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Identification of a New Virulence Factor, BvfA, in Brucella suis
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We report the identification of BvfA (for Brucella virulence factor A), a small periplasmic protein unique to
the genus Brucella, which is essential for the virulence of Brucella suis. A BvfA knockout mutant was highly
attenuated both in in vitro macrophage infection assays and in vivo in the murine model of brucellosis.
Fluorescence-activated cell sorting analysis with green fluorescent protein fusions showed that the expression
of bvfA is induced within macrophages by phagosome acidification and coregulated with the B. suis virB operon,
suggesting that it too may play a role in the establishment of the intracellular replication niche.

Brucella spp. are facultative intracellular gram-negative bac-
teria. They are pathogenic for many mammalian species, in-
cluding humans. Brucellosis is a chronic infection causing
abortion and sterility in domestic mammals and a chronic
undulant fever in humans (6, 42). The key aspect of Brucella
virulence is its ability to survive and multiply within profes-
sional and nonprofessional phagocytes (6). To do this, Brucella
perturbs the maturation of the phagosome, subverts vesicular
trafficking within infected eukaryotic cells, and creates a
unique intracellular niche in which it multiplies (1, 35, 36).
Mutagenesis studies have identified a number of factors, in-
cluding smooth lipopolysaccharide, stress response proteins,
response regulators, and metabolic genes required for viru-
lence in in vitro and animal models (10, 13, 15, 18, 23, 28).
Recently, a type IV secretion system (T4SS) encoded by the
virB operon has been identified as an essential virulence factor.
Mutants lacking the T4SS are unable to survive and multiply in
both macrophages and epithelial cells, as well as in the mouse
virulence model (15, 20, 33). A possible role of the T4SS in
virulence is to inject effector molecules, which induces the
establishment of the replication niche, into the host cell (6).
They allow the Brucella-containing phagosome to escape from
the classical endosomal trafficking pathway and avoid fusion
with late endosomes (4, 9, 31).

With the aim of finding the effectors of the virB T4SS, we
developed a new strategy using translational fusions to the
Yersinia YopP toxin as a reporter. The use of this technique led
to the identification of one candidate effector. However, al-
though experiments during its characterization suggested that
it is not a VirB effector, it is a novel virulence factor that we
named BvfA, for Brucella virulence factor A. A B. suis bvfA
null mutant is highly attenuated in in vitro and in vivo virulence
models. Expression of bvfA is induced within macrophages by

phagosome acidification, suggesting that it too may play a role
in the establishment of the intracellular replication niche.

MATERIALS AND METHODS

Bacterial strains and plasmids. All Brucella strains used in this study were
derived from B. suis 1330 (ATCC 23444T) and are listed in Table 1, as are the
plasmids and oligonucleotides used in the construction of mutants or fusions with
yopP or gfp. Plasmid constructions were performed in Escherichia coli DH5� and
B. suis 1330 by standard protocols (2). An isogenic mutant in the bvfA gene was
constructed by introduction of a kanamycin resistance cassette and allelic re-
placement, as described previously (16). Gene inactivation was confirmed by
both PCR and Southern blot analysis.

Plasmid constructs. (i) pBBR1-YopP. A 909-bp fragment containing the pro-
moterless yopP gene was amplified from Yersinia enterocolitica pYVO8 (38) using
primers YopEcoU and YopXbaL containing, respectively, EcoRI and XbaI sites.
The PCR-amplified product was digested with EcoRI and XbaI and cloned into
EcoRI/XbaI-digested pBBR1MCS4 (25). This plasmid was used for the library
construction.

(ii) pBBR1-BvfA. A 1,282-bp fragment encompassing the bvfA gene was am-
plified from B. suis 1330 genomic DNA with BvfA-F and BvfA-L primers with
Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA) and cloned into HincII-
digested pBBR1MCS4 (25).

(iii) pBBR1-KGFPbvfA. A 546-bp fragment containing the bvfA promoter
region (pbvfA) was amplified from B. suis 1330 genomic DNA with the PSKU
and PSBL primers, which respectively introduced KpnI and BamHI site ends of
the fragment. This fragment was first cloned into pGEM-T (Promega, Madison,
WI) and then subcloned into pBBR1-KGFP (24) on a KpnI/BamHI fragment,
giving pBBR1-KGFPbvfA.

Tissue culture virulence models. Three cell lines were used: the human mono-
cyte-like cell line THP1, differentiated for 72 h in the presence of vitamin D3; the
murine macrophage-like J774; and HeLa epithelial cells. The cells were culti-
vated and infected by a standard gentamicin protection assay as described pre-
viously (33). Inhibition of phagosome acidification with 100 nM bafilomycin
(Sigma, St Louis, MO) was as described previously (37).

In vivo infection assay. Two groups of 8-week-old female BALB/c mice were
infected intraperitoneally with 2 � 105 CFU in 200 �l of phosphate-buffered
saline. At 1, 2, 4, and 8 weeks postinfection, five mice were killed, spleens were
harvested, and the bacterial load was determined by plating serial dilutions of
spleen homogenates on BABSC plates supplemented with Brucella Selectavial
antibiotics (MAST Diagnostics, Bootle, United Kingdom). Results are presented
as geometric means � 1 standard error.

FACS analysis. To determine the effect of pH on bvfA and virB induction,
bacteria were grown overnight at 37°C in an orbital shaker in modified minimal
E medium (26) at pH 7.0, harvested by centrifugation, resuspended in E medium
at pH 4.0 or 7.0, and then incubated further at 37°C to early exponential phase
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(optical density at 600 nm � 0.1). Bacteria were then harvested, resuspended in
phosphate-buffered saline, and subjected to fluorescence-activated cell sorting
(FACS) analysis with a FACScalibur using CELLQUEST software (Becton
Dickinson, San Jose, CA) as described previously (22). For infection of J774
cells, bacteria were opsonized with a 1:100 dilution of mouse anti-B. suis serum
and used at a multiplicity of infection of 100. At 3 h postinfection, monolayers
were lysed and analyzed by FACS. Analysis by fluorescence microscopy was
performed as described previously (19).

Statistical analysis. Differences between the means of experimental groups
were analyzed by using Student’s t test (two tailed; equal variance). Differences
were considered significant at P values of �0.05.

RESULTS

Identification of secreted YopP fusions. In an attempt to
detect effectors secreted by the VirB T4SS, we developed a
novel reporter system using random translational fusions of
Brucella DNA to the Yersinia enterocolitica yopP gene. Our
strategy relies on the fact that the YopP reporter will only
induce apoptosis when secreted by the bacterium as a fusion
protein. In a preliminary experiment, we introduced a plasmid
expressing the full-length YopP protein into B. suis 1330. The
protein was synthesized by the resulting strain, but it did not
induce the death of the infected macrophages, thus ruling out
the possibility that it could be secreted directly by Brucella
(data not shown). We then constructed a fusion library by
insertion of B. suis 1330 partial digested DNA fragments up-
stream a promoterless yopP gene, and the recombinant plas-
mids were electroporated in a wild-type strain of B. suis 1330
expressing green fluorescent protein (GFP) constitutively. A
bank of 2,400 clones was individually inoculated to THP1 cells,
and the intracellular multiplication of the bacteria was verified
by fluorescence microscopy at 48 h postinfection (23). Two
clones which appeared unable to multiply intracellularly, 17E5
and 3G1, were identified. Their inability to multiply within
THP1 was confirmed by viable counting. Several possible rea-

sons could explain the attenuation of the two clones: the pre-
dicted induction of apoptosis, blocking of the secretion of a
virulence factor by the hybrid protein (27), or a negative effect
on bacterial fitness caused by expression of the YopP fusion.
Using terminal deoxynucleotidyltransferase-mediated dUTP-
biotin nick end labeling (17), the apoptotic level was still
�0.5%, either in uninfected cells or in cells infected by the B.
suis 1330 strain. In contrast, the 3G1 clone induced apoptosis,
with approximately 10% of cells in an infected monolayer
showing terminal nuclei positive by deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling. A similar re-
sult was obtained for the 17E5 clone (data not shown). The
insert contained in the plasmid of each of the two clones was
sequenced, and the sequence was used for BLAST searches of
the Brucella melitensis 16 M and B. suis 1330 genomes (11, 34).
The 17E5 insert contains the nirV gene, encoding a protein of
unknown function, found in a cluster of genes encoding pro-
teins involved in the denitrification process (3). This clone was
not characterized further. Analysis of the 384-bp insert in clone
3G1 showed that yopP was fused to a gene (BMEI1366) en-
coding a hypothetical protein. With the B. suis 1330 annotation
of the identical nucleotide sequence, this region is predicted to
encode a protein on the complementary strand (BR0567),
which would be fused in the wrong sense to yopP. As the gene
fusion in the 3G1 clone encodes a chimerical protein with
conserved YopP function, we prefer the B. melitensis annota-
tion but we propose that the gene starts at the ATG at bp 52
of BMEI1366 rather than the predicted TTG, giving a 322-bp
gene encoding a small basic protein of 111 amino acids with a
molecular weight of 14011 and a predicted pI of 9.0. The
protein is unique to Brucella, since PSI-BLAST searches failed
to demonstrate any homology with any protein sequences in
GenBank. Neither conserved domains nor known functional

TABLE 1. Bacterial strains, plasmids, and oligonucleotide primers

Strain, plasmid, or primer Characteristic(s) or relevant feature(s) Source or reference

Brucella strains
1330 B. suis biotype 1, wild type, ATCC 23444T American Type Culture

Collection
1330-GFP gfp insertion into chromosomal DNA of B. suis 1330, Cmr Nalr 19
3G1 1330-GFP with pBBR1-3G1 plasmid This work
1330bvfA::kan 1330 Kanr; mutant of bvfA gene This work
1330bvfA::kan(pBBR1-BvfA) 1330bvfA::kan with pBBR1-BvfA plasmid This work

Plasmids
pBBR1-YopP pBBR1MCS4 (22) containing a promoterless yopP This work
pBBR1-3G1 pBBR1-YopP with BvfA-YopP fusion This work
pBBR1-BvfA pBBR1MCS containing bvfA gene This work
pBBR1-KGFP pBBR1MCS containing a promoterless gfpmut3 24
pBBR1-KGFPvirB pBBR1-KGFP with gfpmut3 controlled by pvirB 5
pBBR1-KGFPcons pBBR1-KGFP with gfpmut3 controlled by a constitutive promoter 24
pBBR1-KGFPbvfA pBBR1-KGFP with gfpmut3 controlled by pbvfA This work

PCR primers (5�–3�)a

YopEcoU CGGAATTCGGTGGCTTATCAGAAAAA This work
YopXbaL GCTCTAGACCATGAGCCAGAAAGAACT This work
BvfA-F ACCCTTCGTCGATGTGCTGA This work
BvfA-L CCGCGCTGATTTCATCGCTG This work
PSKU GCGGTACCCTTCGTCGATGTGCTGA This work
PSBL GCGGATCCAGAAAAGCCAGGGAATTGA This work

a The restriction sites are underlined.

VOL. 73, 2005 BvfA, A NEW BRUCELLA VIRULENCE FACTOR 5525



motifs were detected. The protein is most probably periplas-
mic, as it is predicted to have a Sec-dependent signal sequence
with a cleavage site between residues 15 to 16 by the SignalP-2
program (http://www.cbs.dtu.dk/services/SignalP-2.0/). BME
I1366 is located on the larger of the two chromosomes and is
present in all the Brucella species we have tested by Southern
blotting (data not shown), including the new marine isolates
(7).

Interestingly, in our screening, the apoptosis induced by the
3G1 but not the 17E5 fusion was dependent on the presence of
a functional VirB system, which led us to believe that this
protein was a possible VirB effector. Analysis of the 3G1 fusion
suggested the presence of only a Sec-dependent signal se-
quence; control experiments, where YopP was delivered to the
periplasm with an unrelated Sec-dependent signal sequence,
also showed similar VirB-dependent induction of apoptosis,
suggesting that this could be a nonspecific phenomenon (data
not shown). However, this study has permitted the identifica-

tion and characterization of a novel virulence factor, which we
named BvfA, for Brucella virulence factor A.

B. suis bvfA is required for intracellular multiplication. A
null mutant (strain 1330bvfA::kan) (Table 1) was constructed
in B. suis by allelic replacement (Fig. 1). The virulence of this
strain was compared to that of the wild type and of the mutant
transformed with plasmid pBBR1-BvfA, which carries the
wild-type gene. The number of intracellular bacteria recovered
2 h and 5 h postinfection displayed no significant difference
between the wild type and bvfA mutant, indicating that bvfA
does not have any apparent role during invasion or resisting
early macrophage killing. However, the bvfA mutant demon-
strated an attenuated phenotype in both THP1, J774, and
HeLa cells, with a significant reduction of intracellular multi-
plication at 24 h and 48 h postinfection (Fig. 2). The behavior
was similar to that of a virB mutant (33). The presence of
pBBR1-BvfA in the bvfA mutant fully restored the virulence of
the mutant in the three cell lines (Fig. 2A and data not shown).

B suis bvfA mutants are attenuated in mice. We used the
murine model of brucellosis to assess the role of BvfA in vivo,
infecting mice intraperitoneally with 2 � 105 CFU of the B. suis
wild type or the bvfA mutant. No significant difference was
detected between spleen counts of the wild type and the mu-
tant during the first 2 weeks of infection (Fig. 3, left). However,
at 4 weeks and 8 weeks postinfection, the numbers of CFU
recovered from the spleens of mice infected with bvfA mutant
were 1.7- and 3.5-log lower than those of the wild-type strain,
respectively. The mutant was rapidly cleared from spleens,
while the wild type persisted at high levels, showing that BvfA
is required for full virulence. Analysis of spleen weights
showed less splenomegaly in mice infected with the bvfA mu-
tant between 2 and 8 weeks (Fig. 3, right). Attempts to com-
plement the mutant were ambiguous due to plasmid instability
in mice, a phenomenon previously encountered with the
pBBR1-MCS4 plasmids (R. M. Roop II, personal communi-
cation).

The bvfA promoter is induced intracellularly. We have re-
cently shown that the B. suis virB operon is induced in acidic
minimal medium or by phagosome acidification after uptake

FIG. 1. Inactivation of bvfA in Brucella suis by homologous recom-
bination. Schematic representation of double crossing over between
the chromosomal bvfA and the bvfA with a kanamycin resistance ca-
sette inserted at the unique BspMI site at bp 142108. The black arrow
indicates the bvfA gene, and the gray arrows correspond to the neigh-
bor genes. Numbers are the position in the B. suis genome sequence.

FIG. 2. BvfA is required for the virulence of B. suis in the cell infection virulence models. Monolayers of THP1 macrophages (A) and HeLa
(B) and J774 (C) cells were infected with 106 CFU of wild-type (filled squares), 1330bvfA::kan B. suis (filled triangles), 1330bvfA::kan with
pBBR1-BvfA (open squares), or virB2::Tn5 (filled circles). Data points are geometric means of three wells with the standard error shown. This data
set is representative of at least five independent experiments with similar results.
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by mammalian cells (5, 6). B. suis 1330 was electroporated with
plasmid pBBR1-KGFPbvfA and pBBR1-KGFPvirB, which re-
spectively contain the predicted promoter-regulatory region
for bvfA and the putative virB promoter region cloned up-
stream of the gfp gene in a differential fluorescence induction
promoter trap vector (23, 40). Transcription was analyzed by
fluorescence microsocopy and FACS detecting GFP produc-
tion. No fluorescence was detected by microscopy with bacteria
grown overnight in tryptic soy broth (data not shown) and only
very low levels of fluorescence were detected by FACS, show-
ing that neither pvirB nor pbvfA was induced. Induction of
pbvfA was observed in acid minimal medium in a manner
similar to that of pvirB (data not shown). To determine
whether pbvfA was induced within cells, J774 macrophages
were infected with bacteria grown overnight in tryptic soy
broth (5). At 3 h postinfection, infected cells were lysed, and
supernatants containing Brucella were subjected to FACS (5).
Here again, there was a clear induction of expression of GFP
from both pbvfA and pvirB, with levels of fluorescence ap-
proaching that of the constitutive promoter control (Fig. 4, left
panel).

Phagosome acidification has been shown to be essential for
the intracellular multiplication of B. suis (37), and acidification
is a stimulus required for virB operon expression within the
phagosome (5). We investigated its influence on pbvfA induc-
tion. Inhibiting phagosome acidification with the proton pump
inhibitor bafilomycin A1 blocked the induction of both pbvfA
and pvirB, whereas the constitutive control remained fluores-
cent (Fig. 4, right). Analysis by fluorescence microscopy con-
firmed the FACS data (data not shown). Transcription of pbvfA
was coregulated, with that of virB induced in acid minimal
medium or by phagosome acidification after uptake by macro-
phages.

DISCUSSION

BvfA is essential for Brucella virulence in both in vitro and in
vivo virulence models. How it plays this role is not at all clear;
it is a small protein (a mass of 11 kDa is predicted for the
mature protein), with no homologues in GenBank and no con-
served domains or structural features (Prosite [http://au.expasy
.org/prosite/]). The B. suis genome has 3,388 open reading
frames, of which 42% are of unknown function, including 528
(15%) which are unique to the genus Brucella (34). To date,
	10% of the 180 attenuated mutants reported for Brucella are
in genes of unknown function, of which several are unique to
Brucella or to the �-Proteobacteria (10). A systematic study is
required to assess the role of these “orphans” in virulence.

The gene encoding BvfA (BMEI1366) is located on the large

FIG. 3. BvfA is required for virulence of B. suis in mice. (Left) Brucella persistence in spleens of mice inoculated with B. suis 1330 wild-type
and the 1330bvfA::kan strain. BALB/c mice were inoculated intraperitoneally with 2 � 105 CFU of B. suis 1330 wild types (filled squares) and the
1330bvfA::kan strain (open triangles). Five mice were used for each time point. The number of CFU in spleens was determined at different weeks
postinfection (geometric means � standard deviations of the means). (Right) Spleen weights of mice infected with B. suis 1330 and 1330bvfA::kan
at 4 and 8 weeks postinfection. , significantly different from the wild type (P � 0.05).

FIG. 4. bvfA is induced intracellularly in response to phagosome
acidification. Gene expression was measured by FACS using transcrip-
tional fusions to GFP. The bacteria were recovered from J774 macro-
phages 3 h postinfection of normal (left) or bafilomycin A (100 nM)-
treated (right) macrophages as described previously (5). Expression
from the bvfA promoter is shown in pink, pvirB is shown in blue,
expression from the empty vector is shown in green, and expression
from a constitutive promoter is shown in red.
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chromosome; neither of the genes surrounding bvfA, encoding
a protease II-like protein and a Mn superoxide dismutase
(SodA), have been reported to play a role in Brucella virulence.
SodA has recently been shown to be required for full virulence
of Mycobacterium tuberculosis (12). As the sodA gene down-
stream of bvfA is transcribed on the opposite strand and as the
kanamycin-resistance cassette in 1330bvfA::kan does not inter-
rupt the sodA coding sequence, we can exclude the possibility
that the attenuation is due to a polar effect on sodA.

We found that bvfA is tightly regulated, with no expression
in rich medium and induction in response to acid shock and
within macrophages. While biochemical and differential fluo-
rescence induction studies have identified a wide range of
proteins induced by acid shock in vitro and genes induced
intracellularly (10, 14, 29), only virB and bvfA have been shown
to date to be required for virulence. The coregulation of bvfA
with the virB operon, both in vitro and intracellularly, suggests
that BvfA may also play a role in the establishment of the
intracellular niche in which Brucella replicates.

BvfA was one of two potentially secreted proteins identified
with a novel screen using the induction of apoptosis by trans-
lational fusions to the Yersinia YopP toxin as a readout. The
first, which contained most of the NirV protein, appears to be
secreted via the twin-arginine translocation system (J.-P. La-
vigne and D. O’Callaghan, unpublished results). In the second,
apoptosis was induced by YopP fused to the first 13 residues of
BvfA. Induction of apoptosis by the strain expressing this fu-
sion appeared to be dependent on a functional VirB system,
suggesting at first glance that this protein was secreted via the
T4SS. Analysis of this protein showed that the fusion had
created a Sec-dependent signal sequence in the fusion, allow-
ing YopP to be transported to the periplasm with the BvfA
moiety cleaved by the signal peptidase. Control experiments,
where YopP was delivered to the periplasm with other, unre-
lated Sec-dependent signal sequences, also showed VirB-de-
pendent induction of apoptosis, suggesting nonspecific release
of periplasmic YopP, rather than secretion directed by the
fusion protein (data not shown). Nevertheless, how YopP is
translocated from the bacterial periplasm to the cytoplasm of
the infected cell remains to be elucidated. As most of the T4SS
effector proteins studied have been shown to have a C-terminal
signal (21, 30, 32, 39, 41), the secretion of the N-terminal YopP
fusions argue against the conclusion that BvfA is a VirB effec-
tor. The C-terminal signal is thought to interact with the VirD4
coupling protein, which guides it to the secretion system; how-
ever, no VirD4 homologue in the Brucella genome has been
identified. A similar situation exists in Bordetella pertussis,
where the subunits of the pertussis toxin are transported to the
periplasm by a Sec-dependent process where they assemble
and are then secreted by the Ptl T4SS (8). As BvfA is predicted
to be a periplasmic protein, it is not possible to rule out that it
is part of a complex secreted from the periplasm by the Bru-
cella T4SS. Further experiments are required to explore this
hypothesis.
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