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The animal pathogen Brucella abortus contains a gene cgt, which complemented Sinorhizobium meliloti nodule
development (rndvA) and Agrobacterium tumefaciens chromosomal virulence (chvA4) mutants. Complemented
strains recovered the presence of anionic cyclic 3-1,2-glucan, motility, tumor induction in 4. fumefaciens, and
nodule occupancy in S. meliloti, all traits strictly associated with the presence of cyclic B-1,2-glucan in the
periplasm. Nucleotide sequencing revealed that B. abortus cgt contains a 1,797-bp open reading frame coding
for a predicted membrane protein of 599 amino acids (65.9 kDa) that is 58.5 and 59.9% identical to S. meliloti
NdvA and A. tumefaciens ChvA, respectively. Additionally, B. abortus cgt, like S. meliloti ndvA and A. tumefaciens
chvA possesses ATP-binding motifs and the ABC signature domain features of a typical ABC transporter.
Characterization of Cgt was carried out by the construction of null mutants in B. aborfus 2308 and S19
backgrounds. Both mutants do not transport cyclic 3-1,2-glucan to the periplasm, as shown by the absence of
anionic cyclic glucan, and they display reduced virulence in mice and defective intracellular multiplication in
HeLa cells. These results suggest that cyclic 3-1,2-glucan must be transported into the periplasmatic space to

exert its action as a virulence factor.

Brucella spp. are facultative intracellular gram-negative bac-
teria pathogenic for a variety of mammalian species including
humans. They cause a chronic infectious disease known as
brucellosis, a major zoonosis in several countries (12). Six
Brucella spp. with different host specificities have been de-
scribed previously (19, 46). Brucella abortus is the etiological
agent of bovine brucellosis and can also infect humans, causing
undulant fever.

Brucella, Agrobacterium, and Rhizobium belong, according to
16S rRNA sequences, to the a-2 subgroup of the Proteobacteria
(28). Complete-genome sequencing reveals similarities in
transport, metabolic capabilities, and genome structure with
these soil- and plant-associated bacteria. Extensive gene syn-
teny between chromosome 1 and the genome of the plant
symbiont Mesorhizobium loti emphasizes the similarity between
this animal pathogen with plant pathogens and symbionts. A
limited repertoire of genes homologous to known bacterial
virulence factors were identified (13, 31, 44). Several studies
revealed common themes between animal and plant pathogens
and endosymbionts. For example the Brucella two-component
regulatory system BvrS-BvrR (39) is highly similar to the two-
component regulatory systems ChvG-Chvl of Agrobacterium
tumefaciens (9) and ExoS-Chvl of Sinorhizobium meliloti (10).
These two-component regulatory systems are equivalent to the
Salmonella PhoP-PhoQ (40) and the Bordetella bronchiseptica
BvgA-BvgS systems (42). These two-component sensory sys-
tems are involved in controlling virulence or, in the case of
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Rhizobium, nodule invasion; in B. abortus bvrS-bvrR, mutants
also display reduced invasiveness and virulence (32, 39).

The Brucella virB operon was recently identified (29, 38); it
is highly homologous to the A. tumefaciens virB operon. The B.
abortus virB10 mutant lost the ability to multiply in HeLa cells
and was not recovered from the spleens of infected BALB/c
mice (38). The same results were obtained with a Brucella suis
virB10 mutant (29), thus demonstrating that in Brucella, as in
Agrobacterium, the virB operon is involved in virulence.

A highly conserved B. abortus homologue of the S. meliloti
bacA gene, which encodes a putative cytoplasmic membrane
transport protein required for symbiosis, was identified (26).
The B. abortus bacA mutant shows decreased survival in mac-
rophages and reduced virulence in BALB/c mice (26).

Brucella, like Agrobacterium and Rhizobium, produces cyclic
B-1,2-glucans (45). chvB in A. tumefaciens and ndvB in S. me-
liloti are the genes coding for the cyclic B-1,2-glucan synthetase
(cgs) (50). The biosynthesis of cyclic B-1,2-glucan proceeds in
Brucella by the same mechanism as in Rhizobium and Agrobac-
terium (7). Cgs acts as an intermediate during the synthesis of
the cyclic B-1,2-glucan (21). Cyclic glucan is required for ef-
fective nodule invasion and symbiotic nitrogen fixation in S.
meliloti and for crown gall tumor induction in A. tumefaciens
(4). Agrobacterium cyclic B-1,2-glucan mutants have several
altered cell surface properties, including loss of motility due to
a defective assembly of flagella and increased sensitivity to
certain antibiotics and detergents (4). B. abortus cgs codes for
the cyclic B-1,2-glucan synthetase (21). B. abortus cgs mutants
showed reduced survival in BALB/c mouse spleen tissues and
impeded intracellular multiplication, indicating that, as in Rhi-
zobium and Agrobacterium, cyclic glucan is required for effec-
tive host interaction (6). Moreover, Agrobacterium or Rhizo-
bium cyclic B-1,2-glucan mutants can be complemented by the
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Brucella cgs gene, indicating that their functions are highly
conserved (6, 21).

The presence of cyclic B-1,2-glucan in the periplasmic space
is also required for effective S. meliloti nodule invasion (17, 41)
and A. tumefaciens crown gall tumor induction (15, 22). Two
chromosomal homologue loci, ndvA in S. meliloti and chvA in
A. tumefaciens, code for cyclic B-1,2-glucan transport genes
(cgt). ndvA and chvA genes are interchangeable, and mutations
in one gene can be complemented by the other, indicating that
their functions are highly conserved (15). S. meliloti NdvA and
A. tumefaciens ChvA are membrane proteins with homology to
bacterial ATP-binding transporters of the ABC transporter
superfamily (22, 41). ABC transporters utilize the energy of
ATP hydrolysis to transport a wide variety of molecules across
cellular membranes. These molecular pumps are found in all
phyla and form a large protein family (37). The amino acid
sequence of the ATPase domain contains the characteristic
Walker A and B motifs involved in ATP binding (48). How-
ever, the intervening sequence between these two motifs is
usually longer than in other ATP-binding enzymes, and the
unique signature motif LSGGQ absent in other ATPases is
always present.

Once cyclic B-1,2-glucan is transported into the periplasm, a
variety of nonglycosidic substituents (glycerol phosphate, suc-
cinate, and/or methyl malonate) are added, leading to the
accumulation of periplasmic anionic cyclic B-1,2-glucans (5, §,
22). S. meliloti ndvA and A. tumefaciens chvA mutants have less
than 15% of the wild-type levels of anionic periplasmic cyclic
B-1,2-glucan (41). The arrangement of ndvA and ndvB in the S.
meliloti chromosome is similar to that of chv4 and chvB in A.
tumefaciens, with the two loci being adjacent to each other and
transcribed in a convergent fashion (15, 17).

In this report we describe the isolation of the B. abortus
cyclic B-1,2-glucan transporter gene (cgt). B. abortus cgt com-
plemented the phenotypes associated with A. tumefaciens chvA
and S. meliloti ndvA mutations. On the other hand, B. abortus
cgt mutants do not accumulate anionic cyclic B-1,2-glucan and
have reduced virulence in mice and defective intracellular mul-
tiplication in HeLa and J774 cells. These results suggest that,
as in Agrobacterium and Rhizobium, B. abortus cyclic B-1,2-
glucan must be transported into the periplasm to exert its
action.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used are listed in Table 1. A. tumefaciens, Escherichia coli, and S. meliloti strains
were grown on tryptone-yeast extract (50), Luria broth (35), and yeast extract-
mannitol medium (23), respectively. B. abortus strains were grown in brucella
broth (BB) (Difco Laboratories, Detroit, Mich.). If necessary, media were sup-
plemented with the appropriate antibiotics at the following concentrations: car-
benicillin, 100 wg/ml; kanamycin, 50 pg/ml; ampicillin, 100 wg/ml. Merodiploid
strains for complementation analysis were obtained by tri- and biparental mating
as described previously (14). Motility assays were carried out in GYM medium
(16) (0.35% agar) for 3 days at 28°C. The absence of smooth-to-rough dissoci-
ation was checked by testing the sensitivity of smooth-specific phages (Tb, Wb,
and Iz) (1)

All the protocols which used live brucellae were performed in a biosafety level
3 laboratory facility.

Cloning and DNA sequencing. The putative B. abortus cgt gene was amplified
from B. abortus S2308 genomic DNA by PCR with primers cgt-fw (5'-CTCGC
CCGCATCCACAATCT-3") and cgt-rev (5'-CCGCACCCAAGCCATTTTTC-
3"), designed according to the sequence of a B. abortus gene highly homologue
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to A. tumefaciens chvA (complete genome of B. abortus strain 2308) (unpublished
data).

The amplified products were ligated to pBluescript IT KS(+) (Stratagene, La
Jolla, Calif.) and digested with EcoRV by following manufacturer’s instructions.
The resulting plasmid, containing a 2.3-kb fragment, was named pBKcgt. DNA
sequencing was carried out by the dideoxy method with an automated model 373
DNA sequencer (Perkin-Elmer Applied Biosystems Division, Foster City, Calif.)
according to the manufacturer’s instructions.

TLC of cyclic $-1,2-glucan. Cells from cultures grown for 48 h were harvested
by centrifugation at 10,000 X g for 10 min. Cyclic B-1,2-glucans were extracted
from cell pellets with ethanol (70% ethanol, 1 h at 37°C). Ethanolic extracts were
centrifuged in an Eppendorf centrifuge, and supernatants were dried in a speed-
vac centrifuge. Extracted glucans were dissolved in 70% ethanol and submitted
to thin-layer chromatography (TLC) as described previously (7). TLC plates
were developed by spraying with 5% sulfuric acid in ethanol and heating for 5
min at 120°C.

Nodulation and virulence test. Alfalfa seeds were surface sterilized with con-
centrated sulfuric acid for 30 s and washed several times with sterile distilled
water until total removal of the acid. Seeds were germinated on wet filter paper
in petri dishes. Two-day-old seedlings were planted in autoclaved modified Leo-
nard jars filled with Jensen’s N-free solution (47). Seedlings were dipped into
2-day-old cultures immediately before planting. After 4 weeks, plants were re-
moved and strains were isolated from nodules as described previously (20).
Virulence assays were carried out on Kalanchoe leaves as previously described
(18).

Construction of B. abortus 3-1,2-glucan transporter mutant. An Ncol frag-
ment (300 bp) of cgt was digested from pBKcgt. The deleted plasmid was blunt
ended with T4 DNA polymerase (New England BioLabs) and ligated to a 1.3-kb
Hincll fragment containing a kanamycin resistance cassette (30). The recombi-
nant plasmid was electroporated into B. abortus S19 and B. abortus S2308 strains,
where it is incapable of autonomous replication. Transconjugants were selected
in BB agar with kanamycin (50 pg/ml). Double crossover events were selected by
streaking colonies in duplicate in BB agar with kanamycin (50 pwg/ml) and BB
agar with ampicillin (100 pg/ml). Kanamycin-resistant, ampicillin-sensitive
clones were selected as possible double recombinants. Putative double recom-
binants were confirmed by colony PCR with primers 5'-TCAGCAATGTTTCG
GTGG-3' and 5'-GAACGGCGGCTGACGGTG-3'. Genetic complementation
of cgt mutants was carried out with plasmids pBB4cgt and pBB4522, containing
a wild-type copy of the B. abortus and A. tumefaciens cgt genes, respectively.
Plasmids pBB4cgt and pBB4522 were introduced in the mutants by biparental
mating with E. coli S17.1 as the donor strain (6, 11).

Cell culture and infection assay. HeLa cells were cultured at 37°C in 5% CO,
atmosphere in minimal essential medium (Gibco, Paisley, Scotland), supple-
mented with 2 mM glutamine and 5% fetal calf serum without antibiotic (cell
culture medium). Infection of cells with different Brucella strains was performed
at a multiplicity of infection of 100 as previously described (32, 38). The murine
macrophage-like J774 cell line was used to test phagocytic cells. Cells at 10°/well
were infected with a bacterial suspension prepared as described above for HeLa
cells except for the following changes: the culture medium was RPMI 1640
(Gibco) supplemented with 5% fetal bovine serum (Gibco) and the multiplicity
of infection was 50.

Virulence in mice. Nine-week-old female BALB/c mice were injected intra-
peritoneally with 0.2 ml of a suspension containing the appropriate number of
viable Brucella organisms. Stock cultures were grown for 48 h on BB plates, and
cells were suspended in sterile phosphate-buffered saline and adjusted turbidi-
metrically to the selected concentration. The exact bacterial concentration was
calculated retrospectively by viable count. At selected postinfection times, groups
of 5 mice were killed by cervical dislocation and spleens were homogenized in 1
ml of phosphate-buffered saline, serially diluted, and plated in triplicate on BB
plates with the appropriate antibiotic (27).

Statistical analysis. Differences between the means of experimental groups
were analyzed by using the Student # test. Differences were considered significant
at P values of <0.05.

Nucleotide sequence accession number. The sequence of the B. abortus cyclic
B-1,2-glucan transporter gene (cgt) has been assigned GenBank accession num-
ber AY237159.

RESULTS

Identification and cloning of B. abortus ABC transporter
gene. A B. abortus 1,797-bp open reading frame highly similar
to A. tumefaciens chvA was identified by genome sequencing of
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B. ABORTUS CYCLIC B-1,2-GLUCAN TRANSPORTER 2265

TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Phenotype or genotype®

Reference or
source

Strains
E. coli F'&80dlaczAM15 A(lacZYA-argF)UI169 deoR recAl endAI hsdR17 49
K-12 (rg" mg ") phoA supF44 N\~ thi-1 gyrA96 relA1/F’ proAB™
DHS5aF'1Q Lacl9ZAM15 zzf:: Tn5(Km")
S. meliloti
102 F34 Wild type 14
LI1 ndvA, deficient in the secretion and modification of cyclic 3-1,2- 41
glucan, Km*
LI1(PBB4cgt) ndvA with plasmid PBB4cgt; Km" Amp” This study
A. tumefaciens
A348 Wild type, Vir*, pTIA6NC 18
A1011 Vir~, Km", Tn5 chromosomal in chvB region 15
ME104 Vir~, Cb", Tn3::HoHol in chvA region 15,22
ME104(pBB2cgr) Vir", Cb", Km", ME104(pBB2cgr) This study
ME104(pCD522) Vir", Cb", Km', ME104(pCD522) This study
B. abortus
2308 Virulent, field isolated; wild type, Nal", erythritol resistant 36
Cgs08 B. abortus 2308 cgs mutant, Tn3-HoHol chromosome; Amp* 6
Cgt08 B. abortus 2308 cgt mutant, cgt::Km" This study
Cgt08(pBB4cgt) B. abortus 2308 cgt mutant with plasmid PBB4cgr, Km" Amp" This study
Cgt08(pBB4522) B. abortus 2308 cgt mutant with plasmid pBB4522, Km" Amp® This study
S19 Vaccine strain, Nal", erythritol sensitive, naturally occuring 36
derivate of B. abortus 2308
Cgs19 B. abortus S19 cgs mutant, Tn3-HoHol chromosome, Amp* 21
Cgt19 B. abortus S19 cgt mutant, cgt::Km" This study
Cgt19(pBB4cgt) B. abortus S19 cgt mutant with plasmid PBB4cgt, Km" Amp" This study
Cgt19(pBB4522) B. abortus S19 cgt mutant with plasmid pBB4522, Km" Amp" This study
Plasmids
pBBRIMCS-4 Broad-host-range cloning vector (Amp") 25
pBBRIMCS-2 Broad-host-range cloning vector (Km") 25
pBBdcgt pBBRIMCS-4 containing B. abortus cgt gene, Amp" This study
pBB2cgt pBBRIMCS-2 containing B. abortus cgt gene, Km" This study
pBB4522 pBBRIMCS-4 containing A. tumefaciens Sall chvA gene, Amp" This study
pCD522 pVK102 A. tumefaciens chvA Km* 15
pBKcgt pbluescript KS II(+) containing B. abortus cgt gene, Amp" This study

“ Amp', ampicillin resistance; Cb*, carbenicillin resistance; Km*, kanamycin resistance; Nal’, nalidixic acid resistance.

B. abortus strain 2308 (unpublished data). The gene is highly
conserved in Brucella melitensis and B. suis (13, 31). A set of
two primers (5'-CTCGCCCGCATCCACAATCT-3" and 5'-C
CGCACCCAAGCCATTTTTC-3") was used for PCR ampli-
fication of the complete B. abortus ABC transporter gene.
Amplified products were cloned in pBluescript II KS(+) and
sequenced as described in Materials and Methods. Analysis of
the sequence revealed that the gene codes for a predicted
protein with 599 amino acid residues that is 58.5 and 59.9%
identical to S. meliloti NdvA and A. tumefaciens ChvA, respec-
tively (Fig. 1). Accordingly, the gene was named B. abortus cgt,
for cyclic glucan transporter.

The putative B. abortus Cgt has all the conserved features of
a typical ABC transporter, such as the Walker site A (GXXG
XGKS/T), the Walker site B (hhhhD), (where h is a hydro-
phobic amino acid residue), and the ABC signature (LSGG
ERQR) (Fig. 1). Kyte-Doolittle analysis predicts that Brucella
Cgt may be a membrane protein with 6 membrane-spanning
segments very similar at the N-terminal region to those of
ChvA and NdvA. Sequence analysis of the regions upstream

and downstream of the B. abortus cgt gene revealed no signif-
icant homology to the B. abortus cgs gene, which was surprising
since, in A. tumefaciens and S. meliloti, the two loci chvA/chvB
and ndvA/ndvB, respectively, are adjacent to each other. Com-
plete genome sequencing of the B. abortus, B. melitensis, and B.
suis genomes revealed that the cgs and cgt genes are both
located in chromosome 1 but separated by 857 kb, thus sug-
gesting that cgs and cgr were either acquired independently or
have suffered a severe rearrangement in the Brucella genome.

Functional characterization of B. abortus cgt. S. meliloti
ndvA and A. tumefaciens chvA mutants were used as heterol-
ogous backgrounds to study function and expression of B.
abortus cgt. Two plasmids, pBB4cgt and pBB2cgt (see Materials
and Methods and Table 2), were introduced by mating in S.
meliloti LI1 ndvA (41) and A. tumefaciens ME104 chvA mu-
tants (15, 22), respectively.

As shown in Table 2 and Fig. 2A, B. abortus cgt restored the
formation of normal nodules by the S. meliloti LI1 ndvA mu-
tant as judged by the induction of pink cylindrical nodules and
the healthy aspect of plants inoculated with the S. meliloti
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--TLFQVYTRALRYLTVHKWRVAVVVIANYV 29
TVSLFQVYARALQYLAVHKFRVGAIVIANI 60
--SLLKIYWRAMQYLAVERTATITMCVASV 29
ILWAGFGVFNTVAYVAVAREADRLAHGRRA 89
LLWAGFGVFNTIAFVLVSREADRLAHGRRA 120
LMWAALGGFNIMAAVFVARGADRLAHRRRL 89
LRASETLFGLWLEFMRTHLATFVALVLLIP 149
LRACETLFGLWLEFMRQHLATAVALMLLIP 180
IRATDSLFTLWLEFMRQHLTTVVALATLIP 149
TKDGQASVEEHYHSVFAHVSDSISNVSVLH 209
TKEGQAAVEGHYHTVFSHVSDSISNVSVVH 240
TKDGQAAVEKHHHKLFEHVSDTISNVSVVQ 209
AFASALNRTASTVSMMIILVIGTVLVKNGE 269
ALASGLNRIASTISMMAILVIGTVLVQRGE 300
ALASGLNRMASTFSMVVVLVLGAYFVTKGQ 269
FEARAKLEDFFVLEDAVKEREEPGDARELS 329
FEARAKLEDFFQLEDSVQDREEPADAGELK 360
VTARAKLEEFFQMEDATADRQEPENVADLN 329
Walker A
AGETVAIVIGPTGAGKT|ITLINLLQRVYDPDS 389
AGQTIAIVIGPTGAGKT|ITLVNLLQRVHEPKH 420
PGQTVAIVIGPTGAGKTITLINLLQRVFDPAA 389
LLNRSIRENIRLGRETATDAEVVEAAAAAA 449
LMNRSIGENIRLGREDASLDEVMAAAEAAA 480
LFNRSVEDNIRVGRANATHEEVHAAAKAAA 449
Walker B

IATIARAILKNAPIILVLDIEATSALDVETEAR 509
VAIARAILKNAPIILVLDIEATSALDVETEAR 540
LATARATILKDSP|IILVLDIEATSALDVETEEK 509
LFLDQGRITEKGTFDELTQRGGRFTSLLRT 569
IFMDQGRVVEMGGFHELSQSNGRFAALLRA 600
LFMDKGHLVESGSFNELAERGGRFSDLLRA 569
(58.5 %) 588
(59.9 %) 616
599

FIG. 1. Comparison of the B. abortus (Ba) Cgt cyclic B-1,2-glucan transporter protein with the A. tumefaciens (At) ChvA and S. meliloti (Sm)
NdvA proteins. Conserved amino acids are indicated by gray boxes. Three typical ABC transporter motifs, Walker A and B and the SGG(Q) ABC
signature, are indicated by boxes. The percentages of identity with the amino acid sequence of the ABC transporter protein (Cgt) from B. abortus
are indicated in parentheses. The alignment was performed with the MegAlign program.

LI1(pBB4cgt) strain after 1 month. In contrast, nodules formed
by the S. meliloti LI1 ndvA mutant were round and white and
plants remained blanched and stunted, indicating lack of ni-
trogen fixation. Moreover, wild-type S. meliloti 102F34 and
LI1(pBB4cgr) strains were recovered from 4-week-old nodules,
whereas no bacteria were recovered from nodules induced by
the LI1 mutant.

On the other hand, the resulting recombinant strain A. fu-
mefaciens ME104(pBB2cgt) recovered the capacity to form
tumors on Kalanchoe leaves at wild-type levels (Table 2 and
Fig. 2B). In contrast, tumors formed by the A. tumefaciens
ME104 chvA mutant were smaller than those formed by the
wild-type strain, indicating reduced virulence. No tumor was
formed by the A. tumefaciens A1011 chvB mutant (Fig. 2B).
These results demonstrated that B. abortus cgt restores the
normal plant interaction of S. meliloti ndvA and A. tumefaciens
chvA mutants.

A variety of pleiotropic phenotypes linked to the synthesis

and secretion of cyclic 3-1,2-glucan were described previously
(4) A. tumefaciens ME104 chvA and S. meliloti LI1 ndvA mu-
tants are nonmotile due to defective flagellum assembly (4).
Plasmids pBB2cgt and pBB4cgt restored to wild-type level the
motility of chvA and ndvA mutants, respectively, thus indicat-
ing that B. abortus Cgt restored the correct assembly of flagella
in these backgrounds.

Cyclic B-1,2-glucan transport. It has been described that
once cyclic B-1,2-glucans are transported into the periplasm,
they are replaced by nonglycosidic anionic substituents (4, 5).
To study whether B. abortus cgt restores in A. tumefaciens and
S. meliloti the transport of cyclic B-1,2-glucan into the periplas-
mic space, cyclic 8-1,2-glucans were extracted from strains A4.
tumefaciens ME104(pBB2cgt) and S. meliloti LI1(pBB4cgt) and
the presence of anionic glucans was analyzed by TLC as de-
scribed in Materials and Methods. As shown in Fig. 3A and B
and Table 2, the B. abortus cgt gene restored the accumulation
of anionic glucan to wild-type levels in both mutants, thus
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TABLE 2. Complementation of Sinorhizobium and
Agrobacterium mutants

Strain Motility*  Virulence” lg;gt“:gi“ ‘;‘lﬁlc‘;’::j

S. meliloti

F34 (wild type) ++ ND ++ ++

LI1 (ndvA) - ND - -

LI1(pBBdcgr) ++ ND o +
A. tumefaciens

A348 (wild type) ++ o ND +

ME104 (chvA) + + ND +

ME104(pBB2cgr) ++ ++ ND ++

“ Motility on 0.35% agar medium was studied as described in Materials and
Methods. ++, motile; +, decreased motility; —, nonmotile.

® Virulence was determined on Kalanchoe leaves as described previously (18).
++, wild-type tumor size; +, smaller tumor size (Fig. 2B); ND, not determined.

¢ Nitrogen fixation was assessed visually by plant color, nodulation, production
of leghaemoglobin in nodules, and eventual death of plants as a result of chlo-
rosis. —, yellowish plant color, round white nodules; + +, green plant color, pink
cylindrical nodules.

@ The presence of anionic glucan was determined by glucan extraction and
characterization by TLC (Fig. 3). ++, accumulation of anionic glucans in the
wild-type strain; +, less accumulation of anionic glucans than the wild-type
strain; —, no accumulation of anionic glucans.

indicating that Cgt is indeed a cyclic B-1,2-glucan transporter.
As shown in Fig. 3B, the A. tumefaciens chvA mutant has
strongly reduced the amount of anionic glucans as well as the
degree of polymerization of neutral glucans. Both effects
where reverted to the wild-type phenotype by pBB2cgr and
pCDS522 plasmids.

Characterization of B. abortus cgt mutants. B. abortus cgt
null mutant strains, B. abortus 2308 cgt::Km and B. abortus S19
cgt::Km, were obtained as described in Materials and Methods.
The absence of smooth-to-rough dissociation of the mutants
was demonstrated by studying sensitivity to three different
phages that are known to lyse smooth strains (phages Tb, Wb,
and Iq) and resistance to one phage that lyses rough strains
(phage Rc) (data not shown).

B. ABORTUS CYCLIC B-1,2-GLUCAN TRANSPORTER 2267

A
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ME104 ME104 O

(pCD522) (pBB2cgi)

FIG. 2. Virulence and nodulation complementation assays. (A) Al-
falfa plants inoculated with different strains of S. meliloti. (1 and 2)
F34; (3 and 4) LI1; (5 and 6) LI1 (pBB4cgt); (7 and 8) noninoculated
control. (B) Kalanchoe leaf inoculated with different strains of A.
tumefaciens. The virulence and nodulation assays were carried out as
described in Materials and Methods. Photos were taken 4 weeks posti-
noculation in both assays.
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FIG. 3. TLC of cyclic B-1,2-glucans formed by S. meliloti, A. tumefaciens, and B. abortus strains. Total cellular glucans of Sinorhizobium,
Agrobacterium, and B. abortus strains were extracted and subjected to TLC as described in Materials and Methods. (A) S. meliloti. Lane 1, wild-type
102F34; lane 2, ndvA LI1; lane 3, LI1(pBB4cgt). (B) A. tumefaciens. Lane 1, wild-type A348; lane 2, ME104 mutant; lane 3, ME104(pBB2cgt); lane
4, ME104(pCD522); lane 5, chvB mutant. (C) B. abortus. Lane 1, wild-type 2308; lane 2, Cgt08 mutant; lane 3, CgtO8(pBB4cgr); lane 4,

Cgt08(pBB4522); lane 5, Cgs08 mutant.
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Glucan extraction and characterization by TLC. Localiza-
tion of cyclic B-1,2-glucan in the periplasm was studied indi-
rectly by TLC determination of the presence of anionic glu-
cans. As shown in Fig. 3C, B. abortus 2308 cgt::Km does not
accumulate anionic glucans; the same result was obtained with
B. abortus S19 cgt:Km (data not shown). It is shown that
plasmid pBB4cgt, containing the B. abortus cgt, and plasmid
pBB4522, containing A. tumefaciens chvA, restored the pres-
ence of anionic glucans to the wild-type level. These results
demonstrate that cgt is the B. abortus cyclic glucan transporter
gene and that the phenotype can also be complemented by the
A. tumefaciens gene, thus cgt and chvA are fully interchange-
able.

Intracellular multiplication of B. abortus cgt mutants. The
importance of B. abortus cgt in invasion and intracellular sur-
vival was evaluated in HeLa and J774 cells as described in
Materials and Methods. In HeLa cells, as shown in Fig. 4A and
B, the number of intracellular bacteria recovered 4 h postin-
fection displayed no significant difference between the wild-
type and cgf mutants, thus indicating that cgt does not have any
apparent role during invasion. However, both B. abortus 2308
cgt::Km and B. abortus S19 cgt::Km mutants showed reduce
intracellular multiplication at 24 and 48 h postinfection. J774
cells were infected with 2308 and the 2308 cgt mutant (Fig. 4C).
Both strains invade the cells to the same extent and were
equally recovered at 14 h postinfection. However, intracellular
multiplication at 24 and 48 h were significantly reduced. Intra-
cellular multiplication was restored to wild-type levels after
complementation of the mutants with plasmid pBB4cgt. The
intracellular multiplication of cgt mutants is similar to that
described for cgs mutants (6), thus suggesting that cyclic glucan
must be transported into the periplasm to exert its action.

Persistence of the B. abortus cgt mutants in mice. To assess
the possible role of cyclic -1,2-glucan transporter in the vir-
ulence of B. abortus, experimental infections in mice were
carried out as described in Materials and Methods. Groups of
5 mice were injected intraperitoneally with 10* CFU of B.
abortus wild type and cgt mutants. B. abortus 2308 and S19 cgs
mutants were also used for comparison. At different postin-
oculation times, mice were sacrificed, spleens were weighed,
and the numbers of CFU/spleen were determined. As shown in
Fig. 5A, no significant difference was observed at 4 weeks
postinfection between the wild-type 2308 strain and the corre-
sponding cgt and cgs mutants. However, at 8§ weeks postinfec-
tion, the numbers of CFU recovered from the spleens of mice
infected with B. abortus 2308 cgt and B. abortus 2308 cgs mu-
tants were 1.3 log and 1.5 log lower than those of the wild-type
parental strain, respectively. Plasmid pBB4cgt restored spleen
recovery of cgt mutants to the wild-type level, thus suggesting

FIG. 4. Intracellular replication of different strains of B. abortus.
Monolayers of HeLa (A and B) and J774 (C) cells were inoculated
with 107 and 5.10° CFU of bacteria, respectively. After 1 h of incuba-
tion at 37°C, cells were washed as described in Materials and Methods
and streptomycin and gentamicin were added. Numbers of CFU were
determined at the indicated times. Values are the means * standard
deviations of the results from one independent experiment out of two
performed in duplicate; the P value is <0.05). Statistical analysis was
performed with a ¢ test.
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FIG. 5. Brucella persistence in spleens of mice inoculated with
different strains of B. abortus 2308 and S19. Mice were inoculated
intraperitoneally with 10* CFU of B. abortus. At the indicated times
postinfection, 5 mice per group were killed and their spleens were
removed. The numbers of CFU in spleen tissues were determined as
indicated in Materials and Methods. (A) B. abortus 2308 strains: re-
covery of viable bacteria from spleens at 4 or 8 weeks postinfection.
(B) B. abortus S19 strains: recovery of viable bacteria from spleens at
2 or 4 weeks postinfection. (C) B. abortus S19 strains: weight of spleens
of infected mice at 2 or 4 weeks postinfection. Values are expressed as
means * standard errors of the means (n = 5); the P value is <0.05.
Statistical analysis was performed with a ¢ test. *, mice inoculated with
the B. abortus cgt mutant complemented with plasmid pBB4522
showed values not statistically different from those observed with the
same strain complemented with pBB4cgt.
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that cgt is required for full virulence. The similar behavior
observed between cgt and cgs mutants suggests that cyclic glu-
cans must be located in the periplasm to exert its action.

A more drastic effect on virulence reduction was observed
with a cgt mutant of the partially attenuated strain S19. As
shown in Fig. 5B, 2 and 4 weeks after infection the numbers of
CFU recovered from the spleens of mice infected with the B.
abortus S19 cgt mutant were 2.6 log and 2.4 log lower than that
of the wild-type parental S19 strain, respectively. Plasmid
pBBd4cgt restored spleen recovery of the cgt mutant to wild-
type levels. A similar result was observed with plasmid
pBB4522 harboring the A. tumefaciens chvA gene at 2 weeks
postinfection (Fig. 5B). A significant reduction of spleen
weight was also observed with the B. abortus S19 cgt mutant
(Fig. 5C), thus suggesting a strong inhibition of the inflamma-
tory response of strain S19. This effect was also abolished by
plasmid pBB4cgt. These results were similar to those obtained
with cgs mutants that do not produce cyclic 3-1,2-glucan (6),
thus supporting the hypothesis that cyclic B-1,2-glucan plays a
role during Brucella host interaction and that to exert its action
it must be exported into the periplasm.

DISCUSSION

The role of cyclic glucans in bacterium-host interaction was
extensively studied in Agrobacterium and Rhizobium. Synthesis
and transport mutants have some associated pleiotropic phe-
notypes, for example, defective flagellum assembly (4), defec-
tive plant attachment (33), decreased temperature stability of
the virB10 protein (2), all traits that may affect bacterium-host
interaction. It was also described that the accumulation of
cyclic glucan changes with the osmolarity of the media (4), thus
suggesting that cyclic glucan may be involved in sensing envi-
ronmental changes, and thus, its localization in the periplasm
is predictable. However, it must be remarked that although B.
abortus cyclic glucan is located in the periplasmic space (7), the
protein involved in its transport has not been characterized.

ABC transporters are a major class of cellular translocation
machinery in all bacterial species (37, 43). In this study, we
have identified, sequenced, and disrupted a B. abortus ABC
transporter that exhibits high homology to the cyclic B-1,2-
glucan transporters of A. tumefaciens ChvA (60% identity) (15)
and S. meliloti NdvA (59% identity) (17). Accordingly, the
gene was name B. abortus cgt, for cyclic glucan transporter.

Computer analysis of the predicted amino acid sequence
revealed the presence of Walker and ABC signatures found in
all ABC transporters in the C-terminal domain of Brucella Cgt.

Contrary to what happens in S. meliloti and A. tumefaciens,
in which cyclic B-1,2-glucan transporter (cgf) and cyclic B-1,2-
glucan synthase (cgs) are contiguous and convergently tran-
scribed, in Brucella, cgs and cgt genes are separated by 857 kb.
This suggests that Brucella cgs and cgt were either acquired
independently or have suffered a severe genome rearrange-
ment during evolution.

Cross-complementation studies revealed that this B. abortus
ABC transporter gene restores cyclic -1,2-glucan transport of
S. meliloti ndvA and A. tumefaciens chvA mutants. Conversely,
the A. tumefaciens chvA gene complemented glucan transport
of the B. abortus ABC transporter mutant. Thus, we concluded
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that this gene codes for the Brucella cyclic $-1,2-glucan trans-
porter.

B. abortus cgt mutants accumulate nonsubstituted neutral
forms of cellular cyclic 3-1,2-glucan. The accumulation of non-
substituted cyclic B-1,2-glucan may be due either to a defect of
the enzymes or substrates required for the modifying reaction
or to a defect in the transport of cyclic B-1,2-glucan to the
periplasmic space. It was well established that cyclic B-1,2-
glucan modifying reactions take place in the periplasmatic
space of the bacteria (3-5). Cross-complementation of Brucella
cgt mutants with the A. tumefaciens cyclic B-1,2-glucan trans-
porter chvA gene demonstrated that the absence of anionic
cyclic B-1,2-glucan in B. abortus cgt mutants is due to the
absence of cyclic 3-1,2-glucan transport into the periplasm.

A large number of genes with high homology to ABC trans-
porters were identified in the genome of brucellae; however,
this is the first report in which the role of a B. abortus ABC
transporter was assigned. Recently, an ABC transporter ho-
mologue to S. meliloti ExsA was identified and characterized in
B. abortus. exsA is critical for full B. abortus virulence (34);
however, the substrate transported by ExsA was not identified.
Mutants in the Brucella ATP-binding genes bapA and bapB
(24) and in a B. abortus ABC transporter mapping in chromo-
some 1 have no effect on cyclic B-1,2-glucan transport (M.
Roset, unpublished data), thus indicating the high specificity of
ABC transporters.

In a previous work, it was described that the absence of
cyclic B-1,2-glucan reduced the virulence of B. abortus in mice
and impeded normal intracellular multiplication in HeLa cells
(6). Cgs, the enzyme responsible for cyclic B-1,2-glucan syn-
thesis, is a 300-kDa inner membrane protein. All the cgs mu-
tants studied so far were obtained by transposon insertion;
thus, the lack of cyclic glucan was always accompanied by the
lack of the 300-kDa inner membrane protein. Accordingly, the
observed phenotype may be due to the lack of cyclic glucan, the
lack of the 300-kDa inner membrane protein, or the lack of
both.

In this study, we have obtained a B. abortus cyclic B-1,2-
glucan transport mutant. The mutant lacks the ABC-type
transport protein Cgt but contains an intact Cgs and accumu-
lates cytoplasmic nonsubstituted neutral cyclic B-1,2-glucan.
Interestingly, cgf mutants have reduced virulence in mice and
defective intracellular multiplication in HeLa and J774 cells, a
phenotype identical to that described for cgs null mutants.
These results suggest that the presence of cyclic glucan in the
periplasmic space is required in B. abortus for appropriate host
interaction and full expression of virulence.

Further work is required to determine whether cyclic B-1,2-
glucan is an extracellular signal recognized by the host or
whether the presence of the glucan in the periplasmic space
stabilizes and/or promotes the correct folding of other mem-
brane proteins required for successful bacterium-host interac-
tion.
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