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Monitoring of serotypes and their clonal associations is critical as pneumococci adapt to the selective pressures
exerted by the pneumococcal seven-valent conjugate vaccine (PCV7). We genotyped 1,476 invasive isolates from the
Active Bacterial Core surveillance (705 [89.8%] of the isolates were obtained from children <5 years of age, and 771
[18.4%] of the isolates were obtained from individuals >5 years of age) in 2001 and 2002 (after the introduction
of PCV7). The data were compared to the results for 1,168 invasive isolates (855 [83.9%] of the isolates were
from children <5 years of age) collected in 1999. Among children <5 years of age, the incidence of invasive
disease due to non-PCV7 serogroups together with serogroup 19A increased (P < 0.001). Eighty-three clonal
sets, representing 177 multilocus sequence types (STs), were compiled from the 3-year isolate set. Among the
non-PCV7 serogroups, newly emerging clones were uncommon; and a significant expansion of already estab-
lished clones occurred for serotypes 3 (ST180), 7F (ST191), 15BCF (ST199), 19A (ST199), 22F (ST433), 33F
(ST662), and 38 (ST393). However, additional minor clonal types within serotypes 1, 6A, 6B, 7C, 9N, 10A, 12F,
14, 15B/C, 17F, 19A, 19F, 20, 22F, and 33F that were absent in 1999 were found during 2001 and 2002. Although
23 clonal sets exhibited multiple serotypes, for most serotypes there were either no changes or modest changes
in clonal compositions since the introduction of PCV7. The only example of an identical ST shared between
non-PCV7 and PCV7 or PCV7-related serotypes was ST199; however, ST199 was prevalent within serotypes
15B/C and 19A before and after PCV7 introduction. Continued genotypic surveillance is warranted, since
certain clones not targeted by PCV7 are expanding, and their emergence as significant pathogens could occur
with maintained vaccine pressure.

The effects of the pneumococcal seven-valent conjugate vac-
cine (PCV7) upon the genetic structure of the pneumococcal
population and on serotype-genotype associations are still un-
known, since PCV7 was only licensed in 2000. Although PCV7
has been very effective in decreasing the prevalence of PCV7
and PCV7-related (PCV7R) serotypes among pediatric iso-
lates, there are reports of serotype replacement, representing
increases of serotypes not targeted by PCV7 (16, 19, 23, 31,
33). Recently, in a country that does not use PCV7, multire-
sistant strains of nonvaccine serotypes have been characterized
and shown to be probable capsular switch variants of highly
successful clones of PCV7 serotypes (29). Such findings are
important, since variants not targeted by vaccines have the
potential to become highly successful pathogens within the
pediatric population. Genetic characterization of replacement
strains and monitoring of their prevalence over time within
specific geographic areas will determine the relative impacts of

newly emerging strains, of strains arising by capsular switching,
and of already established strains. With time, active surveil-
lance may detect all three categories of replacement strains
that may increase as a result of intense PCV7 pressure. These
issues can be addressed only with accurate molecular surveil-
lance over extended periods.

Previously, we used pulsed-field gel electrophoresis (PFGE)
of chromosomal SmaI digests combined with multilocus se-
quence typing (MLST) to describe the clonal structure within
the majority of serotypes commonly observed among isolates
causing invasive disease immediately prior to the introduction
of PCV7 (12). That work provided the baseline information of
PFGE profiles associated with MLST identifiers for future
comparisons. The present study was undertaken with the ob-
jectives of continuing the active molecular surveillance of in-
vasive pneumococcal isolates collected during each year of
Active Bacterial Core surveillance (ABCs) (1) subsequent to
PCV7 implementation and comparing these results to the
baseline information obtained during previous years. Here we
present the findings of the genotypic surveillance of selected
pneumococcal isolates collected in the 2 years immediately
following PCV7 introduction. Declines in the numbers of
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invasive pneumococcal disease cases due to the clonal types
targeted by PCV7 serotypes compared to the numbers of cases
in 1999 and increases in the numbers of invasive pneumococcal
cases due to strains within clonal types not targeted by the
vaccine are shown.

MATERIALS AND METHODS

Year 1999 isolates. The year 1999 isolates were described previously (12).
Year 2001 isolates. The year 2001 isolates were obtained through ABCs (1), an

active population-based laboratory based surveillance program that is part of the
Centers for Disease Control and Prevention (CDC) Emerging Infections Pro-
gram. Surveillance areas included California (San Francisco County and children
�5 years of age in Alameda and Contra Costa Counties), Colorado (the 5-county
Denver area), Connecticut, Georgia (the 20-county Atlanta area), Maryland (the
6-county Baltimore area), Minnesota (the 7-county Twin Cities area), New York
(the 7-county Rochester area and the 8-county Albany area), Oregon (the
3-county Portland area), and Tennessee (11 urban counties). These surveillance
areas represented a total population of 22,479,308 people. For year 2001, all
available sterile-site isolates from individuals less than 5 years of age (pediatric
isolates [PIs]) were analyzed. Additionally, selected sterile-site isolates of sero-
types from individuals �5 years of age (nonpediatric isolates [NPIs]) were ana-
lyzed as representatives of certain serotypes common or represented in adults
but not in children or isolates from adults with decreased antibiotic susceptibil-
ities. A total of 630 isolates with PCV7 or PCV7-related serotypes (PCV7-related
serotypes are serotypes within the same serogroup as a PCV7 serotype) and 496
isolates with serotypes unrelated to those included in PCV7 were analyzed.
These included a small number of isolates added to the study due to unusual
resistance profiles, such as fluoroquinolone resistance, or as a result of an initial
serotyping error.

Year 2002 isolates. The surveillance areas for the year 2002 isolates were the
same as those for the 2001 isolates, except that Minnesota was not included. For
year 2002, we evaluated all available isolates from individuals �5 years of age
that were not PCV7 serotypes. We also included a selection of penicillin-non-
susceptible non-PCV7 isolates from individuals �5 years of age. A small number
of isolates with PCV7 serotypes were also included due to unusual resistance
profiles, such as fluoroquinolone resistance, or as a result of an initial serotyping
error. The year 2002 isolates included 190 isolates with non-PCV7-related sero-
types, 150 isolates with PCV7-related serotypes, and 37 isolates with PCV7
serotypes.

Serotype and antibiotic susceptibility testing. The isolates were serotyped by
latex agglutination, and the results were confirmed by positive Quellung reac-
tions. The antibiotic susceptibility patterns were determined by use of PML
Microbiologicals (Wilsonville, Oreg.) custom broth dilution MIC panels.

Serotype classification. The seven PCV7 serotypes are 4, 6B, 9V, 14, 18C, 19F,
and 23F. In this study, serotypes considered to be PCV7R include serotypes not
included in PCV7 but of the same serogroups (serogroups 6A, 9A, 9N, 18B, 18F,
19A, and 23A). PCV7-nonrelated (PCV7NR) serotypes include all serotypes not
of the PCV7 serogroups.

Isolates used for calculation of rate changes. Isolates used for calculation of
rate changes were from surveillance areas under continuing surveillance from
1999 to 2002. These surveillance areas included California (San Francisco
County only), Connecticut state, Georgia (the 20-county Atlanta metro area),
Maryland (the 7-county Baltimore area), Minnesota (the 7-county Twin Cities
area), New York (the 15-county Albany and Rochester areas), Oregon (the
3-county Portland area), and Tennessee (4 counties). The surveillance popula-
tion for 1999 was 17,677,681 (1,211,130 individuals �5 years of age and
16,466,551 individuals �5 years of age). The surveillance population for 2002 was
18,904,366 (1,280,890 individuals �5 years of age and 17,623,476 individuals �5
years of age).

Genotyping. PFGE and MLST were used to delineate clonal sets; and both
procedures were carried out as described previously (7, 12), with the inclusion of
all 26 currently recognized Pneumococcal Molecular Epidemiology Network
(PMEN) clones (27). Sequence type (ST) identifiers from the pneumococcal
multilocus sequence typing site (28) or new STs were determined for represen-
tative isolates of PFGE clusters in which two or more isolates within the same
serotype shared PFGE patterns with �80% similarity, as determined by use of a
Dice coefficient of 1.5. All instances of unusual serotype-genotype associations
were reexamined by serotyping and/or genotyping. Isolates of different serotypes
that shared nearly identical PFGE patterns were examined by MLST before they
were assigned to a clonal set. Single PFGE outliers within a serotype were
screened against the entire PFGE database consisting of isolates of all serotypes.

All instances of strong PFGE similarity between isolates of different serotypes
were examined by MLST.

CCs. STs were divided into sets by using eBURST (11), which is available at
the MLST database (28). eBURST sets have the requirement in which all STs
must be a single-locus variant (SLV) of at least one other ST within the group
and are illustrated by solid vertical lines in Fig. 1. Founder STs were defined as
described previously (11) as being the ST within the eBURST set that has the
greatest number of single-locus variants (STs in color in Fig. 1). For this work
clonal complexes (CCs) consisted of eBURST sets or eBURST sets plus related
STs that shared five of seven allelic identities with at least one ST within the set
(double locus variants [DLVs]) and, additionally, that shared at least four allelic
identities to the majority of the other STs included within the set.

Clonal sets. The 83 total clonal sets referred to in this report refer to each of
the genetically nonoverlapping CCs and STs that we have documented from
ABCs (Fig. 1). All CCs and individual STs that include 1 of the 26 currently
recognized internationally disseminated clones of PMEN (27) are underlined
throughout this report. For example, clonal complex 37 (CC37) includes ST37
from PMEN clone Tennessee23F-4 and refers to the six-member clonal group
shown in Fig. 1 plus the related STs 628, 629, and 42.

Assignment of clonal set designations by PFGE. All isolates of the same
serotype that shared �80% genetic relatedness within unweighted pair group
method with arithmetic means-generated PFGE clusters (restricted to a single
serotype) that included at least one isolate of a known ST were assigned within
a clonal set (ST or clonal complex). The validity of this strategy was demon-
strated previously (12). MLST was performed with all isolates of different sero-
types that shared related PFGE profiles.

RESULTS

Invasive pneumococcal disease. Analysis of pneumococcal
isolates that caused invasive disease revealed that, with the ex-
ception of serotype 19A, the incidence of disease due to PCV7
serogroups decreased markedly during 2002 compared to the
incidence in 1999 overall and in both age groups (Table 1). This
was especially evident in 2002 for the pediatric (�5-year-old)
age group, in which a nearly eightfold reduction in disease
incidence due to serogroups contained in PCV7 (excluding
serogroup 19A) was evident relative to the incidence in 1999
(P � 0.001). In contrast, the incidence of invasive disease in
the pediatric population due to non-PCV7 serogroups (and
serogroup 19A) increased 1.5-fold in 2002 relative to the inci-
dence in 1999 (P � 0.001). Compared to the proportion of
cases in 1999, the proportion of cases due to non-PCV7 sero-
types 3, 7F, 15BCF, 19A, 22F, 33F, and 38 significantly in-
creased in 2002 (P � 0.002; Table 2).

New STs obtained in the study. Overall, we identified 177
STs among ABCs isolates, including 39 new STs discovered
during the year 2001 surveillance and the year 2002 surveil-
lance. These included STs 715, 989, 1174 to 1177, 1207 to 1209,
1211, 1212, 1257 to 1263, 1267 to 1269, 1291 to 1297, 1336 to
1341, 1373, 1374, 1375, 1376, and 1710. Five of the 39 new STs
(ST1175 [serotype 6A], ST1207 [serotype 7C], ST1262 [sero-
type 15BC], ST1293 [serotype 17F], and ST1374 [serotype
19A]), representing five different serotypes, shared four or
fewer alleles with any other known ST. Of the 34 remaining
new STs, 25 were closely similar (SLVs or DLVs) to STs with
the same serotype, as listed in the MLST database (28). How-
ever, nine of these new STs (SLVs or DLVs) had serotype
associations that were not described previously. Five of these
nine new associations included STs associated with PCV7NR
serotypes. The five serotype-ST associations 15BC-ST1259,
15BC-ST1267, 20-ST1261 (CC899), 10A-ST1263, and 12F-
ST1376 (CC1292) potentially depict descendants of STs asso-
ciated with PCV7 serotypes due to their relatedness with
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FIG. 1. Eighty-three clonal sets representing the isolates genotyped and the STs encountered in 1999, 2001, and 2002. Solid lines connect STs
within the same clonal group determined by eBURST analysis. STs within the same eBURST group are indicated in boldface. Closely related
outliers within the same clonal set are connected to eBURST sets by dotted lines. Numbers in red indicate STs calculated as founders by using
eBURST with the STs generated from this study and also calculated as founders by using all known STs (28). Numbers in green indicate STs
calculated as founders solely by using all known STs. Numbers in blue indicate STs calculated as founders by using only the STs found in this study
for the analysis. Serotypes in parentheses indicate different serotype associations listed at www.mlst.net for the indicated STs. When no parentheses
are indicated, no differences in serotype associations for the STs were observed between this study and www.mlst.net.
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known STs from PCV7 serotype strains. This possibility seems
likely for ST1261 (serotype 20), since it is the sole member of
an eight-ST eBURST group (when all known STs at www.mlst
.net are used) that is not associated with serotype 4 and is an
SLV of the predicted founder ST, ST899 (Fig. 1).

The 21 new MLST alleles found within the year 2001 and the
year 2002 isolates included aroE61, aroE62, gdh-87, gki-89,

gki-90, gki-101, recP61, recP67, recP68, spi-93 to spi-95, xpt-112,
xpt-130, xpt-137, xpt-140, ddl-149, ddl-151, and ddl-154. With
one exception, all of the new alleles exhibited 99% or greater
identity with the majority of the corresponding allele sequences in
the MLST database. The highly divergent ddl-154 allele obtained
from a penicillin-resistant type 19A isolate shared only 95% se-
quence identity with its closest match from penicillin-nonsuscep-
tible isolates and only about 93% sequence identity with typical
ddl alleles from penicillin-sensitive isolates. Consistent with pre-
vious observations (2, 8, 12), the various divergent ddl alleles
encountered during this work were always associated with peni-
cillin-nonsusceptible isolates.

Serotype-genotype associations of invasive pneumococcal
isolates compared to those in the pneumococcal MLST data-
base. In general, STs were restricted to the same serotype and
the results between our data set (Fig. 1) and the pneumococcal
MLST database (28) were concordant. All instances of multi-
ple serotype associations with single STs found in our study are
shown in Fig. 1. For each ST, any differing serotype association
patterns listed at the MLST database as of December 2004 are
in parentheses (Fig. 1).

Clonal sets. Eighty-three nonoverlapping clonal sets were
documented from the 1999 to 2002 surveillance for invasive
pneumococci (Fig. 1). Six of the founder STs for clonal com-
plexes shown in Fig. 1 were calculated independently with
eBURST by the use of our study-limited data set of 177 STs
and were also determined to be founders, based on the data set
containing all known STs in the database at mlst.net (1,510 STs
as of 20 December 2004; these founder STs are indicated in
red in Fig. 1). Twenty-three additional STs that were detected
during our surveillance and that were predicted founders,
based on the total ST data in the MLST database, are indicated
in green in Fig. 1. Seven additional founders were predicted
solely on the basis of the analysis of the STs found during this
study (indicated in blue). The total of 36 “founder” STs gen-
erally represent STs that were most commonly found within
the indicated clonal sets (Fig. 1), consistent with these partic-
ular strains being the originators of the clonal sets (11).

The relationships of the 83 clonal sets that were compiled by
using study STs alone (the single STs that are listed but that

TABLE 1. Invasive pneumococcal disease incidence in 1999 and 2002a

Serotype(s) Age group
(yr)

1999 2002 Change
in rate P valuec

No. of cases Rateb No. of cases Rate

All �5 1,167 96.36 308 24.05 �72.31 �0.001
�5 3,141 19.08 2,418 13.72 �5.36 �0.001
All 4,308 24.37 2,726 14.42 �10.05 �0.001

PCV7 serogroups except 19A �5 1,064 87.85 143 11.16 �76.69 �0.001
�5 2,067 12.55 1,233 7.00 �5.55 �0.001
All 3,131 17.71 1,376 7.28 �10.43 �0.001

Non-PCV7 serogroups plus 19A �5 103 8.50 165 12.88 �4.38 �0.001
�5 1,067 6.48 1,185 6.72 �0.24 0.4
All 1,170 6.62 1,350 7.14 �0.52 0.06

a The surveillance areas included California (San Francisco only), Connecticut (state), Georgia (the 20-county Atlanta metro area), Maryland (the 7-county Baltimore
II area), Minnesota (the 7-county Twin Cities area), New York (the 15-county Albany and Rochester areas), Oregon (the 3-county Portland area), and Tennessee (4
counties).

b Number of cases per 100,000 individuals.
c P values are for 1999 versus 2002.

TABLE 2. Incidence of invasive cases in group less than 5 years of
age due to PCV7-nonrelated serotypes and serotype 19A in

2002 relative to incidence in 1999a

Serotype

1999 2002

P valuedActual
(projectedb)
no. of cases

% of
totalc

Actual
(projected)
no. of cases

% of
total

1 6 (7) [0.6] 3 [1]
3 6 (7) [0.6] 8 (9) [2.9] 0.002
5 1 [�0.1] 0
7F 8 (9) [0.8] 11 (13) [4.2] �0.001
10A 1 [�0.1] 3 [1]
11A 1 [�0.1] 4 (5) [1.6]
12F 12 (14) [1.2] 7 (8) [2.6] 0.106
15B/15C/15F 6 (7) [0.6] 26 (30) [9.7] �0.001
16F 2 [�0.1] 2 [0.6]
17F 0 1 [0.3]
19A 20 (23) [2] 41 (47) [15.3] �0.001
22F 7 [0.6] 9 (10) [3.2] 0.002
24B/24F 1 [�0.1] 0
33A 0 1 [0.3]
33F 8 (9) [0.8] 14 (16) [5.2] �0.001
35B 2 [�0.1] 1 [0.3]
35F 0 1 [0.3]
38 5 (6) [0.5] 11 (13) [4.2] �0.001
Nontypeable 2 [�0.1] 0

Total 1,167 308

a The surveillance areas are the same as those listed in footnote a of Table 1.
b Projected number of cases in the group �5 years of age for the indicated

surveillance areas since serotypes were not determined for 171 of the total (n �
1,167) year 1999 isolates and were not determined for 41 of the the total (n �
308) year 2002 isolates.

c Percentage of total isolates recovered from this age group in the indicated
year.

d Comparison of proportions for serotypes which have �2% of total strains in
at least 1 year by using the chi-square or the Fisher exact test.
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are not highly related to others included in Fig. 1 are also
considered clonal sets) are highly congruent with nonoverlap-
ping eBURST groups and singlets (without DLVs within the
study set) derived from all known STs (28). The exceptions to
this involve 11 clonal sets that include CC138, CC172, CC226,
CC156, CC1269, CC425, CC146, ST18, CC460, CC1292, and
CC392 (Fig. 1). These 11 clonal sets represent a total of 13
nonoverlapping clonal sets at mlst.net, as follows: (i) STs com-
prising CC138, CC172, and CC226 are included within one
large eBURST group comprised of 79 STs, where ST138 is the
second most likely founder ST, based upon the numbers of
SLVs. (ii) STs comprising CC156 and CC1269 are all included
within a large eBURST group comprised of 73 STs, where
ST156 is the predicted founder ST. (iii) ST146 is included
within one eBURST group, while CC146 STs 640 and 641 are
not linked as SLVs to any known STs. (iv) ST18 is included
within CC13. (v) The three STs included in CC460 each rep-
resented small eBURST groups. (vi) CC1292 and CC392 both
represent two distinct eBURST lineages when they are ana-
lyzed in the context of all known STs.

In summary, with the exceptions listed above, the 83 clonal
sets derived from our study isolates closely correlated to the 86
clonal groups derived by eBURST analysis of the entire pneu-
mococcal MLST database (28).

Genetic structures of individual serotypes. PCV7 and PCV7R
serotypes displayed an overall increased degree of genetic
complexity (48 CCs and 124 STs) relative to that of the
PCV7NR serotypes (37 CCs and 52 STs) (Fig. 1; see Table 4).
This could be due in part to the fact that more PCV7 and
PCV7R isolates than PCV7NR isolates (1,534 versus 1,012
total isolates) were analyzed from the 3 years. However, it is
apparent that PCV7NR serotypes displayed a maximum of five
clonal sets (within 15B/C), with types 1, 3, 7F, 10A, 11A, 12F,
15A, 15B/C, 22F, 33F, and 38 each primarily comprised of one
distinct clonal set. In contrast PCV7 or PCV7R serotypes 6A,
6B, 14, 19A, 19F, and 23F each displayed 6 to 14 clonal types,
with types 6A, 6B, 19F, and 23F each containing three major
clonal sets that accounted for 5 to 35% of the isolates analyzed
within their respective serotypes during each year (Fig. 2). A
higher number of distinct clonal sets was most often observed
within serotypes with a high percentage of penicillin-nonsus-
ceptible isolates (including serotypes 6A, 6B, 14, 19A, 19F, and
23F) (Fig. 2). Two exceptions to this observation included
serotype 9V, which primarily consisted of only two highly re-
lated clonal clusters or groups during all 3 years (CC156 and
CC1269, which are included in a single eBURST cluster when
all existing STs are considered), and serotype 35B, which con-
sisted of a penicillin-nonsusceptible clonal group and a distinct
penicillin-susceptible clone (CC377 and ST452, respectively)
(2). PCV7 serotype 4 and PCV7 serogroup 18 (primarily sero-
type 18C) consisted entirely of penicillin-susceptible isolates.

Serotype associations within clonal sets. Sixty-three of the 83
clonal sets were represented solely by single serotypes. Forty-one
clonal sets represented only PCV7 or PCV7R serotypes and
were not inclusive of PCV7NR serotypes during the years of
this study.

Although 22 of the 83 clonal sets shown in Fig. 1 were
associated with multiple serotypes (25 of the clonal sets were
associated with multiple serotypes, if the serotype distribution
listed in the pneumococcal MLST database is also considered;

see the serotypes in parentheses in Fig. 1), only 9 of these were
associated in this study with both PCV7-PCV7R and PCV7NR
serotypes. Ten clonal sets were associated with both PCV7R
and PCV7NR serotypes if the serotype distribution listed in
the pneumococcal MLST database is also taken into consider-
ation (see ST230 in Fig. 1).

Of the nine clonal sets containing both PCV7-PCV7R and
PCV7NR serotypes (CC62, CC63, CC156, CC199, CC899,
CC662, CC460, CC1257, and CC1292), we observed only three
instances in which a PCV7NR serotype strain shared a clonal
complex where other members were associated only with
PCV7 and PCV7R serotypes. One such instance was observed
within CC156. Within CC156, which is comprised almost en-
tirely of PCV7-related strains, we found a single ST162 sero-
type 15B pediatric isolate recovered during 2002. The second
instance was within CC1292, where a DLV of ST1292, ST1376,
was found in a single year 2002 type 12F pediatric isolate. The
third instance was CC899, which accounted for the majority of
serotype 4 isolates during 1999 and 2001. Five of seven year
2002 serotype 20 isolates, including the single pediatric isolate,
were represented by ST1261, which is an SLV of ST899 asso-
ciated with serotype 4.

We observed only 13 instances in which different serotypes
were directly associated with an identical ST. Three of these
instances (ST6329N,18C, ST21812F,7F, and ST906B,6A) were ob-
served only in 1999 and involved only single instances of unusual
associations. ST19915BC,19A,19F was the only ST shared between
PCV7R-PCV7 serotype isolates and PCV7NR isolates and was
the most common ST found within serotypes 19A and 15B/C
during all 3 years of this study. The nine remaining instances
involved only PCV7 or PCV7R serotypes (ST64419F,6B,
ST8123F,19F, ST3766A,19A, ST1386A,6B, ST1569A,9V, ST27119F,19A,
ST4606A,23F, ST62923F,23A, and ST6906A,6B). Of the ST-serotype
combinations involved in these 13 instances, only ST19919A,
ST37619A, and ST27119A represented serotypes that are not
targeted by PCV7, as observed by increases of serotype 19A
invasive disease cases from the �5-year-old age group (Table
2) (23). Notably, these three combinations are represented by
a high percentage of penicillin-nonsusceptible isolates (Fig. 1)
that are resistant to several other antibiotics (data not shown).
ST271 is a single-locus variant of globally disseminated mul-
tiresistant clone Taiwan19F-14 (ST236) that is common within
the United States (10) (Fig. 1 and 2 [see serotypes 19F and
19A]; see Table 4).

PMEN clones. Isolates highly related to 17 of the 26 cur-
rently recognized PMEN clones were detected within our sam-
ple set (Table 3). From 1999 to 2002, large fractions of indi-
vidual PCV7 or PCV7-related serotypes were comprised of
isolates highly related to various PMEN clones primarily of the
same serotypes (Tables 3 and 4; Fig. 2). Thirty-one percent of
the isolates within the 1999 study set were highly related to
individual PMEN clones listed in Table 3, whereas 28.2% of
the isolates in the 2001 study set were highly related to indi-
vidual PMEN clones. With the exception of CC289 from serotype
5, the isolates represented by these clones contained a high
percentage of penicillin-nonsusceptible isolates (Fig. 2). Al-
though the 2002 genotype surveillance focused primarily upon
non-PCV7 serotypes, 26.5% of the isolates in this sample were
within genetic sets representing PMEN clones. PCV7NR se-
rotype 35B was comprised in large part of penicillin-nonsus-
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FIG. 2—Continued.
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FIG. 2—Continued.
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FIG. 2. Clonal compositions of individual serotypes from invasive surveillance. The left, middle, and right columns represent isolates recovered
in 1999, 2001, and 2002, respectively. The NPIs analyzed depict the numbers of isolates from individuals 5 years of age or older that were subjected
to PFGE. The PIs analyzed depict the numbers of isolates from individuals less than 5 years of age that were subjected to PFGE. The percentages
depict the proportions of invasive pneumococcal isolates within these serotypes that were subjected to genetic analysis. Where the numbers
corresponding to these percentages are in parentheses, they refer to the total numbers of ABCs isolates within that age and serotype. The letter
P indicates that at least 15% of the indicated clonal set within the indicated serotype were penicillin nonsusceptible. Serotypes in parentheses are
shown when the serotype distributions listed in the global database (28) differed in any way from what we observed. Underlines indicate STs directly
shared by PMEN clones (27) or clonal complexes containing these STs found among PMEN clones. Up to 30% of the isolates within a given
serotype had unique PFGE profiles and were not subjected to MLST (represented by gaps in the columns). Such isolates could possibly belong
to any of the clonal sets included or could represent additional clonal sets.
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ceptible isolates highly related to PMEN clone Utah35B-24 (2)
during the years 1999, 2001, and 2002 (Fig. 2; Table 4).

Associations of specific clonal types with patient age. In
general, when specific serotypes were amply represented by
both PIs and NPIs, there were few examples of preferential
clonal associations with certain age groups. Within this survey,
22 clonal set-serotype associations were found only within
NPIs (Table 4, indicated in boldface). While the significance of
these observations, if any, is as yet unknown, it is possible that
these represent strains that are more commonly present among
individuals 5 years of age or older. For example, CC1292 rep-
resented 9 isolates (18%) of the serotype 6A NPIs character-
ized from the 2001 and 2002 isolate sets, yet it was not found
among 51 PIs that accounted for nearly all serotype 6A PIs
from the same period. Similarly, CC1296 and ST1340 were not
found in extensive surveys of both 1999 and 2001 serotype 19F
PIs, yet they were found in a limited sampling of year 2002
NPIs. Certain genotypes were found only among NPIs, be-
cause the corresponding serotypes were not found among PIs
(serotypes 13, 15A, 28F, and 37).

Resistance phenotypes. In general, resistance to antibiotics
was uncommon within serotypes which were represented pri-
marily by penicillin-susceptible isolates. Resistance to erythro-
mycin was common within most penicillin-nonsusceptible ge-
netic sets specific to PCV7 or PCV7R serotypes and is not
described here in detail. Occasional instances of resistance to
one or more of the antibiotics co-trimoxazole, tetracycline, and
chloramphenicol occurred within most serotypes and are not
generally described here. During 2001 and 2002 fluoroquin-
olone resistance was seen only within serotypes 3 (three iso-
lates), 4 (three isolates), 6B (four isolates), 9N (one isolate), 14
(five isolates), 15A (one isolate), 15B (one isolate), 18C (three
isolates), 19A (two isolates), 19F (four isolates), 20 (one iso-

late), 22F (one isolate), 23A (one isolate), and 35B (one iso-
late), with most assigned to clonal sets common to their sero-
type (26; this work). Penicillin nonsusceptibility at frequencies
of 15% or higher within specific genetic sets is referred to in
Fig. 2 with the letter P and includes serotypes 6A, 6B, 7B, 9A,
9N, 9V, 14, 16F, 19A, 19F, 23A, 23F, and 35B.

Comparison of PCV7NR serotypes pre- and postvaccina-
tion. We targeted all available PIs from PCV7NR serotypes
and additionally included certain NPIs nonsusceptible to eryth-
romycin, clindamycin, beta-lactam antibiotics, or fluoroquino-
lones. Below, the resultant data for each serotype from the
2001 and the 2002 data sets are combined and compared to the
year 1999 data.

(i) Serotype 1. A majority of the serotype 1 isolates in the
present study were grouped within ST227, similar to our
findings in the prevaccination period (12). ST227 included
all PIs, including one that was intermediately penicillin re-
sistant. Two minor STs (STs 217 and 1174) accounted for a
total of five year 2001 NPIs. The data are in agreement with
those from a recent report showing that ST227 is characteristic
of a lineage (lineage A) of serotype 1 pneumococci that are
apparently exclusive to Europe and North America (4). ST1174
shares only three loci with ST227; however, it shares six loci with
one of the other STs within lineage A. ST217 is typical of lineage
B serotype 1 pneumococci that are predominant within Africa
and Israel (4) and is reported to represent a hypervirulent clonal
complex (18).

(ii) Serotype 3. As in the year 1999 surveillance, the majority
of serotype 3 isolates (both PIs and NPIs) after vaccine intro-
duction were within clonal set ST180. These included 13 anti-
biotic-resistant NPIs, including all 3 levofloxacin-resistant
serotype 3 NPIs from 2001 and 2002 (26) and 10 erythromycin-
resistant isolates (including the single PI and 9 of 22 NPIs from
the 2 years).

(iii) Serotype 5. The two serotype 5 isolates (one PI and one
NPI, both of which were collected in 2001) had PFGE profiles
highly similar to the profile from the single NPI described in
the year 1999 surveillance, which was ST653. ST653 is a DLV
of ST289, the tetracycline-resistant PMEN clone Colombia5-24
(27). Only the year 2001 NPI was resistant to antibiotics (tetra-
cycline and co-trimoxazole).

(iv) Serotype 7B. None of the isolates from 2001 to 2002
were serotype 7B, and so no comparison to the single penicil-
lin-nonsusceptible ST664 PI recovered in 1999 could be made.

(v) Serotype 7C. The three serotype 7C isolates genotyped
shared highly similar PFGE profiles. These included one PI
and a penicillin-nonsusceptible, tetracycline-resistant NPI with
the novel ST ST1207 (which has only three allelic identities
with the closest matches).

(vi) Serotype 7F. Consistent with the year 1999 surveillance
results, 94% of the year 2001 and 2002 isolates formed a single
highly related PFGE cluster represented by individual ST191
isolates. ST191 represented 90% of the PIs and both year 2002
penicillin-nonsusceptible NPIs (one of which was also cefo-
taxime nonsusceptible, tetracycline resistant, chloramphenicol
resistant, and co-trimoxazole resistant).

(vii) Serotype 8. Nine of 10 serotype 8 NPIs collected in 2001
(all 10 were collected in Minnesota) shared very similar PFGE
profiles, one of which was ST1268 (two new alleles), a DLV of
ST404 from serotype 8 isolates causing meningitis in Brazil and

TABLE 3. PMEN clones sharing genetic identity or close genetic
relatedness to ABCs pneumococcal isolates recovered in

1999, 2001, and 2002

PMEN clone (ST)

Serotype(s) of invasive pneumococcal isolates
genetically related to PMEN clonea

1999 2001 2002

Spain23F-1 (ST81) 19F, 23F,
14, 19A

19F, 23F 19A, 23F

Spain6B-2 (ST90) 6B, 6A 6B
Spain9V-3 (ST156) 9V, 6B, 14 9V, 14, 19F, 9A 15B, 9N
Tennessee23F-4 (ST37) 23F 23F, 23A 23A
Spain14-5 (ST18) 14
Hungary19A-6 (ST268) 23F
South Africa6B-8 (ST185) 6B
England14-9 (ST9) 14, 19F 14
Taiwan19F-14 (ST236) 19F 19F 19A
Taiwan23F-15 (ST242) 23F 23F 23F
Maryland6B-17 (ST384) 6B 6B
Columbia5-19 (ST289) 5 5
Portugal19F-21 (ST177) 19F 19F
North Carolina6A-23

(ST376)
6A 6A 6A, 19A

Utah35B-24 (ST377) 35B 35B 35B
Sweden15A-25 (ST63) 15A 15A, 14
Colombia23F-26 (ST338) 23A 23A

a A total of 1,168 invasive isolates were examined from year 1999, 1,126
invasive isolates were examined from year 2001, and 377 invasive isolates were
examined from year 2001.
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TABLE 4. Clonal complex distribution among invasive pneumococcal isolates in 1999, 2001, and 2002

Serotype
(clonal complex)a

No. of isolates within complex/no. of isolates analyzed (%) in the following years for the indicated age groups

1999 2001 2002b

�5 yr �5 yr �5 yr �5 yr �5 yr �5 yr

1 (ST227) 5/6 (83.3) 15/15 (100) 4/4 (100) 28/34 (82.4) 4/4 (100) None analyzed
1 (ST217) 1/6 (16.7) 0/15 0/4 1/34 (2.9) 0/4 None analyzed
1 (ST1174) 0/6 0/6 0/6 2/34 (5.9) 0/4 None analyzed
3 (ST180) 6/6 (100) 48/50 (96.0) 6/6 (100) 68/70 (97.0) 8/8 (100) 11/11 (100)
4 (CC899) 53/71 (74.6) None analyzed 29/35 (82.9) 18/34 (52.9) None analyzed 1/1 (100)
4 (ST205) 8/71 (11.3) None analyzed 6/35 (17.1) 11/34 (32.4) None analyzed 0/1 (0)
5 (ST653) 100 (1) None analyzed 1/1 (100) 1/1 (100) No type 5s None analyzed
6A (CC1296) 19/57 (33.3) 0/1 10/38 (26.3) 0/9 4/13 (30.7) 14/41 (34.1)
6A (CC460) 13/57 (22.4) 0/1 11/38 (29.4) 3/9 (33.3) 3/13 (23.1) 0/41
6A (CC473) 5/57 (8.8) 0/1 7/38 (18.4) 1/9 (11.1) 1/13 (7.7) 15/41 (36.6)
6A (ST395) 1/57 (1.8) 1/1 (100) 3/38 (7.9) 0/9 3/13 (23.1) 2/41 (4.9)
6A (CC490) None detectedb 0/1 2/38 (5.3) 0/9 None detected None detected
6A (CC138) None detected 0/1 2/38 (5.3) 0/9 None detected None detected
6A (ST1091) None detected 0/1 1/38 (2.6) 0/9 None detected None detected
6A (ST1175) None detected 0/1 1/38 (2.6) 0/9 None detected None detected
6A (ST90) 1/57 (1.8) 0 None detected 0/9 None detected None detected
6A (ST660) 1/57 (1.8) 0 None detected 0/9 None detected None detected
6A (ST690) None detected 0 None detected 2/9 (22.2) None detected None detected
6A (CC1292) None detected 0/1 None detected 3/9 (33.3) None detected 6/41
6B (CC138) 13/103 (12.6) 0/1 13/45 (28.9) 2/15 (9.1) None analyzed 1/4 (25.0)
6B (CC146) 22/103 (21.4) 0/1 11/45 (24.4) 4/15 (28.6) None analyzed 0/4
6B (ST90) 13/103 (12.6) 0/1 13/45 (28.9) 5/15 (28.6) None analyzed 0/4
6B (CC384) 6/103 (5.8) 0/1 5/45 (11.1) 3/15 (20.0) None analyzed 0/4
6B (CC1269) 3/103 (2.9) 0/1 None detected 0/15 None analyzed 0/4
6B (CC490) None detected 0/1 2/45 (4.4) 0/15 None analyzed 3/4 (75.0)
6B (ST185) 1/103 (1.0) 0/1 None detected 0/15 None analyzed 0/4
6B (ST690) None detected 1/1 None detected 1/15 (6.7) None analyzed 0/4
7B (ST664) 1/1 (100) No type 7Bs No type 7Bs No type 7Bs No type 7B No type 7Bs
7C (ST1207) No type 7C No type 7Cs No type 7Cs 1/1 (100) 1/1 (100) 1/1 (100)
7F (ST191) 7/7 (100) 22/24 (91.7) 13/15 (86.7) 29/30 (96.7) 5/6 (83.3) 3/3 (100)
7F (CC218) 0/7 1/24 (4.2) None detected None detected None detected 0/3
8 (ST53) No type 8 None analyzed 2/2 (100) 1/10 (10.0) No type 8 100 (1)
8 (ST1268) No type 8 None analyzed 0/2 9/10 (90.0) No type 8 0/1
9A (CC156) No type 9A No type 9As 3/3 (100) No type 9As No type 9A No type 9As
9N (CC66) 2/2 (100) 9/11 (81.8) 3/3 (100) 34/37 (91.9) None analyzed 3/5 (60.0)
9N (CC156) 0/2 None detected 0/3 None detected None analyzed 1/5 (20.0)
9N (CC1257) 0/2 None detected 0/3 None detected None analyzed 1/5 (20.0)
9V (CC156) 60/72 (83.3) 21/26 (80.1) 26/38 (68.4) 28/42 (66.7) 2/2 (100) 7/7 (100)
9V (CC1269) 9/72 (12.5) 3/26 (11.5) 11/38 (28.9) 14/42 (33.3) 0/2 0/2
10A (CC460) 1/1 (100) None analyzed 3/3 (100) 2/5 (40) 3/3 (100) 2/2 (100)
10A (ST1263) 0/1 None analyzed 0/3 2/5 (40) 0/3 0/2
11A (CC62) 1/1 (100) 22/24 (87.5) 5/5 (100) 41/41 (100) 2/2 (100) 9/9 (100)
12F (CC218) 11/11 (100) 48/49 (97.8) 17/17 (100) 65/65 (100) 4/6 (66.7) 1/1 (100)
12F (ST989) 0/11 None detected 0/17 0/65 1/6 (16.7) 0/1
12F (CC1292) 0/11 None detected 0/17 0/65 1/6 (16.7) 0/1
13 (CC392) No type 13 None analyzed No type 13s 2/2 (100) No type 13 0/1
13 (ST1260) No type 13 None analyzed No type 13s 0/2 No type 13 1/1 (100)
14 (CC13) 96/208 (46.2) None analyzed 48/91 (52.7) 19/36 (52.7) None analyzed 3/3 (100)
14 (CC124) 78/208 (37.5) None analyzed 33/91 (30.0) 9/36 (25.0) None analyzed 0/3
14 (CC63) None detected None detected 6/91 (6.6) 0/36 None analyzed 0/3
14 (CC1269) 5/208 (2.4) None analyzed 2/91 (2.2) 2/36 (5.9) None analyzed 0/3
14 (CC156) None detected None analyzed 3/91 (3.3) 1/36 (2.8) None analyzed 0/3
14 (CC66) 4/208 (1.9) None analyzed 1/91 (1.1) 1/36 (2.8) None analyzed 0/3
15A (CC63) No type 15As None analyzed No type 15As 3/3 (100) No type 15As 12/13 (92.3)
15A (ST817) No type 15As None analyzed No type 15As 0/3 No type 15As 1/13 (7.7)
15BC (CC199) 6/6 (100) None analyzed 20/22 (90.9) 3/3 (100) 27/33 (81.8) 5/5 (100)
15BC (ST1262) 0/6 None analyzed None detected 0/3 2/33 (6.1) 0/5
15BC (ST1267) 0/6 None analyzed None detected 0/3 2/33 (6.1) 0/5
15BC (ST1259) 0/6 None analyzed None detected 0/3 1/33 (3.0) 0/5
15BC (CC156) 0/6 None analyzed None detected 0/3 1/33 (3.0) 0/5
16F (CC659) 1/1 (100) 0/2 No type 16Fs 7/7 (100) 2/2 (100) 1/3 (33.3)
16F (CC30) 0/1 2/2 (100) No type 16s 0/7 0/2 2/3 (66.7)
17F (CC392) No type 17F None analyzed 1/1 (100) None analyzed 1/1 (100) None analyzed
18BCF (CC113) 74/93 (79.6) None analyzed 28/40 (68.3) 9/11 (81.8) 2/3 (66.7) 2/2 (100)

Continued on following page
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from type 8 carriage isolates in the United Kingdom (28). Both
PIs from 2001 and the single NPI from 2002 were highly re-
lated by PFGE and were represented by ST53, which has been
associated with serotype 8 isolates causing invasive disease in
Brazil, The Netherlands, Spain, and the United Kingdom.

(viii) Serotype 10A. Due to the presence of STs 816 and
1208, which were shared among a PFGE cluster of highly
related profiles, the majority of serotype 10A isolates (includ-
ing all PIs) were assigned to CC460, which includes ST460, an
ST commonly seen among serotype 6A isolates. Two of the

TABLE 4—Continued

Serotype
(clonal complex)a

No. of isolates within complex/no. of isolates analyzed (%) in the following years for the indicated age groups

1999 2001 2002b

�5 yr �5 yr �5 yr �5 yr �5 yr �5 yr

18BCF (ST496) 8/93 (8.6) None analyzed 5/40 (12.5) 1/11 (9.0) 0/3 0/2
18BCF (ST666) 1/93 (1.1) None analyzed 1/40 (2.4) 1/11 (9.0) 1/3 (33.3) 0/2
18BCF (CC66) 1/93 (1.1) None analyzed None detected 0/11 0/2 0/2
19A (ST199) 13/18 (72.2) 46/64 (71.9) 18/29 (62.1) 10/10 (100) 27/40 (67.5) 32/45 (71.1)
19A (CC172) None detected 2/64 (3.1) 2/29 (6.9) 0/10 0/40 1/45 (2.2)
19A (ST665) 1/18 (5.5) None detected 1/29 (3.4) None detected 0/40 0/45
19A (CC236) None detected None detected 1/29 (3.4) None detected 3/40 (7.5) 1/45 (2.2)
19A (CC1296) None detected None detected None detected None detected 4/40 (10.0) 5/45 (11.1)
19A (CC81) 1/18 (5.5) None detected None detected None detected 1/40 (2.5) 2/45 (4.4)
19A (ST230) None detected None detected 2/29 (6.9) None detected 0/40 0/45
19A (ST1297) None detected None detected 1/29 (3.4) None detected 3/40 (7.5) 2/45 (4.4)
19A (CC62) None detected None detected None detected None detected 2/40 (5.0) 0/45
19A (ST1374) None detected None detected None detected 0/10 0/40 1/45 (2.2)
19A (ST847) None detected None detected None detected 0/10 0/40 1/45 (2.2)
19F (CC236) 23/110 (20.9) None examined 10/47 (21.3) 3/12 (25.0) 1/2 (50) 8/9 (88.9)
19F (CC251) 22/110 (20.0) None examined 19/47 (40.4) 3/12 (25.0) 0/2 0/9
19F (CC81) 13/110 (11.8) None examined 3/47 (6.4) 3/12 (25.0) 0/2 0/9
19F (CC199) 10/110 (9.1) None examined 1/47 (2.1) 1/12 (9.1) 0/2 0/9
19F (ST655) 2/110 (1.8) None examined 0/47 0/12 0/2 0/9
19F (CC177) 2/110 (1.8) None examined 4/47 (8.5) 0/12 0/2 0/9
19F (CC1269) 1/110 (0.9) None examined 2/47 (4.3) 1/12 (9.1) 0/2 0/9
19F (ST1340) None detected None examined 0/47 0/12 1/2 (50) 0/9
19F (CC13) 1/110 (0.9) None examined 0/47 0/12 0/2 0/9
19F (ST43) 1/110 (0.9) None examined 4/47 (8.5) 0/12 0/2 0/9
19F (CC172) None detected None examined 1/47 (2.1) 0/12 0/2 0/9
19F (CC425) 4/110 (3.6) None examined 3/47 (6.4) 0/12 0/2 0/9
19F (CC63) None detected None examined 0/47 1/12 (9.1) 0/2 0/9
19F (ST1203) None detected None examined 0/47 0/12 0/2 1/9 (11.1)
20 (CC899) No type 20 None examined 1/1 (100) 4/6 (66.7) No type 20 None examined
20 (CC1257) No type 20 None examined 0/1 33.3 (2) No type 20 None examined
22F (CC433) 6/6 (100) 30/31 (96.8) 19/19 (100) 90.2 (46) 92.9 (13) 100 (2)
22F (ST1294) 0/2 None detected 0/1 None detected 7.1 (1) 0/2
23A (CC172) 2/2 (100) None examined 0/1 0/1 No type 23A 5/6 (83.3)
23A (ST1336) 0/2 None examined 1/1 (100) 0/1 No type 23A 0/6
23A (ST1338) 0/2 None examined 0 2/4 (50.0) No type 23A 0/6
23A (CC37) 0/2 None examined 0 2/4 (50.0) No type 23A 1/6 (16.7)
23F (CC37) 46/64 (71.9) None examined 26/37 (70.3) 6/13 (46.2) None examined 0/5
23F (CC81) 11/64 (17.2) None examined 5/37 (13.5) 4/13 (30.7) None examined 4/5 (80.0)
23F (ST242) 4/64 (6.2) None examined 1/37 (2.7) 2/13 (15.4) None examined 1/5 (20.0)
23F (CC662) 1/64 (1.6) None examined None detected 0/13 None examined 0/5
23F (CC268) None detected None examined 1/37 (2.7) 1/13 (7.7) None examined 0/5
23F (CC460) None detected None examined 2/37 (5.4) 0/13 None examined 0/5
24BF (CC72) No type 24BF None examined 1/1 (100) None examined None examined 1/1 (100)
28F (ST546) No type 28F No type 28F No type 28F No 28F isolates No 28F isolates 100 (1)
31 (ST568) No type 31 1/1 (100) No type 31 2/2 (100) 1/1 (100) No type 31
33F (CC662) 7/7 (100) 1/1 (100) 10/11 (90.9) 7/8 (87.5) 18/18 (100) 1/1 (100)
33F (ST1012) 0/7 0/1 1/11 (9.1) 1/8 (12.5) 0/18 0/1
35B (CC377) 2/2 (100) 10/14 (71.4) 2/2 (100) 27/35 (77.1) 100 (1) 18/19 (94.7)
35B (ST452) 0/2 4/14 (28.6) 0/2 8/35 (22.9) 0/1 1/19 (5.3)
35F (ST498) No type 35F None examined 2/2 (100) 2/2 (100) None examined None examined
37 (ST447) No type 37 None examined No type 37 None examined No type 37 1/2 (50.0)
38 (ST393) 5/5 (100) None examined 7/7 (100) 1/1 (100) 15/15 (100) None examined

a Clonal complexes in boldface were found only among isolates from individuals �5 years of age. Up to 30% of the isolates within a given serotype had unique PFGE
profiles and were not subjected to MLST (represented by gaps in the columns in Fig. 2). Such isolates could possibly belong to any of the clonal sets included or could
represent additional clonal sets.

b Year 2002 isolates were primarily selected from non-PCV7 serotypes.
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year 2001 NPIs recovered in Minnesota were assigned to
ST1263, which is an SLV of STs 877 and 1299 described from
invasive serotype 6B and 9V strains from Korea and Brazil,
respectively (28).

(ix) Serotype 11A. The majority of the serotype 11A isolates
tested during all 3 years had closely related PFGE patterns and
were assigned to CC62 due to the occurrence of ST62 and its
SLV, ST630. ST62 has been described from invasive serotype
11A isolates recently recovered in Spain and Italy (28). Six
erythromycin-resistant isolates (five NPIs and one PI) were
found within CC62 during 2001 and 2002.

(x) Serotype 12F. Ninety-eight percent of the serotype 12F
isolates tested clustered within CC218 due to STs 218, 220, and
ST1176 (a DLV of ST218). Isolates not related to CC218
included two year 2002 PIs with the unique STs 989 and 1376.
We recently observed ST989 within serotype 12F carriage iso-
lates recovered in a village in Kenya (21). ST1376 is a DLV of
ST1292, which is found among PCV7 antibiotic-resistant sero-
type 6A NPIs described in this study; however, this serotype
12F isolate was not antibiotic resistant. All erythromycin-resis-
tant year 2001 serotype 12F isolates (three PIs and two NPIs)
were in CC218. Although no erythromycin-resistant year 2002
isolates were genotyped, 14 erythromycin-resistant serotype
12F isolates (13 NPIs and 1 PI) were detected in 2002.

(xi) Serotype 13. There were no serotype 13 PIs in our
surveillance. The two year 2001 NPIs were ST574, which, to-
gether with its DLV, ST392 (from a serotype 17F strain),
comprise CC392. A single tetracycline-resistant year 2002 NPI
had a unique, new ST, ST1260.

(xii) Serotype 15A. There were no serotype 15A PIs in our
surveillance. The 15 intermediately penicillin-resistant NPIs
(which were also resistant to combinations of clindamycin,
erythromycin, and tetracycline) tested from the years 2001 and
2002 were determined by PFGE and MLST to be identical or
highly related to ST63 from the PMEN clone Sweden15A-25
(27). The single levofloxacin-resistant isolate from 2001 and
2002 (a year 2002 NPI) was ST817, which is unrelated to ST63
and which was initially reported from a serogroup 15 conjunc-
tivitis isolate in Scotland (28).

(xiii) Serotypes 15B and 15C. The incidence of ABCs PIs
with serotypes 15B and 15C incrementally increased in 2001
and 2002 relative to the incidence in 1999 (Fig. 2, Table 2).
Serotypes 15B and 15C interconvert (32), which is consistent
with the observation that ST199 was the most common ST
found among U.S. invasive isolates of both serotypes during
this surveillance (Fig. 2; Table 4). Six of 7 erythromycin-resis-
tant isolates from 2001 and 2002 (three PIs and three NPIs)
were within CC199. Although ST199 and ST199-related STs
are also the most common STs found within serotype 19A,
serotype 19A isolates were commonly penicillin nonsuscep-
tible, while serotype 15B and 15C isolates were uniformly pen-
icillin sensitive. Four additional clonal sets (ST1262, ST1267,
ST1259, and CC156) were observed among six isolates col-
lected during 2002. CC156, which primarily accounts for mul-
tiresistant serotype 9V isolates, was shared by a single antibi-
otic-sensitive ST162 type 15B PI recovered in 2002. ST162 has
previously been associated with three PCV7 serotypes (28) and
also with serotype 24F isolates (25).

(xiv) Serotype 16F. Two clonal clusters accounted for the 12
serotype 16F isolates genotyped during 2001 and 2002. CC659

accounted for the majority of the isolates, including all three PIs
from the 3 years. The three year 2002 serotype 16F CC659 NPIs
were erythromycin resistant, accounting for all macrolide resis-
tance within this serotype in 2002. Three isolates were genotyped
as CC30, including a levofloxacin-resistant NPI from 1999 and the
single penicillin-nonsusceptible NPI from the year 2002 (26).

(xv) Serotype 17F. The single serotype 17F PIs from the
years 2001 and 2002 were STs 392 and 1253, respectively.
ST392 is a DLV of ST574 associated with serotype 13 isolates.

(xvi) Serotype 20. Five year 2001 serotype 20 isolates, includ-
ing the single PI and the single levofloxacin-resistant serotype 20
isolate in the 2001 and 2002 surveillance, were assigned to CC899
due to inclusion in a PFGE cluster represented by new ST1261.
ST1261 was an SLV of ST899 commonly found among serotype
4 isolates. Two antibiotic-sensitive NPIs were found to share
the unrelated ST1257. ST1257, with its DLV ST1375 from a
single penicillin-nonsusceptible year 2002 serotype 9N NPI,
form CC1257 (Fig. 1 and 2).

(xvii) Serotype 22F. Most of the serotype 22F isolates were
within CC433, including one of the two year 2002 erythromy-
cin-resistant isolates (both NPIs) and the single levofloxacin-
resistant 22F isolate (an NPI) recovered during 2001 and 2002
(26). A single year 2001 NPI with a divergent PFGE profile was
determined to be a novel DLV of ST156 typically found among
serotype 9V isolates and other PCV7 serotypes; however, since
this NPI could not be regrown to verify its serotype, the ST was
not submitted to the MLST database. A single year 2002 PI
was determined to have ST1294, which shares four or fewer
identical alleles with all known STs.

(xviii) Serotypes 24B and 24F. Despite serotype differences
(serotype 24F versus serotype 24B), both isolates typed were
highly related and comprised CC72. The single year 2001 sero-
type 24B PI was ST72; and the single year 2002 serotype 24F
NPI tested was ST1291, a new DLV of ST72.

(xix) Serotype 28F. A single tetracycline-resistant year 2002
serotype 28F NPI was ST546, previously described from a sero-
group 28 middle ear NPI recovered in 1994 in Finland (28).

(xx) Serotype 31. The four serotype 31 NPIs genotyped from
the 3 years shared highly similar PFGE profiles, and two of
these NPIs were directly determined to have ST568, previously
described from a serotype 31 cerebrospinal fluid isolate recov-
ered in Scotland (28). The 1999 and 2002 NPIs chosen for
analysis showed elevated fluoroquinolone MICs (ciprofloxacin
MICs, 4 to 8 �g/ml; levofloxacin MICs, 2 �g/ml).

(xxi) Serotype 33F. There were incremental increases in the
numbers of pneumococcal serotype 33F PIs causing invasive
disease in 2001 and 2002 compared to the numbers in 1999
(Table 2; Fig. 2). Erythromycin-resistant serotype 33F PIs in-
creased with time, accounting for one year 1999 PI (14%), six
year 2001 PIs (37.5%; four were genotyped), and eight year
2002 PIs (42%). All but two of these isolates (96%) tested from
the 3 years, including all erythromycin-resistant isolates, were
CC662, which is comprised of STs previously associated with
type 33F invasive isolates. Two antibiotic-sensitive year 2001
isolates (one PI and one NPI) were found to be ST1012, pre-
viously reported from a year 1998 serotype 11A cerebrospinal
fluid isolate recovered in Poland (28).

(xxii) Serotype 35B. Two unrelated clonal sets comprise
serotype 35B in the United States, one of which is penicillin
nonsusceptible (CC377, which includes PMEN clone Utah35B-
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24) and is often resistant to additional classes of antibiotics (2).
The true ratios of these clones during the 3 years are most
accurately depicted by the frequency of penicillin nonsuscep-
tibility. All six PIs recovered within the 3 years were penicillin
resistant and on the basis of MLST and PFGE are within
CC377 (Fig. 2; Table 4). Fifty-six of 74 (76%) year 2001 and
2002 isolates were penicillin nonsusceptible, and all 4 PIs were
penicillin resistant. The two levofloxacin-resistant isolates from
ABCs (1999 and 2001) were also penicillin nonsusceptible and
within CC377 (26).

(xxiii) Serotype 35F. One of the four year 2001 serotype 35F
isolates was ST498 and had a PFGE profile highly similar to
those of the other three isolates tested, which included two PIs.
ST498 was previously associated with a serogroup 35 carriage
isolate recovered in Finland in 1994 (28).

(xxiv) Serotype 38. The numbers of invasive cases due to
serotype 38 PIs incrementally increased in 2001 and 2002 rel-
ative to the numbers of cases in 1999 (Fig. 2; Table 2). All
isolates examined from the 3 years (27 PIs and 1 NPI) were
highly related on the basis of combined PFGE and MLST
analysis. Four independent isolates were sequence typed as
ST393. ST393 was previously associated with a type 38 carriage
strain recovered during 1998 in the United Kingdom (28).

Pre- and postvaccination genetic structures of PCV7R sero-
types. (i) Serotype 6A. Serotype 6A displayed a total of 12
different clonal sets among the isolates examined from all 3
years, 4 of which (CC1296, CC460, CC473, and ST395) were
evident among multiple isolates in the present study as well as
among multiple isolates in 1999. Eight of the 12 clonal sets
exhibited high levels of penicillin nonsusceptibility and resis-
tance to other antibiotics. As in 1999, CC1296 (including
ST376 of the PMEN clone North Carolina6A-23 [14, 27]) was
common in 2001 and 2002.

The six distinct clonal sets CC490, CC138, ST690, ST1091,
ST1175, and CC1292 accounted for 17 serotype 6A isolates
from 2001 and 2002 and were not found among year 1999
isolates. Nine CC1292 NPIs (six penicillin-nonsusceptible iso-
lates, including five isolates resistant to multiple antibiotics)
that shared a high level of PFGE profile similarity, were re-
covered in 2001 and 2002 from four states. Two of these nine
CC1292 NPIs were directly sequence typed as the newly dis-
covered ST1292. ST1175, represented by a single isolate, was
characterized by three new alleles and differed from its closest
match at mlst.net by four loci. STs 138, 490, and 1091 have
previously been seen among serotype 6A isolates from the
United Kingdom, Finland, and Zambia, respectively (28) (note
that ST138 is most commonly seen among serotype 6B iso-
lates). ST690 has been associated with a serogroup 6 strain
causing otitis media in the United States (28).

(ii) Serotype 9A. As reported for the year 1999 surveillance
(12), numerous (n � 29) year 2001 isolates were mistakenly
originally serotyped as 9A when they were actually serotype
9V, were resistant to multiple antibiotics, and were members of
CC156. Only 3 of 32 multiresistant year 2001 NPIs initially
tested as serotype 9A were still found to be serotype 9A after
they were retested. These three serotype 9A isolates were also
designated CC156, since one was directly typed as ST156 and
all three had PFGE profiles nearly indistinguishable from
those of multiple independent ST156 serotype 9V isolates. Of
nine year 2002 NPIs (all penicillin nonsusceptible) initially

tested as serotype 9A, six were subsequently found to be sero-
type 9V (and CC156), two were serotype 6A (one was CC473
and one was CC1292), and one was serotype 19A (CC199).

(iii) Serotype 9N. Serotype 9N was comprised primarily of
antibiotic-sensitive CC66 isolates during 1999 (12), and similar
results were obtained for the 2001 and 2002 surveillance (Fig.
2). Single erythromycin-nonsusceptible and penicillin-nonsus-
ceptible CC66 year 2001 NPIs were observed. The single levo-
floxacin-resistant serotype 9N isolate within ABCs was a year
2002 representative of CC156 (ST1206, a DLV of ST156 [26].
A single penicillin-nonsusceptible CC1257 (ST1375) NPI was
also observed among the five NPIs from 2002.

Four year 2002 isolates (three multiresistant NPIs and one
antibiotic-sensitive PI) were initially erroneously labeled as
serotype 9N and were found to be either serotype 9V (3 CC156
NPIs) or nonserotypeable.

(iv) Serotype 19A. Unlike other PCV7 and PCV7R sero-
types, there was an increase in the numbers of serotype 19A
PIs in 2001 and 2002 relative to the numbers in 1999 (Fig. 1,
Table 2). It is also evident that the numbers of serotype 19A
isolates recovered from both age groups have increased incre-
mentally each year in the period from 2001 to 2004 (23).
Although about 70% of the 206 isolates analyzed in each of the
3 years shared CC199, 10 additional genetic sets were detected,
9 of which were comprised primarily of penicillin-nonsuscep-
tible isolates with additional resistance determinants. Four of
these nine multiply resistant clonal sets were comprised of
isolates highly related to PMEN clones.

Multiresistant isolates highly related to PMEN clone
Colombia23F-26 (CC172) were apparent during all 3 years.
Isolates related to Spain23F-1 (CC81) were present in 1999
and 2002.

CC236, the clonal complex with Taiwan19F-14 (ST236) as
the predicted founder, was detected as a single multiply resis-
tant ST271 PI within the 2001 isolate set. CC236 accounted for
an additional ST (ST320) and five multiply resistant isolates
(three PIs and two NPIs) among the year 2002 isolate set.
Three of these isolates had very high levels of resistance to
beta-lactam antibiotics (MICs of 8 �g/ml for both penicillin
and amoxicillin). It will be interesting to determine whether
these multiresistant isolates carry both ermB and mefA deter-
minants, as do other strains closely related to Taiwan19F-14
that were recently characterized in a global study of commu-
nity-acquired respiratory tract infections (10).

CC1296, which contains ST376 from North Carolina6A-23,
was found only among the year 2002 isolates, accounted for
nine isolates (five NPIs and four PIs) that were resistant to
penicillin and cefotaxime and that were also resistant to eryth-
romycin and co-trimoxazole. ST376 and ST1339 (a DLV of
ST376) represented this nine-isolate cluster.

(v) Serotype 23A. Both serotype 23A PIs recovered from
1999 were penicillin nonsusceptible and were found to be
ST338 (CC172), which is the genotype of PMEN clone
Colombia23F-26. Of eight penicillin-intermediate year 2002
type 23A NPIs, we genotyped five and found that each
isolate shared ST338 and/or highly similar PFGE profiles
with Colombia23F-26. We suspect that the six penicillin-non-
susceptible NPIs among the 27 serotype 23A NPIs obtained
during 2001 were also highly related to Colombia23F-26, but
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these isolates were not genotyped. We have subsequently en-
countered CC172 from PIs and NPIs recovered in 2003 (24).

The four penicillin-susceptible year 2001 isolates genotyped
yielded three different genotypes, including the new ST1336 (a
DLV of three other STs from serotype 23A isolates), ST1338
(a DLV of five other STs from serotype 23F isolates), and
ST42. Three CC37 isolates (including two that were ST42,
which is a DLV of ST37 [Tennessee23F-4] and which is asso-
ciated with serotype 23A) were found in 2001 and 2002. Two of
these three CC37 isolates were antibiotic resistant (one was
resistant to clindamycin, erythromycin, co-trimoxazole, and
tetracycline, while the other was resistant to levofloxacin). The
levofloxacin-resistant isolate was ST629 and was originally
found from an antibiotic-sensitive serotype 23F pediatric inva-
sive isolate (11).

Genetic structures of PCV7 serotypes. We targeted all avail-
able PIs from the 1999 ABCs (12) and the 2001 ABCs. Addi-
tionally, we added some NPIs for some serotypes, often tar-
geting antibiotic-resistant isolates. Although PCV7 serotypes
were not initially targeted from the 2002 data set, a small
number of PCV7 serotype isolates that were originally mistak-
enly identified as non-PCV7 serotypes were included from the
2002 ABCs. Fluoroquinolone-resistant isolates were included
from the 2002 ABCs.

(i) Serotype 4. As in 1999, CC899 was the major genetic
cluster, accounting for 68% of serotype 4 isolates in 2001 (Fig.
2; Table 2). It also included all four levofloxacin-resistant
CC899 isolates (all NPIs) from the 2001 and 2002 ABCs (two
of these were genotyped previously [26]). ST205 accounted for
17 (24.6%) of the year 2001 serotype 4 isolates and 11.3% of
the year 1999 serotype 4 isolates that were genotyped (Fig. 2).

(ii) Serotype 6B. The four most frequently occurring clonal
sets were the same between the 1999 and 2001 isolate sets
(CC138, CC146, ST90 [Spain6B-2], and CC384 [Maryland6B-
17]), and three of these represented primarily multiresistant
isolates (CC146, ST90, and CC384). Maryland6B-17 was the
most recently characterized of these multiresistant clones and
was originally discovered among invasive isolates recovered in
the United States in 1997 (14). The five year 2001 and 2002
serotype 6B levofloxacin-resistant isolates were represented by
ST138 (one NPI), CC146 (two NPIs) (26), ST690 (one NPI)
(26), and ST90 (one NPI).

The remaining clonal set from year 2001 to 2002, CC490,
was comprised of penicillin-nonsusceptible isolates with nearly
identical PFGE profiles associated with the DLVs ST1177 and
ST1209.

(iii) Serotype 9V. Serotype 9V, unlike other PCV7 serotypes
comprised of a large percentage of penicillin-nonsusceptible
isolates, appeared to have a relatively simple genetic structure
during all 3 years. Although two different clonal sets are shown
for the years 1999 and 2001 because each had a distinct clonal
group and founder ST defined by eBURST analysis of the
study STs (Fig. 1), these STs all lie within the same complex
when the stringency is relaxed to include each ST that shares
five identical alleles with at least one other member ST. All STs
of CC156 and CC1269 share at least four identical alleles with
ST156. Additionally, all of the component STs of these two
genetic sets are within the same large eBURST group (73 STs,
with founder ST156) when eBURST is performed with all
known STs.

The nine CC156 isolates shown for year 2002 were all mul-
tiply resistant and were originally erroneously typed as either
serotype 9A (six NPIs) or serotype 9N (two PIs and one NPI).

(iv) Serotype 14. Little difference between the genetic struc-
ture of the year 1999 PIs (208 isolates; 63.5% of the total
serotype 14 PIs) and that in the 2001 data set (125 isolates,
including 94.8% of total serotype 14 PIs) was seen. During
both years, CC13 and CC124 accounted for the majority of
the penicillin-nonsusceptible and the penicillin-susceptible
isolates, respectively, and together accounted for more than
80% of the serotype 14 isolates. Although ST9 is predicted to
be a more likely founder of this clonal complex when eBURST
is extended to all known STs, ST13 was the most commonly
encountered ST within CC13 and was the predicted founder by
the use of only STs from this study (Fig. 1).

While most isolates grouped within CC13 and CG124 during
1999 and 2001, the rest of the serotype 14 isolates were com-
prised of penicillin-nonsusceptible isolates from eight minor
clonal sets. Three of these clonal sets were found only among
the year 2001 isolates, including CC63, CC156, and ST554. It is
interesting that two of these clonal sets represent clonal groups
that include PMEN clones of different serotypes, including
Sweden15A-25 and Spain9V-3.

The five levofloxacin-resistant type 14 isolates in the 2001
and 2002 ABCs included four CC13 NPIs (26) and a single
CC156 NPI. These included the only year 2002 isolates char-
acterized (three CC13 NPIs).

(v) Serotype 18C(BF). Ten isolates of serotype 18B or 18F
are also included among the three data sets since all were
found to be of CC113 or ST496, which are both commonly
found within serotype 18C. These data suggest the possibility
that serotypes 18C, 18B, and 18F interconvert.

The clonal distributions were similar within the 1999 and
2001 data sets. The five levofloxacin-resistant serogroup 18
ABCs isolates from 2001 and 2002 represented both CC113
(26) and ST496. Among the 2002 isolates was a PI that was
resistant to clindamycin, erythromycin, co-trimoxazole, and
tetracycline. This PI had a PFGE profile highly similar to that
of the previously typed ST666 isolate from the year 1999 iso-
late set. The two other year 2002 PIs examined were serotype
18F and were within the major CC, CC113.

(vi) Serotype 19F. Serotype 19F exhibited 14 distinct clonal
sets (more than any other serotype), 7 of which were associated
with penicillin-resistant isolates (Fig. 2). Clonal sets represent-
ing four PMEN clones were detected within the 1999 and the
2001 isolate sets, with CC236 (Taiwan19F-14) accounting for
20.9% of the PIs during 1999 and 21.3% of the PIs during 2001.
CC236 consisted entirely of multiresistant isolates. Nine mul-
tiresistant year 2002 isolates (one PI and eight NPIs) contain-
ing both mef and erm macrolide resistance determinants were
found to be within CC236 (Taiwan19F-14) (L. McGee, unpub-
lished data), which is consistent with a recent report concerning
this clonal complex (10). The proportion of CC81 (Spain23F-1)
PIs, all of which were multiresistant, decreased from 11.8% in
1999 to 6.4% in 2001 (and CC81 was additionally found among
the NPIs tested in 2001). CC177 (Portugal19F-21) was also de-
tected among PIs during both years. A single ST423 isolate (a
DLV of England14-9) was present only among the 1999 PIs. Two
of the four year 2001 levofloxacin-resistant isolates (all NPIs)
were CC81 and were directly typed as ST81 and its SLV, ST83
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(26). There were no year 2002 levofloxacin-resistant serotype 19F
isolates.

CC251 was the most common clonal complex in both 1999
(20% of the PIs) and 2001 (40.4% of the PIs and 18.2% of the
NPIs examined). Other penicillin-susceptible clonal complexes
represented during both 1999 and 2001 included CC177,
CC425, and ST43.

Two additional year 2002 isolates originally mistakenly as-
signed to non-PCV7 serotypes were found to have the new
unique ST (ST1340) and ST1203, which is associated with
serotype 19F isolates causing multiple otitis media cases in
Costa Rica from 2000 to 2003 (28).

(vii) Serotype 23F. Serotype 23F was primarily represented
by PMEN clones. Three multiresistant clonal complexes, CC37
(Tennessee23F-4), CC81 (Spain23F-1), and ST242 (Taiwan23F-
15), were major constituents of serotype 23F in 1999 as well as
in 2001. CC37 constituted 70 to 72% of PIs in 1999 and 2001,
as well as 46% of the year 2001 NPIs genotyped. CC81 com-
prised 13.5 to 17.2% of the PIs from 1999 to 2001 (and four
year 2001 NPIs). Three CC81 multiresistant NPIs, including
one with ST713 (a DLV of ST81), were the sole levofloxacin-
resistant serotype 23F isolates within the 2001 and 2002 ABCs
(genotyping data for two of these isolates were shown previ-
ously [26]).

ST242 accounted for 6.1 to 6.3% of the isolates tested during
1999 and 2001. A double-locus variant of ST268 (Hungary19A-
6), ST1212, was discovered in two multiresistant isolates (one
PI and one NPI). Two penicillin-susceptible ST460 isolates
were also detected among the year 2001 PIs.

Four year 2002 multiresistant NPIs were tested due to erro-
neous original serotyping results indicating novel associations
of high-level beta-lactam resistance (penicillin MICs, 8 �g/ml
or greater) with serotypes 23A and 23B. All four isolates were
found to be serotype 23F; three of these were within CC81, and
one was in ST242.

DISCUSSION

The introduction of PCV7 has resulted in a dramatic reduc-
tion in invasive pneumococcal infections caused by the sero-
types targeted by the vaccine (33). However, the long-term
effectiveness of the vaccine is not clearly known, in part due to
the unknown extent that replacement disease—an increase in
the incidence of non-PCV7 serotype disease—will become a
factor. It is possible that PCV7 could have profound effects
upon the prevalence and strain composition of individual se-
rotypes that it does not target. The marked increase in the
incidence of invasive disease due to serogroups not included in
PCV7 (and serotype 19A) in 2002 relative to that in 1999 (P �
0.001) provides ample rationale for continued monitoring of
individual serotypes within this set (Table 1). It follows that
certain individual non-PCV7 serotypes (serotypes 3, 7F,
15B/C, 19A, 22F, 33F, and 38) individually accounted for sig-
nificantly higher proportions of invasive cases among children
�5 years of age in 2002 relative to the proportions in 2001
(Table 2). These data are consistent with those from a recent
report of the increase in the number of invasive pediatric cases
due to serogroups 15 and 33 in the post-PCV7 era (16). The
cumulative data indicate a need for continued monitoring of
invasive pneumococci to detect changes in serotype-genotype

associations and to determine the effects of the vaccine on the
pneumococcal population genetic structure. The focus of this
work has therefore been to provide continuing serotype-spe-
cific data on invasive strains and to compare those data to our
pre-PCV7 data (12).

Sharing of the same ST among two or more serotypes is
presumably indicative of past horizontal transfer events of cap-
sular type-specific loci. Our data suggest that such capsular
switching is a rare event since during the 3 years of this mo-
lecular surveillance study and the analysis of over 2,100 isolates
we have detected only 11 STs associated with multiple sero-
types. This is consistent with the findings of a recent study
which found no evidence of capsular switching among 333
carriage isolates recovered from 100 children, including all
isolates of different serotypes recovered from the same child
(20). It could be argued that we did not identify more putative
instances of capsular switching because only 285 of these iso-
lates were actually submitted to MLST (data not shown). We
contend that our strategy of strategic MLST of representative
related clusters within serotypes and of isolates involved in all
unusual PFGE associations between isolates of divergent se-
rotypes actually allows the targeting of more unusual multilo-
cus sequence type associations than a strategy that uniformly
targets a more limited number of isolates for MLST. In only 1
of the 11 instances of a shared ST between isolates of different
serotypes (STs 62923F,23A, 8123F,19F, 1386A,6B, 1569A,9V,
19919A,15BC,19F, 27119F,19A, 4606A,23F, 6446B,19F, 3766A,19A,
906B,6A, 696A,6B) was the ST (ST199) associated with both
PCV7-PCV7R and PCV7NR serotypes. However, it is note-
worthy that ST199 accounted for the majority of serotype
15B/C and 19A isolates during 1999, even before the introduc-
tion of PCV7 (12). The remaining 10 STs were shared only
between isolates of PCV7 or PCV7R serotypes. Our data and
the global data reveal relatively few instances in which identical
or highly related STs are associated with both PCV7-PCV7R
and PCV7NR serotypes. These findings are in marked contrast
to those presented in a recent report (15) describing 11 in-
stances of STs shared among multiple serotypes from a sample
set of only 252 isolates, in which four STs were shared among
PCV7-PCV7R and PCV7NR serotypes and in which three STs
accounted for three to four different serotypes that included
PCV7-PCV7R serotypes together with PCV7NR serotypes. In
general, the data from our study indicate an extensive history
of capsular switching between penicillin-nonsusceptible strains
restricted to the PCV7 and the PCV7R serotypes but few
deduced instances of genetic exchange involving strain pairs
that represent both a PCV7-PCV7R serotype and a PCV7NR
serotype. CC13, CC37, CC81, CC156, CC172, CC199, CC236,
CC268, CC1269, and CC1296 are examples of clonal com-
plexes documented here and elsewhere that are primarily as-
sociated with antibiotic-resistant strains and multiple PCV7
and PCV7R serotypes.

Of interest was the single example in which a single
PCV7NR serotype (serotype 15B) PI had an ST (ST162 within
CC156) that was previously reported primarily among strains
with PCV7 serotypes (28). Within CC156, we found an ST162
serotype 15B isolate recovered from the blood of an infant.
ST162 is primarily associated with penicillin-sensitive and
intermediately penicillin-resistant strains with PCV7 sero-
types 19F, 9V, and 14 (28). The recent observation of mul-

1014 BEALL ET AL. J. CLIN. MICROBIOL.



tiply resistant serotype 11A isolate derivatives of the pre-
dicted founder strain Spain9V-3 (ST156) within CC156 also
supports the need for the continued monitoring of the clonal
composition of serogroup 15 (29). Although such occur-
rences appear to be rare at present, the constant usage of
PCV7 may aid the expansion of such serotype switch vari-
ants with implications for the long-term effectiveness of the
current vaccine.

The clonal structures of most serotypes characterized ap-
peared to be stable by comparison to the prevaccine clonal
structure data. Only 9 of the 83 clonal sets included both
PCV7-PCV7R and PCV7NR serotypes, with only 3 of these
clonal sets (CC156, CC1292, and CC899) in the post-PCV7 era
showing new associations not previously seen in the pre-PCV7
period. Furthermore, three clonal sets which consisted primar-
ily of PCV7NR serotypes prior to the introduction of PCV7
showed an association with PCV7-PCV7R serotypes only after
PCV7 introduction (CC62 and CC63) or single isolates prior to
PCV7 introduction (CC662). The other examples of such as-
sociations with both PCV7-PCV7R and PCV7NR serotypes
include CC199, CC460, CC1257, and CC199. It is likely that
CC460 was common within both serotype 6A and serotype 10A
isolates before and after PCV7 introduction (Fig. 2). CC1257
was seen among two serotype 20 isolates (ST1257) in 2001 and
in a single serotype 9N isolate (ST1375) in 2002. Since multiple
SLVs and DLVs of these STs are documented at mlst.net in
association only with serotype 20 isolates, it is likely that
CC1257 originated within serotype 20.

Of the nine clonal sets inclusive of both PCV7-PCV7R
and PCV7NR serotypes, CC199 is currently the most im-
portant. Before and after the introduction of PCV7, CC199
accounted for the majority of both serotype19A and 15B/C
isolates (Fig. 2). Recent ABCs data indicate that the rate of
invasive pneumococcal disease associated with serotype 19A
is on the increase (23). Also, other reports have indicated
that serogroup 15 is an important component of serotype
replacement occurring in vaccinated children (13). Sero-
group 15 and serotype 19A showed the most pronounced
increases in incidence among invasive pediatric isolates in
2002 relative to the incidence in 1999 (Table 2); and these
increases were associated with a corresponding increase in
the incidence of CC199, which constituted 70 to 92% of both
the serogroup 15 and the serotype 19A isolate sets in 2001
and 2002 (Fig. 2). This trend has continued among the more
recent year 2004 isolates analyzed (23).

Since ST199 was the most common ST from both serotype
15B/C and serotype 19A isolates recovered from 1999 to 2002,
presumably serotype 15B/C and 19A CC199 strains have a
recent common ancestry. In contrast to serotype 15B/C iso-
lates, which are penicillin susceptible, the majority of serotype
19A isolates are penicillin nonsusceptible, indicating that the
serotype 19A derivative of ST199 might have originated fol-
lowing the transformation of a type 15B/C ST199 strain with
serotype 19A-specific cps locus genes. It appears that PCV7
does not protect against the PCV7-related serotype 19A, which
is consistent with the findings in a recent report in which a
nine-valent conjugate vaccine protected against carriage by
vaccine types and vaccine-related serotype 6A, with a concom-
itant increase in the rate of carriage of nonvaccine types (6).
Significantly, this vaccine offered reduced protection against

vaccine serotype 19F and did not reduce the rate of carriage of
serotype 19A strains (6). These findings are also consistent
with the results found for serotypes 19A and 19F in a clinical
trial assessing the efficacy of PCV7 against acute otitis media
(9). PCV7 may have created an improved niche within the
pediatric population for the proliferation of strains with spe-
cific nontargeted serotypes.

The cumulative data from this genotypic surveillance in-
dicate that clonal associations remained relatively stable
overall from 1999 to 2002, with PCV7 potentially having a
modest, yet important, impact on the clonal composition
within individual serotypes during 2001 and 2002. For ex-
ample, although serotype 19A showed a constant proportion
of CC199 isolates during the 3 years of surveillance, we have
noted an increase in the rate of antibiotic resistance in 2003
and 2004 among isolates within this serotype (23), due in
part to the continuing presence and increased incidence of
clonal complexes, such as CC236, CC1296, and CC81, that
first appeared in our serotype 19A surveillance isolates dur-
ing 2001 and 2002 (Fig. 2; Table 4).

Among the PCV7NR serotypes, two additional clonal types
have accounted for a larger proportion of pneumococcal iso-
lates from invasive pediatric disease cases within the ABCs
following PCV7 implementation. CC62 (which a showed a
more than twofold increase in both years, with 14 to 20 sero-
type 33F isolates, respectively), and ST393 (which a showed a
more than threefold increases incidence in 2002 relative to that
in 1999, with 17 serotype 38 isolates) were observed to be the
predominant clonal complexes within their respective sero-
types even before PCV7 implementation (Fig. 2; Table 4).
These data correspond to the overall increase in the incidence
of disease caused by serotypes 33F and 38 in 2002 relative to
the incidence in 1999 (Table 3). Extended surveillance will
monitor the potential for these two clones to become common
invasive pathogens in children.

Although the genetic structure of most serotypes remained
relatively stable, the composition among some serotypes (e.g.,
serotypes 6A, 15B/C, and 19A) appeared to be altered to some
degree through the occurrence of additional clonal sets when
pre- and postvaccination data were compared (Fig. 2). Al-
though clonal sets were assigned for only 72 to 77% of the
serotype 6A and 19A isolates from 1999 (Fig. 2), we were
unable to find matches between unassigned PFGE profiles
from year 1999 isolates with PFGE profiles from the 2001 and
2002 data set. Therefore, it is unlikely that new clonal groups
within these serotypes that were identified during 2001 and
2002 accounted for a major portion of unassigned year 1999
isolates. ST1292, one of the clonal sets not found within the
1999 serotype 6A isolates, shared only four allelic identities
with its closest match at mlst.net at the time of its discovery
within the 2001 isolate set. This ST is an SLV of ST1379
subsequently reported from a serotype 6A blood isolate recov-
ered in Sweden in 2000 (28). It is interesting that within this
nine-isolate CC1292 set, a full range of penicillin resistance
phenotypes is evident (sensitive, intermediately resistant, and
fully resistant), indicating that this strain might be rapidly ac-
quiring resistance.

Although this study has documented the maintenance of
established serotype-clonal group associations and has docu-
mented new associations in the post-PCV7 era, it has limita-
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tions. The findings here are limited to strains obtained immedi-
ately after the introduction of PCV7. Pneumococcal populations
evolve gradually, warranting long-term surveillance. Also, the
study does not account for all pneumococcal isolates collected in
the ABCs database, although the majority of the pediatric isolates
from each year are accounted for (this is true even for 2002,
where PCV7 serotypes were largely omitted). Nonetheless, the
data do serve as a continuing reference point for future molecular
studies that can be used to assess the impact of the vaccine upon
the spectrum of invasive isolates collected from children in the
United States. Additionally, targeted analysis of specific isolates
from older individuals allows assessment of the clonal types as-
sociated with important antibiotic resistance.

Genotyping of surveillance isolates led to a fairly extensive
list of corrections of the phenotypic data, primarily due to the
retesting of isolates with unusual serotype or resistance asso-
ciations with STs. A modest degree of serotyping error has been
found within other reference laboratories (17), emphasizing that
additional levels of quality control are desirable. We are currently
targeting all isolates with serotypes associated with unusual anti-
biotic resistances or genotypes for the detection of potential phe-
notyping errors. The pneumococcal MLST database has proved
very valuable for screening of serotype associations in this regard.

Recent studies have indicated that it is possible that pneu-
mococcal serotypes, rather than specific clonal features, are
the primary predictors of pneumococcal virulence (3, 5). These
studies have relied upon the relative number of isolates of
specific clones and serotypes isolated from invasive infections
relative to their occurrence during carriage. A contrasting re-
port of a study that used a similar strategy indicated that
specific clonal features other than the serotype could be im-
portant predictors of virulence (30). It is possible that this
general approach is misleading, since in many geographic lo-
cations a specific serotype might be limited to very little clonal
variation. It is also possible that insufficient numbers of isolates
within specific clonal types were recovered from either invasive
infections or carriers, making comparisons difficult. Other po-
tentially confounding aspects include the potential to not
detect cocolonizing carriage strains and not detect carriage
strains present in the upper respiratory tract in small num-
bers. One recent report (22) of a study that used a mouse
model clearly showed profound differences in the invasiveness
of two strains of various backgrounds that shared the same
serotype and showed the similar invasiveness of two different
serotypes that shared an otherwise identical genotype. It is
hoped that further investigations will shed light on this issue.
Continued meaningful integration of genetic identifiers, phe-
notypic data, disease manifestations, and demographic infor-
mation will help to provide a better understanding of the
epidemiology of this important pathogen.
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