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a b s t r a c t
Background: Multi-locus sequence typing (MLST) of pneumococcal isolates collected during an efﬁcacy
trial of the 7-valent pneumococcal conjugate vaccine (PCV7) among Navajo and White Mountain Apache
children from 1998 to 2000 showed a non-differential expansion of pre-existing sequence types (STs)
and only one capsule-switching event in the PCV7-randomized communities. PCV7 was introduced as a
routine infant vaccine in October 2000. We assessed variability in PCV7 effectiveness and mechanisms
of ST replacement after prolonged routine PCV7 use.
Methods: We applied MLST to 267 non-vaccine type pneumococcal carriage and invasive disease isolates
from Navajo and White Mountain Apache children from 2006 to 2008, and compared them to those from
1998 to 2000. Microarray was used to conﬁrm capsule switching events.
Results: The primary mechanism of ST replacement among Navajo and White Mountain Apache children
was expansion of existing STs, although introduction of new STs was an important secondary mechanism.
ST199, a majority being serotype 19A, was the most common ST in both eras. Only ST193 (serotype 21)
was preferentially expanding in the PCV7 era. Three examples of capsule switching were identiﬁed. No
variability in vaccine effectiveness by ST was observed.
Conclusion: We did not observe an inﬂuence of ST on PCV7 serotype-speciﬁc effectiveness, although some
STs may be favored in replacement.
© 2011 Elsevier Ltd. All rights reserved.

1. Background
Prevention of serious infections among children from Streptococcus pneumoniae (pneumococcus) is a major global health
objective. The 7-valent pneumococcal polysaccharide conjugate
vaccine, PCV7 (Prev(e)nar® ; Pﬁzer, NY), contains capsular polysaccharide antigen of seven pneumococcal serotypes (4, 6B, 9V, 14,
18C, 19F, and 23F). Routine use of PCV7 among infants in the United
States (US) has made a signiﬁcant impact on vaccine serotype (VT)
invasive pneumococcal disease (IPD) and nasopharyngeal (NP) carriage among age groups targeted for vaccination as well as other
age groups. However, studies have documented variability of PCV7
efﬁcacy by serotype [1–3] and have documented increased rates of
IPD and NP carriage with non-vaccine serotypes (NVT) following
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routine PCV7 use, a phenomenon termed “serotype replacement”
[2,4–7].
In addition to capsular serotype, variability of pneumococcal
genes at sites outside the capsule polysaccharide biosynthesis
locus may play a role in observed PCV7 effectiveness against and
replacement with speciﬁc serotypes. A common method used to
classify the genetic background of bacteria is multi-locus sequence
typing (MLST) [8,9]. MLST has been used to understand mechanisms behind PCV7 effectiveness and replacement observed in
carriage and IPD [10–13]. While PCV7 targets serotypes, speciﬁc
sequence types (STs) of NVTs have been identiﬁed as responsible
for the majority of replacement in disease and carriage, particularly ST199 with serotype 19A. Serotype 19A is a vaccine-associated
NVT, deﬁned as a serotype within the same serogroup as a vaccine
serotype.
Given the expanding use of PCV products globally, it is relevant that we understand the mechanisms behind replacement
and improve our understanding of pneumococcal adaptations to
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vaccine pressure. This is particularly important for developing
country settings where IPD burden is high, and where optimizing PCV impact strongly inﬂuences policy decisions for vaccine use
because of limited ﬁnancial resources. Because Navajo and White
Mountain Apache populations, located in the southwest of the
United States, have some of the highest reported rates of IPD and
carriage in the world [14,15] epidemiologic effects of PCV have relevance beyond these communities, particularly for countries with
similarly high pneumococcal disease burden.
Since routine PCV7 introduction among Navajo and White
Mountain Apache in late 2000, NVT strains have fully replaced
VT colonizing strains prevalent before introduction of PCV [16].
Although rare, VTs are still occasionally identiﬁed in carriage and
IPD in these communities in the PCV7 era with a majority being
serotype 19F [16,17]. Prior to routine use, during the PCV7 efﬁcacy trial conducted among Navajo and White Mountain Apache
children from 1997 to 2000, early sequence type replacement in
carriage and IPD was primarily the result of an expansion of preexisting NVT STs that already circulated in the community before
introduction of PCV7 [13]. No statistically signiﬁcant variability in
vaccine effectiveness against STs and no preferential expansion
of a particular ST were identiﬁed. Only one episode of capsule
switching from a vaccine serotype to a non-vaccine serotype was
observed. However vaccine effectiveness by ST and ST replacement after long-term routine use of PCV7 has not been evaluated
among the Navajo and White Mountain Apache, populations with
some of the longest PCV use anywhere in the world. The adaptive
abilities of the pneumococcus through recombination and horizontal gene transfer enhance its ability to adapt to vaccine pressure.
These adaptations could take years to occur, both because evolutionary response to selective pressure may require multiple rounds
of transmission, and because selective pressure is likely increasing
over time as effective vaccine coverage increases [18].
This study assessed the mechanism of pneumococcal ST replacement, changes in circulating ST diversity, and possible ST variability
in PCV7 effectiveness by comparing ST compositions of isolates
from periods before and after prolonged PCV7 use among Navajo
and White Mountain Apache people. Based on experience from
the community-randomized PCV7 trial [13], we hypothesized that
PCV7 effectiveness would be serotype and not ST speciﬁc and that
replacement will primarily be an expansion of pre-existing STs with
some outgrowth of particular STs. Understanding the implications
of vaccine effectiveness and replacement over the longer term will
help predict the continuing effectiveness of PCVs of greater valency
now in use, as well as anticipate the impact of PCVs on pneumococcal disease globally.
2. Methods
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observational cohort study conducted from March 2006 to March
2008 among Navajo and White Mountain Apache families. Each
family was visited monthly by a trained ﬁeld-worker over a sixmonth period (seven visits total). NP swabs were collected at each
visit. A representative sample of carriage serotypes from children
<5 years of age were chosen for this analysis. We used the 861
ﬁrst acquisition isolates (as opposed to all carriage isolates) as the
sampling frame to avoid testing multiple isolates from the same
carriage episode. From these we selected 250 isolates as follows:
we calculated each serotype’s proportion among the 861 total, and
within each serotype randomly selected isolates to represent the
same proportion in a total of 250 carriage isolates. IPD isolates were
from active surveillance of clinical microbiology laboratories serving these communities during the same time period [17]. Children
<5 years of age who resided in the carriage cohort study communities, and who had an incident episode of IPD identiﬁed through the
active surveillance system between 2006 and 2008, were chosen
for this analysis.
We compared the 2006–2008 MLST data to the previously published 1998–2000 MLST data from the same population [13]. The
1998–2000 data used in the present analysis were from the control
vaccine communities of the PCV7 trial to best mirror the pre-PCV7
environment. Carriage and otitis media (OM) isolates were from
children <2 years of age enrolled in the PCV7 efﬁcacy trial [19,20]
and IPD isolates of children <2 years of age were identiﬁed through
active surveillance of IPD during this time period [17]. The randomized efﬁcacy trial ‘communities’ were deﬁned by taking into
consideration characteristics that would predict the least amount
of intercommunity contact as previously described [21].

2.3. Pneumococcal isolation
NP specimens were obtained and pneumococcus isolated using
methods described elsewhere [16].

2.4. Multilocus sequence typing
Sequence types of pneumococcal isolates were determined by
MLST [9] and DNA samples for MLST were prepared as described
elsewhere [22]. PCR products were sequenced using a Prism 3730xI
Genetic Analyzer (Applied Biosystems). The raw sequences were
analyzed using Molecular Evolutionary Genetics Analysis 4 software (www.megasoftware.net) and alleles/STs assigned using the
MLST database (http://spneumoniae.mlst.net). The eBURST algorithm (version 3, http://eburst.mlst.net) was used to group STs into
“clonal complexes” (CCs) composed of closely related STs [23]. To
determine whether the ST was previously associated with a particular serotype(s), we searched the MLST database [24].

2.1. Study population
The study was conducted among Navajo and White Mountain
Apache families living on or near the reservations located in Arizona and New Mexico. PCV7 was ﬁrst introduced among those <2
years of age in 1997 as part of a community randomized efﬁcacy
trial, then used as part of the routine immunization schedule since
October 2000 with catch-up immunizations for those <5 years of
age. Greater than 90% coverage with 3-doses of PCV7 by 19–35
months of age was achieved and sustained by 2003 [17].
2.2. Study design
This study assessed the ST composition of pneumococcal
isolates from children <5 years of age in the routine PCV7
era. NP carriage samples were from a prospective, longitudinal,

2.5. Molecular serotyping
A microarray designed for molecular serotyping of the pneumococcus was used to verify the Quellung serotype of isolates
we suspected of capsule switching, based on MLST results, from
vaccine serotype to non-vaccine serotype. The microarray was
designed by the Bacterial Microarray Group at St. George’s, University of London (BG@S; http://bugs.sgul.ac.uk/), and manufactured
on the Agilent SurePrint 8 × 15K platform (Agilent Technologies)
[25]. The microarray included reporters to represent all genes
involved in capsule polysaccharide biosynthesis of the 91 serotypes
known to date [26,27]. DNA samples for microarray were isolated
using Qiagen DNeasy Mini Spin Column kits per manufacturer’s
instructions. Agilent’s comparative genomic hybridization protocol was used to label the DNA and hybridize the labeled sample
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to the microarray slide. The microarray data were visualized using
GeneSpring software (Agilent Technologies).
2.6. Analysis
Each NVT pneumococcal sequence type was classiﬁed as
occurring in the pre-PCV7 era (1998–2000), routine PCV7 era
(2006–2008), or both. We limited the analysis to NVTs as VTs have
been nearly eliminated from the population in the routine PCV7 era
[16,17]. The proportion of isolates with an ST unique to the routine
PCV7 era was calculated to determine whether the mechanism of
replacement was primarily due to an expansion of pre-existing STs
or an introduction of new STs. To assess whether the frequency of a
NVT sequence type had increased relative to all other NVT STs in the
routine PCV7 era, a contingency table was constructed for each NVT.
For example, the two rows in the ST199 table were the frequency
of ST199 and the frequency of all other NVT STs. The columns were
pre-PCV7 and routine-PCV7 eras. To determine evidence of capsule
switching among the isolates, VT sequence types that occurred in
both eras but expressed a NVT serotype in the routine PCV7 era
were identiﬁed and serotype conﬁrmed using microarray.
We compared differences in ST composition between pre- and
routine-PCV7 era samples by applying a permutation test to a
classiﬁcation index as described elsewhere [28]. Sequence type
diversity by era was assessed using Simpson’s index of diversity (D),
which is the probability that two randomly selected isolates have a
different ST [29,30]. The conﬁdence intervals were estimated using
the method of Grundmann et al. [31]. The statistical analysis for the
microarray was performed using a custom web-based tool developed for analysis of the BG@S SP-CPS microarray as described
elsewhere [32].
Institutional Review Boards of the Johns Hopkins Bloomberg
School of Public Health, the Navajo Nation, and the Phoenix Area
Indian Health Service as well as the White Mountain Apache tribes
approved the studies used for these analyses. Adults and parents
or guardians of children enrolled in the NP carriage cohort study
provided written informed consent.
3. Results
A total of 267 carriage and IPD isolates from 2006 to 2008 were
analyzed by MLST and compared to the MLST results of 297 prePCV7 carriage, OM, and IPD isolates from 1998 to 2000 [13]. OM
samples were not analyzed in the 2006–2008 era. The average age
of study subjects was 24 months in the 2006–2008 analysis and
15 months in the 1998–2000 analysis. The MLST analysis from the
1998 to 2000 efﬁcacy trial was limited to children <2 years of age.
We explored the possibility of age bias and biases due to comparisons of IPD and NP sample data to IPD, NP, and OM sample data,
by repeating our analyses comparing only children <2 years of age
in both eras and by comparing IPD data to IPD data and NP data to
NP data. These sub-analyses resulted in the same inferences drawn
from the main analyses; therefore we only report the results of the
main analyses here.
Table 1 describes the proportion of isolates that were VT, NVT,
and vaccine-associated types (VAT, a subset of NVT) analyzed from
carriage, OM, and IPD by era. While VTs comprised the largest proportion of isolates prior to PCV7 introduction, NVTs comprised the
majority of isolates found in the routine PCV7 era. The proportions
that were VAT remain similar in both eras. A summary of all STs
identiﬁed by era, site of isolation and serotype can be found in the
Appendix. Seven isolates analyzed from the routine PCV7 era were
VT. Of these, four were serotype 19F with different underlying STs.
These STs are all associated with serotype 19F, except ST227, which
is associated with serotype 1 [10,24]. Vaccine serotypes 4, 6B, and

Table 1
Isolates analyzed by era, site of isolation, and type.
Carriage

OM

IPD

Pre-PCV7 eraa
VT
NVT
VAT
Total

64 (36.2%)
113 (63.8%)
53 (29.9%)
177

19 (32.2%)
40 (67.8%)
15 (25.4%)
59

32 (52.5%)
29 (47.5%)
10 (16.4%)
61

Routine PCV7 era
VT
NVT
VAT
Total

6 (2.8%)
208 (97.2%)
57 (26.6%)
214

na
na
na
na

1 (1.9%)
53 (98.1%)
10 (18.5%)
54

a

Previously published data [13]

9V carriage isolates that were analyzed had STs typically associated
with their respective serotypes.
3.1. Distinct populations in pre and routine vaccine eras
The pneumococcal population snapshot in Fig. 1, was generated
by the eBURST program (http://eburst.mlst.net). The ﬁgure shows
the relationship between different STs and compares the isolates
identiﬁed prior to and after routine PCV7 use [23]. A total of 159 STs
were identiﬁed, 59 of which were unique to the 1998–2000 isolates
(black) and 55 unique to the 2006–2008 isolates (green). Forty-ﬁve
STs were found in both eras (pink). Twenty-ﬁve of the 2006–2008
STs were novel to the MLST database at the time of the analysis. Of
the STs found among the 2006–2008 isolates, the majority (55%)
were not found in the 1998–2000 isolates, suggesting that they
have either been introduced into this population since routine vaccination, or were previously too rare to be detected. However, 64.0%
of the 2006–2008 isolates had an ST that was found prior to PCV7
introduction, suggesting expansion of pre-existing STs was still an
important mechanism of ST replacement in the routine PCV7 era.
The composition of STs was signiﬁcantly different between preand routine-PCV7 eras as measured by the classiﬁcation index (test
statistic = 0.534; p < 0.01). However, overall ST diversity did not
signiﬁcantly change (Table 2). Sequence type diversity was also
assessed within speciﬁc NVT serotypes (Table 3). Only serotype
19A showed a signiﬁcant increase in diversity (i.e. the probability that two randomly selected 19A isolates would have a different
ST) from 0.301 (95% CI: 0.119–0.483) prior to PCV7 introduction,
to 0.735 (95% CI: 0.629–0.841) after routine PCV7 use. Thirty-three
NVT STs were found in the two eras combined and Fisher’s exact
tests comparing NVT ST proportions by era showed only one of
these 33 sequence types, ST193 (found only with serotype 21 in
this study), expanding disproportionately compared to the other
NVT STs (OR: 8.72, 95%CI: 1.27–374).
Table 4 shows the ten most common STs found among isolates
from IPD and carriage by era, and includes the serotypes associated
with them according to the MLST database [24]. ST199 was the most
common ST found in both eras. STs associated with serotypes 15B/C,
particularly ST199, and serotype 11A with ST62, continue to ﬁgure
prominently in both eras. ST395, which had been associated with
serotype 6A, is no longer a prominent ST in this population suggesting cross protection may have been provided by the serotype
6B component of PCV7.
Table 2
Sequence type diversity indices by era and serotype grouping.
Era

Type

Diversity index (95%CI)

PVE (1998–2000)
PVE (1998–2000)
RVE (2006–2008)
RVE (2006–2008)

All types
VAT/NVT
All Types
VAT/NVT

0.978 (0.972, 0.984)
0.958 (0.944, 0.972)
0.982 (0.978, 0.986)
0.981 (0.977, 0.985)
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Fig. 1. eBURST diagram comparing STs found in 1998–2000 [13] and 2006–2008.

3.2. Capsule switching
We identiﬁed eight isolates as potential examples of capsule
switching, where a VT sequence type was assigned to the isolate
by MLST but the Quellung serotype was NVT. We further analyzed
these isolates by microarray to verify the Quellung serotype using
Table 3
Sequence type diversity indices by era and serotype.a .
Serotype

PVEb diversity indices (95%CI)

RVE diversity indices (95%CI)

3
7C
7F
8
10A
11A
12F
15A
15B
15C
16F
17F
19A
22F
23A
23B
31
33F
34
35A
35B
35F
38
NT

0.167 (−0.099–0.433)
0
0
0.667 (0.304–1.03)
0
0.333 (−0.072–0.739)
0
0.571 (0.465–0.678)
0.667 (0.304–1.03)
0.929 (0.840–1.02)
0
0.667 (0.304–1.03)
0.301 (0.119–0.483)
0.467 (0.235–0.699)
0.500 (0.067–0.933)
0
0
0.800 (0.657–0.943)
0
0
0.400 (−0.029–0.829)
0
0
0.927 (0.886–0.968)

0.556 (0.250–0.861)
0.900 (0.725–1.08)
0.250 (−0.101–0.601)
0.833 (0.583–1.08)
0.429 (0.122–0.735)
0
0.750 (0.615–0.885)
0.603 (0.460–0.745)
0.933 (0.805–1.06)
0.900 (0.725–1.08)
0.417 (0.047–0.786)
0.222 (−0.104–0.548)
0.735 (0.629–0.841)
0.154 (−0.096–0.404)
0.464 (0.082–0.847)
0.576 (0.258–0.893)
0.900 (0.725–1.08)
0.643 (0.301–0.965)
0.222 (−0.104–0.548)
0.700 (0.349–1.05)
0.727 (0.523–0.931)
0.667 (0.409–0.925)
0.667 (0.304–1.03)
0.915 (0.864–0.965)

The yellow highlights the only serotype with statistically signiﬁcant differences in
diversity indices between the two eras.
a
Excluded serotypes 6A and 6C.
b
Prevalence data previously published [13].

the pneumococcal TIGR4 strain as a control (Table 5). We conﬁrmed the Quellung serotyping was correct for the eight isolates
and identiﬁed three unique types of capsule switching among them.
Three serotype 35B carriage isolates of ST162 and one isolate of the
closely related ST644 were found in the routine PCV7 era. Prior
to PCV7 introduction, in both Navajo and White Mountain Apache
communities as well as other populations, this clonal complex was
primarily associated with vaccine serotypes 6B, 9V, and 19F and
has not been found with serotype 35B thus far [10,24]. A serotype
35B carriage isolate of ST344 was also found in the routine PCV7
era. ST344 has generally been associated with pneumococci that are

Table 4
Most common STs found in carriage and IPD by era.
ST

Count

Percentage (%)

Pre-PCV7 era (1998–2000)
27
14.84
199
15
8.24
395
11
6.04
180
4.40
1757
8
218
8
4.40
7
3.85
1294
6
3.30
227
6
3.30
3061
2.75
1390
5
3058
5
2.75
Routine PCV7 era (2006–2008)
16
6.13
199
12
4.60
193
433
12
4.60
62
9
3.45
8
3.07
1794
8
3.07
227
8
3.07
439
3.07
547
8
7
2.68
1263
7
2.68
1390

Serotypes
15B, 15C, 19A, 23F
6A/6C
3
11A, 15B, 15C, 15F, 7C
12F
22F
1
9L, NT
6A/6C
15A, 15C
15B, 15C, 19A, 23A, NT
15C, 21
22F
11A
17F
1, 19F, NT
23B
34, NT
10A, 10C
6A, 6C
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Table 5
Sequence types and serotypes of capsule switch candidates.
Isolate ID

Era

Source

Quellung serotype

ST

Serotypes associated with STa

Microarray serotype

1396-07
2920-08
8543-08
1004-08
1386-07
09397
2090-07
2804-06

RVE
RVE
RVE
RVE
RVE
RVE
RVE
RVE

NP
NP
NP
NP
NP
IPD
NP
NP

35B
35B
35B
35B
35B
6C
6C
6C

162
162
162
344
644
2064
2064
2064

19F, 14, and 9V
19F, 14, and 9V
19F, 14, and 9V
19F, 6A, and NTs
19F, 6B, and 9V
18C
18C
18C

35B
35B
35B
35B
35B
6C
6C
6C

a

Per the MLST online database [24].

nontypeable by the Quellung reaction, however the MLST database
does contain two incidences of ST344 having vaccine serotypes 19F
and 6A. Two serotype 6C carriage isolates and one serotype 6C IPD
isolate of ST2064 were found among the 2006–2008 isolates. This
ST had previously been associated with vaccine serotype 18C only.
4. Discussion
The results of this study suggest multiple mechanisms of ST
replacement in the routine vaccine era among the Navajo and White
Mountain Apaches. The pneumococcal population in the routine
PCV7 era has arisen both by the expansion of STs already common
prior to vaccine introduction (e.g. ST 199), and through the successful expansion of STs which were not found in the pre-PCV7 era,
presumably because they were either too rare to be detected or
because they have been introduced from elsewhere.
Given the small proportion of vaccine serotypes identiﬁed in
the routine PCV7 era with no clear partiality for a particular ST
within those serotypes, there does not appear to be variability in
PCV7s effectiveness by ST. The heterogeneity in representation of
STs in the PCV7 era suggests selective advantages for some, such
as the continued high proportion of ST199 and the expansion of
ST193. During the vaccine trial, ST193 with serotype 21 was more
frequently found in PCV7-randomized communities as compared
to control communities (7/218 NVTs vs. 1/184 NVTs), although this
was not statistically signiﬁcant [13]. In this dataset, ST193 is almost
exclusively serotype 21 (there are two isolates with a 15C capsule)
but has also been found in unvaccinated populations with vaccine
serotypes 14 and 18C [24]. In other vaccinated populations, ST193
has been associated with serotype 19A [24].
The classiﬁcation index result indicates that a shift in the
composition of STs occurred after PCV7 introduction via the disappearance of VTs and replacement by an expansion of pre-existing
and introduction of new NVTs. Additionally, while overall ST diversity between the eras did not signiﬁcantly differ per Simpson’s
diversity index, the diversity of the NVT subset had signiﬁcantly
increased after routine PCV7 use. Among individual serotypes, only
19A had a statistically signiﬁcant increase in ST diversity among the
2006–2008 isolates.
There are several limitations to this study. We attribute our
pneumococcal population changes to PCV7 introduction, but secular changes in ST composition within a population may also occur
absent vaccine. Comparisons of ST data to the MLST database are
limited by its current size and scope. We used the database to identify serotypes generally associated with certain STs and to identify
possible capsule switching events. However as additional contributions are made to the MLST database, previously unidentiﬁed
serotype/ST associations will emerge, increasing the range of what
we know to be “generally associated”.
Our conclusion here that ST replacement is a combination of
expansion of pre-existing STs and an introduction or identiﬁcation
of many new STs in this population differs from the conclusions
about pneumococcal strain ecology made during the PCV7 efﬁcacy

trial among the Navajo and White Mountain Apache as well as the
experience in Massachusetts [12,13]. At the outset of PCV7 use, NVT
replacement was primarily driven by an expansion of pre-existing
STs; more time was needed for the introduction of a large number
of new STs into the population and expansion of those strains. Our
diversity analysis of the 2006–2008 strains, however, are similar
to ﬁndings from Massachusetts, wherein the pneumococcal population changed signiﬁcantly from 2001 to 2004, but unlike our
ﬁndings overall ST diversity was not signiﬁcantly different since
the diversity was due to expansion of existing NVT STs [12].
ST199 strains, a majority being serotype 19A, continue to be
the most important ST in IPD and carriage in the routine PCV7 era
among Navajo and White Mountain Apache children. We have also
identiﬁed ST156 and ST320 serotype 19As among the carriage isolates. In other communities, ST156 had previously been associated
with a drug-resistant serotype 9V IPD clone before introduction
of PCV7 [24], but is now routinely found among serotype 19A IPD
isolates in studies across the US [33–35]. ST320, a product of a capsule switch event from serotype 19F, is known to be an invasive
and drug-resistant ST now associated with serotype 19A [11,35]. It
has only recently emerged in the US, speciﬁcally in Massachusetts
in 2005, and highlights how quickly STs can spread across a geographical area [11].
The introduction of the 13-valent pneumococcal conjugate vaccine, PCV13 (Prev(e)nar 13® ; Pﬁzer, NY), which includes serotype
19A, will likely have a profound impact on carriage of and IPD
caused by the included serotypes regardless of the underlying
sequence type of the pneumococcus. While PCV7 was tailored to
important serotypes in developed countries, PCV13 includes the
top 5 serotypes identiﬁed in a global serogroup distribution analysis for all regions [36]. Approximately 40% of IPD and 15% of
carriage serotypes from Navajo and White Mountain Apache communities between 2006 and 2008 are included in PCV13 [16,17].
However, there are serotypes that continue to be important in carriage and/or IPD among Navajo and White Mountain Apache that
are not included in PCV13, including serotypes 12F (IPD and carriage), 15A (IPD), and 15B/C, 21, and 35B (carriage). The probable
ST diversiﬁcation observed in serotype 12F, the ST199 association
with 15B/C, capsule switching of serotype 35B, and preferential
expansion of serotype 21 with ST193 since introduction of PCV7
warrants continued surveillance of serotypes and sequence types
in the PCV13 era.
Acknowledgements
The authors express their sincere appreciation to the children
and adults from the Navajo and White Mountain Apache communities who participated actively in the studies. We gratefully
acknowledge the tireless efforts of the Center for American Indian
Health ﬁeld staff who collected these data over many years, and
the dedicated support provided by Dee Jackson, Bob Gertz, and Dr.
Bernard Beall at the CDC for NP sample storage and serotyping. We
also gratefully acknowledge the serotyping of the invasive disease

J.R. Scott et al. / Vaccine 30 (2012) 2376–2381

strains by Karen Rudolph and Marcella Harker-Jones at the CDC
Arctic Investigations Program, Anchorage, AK. We appreciate the
MLST support provided by Cynthia Bishop and Dan Godoy at Imperial College and the microarray training provided by Dr. Katherine
Gould in the Wellcome Trust funded Bacterial Microarray Group at
St. George’s, University of London.
Financial support: This study is part of the research of the PneumoCarr Consortium funded by the Grand Challenges in Global
Health initiative which is supported by the Bill & Melinda Gates
Foundation, the Foundation for the National Institutes of Health
(US), the Wellcome Trust and the Canadian Institutes of Health
Research. This study was supported by the Native American
Research Centers for Health (U26IHS300013/03), a joint initiative
between the National Institutes of Health and Indian Health Service to reduce Native health disparities and build tribal autonomy in
conducting health research. This study was also funded by the Centers for Disease Control and Prevention National Vaccine Program
Ofﬁce and the Thrasher Research Fund.
Potential conﬂicts of interest: KLO and MS have previously
received grant support and/or honoraria from Wyeth Vaccines
(now Pﬁzer), Sanoﬁ-Pasteur and Merck. ML has accepted consulting
fees and advisory meeting honoraria from Novartis and Pﬁzer, for
work performed on matters not related to Streptococcus pneumoniae. LHM has received honoraria for DSMB and/or advisory boards
for Merck, Pﬁzer, and Novartis. KLO and LHM serve on a Streptococcus pneumoniae vaccine advisory board for Merck. All other authors
no conﬂicts.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.vaccine.2011.11.004.
References
[1] Black S, Shineﬁeld H, Fireman B, Lewis E, Ray P, Hansen JR, et al. Efﬁcacy,
safety and immunogenicity of heptavalent pneumococcal conjugate vaccine in
children. Northern California Kaiser Permanente vaccine study center group.
Pediatr Infect Dis J 2000;19(March (3)):187–95.
[2] Eskola J, Kilpi T, Palmu A, Jokinen J, Haapakoski J, Herva E, et al. Efﬁcacy of
a pneumococcal conjugate vaccine against acute otitis media. N Engl J Med
2001;344(February (6)):403–9.
[3] Pilishvili T, Lexau C, Farley MM, Hadler J, Harrison LH, Bennett NM, et al. Sustained reductions in invasive pneumococcal disease in the era of conjugate
vaccine. J Infect Dis 2010;201(January (1)):32–41.
[4] Whitney CG, Farley MM, Hadler J, Harrison LH, Bennett NM, Lynﬁeld R, et al.
Decline in invasive pneumococcal disease after the introduction of proteinpolysaccharide conjugate vaccine. N Engl J Med 2003;348(May (18)):1737–46.
[5] Park SY, Moore MR, Bruden DL, Hyde TB, Reasonover AL, Harker-Jones M, et al.
Impact of conjugate vaccine on transmission of antimicrobial-resistant Streptococcus pneumoniae among Alaskan children. Pediatr Infect Dis J 2008;27(April
(4)):335–40.
[6] Huang SS, Hinrichsen VL, Stevenson AE, Rifas-Shiman SL, Kleinman K, Pelton
SI, et al. Continued impact of pneumococcal conjugate vaccine on carriage in
young children. Pediatrics 2009;124(July (1)):e1–11.
[7] Weinberger DM, Malley R, Lipsitch M. Serotype replacement in disease after
pneumococcal vaccination. Lancet. Epub 2011 Apr 12. Corrected proof forthcoming.
[8] Maiden MC, Bygraves JA, Feil E, Morelli G, Russell JE, Urwin R, et al. Multilocus
sequence typing: a portable approach to the identiﬁcation of clones within populations of pathogenic microorganisms. Proc Natl Acad Sci USA 1998;95(March
(6)):3140–5.
[9] Enright MC, Spratt BG. A multilocus sequence typing scheme for Streptococcus
pneumoniae: identiﬁcation of clones associated with serious invasive disease.
Microbiology 1998;144(November):3049–60.
[10] Beall B, McEllistrem MC, Gertz Jr RE, Wedel S, Boxrud DJ, Gonzalez AL, et al. Preand postvaccination clonal compositions of invasive pneumococcal serotypes
for isolates collected in the United States in 1999, 2001, and 2002. J Clin Microbiol 2006;44(March (3)):999–1017.
[11] Pelton SI, Huot H, Finkelstein JA, Bishop CJ, Hsu KK, Kellenberg J, et al.
Emergence of 19A as virulent and multidrug resistant pneumococcus in Massachusetts following universal immunization of infants with pneumococcal
conjugate vaccine. Pediatr Infect Dis J 2007;26(June (6)):468–72.

2381

[12] Hanage WP, Huang SS, Lipsitch M, Bishop CJ, Godoy D, Pelton SI, et al. Diversity
and antibiotic resistance among nonvaccine serotypes of Streptococcus pneumoniae carriage isolates in the post-heptavalent conjugate vaccine era. J Infect
Dis 2007;195(February (3)):347–52.
[13] Lipsitch M, O’Neill K, Cordy D, Bugalter B, Trzcinski K, Thompson CM, et al.
Strain characteristics of Streptococcus pneumoniae carriage and invasive disease
isolates during a cluster-randomized clinical trial of the 7-valent pneumococcal
conjugate vaccine. J Infect Dis 2007;196(October (8)):1221–7.
[14] O’Brien KL, Shaw J, Weatherholtz R, Reid R, Watt J, Croll J, et al. Epidemiology of invasive Streptococcus pneumoniae among Navajo children in the era
before use of conjugate pneumococcal vaccines, 1989-1996. Am J Epidemiol
2004;160(August (3)):270–8.
[15] Millar EV, O’Brien KL, Zell ER, Bronsdon MA, Reid R, Santosham M. Nasopharyngeal carriage of Streptococcus pneumoniae in Navajo and White Mountain
Apache children before the introduction of pneumococcal conjugate vaccine.
Pediatr Infect Dis J 2009;28(August (8)):711–6.
[16] Scott JR, Millar EV, Lipsitch M, Moulton LH, Weatherholtz R, Perilla MJ, et al.
Impact of long-term routine pneumococcal conjugate vaccine use on carriage
and invasive disease potential in Native American communities. J Infect Dis
2012; 205(January (2)).
[17] Weatherholtz R, Millar EV, Moulton LH, Reid R, Rudolph K, Santosham M, et al.
Invasive pneumococcal disease a decade after pneumococcal conjugate vaccine
use in an American Indian population at high risk for disease. Clin Infect Dis
2010;50(May (9)):1238–46.
[18] Hanage WP, Finkelstein JA, Huang SS, Pelton SI, Stevenson AE, Kleinman K, et al.
Evidence that pneumococcal serotype replacement in Massachusetts following conjugate vaccination is now complete. Epidemics 2010;2(June (2)):80–4,
80.
[19] O’Brien KL, Moulton LH, Reid R, Weatherholtz R, Oski J, Brown L, et al.
Efﬁcacy and safety of seven-valent conjugate pneumococcal vaccine in American Indian children: group randomised trial. Lancet 2003;362(Aug (29381)):
355–61.
[20] Millar EV, O’Brien KL, Watt JP, Bronsdon MA, Dallas J, Whitney CG, et al. Effect of
community-wide conjugate pneumococcal vaccine use in infancy on nasopharyngeal carriage through 3 years of age: a cross-sectional study in a high-risk
population. Clin Infect Dis 2006;43(July (11)):8–15.
[21] Moulton LH, O’Brien KL, Kohberger R, Chang I, Reid R, Weatherholtz R, et al.
Design of a group-randomized Streptococcus pneumoniae vaccine trial. Control
Clin Trials 2001;22(August (4)):438–52.
[22] Streptococcus laboratory protocol: lysate preparation [Internet]. Atlanta, GA:
Centers for Disease Control and Prevention; 2008 [updated 08.02.08], available
from: http://www.cdc.gov/ncidod/biotech/strep/protocol emm-type.htm.
[23] Feil EJ, Li BC, Aanensen DM, Hanage WP, Spratt BG. eBURST: inferring patterns
of evolutionary descent among clusters of related bacterial genotypes from
multilocus sequence typing data. J Bacteriol 2004;186(March (5)):1518–30.
[24] Streptococcus pneumoniae multi-locus sequence typing database [Internet].
London, England: Imperial College London; 1998 [updated 20.09.09], available
from: http://spneumoniae.mlst.net/.
[25] Hinds J, Gould K, Witney A, Lambertsen L, Antonio M, Aanensen D,
et al.Molecular serotyping of Streptococcus pneumoniae: a microarray-based
genomic tool for isolate typing, detection of multiple carriage and surveillance of serotype replacement in vaccine trials [abstract] Abstracts of the 6th
international symposium on pneumococci & pneumococcal diseases. 2008.
[26] Bentley SD, Aanensen DM, Mavroidi A, Saunders D, Rabbinowitsch E, Collins M,
et al. Genetic analysis of the capsular biosynthetic locus from all 90 pneumococcal serotypes. PLoS Genet 2006;2(March (3)):e31.
[27] Park IH, Park S, Hollingshead SK, Nahm MH. Genetic basis for the new pneumococcal serotype, 6C. Infect Immun 2007;75(September (9)):4482–9.
[28] Jolley KA, Wilson DJ, Kriz P, McVean G, Maiden MC. The inﬂuence of mutation, recombination, population history, and selection on patterns of genetic
diversity in Neisseria meningitidis. Mol Biol Evol 2005;22(March (3)):562–9.
[29] Simpson EH. Measurement of diversity. Nature 1949;163:688.
[30] Hunter PR, Gaston MA. Numerical index of the discriminatory ability of typing systems: an application of Simpson’s index of diversity. J Clin Microbiol
1988;26(November (11)):2465–6.
[31] Grundmann H, Hori S, Tanner G. Determining conﬁdence intervals when measuring genetic diversity and the discriminatory abilities of typing methods for
microorganisms. J Clin Microbiol 2001;39(November (11)):4190–2.
[32] Newton R, Hinds J, Wernisch L. Empirical Bayesian models for analysing molecular serotyping microarrays. BMC Bioinfor 2011;12(March):88.
[33] Pai R, Moore MR, Pilishvili T, Gertz RE, Whitney CG, Beall B, et al. Postvaccine
genetic structure of Streptococcus pneumoniae serotype 19A from children in
the United States. J Infect Dis 2005;192(December (11)):1988–95.
[34] Johnson AP, Sheppard CL, Harnett SJ, Birtles A, Harrison TG, Brenwald NP, et al.
Emergence of a ﬂuoroquinolone-resistant strain of Streptococcus pneumoniae
in England. J Antimicrob Chemother 2003;52(December (6)):953–60.
[35] Moore MR, Gertz Jr RE, Woodbury RL, Barkocy-Gallagher GA, Schaffner
W, Lexau C, et al. Population snapshot of emergent Streptococcus pneumoniae serotype 19A in the United States, 2005. J Infect Dis 2008;197(April
(7)):1016–27.
[36] Johnson HL, Deloria-Knoll M, Levine OS, Stoszek SK, Freimanis Hance L,
Reithinger R, et al. Systematic evaluation of serotypes causing invasive
pneumococcal disease among children under ﬁve: the pneumococcal global
serotype project. PLoS Med 2010;7(October 5 (10)):e1000348.

