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Group B streptococci (GBS) contain a family of protective surface proteins characterized by variable
numbers of repeating units within the proteins. The prototype alpha C protein of GBS from the type Ia/C strain
A909 contains a series of nine identical 246-bp tandem repeat units. We have previously shown that deletions
in the tandem repeat region of the alpha C protein affect both the immunogenicity and protective efficacy of the
protein in animal models, and these deletions may serve as a virulence mechanism in GBS. The molecular
mechanism of tandem repeat deletion is unknown. To determine whether RecA-mediated homologous recom-
bination is involved in this process, we identified, cloned, and sequenced the recA gene homologue from GBS.
A strain of GBS with recA deleted, A909DrecA, was constructed by insertional inactivation in the recA locus.
A909DrecA demonstrated significant sensitivity to UV light, and the 50% lethal dose of the mutant strain in a
mouse intraperitoneal model of sepsis was 20-fold higher than that of the parent strain. The spontaneous rate
of tandem repeat deletion in the alpha C protein in vitro, as well as in our mouse model of immune infection,
was studied using A909DrecA. We report that tandem repeat deletion in the alpha C protein does occur in the
absence of a functional recA gene both in vitro and in vivo, indicating that tandem repeat deletion in GBS
occurs by a recA-independent recombinatorial pathway.

Group B Streptococcus (GBS) is a leading cause of menin-
gitis, pneumonia, and sepsis in neonates. There is some evi-
dence that heavy maternal colonization by GBS contributes to
premature birth (3, 39). GBS has also been frequently noted to
cause invasive infections in women as a complication of child-
birth and in other adults who are immunologically impaired by
liver disease, diabetes, or malignancy (15, 61). Recent Centers
for Disease Control and Prevention surveillance data demon-
strate that although the widespread use of intrapartum antibi-
otic prophylaxis has decreased the incidence of early-onset
neonatal GBS disease, this practice has not impacted late-
onset neonatal disease or adult disease. Premature infants and
adults over age 65 continue to show high case fatality rates
from GBS disease (52).

The alpha C protein is a surface protein present in the
majority of non-type III GBS. Similar proteins have recently
been identified in type III and type V strains (30, 31, 54).
Antibodies to these surface proteins have been demonstrated
to be protective against infection in animal models (18). The
gene for the alpha C protein (bca) from the prototype type
Ia/C strain A909 includes a series of nine tandem repeats of
246 bp that are identical at the nucleotide level (40).

The molecular weight of the alpha C protein in clinical
isolates has been shown to vary widely, with the size differences
due to different numbers of tandem repeat units within the
protein (35, 36). Significantly, alpha C protein size has been
noted to vary in paired mother/infant isolates (20). Further-

more, we have demonstrated in a mouse model of infection
that in the presence of antibody to one size of alpha C protein,
mutant GBS strains arise that express smaller-size alpha C
proteins on the surface and thus escape from the immune
response. The genes for the smaller proteins have precise de-
letions of repeat elements (36). The change in the number of
repeats and in the size of the protein alters the antigenicity of
the alpha C protein and the virulence of the strain in the
presence of antibody (19). Tandem repeat deletion in the al-
pha C protein allows antigenic variation and may thus serve as
a virulence mechanism in GBS.

The mechanism by which excision of tandem repeat units in
the bca gene is accomplished is unknown. Identification of the
molecular factors involved in tandem repeat deletion is of
broader interest, since tandem repeat sequences of DNA are
found in both prokaryotic and eukaryotic genomes. Tandem
repeat sequences in eukaryotic genomes are often found in
noncoding regions, and variation in these sequences has been
associated with a variety of human diseases, such as myotonic
dystrophy, Huntington’s disease, fragile X syndrome, and co-
lon cancer (58, 59). In prokaryotes, variation in short sequence
tandem repeats, such as those present in the promoter region
of the Haemophilus influenzae hifA/B fimbriae genes (60), in
the 59 coding region of the H. influenzae lic1 genes (63), which
are involved in lipopolysaccharide synthesis, and in the Neis-
seria gonorrhoeae opa gene, which encodes opacity proteins
(55), can regulate gene expression. In addition, an increasing
number of bacterial, fungal, and protozoal antigens have been
identified that have larger tandem repeat motifs within the
coding regions of the associated genes, such as the alpha-like
proteins of GBS (30, 62), the Esp protein of Enterococcus
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faecalis (53), the M proteins of group A Streptococcus (GAS)
(22), the 120-kDa major glycoprotein of Blastomyces dermati-
tidis (25), the 190-kDa surface antigen of Rickettsia rickettsi (4),
the ALS proteins of Candida albicans (24), the P270 protein of
Trichomonas vaginalis (43), and the shed proteins of Trypano-
soma cruzi (11).

Variation in short sequence repeats, such as in the CAAT
motif found in the H. influenzae lic gene and in the CTCTT
motif found in the Neisseria meningitidis opa gene, is attributed
to a RecA-independent strand-slippage mechanism (23, 32,
42). Intermolecular crossover events between identical or
near-identical longer stretches of DNA in bacteria, however,
are highly dependent on RecA-mediated homologous recom-
bination, and it is possible that tandem repeat deletion within
the alpha C protein takes place by a similar RecA-mediated
intramolecular crossover mechanism. RecA is a highly con-
served ATP-binding protein that mediates pairing of homolo-
gous stretches of DNA and catalyzes the formation of hetero-
duplex structures (48). RecA gene homologues have been
identified in more than 60 bacterial species. Although RecA is
thought to be essential in all pathways of bacterial homologous
recombination, both RecA-dependent and RecA-independent
tandem repeat deletion has been observed in Escherichia coli
(5, 6, 33, 34).

To begin to understand the mechanism of tandem repeat
deletion in GBS, we identified and cloned the recA homologue
in GBS. We constructed A909DrecA, a strain in which the recA
gene is functionally deleted by insertional inactivation. We
compared the rate of spontaneous deletion in A909 with that
in A909DrecA in vitro and compared the strains in our mouse
model of GBS infection. We demonstrate that tandem repeat
deletion occurs in the absence of intact recA both in vitro and
in vivo.

MATERIALS AND METHODS

Amplification of a portion of the GBS recA gene. To identify the recA gene,
degenerate PCR primers designed to anneal to highly conserved regions of the
recA gene from other bacterial species (14) were used to amplify a 320-bp
fragment from GBS genomic DNA by PCR. The following primers were used:
primer A, 59 CGTAAGCTTYATHGAYGCNGARCAYGC 39; primer B, 59
CTCAAGCTTGRTTDATRAADATNGC 39. The amplified fragment was
cloned in vector pCR2 (Invitrogen) and sequenced. The fragment was identified
as a portion of the GBS recA gene by sequence homology with the previously
identified recA gene in GAS (57).

Creation of GBS cosmid library. Genomic DNA was prepared from type Ia/C
strain A909 as previously described (36). To create the cosmid library, genomic
DNA was partially digested with Sau3AI at 37°C for 15 min, followed by heating
to inactivate the enzyme. Cosmid vector pHC79 (21) was digested with BamHI
and ligated to the partially digested genomic DNA. The ligation mixture was
packaged with a commercial lambda packing extract (Gigapack III Gold; Strat-
agene). The cosmid library titer was 3 3 105/ml.

Isolation of the recA gene from the cosmid library. To isolate the recA gene,
the library was plated on 20 Luria-Bertani plates containing 100 mg of ampicil-
lin/ml at a density of 200 to 500 colonies per plate, and the colonies were
transferred to nylon membranes (Genescreen; Dupont). Colony blotting was
carried out with standard methods (49), using a rotisserie oven and a hybridiza-
tion temperature of 42°C. The 320-bp PCR product was labeled with [32P]dCTP
with a random primer kit (Gibco-BRL) and added to the hybridization solution
at a final concentration of 106 cpm/ml. The membranes were washed once at low
stringency and then twice in 0.13 SSC (13 SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)–0.5% sodium dodecyl sulfate (SDS) at 42°C for 20 min and
exposed to X-ray film at 280°C for 20 h. Thirteen positive colonies were iden-
tified, and cosmid DNA was prepared from each with plasmid miniprep columns
(Qiagen). The cosmid DNA was digested with HindIII, transferred to a nylon
membrane, and probed with the radiolabeled PCR fragment. A 3-kb HindIII

fragment from one cosmid showed strong reactivity with the probe, and this
fragment was subcloned into pCR2 and named pKPRA3.

Identification of the full-length recA gene. Comparison of the sequence con-
tained within pKPRA3 with the recA sequence of GAS revealed significant
homology but indicated that the cosmid fragment did not contain the full-length
recA. PCR primer K1 (59 CAAATCAAGGGGACTGGTGAGCAT 39) was de-
signed for the sequence at the 39 end of the recA cosmid sequence, and primer
K2 (59TTAATCTTCAATTTCAATACCATTATCTAAAT 39) was designed for
the sequence immediately outside the stop codon of the GAS recA sequence
(58). An annealing temperature of 45°C was used to amplify an approximately
400-bp fragment from GBS genomic DNA. To confirm the entire recA sequence,
a full-length recA PCR product was generated with primer 59 CGTCGAAAAG
CCTTAGATGATGCT 39 and primer 59 TAAGTTCCAACCACTGTCAGA
ACT 39 with an annealing temperature of 55°C and extension time of 90 s.
Pooled PCR products from both reactions were sequenced as described below.

Cloning of an internal fragment of the recA gene into pJRS233. An internal
603 bp of the recA sequence was amplified from GBS genomic DNA with primers
corresponding to the amino acid sequences HALDPAYA (59 CACGCTCTTG
ACCCAGCCTATGC 39) and AGAWYSYN (59 CATTATATGAGTACCATG
CACCTGC 39). The PCR product was ligated into vector pCR2 by the Topo-
cloning method (Invitrogen), following the manufacturer’s instructions. The
recombinant plasmid was digested with BamHI and XhoI, and the insert was gel
purified using a gel extraction column (Qiagen) and ligated into pJRS233, which
had been digested with BamHI and XhoI. The recombinant plasmid was named
pKP600.

Transformation of pKP600 into GBS. Competent GBS were prepared as
previously described (13). The bacteria were transformed with pKP600 by elec-
troporation (Bio-Rad Gene Pulser; settings, 1.5 kV, 400 V, 25 mF), placed on ice
for 30 min, incubated at 30°C for 90 min, and finally plated on erythromycin
(ERY)-containing sheep’s blood agar (ERY/BAP) at 30°C for 48 h. ERY-
resistant colonies were streaked on ERY/BAP and grown at 30°C for 48 h. Liquid
cultures of ERY-resistant strains were grown in Todd-Hewitt broth (THB) with
ERY (THB/ERY) at 30°C overnight and then diluted 1:10 into THB/ERY and
grown for 8 to 16 h at 37°C. These cultures were then diluted at 1:100 to 1:10,000,
plated on BAP/ERY, and grown overnight at 37°C. ERY-resistant colonies
growing at 37°C were passaged a second time in THB/ERY medium at 37°C and
again plated at 37°C on ERY/BAP, to decrease any illegitimate persistence of
free plasmid.

UV light sensitivity assay. Single colonies of bacteria were inoculated into
THB in the presence or absence of ERY and grown overnight at 37°C. The
cultures were diluted 1:100 in fresh THB and grown to an optical density at 650
nm of 0.4. The cultures were diluted 1:10,000, and 0.1 ml was plated on BAP.
Plates of wild-type A909 GBS and potential mutants were simultaneously placed
on a shortwave UV light box (Fotodyne) for 5, 10, 20, and 30 s. The plates were
incubated at 37°C for 16 h, and the CFU were counted at each exposure time and
compared with control plates that were not exposed to UV light.

Immune mouse model of infection. CD-1 outbred mice (adult female, 6 to 8
weeks old; Harlan Laboratory) were given 0.25 ml of rabbit antiserum raised to
the nine-repeat alpha C protein, or nonimmune serum as a control, by intraperi-
toneal injection. Twenty-four hours after injection, the mice were given 106 to
107 CFU of bacteria suspended in 0.5 ml of THB by intraperitoneal injection.
Twenty-four hours after bacterial injection, the mice were sacrificed in CO2, and
their spleens were immediately removed and homogenized in phosphate-buff-
ered saline, pH 7.0. Mice given nonimmune serum were found dead at 24 h after
bacterial injection. The splenic homogenates were directly plated on BAP and
grown at 37°C overnight.

Sequencing of bca from splenic isolates. Sequencing of the repeat region of
bca, the gene encoding the alpha C protein, was accomplished by PCR amplifi-
cation of the complete alpha C protein using primers 59 GGTGGACAAGAA
AAAGTTCTC 39 and 59 TGTTCACACCAATAAATGGTGA 39, with an an-
nealing temperature of 60°C and extension time of 90 s, using DNA isolated from
a single colony of each isolate by the protoplast method (12). The pooled product
was purified and sequenced as described below. Sequencing primers used were 59
GTAAAATTGTTGAGGTTAAT 39 and 59 GGTAGTTTATTTCCTTTACCG
39.

Southern blots. Southern blotting was performed as previously described (36).
Probes were prepared using the ECL chemiluminescence direct nucleic acid
labeling and detection kit (Amersham) following the manufacturer’s instructions.

Western blots. Bacteria were grown in THB (plus ERY for the A909DrecA
strain) overnight at 37°C, pelleted, and resuspended in one-third-volume phos-
phate-buffered saline. Resuspended bacteria were mixed with Laemmli gel sam-
ple buffer (plus dithiothreitol), boiled, spun briefly to pellet debris, and imme-
diately run on a 10% Tris-glycine SDS gel. Western blotting was performed as

5038 PUOPOLO ET AL. INFECT. IMMUN.



previously described (19) using rabbit antiserum raised to the one-repeat form of
the alpha C protein at 1:500 to 1:2,000 dilutions.

Screening for spontaneous tandem repeat deletion in the alpha C protein.
A909 and A909DrecA were plated on BAP (with or without ERY) at a density of
200 to 400 colonies/plate. Forty plates were screened for each strain (12,213
colonies for A909; 9,457 colonies for A909DrecA.) Colony immunoblotting was
performed as previously described (36). Lightly stained colonies were retrieved
from the corresponding primary plate and restreaked on BAP with or without
ERY. Each potential alpha C protein mutant was examined by Western blotting
as described above to determine the size of the alpha C protein. Several
A909DrecA-derived isolates with alpha C protein deletions were tested for UV
sensitivity, and all remained UV sensitive, indicating that the deletions did not
arise from reversion to a recA1 phenotype.

PCRs. Reactions were carried out with PCR Supermix (Gibco-BRL) with a 0.4
mM primer concentration in a thermocycler (Perkin-Elmer) using a cycle pro-
gram as follows: initial denaturation at 94°C for 5 min, 35 cycles with denatur-
ation at 94°C for 30 s, annealing temperature as indicated for 30 s and extension
at 72°C for 30 to 90 s as indicated, and a final extension step at 72°C for 7 min,
followed by cooling to 4°C. Template DNA was either purified genomic DNA or
DNA prepared from single bacterial colonies by the protoplast method reaction
(12).

Reverse transcriptase PCR (RT-PCR). Bacterial cultures were grown to an
approximate optical density at 650 nm of 0.400 in THB, pelleted, and resus-
pended in 25% glucose–Tris-EDTA (pH 8.0) containing 2.5 mg of lysozyme/ml
and 167 mg of mutanolysin/ml, and incubated at room temperature for 10 min.
The bacteria were then pelleted, and total RNA isolation was carried out using
the RNeasy kit (Qiagen). After treatment with DNase I (Gibco-BRL), the
integrity of the RNA was assessed by denaturing agarose gel to ensure that no
significant degradation of the RNA had occurred. RT-PCRs were carried out
using the One-Step RT-PCR kit (Qiagen), using 0.8 to 1.0 mg of total RNA per
reaction. All reactions were carried out with a 0.6 mM primer concentration in a
thermocycler (Perkin-Elmer) using a cycle program as follows: reverse transcrip-
tion at 50°C for 30 min and denaturation at 95°C for 15 min, followed by 35 cycles
as described above for PCRs.

Sequencing reactions and facilities. Direct sequencing from pooled PCR
product or sequencing from cloned DNA was performed with an automated
fluorescent dideoxy sequencing system (Applied Biosystems) through the
Brigham and Women’s Hospital Automatic Sequencing and Genotyping Facility
and the Beth Israel-Deaconess Medical Center Molecular Medicine Sequencing
Facility. Direct PCR product sequencing was carried out from product pooled
from 5 to 8 separate PCRs; the pooled product was purified over a PCR puri-
fication column (Qiagen) to remove unincorporated primer and deoxynucleoside
triphosphates.

Statistical analyses. Alpha C protein Western blot phenotype data were ob-
tained on 24 mice, with 1 to 124 isolates obtained per mouse. The isolate data
were classified into nine-repeat, deletion, and null phenotypes. The primary
analysis concerned the association between the A909DrecA genotype and the

frequency of each isolate phenotype. Special statistical analysis was required to
account for mouse-to-mouse variation in the number of isolates obtained. Over-
dispersed binomial logistic regression (2) was performed to test the null hypoth-
esis that the A909DrecA genotype and the nonnull, deletion phenotype were not
associated. Colony blot data on alpha C protein repeat number were obtained
from 12,213 colonies of A909 and from 9,457 colonies of A909DrecA and were
analyzed using a two-tailed Fisher’s exact test.

Nucleotide sequence accession number. The complete recA sequence has been
deposited in the GenBank database under accession number AF307982.

RESULTS

Identification and cloning of the recA gene of GBS. Using
PCR primers designed to anneal to highly conserved regions of
recA from other bacterial species (14), a 320-bp fragment was
amplified from GBS genomic DNA. Using the PCR product as
probe, a single band was seen on a Southern blot of GBS DNA
digested with several restriction enzymes, indicating the pres-
ence of a single recA gene in GBS. To isolate the entire GBS
recA gene, the PCR product was used to screen a cosmid
library of GBS genomic DNA. A cosmid containing a partial
recA sequence was identified; PCR methods were used to ob-
tain the full-length sequence. An alignment of the deduced
RecA amino acid sequences from GBS, GAS, Streptococcus
pneumoniae, and E. coli reveals that the GBS sequence is 88%
identical to that of GAS, 79% identical to that of the pneu-
mococcus, and 55% identical to that of E. coli (44, 50, 57).

To assess the functional similarity of the GBS RecA protein
to the E. coli RecA protein, we compared the amino acid
sequences at the putative active sites of the proteins. E. coli
RecA has been crystallized, and the functional residues of the
protein have been characterized by site-directed mutagenesis
(50). Residues with putative roles in ATP binding, in the ATP-
induced conformational switch, in monomer-monomer inter-
actions, and in DNA binding are listed in Table 1. Each of
these residues is well conserved in the GBS RecA deduced
amino acid sequence; 57 (83%) of the 69 amino acids are
identical, and 64 (93%) are identical or conservatively substi-
tuted, as shown in Table 1.

TABLE 1. Comparison of E. coli recA active sites with the GBS recA sequencea

Function Sequence (residues) No. of identical residues
(conserved residues)/total

ATP binding P-loop GPESSGKT(66–73) 8/8
GPESSGKT(40–47)

ATP binding Walker B box VIVVD (140–144) 3/5
LVVVD (114–118) (5/5)

ATP binding E (96) 1/1
E (70)

DNA binding GEIGDSHM(157–164) 6/8
GDIGDSHV(131–138) (8/8)

DNA binding IRMKIGVMFGNPETT(195–209) 12/15
LREKVGVMFGNPETT(169–183) (14/15)

Double-stranded DNA binding K, W, K, G, K (286, 290, 297, 301, 302) 4/5
K, W, K, G, S (264, 268, 275, 279, 280)

Monomer-monomer interactions L, I, A (114, 128, 148) 3/3
L, I, A (102, 148, 122)

MAW motifb TGSLSLDIALGAGGLPMGRIVEIY(42–65) 20/24
SGSLAIDIALGAGGYPKGRIVEIY(16–39) (21/24)

a In each case, the E. coli sequence is listed first with the GBS sequence listed below. The summary of E. coli RecA active site analysis was taken from references
1, 29, and 48. E. coli sequence, GenBank accession number J01672.

b MAW, makes ATP work (48).
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Creation of a strain of GBS with recA deleted. pJRS233 is an
E. coli/streptococcal shuttle vector that contains a gram-nega-
tive replicon, a temperature-sensitive gram-positive replicon,
and an ERY resistance gene (45). Persistence of an ERY
resistance phenotype at 37°C in a gram-positive strain can be
accomplished by integration of this plasmid into the genomic
DNA of the organism. An internal fragment of GBS recA was
cloned into pJRS233, creating vector pKP600. Integration of
pKP600 at the recA locus can occur by homologous recombi-
nation, interrupting the recA gene, as shown schematically in
Fig. 1. Competent GBS were transformed with the recombi-
nant plasmid, passaged at 30°C, and then shifted to growth at
37°C. After serial passaging at 37°C, five isolates were chosen
for further study.

Bacterial strains with recA deleted are markedly more sen-
sitive to the killing effects of UV light due to the reduced
efficiency of DNA repair that results from deletion of recA.
(28). The potential recA mutants were tested for growth sen-
sitivity to UV light. One of the five isolates, which was mark-
edly more sensitive to exposure to UV light than wild-type
A909, was designated A909DrecA. This isolate demonstrated
essentially complete killing after only 5 s of exposure to UV
light (data not shown).

Molecular analysis of A909DrecA. To confirm disruption of
recA in A909DrecA, EcoRI restriction digests of genomic DNA
from wild-type and mutant bacteria were analyzed by a South-
ern blot with fragments of the recA sequence. The Southern
blot shown in Fig. 1D reveals the generation of a new fragment
of the predicted size in the mutant strain when it was probed
with sequence from the 59 portion of recA and a slight shift
downward of the large fragment when probed with sequence at
the 39 end of the recA gene, consistent with integration of the
plasmid at the recA locus. The remaining four erythromycin-
resistant isolates were also analyzed by a Southern blot (data
not shown). One of these (which also showed enhanced sus-

ceptibility to UV killing) showed a pattern identical to that of
A909DrecA. The others were not UV sensitive and showed
patterns incompatible with interruption of the recA gene.

The insertion of pKP600 into recA should prevent the tran-
scription of full-length recA mRNA and thus prevent synthesis
of the RecA protein. To confirm that intact recA mRNA is
absent in A909DrecA, total RNA from strains A909 and
A909DrecA was analyzed by RT-PCR. Primer 15 and primer 16
were used as a positive control, since this primer pair should
amplify a 603-bp recA fragment from both A909 and
A909DrecA. The primer pair recfd and recrv correspond to
sequences immediately outside recA (Fig. 1) and amplify an
1,155-bp fragment that contains the entire recA coding region.
RT-PCR was carried out as described in Materials and Meth-
ods; control reaction mixtures were held on ice during the
reverse transcription step to ensure that products were not the
result of contaminating genomic DNA. The 603-bp product
was amplified as predicted from both the wild-type strain and
the recA mutant, but the 1,155-bp product was amplified only
from the wild-type strain, indicating that full-length recA
mRNA is not made in the mutant strain. There was no product
amplified from any of the control reactions (data not shown).

Attenuation of A909DrecA in a mouse model of sepsis. The
50% lethal dose (LD50) of the mutant strain was compared
with that of the wild-type strain A909 in our mouse model of
intraperitoneal sepsis. The LD50 of A909DrecA was 9.4 3 104,
and that of wild-type A909 was 3.5 3 103, as calculated by the
method of Reed and Muench (47) (data not shown), demon-
strating that A909DrecA was attenuated in this model. To de-
termine if the difference in virulence of A909DrecA was due to
a growth defect in the mutant strain, we compared the in vitro
growth rates of the wild-type and mutant strains. The slope of
the growth curves during log-phase growth was essentially
identical between the strains, indicating that there was not a
significant growth defect in the mutant strain. The spleen of

FIG. 1. Schematic diagram of insertional inactivation at the recA locus. (A) pKP600; internal 603 bp of the GBS recA nucleotide sequence
cloned into the pJRS233 shuttle vector at the BamHI and XhoI sites. The white area represents the 603-bp cloned fragment. EcoRI sites on the
vector are noted with “E.” (B) recA chromosomal locus located on the approximately 20-kb EcoRI fragment. Striped shading represents the 59 end
of recA exclusive of the cloned fragment. Grey shading represents the 39 end of recA exclusive of the cloned fragment. Black shading represents
chromosome. (C) recA chromosomal locus after insertion of pKP600. Digestion with EcoRI should generate approximately 2.5-kb and 17.5-kb
fragments; use of the 59-specific probe should identify the smaller fragment, and use of the 39-specific probe should identify the larger fragment.
(D) Southern blot of A909 (lanes 1 and 3) and A909DrecA (lanes 2 and 4) chromosomal DNA, digested with EcoRI and probed with 39-specific
recA probe (lanes 1 and 2) or 59-specific recA probe (lanes 3 and 4).
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one of the mice used in the LD50 study was removed, homog-
enized, and plated on blood agar plates. Single bacterial colo-
nies were isolated and were observed to retain both the ERY
resistance marker and the UV sensitivity phenotype.

Comparison of alpha C protein tandem repeat deletion in
the wild-type and recA mutant strains in a mouse model of
infection. In our mouse model of GBS infection, when mice
are infected with wild-type GBS after receiving a protective
antibody to the alpha C protein, bacterial colonies with trun-
cated forms of the alpha C protein are frequently isolated. The
genes encoding the truncated proteins contain precise dele-
tions of tandem repeat elements (36). To determine whether
the process of tandem repeat deletion in the alpha C protein of
GBS involves recA-mediated homologous recombination, we
compared the occurrence and frequency of isolating mutants
with tandem repeat deletions in mice challenged with
A909DrecA and those challenged with wild-type A909.

Rabbit antiserum raised to the nine-repeat alpha C protein
was given to mice by intraperitoneal injection. Nonimmune
serum was used as a control. Twenty-four hours after anti-
serum was given, the mice were challenged by intraperitoneal
injection with doses of either wild-type A909 or A909DrecA
GBS, at or above the LD50 for each strain. Mice given nonim-
mune serum were found dead at 24 h, but mice given immune
serum were generally alive and appeared well after 24 h. At
24 h, the surviving mice were sacrificed and the spleens from all
mice were immediately removed. Individual bacterial colonies
were isolated from the spleens, and the alpha C protein from
each isolate was assessed by a Western blot. Rabbit antiserum
to the one-repeat alpha C protein was used because it recog-
nizes all forms of the alpha C protein on a Western blot.

Western blot analysis of the alpha C protein from splenic
isolates. The Western blot shown in Fig. 2A shows represen-
tative bacterial splenic isolates obtained from a mouse given
nine-repeat immune serum and challenged with the wild-type
strain A909.

When the alpha C protein is visualized on SDS-polyacryl-
amide gel electrophoresis (PAGE), a laddering pattern is seen
that corresponds to the number of repeat elements in the

protein. The pattern is thought to reflect posttranslational pro-
teolysis of the protein at the repeat site—so that, for example,
nine bands are seen with nine-repeat alpha C protein, whereas
two bands are seen with a two-repeat form of the alpha C
protein (41, 54). Wild-type A909 is shown in Fig. 2A, lane 2.
Lanes 3 to 6 show alpha C protein from individual splenic
isolates, consistent with the one-repeat (lane 3), two-repeat
(lane 4), three-repeat (lane 5) and nine-repeat (lane 6) forms
of the alpha C protein. Lane 7 exhibits no alpha C protein.
Many isolates of this type were obtained that apparently pro-
duce no alpha C protein; they were termed null mutants. Con-
trol experiments with representative null mutants demonstrate
that these mutants produce overall adequate amounts of pro-
tein, and specifically, these mutants do produce another anti-
genic surface protein, the beta C protein (data not shown).
Some isolates appeared to produce intact nine-repeat alpha C
protein at markedly lower levels than the wild type. For the
purposes of statistical analysis, these were also considered to
be null mutants since they did not appear to have undergone
tandem repeat deletion (see PCR amplification below). In
control mice that received nonimmune serum, 56 isolates were
tested and all had intact nine-repeat alpha C protein as deter-
mined by a Western blot, whether the challenge strain was
A909 or A909DrecA.

Similar results were obtained when mice received nine-re-
peat immune serum and were challenged with the mutant
strain A909DrecA. A Western blot of representative bacterial
splenic isolates is shown in Fig. 2B, with A909DrecA in lane 2.
Lanes 3 to 6 show alpha C protein from individual splenic
isolates from a mouse challenged with A909DrecA, consistent
with one-repeat (lane 3), three-repeat (lane 4), four-repeat
(lane 5) and nine-repeat (lane 6) protein. In addition, a num-
ber of null mutants were also observed, as shown in lane 7.
Each of the splenic isolates obtained from mice challenged
with A909DrecA retained their resistance to erythromycin; rep-
resentative null and deletion isolates were further tested for
sensitivity to the killing effects of UV light and were observed
to retain the UV sensitivity phenotype of A909DrecA.

FIG. 2. Western blots of splenic isolates from mice challenged with A909 (A) or A909DrecA (B). Bacterial samples were separated by
SDS-PAGE, transferred to nitrocellulose, and probed with rabbit antiserum to one-repeat alpha C protein. Blot A: lane 1, SDS-PAGE prestained
molecular mass markers; lane 2, A909 control; lanes 3 to 6, individual splenic isolates with alpha C proteins containing one repeat (lane 3), two
repeats (lane 4), three repeats (lane 5), or nine repeats (lane 6). Lane 7, isolate not expressing alpha C protein (null mutant). Blot B: lane 1,
SDS-PAGE prestained molecular mass markers; lane 2, A909DrecA control; lanes 3 to 6, individual A909DrecA splenic isolates with alpha C
proteins containing one repeat (lane 3), three repeats (lane 4), four repeats (lane 5), or nine repeats (lane 6). Lane 7, A909DrecA-derived isolate
not expressing alpha C protein (null mutant).
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PCR amplification and sequencing of the alpha C protein
gene in splenic isolates. To ensure that the phenotypes seen on
Western blots in these experiments corresponded to gene de-
letions, the alpha C protein genes from the wild-type strain, the
A909DrecA mutant, and several splenic isolates were amplified
by PCR. The products obtained from the wild-type isolates are
shown in Fig. 3. In lane 3, a product of the predicted size,
approximately 3.5 kb, is observed with amplification from the
wild-type A909 strain. In lanes 4, 5, and 6, the band sizes
correspond to products from isolates with one, two, and three
repeats on a Western blot. The null mutants have not been
previously genetically characterized; amplification of DNA
from a null mutant, shown in lane 7, yielded a band close to
that of the wild type. Similar results were observed with trun-
cated and null mutants isolated from spleens of mice chal-
lenged with A909DrecA. Products consistent with a nine-repeat
alpha C protein are observed in lane 8 (A909DrecA parent
strain) and lane 12, a null mutant by a Western blot. In lanes
9, 10, and 11, the band sizes correspond to products from
isolates with one, three, and four repeats on a Western blot.

The repeat region of the alpha C protein from wild-type
isolates with two and three repeats (shown in Fig. 3, lanes 5
and 6) and recA deletion isolates with 3 and four repeats

(shown in Fig. 3, lanes 10 and 11) was sequenced from pooled
PCR product, as described in Materials and Methods. The
number of repeat sequences found in all four isolates corre-
sponded exactly to that predicted by Western blotting and
PCR. The sequencing revealed precise deletions of repeat se-
quences; there was no evidence of illegitimate or partial dele-
tions in the isolates with recA deleted.

Statistical analysis of the splenic isolate data. A summary of
the Western blot analyses of the splenic isolates is shown in
Table 2. Non-nine-repeat mutants were obtained from 7 of 10
mice challenged with the wild-type A909 strain, and 293 of
these isolates were analyzed by Western blots. Non-nine-re-
peat mutants were obtained from 7 of 13 mice challenged with
the recA deletion strain A909DrecA, and 341 isolates were
analyzed by Western blots. If fewer than 125 isolates were
recovered from an individual spleen, 50 to 100% of the isolates
were analyzed. If more than 250 isolates were recovered from
an individual spleen, a representative proportion of the isolates
was randomly chosen for analysis. The number of isolates
obtained from a spleen ranged from 1 to more than 1,000 and
did not depend on the challenge strain (P 5 0.64 by the Wil-
coxon test).

We sought to determine whether there was a difference in
the rate at which bacterial isolates with mutant forms of the
alpha C protein were obtained from the wild-type and recA
mutant challenged mice. The probability of obtaining any non-
nine-repeat alpha C protein phenotype is lower in the recA
mutant isolates: 0.46 versus 0.71 for A909 isolates. However,
statistical analysis of the data using overdispersed binomial
logistic regression (2) to account for both the number of mice
and the number of isolates from each mouse revealed that this
difference is not significant (P 5 0.12). To determine whether
the rate of deletion mutants alone differed between the two
strains, the data were analyzed with elimination of the null
mutants from the data set. The probability of obtaining a
deletion mutant is 0.46 for A909 and 0.37 for A909DrecA, with
a nonsignificant P value of 0.57.

Comparison of the spontaneous rate of alpha C protein
tandem repeat deletion in the wild-type and recA mutant
strains. The mouse model of immune infection provides a
powerful selection for mutations in the alpha C protein and has
the advantage of illustrating the biological relevance of muta-
tions in this bacterial surface protein. We thought it possible
that the strength of this in vivo selection could obscure some
effect of the recA mutation on the spontaneous rate of tandem
repeat deletion in the alpha C protein. To address this, we
compared the rate of spontaneous deletion in the alpha C
proteins in the wild-type and mutant strains by colony immu-
noblots using a monoclonal antibody, 4G8, which specifically

FIG. 3. PCR amplification of the alpha C protein gene (bca) from
bacterial splenic isolates obtained from mice challenged with A909
(lanes 4 to 7) or A909DrecA (lanes 9 to 12). DNA was prepared from
each isolate by the protoplast method as outlined in Materials and
Methods. PCR products were separated on 1% agarose gels. Lane 1,
lHindIII markers; lane 2, blank; lane 3, wild-type A909; lanes 4 to 6,
individual splenic isolates with alpha C proteins containing one repeat
(lane 4), two repeats (lane 5), or three repeats (lane 6); lane 7, isolate
not expressing the alpha C protein (null mutant); lane 8, A909DrecA;
lanes 9 to 11, individual A909DrecA splenic isolates with alpha C
proteins containing one repeat (lane 9), three repeats (lane 10), or four
repeats (lane 11); lane 12, A909DrecA-derived isolate not expressing
the alpha C protein (null mutant).

TABLE 2. Summary of Western blot analysis of splenic isolatesa

Strain No. of mice Total no. of
isolates

No. of isolates with alpha C protein phenotype (%)

9-repeat Deletion Null

A909 10 293 86 (29) 73 (25) 134 (46)
DrecA 13 341 184 (54) 108 (32) 49 (14)

a The probability of obtaining the non-9-repeat alpha C protein phenotype is 0.71 for A909 isolates and 0.46 for A909 DrecA (P 5 0.12). Eliminating the null mutants,
the probability of obtaining a deletion mutant is 0.46 for A909 and 0.37 for A909DrecA (P 5 0.57).
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recognizes the repeat region of the protein (26). This mono-
clonal antibody is highly reactive with intact nine-repeat alpha
C protein but only weakly reactive with lower-repeat-number
forms of the protein (37). Based on our previous work that
indicated the rate of spontaneous deletion was 6 3 1024 (36),
we prospectively determined that screening of approximately
10,000 colonies of each strain would allow us to detect a 10-
fold decrease in the rate of mutation with a P value of ,0.05.
As described in Materials and Methods, each potential mutant
identified by colony immunoblotting was isolated and analyzed
by a Western blot to confirm the deletion phenotype. We
screened 12,213 wild-type colonies and obtained 22 mutants
for a rate of deletion of 1.8 3 1023 (1 mutant per 555 colo-
nies); we screened 9,457 mutant colonies and obtained 16
mutants for a rate of deletion of 1.7 3 1023 (1 mutant per 591
colonies). The difference is not significant (P 5 0.872), indi-
cating that the recA mutation does not affect the rate of spon-
taneous tandem repeat deletion of the alpha C protein.

DISCUSSION

Single nucleotide changes that result in differences in en-
zyme activity or protein expression can confer a survival ad-
vantage to bacteria that are subject to adverse environmental
conditions. Tandem repeat deletion within the alpha C protein
gene confers a survival advantage to GBS bearing this surface
protein by resulting in antigenic change that allows escape
from humoral immunity, thereby serving as a pathogenicity
trait in GBS. Similar to the deletions found in the M proteins
of GAS (22), deletions in the alpha C protein occur by homol-
ogous recombination between intragenic repeats, in that the
deletions are precise and occur between identical sequences,
but the molecular mechanisms involved in the process are
unknown.

Tandem repeat deletion has been most extensively studied
with E. coli with both plasmid-based and chromosomal re-
porter constructs, and the dependence on RecA in these sys-
tems is variable, ranging from no RecA dependence for dele-
tion of small (,100-bp) repeats to modest reductions (2- to
40-fold) in deletion rates for larger repeats (5, 6, 33, 34).
Nontandem repeat deletion appears to be more dependent on
RecA, with increasing distance between repeats (5, 34). We
sought to determine whether RecA-mediated homologous re-
combination was involved in deletion of the 246-bp tandem
repeats found in the alpha C protein during passage in an
immune host.

Nothing is known about homologous recombination or re-
combinatorial mechanisms in general in GBS, and we report
here the identification of a recA homologue in this species. The
sequence of this gene is highly related to those of other re-
ported streptococcal species and to the well-studied recA gene
of E. coli. As evidenced by the high degree of conservation with
putative active sites in the E. coli RecA protein (Table 1) and
by the phenotype of sensitivity to UV light in the recA deletion
mutant strain, it is expected that the GBS RecA protein plays
a role in homologous recombination similar to that of RecA in
E. coli. Deletion of recA in other bacterial species has a vari-
able effect on the virulence of the organism (10, 16, 17, 46, 56);
A909DrecA is significantly attenuated in our mouse model of
sepsis, with an LD50 that is approximately 20-fold higher than

that with wild-type A909. Although it has been shown that recA
mutant E. coli bacteria grow poorly (48), our in vitro growth
studies of A909DrecA demonstrate that during log phase, the
mutant strain grows similarly to A909, suggesting that the
attenuation of the strain is not due simply to a growth rate
defect in the mutant. In addition to its role in homologous
recombination, E. coli RecA is involved in LexA repressor
cleavage and the induction of the SOS response, in chromo-
some partitioning, and in induced stable DNA replication (28).
In S. pneumoniae, coordinate expression of recA and cinA is
induced during competence (38, 44). GBS RecA may also be
involved in bacterial processes aside from its role in homolo-
gous recombination, and the decreased virulence observed in
our recA mutant strain could be due to the loss of another
RecA function.

We found that tandem repeat deletion in the alpha C pro-
tein in vitro and in our mouse model of immune infection
occurs in the absence of RecA. Deletion mutants were found
with the wild-type GBS strain and with the strain of GBS with
recA deleted, indicating that intramolecular recombination be-
tween tandem repeats in GBS does not require functional
RecA. This observation is of particular importance, since we
have been able to study this process on the chromosome with
a protective surface antigen in a pathogenic species, rather
than with an experimental plasmid construct. The mutant con-
struct A909DrecA was created by insertional inactivation at the
recA locus; thus, a partial recA sequence does remain on the
chromosome. This partial sequence lacks the C-terminal 68
amino acid residues; in E. coli, the C-terminal region of RecA
functions in double-stranded DNA binding (1, 29, 65). Al-
though we cannot completely exclude the possibility that a
truncated and partially functional form of the protein is
present, the extreme sensitivity of this strain to the killing
effects of UV light argue that the strain functionally has a
deletion of RecA with respect to DNA repair, which requires
the same processes—binding of single-stranded DNA, pairing
of homologous sequences, and promotion of DNA strand ex-
change—as does RecA-mediated homologous recombination.

RecA-independent tandem repeat deletion in GBS may be
explained by a number of alternate recombination mecha-
nisms. It is possible that forms of RecA-like homologous re-
combination are involved in tandem repeat deletion in GBS;
such a RecA-like function has been attributed to the RecE and
RecT proteins of E. coli (28). Alternatively, other recombina-
tion mechanisms may be involved in tandem repeat deletion in
GBS, including site-specific recombination, which involves
highly specific sequences and unique proteins, and illegitimate
recombination, which does not require DNA homology and is
relatively inefficient, occurring at low frequency. RecA-inde-
pendent tandem repeat deletion in E. coli, however, does not
seem to be supported by any of these mechanisms, in that the
process is not sequence specific, does involve homologous
stretches of DNA, and occurs with some efficiency between
repeats (6). It is also apparently influenced by replication fac-
tors such as DNA polymerases and helicases. Deletions of
several genes in E. coli have been shown to result in increased
levels of RecA-independent tandem repeat deletion, including
deletion of dnaE (9) and dnaQ (51), which encode subunits of
DNA polymerase III, and rep, which encodes a replicative
helicase (9). Deletion of dnaB, which encodes a replication
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fork helicase, and deletion of uvrD, which encodes helicase II,
appear to increase RecA-dependent tandem repeat deletion
(8, 64).

In light of these observations, several models of RecA-inde-
pendent tandem repeat deletion have been suggested in E. coli,
including sister-strand exchange, replication slippage, rolling-
circle replication, and misalignment exchange (6, 7, 33). The
different models proposed for RecA-independent tandem re-
peat deletion are essentially all replication-driven models that
invoke the formation of recombinogenic intermediates to re-
sult in intramolecular recombination. Each of these models
would predict involvement of some elements of the RecA
pathways distal to RecA, as well as predicting a prominent role
for replication enzymes.

Which, if any, of the proposed mechanisms of RecA-inde-
pendent tandem repeat deletion in gram-negative organisms
might be functional in GBS is not known. Neither the baseline
rate of spontaneous tandem repeat deletion in the alpha C
protein nor the relatively high rate at which we recover dele-
tion mutants in our immune mouse model of infection was
significantly affected by the recA mutation. The spontaneous
rate of deletion we report here is somewhat higher than pre-
viously reported (36); we attribute this difference to the fact
that in the previous work only a relatively small number of
colonies was screened. The rate of approximately 1.8 3 1023 is
much higher than the single base DNA replication error rate
(estimated in prokaryotes to be 1028 to 10212) but is within the
range of tandem repeat deletion rates reported for E. coli with
plasmid-based reporter systems (ranging from 3 3 1023 to 6 3
1025) (27, 33, 34). It is likely that these deletions occur in vivo
at an ongoing baseline rate and are biologically amplified in
our immune mouse model by the survival advantage of the
shift in antigenicity conferred by the deletions. Whether this
process is mediated by alternate forms of homologous recom-
bination, by site-specific recombination, by illegitimate recom-
bination, or by replicational error may be best addressed by the
identification of mutations in the recA-deleted background
which significantly decrease the rate of tandem repeat deletion.
The high degree of sequence conservation at the junctional
regions between repeats suggests that these specific sequences
may be important in facilitating recombination (30). The spec-
ificity and frequency of these deletions argue against a role for
illegitimate recombination and support a role for site-directed
recombination or replicational error. Replicational error,
which under some circumstances might be disadvantageous to
the species, may in the immune environment confer a survival
advantage by resulting in antigenic variation.

It is also possible, but far less likely, that the binding of
effective antibody to the alpha C protein transmits a signal that
results in a targeted deletion process. This model would invoke
a more site-specific process, which is attractive given the quite
precise nature of these deletions. Yet it does not explain the
rate of spontaneous tandem repeat deletion in the absence of
immune pressure, unless it is assumed that the presence of
effective antibody results in upregulation of a baseline rate of
deletion. Further study of the recombination and replication
processes of GBS, and in particular the identification of gene
mutations that result in both increased and decreased rates of
tandem repeat deletion, may lead to a better understanding of

this process and other bacterial strategies for antigenic varia-
tion and immune evasion.
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