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Abstract

Background: Brucellosis is a bacterial zoonotic disease. Annually in the world more than 500,000 new cases of
brucellosis in humans are registered. In this study, we propose an evolutionary model of the historical distribution
of B. melitensis based on the full-genomic SNP analysis of 98 strains.

Results: We performed an analysis of the SNP of the complete genomes of 98 B. melitensis strains isolated in
different geographical regions of the world to obtain relevant information on the population structure, genetic
diversity and the evolution history of the species. Using genomic sequences of 21 strains of B. melitensis isolated in
Russia and WGS data from the NCBI database, it was possible to identify five main genotypes and 13 species
genotypes for analysis. Data analysis based on the Bayesian Phylogenetics and Phylogeography method allowed to
determine the regions of geographical origin and the expected pathways of distribution of the main lines
(genotypes and subgenotypes) of the pathogen.

Conclusions: Within the framework of our study, the model of global evolution and phylogeography of B.
melitensis strains isolated in various regions of the planet was proposed for the first time. The sets of unique specific
SNPs described in our study, for all identified genotypes and subgenotypes, can be used to develop new bacterial
typing and identification systems for B. melitensis.
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Background
Brucellosis is a particularly dangerous, zoonotic infec-
tious disease caused by bacteria of the genus Brucella,
which has a high socioeconomic and economic signifi-
cance [1–3]. The genus Brucella is represented by 12
species of microorganisms [4, 5]. The most epidemio-
logical significance is represented by the B. melitensis
strain - small cattle brucellosis pathogen, causing the
most severe forms of the disease [6–8].
A high morbidity level of brucellosis in humans and ani-

mals is found in many regions, especially in South America,
Africa, the Middle East and much of Asia [9]. In Russia,
cases of brucellosis in humans are recorded annually in

regions with developed livestock in the South of the
European part of Russia and in Siberia [10–13].
To date, the gold standard of molecular typing of of

the genus Brucella reprecentatives is considered to be
multi-locus VNTR-analysis (MLVA) [14]. A number of
studies have demonstrated that MLVA-16 is an effective
tool for genotyping when conducting epidemiological in-
vestigations of brucellosis outbreaks [15, 16]. However,
with the advent of the SNP analysis of complete ge-
nomes, intraspecies differentiation and the establishment
of the origin of individual strains of the brucellosis
pathogen have reached a qualitatively new level [17].
Based on the analysis of the genome sequences at the

loci of single nucleotide polymorphisms (SNP) localized in
the orthologous genes of B. melitensis strains, Kim-Kee
Tan et al. draw a map of the global genetic diversity of B.
melitensis strains isolated on the territory of different
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continents [18]. In a study published by the authors, B.
melitensis isolates are represented by five genotypes.
Mediterranean strains are identified as genotype I, Asian
strains are classified as genotype II, genotype III is repre-
sented by strains of African descent. The genotypes IV
and V are assigned respectively to the European and
American lines. Earlier, we gave a phylogeographic
characterization of strains of B. melitensis isolated in the
Russian Federation in the North Caucasus [19], which
form a separate cluster belonging to genotype II.
The aim of our study was to study the phylogenetics

of the B. melitensis starins that has been previously ex-
posed and isolated on different continents. In this paper,
we propose a possible historical reconstruction of the
distribution of the B. melitensis starins all over the
world. We present a phylogeny reconstruction based on
Bayesian analysis of the full genome SNP of 98 B. meli-
tensis strains. The results of our study may help to con-
tribute to a better understanding of the epidemiology
and spread of B. melitensis.

Results
General results
Genomic sequences of 11 B. melitensis isolates isolated
collected in Russia in Siberia and the South of the Euro-
pean part of Russia. They were generated by high-
performance sequencing using the platform Ion Torrent
PGM (Life Technologies, USA). The resulting reads were
de novo assembled in unclosed draft genomes. Annota-
tion of draft genomes was carried out with the help of
NCBI Prokaryotic Genome Annotation Pipeline. The ob-
tained genomic projects were deposited in the GenBank
database. General characteristic of genomes is presented
in Additional file 1: Table S1.
We used the genomic sequence of 98 strains of B.

melitensis, eleven isolates were obtained while this study
and 87 genomic sequences were taken from the inter-
national database GenBank. We used all the complete
genomes and WGS projects that were available at the
time of our research. Previously, a close phylogenetic re-
lationship between B. melitensis and B. abortus species
was described [20], which determined the choice of gen-
omic sequence of B. abortus 2308 strain as an external
group. Information on the genomic sequences of strains
used in the work is presented in Additional file 2: Table
S2. Information on the genomic sequences of strains used
in the work is presented in Additional file 2: Table S2.
To build a multiple alignment matrix of 99 genomes

of Brucella strains we used REALPHY 1.10 with default
settings [21]. Using algorithms implemented in REAL-
PHY allowed us to obtain a matrix of multiple genome
alignment containing only orthologous nucleotide se-
quences - so-called core genome. All the similar se-
quences were excluded from multiple alignments. The

resulting multiple alignment matrix of complete ge-
nomes was used to build the phylogeny of B. melitensis.
Phylogenetic reconstruction was carried out using the
software package BEAST 2.3.0 [22].
As a result of the phylogenetic reconstruction using

the multiple alignment matrix of 99 genomes of Brucella
strains, two strains of B. melitensis S66 and B. melitensis
16 M13 W were not related to the species B. melitensis.
This fact has already been described previously by Kim-
Kee Tan et al. [18]. We have also noticed that in these
strains the number of SNPs detected in the matrix of the
cortical genome (according the matrix of multiple align-
ment of 99 genomes) is several times higher than the
number of SNPs in other strains of the sample,
Additional file 2: Table S2. According to the literature
data, B. melitensis S66 strain was isolated from the blood
of a man in Jilin province [23]. B. melitensis 16 M13 W
strain was isolated from BALB mice after infection for
13 weeks, compared to the 16 M strain used to infect
the animal model [24]. It is likely that these strains do
not belong to the species B. melitensis [18], but we did
not have the opportunity to test this hypothesis. Thus,
we decided to exclude these two strains sequences from
the matrix of the cortical genome. In addition, we re-
moved from the matrix of the cortical genome the se-
quences of all laboratory and vaccine strains in order to
eliminate any possible effect of artificially acquired mu-
tations on the results of the analysis. We also had to ex-
clude the strains where we could not determine the date
of exposition, since the use of the wrong date of expos-
ition leads to significant errors in the dating of the
phylogenetic tree. All the further manipulations, includ-
ing phylogenetic and evocative analysis, as well as SNP
search, were conducted using the cortical genome matrix,
which contained sequences of 88 strains. A phylogenetic
tree describing the evolutionary relationships of natural
strains is shown in Fig. 1. The geographical map of geno-
types with indication of places of isolation of strains is
given in Fig. 2.

Phylogenetic analysis
B. melitensis strains used in the study are represented by
five main genotypes that correspond to the potential
geographical origin of the isolates. B. melitensis Ether
(biovar 3) was basal to the phylogenetic tree, B. meliten-
sis 16 M (biovar 1) and B. melitensis 63/9 (biovar 2),
were separated in after divergence from B. melitensis
Ether strain, demonstrate the previously described top-
ology phylogenetic tree [18, 21]. A group of strains in-
cluding B. melitensis Ether we denoted as genotype I, B.
melitensis 63/9 and related strains - genotype II, strains
of the African group formed genotype III, a group of
strains, including B. melitensis B115 - genotype IV and a
clade of B. melitensis 16 M strain form the genotype V.
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Genotype I represents the most basal lineage of B.
melitensis strains, and its diversification took place,
probably, about 6.5 thousand years ago in the Neo-
lithic period (5-3 thousand years BC). Comparison of
genomic sequences of strains of genotype I with the
sequence of B. melitensis 16 M reference genome
allowed to reveal from 2770 to 2886 SNP for each
strain. We have found 1237 specific SNPs for strains
of this genotype. A pairwise comparison of genomic
sequences of strains within genotype I made it pos-
sible to identify 1384 SNPs. Genotype I includes two
subgenotypes. The subgenotype Ia forms strains pre-
dominantly collected on the territory of Egypt, and
we have identified 200 SNPs specific for the subgeno-
type Ia. The comparison of genomes inside the subge-
notype allowed us to identify 341 SNPs. Subgenotype
Ib predominantly consists of strains isolated in Italy.
We have identified 30 SNPs specific for subgenotype
Ib. A pairwise comparison of the genomes inside the
clade allowed to distinguish 812 SNPs.

Genotype II includes 61 strains of B. melitensis. The
diversification of this genotype might take place in the
second half of the third millennium BC, approximately
5270 years ago. The full-genomic SNP analysis of iso-
lates of B. melitensis genotype II revealed from 2271 to
2493 polymorphisms in comparison with the reference
genome B. melitensis 16 M. The genotype II includes
nine subgenotypes, denoted as IIa-IIi.
Subgenotype IIa is represented by a single strain - B.

melitensis UK3/06. The divergence of this genotype
might occur in the second half of the VII century AD. B.
melitensis UK3/06 strain has 238 unique SNPs that dis-
tinguish it from all other strains of the species.
Diversification of the subgenotype IIb, might take

place in the middle of the XI century AD. For the strains
of this subgenotype, we have identified 86 clade-specific
SNPs. A pairwise comparison of the genomes inside the
clade allowed to distinguish 771 SNPs.
Subgenotype IIc occupies the internal node on the

phylogenetic tree and its divergence might take place in

Fig. 1 The Bayesian phylogenetic tree shows the evolutionary relationships of the 88 B. melitensis isolates (those for which a fixed isolation date
was established). The timeline indicates the date of divergence of the branches of the tree, the values of < 0 correspond to the years BC, the
ends of the branches of the tree - the isolation time of the strains. The tree nodes indicate the probabilities and Bayesian estimation of time of
divergence. The color of the terminal branches of the tree corresponds to the region in which the isolates were isolated
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the middle of the XIII century. We have identified 21
clade-specific SNPs for strains of this subgenotype. A
pairwise comparison of the genomes inside the clade
allowed to distinguish 200 SNPs.
Deviation of the subgenotype II d probably took place

at the end of XIII century. We found 128 SNPs of clade-
specific strains of this subgenotype. A pairwise compari-
son of the genomes inside the clade allowed to distin-
guish 24 SNPs.
Diversification of the subgenotypes IIe, IIf, IIg, IIh and

IIi might take place in the second half of the XIV cen-
tury A.D. For strains of the subgenotype IIe we have
found 44 clade-specific SNPs. A pairwise comparison of
the genomes inside the clade allowed to distinguish 247
SNPs. The subgenotype IIf is represented by one strain
of BG2 (S27) for which we have found 116 unique SNPs.
For strains belonging to the subgenotype IIg, we have
identify 46 clade-specific SNPs. A pairwise comparison
of the genomes inside the clade allowed to distinguish
509 SNPs. Subenotype IIh includes 15 strains for which
we have found 41 clade-specific SNPs. A pairwise com-
parison of the genomes inside the clade allowed to dis-
tinguish 640 SNPs. For the strains of the subgenotype IIi
we have identified 20 clade-specific SNPs. A pairwise
comparison of the genomes inside the clade has shown
789 SNPs.

The divergence of the genotype III might take place in
the middle of the II millennium B.C. about 3500 years
ago. The genome of the strains belonging to genotype III,
total from 1625 to 1771 SNPs when compared to the gen-
ome B. melitensis 16 M. We have found 330 genotype-
specific SNPs for this genotype. A pairwise comparison of
the genomes has distinguished 1900 SNPs.
Deviation of genotypes IV and V from a common an-

cestor might have happen more than 3500 years ago. For
genotype IV strains, we were able to detect 122
genotype-specific SNPs. A pairwise comparison of the
genomes has distinguished 203 SNPs. Compared with
reference genome, the strains of this genotype have from
577 to 607 SNPs.
We have found 82 genotype-specific SNPs for the

strains of genotype V. The comparison of the strains
with reference genome revealed from 188 to 424 SNPs.
A pairwise comparison of strains of genotype V have re-
vealed 615 SNPs. Genotype V is represented by two ge-
notypes which deviation from the common ancestor
might occur about 1000 years ago. For the subgenotype
Va strains we have found 115 clade-specific SNPs. A
pairwise comparison of strains has shown 210 SNPs. For
the subgenotype Vb strains, we have not been able to
find any clade-specific SNPs. A pairwise comparison of
strains of Vb subgenotype has distinguished 288 SNPs.

Fig. 2 Geographical distribution of isolates. The labels indicate the geographical regions in which the strains were isolated. The color of the label
corresponds to the genotype that we determined for each isolate, the number inside the label corresponds to the number of strains isolated in
each region
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Discussion
SNP analysis of the core genome of 88 isolates of B. meli-
tensis type helped to describe five genotypes. Using the
data on the time of strain isolates, the phylogenetic tree
was constructed and the hypothetical time limits for the
diversification of the B. melitensis genotypes. In addition,
we have built a global phylogeographic model of the most
pathogenic species for humans - B. melitensis.
It seems highly probable that the spread of B. meliten-

sis began from the region of the Fertile Crescent, which
was one of the centers of the Neolithic. In this region,
according to historians, small cattle were domesticated
[25], which is the main host for B. melitensis bacteria.
The basal of the phylogenetic tree are the strains of

genotype I, which diversification might take place 6.5
thousand years ago in the Neolithic period (5-3 thou-
sand years BC). Genotype I is represented by two subge-
notypes. The subgenotype Ia - is the strain, isolated in
Italy, and subgenotype Ib, − strains, isolated in Egypt.
Probably, 6.5 thousand years ago the expansion of cattle-
breeding races from the Middle East, where plant- and
cattle breeding were developed higher, to the Eastern
Europe [26] caused the diversification of genotype I. The
deviation of the subgenotypes Ia and Ib from the com-
mon ancestor might happen in the middle of the first
Millennium A.D. About VI century A.D., the strains of
this genotype were transmitted to the territory of the
North Africa (Egypt), that possibly contributed to the di-
versification subgenotype Ib.
The deviation of the second branch of the tree and the

formation of genotype II occurred in the second half of
the third millennium BC., approximately 5270 years ago.
The strains of genotype II have the widest geographical
distribution, their habitat is the most of the territory of
the Eurasian continent - from Cyprus in the west, to the
islands of Southeast Asia in the east. Ladder-like phylo-
gram of the genotype II suggesting a possible single
introduction of Mediterranean origin. Dating of phylo-
genetic tree allows you to determine the approximate
date - the end of VII century. The current representative
of this branch is B. melitensis strain UK3/06, isolated in
Cyprus in 2006. It can be assumed that the distribution
of the genotype II strains from west to east may be
caused by the Arab Caliphate’s conquest of huge terri-
tories, from the Mediterranean Sea in the west to the
borders of India and China in the east at the end of the
first millennium A.D. [27]. The opportunity to control of
the most important land routes connecting Eastern Eur-
ope - through Central Asia or the Caucasus and the
Iranian highlands - with India on the western part of the
Great Silk Road provided the Arabs a key role in Eur-
ope’s trade with all of South, Southeast Asia, and China
[28]. This hypothesis is confirmed by the geographical
distribution of the strains of the genotype IIb that were

isolated in Turkey, Kuwait and Somalia. The strain B.
melitensis 2,010,724,553 was isolated in California, USA
in 2010 from a patient from Syria who had chronic bru-
cellosis for about 20 years. It is likely that the B. meliten-
sis strain F8/01-155, isolated in Kosovo in 2001, and the
B. melitensis strain UK37/05, isolated in the UK in 2005,
are also associated with the importation of the B. meli-
tensis into European countries from the Middle East.
Unfortunately, we were not able to obtain reliable infor-
mation on the location and time of isolation of of the
strain B. melitensis 11-1823-3434, which undoubtedly
belongs to the subgenotype IIb.
The further distribution of genotype II strains across

the territory of Asia took place on the period of exist-
ence and disintegration of the Mongolian Empire
in1206-1368. Probably, in the middle of the XIII century
A.D. the subgenotype IIc diversificated, with its strains
from India and Great Britain. Deviation of the subgeno-
type IId from the common ancestor took place at the
end of the XIII century. The strains of this subgenotype
are currently existing in the islands of Southeast Asia.
The high degree of affinity of the subgenotype IId
strains is confirmed by the relatively small amount of
SNPs (24 polymorphisms) that we have found while
pairwise comparison of strains within the subgenotype.
The topology of the tree makes it possible to assume
that the strains of the subgenotype IId were transmitted
to the islands by sea from the coast of India. The
coastal regions of the Indian peninsula have long trad-
ition of maritime trade with the countries of the Middle
East and Southeast Asia [29].
A century later, in a short period of time, in the 70-90s

of the XIV century, the diversification of five subgeno-
types took place: IIe, IIf, IIg, IIh, IIi. The subgenotype IIe
is mostly consists of strains isolated in India. The subge-
notype IIf is represented in our study by one strain iso-
lated in Pakistan. Strains of the subgenotype IIg, two of
which were isolated in Kuwait, one in Siberia, Russia
and one in northern India, form a clearly differentiated
group of genetic affinity, obviously with a single geo-
graphic region of origin. We assume that the isolates of
the subgenotype IIg exists in the northern part of India
on the border with Pakistan, and the distribution of rep-
resentatives of this subgenotype representatives north-
wards to Russia and westwards to Kuwait might happen
in the Middle Ages via the land trade routes. However,
to confirm this hypothesis, it is necessary to investigate a
larger number of strains of the subgenotype IIg.
Deviation of the subgenotype IIh from the ancestral

branch could take place in the XVI century. It is repre-
sented by 15 strains, eight of them were isolated in
China and seven were isolated in Russia in Eastern Si-
beria. Two groups of strains forming the subgenotype
IIh do not have a clear differentiation according to their

Pisarenko et al. BMC Genomics  (2018) 19:353 Page 5 of 10



teroritritorial affiliation. The first group is formed mainly
by strains from Russia, the second - mainly strains from
China. The absence of a clear differentiation according
to territorial affiliation between these groups assumes
the frequent penetration of the B. melitensis strains from
one country to another. Active trade between Russia and
China could promote this process. The most probable
way of bringing the B. melitensis to the territory of Si-
beria is the Tea Way - the trade route in the XVI - XIX
centuries between Beijing and Moscow, the second route
after the Great Silk Road in terms of trade turnover. A
pairwise comparison of the strain genomes of this subge-
notype made it possible to define 640 SNPs. A pairwise
comparison inside the each group allowed to distinguish
366 SNPs for the “Russian” group and 267 SNPs for the
“Chinese” group. The low frequency of SNPs within each
group indicates a high homogeneity of the strains.
The period of deviation of the subgenotype IIi may be

defined as the XVI century A.D. This subgenotype is
represented by 19 strains, 14 of them were isolated in
Russia. On the phylogenetic tree subgenotype IIi is rep-
resented by two clades. The first clade consists of B.
melitensis 548, B. melitensis I-338, B. melitensis I-194
and B. melitensis NI isolated in Saratov, Novosibirsk re-
gion, Irkutsk region and Inner Mongolia (China), re-
spectively. The second clade consists of strains existing
in the territory of Kalmykia, the North Caucasus and
Georgia, as well as one strain isolated in Portugal, which,
according to our information, was brought to Portugal
from the North Caucasus. Probably, the spread of the B.
melitensis subgenotype IIi from the Central Asian coun-
tries to the territory of Russia took place via the north-
ern route of the Great Silk Way, that connected the
eastern countries with the Northern Europe. From the
Lower Volga region the strains of the subgenotype IIi
spread to Eastern Siberia, as well as to Kalmykia, the
North Caucasus and Transcaucasia. Nucleotide analysis
of the core genome of the subgenotype strains has re-
vealed 789 SNPs. A pairwise comparison of the genomes
of the different clades allowed to distinguish 354 SNPs
in the first clade and 404 SNPs in the second clade.
The divergence of B. melitensis strains existing in the

Middle East might take place in the middle of the second
millennium B.C., about 3500 years ago, due to the geno-
type III deviation, its modern representatives are isolated
in African countries currently. Probably, genotype III
strains had previously circulated in North Africa, but glo-
bal climate changes that caused the desertification of huge
areas in the northern part of the continent, could cause
migration of cattle-breeding races to the south, to Central
Africa, which, in turn, the spread of the B. melitensis to
new territories. An alternative way of the B. melitensis
could pass through the Arabian Peninsula and the Bab el
Mandeb Strait to East and Central Africa.

The strains of genotype IV, isolated on the territory
of European states, probably originate from genotype
III and, probably, and might be brought to the te-
rritory of Europe from the coast of North Africa.
Genotype IV is the smallest among B. melitensis ge-
notypes in our study, it included only three strains.
Apparently, this is due to the fact that the countries
of Northern and Western Europe have achieved al-
most complete elimination of this disease among farm
animals.
Diversification of genotype V, according to our ana-

lysis, might take place in the X century A.D. This geno-
type is represented by strains from the North and
South America, except for the B. melitensis strain
ADMAS-G1, isolated in India. Up to date, the generally
recognized pre-Columbian contacts of America and
Europe (not considering the primary settlement of
America through Beringia in the primitive epoch) are
only Viking floats, dating back to around 1000 A.D.
and continuing, in all probability, until the XIV century
[30–33]. American strains are represented by two sub-
genotypes. The subgenotype Va consists of strains iso-
lated in North America and India, the subgenotype Vb
is formed by three strains from Argentina. It must be
noted that we were not able to identify any clade-
specific SNPs from South America strains.
We defined polymorphisms specific for the strains of

each of the genotypes and subgenotypes. Data on these
mutations can be used as markers in the development of
new systems for identifying the geographical region of B.
melitensis strains origin. In 2017, Kim-Kee Tan et al.
published the results of the SNP analysis of the nucleo-
tide sequence of the rpoB gene to determine the origin
of B. melitensis strains [34]. In the long term, this ap-
proach can be adapted to study representatives of other
epidemic-significant Brucella species.
The results of our studies confirm that full genomic

sequencing (WGS) is an indispensable analysis tool for
determining the geographic region of strains origin.
The method provides a higher resolution than other
PCR-based approaches (MLVA, multilocus SNP typing),
but requires reliable and complete metadata. The use of
a sufficient amount of verified metadata will allow
qualitatively to increase the resolution of the method to
the level of individual regions of the country (subject,
locality, etc.). Expanding knowledge of the unique fea-
tures of isolates isolated from different countries and
integrating the data into WGS databases will allow for
more qualitative use of full genome sequencing to iden-
tify the level of genetic linkages between different
strains, determine the geographical region of the infec-
tion source origin, establish the causes, conditions of
animals and people diseases occurrence with brucellosis
and localization of the infection focus.
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Conclusion
The SNP analysis of the genomic sequences of B. meli-
tensis strains isolated in different geographical regions of
the planet confirmed the existence of five genotypes.
The results of the study revealed a high degree of simi-
larity of the genome SNP profiles of the B. melitensis
strains circulating in one area, which makes it possible
to consider the method of full genomic SNP analysis as
an effective tool for determining the origin of individual
isolates in epidemiological investigations.
The paper describes a possible historical reconstruc-

tion of B. melitensis. Distribution around the world.
Strains of B. melitensis genotypes existing in Russia are
described. The hypothesis about the ways of penetration
and further spread of B. melitensis in Russia is proposed.
A complex of SNP specific for different genotypes of

the B. melitensis can be further used in the development
of new schemes of B. melitensis subgenotypes typing.

Methods
Bacterial strains
All strains used in the study were isolated from humans.
Strains B. melitensis I-136, B. melitensis I-160, B. meli-
tensis I-194, B. melitensis I-216, B. melitensis I-280, B.
melitensis I-308, B. melitensis I-338, B. melitensis I-340,
B. melitensis I-349, B. melitensis I-380 were transferred
from the Irkutsk Anti-Plague Research Institute of
Rospotrebnadzor. The B. melitensis KIV-L strain was ob-
tained from the State Collection of Pathogenic Microor-
ganisms and Cell Cultures in Obolensk. Isolates were
identified and approved by using standard biochemical
methods “Epidemiological surveillance and laboratory
diagnostics of brucellosis” (MUK 3.1.7.3402-16). Detailed
information on the biochemical properties of isolates is
given in Additional file 3: Table S3.

Antibiotic susceptibility testing
Antibiotic susceptibility was determined by disk diffu-
sion on Mueller-Hinton (MH) agar.
in accordance with the guidelines of the Russian pro-

tocols of “Epidemiological surveillance and laboratory
diagnostics of brucellosis” (MUK 3.1.7.3402-16) at the
Stavropol Anti-Plague Control Research Institute. The
following commercially available antimicrobial drugs
(Research Center of Pharmacotherapy, St. Petersburg,
Russia) were tested: amikacin, tetracycline, kanamycin,
gentamicin, ciprofloxacin, streptomycin, ofloxacin, pe-
floxacin, levofloxacin, rifampicin. In Additional file 4:
Table S4, for each antibiotic, the diameter of the growth
inhibition zone in millimeters is indicated.

Preparation of genomic DNA samples
Bacteria were cultured on brucella agar at 37 °C for
48 h. The microbial suspension of 2 × 109 m.sub./ml

concentration was decontaminated by addition of so-
dium mertiolate to a final concentration of 0.01% and
subsequent incubation at 56 °C. for 30 min. Genomic
DNA was isolated from 0.5 ml of a disinfected microbial
suspension using the PureLink Genomic DNA Kit (Life
Technologies, USA). Concentration of genomic DNA
was determined using a Qubit2.0 and Qubit dsDNA HS
Assay Kit fluorometer (Invitrogen, Life Technologies,
USA). The purity of the genomic DNA was evaluated
with a NanoDrop 2000 spectrophotometer (Thermo Sci-
entific, USA). Sample preparation was carried out in the
laboratory of brucellosis research of the Stavropol Anti-
Plague Institute of Rospotrebnadzor.

DNA library preparation and whole genome sequencing
Preparation of genomic libraries with a length of ridges
400 b.p. was used with Ion XpressTM Plus Fragment Li-
brary Kit (Life Technologies, USA) in accordance with
the manufacturer’s protocol. Fragments of DNA libraries
were separated using 2% agarose gel E-Gel SizeSelect
(Invitrogen, USA). The prepared libraries of DNA frag-
ments were purified using Agencourt AMPure XP
(Beckman Coulter, USA). The quality and concentration
of the libraries was determined with using the Experion
™ Automated Electrophoresis System and Experion DNA
1 K Reagents and Supplies and Experion DNA Chips
(Bio-Rad, USA). Monoclonal amplification on micro-
spheres was performed with using Ion OneTouch 400
Template Kit (Life Technologies, USA) reagent kits ac-
cording to the manufacturer’s protocol. Microspheres
were enriched with magnetic particles Dynabeads
MyOne Streptavidin C1 (Invitrogen, Life Technologies,
USA). The efficiency of the enrichment process was
evaluated using the Ion Sphere Quality Control Kit (Life
Technologies, USA). Genome sequencing was performed
using the Ion Torrent PGM sequencer and Ion 318
Chips Kit V2 (Life Technologies, USA).

Post-sequencing data processing
Evaluation of the quality of the received reides was car-
ried out using the FastQC program version 0.11.3 [35].
Reids containing nucleotides with quality of reading Q <
15 were delited in Trimmomatic version 0.33 [36]. Reids
with an average quality of Q < 20, as well as reids less
than 75 nucleotides long were removed. The genome
was assembled in the software Newbler v 3.0 (Roche).
Evaluation of the quality of genome assembly was per-
formed using the Quast 3.0 program [37], the genomic
sequence of B. melitensis 16 M strain (GeneBank:
NC003317, NC003318) was used as a reference to evalu-
ate the accuracy and efficiency of assembly of genomic
projects. Annotation of genomic projects was carried
out with the help of NCBI Prokaryotic Genome Annota-
tion Pipeline (PGAAP).
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Whole genome SNP analysis
To build cortical genome we used 11 B. melitensis ge-
nomes sequenced by us, 87 B. melitensis genomes that
are publicly available, including complete genomes and
genome projects and the B. abortus 2308 genome as ex-
ternal groups. These sequences were submitted to the
Reference Sequence Alignment-based Phylogeny Builder
(REALPHY) [21] for the identification of sites that were
relevant for the phylogenomic analysis using the default
parameters. The complete genome of B. melitensis 16 M
was chosen as the reference genome, and all of the query
genomic sequences were divided into possible sequences
of 50 bp (default) and subsequently mapped to the refer-
ence genome via Bowtie2 with a default k-mer length of
21, allowing for one mismatch within the k-mers to
maximise sensitivity. The REALPHY method has two
standard thresholds for trusting the base call. The first is
that the weight of the mapping has to be higher than 10,
the second is that 95% of the mappings has to support
the same nucleotide.
Using algorithms implemented in REALPHY allows to

obtain a matrix of multiple genome alignment contain-
ing only homologous nucleotide sequences – the so-
called core genome. Editing of the multiple alignment
matrix (the reasons are given in the Results section) and
SNP identification with the formation of the base of nu-
cleotide polymorphisms sites were performed in the
MEGA 7 program [38]. The base of sites of nucleotide
polymorphisms of strains of Brucella is found in the
supplementary file, Additional file 5: Table S5.

Phylogeographical and evolutionary analysis
For studying the phylogeographic distribution of taxa on
the basis of the full genome analysis of SNP B. melitensis
strains, we used the BEAST 2.3.0 software package [22].
For the dating of the phylogenetic tree, the known isola-
tion dates of B. melitensis strains were used. The param-
eters of the evolutionary model were determined by
estimating the work of 88 different substitution models on
the matrix of the genomes multiple alignment using the
Jmodeltest2 program [39, 40]. The following model pa-
rameters were defined: priority model GTR + I + G,
rateAC = 0.972, rateAG= 3.369, rateAT = 0.496, rateCG =
0.555, rateGT= 0.995, proportion Invariant = 0.733. We
carried out three independent runs using strict clock, a
long chain of 200,000,000 for each run, and a recording
rate of every 1000 generations. An estimate of the conver-
gence of the MCMC topology and parameters was carried
out in the Tracer v1.6 program [41]. All ESS parameter
values were > 200. The trees were combined using the
TreeAnnotator component from the BEAST 2.3.0 package
to obtain a consensus tree, the burn-in parameter for each
chain was defined as 20%, the resulting phylogenetic tree
file was visualized in the Figtree program [42].

Additional Files

Additional file 1: Table S1. Characteristics of genomic projects.
(DOCX 17 kb)

Additional file 2: Table S2. List of B. melitensis genomes used in this
study. (DOCX 34 kb)

Additional file 3: Table S3. Biochemical properties of isolates.
(DOCX 18 kb)

Additional file 4: Table S4. Antibiotic susceptibility testing.
(DOCX 16 kb)

Additional file 5: Table S5. Base of sites of nucleotide polymorphisms
of Brucella strains. (XLSX 19468 kb)
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