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Abstract: The aim of this work is the study of genome organization and metabolic potential of
Streptomyces carpaticus strain SCPM-O-B-9993, promising plant-protecting and plant-stimulating
strain isolated from brown semi-desert soils with a very high degree of salinity. The genome of the
strain contains of a linear chromosome of 5,968,715 bp and has no plasmids. Gene clusters of
production of secondary metabolites with antimicrobial properties (ohmyungsamycin, pellasoren,
naringenin, ansamycin) were identified in the genome. The strain SCPM-O-B-9993 has antiviral
activity against cucumber mosaic virus on tomatoes under laboratory conditions.
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1. Introduction

Actinobacteria are characterized by high ecological plasticity, labile enzymatic systems,
powerful and complex secondary metabolism [1,2]. According to studies of actinobacterial
prevalence and species diversity, cultures of the genus Streptomyces account for 80-95% of all
Actinobacteria that inhabit soil, and among known bioactive microbial secondary metabolites, the vast
majority are produced by Actinobacteria, 80% of which belong to the genus Streptomyces [3].

The genus Streptomyces includes spore-forming, filamentous and gram-positive Actinobacteria
[4,5], which inhabit different environments, such as extreme conditions and poorly studied habitats,
terrestrial and marine ecosystems, symbionts, endophytes, etc. Representatives of the genus
Streptomyces are characterized by the ability to survive under adverse environmental conditions,
while retaining metabolic activity for a long time, and to degrade natural and synthetic substances,
possessing enzymes with a wide substrate specificity. These bacteria produce a huge variety of
chemical structures (polyketides, peptides, macrolides, indoles, aminoglycosides, terpenes, etc.) [6—
8], through which they exert regulatory effects on the plant and control development of
phytopathogens [9].

Representatives of Streptomyces genus can affect phytopathogens directly by producing
antibiotics, siderophores, hydrolytic or detoxifying enzymes, either or indirectly by stimulating host
plant growth through synthesis of phytohormones, increasing their resistance to diseases, forming
mechanisms of induced and/or acquired system resistance or simply by competing with
phytopathogens for available nutrition elements [10,11].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The functions of genes annotated in genomes are currently poorly understood and require
further comprehensive studies [12]. Using in silico genome analysis methods, Streptomyces genomes
have been found to contain 25-70 biologically active compounds (BACs), but only a small fraction of
these BACs is synthesized in the laboratory using culturing methods [13]. Modern sequencing
methods pose serious computational problems due to the short lengths of the sequenced fragments
and the large volume of data, which especially affects the functional annotation of the genomes of
Streptomyces strains, since the latter contain many proteins with repeats, multiblock structures such
as polyketide synthases, non-ribosomal peptide synthases (NRPS) and serine threonine kinases
[14,15].

For example, the genome of S. clavuligerus strain contains many gene clusters of secondary
metabolites such as staurosporine [16], moenomycin [17], terpenes, pentalenes, phytoenes,
siderophores and lantibiotics [18]. An annotation of Streptomyces sp. strain BRB081 identified
desferrioxamines, fatty acid amides, diketopiperazines, xanthurenic acid, cyclic octapeptides
surugamides. Comparative analysis of amino acid sequences showed that 1-aminocyclopropane-1-
carboxylic acid (ACC) deaminases of representatives of the Actinomycetota phylum form a separate
phylogenetic cluster [19]. Analysis of S. avermitilis genome revealed the capability of polyketide
synthesis [20].

The genomes of Streptomyces strains include large unknown clusters of biosynthetic genes,
making them a potential repository for the discovery of biotechnologically valuable compounds.
Given the high degree of polymorphism of Streptomyces, it is undoubtedly important, from a scientific
and practical point of view, to study the level of specificity and biological activity of S. carpaticus
strain SCPM-0O-B-9993 [21]. The aim of this work is the study of genome organization and metabolic
potential of Streptomyces carpaticus strain SCPM-O-B-9993, promising plant-protecting and plant-
stimulating strain.

2. Materials and Methods

2.1. Genome analysis

The genome of the strain was sequenced and completely assembled [22]. The genome was
annotated with the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) version 4.6 [23], Prokka
[24], and RAST [25]. The whole-genome tree was built using the TYGS web service
[https://tygs.dsmz.de/ (accessed on May 1, 2023)]. The genomic map was built using the Proksee.ca
web service (accessed on May 1, 2023) [26]. ANI value was calculated using the Ezbiocloud service
(accessed on May 1, 2023) [27], DDH value using the Genome-to-Genome distance calculator [28].
Chromosome alignment was performed using Mauve ver. 2.4.0 (2014-12-21) [29]. Pangenome
analysis and search for unique genes was performed using OrthoVenn [30]. A search for clusters of
secondary metabolite production was performed with AntiSmash [31]. Functional analysis based on
metabolic and regulatory pathways was performed using KEGG [32]. SNP searches were performed
using Nucmer from the Mummer package [33].

2.2. Cultivation of the strain

The strain S. carpaticus SCPM-O-B-9993 was grown in liquid starch-casein medium for 168 hr at
28°C with continuous stirring on a shaker (80 rpm). The strain was seeded by adding to 1 liter of
starch-casein medium a fragment of seven-day-old colonies of the strain with air and substrate
mycelium on dense medium of the same composition with an area of 1 cm?. The suspension of the
strain is a homogeneous liquid containing cells, mycelium, and spores. During 7-day cultivation
every 24 hr, the aliquot of cultivation medium with cells was plated on solid starch-casein medium
to check the purity of the culture. The optical density of the suspension was measured, and at 340 nm
using a spectrophotometer, and the suspension was taken for investigation of its phytostimulatory
and antiviral activity. The strain cells were microscopically examined and photographed using an
Amplival (Zeiss) microscope with a photomask.
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2.3. Determination of phytotoxicity

Phytotoxicity of the SCPM-O-B-9993 strain suspension was studied by the wet cell method using
seeds of Ducat cress. Each Petri dish was bottomed with a circle made of filter paper, 30 seeds of cress
were placed on it, then 5 ml of suspension was introduced (distilled water was used as a control).
The dishes were exposed at 20 °C for 3 days. The experiment was performed in two replicates. Then,
germination was calculated, root length and stem height of seedlings were measured.

2.4. Study of antiviral activity

To study the prolonged antiviral activity of the SCPM-O-B-9993 strain suspension against
cucumber mosaic virus (CMV), we infected 10 plants of LoJain tomato at the 3-4 true leaf stage by
applying inoculum obtained by pestle rubbing of phytovirus-infected plants on the leaf plates.
Farmayod, 10% (NPC Farmbiomed, Moscow) was used as a reference in the positive control (K+).
Farmayod aqueous solution for plants was prepared just before use: 3-5 g of concentrate / 10 liters of
water. Distilled water was used as a negative control (K-). Treatment method in K+, K- and
experimental variants was spraying. Background watering of plants (sprinkling under the root) was
carried out with tap water once in the morning hours in all experimental variants. During the whole
period of the experiment, two antiviral treatments were performed on the 7th and 12th days after
infection. Control plants (K-) were sprayed with tap water. On 3 days after the second spraying, the
presence of viruses in plants was determined by immunochromatographic method on ImmunoStrip
Test Kit Flashkits (USA) on each plant.

3. Results and discussion

3.1. Morphological features of the strain

Strain S. carpaticus SCPM-O-B-9993 was isolated from brown semi-desert soils with a very high
degree of salinity in the Astrakhan Region of the Russian Federation. The strain has dark brown aerial
mycelium and cherry-red substrate mycelium (Figure S1). The optimal growth temperature is 28°C.
Optimal pH is 7.0-7.1. Sporocysts are straight or twisted, short. Spores are oval or globular with a
dense shell, 0.5-1.0x1.0-1.1 pm in size.

3.2. Taxonomic positioning of the strain SCPM-O-B-9993

Strain SCPM-0O-B-9993 is the only representative of the S. carpaticus species whose genome has
been completely sequenced [22]. The genome assembly consisted of a single linear chromosome of
5,968,715 bp GC composition of 72.84% (Figure 1). No plasmids were detected. During genome
annotation and analysis, 5206 protein-coding sequences, 60 tRNA sequences, 15 rRNA sequences (5
-5S,5-16S, 5 -23S) and 8 CRISPR loci were identified.


https://doi.org/10.20944/preprints202310.0527.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 October 2023 doi:10.20944/preprints202310.0527.v1

cDS
W tRNA
M repeat_region
[ rRNA
M tmRNA
Il GC Content
M GC Skew+
B GC Skew-

Figure 1. Map of the linear (gap is on the top of the figure) chromosome of strain SCPM-O-B-9993.
From outside to the center: all CDS and RNA genes on forward strand, all CDS and RNA genes on
reverse strand, GC content, and GC skew.

To determine its closest relatives among Streptomyces strains with completely sequenced
genomes, a BLAST search for housekeeping gene sequences (gyrB, rpoB, trpB, recA) was performed
(Table S1). Streptomyces harbinensis NA02264, Streptomyces xiamenensis 318 and Streptomyces sp.
XC2026 were found to be most closely related to strain SCPM-O-B-9993 (Table 1).

Table 1. Genome parameters of strain SCPM-O-B-9993 and its closest relatives.

Genome size, bpGC content, %

Streptomyces carpaticus SCPM-0O-B-9993 5,968,715 72.84
Streptomyces harbinensis NA02264 5,802,668 72.89
Streptomyces xiamenensis 318 5,961,402 72.02
Streptomyces sp. XC2026 5,836,896 72.10

The strains SCPM-0-B-9993 and NA02264 are listed in the Genbank database as representatives
of different species. However, ANI value and DDH values show that these strains are very likely to
belong to the same species (Table 2). Thus, the threshold for species assignment by DDH is 70%, while
strains SCPM-O-B-9993 and NA02264 have DDH values >90%.

Table 2. ANI and DDH values for strain SCPM-0-B-9993 and its closest relatives.

ANI value, %DDH value, %
Streptomyces harbinensis NA02264 98.71 90.90
Streptomyces xiamenensis 318 87.05 60.50
Streptomyces sp. XC 2026 86.87 58.00
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The genome of the type strain S. carpaticus has not been sequenced to date (July 2023). However,
the genome of the type strain S. harbinensis CGMCC4.7047T (FPAB000000000000.1) has been
sequenced, which makes it possible to calculate the main parameters of species membership (Table
3).

Table 3. ANI and DDH values for strains SCPM-O-B-9993 and Streptomyces harbinensis NA02264
relative to the type strain of S. harbinensis.

ANI value, %DDH value, %
Streptomyces harbinensis NA02264 99.03 96.20
Streptomyces carpaticus SCPM-0O-B-9993 98.72 90.40

Considering that the ANI value and DDH value of strain SCPM-O-B-9993 relative to the type
strain of S. harbinensis exceed the thresholds for species assignment (ANI > 95% and DDH > 70%), we
assume that strain SCPM-0O-B-9993 is probably a representative of the species S. harbinensis, but the
final taxonomic position of the strain will be possible only after the genome sequence of the type
strain of S. carpaticus appears in the Genbank database.

The alignment of the genomes of Streptomyces carpaticus strain SCPM-O-B-9993 and Streptomyces
harbinensis strain NA02264 (Figure 2) relative to each other shows that the main blocks (marked with
one color) retain a similar arrangement on the chromosomes, and, in general, the structure of the
genomes is very similar. Only a few displacements of gene blocks can be noted (marked with vertical
bars).
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Figure 2. Mauve visualization of locally collinear blocks identified between chromosomes of
Streptomyces carpaticus SCPM-O-B-9993 and Streptomyces harbinensis NA02264. Vertical bars
demarcate interchromosomal boundaries.

In the S. harbinensis NA02264 genome relative to the S. carpaticus SCPM-O-B-9993 genome, 20,153
single nucleotide substitutions (SNPs) were found, which are evenly dispersed throughout the
genome. Single nucleotide substitutions accounted for 0.34% of the total genome length.

3.3. Analysis of the pangenome of Streptomyces carpaticus strain SCPM-O-B-9993 and its closest relatives

We analyzed the pangenome of the strains listed in Table 1 as the closest relatives of strain
SCPM-0-B-9993 (Figure 3A), and separately the pangenome of the pair Streptomyces carpaticus SCPM-
O-B-9993 and Streptomyces harbinensis NA02264 (Figure 3B), as the strains closest to each other among
the Streptomyces whose genomes were sequenced. It was of interest to identify whether these two
strains, whose genomes are nearly identical in structure, have genes that are unique relative to each
other.
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Figure 3. Venn diagram depicting pangenome of S. carpaticus SCPM-O-B-9993 and its relatives: (A)
Streptomyces harbinensis NA02264, Streptomyces xiamenensis 318, Streptomyces sp. XC2026; (B)
Streptomyces harbinensis NA02264 as the closest relative.

The pangenome of 4 Streptomyces strains is represented by 5,714 CDSs, of which 4,030 CDSs
(70.5%) are core. Expectedly, the SCPM-O-B-9993/NA02264 pair had the maximum (of all pairs with
strain SCPM-0-B-9993) number of CDSs unique to the pair: 476 CDSs are characteristic only for this
pair and absent in the other strains (Table S2).

The pangenome of the Streptomyces carpaticus SCPM-O-B-9993 and Streptomyces harbinensis
NA02264 pair is represented by 4,836 genes, of which 4,809 (99.4%) are core. Despite the close
relatedness, each strain has unique CDSs, but most of them cannot be classified at this time.

3.4. Functional annotation of Streptomyces carpaticus strain SCPM-O-B-9993

The genome of strain SCPM-0O-B-9993 contains 5,331 coding sequences, of which 2,139 (40.1%)
are functionally annotated (Figure 4).
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= Protein families: genetic information process = Carbohydrate metabolism
= Protein families: signaling and cellular processes Genetic Information Processing
= Environmental Information Processing = Unclassified: metabolism
= Amino acid metabolism = Unclassified
= Metabolism of cofactors and vitamins = Nucleotide metabolism
= Unclassified: genetic information processing = Cellular processes
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Energy metabolism Unclassified: signaling and cellular processes
= Glycan biosynthesis and metabolism = Metabolism of other amino acids

Figure 4. KEGG function classification of the Streptomyces carpaticus strain SCPM-O-B-9993.

Since the strain SCPM-0-B-9993 is a biotechnologically promising producer of secondary
metabolites, the genetic organization of secondary metabolite production clusters was analyzed.

The starting unit in the biosynthesis of ansamycin antibiotics by streptomycetes is 3-amino-5-
hydroxybenzoic acid (AHBA) [34]. The genome of strain SCPM-O-B-9993 contains a sequence of
genes whose products control the pathway of AHBA biosynthesis from UDP-glucose, consisting of
10 reactions. The terpenoid biosynthesis pathway in the genome of strain SCPM-0-B-9993 involves
the creation of key metabolites such as isopentenyl pyrophosphate, geranyl-PP, farnesyl-PP, and
geranyl-geranyl-PP, which are precursors of many secondary metabolites in Streptomyces.

We found the following highly conserved secondary metabolite production clusters in the strain
genome (>80% structural similarity to similar clusters in other strains) (Table 4).

Table 4. Production clusters of secondary metabolites in strain SCPM-O-B-9993.

Type Most similar known cluster  Position, from Position, to Cluster length, bp
NRPS chmyungsamycin 345,372 455,838 110,466
A/ohmyungsamycin B
T1PKS pellasoren 526,710 571,823 45,113
ectoine ectoine 1,213,541 1,223,945 10,404
NRPS coelibactin 5,391,062 5,451,702 60,640
T3PKS naringenin 5,831,966 5,873,087 41,121
NAPAA, terpene e-Poly-L-lysine 5,878,144 5,925,132 46,988

NRPS - Non-ribosomal peptide synthetase, TIPKS — Type I PKS (Polyketide synthase), T3PKS — Type III PKS,
NAPAA - Non-alpha poly-amino acids like e-Polylysin.

The organization of the coelibactin gene cluster in strain SCPM-0O-B-9993 is completely identical
to that of S. harbinensis (Figure S2E). Differences between them are present mainly at the level of single
nucleotide substitutions (SNPs), except for a few extended regions (Table S3).

The antimicrobial properties of the strain may be due to the production of ohmyungsamycin,
pellasoren, and naringenin. Ohmyungsamycins are cyclic peptides first isolated from marine


https://mibig.secondarymetabolites.org/go/BGC0002293/1
https://mibig.secondarymetabolites.org/go/BGC0002293/1
https://mibig.secondarymetabolites.org/go/BGC0001034/1
https://mibig.secondarymetabolites.org/go/BGC0002174/1
https://doi.org/10.20944/preprints202310.0527.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 October 2023 doi:10.20944/preprints202310.0527.v1

Streptomyces [35,36]. They are synthesized by a non-ribosomal peptide synthetase. Kim et al [37]
observed their activity against Mycobacterium tuberculosis and cancer cells in humans, with OMS A
showing greater activity than OMS B. Considering that strain SCPM-O-B-9993 possesses the
Ohmyungsamycin production gene cluster, it can be considered as promising in medicine too.

Previously, naringenin biosynthesis was thought to be characteristic only of plants [38,39].
Naringenin is a flavonoid whose biosynthesis has been repeatedly reported in citrus trees (lemons,
oranges etc) and tomatoes [40]. Alvarez-Alvarez et al [41] first showed its biosynthesis in Streptomyces
clavuligerus. Naringenin has antiinflammatory, chemoprotective and antitumor properties [42,43].

The best-known producer of pellasoren is Sorangium cellulosum [44]. However, the gene cluster
for the biosynthesis of this compound is found in the genomes of Streptomycetes, particularly in the
type strain S. harbinensis (Figure S2). Nothing is known about the antimicrobial properties of
pellasoren, but it has been reported that this compound has cytotoxic effects against cancer cells
[45,46].

The study of the component composition of suspension and extracts (water-alcohol, methanol
and hexane) of S. carpaticus strain SCPM-0-B-9993 showed the presence of secondary metabolites -
alcohols, aldehydes, hydrocarbons, esters, sulfates and other groups of low-molecular-weight
organic compounds (LMCs). At all variants of extraction, alcohols and esters prevailed in the
composition of LMCs. The identified LMCs have valuable properties from the agricultural point of
view: antiviral, antimicrobial and antitumor (ethyl 5-(pyridin-4-yl)-1H-pyrazol-3-carboxylate);
bactericidal, fungicidal and antiseptic properties (1,2-hexanediol); insectoacaricidal (isopropyl
myristate). 1-Dodecanol is included in pheromones, sex attractants and surfactants for controlling
insect pests [21].

3.5. Evaluation of productivity, phytostimulatory and antiviral properties of the strain

During the first 12 hours of growth, the strain is in the lag phase when the cells are adapting to
the nutrient medium. The cells and mycelium enter the exponential growth phase by 12 - 24 hours.
At this time strain SCPM-O-B-9993 actively produces metabolites, cells multiply, their number
increases to 2.0*10° CFU/mL. From 48 hours of exposure, the culture begins to enter the stationary
growth phase and remains in it for five days. Decrease in abundance does not occur even on the
seventh day. The optical density changed in accordance with the growth of strain biomass (Figure 5).
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Figure 5. Growth curve of S. carpaticus strain SCPM-O-B-9993 when cultured on liquid starch-casein
medium.

When studying the effect of suspension of strain SCPM-0-B-9993 on cress seeds, toxic effect on
germination of 4-day, 7-day cultures and positive control Farmayod was found (Table S54). Toxic
effect was observed in germination of less than 30% of seeds. It should be noted that the concentration
of cells, spores, mycelium and the amount of metabolites in the suspension cultivated in laboratory
conditions in liquid nutrient medium increases with the increase of cultivation period, which
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increases the toxicity of the suspension. But it should be taken into account that bacteria entering
natural conditions in plant treatments, at a concentration of 10° CFU/mL, are distributed in the soil
or on plants in lower numbers than when they are in laboratory flask conditions, due to lack of
substrate, environmental factors, etc. In addition, when microorganisms enter the soil, a microbial
pool is formed, which further leaves the number of cells no more than 10* CFU/mL.

The highest root length was found when treated with 3-day suspension of the strain 23.89 mm.
The cultivation period of the strain influenced the growth of cress, 1, 2, 6, 7-day cultures had an
inhibitory effect on root and shoot growth. It is quite natural that 6- and 7-day old cultures inhibited
plant growth because of the accumulation of metabolites at this stage.

The data indicate that S. carpaticus strain SCPM-O-B-9993 has antiviral activity against CMV on
tomatoes under laboratory conditions relative to positive and negative controls (Table 5). When
comparing the antagonistic properties of the strain suspension by hours of cultivation, it was found
that the maximum antiviral activity was exhibited by 3-day suspensions of the strain: all treated
plants were symptom-free of the virus. Thus, 3-day cultivation of the strain is optimal, as the
suspension showed effective phytostimulatory properties, and at the same time had an inhibitory
effect on CMV. The study of secondary metabolites of the 3-day suspension of the strain showed the
presence of alcohols, aldehydes, hydrocarbons, esters, sulfates and other groups of low molecular
weight organic compounds with high biological activity [21].

Table 5. Determination of antiviral activity of suspension of strain S. carpaticus SCPM-O-B-9993 in
laboratory conditions on tomatoes inoculated with CMV (each experimental group included 10

plants).
Number of plants without symptoms of infestation
Incubation time, hS. carpaticus SCPM-0-B-9993 K+ K-

pcs. % pcs. % pcs. %
24 0 0 ND - ND -
48 0 0 ND - ND -
72 10 100 ND - ND -
96 9 90 4 40 0 0
120 8 80 ND - ND -
144 6 60 ND - ND -
168 5 50 ND - ND -

K+ positive control, plants treated with Farmayod 10%; K- negative control, plants treated only with distilled
water.

Suspensions of the strain at 24 and 48 hours of cultivation were completely ineffective against
phytovirus. It was found that 4-day and 5-day suspensions of the strain continued to show antiviral
activity, but it was insignificantly lower than that of 3-day suspensions. The antiviral activity of the
6- and 7-day suspensions of the strain was approximately 50%.

4. Conclusions

The studies revealed clusters of production of secondary metabolites of the strain SCPM-O-B-
9993: terpenoids and ansamycin antibiotics. Under laboratory conditions, the strain exhibited
phytostimulatory and antiviral properties. The most effective cultivation period of the strain was 72
hours, in which the culture went from exponential to stationary growth phase with the production
of a spectrum of bioactive metabolites.

Genome analysis is a promising field that emphasizes microbial biosynthesis pathways,
facilitating the search for active metabolites. Currently, there is no alternative to genome analysis to
make a rapid search for new metabolites, including terpenes and antibiotics. Thus, Streptomyces
carpaticus strain SCPM-0-B-9993 is a biotechnologically promising producer of secondary metabolites
with important properties.
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Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1. Appearance of colonies of S. carpaticus strain SCPM-O-B-9993 on
potato agar on the 14th day of cultivation; Table S1. Search for strains most related to strain SCPM-O-B-9993
using marker genes (housekeeping genes); Table S2. Distribution of coding sequences unique to the SCPM-O-
B-9993/NA02264 pair by biological processes; Figure S2. Schemes of genetic organization of highly conserved
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