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a b s t r a c t

Although there are over 90 serotypes of Streptococcus pneumoniae, antimicrobial resistance is predom-
inantly found in a limited number of serotypes/serogroups, namely 6, 9, 14, 19 and 23. There is no
compelling mechanism to account for this restriction. We aimed to determine whether serotypes com-
monly associated with drug resistance have higher transformation frequencies than those that are
susceptible to antimicrobial agents. An in vitro investigation of the genetic transformation frequency
of drug-resistant serotypes compared with that of susceptible serotypes under the influence of synthetic
competence-stimulating peptides was performed. The transforming DNA was genomic DNA carrying a
Tn916-like transposon containing the mefE gene that confers resistance to erythromycin. It was observed
that serotypes 6, 9, 14, 19 and 23, which are highly associated with drug resistance, do not exhibit a
higher degree of transformation efficiency than other serotypes. These findings suggest that the associa-
tion of serotype with drug resistance is likely due to prolonged exposure to transforming DNA resulting
from longer nasopharyngeal carriage and to a greater selective pressure from antimicrobials, particularly
in children. This is the first study to compare the transformation frequencies of pneumococcal clinical
isolates using genomic DNA that carries the composite Tn916-like element.

© 2010 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.

1. Introduction

Streptococcus pneumoniae is a worldwide frequent cause of
potentially life-threatening infections such as pneumonia, menin-
gitis and bacteraemia, as well as otitis media and sinusitis. It
causes excess morbidity and mortality in human immunodefi-
ciency virus/acquired immune deficiency syndrome (HIV/AIDS)
patients, young children, the elderly and debilitated patients [1,2].
Whilst the burden of pneumococcal disease is globally distributed,
it is worse in developing countries where it is estimated to be
responsible for greater than one million childhood deaths per year
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[3,4]. In sub-Saharan Africa, pneumococci are a significant cause
of morbidity and mortality because of limited access to adequate
health care and the high prevalence of HIV infection [5].

The number of reported antibiotic-resistant clinical isolates of
S. pneumoniae has increased markedly over the last 30 years, and
multidrug-resistant (MDR) strains have emerged [6–9]. The global
emergence and spread of antimicrobial resistance in S. pneumoniae
is a serious concern [9,10]. Many of the worldwide resistant clones
have appeared with different capsular types [9,11]. Such variants of
clones are thought to arise through natural transformation involv-
ing recombinational replacements, within and around the capsular
biosynthesis (cps) locus [9]. Between 3% and 80% of pneumococ-
cal illness is due to drug-resistant S. pneumonia [12]. Pneumococcal
clones responsible for dispersion of resistance throughout the pop-
ulation locally and internationally have been identified in countries
with a high prevalence of antibiotic-resistant strains [13].

Although over 90 pneumococcal serotypes exist and are
assumed to be naturally competent for genetic transformation,
antibiotic-resistant isolates, including those resistant to penicillin,
usually belong to serotypes/serogroups 6, 9, 14, 19 or 23 and to a
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few defined clonal groups in most parts of the world [11,14–17].
Of these, the serotypes responsible for most pneumococcal disease
and drug resistance are 6B, 14, 19F and 23F [18]. This is particu-
larly so in developing countries where the use of conjugate vaccine
is still limited. The most successful clone in terms of geographical
dispersion and prevalence is the MDR serotype 23F pandemic clone
(Spain23F-1) [9], which originated in Spain and has been found in
Mexico, South Africa, South Korea, Portugal, Croatia, France and the
USA. Many penicillin-resistant strains are also resistant to other
drugs such as chloramphenicol, erythromycin, tetracycline and
trimethoprim/sulfamethoxazole [19]. Even with the availability of
antimicrobial agents, vaccines and intensive care, S. pneumoniae
remains a frequent cause of life-threatening infections.

Hitherto, no compelling mechanism for the restriction of drug
resistance to a few S. pneumoniae serotypes/serogroups has been
proposed [9]. Induction of competence for natural genetic trans-
formation in S. pneumoniae depends on pheromone-mediated
cell–cell communication and a signalling pathway initiated by
a competence-stimulating peptide (CSP) [20]. Two major CSP
variants, CSP1 and CSP2, are found in members of this species,
with individual strains responding to only one of these variants.
Perhaps differences in the natural ability to develop compe-
tence for genetic transformation contribute to the development
of drug resistance among various serotypes. Transformation with
DNA from resistant strains of other species of streptococci is
thought to be a major mechanism for the initial development
of resistance in S. pneumoniae, since it is the major mecha-
nism of horizontal gene transfer in this species. As such, we
postulated that serotypes/serogroups commonly associated with
drug resistance would have higher transformation frequencies
than susceptible ones. The transformation frequencies of selected
serotypes/serogroups of S. pneumoniae were compared and we
report that serotypes/serogroups 6, 9, 14, 19 and 23, which
are highly associated with drug resistance phenotypes, do not
have a higher degree of transformation frequency than other
serotypes/serogroups.

2. Materials and methods

2.1. Bacterial strains and culture conditions

Streptococcus pneumoniae strains used in this study were
selected from the collection of one of the authors (MRJ). Strains
of serotypes 1, 3, 6B, 9V, 14, 18A/B, 19F, 23F, 29, 33, 35B and R6,
all susceptible to erythromycin, were used as recipients during
transformation experiments. Strain S222 of serotype 19F, provided
by Dr Krzystof Trzcinski (Department of Epidemiology, Harvard
School of Public Health, Boston, MA), was used as a DNA donor
in the study. S222 is an erythromycin-resistant strain that carries
mefE and tetM genes on a composite Tn916-like element. All strains
except R6 were clinical isolates that were previously characterised
and whose antimicrobial susceptibility profiles were determined.
Strains were grown in stationary media either in tryptic soy broth
(TSB) (Liofilchem, Roseto degli Abruzzi, Italy) supplemented with
10% horse serum (Sigma, St Louis, MO) or on tryptic soy blood agar
base No. 2 (TSBAB) (Difco, Becton Dickinson, Sparks, MD) supple-
mented with 5% defibrinated sheep blood. Erythromycin (Sigma)
was used at a concentration of 1 �g/mL in TSB and TSBAB for selec-
tion of resistant transformants.

2.2. Serotyping

Polysaccharide capsular types of the strains were determined
using the capsular swelling reaction with factor-specific typing sera
(Statens Serum Institut, Copenhagen, Denmark).

2.3. DNA extraction from the donor strain

The DNA donor strain S222 was incubated overnight at 37 ◦C
on TSBAB/erythromycin from which five colonies were picked and
inoculated in 30 mL of TSB/erythromycin supplemented with 10%
horse serum. Cultures were grown without shaking at 37 ◦C for 6 h
followed by centrifugation at 4000 × g for 15 min. Chromosomal
DNA was extracted from the bacterial pellet using the Epicentre
Master Pure DNA Purification Kit (Epicentre Biotechnologies, Madi-
son, WI) following the manufacturer’s instructions. Extracted DNA
was stored at −20 ◦C pending transformation experiments.

2.4. Selection and preparation of competent recipient
Streptococcus pneumoniae strains

Serotypes of recipient strains were selected according to
serotypes commonly associated with drug resistance (6B, 9V, 14,
19F and 23F), serotypes rarely associated with drug resistance (1,
3 and 18A/B) and serotypes that have recently emerged as drug-
resistant (29, 33 and 35B). R6, the easily transformable laboratory
pneumococcal strain, was used as a positive control for transforma-
tion efficiency. Recipient strains were incubated overnight at 37 ◦C
on antibiotic-free TSBAB plates. Subsequently, two colonies of each
strain were inoculated into 3 mL of antibiotic-free TSB medium [pH
6.8, adjusted with 1 M HCl and supplemented with 1 mM CaCl2 and
0.2% bovine serum albumin (BSA) (Sigma-Aldrich, Steinheim, Ger-
many)]. Cultures were then grown at 37 ◦C to an optical density at
600 nm (OD600) of 0.1–0.2, after which they were stored at −80 ◦C
in TSB/10% glycerol.

2.5. Transformation of recipient strains and selection of
transformants

Competent recipient strains were thawed rapidly at room tem-
perature just until ice had melted. Thawed recipient cells were
then centrifuged at 13 000 × g (Eppendorf, Hamburg, Germany)
for 10 min at 4 ◦C and the cell pellets were re-suspended in TSB
(pH 8.0, adjusted with 5 N NaOH and supplemented with 1 mM
CaCl2, 0.2% BSA and 10% horse serum). Cells were then revived
by incubating at 37 ◦C for 45 min without shaking. Synthetic CSP1
or CSP2 (Elim Biopharmaceuticals, Hayward, CA) was then added
to a final concentration of 0.4 �g/mL, after which cells were incu-
bated at 37 ◦C for 15 min. Then, chromosomal DNA extracted from
the donor strain S222 was added to a final saturating concentra-
tion of 1 �g/mL. The mixture was further incubated at 37 ◦C for
150 min without shaking and 250 �L of the culture was plated onto
TSBAB/erythromycin plates that were then incubated for 24–48 h
at 37 ◦C. To determine total bacterial counts, 250 �L of the same
culture was serially diluted (1 × 10−5, 1 × 10−6 and 1 × 10−7) and
250 �L was plated on antibiotic-free TSBAB plates and incubated
for 24–48 h. Bacterial counts, expressed as colony-forming units
per plate, were determined on plates and the transformation fre-
quency (TF) was calculated as follows: TF = CFUE/(CFU × DF), where
CFUE is the colony-forming units on the TSBAB/erythromycin plate,
CFU is the colony-forming units on the antibiotic-free TSBAB plate
and DF is the dilution factor.

Control transformations had water added in place of extracted
chromosomal DNA. To rule out contamination, strains without
added chromosomal DNA and CSP were plated on plain media and
incubated under the same conditions.

2.6. Recovery and testing of transformants

Transformants obtained as described above were subcultured
on TSBAB/erythromycin plates with optochin disks to verify
that they were pneumococci and that they had acquired the
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erythromycin resistance phenotype of the S222 DNA donor strain.
Acquisition of the mefE gene was determined by polymerase chain
reaction (PCR) amplification of chromosomal DNA extracts from
the recipient strains before and after transformation. Chromosomal
DNA was extracted from transformants using the Epicentre Master
Pure DNA Purification Kit.

Chromosomal DNA from the donor strain S222 was used
as a positive control in the PCR amplifications. The PCR
reaction included 20 pmol of forward and reverse primers
(mefE-fwd, 5′-AGTATCATTATTCACTAGTGC-3′ and mefE-rev, 5′-
TCCTCCTGGTACTAAAAGTGG-3′ that amplify a 346-bp fragment of
the mefE gene), 1.5 U of Taq polymerase, Custom PCR Master Mix
(Thermo Scientific, Epsom, UK), template DNA and nuclease-free
water in a total volume of 10 �L. The reaction was carried out in a
Peltier thermocycler (MJ Research, Watertown, MA) at the follow-
ing conditions: initial denaturation at 96 ◦C for 3 min; 30 cycles
each consisting of 95 ◦C for 1 min, 52 ◦C for 1 min and 72 ◦C for
1 min; and a final extension at 72 ◦C for 5 min. Amplicons were sepa-
rated by electrophoresis on a 2% agarose gel in TBE [Tris base–boric
acid–ethylene diamine tetra-acetic acid (EDTA)]. For each strain,
transformation and PCR were repeated at least three times for con-
firmation.

2.7. Data analysis

Transformation frequency raw data were converted into loga-
rithms of transformation frequency. Differences in transformation
frequencies among various serotypes were analysed by statisti-
cal analysis of variance (ANOVA) using SPSS software (SPSS Inc.,
Chicago, IL).

3. Results

3.1. Transformation frequency of various Streptococcus
pneumoniae serotypes

Of the 12 strains studied, only 8 (R6, 6B, 14, 19F, 3, 18A/B, 29 and
23F) resulted in growth of pneumococci on TSBAB/erythromycin
following transformation. Of these eight strains recovered, seven
had acquired phenotypic erythromycin and tetracycline resis-
tance by disk testing and were shown by PCR to have acquired
the erythromycin resistance-conferring gene mefE by showing an
amplicon of 346 bp (Fig. 1). The remaining strain (serotype 23F)
that acquired phenotypic erythromycin resistance without tetra-
cycline resistance did not show any mefE band upon PCR and was
presumed to have developed mutational erythromycin resistance
(Fig. 1). The seven pneumococcal strains transformed were R6,
6B, 14, 19F, 3, 18A/B and 29, with transformation stimulated by
CSP1 for five strains (R6, 19F, 3, 18A/B and 29) and CSP2 for two
strains (6B and 14). Transformation frequency results are shown
in Table 1. Serotype 3 had the highest transformation efficiency
(2.7 × 10−5) and serotype 18A/B had the lowest (7.9 × 10−8). Mean

Fig. 1. Agarose gel electrophoresis of polymerase chain reaction (PCR) amplification
of a 346-bp fragment of the mefE gene in transformed or mutant strains. A 346-bp
amplicon was detected on PCR in the transformants of R6, 3, 6B, 14, 18A/B, 19F and
29 (lanes 4, 6, 8, 10, 12, 14 and 16, respectively) but not in the 23F mutant (lane 18)
or in any of the parent strains R6, 3, 6B, 14, 18A/B, 19F, 23F and 29 (lanes 3, 5, 7, 9,
11, 13, 15 and 17, respectively). Depicted in lanes 1 and 20 is a 100-bp DNA ladder;
lane 2, positive control S222 donor; and lane 19, negative control (no DNA added).

log transformation frequencies of the transformant strains were
similar (P = 0.679) (Table 1). None of the strains was transformed in
parallel cultures (negative controls) without the addition of chro-
mosomal DNA. The five strains that did not show transformation
with CSP1 or CSP2 were 1, 9V, 23F, 33 and 35B.

4. Discussion

Natural competence for genetic transformation in S. pneumoniae
is mediated by a quorum-sensing-regulated mechanism in which
CSP functions as an autoinducer [21,22]. The ability of synthetic CSP
to induce competence in clinical encapsulated isolates [23] and the
possibility that transformation can constitute a means for entry
for transposons, which provide flanking homologous sequences
that mediate homology-dependent recombination events [24], ren-
dered transformation successful in this experimental system. Few
studies have been performed so far to compare the competence
and transformation frequencies of various clinical isolates of S.
pneumoniae. To the best of our knowledge, this is the first study
to compare the transformation frequencies of various clinical iso-
lates of S. pneumoniae using whole genomic DNA that carries the
composite Tn916-like element.

We investigated whether serotypes commonly associated with
drug resistance have higher transformation frequencies than sus-
ceptible ones. All successful transformants were resistant to
erythromycin as well as tetracycline, indicating that the entire
Tn916-like transposon carrying mefE and tetM genes had been
incorporated into the recipient genome. Six of eleven clinical
serotypes were transformed, in which serotype 3 had the highest
transformation frequency of 2.7 × 10−5. A higher transformation
frequency of 4 × 10−3 was observed in a previous study for this

Table 1
Mean transformation frequency and mean log transformation frequencies of Streptococcus pneumoniae serotypesa.

Serotype CSP stimulating transformation Mean transformation frequency Mean ± S.D. log transformation frequency

R6b CSP1 3.0455 × 10−6 −5.5186 ± 0.06442
3 CSP1 2.6799 × 10−5 −4.6269 ± 0.31565
6B CSP2 2.7550 × 10−6 −5.5873 ± 0.22048
14 CSP2 2.4525 × 10−7 −6.5336 ± 0.70463
18A/B CSP1 7.8911 × 10−8 −7.0540 ± 0.17876
19F CSP1 1.0293 × 10−7 −7.0030 ± 0.16469
29 CSP1 1.4136 × 10−6 −5.9101 ± 0.33128

CSP, competence-stimulating peptide; S.D., standard deviation.
a Transformation was not detected with serotypes 1, 9V, 23F, 33 or 35B.
b Positive control for transformation.
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serotype, which was transformed with genomic DNA carrying
an erythromycin resistance gene [25]. Differences in reported
transformation frequencies could be due to the use of different
competence media for transformation. In contrast, Hsieh et al. [26]
assessed the competency of serotypes using plasmid DNA in which
a very low transformation frequency of 7.8 × 10−9 was reported
for serotype 3. The use of plasmid DNA as the transforming DNA
could account for this difference. Furthermore, serotype 3 has a rel-
atively rich amount of capsular polysaccharide, which apparently
does not block uptake of exogenous DNA, making this serotype
easily transformable at high frequency. These findings contradict
earlier reports that large amounts of capsular polysaccharide have
an inhibitory effect on transformation in S. pneumoniae [27].

Serotype 18 had the lowest transformation frequency of
7.9 × 10−8, similar to that observed in a previous study [26]. Sim-
ilarly, serotype 6B had a higher transformation frequency than
serotypes 14, 19F and 18, and the profile of transformation frequen-
cies for serotypes 6B, 14 and 19F were similar to those reported by
Hsieh et al. [26]. These similarities are intriguing since the mech-
anisms involved in the uptake and establishment of plasmid DNA
are different compared with the uptake and homologous recombi-
nation events involved in processing genomic DNA [28]. Although
transforming DNA was extracted from serotype 19F, recipient
strains of this serotype did not exhibit a higher transformation
frequency than the majority of serotypes. This implies that cap-
sule homology does not favour transformation frequency of the
Tn916-like element, as previously observed [29].

Serotypes/serogroups 6, 9, 14, 19 and 23, which are commonly
associated with drug resistance phenotypes [14–17], did not show
higher transformation frequencies than serotypes 1, 3 and 18
that are commonly susceptible to antimicrobials. The reason why
serotypes/serogroups 6, 9, 14, 19 and 23 are commonly associated
with drug resistance phenotypes is still elusive. The reason could be
that these serotypes are carried for longer periods in the nasophar-
ynx of children who are exposed to antimicrobials more frequently
than adults [29]. In humans, the nasopharynx is one of the environ-
ments most colonised by microorganisms; it offers the availability
of exogenous transforming DNA from bacteria co-colonising with
pneumococci. Whilst in the nasopharynx S. pneumoniae serotypes
come into contact with other commensal bacteria, such as viridans
group streptococci, Gemella spp., Streptococcus pyogenes and other
closely related oral streptococci. These commensal bacteria may
none the less carry a number of drug resistance genes and ulti-
mately exchange genetic material with pneumococci sharing their
habitat owing to the fact that pneumococci are naturally competent
for genetic transformation. The acquired genes will subsequently
increase the pneumococcal overall fitness. Many genes that confer
drug resistance, virulence and colonisation have been acquired in
this manner [4,30,31]. Recent studies have shown that S. pneumo-
niae can also be transformed in vivo with whole genomic DNA from
different species of viridans group streptococci and from Gemella
spp. containing the mefE gene at a transformation frequency as
high as 10−6 [30]. Transfer of the mefE gene by transformation
clearly indicates that gene transfer can occur between commen-
sal bacteria and S. pneumoniae, as has already occurred for genes
encoding penicillin-binding proteins [30,32]. This further supports
the fact that S. pneumoniae in the nasopharynx can take up exoge-
nous DNA that may contain drug resistance genes from commensal
microorganisms.

Five serotypes were not transformed, probably due to the low
homology that could have blocked homologous recombination pro-
cesses. Integration of genetic markers into the chromosome in
naturally competent cells requires DNA processing during entry.
Lefrancois et al. [33] reported a number of possible reasons that can
result in failure to obtain chromosomal transformants, which can
probably be extrapolated to the inability to obtain transformants

for these serotypes. The inability to detect transformants if they
are very rare, the absence of induced competence or the absence
of requirements of the complex process at the entry stages during
natural competence to integrate the recipient chromosome were
reported as possible reasons for failed natural transformation in
pneumococci [33]. Alternatively, the homologous recombination
machinery of the non-transformed cells could have failed to process
the large size of the composite transposon [34]. Failure to transform
encapsulated pneumococci with whole genomic DNA is common,
especially with larger markers [23]. Among the strains that did not
transform was serotype 23F, where a presumed resistant mutant
at a mutation frequency of 8.7 × 10−8 was detected. This strain was
also tested with primers that amplify the ermB gene, but this was
negative (results not shown). We therefore speculated that this
strain probably has a mutation in 23S ribosomal RNA and/or riboso-
mal protein L4 and/or L22; a few examples of clinical isolates with
mutational resistance have been described [35–37].

The shortcoming of this study is that the Tn916-like transpo-
son element used as a marker may not be representative enough
for generalisation of transformation frequencies among various
S. pneumoniae serotypes. Therefore, to establish the role of nat-
ural genetic transformation in relation to drug resistance among
S. pneumoniae serotypes/serogroups, we recommend further stud-
ies involving a large number of serotypes/serogroups using several
genetic markers in the transformation procedures. Furthermore,
since this was an in vitro study, an in vivo study in mice aimed at
assessing transformation frequency of the various S. pneumoniae
serotypes is also necessary.

In addition, more studies on the role of CSP in genetic compe-
tence and transformation of S. pneumoniae are necessary since CSP
is known to stimulate a variety of genes that drive virulence, patho-
genesis, recombination and colonisation. Knowledge from such
studies will be invaluable for drug and vaccine discovery since the
genes are involved in important cellular processes of the pneumo-
coccus. Currently, information from sequenced genomes of several
pneumococcal serotypes is a boon to these studies.
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