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Streptococcus pneumoniae is an important pathogen that
causes severe life-threatening illnesses in the elderly and children. Annually, this organism accounts for ⬃1.2 million deaths
in children due to pneumonia and meningitis, mostly in developing countries (7). In the United States alone in 2000, S.
pneumoniae caused an estimated 17,000 cases of invasive disease in children ⬍5 years of age, including 700 cases of meningitis (1). Contributing to virulence is a capsular polysaccharide, the immunochemistry of which helps to differentiate
pneumococci into 90 distinct serotypes (9). However, many of
these serotypes are rarely recovered from serious disease, and
only about 15 serotypes cause the majority of invasive pneumococcal disease worldwide (7, 23). Although this increases
the probability of developing effective vaccines that target the
most frequent types, the distribution of serotypes can vary with
age, geography, and time, posing greater challenges for vaccine
development.
The seven-valent pneumococcal conjugate vaccine (PCV7;
Prevnar) was licensed for use in the United States in 2000, and
a significant decline in invasive pneumococcal disease caused
by the vaccine-targeted serotypes has been observed in young
children (11, 28). However, little is known about the long-term
impact of the vaccine, with early reports indicating some replacement of vaccine serotypes (VT) by non-vaccine types
(NVT), both among the nasopharyngeal colonizers and among
invasive isolates (6, 11, 28; CDC, unpublished data). Such
changes in the seroepidemiology of the organism need to be
constantly monitored to evaluate the effect and appropriateness of newer vaccines. Increases in disease caused by previ-

ously uncommon NVT could necessitate changes in vaccine
composition, emphasizing the need for continued surveillance
(15, 22).
Currently, serotype distribution is monitored by culture of
the organism followed by serological determination of the capsular type by the standard capsular test (9, 16). The high cost
of antisera, subjectivity in interpretation, and technical expertise requirements are serious drawbacks of the system. The
development of PCR-based serotyping systems has the potential to overcome some of the difficulties associated with serologic testing (3, 13). In addition, the development of PCRbased assays for direct detection of select serotypes from
clinical specimens could be a valuable aid in surveillance, particularly in situations where culture is insensitive (14, 25). Production of capsule is largely controlled by capsular polysaccharide synthesis genes located at the cps locus, typically with the
same general genetic organization and flanked by the conserved dexB and aliA genes (21). The first four genes are
conserved in almost all serotypes, while the central parts of the
loci contain the serotype-specific genes that serve as the basis
for differentiation of pneumococci by PCR-based approaches.
Though these molecular approaches to serotyping appear
promising, the existing systems identify a limited number of
serotypes (3, 13, 14, 24) and need to be expanded to establish
a more comprehensive approach for routine surveillance. Recently, an approach relying upon amplification of the entire cps
locus, followed by restriction fragment length polymorphism
analysis, was assessed (2). Although this scheme shows promise,
we prefer an approach that does not include segments of the cps
locus that are highly conserved between serotypes, but instead
relies upon upon short sequences specific to individual serotypes or serogroups. The sequences of the cps loci from all of
the known 90 pneumococcal serotypes have been completed
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Accurate serotyping is essential to monitor the changes in the seroepidemiology of Streptococcus pneumoniae.
We devised a simple and schematic sequence-based system of seven multiplex PCRs, in a sequence order based
upon Active Bacterial Core surveillance (ABCs) serotype distribution during 2002 to 2003, to reliably deduce
specific pneumococcal serotypes. A total of 421 isolates from ABCs were randomly chosen to evaluate this
system. Two hundred twenty-nine of the isolates (54.3%) were specifically assigned 1 of 17 serotypes by the
multiplex PCR system, with the results in complete concordance with conventional serotyping. One hundred
seventy-two additional isolates (40.9%) were assigned to 11 specific sets of 2 to 4 serotypes that with one
exception (serotypes 6A and 6B) consisted of the single frequently occurring targeted serotype and 1 to 3
additional rare serotypes primarily within the same serogroup as the targeted serotype. Only 20 isolates (4.8%)
could not be assigned specific serotypes or serotype sets, since they were either of rare serotypes not included
in the assay design or were nonserotypeable. Overall, we found this system to be highly reliable, with the
potential to greatly reduce our reliance upon conventional serotyping. Especially important is the capability of
this system to give serotype-determining potential to any facility that lacks the expensive typing sera and
expertise needed for conventional serotyping yet has the modest equipment necessary for DNA amplification
and electrophoresis.
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TABLE 1. Oligonucleotide primers used in this study
Primer
pair

Sanger’s strain no./
GenBank accession no.b

Primer sequence (5⬘33⬘)

Nucleotide
positionc

Product
size (bp)

10469
10715

280

Z83335

CTC TAT AGA ATG GAG TAT ATA AAC TAT GGT TA
CCA AAG AAA ATA CTA ACA TTA TCA CAA TAT TGG C

3-f
3-r

Z47210

ATG GTG TGA TTT CTC CTA GAT TGG AAA GTA G
CTT CTC CAA TTG CTT ACC AAG TGC AAT AAC G

9179
9519

371

4-f a
4-r

AF316639

CTG TTA CTT GTT CTG GAC TCT CGA TAA TTG G
GCC CAC TCC TGT TAA AAT CCT ACC CGC ATT G

9558
9957

430

5-f
5-r

AY336008

ATA CCT ACA CAA CTT CTG ATT ATG CCT TTG TG
GCT CGA TAA ACA TAA TCA ATA TTT GAA AAA GTA TG

6123
6450

362

6A/B-f (biotin)d
6A/B-r

AF316640

AAT TTG TAT TTT ATT CAT GCC TAT ATC TGG
TTA GCG GAG ATA ATT TAA AAT GAT GAC TA

8656
8877

250

7F-f
7F-r

554/62

CCT ACG GGA GGA TAT AAA ATT ATT TTT GAG
CAA ATA CAC CAC TAT AGG CTG TTG AGA CTA AC

13356
14150

826

7C-f
7C-r

Sutcliff

CTA TCT CAG TCA TCT ATT GTT AAA GTT TAC GAC GGG A
GAA CAT AGA TGT TGA GAC ATC TTT TGT AAT TTC

9438
9665

260

8-f
8-r

573/62

GAT GCC ATG AAT CAA GCA GTG GCT ATA AAT C
ATC CTC GTG TAT AAT TTC AGG TAT GCC ACC

8084
8348

294

9V-f
9V-r

980/68

CTT CGT TAG TTA AAA TTC TAA ATT TTT CTA AG
GTC CCA ATA CCA GTC CTT GCA ACA CAA G

12345
13070

753

10A-f
10A-r

1006/38

GGT GTA GAT TTA CCA TTA GTG TCG GCA GAC
GAA TTT CTT CTT TAA GAT TCG GAT ATT TCT C

12423
13021

628

11A-f
11A-r

1813/39

GGA CAT GTT CAG GTG ATT TCC CAA TAT AGT G
GAT TAT GAG TGT AAT TTA TTC CAA CTT CTC CC

11640
12071

463

12F-f
12F-r

6312

GCA ACA AAC GGC GTG AAA GTA GTT G
CAA GAT GAA TAT CAC TAC CAA TAA CAA AAC

14407
14753

376

14-f
14-r

34359

CTT GGC GCA GGT GTC AGA ATT CCC TCT AC
GCC AAA ATA CTG ACA AAG CTA GAA TAT AGC C

7968
8145

208

15A-f
15A-r

389/39

ATT AGT ACA GCT GCT GGA ATA TCT CTT C
GAT CTA GTG AAC GTA CTA TTC CAA AC

7114
8313

436

15B/C-f
15B/C-r

7904/39

TTG GAA TTT TTT AAT TAG TGG CTT ACC TA
CAT CCG CTT ATT AAT TGA AGT AAT CTG AAC C

7314
7779

496

16F-f
16F-r

Nr.34361

CTG TTC AGA TAG GCC ATT TAC AGC TTT AAA TC
CAT TCC TTT TGT ATA TAG TGC TAG TTC ATC C

11521
12478

988

17F-f
17F-r

Rose (am)
vac.

TTC GTG ATG ATA ATT CCA ATG ATC AAA CAA GAG
GAT GTA ACA AAT TTG TAG CGA CTA AGG TCT GC

10484
11145

693

Sg18-f
Sg18-r

4593/40

CTT AAT AGC TCT CAT TAT TCT TTT TTT AAG CC
TTA TCT GTA AAC CAT ATC AGC ATC TGA AAC

12687
13230

573

19A-f a
19A-r

AF094575

GTT AGT CCT GTT TTA GAT TTA TTT GGT GAT GT
GAG CAG TCA ATA AGA TGA GAC GAT AGT TAG

12118
12566

478

19F-f
19F-r

U09239

GTT AAG ATT GCT GAT CGA TTA ATT GAT ATC C
GTA ATA TGT CTT TAG GGC GTT TAT GGC GAT AG

7828
8100

304

20-f
20-r

34365 (am)

GAG CAA GAG TTT TTC ACC TGA CAG CGA GAA G
CTA AAT TCC TGT AAT TTA GCT AAA ACT CTT ATC

9567
10048

514

22F-f
22F-r

1772/40 (da)

GAG TAT AGC CAG ATT ATG GCA GTT TTA TTG TC
CTC CAG CAC TTG CGC TGG AAA CAA CAG ACA AC

11055
11666

643

23F-f a
23F-r

AF057294

GTA ACA GTT GCT GTA GAG GGA ATT GGC TTT TC
CAC AAC ACC TAA CAC ACG ATG GCT ATA TGA TTC

12118
12566

384

Continued on following page
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TABLE 1—Continued

Primer
pair

Sanger’s strain no./
GenBank accession no.b

Primer sequence (5⬘33⬘)

Nucleotide
positionc

Product
size (bp)

9144
9815

701

181
488

338

7350
7725

408

Nr.34374 (am)

GGA AGT TTT CAA GGA TAT GAT AGT GGT GGT GC
CCG AAT AAT ATA TTC AAT ATA TTC CTA CTC

33F-f
33F-r

AY163221

GAA GGC AAT CAA TGT GAT TGT GTC GCG
CTT CAA AAT GAA GAT TAT AGT ACC CTT CTA C

34-f
34-r

676/74

GCT TTT GTA AGA GGA GAT TAT TTT CAC CCA AC
CAA TCC GAC TAA GTC TTC AGT AAA AAA CTT TAC

35B-f
35B-r

4356/39 (da)

GAT AAG TCT GTT GTG GAG ACT TAA AAA GAA TG
CTT TCC AGA TAA TTA CAG GTA TTC CTG AAG CAA G

10556
11199

677

35F-f
35F-r

361/39 (da)

GAA CAT AGT CGC TAT TGT ATT TTA TTT AAA GCA A
GAC TAG GAG CAT TAT TCC TAG AGC GAG TAA ACC

7374
7858

517

38-f
38-r

9687/39

CGT TCT TTT ATC TCA CTG TAT AGT ATC TTT ATG
ATG TTT GAA TTA AAG CTA ACG TAA CAA TCC

13848
14392

574

cpsA-f
cpsA-r

AF057294

GCA GTA CAG CAG TTT GTT GGA CTG ACC
GAA TAT TTT CAT TAT CAG TCC CAG TC

2314
2473

160

a

Primers previously published as in reference 3.
Primers were designed using the sequence either from the GenBank (accession numbers provided) or from www.sangers.ac.uk (strain numbers provided).
c
Start position of each primer.
d
The biotinylated forward primer is required for subsequent resolution of serotypes 6A and 6B by pyrosequencing.
b

recently (http://www.sanger.ac.uk/Projects/S_pneumoniae/CPS/),
providing an opportunity to develop a simple sequence-based
scheme for identifying most commonly occurring serotypes.
The Active Bacterial Core surveillance (ABCs), part of the
Centers for Disease Control and Prevention’s (CDC) Emerging
Infections Program, has conducted active, population-based, laboratory-based surveillance for invasive pneumococcal disease
since 1995 (4). The surveillance program currently includes nine
sites (as of 2003) with over 25,000,000 persons under surveillance
(http://www.cdc.gov/ncidod/dbmd/abcs/). Over 3,000 invasive ABCs
pneumococcal isolates are currently received annually at the
CDC Streptococcus Laboratory for serotype determination.
We used serotype distribution data from the 2002-to-2003
ABCs to develop a simple, cost-effective, multiplex PCRbased approach for deducing serotypes within large sets of
isolates.
MATERIALS AND METHODS
Bacterial isolates. Sixty-five clinical isolates of pneumococci representing different serotypes and serogroups were used as a control set to test primer specificity and to determine cross-reactivity. The serotypes included 1, 2, 3, 4, 5, 8, 13,
14, 20, 21, 31, 34, 37, 38, 39, 40, 44, 46, 6A, 6B, 7A, 7B, 7C, 7F, 9A, 9N, 9L, 9V,
10A, 10F, 11A, 11D, 11F, 12A, 12B, 12F, 15A, 15B, 15C, 15F, 16A, 16F, 17F,
18A, 18B, 18C, 18F, 19A, 19F, 19C, 22F, 22A, 23A, 23B, 23F, 25F, 28A, 24F, 33F,
33A, 35B, 35F, 35A, 35C, and 47F. An additional 5 to 10 isolates for each of the
29 serotypes targeted in this study were used to additionally assess the primer
sets. Finally, a total of 421 additional pneumococcal isolates obtained from
children and adults during the ABC surveillance period 2002 to 2003 were
chosen for a blinded study to evaluate the assay. Each pneumococcal isolate was
confirmed using standard microbiological tests, including colony morphology,
optochin susceptibility, and bile solubility (26).
Serotyping. Preliminary serotyping (to detect pools) was performed by the
latex agglutination test with capsular typing sera prepared at the CDC. All
serotypes were confirmed using the Quellung reaction.
Molecular capsular typing. (i) Oligonucleotide primers. Twenty-nine primer
pairs were designed to target serotypes 1, 3, 4, 5, 6A/B, 7F, 7C, 8, 9V, 10A, 11A,
12F, 14, 15A, 15B/C, 16F, 17F, 18, 19A, 19F, 20, 22F, 23F, 31, 33, 34, 35B, 35F,

and 38. A primer pair (primers cpsA-f and cpsA-r) was also included as an internal
control targeting the cpsA locus found in all pneumococci (17). To design primers,
all available relevant cps gene sequences were aligned (MegAlign) and primers were
selected using the PrimerSelect program of DNASTAR version 5. The primers were
designed to target the following genes (serotypes are indicated in parentheses):
cap1H (1), cap3C (3), wzy (4, 33F, and 18), wxy (5), wcip (6), cap8G (8), cps9VL (9V),
cps14H (14), cps19aK (19A), cps19fI (19F), and cps23fG (23F). Although functional
annotations were not available for the rest of the serotypes for which primers were
designed, many of these sequences showed homology to other pneumococcal cps
operon genes (e.g., cps9VI with 11A and 9V; cps6bS with 17F, 6A, and 6B; cps4H
with serotypes 4 and 20; cps19fG with 19F and 35F; cps19cS with 22F and 19C; and
cps6bI with 34, 6A, and 6B). Every primer pair was compared to all other cps
sequences both at http://www.sanger.ac.uk/Projects/S_pneumoniae/CPS/ and at www
.ncbi.nlm.nih.gov to determine the specificity and cross-reactivity with all other
pneumococci. All primers were synthesized at the Biotechnology Core Facility
Branch, CDC. The primer designations, sequences, and product sizes are listed in
Table 1.
(ii) Multiplex PCR scheme. The primers were grouped into seven multiplex
reactions as shown in Fig. 1, except the serotype 5 primer set was not included in
any of these reactions. These primers were grouped together based on serotype
distributions among invasive pneumococci recovered in the United States (7;
CDC, unpublished data). Each reaction was designed to include four primer
pairs targeting serotype-specific regions of four different serotypes and also
included an internal positive control targeting all known pneumococcal cps
operons (Fig. 1). In addition, the compatibility between primers included in two
entirely different reactions was also assessed by modifying the multiplex PCRs 1
and 2, to include two PCRs that could detect the most prevalent types in other
geographic regions (7). In the modified reactions, reaction 1 contained primers
for serotypes 19A, 1, 6A/6B, and 19F while reaction 2 could detect serotypes 14,
5, 7F/7A (the rare serotype 7A was also detected by 7F primers), and 23F. These
two reactions would detect the eight most predominant serotypes in regions of
Asia and Africa (7).
(iii) DNA extraction. Pneumococcal isolates were retrieved from storage by
subculture on blood agar plates (tryptic soy agar base supplement with 5% sheep
blood) and incubated overnight at 37°C in 5% CO2. Bacterial cells were suspended in 250 l of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), and the
turbidity was adjusted to that of MacFarland standard 1. The suspension was
heated at 100°C for 5 min (13) and immediately frozen at ⫺20°C for 5 min. These
lysates were stored at ⫺20°C until further use.
(iv) PCRs. The PCRs were performed in 25-l volumes, with each reaction
mixture containing the following: 1⫻ PCR buffer (20 mM Tris-HCl, pH 8.0, 100
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TABLE 2. Primer concentrations in seven multiplex PCRa
Reaction

Primers

Primer
concn (M)

1

19A-f, 19A-r
3-f, 3-r
22F-f, 22-r
6A/B-f (biotin), 6A/B-r

1
1.5
1.5
0.5

2

4-f, 4-r
14-f, 14-r
12F-f, 12F-r
9V-f, 9V-r

1.5
1.0
1.5
1.5

3

23F-f, 23F-r
7F-f, 7F-r
11A-f, 11A-r
33F-f, 33F-r

1.5
2.0
1.0
1.0

4

19F-f, 19F-r
16F-f, 16F-r
sg18-f, sg18-r
35B-f, 35B-r

1.5
2.0
1.25
1.0

5

8-f, 8-r
15B/C-f, 15B/C-r
38-f, 38-r
31-f, 31-r

1.5
1.5
1.5
2.0

6

1-f, 1-r
10A-f, 10-r
35F-f, 35F-r
34-f, 34-r

1.5
1.5
1.5
1.5

7

20-f, 20-r
7C-f, 7C-r
17F-f, 17F-r
15A-f, 15A-r

1.5
1.5
1.5
1.5

FIG. 1. Schematic approach to molecular capsular typing, indicating the seven reactions and the serotypes detected in each reaction.

mM KCl, 0.1 mM EDTA, 1 M dithiothreitol, 0.5% Tween 20, 0.5% Nonidet
P-40; Promega Inc., Madison, Wis.), 200 M of each deoxynucleoside triphosphate (New England Biolabs, Beverly, MA), 2.5 mM of MgCl2, 2.0 U of Taq
DNA polymerase (Promega Inc.), and primers with concentrations as specified
in Table 2. Crude extract (2.5 l) was used as the DNA template for each PCR.
Thermal cycling was performed in Perkin-Elmer GeneAmp PCR system 2700
(Applied Biosystems) under the following conditions: 94°C for 4 min followed by
30 amplification cycles of 94°C for 45 s, 54°C for 45 s, and 65°C for 2 min 30 s.
(v) PCR product detection. The PCR products were analyzed by gel electrophoresis on 2% NuSieve agarose gels (Cambrex Bio Science, Inc., Rockland,
ME) in 1⫻ TAE buffer (40 mM Tris, 20 mM of glacial acetic acid, 1 mM EDTA,
pH 8.0) at 120 V for 45 min. Gels were stained with ethidium bromide (0.5
g/ml), and gel images were recorded. The sizes of the PCR products were
determined by comparison with the molecular size standard (50-bp ladder;
Novagen, Inc.).
(vi) Pyrosequencing assay. All isolates identified as serogroup 6 by multiplex
PCR were further differentiated as types 6A or 6B by a pyrosequencing assay
designed to detect the single nucleotide polymorphism at codon 195 of the cps
locus wciP gene as described previously (19). Pyrosequencing is a real-time DNA
sequencing technique for generating short reads rapidly and inexpensively (24).

RESULTS
Optimization of PCR. All serotype-specific primers were
first tested with individual isolates of the targeted serotypes. To
ensure that the primers would detect all strains within the
given serotype, an additional 5 to 10 different clinical isolates
within each targeted serotype were amplified with its corre-

a
The universal capsular primers cpsA-f and cpsA-r were included in all reactions at 0.5 M each.
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sponding primer sets. While the annealing temperature in
these individual reactions was at 60°C, the thermal cycling
conditions were gradually altered when the primers were combined in multiplex reactions, with 2°C decrements in the annealing temperature to allow optimal annealing for all primers
in the mixture (8). The final annealing temperature suitable for
all reactions was 54°C. Similarly the optimal extension time
and temperature were also determined. The final reactions
yielded products ranging from 250 bp to 988 bp as shown in
Table 1 and Fig. 2.
Primer specificity. Serotype or serogroup specificities of the
specific primer pairs were assessed by amplifying each strain in
the control set. Of the 29 primer pairs designed to target
specific serotypes, 18 were completely specific for the targeted
serotype and included primer pairs used to detect serotypes 1,
3, 4, 5, 8, 10A, 14, 15A, 15B/C, 16F, 17F, 19A, 19F, 20, 23F, 31,
34, and 35B. (We consider 15B and 15C as one serotype since
they interconvert.) The serotype 6B primer set was also crossreactive with the common serotype 6A cps operon sequence.
Ten additional primer pairs were not completely serotype specific but were limited to an additional 1 to 3 rare serotypes,
most within the same serogroup (Fig. 1 and Table 3). These
included primer pairs for 22F, 12F, 9V, 11A, 7F, 33A, 18C, 38,
35F, and 7C.
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FIG. 2. Representative multiplex reactions. The serotypes of four
strains tested for each of eight different multiplex formulations are
shown below their respective lanes.
TABLE 3. Serotyping results deduced by sequential multiplex PCR
for 421 randomly chosen invasive pneumococcal isolates

Deduction of pneumococcal serotypes and serogroups using
multiplex PCR. Four hundred twenty-one random invasive
pneumococcal isolates obtained during 2002 to 2003 were
tested using the multiplex PCR system illustrated in Fig. 1. All
results were in complete concordance with this scheme. For
54.3% (229/421) of the isolates, 1 of 17 individual serotypes
was predicted, which was in complete concordance with conventional serotyping results (Table 3). These included eight
isolates, representing five serotypes deduced by PCR, where
the PCR results did not agree with conventional serotyping
results (data not shown). When the conventional serotyping
was repeated, it was clear that the original conventional test
was in error since retesting matched PCR method results.
For 40.9% (172/421) of the isolates, the multiplex scheme
narrowed the results to 1 of 11 serotype sets that included a
major serotype plus 1 to 3 minor serotypes that were primarily
within the same serogroup. For all of these except serogroup 6,
only one serotype of the set is relatively common among ABCs,
with the additional serotypes (in parentheses in Table 3) rare
among current ABCs pneumococcal isolates (accounting for
only 0 to 0.2% of isolates among year 2003 isolates; n ⫽ 2,798).
If potential cross-reactions were disregarded, the original targeted serotypes would have been correctly predicted among
95.2% of the isolates.
The 20 (4.7%) isolates for which serotypes could not be
deduced by the system included 10 serotypes not included in
the multiplex reaction scheme (Table 3). Three isolates that
were repeatedly not amplified by specific primer sets as well as
the internal control corresponded to two nontypeable isolates
and a single type 9V isolate from original conventional serotyping. All three of these isolates were subsequently retested
by conventional serotyping and found to be nonserotypeable.

Serotype result(s) from
multiplex PCRa

1
3
4
6A/6B, 35 isolates
7F/(7A)
7C/(7B)/(40)
8
9V/(9A)
14
20
31
34
38/(25F)
10A
11A/(11D)
12F/(12A)/(44)/(46)
15A
15B/C
16F
17F
18C/(18B)/(18F)/(18A),
3 isolates
19A
19F
22F/(22A)
23F
33F/(33A)/(37)
35B
35F/(47F)
Nontypeable

Actual conventional
serotyping result(s)
(no. of positive isolates)

1 (13)
3 (24)
4 (23)
6A (19), 6B (16)
7F (20), 7A (2)
7C (8), 7B (1)
8 (8)
9V (15)
14 (20)
20 (6)
31 (8)
34 (7)
38 (8)
10A (9)
11A (10)
12F (21)
15A (9)
15B/C (15)
16F (9)
17F (10)
18C (8), 18B (3),
18F (1), 18A (1)
19A (34)
19F (10)
22F (19), 22A (1)
23F (16)
33F (10)
35B (8)
35F (9)
9N (4), 10F (1), 13 (2),
21 (2), 23A (1), 23B (3),
28A (1), 28F (1), 29 (1),
41A (1), NT (3)

% of total
(n ⫽ 421)

3.1
5.7
5.5
8.3
5.2
2.1
1.9
3.6
4.8
1.4
1.9
1.6
1.9
2.1
2.3
4.9
2.1
3.2
2.1
2.3
3.1
8.1
2.3
5.0
3.8
2.4
1.9
2.1
4.8

a
Serotypes in parentheses occur in 0 to 0.2% of ABCs isolates (according to
year 2003 data).
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Since the first three reactions in the sequential multiplex
scheme are designed to cover the predominant serotypes
within the United States, we attempted to make the system
expeditious by performing PCR for the first three reactions
simultaneously on all isolates. This allowed us to obtain results
for 62.5% (263/421) of the isolates within the first three reactions and would theoretically identify ⬃68% of the ABCs isolates obtained during 2002 to 2003.
Pyrosequencing. The multiplex assay identified 35 of the 421
isolates as serogroup 6. Therefore, 14 l of the amplified product obtained through reaction 1 was used for the pyrosequencing assay as described previously. Pyrosequencing accurately
identified the serotype of these isolates as serotypes 6A (n ⫽
19) and 6B (n ⫽ 16).
Modification of primer combinations. While the seven reactions described above were designed to cover most of the
predominant serotypes reported in the United States, reactions 1 and 2 were altered based on the prevalence data in
other geographic regions (Asia and Africa) to include primers
targeting serotypes 1, 5, 6A/B, 7F, 14, 19A, 19F, and 23F.
These altered reactions (reaction 1 contained primers for serotypes 19A, 1, 6, and 19F and reaction 2 included serotypes
14, 5, 7F, and 23F) were a combination of serotypes different

VOL. 44, 2006

SEQUENCE-BASED DEDUCTION OF PNEUMOCOCCAL SEROTYPES

from that in the original sequential PCR scheme. A 4% gel was
used to detect these products (example shown in Fig. 2).
DISCUSSION

sets of isolates for several serotypes (data not shown), it is still
possible that strains from other countries of corresponding
serotypes could present confounding cps region sequence diversity. We targeted central cps targets that were most apt to
be serotype specific based upon current understanding of the
organization of cps loci and based upon our own exhaustive
screening of primers against all known cps locus sequences.
However, not all primers included in these seven reactions
were entirely specific. For example, the sequence homology
between serotypes within serogroups 18 and 6 prevented the
development of type-specific primers. Similarly, cross-reactivity between additional targeted serotypes (7F, 7C, 9V, 38, 11A,
12F, 22F, 33F, and 35F) and other serotypes is a problem.
Fortunately, strains of the cross-reacting serotypes are rarely
causes of serious invasive disease in the United States (7).
Nonetheless, conventional serotyping will have to be performed to differentiate such isolates, although the procedure
will be greatly streamlined with the knowledge that after the
major multiplex reaction serotype, there are only one to three
additional serotypes to screen. The PCR assays described so
far have reported similar limitations in developing type specific
primers among cross-reacting serotypes (3, 13, 25). The difference between serotypes 6A and 6B has been correlated to a
single nonsynonymous substitution in the putative rhamnosyl
transferase gene (wciP) (17), making it impossible to serotype
such strains by a PCR-based approach. The pyrosequencing
assay is highly reliable and cost-effective (19) and could differentiate all 35 isolates of serogroup 6. Though pyrosequencing
may not be readily available at all centers, it is of potential use
in resolving other sets of cross-reacting serotypes, when genetic
polymorphisms specific to each serotype become available.
The sequential multiplex PCR assay described here is reliable and expeditious when the first three reactions are performed simultaneously for all isolates. The first three reactions
detected 54.3% of the isolates included in this study. Since
these reactions include 12 primer pairs that target the predominant serotypes associated with invasive disease in the United
States, they would detect ⬃68% of all isolates obtained
through the ABCs surveillance (1999 to 2003). Similarly, the
serotype prevalence data obtained through other surveillance
studies also indicate that these three reactions would help to
detect the predominant serotypes seen in children ⬍5 years of
age within the United States (11). Another recent study of S.
pneumoniae infection in neonates also shows that SGT 19, 9,
and 3 account for ⬃60% of all invasive neonatal infections
(10). Therefore, this schematic approach is particularly helpful
to maximize detection of predominant types using a limited
number of multiplex reactions. However, it is essential to consider the changing epidemiology and the increase in certain
non-vaccine types such as serogroups 15 and 33, which are
reported to have increased in children ⬍5 years of age since
the introduction of PCV7 (11). Though our scheme does not
allow the detection of these serotypes within the first three
reactions, both of these serogroups are represented in the
subsequent reactions 4 and 5 and will be detected using this
system. Also, we demonstrated the flexibility of this system to
adapt to new surveillance data or areas through the usage of
two altered reaction formulations targeting the predominant
serotypes in Asia and Africa (7). This system can also be useful
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Accurate serotype determination of Streptococcus pneumoniae
is of critical importance as vaccine development presently relies
on serotype prevalence data (7). Monitoring serotype prevalence
patterns is also very important after the introduction of conjugate
vaccines (7- to 11-valent), since the possibility of replacement of
the vaccine types by nonvaccine types exists (15, 21, 27). For
example, the recent increase in serotype 19A isolates obtained
from children and adults in the postvaccine period (Jan 2003 to
July 2004) highlights the need for constant serotype surveillance to determine the changing epidemiology of the organism
(20). This has also led to renewed interest in developing accurate and efficient systems for pneumococcal capsular typing.
Though the existence of 90 different capsular types makes it
difficult to develop a typing scheme based on genetic approaches, the recent availability of sequence information of
all serotypes (http://www.sanger.ac.uk/Projects/S_pneumoniae
/CPS/) increases the prospect of achieving this objective. Also,
not all of these 90 capsular types cause serious infections, and
therefore development of a capsular typing scheme targeting
most serotypes frequently associated with serious disease is a
promising approach. We have attempted to develop a schematic approach to serotype the isolates obtained through our
surveillance program, using 28 primer pairs divided among
seven multiplex PCRs. Each multiplex reaction is designed to
sequentially include the most frequently occurring serotypes,
with seven reactions progressively covering about 88% of the
isolates obtained each year through ABCs. The multiplex assay
described here is supplemented by a pyrosequencing assay for
resolving the highly homologous serotypes 6A and 6B (19). We
also demonstrate the potential of altering the combinations of
serotypes in different multiplex PCRs to more efficiently detect
predominant serotypes in regions outside the United States.
Our study indicates that cps genes can be targeted to efficiently and reliably determine pneumococcal serotypes. The
primers cpsA-f and cpsA-r were included in all reactions as an
internal control targeting the cpsA gene, a highly conserved
gene present in all pneumococci (18). This locus was amplified
in all the strains characterized, except in four strains which
were also nontypeable by conventional serotyping (three nontypeable and one type 9V rendered nontypeable on repeat
capsular testing). The absence of amplification among such
rough strains has been reported previously (3) and is probably
due to the absence of the cps locus or cps sequence alterations.
Seventeen of the primers in this sequential multiplex PCR
system were found to be highly specifically associated with no
cross-reactivity. These primers could reliably detect all isolates
tested of corresponding types. This observation is particularly
important as the primer designs for many serotypes have been
based on the sequence information obtained from a single
isolate. (All serotype sequences available at www.sangers.ac.uk
are based upon one isolate of the corresponding serotype.) We
did not find evidence suggesting that the genetic variability
between different strains of the same serotype may affect its
serotype determination by a PCR-based approach as suggested
previously (29). Although we did analyze genetically diverse
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utilizing a single cps locus PCR product (http://www.sanger.ac.uk
/Projects/S_pneumoniae/CPS/) (2) and specific oligonucleotides
for the identification of all pneumococcal serotypes.
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There were eight instances where discrepancies between the
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difficult to explain, repeat serotyping has resulted in correction
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reported by other reference laboratories (12) and emphasize
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35B, and 7F/7C are easily resolved using our multiplex PCR
scheme, with no subjectivity in interpretation (although the
7F and 7C reactions cross-react with the rare serotypes 7A
and 7B, respectively).
This multiplex PCR system can be easily introduced in most
clinical laboratories. The use of crude DNA extracts obviates
the need for more specialized template preparation protocols
and detects the most common serotypes using a minimal number of reactions, and products can be detected easily by gel
electrophoresis. We have found that we can readily assign
results to 96 isolates in a single day. We envision that most
reference laboratories will in the future adopt a molecular
approach to capsular typing. For example, the primers used
in this system could potentially be used in the development
of a multiplex oligo-capture system that relies upon a universal pair of primers for “long PCR” of all cps operons. We
are currently investigating the feasibility of such an oligocapture system.
The multiplex PCR system described in this work is costeffective. Accounting for the fact that we produce our own
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readily accomplished using a multiplex PCR approach. Another potential weakness of DNA-based approaches is the
potential to assign serotypes to strains with defective cps operons, although such isolates are rarely recovered from invasive
infections.
Although our multiplex PCR system identifies or greatly
streamlines identification of the majority of predominant
serotypes circulating within the United States, the number of
primers will need to be increased for a comprehensive system. We
are confident that the work we present here will serve as an
excellent starting point for the development of a simple system
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