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Comparative genomics of Brucella abortus and Brucella melitensis
unravels the gene sharing, virulence factors and SNP diversity
among the standard, vaccine and field strains
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Abstract

Brucella abortus and Brucella melitensis are the primary etiological agents of brucellosis in large and small ruminants,
respectively. There are limited comparative genomic studies involving Brucella strains that explore the relatedness among
both species. In this study, we involved strains (n=44) representing standard, vaccine and Indian field origin for pangenome,
single nucleotide polymorphism (SNP) and phylogenetic analysis. Both species shared a common gene pool representing 2884
genes out of a total 3244 genes. SNP-based phylogenetic analysis indicated higher SNP diversity among B. melitensis (3824)
strains in comparison to B. abortus (540) strains, and a clear demarcation was identified between standard/vaccine and field
strains. The analysis for virulence genes revealed that virB3, virB7, ricA, virB5, ipx5, wbkC, wbkB, and acpXL genes were
highly conserved in most of the Brucella strains. Interestingly, virB10 gene was found to have high variability among the B.
abortus strains. The cgMLST analysis revealed distinct sequence types for the standard/vaccine and field strains. B. abortus
strains from north-eastern India fall within similar sequence type differing from other strains. In conclusion, the analysis
revealed a highly shared core genome among two Brucella species. SNP analysis revealed B. melitensis strains exhibit high
diversity as compared to B. abortus strains. Strains with absence or high polymorphism of virulence genes can be exploited
for the development of novel vaccine candidates effective against both B. abortus and B. melitensis.
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Introduction

Bovine brucellosis is a contagious and serious disease
of livestock associated with significant economic losses
due to reduced livestock production and reproductive per-
formances. The zoonotic nature of pathogen also poses
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a potential threat to public health. The disease is termed
as Bangs disease or contagious abortion and undulant or
intermittent fever in animals and humans, respectively
(Megid et al. 2010). Brucellosis is caused by the Gram-
negative bacteria Brucella, which belongs to the family
Alphaproteobacteria. The genus Brucella includes mul-
tiple species, traditionally grouped as classical and non-
classical species. Six classical species predominantly
associated with mammals are B. melitensis, B. abortus,
B.canis, B. suis, B. ovis, and B. papionis. Among the non-
classical species, B. microti and B. pinnipedalis are pri-
marily known for infections in land and marine mammals
(Guzman-Verri et al. 2020). Among all, B. abortus, B.
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melitensis, and B. suis are the pathogens of zoonotic and
public health importance, out of which B. melitensis cause
serious infections in humans as compared to others. On the
other hand, B. abortus secreted in milk, milk products and
body fluids can be contracted to the humans via consump-
tion or close contact (Halling et al. 2005).

Vaccines are commercially available for the control of
brucellosis in ruminants. The vaccines against brucellosis
generally employs live attenuated strains capable of inducting
Th1 immune response, protection against uterine coloniza-
tion, and systemic infection and exhibits no interference with
the serodiagnosis (Schuriget al. 1995). Bovine brucellosis
can be controlled by vaccination using B. abortus S19 and B.
abortus RB51 vaccine strains. In small ruminant, B. meliten-
sis Rev.1 strain is used as the vaccine candidate. All the three
vaccine strains are recognized as naturally attenuated strains
(Yang et al. 2013). Continuous monitoring of the herds based
on clinical signs and serodiagnosis is indispensable for the
control of brucellosis. Serodiagnosis in developing countries
is routinely performed using assays such as Rose Bengal plate
test and standard tube agglutination tests. However, these
assays cannot differentiate the species of Brucella involved.
Molecular methods, primarily polymerase chain reaction
and gene sequencing methods, have gained wider accept-
ance and can achieve differentiation up to the biovar levels.
Recently, whole-genome sequencing—based approaches (sin-
gle nucleotide polymorphism (SNP)-based and core genome
multilocus sequence typing (MLST)) are proposed for better
strain typing (Uelze et al. 2020; Abdel-Glil et al. 2022). WGS
analysis of isolates from different geographical regions may
give insight into the diversity of strains involved in infections
(Karthik et al. 2021).

India is one among the several Asian countries where bru-
cellosis is considered endemic. However, limited studies have
been carried out for the genomic characterization of Bru-
cella isolates. Irrespective of the genomic similarity within B.
abortus and B. melitensis, they have the capability to evolve
differently, envisaging robust approaches for strain charac-
terization (Guzman-Verri et al. 2020). Importantly, there is
a critical requirement to set up a genome sequence—based
standards for vaccine, outbreak, and reference strains (Wang
et al. 2019). So a comparative genomics study involving
standard, vaccine and field strains will offer the possibility
of exploring gene compositions, SNP, and genotypes among
related species and strains (Hurtado et al. 2020; Bengtsson
et al. 2022). Determining species-specific and shared pange-
nomes can suggest genetics of the established vaccine strains
and its derivatives (Bogaards et al. 2019). With this back-
ground, the present study envisaged a comparative genomic
analysis of field strains reported in India along with standard/
vaccine strains of B. abortus and B. melitensis.
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Materials and methods
Genome data retrieval and genome feature analysis

High-quality genome sequences of Indian field strains of
B. abortus (n=22) and B. melitensis (n=15), standard (ref-
erence) strains (BA_544 (GCA_000369945.1), BA_RB51
(GCA_000366025.1), BA_2308(GCA_000054005.1)
and BM_16M (GCF_000740415.1)) and vaccine strains
(BA_S19 (GCA_000018725.1), BA_S19 deltaper
(GCA_001038665.1) and BM_Rev1 (GCA_002953595.1))
were downloaded from the BV-BRC database using batch-
entrez (https://www.ncbi.nlm.nih.gov/sites/batchentrez)
following quality filtrations (https://www.bv-brc.org).
The metadata of the downloaded genomic assemblies are
provided in the Table S1. The assemblies were analyzed
for virulence and AMR genes, prophage elements, and
genomic islands. For virulence and AMR gene predic-
tions, the genome assemblies were subjected to ABRi-
cate (v.1.0.1) searches against the virulence factor data-
base (VFDB) (Liu et al. 2019) and CARD 3.0.3 database
(Alcock et al. 2020). The prediction parameters were set
for a minimum DNA identity and coverage of 80% and
were carried out within the galaxy web server (https://
usegalaxy.eu). Prophage elements in the genomes were
predicted using PHASTER (https://phaster.ca/) and
genomic islands were predicted using Island Viewer 4
(Bertelli et al. 2017). Prophage and genomic island predic-
tions were carried out for the complete genome sequence
of B. abortus (BA_2308) and B. melitensis (BM_16M)
strains. Further, the predicted prophages and genomic
islands were mapped to BLAST atlas employing all the
genome sequences using BRIG tool to unravel their shar-
ing or unique patterns (Alikhan et al. 2011).

Pangenome and SNP analysis

Pangenome analysis was carried out following Prokka v
1.14.6 annotation (Seemann 2014) using Panaroo v.1.3.0
(Tonkin-Hill et al. 2020). Panaroo parameters were set to
the strict mode that enabled the removal of invalid genes.
Two-dimensional scaling and visualization of pangenome
was performed using FriPan (https://github.com/drpow
ell/FriPan). From the pool of total genes, the shared and
unique genes of both species (B. abortus and B. meliten-
sis) were inferred. The species-specific unique genes were
scanned for COGs annotations in eggnog-mapper tool
(http://eggnog-mapper.embl.de).

The SNPs in the genomes were identified using the KSNP3
package (Gardner et al. 2015). Within the package, the optimal
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kmer and FCK (the fraction of core kmers) sizes were cal-
culated using the Kchooser script. For annotating SNPs, the
strains BA_2308 and BM_16M were used as reference. The
KSNP3 tool was used to create the SNP matrix, and SNP-
based tree (tree_AlleleCounts.ML.NodeLabel.tre). The inter-
nal nodes were labeled with the node number followed by the
number of SNPs that are shared exclusively by the descendants
of that node separated by an underscore. The tree figure was
visualized using Dendroscope V3.8.4 (Huson et al. 2012).

Whole-genome phylogeny and multilocus sequence
typing analysis

Phylogenetic analysis was carried out using the whole-
genome sequences of B. abortus and B. melitensis strains.
A multiple genome alignment was generated using the
realphy webserver (https://realphy.unibas.ch/realphy/).The
phylogenetic tree was constructed based on the alignment
file (*.FASTA) using the IQTREE software (Trifinopoulos
et al. 2016) applying the GTR+G substitution model and
maximum likelihood methodology (1000 bootstraps). The
generated phylogenetic tree was visualized and annotated
using the iTOL v5 web tool (Leutnic and Bork 2021).

Retrieved genome assemblies were subjected to MLST anal-
ysis using the PubMLST database. Identification of sequence
types (STs) was carried out using the 9, 21, and cgMLST
schemes as described earlier (Jolley et al. 2018; Abdel-Glil
et al. 2022). Brucella spp. (cgMLST) scheme was down-
loaded from the cgMLST.org, Nomenclature Server (https://
www.cgmlst.org/ncs), and the analysis was carried out using
the PyMLST V2.1 tool (https://github.com/bvalot/pyMLST).
For this, a database was created followed by the addition of
genomic data of all the strains. Finally, a matrix of cgMLST
distance was defined as the number of different alleles between
each pair of two strains, omitting the missing data. The matrix
file was used to create a minimum spanning tree (MST) using
MSTree V2 option in GrapeTree (Zhou et al. 2018).

Results

Genome features, AMR, prophages and genomic
islands

The genomic size of the strains included in the study was
ranging from 3.2 to 3.3 Mb with a conserved GC content of
57.2%, whereas the CDS number ranged from 3350 to 3800.
The genomic features of all assemblies including the size,
GC content, number of contigs, tRNA, rRNA, and CDS are
provided in Table 1. No AMR genes were predicted among
the strains, except for the genes such as aph(3')-Ia and

aac(3")-Ia coding for aminoglycoside phosphotransferase
and acetyl transferase, respectively, in the BA_S19 deltaper
and BA_MLY7, strains respectively.

A total of 26 and 23 genomic islands were predicted in the
B. abortus and B. melitensis genomes, respectively. Details
of genomic islands predicted for both species are provided
in the Table S2. An incomplete prophage of 17.4Kb was
predicted in the B. melitensis BM_16M strain, whereas no
prophage was predicted in the B. abortus strain BA_2308.
BRIG analysis indicated high conservation of genomic
islands and prophages for both the species. Other than this,
a unique genomic region was identified in the BM_16M
strain and was shared with some of B. melitensis strains
(BM_LM17,BM_LM18, BM_LM19, and BM_LM?20), but
not with any of the B. abortus strains (Fig. 1). This unique
region (approx. 20 kb) was identified to be carrying various
genes associated with sugar metabolism.

Pangenome analysis of B. abortus and B. melitensis

Pangenome analysis of the 44 strains involving B. abortus (n
=27) and B. melitensis (n=17) strains identified 3244 genes
representing total number of orthologous genes, of which
2884 were core (shared by all strains from both species) and
the remaining 360 were accessory (shared by few strains
or unique to any strain) genes, respectively. This indicates
a higher-level conservation of genes among both the Bru-
cella species. Multidimensional scaling revealed two major
groups, one each for B. abortus and B. melitensis, and these
two groups differed by approximately 120 genes. B. abortus
strains LMN1 and LMN?2 were distantly clustered, indicative
of unique accessory gene composition (Fig. 2).

Functional annotation was carried out for the accessory
genes. A total of 149 CDS were identified as accessory
genes in B. abortus, of which functional predictions were
only available for 53 CDS genes. Prophage elements were
predicted for majority of the accessory CDS. Among these
fifty-three CDS, most were encoding cell wall hydrolase
(N-acetylmuramyl-L-alanine amidase), acyl transferase,
and methyl transferase enzymes. In addition, plasmid parti-
tion protein and nucleosome segregation protein along with
phage-associated proteins were also identified. The summary
of accessory genes predicted in the B. abortus genomes are
provided in Table S3. Accessory genes in the B. melitensis
were associated with carbohydrate metabolism (polysaccha-
ride synthesis, transfer, and modification). DNA invertase
and site-specific recombinase were also predicted in the B.
melitensis isolates. The genomes also contain region cod-
ing for proteins related to glycosylphosphatidylinositol syn-
thesis and outer membrane proteins. Small transmembrane
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Table 1 Summary of genomic
features of Brucella strains
involved in the study. The strain
genome features of all assembly
such as size, GC content,
number of contigs, contig,
tRNA, rRNA, and number of
CDS given in the table

Genome name Contigs Size GC content tRNA rRNA CDS
Brucella abortus
Br As-2014/10 115 3268175 57.22 53 2 3693
Br As-2013/02 68 3281823 57.22 52 2 3732
Br As-2013/01 49 3274000 57.23 54 3 3685
Br As-2014/04 43 3269594 57.23 54 2 3552
Br As-2014/03 19 3294163 57.2 55 6 3541
IVRI/95 2 3295536 57.24 51 2 3493
MLI1 12 3289339 57.21 54 6 3632
ML5 15 3290030 57.21 54 6 3653
ML4 24 3292853 57.2 55 6 3671
ML2 14 3289653 57.21 54 6 3684
ML3 75 3276928 57.22 51 3 3822
MLS 26 3265742 57.24 51 5 3466
ML7 25 3266613 57.24 50 3 3478
MLI10 23 3253628 57.25 51 2 3463
ML6 23 3255210 57.25 50 4 3462
B4 CIIMS-NV-4 2 3286445 57.22 55 6 3486
SKNO1 57 3268343 57.23 52 2 3584
SKN13 52 3277130 57.23 51 2 3433
S19per_mutant 25 3271238 57.23 51 2 3597
LMN2 27 3334792 57.2 52 5 3683
LMNI1 24 3395952 574 52 6 3615
2308 2 3278307 57.2 55 9 3467
S19 3283936 572 55 9 3476
85/69 3274983 57.22 55 12 3330
64/108 3286766 55.1 55 12 3348
544 10 3289725 57.21 58 16 3336
RB51 2 3286693 57.2 55 12 3353
Brucella melitensis
VB12455 2 3311723 57.21 55 6 3594
VB700 2 3311614 57.21 55 6 3615
SKN25 62 3294979 57.23 52 2 3580
LMN20 35 3261381 57.24 50 4 3473
LMN17 30 3260156 57.24 50 3 3475
LMNI18 31 3260590 57.24 50 2 3476
LMN19 31 3261531 57.24 49 5 3469
CIIMS-NV-1 2 3311757 57.22 55 6 3519
CIIMS-PH-3 2 3310711 57.22 55 6 3524
CIIMS-BH-2 2 3311210 57.22 55 6 3515
2007BM/1 2 3302684 56.26 43 0 3473
63/9 2 3312958 57.22 55 6 3387
66/59 12 3297701 57.24 53 8 3365
02-5863-1 12 3300222 57.2 53 8 3369
16M 2 3294775 57.22 54 6 3354
Rev 1 2 3299170 57.21 54 9 3354

protein TraB orthologs were also identified as part of acces-
sory genes in the B. melitensis isolates. The summary of
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accessory genes predicted in the B. melitensis genomes is
provided in Table S4.
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Fig.1 Comparative align-
ment of Brucella genomes.
BRIG analysis indicated highly
conserved genomic islands and
prophages for both the species

Single nucleotide polymorphism analysis

The KSNP3 analysis found 8921 SNPs, of which 2623 were
synonymous and 4734 were non-synonymous. Additional
1565 SNPs were not representing any of the CDS regions
identified in the annotated genomes. Following genome
comparison, the NS/S ratio was found to be 1.8, indicating
that the population is evolving and becoming more diversi-
fied. In the SNP-based phylogeny (Figure S1), B. melitensis
and B. abortus strains were divided into two clusters. B.
melitensis isolates exclusively shared 3824 SNPs (node 20),
but isolates of B. abortus shared considerably fewer SNPs
(540) (node 14). This indicates that the B. melitensis strains
are undergoing more diversification as compared to the B.
abortus strains.

B. abortus strains BA_2308, BA_544, BA_RBS51,
BA_S19, and BA_S19 deltaper constituted distinct group
with 38 exclusive SNPs (node 15). Very few SNPs were
shared by other Indian B. abortus strains. However, 44
SNPs were exclusively shared by vaccine strains BA_S19

Genome Atlas

3294941 bp

and BA_S19 deltaper (node 16) (Figure S1). B. melitensis
strains BM_16M and BM_Rev 1 involving node (node 21)
shared 1171 SNPs exclusively and formed an outgroup
from the field B. melitensis strains. A total of 1004 SNPs
were shared by the remaining Indian B. melitensis strains.
Synonymous SNPs were observed in several genes
coding for proteins such as transcription-repair coupling
factor, entericidin A/B family lipoprotein, DNA polymer-
ase 111 subunit epsilon, and flagellar hook protein FIgE.
On the other hand, nonsynonymous SNPs indicative for
amino acid changes were mostly observed in membrane-
associated proteins such as transporters. This included the
porins, autotransporter outer membrane beta-barrel, PAS
domain S-box protein, bacteriophage abortive infection
AbiH family, carbohydrate ABC transporter permease,
heavy metal translocating P-type ATPase, excinuclease
ABC subunit UvrB, and Tm-1-like ATP-binding domain-
containing protein, respectively. Details of SNPs (non-syn-
onymous and synonymous) identified in the comparative
SNP analysis of the44 strains are provided in Table S5.
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Fig.2 Pangenomic analysis of Brucella strains A Multidimensional scaling plot B Gene presence/absence tree C Pan-genome overview

Virulence factors

The presence of genes coding for 43 virulence factors was
searched within the Brucella genomes. Majority of the
isolates were found to be carrying all the analyzed genes.
Exceptions were observed with the absence of certain
virulence factors in the strains such as BM_2007 BM1
(wbkA and ricA), BA_S19 deltaper (wbkB), and BA_RBS51
(wboA). Among these, S19 deltaper is a targeted mutant
strain for the wbkB gene. Along with that, most of the
virulence factors showed 100% consensus with the refer-
ence sequences in VFDB database. The analysis revealed
that the virulence genes virB3, virB7, ricA, virB5, ipx5,
wbkC, wbkB, and acpXL were highly conserved among
all the strains. The genes fabZ, gmd, IpxC, per, virB, wzm,
and wbkA were largely conserved among the B. melitensis
isolates. All B. abortus strains, along with the B. meliten-
sis strains BM_16M and BM_rev.1, shared a conserved
ManAoAg gene, whereas this gene was found to be exhib-
iting polymorphisms in other B. melitensis strains. Forty-
one strains involved in the study had virB2 gene with
moderate sequence variability; however, B. abortus strains
had virB10 gene with highest variability among all the 43
virulence factor genes (>14%) (Figure S2).
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Whole-genome phylogeny and MLST analysis

Two distinct clusters of B. abortus and B. melitensis were
evident in the whole genome-based phylogeny. The stand-
ard strains (BM_16M and BM_Rev.1) formed separate sub-
cluster separated from the other Indian strains within the B.
melitensis cluster. Similar findings were observed with the B.
abortus strains where the standard/vaccine strains and field
strains from India formed separate subclusters. The geno-
types of standard and Indian strains were evaluated using
MLST analysis based on 9 locus, 21 locus, and cgMLST
schemes. It was observed that the sequence types and whole
genome-based phylogeny have good correlations. Standard
isolates of B. melitensis belonged to ST-7 and ST-73 with 9
and 21 locus MLST, respectively. However, the field strains
of B. melitensis were found to belong to the ST-8 based on
both MLST schemes. The laboratory maintained B. abortus
strains such as BA_2308, BA_RB51, BA_S19, and BA_S19
deltaper belonged to ST-5, whereas BA_544 strain was rep-
resented as ST-1 genotype. Indian strains were found to be
the closest or precise matches for ST-1. In comparison to the
other two MLST systems, cgMLST had more discriminatory
features. The isolates from the north-eastern region of India
formed subclusters and shared similar genotypes (closest
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to ST-563 or 564). This indicates that a similar type of B.
abortus strains circulates in the North East region of India.
According to the cgMLST scheme, the BA_S19 deltaper
mutant strain ST represented a profile nearest to ST-223
or 811. The S19 deltaper mutant strain exhibits four locus
variants as compared to BA_S19 strain, whereas original
strain BA_S19 was designated as genotype ST-223. This
indicates that high strain typing efficiency can be achieved
with cgMLST scheme and can differentiate strains with lim-
ited genetic variations. The Indian strain BA_85/69 placed
as an outgroup exhibited distinct MLST profile (9 locus (31),
21 locus (63), cgMLST (361)) (Fig. 3). The MST analysis of
cgMLST distance matrix revealed the clustering of two spe-
cies separately. Within each species, standard strains formed
a distant subcluster from the field strains (Fig. 4).

Discussion

Bovine brucellosis is a contagious disease of livestock sec-
tor and a potent zoonosis. The study analyzed the whole-
genome sequence data of B. abortus and B. melitensis strains
representing standard, vaccine and field origins. Genome
assembly and annotation statistics indicated limited varia-
tions in genome size, GC content and CDS number among
the involved strains (Table 1). Earlier studies reported sig-
nificant degree of similarity for Brucella species based on
16sRNA and phylogenetic analysis (Foster et al. 2009).
In India, B. abortus S19 live attenuated strain is currently

Tree scale: 0.0001 ——i

used as the vaccine candidate for the control of large rumi-
nant brucellosis. However, the protection level provided by
B. abortus S19 strain against other Brucella infections is
unknown (Van straten et al. 2016). For inferring such a pos-
sibility, the preliminary step is to understand the genetic
similarity and uniqueness of both species with respect to
standard, vaccine and field strains. A pangenome analysis
involving the B. abortus and B. melitensis strains indicated
3244 total genes, of which 2884 genes were core, repre-
senting genes that are shared by all the strains from both
species (Fig. 2). A high core vs pangenome ratio of 88%
(2884/3244) shows both species harbor very little unique
genes and accounts for around 120 genes in each species
(Table S3 and S4). Accessory genome and strain-specific
unique genetic elements are usually carried in plasmids,
prophages, and genomic islands in bacterial genomes
(Ozer et al. 2014). Both species were indicated for genomic
islands and prophages that were conserved across species
(Table S2). However, a unique 20-kb region was found in
few B. melitensis strains but not in B. abortus strains. Excep-
tional presence of unique accessory genes observed in the
two B. abortus strains (LMN1 and LMN) were found to be
associated with phage proteins (Fig. 2). Previous studies also
identified certain B. melitensis strains of Indian origin for
their unique accessory gene content (Karthik et al. 2021).
However, the overall analysis indicated highly conserved
genomes and significantly shared core genome among both
species. This homology indicate the probability for a similar
mechanisms in both species contributing towards immune

Colored ranges BM Rev 1101 fna 7 73 560 NA NA
e LBM 16M fa. 7 73 218 NA NA
[T Indian_Brucella abortus * Brucella melitensis strain SKN25 fna 8 NA 383 2015 India
|:| Standard Brucella abortus ’_r Brucella melitensis strain VB12455fia = 8 NA 670 2019 India
= — r Brucella melitensis isolate VB700 fna 8 NA 670 2019 India
D Indian_Brucella melitensis T Brucella melitensis strain ClIIMS-BH-2fla 8 8 557 2016 India: Karnataka
". Brucella melitensis strain CIIMS-NV-1fna 8 8 565 2016 India: Nagpur
D Standard_Brucella melitensis ‘ = Brucella melitensis strain 20078BMifia = 8 8 565 2007 India:Karnataka
c Brucella melitensis strain CIIMS-PH3fa 8 156 558 2016 India:Chandigarh
r Brucella melitensis strain CIIMS-NV-5f)a 8 8 556 2016 India: Bhandara
. Brucellamelitensis 66 59 fna 8 8 328 1966 India
- MLST_9 T Brucellamelitensis 02-5863-1 ma 8 8 436 NA  India
@ MisT 21 I Brucella melitensis bv 2 str 639 fna 8 8 462 NA  India
= : Brucella melitensis strain LMN18 fna 8 8 573 2018 India: Punjab
W cgMLST * Brucella melitensis strain LMN19 fia 8 8 573 2018 India: Punjab
¥ Brucella melitensis strain LMN20 fna. 8 8 573 2018 India: Punjab
v Year I Brucella melitensis strain LMN17 fna 8 8 573 2018 India: Punjab
. Place x BA S19deltaper fasta 5 5 223/811 NA NA
Pt BA S19 fasta 5 5 223 NA NA
& Host x BAS44 fasta 1 1 346 NA NA
* BARB5L fna 5 5 798 NA NA
> source % BA2308 fna 5 5 227 NA NA
Brucella abortus strain CIIMS-Nv-4fna = 1 1 559 2016 India: Nagpur
" Brucella abortus strain SKN13 fna 1 1 352 2014 India
x Brucella abortus strain SKNOL1 fna NA NA 669 2013 India
L Brucella abortus strain IVRI 95 fna 1 1 59 1995 India: Karnataka
o Brucella abortus LMN2 fna NA NA 594 2013 India: Punjab
* Brucella abortus LMN1 fna. NA NA 594 2013 India: Punjab
| Brucella abortus 64 108 fna 1 1 352 1964 india
* Brucella abortus strain ML3 fna 1 NA 563/564 2017 India:Meghalaya
* Brucella abortus strain ML7 fna 1 563/564 2017 India:Meghalaya
] Brucella abortus strain Br As-2013 01 fna 1 563/564 2013 India: Assam
Brucella abortus strain Br As-2014 03 fna 1 563/564 2014 India: Assam

Brucella abortus strain ML5 fna

Brucella abortus strain ML1 fna

Brucella abortus strain ML4 fna

Brucella abortus strain ML10 fna
Brucella abortus strain ML2 fna

Brucella abortus strain Br As-2014 10 fna
Brucella abortus strain ML8 fna

Brucella abortus strain Br As-2014 04 fna
Brucella abortus strain ML6 fna

Brucella abortus strain Br As-2013 02 fna
Brucella abortus 85 69 fna

1

1

1.

1 1 563/564 2017 India:Meghalaya
1 NA 563/564 2017 India:Meghalaya
~1 NA 563/564 2017 India:Meghalaya
1 1 564 2017 India:Meghalaya
1 NA 563/564 2017 India:Meghalaya
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Fig.3 Whole genome phylogenetic analysis. Comparison of whole-genome phylogenetic tree and MLST sequence types
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Fig.4 Minimum spanning trees

(MST) based on cgMLST dis- A
tance matrix A MST highlight-

ing B. abortus and B. melitensis

strains B MST highlighting

field, vaccine and pathogenic

strains

response following vaccination or infections. Hence, an
appropriate vaccine candidate derived from one species
may evoke a significant immune response effective against
Brucella infection mediated by a different species.

Further, the extent of divergence between both species
attributed to SNPs was evaluated. SNPs can define genetic
variations occurring in strains that can also attribute to
phenotypic characteristics associated with invasion, sur-
vival, and virulence. Alignment and reference-free SNP
detection tool were used for this (Gardner et al. 2015). SNP
matrix indicated number of SNP difference between both
species. B. melitensis were found to evolve more quickly
and had a higher number of SNPs in their genomes. B.
abortus strains showed less divergence based on SNP
variations (Figure S1, Table S5). Earlier studies have ana-
lyzed the SNPs associated with the genomes of Brucella
strains across the world, and the results showed the estab-
lishment of genotypes and sub-genotypes depending on
their SNP profiles (Pisarenko et al. 2018). BM_16M and
BM_Rev.1 strain showed major difference in SNP profile
from other Indian strains. On the other hand, B. abortus
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Species
[ Brucelia abortus [27)
[ Brucella melitensis [17]

Origin
[ Field [37]
[[] standard_vaccine [4]
[l standard_Pathogenic [3]

vaccine candidate strains showed lesser number of exclu-
sive SNPs shared as compared to B. melitensis vaccine
strains. It may be possible that some of these involved
SNPs are important in the attenuation of candidate vaccine
strains (Kornspan et al. 2020). Thus, by using a genomic
approach, Brucella field and vaccine strains can be distin-
guished based on their unique SNP profiles (El-Sayedet
al. 2018). On the other hand, gene-based approach may
not be suitable to identify closely related strains (Tan
et al. 2015). Whole-genome phylogeny (WGP)-SNP-
based phylogeny can discriminate the strains based on the
regions. The clustering of isolates from the Northeastern
region indicates that strains belonging to same genotypes
may be circulating in this area. This is supported by the
previous findings where Brucella strains from the differ-
ent South African regions were found clustering as differ-
ent genotypes with specific SNPs (Ledwaba et al. 2021).
The importance of attenuation and decreased virulence
can be inferred from the vaccine strains with the high-
est number of non-synonymous SNPs (NS) found. When
the S19 genome was compared to virulent genomes, Orf
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and amino acid alterations were also identified in the S19
genome along with eryC gene deletion (Crasta et al. 2008).
NS mutation in the YadA protein affects the adherence,
invasiveness, and serum resistance capacity of bacteria.
It has structural similarity with Yersinia enterocolitica
YadA protein (Paulsen et al. 2002). Similarly, SNPs in
the phosphomannomutase, ABC transporter permease, and
GDP-mannose dehydratase genes are presumed to have a
role in the conversion of smooth to rough phenotype and
attenuation in B. melitensis Rev 1 vaccine strain (Kornspan
et al. 2020).

The pathogenesis of Brucella spp. in the susceptible host
depends on the presence of virulence factors associated with
LPS synthesis, immune evasion, intracellular survival, gene
regulation, and secretion system. The present study identi-
fied a highly conserved nature of many significant genes
including those coding for the virulence factors among both
Brucella species. However, a degree of genetic variability
was observed among certain virulence genes in many of the
strains analyzed. Also, some of the strains were found to be
lacking the ricA, wbkA, wbkB, and wboA genes (Figure S2).
The RicA protein plays a role in the Brucella intracellular
trafficking and translocation process (De Barsy et al. 2011).
The wbo and wbk genes are associated with the production
of the LPS O chain and codes for the enzymes glycosyltrans-
ferase (wboA) and manosyltransferase (wbkA), respectively.
The gene wbkB codes for an enzyme of unknown function.
Brucella strains may develop a rough phenotype when
these genes, particularly (wboA), are disrupted (Etemady
et al. 2015). The wbkA gene interacts with wboA gene and is
involved in the elongation of the O chain. Thus, both genes
may compensate each other to overcome phenotypic varia-
tions (Cloeckart et al. 2000). However, in B. melitensis 16M,
the wbkB gene deletion did not change LPS composition or
morphology (Godfroid et al. 2000). In contrast, B. abortus
S19, a wbkB mutant, exhibited transition from smooth LPS
to intermediate smooth LPS (Chaudhuriet al. 2015). Thus,
the phenotypic variation associated with the gene mutation
may vary with species or strains. Certain genetic elements
such as ManAoAg gene found in the B. abortus strains along
with B. melitensis strains such as BM_16M and BM_Revl
were devoid of any sequence variability. However, muta-
tions in this gene are not associated with the development
of rough phenotype (Zygmunt et al. 2009). Apart from the
genes directing rough-smooth phenotype, previous stud-
ies have also identified genes associated with the oxidative
stress survival of Brucella spp. Mutations in the genes cod-
ing for glutathione S-transferase family protein, NAD (P)
transhydrogenase subunit alpha, magnesium transporter, and
MES efflux pump confer reduced ability to B. melitensis Rev
1 vaccine strain to cope up with the oxidative stress within
the host cell resulting in an attenuated phenotype (Kornspan
et al. 2020). Thus, whole genome—based analysis will help

us to understand the genetic mechanism associated with
the altered phenotype and attenuation of the vaccine strains
compared to field strains.

As a bench mark, we applied genome sequence—based
strain typing methods such as whole genome sequence—based
phylogeny and cgMLST scheme along with conventional
MLST schemes to infer genetic relatedness among various
strains. MLST is a powerful typing system, which can help
to identify pathogen origin and spreading status. The current
study discriminated 5, 6, and 25 genotypes as per 9, 21, and
cgMLST schemes. Different genotypes have been found in
standard strains. The cgMLST shows high discriminatory as
compared to other typing systems. It has the ability to dis-
criminate strains circulating within the country. Strains from
Punjab and Northeastern India grouped regionally show-
ing circulation of similar type strains in these regions. The
WGP of Brucella strains indicated separate species-specific
clusters for B. abortus and B. melitensis (Foster et al. 2009).
Comparative genomics of ten Brucella species reported by
Wattam et al. (2009) indicated four clades in phylogenetic
tree and among that B. abortus and B. melitensis formed a
single clade (Wattam et al. 2009). When compared to Indian
field strains, the standard B. abortus and B. melitensis strains
grouped independently. Isolates BM 16M and BM rev.1
formed similar outgroups based on both whole genome and
core genome based phylogenetic analysis (Azam et al. 2016,
Karthik et al. 2021). The specific geographical clustering of
Brucella strains was demonstrated by the distinct cluster for-
mation of Indian strains in earlier study (Sankarasubrama-
nian et al. 2019). Similar findings and benefits of sequence-
based approaches over the conventional typing system with
respect to strain differentiation potential have been reported
by Sankarasubramanian et al. (2015) and Abdel-Glil et al.
(2022).

Conclusion

To conclude, the study carried out the genome
sequence—based comparison of standard, vaccine and Indian
field strains of B. abortus and B. melitensis. Both species
indicated significant sharing of genes, whereas SNP diver-
gence was higher for B. melitensis as compared to B. abor-
tus. Genome sequence data was found valuable for identify-
ing variations in virulence factors and differentiating closely
related standard, vaccine and field strains. Further studies
can be targeted for the development of vaccines with broader
protection considering the genome resource informations
such as genetic homology, SNPs and virulence factors pre-
sent in different Brucella species and strains.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10123-023-00374-w.
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