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Abstract

The genetic determinants of bacterial strains Bacillus sp., which determine the possibility of
biosynthesis of various antimicrobial compounds, are of particular scientific interest, since thanks to
them these microorganisms are widely used as the basis of probiotics. An important stage in the sys-
temic analysis of the mechanisms of probiotic action, in particular the antimicrobial activity of mi-
croorganisms, is the reconstruction of its metabolic map, that is, the collection and visualization of
all potential cell processes. In this work, for the first time, the potentially inherent genetic mecha-
nisms for the synthesis of a number of biologically active substances in the bacterial strain Bacillus
megaterium are described, in particular, the possibility of synthesizing kanosamine, a bacteriocin
belonging to the aminoglycoside group, which can play an important role in the implementation of
probiotic properties due to its pronounced antimicrobial activity. Our goal was to study the antimi-
crobial activity of the strain Bacillus megaterium B-4801 against pathogenic and opportunistic bacte-
ria, as well as to search for genes associated with antimicrobial activity based on whole genome se-
quencing. The B. megaterium B-4801 strain deposited in the collection of OOO BIOTROF+, pos-
sesses a pronounced probiotic activity. Its antimicrobial activity against Staphylococcus aureus, Can-
dida tropicalis, Clostridium sp., and Escherichia coli was assessed by the method of delayed antago-
nism using wells. A DNA library for whole genome sequencing was generated using Nextera XT kit
(Illumina, Inc., USA). Nucleotide sequences were determined using a MiSeq instrument (Illumina,
Inc., USA) and MiSeq Reagent Kit v3 (300-cycle) (Illumina, Inc., USA). Invalid sequences and
adapters were removed using the Trimmomatic-0.38 program. Filtered in length from 50 to 150 bp
pair-terminal sequences were assembled de novo using genomic assembler SPAdes-3.11.1. Func-
tional annotation of the genome was performed with PROKKA 1.12 and RAST 2.0 programs. The
pool of genes associated with antimicrobial activity was assessed and the metabolic map was con-
structed using the KEGG Pathway database (http://www.genome.jp/kegg/). The antagonistic ac-
tivity of B. megaterium B-4801 against pathogenic and opportunistic microorganisms was revealed by
cultural methods. The growth inhibition zones of the test strains ranged from 2+0.15 to 25+1.4 mm.
The genome of the B. megaterium B-4801 strain is a single circular chromosome with a size of
6,113,972 bp, containing 37.5 % GC pairs. More than 45 % of B. megaterium B-4801 genes are
involved in the transport and metabolism of amino acids, transcription, translation, transport and
metabolism of carbohydrates and proteins. The key genetic loci that determine the synthesis of anti-
microbial metabolites have been identified. The sequenced genome of the strain contains genes
(FabD, FabF, FabG, FabZ, Fabl, etc.) associated with the production of proteins involved in the
synthesis of aliphatic unsaturated C3-Ci8 carboxylic acids, in particular, butyric, nylon, caprylic,



capric, lauric, myristic, palmitic, stearic, oleic. According to the information accumulated by world
science, all these substances have pronounced antimicrobial properties. The whole-genome sequenc-
ing also discovered a cluster of genes (Asm22-24, Asm43-45, and Asm47) associated with the bio-
synthesis of bacteriocin kanosamin, which belongs to the aminoglycoside group, and polyketide
ansamycin antibiotics from the macrolide group. The established probiotic potential indicates the
role of the investigated strain as a potential probiotic candidate, in particular for use in animal
husbandry. The performed genomic analysis revealed new systems of operons that control the
metabolic pathways for the synthesis of antimicrobial substances, which were not previously de-
scribed for B. megaterium.

Keywords: whole-genome sequencing, Bacillus megaterium, acid biosynthesis, bacteriocins,
antimicrobial activity, kanosamine, ansamycin antibiotics, probiotics

Nowadays, animal husbandry and poultry farming, due to the entry into
force of Federal Law No. 280-FZ “On organic products and on amendments to
certain legislative acts of the Russian Federation” from January 1, 2020, show a
vital interest to natural biological products. According to the law, the use of an-
tibiotics is prohibited in the organic farming, with the exception of those permit-
ted for use by the national, interstate and international standards of organic pro-
duction in force in Russia.

Genetic determinants of Bacillus sp. encoding biosynthesis of various an-
timicrobial compounds are of particular interest, since wide application of these
microorganisms as biopesticides in crop production and as a basis for therapeutic
agents and probiotics in animal husbandry. According to some researchers [1],
strains of the genus Bacillus are more promising for probiotics preparations as
compared to traditionally used lactobacilli, as Bacillus strains form endospores in
the life cycle and, therefore, are more resistant to aggressive factors in the diges-
tive tract. Bacillus strains are typical commensal bacteria of the rumen and intes-
tines of farm animals [2], where as an increase in the abundance of lactobacilli
in the rumen is associated with the occurrence of lactic acidosis, a decrease in
pH and a decrease in the number of bacteria synthesizing cellulases [2].

On average, 87% of total pool of antimicrobial metabolites of bacilli are
organic acids, alcohols, ketones, alkanes, aldehydes, alkenes, and 13% are other
substances, the ribosomal peptides (bacteriocins and enzymes), polyketides, non-
ribosomal peptides [3]. A case study of a B. subtilis strain as an example has
been shown that at least 4-5% of its genome are operons associated with the
synthesis of antimicrobial compounds [4].

Interest in studying the ability of Bacillus sp. to synthesize bacteriocins,
peptide and lipopeptide antibiotics is currently rising [5, 6], as information about
previously unknown substances appears [7-9]. Many of the Bacillus bacteriocins
are classified as lantibiotics, the post-translationally modified peptides widely
distributed among various bacterial taxa.

Bacteria of genus Bacillus also produce many unmodified bacteriocins,
some of which are similar to pediocin-like bacteriocins of lactobacilli while pep-
tide sequences of other bacteriocins are completely new [10] Bacteriocins of Ba-
cillus sp. are of practical interest due to the ability to inhibit various pathogenic
forms, including gram-negative and gram-positive bacteria, yeast and micromy-
cetes [7-9].

The synthesis of organic acids by Bacillus microorganisms is studied to a
much lesser extent. There are indications of Bacillus sp. ability to produce lactic
acid [11] known for its antimicrobial activity against Escherichia coli, Pseudomo-
nas aeruginosa, Salmonella enterica, etc. [12]. Bacillus megaterium ELI 24 strain
isolated from soil in Mexico produced significant amounts of succinic acid,
which was identified by spectroscopic methods [13]. Chromatographic analysis
showed that Bacillus megaterium P1 isolated from soil, depending on the compo-
sition of the culture medium, synthesized volatile organic acids (formic, acetic,



propionic, and butyric) and non-volatile organic acids (oxalic, malic, succinic,
tartaric, and citric) in various combinations [14].

Whole genome sequencing is currently recognized as the most effective
technology for detailed genetic characterization of microbial strains, their prop-
erties, and metabolic processes [15)]. An important stage in the analysis of
mechanisms of probiotic action, in particular the antimicrobial activity of mi-
croorganisms, can be the re-construction of its metabolic map, that is, the col-
lection and visualization of all processes potentially occurring in the cell. Exper-
imental data on antimicrobial activity combined with whole genome sequencing
allow researchers to reconstruct models that are as close to virtual organisms as
possible. This also allows predicting the relationship of a microorganism with
various pathogenic and conditionally pathogenic forms in animal digestive sys-
tem in order to create effective probiotic products.

Currently, work is underway to study the genomes of Bacillus sp. strains
which are promising for the creation of biological products. P. Li et al. [15] used
whole genome sequencing to assess the probiotic potential of the Bacillus sp.
DU-106, an active producer of L-lactic acid. Other researchers [16] used this
technique to study the genome of Bacillus clausii ENTPro as the base for the
production of the probiotic Enterogermina (Sanofi Synthelabo Pvt. Ltd., India).
whole genome sequencing in B. megaterium was performed by M. Eppinger et al.
[17] who analyzed the strains QM B1551 and DSM319. J.1. Vilchez et al. [18]
sequenced genome of TG1-E1 strain which is promising for producation of ferti-
lizers. L. Liu et al. [19] studied the genome of the WSH-002 strain promising for
the creation of recombinant proteins and vitamins.

This work is the first to disclose in a Bacillus megaterium strain potential-
ly inherent genetic mechanisms for synthesis of a number of bioactive substanc-
es, in particular, the ability to synthesize kanosamine, a bacteriocin of the group
of aminoglycosides, which can play an important role in probiotic properties due
to a pronounced antimicrobial activity.

Our goal was to measure antimicrobial activity of Bacillus megaterium B-
4801 strain against pathogenic and opportunistic bacteria, and to search for
genes associated with antimicrobial activity based on whole genome sequencing.

Materials and methods. B. megaterium B-4801 a strain with a pro-
nounced probiotic activity (the collection of OOO BIOTROF+) was used in the
study. Test cultures for estimation of antagonistic properties were obtained from
the All-Russian collection of non-pathogenic microorganisms for agricultural
purposes (the All-Russian Research Institute for Agricultural Microbiology, St.
Petersburg—Pushkin).

Antimicrobial activity against pathogenic and opportunistic microorgan-
isms (Staphylococcus aureus, Candida tropicalis, Clostridium sp., Escherichia coli)
was assessed in vitro by the delayed antagonism method (wells method). A Petri
dish with agar medium GRM (State Research Center for Applied Micro-biology
and Biotechnology, Russia) containing 7 g/l glucose and culture of opportunistic
test strains was dried for 24-48 hours, then B. megaterium B-4801 culture sus-
pension (107 CFU/ml, 100 pl) was poured in a well in the center of the dish.
After 48 h of incubation at 371 °C, the zones of growth inhibition of the test
strains were measured.

DNA was extracted by standard procedures using the Genomic DNA
Purification Kit (Fermentas, Inc., Lithuania) according to the attached instruc-
tions [2]. The analysis is based on selective detergent-mediated precipitation of
DNA using solutions for lysis of cell walls and DNA precipitation, a solution of
1.2 M sodium chloride, and chloroform.

DNA library for whole genome sequencing was constructed Nextera



XT kit (Illumina, Inc., USA). Nucleotide sequences were determined using a
MiSeq instrument (Illumina, Inc., USA) with MiSeq Reagent Kit v3 (300-cycle)
(Illumina, Inc., USA). Invalid sequences and adapters were removed using the
Trimmomatic-0.38 program (https://www.osc.edu/book/ex-port/html/4385) [20].
Paired-end sequences filtered by length not less than 50 to 150 bp were assembled de
novo (the SPAdes-3.11.1 genomic assembler, http://cab.spbu.ru/software/spades/)
[21]. Functional genome annotation was performed using programs PROK-
KA 1.12 (https://github.com/kbase-apps/ProkkaAnnotation) [22] and RAST
2.0 (https://rast.nmpdr.org) [23] The KEGG Pathway database (http://www.ge-
nome.jp/kegg/) was used to assess the pool of genes associated with antimi-
crobial activity for constructing a metabolic map [24, 25].

Mathematical and statistical processing was carried out using the
software packages Microsoft Office Excel 2003, R-Studio (Version 1.1.453)
(https://rstudio.com). The mean value for each sample (M) and the standard
deviation (£SD) were estimated.

Results. B. megaterium B-4801 strain had a pronounced antagonistic ef-
fect against the test cultures of Staphylococcus aureus and Candida tropicalis,
with the size of growth inhibition zones of 25+1.4 and 10£0.7 mm, respective-
ly (Fig. 1). Clostridium sp. proved to be the most resistant to B. megaterium B-
4801 (2%+0.15 mm). For Escherichia coli, the size of the growth retardation zone
was 510.3 mm. This suggests that the B. megaterium B-4801 culture liquid con-
tains antimicrobial substances that diffuse into agar.

These results are of great practical importance, since .S. aureus is associ-
ated with the occurrence of diseases in cattle, primarily mastitis [26]. Previously,
we have proved the relationship between the increased abundance of Staphylo-
coccus sp. in the rumen and an increase in the number of somatic cells in the
milk of dairy cows [2]. C. fropicalis is also pathogenic for cattle, in particular, it
can spread through the bloodstream to peripheral organs, moreover, its associa-
tion with abortion has been found [27, 28]. These facts allow us to conclude that
the B. megaterium B-4801 strain is a promising biocontrol agent for suppressing
pathogenic microbiota, in particular, through its introduction into the digestive
system of animals.

Fig. 1. Antagonistic properties of Bacillus megaterium B-4801 towards Staphylococcus aureus (A) and
Candida tropicalis (B). Petri dishes with colonies of pathogen test cultures, in the center zones of
growth suppression are visualized.

The B. megaterium B-4801 genome was annotated using the RAST
toolkit under a unique genomic identifier 1404.252. The genome is organized
into a single circular chromosome of 6,113,972 bp in size, containing 37.5% GC
pairs. The chromosome contains 6324 open reading frames capable of determin-



ing polypeptide synthesis, 129 for tRNA synthesis, and 6 for rRNA. The plasmid
of 78379 bp in size contains 23.5% GC pairs, which was 14% less than in the
chromosome.

Comparison of the contigs of the studied strain with the NCBI nucleo-
tide sequence database (https://www.ncbi.nlm.nih.gov/genome/microbes/) using
the PATRIC database (https://www.patricbrc.org) showed its high similarity with
the genome of B. megaterium QM B1551 545693.3 (Fig. 2). Both of these strains
were similar to the other two B. megaterium strains. Interestingly, the above-
mentioned four B. megaterium strains turned out to be rather closely related to
the Clostridium sp. Earlier S. Porwal et al. [29] showed that the B. megaterium
strain (with the GC-pair level from 38 to 39%) is only distantly related to the
B. cereus and B. subtilis species, which contradicts the traditional concepts.

Clostridium sp. Maddingley MBC34-26 1196322.3
Clostridium beijerinckii NCIMB 8052 290402.41

Clostridium sp. DL-VIII 641107.3

Candidatus Clostridium anorexicamassiliense AP5 1211817.3
Clostridium scatologenes ATCC 25775 1548.3
Bacilius megaterium DSM 319 592022.4

100
H ﬁ%iﬂm’ megaterium NBRC 15308 = ATCC 14581 1348623.7
ggafiﬂm megaterium B-4801
Bacillus megaterium QM B1551 545693.3

0.2

Fig. 2. Phylogenetic relationship between Bacillus megaterium B-4801 and the closest representa-
tive bacterial genomes from the NCBI database (https://www.ncbi.nlm.nih.gov/genome/microbes/).
Genetic distances were estimated using the Mash/MinHash technology [30]. The dendrogram was
constructed using PATRIC tools [31].
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Fig. 3. Metabolic systems of Bacillus megaterium B-4801 based on functional annotation according to
the RAST database (https://rast.nmpdr.org).

Analysis of metabolic subsystems, that is, groups of proteins that jointly
realize a certain biological process, revealed that more than 45% of the B. mega-
terium B-4801 genes are involved in the transport and metabolism of amino ac-
ids, transcription, translation, transport and metabolism of carbohydrates, pro-
teins (Fig. 3). This strain possesses products for the functioning of a complete set
of metabolic pathways, including glycolysis, the tricarboxylic acid cycle, and the
pentose phosphate pathway.

The fact that in B. megaterium B-4801 a significant number of genes
(17.5%) was associated with the metabolism of carbohydrates is quite logical,
since it has been proven that Bacillus sp. produce many antibiotic-like com-



pounds of a nonribosomal nature and organic acids, the synthesis of which re-
quires active carbohydrate metabolism [4, 13]. Among synthesized proteins, an
important role is played by enzymes that determine the entry of sugars into the
cell and their oxidation, the permeases and hydrolases. These processes resulted,
in particular, in production of pyruvate, 2-oxo-glutarate, oxaloacetate and ace-
tyl-CoA, which serve as precursors for the synthesis of fatty acids, amino acids,
polyketides and other vital metabolites.

It is important that the genome contains a noticeable amount (more
than 20%) of genes that implement interactions with the environment, in partic-
ular those associated with cell membrane formation and encapsulation, motility
and chemotaxis, cellular signaling, and stress response, which indicates a high
potential for probiotic activity. Probably, this set of genes can contribute to the
survival of the strain in the aggressive environment of the gastrointestinal tract,
and facilitates adhesion to the host's epithelial cells. A significant part of the ge-
nome was annotated as associated with the synthesis of vitamins, in particular Bi,
B2, Bg and biotin, which play an important role in many metabolic processes in
macroorganisms [32]. Earlier L. Liu et al. [19], due to whole genome sequencing,
revealed the potential ability of the B. megaterium strain to synthesize vitamins.
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Fig. 4. Fatty acid metabolic pathways and synthesis of precursors in Bacillus megaterium B-4801
(built using the KEGG Pathway database, http://www.genome.jp/kegg/): 1 — acetyl-CoA, 2 —



malonyl-CoA, 3 — acyl carrier protein (ACP), 4 — acetyl-[ACP], 5 — malonyl-[ACP], 6 —
acetoacetyl-[ACP], 7 — 3-oxohexanoyl-[ACP], 8 — 3-oxooctanoyl-[ACP], 9 — 3-oxodecanoyl-
[ACP], 10 — (R)-3-hydroxibutanoyl-[ACP], 11 — (R)-3-hydroxihexanoyl-[ACP], 12 — (R)-3-
hydroxioctanoyl-[ACP], 13 — (R)-3-hydroxidecanoyl-[ACP], 14 — but-2-enoyl-[ACP], 15 —
trans-hex-2-enoyl-[ACP], 16 — trans-oct-2-enoyl-[ACP], 17 — trans-dec-2-enoyl -[ACP], 18 —
butyryl-[ACP], 19 — hexanoyl-[ACP], 20 — octanoyl-[ACP], 21 — decanoyl-[ACP], 22 — caprylic
acid, 23 — capric acid. The numbers in the boxes are the enzyme codes in the IUPAC
nomenclature; genes present in the genome are marked in gray; arrows pointing to circles indicate
the direction of steps in the reaction.

We identified in B. megaterium B-4801 the key genetic loci that deter-
mine the synthesis of a number of antimicrobial metabolites, including fatty ac-
ids, kanosamine, which belongs to the aminoglycoside group, and polyketide
ansamycin bacteriocins from the group of macrolides. The identification of the
key products involved in the pathway for the synthesis of antimicrobial metabo-
lites in B. megaterium B-4801 strain was performed using the Kegg Pathway da-
tabase (Fig. 4).

The B. megaterium B-4801 genome contained genes (FabD, FabF,
FabG, FabZ, Fabl, etc.) associated with the production of proteins that are
involved in the synthesis of aliphatic unsaturated carboxylic acids C3-C18, in
particular, butyric, nylon, caprylic, capric, lauric, myristic, palmitic, stearic,
oleic acids. Metabolic maps of the synthesis of some carboxylic acids in the
B. megaterium B-4801 strain are shown in Figure 4 as an illustration.

According to the KEGG Pathway database (see Fig. 4), the precursors
for the biosynthesis of fatty acids in B. megaterium B-4801 were formed from
the acetyl-CoA pool. At the first stage, the acetyl group was transferred from
acetyl-CoA to an acyl carrier protein (ACP) molecule. Acetyl-ACP acts as an
initiator to which the C2 fragment is attached. The malonyl-ACP molecule
also synthesized from acetyl-CoA is a donor of the C2 fragment. This reaction
is catalyzed by FabD enzyme (transacylase, EC 2.3.1.39, the malonyl CoA-
acyl carrier protein), which was previously shown for Streptomyces coelicolor as,
but not described for Bacillus sp. [33].

Further transformations which in B. megaterium B-4801 differed for spe-
cific fatty acids we will describe on the example of butyric acid. The C2 frag-
ment binding to acetyl-ACP resulted in acetoacetyl-ACP. According to the
KEGG Pathway database, FabF protein catalyzed the condensation of acetyl-
CoA with malonyl-ACP to form acetoacetyl-ACP. A similar pathway was previ-
ously described for Escherichia coli [34]. According to these authors, the synthet-
ic pathway leading to the formation of fatty acids in E. coli requires two special-
ized proteins, FabA and FabB. However, the genes associated with the synthesis
of FabA and FabB are found only in gram-negative Proteobacteria. It was shown
[35] that the gram-positive Enferococcus faecalis has a protein annotated as
FabZ1, which functionally replaces the E. coli FabA protein. Probably, FabF in
B. megaterium B-4801 is similar in function to FabA and FabB of FE. coli.

The next stage in the B. megaterium B-4801 involved reduction of oxi-
dized carbon atoms in aceto-acetyl-ACP via a series of enzymatic reactions with
the participation of FabG, FabZ, Fabl (FabK, FabL) proteins. This, through the
stages of precursors, resulted in formation of butyryl-ACP, the butyric acid radi-
cal. The final stage in the biosynthesis of fatty acids was catalyzed by the enzyme
Fabl (synonyms FabK, FabL) which initiates the hydration of the 2,3-double
bond in the derivatives of enoyl-ACP previously shown for E. coli [36].

Thus, by genome sequencing we identified in B. megaterium B-4801
almost all the main enzymes responsible for the formation of fatty acids (C3-
C18). Earlier, in the Bacillus sp. DU-106 [15] enzymes were discovered which



were involved in the synthesis of organic acids, in particular, lactate produc-
tion. These enzymes were L-lactate dehydrogenase, D-lactate dehydrogenase,
lactaldehyde dehydrogenase and malate/lactate dehydrogenase. Note that such
enzymes were not detected in B. cereus [37]. Nevertheless, in a later study [15],
genes associated with lactate synthesis were identified in the genome of Bacil-
lus cereus DU-106.

The data we obtained at the genomic level additionally confirm that the
B. megaterium B-4801 strain has potential probiotic properties, since the antimi-
crobial activity of these acids has been proven. The pronounced antimicrobial
activity of butyric acid against Escherichia coli, Salmonella enterica serovar
Typhimurium, Campylobacter jejuni, Clostridium perfiingens, Streptococcus pneu-
moniae, and Str. suis [38]. A number of fatty acids, in particular nylon, caprylic,
capric, lauric and myristic, showed antagonism against Strepfococcus mutans, Str.
gordonii, Str. sanguis, Candida albicans, Fusobacterium nucleatum, and Porphy-
romonas gingivalis [39]. V. Prabhadevi et al. [40] noted the antimicrobial activity
of stearic acid, and M.M. Rahman et al. [41] of palmitic acid.

It worth noting that that we revealed in B. megaterium B-4801 a cluster
of genes (Asm22-24, Asm43-45, Asm47) associated with biosynthesis of bacterioc-
in kanosamine of the aminoglycoside group, and polyketide ansamycin antibiot-
ics of the macrolide group. The Asm43-45 genes are involved in biosynthesis of
antimicrobial substance kanosamine (3-amino-3-deoxy-D-glucose) through the
intermediate UDP-o-D-kanosamine. S. Umezawa et al. [42] demonstrated a
similar pathway for kanosamine biosynthesis in B. pumilus (formerly known as
B. aminoglucosidicus), although the genes involved have not been identified. The
ability to synthesize kanosamine was also found in Bacillus cereus [43]. Later, in
B. cereus, a set of genes involved in the kanosamin synthesis were described, alt-
hough the pathway itself was not determined [44). N.D. Vetter et al. [45] dis-
covered genes, in particular NfdA, NtdB and NtdC in Bacillus subtilis 168, associ-
ated with the biosynthesis of this antimicrobial substance. We are the first to re-
veal genetic potential of Bacillus megaterium strains to produce kanosamine.

Kanosamine and UDP-a-D-canosamine also are intermediates in the
biosynthesis of 3-amino-5-hydroxybenzoic acid [46]. 3-Amino-5-hydroxybenzoic
acid in microbial cells is a starting block for assembling the main carbon chain
of anamycin precursors by modular polyketide synthase I. Ansamycins are a class
of bacterial macrocyclic polyketides produced mainly by the phylum Actinobacte-
ria and the genus Bacillus [47, 48]. It has been proven [49] that ansamycins ex-
hibit a wide spectrum of antimicrobial activity. We discovered in B. megaterium
B-4801 the transketolase enzyme, as well as genes, in particular Asm47, Asm23
and Asm24, that can provide synthesis of 3-amino-5-hydroxybenzoic acid. For
example, it is well known [50] that Asm23 encodes dehydroquinate dehydratase
II (DHQase II) which catalyzes dehydration of 5-deoxy-5-amino-3-dehydro-
quinate, a precursor of 3-amino-5-hydroxybenzoic acid. Product of Asm24 gene
presumably catalyzes the dehydration of 5-deoxy-5-amino-3-dehydroximate to
3-amino-5-hydroxybenzoic acid. Previously, genes Asm22-24, Asm43-45, and
Asm47 were found in Actinosynnema pretiosum ssp. auranticum ATCC 31565,
which were associated with the synthesis of 3-amino-5-hydroxybenzoic acid [50].

The probability of bacteriocin production by B. megaterium B-4801 is
expectable, since bacteria of the genus Bacillus are known producers of such
substances [8]. For example, gene for gallidermin which effectively prevents the
formation of biofilms in pathogenic S. aureus and S. epidermidis was identified in
B. clausii genome [51]. Lacticin 3147 A2 and leukocyclin Q found in B. amylo-
liguefaciens are broad-spectrum bacteriocins. Lacticin has been effectively used



in treatment of bacterial mastitis, staphylococcal and enterococcal infections,
including pathologies caused by vancomycin-resistant enterococci [9]. Licheni-
cidin VK21A2 found in B. paralicheniformis shows antimicrobial activity against
several pathogenic strains, e.g. Listeria monocytogenes, methicillin-resistant S. au-
reus, and vancomycin-resistant enterococcus [7]. A biolactive compound similar
to bacitracin was found in B. megaterium KC246043.1 [52]. I.A. Malanicheva et
al. [53] showed the ability of B. megaterium to produce antibacterial antibiotics
that differ in their spectrum of action. Three of them are peptide antibiotics,
and three more are compounds not described previously. All substances were
active against the methicillin-resistant strain Staphylococcus aureus INA 00761,
as well as against Pseudomonas aeruginosa ATCC 27853 and Escherichia coli
ATCC 25922.

To summarize, the whole genome sequences of different B. megaterium
strains were determined in several studies [19, 18], but genetic mechanisms
ensuring production of fatty acids and bacteriocins in these microorganisms
were not detected. We are the first to specify here these mechanisms.

Thus, we have revealed antagonistic activity of Bacillus megaterium B-
4801 against pathogenic and opportunistic microorganisms. B. megaterium B-
4801 genome is organized into a single circular 6,113,972 bp chromosome with
37.5% GC. More than 45% of the B. megaterium B-4801 genes are involved in
the transport and metabolism of amino acids, transcription, translation, transport
and metabolism of carbohydrates and proteins. Whole genome sequencing iden-
tified the key loci that determine synthesis of antimicrobial metabolites. The
B. megaterium B-4801 genome contains genes (FabD, FabF, FabG, FabZ, Fabl,
etc.) associated with production of proteins that are involved in the synthesis of
aliphatic unsaturated carboxylic acids C3-C18, in particular butyric, nylon,
caprylic, capric, lauric, myristic, palmitic, stearic, and oleic. All these substances
are known to express pronounced antimicrobial properties. In B. megaterium B-
4801, we found a cluster of genes (Asm22-24, Asm43-45, Asm47) associated with
the biosynthesis of bacteriocin kanosamine of the aminoglycoside group and
polyketide ansamycin antibiotics of the macrolide group. B. megaterium B-4801
genetic passport that we created based on whole genome sequencing is of fun-
damental interest and also contains valuable commercial information. The pro-
biotic potential of B. megaterium B-4801 that we revealed in this study indicates
the role of B. megaterium B-4801 strain as a candidate producer for biologicals,
including those for animal husbandry. This research must be followed by exper-
imental analytical study of fatty acids and bacteriocins produced by B. megateri-
um B-4801 for a deeper understanding of the mechanism of their probiotic ac-
tion. Also, since the presence of operons that encode products potentially in-
volved in various metabolic pathways does not unconditionally mean their func-
tioning. Their functionality should be confirmed by proteomic and metabolomic
methods and by targeted analysis of specific compounds.
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