
FEMS Microbiology Letters, 364, 2017, fnx199

doi: 10.1093/femsle/fnx199
Advance Access Publication Date: 13 September 2017
Research Letter

RESEARCH LETTER –Pathogens & Pathogenicity

Typing and comparative genome analysis of Brucella
melitensis isolated from Lebanon
Natalia Abou Zaki1, Tamara Salloum1, Marwan Osman2, Rayane Rafei2,
Monzer Hamze2 and Sima Tokajian1,∗,†

1Department of Natural Sciences, School of Arts and Sciences, Lebanese American University, Byblos 36,
Lebanon and 2Health and Environmental Microbiology Laboratory, Doctoral School for Sciences and
Technology and Faculty of Public Health-Lebanese University, Tripoli 1300, Lebanon
∗Corresponding author: Department of Natural Sciences, School of Arts and Sciences, Lebanese American University, Byblos Campus, P.O. Box 36,
Lebanon. Tel: +961-9-547262; Fax: +961-9-546262; E-mail: stokajian@lau.edu.lb
One sentence summary: Comparative genome analysis of Brucella melitensis.
Editor: Craig Winstanley
†Sima Tokajian, http://orcid.org/0000-0002-3653-8940

ABSTRACT

Brucella melitensis is the main causative agent of the zoonotic disease brucellosis. This study aimed at typing and
characterizing genetic variation in 33 Brucella isolates recovered from patients in Lebanon. Bruce-ladder multiplex PCR
and PCR-RFLP of omp31, omp2a and omp2b were performed. Sixteen representative isolates were chosen for draft-genome
sequencing and analyzed to determine variations in virulence, resistance, genomic islands, prophages and insertion
sequences. Comparative whole-genome single nucleotide polymorphism analysis was also performed. The isolates were
confirmed to be B. melitensis. Genome analysis revealed multiple virulence determinants and efflux pumps. Genome
comparisons and single nucleotide polymorphisms divided the isolates based on geographical distribution but revealed
high levels of similarity between the strains. Sequence divergence in B. melitensis was mainly due to lateral gene transfer
of mobile elements. This is the first report of an in-depth genomic characterization of B. melitensis in Lebanon.
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INTRODUCTION

Brucella spp. are Gram-negative, facultative intracellular, α-
proteobacteria that lack classical virulence factors (VFs) pos-
sessed by other pathogens such as endospores, native plas-
mids and capsules (Corbel 1997; Moreno and Moriyón 2002).
Apparently descending from a free-living organism, Brucella spp.
underwent evolutionary events including the loss and acquisi-
tion of genes to subsequently become an animal parasite (Ficht
2010). Brucellosis is transmitted to humans through the con-
sumption of infected meat or dairy products, direct contact or
inhalation of droplets (Mantur, Amarnath and Shinde 2007).

Only 100 to 1000 organisms are sufficient to cause an infec-
tion. Macrophages then transport Brucella to the lymph nodes,
spleen, liver, bone marrow, mammary glands and sex organs.
Common symptoms of brucellosis include fever, nausea, myal-
gia, arthralgia of large joints, headache, hot flushes, diarrhea
and vomiting. Meningitis, endocarditis, spondylitis and arthri-
tis are also reported (Ko and Splitter 2003). The genus Brucella
has 12 recognized species, all of which exhibit distinct host pref-
erences (Moreno 2014) (http://www.bacterio.net/brucella.html).
Brucella pathogenesis lies in its ability to survive intracellu-
larly and multiply within host cells such as macrophages
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through utilization of factors that enhance its fitness such
as lipopolysaccharides (LPS), type IV secretion system (T4SS)
and BvrR/S two-component system (TCS) (Martı́nez-Núñez
et al. 2010).

The Middle East is by far the most endemic region for bru-
cellosis worldwide (Pappas and Memish 2007). In Lebanon and
the Middle East, brucellosis is mainly caused by Brucella meliten-
sis with reported cases of brucellosis following contamination
of dairy products, in addition to occupational risk (Dajani, Ma-
soud and Barakat 1989; Araj and Azzam 1996; Pappas and Mem-
ish 2007; Alwan et al. 2010). Species identification after isolation
from blood, tissue or body fluids is performed either through
biochemical tests, serological tests or PCR-based assays (Sakran,
Chazan and Koren 2006). Serological assays are the most com-
monly used in the diagnosis of brucellosis (Araj 2010). However,
in the absence of a standard reference antigen, the source of the
antigens and themethods followed could influence the obtained
results (Araj 2010).

Several molecular typing methods have been applied to
search for DNA polymorphisms between Brucella spp. and bio-
vars, such as PCR-RFLP (Wattiau et al. 2011; Mirnejad et al.
2013). Moreover, the omp2 locus composed of two gene copies
(omp2a and omp2b) coding for porin proteins has been found
particularly useful for Brucella identification at the species, bio-
var and strain levels (Zerva et al. 2001). However, one of the
challenges of using molecular typing techniques for the dif-
ferentiation of various Brucella spp. and strains is their high
level of genetic homology (>90%) (Verger et al. 1985). Target-
ing loci containing variable number of tandem repeats (VNTRs)
and the corresponding MLVA (multiple locus VNTR analysis)
proved useful in discriminating human Brucella isolates in cor-
relation with their geographic origins (Al Dahouk et al. 2007).
MLVA-16 distinguished 56 genotypes among B. melitensis iso-
lates in Italy mostly belonging to the West Mediterranean lin-
eage (Garofolo et al. 2013). Similarly, MLVA-15 largely separated
genotypes of B. melitensis from Egypt, Qatar and Libya (Tiller
et al. 2009). In another study, MLVA was successfully used in the
genetic analysis of camel B. melitensis infections in the United
Arab Emirates (Gyuranecz et al. 2016). More recently genome-
based approaches such as single nucleotide polymorphism
(SNP) analysis confirmed whole-genome sequencing (WGS) as
a powerful tool for the accurate typing and better resolution
in the Brucella genus (Georgi et al. 2017). In closely related
species such as in Brucella, SNP-based phylogenetics provide
enough discrimination and ease of comparison (Foster et al.
2009).

However, the lack of whole-genome-based molecular analy-
sis is a caveat in the understanding of the patterns of evolution
of Brucella and its patterns of transmission associated with trav-
elling and recent population migrations (Dean et al. 2012; Georgi
et al. 2017). To our knowledge, this is the first in-depth genetic in-
vestigation of a collection of B. melitensis strains obtained from
human cases in Lebanon.

In this study, the species of 33 Brucella isolates recovered
from blood and articular fluid were determined using the Bruce-
ladder multiplex PCR, IS711 gene PCR, omp31, omp2a and omp2b
PCR-RFLP and Rev 1 rpsL PCR to differentiate the clinical iso-
lates from Rev 1 vaccine strain. Sixteen selected B. melitensis iso-
lates were then subjected to draft-genome sequencing to char-
acterize their resistance patterns, VFs and repertoire of mobile
genetic elements. Evolutionary and geographic relatedness of
the isolates compared to publicly available genomes were deter-
mined by whole-genome SNPs (wgSNPs), comparative and phy-
logenetic analysis.

MATERIALS AND METHODS

Ethical approval

Ethical approval was not required as clinical isolates were col-
lected and stored as part of routine clinical care. Clinical iso-
lates and patient records/information were anonymized and de-
identified prior to analysis.

Clinical isolates

A total of 33 Brucella isolates were kindly provided by Azm Cen-
ter for Research and Biotechnology. The isolates are referred to
as Bru003–Bru011, Bru013–Bru036 throughout the manuscript.
Isolates Bru003–011 and Bru013–036 were recovered from blood;
Bru016 was recovered from the articular fluid and Bru027 from
the ascitic fluid. For genome sequencing, 16 representative
isolates were chosen: Bru003–004, Bru008, Bru010, Bru013–015,
Bru018, Bru025–Bru027, Bru029-Bru030 and Bru034–036.

Antimicrobial testing

Antimicrobial susceptibility testing was performed using the
disk diffusion method for ofloxacin, ciprofloxacin, tetracy-
cline, minocycline, rifampicin, gentamicin and sulfamethoxa-
zole/trimethoprim (Oxoid, England). All antimicrobial testing
was performed on Mueller-Hinton agar with 5% (v/v) blood and
the Clinical and Laboratory Standards Institute guidelines were
used for data interpretation (CLSI 2013).

DNA extraction

DNA was extracted using the Nucleospin Tissue kit (Macherey-
Nagel, Germany) according to the manufacturer’s instructions.

Bruce-ladder multiplex PCR

Bruce-laddermultiplex PCR for species determination of Brucella
isolates was performed following Garcı́a-Yoldi et al. (2006).

IS711 gene and Rev 1 rpsL PCR

Genomic DNA was amplified using IS711 primers specific for B.
melitensis. In order to differentiate the obtained B. melitensis clin-
ical isolates from Rev 1 vaccine strain, rpsL-PCR was performed
using rpsL primers specific for Rev 1 vaccine strain, as previously
described by Awwad et al. (2015).

PCR-RFLP of omp31, omp2a and omp2b

PCR of omp31 was performed using 31sd (5′-TGACA-
GACTTTTTCGCCGAA-3′) and 31ter (5′-CATTCAGGACAA-
TTCCCGCC- 3′) primers (Singh et al. 2013).

omp2a and omp2b were amplified as previously reported by
Cloackaert et al. (2002).

Each PCR product (5 μl) was cleaved in a 20-μl volume re-
action with 5 U of restriction enzymes HaeIII, HinfI and PstI for
omp31, omp2a and omp2b, respectively (Thermo Fisher Scientific,
MA, USA) for 2 h at 37◦C according to themanufacturer’s instruc-
tions.

Genome sequencing

One nanogram of genomic DNA from each isolate was used
as input for library preparation using the Nextera XT library
prep kit (Illumina, Inc., San Diego, CA, USA). The subsequent
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clean-up steps were performed using the AMPure XP PCR pu-
rification beads (Agencourt, Brea, CA, USA) following the man-
ufacturer’s instructions. The resulting libraries were quantified
by quantitative PCR in triplicate at 1:1000 and 1:2000 and using
the Kapa library quantification kit (Kapa Biosystems, Woburn,
MA, USA) and as recommended by the manufacturer’s protocol.
The samples were pooled together and then sequenced on an
Illumina MiSeq for paired-end 250-bp reads.

Genome assembly and annotation

De novo genome assembly was performed using the A5-miseq
assembly pipeline keeping default parameters (Tritt et al. 2012).
Data cleaning, error correction, contig assembly, scaffolding and
quality control processes are all automated by this pipeline. The
resulting de novo assemblies were annotated using the RAST
server (http://rast.nmpdr.org) (Aziz et al. 2012).

KmerFinder tool was used for species prediction
based on the number of co-occurring k-mers in DNA
(www.genomicepidemiology.org). Core components of the
T3SS and T4SS were searched using the T346Hunter application
(Martı́nez-Garcı́a, Ramos and Rodrı́guez-Palenzuela 2015). Phage
Search Tool (PHAST) (http://phast.wishartlab.com/index.html)
was used to detect phages, sites of integration and clos-
est identity match (Zhou et al. 2011). Insertion sequences
(ISs) were detected using Biotoul IS-Finder (http://www-is.
biotoul.fr/) (Siguier et al. 2006). IslandViewer (http://
pathogenomics.sfu.ca/islandviewer) was used for the iden-
tification of pathogenicity islands (Dhillon et al. 2015).

Comparative genome analysis

CGview Server V 1.0 was used to visualize the sequence feature
information and circular genome representation of sequenced
isolates through comparison with B. melitensis 16M reference
genome (accession #: NC 003317 and NC 003318) (DelVecchio
et al. 2002; Grant and Stothard 2008). DNAPlotter was used for
circular genome maps visualization (Carver et al. 2009).

In order to determine the phylogenetic relationship of the se-
quenced strains, 37 concatenated marker genes were used to
construct a maximum-likelihood tree using seven B. melitensis
reference genomes downloaded from the NCBI database (16M,
ATCC 23457, Ether, NI, M5–90, M28 and strain 63/9), in addition to
other Brucella spp. (B. abortus 2308, B. abortus 9–941, B. canis, B. ceti,
B. pinnipedialis, B.microti, B. suis, B. ovis and B. vulpis).Ochrobactrum
anthropi was used as an outgroup to root the tree. The genomes
were processed with PhyloSift, and Dendroscope was used to
edit and visualize the tree (Huson and Scornavacca 2012; Dar-
ling et al. 2014). ‘Phylosift accounts for a set of 37 marker genes
having parallel phylogenetic histories (Darling et al. 2014)’. The
genome sequences were aligned against the reference 16M us-
ing Mauve 2.2.0 (Darling et al. 2004).

SNP-based phylogenetic analysis

The sequence data were aligned against the 16M reference
genome using the Burrows–Wheeler Aligner (Li and Durbin
2010). SNP calling was done by mapping the paired-end reads
of the 16 genomes and 7 B. melitensis reference genomes down-
loaded from NCBI to the genome of 16M, using the BioNumerics
v7.6.1 beta software (Applied Maths, Sint-Martens-Latem, Bel-
gium). A neighbor-joining tree was drawn in BioNumerics by us-
ing the wgSNP data as input. The tree was rooted by using the
O. anthropi as an outgroup.

Nucleotide sequence accession numbers

The whole-genome shotgun sequences of Brucella spp. Bru003–
004, Bru008, Bru010, Bru013–015, Bru0018, Bru025–027, Bru029–
030 and Bru034–036 are available in GenBank respectively
under accession numbers: MKPV0000000, MKPW00000000,
MLJL00000000, MKXI00000000, MKXJ00000000, MKPX00000000,
MKPY00000000, MNBM00000000, MKPZ00000000,
MNBN00000000, MKQA00000000, MNBO00000000,
MRUO00000000, MRUP00000000, MRUQ00000000 and
MKQB00000000.

RESULTS

Bruce-ladder multiplex PCR

In all the tested isolates, six fragments of 152, 450, 590, 794, 1071
and 1682 bp were amplified. The fragment sizes obtained were
in accordance with the unique pattern of Brucella melitensis (Data
not shown).

PCR analysis

IS711 gene (731 bp) specific for B. melitensis 16M was amplified
in all 33 isolates. None of the isolates was positive for Rev 1 vac-
cine strain rpsL indicating that thesewere all naturally occurring
isolates.

PCR-RFLP of omp31, omp2a and omp2b

omp31 gene (900 bp) and omp2a (1100 bp) genes were amplified
in all the tested isolates. Three bands of 210 bp, 280 bp and
320 bp were observed following enzymatic digestion of omp31
with HaeIII. Three bands of 210 bp, 270 bp and 550 bp were ob-
tained with HinfI restriction digestion of omp2a (P2 and P3 pat-
terns) and three bands of 250 bp, 480 bp and 520 bp were ob-
tained with HinfI restriction digestion of omp2b (P1 pattern). All
three patterns corresponded to B. melitensis biovar 1 (data not
shown).

Genome statistics

The average genome size of the 16 sequenced isolates was 3297
621 bp, ranging from 3290 179 bp to 3322 963 bp. The number of
contigs ranged from 34 to 80. The G + C content was 57.2 ± 0.1%
and the number of detected subsystems was 434 ± 4. The aver-
age number of coding sequences was 3327, ranging from 3314
to 3339, with 56 RNAs detected (tRNAs and rRNAs) (Fig. 1; Ta-
ble S1, Supporting Information). All the 16 sequenced genomes
were confirmed to be B. melitensis using the KmerFinder 2.0 tool
along with the NCBI Blast (Hasman et al. 2014).

Abundance of VFs

Among the detected virulence determinants in the 16 se-
quenced genomes were those linked to secretion systems (T4SS
and flagellar genes), LPS genes linked to O-antigen biosynthesis
(genes encoding phosphomannomutase, mannose 6-phosphate
isomerase and mannose guanylyltransferase), ureases (ureA,
ureB, ureC, ureD, ureE, ureF and ureG), BvrR/S TCS (encoded by chvI
and chvG), regulation of gene expression (hfq), cyclic β-1,2-glucan
cgs (ndvb) and stringent response (spoT/rsh).

For T4SS components, virB 1–11 were detected in all the 16
sequenced genomes using RAST and T346Hunter except virB7.
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Figure 1. Circular maps of Bru004 chromosomes 1 and 2. From outside to inside, the tracks represent forward coding sequence (CDS) (red); reverse CDS (blue); tRNAs
(green); G + C plot; G + C skew (black above average and gray below average). Image was generated using DNAPlotter (Carver et al. 2009).

Table 1. Genes found on GIs in the sequenced B. melitensis isolates as detected by Islandviewer 3.

wbkE per Gmd wboA wboB wbkC wbkA Outer membrane protein Exonuclease

Bru003 − + + + + + + − −
Bru004 − + + + + + + − −
Bru008 + + + + + + + + −
Bru010 − + + + + + + − −
Bru013 − + + + + + + − +
Bru014 − + + + + + + + +
Bru015 − + + + + + + + +
Bru018 − + + + + + + − −
Bru025 + + + + + + + − −
Bru026 − + + + + + + + −
Bru027 − + + + + + + − −
Bru029 − + + + + + + + +
Bru030 − + + + + + + − −
Bru034 − + + + + + + − −
Bru035 − + + + + + + − +
Bru036 − + + + + + + − −

wbke = glycosyltransferase, per = perosamine synthetase, gmd = GDP-mannose 4–6 dehydratase, wboA = glycosyltransferase, wboB = glycosyltransferase,
wbkC = formyltransferase, and wbkA = mannosyltransferase.

The components of T4SS were within one gene cluster. Table 2
shows the 11 core components of T4SS and their corresponding
annotations. Three gene clusters linked to flagellar components
were also detected using T346Hunter (Table S2, Supporting In-
formation).

Islandviewer 3 was used to detect genomic islands (GIs) by
aligning the genomeswith reference strain B.melitensis 16M [Illu-
mina + 454] (Accession #: GCA 00740415). LPS-related genes, ex-
onucleases and outer membrane proteins were found in several
GIs within the sequenced isolates. Additionally, genes linked to
the virB operon (virB2, virB3, virB4, virB5, virB6 and virB8) encod-
ing for T4SS components were detected in Bru015 (Table 1).

Antibiotics resistance profiles

The antimicrobial susceptibility against ofloxacin, minocy-
cline, rifampicin, tetracycline, gentamicin, ciprofloxacin and

sulfamethoxazole/trimethoprim was determined. All isolates
were susceptible to tetracyclines (minocycline and tetracycline),
aminoglycosides (gentamicin) and rifamycins (rifampicin). Re-
sistance to ofloxacin (fluoroquinolone) was detected in Bru007.
Bru028 was resistant to both ofloxacin and ciprofloxacin.
The NorMI efflux pump, which confers resistance to fluoro-
quinolones, was detected in all the sequenced genomes.

Resistance to trimethoprim and sulfonamide was observed
in 87.5% (n = 14) of the tested isolates (Bru003, Bru014–015,
Bru017, Bru019–024, Bru028 and Bru030–032), all of which were
positive for the RND efflux pumps, conferring resistance to
trimethoprim.

Phages and mobile genetic elements

At least one prophage was detected per genomewith sizes rang-
ing between 6 and 69 kb providing some diversity between the
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Table 2. Core components of the T4SS.

Gene Corresponding protein

virB1 Peptidoglycan hydrolase involved in T-DNA transfer
virB2 Major pilus subunit of type IV secretion complex
virB3 Inner membrane protein forms channel for type IV secretion of T-DNA complex
virB4 ATPase required for both assembly of type IV secretion complex and secretion of T-DNA complex
virB5 Minor pilin of type IV secretion complex
virB6 Inner membrane protein of type IV secretion of T-DNA complex
virB8 Inner membrane protein forms channel for type IV secretion of T-DNA complex
virB9 Outer membrane and periplasm component of type IV secretion of T-DNA complex, has secretin-like domain
virB10 Inner membrane protein of type IV secretion of T-DNA complex, TonB-like
virB11 ATPase required for both assembly of type IV secretion complex and secretion of T-DNA complex

Figure 2.Maximum-likelihood concatenatedmarker tree of the Brucella strains used in this study compared to reference strains downloaded fromNCBI database based

on the concatenated alignment of 37 core genes as generated by PhyloSift (Darling et al. 2014).

isolates. Brucellaphage BiPBO1was detected in isolates Bru003,
Bru004, Bru013, Bru015, Bru018, Bru025, Bru026, Bru027 and
Bru034 with sizes ranging between 15.1 (incomplete) and 24.1 kb
(intact). An intact phage (Paracoccus vB Pmas) was found in all
isolates except Bru013 and Bru034. A 6-kb Gordonia Phage Splin-
ter was detected in Bru010 and Bru030. Staphylococcus beta-like
phage ranging in size between 20.4 and 38.8 kb was found in
Bru003, Bru025 and Bru036. However, phages Lactococcus jj50 and
Mycobacterium phage Makemake were found only in Bru015 and
Bru018, respectively (Table S3, Supporting Information).

Insertion sequences

ISL3, IS3, IS481, IS5 and IS711 were detected using IS Finder in
all the sequenced genomes. IS66 was only present in Bru018,
Bru029, Bru030 and Bru035 and IS110 in Bru004, Bru008, Bru010,
Bru014, Bru029, Bru030 and Bru034 and IS6 in Bru003, Bru014,
Bru015, Bru025, Bru027 and Bru036.

Phylogenetic analysis

Phylogenetic analysis using PhyloSift based on the concatenated
alignment of 37 core genes separated the sequenced isolates
in five clades distinct from other B. melitensis reference strains.
Bru003, Bru015 and Bru034 clustered separately (Fig. 2). Also,
comparative analysis was performed to detect sequence diver-
gence between reference strains 16M (Biovar 1) and Ether (Biovar
3), ATCC23457 and 63/9 (Biovar 2), and strainsM5–90 andM28. All
reference strains were highly conserved in their core genomes,

where divergence was mainly attributed to hypothetical pro-
teins and mobile elements between strains 16M and Ether. As
for strains M5–90 and M28, divergence was due to several viru-
lence determinants including efflux pumps, ABC transporters,
cold shock proteins and flagellar genes.

Comparative genome analysis

To study the genetic relatedness of the isolates, wgSNP-based
phylogenetic analysis was conducted using seven B. meliten-
sis genomes downloaded from NCBI and the genome of 16M
as a reference. SNP analysis yielded 38 431 SNP sites and
found only silent and intergenic mutations between the se-
quenced isolates causing no amino acids substitutions. The
SNPs were evenly distributed all over the genomes, and their
locations were also conserved between the sequenced isolates.
Particularly, SNPs were present in methyltransferases, phage
integrases, dehydrogenases, SOS-response repressors, various
ATPases and enzymes involved in metabolism, among other
genes.

SNP-based phylogenetic analysis revealed three main clades
associated with the geographic attributions of the genomes, as
previously distinguished by Kay et al. (2014), Tan et al. (2015) and
more recently by Georgi et al. (2017): the first clade comprised
the isolate Ether isolated from Italy and falling in the Western
Mediterranean Region; the second clade comprised the refer-
ence 16M isolated from the USA and falling in the American Re-
gion; the third clade consisted of the genomes NI, M5–90, M28
(China) and 63–9 and ATCC 23457 (India) in addition to the 16
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Figure 3.WgSNP-based neighbor-joining phylogenetic tree. Bootstrap values are based on 1000 replicates. The corresponding information of the isolates: geographical

location, accession number, source, host and resistance profiles are depicted; SXT: trimethoprime/sulfamethoxazole (25 μg).

Figure 4. Circular map of Bru004 chromosomes 1 and 2 compared with B. melitensis str. 16M reference genome chromosomes 1 and 2, respectively. From outside to
inside, the rings represent Bru004 coding DNA sequence (CDS) on the forward and reverse strand (blue), B. melitensis 16M chromosome 1 and 2 Blast results (light pink
and light green) representing the positions covered by the BLASTN alignment, G + C content (black), G + C positive skew (green) and G + C negative skew (purple).
Image was constructed using CGview Server V 1.0 (Grant and Stothard 2008).

sequenced genomes and fall under the East Mediterranean
Region including the Middle and Far East. The 16 sequenced
genomes clumped together in a separate subclade under the
East Mediterranean Region (Fig. 3).

Genome alignment of the 16 B. melitensis against 16M using
Mauve and BLAST analysis revealed high levels of conservation
between the isolates (Fig. 4; Fig. S1, Supporting Information).
When minimal variations were observed, they involved hypo-
thetical proteins, sugar binding and transport and glutamate de-
carboxylase enzyme.

DISCUSSION

Brucella melitensis is the major cause of brucellosis in humans
in the Middle East and Lebanon, specifically (Araj and Azzam
1996). Recent analysis has concluded that the increase in bru-
cellosis cases witnessed in Germany between 2014 and 2015 is
associated with cases originating from the Middle East (Georgi
et al. 2017). In Lebanon, the VFs and genotypic characteristics of
Brucellawere not previously studied and there is a lack of data on
the pathogenomics and epidemiology of this important human
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pathogen. This study aimed at identifying the species of a col-
lection of 33 Brucella isolates by using various molecular typing
methods and analyzing the genomic distinctions of 16 selected
B. melitensis isolates through wgSNPs and comparative genome
analysis.

Brucella lacks the classical virulence determinants usually
found in other pathogens such as cytolysins, exotoxins, fim-
briae, plasmids and antigenic variation (Moreno and Moriyón
2002). Accordingly, the VFs detected in our sequenced isolates
included secretion systems specifically the T4SS and flagellar
genes. All components of the Brucella T4SS were detected in the
sequenced isolates except for virB7, encoding lipoprotein of T4SS
that spans the outer membrane and periplasm, previously re-
ported as being absent from B. melitensis strains M5–90 and M28
(Sankarasubramanian et al. 2016). Remnants of genes required
for flagellar assembly were also detected and were distributed
into three gene clusters, as previously described by Fretin et al.
(2005). However, chemotactic proteins CheA, CheB, CheW and
CheR, were absent confirming that the flagellar system in Bru-
cella is cryptic (Fretin et al. 2005). Finally, the BvrR/S TCS cod-
ing for the homolog of BvrR/S TCS found in B. abortus which is
needed for a successful intracellular infection and proper vac-
uolar maturation was also present (Martı́nez-Núñez et al. 2010).

The observed fluoroquinolone resistance in some of the iso-
lates (Table S4, Supporting Information) could be linked to the
presence of NorMI multidrug efflux pump detected in all of
the isolates leading to resistance to orfloxacin and ciprofloxacin
(Braibant, Guilloteau and Zygmunt 2002). Resistance could also
be linked to mutations in the quinolone resistance-determining
regions of gyrA, gyrB, parC and parE genes encoding DNA gyrase
subunit A, DNA gyrase subunit B, DNA topoisomerase IV subunit
A and DNA topoisomerase IV subunit B, respectively (Valdezate
et al. 2010).

A total of 30 prophage-associated regionswere detected. Bru-
cellaphage BiPBO1, previously isolated from B. inopinata,was de-
tected in nine of the isolates. Brucellaphage BiPBO1is known
to infect B. melitensis species and its presence and similarity
to an O. anthropi phage suggests that it might be involved in
horizontal gene transfer between Brucella and Ochrobactrum spp.
(Hammerl et al. 2016). Lactococcus phage jj50, previously isolated
from Europe and belonging to the 936 group of virulent phages,
was found in all but two of the isolates studied (Mahony et al.
2006). Yet, little is known about the role of prophages in Brucella
genome evolution and they should be better addressed to un-
derstand their role, if any, in pathogenesis (Godfroid et al. 2000).

LPS-related genes and hypothetical proteins were the most
abundant on the GIs within the sequenced isolates. Previously,
it has been shown that several transposases were responsible
for splitting up the original loci of LPS-related genes on chromo-
some I (Mancilla 2015). Also, chromosomal deletions leading to
the loss of LPS genes are related to Brucella carrying unstable,
mobile genetic elements (Mancilla 2015). The detected IS711 is
one of the most important insertion sequences found in B. abor-
tus andwas previously shown to attenuate the RB51 strain by in-
terrupting thewboA gene involved in LPS O-side chain synthesis
(Vemulapalli et al. 1999).

Phylogenetic analysis clustered the sequenced isolates sepa-
rately from the chosen reference strains (16M, ATCC 23457, 63/9,
Ether, NI, M28 and M5–90) originating from different parts of the
world. Since PhyloSift is based on concatenated alignment of 37
core genes of a genome, we used RAST to expand our phyloge-
netic analysis with a number of closely related reference strains
(16Mand Ether, ATCC 23457 and 63/9, andM5–90 andM28) (Wang
et al. 2013; Azam et al. 2016). Our analysis revealed that the

genomes were highly conserved and main sequence divergence
between strains 16M and Ether was attributed to hypothetical
proteins and mobile elements. Along the same line, Wang et al.
(2013) showed that genetic variation between strains M5–90 and
M28, where M28 was the parent strain of M5–90, was linked
to virulence determinants. Those included cold shock proteins,
flagellar genes and efflux pumps. Although minimal variation
was observed in the genes involved in sugar binding and trans-
port, previous reports suggest that B. melitensis do not differ sig-
nificantly in the ability to oxidize various sugar substrates (Croch
and Elberg 1967). Other sugar binding proteins, such as ChvE,
were associated with enhanced virulence in Agrobacterium tume-
faciens, a plant pathogen closely related to Brucella (Doty, Chang
and Nester 1993).

As previously reported on the phylogenetic relatedness of
B. melitensis, wgSNP-based analysis provided better resolution
and revealed spatial clustering by dividing the strains into vari-
ous genotypes based on their geographic locations (Georgi et al.
2017). Isolates belonging to the Western Mediterranean Region,
the American Region and the East Mediterranean Region includ-
ing the Middle and Far East clustered separately.

CONCLUSION

We report on the draft genome sequences of Brucella melitensis
isolated from blood and articular fluid. To the best of our knowl-
edge, this is the first extensive genome-wide analysis of Brucella
recovered from clinical specimens in Lebanon. The genome-
wide analysis showed, and despite similarities in VFs and gene
content, differences in resistance patterns, prophages, ISs, GIs,
virulence determinants carried on GIs and the possible role of
unstable mobile genetic elements in chromosomal deletions.
wgSNP-based analysis provided effective means of discriminat-
ing the native geographical origin of the pathogens based on
spatial clustering and proved to be a powerful tool for epidemi-
ological studies and tracing outbreaks. The draft genomes gen-
erated are a valuable reference for future studies targeting viru-
lence and vaccine efficacy.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSLE online.
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Martı́nez-Núñez C, Altamirano-Silva P, Alvarado-Guillén F et al.
The two-component system BvrR/BvrS regulates the expres-
sion of the type IV secretion system VirB in Brucella abortus. J
Bacteriol 2010;192:5603–8.

Mirnejad R, Mohammadi M, Majdi A et al. Molecular typing of
Brucella melitensis and B. abortus from human blood samples
using PCR-RFLP method. Jundishapur J Microb 2013;6:e7197.

Moreno E. Retrospective and prospective perspectives
on zoonotic brucellosis. Front Microbiol 2014;5, DOI:
10.3389/fmicb.2014.00213

Moreno E, Moriyón I. Brucella melitensis: a nasty bug with hidden
credentials for virulence. P Natl Acad Sci USA 2002;99:1–3.

Pappas G, Memish ZA. Brucellosis in the Middle East: a persis-
tent medical, socioeconomic and political issue. J Chemother
2007;19:243–8.

Sakran W, Chazan B, Koren A. Brucellosis: clinical presentation,
diagnosis, complications and therapeutic options. Harefuah
2006;45:836–40, 860.

Sankarasubramanian J, Vishnu US, Dinakaran V et al. Compu-
tational prediction of secretion systems and secretomes of

Downloaded from https://academic.oup.com/femsle/article-abstract/364/19/fnx199/4157788
by Lebanese American University user
on 26 June 2018



Abou Zaki et al. 9

Brucella: identification of novel type IV effectors and their in-
teraction with the host. Mol BioSyst 2016;12:178–90.

Siguier P, Perochon J, Lestrade L et al. ISfinder: the reference
centre for bacterial insertion sequences. Nucleic Acids Res
2006;34:D32–6.

Singh SV, Chaubey KK, Gupta S et al. Co–Infection of My-
cobacterium avium Subspecies paratuberculosis and Brucella
melitensis in a Sirohi Breed of Goats in India. Adv Anim Vet Sci
2013;1:188–90.

Tan KK, Tan YC, Chang LY et al. Full genome SNP-based phyloge-
netic analysis reveals the origin and global spread of Brucella
melitensis. BMC Genomics 2015;16:1.

Tiller RV, De BK, Boshra M et al. Comparison of two multiple-
locus variable-number tandem-repeat analysis methods for
molecular strain typing of human Brucella melitensis isolates
from the Middle East. J Clin Microbiol 2009;47:2226–31.

Tritt A, Eisen JA, Facciotti MT et al. An integrated pipeline
for de novo assembly of microbial genomes. PLoS One
2012;7:e42304.

Valdezate S, Navarro A, Medina-Pascual MJ et al. Molecular
screening for rifampicin and fluoroquinolone resistance in a
clinical population of Brucella melitensis. J Antimicrob Chemoth
2010;65:51–3.

Vemulapalli R, McQuiston JR, Schurig GG et al. Identification of
an IS711 element interrupting thewboA gene of Brucella abor-
tus vaccine strain RB51 and a PCR assay to distinguish strain
RB51 from other Brucella species and strains. Clin Diagn Lab
Immunol 1999;6:760–4.

Verger JM, Grimont F, Grimont PAD et al. Brucella, a monospecific
genus as shown by deoxyribonucleic acid hybridization. Int J
Syst Bacteriol 1985;35:292–5.

Wang F, Qiao Z, Hu S et al. Comparison of genomes of Bru-
cella melitensis M28 and the B. melitensis M5-90 derivative
vaccine strain highlights the translation elongation factor
Tu gene tuf2 as an attenuation-related gene. Infect Immun
2013;81:2812–8.

Wattiau P, Whatmore AM, Van Hessche M et al. Nu-
cleotide polymorphism based single-tube test for
robust molecular identification of all currently de-
scribed Brucella species. Appl Environ Microb 2011;77:
6674–9.

Zerva L, Bourantas K, Mitka S et al. Serum is the preferred clinical
specimen for diagnosis of human brucellosis by PCR. J Clin
Microbiol 2001;39:1661–4.

Zhou Y, Liang Y, Lynch KH et al. PHAST: A fast phage search tool.
Nucleic Acids Res 2011;39:W347–52.

Downloaded from https://academic.oup.com/femsle/article-abstract/364/19/fnx199/4157788
by Lebanese American University user
on 26 June 2018


