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Numerous bacterial strains are now 
characterized physiologically and biochemi-
cally. Studied strains include those promising 
for further use (or already engaged) in 
biotechnology, particularly in the develop-
ment of biological agents controlling plant 
diseases [1]. Elaboration of highly efficient 
next-generation biocontrol preparations based 
on bacteria with known genetic structure 
is one of the most prominent research 
directions in industrial biotechnology [2]. 
Molecular genetic and functional genome 
analysis allows one to directly enhance the 
activity of biotechnologically significant 
bacterial cultures without the introduction 
of extraneous genetic determinants, for 
example, by selecting the optimal cultivation 
conditions or removing negative regulatory 
genes. Such analysis contributes to 
comprehensive genetic characterization of 
strains essential for the design of biocontrol 
mixtures for agriculture.

Pseudomonas spp. are widely used as 
active agents in biocontrol preparations [3]. 
The biopesticide “Ecogreen” based on the 
strain Pseudomonas brassicacearum S-1 was 
developed at the Institute of Microbiology, 
National Academy of Sciences of Belarus and 
is now used to protect cucumber, tomato, and 
other crop plants from root rot diseases [4]. 
Hence, the aim of this work was to sequence 
and thoroughly analyze P. brassicacearum 
S-1 genome to facilitate research on plant 
growth-promoting, antifungal or antibacterial 
activities of this strain.

Materials and Methods

The genomic DNA was purified with 
the Bacteria DNA Preparation Kit (Jena 
Bioscience, PP-206S) from P. brassicacearum 
S-1 culture grown on LB medium until the late 
logarithmic growth phase.
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Background. The strain Pseudomonas brassicacearum S-1 is the basis of the biopesticide “Ecogreen”, 
which is used to control pathogens infecting vegetable and green spicy crops in small-scale hydroponics. 

The aim of this work was to sequence and analyze the nucleotide sequence of the genome of strain 
P. brassicacearum S-1 (GenBank accession number CP045701). 

Methods. Whole-genome sequencing was performed by both MiSeq (Illuminа) and MinION (Oxford 
Nanopore). Analysis of the genome sequence was performed with a number of bioinformatics programs. 

Results. The genome of the P. brassicacearum S-1 strain comprising a single circular 6 577 561-bp 
chromosome with GC content of 60.8 %. Genome analysis revealed genes that constitute valuable biotech-
nological potential of the S-1 strain and determine synthesis of a wide range of secondary metabolites. 
Moreover, mobile genetic elements, prophages and short repetitive sequences were identified in the S-1 
genome. 

Conclusions. Detected genetic determinants, which are responsible for the synthesis of practically 
valuable compounds, indicate a significant potential of the P. brassicacearum S-1 strain as a biocontrol 
agent.
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The genome was sequenced using a MinION 
sequencer (Oxford Nanopore Technologies). 
The library for the MinION run was prepared 
using the Oxford Nanopore Technologies 
Ligation Sequencing Kit (SQK-LSK109). 
Additionally, the same DNA sample was 
sequenced on the Illumina MiSeq platform 
using MiSeq reagent kit v3. The paired-end 
library for the Illumina run was prepared using 
the MuSeek library preparation kit (Thermo 
Fisher Scientific, K1361).

The genome was assembled in a hybrid 
manner, combining Illumina and nanopore 
reads in the following way. 102 296 MinION 
reads (mean length 10 916.6 nt, mean quality 
9.8) were assembled using Flye (v. 2.8 — 
https://github.com/fenderglass/Flye) into 
one contig. The nanopore assembly was 
polished with the Illumina reads. For this 
purpose, Bowtie2 v. 2.3.5.1 (https://github.
com/BenLangmead/bowtie2) and Pilon 
v. 1.23 (https://github.com/broadinstitute/
pilon) with default parameters were used. 
To correct errors in repeats and search for 
plasmids, 1 688 260 Illumina reads remaining 
after quality filtering were assembled into 
613 contigs using SPAdes v. 3.14.1 (https://
github.com/ablab/spades) with BayesHammer 
error correction. Combinator-FQ program 
(https://github.com/masikol/combinator-
FQ) was used to detect adjacent contigs and 
estimate contig multiplicity. The SPAdes 
contigs were mapped to the draft genome for 
final corrections in the repeating regions.

The genome was annotated with the NCBI 
Prokaryotic Genome Annotation Pipeline 
(PGAP) (https://www.ncbi.nlm.nih.gov/
genome/annotation_prok/). The genetic map 
of the chromosome was created using CGView 
Server (http://cgview.ca). MiGA (Microbial 
Genomes Atlas, http://microbial-genomes.
org) and Mauve (http://darlinglab.org/
mauve/mauve.html) were used for comparison 
of genome sequences and average nucleotide 
identity (ANI) calculation. For identifying 
secondary metabolites synthesis clusters, 
antiSMASH (bacterial version, 5.2.0) was used 
(https://antismash.secondarymetabolites.
org). Prophage sequences and mobile genetic 
elements were detected using PHASTER 
(https://phaster.ca) and ISfinder (https://
isfinder.biotoul.fr). Restriction–modification 
systems were predicted by REBASE (http://
rebase.neb.com/rebase/rebase.html). BLAST 
software package (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) and the GenBank database 
(https://www.ncbi.nlm.nih.gov/genbank) 
were used for comparing nucleotide sequences.

Results and Discussion

Whole-genome sequencing of strain 
P. brassicacearum S-1 was carried out by 
combining two technologies: Oxford Nanopore 
and Illumina. Combining reads generated by 
the two sequencers and thus having distinct, 
though complementary, properties is likely to 
improve assembly quality. Hybrid assembly 
produced a single circular 6 577 561-bp sequence 
with a GC-content of 60.8%. 5 726 genes were 
detected, 5 568 annotated as protein-coding, 
73 — as pseudogenes, 65 — as tRNA genes, 
4 — as ncRNA genes and 16 — as rRNA genes. 
Genes coding for ribosomal RNA (5S, 16S, 23S) 
grouped into five clusters. No extrachromosomal 
genetic elements were found. P. brassicacearum 
S-1 genome sequence was deposited in GenBank 
with accession number CP045701.

Genome analysis confirmed the taxonomic 
classification of the strain P. brassicacearum 
S-1 (Domain: Bacteria; Phylum: 
Proteobacteria; Class: Gammaproteo  bac-
teria; Order: Pseudomonadales; Family: 
Pseudomonadaceae; Genus: Pseudomonas; 
Species: Pseudomonas brassicacearum). 
Among the genomes present in GenBank, 
P. brassicacearum subsp. brassicacearum 
NFM421 (NC_015379) and P. kilonensis 
DSM 13647 (GCA_001269885) were the 
closest to that of P. brassicacearum S-1 
with ANI values of 94.48% and 93.80%, 
respectively (Table 1).

Comparative analysis of the S-1 genome 
and related genomes was performed to 
detect genome rearrangements and unique 
regions. S-1 appeared to contain unique 
genome regions absent from the genomes 
of closely related strains (Fig. 1). Such loci 
comprise prophage areas (genome coordinates 
1 333 519-1 370 191, 4 408 475-4 449 567, 
4 841 053-4 877 530), non-ribosomal 
peptide synthetases (GFU70_14995 — 
GFU70_15065, GFU70_15270) and the gene 
cluster determining synthesis of flagellar 
proteins (GFU70_10800 — GFU70_11030). 
The chromosome of strain S-1 is the smallest 
compared to the ones of related strains. It 
lacks the 241 393 bp fragment which in the 
genome of strain P. brassicacearum subsp. 
brassicacearum NFM421 spans from 2 423 627 
to 2 665 019 bp (PSEBR_a1987 — PSEBR_
cmegm61). Massive gene reshuffling was also 
detected within studied bacterial genomes. 
The genome of strain P. brassicacearum subsp. 
brassicacearum NFM421 has the highest 
similarity in gene positioning compared to the 
genome of the strain S-1.
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Many bacterial strains have specialized 
defense systems to protect themselves 
against the penetration and replication 
of phages or horizontal gene transfer. S-1 
genome contains genes coding for DNA 
methyltransferases of type I (GFU70_25180) 
and type II (GFU70_09340, GFU70_09360, 
G F U 7 0 _ 1 8 8 8 0 ,  G F U 7 0 _ 2 0 7 0 5 ) . 
Additionally, genes encoding restriction 
endonucleases of type I (GFU70_25195) 
and type IV (GFU70_25205) were detected 
in the genome. Despite this, three 
complete prophage regions were found: 
locus tags GFU70_05685 — GFU70_05895 
(similar to phage Vibrio parahaemolyticus: 
V i b r i o _ V P 8 8 2  ( N C _ 0 0 9 0 1 6 ) ) , 
GFU70_20685 — GFU70_20930 (similar 
to Vibrio_VP58.5 (NC_027981)) and 
GFU70_18645 — GFU70_18930 (similar 
to Escherichia coli phage Entero_HK022 
(NC_002166)) (Fig. 2). No CRISPR-Cas system 
was detected in the S-1 genome.

We were able to explore the genomic 
instability of the S-1 genome. The mobilome of 
the P. brassicacearum S-1 is quite diverse, as 
the strain was found to carry several putative 
transposable elements and short repetitive 
sequences.

Three different families of IS elements 
were identified by genome analysis: 

IS66 (GFU70_08270 — GFU70_08275, 
GFU70_18595 — GFU70_18600, 
GFU70_21595 — GFU70_21600, 
GFU70_11650 — GFU70_11660, 
GFU70_13735 — GFU70_13745), 
IS110 (GFU70_01205, GFU70_16560), 
IS1182 (GFU70_01115, GFU70_02845, 
GFU70_05675, GFU70_19305, 
GFU70_22695, GFU70_25155, 
GFU70_28780, GFU70_26625).
Furthermore, six different group II 

introns (GFU70_04185, GFU70_04810, 
GFU70_05155, GFU70_23400, 

Table 1. Overview of related Pseudomonas genomes

Fig. 1. MAUVE progressive alignment of Pseudomonas sp. genomes
Boxes of the same color indicate high similarity regions. Boxes below the horizontal strain lines indicate 

inverted regions. Rearrangements are shown by colored lines. The scale is in base pairs.

Note: * ANI between subject and P. brassicacearum S-1.

Strain (accession number) Total length, bp GC-content,% ANI*,%

P. brassicacearum subsp. brassicacearum NFM421 
( NC_015379) 6 843 248 60.8 94.48

P. kilonensis DSM 13647 (GCA_001269885) 6 385 813 60.9 93.80

P. thivervalensis DSM 13194 (GCA_001269655) 6 581 995 61.2 91.79

P. mediterranea CFBP 5447 (GCA_000774145) 6 319 692 61.2 87.79

P. corrugata NCPPB2445 (GCA_001411965) 6 083 940 60.6 87.30

P. fuscovaginae LMG 2158 (NZ_LT629972) 6 592 354 61.4 82.86
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GFU70_25585, GFU70_26015) were found in 
the genome.

Two groups of repetitive extragenic 
palindromes (REPs) were identified: 
GTAG-type (784 occurrences) and GTGG-type 
(1254 occurrences). Four tyrosine transposases 
(RAYTs) that might be responsible for the 
transposition of REPs [5] are present in the 
genome: GFU70_00680, GFU70_07390, 
GFU70_16415, GFU70_22750.

Multiple mobile genetic elements can 
lead to the loss of important properties that 
determine the biotechnological potential of the 
strain, although these elements might also help 
P. brassicacearum S-1 to adapt to changing 
environmental conditions in the wild.

We could detect neither genes responsible 
for antibiotic resistance nor genes associated 
with virulence or phytotoxicity in the S-1 
genome. The genes encoding the components 
of type III and type IV secretion systems 
were not found. On the other hand, the 
tss genes encoding the components of the 
type VI secretion system (GFU70_16125 — 
GFU70_16190, GFU70_27965 — 
GFU70_28045, GFU70_28090 — 
GFU70_28155) were identified. It is known 
that soil microorganisms use this system to 
fight against other bacteria [6].

Genome analysis highlighted many 
genetic loci that might determine the high 
biotechnological potential of P. brassicacearum 
S-1. The most important of these are 

Fig. 2. Circular map of the P. brassicacearum S-1 chromosome
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summarised in Table 2 and also described in 
more detail below.

Destruction of Lignin. Genes predicted 
to confer the ability to degrade lignin 
(GFU70_24415, dyp, copA, vanB, pcaFHGDC, 
pcaQHG) were identified in the S-1 genome. 
Cultures capable of lignin destruction are 
currently widely used for wood waste recyc-
ling [7].

Plant Growth Promotion. The acdS 
gene found in the S-1 genome encodes 
1 - a m i n o c y c l o p r o p a n e - 1 - c a r b o x y l a t e 
(ACС) deaminase. Various stress effects 
affecting plants provoke the production of 
phytohormone ethylene, which accelerates 

plant senescence, promotes leaf yellowing and 
fruit fall. The reaction of ACС conversion 
into ammonium and -ketobutyrate catalyzed 
by AcdS contributes to decreasing ethylene 
concentration [8].

The ability of rhizosphere microorganisms 
to convert inorganic phosphorus-containing 
compounds into plant-accessible form is 
regarded as one of the key factors for plant 
nutrition. Phosphate solubilization by 
P. brassicacearum is associated with the 
synthesis and secretion of gluconic acid [9]. 
The biosynthesis of gluconic acid starts from 
the oxidation of glucose molecules, and the 
latter reaction is catalyzed by periplasmic 

Table 2. Biocontrol genetic determinants of P. brassicacearum S-1

Locus tag
(gene name)

Size, 
bp

Protein function 
or product

Strains with similar genes
(accession number) Identity, %

Destruction of Lignin

GFU70_24415
(-) 726 polyphenol oxidase

P. fluorescens FW300-N2E2 
(CP015225.1)
P. fluorescens F113 (CP003150.1)

95.87 
95.32

GFU70_10030
(dyp) 879 DyР-type peroxidase

P. brassicacearum subsp. brassi-
cacearum NFM421 (CP002585.1)
P. fluorescens F113 (CP003150.1)

95.68
95.34

GFU70_22265 (copA) 1 734
copper resistance 
system multicopper 
oxidase

P. fluorescens F113 (CP003150.1)
P. brassicacearum 3Re2-7 
(CP034725.1)

94.80
94.72

GFU70_13435
(vanB) 951 vanillate O-demeth-

ylase

P. brassicacearum subsp. brassi-
cacearum NFM421 (CP002585.1)
P. fluorescens F113 (CP003150.1)

97.17
96.73

GFU70_06610 — 
GFU70_06640
(pcaFHGDC)

6 885 protocatechuate 
3,4-cleavage pathway

P. thivervalensis PLM3 (CP022202.1)
P. thivervalensis BS3779 
(LT629691.1)

91.78
91.69

GFU70_26120 — 
GFU70_26130
(pcaQHG)

2 392 protocatechuate 
3,4-cleavage pathway

P. brassicacearum subsp. brassi-
cacearum NFM421 (CP002585.1)
P. brassicacearum L13-6-12 
(CP014693.1)

96.28
96.24

Exoprotease Activity

GFU70_14220
(aprA) 1 458 M10 family metallo-

peptidase

P. fluorescens F113 (CP003150.1)
P. fluorescens FW300-N2E2 
(CP015225.1)

94.37
94.30

GFU70_16545
(-) 1 062 M4 family peptidase

P. fluorescens F113 (CP003150.1)
P. brassicacearum 3Re2-7 
(CP034725.1)

96.70
96.61

GFU70_18035
(-) 2 064 S8 family serine pep-

tidase unique -

GFU70_28710
(-) 9 633 S8 family serine pep-

tidase
P. corrugata BS3649 (LT629798.1)
P. cichorii JBC1 (CP007039.1)

82.86
78.98

Plant Growth Promotion

GFU70_26155 — 
GFU70_26180
(pqqFABCDE)

6 044 pyrroloquinoline qui-
none biosynthesis

P. fluorescens F113 (CP003150.1)
P. fluorescens Pf275 (CP031648.1)

93.78
90.78
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Table 2 (continuation)

Locus tag
(gene name)

Size, 
bp

Protein function 
or product

Strains with similar genes
(accession number)

Identity,
%

Plant Growth Promotion

GFU70_26155 
— 
GFU70_26180
(pqqFABCDE)

6 044 pyrroloquinoline qui-
none biosynthesis

P. fluorescens F113 (CP003150.1)
P. fluorescens Pf275 (CP031648.1)

93.78
90.78

GFU70_10675
(acdS) 1 017 1-aminocyclopropane-

1-carboxylate deaminase

P. brassicacearum subsp. brassicacearum 
NFM421 (CP002585.1)
P. fluorescens F113 (CP003150.1)

96.45
96.35

GFU70_25410
(ribA) 618 GTP cyclohydrolase II

P. brassicacearum BS3663 (LT629713.1)
P. brassicacearum subsp. brassicacearum 
NFM421 (CP002585.1)

96.93

96.76

GFU70_25440
(ribB) 1 092

bifunctional 3,4-di-
hydroxy-2-butanone-
4-phosphate synthase/
GTP cyclohydrolase II

P. fluorescens FW300-N2E2 
(CP015225.1)
P. brassicacearum subsp. brassicacearum 
NFM421 (CP002585.1)

97.25

96.98

GFU70_25435
(ribE) 477 6,7-dimethyl-8-ribityl-

lumazine synthase
P. fluorescens F113 (CP003150.1)
P. brassicacearum BS3663 (LT629713.1)

99.37
98.95

GFU70_25450
(ribD) 1 134

bifunctional diamino-
hydroxyphosphoribo-
sylaminopyrimidine 
deaminase/5-amino-
6-(5-phosphoribosylami-
no)uracil reductase

P. brassicacearum L13-6-12 
(CP014693.1)
P. brassicacearum BS3663 (LT629713.1)

96.03
95.94

GFU70_00875 — 
GFU70_00880
(trpAB)

2 045 tryptophan synthase 
subunits

P. brassicacearum 3Re2-7 (CP034725.1)
P. brassicacearum L13-6-12 
(CP014693.1)

95.83
95.70

GFU70_25925
(trpC) 837 indole-3-glycerol phos-

phate synthase

P. brassicacearum BS3663 (LT629713.1)
P. brassicacearum subsp. brassicacearum 
NFM421 (CP002585.1)

95.07

95.34

GFU70_25930 — 
GFU70_25945
(trpDEG)

4 090 anthranilate biosynthe-
sis

P. brassicacearum 3Re2-7 (CP034725.1)
P. brassicacearum L13-6-12 
(CP014693.1)

96.12
96.03

Phosphate Solubilization

GFU70_14025
(phyC) 1 926 phytase

P. brassicacearum L13-6-12 
(CP014693.1)
P. brassicacearum subsp. brassicacearum 
NFM421 (CP002585.1)

93.35

93.30

GFU70_25420
(pgpA) 504 phosphatidylglycero-

phosphatase A

P. brassicacearum subsp. brassicacearum 
NFM421 (CP002585.1)
P. fluorescens FW300-N2E2 
(CP015225.1)

96.83
96.63

GFU70_25950
(gph) 819 phosphoglycolate phos-

phatase

P. brassicacearum BS3663 (LT629713.1)
P. brassicacearum subsp. brassicacearum 
NFM421 (CP002585.1)

95.85

95.73

GFU70_08095 
(mupP) 672 N-acetylmuramic acid 

6-phosphate phosphatase

P. brassicacearum subsp. brassicacearum 
NFM421 (CP002585.1)
P. fluorescens F113 (CP003150.1)

97.02
96.58
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Locus tag
(gene name)

Size, 
bp

Protein function 
or product Strains with similar genes

(accession number)
Identity,

%

GFU70_08100
(ubiG) 699

bifunctional 2-poly-
prenyl-6-hydroxy-
phenol methylase/3-
demethylubiquinol 
3-O-methyltransfer-
ase

P. brassicacearum BS3663 (LT629713.1)
P. fluorescens F113 (CP003150.1)

96.85
96.71

Exopolysaccharides Biosynthesis

GFU70_23090 — 
GFU70_23145
(algDKEGXLIJFA, 
alg8, alg44)

16 567 alginate biosynthesis Pseudomonas sp. MPDS (CP054128.1)
Pseudomonas sp. A214 (LT707062.1)

92.60
92.57

GFU70_25220
(sacB) 1 275 glycoside hydrolase 

family 68 protein

P. brassicacearum subsp. brassicacearum 
NFM421 (CP002585.1)
P. brassicacearum 3Re2-7 (CP034725.1)

97.65
97.33

Lipopolysaccharides (LPS) Biosynthesis

GFU70_28450
(alkP) 2 211 lipoteichoic acid syn-

thase

P. brassicacearum 3Re2-7 (CP034725.1)
P. brassicacearum L13-6-12 
(CP014693.1)

94.26
94.17

Secondary Metabolites With Antagonistic Activity

GFU70_16380 — 
GFU70_16390
(hcnABC)

2 981
cyanide-forming gly-
cine dehydrogenases 
subunits

P. brassicacearum subsp. brassicacearum 
NFM421 (CP002585.1)
P. fluorescens F113 (CP003150.1)

94.77
94.53

GFU70_11155 — 
GFU70_11195
(phlHGFACBDEI)

9 063 2,4-diacylphloroglu-
cinol biosynthesis

P. brassicacearum L13-6-12 
(CP014693.1)
P. fluorescens F113 (CP003150.1)

95.36
95.38

GFU70_08745 — 
GFU70_08750
(pvdSL)

13 608

pyoverdine biosyn-
thesis and regulation P. brassicacearum subsp. brassicacearum 

NFM421 (CP002585.1)
P. brassicacearum LBUM300 
(CP012680.1)

94.45
94.44

GFU70_19280 — 
GFU70_19330
(pvdIJKDEONMP)

46 331

pyoverdine biosyn-
thesis and regulation P. brassicacearum L13-6-12 

(CP014693.1)
P. brassicacearum 3Re2-7 (CP034725.1)

95.18
95.14

GFU70_08785 
(pvdH) 1 413

aspartate amino-
transferase P. brassicacearum 3Re2-7 (CP034725.1)

P. brassicacearum L13-6-12 
(CP014693.1)

94.83
94.76

GFU70_19235
(pvdA) 1 335

L-ornithine N5-oxy-
genase P. brassicacearum 3Re2-7 (CP034725.1)

P. brassicacearum subsp. brassicacearum 
NFM421 (CP002585.1)

95.06

94.83

Table 2 (end)
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membrane-bound glucose dehydrogenase. 
This enzyme forms a complex with 
pyrroloquinoline quinone (PQQ). The PQQ 
biosynthesis gene cluster (pqqFABCDE) 
is present in the S-1 genome. PQQ serves 
as the redox cofactor for diverse bacterial 
dehydrogenases, stimulates plant growth, 
features antioxidant properties [10] and 
can be directly involved in the synthesis of 
antimicrobial compounds  [11].

The ability to synthesize indole-3-acetic 
(IAA) acid is a major property of plant 
growth-promoting rhizosphere bacteria. 
Tryptophan has been identified as the main 
precursor for IAA biosynthesis pathways in 
bacteria. The tryptophan and anthranilate 
biosynthesis genes (trpAB, trpCDEG) were 
identified in the S-1 genome [12].

P. brassicacearum S-1 encodes genes for 
the biosynthesis of proteins with predicted 
exoprotease activity (aprA, GFU70_16545, 
GFU70_18035, GFU70_28710).

Plant Colonization. Exopolysaccharides 
are known to be essential constituents of 
biofilms facilitating colonization of plant 
rhizosphere [13]. The S-1 strain harbours 
several genes (algDKEGXLIJFA, alg8, alg44) 
presumably directing the biosynthesis of 
exopolysaccharide alginate [14]. The strain 
might have the genetic potential to produce 
exopolysaccharide levan since it was predicted 
to harbour gene sacB (GFU70_25220) coding 
for glycosyl hydrolase 68 (GH68) family 
protein [15].

LPS components of bacterial cell walls 
may constitute a barrier blocking the 
transfer of many antibiotics. Additionally, 
changes in lipid composition maintain 
functions of the outer membrane in 
response to environmental changes. It is 
worth mentioning that P. brassicacearum 
S-1 encodes lipoteichoic acid synthase 
presumably involved in the biosynthesis of 
lipoteichoic acid. Teichoic acid is considered 
to be an essential component of biofilms 
formed by gram-positive bacteria [16] but 
is not typical for gram-negative bacteria. 
It might be surmised that the synthesis of 
lipoteichoic acid enhances the adaptation 
capacity and survival rate of the S-1 strain 
in plant rhizosphere.

Secondary Metabolites and Antibiotics. 
Clusters pvd, phl and hcn were identified in 
the S-1 genome. They are responsible for the 
production of pyoverdine, phloroglucinol and 
cyanide, respectively. These metabolites can 
suppress the growth of a wide range of crop 
pathogens [17–19].

A detailed search for the genes controlling 
the biosynthesis of secondary metabolites 
using antiSMASH revealed 9 loci carrying 
genes, which are supposedly responsible for 
the synthesis of secondary metabolites with 
antagonistic activity (Table 3).

Region No. 1 (nrps_1) shows similarity 
to the gene determining the biosynthesis of 
fragin in Burkholderia cenocepacia H111 
(37 % identity). This genome region was 
not described for closely related strains, 
so we compared it to the genome region of 
B. cenocepacia H111. This gene encodes 
a putative metallophore responsible for 
metal chelation and, therefore, antifungal 
activity [20].

Region No. 2 shows 40 % identity to the 
gene cluster determining the biosynthesis 
of aryl polyene in Aliivibrio fischeri ES114. 
Aryl polyene is regarded as a reactive oxygen 
species protection agent [21].

Region No. 3 (naggn) probably determines 
the synthesis of N–acetylglutaminylglu  
tamine. This compound is involved in osmotic 
stress adaptation [22]. 

Region No. 4 demonstrates high similarity 
to gene cluster responsible for fengycin 
synthesis in Bacillus velezensis FZB42. This 
compound is known to suppress the growth of 
fungal pathogens [23]. 

Region No. 5 (nrps_2) is similar to the 
gene cluster determining the synthesis 
of cupriachelin in Cupriavidus necator 
H16. This siderophore is involved in the 
chelation of ferric ions by their uptake 
from extracellular space and transferring 
into bacterial cytoplasm via ABC transpor-
ters [24].

Regions No. 6 and No. 9 are probably 
involved in the synthesis of polyketide 
synthases. Polyketide synthases are 
responsible for the synthesis of a huge 
diversity of secondary metabolites 
with antimicrobial activities [25]. The 
nrps_5 gene (region No. 9) is unique and 
not typical for closely related strains 
(homologue is found in the genome of 
the strain P. mediterranea DSM 16733 
(locus tags SAMN05216476_3741 — 
SAMN05216476_3742)). These regions 
are attractive objects for exploring the 
antagonistic activity of this strain.

Region No. 7 is presumably engaged in 
the synthesis of antibiotic trifolitoxin. This 
antibiotic features antagonistic activity 
against several phytopathogens [26].

Region No. 8 (nrps_4) contains 
15 genes. It demonstrates similarity with 
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the cluster involved in the biosynthesis of 
antimicrobial cyclic lipopeptides nunamycin 
and nunapeptin in P. fluorescens In5. The 
antimicrobial activity of nunamycin is 
accounted for by its ability in Rhizoctonia 
solani Ag3 mycelial growth inhibition, 
whereas nunapeptin was essential to 
suppress the growth of Pythium aphanider-
matum [27].

P. brassicacearum S-1 demonstrates the 
potential to synthesize a variety of biocontrol-
associated compounds, including secondary 
metabolites and antibiotics. Moreover, the 

genetic determinants encoding unique non-
ribosomal peptide synthetases and responsible 
for antimicrobial properties of studies strain 
were identified. As a result, certain genetic 
determinants detected by genome analysis 
indicate significant biocontrol potential of 
P. brassicacearum S-1.

This work was supported by the Belarusian 
State Program of Scientific Research 
“Biotechnology" for 2016-2020 (3.29, 
“Microbial biotechnology”).

Table 3. Genome regions of P. brassicacearum S-1 probably responsible for the synthesis of secondary 
metabolites with antagonistic activity

Re-
gion

Locus tag
(gene name)

Size,
bp.

Protein function or 
product

Strains with similar genes
(accession number)

Iden-
tity,

%

1 GFU70_01215 
(nrps_1) 3 540 non-ribosomal peptide 

synthetase

P. brassicacearum LBUM300 
(CP012680.1)
P. brassicacearum L13-6-12 
(CP014693.1)

94.72
92.70

2 GFU70_02420 — 
GFU70_02435 (-) 3 612 aryl polyene biosyn-

thesis

P. brassicacearum LBUM300 
(CP012680.1)
P. brassicacearum 3Re2-7 
(CP034725.1)

96.32
96.26

3
GFU70_08005 — 
GFU70_08015 
(naggn)

4 983 N-acetylglutaminylglu-
tamine biosynthesis

P. brassicacearum 3Re2-7 
(CP034725.1)
P. brassicacearum subsp. brassi-
cacearum NFM421 (CP002585.1)

96.25
96.22

4 GFU70_09760 — 
GFU70_09765 (-) 3 252 lactone biosynthesis

P. fluorescens FW300-N2E2 
(CP015225.1)
P. thivervalensis BS3779 
(LT629691.1)

93.00
92.38

5
GFU70_11525 — 
GFU70_11550 
(nrps_2)

35 806 non-ribosomal peptide 
biosynthesis

P. brassicacearum LBUM300 
(CP012680.1)
P. brassicacearum 3Re2-7 
(CP034725.1)

93.98
93.96

6
GFU70_11690 — 
GFU70_11700 
(nrps_3)

5 123 polyketide synthase

P. brassicacearum subsp. brassi-
cacearum NFM421 (CP002585.1)
P. brassicacearum L13-6-12 
(CP014693.1)

95.16
95.24

7 GFU70_12325 — 
GFU70_12330 (-) 1 920 thioamitide biosynthe-

sis

P. synxantha KENGFT3 
(CP014868.1)
P. synxantha LBUM223 
(CP011117.2)

85.02
84.97

8
GFU70_14995 — 
GFU70_15065 
(nrps_4)

124 185 non-ribosomal peptide 
biosynthesis

P. fluorescens FW300-N2C3 
(CP012831.1)
P. brassicacearum DF41 
(CP007410.1)

88.00
85.13

9
GFU70_15265 — 
GFU70_15270 
(nrps_5)

8 451 polyketide synthase

P. mediterranea DSM 16733 
(LT629790.1)
P. mediterranea S58 
(CP046874.1)

78.65
78.43
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АНАЛІЗ ГЕНОМУ БАКТЕРІЙ 
Pseudomonas brassicacearum S-1 —
АНТАГОНІСТІВ ФІТОПАТОГЕНІВ 

СІЛЬСЬКОГОСПОДАРСЬКИХ КУЛЬТУР
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Вступ. Штам Pseudomonas brassicacearum 
S-1 є основою біопрепарату «Екогрін», який 
застосовують для захисту від патогенів овоче-
вих та зеленних культур в умовах малооб'єм-
ної гідропоніки. 

Метою роботи було секвенування та аналіз 
нуклеотидної послідовності геному бактерій 
P. brassicacearum S-1 (код доступу в базі даних 
ГенБанк CP045701). 

Методи. Повногеномне секвенування про-
водили за допомогою приладів MiSeq (Illuminа) 
та MinION (Oxford Nanopore), для аналізу по-
слідовності геному було використано низку бі-
оінформатичних програм. 

Результати. Геном штаму P. brassicacearum 
S-1 складається з однієї кільцевої хромосоми 
розміром 6 577 561 пар основ зі вмістом ГЦ-пар 
60,8%. Аналіз геному дав змогу виявити гени, 
які визначають синтез широкого спектру вто-
ринних метаболітів, що становлять біотехно-
логічний потенціал штаму S-1. Крім того, було 
визначено локалізацію мобільних генетичних 
елементів, профагів і коротких повторюваних 
послідовностей у межах геному штаму S-1. 

Висновки. Виявлені генетичні детер-
мінанти синтезу практично значущих 
сполук вказують на значний потенці-
ал штаму P. brassicacearum S-1 як агента 
біоконтролю.

Ключові слова: геном, секвенування, 
Pseudomonas brassicacearum, вторинні 
метаболіти, біоконтроль.
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Вступление. Штамм Pseudomonas 
brassicacearum S-1 является основой биопрепа-
рата «Экогрин», который применяется для за-
щиты от патогенов овощных и зеленных куль-
тур в условиях малообъёмной гидропоники. 

Целью работы было секвенирование и ана-
лиз нуклеотидной последовательности генома 
бактерий P. brassicacearum S-1 (код доступа в 
базе данных ГенБанк CP045701). 

Методы. Полногеномное секвенирова-
ние проводили с помощью приборов MiSeq 
(Illuminа) и MinION (Oxford Nanopore), для 
анализа последовательности генома был ис-
пользован ряд биоинформатических про-
грамм. 

Результаты. Геном штамма P. brassica-
cearum S-1 состоит из одной кольцевой хромо-
сомы размером 6 577 561 п. н. с содержанием 
ГЦ-пар 60,8%. Анализ генома позволил вы-
явить гены, определяющие синтез широкого 
спектра вторичных метаболитов, составляю-
щих биотехнологический потенциал штамма 
S-1. Кроме того, была определена локализация 
мобильных генетических элементов, профагов 
и коротких повторяющихся последовательно-
стей в пределах генома штамма S-1. 

Выводы. Выявленные генетические детер-
минанты синтеза практически значимых со-
единений указывают на значительный потен-
циал штамма P. brassicacearum S-1 как агента 
биоконтроля.

Ключевые слова: геном, секвенирование, 
Pseudomonas brassicacearum, вторичные мета-
болиты, биоконтроль.




