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Abstract  

We sequenced the genome of Streptomyces sp. JB150, isolated from a unique site of the Thar 

desert in India. Genome mining of the JB150 genome revealed the presence of many interesting 

secondary metabolic biosynthetic gene clusters (BGCs). The encoded parvome of JB150 

includes non-ribosomal peptides, polyketides including β-lactone, butyrolactone, ectoine, 

lantipeptides, lasso peptides, melanin, resorcinol, siderophores, terpenoids, thiopeptides, and 

other types of hybrid compounds. Among them, ~30% BGCs displayed a high degree of novelty. 

The genome of JB150 was enriched for a large assortment of specialized genes coding for the 

production of many interesting biomolecules comprising compatible solutes, multiple stress-

response regulators, transport proteins, protein secretion systems, signaling molecules, 

chaperones and storage reserves, etc. The presence of diverse members of CAZymes enzyme 

families, high numbers of riboflavin, flavin mononucleotide (FMN) and flavin adenine 

dinucleotide (FAD), trehalose and aromatic compounds synthesis genes, putative orthologues to 

several of the classical fatty acid synthesis components, prototrophy for many essential amino 

acids exhibit metabolic versatility of JB150 to inhabit in the extreme desert environment. 

Besides, the genome of JB150 was observed to specifically encode thiazole-oxazole-modified 

thiazolemicrocin (TOMM) and ectoine. The comparison of the complete genomes of 

Streptomyces sp. JB150 and seven other actinomycete strains belonging to different desert 

ecosystems unveiled the presence of many previously undetected, distinctive, biological, and 

genomic signatures. We propose that these genetic traits endowed by these strains are essential 

for their adaptation in the highly underprivileged, extreme ecosystem of the Thar desert to cope 

with multiple abiotic stressors, oligotrophic nutrient conditions and to produce a huge repertoire 

of diverse secondary metabolites.   

 

Keywords Desert ecosystem, actinomycetes, genome mining, parvome, stress-responsive genes 

 

Introduction 

Actinomycetes, the most primitive lineages among prokaryotes, are believed to evolve about 2.7 

billion years ago [1,2]. It contains several genera including Streptomyces which harbor diverse 

secondary metabolic pathways and produce around two-thirds of all known antibiotics [3,4]. 

Streptomyces have linear chromosomes and their genome size ranges from 6.2 Mb in 

Streptomyces cattleya to 12.7 Mb in Streptomyces rapamycinicus [5,6]. Although the species of 
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this industrially important genus are widely distributed, yet the rate of the discovery of novel 

natural products produced by them has been drastically reduced.  Furthermore, an alarmingly 

high rate of the development of multidrug-resistance in microbial pathogens necessitates the 

search for yet undiscovered and metabolically potent actinomycete species from specialized 

niches such as deserts for potential new secondary metabolites [7-9]. In the present work, we 

report the draft genome sequence of Streptomyces sp. JB150. The strain JB150 was isolated from 

the Bikaner region of the Thar desert which is known as the tropical desert of Asia that extends 

to India through Rajasthan and Gujarat. For comparison, seven other complete genomes of 

desert-actinomycetes: Actinoalloteichus spitiensis RMV-1378 (cold desert, Indian Himalaya) 

[10], Geodermatophilus africanus DSM 45422 (Sahara desert, Ourba) [11], Jiangella gansuensis 

DSM 44835 (Gansu desert, China) [12], Lechevalieria deserti DSM 45480 (Atacama 

desert, Chile) [13], Modestobacter excelsi 1G6 DSM 107535 (Atacama desert, Chile) [14], 

Streptomyces sp. DH-12 (Thar desert, India) [15], and Streptomyces sp. Wb2n-11 (Sinai desert, 

Egypt) [16] and were also included in the present study. These taxonomical relatives of JB150 

belonging to the different desert ecosystems were purposefully selected to investigate the genetic 

assortment and similarities that confer upon them the ability to sustain and thrive under the harsh 

conditions of deserts and produce a huge repertoire of diverse secondary metabolites.   

The genome investigation of JB150 unveils the presence of a large assortment of 

specialized genes coding for the production of many interesting biomolecules comprising 

secondary metabolites, stress response regulators, transport proteins, protein secretion systems, 

signaling molecules, storage reserves, etc. The thermal adaptation in JB150 may partially be 

attributed to the presence of relatively high GC content compared to other analyzed 

actinomycetes strains. The genome analysis revealed the presence of 24 biosynthetic gene 

clusters (BGCs) involved in the production of different secondary metabolites such as non-

ribosomal peptides, polyketides including β-lactone, butyrolactone, ectoine, lantipeptide, lasso 

peptide, melanin, resorcinol, siderophore, terpenoids, thiopeptide, and several types of hybrid 

compounds.  Among these, 7 BGCs, exhibit no or very less relative similarity to already known 

clusters, possibly encode for the novel metabolic compounds. To regulate osmotolerance, the 

strain JB150 possesses the genetic machinery to produce compatible solutes such as ectoine and 

proline. To resist the detrimental effects of the high osmolarity in the desert environment, JB150 

bears two glycine betaine uptake systems as well. The proteins for well-defined defense 
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mechanisms against oxidative and nitrosative stress and a stress-responsive alternative sigma 

factor were also prominent in JB150. Furthermore, to sustain under oxygen limitation or 

oxidative stress, the strain contains hemoglobin-like favohemoproteins. Several chaperones were 

also identified in JB150 that may play their roles in the transit of outer membrane proteins 

through the periplasm. To mediate communication between the intracellular and the extracellular 

environment JB150 genome contains a total of 591 membrane transporter families most of which 

belong to ATP-binding cassette (ABC) and major facilitator superfamily (MFS) transporters. The 

presence of twin-arginine targeting (Tat) family and other transporters in JB150 may also play 

their roles in acquiring nutrients efficiently in the desert environment. Similarly, JB150 also 

possesses Na
+
: H

+
 antiporters (NhaA), which could further assist the strain to maintain the pH 

homeostasis by facilitating removal of excessive Na
+
 to prevent toxicity in the cell. The genome 

of JB150 also contains the putative components of type V and type VII secretion systems.  

Compared to other genomes, it appears that JB150 has the ability to synthesize the majority of 

amino acids. It comprises the highest number of genes implicated in methionine, threonine, and 

homoserine biosynthesis. Prototrophy for many essential amino acids and the capacity to grow 

without needing external sources might be advantageous to the strain in nutrient-poor soil 

environments. Additionally, the presence of 1,3-diaminopropane (DAP) pathway and a high 

number of genes for the synthesis of aromatic compounds and proline could also contribute 

massively in the biosynthesis of antibiotics, defense molecules, siderophores, pigments, signaling 

compounds, and various secondary metabolites in JB150. Intriguingly, among the analyzed 

genomes, the highest number of trehalose biosynthesis genes was identified in JB150. The 

accumulation of trehalose in high amounts might play a significant role in the strain to gain an 

additional advantage in the high temperature and oligotrophic nutrient conditions. The presence 

of diverse members of polysaccharide lyases (PL) and other CAZymes enzyme families, major 

membrane phospholipids such as phosphatidylethanolamine (PE), phosphatidylglycerol (PG), 

cardiolipin (CL), primary storage lipophilic compounds like polyhydroxyalkanoates (PHA) and 

triacylglycerols (TAG), complete set of enzymes required for DNA replication, recombination, 

and DNA repair, unusually high numbers of riboflavin, FMN and FAD genes and putative 

orthologues to several of the classical FAS II components may further assist JB150 to survive 

and sustain in the arid desert environment. Besides, the comparison of BGCs involved in the 

secondary metabolism among the analyzed genomes unveils the presence of a unique gene 
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cluster for thiazole-oxazole-modified thiazolemicrocin (TOMM) biosynthesis in JB150. 

Moreover, the presence of a high number of genetic determinants to regulate cation transporters, 

4-hydroxyproline uptake and utilization, ectoine biosynthesis, oxidative stress, pentose 

phosphate pathway in JB150 relative to other analyzed genomes might be advantageous to 

respond multiple stresses in desert soils, characterized by low nutrient and high salinity. Several 

comparisons among JB150 and other seven selected genomes revealed enrichment of commonly 

shared genes which may have potential roles in secondary metabolite synthesis, stress-response 

regulation, membrane transport, nitrogen metabolism, DNA metabolism, and in the synthesis of 

betaine, glutathione, cofactors, vitamins, prosthetic groups, and pigments. Apart from possessing 

the classical sets of housekeeping genes, many other biosynthetic gene clusters (BGCs), 

occupied in the biosynthesis of fatty acids, lipids, isoprenoids as well as clusters of orthologous 

groups (COGs) of proteins, carbohydrate-active enZYmes (CAZymes) and protein families 

marked their obvious presence in JB150 and other 7 analyzed genomes. We propose that the 

genetic traits endowed by these strains are essential for their adaptation in the highly 

underprivileged desert conditions to cope with multiple abiotic stressors, oligotrophic nutrient 

conditions and to produce a huge repertoire of diverse secondary metabolites.   

 

Material and methods 

Selective isolation and culture media 

For the isolation of actinomycetes, the soil sample was collected at Bikaner (28.0229°N, 

73.3119°E) region falling in the arid Thar desert in the Indian state Rajasthan. The streptomycete 

JB150 was selectively isolated, using Modified Actinomycete Selective (MAS)-DH agar medium 

(composition per liter; 1g starch, 1g sodium caseinate, 0.1g L-asparagine, 4g sodium propionate, 

0.5g dipotassium phosphate, 1g potassium nitrate, 0.1g magnesium sulfate, 0.001g ferrous 

sulfate, 0.02g calcium carbonate, 20g agar). The visualization of the isolate was done using a 

bright-field microscope (1000x) and a mobile phone mounted Foldscope-microscope (140x) 

[17]. The pure culture of the isolate was stored at -40˚C using 20% (w/v) sterile glycerol until 

further use.  
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Phylogenetic analysis 

The genomic DNA of each isolate was extracted using a method of Li et al. [18]. The 16S rDNA 

of the isolate JB50 was amplified using PCR with universal primers 27F 5’AGA GTT TGA TCC 

TGG CTC AG 3’ and 1525R 5’ AAG GAG GTG ATC CAG CCG CA 3’ that will amplify 

specifically 16SrDNA region [19-21]. PCR-amplicons were visualized in 2% agarose gel 

electrophoresis and subsequently revealed with ethidium bromide staining. The amplified 

16SrDNA gene product was sequenced using the Sanger Didoxy method. Manual sequence 

edition, alignment, and contig assembling were performed using the Vector NTI v 10 software 

package. Sequencing results were analyzed for chimeras using the DECIPHER v 1.4.0 program 

[22]. The 16S rDNA sequence of JB150 was deposited in NCBI under the sequences accession 

number MT649861. Reference sequences were downloaded from the Genbank Database 

(http://www.ncbi.nlm.nih.gov/genbank). To assess the taxonomical relatedness between 

Streptomyces sp. JB150 and 7 other complete genomes of Actinoalloteichus spitiensis, 

Geodermatophilus africanus, Jiangella gansuensis, Lechevalieria deserti, and Modestobacter 

excelsi 1G6, Streptomyces sp. DH-12 and Streptomyces sp. Wb2n-11, a phylogenetic analysis 

employing concatenated sequences of gyrA (DNA gyrase subunit A), rpoB (DNA-directed RNA 

polymerase subunit beta), and rsmH (ribosomal RNA small subunit) was also performed.  The 

sequences were aligned by using the multiple sequence alignment program ClustalW. The 

Neighbor-Joining algorithm [23]
 
was used with a Kimura distance matrix model in MEGA X. 

All nodes supported by 1000 bootstrap replications were used to construct a phylogenetic tree 

[24].  

DNA sequencing and assembly 

The genomic DNA was isolated from Streptomyces sp. JB150 as described above. The quality 

and quantity of the genomic DNA were assessed on Agarose gel and Nano-drop One (Thermo 

Fisher Scientific). The paired-end (PE) 2×150bp NextSeq500 shotgun library was prepared using 

Illumina TruSeq v3.0 genomic DNA library preparation kit. The library was loaded on Illumina 

Next Seq 500 system for cluster generation and sequencing. PE sequencing allowed the template 

fragments to be sequenced in both the forward and reverse directions on NextSeq 500. The 

sequenced raw data of the JB150 strain was filtered to obtain high quality reads using 

Trimmomatic v0.35. Complete nucleotide sequence of the Streptomyces sp. JB150 chromosome 

has been deposited at NCBI under the accession number CP049780. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 21, 2021. ; https://doi.org/10.1101/2021.01.20.427384doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.20.427384


7 
 

Genome annotation and comparative analysis  

Genome annotation was performed using Prokka v1.12 program [25] and NCBI Prokaryotic 

Genome Annotation Pipeline (PGAP) [26-27]. For genome and proteome comparisons, 

Streptomyces sp. JB150 (present work), Actinoalloteichus spitiensis RMV-1378 [10], 

Geodermatophilus africanus DSM 45422 [11], Jiangella gansuensis DSM 44835 [12], 

Lechevalieria deserti DSM 45480 [13], Modestobacter excelsi 1G6 DSM 107535 [14], 

Streptomyces sp. DH-12 [15] and Streptomyces sp. Wb2n-11 [16] were selected. The complete 

genomes of these strains available in GenBank [27] were downloaded.  A bi-directional BLAST 

analysis was performed using Pathosystems Resource Integration Center (PATRIC v 3.6.5) 

(https://www.patricbrc.org) [28-29] proteome comparison tool using FIGFams for the selected 

strains. For comparison of the gene families, PATRIC uses a Pearson pairwise average linkage 

correlation. Other genomic comparisons and data analyses were performed using the online 

tools, BLAST available at the NCBI and Sanger web sites (www.ncbi.nlm.nih.gov/BLAST/ and 

http://www.sanger.ac.uk/), Kyoto Encyclopedia of Genes and Genomes (www.genome.jp/kegg/), 

and ModelSEED (http://modelseed.org/) for metabolic pathway analysis. Genes that were 

annotated as transporters were selected and predictions were made by performing a BLAST 

search against sequences that were downloaded from the TransportDB (Elbourn et al. 2017). 

Prediction of BGCs involved in secondary metabolites synthesis was performed using the 

antiSMASH v 5.1.2 software [30]. Main features including distribution of putative coding 

sequences (CDSs), and BGCs, the direction of transcription (+ strand, upper line; - strand, lower 

line) as well as a circular diagram of the genome were generated using PATRIC. The locus of the 

replication origin (oriC) was predicted using Ori-Finder [31] available at 

http://tubic.tju.edu.cn/Ori-Finder2/. The protein families were clustered using a web platform 

OrthoVenn Analysis Software (http://www.bioinfogenome.net/OrthoVenn/) for comparison and 

annotation of orthologous gene clusters among multiple species [32].  

 

Results and Discussion 

Genome assembly and gene predictions  

The isolate JB150 was recovered from the soil sample collected at the Bikaner region of the arid 

Thar desert in India. Based on the phylogenetic analysis, the isolate was identified as 

Streptomyces (MT649861), with the closest 16S rDNA sequence identity (98.02%) to that of the 
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type strain Streptomyces coelescens strain AS 4.1594 (Fig.1A). The genome sequence of 

Streptomyces sp. JB150 is linear with 72.72% of GC content and has a size of 7.32 Mbp (Table 

1). For comparison, 7 other complete genomes of the desert actinomycetes namely 

Actinoalloteichus spitiensis RMV-1378 [10], Geodermatophilus africanus DSM 45422 [11], 

Jiangella gansuensis DSM 44835 [12], Lechevalieria deserti DSM 45480 [13], Modestobacter 

excelsi 1G6 DSM 107535 [14], Streptomyces sp. DH-12 [15] and Streptomyces sp. Wb2n-11 

[16], with a genome size ranging from 3.15 to 9.53, were also included in the present study. The 

genome characteristics and information about the genomes have been furnished in Table 1. The 

annotation and gene prediction were made with the Rapid Annotations using Subsystems 

Technology (RAST) and supported with manual annotations based on domain and motif searches 

(Table S1a, Supporting Information). Further analysis of the annotated genomes was performed 

with Pathosystems Resource Integration Center (PATRIC) available at https://www.patricbrc.org 

(Table S1b, Supporting Information). Among all the analyzed genomes, L. deserti has the largest 

genome (9.52Mbp) while A. spitiensis, a cold desert isolate, has the smallest genome (3.14Mbp). 

Furthermore, the lowest number of 1874 coding sequences (CDSs) in A. spitiensis reflects that it 

requires a relatively fewer number of genes to endure the cold desert environment (Table 1).   

Table 1 General features of the analyzed genomes  

Genome 

ID 

Genome Name NCBI 

Taxon ID 

Genome 

Status 

Length 

(bp) 

Contigs GC 

Content 

CDS Isolation 

Source 

1883.1823 Streptomyces sp. 

JB150 

1883 WGS 7318937 1 72.73 6851 Thar desert 

soil, India 

1114962.3 Actinoalloteichus 

spitiensis RMV-

1378 

1114962 WGS 3146938 6330 

 

69.40 1874 Cold desert, 

Himalaya, 

India 

1860.3 Geodermatophilus 

africanus DSM 

45422 

1860 WGS 5471205 52 74.30 5591 Sahara desert 

soil, Ourba 

987045.5 Jiangella 

gansuensis DSM 

44835 

987045 WGS 5585780 1 70.92 5343 Gansu desert 

soil, China 

531939.3 Lechevalieria 

deserti DSM 

45480 

531939 WGS 9529573 41 68.80 9467 Atacama 

Desert 

soil, Chile 

2213161.3 Modestobacter 

excelsi 1G6  DSM 

107535 

2213161 WGS 5255906 178 73.70 5275 Atacama 

desert 

soil, Chile 

2072509.4 Streptomyces sp. 

DH-12 

2072509 WGS 7604612 13 72.80 7050 Thar desert 

soil, India 

1931.11 Streptomyces sp. 

Wb2n -11 

1931 WGS 8228099 5 71.03 8134 Sinai desert 

soil, Egypt 
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The genome of Streptomyces sp. JB150 was predicted to contain 6851 coding sequences (CDSs), 

26 repeat regions, 68 tRNAs, 4 rRNAs, 4669 genes, 263 pseudogenes, and 2182 genes coding for 

hypothetical proteins. The genome characteristics of Streptomyces sp. JB150 has been furnished 

in Fig. 2. 

 

Fig. 1 Molecular phylogenetic analysis of conserved 16S rRNA gene fragment of 

Streptomyces sp. JB150 A. and gyrA, rpoB, rsmH (3 concatenated proteins) of Streptomyces sp. 

JB150 and other seven analyzed genomes of A. spitiensis, G. africanus, J. gansuensis, L. deserti, 

M. excelsi, Streptomyces sp. DH-12, and Streptomyces sp. Wb2n-11. B. by the Neighbor-Joining 

method. The evolutionary distances were computed using the Kimura 2-parameter method and 

are presented in the units of the number of base substitutions per site. Evolutionary analyses were 

conducted in MEGA X. 

 

The origin of replication oriC is located after the dnaA gene (PEG.3617) (Table S1b, Supporting 

Information) at position 3772751:3773830 (+) of scaffold 1, with the oriC repeats spanning over 

a 1079bp region. Three highly conserved sequences (gyrA, rpoB, rsmH) were used to construct a 

Neighbor-Joining (NJ) phylogenetic tree of all compared genomes, which represents the 

evolutionary relatedness among the analyzed strains in the present study. An outgroup was 

formed using the sequence of Clostridium pasteurianum DSM 525 (Fig.1B).  
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Fig. 2 Genome characteristics of Streptomyces sp. JB150. The circular map was retrieved from 

PATRIC (https://patricbrc.org/view/Genome/1883.1823). Colors depict the different 

classification types of gene clusters along the sequenced genome. The description of each circle 

is represented from the outermost circle to the innermost. Tick marks representing the predicted 

CDS on the positive strand and negative strands.  

 

Secondary metabolites  

In silico genome analyses with the Secondary Metabolite Analysis Shell (antiSMASH v5.1.2) 

algorithm [30], BAGEL [33], PRISM [34], and metabolic mapping using ModelSeed [35] on the 

Streptomyces sp. JB150 genome revealed the presence of 24 biosynthetic gene clusters (BGCs) 

involved in the production of different secondary metabolites (Fig 3 and Table 2). Many of its 

gene clusters code for the metabolic compounds that exhibit relative similarity to already known 

clusters (13% to 100%) except 7 out of 24 clusters (0-6% relative similarity) which possibly 

encode for new chemical scaffolds. The location of most of the identified clusters resides in both 

extremes of the scaffold (Fig 3). Out of 24 clusters, 5 BGCs were identified for terpenes in the 

genome of JB150.  Terpenoids are produced by all kingdoms of life including bacteria, fungi, 

and protists [36-39]. For the synthesis of terpenoids, JB150 was observed to contain terpene 

synthase genes precursors including farnesyl diphosphate (sesquiterpenes, C15) (EC 2.5.1.10) 

Streptomyces
sp. JB150

(7.31Mbp)

NRPS

0

Streptomyces
sp. JB150

(7.31Mbp)
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(PEG.4623) and geranylgeranyl diphosphate (diterpenes, C20) (EC 2.5.1.29) (PEG.126) (Table 

S1b, Supporting Information).  

 

Fig. 3 Localization of different secondary metabolite gene clusters in Streptomyces sp. JB150 

 

The genome of Streptomyces sp. JB150 also encodes two BGCs for melanin that could defend 

the strain against thermal and biochemical stresses like heavy metals and reactive oxygen species 

generated by solar UV radiation in the desert environment [40]. The melanin synthesized by the 

strain could further facilitate its metal ions chelating ability
 
[41] and may help to provide 

structural rigidity to the cell wall [42]. The genome of JB150 also contains the ectoine gene 

cluster which may assist the strain to tolerate osmotic stress by accumulating it or de 

novo synthesizing. Ectoine, 1,4,5,6-tetrahydro-2-methyl-4-pyrimidine carboxylic acid is one of 

the most commonly found osmolytes in Streptomyces [43]. Its osmoprotective function may 

affect the stability and correct folding of proteins to protect biomolecules such as enzymes 

and nucleic acids under stress conditions commonly encountered in the desert environment [44-

46].  
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Table 2 Predicted secondary metabolite gene clusters and their organization in Streptomyces sp. JB150 genome  

 
Region Type Length Predicted  

Product (%
a
) 

 

     Core biosynthetic genes                          Additional biosynthetic genes 

 

       Regulatory genes                                    Transport-related genes 

Cluster 1 Thiopeptide 42,259 Granaticin 

(PKS-II) (13%) 
 

Cluster 2 Terpene 36,090 Carotenoid 

(Terpene) (63%) 
 

Cluster 3 Resorcinol 41,137 Atratumycin 

(NRPS) (5%) 

 
Cluster 4 Type-II PKS 101,783 Spore pigment 

(PKS-II) (83%) 

 
Cluster 5 Melanin 9,930 Melanin 

(57%) 
 

Cluster 6 Lasso peptide 23,006 Lagmysin 

(Ripp) (80%) 
 

Cluster 7 Lasso peptide 22,675 Citrulassin D 

(Ripp) (100%) 
 

Cluster 8 Terpene 19,209 Daptomycin 

(NRPS) (6%) 

 
Cluster 9 Ectoine 10,405 Ectoine 

(100%) 
 

Cluster 10 Melanin 8,057 Melanin 

(80%) 
 

Cluster 11 Siderophore 10,878 Desferrioxamin B / 

Desferrioxamine E 

(83%)  
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Cluster 12 Terpene  10,405 Grixazone 

(61%) 
 

Cluster 13 NRPS 51,681 S56-p1 

(NRPS) (45%) 

 
Cluster 14 Terpene 19,331 Albaflavenone 

(Terpene) (100%) 
 

Cluster 15 Siderophore 10,912 Siderophore 

(unknown) 
 

Cluster 16 Bacteriocin 11,076 Bacteriocin 

(unknown) 
 

Cluster 17 Terpene 20,285 Geosmin 

(Terpene) (100%) 

 
Cluster 18 Type-I PKS-

NRPS 

75,546 Watasemycin A/B/ 

Isopyochelin 

(PKS-I-NRPS) (26%)  

Cluster 19 Siderophore 13,158 Grincamycin 

(PKS-II +Saccharide 

:hybrid/tailoring) 

(5%) 
 

Cluster 20 Terpene 24,532 Hopene 

(Terpene) (84%) 
 

Cluster 21 NRPS-like 43,423 Lomofungin 

(26%) 

  

Cluster 22 β-lactone / 

Butyrolactone 

28,474 A-201a 

(6%) 

  
Cluster 23 Type-I PKS 21,032 Cyphomycin 

(PKS-I) (2%) 

 
Cluster 24 Lanthipeptide 23,780 Informatipeptin 

(Ripp) (85%) 

 
a
Percentage of genes from already known BGCs that show similarity to BGCs predicted from Streptomyces sp. JB150 
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Fig. 4 Predicted structures of secondary metabolites unique to Streptomyces sp. JB150 
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BGCs encoding for secondary metabolites such as atratumycin (cinnamic acid-bearing 

product) [47], A-201a (nucleoside antibiotic) [48], daptomycin (cyclic lipopeptide produced by a 

non-ribosomal peptide synthetase) [49], lomofungin (phenazine antibiotic) [50], granaticin 

(aromatic polyketide) [51], grincamycin (angucycline glycosides) [52], grixazone (parasiticide) 

[53], watasemycin (iron-chelating NRP) [54], lagmysin (class II lasso peptide) [55], and S56-p1 

(contains a unique hydrazine moiety) [56] were appeared to be JB150 specific. The structure of 

these compounds was predicted using Chemspider and PubChem and has been furnished in Fig 

4. 

 

Fig. 5 Comparison between the abundance of secondary metabolite gene clusters among 

Streptomyces sp. JB150 and other seven analyzed genomes of A. spitiensis, G. africanus, J. 

gansuensis, L. deserti, M. excelsi, Streptomyces sp. DH-12, and Streptomyces sp. Wb2n-11 

 

A comparison between the abundance of secondary metabolite gene clusters of distinct 

types reveals that apart from PKS and NRPS genes, the genomes of JB150 and other 7 analyzed 

strains have a large number of lanthipeptide and lasso peptide gene clusters (Table S1c, 

Supporting Information). Lanthipeptide are lanthionine-containing peptides are
 

known as 

lantibiotics [57] while lasso peptides constitute 15 to 24 amino acids and are ribosomally 

synthesized and post-translationally modified peptides (RiPPs). RiPPs are characterized by an 

interlocked structure, the formation of which is dependent on the N-terminal macrolactam ring, 

and a C-terminal tail
 
[58-61]. Interestingly, despite having the smallest genome among the 

analyzed strains, the highest number of BGCs was observed in A. spitiensis while the genome of 

J. gansuensis was observed to contain only 6 BGCs (Table S1c, Supporting Information).  

Streptomyces sp.
JB150

Actinoalloteichus
spitiensis

RMV-1378

Streptomyces sp. 
Wb2n-11

Streptomyces sp. 
DH-12

Lechevalieria deserti
DSM 45480

Geodermatophilus
africanus

Jiangella gansuensis
DSM 44835

Modestobacter sp.
1G6
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Besides, the prediction of BGCs for secondary metabolites among the 7 genomes using RAST 

unveils the presence of a unique gene cluster for thiazole-oxazole-modified thiazolemicrocin 

(TOMM) biosynthesis in JB150. It comprises TOMM dehydrogenase (protein B) (PEG.15) and 

cyclodehydratase (protein C) / docking scaffold (protein D) (CD fusion protein) (PEG. 18) 

(Table S1a, Supporting Information). TOMMs are a class of ribosomally synthesized and post-

translationally modified peptides (RiPPs), apparently defined by the existence of heterocycles 

and encompass diverse families, including the linear azol(in)e-containing peptides, cyanobactins, 

thiopeptides, and bottromycins [62]. 

 

Stress response 

The genome of Streptomyces sp. JB150 encodes for 62 (4.98%) stress-responsive genes, among 

which the most abundant genes were appeared to be involved in regulating osmotic stress (9), 

oxidative stress (18), sigma B mediated stress response (28), detoxification (6), dimethylarginine 

metabolism (4), periplasmic stress (1), and bacterial hemoglobins (1) (Fig.6).  The JB150 strain 

also appears to produce ectoine as a compatible solute to prevent osmotic stress.  For its 

synthesis and to regulate osmoadaptation, a highly conserved gene cluster ectABCD was 

identified in the genome that encodes L-2,4-diaminobutyric acid acetyltransferase (EctA) (EC 

2.3.1.178) (PEG.1639), diaminobutyrate-2-oxoglutarate transaminase (EctB) (EC 2.6.1.76) 

(PEG.1640), L-ectoine synthase (EctC) (EC 4.2.1.108) (PEG.1641) and ectoine hydroxylase 

(EctD) (EC 1.14.11.55) (PEG.1642) (Table S1a, Supporting Information). The genome analysis 

revealed that JB150 has the capacity to synthesize osmoprotectants such as glycine betaine from 

choline. The enzyme encoded by betB (betaine aldehyde dehydrogenase) (EC 1.2.1.8) involved 

in the glycine betaine biosynthesis pathway was identified. To maintain a positive cellular turgor, 

a critical parameter for normal metabolic functions, glycine betaine may act as one of the 

efficient osmolytes. The strain could either assimilate it from the surroundings or synthesize it 

from choline.  Osmotolerance may further be achieved by accumulating osmoprotectants such as 

proline, biosynthesis of which might be regulated by proline iminopeptidase (EC 3.4.11.5) 

(PEG.1795) and pyrroline-5-carboxylate reductase (EC 1.5.1.2) (PEG.4077) in JB150 (Table 

S1a, Supporting Information). Notably, to resist the detrimental effects of high osmolarity 

environments, the genome analysis of JB150 revealed yet another glycine betaine uptake system 

encoded by OpuABC operon.  It comprises three structural genes: opuAA (ATP-binding protein) 
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(EC 3.6.3.32), opuAB (permease protein), and opuAC (glycine betaine-binding protein) (Table 

S1b, Supporting Information).   

Fig. 6 The analysis of stress-responsive genes in the genomes of Streptomyces sp. JB150 and 

other seven analyzed desert-actinomycetes, A. spitiensis, G. africanus, J. gansuensis, L. deserti, 

M. excelsi, Streptomyces sp. DH-12, and Streptomyces sp. Wb2n-11 

Furthermore, for the detoxification of reactive oxygen species (ROS), JB150 is endowed with 

AhpC (Alkyl hydroperoxide reductase C-like protein) (EC 1.11.1.26) (PEG.2107), thioredoxin 

peroxidase (EC 1.11.1.15) (PEG.3159), KatE (catalase) (EC 1.11.1.6) (PEG.4828), superoxide 

dismutase [Fe-Zn] (EC 1.15.1.1) (PEG.2471) and nickel-dependent superoxide dismutase (EC 

1.15.1.1) (PEG.4877). The strain JB150 also has regulatory mechanisms for oxidative stress 

resistance. The proteins OxyR (hydrogen peroxide-inducible genes activator) (PEG.4632), and 

SoxR (redox-sensitive transcriptional activator/regulator) (PEG.1456) (Table S1a, Supporting 

Information) were identified to regulate the expression of peroxide and superoxide defense 

regulons [63-64]. Homologs of OxyR, acting primarily as transcriptional activators, are 

widespread among actinomycetes [65]. Similarly, the defense mechanisms against oxidative and 

nitrosative stress could be controlled in JB150 by SoxR and OxyR [66]. 

According to the genome sequence data from many bacterial species, a diverse number of 

alternative sigma factors, ranging from one in Mycoplasma genitalium [67] sigma factor to 

about sixty-six different sigma factors in Streptomyces coelicolor [68] have been identified. 
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Most alternative sigma factors in actinomycetes belong to the protein family that is homologous 

to σ
70

 (σ
D
) of Escherichia coli [69]. The other known family of σ54 sigma factors in E. coli [70] 

has not been commonly found in actinobacteria [71]. In the present analysis, sigma B (σB; RNA 

polymerase sigma factor) encoded by the sigB operon, a stress-responsive alternative sigma 

factor, was identified in JB150. The operon includes seven additional genes, which encode RsbT 

(co-antagonist protein RsbRA) (PEG.215), RsbS, (negative regulator of sigma-B) (PEG.216), 

RsbT (anti-sigma B factor) (PEG.217), RsbX (phosphoserine phosphatase) (PEG.218) and a 

serine phosphatase RsbU (regulator of sigma subunit) (PEG.219). The presence of alternative σ
B
 

in the genome could contribute to the survival of JB150 under the extreme conditions of 

starvation and osmotic imbalance [72]. Moreover, to sustain under oxygen limitation or oxidative 

and nitrosative stress, the strain JB150 also possesses nitric oxide dioxygenase 

(flavohemoglobin) (EC 1.14.12.17) (PEG.6734) and HbO (hemoglobin-like protein) (PEG.2538) 

(Table S1b, Supporting Information). The expression of many flavohemoglobin genes might be 

induced under adverse environmental conditions such as nitrosative stress or oxygen deprivation. 

In JB150, several chaperones were also identified that may play their roles in the transit of outer 

membrane proteins through the periplasm [73]. Among them, PpiB (survival protein precursor; 

peptidyl-prolyl cis-trans isomerase) (EC 5.2.1.8) (PEG.6771), and DegP (HtrA 

protease/chaperone) (PEG.3536) proteins were observed to be prominent. A gene romA 

(PEG.5987) that pleiotropically inhibits the expression of outer membrane proteins (OMPs) was 

also identified in the JB150 genome. The regulatory components of σE, RseA (negative 

regulatory protein) (PEG.4758), and RseP (an intramembrane protease) and RasP/YluC 

(implicated in the cell division based on FtsL cleavage) (PEG.5262) were also identified in 

JB150 (Table S1b, Supporting Information). 

Comparison between JB150 and 7 other analyzed genomes revealed the highest number 

of stress-responsive genes (65) in Streptomyces sp. Wb2n-11 while A. spitiensis contains only 28 

number of these genes (Fig. 6 and Table S3, Supporting Information). The small number of these 

genes in A. spitiensis suggests that the strains native to the hot deserts employ more number of 

genes to exert stress-response for their survival under high temperature than the strains native to 

the cold deserts.  The genes which are commonly shared by all the analyzed strains belong to 

choline/betaine synthesis, desiccation, glutathione synthesis, and glutathione related non-redox 

reactions. JB150 and in the other two analyzed Streptomyces genomes, a high number of genes 
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(>28) implicated in σB stress response regulation were also identified. G. africanus and M. 

excelsi strains possess 7 and 15 genes of bacterial hemoglobins respectively while in L. deserti, 

15 numbers of genes were more likely to be involved in regulating osmotic stress genes (Fig. 6 

and Table S3, Supporting Information). Collectively, all these genetic attributes could confer 

these strains many potential advantages to thrive in the desert ecosystems.   

Membrane Transport 

Transport proteins have an indispensable role in mediating communication between the 

intracellular and the extracellular environment [74]. They also determine the synthesis and 

export of the secondary metabolites [75]. Therefore, a study was performed in the present work 

using TransportDB 2.0 (http://www.membranetransport.org/) [76] to determine the presence of 

various transporters in JB150 and other analyzed genomes. In the JB150 genome, a total of 591 

membrane transporter families were identified. The strain possesses a rich repertoire of ATP-

binding cassette (ABC) (56.35%) and major facilitator superfamily (MFS) (14.04%) transporters 

(Fig.7 and Table S3, Supporting Information). ABC transporters may assist the strain in the 

translocation of ions, sugars, amino acids, vitamins, lipids, antibiotics, drugs, larger molecules 

such as oligosaccharides, oligopeptides, and high molecular weight proteins [77]. Similarly, 

MFS transporters might play their role in the transport of secondary metabolites including 

antibiotics [78]. Other than these, the transporters belong to amino acid-polyamine-organocation 

(APC) family, drug/metabolite transporter (DMT) superfamily, and solute: sodium symporter 

(SSS) family were also identified in high numbers. The APC superfamily of transporters is 

mainly concerned with the uptake of amino acids and their derivatives while DMT transporters 

are primarily concerned with the transport of activated sugars for glycolipid and polysaccharide 

synthesis [79]. Having 9 ORFs of the SSS family of solute:Na
+
 symporters, a constituent 

member of the APC superfamily [80], JB150 could transport a wide variety of solutes such as 

short monocarboxylic acids, sugars, etc.  
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Fig. 7 Predicted membrane transporter families in Streptomyces sp. JB150 genome  

 

We also observed that the strain JB150 is enriched in H+- or Na+-translocating F-type, V-type, 

and A-type ATPase (F-ATPase), monovalent cation:proton antiporter-1 (CPA1/CPA2) and 

resistance-nodulation-cell division (RND) transporters. The transporter analysis also showed that 

JB150 possesses, MscS and MscL (large and small conductance mechanosensitive ion channel) 

transporters which may seem to assist the strain to reduce turgor pressure by releasing 

cytoplasmic solutes [81]. JB150 also contains twin-arginine targeting (Tat) family of transporters 

which are appeared to involve in nutrient absorption. These transporter families seem to play a 

prominent role in nutrient acquisition from complex sources, permitting growth when soluble 

nutrients are not readily available, particularly in the desert environment. Notably, the Tat 

substrates have been identified in S. coelicolor, which constitute a variety of hydrolytic enzymes 

[82]. Many other transporter families were also identified in JB150, appeared to be involved in 

taking up nutrients, which include H
+
 symporter (GntP), dicarboxylate/amino acid: cation 

(Na
+
 or H

+
) symporter (DAACS), proton-dependent oligopeptide transporter (POT), and 

ammonia transporter channel (Amt) (Fig.7 and Table S3, Supporting Information). These 

transporters could enable JB150 to make use of alternative carbon and nitrogen sources to obtain 

energy and thereby increase its competitiveness in response to ecological stresses [83-86]. 
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Additionally, the multiple sugar ABC transporter, general and sugar specific PTS may further 

assist JB150 to take full advantage of nutrients under oligotrophic nutrient conditions.  

In addition to the above transporter families, JB150 also possesses the transporters to 

participate in metalloid transport and pH regulation. Transporter families of resistance-

nodulation-cell division (RND), multidrug/oligosaccharidyl-lipid/polysaccharides (MOPs), and 

resistance to homoserine/threonine (RhtB) were also identified, which may be involved in 

drug/metabolite or homoserine lactone efflux [87]. Furthermore, the members of the 

threonine/serine exporter (ThrE) could allow JB150 to export threonine and serine under the 

conditions when the higher concentrations of these substances inside the cell may affect growth 

[88]. The presence of the metal ion (Mn
2+

) transporter (Nramp) in JB150 reflects its adaptability 

to reduce Mn
2+

 concentrations [89], the optimal concentration of which is crucial for maintaining 

the normal physiological function of the cell [90]. Members of the arsenical resistance-3 (ACR3) 

and arsenite-antimonite (ArsAB) efflux family pump As(III) and Sb(III) might also play their 

important roles in reducing toxicity in the cells and enhancing survivability [91-93]. 

Additionally, JB150 also possesses Na
+
:H

+
 antiporters (NhaA) to remove excessive Na

+
 to 

prevent toxicity and to maintain the pH homeostasis in the cells [94] (Fig.7 and Table S3, 

Supporting Information).  

An examination of the integral membrane constituents of ABC transporters in JB150 and 

other 7 analyzed genomes revealed that J. gansuensis contains a very high number of ABC 

oligopeptides (13) and ABC dipeptide transporter (11) genes (Table S3, Supporting 

Information). A high number of ABC peptide transporters in the strain could play crucial roles in 

the nutrient uptake and signaling processes [95-96]. The peptide transporters specific to di and 

tripeptides (periplasmic dipeptide-binding ABC transporters) such as DppA, DppB, DppC, 

DppD, DppF or oligopeptides containing five or more residues (periplasmic oligopeptide-

binding protein) such as OppA, OppB, OppC, OppD, OppF were observed to be encoded by 

genes grouped in operons in the genomes of the analyzed strains (Table S3, Supporting 

Information). Compared to other analyzed genomes, in the genome of JB150, a relatively high 

number of cation transporters genes (23) were detected. Copper is important for the cells and 

considered to be a critical cofactor for proteins such as superoxide dismutase, oxidase, 

oxygenases, and cytochrome C.  However, the presence of excess copper could be toxic and may 
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lead to oxidative damage [97-99]. The presence of 10 copper transport genes and CopCD fusion 

protein (4) suggest that the strain JB150 is copper hypersensitive, wherein CopD imports copper 

and CopC facilitates CopD-mediated copper import [100]. Besides, the CopCD fusion protein in 

JB150 could bind to the copper-dependent regulator CsoR, to regulate the expression of 

the copZA genes encoding a cytoplasmic copper efflux system that pumps copper to the 

extracellular matrix [101].  

We also identified the NikABCDE, CbiMNQO, and NikMNQO ABC-type transporters 

and secondary transporters belonging to the NiCoT, HupE/UreJ, and UreH families in the 

genome of JB150 which may facilitate the transport of nickel and cobalt. The transition metals 

nickel and cobalt serve as essential cofactors for several enzymes involved in a variety of 

metabolic processes [102-103]. To translocate folded proteins, the twin-arginine dependent 

translocation pathway or Tat pathway was also identified in JB150. Four proteins TatA, TatB, 

TatC (TatABC polycistronic operon), and TatE (tatE is located separately on the chromosome) 

were identified which are likely to involve in Tat-dependent translocation [104-106]. The 

analyzed genomes of Streptomyces sp. DH-12, Streptomyces sp. Wb2n-11, and A. spitiensis 

contain 4-4 copies of the genes implicated in the Tat pathway (Table S3, Supporting 

Information). The identification of the multiple Na+/H+ antiporters (14) in A. spitiensis genome 

appears to exert appropriate responses under adverse nutrient conditions and other environmental 

stresses [107-110]. The gene cluster that encodes a Na+/H+ antiporter [111] comprises seven  

genes (mrpABCDEFG) which may express in response to the stress associated with alkaline pH 

and sodium ions [109]. In JB150 and other analyzed genomes, the stress associated with alkaline 

pH and sodium ions might be regulated by Na
+
/H

+
 antiport activity mediated by NhaA, NhaD, 

and sodium-dependent phosphate transporters (monovalent cation–proton antiporter superfamily) 

[108]. Furthermore, 8 genes for ECF (energy coupling factor) class of transporters were also 

identified in JB150. These are known as a family of primary active membrane transporters 

involved in the uptake of essential micronutrients, such as vitamins and trace metals [112]. The 

genome of JB150 also possesses putative components of type V (PEG.4218) and type VII 

(PEG.3648, PEG.4693, PEG.5291, PEG.5293, PEG.5295, PEG.5296) secretion systems. The 

comparison between JB150 and other 7 analyzed genomes revealed that M. excelsi possesses the 

highest number of ECF class transporter genes (11) while these transporters were observed to be 

absent in A. spitiensis, Streptomyces sp. DH-12, Streptomyces sp. Wb2n-11, and L. deserti. The 
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genomes of G. africanus, J. gansuensis, L. deserti, Streptomyces sp. Wb2n-11, and A. spitiensis 

possess the genetic determinants to encode TRAP (tripartite ATP-independent periplasmic) 

transporters.  The system constitutes protein families of DctP, DctQ, and DctM which might 

assist these strains in the translocation of the solute across the cytoplasmic membrane [113-114] 

(Table S3, Supporting Information).  

Nitrogen metabolism 

Genomic analysis of the JB150 strain using the ModelSEED database (based on KEGG 

mapping) suggested that the genome of Streptomyces sp. JB150 possesses 26 genes of glutamine, 

glutamate, aspartate, and asparagines (Table S3, Supporting Information). Glutamate and 

glutamine are the main entry points in the nitrogen assimilation pathway. In JB150, to catalyze 

the amidation of glutamate to yield glutamine, two distinct glutamine synthetase type I (EC 

6.3.1.2) (PEG.1938) and glutamine synthetase type II (PEG.1962) enzymes [115] were observed. 

A highly conserved operon was also apparent encoding the large and small subunit of glutamate 

synthases (gltB; PEG.1835 and gltD; PEG.1836) (Table S1a, Supporting Information). Through 

the concerted action of the glutamate synthases, ammonium could be incorporated into 2-

oxoglutarate, a key intermediate in the tricarboxylic acid (TCA) cycle. A third enzyme, NAD-

specific glutamate dehydrogenase (EC 1.4.1.2) (PEG.2915) was also identified in the genome 

that could catalyze the reductive amination of 2-oxoglutarate to yield glutamate, and is regulated 

by nitrogen metabolism regulator (GlnR; PEG.3366). GlnR in turn is up-regulated under nitrogen 

limitation and down-regulated under nitrogen excess [116-117]. In JB150, aspartate 

aminotransferase (EC 2.6.1.1) (PEG.3721) encoded by aspC (regulated by GlnR) was also 

observed that transfers the amine group from glutamate to oxaloacetate to generate aspartate 

(Table S1a, Supporting Information). 
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Fig. 8 Different subsystem features detected in the genomes of Streptomyces sp. JB150 and other 

seven analyzed desert-actinomycetes, A. spitiensis, G. africanus, J. gansuensis, L. deserti, M. 

excelsi, Streptomyces sp. DH-12, and Streptomyces sp. Wb2n-11 using Rapid Annotations using 

Subsystems Technology (RAST) 

The analysis of the JB150 genome assisted in the identification of genes that may contribute to 

the biosynthesis of asparagine.  AsnB family represented by asparagine synthetase (glutamine-

hydrolyzing) (EC 6.3.5.4) (PEG.5750) was identified.  The presence of two asparagine 

synthetase system in JB150 may ensure sufficient asparagine biosynthesis to confer the strain 

asparagine prototrophy [118-119]. For the biosynthesis of ammonia and carbamate, the JB150 

genome possesses a trimer of a complex formed by three subunits, urease alpha (PEG.898), 

urease beta (PEG.899) and urease gamma (PEG.900) (EC 3.5.1.5) subunits. For the synthesis of 

active urease, a complex GTP-dependent process that requires the products of the accessory 

genes ureD (PEG.895), ureF (PEG.897) and ureG (PEG.896) were also detected. These genes 

appear to have an important role in urea scavenging, permitting the strain to proliferate and 

assimilate urea in natural habitats [120].  Similarly, the presence of genes implicated in arginine 

utilization could confer upon JB150 the ability to efficiently use arginine as a nitrogen source, 
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which is also used in other metabolic purposes such as energy-conservation and polyamine 

biosynthesis. It seems that its utilization by JB150 is dependent on arginine exporter protein 

ArgO (PEG.400), arginine deiminase (EC 3.5.3.6) (PEG.5513), arginine beta-hydroxylase 

(PEG.5528) and arginine decarboxylase (EC 4.1.1.19) (PEG.6823). The pathway regulator 

arginine biosynthesis repressor ArgR (PEG.1322), a transcriptional regulator of the winged 

helix-turn-helix (wHTH) family of DNA binding proteins was also identified [121] (Table S1a, 

Supporting Information). 

The genome of JB150 contains a total of 408 genes for amino acid metabolism (Fig.8). In 

the cysteine and methionine metabolism, JB150 harbors the complete pathways for the 

transformation of L-cysteine, L-homocysteine, L-methionine, and pyruvate. JB150 also harbors 

the complete pathways of lysine, valine, leucine, phenylalanine, tyrosine, and isoleucine 

biosynthesis. Compared to other genomes, JB150 has the highest number of 19 genes for 

methionine biosynthesis followed by 16 genes for threonine and homoserine biosynthesis (Table 

S3, Supporting Information). To regulate isoleucine, leucine, valine, β-Hydroxy β-

methylglutaryl-CoA (HMG-CoA), and branched-chain amino acid metabolism, 88 genes were 

identified. Prototrophy for essential amino acids and the capacity to grow without needing 

external sources can be advantageous to JB150 in poor nutrient soil environments. For putrescine 

utilization, a complete Puu pathway was also identified in JB150 that metabolizes putrescine via 

putrescine-binding protein, PotF (ABC transporter) (TC 3.A.1.11.2) (PEG.5234), putrescine 

transport ATP-binding protein, PotG (PEG.5235) and permease protein PotH (PEG.5236) and 

PotI (PEG.5237). The presence of the pathway may confer a selective advantage to JB150 

because it binds to nucleic acids, stabilizes membrane and stimulates the activity of several 

enzymes [122-123]. The intracellular deficiency of putrescine may lead to poor cell growth rate 

and survival in adverse conditions. The comparison of the analyzed genomes revealed that the 

pathway is likely to be not present in M. excelsi and J. gansuensis genomes (Table S3, 

Supporting Information). 

In the genome of JB150, the presence of three genes for 1,3-diaminopropane (DAP) 

synthesis suggest that the strain might be capable of producing small organic polycations 

polyamines. Biosynthesis of DAP could be achieved in the strain by PLP-dependent enzymes L-

2,4-diaminobutyrate decarboxylase (EC 4.1.1.86) (PEG.1829) and diaminobutyrate--2-
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oxoglutarate aminotransferase (EC 2.6.1.76) (PEG.5375). The DAP pathway was not observed in 

other analyzed genomes except Streptomyces sp. Wb2n-11. A high number of 9 genes encoding 

2-keto-3-deoxy-D-arabino-heptulosonate-7-phosphate synthase II (EC 2.5.1.54) (DAHP) 

(PEG.6) (AroAII homology family) to perform the initial reaction in aromatic amino acid 

biosynthesis existed in the genome of JB150. The strain may engage DAHP synthase to act as a 

primary catalyst for phosphoenolpyruvate (PEP) and erythrose 4-phosphate (E4P) to synthesize 

aromatic amino acids, vitamin K, folic acid, and ubiquinone. The pathway has been known to 

contribute massively in the biosynthesis of antibiotics, defense metabolites, siderophores, 

pigments, signaling compounds, and various secondary metabolites [124].  

Among JB150 and other 7 analyzed genomes, the highest number of genes (27) for 

glutamine, glutamate, aspartate, and asparagine biosynthesis was identified in L. deserti. It also 

harbors the maximum number of genes (16), which are likely to be involved in histidine 

metabolism. An unusually high number of 72 genes seem to be involved in the metabolism of 

arginine, urea, and polyamines were also observed in the genome of Streptomyces Wb2n-11 

(Table S3, Supporting Information). In the putrescine utilization pathway, 4 genes were 

commonly shared by G. africanus, Modestobacter excelsi, Streptomyces. DH-12, Streptomyces 

Wb2n-11, and Streptomyces JB150 genomes while the system was found to be missing in A. 

spitiensis, J. gansuensis, and L. deserti genomes. The genome of Streptomyces Wb2n-11 

possesses the highest number of methionine (27) and threonine/homoserine (20) biosynthesis 

genes. However, the genes for cysteine biosynthesis were present only in JB150, and the other 

two Streptomyces genomes selected in the present analysis. Similarly, a large number of genes 

(32) for valine degradation were observed only in the genome of Modestobacter excelsi. We did 

not observe the genes for creatine and creatinine degradation in A. spitiensis. Notably, the genes 

for DAP production was identified only in Streptomyces Wb2n-11 and JB150 genomes. The 

genome of JB150 also possesses the highest number of genes (9) for the synthesis of aromatic 

compounds (DAHP synthase to chorismate) and proline utilization. Streptomyces Wb2n-11 was 

observed to contain a large number of genes (23) for the synthesis of tryptophan, PAPA 

antibiotics, PABA, and 3-hydroxyanthranilate (Table S3, Supporting Information). The 

biosynthetic capacity to synthesize a wide range of amino acids and other molecules of the 

analyzed genomes might be advantageous in the highly underprivileged and famine desert 

environment. 
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Clusters of orthologous groups of proteins, carbohydrate-active enzymes and protein 

families 

 

All coding sequences (CDSs) on the chromosome of JB150 and other 7 analyzed strains were 

compared using orthologous clustering analysis (http://www.bioinfogenome.net/OrthoVenn/) 

[32]. The analysis of CDSs on the JB150 chromosome was classified into 5,030 clusters, among 

which 1030 orthologs (20.48%) were observed to be commonly shared by all the analyzed 

strains (Fig. 9A). The genomes of Streptomyces JB150, Streptomyces DH-12, and Streptomyces 

Wb2n-11 were observed to contain 344, 196, 425 ORFs of unique COGs respectively while 

these three genomes were observed to share 3494 orthologous (Fig. 9B). The highest number of 

1481 singletons (strain-specific proteins) were identified in Streptomyces Wb2n-11, followed by 

875 and 1022 singletons in Streptomyces DH-12, and Streptomyces JB150 respectively (Fig.9A). 

L. deserti was observed to have the largest number (3145) of strain-specific proteins that can 

further be attributed to the large size of its genome (9.53 Mbp) while the lowest numbers of 

strain-specific proteins were apparent in the genome of Streptomyces DH-12. We also conducted 

a COG function category comparison among the selected genomes using Go enrichment analysis 

which revealed that the core genomes of these strains harbor a large proportion of commonly 

shared gene clusters which appear to be involved in translation (57 ORFs), regulation of 

transcription (DNA-templated) (17 ORFs), DNA replication (12 ORFs), glycolysis (11 ORFs), 

histidine biosynthesis (9 ORFs), quinone binding (9 ORFs), de novo inosine monophosphate 

biosynthesis (8 ORFs), protoporphyrinogen IX biosynthesis (8 ORFs), ATP synthesis coupled 

proton transport (7 ORFs), chorismate biosynthesis (7 ORFs), oxidoreductase activity (6 ORFs), 

terpenoid biosynthesis (6 ORFs), threonine biosynthesis (6 ORFs), transmembrane transport (6 

ORFs), RNA binding (5 ORFs), and proteasomal protein catabolism (4 ORFs). Among 1030 

protein clusters, commonly shared by JB150 and seven other genomes (Table S1e, Supporting 

Information), the highest number of 18 and 14 ORFs were identified to be associated with the 

cellulose catabolic process of cluster 6 (Fig. 9c) and antibiotic biosynthetic process of cluster 16 

(Fig. 9d) respectively. The abundance of these genes might play a significant role in conferring 

upon the strains to gain a competitive advantage in the extreme conditions of the desert by 

providing protective measures and ensuring protein synthesis in oligotrophic nutrient conditions.  
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Fig. 9 Cluster of orthologous genes (COGs) of proteins in the analyzed genomes. Singletons 

represent single-copy genes (A), Venn diagram of the number of gene clusters commonly 

shared by Streptomyces sp. JB150 and the other two analyzed Streptomyces sp. DH-12, and 

Streptomyces sp. Wb2n-11. The shared core gene number is shown in the center and strain-

specific gene number is shown at the corners (B). Predicted protein-protein interactions of 

clusters involved in the cellulose catabolic process (cluster 6) (GO annotation: 0030245) (C), 

and antibiotic biosynthetic process (cluster 16) (GO annotation: 0017000) (D). Each node in the 

above figure is a cluster and the node size represents the proteins in the cluster. Proteins IDs are 

denoted as WP_ and each edge in the figure represents the relationship between two protein 

clusters.  

To determine the proportions of different functional classes of CAZymes families, the 

ORFs from JB150 were uploaded on the carbohydrate-active enzyme database (CAZy) [125] and 

the sequences that match were manually analyzed. The predicted families constitute glycoside 

hydrolases (GHs), glycosyltransferases (GTs), polysaccharide lyases (PLs), carbohydrate 

esterases (CEs), auxiliary activity (AA), and carbohydrate-binding functional modules (CBM) 

(Fig. 10 and Table S1f, Supporting Information). The GHs (EC 3.2.1.X) family of enzymes 
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catalyzes the hydrolysis of glycosidic bonds of carbohydrate substrates in carbohydrate 

metabolism to degrade starch, cellulose, and hemicellulose [126-127]. We found a total of 128 

GHs classified into 46 predicted families in the genome of JB150 (Figure 10 and Table S1f, 

Supporting Information). GH family classification revealed a total of 22 (17.18%) families with 

only one GH. In JB150, the GH13 family was observed to be prominently present with 18 genes. 

The genes in the family include trehalose-6-phosphate hydrolase (EC 3.2.1.93), trehalose 

synthase (EC 5.4.99.16), malto-oligosyltrehalose trehalohydrolase (EC 3.2.1.141), malto-

oligosyltrehalose synthase (EC 5.4.99.15) enzymes seem to be involved in the synthesis of a 

disaccharide storage reserve trehalose. Intriguingly, among the analyzed genomes, the highest 

number of trehalose biosynthesis genes (18) was identified in the JB150 genome (Table S3, 

Supporting Information). Similarly, in CAZyme identification, a total of 12 GT families 

including 70 GTs were identified. Among these, 5 families were identified as a family of one GT 

gene. GTs (EC 2.4.X.Y) catalyze glycosyl group transfer to specific acceptor molecules, leading 

to the formation of a glycoside bond in the process of biosynthesis of polysaccharides, 

oligosaccharides, and glycoconjugates [128-130]. In JB150, the GT2 and GT4 families were 

prominently present which possessed 27 and 20 genes respectively. 

The genome of JB150 contains, a total of 14 PLs (EC 4.2.2.-) classified in 6 families 

among which PL1 family was observed to be prominently present with 8 genes. It seems that 

PLs could direct JB150 to act on polysaccharides to produce unsaturated polysaccharides using a 

beta-elimination mechanism [131]. The diverse members of PL families including PL1 and PL3 

in the JB150 genome also suggest that the strain is capable of processing various 

polysaccharides. A class of esterases known as CEs was also identified in JB150 that may 

catalyze the O-de- or N-deacylation to remove the ester of substituted saccharides [125]. 

Similarly, a total of 17 CEs, classified into 7 families were identified wherein CE12 family was 

assessed to be prominently present with 4 genes (Table S1f, Supporting Information). CEs 

facilitate the access of GHs to speed up the degradation of substrates in the process of 

saccharification [132]. The strain also possesses one AA family (AA10) with 05 AAs, which 

have been originally classified as chitin-binding proteins (CBM33) [133], to catalyze non-

carbohydrate structural components. The comparison of JB150 and other seven analyzed 

genomes revealed a large number of chitin utilization genes (32) in the genome of L. deserti 

(Table S3, Supporting Information). The protein members of this family are currently known as 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 21, 2021. ; https://doi.org/10.1101/2021.01.20.427384doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.20.427384


30 
 

copper-dependent lytic polysaccharide monooxygenases (LPMOs) [134]. In the genome of 

JB150, a total of 69 CBMs were classified into 15 families among which CBM2 (18 genes) and 

CBM13 (11 genes) families were observed to be prominent. By utilizing the carbohydrate-

binding activity of these enzymes, the catalytic efficiency of CAZymes could be enhanced. 

However, the hydrolytic activity is not associated with CBMs yet their association with GHs, 

GTs, and PLs enzymes may lead to the degradation of the substrate more efficiently. Among 

CBMs, CBM4, CBM5, CBM61, and CBM67 families were observed with only one CBM in the 

JB150 genome (Table S1f, Supporting Information). CBMs have crucial roles in cellulases and 

cellobiohydrolases and belong to the GH6 and GH7 families [135]. 

 

Fig. 10 Functional classes of Carbohydrate-Active Enzymes (CAZymes) in the genome of 

Streptomyces sp. JB150 

The proteomes of JB150 and 07 other analyzed strains were also analyzed and compared 

using the PATRIC PGfams software to identify cross-genus families (CGFs) (Fig 11, Table S2, 

Supporting Information). From a total of 13143 CGFs, 360 families (7.3%) were commonly 

shared by JB150 and the other seven analyzed genomes (Table S1g, Supporting Information). 

Compared to other genomes, JB150 contains 481 unique genes that have no detectable homologs 

in others. Thus, these genes may be considered as orphan genes (Table S1h, Supporting 

Information). Among these, the genes for [LysW]-L-2-aminoadipate 6-phosphate reductase 

(PEG.4676), [LysW]-aminoadipate kinase (PEG.6326), and [LysW]-lysine hydrolase 

(PEG.4666) were identified in JB150 (Table S1b and S1h, Supporting Information) which could 
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contribute their roles in α-aminoadipate (AAA) pathway, a second lysine biosynthesis pathway 

besides DAP, previously identified in T. thermophilus [136-138].   

 
Fig. 11 Comparison of proteomes between JB150 and other seven analyzed actinomycetes 

strains A. spitiensis, G. africanus, J. gansuensis, L. deserti, M. excelsi, Streptomyces sp. DH-12, 

and Streptomyces sp. Wb2n-11. The genome tracks are from outside to inside as depicted. The 

exterior (solid-line circle) indicates the scaffolds of the reference genome ±JB150. In each circle, 

the line indicates one protein homologous to a protein in the reference genome. Percent protein 

sequence identity exhibits the relationship between proteins. 

 

Another interesting orphan gene cluster that encodes 2,3-diaminopropionate (SbnA; 

PEG.237), (SbnB; PEG.238), likely to be involved in NRPS-independent siderophore (NIS) 

synthesis was also observed in JB150. SsgB (PEG.1284), a sporulation-specific cell division 

protein and SsgG protein (PEG.2832) [139], were also observed in the genome of JB150. 
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Similarly, many orphan genes involved in different pathways were observed to be specific to the 

JB150 genome include 3-amino-4-hydroxybenzoate synthase (EC 4.1.99.20) (PEG.3487) 

(grixazone biosynthesis), threonylcarbamoyl-AMP synthase (EC 2.7.7.87) (PEG.4933) (L-

threonine metabolism), dUMP forming, deoxycytidine triphosphate deaminase (EC 3.5.4.30) 

(PEG.6529) (nucleotide metabolism), leucine-specific ABC transporter, substrate-binding 

protein LivK (TC 3.A.1.4.1) (PEG.6847), peptidyl-prolyl cis-trans isomerase, PpiB (EC 5.2.1.8) 

(PEG.6771) (proline metabolism), pyridoxal 5-phosphate (PLP)-dependent ornithine 

decarboxylase (EC 4.1.1.17) (PEG.6525) (polyamines biosynthesis), taurine ABC transporter, 

substrate-binding protein TauA (PEG.6357), type V secretory pathway (PEG.4219) (adhesin 

AidA), serine protease (PEG.4696) (putative component of Type VII secretion system), 

polysaccharide pyruvyl transferase, CsaB (PEG.843) (peptidoglycan-associated polymer 

biosynthesis), diguanylate cyclase/phosphodiesterase domain 2 (EAL) (PEG.1138) (biosynthesis 

of secondary messenger, cyclic-di-GMP) etc (Table S1b and S1h, Supporting Information). In 

JB150, the physiological mechanisms of many of these orphan genes remain to be investigated. 

The proteome comparisons of the analyzed genomes further revealed that Streptomyces JB150 

and Streptomyces DH-12 share the highest number of orthologues (273) followed by 

Streptomyces Wb2n-11 with which it shared 115 orthologues (Table S1i, Supporting 

Information). Relative to the other seven analyzed genomes, JB150 includes 132 specialty genes 

most of which seem to be implicated in conferring on the strain antibiotic resistance and support 

many transport functions (Table S1j, Supporting Information).  

DNA metabolism 

JB150 encodes a complete set of enzymes required for DNA replication, recombination, and 

DNA repair. The UvrABC proteins (PEG.1746, PEG.1753, PEG.1766) essential to initiate 

nucleotide excision repair were identified. An excinuclease ABC (subunit A), a paralog of 

unknown function, was also observed in JB150 (PEG.3877) (Table S1a, Supporting 

Information). To process and repair double-strand breaks, JB150 possesses a pathway that seems 

to involve the multifunctional helicase/nuclease complex (RecBCD) (PEG.1425, PEG.2589, 

PEG.4801). A higher number of genes (20) associated with DNA repair (base-excision) 

system in JB150 suggest that the strain can efficiently repair damages caused by 

oxidation, deamination, or alkylation. To initiate this process the system appears to involve DNA 
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glycosylases (formamidopyrimidine-DNA glycosylase) (EC 3.2.2.23) (PEG.6393), G/U 

mismatch-specific uracil DNA glycosylase (EC 3.2.2.28) (PEG.926), DNA-3-methyladenine 

glycosylase (EC 3.2.2.20) (PEG.4753) and DNA-3-methyladenine glycosylase II (EC 3.2.2.21) 

(PEG.1557) to recognize and remove damaged or inconsistent bases. To remove inappropriate 

bases, endonuclease III (EC 4.2.99.18) (PEG.3929), endonuclease IV (EC 3.1.21.2) (PEG.2753), 

and endonuclease VIII (PEG.2464) were also identified. To complete the final steps in DNA 

repair, JB150 also possesses exodeoxyribonuclease III (EC 3.1.11.2) (PEG.3101), 

exodeoxyribonuclease VII small and large subunits (EC 3.1.11.6) (PEG.4648, PEG4649), DNA 

polymerase I (EC 2.7.7.7) (PEG.1811), DNA polymerase IV (EC 2.7.7.7) (PEG.1120), error-

prone repair homolog of DNA polymerase III alpha subunit (EC 2.7.7.7) (PEG.1503) and 

DNA ligase (ATP-dependent) (EC 6.5.1.1) (PEG.5966) as well as DNA ligase (NAD(+) 

dependent) (EC 6.5.1.2) (PEG.5061) [140] (Table S1a, Supporting Information). In the genome 

of A. spitiensis, we identified the highest number of 15 genes of clustered regularly interspaced 

short palindromic repeats (CRISPER).  

The genomes of Streptomyces DH-12 and G. africanus also bear 9 and 1 genes of 

CRISPER respectively (Table S3, Supporting Information). It appears that these short repeats 

confer upon these strains the ability to integrate fragments of foreign DNA spacers into CRISPR 

cassettes. Consequently, the CRISPR cassettes could be transcribed to synthesize CRISPR RNA 

to specifically target and slice the genome of the invaders [141-144]. The genomes of 

Streptomyces DH-12 and G. africanus encompass the most conserved and abundant cas genes 

and their products namely Cas1, Cas2, Cas3, and Cas4 [145]. These two genomes also contain 

several specific genes such as csa1, csa2, csa3, and csa4 of Cse and Csy signature protein 

families [146]. The system was observed to be missing in M. excelsi, J. gansuensis, L. deserti, 

Streptomyces Wb2n 11, and Streptomyces sp. JB150. In the genome of L. deserti we identified 

the highest number of 7 genes (compared to 2 genes in the other analyzed genomes) of type I 

restriction-modification system which comprises three proteins; one each for restriction (HsdR), 

modification (HsdM) and DNA binding (HsdS) [147,148] (Table S3, Supporting Information). 

Fatty acids, lipids, and isoprenoids  

The search for fatty acid biosynthetic genes in the JB150 genome revealed various putative 

orthologues to several of the classical fatty acid synthase (FAS) II components. The genome of 
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Streptomyces sp. JB150 possesses 122 genes (9.80%) for fatty acid, lipid, and isoprenoid 

metabolism (Fig.8). The analysis of the annotated genome revealed that many genes encode for 

the housekeeping enzymes that engage in the saturated fatty acid biosynthesis. These genes lie in 

a conserved fatty acid biosynthesis (fab) cluster that constitutes acyl carrier proteins (ACPs) 

(PEG.43), (PEG.173) (PEG.285), fabD (malonyl CoA-acyl carrier protein transacylase) (EC 

2.3.1.39) (PEG.44), fabF (3-oxoacyl-[acyl-carrier-protein] synthase, KASII) (EC 2.3.1.179) 

(PEG.39) and fabH (3-oxoacyl-[acyl-carrier-protein] synthase, KASIII) (EC 2.3.1.180) (PEG.38) 

[149,150] (Table S1a, Supporting Information). JB150 has a single copy of fabD gene in the 

main fab cluster and one fabD homolog (PEG.2120) suggesting their essential role in fatty acid 

biosynthesis. Since FabD has been observed to be active with several ACPs [151] the functional 

role of FabD in JB150 could be predicted to provide malonyl-ACP precursors in both fatty acid 

and type II polyketide biosynthetic pathways. Similarly, FabH protein which shows broad 

substrate specificity for short-chain acyl-CoA substrates might have a role in initiating branched 

and straight-chain fatty acid biosynthesis [152]. Furthermore, the gene catalyzing an essential 

step in fatty acid biosynthesis encoded by enoyl-[acyl-carrier-protein] reductase [NADH] (EC 

1.3.1.9) (PEG.1518) was also identified.  

The JB150 genome bears the genes for three major membrane phospholipids 

phosphatidylethanolamine (PE), phosphatidylglycerol (PG), cardiolipin (CL). To synthesize PE, 

the strain comprises phosphatidylserine synthase (Pss) (CDP-diacylglycerol--serine O-

phosphatidyltransferase) (EC 2.7.8.8) (PEG.5939) and phosphatidylserine decarboxylase (Psd) 

(EC 4.1.1.65) (PEG.5940). The genetic determinant for CDP-diacylglycerol-glycerol-3-

phosphate 3-phosphatidyltransferase (EC 2.7.8.5) (PEG.5321) was also identified in JB150 that 

catalyzes the necessary steps in the synthesis of the membrane lipids PG and CL. To synthesize 

PG, the JB150 genome bears L-O-lysylphosphatidylglycerol synthase (EC 2.3.2.3) (PEG.4026) 

and cardiolipin synthetase (cls) (EC 2.7.8.41) (PEG.1131) (Table S1, Supporting Information). 

In arid desert regions, to resist extreme fluctuations of temperature, nutrient limitation, 

desiccation, and water supply, the strain JB150 appears to store primary storage lipophilic 

compounds, polyhydroxyalkanoates (PHA) and triacylglycerols (TAG) [153,154]. TAG 

accumulation may confer the strain the capability to utilize this reserve to survive and counteract 

harsh environmental conditions [155, 156]. For TAG metabolism, we detected triacylglycerol 

lipase precursor (EC 3.1.1.3) (PEG.6700) in JB150. Similarly, poly-β-hydroxybutyric acid 
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(PHB) granules are stored in the cells as a carbon and energy source when environmental 

conditions are sub-optimal for survival [157,158]. In JB150, to catalyze the degradation of PHB, 

intracellular poly(3-hydroxyalkanoate) depolymerase (EC 3.1.1.-) (PEG.604), D-β-

hydroxybutyrate dehydrogenase (EC 1.1.1.30) (PEG.647) and 3-ketoacyl-CoA thiolase (EC 

2.3.1.16) (PEG.5563) were identified (Table S1a, Supporting Information). The comparison 

among JB150 and the other analyzed genomes reveals the presence of a large number of genes 

(38) of glycerolipid and glycerophospholipid metabolism in the genome of L. deserti while these 

genes were observed to be absent in J. gansuensis. The genes for carotenoids synthesis were 

shared by JB150 and the other 2 analyzed Streptomyces genomes and A. spitiensis. All the 

genomes have been found to possess multiple copies of polyhydroxybutyrate metabolism genes, 

the highest number of genes (42) of which were observed to be possessed by L. deserti (Table 

S3, Supporting Information).   

Cofactors, vitamins, prosthetic groups, pigments, and motility 

The genome of Streptomyces JB150 possesses 168 genes (13.5%) for cofactors, vitamins, 

prosthetic groups, and pigments. The largest gene family includes 47 genes in the subsystem and 

was observed to be associated with biotin synthesis (Fig.8). Biotin is an essential cofactor for 

metabolic enzymes such as biotin carboxylase of acetyl-CoA carboxylase (EC 6.3.4.14) 

(PEG.4524) [164].  The biosynthesis of biotin in JB150 possibly involves the functions of 8-

amino-7-oxononanoate synthase (EC 2.3.1.47) (PEG.911) and biotin synthase (EC 2.8.1.6) 

(PEG.912) which catalyzes the first and final steps in the conserved biosynthetic pathway. The 

presence of adenosylmethionine-8-amino-7-oxononanoate aminotransferase (EC 2.6.1.62) 

(PEG.913) (8-amino-7-oxononanoate synthase analog) and dethiobiotin synthase (BioD) (EC 

6.3.3.3) (PEG.914) (Table S1a, Supporting Information) suggest further their imperative roles in 

biotin biosynthetic pathways [159,160]. The negative bifunctional regulatory protein, biotin-

protein ligase (EC 6.3.4.9) (PEG.4531), previously identified in the biotin operon in E. coli 

[161], was also observed. Based on the analysis of the co-occurrence of the biotin biosynthetic 

genes and BioY (PEG.2469) (a substrate-specific component of biotin ECF transporter), it can be 

predicted that this transmembrane protein is involved in an efficient biotin transport in JB150 

(Table S1a, Supporting Information). The other most prominent members identified in the 

subsystem were the genes involved in the metabolism of riboflavin, flavin mononucleotide 
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(FMN), and flavin adenine dinucleotide (FAD). Riboflavin (vitamin B2) is an ultimate precursor 

in the biosynthesis of the highly conserved and indispensable flavonoid redox cofactors like 

FMN and FAD [162,163]. These may serve as cofactors for flavoenzymes in various 

biochemical reactions, including electron transfer at redox centers, dehydrogenation, oxidation, 

and hydroxylation reactions [165,166]. The comparison of JB150 and other 7 analyzed genomes 

reveals that Streptomyces spp. JB150, Wb2n-11, and DH-12 possess an unusually high numbers 

of riboflavin (25), FMN (27) and FAD (27) genes (Table S3, Supporting Information) However, 

compared to other genomes, the genes for quinone cofactors (menaquinone) were identified only 

in non-streptomycete genomes which might be contributing their roles in the respiratory electron 

transport chain [167,168]. Notably, the identification of menaquinone biosynthesis (UbiD family 

decarboxylase) (PEG.4157), menaquinone polyprenyltransferase (MenA homolog) (PEG.4158), 

transcriptional regulator (AsnC family) (PEG.941), demethylmenaquinone methyltransferase 

(EC 2.1.1.163) (PEG.4187) proteins in JB150 indicates the presence of the alternative futalosine 

pathway [169]. All the analyzed genomes contain the necessary genes to encode essential 

enzymes involved in folate and pterines synthesis and thus these strains could be predicted as 

prototrophic for these cofactors. These essential enzymes include GTP cyclohydrolase I (EC 

3.5.4.16) (PEG.4020), dihydroneopterin aldolase (EC 4.1.2.25) (PEG.4023), dihydropteroate 

synthase (EC 2.5.1.15) (PEG.4025), pterin-4-alpha-carbinolamine dehydratase (EC 4.2.1.96) 

(PEG.6008). Notably, the highest copies of 5-formyltetrahydrofolate cyclo-ligase (EC 6.3.3.2) 

genes (40) were identified in the genome of M. excelsi and G. africanus which seem to further 

support these strains in folate-mediated one-carbon metabolism [170]. Under nutrient-poor 

conditions, actinomycetes enter into the developmental processes that lead to the formation of 

spores. The gray-pigmented and rounded spores of Streptomyces spp. have thick cell walls and 

are better adapted to harsh edaphic conditions of the desert [82]. However, compared to other 

analyzed genomes, the biosynthetic gene cluster which encodes spore pigment was observed to 

be absent in J. gansuensis (Table S3, Supporting Information). The genes for carotenoids 

synthesis were commonly shared by JB150 and the other two analyzed Streptomyces genomes 

and A. spitiensis. Furthermore, the comparison of all the analyzed genomes revealed one 

interesting feature associated with the genomes of G. africanus [11] and M. excelsi [14]. These 

genomes shared 35 genes for flagellar motility. In the genome of M. excelsi, a protein lytic 

transglycosylase, clustered with flagellum synthetic genes (PEG.4945) was detected (Table S3, 
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Supporting Information). The motility in actinomycetes has been detected in the holocarpic 

genus Dermatophilus [171] and in the sporangia-forming Actinoplanes, Ampullariella, and 

Spirillospora (Couch 1963). The motility elements in these actinomycetes may display a positive 

chemotactic response to various sugars, inorganic substrates, amino acids, and aromatic 

compounds [173, 174].  

Conclusion  

The urgent need for novel antibiotics to treat multidrug-resistant pathogens has shifted the 

attention of many researchers to recruit specialized niche like deserts for the identification of 

actinomycete isolates for their yet unidentified and therapeutically useful secondary metabolites. 

Streptomyces sp. JB150 native to the great Indian Thar desert is capable of growing under such 

an ecosystem.  The whole-genome analysis of JB150 revealed that it encompasses unique gene 

clusters to produce diverse metabolic compounds. Under extreme conditions, JB150 appears to 

regulate its genetic machinery to integrate multiple signals to exert appropriate responses to 

multiple stressors. The presence of many classical as well as distinctive BGCs confers upon the 

strain the ability to develop several adaptation strategies. The genes required for the synthesis of 

secondary metabolites were observed to be clustered together at both ends of the JB150 

chromosome and exhibit tight regulation. Among these, various BGCs encode for prospective 

novel chemical scaffolds which can be utilized to target multi-drug resistant microbial 

pathogens. The genome analysis and metabolic mapping of JB150 revealed prototrophy for 

many essential amino acids and enrichment of genes involved in various metabolic pathways and 

protein synthesis. The presence of these genetic attributes in Streptomyces sp. JB150 confirms its 

metabolic versatility to deal with the harsh conditions in the desert environment and oligotrophic 

nutrient conditions. The comparison of the genomes of JB150 and other taxonomically related 

desert actinomycetes unveiled the widespread presence of many distinctive and specialized 

genomic signatures which may assist these strains to encode various antibiotics, antioxidants, 

CAZymes families, chaperones, defense molecules, DNA repair enzymes, osmoprotectants,  

proton pumps, siderophores, transporters, etc. The metabolic adaptation and resilience of these 

strains could provide them a selective advantage over the other microbes. In conclusion, the 

genetic traits endowed by JB150 and other 7 analyzed genomes could enable them to produce a 

diverse range of secondary metabolites and stress-responsive proteins to compete, survive and 

thrive in the desert environment against multiple biotic as well as abiotic stresses. 
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