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Penicillin resistance is mainly confined to a limited number of Streptococcus pneumoniae serotypes. Given
linkage between the capsular biosynthesis locus and two penicillin binding proteins, we tested whether capsule
homology increases transformation rates of penicillin resistance. Transformation rates in homologous donor-
recipient pairs were no higher than expected, falsifying this hypothesis.

Resistance to �-lactam antibiotics in Streptococcus pneu-
moniae has spread globally and is increasing in many countries
(3, 11). Worldwide, pneumococcal resistance to �-lactams is
associated with a subset of serotypes, with very high levels in,
for example, 9V and 19A and zero or low prevalence in types
1 to 4 and many others (6).

The reason for this association between serotype and drug
resistance is unknown. One possibility is that resistance arises
rarely and randomly within serotypes and that the growing use
of antimicrobial agents has led to an increase in the frequency
of those serotypes in which resistance happened to arise (2).
We recently showed that, because the genes encoding two
penicillin binding proteins, PBP 2x and PBP 1a, are located
within 10 to 15 kbp of the capsular biosynthesis (cps) operon,
it is possible to transfer DNA containing both a novel capsular
type (cps operon) and novel PBP alleles that confer resistance
to penicillin and cephalosporins in a single transformation
event (10). If such transfers were sufficiently frequent, acqui-
sition of penicillin resistance by a new strain might often be
accompanied by a shift of serotype to the donor type, preserv-
ing the association between penicillin nonsusceptibility and
serotype. However, although the frequency of cotransfer of the
cps operon and one or both pbp genes was elevated above the
rate of random cotransformation in our prior study, it was still
low in absolute terms, raising doubts about the generality of
this explanation. We therefore considered an additional hy-
pothesis, tests of which are reported here. The cps locus of
different serotypes is heterogeneous in gene content and se-
quence (12). Given that the pbp genes are linked in the genome
to the cps locus, we hypothesized that transfer of pbp genes by
transformation might be more efficient when donor and recip-
ient have the same serotype than when they have different
serotypes, because of the large region of homology that would
be present in the former case.

To test this hypothesis, we performed experiments in vitro to
estimate the efficiency of transformation of penicillin resis-
tance genes from a nonsusceptible to a susceptible strain, com-
paring transformation rates observed when the donor and re-
cipient had the same capsular type with rates observed when
the capsular type differed between strains. All strains used
were variants of S. pneumoniae TIGR4 (8), differing in capsu-
lar serotype and susceptibility to selected antibiotics.

We used a previously described serotype 14, otherwise iso-
genic variant of TIGR4 (9), and we created additional, other-
wise isogenic TIGR4 variants bearing serotypes 8, 9V, and 11A
by the same procedure (9). These strains served as recipients in
our experiments. In addition, we transformed the previously
described TIGR4J strain (9), which contains the Janus cassette
in the cps locus, successively with PCR products of resistant
alleles of dhfr, pbp2x, and pbp1a and isolated transformants by
successive selection on blood agar (BA) containing 25 mg of
trimethoprim/liter, then 0.3 mg of cefotaxime/liter, and then
0.07 mg of penicillin/liter. The resulting penicillin-nonsuscep-
tible, trimethoprim-resistant strain was transformed separately
with DNA from the TIGR4 isogenic capsule variants to create
four strains bearing the pbp and dhfr markers and themselves
isogenic except for the cps locus. These strains served as do-
nors in the experiments.

To test our main hypothesis, DNA extracted from each
donor was used at a final concentration of 1 �g/ml to transform
20-fold-diluted recipient cultures harvested at an optical den-
sity at 600 nm of 0.5 (7). Total recipients were enumerated by
plating on BA, while nonsusceptible transformants were enu-
merated on BA containing 0.04 or 0.05 mg of penicillin/liter
or 25 mg of trimethoprim/liter. Three experiments were
performed for each donor-recipient pair. We calculated the
normalized log-frequency of transformation to penicillin non-
susceptibility as the logarithm (base 10) of the ratio of peni-
cillin-nonsusceptible transformants to trimethoprim-resistant
transformants in each experiment, using the ratio to control for
possible interexperiment variation in conditions. If capsule ho-
mology promotes pbp gene exchange, then this frequency
should be elevated in donor-recipient pairs of the same sero-
type.
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The data (shown for 0.04 mg of penicillin/liter in Table 1 and
not shown, but similar except for a �3-fold-lower frequency,
for 0.05 mg of penicillin/liter) suggested that homologous
transformation frequencies were almost exactly those expected
based on heterologous transformation frequencies of the same
types. Formally, we tested for such an effect by a linear regres-
sion of log-frequency against dummy variables for each donor
and each recipient and a dummy variable for homologous
transformation. The effect of homology was estimated as �0.1
(95% confidence interval, �0.3, 0.1), indicating that the effect
of homology was nearly zero and at most quite small, associ-
ated with between a 24% reduction and a 14% increase in
transformation frequency.

In our experimental system, the presence of a homologous
capsule in donor and recipient does not increase the transfor-
mation frequency of penicillin binding proteins conferring
nonsusceptibility to �-lactams. A limitation of this study is the
artificial, in vitro setting, in which transformation was per-
formed in the presence of competence-stimulating peptide (7).
With the caveat that in vivo conditions may differ, we reject our
initial hypothesis that such a mechanism could account for the
serotype association of penicillin nonsusceptibility in pneumo-
cocci. The mechanism(s) underlying this association should be
general enough to account for the association of resistance to
other, unrelated drug classes with the same serogroups (4, 6).

Interestingly, we found that transformation to penicillin re-
sistance was as efficient for serotypes rarely resistant to peni-
cillin, 8 and 11A, as for types commonly found to be resistant,
9V and 14 (raw transformation frequency data not shown).
Pediatric strains of serotypes-serogroups 6, 9, 14, 19, and 23
are carried for long periods of time, perhaps resulting in more
exposure to selecting antimicrobial agents and/or to donor
DNA from resistant strains (1, 5). Our findings suggest that the
serotype association with drug resistance in general, and pen-
icillin resistance in particular, is probably due not to an in-
creased ability to generate resistant variants but to an in-

creased frequency of exposure to transforming DNA (due to
longer carriage) and/or to greater selective pressure from an-
timicrobials (because susceptible strains are more likely to be
cleared by antibiotic treatment when they are carried for a long
period).

We thank Brian G. Spratt, Richard Facklam, Chris van Beneden,
and George Siber for strains.

This work was supported by NIH grant 1R01AI48935 and by a New
Investigator Award to M.L. from the Ellison Medical Foundation.

REFERENCES

1. Butler, J. C., R. F. Breiman, H. B. Lipman, J. Hofmann, and R. R. Facklam.
1995. Serotype distribution of Streptococcus pneumoniae infections among
preschool children in the United States, 1978–1994: implications for devel-
opment of a conjugate vaccine. J. Infect. Dis. 171:885–889.

2. Dagan, R., and M. Lipsitch. 2004. Changing the ecology of pneumococci
with antibiotics and vaccines, p. 283–331. In E. I. Tuomanen, T. J. Mitchell,
D. A. Morrison, and B. G. Spratt (ed.), The pneumococcus, 1st ed. ASM
Press, Washington, D.C.

3. Dowson, C. G., and K. Trzcinski. 2002. Evolution and epidemiology of
antibiotic-resistant pneumococci, p. 265–293. In K. Lewis, A. A. Salyers,
H. W. Taber, and R. G. Wax (ed.), Bacterial resistance to antimicrobials, 1st
ed. Marcel Dekker, Inc., New York, N.Y.

4. Fenoll, A., G. Asensio, I. Jado, S. Berron, M. T. Camacho, M. Ortega, and
J. Casal. 2002. Antimicrobial susceptibility and pneumococcal serotypes.
J. Antimicrob. Chemother. 50(Suppl. S2):13–19.

5. Gray, B. M., G. M. Converse III, and H. C. Dillon, Jr. 1980. Epidemiologic
studies of Streptococcus pneumoniae in infants: acquisition, carriage, and
infection during the first 24 months of life. J. Infect. Dis. 142:923–933.

6. McCormick, A. W., C. G. Whitney, M. M. Farley, R. Lynfield, L. H. Harrison,
N. M. Bennett, W. Schaffner, A. Reingold, J. Hadler, P. Cieslak, M. H.
Samore, and M. Lipsitch. 2003. Geographic diversity and temporal trends of
antimicrobial resistance in Streptococcus pneumoniae in the United States.
Nat. Med. 9:424–430.

7. Pozzi, G., L. Masala, F. Iannelli, R. Manganelli, L. S. Havarstein, L. Piccoli,
D. Simon, and D. A. Morrison. 1996. Competence for genetic transformation
in encapsulated strains of Streptococcus pneumoniae: two allelic variants of
the peptide pheromone. J. Bacteriol. 178:6087–6090.

8. Tettelin, H., K. E. Nelson, I. T. Paulsen, J. A. Eisen, T. D. Read, S. Peterson,
J. Heidelberg, R. T. DeBoy, D. H. Haft, R. J. Dodson, A. S. Durkin, M.
Gwinn, J. F. Kolonay, W. C. Nelson, J. D. Peterson, L. A. Umayam, O. White,
S. L. Salzberg, M. R. Lewis, D. Radune, E. Holtzapple, H. Khouri, A. M.
Wolf, T. R. Utterback, C. L. Hansen, L. A. McDonald, T. V. Feldblyum, S.
Angiuoli, T. Dickinson, E. K. Hickey, I. E. Holt, B. J. Loftus, F. Yang, H. O.
Smith, J. C. Venter, B. A. Dougherty, D. A. Morrison, S. K. Hollingshead,
and C. M. Fraser. 2001. Complete genome sequence of a virulent isolate of
Streptococcus pneumoniae. Science 293:498–506.

9. Trzcinski, K., C. M. Thompson, and M. Lipsitch. 2003. Construction of
otherwise isogenic serotype 6B, 7F, 14, and 19F capsular variants of Strep-
tococcus pneumoniae strain TIGR4. Appl. Environ. Microbiol. 69:7364–
7370.

10. Trzcinski, K., C. M. Thompson, and M. Lipsitch. 2004. Single-step capsular
transformation and acquisition of penicillin resistance in Streptococcus pneu-
moniae. J. Bacteriol. 186:3447–3452.

11. Whitney, C. G., M. M. Farley, J. Hadler, L. H. Harrison, C. Lexau, A.
Reingold, L. Lefkowitz, P. R. Cieslak, M. Cetron, E. R. Zell, J. H. Jorgensen,
and A. Schuchat. 2000. Increasing prevalence of multidrug-resistant Strep-
tococcus pneumoniae in the United States. N. Engl. J. Med. 343:1917–1924.

12. Yother, J. 2004. Capsules, p. 30–48. In E. I. Tuomanen, T. J. Mitchell, D. A.
Morrison, and B. G. Spratt (ed.), The pneumococcus, 1st ed. ASM Press,
Washington, D.C.

TABLE 1. Normalized log-frequency (standard deviation) of
transformation to penicillin nonsusceptibilitya

Recipient
serotype

Donor serotypeb

8 9V 11A 14

8 �0.52 (0.06) �0.69 (0.10) �0.50 (0.07) �0.68 (0.09)
9V �2.28 (0.10) �2.49 (0.27) �1.96 (0.06) �2.46 (0.48)
11A �1.18 (0.07) �1.21 (0.07) �1.51 (0.08) �1.39 (0.12)
14 �1.76 (0.28) �1.84 (0.02) �1.63 (0.15) �1.64 (0.20)

a See text for explanation.
b Boldface indicates frequencies for homologous pairs.
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