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The capsule (cps) locus of Streptococcus pneumoniae is flanked by the pbp2x and pbpla genes, coding for
penicillin-binding proteins, enzymes involved in cell wall synthesis that are targets for 3-lactams. This linkage
suggested to us that selection for 3-lactam resistance might coselect for capsular transformants. The recom-
bination event would then involve PBP genes, as well as the cps operon, and would change both the serotype
and the resistance profile of the strain. We transformed (-lactam-susceptible strain TIGR4 by using whole
genomic DNA extracted from multidrug-resistant strain GA71, a serotype 19F variant of pneumococcal clone
Spain®**-1, and selected B-lactam-resistant transformants. Smooth colonies appearing on selective plates were
subcultured, serotyped by the Quellung reaction, and genotyped to confirm the presence of the GA71 pbp2x-
cps19-pbpla locus in the TIGR4 genetic background by restriction fragment length polymorphism analysis of
the whole locus and its flanking regions. The results showed that a new serotype, combined with resistance to
B-lactams, could emerge in a susceptible strain via a single transformation event. Quantitative analysis showed
that transfer of the cps locus had occurred at an elevated rate in B-lactam-selected transformants. This
suggests that in natural settings selection by host immunity and selection by antibiotics may be interrelated

because of “hitchhiking” effects due to linkage of resistance determinants and the capsule locus.

Seventy-five years ago, in a milestone experiment, Griffith
demonstrated the astonishing ability of Streptococcus pneu-
moniae to adapt under the pressure of the host immune sys-
tem, by acquiring what we now know to be DNA encoding
biosynthetic enzymes for a polysaccharide capsule, which pro-
tects the organism against phagocytosis during infection (16).
In the same year that Griffith’s experiments were published,
Alexander Fleming discovered penicillin—an event that re-
shaped the history of both humans and pneumococci (13).
Before the antibiotic era, the population of pneumococci iso-
lated from humans was mainly dominated by strains with cap-
sular polysaccharides of serotypes 1, 2, and 3 (12, 16). Within
the last 25 years, we have witnessed the emergence of penicil-
lin- and multidrug-resistant S. pneumoniae clones, a number of
which have spread worldwide. Certain serotypes, this time 6B,
9V, 14 19A, 19F, and 23F, have also dominated this new
population, and many of the worldwide clones have appeared
with different capsular types (28, 30, 37). The most successful
clone in terms of geographical dispersion and prevalence is the
multidrug-resistant Spain®**-1 pandemic clone, nine serotype
variants of which have been identified so far, including all six of
those listed above, in addition to serotypes 3, 9N, and 11 (3, 10,
31; http://www.mlst.net). Such variants are thought to arise
through natural transformation involving recombinational re-
placements, within and around the capsular biosynthesis (cps)
locus, of DNA fragments sometimes as large as 25 kb (4-6).
Epidemic, multidrug-resistant strains dominate clinical S.
pneumoniae isolates in many regions of the world today (28).

In all of the pneumococcal strains analyzed so far, cps genes
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are clustered and located between the dexB and ali4 genes (14,
24; http://www.sanger.ac.uk/Projects/S_pneumoniae). Genes
for two penicillin-binding proteins (PBPs) are located on either
side of this region, pbp2x upstream of dexB and pbpla down-
stream of alid, each at a remove of =10 kb (23, 40, 41). The
PBPs are enzymes involved in cell wall synthesis that are tar-
gets for B-lactam drugs (20). For example, the c¢ps locus of
penicillin-susceptible strain TIGR4 is a 15.2-kb region encod-
ing 13 open reading frames, flanked by the pbp2x gene 10.9 kb
upstream and by the pbpla gene 11.6 kb downstream, and
genes coding for all other PBPs are located at least 450 kbp
away from the cps locus (40).

There are six PBPs in a pneumococcal cell (PBP1a, -1b, -2a,
-2b, -2x, and -3), of which PBP2x and PBP2b have been con-
firmed to be essential for cell growth (20, 21, 25). The pbp
genes in S. pneumoniae have a mosaic structure and can un-
dergo inter- and intraspecies recombination (5, 8, 19). Strains
resistant to B-lactams have some of these enzymes modified to
express reduced affinity for a B-lactam (20). In general, the
resistance profile of the particular isolates results from an
interaction between PBPs of various degrees of modification
(9, 22), and probably between these and a modified muropep-
tide branching enzyme, encoded by the murM gene (11, 39).

Resistance to B-lactam drugs used in the treatment of pneu-
mococcal infections requires, in all of the cases studied so far,
alterations in at least PBP2x or -2b (22). Modified, low-affinity
PBP2x is sufficient for the cell to become nonsusceptible to
cephalosporins (e.g., cefotaxime) and is also necessary for pen-
icillin resistance to emerge. Resistance to penicillin requires
modified, low-affinity forms of at least PBP1a in addition to
modifications in PBP2x (2, 38). The presence of modified
forms of PBP2b, PBP2a, and MurM seems to increase further
the level of resistance to B-lactams (2, 9, 22, 39).

The existence of a selectable phenotype, resistance to B-lac-
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TABLE 1. Penicillin and cefotaxime MICs for the isolates analyzed in this study

Drug to which transformant

MIC (mg/liter)

Strain Serotype resistance was selected” Penicillin Cefotaxime Reference
TIGR4? 4 0.032 0.047 4
GAT71¢ 19F 1.5 1.0 19
TIGR19Fa 19F Penicillin 0.125 1.0 This study
TIGR19Fb 19F Penicillin 0.125 1.0 This study
TIGR19Fc 19F Cefotaxime 0.125 1.0 This study
TIGR19Fd 19F Penicillin 0.125 1.0 This study
TIGR19Fe 19F Cefotaxime 0.125 1.0 This study

“The B-lactam concentration used to select the transformants listed was 0.04 mg/liter for penicillin and 0.1 mg/liter for cefotaxime.

® Recipient strain in transformation experiments.
¢ Donor strain.

tams, requiring replacements in pbp2x or in both pbpla and
pbp2x, which flank the cps locus, suggested that it might be
possible to select single-step capsular transformants in vitro
under selective pressure of cefotaxime or penicillin. The re-
combination event would then involve one or both PBP-en-
coding genes, as well as the capsule locus, and would change
both the serotype and the resistance profile of the strain. In
case of selection for resistance to penicillin, a single event like
this would require replacement of 42 kb or almost 2% of the
TIGR4 strain genome, twice the size of any naturally trans-
formed fragment of S. pneumoniae homologous DNA previ-
ously reported (4). Although some transposons of comparable
size have been reported to integrate into the S. pneumoniae
genome following transformation, their mechanism of integra-
tion into the host genome is different (36, 42).

(These results were presented in part at the 43rd Inter-
science Conference on Antimicrobial Agents and Chemother-
apy, Chicago, Ill., 2003 [abstr. C1-1113].)

MATERIALS AND METHODS

S. pneumoniae strains. The penicillin-susceptible TIGR4 strain of serotype 4
used in this study was obtained from the American Type Culture Collection (40).
Penicillin-resistant serotype 19F strain GA71 was kindly donated by Brian Spratt
(6). Bacterial strains were routinely grown at 37°C in 5% CO, on tryptic soy agar
II supplemented with 5% defibrinated sheep blood or in Todd-Hewitt broth
supplemented with 0.5% yeast extract (Becton Dickinson, Sparks, Md.), stored in
Todd-Hewitt broth supplemented with 0.5% yeast extract supplemented with
10% glycerol, and frozen at —70°C. MICs of cefotaxime and penicillin G were
evaluated with E-test strips (AB Biodisk, Solna, Sweden).

Genetic transformation. Growth media and culture methods for genetic trans-
formation have been used as previously described (33). The transformation of
TIGR4 was induced by competence-stimulating peptide variant 2, and the donor
DNA concentration was 1 pg/ml of the transformation culture. The genomic
DNA of GA71 was prepared with the QTAGEN Genomic DNA system (QIA-
GEN, Valencia, Calif.). Samples containing approximately 1 pg of chromosomal
DNA were evaluated for fragment size distribution by pulsed-field gel electro-
phoresis with the CHEF-DRIII system (Bio-Rad, Hercules, Calif.) (35). Trans-
formants were selected on blood agar base medium 2 (Becton Dickinson) sup-
plemented with 8% defibrinated sheep blood and various concentrations of
penicillin G, trimethoprim (ICN Biochemicals Inc., Aurora, Ohio), and cefo-
taxime (Sigma-Aldrich, St. Louis, Mo.) alone or in combinations.

Serotyping of isolates. Polysaccharide capsule types were determined on the
basis of Quellung tests with factor-specific typing sera (Statens Serum Institute,
Copenhagen, Denmark) (27).

RFLP. Restriction fragment length polymorphism (RFLP) analysis of pbp2x,
pbp2b, and pbpla and of the cps locus cpsA-cpsB fragment was performed as
previously described (15, 26), as a genotypic screen for the presence of donor
PBPs and capsule in transformants. The DNA templates used for this screening
were obtained as previously described (43). To evaluate the sizes of DNA
fragments replaced during the transformation and to identify recombination

crossover points, RFLP analysis of the pbp2x-pbpla region in the donor, the
recipient, and five transformants was performed. DNA templates were prepared
with the QIAGEN Genomic DNA system, and products were amplified with the
TripleMaster PCR system (Eppendorf, Hamburg, Germany) under the cycling
conditions recommended by manufacturer. The following pairs of primers were
used: TTM13 (5’ATGAAGGCAATATCTGGGGTGACTAC-3") and pbp2xr2
(15) to amplify fragments from the position 10,075 bp upstream to that 32 bp
downstream of pbp2x in the TIGR4 genome (and corresponding fragments from
other isolates), pbp2xf (15) and TTMO07 (41) to amplify the fragment from base
226 of pbp2x to base 1504 of dexB, 1430 and 1402 (24) to amplify the fragment
from base 1475 of dexB to base 48 of aliA, TTMO08 (41) and pbplaf (15) to
amplify the fragment from position 21 of ali4 to the position 159 bp downstream
of pbpla, and pbplar (15) and TTM15 (5'ATCGCGGTTGTAAGCATCTGTA
AT-3") to amplify the fragment from the position 89 bp upstream to that 5,865
bp downstream of pbpla. Products of primer pair TTM13-pbp2xr2 (pbp2x locus
and upstream) were digested with the Ddel enzyme, and those of primer pair
1430-1402 (dexB-cps-aliA locus) were digested with the Rsal enzyme. Products of
the pbp2xf-TTM07 and TTMO08-pbp1laf primer pairs (pbp2x-dexB and aliA-pbpla
loci, respectively) were digested with Alul, Ddel, Haelll, Hinfl, Msel, and Rsal,
and those of primer pair pbplar-TTM15 (pbpla locus and downstream) were
digested with Ddel, Haelll, Hinfl, and Rsal (all restriction enzymes supplied by
New England Biolabs, Beverly, Mass.). Fingerprints generated for transformants
were compared with those of strains TIGR4 and GA71 with DNAStar software.
The regions of possible crossover sites were identified between (i) the last
restriction site identified in recipient strain TIGR4 but not in donor strain GA71
or in the transformant and (ii) the first site next to this one that was present in
the recipient and in the transformant but not in the donor.

RESULTS AND DISCUSSION

We transformed the p-lactam-susceptible, serotype 4
TIGR4 strain with whole genomic DNA extracted from GA71,
a penicillin- and cefotaxime-resistant, serotype 19F variant of
the pandemic Spain®*"-1 clone. Transformants were selected
for the ability to grow on solid media supplemented with pen-
icillin (0.04 mg/liter) or cefotaxime (0.1 mg/liter) (see Table 1
for the penicillin and cefotaxime MICs for the strains de-
scribed in this study). New serotype 19F polysaccharide cap-
sule variants of TIGR4 were selected among resistant colonies
on the basis of the smooth, viscous morphology of the large
colonies typical of GA71 but not observed for TIGR4. The
presence of the cpsI9F locus was detected by RFLP analysis of
the cpsA-cpsB region in all resistant transformants with colony
morphology typical of serotype 19F, and the presence of the
new 19F capsular polysaccharide was confirmed by the Quel-
lung reaction (26, 27).

In serotype 19F transformants selected for further analysis
(Table 1), resistance phenotypes matched PBP profile changes
identified in RFLP analysis of pbp alleles. For all of them,
cefotaxime MICs were equal to those observed for GA71 (1
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TABLE 2. Frequency of recombinational replacements in cells of penicillin-susceptible S. pneumoniae strain TIGR4 transformed with
chromosomal DNA of penicillin-resistant serotype 19F strain GA71 on the basis of the number of colonies selected for resistance to different
concentrations of antimicrobial agents

Antimicrobial agent used to select
transformants (concn [mg/ml])

Frequency of resistant transformants among
all cells in transformation culture®

Frequency of 19F serotype cells
among resistant transformants

Trimethoprim (25)

Penicillin (0.1)

Penicillin (0.3)

Trimethoprim (25) + penicillin (0.1)
Cefotaxime (0.03)

Cefotaxime (0.3)

Trimethoprim (25) + cefotaxime (0.3)

3.6x107° 21x107°
1.1 X107 2.7%x1073
25%x 1077 ND?
1.8 x 1078 ND
73 %1074 1.1 x 1073
13X 107 85x 1073
20x107° ND

@ The cell density in transformation cultures varied at the time of selective-medium inoculation from 1.1 X 10% to 1.5 X 10® CFU/ml.

> ND, not detected.

mg/liter in all of these isolates), suggesting that all of the
determinants necessary for emergence of the full cefotaxime
resistance phenotype in strain TIGR4 were transformed. On
the other hand, while penicillin MICs increased in all of the
transformants, they remained more than 10 times lower than
that for the GA71 strain, suggesting that not all of the donor’s
resistance determinants were involved in the transformation.
RFLP analysis of pbpla, pbp2b, and pbp2x showed that in all of
these transformants recombinational replacements led to
changes in the pbpla and pbp2x genes but not in pbp2b. The
possible role of other B-lactam resistance determinants has not
been investigated.

The complete genomic sequence of TIGR4 (40) and part of
the sequence of the Sanger serotype 23F S. pneumoniae strain,
which is a member of the same pandemic Spain***-1 clone as
GAT71 but differs in serotype, were available at the time of this
study (http://www.sanger.ac.uk/Projects/S_pneumoniae). This
sequence information was used to measure the sizes of re-
placed fragments and to track crossover points by RFLP anal-
ysis of large PCR products. Figure 1 shows the results of
mapping of the 58.1-kb fragment of the TIGR4 genomic DNA,
covering the whole pbp2x-cps-pbpla locus and its flanking re-
gions, the corresponding 51-kb fragment of GA71, and the
corresponding fragments of five serotype 19F B-lactam-resis-
tant transformants of TIGR4 generated in independent trans-
formation experiments (isolates are described in Table 1). The
sizes of the replaced fragments were calculated for each trans-
formant on the basis of the RFLP patterns, and results are
presented in Fig. 1. For each of the five transformants, map-
ping results were consistent with the hypothesis that a single
transformation event led to recombinational replacement of
the cps locus and at least one of the flanking pbp genes. In all
of the transformants analyzed, regions in which recombina-
tional crossover points were predicted to have occurred were
localized within the regions of expected high homology be-
tween donor and recipient strains. The largest single replace-
ment was identified in isolate TIGR19Fe. Fingerprints of the
whole pbp2x-cps-pbpla region of TIGR19Fe exactly matched
those of the donor strain, and possible crossover points were
identified upstream of pbp2x and downstream of pbpla, indi-
cating that in a single event both PBP genes and the capsule
locus might have been replaced and at least a 47.8-kb fragment
of the TIGR4 genome has been replaced with a GA71 frag-
ment of more than 43.0 kb. The size of the replacement,
covering more than 2% of the pneumococcal genome, high-

lights the considerable ability of S. pneumoniae to adapt under
the selective pressure of antimicrobial use and host immune
responses. Pulsed-field gel electrophoresis of the donor DNA
used for transformation showed a high concentration of frag-
ments in the range of 35 to 250 kb. Thus, it seems unlikely that
cotransformation of small DNA fragments was the main mech-
anism for the replacements observed or that the sizes of re-
placements were limited by the length of the donor DNA.

Analysis of the RFLP patterns showed that a single trans-
formation event could lead to simultaneous exchange of the
capsule and PBPs in S. pneumoniae. Thus, loss of B-lactam
susceptibility and the simultaneous emergence of a new cap-
sule type in pneumococci are feasible. However, RFLP analysis
showed also that in a majority of the transformants examined,
more than one recombinational event took place.

The results obtained thus far did not quantitatively address
the hypothesis that capsular transformants would “hitchhike”
during selection for resistance to B-lactams, i.e., that selection
for resistance would increase the frequency of capsular trans-
formants. To test this hypothesis rigorously, it was necessary to
show that capsular transformants were a greater proportion
among strains selected for B-lactam resistance than among
transformants selected for an unlinked resistance determinant.
Table 2 shows that serotype 19F cells reached frequencies 50 to
400 times higher among strains transformed with GA71
genomic DNA and selected for B-lactam resistance than
among strains transformed with the same DNA and selected
for resistance to trimethoprim, which is mediated by alter-
ations in dhfr, a gene located 0.9 Mb away from the cps locus
in TIGR4 (40).

In principle, at least two mechanisms could result in an
abundance of transformants bearing one replacement (cps)
among cells bearing a second replacement (PBP loci). The
mechanism we originally hypothesized was a single transfor-
mation bearing both replacements, which are closely linked on
the genome. An alternate hypothesis is that some cells are
more transformable than others; if this were the case, any two
markers would be present together more often than if their
transformation were independent, because the presence of ei-
ther would indicate a highly transformable recipient cell. Por-
ter and Guild (32) showed that there are two “transformable
units” per cell in pneumococci, so that the null expectation, if
transformations occur independently and all cells are compe-
tent, is that the frequency of dual transformants bearing un-
linked markers would be one-half of the product of the fre-
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FIG. 1. Graphic representations of the recombinational replacements within and outside the pbp2x-cps-pbpla region identified by RFLP
analysis in five isolates of TIGR4 transformed independently to penicillin nonsusceptibility and serotype 19F with chromosomal DNA of strain
GAT71. Horizontal lines at the top represent products of PCR amplified with the oligonucleotides indicated above (forward primer) and below
(reverse primer) the line. See Materials and Methods for detailed descriptions of the primers used. The sizes of the amplicons generated for the
recipient (TIGR4) and donor (GA71) strains with a particular pair of primers are shown above the lines representing PCR products. Horizontal
bars represent regions of genomic DNA in the strains analyzed (indicated on the left). The cross-hatched regions represent cps loci, and the black
rectangles depict genes present in the regions flanking the cps locus in all natural isolates of S. pneumoniae. Gray regions indicate indels located
outside the dexB-ali4 locus. The possible sites of the indels were identified on the basis of the Spain®*¥-1 clone (serotype 23F isolate genome
sequences were made available by the Sanger Institute [http:/www.sanger.ac.uk/Projects/S_pneumoniae]). The top bar presents the genetic organi-
zation of the 58.1-kbp fragment of the TIGR4 strain from position 296804 to position 354876 of its published genome sequence (GenBank
accession number NC003028) (40). The single star marks a 1,709-bp indel at position 300888 to position 302596, and the double star marks a 553-bp
indel at position 304674 to position 305226, both upstream of pbp2x in TIGR4. The second horizontal bar represents the organization of the same
region in isolate GA71, with a size of 51.0 kbp, calculated on the basis of the PCR products generated in this study. The triple star marks the 559-bp
indel present in the Sanger Spain®*F-1 clone strain at position 3809 bp downstream of pbp2x, also identified in GA71. Arrows above and below bars
point at the restriction sites identified as the limits of possible crossover, as described in Materials and Methods. Lack of an enzyme name next
to the restriction site genome position number indicates that the crossover site was eliminated by the indel. Inner, solid boxes represent the minimal
replacements identified by RFLP analysis in capsule and PBP transformants of TIGR4. Estimated minimal TIGR4 genomic DNA fragments
involved in recombinational replacements are depicted above boxes. Outer, dashed boxes represent maximal replacements identified the same way,
and the estimated sizes of maximal replacements are depicted below boxes. Fingerprints generated for isolates TIGR19Fa, TIGR19Fc, and
TIGR19Fd indicate the presence of two recombinational replacements. The RFLP technique used did not allow us to narrow the sizes of
replacements in TIGR19Fc. Region A, extending from a position 611 bp upstream of a/i4 to one 159 bp downstream of pbpla, marks the possible
site of the additional recombinational crossover(s) in this transformant. Because of the presence of these additional crossovers, the sizes of the
replacements were not calculated.
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quencies of single transformants. Our results closely match
that expectation. We found that transformants resistant to
both trimethoprim (25 mg/liter) and cefotaxime (0.3 mg/liter)
occurred at a frequency of 2.0 X 1077, 0.43 times the product
of the single transformation frequencies. Similarly, dual trans-
formants resistant to penicillin (0.1 mg/liter) and trimethoprim
(25 mg/liter) occurred at a frequency of 1.8 X 10~%, 0.45 times
the product of the single transformation frequencies. Since the
hypothesis that the small minority of cells was highly trans-
formable under the protocol used would predict ratios sub-
stantially larger than 0.5, we rejected this hypothesis.

On the basis of these quantitative considerations, we con-
cluded that selection for B-lactam resistance results in selec-
tion for capsular switches owing to genetic “hitchhiking” ef-
fects. For the B-lactams used in this study, the strongest effect
(indicated by the proportion of serotype 19F cells among re-
sistant transformants [last column of Table 2]) was observed
among transformants selected for the high concentration of
cefotaxime, probably because low-affinity forms of PBP2x and
PBP1a, but not PBP2b, are necessary for the emergence of this
particular phenotype (29). A weaker effect was observed for
penicillin, for which resistance also requires low-affinity forms
of two PBPs, but not necessarily the two flanking the cps locus.
The weakest effect was observed among transformants selected
for the low concentration of cefotaxime, where low-affinity
PBP2x is the only replacement necessary for the resistance to
emerge. This indicates that the hitchhiking effect was more
apparent in penicillin-susceptible TIGR4 when capsule trans-
formants were selected for the presence of two flanking resis-
tance markers at once.

Table 2 also shows a decrease in the number of transfor-
mants selected for resistance to increasing concentrations of
penicillin or cefotaxime, probably representing the complexity
of interactions between transformed PBPs. The complexity is
present not only because various PBPs may undergo transfor-
mation but also because the size of the replacement within
each particular gene affects the level of resistance conferred.
Whereas a single amino acid substitution within dhfr is suffi-
cient for a pneumococcal isolate to become resistant to tri-
methoprim, usually changes within three different regions of
any pbp gene are necessary to synthesize a modified, low-
affinity form of the PBP (1, 9).

Our results showed that a new serotype, combined with
B-lactam resistance, could emerge in a susceptible strain via a
single transformation event. The possibility that a single trans-
formation event can lead to both a capsular polysaccharide
type and PBP exchange in S. pneumoniae has been previously
anticipated (4, 18) since regions of homology that putatively
served as recombinational crossover points for replacement of
capsule biosynthetic genes have been identified within the cps
locus and in pbpla of the serotype variants of the pandemic
Spain®V-3 clone (4). However, all of these replacements took
place among isolates already resistant to penicillin, and to our
knowledge there are no published data documenting simulta-
neous transformation of penicillin-susceptible S. pneumoniae
to a new serotype and to penicillin nonsusceptibility. Integrons
and plasmids carrying multiple determinants encoding both
virulence and antimicrobial resistance have been described in
a number of bacterial species (17, 34). In S. pneumoniae, the
major mechanism of horizontal gene transfer is transforma-
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tion, and the organization of the pbp2x-cps-pbpla region in S.
pneumoniae may provide an analogous opportunity for co-
transfer and associated linkage selection of determinants of
resistance and pathogenicity. It is also well documented that
both the ¢ps operon and the PBP-encoding genes are highly
variable and show a mosaic structure, changing frequently and
independently from other nearby regions (4, 6, 19).

Our finding suggests that selection by host immunity and
selection by antibiotics may be interrelated because of hitch-
hiking effects due to linkage of resistance determinants and the
capsule locus; in natural settings, it suggests that creation of
new strains, with different capsular types, may be enhanced by
selection by B-lactams. It has long been observed that penicillin
resistance is found only in a limited number of pneumococcal
serotypes, but no compelling mechanism for this restriction has
been proposed. Our observations suggest one hypothesis: that
strains acquiring penicillin resistance will often do so by ac-
quiring a new polysaccharide capsule type from the donor
strain, thereby preserving the association between capsule and
penicillin resistance. Such a hypothesis generates the predic-
tion that the pbp2x and pbpla genes of penicillin-resistant
strains will be more closely related to corresponding alleles
from other penicillin-resistant strains of the same serotype
than from other penicillin-resistant strains of other serotypes.
The ability of the pbp2x-cps-pbpla region to move as a block
also suggests that selection by the host immune system (for
novel capsule types) could indirectly select for resistance (or
susceptibility) to penicillin.

Recently published data show that introduction of the hep-
tavalent conjugate vaccine has led not only to a reduction in
the proportion of vaccine serotypes among clinical isolates of
pneumococci but also to a reduction in the proportion of
resistant strains, since the vaccine serotypes are most prevalent
among resistant strains (7, 44). Concern has arisen that this
decline in resistance may be short-lived, because antimicrobial
resistance may arise in non-vaccine-type pneumococci as the
latter become more common, or resistant clones may acquire
non-vaccine-type capsules. Our findings suggest that once re-
sistance to penicillin becomes established in non-vaccine types,
selection by both vaccine-induced immunity and continuing
antimicrobial use may work together to promote the spread of
both resistance and non-vaccine-type capsule genes in the
pneumococcal population.
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