranded DNA (dsDNA) high-sensitivity (HS) assay kit (Thermo Fisher Scientific,
Waltham, MA, USA), then stored at −20 ◦C.

DNA libraries were prepared for long-read sequencing using the ONT rapid barcod-
ing genomic sequencing kit (SQK-RBK004; Oxford Nanopore Technologies, Inc., Oxford,
UK) and loaded without size selection onto the primed MinIONSpotON flow cell (R9.4.1
FLO-MIN 106; ONT, Oxford, UK) according to the manufacturer’s protocol. Genome
sequencing was conducted by an Oxford Nanopore’s MinIONMk1C device (ONT, Oxford,
UK) connected to MinKNOW version 22.05.8 for 48 h real-time base calling in high-accuracy
mode, with a quality score cut-off of 7.
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2.3. Genome Assembly, Annotation, and Data Availability

For de novo assembly of the genome, all generated reads in FASTQ format that
passed quality control were assembled using the EPI2ME Labs platform (Oxford Nanopore
Technologies, Oxford, UK) employing the assembler Flye version 2.8.1-b1676 [42]. To obtain
contigs with high accuracy, the assembled contigs were subject to a first-step assembly
polishing with Racon (v1.4.16) [43], followed by a second polishing by the Medaka (v1.5.0)
consensus program [44]. The statistics of the final polished consensus were calculated using
QUAST v5.2.0 [45]. The completeness and contamination of the assembled genome were
estimated by CheckM [46]. The generated genome assembly was annotated at NCBI with
the Prokaryotic Genome Annotation Pipeline (PGAP) [47]. All software was run using
default parameters.

The raw sequencing reads were deposited in the NCBI Sequence Read Archive (SRA)
under the accession number SRR17278423. The S. thinghirensis strain HM3 genome sequence
was deposited at NCBI GenBank under accession ID JAKFGP000000000 and BioProject
accession number PRJNA790006.

2.4. Phylogenetic Analysis Based on 16S rRNA Gene and Whole Genome Sequencing

To achieve a true phylogenetic analysis based on the whole-genome and the 16S
rRNA gene of S. thinghirensis strain HM3, the assembled FASTA contigs file was run
through the Type (Strain) Genome Server (TYGS), a free bioinformatics platform available at
https://tygs.dsmz.de/ (accessed on 20 July 2022) [48]. The genome was compared against
all type strain genomes available in the TYGS database via the MASH algorithm [48,49].
TYGS provides the closest related type strains by using the Genome Blast Distance Phy-
logeny (GBDP) to calculate the digital DNA-DNA hybridization (dDDH) and the interge-
nomic distances to infer the phylogenetic trees [48]. The Average Nucleotide Identity (ANI)
comparisons of the genomes were calculated using OrthoANI using USEARCH in the
ChunLab webserver [50]. The 16S rRNA gene sequence of S. thinghirensis strain HM3 was
extracted from the genome using RNAmmer [51], and BLAST [52] was used to perform
an alignment against the 16S rRNA gene sequences of all type strains currently available
in the TYGS database, as well as to infer the 16S phylogenetic tree. The 16S rRNA gene
sequence was also manually extracted using barrnap 0.9 and used for the BLAST search in
the NCBI database.

2.5. Metabolites Analysis and Identification of Putative Biosynthetic Gene Clusters (BGCs)

To identify the biosynthetic gene clusters (BGCs), S. thinghirensis strain HM3 genome
was submitted to antiSMASH bacterial version (antiSMASH 6.0: improving cluster detection
and comparison capabilities, accessed on 20 July 2022) [53] and PRISM (PRediction Informat-
ics for Secondary Metabolomes) [54] to identify unknown secondary metabolite biosynthesis
gene clusters and their predicted chemical structures. antiSMASH uses a hidden Markov
models (HMMs) based probabilistic algorithm to detect BGC regions in genomes. PFAM: the
protein families database [55], the Minimum Information about a Biosynthetic Gene cluster
(MIBiG) [56], were used for further domain function, annotations and metadata on biosyn-
thetic gene clusters and their molecular products. KnownClusterBlast and ClusterBlast mod-
ules were used to identify similar clusters in the selected genome by genome comparisons.
Furthermore, non-ribosomal peptide synthetases/polyketide synthases (NRPSs/PKSs) mod-
ules were applied for cluster-specific analyses, which will provide more information and
predictions about the biosynthetic compound.

3. Results
3.1. Antimicrobial Activity of S. thinghirensis Strain HM3

S. thinghirensis HM3 was isolated from alkaline sandy soil that was rich in carbon
and poor in nitrogen (C/N = 35), phosphate, potassium, and organic matter. Based
on soil electrical conductivity (EC), this soil was classified as normal or slightly saline.
Preliminary antimicrobial screening of strain HM3 by the spot inoculation method revealed

https://tygs.dsmz.de/
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inhibition activity with Gram-positive bacteria, including S. pneumoniae ATCC 49619,
S. aureus ATCC 29213, and MRSA-A (Figure 1), whereas no activity was detected against the
Gram-negative bacteria tested. On the other hand, the HM3 strain exerted inhibitory effects
against ten pathogenic fungal species, i.e., Thielaviopsis basicola, Colletotrichum gloeosporides,
Botrytis cinerea, Myrothecium roridum, Rhizoctonia solani, Fusarium oxysporum, Fusarium
graminearum, Alternaria solani, Fusarium solani, and Fusarium moniliforme, as previously
shown by Rehan et al. [34].
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Figure 1. Antibacterial and antifungal activities of S. thinghirensis HM3 (A) against three animal pathogenic
and Gram-positive bacteria; (1) S. pneumoniae ATCC 49619, (2) S. aureus ATCC 29213, (3) MRSA-A.
(B) against soil-borne disease fungi; (1) Thielaviopsis basicola, (2) Colletotrichum gloeosporides.

3.2. Whole Genome Sequencing and General Genome Features

A total of 30,937 reads were generated by Nanopore sequencing and had a total read
length of 44,764,953 sequenced bases. The average length of the reads was 1446.97 bp, with
a maximum length of 116,217 bp and a N50 value of 10,193 bp.

As summarized in Table 2, the total length of the assembled draft genome was 7.14 Mbp
(genome coverage of 6.27×), with an average GC content of 71.49%. The final assembly was
composed of 69 contigs (N50, 174,705 bp; L50, 13), where the largest contig was 478,557 bp.
The assembly contained 7949 gene sequence predictions, 3362 protein-coding sequences,
12 complete rRNA genes, and 60 tRNAs (Table 2).

Table 2. General genome features.

Statistics S. thinghirensis Strain HM3

contigs number 69
Largest contig (bp) 478,557
Total length (bp) 7,139,324
N50 174,705
N75 88,698
L50 13
L75 27
GC (%) 71.49
Genes (total) 7949
Coding genes 3362
Genes (RNA) 75
rRNAs 4, 4, 4 (5S, 16S, 23S)
tRNA 60
Pseudo genes (total) 4512
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3.3. Phylogenetic Analysis and Genome Comparison with Other Streptomyces

The phylogenetic position of the S. thinghirensis strain HM3 was assessed using Type
(Strain) Genome Server (https://tygs.dsmz.de/, accessed on 20 July 2022). A BLAST
search with the 1523 bp 16S rRNA gene sequence of strain HM3 and a whole-genome
sequence-based comparison (Figure S1) showed that HM3 displayed greater than 99%
sequence similarity to the 16S rRNA gene and genome sequences of many species of
the genus Streptomyces (Figure 2). The phylogenetic analysis showed that strain HM3
branched off separately from the other closest Streptomyces species group and was most
closely related to Streptomyces ambofaciens ATCC 23877 (Figure 2). The BLAST results
showed that the highest degree of similarity was found with Streptomyces ambofaciens
ATCC 23877 (99.48%), Streptomyces albogriseolus (99.32%), Streptomyces griseorubens
(99.32%), Streptomyces viridodiastaticus (99.32%), and Streptomyces thinghirensis (99.32%).
The TYGS analysis identified 18 type strains that were most similar to the HM3 genome
(Supplementary Material S1). All the identified type strains had a dDDH value less than
70% (32.1–49.2%; Supplementary Material S1). The genome sequence of HM3 showed an
ANI less than 95% (88.57%) when compared to the clustered closer strain, Streptomyces
ambofaciens ATCC 23877, thus confirming that it could represent a novel species within
the genus Streptomyces.
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Figure 2. Phylogenetic tree inferred with FastME 2.1.6.1 [57] from GBDP distances calculated from
16S rDNA gene sequences showing the phylogenetic relationships between strain HM3 and the most
closely related type strains of the genus Streptomyces. The branch lengths are scaled in terms of
GBDP distance formula d5. Numbers above branches are GBDP pseudo-bootstrap support values
> 60% from 100 replications, with an average branch support of 79.5%. The tree was rooted at the
midpoint [58]. Bar, 0.002 substitutions per nucleotide position.

3.4. Overview of the Putative Secondary Metabolites’ Biosynthetic Gene Clusters

To evaluate the potential biosynthetic gene clusters (BGCs) and their secondary
metabolites, antiSMASH version 6.0 was used to predict both characterized and unknown
putative secondary metabolites gene clusters in S. thinghirensis strain HM3. A total of
16 potential BGCs were predicted by antiSMASH with characterized functions (Table 3).
These BGCs, including four terpene clusters, one lantipeptide cluster, one siderophore clus-
ter, two PKS (polyketide synthase) clusters, two NRPS (non-ribosomal peptide synthetase
cluster)/NRPS-like fragment clusters, two RiPP/RiPP-like (ribosomally synthesised and

https://tygs.dsmz.de/
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post-translationally modified peptide product) clusters, two butyrolactone clusters, one
CDPS (tRNA-dependent cyclodipeptide synthases) cluster, and one other (cluster contain-
ing a secondary metabolite-related protein that does not fit into any other category) BGC.
The main BGC types in strain HM3 were terpene, PKS, NRPS, and butyrolactone.

Table 3. Possible secondary metabolites of S. thinghirensis strain HM3 based on genome analysis
by antiSMASH.

Region
(Contigs) Type

Nucleotide
Sequences
(From–To)

Most Similar Known Cluster Microorganism Similarity
Percentage Reference

Region 2.1 Terpene 12,171–33,262 Albaflavenone Streptomyces coelicolor A3(2) 100 [59]
Region 6.1 Terpene 8731–27,414 - - - -

Region 17.1 Terpene 39,937–60,815 - - - -
Region 50.2 Terpene 237,876–258,370 Hopene Streptomyces coelicolor A3(2) 38 [60]

Region 8.1 Lantipeptide class V 75,517–117,727 Guadinomine (NRP +
polyketide) Streptomyces sp. K01-0509 7 [61]

Region 9.1 Siderophore 31,741–44,344 - - - -

Region 15.1
Type II PKS
(Polyketide
synthase)

42,349–113,381 Xantholipin (Polyketide) Streptomyces flavogriseus 8 [62]

Region 24.1 NRPS 19,390–61,821 Surugamide A/D (NRP) Streptomyces albidoflavus 23 [63]

Region 35.1 RiPP-like 4066–14,248 Informatipeptin (RiPP:
Lantipeptide)

Streptomyces viridochromogenes
DSM 40736 28 [64]

Region 41.1 Butyrolactone 84,097–94,972 SCB1 Streptomyces coelicolor A3(2) 100 [65]
Region 54.1 Butyrolactone 33,375–44,304 Methylenomycin A Streptomyces coelicolor A3(2) 9 [66]

Region 44.1 Type II PKS 44,648–107,146
Prejadomycin (

Polyketide/
Saccharide)

Streptomyces sp. PGA64 41 [67,68]

Region 50.1 RiPP 159,658–179,906 SSV-2083 (RiPP:Lantipeptide) Streptomyces sviceus ATCC
29083 27 [69]

Region 59.1 CDPS 1–13,469 - - - -

Region 59.2 NRPS-like 104,234–151,246 Calyculin A (NRP + polyketide:
Trans-AT type I)

Uncultured Candidatus
Entotheonella sp. 28 [70,71]

Region 62.1 Other 18,773–59,354 Actinomycin D (NRP) Streptomyces anulatus 57 [72–74]

3.5. BGCs Involving Terpene Biosynthesis

Based on the in silico analysis, the S. thinghirensis HM3 genome revealed four terpene
gene clusters. The first gene cluster proposed to produce albaflavenone terpene, whose
similarity reached 100% with albaflavenone from Streptomyces coelicolor A3(2) based on
KnownClusterBlast (Figure 3A, Figure S2). This BGC was located in region 2.1 and spanned
21.09 kb in size. It contained up to twenty related genes (Figure 3B), including both core
biosynthetic, tailoring enzymes, and regulatory genes which were predicted to be involved
in albaflavenone terpene biosynthesis. Based on the MIBiG analysis, the main genes in
this cluster were found to be terpene synthase family protein and cytochrome P450 (genes
11 and 12 in Figure 3B, respectively). The terpene synthase was predicted to catalyse the
cyclization of farnesyl diphosphate to epi-isozizaene (the tricyclic hydrocarbon), whereas
cytochrome P450 converts epi-isozizaene to the sesquiterpene antibiotic albaflavenone via
carrying out two sequential allylic oxidations. Notably, the Pfam domains analysis revealed
that more than fifteen genes could contribute to albaflavenone biosynthesis (Figure 3C).

The second terpenes gene cluster existed in region 50.2 and spanned 20.5 kb in size,
with 38% similarity to the hopene biosynthetic gene cluster from S. coelicolor A3(2) when
compared at KnownClusterBlast (Figures 4A and S3). This BGC had up to twenty genes
encoding terpene biosynthesis (Figure 4B,C). The first part of the cluster was involved
in the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. The putative 1-deoxy-D-
xylulose-5-phosphate synthase (gene 1) was predicted to biosynthesis 1-deoxy-D-xylulose
5-phosphate (DXP) from pyruvate and methylerythritol 2,4-cyclodiphosphate (MEcDP)
to be converted into hydroxymethylbutenyl diphosphate (HMBDP) by HMBDP synthase
(gene 2); then, HMDBP would be reduced to isopentenyl diphosphate (IPP) by HMBDP
reductase (gene 5). Otherwise, the second part of the cluster was predicted to participate in
squalene and hopene biosynthesis (genes 4, 6, 7, 8, 9, 10, 11, 12 and 13) with genes encoding
squalene-hopene cyclase C/N-terminal domains, polyprenyl synthetase, hydroxysqua-
lene dehydroxylase HpnE and squalene/phytoene synthase, respectively (Figure 4B,C).
Furthermore, another two BCGs related to terpenes were detected in regions 6.1 and 17.1,



Fermentation 2023, 9, 65 8 of 22

ranging in size from 18.6 to 20.88 kb, respectively (Table 2). Based on genetic similarity and
organization at MIBiG, the first BGC’s similarity score reached 0.24 with the carotenoid
terpene from Myxococcus xanthus, whereas the second cluster exhibited 0.56 similarity with
the geosmin terpene from S. coelicolor A3(2).
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Figure 3. Terpene (albaflavenone) biosynthetic gene cluster in S. thinghirensis HM3. (A) The com-
parison between the proposed albaflavenone gene cluster (dark red gene) in strain HM3 and the
proposed identified cluster of albaflavenone in S. coelicolor A3(2) with a similarity score of 0.7 on
the MIBiG website. (B) The proposed albaflavenone gene cluster in region 2.1 from strain HM3
genome; 3, SOS response-associated peptidase; 4, hydrolase; 7, HD-GYP domain-containing protein;
8, metal-dependent phosphohydrolase; 9, 14 hypothetical protein; 16, ribonucleoside-diphosphate
reductase subunit alpha. (C) represents the predicted genes involved in albaflavenone biosynthesis
based on the Pfam website.
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Figure 4. Terpene (hopene) biosynthetic gene cluster in S. thinghirensis HM3. (A) The comparison
between the proposed hopene gene cluster (dark red gene) in strain HM3 and the proposed identified
cluster of hopene in S. coelicolor A3(2) with a similarity score of 0.12 on the MIBiG website. (B) The
proposed hopene gene cluster in region 50.2 from strain HM3 genome contains; 1, 1-deoxy-D-xylulose-
5-phosphate synthase; 5, 1-hydroxy-2-methyl-2-butenyl 4-diphosphate reductase; 10, polyprenyl
synthetase; 11, hydroxysqualenedehydroxylaseHpnE; 12, squalene/phytoene synthase; 14, ABC
transporter ATP-binding protein; 15, ABC transporter permease; 16, glycosyltransferase; 17, CDP-
alcohol phosphatidyltransferase; 18, iron-containing alcohol dehydrogenase; 19, phosphocholine
cytidylyltransferase. (C) represents the predicted genes involved in hopene biosynthesis based on
the Pfam website.

3.6. BGCs Involving NRPS, PKS, and NRPS/PKS Hybrid

A total of five putative antiSMASH-identified NRPS, PKS, NRPS/PKS Hybrid, and
Lanthipeptide BGCs were identified to be distributed in the genome. The NRPS BGC was
located in region 24.1, was 42,4 kb in size, and was predicted to produce the cyclic octapep-
tides surugamide A/D or vulnibactin based on domain composition and organization
analysis at MIBiG or KnownClusterBlast (Figure 5A, Figure S4). In this cluster, more than
28 genes may be involved in the biosynthetic process (Figure 5B,C) with multiple conden-
sation domains (C), amino acid adenylation domains (A), phosphopantetheine-binding
protein (PP), acyl carrier protein (AC), thioesterase domain (TE), and ketoreductase (KR).
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NRPS biosynthesis with predicted chemical structure based on PRISM. 

The NRPS-like fragment/transAT-PKS-like was classified as a hybrid cluster (Figure 
6) in region 59.2 with nucleotides sized at 47 kb. This BCG showed up to a 0.51 and 0.49 
similarity score with massetolide A (the cyclic lipopeptide (CLP) antibiotic) and cabox-
amycin (a new benzoxazole antibiotic) from Pseudomonas fluorescens SS101 and Streptomy-
ces sp. NTK 937, respectively, on the MIBiG database. When compared at KnownCluster-
Blast, 28%, 40%, and 57% similarities with calyculin A (a biosynthetic gene cluster from 
uncultured CandidatusEntotheonella sp.), swinholide A (a biosynthetic gene cluster from 
Nostoc sp. UHCC 0450), and oxazolepoxidomycin (a biosynthetic gene cluster from Strep-
tomyces sp. NRRL F-4335), were detected (Figure S5). The BCG contained genes involved 
in the biosynthetic process (Figure 6C). In addition, further genes may participate in the 
production process (Figure 6B). 

Figure 5. NRPS biosynthetic gene cluster in S. thinghirensis HM3. (A) The comparison between the
proposed NRPS gene cluster in strain HM3 and the proposed identified cluster of vulnibactin in
Vibrio vulnificus CMCP6 with a similarity score reaching 0.29 on the MIBiG website. (B) The proposed
NRPS gene cluster in region 24.1 of strain HM3 genome; 1, 6 and 8, AMP-binding protein; 10, MbtH
family NRPS accessory protein; 11, FtsX-like permease family protein; 12, ABC transporter permease;
13, ABC transporter ATP-binding protein; 14, 15, MFS transporter; 16, ornithine carbamoyltransferase;
20, 21, 2,3-diaminopropionate biosynthesis protein SbnB/SbnA; 22, condensation domain; 25, 26,
TauD/TfdA family dioxygenase. (C) represents the NRPS domains involved in NRPS biosynthesis
with predicted chemical structure based on PRISM.

The NRPS-like fragment/transAT-PKS-like was classified as a hybrid cluster (Figure 6)
in region 59.2 with nucleotides sized at 47 kb. This BCG showed up to a 0.51 and 0.49 simi-
larity score with massetolide A (the cyclic lipopeptide (CLP) antibiotic) and caboxamycin (a
new benzoxazole antibiotic) from Pseudomonas fluorescens SS101 and Streptomyces sp. NTK
937, respectively, on the MIBiG database. When compared at KnownClusterBlast, 28%, 40%,
and 57% similarities with calyculin A (a biosynthetic gene cluster from uncultured Candi-
datusEntotheonella sp.), swinholide A (a biosynthetic gene cluster from Nostoc sp. UHCC
0450), and oxazolepoxidomycin (a biosynthetic gene cluster from Streptomyces sp. NRRL
F-4335), were detected (Figure S5). The BCG contained genes involved in the biosynthetic
process (Figure 6C). In addition, further genes may participate in the production process
(Figure 6B).
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As for PKS BGCs, two clusters related to type II PKS were identified by antiSMASH. 
The first cluster existed in region 15.1 and exhibited 8% and 19% shared sequences with 
xantholipin (a polycyclic xanthone antibiotic with antimicrobial and antitumour activi-
ties) from Streptomyces flavogriseus, and mensacarcin (a potential antitumour drug) from 
Streptomyces bottropensis, when compared with KnownClusterBlast. The second type II 
PKS BCG spanned 44,648 to 107,146 (with approximately 62.5 kb in region 44.1). Retrieved 

Figure 6. NRPS-like fragment/transAT-PKS-like biosynthetic gene cluster in S. thinghirensis
HM3. (A) The comparison between the proposed NRPS-like fragment/transAT-PKS-like gene
cluster in strain HM3 and the proposed identified cluster of massetolide A and caboxamycin in
Pseudomonas fluorescens SS101 and Streptomyces sp. NTK 937 had a similarity score reaching 0.51
and 0.49 at MIBiG website. (B) The proposed NRPS-like fragment/transAT-PKS-like gene cluster
in region 59.2 of strain HM3 genome; 3, KR domain-containing protein; 5, hypothetical protein; 6,
14, condensation domain; 12, 13, AMP-binding protein; 20, polyketide synthase. (C) represents the
domains involved in NRPS-like fragment/transAT-PKS-like biosynthesis based on Pfam.

As for PKS BGCs, two clusters related to type II PKS were identified by antiSMASH.
The first cluster existed in region 15.1 and exhibited 8% and 19% shared sequences with
xantholipin (a polycyclic xanthone antibiotic with antimicrobial and antitumour activities)
from Streptomyces flavogriseus, and mensacarcin (a potential antitumour drug) from Strepto-
myces bottropensis, when compared with KnownClusterBlast. The second type II PKS BCG
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spanned 44,648 to 107,146 (with approximately 62.5 kb in region 44.1). Retrieved data from
the MIBiG comparison showed a similarity score of 0.61 and 0.59 with griseusin (pyranon-
aphthoquinone antibiotic) and jadomycin (angucycline polyketide antibiotic) from S. griseus
and S. venezuelae ATCC 10712, respectively (Figure 7). Furthermore, 41% of the shared
sequences were detected with prejadomycin biosynthetic gene cluster from Streptomyces sp.
PGA64 as a KnownClusterBlast (Figure 6S). The domain composition and organization of
the identified type II PKS cluster is summarized in Figure 7. Notably, the cluster contained
up to forty genes predicted to participate in the biosynthetic process (Figure 7B). The main
domains are presented in Figure 7C,D.
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Figure 7. Type II PKS biosynthetic gene cluster in S. thinghirensis HM3. (A) The MIBiG comparison
between the proposed Type II PKS BGC in strain HM3 and the proposed identified cluster of griseusin
and jadomycin in S. griseus and S. venezuelae ATCC 10712, with a similarity score reaching 0.61 and
0.59. (B) The proposed type II PKS BGC in region 44.1 of strain HM3 genome. (C,D) represent the
domains involved in PKS biosynthesis. (E) represents the most possible predicted chemical structures
based on PRISM.
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3.7. Gene Clusters Involving RiPP, Butyrolactone, and Other Biosynthesis

The RiPP cluster (region 50.1 in the genome) was homologous to the citrulassin E (a
lasso peptide) cluster from S. glaucescens (Figure 8). This homologous was calculated at
27% and 50% with the SSV-2083 biosynthetic gene cluster from S. sviceus ATCC 29083, and
the moomysin (the class II lasso peptides) biosynthetic gene cluster from S. cattleya NRRL
8057, respectively (Figure S7). The predicted first step was the lasso RiPP family leader
peptide-containing protein (gene 4, Figure 8B) that binds the precursor peptide and directs
further enzymatic modifications. More genes are necessary to install the post-translational
modifications, i.e., asparagine synthase (gene 5, homologous to lasso cyclase) was predicted
to catalyse isopeptide bond formation in macrocycle creation between the N-terminus and
the carboxyl side chain of a Asp or Glu residue within the core region. PqqD-protein (gene
6, peptide chaperone) was predicted to be involved in the maturation of lasso peptides.
Additional genes coding for transport systems (genes 7 and 8) existed in the pathway.
Various auxiliary genes predicted to code for extra modification enzymes, such as GNAT
family N-acetyltransferase, cupin domain-containing protein, and Gfo/Idh/MocA family
oxidoreductase (genes 10, 11, and 12), were found in the lasso-cluster.
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volved in RiPP biosynthesis. 

According to our in silico analysis, two possible butyrolactones were present in the 
genome, with similarity reaching 100% and 12% according to KnownClusterBlast (Figure 
S8). In the MIBiG comparison, the first BGC exhibited a score of 0.45 with the SCB1 bio-
synthetic gene cluster from S. coelicolor A3(2) (Figure 9). Genes 4 and 5 were predicted to 
encode the A-factor biosynthesis hotdog domain (catalyses transfer of beta-ketoacyl from 

Figure 8. RiPP biosynthetic gene cluster in S. thinghirensis HM3. (A) The MIBiG comparison between
the proposed RiPP BGC in strain HM3 and the proposed identified cluster of citrulassin E in S.
glaucescens with a similarity score of 0.29. (B) The proposed RiPP BGC in region 50.1 of the genome; 1,
tetratricopeptide repeat protein; 3, LuxR C-terminal-related transcriptional regulator; 4, lasso RiPP
family leader peptide-containing protein; 6, PqqD family protein; 9, bile acid:sodium symporter
family protein; 10, GNAT family N-acetyltransferase. (C) represents the Pfam domains involved in
RiPP biosynthesis.

According to our in silico analysis, two possible butyrolactones were present in
the genome, with similarity reaching 100% and 12% according to KnownClusterBlast
(Figure S8). In the MIBiG comparison, the first BGC exhibited a score of 0.45 with the SCB1
biosynthetic gene cluster from S. coelicolor A3(2) (Figure 9). Genes 4 and 5 were predicted to
encode the A-factor biosynthesis hotdog domain (catalyses transfer of beta-ketoacyl from



Fermentation 2023, 9, 65 14 of 22

8-methyl-3-oxononanoyl-acyl carrier protein to the hydroxyl group of dihydroxyacetone
phosphate (DHAP), and subsequently, to produce an 8-methyl-3-oxononanoyl-DHAP es-
ter). Gene 6 was predicted to be a NAD(P)H-binding protein with NAD(P)H-dependent
reductase activity, while gene 8 is proposed to be a gamma-butyrolactone binding protein
(ATP-binding protein) with regulation function.
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hypothetical protein showing 72% identity with kynureninase from S. anulatus), and me-
thyltransferase domain-containing protein (gene 15), which were considered to be in-
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Furthermore, peptide synthetase genes with amino acid adenylation domain-containing 
protein (gene 21), thioesterase domain (gene 18), condensation domain (genes 24 and 27), 
phosphopantetheine-binding protein (genes 19 and 25), and AMP-binding protein (genes 
1, 22, 23, 26 and 27), are mandatory for the biosynthetic process. Axillary genes related to 
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Figure 9. Butyrolactone biosynthetic gene cluster in S. thinghirensis HM3. (A) The MIBiG comparison
between the proposed butyrolactone BGC in strain HM3 and the proposed identified cluster of SCB1
in S. coelicolor A3(2) recorded a similarity score of 0.45. (B) The proposed butyrolactone BGC in region
41.1 of the genome; 2, glycoside hydrolase family 18 protein; 3, TetR/AcrR family transcriptional
regulator; 6, NAD(P)H-binding protein; 7, cytochrome P450. (C) represents the Pfam domains
involved in butyrolactone biosynthesis.

The last identified BGC was classified as other (cluster containing a secondary metabolite-
related protein that does not fit into any other category) in region 62.1, with a length calculated
to be 40.58 kb. Based on the antiSMASH analysis, the identified cluster showed high ho-
mology (57%) with the known BGC of actinomycin D from S. anulatus (Figure S9). The
proposed cluster contained more than twenty-four genes that may be involved in the biosyn-
thetic process (Figure 10). The main genes in the biosynthetic process were tryptophan 2,3-
dioxygenase family protein (gene 17), kynureninase (gene 16, a hypothetical protein showing
72% identity with kynureninase from S. anulatus), and methyltransferase domain-containing
protein (gene 15), which were considered to be involved in the conversion of tryptophan
to 4-Methyl-3-hydroxy-anthranilic acid (4-MHA). Furthermore, peptide synthetase genes
with amino acid adenylation domain-containing protein (gene 21), thioesterase domain
(gene 18), condensation domain (genes 24 and 27), phosphopantetheine-binding protein
(genes 19 and 25), and AMP-binding protein (genes 1, 22, 23, 26 and 27), are mandatory for
the biosynthetic process. Axillary genes related to regulation (i.e., TetR/AcrR family tran-
scriptional regulator, LmbU family transcriptional regulator (genes 11 and 12) and transport
(i.e., excinuclease ABC subunit UvrA, ABC transporter permease, and ATP-binding cassette
domain-containing protein (genes 6, 7, and 9)) were detected in the cluster. Cytochrome
P450 (gene 14) would hydroxylate proline in actinomycin Xoβ production.
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4. Discussion 
Natural products produced by microorganisms are a precious source of bioactive 

molecules and natural antibiotics with pharmaceutical applications. Microorganisms pro-
duce these compounds that allow them to interact and survive in adverse environments 
[75]. Streptomyces bacteria are broadly recognized as the most notable organisms for nat-
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Figure 10. The proposed actinomycin D biosynthetic gene cluster in S. thinghirensis HM3. (A) The
MIBiG comparison between the proposed BGC in strain HM3 and the proposed identified cluster
of fellutamide B in Aspergillus nidulans FGSC A4, with a similarity score of 0.31. (B) The proposed
actinomycin D-BGC in region 62.1 of the genome; 5, ANTAR domain-containing protein; 6, excinu-
clease ABC subunit UvrA; 7, ABC transporter permease; 12, LmbU family transcriptional regulator;
14, cytochrome P450; 15, methyltransferase domain-containing protein; 16, aminotransferase; 19,
phosphopantetheine-binding protein; 20, alpha/beta fold hydrolase. (C) represents the Pfam domains
involved in actinomycin D biosynthesis.

4. Discussion

Natural products produced by microorganisms are a precious source of bioactive
molecules and natural antibiotics with pharmaceutical applications. Microorganisms pro-
duce these compounds that allow them to interact and survive in adverse environments [75].
Streptomyces bacteria are broadly recognized as the most notable organisms for natural
products production [6,11,13,18,23]. Novel antibiotics are urgently required to face the
global crisis of drug resistance. The presence and source of carbon is an essential element
in secondary metabolites production. Genome mining enables the link between the pro-
posed secondary metabolites and their respective biosynthetic genetic clusters [76–80]. The
physicochemical properties of soil affect the microbial communities, and subsequently,
the accumulation of secondary metabolites. In sandy clay, the accumulation of secondary
metabolites by Bletilla striata was significantly higher, but this improved in sandy loam
soil [76].
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S. thinghirensis HM3 isolated from Qassim, SA, exhibited antibacterial and antifungal
efficiency; subsequently, it was subjected to genome sequencing. A total of 30,937 reads
were generated with a read length reaching 44,764,953 bp. The genome length was
recorded as 7,14 Mbp with an average GC content of 71.49%. The bacterial genome
contained 7949 gene sequences, 3362 protein-coding sequences, 12 complete rRNA genes,
and 60 tRNAs. Streptomyces sp. MP131-18, isolated from a marine sediment sample in
Norway, implied 72.4% G+C content, 7054 proteins, and 78 tRNA-encoding genes [80].
Moreover, Lee et al. [81] presented the genome sequences of 8 Streptomyces venezuelae
and 22 Streptomyces species. The total genome lengths ranged from 6.7 to 10.1 Mbp with
7000 protein-coding genes, 20 rRNAs, and 68 tRNAs on average.

S. thinghirensis HM3 exhibited patterns of antifungal and antibacterial activities.
Based on previous research, the HM3 strain revealed antagonism with seven different
soil-borne fungi [34]. Moreover, it showed antibacterial inhibitory effect against Gram-
positive bacteria, including S. pneumoniae ATCC 49619, S. aureus ATCC 29213, and MRSA-A.
Jaroszewicz et al. [82] isolated two new Streptomyces sp. strains with the ability to inhibit
the growth of fungi (different species of genus Candida) and pathogenic bacteria (i.e.,
Salmonella enterica, Pseudomonas aeruginosa. Staphylococcus aureus, Enterococcus sp., and
Escherichia coli), while Kim et al. [83] isolated S. blastmyceticus 12-6 with strong antifunal
activity against Colletotrichum acutatum, C. gloeosporioides, C. coccodes, Trichothecium roseum,
and Fusarium oxysporum.

Moreover, S. griseoaurantiacus AD2, isolated from honey, displayed an inhibitory ef-
fect with Gram-positive pathogenic bacteria, such as Enterococus faecalis and Staphylococcus
aureus [84]. Streptomyces sp. AN090126 excreted streptomycin sulphate with an inhibition ef-
fect against streptomycin-resistant Pectobacterium carotovorum subsp. Carotovorum, whereas
Streptomyces sp. strains IBSBF 2397 and IBSBF 2019 were able to inhibit the growth of Gram-
positive and Gram-negative bacteria, Bacillus cereus (ATCC 14579), E. coli (ATCC 11775),
Staphylococcus aureus (ATCC 25923), and Pseudomonas aeruginosa (ATCC 27853) [85,86].

The in silico prediction of SM-BGCs (secondary metabolite biosynthetic gene clusters)
by antiSMASH and PRISM identified 16 potential BGCs in the HM3 genome. These BGCs
included terpenes, lantipeptide, siderophore, PKS, NRPS, RiPP/RiPP-like, butyrolactone,
CDPS, and others. Streptomyces formicae KY5 revealed various secondary metabolites en-
coded by BGCs, i.e., 2 PKS potentially encodes formicamycins, 11 NRPS, and 6 terpenes
(two clusters were predicted to encode siderophore-like desferrioxamine, whereas another
terpene potentially produces albaflavenone antibiotic) [87]. Applying the same method (an-
tiSMASH analysis) of prediction with Streptomyces sp. MP131-18 revealed 36 gene clusters
involved in possible secondary metabolites production. Five gene clusters predicted to en-
code terpenes (six gene clusters with type I polyketide synthase (PKS), three non-ribosomal
peptide synthase (NRPS) gene clusters, a large group of RiPPs (ribosomally synthesized
and post-translationally modified peptides), two siderophore molecules, melanine, ectoine,
bacteriocin, and A-factor-like butyrolactone) were found within the genome [80]. Komaki
et al. [88] reported three type I PKS, seven NRPS, and four hybrid PKS/NRPS gene clusters
responsible for rakicidin synthesis inside the draft genome sequence of Streptomyces sp.
MWW064 (NBRC 110611).

Terpenes are considered the most diverse and abundant class of natural products.
They can be used in various application such as fragrances, flavours, pharmaceuticals,
biofuel precursors, and as pesticides in agriculture [89–92]. Four terpene gene clusters
were identified in the S. thinghirensis HM3 genome. The first cluster was proposed to
produce albaflavenone terpene, with similarity reaching 100% with albaflavenone from
Streptomyces coelicolor A3(2). The second terpene cluster showed similarity measured at
38% with a hopene cluster from S. coelicolor A3(2). The other two terpenes showed low
similarity with a carotenoid from Myxococcus xanthus and geosmin from S. coelicolor A3(2).
Usually, terpenes are biosynthesized from isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP) (universal precursors with C5). A condensation process with, for
example, the prenyltransferases assembly of two or more IPP and DMAPP in a “head-
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to-tail” fashion, leads to the formation of linear prenyl diphosphate compounds such
as geranyl diphosphate (GPP, C10), farnesyl diphosphate (FPP, C15), or geranylgeranyl
diphosphate (GGPP, C20). These formed compounds represent a precursors pool which
can be used by the terpene synthases for different terpenoid biosynthesis [89,90]. For
example, a head-to-head style condensation of FPP and GGPP can form, for example,
squalene, dehydro-squalene (DHS), or phytoene, which are the precursors of hopanoids
(bacteriohopanetetrol), sterols (cholesterol), and carotenoids (β-carotene) [93,94].

Polyketide synthases (PKS) and nonribosomal peptide synthetases (NRPS) are in-
volved in the synthesis of the PKs/NRPs compounds (polymers of carbonyl/peptidyl
chains). The BGCs related to PKS and NRPS encode modular enzymes containing modules.
Additionally, the NRPS enzyme contains three domains: a peptidyl carrier protein (PCP)
with a phosphopantetheine group/the thiolation (T) domain, which is necessary for the
binding and transfer of the adenylated monomer; an AMP-binding (A) domain with the
selection and activation function of an amino acid; and a condensation (C) domain with
peptide bond formation and elongation function. Moreover, additional domains could be
involved, such as dehydratases (DH) and ketoreductases (KR) for chain post-extensional
modifications, while the thioesterase (TE) domain participates the in cycling and release of
the mature chain [95–99]. The basic PKS module consists of an acyl carrier protein (ACP)
domain with a phosphopantetheinyl arm, an acyltransferase (AT) domain for the selection
and transfer of carboxylic acid, and a beta-keto synthase (KS) domain with a decarboxyla-
tive condensation function. PKS pathways can be divided into three types: type I PKS, type
II PKS, and type III PKS [95–97,100]. RiPPs represent promising alternative antimicrobial
peptides which are divided into subfamilies based on their structural composition and
biosynthetic enzymes. These RiPPs include compounds such as lasso peptides, bacteriocins,
lantipeptides, and thiopeptides [95,101].

The S. thinghirensis HM3 genome encodes numerous PKS, NRPS, NRPS/PKS hybrid,
RiPP, RiPP-like, butyrolactone, lantipeptide, and other gene clusters, which may assist
the bacterium in its fight against predators and competitors existing in its environment.
The gene clusters involved in the biosynthesis of natural products usually contain core
biosynthetic and tailoring enzymes, in addition to regulator genes that regulate the biosyn-
thesis process. Furthermore, export/transport genes such as efflux pumps, which export
the produced product to the extracellular environment, are known to exist. Komaki and
Tamura [102] explored the whole genome of four Phytohabitans (belonging to rare acti-
nomycetes) regarding both PKS and NRPS gene clusters. Fifty-six PKS and NRPS gene
clusters were detected via the bioinformation analysis of the entire four genomes.

Bacteria are familiar with antibiotic resistance originating from their protective outer
membranes and the active efflux pumps that work constitutively. In turn, in this study, the
representative S. thinghirensis HM3 produced probable bioactive compounds against both
Gram-positive bacteria and soil-borne disease fungi, suggesting its potential utility as an
antibacterial and antifungal agent. Strain HM3 may contribute to the development of a
novel antibiotic against bacteria and fungi [103]. Qureshi et al. [40] isolated Streptomyces
smyrnaeus UKAQ_23 from mangrove sediment. This strain exhibited antimicrobial activity
against MRSA and non-MRSA Gram-positive bacteria as a result of actinomycin X2 and
actinomycin D production.

5. Conclusions

New natural products with bioactivity as secondary metabolites are necessary in
current times. S. thinghirensis HM3 showed antibacterial and antifungal properties that
suggest the production of potential secondary metabolites. The S. thinghirensis strain HM3
genome was sequenced by Oxford Nanopore technology. An antiSMASH and PRISM
analysis of the genome exhibited 16 potential BGCs, such as four terpene clusters, two
PKS clusters, two NRPS/NRPS-like fragment clusters, two RiPP/RiPP-like clusters, two
butyrolactone clusters, one lantipeptide cluster, one siderophore cluster, one CDPS cluster,
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and one other BGC. A potential new source of secondary metabolites could be attributed to
S. thinghirensis strain HM3.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation9010065/s1, Figure S1: Tree inferred with FastME
2.1.6.1 in TYGS database from GBDP distances calculated from genome sequences (NCBI GenBank
accession ID JAKFGP000000000) showing the phylogenetic relationships between strain HM3 and the
most closely related type strains of the genus Streptomyces. The branch lengths are scaled in terms of
GBDP distance formula d5. The numbers above the branches are GBDP pseudo-bootstrap support
values > 60% from 100 replications, with an average branch support of 92.2%. Figure S2: Terpene
(albaflavenone), KnownClusterBlast, and ClusterBlast. Figure S3: Terpene (hopene), KnownClus-
terBlast, and ClusterBlast. Figure S4: Non-ribosomal peptide synthetase cluster (NRPS), KnownClus-
terBlast, and ClusterBlast. Figure S5: NRPS-like fragment/transAT-PKS-like, KnownClusterBlast,
and ClusterBlast. Figure S6: Type II PKS BCG based on KnownClusterBlast and Pfam domains.
Figure S7: Ribosomally synthesised and post-translationally modified peptide product (RiPP) clus-
ter/lanthipeptide, KnownClusterBlast. Figure S8: Butyrolactone cluster, KnownClusterBlast. Figure
S9: Other, cluster containing a secondary metabolite-related protein that does not fit into any other
category (actinomycin D), KnownClusterBlast.
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Khosla, C. Molecular Insights into the Biosynthesis of Guadinomine: A Type III Secretion System Inhibitor. J. Am. Chem. Soc.
2012, 134, 17797–17806. [CrossRef]

62. Zhang, W.; Wang, L.; Kong, L.; Wang, T.; Chu, Y.; Deng, Z.; You, D. Unveiling the Post-PKS Redox Tailoring Steps in Biosynthesis
of the Type II Polyketide Antitumor Antibiotic Xantholipin. Chem. Biol. 2012, 19, 422–432. [CrossRef]

63. Xu, F.; Nazari, B.; Moon, K.; Bushin, L.B.; Seyedsayamdost, M.R. Discovery of a Cryptic Antifungal Compound from Streptomyces
Albus J1074 Using High-Throughput Elicitor Screens. J. Am. Chem. Soc. 2017, 139, 9203–9212. [CrossRef]

64. Mohimani, H.; Kersten, R.D.; Liu, W.T.; Wang, M.; Purvine, S.O.; Wu, S.; Brewer, H.M.; Pasa-Tolic, L.; Bandeira, N.; Moore, B.S.;
et al. Automated Genome Mining of Ribosomal Peptide Natural Products. ACS Chem. Biol. 2014, 9, 1545–1551. [CrossRef]

65. Pawlik, K.; Kotowska, M.; Chater, K.F.; Kuczek, K.; Takano, E. A Cryptic Type I Polyketide Synthase (Cpk) Gene Cluster in
Streptomyces Coelicolor A3(2). Arch. Microbiol. 2007, 187, 87–99. [CrossRef]

66. O’Rourke, S.; Wietzorrek, A.; Fowler, K.; Corre, C.; Challis, G.L.; Chater, K.F. Extracellular Signalling, Translational Control, Two
Repressors and an Activator All Contribute to the Regulation of Methylenomycin Production in Streptomyces Coelicolor. Mol.
Microbiol. 2009, 71, 763–778. [CrossRef]

67. Metsä-Ketelä, M.; Palmu, K.; Kunnari, T.; Ylihonko, K.; Mäntsälä, P. Engineering Anthracycline Biosynthesis toward Angucyclines.
Antimicrob. Agents Chemother. 2003, 47, 1291–1296. [CrossRef]

68. Palmu, K.; Ishida, K.; Mäntsälä, P.; Hertweck, C.; Metsä-Ketelä, M. Artificial Reconstruction of Two Cryptic Angucycline Antibiotic
Biosynthetic Pathways. ChemBioChem 2007, 8, 1577–1584. [CrossRef] [PubMed]

69. Kersten, R.D.; Yang, Y.-L.; Xu, Y.; Cimermancic, P.; Nam, S.-J.; Fenical, W.; Fischbach, M.A.; Moore, B.S.; Dorrestein, P.C. A
Mass Spectrometry-Guided Genome Mining Approach for Natural Product Peptidogenomics. Nat. Chem. Biol. 2011, 7, 794–802.
[CrossRef]

70. Fagerholm, A.E.; Habrant, D.; Koskinen, A.M.P. Calyculins and Related Marine Natural Products as Serine-Threonine Protein
Phosphatase PP1 and PP2A Inhibitors and Total Syntheses of Calyculin A, B, and C. Mar. Drugs 2010, 8, 122–172. [CrossRef]
[PubMed]

71. Wakimoto, T.; Egami, Y.; Nakashima, Y.; Wakimoto, Y.; Mori, T.; Awakawa, T.; Ito, T.; Kenmoku, H.; Asakawa, Y.; Piel, J.; et al.
Calyculin Biogenesis from a Pyrophosphate Protoxin Produced by a Sponge Symbiont. Nat. Chem. Biol. 2014, 10, 648–655.
[CrossRef] [PubMed]

72. Pfennig, F.; Schauwecker, F.; Keller, U. Molecular Characterization of the Genes of Actinomycin Synthetase I and of a 4-Methyl-3-
Hydroxyanthranilic Acid Carrier Protein Involved in the Assembly of the Acylpeptide Chain of Actinomycin in Streptomyces. J.
Biol. Chem. 1999, 274, 12508–12516. [CrossRef]

73. Keller, U.; Lang, M.; Crnovcic, I.; Pfennig, F.; Schauwecker, F. The Actinomycin Biosynthetic Gene Cluster of Streptomyces
Chrysomallus: A Genetic Hall of Mirrors for Synthesis of a Molecule with Mirror Symmetry. J. Bacteriol. 2010, 192, 2583–2595.
[CrossRef]

74. Schauwecker, F.; Pfennig, F.; Grammel, N.; Keller, U. Construction and in Vitro Analysis of a New Bi-Modular Polypeptide
Synthetase for Synthesis of N-Methylated Acyl Peptides. Chem. Biol. 2000, 7, 287–297. [CrossRef]

75. Xiao, C.; Xu, C.; Zhang, J.; Jiang, W.; Zhang, X.; Yang, C.; Xu, J.; Zhang, Y.; Zhou, T. Soil Microbial Communities Affect the Growth
and Secondary Metabolite Accumulation in Bletilla Striata (Thunb.) Rchb. F. Front. Microbiol. 2022, 13, 916418. [CrossRef]

76. Zhao, Q.; Wang, L.; Luo, Y. Recent Advances in Natural Products Exploitation in Streptomyces via Synthetic Biology. Eng. Life Sci.
2019, 19, 452–462. [CrossRef]

77. Liu, R.; Deng, Z.; Liu, T. Streptomyces Species: Ideal Chassis for Natural Product Discovery and Overproduction. Metab. Eng. 2018,
50, 74–84. [CrossRef]

78. Sarmiento-Vizcaíno, A.; Martín, J.; Reyes, F.; García, L.A.; Blanco, G. Bioactive Natural Products in Actinobacteria Isolated in
Rainwater From Storm Clouds Transported by Western Winds in Spain. Front. Microbiol. 2021, 12, 773095. [CrossRef] [PubMed]

79. Yang, Z.; He, J.; Wei, X.; Ju, J.; Ma, J. Exploration and Genome Mining of Natural Products from Marine Streptomyces. Appl.
Microbiol. Biotechnol. 2020, 104, 67–76. [CrossRef] [PubMed]

80. Paulus, C.; Rebets, Y.; Tokovenko, B.; Nadmid, S.; Terekhova, L.P.; Myronovskyi, M.; Zotchev, S.B.; Rückert, C.; Braig, S.; Zahler,
S.; et al. New Natural Products Identified by Combined Genomics-Metabolomics Profiling of Marine Streptomyces Sp. MP131-18.
Sci. Rep. 2017, 7, 42382. [CrossRef]

81. Lee, N.; Kim, W.; Hwang, S.; Lee, Y.; Cho, S.; Palsson, B.; Cho, B.-K. Thirty Complete Streptomyces Genome Sequences for Mining
Novel Secondary Metabolite Biosynthetic Gene Clusters. Sci. Data 2020, 7, 55. [CrossRef]
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