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Over the past 10 years, immunization of cattle in Russia has been performed using 
vaccines from Brucella abortus strains 82, 19 and 75/79. To prevent brucellosis in 
small ruminants, two vaccines have been used, from the Brucella melitensis strain 
REV-1 and the B. abortus strain 19; note that twice as many animals have been 
immunized with the former vaccine than with the latter vaccine. The disadvantage 
of using these preparations is the formation of prolonged post-vaccination 
seropositivity, which is especially pronounced in animals after immunization with 
vaccines from B. abortus strain 19 and B. melitensis strain REV-1. This study aims 
to perform the whole genome sequencing of Brucella vaccine strains from the 
Russian collection. A bioinformatics analysis of the genomic data proved that the 
vaccine strains 75/79AB, 82, R-1096, and the KV 17/100 belong to ST-2, 104 M to 
ST-1, KV 13/100 to ST-5. This analysis allowed us to characterize vaccine strains’s 
phylogenetic relationships and to prove the close relation of vaccine strains 
75/79AB, 82, R-1096. Also, we defined candidate mutations in genes pmm, wbdA, 
wbkA, wboA, and eryB, which could be responsible for the attenuated virulence 
of vaccine strains. The complete genomic sequences of B. abortus strains make 
further studies of bacterial pathogenicity determinants and virulence phenotype 
feasible, as well as their use in quality control of animal medicines.
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Introduction

The development of measures for specific prophylaxis of brucellosis in the world began 
almost immediately from the moment of discovery of its causative agent. It was started by Bang 
who for the first time isolated microorganisms from the amniotic fluid of a cow that suffered 
abortion, selected the correct medium and determined optimal conditions for their cultivation 
(1). By infecting animals, he also proved that the isolated microorganisms are the causative agent 
of infectious abortion; he later noted that infected cows acquired certain immunity to this 
disease. It was further evidenced by observing cases of self-recovery of animals from infectious 
abortion. Based on this, Bang concluded that it is possible and necessary to develop measures 
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for specific disease prophylaxis. Many researchers began to work in 
this direction, and, first of all, Bang himself.

In 1906, Bang reported the results of experiments which allowed 
him to form an immunity in pregnant sheep, goats and cows by 
inoculating them with live virulent cultures of Brucella. In 1909, he for 
the first time in the field experiments performed the intravenous 
administration of live Brucella broth cultures to animals, as a result of 
which they developed a high degree of immune response, which, 
however, was accompanied by signs of anaphylactic shock.

Since 1910, in England, Germany, Denmark, United States, and 
Argentina, agar swabs of Brucella cultures were used for mass 
vaccination of young and non-pregnant cows. Although the number 
of abortions in animals was slightly decreasing, the damage from the 
infection was about the same as in the natural course of the disease. 
The widespread use of virulent cultures caused abortions in pregnant 
animals and essentially led to their massive artificial infection. Thus, 
vaccinated animals presented an epizootic and epidemic danger.

Due to this, later on strains with attenuated virulence were used 
for the production of vaccines. Attenuated virulence was achieved by 
treating virulent cultures of Brucella with chemical, physical and 
biological methods. Some of the researchers were able to achieve 
significant success.

In 1934, Corner et al. (2) worked with a culture of Brucella abortus 
strain 19 isolated by Buck in 1923 from the milk of a cow of the third 
calving and found that after storage for one year at room temperature 
the culture spontaneously reduced its virulence. The authors were able 
to select an immunogenic and stable strain which subsequently was 
named Buck-19 [B-19] in honor of the author of the original culture. 
From that moment on, a new stage in the development of anti-
brucellosis vaccines has begun, while the vaccine from strain 19 
remains the standard of immunogenicity until now.

Brucella species are characterized by high invasiveness which 
allows them to successfully multiply in macrophages and lymphocytes 
(3). At the same time, Brucella lack virulence factors such as the 
capsule, flagella, fimbriae, pili, plasmids, toxins, exotoxins, cytolysins, 
and secreted proteases found in other bacteria (4, 5). Various virulence 
factors, the mechanism of evasion from the host defense systems and 
the method of intracellular survival of Brucella were reviewed in detail 
in (6). It was shown that the virulence of Brucella can be determined 
by: lipopolysaccharide (LPS) (7), β-glucan (β-cyclic glucan) (8, 9), 
BvrS/BvrR, BacA (10), outer membrane proteins (Omps) (11), BmaC 
(12), SagA (13), BtaE (14), BetB (15), MucR and T4SS genes found in 
virB operon (16). The vital virulence factor, LPS, determines the 
morphology of Brucella colonies in culture. The smooth phenotype 
(S-form) is formed due to complete LPS, consisting of lipid A, core 
oligosaccharide, and O-side chains of the polysaccharide. The strains 
of Brucella with attenuated virulence often form rough colonies 
(R-form) due to a deficiency of O-side chains of the polysaccharide (17).

In accordance with the List of Prokaryotic Names with Standing 
in Nomenclature (LPSN), the causative agent of brucellosis is assigned 
to the genus Brucella, family Brucellaceae, order Rhisobailes, class 
Alphaproteobacteria. The genus Brucella consists of 13 independent 
species. A total of six typical and seven new Brucella species were 
identified in a wide range of susceptible hosts. There are seven species 
that infect terrestrial animals, including B. abortus, Brucella melitensis, 
Brucella suis, Brucella ovis, Brucella canis, Brucella neotomae, and 
Brucella microti (18); two more species, Brucella ceti and Brucella 
pinnipedialis, infect marine mammals (19). Brucella papionis was 

isolated from baboons and Brucella vulpis from red foxes (20). Seven 
biovars have been recognized for B. abortus, three for B. melitensis and 
five for B. suis. Other species are not subdivided into biovars. Brucella 
nomenclature is based on the species of the main hosts (21). As the list 
of species grows, it is important to identify more effective prophylaxis 
measures to control the spread of the disease in humans.

Considering the complexity of differentiation of various species 
of Brucella bacteria, including using 16sRNA analysis for typing and 
comparison with other strains, we  carried out whole genome 
sequencing and phylogenetic analysis by single nucleotide 
polymorphisms (SNPs) in order to comparatively assess the 
molecular-genetic characteristics of strains and analyze alternative 
options for the production of vaccines in Russia.

Materials and methods

Object of study

The strains for this study were obtained from the All-Russian State 
Collection of Microorganisms Used in Veterinary Medicine and Animal 
Husbandry of VGNKI: B. abortus 82, B. abortus 75/79-AB, B. abortus 
104 M, B. abortus KV 17/100, B. abortus R-1096, B. abortus KV 13/100. 
To construct a phylogenetic tree based on SNP loci, we selected genomes 
of vaccine strains and field isolates from the NCBI database that were 
assembled completely or at the scaffold level (Table 1).

Microbiological cultivation methods

Bacteria were cultivated on Brucella agar at 37°C for 48 h. A 
microbial suspension with a concentration of 1.7 × 109 CFU/mL was 
disinfecte—d by adding sodium merthiolate (0.01%) and incubating at 
56°C for 30 min. Additional incubation with CO2 was not performed.

Method for studying immunogenicity

The immunogenicity of the microorganism strains was studied in 
guinea pigs by introducing 10–15 minimal infectious doses of the 
culture of the control virulent strain (B. abortus 54 VGNKI).

Extraction of genomic DNA

Total genomic DNA was isolated using the DNA-sorb-V Kit 
(Central Research Institute for Epidemiology, Russia) in 
accordance with the manufacturer’s instructions. DNA 
concentration was measured on a Quantus fluorimeter (Promega, 
United States) using the QuantiFluor®ONE dsDNA System Kit 
(Promega, United States).

Genome sequencing, bioinformatics 
analysis

DNA libraries were prepared using the Nextera XT DNA Sample 
Preparation Kit in accordance with the manufacturer’s instructions. 
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Whole genome sequencing was performed on a MiSeq system 
(Illumina, United  States) in accordance with the standard 
operating procedure.

For bioinformatics analysis of data of whole genome sequencing 
and de novo genome assembly, the following programs were used: 
FastQC 0.11.17 (31), Trimmomatic v.0.36 (32), SPAdes 2.11.1 (33), 
QUAST 4.6.3 (34), MAUVE v.20150226 (35). Bacterial species 
identification and multilocus sequence typing (MLST) were performed 
via the online service of the Center for Genomic Epidemiology of the 
Danish University of Technology (CGE) using the KmerFinder server 
(version 3.0.2) and MLST server (version 2.0.4) (36, 37). Annotation 
of bacterial genomes was performed using the RAST server (38).

The search for antibiotic resistance genes was carried out using the 
ResFinder 4.1 online service (39) as well as the Arg-ANNOT, CARD 
and NCBI BARRGD databases (40). Identification was carried out 
with the ABRicate program (41) using BLASTN and BLASTX against 

nucleotide and amino acid sequences from various databases. To 
search for the main virulence factors in bacterial genomes, the 
Virulence Factor Database (VFDB) (42) and Victors database were 
used (43); to search for integrons, the IntegronFinder v5 program was 
used (44). For phylogenetic analysis, the kSNP v.3.1.2 program was 
used (45). For visualization, the service iTOL v.6.4.3 (Interactive Tree 
of Life) was used (46).

Results and discussion:

An analysis of epizootic data from 1946 to the present day shows 
that brucellosis in cattle on the territory of Russia was not 
regx+istered only in the Kamchatka. Circulation of a total of 6 
species of Brucella was detected: B. abortus, B. melitensis, B. suis, 
B. neotomae, B. ovis and B. canis. The most virulent for humans are 

TABLE 1 List of Brucella abortus strains used for phylogenetic analysis.

Strain MLST Assembly Level
Geographic 

location
Host Reference

104М* ST-1 GCA_001296965.1 Complete China Cattle, vaccine strain Yu et al. (22)

9-941 ST-1 GCA_000008145.1 Complete USA Cattle Halling et al. (23)

BDW ST-1 GCA_000740135.1 Complete USA n.d. Minogue et al. (24)

15500 ST-2 GCA_002291225.1 Chromosome Italy Bubalus bubalis Paradiso et al. (25)

C68 ST-2 GCA_000740195.1 Complete USA n.d. Minogue et al. (24)

63 75 ST-2 GCA_000740295.1 Complete USA n.d. Minogue et al. (24)

82 ST-2 GCA_000473805.1 Scaffold Russia Cattle, vaccine strain Shevtsov et al. (26)

I-182 ST-2 GCA_016484075.1 Contig Russia Cattle n.d.

BC95 ST-2 GCA_000477635.1 Scaffold Spain Cattle n.d.

67/93 ST-2 GCA_000370165.1 Scaffold Iraq Bubalus bubalis n.d.

03-4923-239-D ST-3 GCA_000480075.1 Scaffold n.d. n.d. n.d.

NCTC 10505 ST-4 GCA_000740175.1 Complete USA n.d. Minogue et al. (24)

870 ST-4 GCA_000740215.1 Complete USA n.d. Minogue et al. (24)

RB51 ST-5 GCA_011801185.1 Complete USA Vaccine strain Bricker et al. (27)

A13334 ST-5 GCA_000238175.1 Complete South Korea Cattle Kim et al. (28)

S19 ST-5 GCA_000018725.1 Complete USA Vaccine strain Crasta et al. (29)

2,308 ST-5 GCA_000054005.1 Scaffold USA Standard laboratory strain Chain et al. (30)

BFY ST-6 GCA_000740315.1 Complete USA n.d. Minogue et al. (24)

BER ST-6 GCA_000740155.1 Complete USA n.d. Minogue et al. (24)

F1/06-B21 ST-6 GCA_000370365.1 Scaffold Zimbabwe Cattle n.d.

F10/05–11 ST-28 GCA_000370385.1 Scaffold Portugal cattle n.d.

84/26 ST-29 GCA_000370265.1 Scaffold Mexico Homo sapiens n.d.

85/69 ST-31 GCA_000370285.1 Scaffold India Cattle n.d.

80/28 ST-32 GCA_000370245.1 Scaffold Chad Cattle n.d.

78/14 ST-34 GCA_000370185.1 Scaffold Chad Cattle n.d.

78/32 ST-36 GCA_000370205.1 Scaffold Senegal Cattle n.d.

80/101 ST-36 GCA_000370225.1 Scaffold Nigeria n.d. n.d.

88/217 ST-37 GCA_000370345.1 Scaffold Mozambique Cattle n.d.

63/294 ST-38 GCA_000370065.1 Scaffold Kenya n.d. n.d.

*104 M is a vaccine strain applied for brucellosis prevention for the last 60 years in China. This strain was first isolated in former Soviet Russia (Li et al., 2015). n.d.–no data.
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B. melitensis, B. abortus and B. suis, and to a lesser extent B. canis, 
B. ceti and B. pinnipedialis. Therefore, when conducting laboratory 
diagnostics for brucellosis, it is important to perform not only the 
isolation of the culture of the pathogen, but also the identification of 
the specific species. To use as part of the composition for specific 
prophylaxis in animals, different authors proposed 25 strains of 
microorganisms of the genus Brucella, mainly B. abortus, B. melitensis 
and rarely B. suis. So far, however, only 9 of them were used in the 
composition of vaccines that were used to treat farm animals 
(Table 2).

For the mass prophylaxis of brucellosis in cattle, live vaccines 
from B. abortus strains 19, 82 and 75/79-AB were used in different 
volumes, in small ruminants—from B. melitensis strain Rev-1 and 
B. abortus strain 19. It is important to note that there exist no Brucella 
vaccines for medical and veterinary use guaranteed to protect all 
those immunized. The degree of their protection depends on the 
virulence and dose of field Brucella cultures (56). Until 1952, the 
measures against brucellosis in the Russia consisted of conducting 
diagnostic studies and removing sick animals from herds, without the 
use of anti-brucellosis vaccines. Due to the aggravation of the 
epizootic situation in 1953, the system of anti-brucellosis measures 
was expanded: it included immunization of animals with a vaccine 
from the B. abortus strain 19. This vaccine was used until 1975. 
During the period of active implementation of the vaccine, the 
disease was eliminated from many farms and even entire regions. 
However, in regions with a wide spread of brucellosis, the effectiveness 
of these sanation measures was insufficient. This was primarily due 
to the high agglutinogenicity of the vaccine. Agglutinins and 
complement-binding antibodies are preserved in the bodies of 
repeatedly immunized animals for up to 5–8 years, which makes it 
extremely difficult to differentiate such animals from those 
with brucellosis.

According to official data (57), in the period of 2010–2021 three 
vaccines were used in Russia for immunization of cattle (Figure. 1), 
the main of which was the vaccine from the B. abortus strain 82. To 
prevent brucellosis in small ruminants, two vaccines were used 
(Figure. 2); among them, the vaccine from the B. melitensis REV-strain 
1 was used to immunize twice as many animals as the vaccine from 
the B. abortus strain 19.

As seen from the Figures 1, 2, over the past 11 years up to two 
million heads of cattle have been immunized annually with a vaccine 

from the B. aborus strain 82 (from 1,261.3 thousand heads in 2017 to 
1,915.3 thousand heads in 2014). Despite that, today this vaccine, as 
almost any other live vaccine, does not fully meet the requirements of 
veterinary practice due to its abortogenic properties. Nonetheless, to 
a large extent, this problem can be solved by immunizing heifers at the 
age of 4–6 and/or 12–14 months. Subsequently, sensitized animals can 
be immunized against brucellosis during pregnancy, but only if the 
infection with field cultures of Brucella is completely ruled out. 
However, the bulk of the breeding stock of cattle is immunized 
after calving.

The B. abortus strain KV 17/100-VGNKI was obtained by 
targeted selection for cultural, morphological, biochemical and 
antigenic properties is very promising for the production of an 
inactivated vaccine with an adjuvant when constructing and testing 
a mini-batch (58). This vaccine does not induce the synthesis of 
S-Brucella antibodies in diagnostic titers in animals not infected 
with Brucella but induces it in cattle with a latent form of 
brucellosis, which allows, due to the rapid removal of such animals 
from herds, to accelerate the recovery of affected farms from 
brucellosis. At the same time, it does not have abortogenic 
properties and can be used for immunization of pregnant cows and 
heifers. Moreover, since it is in an inactivated state, it does not pose 
an environmental hazard.

Next, we performed whole genome sequencing of six vaccine 
strains: Brucella abortus strain 82, B. abortus strain 75/79-AB and 
B. abortus strain R-1096; B. abortus strain KV 17/100 and B. abortus 
strain 104 M used as an antigen to provoke latent forms of brucellosis; 
and B. abortus strain KV 13/100 used to control the immunogenic 
activity of inactivated vaccines (Table 3).

The bioinformatics analysis of genomic 
data of Brucella abortus strains

The genomes of all Brucella species have the same size and genome 
map (59). The average size of the genome which consists of two ring 
chromosomes is approximately 3.29 Mb.

The quality of sequencing data (FASTQ files) was assessed 
using the FastQC_0.11.17. The removal of technical sequences 
and low-quality nucleotides was performed in the Trimmomatic 
v.0.36 with the following ILLUMINACLIP parameters: 
NexteraPE-PE.fa: 2:30:10, SLIDINGWINDOW: 4:15, MINLEN: 
50. The de novo assembly of bacterial genomes was performed 
using SPAdes 2.11.1 with the sequencing error correction and 
automatic selection of k-mer length (21, 33, 55, 77, 99). Contigs 
shorter than 500 bp were excluded from further analysis. The 
assembly with the smallest number of contigs and the largest N50 
value was chosen as the best one. The main characteristics of the 
assembly were obtained using the QUAST 4.6.3 and are presented 
in Table 4.

To identify a bacterial species using the assembled contigs, 
we used the method of searching for common k-mers. Multilocus 
typing of the strain was carried out for the aroA, cobQ, dnaK, gap, glk, 
gyrB, int_hyp, omp25, and trpE loci. The MLST profiles and loci 
sequences were obtained from the PubMLST database (23). 
Genotyping data are shown in Table 5.

Annotation of genomes was performed using the RAST server on 
the SEED, an open platform for comparative analysis of genomes. The 

TABLE 2 The vaccine strains of Brucella abortus from the Russian 
collection.

Strain Put into practice Reference

В. abortus 19 + Buck (47)

B. melitensis Rev-1 + Elberg et al. (48)

B. abortus RB-51 + Schurig et al. (49)

В. abortus 104 М* + Shumilov et al. (50)

В. abortus 82* + Salmakov (51)

B. abortus 75/79-АВ* + Nikiforov et al. (52)

B. abortus KV 17/100* − (mini-batch) Kalmykov et al. (53)

B. abortus KV 13/100* + Kalmykov (54)

В. abortus R-1096* + Salmakov et al. (55)

*The whole genome of the strain was sequenced in this study.
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preliminary contigs were ordered using the MAUVE v.20150226 
relative to the corresponding sequences indicated in Table 5 in the 
KmerFinder column.

To analyze contig sequences for the presence of various 
antibiotic resistance genes, the following criteria were used: >95% 
identity, >80% minimum intersection length. No antibiotic 
resistance genes were identified in any of the strain. Genome 
analysis did not reveal the presence of integrons in any of 
the strains.

Phylogenetic analysis of Brucella abortus 
vaccine strains

For typing and comparison with other strains, a phylogenetic 
analysis was carried out using single nucleotide substitutions.

To construct a phylogenetic tree based on SNP loci, we selected the 
genomes of vaccine strains and field isolates from the NCBI database that 
were assembled completely or at the scaffold level and added 6 vaccine 
strains from the All-Russian State Collection of Microorganisms Used in 

FIGURE 1

Brucella strains in the composition of vaccines used for the prophylaxis of brucellosis in cattle in Russia (2010–2021, log scale).

FIGURE 2

Brucella strains in the composition of vaccines used for the prophylaxis of brucellosis in small ruminants in Russia (2010–2021, log scale).
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Veterinary Medicine and Animal Husbandry. The list of strains from the 
NCBI database is presented in Table 1. Pan-genome analysis was carried 
out using the program kSNP v.3.1. In total, we identified 14,768 SNPs, of 
which 11,510 are core SNPs. The rooted tree of all SNPs was constructed 
using the maximum parsimony method (Figure. 3). When constructing 
the tree, the genome of Brucella melitensis bv. 1 str. 16 M (NC_003317.1) 
was used as an outgroup.

Vaccine strain KV 13/100 (ST-5) belong to the same clade as 
vaccine strain S19 and it is a close relative to the vaccine strain RB-51. 
Vaccine strain 104 M (ST-1) is more distant relative to afore mentioned 
vaccine strains. Vaccine strains R-1096, 75/79AB and 82 (ST-2) belong 
to the same clade and very similar to each other. They are related 
distantly to vaccine strain KV 17/100-VGNKI (ST-2). It should 
be noted that the vaccine strain 104 M transferred from Soviet Russia 
to China 60 years ago (60) has acquired more than 60 unique SNPs 
compared to the Russian collection strain.

Analysis of mutations in the virulence 
genes of industrial Brucella abortus strains

The complete genome sequence of B. abortus provides an 
important resource for future studies of pathogenicity determinants 
and virulence phenotypes of these bacteria, as well as serves as a basis 
for quality control of medicinal products for animals (29).

We analyzed the nucleotide sequence of virulence genes in our 
vaccine strains using the list of Brucella virulence genes from VFDB 
and the Victors database. For every SNP, we estimated its possible 
contribution to protein function using SIFT (61), then additionally 
checked the protein conservation level in the mutation site using 
UniProt (62). We found alterations and mutations that could explain 
the attenuated virulence in all six vaccine strains (Table 6).

So, the virulence genes wbdA and wboA is absent in the vaccine 
strain R-1096. The IS711-like insertion sequence destroys the pmm 
gene in the vaccine strain 13/100. The eryB gene in strain 104 M 
codes a non-functional truncated protein because of nonsense 
mutation W215X. The attenuated phenotype of the strains KV 
17/100, 75/79-AB, and 82 can be explained by missense mutations 
that occur in conservative sites of functional domains in virulence 
proteins. The strain KV 17/100 has a substitution mutation G255V 
in a very conservative site of the glycosyl transferase domain of the 
wbkA protein (Supplementary Figure S1). Both strains 75/79-AB 
and 82 have a substitution W219L located in a conservative site of 
the glycosyl transferase domain of the wboA protein 
(Supplementary Figure S2). The strain KB 17/100 has two 
substitutions N255K in the pmm gene and A321 in the wbkA gene, 
which can also negatively impact the function of corresponding 

TABLE 3 Immunogenic properties of Brucella strains subjected to whole genome sequencing.

Strain
Purpose and state of 

strain in vaccine
Species 

of animal
Virulence

aImmunogenicity, 
%

bDose, 
bil. m.c.

Type of 
colonies

Practical 
application

R-1096 Antigen for 

provoking of latent 

forms of brucellosis

Live Cattle Attenuated 40–60 100 R-form −

KV 17/100 Adjuvant-vaccine Inactivated Cattle Attenuated 50–70 450 R-form + (mini-batch)

KV 13/100 Control Live − Attenuated − − R-form −

82 Vaccine Live Cattle Attenuated 70–80 100 SR-form +

75/79-АВ Vaccine Live Cattle Attenuated 70–80 100 SR-form +

104М Vaccine Live Cattle Attenuated 90–100 80 S-form −

aThe percentage of immunogenicity is indicated according to the results of experiments on guinea pigs with the administration of 10–15 minimal infectious doses of a culture of the virulent 
strain B. abortus 54 VGNKI.
bbil. m.c., billion microbial cells.

TABLE 4 Main characteristics of draft genome assemblies of B. abortus strains.

Strain
Number of 

contigs
Max length of 

contig, bp
Total length of 

contigs, bp
N50 GC content, %

R-1096 17 1,101,404 3,247,278 530,773 57.3

75/79-АВ 22 714,196 3,261,112 443,659 57.2

82 21 883,913 3,260,553 462,459 57.2

KV 17/100 18 1,098,592 3,257,570 462,111 57.2

KV 13/100 23 518,914 3,263,681 316,877 57.2

104М 26 545,702 3,266,856 309,189 57.2

TABLE 5 Results of genotyping of B. abortus strains.

Strain MLST KmerFinder

R-1096 ST-2 NZ_CP008774.1 Brucella abortus strain BAB8416

75/79-АВ ST-2 NZ_CP008774.1 Brucella abortus strain BAB8416

82 ST-2 NZ_CP008774.1 Brucella abortus strain BAB8416

KV 17/100 ST-2* (gyrB*) NZ_CP007705.1 Brucella abortus bv. 9 str. C68

KV 13/100 ST-5 NZ_CP030751.1 Brucella abortus strain A19

104М ST-1 NZ_CP009625.1 Brucella abortus 104 M

*The strain KV 17/100 corresponds to ST-2 at eight out of nine loci with 100% identity, and 
at the gyrB locus, the identity is 99.79% due to single SNP.
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proteins because they are in semi-conservative sites 
(Supplementary Figures S3, S4).

Thus, the five vaccine strains analyzed here are deficient in classical 
virulence genes responsible for the biosynthesis of LPS O-chain: pmm, 
wbdA, wbkA, wboA (63). These mutations can be responsible for these 
vaccine strains’ R-form type of colonies (Table 3). The deficiency of the 
wboA gene observed here in strains R-1096, 75/79-AB, and 82 was 
reported earlier for vaccine strain RB51 (64).

Yu et al. (22) described a set of candidate genes associated with 
virulence attenuation in vaccine strain 104 M. We complement this 
set with gene eryB, whose function is impaired by preliminary stop 

codon W215X. The gene eryB is a part of operon eryABCD encoding 
the erythritol dissimilative pathway (65, 66) reported that the growth 
of vaccine strain B19 was inhibited by erythritol due to mutations in 
genes eryC and eryD.

Conclusion

This study represents a comprehensive bioinformatics analysis of 
genomes of 6 Brucella vaccine strains. The results of our study serve 
as a prerequisite for improving the diagnostics of brucellosis in 

FIGURE 3

Phylogenetic tree of Brucella abortus for 11,510 SNPs. The prefix “VGNKI” indicates strains sequenced in this study. Numbers in blue at the roots of 
nodes show the number of SNPs that are shared exclusively among the descendants of each node. The number of unique SNPs for the genome is 
given in parentheses. Strains of ST-1 are highlighted in red, ST-2—in green, and ST-5—in blue.

TABLE 6 The mutations observed in virulence genes of vaccine strains.

Virulence genes R-1096 75/79-AB 82 KV 17/100 KV 13/100 104 M

pmm – – – N255K Partial deletion –

wbdA Deletion – – – – –

wbkA – – – G225V, A321E – –

wboA Deletion W219L W219L – – –

eryB – – – – – W215X

The bold font indicates missense mutations occurred in conservative sites of proteins.
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animals and will allow to reduce the risks associated with the spread 
of this infection in Russia, as well as to improve the control over the 
quality and safety of anti-brucellosis immunobiological agents.
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