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Deletion of the BCSP31 Gene of Brucella abortus by Replacement
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The 31-kDa salt-extractable immunogenic protein, BCSP31, was deleted from several Brucella abortus
strains by replacement with a marker gene encoding resistance to the antibiotics kanamycin and neomycin. The
BCSP31 gene replacement plasmids, constructed with ColEl-derived vectors, were introduced by electropo-
ration into B. abortus strain 19 (S19), into a rough variant of B. abortus S19, and into B. abortus S2308, and
antibiotic-resistant transformants were isolated. B. abortus S19 is an attenuated strain used as a vaccine for
prevention of bovine brucellosis in the United States, and B. abortus S2308 is a commonly used chalenge strain.
The antibiotic-resistant isolates were all obtained by recombination; none were spontaneous mutants. Loss of
the gene encoding BCSP31 and presence of the marker gene were confirmed by Southern analysis. Vector
sequences were either absent or linked to the genome, indicating that ColEl-derived plasmids are not
maintained in B. abortus. Survival of B. abortus mutant strains in the macrophagelike cell line J774 and in
HeLa cells was examined and shown to be indistinguishable from that of the parental strain.

Brucella abortus is a facultative intracellular parasite
whose primary host is bovines, but which can infect humans,
in whom it causes undulant fever. Infection ofpregnant cows
can cause abortions and is of major economic importance in
the southern United States. The use of the current vaccine

strain, B. abortus strain 19 (S19), in the eradication of bovine
brucellosis is limited because field-infected animals cannot
be reliably distinguished from vaccinated animals. Applica-
tion of molecular genetic techniques should lead both to an
increased understanding of the molecular basis of pathogen-
esis and to improved vaccines for combating the disease. Of
particular interest to us is the development of a vaccine with
diagnostic properties so that vaccinated and naturally in-
fected animals can be reliably distinguished.
Knowledge of the genetics and molecular biology of the

organism is quite limited. Only a small number of genes have
been cloned (4, 7, 14). The application of several powerful
techniques such as transposon mutagenesis and gene re-

placement has not been widely employed because of the
difficulty of introducing foreign DNA into Brucella cells (18).
Although transformation of nonlaboratory strains of many
gram-negative bacteria has been difficult or impossible, it
was recently shown that plasmids can be introduced into
gram-negative bacteria by electroporation (8).
Gene replacement and gene deletion have been used as a

method of constructing vaccine strains that makes it possible
to distinguish between vaccinated and infected animals (13,
15). In this report, we describe replacement of the gene
encoding the 31-kDa protein, BCSP31 (14), with an antibiotic
resistance marker gene. BCSP31 is highly conserved with
each known species and biovar (except Brucella ovis) ex-
pressing the protein, as determined by Western immunoblot
analysis (3). BCSP31, which has no known function, is
soluble in aqueous buffers and is probably a periplasmic
protein (22). The protein frequently elicits an immune re-

sponse during infection (16, 17, 20). This report demon-
strates that loss of BCSP31 does not significantly affect
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invasion, growth, or replication of B. abortus in a macro-
phagelike cell line, J774, and a nonphagocytic cell line,
HeLa.

MATERIALS AND METHODS

Materials. Restriction endonucleases and ligase were pur-
chased from New England Biolabs, Inc. Avian myeloblasto-
sis virus reverse transcriptase was obtained from Bio-Rad,
Inc. Radiolabeled [o-32P]dCTP (3,000 Ci/mmol) was from
ICN Biomedicals, Inc., and Zwittergent 3-14 was from Cal-
biochem Corp. Electroporation was done with a Gene Pulser
and Pulse Controller Unit (Bio-Rad). Sterile electroporation
cuvettes with 0.2-cm electrode gaps and pUC18 for electro-
poration were from the same source. Agarose (SeaKem GTG)
was from FMC Corp. Gentamicin and streptomycin were
from Pfizer, and kanamycin and ampicillin were from Sigma
Chemical Co. Tissue culture plates were from Costar, and
tissue culture media were from GIBCO Laboratories. The
plasmid pKK223-3 was obtained from Pharmacia, Inc.

Bacterial strains. Salmonella typhimurium SL5283 (r-m+),
a rough strain, was obtained from Ronald Griffith, Depart-
ment of Veterinary Microbiology and Preventive Medicine,
Iowa State University, and smooth S. typhimurium SL3261
(aroA) (10) was obtained from Praxis Biologics, Rochester,
N.Y. B. abortus S19 original seed culture (serial no. 7901)
was obtained from the National Veterinary Services Labo-
ratory, Ames, Iowa. B. abortus S19 rough (accession no.

752) was isolated and kindly supplied by Billy Deyoe,
National Animal Disease Center. B. abortus S2308 was also
supplied by Billy Deyoe.

Plasmids. The plasmid pBA31-R7, which encodes the
protein BCSP31 on a 1.3-kbp Hindlll fragment, was de-
scribed previously (14). A 4.2-kbp EcoRI Brucella DNA
fragment was cloned into pKK223-3 to generate pBA31-R7.
pKK223-3 is a derivative of pBR322 (2), which is a ColEl
plasmid. The plasmid pBA31-R7/Kan7 was constructed for
this experiment by replacing the 1.3-kbp HindIII DNA
fragment encoding BCSP31 with a 1.4-kbp fragment encod-
ing the kanamycin-neomycin resistance gene from TnS. The
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FIG. 1. Diagrammatic restriction map of the plasmids pBA31-R7
and pBA31-R7/Kan7. B. abortus S19 sequences are indicated by
hatched bars. The antibiotic resistance marker gene is indicated by
an open bar. The vector pKK223-3, denoted by a solid bar, is a
derivative of pBR322 (2). Abbreviations: R, EcoRI; H, HindIII; S,
Sall.

1.4-kbp fragment containing the kanamycin-neomycin resis-
tance gene from Tn5 was excised from pBRneo (11) by
HindIll and BamHI digestion; the BamHI end was con-
verted to a HindIII end by ligation ofBamHI-HindIII linker;
and the resultant HindIII fragment was ligated to a partial
HindlIl digest of pBA31-R7. Recombinants were isolated,
and the plasmids were physically mapped. A clone with the
desired configuration was designated pBA31-R7/Kan7. Dia-
grams of both pBA31-R7 and pBA31-R7/Kan7 are shown in
Fig. 1. Plasmid pUC18 was described by Yanisch-Perron et
al. (23). The EcoRI deletion cassette of pBA31-R7/Kan7 was

cloned into the EcoRI restriction endonuclease site of pUC9,
generating pUCR7/Kan7.
Media and culturing. S. typhimurium SL5283 and S.

typhimurium SL3261 were cultured in LB medium (12) to
obtain cells for electroporation. After electroporation, S.
typhimurium was cultured in SOC (9) for 1 h before dilution
and plating on LB agar supplemented with 50 jig of ampicil-
lin per ml.
The B. abortus S19 strains and B. abortus S2308 were

recovered from freeze-dried cultures by plating on potato
infusion agar (1). After growth was noted, a loopful was
streaked on tryptose agar (1) supplemented with heat-inac-
tivated calf serum (5%). Single colonies were spread individ-
ually on tryptose agar plates and incubated at 37°C, and after
3 days cultures were harvested in a small amount of sterile
saline and stored at -70°C for inoculum. Inoculum was also
grown on tryptose agar. For in vitro survival studies, the
bacteria were diluted to 1 x 107 CFU in Dulbecco minimal
essential medium (DMEM) supplemented with 5% fetal calf
serum (FCS). When the cells were to be used for electropo-
ration, they were harvested in water, washed first with water
and then 10% glycerol, and resuspended in 10% glycerol.

Following electroporation, B. abortus S19 was cultured in
filter-sterilized tryptic soy broth at 37°C for 1 h before
plating. B. abortus S2308 was cultured longer, for 6 h.
Transformants were isolated by plating on tryptose agar

containing 25 ,ug of kanamycin per ml. Kanamycin-neomy-
cin-resistant antibiotic (Kan') Brucella isolates were

streaked for single colonies.
Electroporation. pUC18 (10 pg or 1 p.g) was combined with

2 x 108 to 5 x 108 S. typhimurium cells immediately before
electroporation under the conditions given in Table 1.
Largely supercoiled plasmid (2 or 10 ,ug) was mixed with 5 x
108 to 7 x 108 B. abortus cells just before electroporation.
pBA31-R7/Kan7 was used to transform B. abortus S19 rough
and smooth strains, and pUCR7/Kan7 was used to transform
B. abortus S2308. Capacitance was varied as indicated in
Table 1. After electroporation, cells were diluted immedi-
ately into medium and cultured as described above.

TABLE 1. Transformation of B. abortus and S. typhimurium
strains by electroporationa

Amt of plas- No. of trans- Capacitance
Strain mid DNA formants (,uF), time

(p.g) (CFU) constant (ms)

B. abortus S19 (rough) 2 5 200, 3.7
2 1 400, 7.3
10 ob 600, 9.7
10 4 400, 7.0

B. abortus S19 (smooth) 10 2 400, 7.3
10 1 800, 10.3

S. typhimurium SL3261 1 25 400, 3.7
(smooth)

S. typhimurium SL5283 10-5 2,500 200, 3.7
(rough)

B. abortus S2308 10 133 400, 7.1
(smooth)
a The initial electric field strength was 25 kV/cm. Cells were prepared for

electroporation as described in Materials and Methods. S. typhimurium was
transformed with pUC18, B. abortus S19 was transformed with pBA31-R7/
Kan7, and B. abortus S2308 was transformed wtih pUCR7/Kan7.

b Arcing was observed.

Isolation of genomic DNA. Methanol-killed cells (0.1 to 0.2
g [wet weight]) were collected by centrifugation (15 min at
5,000 x g) and washed twice in 5 ml of TE (10 mM Tris, 1
mM EDTA [pH 7.5]) before being resuspended in 1 ml of
TE. Citric acid (0.1 ml of a 1 M solution) and Zwittergent
3-14 (0.1 ml of a 10% aqueous solution) were added, and the
cells were incubated at 50°C for 1 h before being collected by
centrifugation. The cells were then washed twice in TE
before resuspension in 2 ml of lysozyme buffer (50 mM Tris,
25 mM EDTA [pH 8.0]). Lysozyme (0.2 ml of a 100-mg/ml
solution in lysozyme buffer) was added, and the cells were
incubated at 37°C for 30 min; proteinase K (25 ,ul of a
10-mg/ml solution in water or 0.5% sodium dodecyl sulfate
[SDS]) was added, and incubation was continued for 15 min;
EDTA (200 ,ul of 0.25 M EDTA [pH 8.0]), RNase A (10 ,ul of
a 10-mg/ml solution), and sarcosine (0.25 ml of a 10%
aqueous solution) were added before incubation at 65°C for
30 to 60 min. The preparation was then extracted twice with
phenol-chloroform-isoamyl alcohol (25:24:1) and ethanol
precipitated. The recovered DNA was dissolved in 4 ml of
TE. Then 4.0 g of cesium chloride and 0.1 ml of 5-mg/ml
ethidium bromide were added, and the preparation was
centrifuged overnight at 50,000 rpm in a Beckman VTi65
rotor. The DNA was recovered from the gradient, and the
ethidium was extracted with isoamyl alcohol (12).
Treatment of DNA with restriction endonucleases and elec-

trophoresis. DNA was digested with restriction endonu-
cleases under the conditions described by the manufacturer.
pBA31-R7 and pBA31-R7lKan7 HindlIl fragments used as
probes for Southern analysis were obtained from agarose
gels following digestion with HindIII. Brucella genomic
DNA (2 ,ug) was treated for 4 h with 10 to 20 U of restriction
endonuclease and electrophoresed in the presence of TBE
(0.089 M Tris, 0.089 M boric acid, 2 mM EDTA) through
0.75% agarose for 16 h at 25 V in the presence of 0.1 ,ug of
ethidium bromide per ml.

Probes and Southern blot analysis. The 1.3-kbp HindIII
fragment containing the BCSP31 gene and the downstream
2.2-kbp HindIII fragment were isolated from HindlIl-treated
pBA31-R7, and the 1.4-kbp HindIlI fragment encoding ka-
namycin-neomycin resistance (neo) was isolated from
pBA31-R7/Kan7. pBR322 was isolated from a transformed
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strain of Escherichia coli HB101 by alkaline SDS lysis and
cesium chloride gradient centrifugation (12).
The purified HindlIl DNA fragments isolated for probes

were digested with HpaII and labeled by incubation in the
presence of reverse transcriptase and [a-32P]dCTP-radiola-
beled nucleotide. After 1 to 3 h at 37°C, the probes were
ethanol precipitated. They were then boiled and added to
hybridization mixture. Blotting was carried out essentially
by the technique of Southern (19), except that Nytran
(Schleicher & Schuell, Inc.) was used and, in some cases,
gels were not neutralized before blotting (5). Hybridization
and washing of the hybridized filters were performed as
described by Maniatis et al. (12). The prehybridization
solution contained 6x SSC (lx SSC is 0.15 M NaCl plus
0.015 M sodium citrate), Sx Denhardt's reagent, 0.5% SDS,
0.5 mg of denatured fragmented calf thymus DNA per ml,
and 50% formamide. Hybridization solution contained 6x
SSC, Sx Denhardt's reagent, 0.5% SDS, 0.1 mg of dena-
tured fragmented calf thymus DNA per ml, 50% formamide,
and 1 ,ug of radiolabeled boiled probe. Hybridization was
carried out overnight at 42°C.

Characterization of B. abortus outer membrane. Acriflavine
was used to determine whether the B. abortus S19 Kanr
isolates were rough or smooth (1). Rough Brucella strains
aggregate when mixed with acriflavine.

Tissue culture cells. Mouse monocyte-macrophage (J774A.1;
ATCC IB61) and human epitheloid carcinoma cells (HeLa;
ATCC CCL2) were purchased from the American Type
Culture Collection, Rockville, Md. J774 cells were grown in
DMEM supplemented with 5% FCS, and HeLa cells were
grown in Eagle MEM (EMEM) supplemented with 5% FCS.
For monolayer inoculation, 24-well tissue culture plates
were seeded with 1 ml of 150,000 to 200,000 cells per ml.
After 24 h of incubation, subconfluent monolayers were
washed with phosphate-buffered saline (PBS) at 37°C and
further incubated in 1 ml of culture medium without antibi-
otics.
Monolayer inoculation. After overnight incubation, me-

dium was aspirated from plates and 1 ml of bacterial suspen-
sion was added. The culture plates were centrifuged for 5
min at 800 x g at room temperature and placed in an
incubator under an atmosphere of 5% CO2 at 37°C. After 2 or
4 h, plates were washed three times with PBS and further
incubated with EMEM supplemented with 5% FCS (HeLa
cells) or DMEM supplemented with 5% FCS (J774). The
tissue culture medium was also supplemented with gentami-
cin (50 jig/ml) and streptomycin (50 ,ig/ml) at bactericidal
levels to kill extracellular brucellae. Medium was replaced 1
h later and at 24 h. The inoculation period was defined as the
period between the exposure of the monolayer to B. abortus
and the introduction of gentamicin and streptomycin. Exper-
iments were done in duplicate and repeated at least three
times for each experimental treatment.
Enumeration of brucellae. The number of intracellular

viable B. abortus was determined at 2, 3, 5, 7, 24, 36, and 48
h postinoculation in J774 cells and at 3, 5, 24, 36, and 48 h in
HeLa cells. Except for the 2-h samples, gentamicin and
streptomycin were introduced in all J774 samples 2 h posti-
noculation and in all HeLa cells 4 h postinoculation. The 2-h
samples were treated with gentamicin (50 pug/ml) and strep-
tomycin (50 p.g/ml) for 1 h before dilution to determine the
CFU. After exposure to antibiotics, inoculated monolayers
were washed in PBS and incubated for 20 min in 2 ml of a
0.1% solution of deoxycholate in distilled water. This pro-
cedure disrupted the host cells without affecting the viability
of brucellae. Samples of the lysate were serially diluted in

saline for determination of B. abortus CFU on tryptose agar
plates containing 5% heat-inactivated bovine serum. Bru-
cella colonies were identified by colony morphology and
growth characteristics.

RESULTS

Transformation by electroporation. Transformation of Sal-
monella species by electroporation has been reported by
Taketo (21) and served as a positive control in this work.
Rough and smooth strains of S. typhimurium were readily
transformed to ampicillin resistance by electroporation in
the presence of pUC18 (Table 1), and this transformation of
S. typhimurium to ampicillin resistance was plasmid depen-
dent (data not shown).
Both rough and smooth strains of B. abortus S19 were

transformed by electroporation in the presence of pBA31-
R7/Kan7. The electroporation of B. abortus S19 resulted in
the isolation of 13 Kanr mutants (Table 1). No apparent
differences in efficiency were noted between the B. abortus
S19 strains. In a similar experiment, B. abortus S2308 was
also transformed. Although electroporation of B. abortus
S2308 was more efficient than that of B. abortus S19, the
difference may not be significant. Both plasmid sizes and
experimental details differed. Because resistance to kanamy-
cin-neomycin could have been caused by spontaneous mu-
tation, by replication of the introduced plasmid, or by
recombination, we characterized 10 randomly chosen Kanr
B. abortus S19 transformants by Southern analysis to deter-
mine whether gene replacement had occurred; those results
are reported here. A Kanr B. abortus S2308 strain was
similarly analyzed, and these results are reported below. As
a control, a ColEl-derived plasmid, pBRneo (11), which
encodes the neomycin resistance of Tn5, was electroporated
into B. abortus. No Kanr mutants were isolated.

Southern analysis to detect neo. The frequency of sponta-
neous Kanr mutations of B. abortus S19 was determined to
be less than 1 x 108. Because the efficiency of generating B.
abortus Kanr mutations by electroporation was low, we did
not know whether the antibiotic-resistant isolates were spon-
taneous mutants or transformants. To determine the basis of
antibiotic resistance, a Southern blot of HindIII-treated
cellular DNA from each of the Kanr B. abortus mutants was
hybridized with a radiolabeled HindlIl neo probe (Fig. 2A).
A 1.4-kbp HindlIl fragment was detected for each of the
Kanr mutants. The probe did not hybridize to DNA from
either B. abortus S19 (lane 11) or pBA31-R7 (lane 12), which
do not contain those sequences. The probe did hybridize to
a 1.4-kbp HindIlI fragment of pBA31-R7/Kan7 (lane 13).
Thus, resistance to the antibiotic was directly correlated
with the introduction of neo by electroporation.

Southern analysis to detect the BCSP31 gene. A HindlIl
Southern blot of genomic DNA of the Kanr isolates was
hybridized with a BCSP31 probe. DNA from four of the
Kanr isolates (Fig. 2B, lanes 1, 2, 6, and 7) did not hybridize
to the probe, making them candidates for gene replacement
transformants. The probe did hybridize to a 1.3-kbp HindIII
fragment of the other isolates (lanes 3 to 5 and 8 to 10) and to
a 1.3-kbp HindlIl fragment of B. abortus S19 DNA (lane 11).
Western analysis confirmed that BCSP31 was not expressed
in gene replacement strains (data not shown).

Southern analyses of Kanr mutants for vector sequences. A
SalI Southern blot of cellular DNA from the same 10 Kanr B.
abortus mutants was probed with 32P-radiolabeled pBR322.
(The vector, pKK223-3, used in construction of the deletion
plasmid is a derivative of pBR322.) The probe hybridized to
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FIG. 2. Southern blots of cellular DNA from B. abortus kanamy-
cin-resistant isolates probed with radiolabeled DNA. Lanes 1 to 10
correspond to same individual isolates in each panel. Fragment sizes
are indicated in kilobase pairs along the left margin. (A) HindlIl
digest hybridized with a 32P-radiolabeled neomycin resistance gene
probe. Lane 11 is total DNA from B. abortus S19. Lane 12 is
pBA31-R7. Lane 13 is pBA31-R7/Kan7. (B) HindIll digest hybrid-
ized with 32P-labeled BCSP31 gene. Lane 11 is pBA31-R7. (C) Sall
digest hybridized with 32P-radiolabeled pBR322. Lane 11 is total
DNA from B. abortus S19. Lane 12 is pBA31-R7/Kan7. (D) Sall
digest hybridized with 32P-radiolabeled neo probe. Lane 11 is B.
abortus S19. Lane 12 is pBA31-R7/Kan7.

a 4.1-kbp Sall DNA fragment in the same six isolates which
have the 1.3-kbp HindIll fragment containing the BCSP31
gene (Fig. 2C, lanes 3 to 5 and 8 to 10). The high-molecular-
weight fragments that are visible in lanes 3 to 5 and 8 to 10
are probably due to a junction Sall restriction endonuclease
fragment which has homology to the few hundred base pairs
of pBR322 sequences which are linked to the B. abortus
BCSP31 gene of pBA31-R7 (Fig. 1). DNA from the other
four isolates (Fig. 2C, lanes 1, 2, 6, and 7) did not hybridize
to the pBR322 probe. The lack of hybridization of Kanr
mutants 1, 2, 6, and 7 to both the BCSP31 probe and the
pBR322 probe is consistent with the conclusion that these
mutants have undergone gene replacement. B. abortus S19
DNA did not hybridize to the pBR322 probe (Fig. 2C, lane
11), whereas both the 4.1-kbp Sall fragment and the 4.8-kbp
Sall fragment of pBA31-R7 did (Fig. 2C, lane 12). The
4.8-kbp Sall fragment of pBA31-R7 contains only a few
hundred base pairs of pBR322 (Fig. 1) and produced a weak
signal.
Kanr B. abortus isolates which hybridized to vector se-

quences potentially contained freely replicating pBA31-R7.
To test this possibility, we hybridized a Sall Southern blot of

cellular DNA of the 10 Kanr isolates with a radiolabeled neo
probe. Three hybridization patterns were noted for the Kanr
isolates. The Sall restriction nuclease fragments were either
approximately 14 kbp (Fig. 2D, lanes 3, 4, and 8 to 10),
approximately 20 kbp (lane 5), or larger than 20 kbp (lanes 1,
2, 6, and 7). As none of the Kanr transformants exhibited the
linkage pattern of freely replicating pBA31-R7/Kan7, all of
the Kanr isolates appear to be recombinants. DNA from B.
abortus S19 did not hybridize to the Kanr probe (lane 11).

Analyses of the B. abortus S2308 antibiotic-resistant mutant.
Cellular DNA was isolated from a B. abortus S2308 Kanr
isolate. A HindIII Southern blot of the DNA from the isolate
was hybridized with radioactively labeled probes for the
neomycin gene and for DNA sequences encoding BCSP31,
as for B. abortus S19. The isolate hybridized to the neomy-
cin gene probe, but not the BCSP31 probe (data not shown),
indicating that gene replacement had occurred. Western
analysis confirmed that BCSP31 was not expressed (data not
shown).
Determination of whether the Kanr mutants are rough or

smooth. The Kanr B. abortus mutants from smooth cultures
were tested to determine whether they remained smooth.
Two of two smooth B. abortus S19 mutants and three of
three rough B. abortus S19 mutants reacted like the parental
clone. The B. abortus S2308 mutant used in the tissue
culture studies was also determined to be smooth.

Kinetics of B. abortus intracellular growth. The number of
viable brucellae in J774 and HeLa cells was determined at
various times after inoculation (Fig. 3A and B). The number
of viable brucellae in the cell lysate increased rapidly in J774
cells, after an initial decrease, reflecting intracellular repli-
cation. In HeLa cells, there was a rapid rise in the number of
brucellae followed by a slow increase. Although a larger
number of brucellae entered J774 cells than HeLa cells, this
was followed by a sharper decline in the number of viable
intracellular bacteria. This may be explained both by the
phagocytic nature of J774 cells and by the more efficient
intracellular killing mechanisms of these cells. Survival and
growth of mutant strains in both J774 and HeLa cells was
indistinguishable from that of parental strains. As previously
reported for Vero cells (6), smaller numbers of B. abortus
S19 than B. abortus S2308 entered both J774 and HeLa cells.
This difference in infectivity between the strains remained
unchanged with the mutant strains. Survival and growth of
the mutants in both J774 cells and HeLa cells were similar to
those of the parental strains.

DISCUSSION

Several new strains of B. abortus which have the coding
sequences for BCSP31 entirely deleted and replaced by the
Tn5 kanamycin-neomycin resistance gene were constructed.
Loss of BCSP31 had no effect on the survival and intracel-
lular growth of B. abortus in two mammalian cell lines. In
addition, we have demonstrated that electroporation is a
practical method for introducing foreign DNA into Brucella
species, that pBR322-derived vectors behave as suicide
vectors in Brucella species, and that homologous DNA
recombination is an efficient mechanism for gene replace-
ment in this organism.
Nature of the Kanr transformants. B. abortus was trans-

formed to Kanr by electroporation of pBA31-R7/Kan7. Ten
of the B. abortus Kanr transformants were characterized by
Southern analysis to determine whether they were sponta-
neous mutants or recombinants. In each case, a 1.4-kbp
HindlIl fragment which hybridized to the neo probe was
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FIG. 3. Survival ofB. abortus S19, S19 BCS31 deletion, S2308, and S2308 BCS31 deletion in J774 cells (A) and HeLa cells (B). Cell culture
lines were infected with 107 CFU of B. abortus S19 (A, A), S19 BCS31 deletion (U, O), S2308 (0, 0), and S2308 BCS31 deletion (+, x). CFU
ofB. abortus isolated from gentamicin-streptomycin-treated cultures at various times are shown. Results are expressed as the average number
of viable B. abortus organisms per milliliter.

introduced into the strains. All the isolates were the result of
genetic recombination. A ColEl-derived plasmid which had
no homology to the cellular DNA did not transform B.
abortus.

Single- and double-recombination events were antici-
pated. A single crossover would give rise to a mutant which
hybridizes to BCSP31, neo, and pBR322 probes. Six of the
isolates exhibited this single-crossover genotype (mutants 3,
4, 5, 8, 9, and 10). The desired event, a double crossover due
to crossovers in each of the flanking arms, results in gene
replacement. DNA from such mutants would not hybridize
to a BCSP31 probe or a pBR322 probe, but would hybridize
to a neo probe. Four of the isolates had the gene replacement
genotype. DNA from these isolates is shown in Fig. 2, lanes
1, 2, 6, and 7.
Recombination would be expected to occur more fre-

quently in the longer flanking region. Three genomic hybrid-
ization patterns were seen among the isolates probed with
neo (Fig. 2D). AU four of the double recombinants exhibited
a single band greater than 20 kbp. A somewhat smaller band
was seen in lane 5, and the remaining five samples revealed
a single band of about 14 kbp. This pattern is consistent with
more frequent recombination within the flanking 2.2-kbp arm
than the 0.73-kbp arm.
ColEl based plasmid is not maintained in Brucella species.

For efficient gene replacement, the deletion plasmid should
not replicate. ColEl-derived vectors were used to construct
the deletion plasmids. Because ColEl vectors have a narrow
host range, we did not expect these plasmids to replicate in
Brucella species. The gene replacement plasmid, pBA31-R7/
Kan7, introduced into B. abortus by electroporation had a

ColEl origin of replication. DNA linkage studies established
that the deletion plasmid was not maintained as freely
replicating plasmid in B. abortus (Fig. 2D). The kanamycin-

neomycin resistance gene of freely replicating pBA31-R7/
Kan7 is on a 4.8-kbp Sall fragment, but when a Sall
Southern blot ofDNA from the Kanr isolates was hybridized
to a neo probe, the Sall restriction endonuclease fragments
that hybridized were much larger than 4.8 kbp. No evidence
of free plasmid was observed in any experiment.
To select transformants in these experiments, we needed a

selectable marker gene which could be expressed in Brucella
species. We used the antibiotic resistance gene from TnS
because it had been shown previously by Smith and Heffron
that kanamycin-neomycin-resistant mutants could be iso-
lated (18).

In transposon mutagenesis experiments by Smith and
Heffron, TnS mutants of B. abortus S19 were constructed by
introduction of TnS either by phage or by mating. Even
though B. abortus S19 is smooth, a relatively high percent-
age of the Kanr isolates were rough (18). The high percentage
of rough mutants might have resulted from the presence of a
few rough B. abortus S19 variants being more efficiently
infected by phage or more efficiently transformed by plas-
mids encoding TnS conjugation. Electroporation of smooth
B. abortus S19 in the presence of pBA31-R7/Kan7 did not
result in the selection of Kanr rough mutants.

Survival of B. abortus in mammalian cells. Deletion of the
BCSP31 gene has no detectable effect on the invasion,
survival, or intracellular growth of B. abortus S19 or S2308
within either monocyte-macrophages (J774) or nonphago-
cytic cells (HeLa). This result suggests the inactivation of
this gene may also have little effect on the survival in the
host animal. Such a property is a prerequisite for the
development of a modified live brucellosis vaccine with a
distinctive immunological signature. Experiments in a
mouse model and in cattle are now in progress to further
explore the usefulness of these deletion mutants.
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