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The genus Brucella is divided into six species; of these, B.
melitensis and B. abortus are pathogenic to humans, and B.
ovis and B. neotomae are nonpathogenic to humans. The
definition of gene loss and acquisition is essential for under-
standing Brucella’s ecology, evolutionary history, and host
relationships. A DNA microarray containing unique genes
of B. melitensis Type strain 16MT and B. abortus 9-941 was
constructed and used to determine the gene contents of the
representative strains of Brucella. Phylogenetic relationships
were inferred from sequences of housekeeping genes. Gene
loss and acquisition of different Brucella species were inferred.
A total of 214 genes were found to be differentially distributed,
and 173 of them were clustered into 15 genomic islands (GIs).
Evidence of horizontal gene transfer was observed for 10
GlIs. Phylogenetic analysis indicated that the 19 strains formed
five clades, and some of the GIs had been lost or acquired
independently among the different lineages. The derivation
of Brucella lineages is concomitant with the parallel loss or
acquisition of GIs, indicating a complex interaction between
various Brucella species and hosts.
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Introduction

Brucellae are a group of facultative intracellular bacteria
that infect a range of mammalian livestock and wildlife,
with most Brucella species occurring primarily in one or a
few hosts (Moreno et al., 1990). Brucella was conventionally
divided into six classical species based on subtle phenotypic
and antigenic differences, and differential host specificity.
Due to the limited genetic diversity, the Brucella genus was
for a time classified as containing only one species with a
series of biovars (VERGER et al., 1985). However, DNA frag-
ment analysis and sequencing demonstrated that Brucella
typically contains distinct species-specific lineages, which
upheld the traditional division of Brucella species and the
readoption of the classical species with a series of biovars
(Moreno et al., 2002; Gargani and Lopez-Merino, 2006).
Rooted with the close relative Ochrobactrum anthropi, it
was found that the B. ovis lineage is basal to the rest of the
Brucella lineage, and B. suis is a highly divergent clade with
extensive intraspecific genetic diversity (Foster et al., 2009).

Changes in genome repertoire, occurring through gene loss
and acquisition, are the major events underlying the emer-
gence and evolution of bacterial pathogens. Comparative
genome hybridization (CGH) with a whole genome micro-
array of B. melitensis 16MT showed that a number of genes
were deleted among different Brucella species and clinical
isolates (Rajashekara et al., 2004). These differentially dis-
tributed genes are defined as gene islands. Examination of
the genomic context of these islands suggests that many of
them were horizontally acquired. Analysis of genome se-
quences reveals evidence of horizontal gene transfer among
Brucella species. Some of the genes indicated as having been
acquired by lateral transfer play an important role in the
survival of this pathogen in its hosts (Wattam et al., 2009).

To further evaluate the genetic diversity among different
Brucella species, and understand the evolutionary frame-
work of the Brucella genus, a DNA microarray containing
unique genes of B. melitensis 16MT and B. abortus 9-941
was constructed and used in the present study to probe gene
contents of 19 representative strains of the classical six species.
Then the relationships and phylogeny of the representative
strains were inferred from sequences of housekeeping
genes. The putative gene loss and acquisition during deri-
vation of different lineages were identified.

Materials and Methods

Brucella strains and culture conditions

Nineteen representative strains of different biovars of the
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Table 1. Representative strains used in this study

Species Biovar Strains ATCC
B. melitensis 1 16MT 23456
B. melitensis 2 63/9 23457
B. melitensis 3 Ether 23458
B. abortus 1 544A 23448
B. abortus 2 86/8/59 23449
B. abortus 3a Tulya 23450
B. abortus 4 292 23451
B. abortus 5 B3196 23452
B. abortus 6a 870 23453
B. abortus 7 63/75 23454
B. abortus 9 C68 23455
B. suis 1 1330S 23444
B. suis 2 Thomsen 23445
B. suis 3 686 23446
B. suis 4 40/67 23447
B. suis 5 513 -
B. neotomae - 5K33 23459
B. ovis - 63/290 25840
B. canis - RM6/66 23365

six Brucella species were preserved and supplied by the
Chinese Center for Disease Control and Prevention (Table 1).
All the strains used for the present study were preserved
without extensive laboratory passages. Brucella strains were
grown to stationary phase at 37°C in Tryptic Soy Broth
(TSB) or Tryptic Soy Agar (TSA) with or without 5% CO..
Genomic DNA was isolated from Brucella cultures using a
Promga genomic DNA Isolation Kit as recommended by
the manufacturer.

DNA microarray development, comparative genome hy-
bridization, PCR verification and data analysis

The development of the DNA microarray and the compara-
tive genomic hybridization were carried out essentially as
described (Zhou et al., 2004). Briefly, A total of 3218 anno-
tated open reading frames (ORFs), including all the unique
genes from B. melitensis 16MT and the B. abortus 9-941,
were chosen for DNA microarray construction. 3212 genes
were successfully amplified and the PCR products were
purified. PCR products were spotted in duplicate on VAL S25
glass slides (CEL, USA) to generate the DNA microarray.
For comparative genome hybridization, a mixture of equal
quantities of B. melitensis 16MT and B. abortus 544A ge-
nomic DNAs was used as reference DNA, and genomic
DNA from representative strains as test DNA. Cy3- or
Cyb5-labeled probes were generated by priming of the refer-
ence or test DNA with random hexamers and extension with
Klenow polymerase. The labeled reference and test DNAs
were combined to hybridize with the microarrays by dual-flu-
orescence hybridization. The hybridized slides were scanned,
the scanning images were processed, and the data were fur-
ther analyzed by using GenePix Pro 4.1 software (Axon
Instruments). An intensity ratio was recorded for each spot
and then was converted to log, values. The mean value of
the log ratios for each gene was calculated. Log values < -1
were taken as defining the absence of a gene in the relevant

strains. The absence of the genes generated by microarray
analysis was verified by PCR. For single genes, primers for
probe amplification were used for verification. For a differ-
ential genomic region with 3 or more sequential genes, two
genes locate separately were selected to represent the region.

Housekeeping gene sequencing and analysis

Seven housekeeping genes, including aroA, cobQ, dnaKk,
gap, glk, gyrB, and trpE, were PCR amplified and sequenced,
essentially as described previously (Whatmore et al., 2007).
The sequence data was edited using the Lasergene package.
Each distinct allele at each of the seven loci was given an
individual, arbitrary, numerical designation and each unique
allelic pattern over all seven loci was identified as a sequence
type (ST). Allelic profiles and sequence data were imported
into the START package to determine mean % GC content.
The same package was used to calculate the average frequen-
cies of synonymous substitutions per potential synonymous
site (dS) and nonsynonymous substitutions per potential
nonsynonymous site (dN) by the method of Nei and Gojobori
in order to test the degree of selection on a locus. Split de-
composition analysis of allelic profile data was performed
using a web-based version of the SplitsTree program. ST
Lineages were analyzed by using the eBURST algorithm,
available at http://eburst.mlst.net/. Clonal complexes were
defined by using the default setting, in which all STs within
a clonal complex differ by no more than one allele from at
least one other ST in the clonal complex.

Phylogenetic analysis

The coding sequences of the seven housekeeping genes are
concatenated and used to infer phylogentic relationships of
the representative strains. Phylogenetic analyses were con-
ducted in MEGA4 (Tamura et al., 2007). The evolutionary
relationship was inferred using the Neighbor-Joining method
(Saitou and Nei, 1987). The bootstrap consensus tree in-
ferred from 1000 replicates was taken to represent the evo-
lutionary history of the taxa analyzed (Felsenstein, 1985). The
evolutionary distances were computed using the Maximum
Composite Likelihood method and are given as the number
of base substitutions per site.

Results

Overview of the microarray analysis

To identify genetic components that are differentially dis-
tributed among the representative strains of Brucella, a
whole genome microarray containing unique genes of
16MT and 9-941, representative strains of B. melitensis and
B. abortus respectively, was constructed and used to de-
termine the presence or absence of these genes. A total of
3212 probes representing the unique genes of 16MT and
9-941 were included in the microarray. After filtering spots
with bad signals, a total of 3015 (93.8% of the unique probes)
were included for data analysis. Control hybridizations
showed that the 16MT or 9-941 unique genes could be dif-
ferentiated by the microarray, indicating that the microarray
could detect the presence or absence of a gene (data not
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Fig. 1. Functional categories of differentially distributed genes.

shown). Then, genomic DNAs of the representative strains
were hybridized to the microarrays and the presence or ab-
sence of these genes was determined. Hybridization results
revealed that the majority of these genes were likely present
across all representative strains tested as shown by the ma-
jority of genes having a signal intensity ratio close to 1 rela-
tive to reference DNA, which is consistent with the notion
that Brucella is a monospecific genus with limited genetic
diversity. Putative deletions were verified by PCR amplifi-
cation with gene specific primers. A total of 214 genes were
identified to be absent in one or more of the representative
strains. The predicted product of each such gene and its

Table 2. Characteristics of GIs
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distribution across representative Brucella strains are listed in
Supplementary data Table S1. Of these genes, 85 are located
on chromosome I and 129 on chromosome II. These genes
belong to different functional categories, including trans-
port and metabolism, energy production, and conversion, cell
wall/membrane biogenesis, translation and transcription

(Fig. 1).

Most of the differentially distributed genes are clustered into
GIs with evidence of horizontal gene transfer

Of the 214 genes identified to be differentially distributed

GL G loawsrange G0 (S RNA relation ontont (%) im0 et
GIO1 GI-1 BMEI0899-0907 9 3657 tRNA (Leu), (BMEI0889, 907) 53.25  resolvase, recombinase -
GI02 GI-2 BMEI0994-1012 19 10533 tRNA (Gly), (BMEI1012) 51.4 transposase BMEI1000, 1003
GI03 BMEI1656-1658 3 785 tRNA (Arg), (BMEI1649, 1664) 52.69  recombinase -
GI04 GI-3 BMEI1674-1702 24 13774 tRNA (Phe), (BMEI1674) 52.4 transposase -
GI05 BMEI1819-1822 4 2884 58.32  transposase BMEI1819
GI0O6 GI-4 BMEII0185-0226 42 39041 tRNA (Met, Ser), (BMEII0183, 0228) 57.07  transposase -
GI07 BMEII0438-0442 5 5134 tRNA (Thr), (BMEII0458) 56.71 transposase -
GI08 BMEII0628-0634 7 4949 tRNA (Asn), (BMEII0649) 59.15 - BMEII0628, 632, 633
GI09 BMEII0639-0645 6 4594 tRNA (Asn), (BMEII0649) 57.57 - -
GI10 GI-6 BMEII0710-0719 10 5941 tRNA (Ser), (BMEII0709) 53.44  transposase -
GI11 GI-7 BMEII0811-0815 5 4880 - 56.91 - BMEII0813
GI12 GI-8 BMEII0827-0849 23 20533 - 58.12 - BMEII0827, 828, 832,
834, 848
GI13 GI-9 BMEII0875-0878 4 2936 - 56.77 - -
GI14 BruAbl_0609-0613 5 3063 - 59.26 - -
GI15 BruAb2_0590-0596 7 6223 tRNA (Asn), (BruAb2_0599) 56.84 - BruAb2_0590, 593

* Gl indicates the GI was also identified by Rajashekara et al. (2004)
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among representative strains, 173 genes were found to be
clustered. A gene cluster with 3 or more sequential genes
was designated as a genomic island (GI), and 15 GIs were
identified among the 214 genes. These GIs were designated
based on their location in the genome of 16MT or 9-941.
As shown in Table 2, these GIs contained 3 to 42 genes,
with a length range of 0.78-39.0 kb. We analyzed the dis-
tribution of the 15 GIs on the two chromosomes. As shown
in Table 2, the numbers of GIs on the two chromosomes
were different, with 6 GIs on chromosome I and 9 on chro-
mosome II. The GI gene distribution showed that 64 genes
locate on chromosome I and 109 on chromosome II, in-
dicating that chromosome II had a higher percentage of
variable genes than chromosome I.

GIs that are acquired or lost through horizontal transfer
usually have connected genetic evidence. Typical character-
istics of a transferrable GI include integration adjacent to or
within tRNA genes, with an integrase or insertion sequence
flanking the ends. Analysis of the surrounding sequences
of the GIs in 16MT or 9-941 showed that adjacent tRNA or
recombinase genes were found for 10 of 15 GIs (Table 2).

Some of these GIs showed dissimilar GC content compared
to the remaining genome. Of the 6 GIs located on chromo-
some I, 4 have lower GC content (52.4%) than the average
GC content (58.2%) of the chromosome. However, for Gls
located on the chromosome II, only one GI (GI10) showed
decreased GC content (Table 2). These characteristics in-
dicated that these GIs might be acquired or lost by hori-
zontal gene transfer.

Clonal lineage relationships among the representative strains

To analyze the relative phylogenetic relationships of different
Brucella species, seven housekeeping genes were amplified
and sequenced. The sequences of internal fragments of the
seven housekeeping genes were determined for the 19 rep-
resentative strains. The molecular characterization of the
19 representative strains by MLST identified 13 different
STs, indicating a high genotypic diversity (Supplementary
data Table S2). Three (trpE) and 7 (glk) alleles were found
for these loci, and the number of polymorphic nucleotide
sites at the seven loci also varied between 3 (trpE) and 7 (glk)
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(Supplementary data Table S3). The most represented ST's
were ST1 and ST6, which each comprised 3 of the 19 strains.
Split decomposition analysis on allelic profile data using
SplitsTree showed that ST's of B. suis were highly divergent
and B. canis formed a complex with B. suis (Fig. 2A). The
13 STs were divided by eBURST into 1 major clonal complex
(CC1), 1 minor clonal complex and 7 singletons (Fig. 2B).
The major clonal complex, CC1, comprised 4 different ST's
and included 7 representative strains of B. abortus. The mi-
nor clonal complex CC2 comprised 2 STs and included 4
strains, including B. suis 1, 3, 4, and B. canis RM6/66. All
the other strains were singletons.

Phylogenetic relationship among representative Brucella
strains

The coding sequences of the seven housekeeping genes
were concatenated and a total of 3,468 bp sequences were
included in the final dataset. The phylogenetic tree was
constructed based on sequence similarity using the Neighbor-
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Fig. 3. Neighbor-joining tree of 19 representative
Brucella strains based on concatenated sequences.
Coding sequence of housekeeping genes were
concatenated and a neighbor-joining tree of the
concatenated sequences was reconstructed by
MEGAA4. 1,000 bootstrap replicates were used to
examine the confidence in the tree as described
in the ‘Materials and Methods’ section.

B. Abortus
/B. melitensis

Joining method. The bootstrap consensus tree inferred from
1000 replicates was taken to represent the evolutionary re-
lationship of the strains. When rooted with B. ovis, the 19
strains formed five clades: B. abortus, B. melitensis, B. suis-B.
canis, B. ovis, and B. neotomae, being consistent with what
was observed by using SNPs from whole genome sequences.
As shown in Fig. 3, B. suis was the most diverse species within
Brucella. A close relationship of B. abortus and B. melitensis
and a more distant grouping of B. suis was observed. There
was a close relationship of B. suis biovar 3 and 4 to B. canis
and a close but more distant relationship of B. suis biovar
1. The species B. canis appears to have arisen directly from
a B. suis ancestor, making currently defined B. suis isolates
paraphyletic.

Parallel gene loss and acquisition during Brucella lineage
evolution

To further analyze the gene loss or acquisition among the
representative strains, the GIs were mapped on the phylo-

Fig. 4. Parallel GI loss and acquisition for 19
representative Brucella strains.
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genetic tree. As shown in Fig. 4, compared with the other
strains, B. ovis has lost 5 GIs (GI01, GI02, GI06, GI11, and
GI13). That is, the five GIs exist in all Brucella species except
B. ovis. A total of 79 genes were contained in the five GIs,
and only 3 of them were homologous to Ochrobactrum an-
thropi genes, indicating that most of these genes were ac-
quired by Brucella after they diverged from their ancestors.
B. ovis, which did not acquire these GIs, fell into a different
clade and remained nonpathogenic to many hosts. We also
analyzed the presence of homologues of all the GI genes in
Ochrobactrum anthropi. To our surprise, only 14 of them
had homologues in Ochrobactrum anthropi (Table 2). This
implied that most of these genes were acquired after the di-
vergence of Brucella from their common ancestors. Consistent
with their high degree of homology, all three B. melitensis
isolates lost GI14. In addition, 7 of the 8 biovars of B. abortus
had lost GI12. The only exception is B. abortus biovar 9,
which only lost GI07. It might be inferred that an ancestor
of B. abortus 9 had lost GI12 and then acquired it again
during the course of adaptation or interaction with its host,
or that it did not lose this GI. The loss of GIs in different B.
suis biovars was diverse, as is true for the diversity of the
strains themselves. The close relatives B. suis 3, 4 and B.
canis lost GI4. However, B. suis 3 also lost another 3 GIs.
Together, these findings suggest that there has been parallel
gene loss and acquisition among Brucella taxa during it
evolution and interaction with hosts.

Discussion

The species concept for Brucella was a subject of debate for
a time, but subsequent genetic analysis has led to the adop-
tion of a conventional genus with various species. The high
degree of similarity of all these Brucella genomes, in com-
parison to other bacterial groups, suggests a close phyloge-
netic relationship. However, clear differences in host pref-
erence might still justify separate species designations. For
example, although B. abortus has also been found in various
mammalian species, including humans, it is isolated from
cattle at greatly higher frequencies.

The present microarray analysis revealed extensive gene
content similarities among Brucella species. We discovered
that over 93.8% of the 3,212 genes represented on the mi-
croarray were present in all of the 19 representative strains.
A total of 214 of the unique genes (7.0%) are absent from
at least one of the representative strains. Most of these
genes are involved in functional categories that might play
roles in the interaction with the host or survival under both
in vitro and in vivo conditions. For example, genes involved
in membrane structure, metabolism, transport and intra-
cellular trafficking are usually related to Brucella survival
and virulence. As shown in Fig. 1, the six species showed
different deletion profiles in both gene content and func-
tional categories. B. abortus lost 22 genes involved in cell
wall/membrane biogenesis, implying possible membrane
structural differences compared to the other five species. Our
results suggest that genomes of Brucella species are highly
homogenous and imply that a relatively small number of
genetic changes may be responsible for differences in host

preference and virulence among different Brucella species.
As is observed in many pathogenic bacteria, functionally
related genes are linked and lost or acquired together. We
found that 173 (80%) of the 214 genes were clustered into
15 genomic regions, which were named genomic islands
(GI). We compared the GIs with those identified previously.
In their CGH analysis with a microarray of 16MT, a total
of 16 GIs were identified. Among the 15 GIs identified by
our study, 8 were also found to be absent in the relevant
Brucella strains by Rajashekara et al. (2004). The other 7 GIs
were newly identified to be absent among the six species.
This difference might be mainly due to the different strains
and species used in the two studies. In their CGH analysis,
more strains of the main species were included, and in our
study, all the representative strains for the six species, but
only one strain for each of the biovars, were included.
Among the representative strains, B. ovis lost the highest
number of GIs (GI01, GI02, GI06, GI11, GI13), which is
consistent with the loss of virulence of this species for most
mammalian hosts. The large number of gene content changes
observed in the B. ovis genome may have resulted from
more active ISs in this species than in other Brucella spp. B.
ovis has more 1S6501 copies (about 30 copies) than other
Brucella species (4 to 10 copies) (Ouahrani ef al., 1993). ORFs
in GI02 and GI06 encode factors involved in Brucella viru-
lence. GI06 has 19 ORFs encoding peptide ABC-type trans-
porters such as Dpp, Opp, and Pot systems. Homologues
of these transporters in other bacteria are important for
root colonization, intracellular survival, attachment to host
cell, and virulence (Borezee et al., 2000; Kuiper et al., 2001).
Absence of the Opp system in B. ovis may cause increased
uptake of peptides due to dysregulation of rate of peptide
uptake, thus influencing their intracellular survival (Tsolis
et al., 2009). From examining the GIs for potential lateral
transfer, we note that most of these Gls are unique to Brucella
and not shared with Ochrobactrum. It is likely that these
regions were acquired by Brucella after diverging from its
ancestor Ochrobactrum. This also implies lateral transfer did
exist in Brucella despite its intracellular lifestyle preferences.
Genome reduction, or reductive evolution, involves gene
loss through mutational inactivation and deletion. It has
been observed in a number of intracellular pathogenic bac-
teria, including Rickettsia prowazekii (Andersson et al., 1998)
and Mycobacterium leprae (Cole et al., 2001). Brucella ge-
nomes are all similar in size, with an average size of 3.29
Mb, markedly smaller than their nearest sequenced rela-
tives O. anthropi (5.22 Mb) and O. intermedium (4.6 Mb).
Accumulation of pseudogenes or complete losses of genes
are direct evidence of genome reduction. Using the general
estimate that bacterial genomes have about 1-5% pseudo-
genes (Liu et al., 2004), the 4.6% fraction observed in Brucella
can be considered relatively high and suggestive of genome
degradation. However, no obvious genome reductions were
observed among different Brucella species in terms of both
genome size and gene number. Therefore, the difference in
gene content between the different Brucella species might
mainly have resulted from the different requirements for
these genes in the interaction between Brucella and its host.
More pseudogenes were observed on chromosome II than
on chromosome I. Together with the higher degree of gene



content changes observed on chromosome II, it can be
concluded that chromosome II is more dynamic, perhaps
owing to its hypothesized origin as a plasmid (Slater et al.,
2009).

B. suis is the most diverse species within Brucella thus far
examined. Exceptional diversity in clades of this species,
compared to the other clades, was observed (Whatmore et al.,
2007; Foster et al., 2009). In the present study, the 19 repre-
sentative strains are clustered into five clades and B. suis
forms two clades. A range of genetic analyses have indicated
considerable diversification within the B. suis clades and
have even suggested likely relationships among the biovars.
Most studies looking at variation within B. suis have diffi-
culties in differentiating isolates from that of B. canis, sug-
gesting a close relationship between these two species (Fretin
et al., 2008). B. canis appears to have arisen directly from a
B. suis ancestor, making currently defined B. suis isolates
paraphyletic. Early fragment analysis by Allardet-Servent et al.
using restriction endonucleases also suggested that B. canis
likely evolved from a strain of B. suis (Allardet-Servent et
al., 1988).

Combined with the phylogenetic tree, gene loss and ac-
quisition along the evolutionary lineage could be putatively
inferred. As shown in Fig. 4 and Table 2, after derivation
from a common ancestor, B. ovis and the other strains ac-
quired a number of GIs. Compared with the basal lineage
B. ovis, all the other species or biovars acquired 4 GIs and
lost different sets of GIs. For the B. melitenesis/B. abortus
clades, all the B. melitensis representatives lost GI14, and all
the B. abortus biovars except biovar 9 lost GI12. From the
phylogentic tree, it can be inferred that ancestors of B. abortus
9 lost and then re-acquired GI12 at least once. The excep-
tional genetic diversity of B. suis was also observed in the
GI distribution (Rajashekara et al., 2004). Seven Gls were
observed in B. suis strains, while none of them was consis-
tently present or absent in all the biovars (Rajashekara et
al., 2004; Wattam et al., 2009). From this point of view, the
GIs were lost or acquired among the different strains inde-
pendently. This parallel gene loss and acquisition might have
resulted from the complex interaction of Brucella with its
host and adaptation to different environments (Wattam et
al., 2009).
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