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The Brucella abortus virB locus contains 12 open reading frames, termed virBI through virB12, which encode
a type IV secretion system. Polar mutations in the virB locus markedly reduce the ability of B. abortus to survive
in cultured macrophages or to persist in organs of mice. While a nonpolar deletion of the virB2 gene reduces
survival in cultured macrophages and in organs of mice, a nonpolar deletion of virBI only reduces survival in
macrophages, whereas virB12 is dispensable for either virulence trait. Here we investigated the role of the
remaining genes in the virB locus during survival in macrophages and virulence in mice. Mutants carrying
nonpolar deletions of the virB3, virB4, virB5, virB6, virB7, virB8, virB9, virB10, or virB11 gene were constructed
and characterized. All mutations reduced the ability of B. abortus to survive in J774A.1 mouse macrophage-like
cells to a degree similar to that caused by a deletion of the entire virB locus. Deletion of virB3, virB4, virB5,
virB6, virB8, virB9, virB10, or virB11 markedly reduced the ability of B. abortus to persist in the spleens of mice
at 8 weeks after infection. Interestingly, deletion of virB7 did not reduce the ability of B. abortus to persist in
spleens of mice. We conclude that virB2, virB3, virB4, virB5, virB6, virB8, virB9, virB10, and virB11 are essential
for virulence of B. abortus in mice, while functions encoded by the virB1, virB7, and virBI12 genes are not

required for persistence in organs with this animal model.

Brucellosis, also known as Malta fever or undulant fever, is
the most frequent anthropozoonosis in the world, with over
half a million new cases each year (26, 44). The disease is
caused by gram-negative bacteria that are members of the
genus Brucella. These pathogens cause abortion and sterility in
animals, while in humans the disease is characterized by recur-
rent episodes of fever. In both cases, the pathogens are capable
of surviving for extended periods of time in the organs of the
reticulo-endothelial system, such as liver, spleen, lymph nodes,
and bone marrow. While Brucella species lack many of the
classical virulence factors present in other Proteobacteria, such
as fimbriae, toxins, or virulence plasmids, their chromosomes
carry the virB locus, which encodes a type IV secretion system
(T4SS) that is required for infection and modulation of the
host immune system (24, 29, 42, 56). T4SSs are ancestrally
related to conjugation systems and have been identified in a
large number of gram-negative pathogens that cause disease in
both mammals and plants (1, 4, 5, 20, 43, 52, 54, 62, 64). Based
on sequence comparison of their structural components, T4SSs
can be divided into two groups, the virB-like T4SSs (T4A) and
the dot/icm-like T4SSs (T4B) (14). Both T4A and T4B secre-
tion systems have been shown to translocate or secrete a range
of different substrates from DNA bound to protein to single
proteins to multisubunit toxins (4, 8, 11, 12, 16, 36, 37, 39-41,
43,53, 55, 61, 64). The closest homologues of the virB locus are
T4A systems encoded by the conjugative plasmids pSB102,
pIPO2T, and pTer331 (38, 51, 60).

The best-studied T4SS is the VirB system of Agrobacterium
tumefaciens, which is therefore used as a model for the T4A
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systems. The current model for assembly of the VirB T4SS
postulates a core structure in the periplasmic space composed
of the proteins VirBe6, VirB7, VirB8, VirB9, and VirB10 (13).
Energy for the secretion apparatus is thought to be supplied by
three NTPases, VirB4, VirB11, and VirD4, located at the cy-
toplasmic membrane (2). Only two of these NTPases, VirB4
and VirB11, are present in Brucella. A surface structure com-
posed of VirB2 (major) and VirB5 (minor) subunits is thought
to mediate contact with the host cells (13). The Brucella VirB
T4SS is composed of 12 genes (virBI to virB12), which are
transcribed from a single promoter located in front of virBI
(6). Previous studies on the role of the Brucella T4SS have
shown that this virulence factor is required for persistent in-
fection of mice, for survival in tissue culture cells, and for
inhibition of fusion of the Brucella-containing vacuole with
lysosomes (10, 15, 18, 19, 24, 29, 32, 42, 45, 46, 56, 59, 63, 67).
However, most of these studies used transposon insertion mu-
tants, which likely exerted polar effects on the expression of the
downstream genes. Secondly, although the overall structures of
the T4A secretion systems are very similar, there are some
genetic differences between the different organisms. For exam-
ple, Brucella is missing a homolog of the coupling protein
VirD4 that is present in most T4SSs, but it does have an extra
gene in the operon, virBI2 (42). The Ptl system of Bordetella
pertussis lacks the genes for VirB1 and VirB5 but is still able to
secrete the pertussis toxin (64). Similarly, the VirB system of
Anaplasma marginale has only the proteins that form the core
structure but no VirBl1, VirB2, VirB5, or VirB7 homolog (7).
This large difference in genetic organization, combined with
the use of mostly transposon insertions to study the function of
the VirB system of Brucella, led us to ask the question of which
of the Brucella virB genes are required for virulence and per-
sistent infection. In two previous articles, we reported that
virB2 is required for survival in macrophages and persistent
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infection of mice, while virBI and virBI12 are dispensable in
vivo (19, 59). Here we report on the role of the remaining
genes in the operon.

MATERIALS AND METHODS

Bacterial strains, media, and culture conditions. Bacterial strains used were
derivatives of Brucella abortus 2308. Strains were cultured on tryptic soy agar
(TSA) (Difco/Becton-Dickinson, Sparks, MD) or in tryptic soy broth (TSB) at
37°C on a rotary shaker. Bacterial inocula for infection of mice were cultured on
TSA plus 2%-sheep-blood plates. Antibiotics, when required, were added at the
following concentrations: carbenicillin (CAR), 100 mg/liter; kanamycin (Km),
100 mg/liter; chloramphenicol (Cm), 5 to 30 mg/liter. All work with live B.
abortus was performed at biosafety level 3.

Recombinant DNA techniques. Plasmid DNA was isolated using ion exchange
columns from Qiagen (Valencia, CA). Standard methods were used for Southern
blotting, PCR, restriction endonuclease analyses, ligation, and transformation of
plasmid DNA into Escherichia coli (3). PCR products were cloned into pCR2.1-
TOPO using a commercial kit (Invitrogen, Carlsbad, CA).

Construction of unmarked in-frame deletions. Unmarked in-frame deletions
of virB3, virB4, virB5, virB6, virB7, virB8, virB9, virB10, and virB11 were con-
structed in a two-step process. First, 1-kb up- and downstream fragments of each
plasmid were amplified with the primers listed in Table 2. The resulting ampli-
cons were cloned into pCR2.1 TOPO (Invitrogen). Next, the up- and down-
stream fragments of each gene were ligated together in either pCR2.1 (virB3, -4,
-7, and -8) or in pBluescript (virB5, -6, -9, and 10), using restriction enzymes
incorporated into the primers listed in Table 2. Next, a kanamycin resistance
cassette (KSAC or KIXX) was ligated into the plasmid between the up- and
downstream fragments, using restriction sites incorporated into the original
primers used to amplify the up- and downstream fragments. This plasmid was
then introduced into wild-type Brucella by electroporation. After recovery, trans-
formants were selected on potato infusion agar (PTIA) plus kanamycin and col-
onies were checked by southern blotting. To remove the kanamycin resistance
cassette, we inserted the sacB gene into the plasmid containing the up- and
downstream fragments. Each plasmid was then introduced into its corresponding
kanamycin-resistant deletion strain, and transformants containing the sacB plas-
mid integrated into the genome were selected on PIA plus CAR. Colonies
resistant to CAR were inoculated into 3 ml sucrose broth and after 24 h of
incubation were plated on sucrose agar plates. Colonies from these plates were
screened on PIA, PIA plus kanamycin, and PIA plus CAR to identify those
colonies that were kanamycin and CAR sensitive. To confirm deletion of the
kanamycin resistance cassette, genomic DNA of the wild type and the isogenic
mutants was digested with Fspl and electrophoresed on an 0.8% agarose gel.
After transfer to a positively charged nylon membrane was carried out, the
membrane was probed with DNA fragments corresponding to each of the virB
genes.

Cell lines. The mouse macrophage-like cell line J774A.1 (47) was cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Rockville, MD) supple-
mented with 10% heat-inactivated fetal bovine serum, 1% nonessential amino
acids (DMEMsup). For macrophage killing assays, 24-well microtiter plates were
seeded with macrophages at a concentration of 1 X 10° to 2 X 10 cells/well in
0.5 ml of DMEMsup and incubated overnight at 37°C in 5% CO,. For prepa-
ration of the inoculum, B. abortus strains were grown for 24 h and then diluted
in DMEMsup, and about 5 X 107 bacteria in 0.01 ml of DMEMsup were added
to each well of macrophages. Microtiter plates were centrifuged at 210 X g for 5
min at room temperature in order to synchronize infection. Cells were incubated
for 20 min at 37°C in 5% CO,, free bacteria were removed by three washes with
phosphate-buffered saline (PBS), and the zero-time-point sample was taken as
described below. DMEMsup plus 50 mg gentamicin per ml was added to the
wells, and the cells were incubated at 37°C in 5% CO,. After 1 h, DMEMsup plus
50 pg/ml gentamicin was replaced with medium containing 25 pug/ml gentamicin.
Wells were sampled at 0, 24, and 48 h after infection by aspirating the medium,
lysing the macrophages with 0.5 ml of 0.5% Tween 20, and rinsing each well with
0.5 ml of PBS. Viable bacteria were quantified by serial dilution in sterile PBS
and plating on TSA. All experiments were performed independently in triplicate
at least three times and the standard error for each time point calculated.

Infection of mice. Female BALB/c ByJ mice were obtained from the Jackson
Laboratory (Bar Harbor, ME) and used at an age of 4 to 6 weeks. For infection
experiments, groups of four or five mice were inoculated intraperitoneally with
0.2 ml of PBS containing 1 X 10° to 5 X 10> CFU of B. abortus. Infected mice
were held in microisolator cages in a biosafety level 3 facility. At the appropriate
time points, mice were euthanized by CO, asphyxiation and the spleens collected
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virB1 23 4 56789 10 11 12
2308 OOLDDC— DD OO0
ADH19 ™D oD O > AvirB3
ADH21 ™ODD DYODOOC OO AvirB4
ADH23 DDDC—) OO OC D) AvirBS
ADH25 DODDC—Dom DO o>y AvirB6
ADH27 DODDC——MDy ooy AvirB7
ADH29 DD DO AvirB8
ADH31 MDD CoC >0 AvirB9
ADH33 ODDC—oOoDOoD >0 AvirB10
ADH16 OO DD ) AvirB11

FIG. 1. Map of virB deletions. Strain names are listed on the left,
with the deleted gene indicated on the right. 2308 is wild-type Brucella
abortus.

aseptically at necropsy. Spleens were homogenized in 3 ml of PBS and serial
dilutions of the homogenate plated on TSA containing antibiotics, as appropri-
ate, for enumeration of CFU. All animal experiments were approved by the
University of California, Davis, Institutional Laboratory Animal Care and Use
Committee and conducted in accordance with institutional guidelines.

Detection of VirB proteins. B. abortus cultures were inoculated in TSB and
incubated at 37°C with shaking at 200 rpm for 18 to 24 h. Bacteria were pelleted
and resuspended in equal volumes of 1X modified minimal E-medium (pH 5)
(34, 46). The cultures were incubated at 37°C with shaking at 200 rpm for 4 to 5 h.
Bacteria were pelleted and resuspended in 2X Laemmli sample buffer at a
concentration of 1 X 10' CFU/ml and heated at 100°C for 5 min, and the total
protein from 1 X 10% CFU (0.01 ml) loaded per well for separation by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (35). Proteins were trans-
ferred to polyvinylidene difluoride membranes by electroblotting and were de-
tected using polyclonal rabbit sera specific for VirB5, VirB8, VirB9, VirB10,
VirB11, VirB12. and Besp31 and goat anti-rabbit immunoglobulin G conjugated
to horseradish peroxidase. Horseradish peroxidase activity was detected with a
chemiluminescent substrate (Perkin-Elmer, Waltham, MA).

RNA isolation. Bacterial RNA was isolated using the Ribopure bacterial RNA
kit from Ambion (Austin, TX). One milliliter of culture grown to expression
conditions was pelleted and resuspended in 350 wl of RNAwiz. This suspension
was transferred to 250 pl of Zirconia beads and shaken for 45 min using a vortex.
The beads were pelleted, and the supernatant was transferred to a new tube.
Volumes (0.2) of chloroform were added and mixed thoroughly. After a 10-min
incubation, the suspension was centrifuged for 5 min at 14,000 rpm. The aque-
ous-phase material was transferred to a new tube, and 0.5 volumes of 100%
ethanol were added. The liquid was transferred to a filter cartridge and centri-
fuged for 1 min. The filter was washed with 700 pl wash solution 1 and 2 X 500
wl wash solution 2/3. The RNA was eluted with 25 to 50 wl elution solution. The
RNA was treated with DNAse I to remove genomic DNA contamination.

RT-PCR. Reverse transcriptase PCR (RT-PCR) was performed using the
Taqman reverse transcription kit from Applied Biosystems (Foster City, CA).
Reverse transcription of total RNA (0.5 to 1 pg) in 5.5 mM MgCl,, 500 pM
deoxynucleoside triphosphates, 2.5 .M random hexamers, 1 U RNase inhibitor,
and 1.25 U/pl MultiScribe reverse transcriptase was performed at 48°C for 30
min. RT-PCR was performed for each cDNA sample (2 ul per reaction) with
gene-specific primers.

RESULTS

Construction of nonpolar unmarked virB deletion mutants.
To determine whether each component of the virB T4SS is
essential for virulence, we constructed in-frame unmarked de-
letions of each gene in the operon (deletions and strain des-
ignations are shown in Fig. 1). This was done in a two-step
process. First, each gene was replaced with a kanamycin resis-
tance cassette by electroporating a plasmid containing 1-kb up-
and downstream fragments of the gene to be deleted separated
by a kanamycin resistance cassette (plasmids and primers are
listed in Tables 1 and 2). In the second step, the kanamycin
cassette was removed using the same up- and downstream
fragments without the kanamycin cassette but with the coun-
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TABLE 1. Bacterial strains and plasmids®

Strain or plasmid Relevant characteristic(s) Source or
reference
Brucella abortus
2308 Wild type B. Deyoe
ADH4.2 AvirBI-virB12 19
ADH6 AvirBI (nonpolar) 19
ADH3 AvirB2 (nonpolar) 19
ADH18 AvirB3::Km (polar) This work
ADH19 AvirB3 (nonpolar) This work
ADH20 AvirB4::Km (polar) This work
ADH21 AvirB4 (nonpolar) This work
ADH22 AvirB5::Km (polar) This work
ADH23 AvirB5 (nonpolar) This work
ADH24 AvirB6::Km (polar) This work
ADH25 AvirB6 (nonpolar) This work
ADH26 AvirB7::Km (polar) This work
ADH27 AvirB7 (nonpolar) This work
ADH28 AvirB8::Km (polar) This work
ADH29 AvirB8 (nonpolar) This work
ADH30 AvirB9::Km (polar) This work
ADH31 AvirB9 (nonpolar) This work
ADH32 AvirB10::Km (polar) This work
ADH33 AvirB10 (nonpolar) This work
ADH15 AvirB11::Km (polar) This work
ADHI16 AvirB11 (nonpolar) This work
AK/ORF12 AvirB12::Km 59
E. coli
DH5a endAl hsdR17(ry~ my ) supE44 thi-1 recAl gyrA relAl A(lacZYA-argF)UI169 deoR 65
$80dlacZA(M15)
BL21(DE3) F~ ompT gal [dem] [lon] hsdSg(rg~ mg~) DE3 58
Plasmids
pBluescript KS colEl, bla Stratagene
pCR2.1-TOPO TA cloning vector Invitrogen
pUC4-KSAC Carries Tn903 kanamycin resistance cassette Pharmacia
pUC4-KIXX Carries Tn5 kanamycin resistance cassette Pharmacia
pEX18Ap sacB 28
pBBRmcs4 ampR 33
pADH100 virB 940-1939 and virB 2290-3290 cloned into pCR2.1-TOPO This work
pADH101 virB 940-1939 and virB 2290-3290 separated by a kanamycin resistance cassette KIXX cloned into This work
pCR2.1-TOPO
pADH102 SacB cloned into pADH100 This work
pADH103 virB 1290-2289 and virB 4786-5785 cloned into pCR2.1-TOPO This work
pADH104 virB 1290-2289 and virB 47865785 separated by kanamycin resistance cassette KIXX cloned into This work
pCR2.1-TOPO
pADHI105 sacB cloned into pADH103 This work
pADH106 virB 2772-4707 and virB 5507-6506 cloned into pBluescript This work
pADH107 virB 2772-4707 and virB 5507-6506 separated by kanamycin resistance cassette KSAC cloned into This work
pBluescript
pADH108 sacB cloned into pADH106 This work
pADH109 virB 4690-5689 and virB 6734-7751 cloned into pBluescript This work
pADH110 virB 4690-5689 and virB 6734-7751 separated by kanamycin resistance cassette KSAC cloned into This work
pBluescript
pADHI111 sacB cloned into pADH109 This work
pADH112 virB 5897-6896 and virB 7071-8070 cloned into pBluescript This work
pADH113 virB 5897-6896 and virB 7071-8070 separated by a kanamycin resistance cassette, KSAC, cloned This work
into pBluescript
pADH114 sacB cloned into pADH112 This work
pADH115 virB 6073-7072 and virB 7786-8637 cloned into pCR2.1-TOPO This work
pADH116 virB 6073-7072 and virB 7786-8637 separated by a kanamycin resistance cassette, KIXX, cloned This work
into pCR2.1-TOPO
pADH117 sacB cloned into pADH115 This work
pADHI118 virB 6789-7788 and virB 8655-9658 cloned into pBluescript This work
pADH119 virB 6789-7788 and virB 8655-9658 separated by a kanamycin resistance cassette, KSAC, cloned This work
into pBluescript
pADH120 sacB cloned into pADH118 This work
pADHI121 virB 7654-8654 and virB 9802-10819 cloned into pBluescript This work

Continued on following page
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TABLE 1—Continued

Strain or plasmid Relevant characteristic(s) Source or
reference
pADH122 virB 7654-8654 and virB 9802-10819 separated by a kanamycin resistance cassette, KSAC, cloned This work
into pBluescript
pADH123 sacB cloned into pADH121 This work
pADH124 virB 8351-9822 and virB 10850-12441 cloned into pBluescript This work
pADH125 virB 8351-9822 and virB 10850-12441 separated by kanamycin resistance cassette KSAC cloned This work
into pBluescript
pADH126 SacB cloned into pADH124 This work
pVP 450-bp fragment of virB promoter cloned into pBBR-MCS4 This work
pVP3 virB3 cloned into pVP This work
pVP4 virB4 cloned into pVP This work
pVP5 virB5 cloned into pVP This work
pVPo6 virB6 cloned into pVP This work
pVP7 virB7 cloned into pVP This work
pVPS8 virB8 cloned into pVP This work
pVP9 virB9 cloned into pVP This work
pVP10 virBI10 cloned into pVP This work
pVP11 virBI1 cloned into pVP This work

“ Cloned fragments of the virB operon are numbered according to the sequence found under GenBank accession number AF226278 (56).

terselectable marker sacB. Each deletion was confirmed by
Southern blot analysis using Fspl-digested genomic DNA of
each of the deletion strains and probes specific for each virB
gene (Fig. 2). There are eight Fspl sites in the virB operon,
which leads to a size difference for several of the signals. For
example, virB4 contains two Fspl sites, so when probing this
mutant with fragments of virBI to virB8, there was an increase
in the size of the hybridizing fragment. These results showed
that each deletion strain lacked only the deleted gene and that
neighboring genes were intact.

Unmarked deletions do not prevent transcription of down-
stream genes. For each mutant, we determined whether ex-
pression of downstream genes was affected by the unmarked
deletion. To this end, we isolated RNA from each mutant
grown under conditions for virB expression. Expression of
virB1, virB6, and virB11 was assessed in each RNA sample by
RT-PCR using specific primers. As a control for DNA con-
tamination, an RNA sample from each mutant was analyzed
without adding reverse transcriptase. No PCR product was
obtained in this control reaction, suggesting that this
method specifically detected mRNA for each gene. As a
positive control, mRNA of the gyr4 gene was detected by
RT-PCR in each sample, confirming the presence of mRNA
in each preparation. An additional positive control included
RT-PCR using genomic DNA from wild-type B. abortus,
which was positive for each primer pair, as expected. A
product for virBI was obtained by RT-PCR in mRNA sam-
ples from all strains except the virBI-virB12 deletion mutant
(ADH4.2) and the virBI deletion mutant (ADH6) (Fig. 3).
A product was also visible for virB6 and virBI1 in all strains
except the virB6 mutant (ADH25) and the virBI/I/ mutant
(ADH16). These data suggested that unmarked deletions of
virBI (ADHO6), virB2 (ADH3), virB3 (ADH19), virB4
(ADH21), virB5 (ADH23), virB6 (ADH25), virB7 (ADH27),
virB8 (ADH29), virB9 (ADH31), virBI10 (ADH33), and
virBl1 (ADH16) were nonpolar on the transcription of
downstream genes.

Expression of VirB proteins in strains carrying unmarked
deletions. Although each unmarked deletion appeared to be

nonpolar, we considered that these mutations may affect trans-
lation of downstream genes. Furthermore, the absence of one
component may affect assembly of the secretion apparatus,
thereby possibly resulting in misfolding and/or degradation of
other components of the T4SS. To determine the effect of each
unmarked deletion on abundance of other T4SS components,
we performed Western blot analysis with all strains, using
polyclonal rabbit sera against VirB5, VirB8, VirB9, VirB10,
VirB11, and VirB12 (Fig. 4). A previously described polyclonal
antibody against the Brucella outer membrane protein Besp31
was used as a loading control (59). Deletion of virB3 (ADH19)
led to reduced levels of VirB5, VirB8, VirB9, VirB10, and
VirB11, suggesting either an effect of the mutation on trans-
lation or a requirement of the VirB3 protein for stability of
other T4SS proteins. In the virB2 mutant (ADH3) and the
virB4 mutant (ADH21), the abundance of VirB5 was markedly
reduced while VirB8, VirB9, VirB10, VirB11, and VirB12 were
detected at wild-type levels. These data suggested that reduced
expression of VirB5 in the virB2 mutant (ADH3) and the virB4
mutant (ADH21) was not due to polar effects on transcription
but likely reflected a requirement of the VirB2 and VirB4
proteins for the assembly/stability of VirB5. Deletion of virB7
(ADH27) reduced protein levels of VirB8, VirB9, VirB10, and
VirB11 under in vitro growth conditions, as indicated by our
Western blot analysis. With the virB8 mutant (ADH29), we
were not able to detect VirB9, VirB10, and VirB11 by Western
blotting (Fig. 4) despite the presence of mRNA encoding these
proteins (Fig. 3), suggesting that VirB8 is required for the
assembly/stability of VirB9, VirB10, and VirB11. Alternatively,
deletion of virB8 may reduce the efficiency by which the virB9,
virB10, and virB11 open reading frames are translated. Dele-
tion of virB9 (ADH31) resulted in reduced levels of VirB10
and VirB11 (Fig. 4). The virBI0 mutant (ADH33) exhibited
reduced levels of VirB1l. These data suggested either that
deletions of virB9 and virB10 may reduce translation of down-
stream genes or that the encoded proteins are required for the
stability of VirB11. VirB12 was expressed in all strains at the
same level except in the virBII mutant (ADH16), in which its
abundance was reduced. In summary, while unmarked deletion
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TABLE 2. Primers used in this work®
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Primer name

Sequence (restriction enzyme)

Fragment

VirB3up-F
VirB3up-R
VirB3dn-F
VirB3dn-R
VirB4up-F
VirB4up-R2
VirB4dn-F
VirB4dn-R
VirBSup-F3
VirB5up-R2
VirB5dn-F2
VirB5dn-R2
VirBéup-F2
VirB6up-R2
VirB6dn-F2
VirB6dn-R3
VirB7up-F2
VirB7up-R2
VirB7dn-F2
VirB7dn-R2
VirB8up-F
VirB8up-R
VirB8dn-F
VirB8dn-R
VirB9up-F2
VirB9up-R2
VirB9dn-F2
VirB9dn-R2
VirB10up-F
VirB10up-R
VirB10dn-F
VirB10dn-R
virB8351F
virB9822R
virB10850
virB12441
KSAC707-F
KSAC1638-R
SacB-F-Spel
SacB-R-Spel
VirB-P-F2
VirB-P-R
VirB3-F2
VirB3-R2
VirB4-F2
VirB4-R2
VirB5-F2
VirB5-R2
VirB6-F2
VirB6-R2
VirB7-F2
VirB7-R2
VirB8-F2
VirB8-R2
VirB9-F2
VirB9-R2
VirB10-F2
VirB10-R2
VirB11-F2
VirB11-R2
RTgyrA-F
RTgyrA-R
RTvirB-F
RTvirB-R
RTvirB6-F
RTvirB6-R
RTvirB11F
RTvirB11R

GTTGTCGTGCCCATGATC
CCCGGGGATCTGTGTCCCTTTACC (Smal)
CCCGGGATGGGCGCTCAATCCAAA (Smal)
CTGCAGTAATGATATTCACCCATG (Pstl)
ATCTGCGATCTGGAGCAT
CCCGGGTTATGATTCTCTTTTGCGC (Smal)
CCCGGGCACTATGAAGAAGATAAT (Smal)
CTGCAGCATATTCATGGTGTTGGA (Pstl)
TCTAGAGGGACTATTCTTGCCATT (Xbal)
CTGCAGAGTGTCACCTTCCTGTTG (Pstl)
CTGCAGCTACCCGACTAAGGAGTA (Pstl)
GTCGACTGCCACCGTATTCATAGA (Sall)
TCTAGAATTGCCGAAGTCGGGGAC (Xbal)
CTGCAGCACGAAACTCCTTCACCC (Pstl)
CTGCAGGGCCTTACACGCGGCGGC (Pstl)
GTCGACGTGACATTGAAACCCAGCG (Sall)
TCTAGAAAATTCATGCTGATTGCT (Xbal)
CTGCAGTATGATTACCTGCGGTGC (Pstl)
CTGCAGTCATGTTTGGACGCAAAC (Pstl)
GTCGACGTGGGAGAGCGTCATGGA (Sall)
CGCAGCCATGCTCTTTGA
CCCGGGGATTAGTCCTCGTAAGTG (Smal)
CCCGGGGCAATGAAAAGATTCCTG (Smal)
CTGCAGCGATTTGATGACGCGCTT (Pstl)
TCTAGACTGGCACATCATGGGCGA (Xbal)
CTGCAGTGCACCACTCCCATTTCT (Pstl)
CTGCAGATGACACAGGAAAACATT (Pst)
GTCGACAGGTTGATCTGATTTGAA (Sall)
GCGGCCGCAACAACGCACTGGATCGC (Notl)
GGATCCTGCAGGTTCTCCCCGGGC (BamHI)
GATATCATGATGTCAAACCGAAGT (EcoRV)
GTCGACTATGGCGGCCAGTGCCGT (Sall)
GTCGACGCCCACTCTTGCCTATG (Sall)
CTGCAGTCATTCACTTCGGTTTGACATCATACAC (Pst)
CTGCAGAACGGGCACTGTCACTGC (Pstl)
GGATCCAGACGAGCGGATAATGCC (EcoRI)
GGATCCTAACCAATTCTGATTAGA (BamHI)
GATATCCGTTGTGTCTCAAAATCTCTG (EcoRV)
ACTAGTGCTGGCTTAACTATGCGGCA (Spel)
ACTAGTTCAAACAGGAGGGCTGGAAG (Spel)
CTCGAGATGACAGGCATATTTCAA (Xhol)
CTGCAGGTCTCCTTCTCAGAGAAT (Pstl)
CTGCAGATGACAACGGCACCACAGGGA (Pstl)
ACTAGTTTATGATTCTCTTTTGCG (Spel)
CTGCAGATGGGCGCTCAATCCAAATAC (Pstl)
ACTAGTTCACCTTCCTGTTGATTT (Spel)
CTGCAGATGAAGAAGATAATTCTCAGC (PstI)
ACTAGTTTAATAGGCGGCTTCCAG (Spel)
CTGCAGATGGTTAATCCTGTAATCTTT (Pstl)
ACTAGTCTAATCCCTGTTGAACTG (Spel)
CTGCAGATGAAAAAGGTAATCCTTGCT (Pstl)
ACTAGTTTAGTCCTCGTAAGTGTC (Spel)
CTGCAGATGTTTGGACGCAAACAATCT (Pstl)
ACTAGTTCATTGCACCACTCCCAT (Spel)
CTGCAGATGAAAAGATTCCTGCTTGCG (Pst)
ACTAGTTCATTGCAGGTTCTCCCC (Spel)
CTGCAGATGACACAGGAAAACATTCCG (Pstl)
ACTAGTTCACTTCGGTTTGACATC (Spel)
CTGCAGATGTCAAACCGAAGTGAC (Pstl)
ACTAGTTCATTGCGTCTTCTCACT (Spel)
TGATGCCCTCGTGCGTATG
TTCCGTGACCTTTTCCAGACG
TGCCATTCCTTGTCCTCGC
CCCACCAACGACGCCTATTG
TATGATTGCCACGACTGCTGTC
ATGACGAGTTGCGAAAACGG
CAGGCAAGACCACACTGATGAAAG
CGCTTCGCTCGGATAAAACAG

virB3 upstream

virB3 upstream

virB3 downstream
virB3 downstream
virB4 upstream

virB4 upstream

virB4 downstream
virB4 downstream
virB5 upstream

virB5 upstream

virB5 downstream
virB5 downstream
virB6 upstream

virB6 upstream

virB6 downstream
virB6 downstream
virB7 upstream

virB7 upstream

virB7 downstream
virB7 downstream
virB8 upstream

virB8 upstream

virB8 downstream
virB8 downstream
virB9 upstream

virB9 upstream

virB9 downstream
virB9 downstream
virB10 upstream
virB10 upstream
virB10 downstream
virB10 downstream
virB11 upstream
virB11 upstream
virB11 downstream
virB11 downstream
Kan cassette

Kan cassette

sacB

sacB

virB promoter

virB promoter

virB3 complementation
virB3 complementation
virB4 complementation
virB4 complementation
virB5 complementation
virB5 complementation
virB6 complementation
virB6 complementation
virB7 complementation
virB7 complementation
virB8 complementation
virB8 complementation
virB9 complementation
virB9 complementation
virB10 complementation
virB10 complementation
virB11 complementation
virB11 complementation
RT-PCR

RT-PCR

RT-PCR

RT-PCR

RT-PCR

RT-PCR

RT-PCR

RT-PCR

“ Nucleotides in primers are numbered according to position in the B. abortus virB locus as described under GenBank accession number AF226278 (56).
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FIG. 2. Confirmation of virB gene deletions by Southern blotting.
Fspl-digested genomic DNA from wild-type B. abortus 2308 and each
of its isogenic mutants was electrophoresed and transferred to nylon
membranes. Membranes were probed with DNA fragments corre-
sponding to genes listed on the right. Strain genotypes are listed across
the top. There are eight Fspl sites in the virB operon, including one in
the virB4 gene and one in the virBI0 gene, whose deletion results in
larger hybridizing Fspl fragments in the virB4 and virB10 mutants.

of each gene within the virB locus was nonpolar on transcrip-
tion of downstream genes (Fig. 3), several of these mutations
affected abundance of other components of the T4SS, suggest-
ing effects on either translation or stability of these proteins.

Requirement of all virB genes for growth of B. abortus in
macrophages. To determine the role of the virB genes in vitro,
we infected the J774A.1 macrophage-like cell line at a multi-
plicity of infection of 100:1. Deletion of virB3 (ADH19), virB4
(ADH21), virB5 (ADH23), virB6 (ADH25), virB7 (ADH27),
virB8 (ADH29), virB9 (ADH31), virB10 (ADH33), and virB11
(ADH16) significantly decreased the ability of B. abortus to
survive inside macrophages (Fig. 5). Strains carrying mutations
in virB4 (ADH21), virB5 (ADH23), or virB11 (ADH16) could
be partially complemented by introducing plasmids (pVP de-
rivatives) carrying each virB gene under control of the up-

WT A Al A2 A3 M AS

A6 A7 A8 A9 AI0 A1l _A12
aba b ababab abab

virB1
virB6
virB11
A gyrA

FIG. 3. Deletions of virB genes are nonpolar on transcription of
downstream genes. PCR amplicons from RNA isolated from wild-type
B. abortus and its isogenic mutants with primers for virBI, virB6,
virB11, and gyrA are shown. The genotype of each mutant is listed at
the top of the figure (A1, AvirB1; A2, AvirB2, etc.; WT, wild type). For
each strain, a PCR was performed with reverse transcriptase (a) or
without reverse transcriptase (b); lane ¢, wild-type genomic DNA
control.
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FIG. 4. Western blot of wild type and deletion mutant strains. All
strains were grown under expression conditions described by Patey et
al. (34). Expression was detected with polyclonal antisera raised
against VirB5 (a-VirB5), VirB8 («-VirB8), VirB9 (a-VirB9), VirB10
(«-VirB10), VirB11 (a-VirB11), VirB12 («-VirB12), and Besp31 (a-
Besp31) (loading control).

stream promoter of the virB operon. Western blot analysis
showed that complementation of the virB§ mutant (ADH29),
the virB9 mutant (ADH31), or the virBI10 mutant (ADH33)
resulted in expression of VirB8, VirB9, and VirB10, respec-
tively (Fig. 6). However, introduction of the appropriate plas-
mids did not complement the phenotype caused by deletion
of virB3 (ADH19), virB6 (ADH25), virBS (ADH29), virB9
(ADH31), or virB10 (ADH33) (Fig. 5). One possible interpre-
tation of these data is that full functionality of the T4SS re-
quires production of each component in the correct stoichiom-
etry, which cannot be reproduced by expressing components
from a multicopy plasmid. For example, deletion of virB6
(ADH25) did not result in polar effects on transcription of
downstream genes (Fig. 3), nor did it alter expression of VirB8,
VirB9, VirB10, VirB11, or VirB12 (Fig. 4). However, the re-
spective mutant could not be complemented for macrophage
survival by introducing a plasmid carrying the cloned virB6
gene expressed from the virB promoter (Fig. 5). These data
suggested that functionality of the T4SS may require a bal-
anced expression of the VirB6 protein. In conclusion, our
results indicated that the virB3, virB4, virB5, virB6, virB7, virBS,
virB9, virB10, and virBI11 genes are required for survival and
replication in macrophages.

VirB7 is not required for persistent infection of mice by
B. abortus. In order to determine which of the virB genes are
required for persistence of B. abortus in vivo, we infected
mice with the wild type and each of the virB deletion strains.
Groups of 10 BALB/c mice were infected with the B. abortus
wild type (2308) or one of the isogenic mutant strains. At 1
and 8 weeks after infection, groups of five mice were eutha-
nized and the bacterial load in the spleen determined by
plating serial dilutions. Statistical differences were deter-
mined by one-way analysis of variance. Figure 7A shows that
at 1 week after infection, strains carrying deletions of virB4
(ADH21), virB5 (ADH23), virB6 (ADH25), virB9 (ADH31),
and virBI1 (ADH16) were significantly attenuated com-
pared to the wild type, while strains with deletions of virBI
to virB12 (ADH4.2), virB3 (ADH19), virB7 (ADH27), virB8
(ADH29), and virB10 (ADH33) were recovered at equal
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FIG. 5. Survival and replication in J774A.1 macrophages of B. abortus virB deletion mutants. Each deletion mutant was complemented with a
pVP derivative carrying the corresponding virB gene under the control of the virB operon promoter. In each graph, the solid line represents CFU
of B. abortus 2308; the dashed line represents CFU of the AvirB mutant indicated in the upper-right corner of each graph; and the dotted line
represents CFU of each deletion mutant complemented with a pVP derivative expressing the corresponding virB gene from the virB promoter.
Introduction of the empty pVP plasmid had no effect on intracellular survival of any of the deletion mutants (data not shown). Data presented
are averages of results from three experiments with three wells per strain. Error bars represent standard errors of the means. Asterisks denote
significant differences (P < 0.05) between numbers of CFU of the mutant and of its complemented strain, determined by Student’s ¢ test.

levels compared to the wild type (2308). The fact that at 1
week after infection some of the mutants (ADH21, ADH23,
ADH25, ADH31, and ADH16) were attenuated more
strongly than a strain carrying a precise deletion of the virB
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FIG. 6. Western blots showing expression of virB genes from plas-
mids used for complementation of deletion mutants. The antiserum
(anti-VirB8, -VirB9, -VirB10, or -VirB11) used to probe each blot is
shown on the right. (A) virB8 deletion mutant. (B) virB9 deletion
mutant. (C) virB10 deletion mutant. (D) virB11 deletion mutant.

locus (ADH4.2) suggests that the presence of an incom-
pletely assembled secretion apparatus may make B. abortus
more vulnerable to host defense mechanisms encountered
in the initial days after inoculation. At 8 weeks after infec-
tion, all strains except the virB7 mutant (ADH27) were
recovered at 3- to 4-log-lower levels than the wild type
(2308) (Fig. 7B). This result was unexpected, because the
virB7 mutant (ADH27) was attenuated for macrophage sur-
vival (Fig. 5). To verify that the group of mice had been
infected with the virB7 deletion mutant (ADH27), we iso-
lated genomic DNA from bacteria recovered from mice and
confirmed the deletion by PCR using primers flanking the
deletion site. Sequence analysis of the PCR fragment con-
firmed that virB7 was deleted (data not shown). These data
suggested that the virB7 gene is not required for mouse
virulence of B. abortus. Furthermore, our data showed that
the complete absence of the T4SS (ADH4.2), as well as
defects in the T4SS caused by mutations in virB3 (ADH19),
virB4 (ADH21), virB5 (ADH23), virB6 (ADH25), virB§
(ADH29), virB9 (ADH31), virBI0 (ADH33), and virB11
(ADH16), markedly reduced the ability of B. abortus to
persist in mice at 8 weeks after infection. Together with
previous studies showing that virBI1 and virB12 are dispens-
able during infection (19, 59), these data show that 9 out of
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FIG. 7. Persistence of nonpolar mutants in spleens of BALB/c
mice. Each dot represents CFU recovered from a single mouse; the
mean number of CFU in each group is indicated by a horizontal line.
Asterisks indicate statistical significance of each group compared to
wild-type B. abortus, as determined by one-way analysis of variance
followed by a Tukey-Kramer multiple comparison. (A) One week
postinoculation. (B) Eight weeks postinoculation. The horizontal line
across each graph indicates the limit of detection.

the 12 genes present in the virB locus are required for
persistence in organs of mice.

DISCUSSION

T4SSs have been identified in many pathogenic bacteria.
They are found in both extracellular and intracellular patho-
gens, where they allow the bacteria to adapt to changes in the
environment and by doing so enable them to survive. The B.
abortus T4SS has been shown to be essential for persistent
infection in both in vitro and in vivo models (15, 19, 29, 42, 56,
67). More recently it was shown that the T4SS allows B. abortus
to set up its replicative niche by modulating the immune re-
sponse of the host (48, 49). In our current study, we focused on
determining the role that each of the virB genes has on the
ability of B. abortus to establish persistent infection. To this
end, we constructed nonpolar deletions and were able to dem-
onstrate that all of them, except a deletion of virB7, impaired
the ability of B. abortus to establish a replicative niche in the
spleens of mice. Our data are in agreement with the reports of
Watarai et al., Patey et al., and Comerci et al., who used
nonpolar deletions to show that virB4, virB8, and virBI0 are
required for persistent infection of Brucella (15, 46, 63). The
finding that not all components of the B. abortus virB locus are
required for infection of mice is reminiscent of data obtained
with the cag pathogenicity island of Helicobacter pylori, which
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contains 27 genes, only 17 of which are required for translo-
cation of CagA (23). However, in the case of the ptl genes of
Bordetella pertussis, all the genes of the secretion apparatus are
required for secretion of pertussis toxin (17). Our data are also
in agreement with what has been reported for the Bartonella
VirB system. The Bartonella VirB TA4SS is required for estab-
lishing intraerythrocytic infection, and a strain lacking virB4
was shown to be avirulent (52).

Interestingly, our data on the B. abortus T4SS differ from
those reported for the closely related T4SS of Agrobacterium
tumefaciens, in which the homologous virB7 gene is required
for the formation of a functional secretion apparatus. This
finding was not the result of an error in the construction of the
virB7 mutant, since we did confirm that our virB7 deletion
strain is correct by sequencing genomic DNA isolated from
bacteria recovered from the mice. Although our protein data
are in agreement with data in previously reported studies on A.
tumefaciens VirB protein levels, in which deletion of virB7 led
to the absence of the VirB8 and VirB9 proteins and to reduced
levels of VirB4, VirB10, and VirB11 (5, 21), we did not see that
the virB7 mutant strain is avirulent. A. tumefaciens VirB7 has a
cysteine residue at position 24 that is required for the forma-
tion and stabilization of VirB7 homodimers and VirB7-VirB9
heterodimers, which are thought to link the pilus (VirB2 and
VirB5) to the periplasmic core structure of the T4SS (57).
Interestingly, this critical cysteine residue is not conserved
within the B. abortus VirB7 primary structure. However, de-
spite the missing cysteine residue, yeast two-hybrid analysis
showed that VirB7 and VirB9 of Brucella spp. can still interact
(E. Botella and D. O’Callaghan, personal communication).
The overall similarity between the B. abortus and A. tumefa-
ciens VirB proteins is quite low (20 to 30% similarity [42])
compared to the similarity between the biosynthetic proteins
AroC and PurE, which share 83% similarity between the two
species (not shown). This likely reflects the acquisition of the
T4SS genes by A. tumefaciens and B. abortus by independent
horizontal gene transfer events, as suggested by Frank et al.
(25). In support of this idea, a phylogenetic analysis of T4SS
components by Cao and Saier showed that the Brucella VirB
proteins always clustered more closely with B. pertussis Ptl
proteins than with VirB proteins from more closely related
species, such as A. tumefaciens or Bartonella henselae (9). It is
thus possible either that the function of VirB7 in the B. abortus
T4SS differs from that of its counterpart in the T4SS of A.
tumefaciens or that the molecular interactions between VirB7
and other components of the T4SS are not the same in the two
species.

Effects of B. abortus virB gene deletion on abundance of
other T4SS components mirrored in some cases what has been
reported for A. tumefaciens. For example, deletion of B. abor-
tus virB6 did not affect levels of VirB3, VirB5, VirB9, and
VirB10, similar to what has been reported by Judd et al. for a
virB6 deletion mutant (31). However, it should be noted that
other studies have found that virB6 deletion in A. tumefaciens
led to a reduction in levels of these proteins (27, 30, 50).
Further, deletion of B. abortus virB4 led to an absence of
VirB5, as was reported by Finberg et al. for an A. tumefaciens
virB4 mutant (22). Furthermore, we did not note a stabilizing
effect of VirB4 on VirB8, which has been reported for A.
tumefaciens (66). We also observed that deletion of certain
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core proteins led to reduced levels of other core proteins (Fig.
4), as has been observed in A. tumefaciens (21). These results
suggest that there are both similarities and differences in the
interactions between T4SS components that stabilize the se-
cretion apparatus in A. tumefaciens and B. abortus.

Although we were able to demonstrate restoration of pro-
tein production by complementation for some mutants, this did
not lead to wild-type replication levels in our in vitro macro-
phage survival assays. One possible explanation for these ob-
servations may be that the VirB proteins need to be expressed
at a fixed ratio to one another for the secretion complex to
form properly. The plasmid we used to complement virB de-
letion mutants was a medium-copy-number derivative of
pBBR1IMCS4, which may have resulted in an inappropriate
expression level of the respective virB gene, thereby impairing
assembly of the secretion system. This would be in agreement
with a previous study in which we found that virB2 from the lac
promoter on pPBBRIMCS impaired intracellular survival of B.
abortus (19). The plasmids used for complementation of each
mutant expressed each virB gene from the virB promoter, and
therefore their expression should be coordinated with that of
the chromosomal virB genes. Recent studies did show comple-
mentation of a virB§ deletion strain with a plasmid-borne virB§
gene driven by the virB promoter (45, 46). The difference
between the plasmid used in the previous studies and the
plasmid used in our study is that Paschos et al. used a 1.1-kb
region upstream of virB1 to drive expression of virBS, while in
our construct, 450 bp were used. This difference, or a differ-
ence in the strain background used (B. suis versus B. abortus
2308), may account for the disparate results with complemen-
tation in these studies. However, we were able to show that
VirB8 is expressed in the complemented virB8 deletion mutant
(pVP8) (Fig. 6), so lack of complementation in our study was
not due to a lack of virB8 expression from this construct.

Our data show that deletion of virB7 reduces survival in
J774A.1 cells, while the ability to colonize organs of mice was
not affected by this mutation. Similarly, a nonpolar deletion of
virB1 reduces the ability of B. abortus to survive in J774A.1
cells, while mouse virulence is not altered (19). Differences in
the outcome of in vitro and in vivo models of infection suggest
that tissue culture systems may not always accurately reflect all
aspects of host-pathogen interaction in vivo. Since the signals
controlling the expression of the virB genes and stability of the
T4SS apparatus in vivo are poorly understood, it is possible
that the other core components may have increased expression
or stability in vivo in the absence of VirB7 (compared to results
in vitro), thereby allowing for assembly of a more functional
T4SS. Alternatively, a protein expressed by B. abortus in tissues
of the mouse but not in the in vitro tissue culture assays may
compensate for the lack of VirB7 to mediate stability and
function of the T4SS apparatus. Finally, VirB7 may be re-
quired for efficient secretion of a subset of effector proteins
that are more crucial for replication in tissue culture cells than
for persistence in vivo. Identification of the secreted effectors
of the B. abortus T4SS will aid in distinguishing between these
different possibilities and help us to understand the differences
between the minimal sets of VirB proteins required for T4SS
functionality in vitro and in vivo.
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