










reverse of that observed for the pWVO1 plasmids. These obser-
vations suggested that pGBS1 could be used as a curable delivery
vector in circumstances where ts pWV01 plasmids are unsuitable.

Transposition of Tn917 in GBS. Having verified the tem-
perature-dependent replication of a representative ts pWV01
plasmid, we sought to exploit this phenotype to test for the
transposition of Tn917 into the GBS chromosome. pTV1OK,
which carries transposon Tn917 and the Kmr determinant ex-
ternal to the transposon (Fig. 6A), was transformed into A909.
Kmr clones were tested for Emr and for the presence of

pTV1OK by plasmid DNA analysis. Subsequently, we tested
for the transposition of Tn917 from the plasmid to the chro-
mosome by growing the cells in erythromycin-containing broth
at the permissive temperature (30°C) followed by plating the
broth cultures on erythromycin-containing Todd-Hewitt agar.
Emr isolates growing at 37°C which were Kms were isolated
and were shown to have lost the plasmid and carried Tn917 in
the chromosome by Southern hybridization analysis with a
Tn917-specific probe (Fig. 6B).

The transposition frequency (35) equals the number of Emr

FIG. 6. Southern hybridization analyses of A909:Tn917 clones with a 32P-labelled Tn917 probe. (A) Restriction enzyme map of pTV1OK. (B) HindIII digests of
Emr Kms clones (lanes 1 to 9) compared to HindIII-digested pTV1OK/HIII as the control (lane 10). (C) Analysis of Emr Kmr clones (lanes 12 to 20), with
HindIII-digested pTV1OK/HIII as the control (lane 11).

TABLE 2. Comparative transformation of GBS by plasmids of three lineages

Plasmid/source Lineage Antibiotic
selectiona

Efficiency (CFU/mg) of transformationb for:

COH 31 r/s A909

pGBS1/A909 pLS1 Cm, 10 1 3 105: (3 3 105, 1 3 104, 2 3 104) 4 3 103: (6 3 102, 3 3 103, 8 3 103)
pGBS1/JM83 pLS1 Cm, 10 9 3 104: (3 3 105, 6 3 103, 1 3 104) 2 3 103: (6 3 102, 2 3 103, 2 3 103)
pVE6007/COH 31 r/s pWV01 Cm, 10 3 3 105: (6 3 105, 2 3 105, 2 3 104) 2 3 105: (2 3 105, 3 3 105, 2 3 105)
pVE6007/DH5-a pWV01 Cm, 10 9 3 101: (1 3 102, 2 3 101, 4 3 101) 9 3 101: (2 3 102, 5 3 101, 4 3 101)
pVE6007/JM83 pWV01 Cm, 10 2 3 101: (4 3 101, 2 3 100, 1 3 101) 7 3 101: (2 3 102, 2 3 101, 1 3 101)
pTV1OK/RR1 pWV01 Km, 2,000 2 3 105: (4 3 105, 9 3 104, 1 3 105) 1 3 105: (3 3 104, 1 3 105, 2 3 105)
pG1host 5/ A909 pWV01 Em, 10 NAc 5 3 100: (2 3 100, 7 3 100, 7 3 100)
pG1host 5/ A909 pWV01 Em, 0.1 NAc 2 3 103: (2 3 102, 2 3 103, 2 3 103)
pTV32ts/OG1x pE194 Cm, 10 0: (0, 0, 0)d 0: (0, 0, 0)

a Cm, chloramphenicol; Km, kanamycin; Em, erythromycin. Numbers indicate antibiotic concentrations (in micrograms per milliliter) in selective agar.
b Efficiencies of plasmid transformation are shown for two GBS strains, utilizing the optimized transformation protocol. In each case, the mean efficiency is separated

by a colon from values from trials of three independent competent cell preparations. Data shown are for three competent cell preparations of each strain.
c NA, not applicable.
d 0 meas less than 1028 viable cells.
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CFU of the A909(pTV1OK) population at the nonpermissive
temperature divided by the number of Emr CFU at the per-
missive temperature. The transposition frequencies of six in-
dependent A909(pTV1OK) isolates were determined and gave
a mean value of (1.1 6 0.6) 3 1023 CFU21. This value sug-
gested not only that Tn917 was transposing to the chromosome
but also that the transposition was occurring at a frequency
sufficient for generation of transposon libraries in small culture
volumes.

We investigated how randomly Tn917 inserted into the GBS
chromosome and how many copies of Tn917 were present
within the chromosomes of randomly chosen mutants. Trans-
poson libraries were generated in A909(pTV1OK) by shifting
the temperature of growth in selective media as discussed in
Materials and Methods. Individual clones were analyzed for
their antibiotic resistance phenotype, and genomic DNA was
isolated from each for Southern hybridization analysis with a
Tn917-specific probe.

We characterized four separate A909:Tn917 libraries and
isolated two antibiotic resistance phenotypes. A total of 90 to
99% of the clones from each of the libraries were Emr Kms at
37°C, suggesting transposition of Tn917 and loss of the plas-
mid; 10% or less of the clones from each library were Emr Kmr

at 37°C, suggesting retention of the plasmid in some form.
Southern hybridization analyses of representative samples of
these two populations are shown in Fig. 6. Figure 6A is a map
of pTV1OK and shows how HindIII restriction enzyme diges-
tion creates (i) two Tn917 junction fragments, whose sizes
reflect the HindIII restriction map of the plasmid (or, alterna-
tively, the chromosomal segment) bearing Tn917, and (ii) one
fragment internal to Tn917, whose size is independent of the
plasmid or chromosomal location of Tn917. In Fig. 6B and C,
the hybridizing bands corresponding to either the junction or
internal fragments are identified in HindIII digests of DNA
samples from randomly selected A909:Tn917 library clones,
representing the two populations described above. HindIII-
digested pTV1OK DNA was included as a control. Emr Kms

clones (Fig. 6B) contained a pair of junction fragment bands
which were unique for each clone. This pattern demonstrates
that one copy of Tn917 was present in a unique chromosomal
site within each mutant and also suggests that insertion of
Tn917 into the A909 chromosome was random.

The pattern of junction fragment bands of the Emr Kmr class
(Fig. 6C) differs in two ways from that of the Emr Kms class.
First, two pairs of hybridizing bands now appear for each clone
(with the exception of two clones [discussed below]). Second,
one of these pairs of bands appears consistently among all the
clones; the same pair of bands appears in the control
pTV1OK-HindIII digest; this observation demonstrates reten-
tion of the plasmid episomally in these clones. The other pair
of bands varies in size among the clones, as in the Emr Kms

class above, demonstrating chromosomal Tn917 insertion
unique to each clone. Two clones in Fig. 6C, lanes 16 and 19,
show only one junction fragment band distinct from the pair
comigrating with the pTV1OK-HindIII junction fragment
bands; we suggest that an additional fragment band escaped de-
tection by virtue of its size. Nonetheless, the hybridizing
bands that do appear are consistent with single chromo-
somal Tn917 insertions located uniquely within the genome
of these clones.

DISCUSSION

This study provides advances in molecular technology for
the genetic manipulation of GBS. First, efficiencies of 105

CFU/mg of DNA have been demonstrated with an improved

transformation method, achieving a 10- to 100-fold improve-
ment over those in previous reports of GBS transformation (8,
25). Second, we have shown that ts plasmids of the pWV01
lineage can replicate in GBS and have verified their ts repli-
cation. Finally, one of these plasmids, pTV1OK, has been used
to deliver Tn917, a transposon novel to GBS, and its transpo-
sition has been shown to be efficient and random and to gen-
erate single insertions per chromosome.

Glycine-mediated cell wall weakening during the growth of
competent cells is the crux of our transformation protocol, and
we believe that the manner of glycine treatment holds the key
to future improvements. We observed that as the glycine con-
centration increased from 0.2 to 1.0% in the experiments in
Fig. 1, the transformation frequency increased from 5 3 1025

to 5 3 1024 (data not shown); however, the cells grew more
slowly at increased glycine concentrations. These observations
suggest that the optimum efficiency at 0.6% glycine reflected a
balance of increasing transformation frequency and decreasing
cell viability with increasing glycine concentrations. The impli-
cation is that if cell viability could be improved, the transfor-
mation efficiency would also increase. This could be achieved
by including sucrose during the culture steps in the presence of
glycine, as did Holo and Nes (11). They found that inclusion of
sucrose elevated both the growth rate and the transformation
efficiency, the latter by 2 to 5 log units depending on the glycine
level. These investigators demonstrated a transformation effi-
ciency of 107 CFU/mg with lactococci, 2 orders of magnitude
higher than our efficiency with GBS, and their expanded use of
sucrose could explain the difference.

We have preliminary evidence that the density or growth
phase of the final competent cell culture also influences the
transformation efficiency. If cells are grown according to the
optimized protocol but with a variable duration during the final
culturing step in glycine before harvesting, they will increase
from an initial OD of about 0.01 to an OD of 0.9 in about 6 h;
however, cells harvested at ODs of 0.4 to 0.9 provide transfor-
mation efficiencies of 5 3 103 to 5 3 104 CFU/mg. In contrast,
cells harvested in the OD range of 0.1 to 0.25 show transfor-
mation efficiencies of greater than 1 3 105. This is the OD
range reached by cells grown for 1 h, as in the optimized
protocol. Ricci et al. (25) also observed an efficiency optimum
at a low OD of 0.4 with their unencapsulated strain grown in
the absence of glycine. These results suggest that the early- to
mid-log-phase growth state provides the optimal number of
competent cells for transformation.

With experience in transforming several strains of GBS, we
have observed that COH 31 r/s is transformed more efficiently
than A909 or COH1 by the optimized method (data not
shown) (Table 2, pGBS1). This difference could signal an in-
fluence of encapsulation upon transformation efficiency, since
COH 31 r/s is less encapsulated than the other two strains.
Alternatively, this difference in efficiency could suggest that the
glycine concentration in the medium requires adjustment for
each strain, as recommended by Dunny et al. (8).

The successful transformation and replication of pWVO1
plasmids derivatives in GBS indicates that plasmids derived
from this vector, initially developed for use in lactococci (18)
for recombination, analysis of expression, and heterologous
expression, will be useful in GBS too. The ability of ts pWV01
plasmids to replicate in GBS, other species of streptococci (10,
24, 30), and enterococci (20) suggests their broad utility as
well.

Our inability to transform pTV32ts into GBS is consistent
with the absence of reports of establishing members of the
pE194 lineage in streptococcal species. However, the pE194
plasmid pTV32ts has been used in E. faecalis (32). In lacto-
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cocci, transformation by pE194 plasmids has been observed,
but it tends to be accompanied by recombination with the
chromosome (6, 13). We have observed Tn917 transposition
into or recombination with the chromosome of COH 31 r/s at
a very low frequency following electroporation by pTV32ts.
This observation suggests that since this plasmid does not ap-
pear to replicate in GBS, it could serve as a suicide vector.

We observed Tn917 transposition in GBS to be efficient and
random and to generate single insertions per chromosome. In
some species, Tn917 transposition events appear to cluster in
chromosomal hot spots several kilobases in size. This observa-
tion comes from the analysis of auxotrophic Tn917 mutants of
Bacillus subtilis (35) and from pulsed-field gel electrophoresis
of L. lactis Tn917 mutants (13). Our observations cannot ex-
clude Tn917 preferences for large regions of the GBS chro-
mosome. However, the variety of mutant phenotypes that we
have begun to isolate from the A909:Tn917 libraries provides
further evidence of random transposition. These phenotypes
include variants in beta-hemolysin production (20), capsule
expression, binding to fibronectin, and invasion of eucaryotic
cells (27). Finally, we have preliminary observations that trans-
positions into a target plasmid with a specific region of nones-
sential DNA occur randomly throughout this region in either
orientation (17). Our experience with Tn917 coupled with ts
replication of the delivery plasmid and efficient transformation
shows inherent advantages over the use of a conjugative trans-
poson such as Tn916.

Plasmid pTV1OK persisted episomally in our Tn917 librar-
ies at a frequency 1 to 2 log units higher than we predicted by
calculation from pG1host5 segregation rates. This observation
could be attributed either to a difference in the segregational
loss rates of pG1host5 and pTV1OK or to library enrichment
for mutations accommodating pTV1OK maintenance at the
nonpermissive temperature; additional support for the latter
hypothesis comes from the observation that the Emr Kmr

Tn917 clones examined grew well at the nonpermissive tem-
perature in broth containing kanamycin at 2,000 mg/ml. What-
ever the explanation, the frequency of plasmid retention in the
GBS Tn917 libraries has not limited the usefulness of this
plasmid in delivery of Tn917.

GBS has been one of the more difficult organisms to manip-
ulate genetically. As the need for understanding the molecular
pathogenesis of infections caused by this organism has in-
creased, so has the demand for molecular technology in this
organism. Additional tools for GBS, such as plasmid-cloning
vectors, plasmids with reporter genes, and transposons capable
of identifying promoters and secreted genes, are being devel-
oped.
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