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ABSTRACT The group B streptococcus (GBS) capsular polysaccharide (CPS) is an im-
portant virulence factor which is also used for GBS typing. There are 10 CPS types
(Ia, Ib, and II to IX). GBS that do not phenotypically type are considered nontype-
able. All genes required for CPS synthesis are found on the GBS cps operon, which
contains a highly variable CPS-determining region (cpsG-cpsK). The objective of this
study was development of an assay to detect sialic acid on the GBS cell surface, fol-
lowed by a genotypic PCR CPS typing assay. Sialic acid is located at the terminal
end of the side chain of all known GBS CPS types. Sialic acid can be bound to com-
mercially available lectins such as slug Limax flavus lectin. Biotinylated L. flavus-
streptavidin-peroxidase complex was used in an enzyme immunoassay and dot blot
assay to detect sialic acid. This was followed by a PCR typing scheme that was de-
veloped to target the serotype-determining region of the cps locus for Ia, Ib, and II
to IX. Sialic acid from the CPS types Ia, Ib, and II to IX was detectable on the GBS
cell surfaces of all previously identified CPS-typed GBS strains assayed. This was fol-
lowed by the real-time PCR typing assay which successfully identified CPS Ia, Ib, and
II to IX types. The combination of phenotypic and genotypic assays provides an ac-
curate tool for detection of CPS expression and assignment of CPS typing. These as-
says have the potential to be used for CPS typing in large-scale epidemiological
studies.
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Group B streptococci (GBS) are recognized as a leading cause of neonatal invasive
disease, as well as invasive disease, in immunocompromised patients and in

elderly individuals (1–7). An important virulence factor of GBS is a capsular polysac-
charide (CPS); there are ten antigenic CPS variants designated Ia, Ib, and II to IX (8–11).
In North America and a number of European countries, five CPS types (Ia, Ib, II, III, and
V) cause the bulk of invasive disease cases, with CPS III causing a higher rate of disease
among neonates and CPS types Ia and V causing higher rates among adult patients
(12–23). Interestingly, recent studies have noted the emergence and circulation of CPS
IV, a previously uncommon serotype, as an important cause of both neonatal and adult
infections (14, 19, 24–28).

As attention is focused on invasive GBS (iGBS) disease with the emergence of new
strains and increased antibiotic resistance, the potential to prevent iGBS disease via
vaccination becomes more attractive (21, 29). If a GBS vaccine is developed for use that
is based on selected capsule types, it will become important to monitor distribution
patterns of CPS types in circulation in the target population using sensitive and specific
methods for determining CPS types.
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Common phenotypic methods of GBS CPS type identification are based on sero-
logical assays such as capillary precipitin (30), immunodiffusion (30, 31), latex aggluti-
nation (32, 33), coagglutination (34), or enzyme immunoassay (35), which have proven
invaluable for identifying CPS types. However, these assays may have complicated
interpretations resulting in a number of incorrect typing assignments due to poor
capsule expression, capsule operon mutations, rearrangements, or limited accuracy.
Molecular typing based on PCR assays has been already developed; however, these
assays target capsule gene detection rather than capsule expression. Moreover, they
tend to involve a combination of two different techniques, e.g., PCR plus sequencing
(36), PCR plus blot hybridization (37, 38), PCR plus enzymatic restriction (39), or
multiplex PCR plus agarose gel electrophoresis (40, 41). A real-time PCR assay is a more
attractive molecular method for assigning CPS type than conventional PCR since it is
usually more rapid.

The CPS type-specific epitopes of each GBS polysaccharide are created by different
arrangements of four component sugars (glucose, galactose, N-acetylglucosamine, and
sialic acid) into a unique repeating unit. Interestingly, all of these structures contain a
terminal sialic acid (Neu5Ac) bound to galactose in an �2-3 linkage (40, 42, 43). The
conservation of Neu5Ac among all known GBS capsular types suggests that this
structural feature is essential to GBS capsular polysaccharide pathogenicity. We propose
that sialic acid on the surfaces of GBS capsule positive cells can be used as a universal
phenotypic method to ascertain capsule expression, followed by a CPS-specific real-
time PCR assay.

RESULTS
Detection of sialic acid from 10 GBS CPS types using a lectin enzyme immu-

noassay (EIA). Understanding that sialylation is essential for full GBS capsule biosyn-
thesis and loss of sialylated capsule reduces the amount of CPS expressed on the
bacterial cell surface by 80% (43), we hypothesized that sialic acid could be used as a
recognition moiety for capsule expression. The commercially available biotinylated
lectin from the slug Limax flavus was selected to be used in our sialo-lectin binding
assay. L. flavus lectin was selected because it reacts with sialic acid in any linkage (44,
45), whereas other sialic acid-specific lectins recognize only specific glycosidic linkages
of sialic acid or other carbohydrate moieties (45–48). Sialic acid is conserved at the
terminus of the side chain of all GBS capsule types.

To examine the use of sialo-lectin binding to detect GBS CPS expression, 10 GBS
strains were selected representing all recognized GBS CPS types (Ia, Ib, and II to IX) for
CPS extraction (Table 1). Recognition of the immobilized sialic acid from the 10 assayed
CPS type bacterial isolates by biotinylated L. flavus lectin validated the presence of CPS.
It also provided a dose-dependent signal that exhibited a saturating signal at a lectin
concentration of 10 �g/ml (Fig. 1). Therefore, the working concentration of biotinylated
L. flavus lectin with all the CPS types in the study was restricted to 10 �g/ml. The

TABLE 1 Strains used in study

Strain type Designation Source or reference

GBS
Ia A909 70
Ib NCS4 71
II NCS6 71
III COH1 72
IV NCS11 71
V NCS13 71
VI NCS14 71
VII 7271 73
VIII JM9 74
IX ATCC 27412

S. pneumoniae serotype 14 10SR3072 This study
E. coli ATCC 25922
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average absorbance at 450 nm for all CPS types was 0.85 � 0.079 with a 95%
confidence interval (CI) of 0.77 to 0.93 (Fig. 1). For the asialo-CPS (spn14) isolate with no
sialic acid in its capsule and the well with no capsule material, average absorbances of
0.45 nm (95% CI � 0.44 to 0.45) and 0.022 nm (95% CI � 0.02 to 0.03) were detected,
respectively. The upper absorbance limit of the 95% CI of the negative control (spn14)
preparation was 0.45. This value was used as a cutoff for detecting the presence of sialic
acid in further experiments.

Detection of sialic acid from the 10 GBS CPS types using a lectin dot blot assay.
To verify that the sialo-lectin binding phenotypes from the 10 assayed CPS type isolates
by the lectin EIA was not due to endogenous sialic acids coextracted from the bacteria
during the capsule extraction process, whole bacteria were assayed in a lectin dot blot
assay. As shown in Fig. 2, sialic acid was uniformly expressed in all the assayed strains,
whereas no signal was detected on the spot corresponding to the asialo-CPS (spn14)
isolate. The results suggested that both the lectin EIA and the lectin dot blot assays
could be used as simple phenotypic assays to determine CPS expression for GBS.

GBS CPS typing assay. (i) Assignment of CPS types for types Ia, Ib, and II to IX
using a singleplex real-time PCR CPS typing assay. Representative CPS DNA operon
sequences for CPS Ia, Ib, and II to VIII and a partial CPS DNA operon sequence for IX
were obtained from the NCBI website (http://www.ncbi.nlm.nih.gov/). The se-
quences of these strains were analyzed to generate cps-specific primer pairs and dually
labeled probes, which enabled the amplification of DNA amplicons to be easily
discriminated by specific probes. A CPS-specific gene scheme was developed based on
comparison analyses of cps genes. A unique region(s) of the cps gene(s) was identified
for each CPS type based on the nucleotide sequence comparison with other CPS types.
From this information, a set of primers for each CPS type, Ia, Ib, and II to IX, was
designed to uniquely target each of the 10 CPS types (Table 2). The identification of CPS
types Ia, Ib, and II to IX depends on the ability of the primer pairs to amplify and probe

FIG 1 Recognition of GBS CPSs by the lectin EIA. Crude GBS CPS preparations (Ia, Ib, and II to IX) were
incubated with L. flavus lectin specific for Neu5Ac. Three concentrations of biotin-L. flavus lectin (LFA)
were used (10, 1, and 0.1 �g/ml), while 1 �g of HRP-labeled streptavidin/ml was used. Data are expressed
as mean OD450 values with the standard deviations (SD) for at least three independent experiments.

FIG 2 Recognition of GBS CPSs by dot blot enzyme-linked immunosorbent assay. GBS type Ia, Ib, and II
to IX whole bacteria (107 CFU) were incubated with L. flavus. An spn14 isolate was used as a negative
control.
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to identify a specific fragment for the following cps genes: cpsH, cpsJ, cpsK, cpsG, cpsN,
cpsO-V, cpsI, cpsM, cpsR, and cpsO-IX, respectively.

To verify the specificity of the designed primer pairs and probes, they were BLAST
searched against the NCBI nonredundant sequence database to confirm the absence of
serendipitous similarities. Based on this analysis, the designed primer pairs and probes
were determined to have 100% specificity for the identification of GBS CPS types,
except for CPS type III. The primers and probe targeting cpsG were similar to CPS types
V and VI. However, the primers for CPS V and VI are specific for the identification of
these CPS types. An algorithm was constructed to allow identification of the 10 CPS
types, as shown in Fig. 3. The specificity and efficiency of each primer pair used
separately were determined by singleplex reverse transcription-PCR (RT-PCR) with DNA
extracted from 10 GBS strains representing all GBS recognized CPS types (Table 3) that
were used as reference strains. Specific and characteristic PCR patterns were obtained
with all primer pairs and probes for each CPS type (Table 4). No signal was obtained for
the negative controls, isolates spn14 and Escherichia coli ATCC 2592 (data not shown).

The standard curve and efficiency of each primer pair was determined by using a
series of diluted genomic DNA extracts from the recognized CPS types to determine the
smallest amount of DNA detected while maintaining a desirable efficiency. The mini-
mum concentration of purified genomic DNA required for the cpsH, cpsK, cpsJ, cpsN,
and cpsI primer pairs was 30 ng, whereas for the cpsG, cpsM, cpsO-V, and cpsO-IX
primers 20 ng was required (Fig. 4). For the cpsR primer set, 40 ng was required for the
detection. The designed primers have high amplification efficiency ranging between
90.9 and 99.9%, as shown in Table 3, indicating that the assay is robust and reproduc-
ible.

TABLE 2 Primer pairs and probes used in the singleplex and multiplex RT-PCR assays

Identifier CPS type Sequence (5=–3=)
Duplex
reaction

Primer
cpsO-F V AACAGAGGCCAATCAGTTGCA 1
cpsO-R CGGCATTGGTAGCTTTCTGTATG
cpsI-F VI TTCACCTTCTGCCATCTCAA 1
cpsI-R AAGGGATAGTCGCGTAAAAGTC
cpsG-F III AAACGGGTTACTCAGACTTCG 2
cpsG-R TCACCAAACTGCTTTCTCCTAG
cpsK-F II GCTATTCCCTACATGGAAGATGG 2
cpsK-R TTACTGAAGCCATGATATCGGG
cpsM-F VII CCTTTGAGAGTTCATAACTGTT 3
cpsM-R GTCCTCTAATTGCACCAATAAT
cpsR-F VIII CCAGATGGGCATGAGTGGTTAC 3
cpsR-R CAGTCCCATAGGCGATGTAGG
cpsN-F IV GTATGCTTTCGTGTCTGATTATGC 4
cpsN-R ATTGATCCAAAACCCAAACCTG
cpsH-F Ia TTAATTTGCGATCCGGGAGTAG 4
cpsH-R GCAGGCCACTTTTGTAGAAATAG
cpsJ-F Ib TGGGATATAGAGATTTAGTACCTGTTG 5
cpsJ-R ATTGGTTTGTGATATTCCATTCTCG
cpsO-F IX CTGATGATCTTTGTTCGCCATTT 5
cpsO-R ACAAGGGTGATCCTCAATTCC

Probe
cpsO V Cal Fluor 560-CAACGGAGTACTTAGGTGTACAGGAGA-BHQ1 1
cpsI VI FAM-ACAATGGAGGTGCATCATCAGCA-BHQ1 1
cpsK II Cal Fluor 560-TCTTGTCACAAAGACCATCTGGAGCG-BHQ1 2
cpsG III FAM-ATTGTTATCACACATGGCGGCCC-BHQ1 2
cpsM VII Cal Fluor 540-CTAGGGAGTTAAGTTATGATGTGA-BHQ1 3
cpsR VIII FAM-TGGAGTATTCCTGTACGTCGCTATTGGA-BHQ1 3
cpsN IV Cal Fluor 560-CCTCTCCAGGTAGCTCACAAGCAAA-BHQ1 4
cpsH Ia FAM-TTGAATGCGACCCCAAAGGGAGA-BHQ1 4
cpsJ Ib FAM-CCGATTTTGAAATCAGCCAGAGCTCCT-BHQ1 5
cpsO IX Cal Fluor CAACATGAAACTGGTGCTGACCTTGT-BHQ1
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(ii) Assignment of CPS types using a duplex RT-PCR GBS typing assay. Five
duplex reactions (1 to 5) (Table 2) containing primer pairs and probes specific for CPS
types V/VI, III/II, VII/VIII, Ia/IV, and Ib/IX were used in a real-time PCR platform. The 10
GBS CPS reference strains previously assayed in the singleplex PCR typing assay were
analyzed using the duplex real-time PCR assay to assign CPS type. The duplex real-time
PCR assay allowed identification of the CPS type for the GBS strains shown in Table 5.

A collection of 70 previously serotyped GBS clinical isolates representing all recog-
nized CPS types were analyzed to determine the reliability of the duplex real-time PCR
typing with the exception of CPS VII. No CPS type VII except for the reference strain was
present in our collection; therefore, no clinical CPS VII isolates were assayed (15). We
compared the CPS typing by the duplex RT-PCR assay against serotyping by the
immunodiffusion assay for CPS types Ia, Ib, and II to VIII or a previously described PCR
assay (40) for CPS type IX. A concordance of 97.2% for the duplex RT-PCR GBS typing
and the phenotypic serotyping assay (immunodiffusion) was observed. No discordant
results were obtained between the molecular assay and the serological assay for all CPS
types, with the exception of CPS type Ib. Two isolates were typed by the serological
assay as CPS type Ib, and yet the molecular assay assigned CPS type II for these isolates

FIG 3 Algorithm to identify GBS CPS types Ia, Ib, and II to IX. Gray boxes are cps target genes, and white
boxes are GBS CPS types.

TABLE 3 Efficiency calculated for primers for real-time PCR GBS CPS typing

cps gene target Efficiency (%)

cpsH 92.60
cpsK 99.87
cpsJ 90.94
cpsG 92.31
cpsN 99.79
cpsO-V 98.56
cpsI 96.14
cpsM 91.84
cpsR 98.60
cpsO-IX 96.68
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(Table 6). To confirm CPS genotyping of these two isolates as CPS type II, a previously
described conventional PCR assay (41) was performed to distinguish between CPS
types II and Ib. The PCR assay verified these isolates as CPS type II (Fig. 5).

Assignment of CPS type to a collection of clinical NT isolates using lectin
EIA/lectin dot assays and a duplex RT-PCR GBS typing assay. To determine the
robustness of our assay algorithm, we assayed 159 GBS clinical isolates from Alberta,
Canada, collected from 2003 to 2013 that were determined to be nontypeable (NT) in
a double immunodiffusion assay. These GBS isolates were assayed for the presence of
sialo-CPS using the lectin EIA after CPS extraction. A total of 47.2% (75/159) of the
capsule preparations from the NT isolates reacted positively with L. flavus lectin,
suggesting the presence of capsule (data are not shown). The lectin dot blot assay
supported the results obtained from the lectin EIA since all 75 isolates spotted in the
lectin dot blot assay displayed spots darker than the spots from isolates with an optical
density (OD) below 0.45 in the lectin EIA (Fig. 6), suggesting the presence of sialic acid.

To prove the stability and veracity of the duplex RT-PCR typing assay, the capsule
types of the sialo-CPS-positive NT strains were assayed. DNA was extracted, and PCR
amplification with the cfb primer pair was performed. All strains yielded the expected
PCR product, which confirmed that the DNA preparations were devoid of PCR inhibitors
and that the corresponding strains were GBS (data not shown). A duplex RT-PCR CPS
typing assay was then performed to identify CPS genotypes. A capsular genotype was
assigned for 71 of 75 isolates (94.7%). The majority of the strains were typed as CPS type

TABLE 4 Singleplex real-time PCR for GBS typinga

Gene
target

Mean CT � SD for CPS type:

Ia Ib II III IV V VI VII VIII IX

cpsH 23.9 � 0.2
cpsJ 24.1 � 0.5
cpsK 26.8 � 1.5
cpsG 18.4 � 1.6 23.2 � 2.2 26.4 � 2.7
cpsN 18.5 � 0.0
cpsO-V 20.0 � 1.4
cpsI 21.5 � 0.6
cpsM 26.2 � 2.3
cpsR 23.5 � 1.1
cpsO-IX 17.6 � 0.1
aData are expressed as mean CT values for at least three independent experiments.

FIG 4 Standard curves and efficiencies calculated for primers for real-time PCR GBS CPS typing. Tenfold dilutions
of DNA template (10, 20, 30, 40, and 50 ng) were plotted against the CT value for each dilution to generate a
standard curve. From this standard curve, the smallest amount of DNA detected and the CT slope were determined
for the primers cpsH, cpsK, cpsJ, cpsG, cpsN, cpsO-V, cpsI, cpsM, cpsR, and cpsO-IX to identify CPS types Ia, Ib, II,
III, IV, V, VI, VII, VIII, and IX, respectively. The efficiency values were measured for each primer pair using the CT slope
method. The amplification efficiency was calculated according to the following equation: Ex � 10(�1/slope) � 1,
where Ex is the efficiency. Data are expressed as mean CT values with the SD for at least three independent
experiments.
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V (53.3%, 40/75). A total of 14.7% (11/75) of the isolates were typed as CPS type III, 8%
(6/75) as type II, 5% (4/75) as type Ia, 5% (4/75) as Ib, 4% (3/75) as type VI, 2.7% (2/75)
as type IV, and 1.3% (1/75) as type IX. Four isolates failed to be assigned a CPS type.

To test the ability of the duplex PCR assay to assign CPS types to GBS isolates, we
randomly selected 32 of the remaining 84 GBS isolates that did not react with L. flavus
lectin in EIAs and dot blot assays and assayed them in the duplex real-time PCR assay.
The capsule types identified were CPS types Ia (3.1%, 1/32), Ib (31.3%, 10/32), II (3.1%,
1/32), III (6.3%, 2/32), V (18.3%, 6/32), VI (3.1%, 1/32), and IX (28.1%, 9/32). Four isolates
failed to be assigned a capsule type. This demonstrated the ability of the duplex RT-PCR
assay to genotypically identify CPS types which failed to express sialic acid on their
surfaces, suggesting the absence of capsule.

DISCUSSION

GBS CPS is a well-known protective antigen against GBS (29, 49). Past efforts to
develop GBS vaccines have focused primarily on the use of capsular polysaccharides
from more common types associated with GBS disease (29, 49). For this avenue of
vaccine development to be effective requires inclusion of the most relevant CPS types
in the target population (29, 49). Here, we present a dual GBS typing system that
provides information regarding capsule expression and identification of capsule type.

The first step of the proposed GBS typing system involves the detection of sialic acid
and confirmation of capsule expression. GBS CPS is terminally linked to sialic acid.
Sialylation is an essential process for full GBS CPS biosynthesis and expression. A past
study reported that sialylation of GBS capsular polysaccharide is required for full
synthesis of CPS by GBS (43). These investigators found an 80% reduction in surface
associated CPS produced by asialo mutant strains that had a deletion in the cpsK gene
encoding sialyltransferase compared to the parental strain (43). This group also re-

TABLE 5 Duplex real-time PCR for GBS CPS typinga

Reaction cps gene CPS type Mean CT � SD

1 cpsO V 18.04 � 1.33
cpsI VI 18.07 � 0.07

2 cpsG III 16.77 � 0.70
cpsK II 24.88 � 0.50

3 cpsM VII 19.70 � 1.34
cpsR VIII 22.44 � 0.22

4 cpsH Ia 24.55 � 0.04
cpsN IV 18.12 � 0.02

5 cpsJ Ib 19.97 � 1.41
cpsO IX 17.84 � 0.06

aData are expressed as mean CT values for at least three independent experiments.

TABLE 6 Comparison of typing results obtained with the immunodiffusion assay (the
serological method) and the duplex real-time PCR assay using a collection of GBS clinical
strains

CPS type
determined by
PCR

Result for CPS type determined by immunodiffusion assay
Concordance
(%)Ia Ib II III IV V VI VIII IXa Total

Ia 8/8 8 100
Ib 6/8 6 75
II 2 6/6 8 100
III 10/10 10 100
IV 8/8 8 100
V 11/11 11 100
VI 5/5 5 100
VIII 4/4 4 100
IX 10/10 10 100

Total 8 8 6 10 8 11 5 4 10 70 97.2
aCPS type IX isolates were typed by a PCR assay as previously described (40).
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ported the same scenario with an asialo mutant with a deletion in neuA encoding
CMP-sialic acid synthase (50). The lectin from L. flavus agglutinin was chosen in our
study to detect sialic acid from GBS CPS types for two reasons. First, L. flavus lectin binds
to Neu5Ac regardless of its linkage. This was optimal for our assay since sialic acid in the
capsule among the known GBS CPS types has different linkages. Second, to date,
nonspecific binding has not been identified for L. flavus lectin (51). For these reasons,
biotinylated L. flavus lectin was selected.

Serological CPS typing is the most common method for GBS CPS assignment, but
the proportion of NT isolates is significant and has increased over time (11, 37, 52). This
leads to misrepresentation of some of the CPS types. The sensitivity of the serological
assays used to detect GBS capsule polysaccharide can vary. These methods depend on
the quality of the antibodies, the technical experience of the operator, and the
expression of a detectable amount of capsule (53). A study by Kilian and coworkers (54)
identified limitations associated with GBS latex agglutination serotyping. The aggluti-
nation assay was found to be less sensitive than the flow cytometric assay. Approxi-
mately one-half of the strains assigned as NT in the agglutination test were found to
express type-specific polysaccharides by the flow cytometric method (54). To over-
come these limitations, we developed a sialo-lectin assay for which sialic acid could
be used as a universal approach to detect capsule expression without the need for

FIG 5 GBS PCR typing of the two isolates that displayed a discrepancy between the immunodiffusion
assay (CPS type Ib) and duplex real-time PCR typing (CPS type II). To identify CPS type II, a previously
described PCR assay (41) was used. Lanes: 1, 1-kb DNA ladder; 2, CPS type Ib genomic DNA (gDNA); 3,
CPS type II gDNA; 4, 04SR421 gDNA; 5, 13SR567 gDNA; 6, 100-bp DNA ladder.

FIG 6 A lectin dot blot assay was performed for GBS isolates that failed to be assigned a CPS type by the
immunodiffusion assay (NT isolates). Underlined dots are positive for sialic acid. There are 75 positive spots. GBS
whole bacteria (107 CFU) were incubated with L. flavus; the positive control was CPS type III GBS strain COH1. The
negative control was the spn14 isolate.
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antibodies. Moreover, the use of biotinylated lectin in a streptavidin-horseradish
peroxidase (HRP) detection and amplification system has the advantage of detecting
a small amount of sialylated capsule (43, 46, 55, 56). Two assays, lectin EIAs and lectin
dot blot assays, were described in our work to identify isolates with capsule. We also
used these assays to characterize isolates in our collection that were identified as NT by
immunodiffusion assay. Based on our results, there were 52.8% (84/159) NT isolates that
lacked sialic acid expression on the bacterial surface. However, 47.2% (75/159) of our
serologically NT isolates expressed sialic acid on the surface, suggesting the presence
of the capsule. The immunodiffusion assay is less sensitive than the sialo-lectin meth-
ods, as confirmed by our observation that 47.2% of the strains assigned as NT in this
assay were found to express sialylated capsule polysaccharide when examined by the
sialo-lectin assays. The 84 sialic acid negative isolates in the lectin EIAs and lectin dot
blot assays presumably do not express capsular polysaccharides. Mechanisms of cap-
sule loss could potentially be caused by genetic alterations such as the insertion or
deletion of DNA fragments in the cps operon or mutations in specific conserved genes,
such as cpsE, cpsF, cpsA, and cpsG, located in the cps locus (37, 57, 58).

The second step of our proposed GBS typing system is identification of the CPS type
by PCR. Several molecular typing-based PCR assays have been developed (36, 38, 40,
41, 59). These assays target cps-determining genes in the cps operon. PCR assays are an
attractive approach to GBS CPS typing because of their high discriminatory power for
identifying CPS types. Such PCR assays were able to assign a CPS type to isolates that
failed to be identified by serological assay methods (36, 40, 41, 59). Although PCR-based
assays for typing GBS work well, a number of limitations have been identified. Gener-
ally, these assays target capsule genes rather than expression; hence, the cps locus
identified by the PCR-based assays does not confirm whether the CPS is expressed or
not. Moreover, to identify CPS types by the available PCR-based assays, two different
techniques are required, such as PCR plus sequencing (36), PCR plus blot hybridization
(37, 38), PCR plus enzymatic restriction (39), or multiplex PCR plus agarose gel electro-
phoresis (40, 41). The involvement of two molecular techniques to identify CPS types
only at the genotypic level can consume time and may involve increased expense when
techniques such as sequencing and blot hybridization are used. Also, these assays may
not always be accurate. For example, the multiplex PCR assay described by Imperi et al.
(40) that was designed to distinguish among types Ia, Ib, and II to IX was found to
misidentify some CPS type Ib and IV strains as CPS type Ia (54, 60). In addition, a two-set
multiplex PCR assay (set 1, types Ia, Ib, II, III, and IV; set 2, types V, VI, VII, and VIII)
developed by Poyart et al. (41) failed to distinguish between CPS types VII and IX (54).
Also, the CPS-specific PCR assay described by Kong et al. (36, 38) did not include a PCR
specific for CPS type II, VII, or VIII (54). To address these issues, we developed a duplex
real-time PCR assay that identifies CPS type based on detecting the presence of
capsular genes. The real-time PCR technique used in our typing system is a more
attractive approach to assigning CPS types than conventional PCR. The main advan-
tages of the TaqMan real-time PCR assay are its high sensitivity and reliability (one step
and gel free) with a specific set of primers and probes to identify each CPS type. The
assay is easy to perform and does not require the use of antisera. The method also has
time advantages over previously described molecular methods (36, 40, 41, 59) because
it requires only a single PCR for amplification and detection and can be completed
within 1 h. To overcome GBS typing inaccuracies using PCR, previous investigators
have developed a GBS CPS typing algorithm that includes three previously described
PCR assays (36, 38, 40, 41). This approach resulted in a GBS CPS typing accuracy of 99%
(60). Our duplex real-time PCR assay had a level of accuracy of 100%. We believe that
our assay would be ideally suited for high-throughput GBS epidemiological studies in
which a large collection of GBS isolates requires CPS typing. A limitation of our assay
was the inability to type a small subset of isolates. Four isolates of the 75 isolates that
were sialic acid positive and 2 isolates of the 32 randomly selected sialic acid-negative
isolates failed to be typed by our PCR assay. Possible reasons for this may be the
presence of an insertion(s) or mutation(s) impairing primer and/or probe binding.
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Alternatively, these isolates may represent new CPS types resulting from capsular
switching events, in which GBS has acquired new capsule genes by horizontal gene
transfer, followed by genetic recombination. Recently, a short report by Breeding et al.
(61) described a real time-PCR CPS typing assay for GBS. These authors examined a
collection of 21 clinical GBS isolates using their real-time PCR assay compared to latex
agglutination and found 100% concordance for their assay, suggesting that the real-
time PCR assay performs well. Our algorithm differs in that the presence of capsule is
also determined phenotypically and assignment of CPS type is done by real-time PCR.
Nonetheless, the assay described by Breeding et al. and our assay algorithm demon-
strate the strength of the real-time PCR for GBS CPS typing.

In summary, we propose a new GBS typing system for which the first step is to
confirm capsule expression using sialo-lectin assays, followed by duplex real-time PCR
typing that identifies the cps genotype. The combination of sialo-CPS lectin binding and
duplex real time-PCR typing assays provides a simple and reliable tool for CPS expres-
sion confirmation and GBS CPS typing, respectively. This sensitive and specific method
enables the characterization of GBS CPS types Ia, Ib, and II to IX, thereby reducing the
rate of detection of NT isolates. It is therefore particularly well adapted for GBS CPS
typing in large-scale epidemiological studies.

MATERIALS AND METHODS
Bacterial strains used. Ten GBS strains with known CPS types were used as reference strains for CPS

typing (Table 1). Seventy GBS clinical isolates previously typed by the phenotypic immunodiffusion assay
and 159 GBS clinical isolates that previously failed to be typed (nontypeable [NT]) by the phenotypic
immunodiffusion assay were included in this study (15). A Streptococcus pneumoniae serotype 14 isolate
(spn14) and Escherichia coli ATCC 25922 were used as control strains (Table 1) (62, 63). GBS isolates were
cultured on Columbia blood agar plates (Dalynn Biologicals, Canada) containing 5% sheep blood
overnight at 37°C. They subsequently were inoculated into Todd-Hewitt broth (Becton Dickinson, USA)
and incubated overnight at 37°C for use in the experiments described here.

Identification of GBS. Isolates were identified on the basis of colony morphology, beta-hemolysis,
Gram stain, and Lancefield grouping with type B antisera (Oxoid, Canada) (64). GBS isolates were
additionally confirmed as GBS using a conventional PCR-based assay targeting the cfb gene that encodes
the Christie-Atkins-Munch-Petersen factor (65).

GBS CPS typing. (i) Double immunodiffusion assay. Phenotypic CPS typing was performed using
a Lancefield heat-acid extraction assay, followed by a double immunodiffusion method described
previously (30, 31). The immunodiffusion assay of GBS CPS typing used for this study was based on
reactions with antisera raised against CPS types Ia, Ib, and II to VIII. A type-specific antiserum panel was
prepared in rabbits as previously described (30, 31).

(ii) CPS type IX identification. PCR CPS typing was used for the identification of CPS IX using the
primers cpsI-7-9-F (5=-CTGTAATTGGAGGAATGTGGATCG) and cpsI-9-R (5=-AATCATCTTCATAATTTATCTCC
CATT), which amplify target regions specific to CPS IX as previously described (40).

(iii) CPS type II identification. To identify CPS type II, a previously described PCR assay (41) was
performed using the primers II-F (5=-TCCGTACTACAACAGACTCATCC) and II-R (5=-TTCTCTAGGAAATCAA
ATAATTCTATAGGG), which amplify target region specific for CPS type II (397 bp).

Genomic DNA extraction. Genomic DNA extraction was performed as follows. Overnight broth
cultures (1.5 ml) were centrifuged for 10 min at 3,000 � g. The pellet was resuspended in 500 �l of 1�
phosphate-buffered saline (PBS; 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4, 0.24 g of KH2PO4, and 1,000
ml of H2O [pH 7.2]) and washed two times with PBS. Genomic DNA was extracted by using a DNA
Mericon kit (Qiagen, Germany). Extracted genomic DNA was concentrated and dissolved in 30 �l of
Qiagen elution buffer or water and then stored at �20°C. RNase pretreatment was done prior to
quantification of genomic DNA.

Isolation of CPS. CPS from GBS strains was isolated as previously described (43, 66–68), with
modifications. Bacteria were grown overnight in 200 ml of Todd-Hewitt broth (THB) with 3% neopeptone
for 24 h at 35°C, diluted to 2 liters in fresh THB, and grown to an optical density at 600 nm (OD600) of
0.7. The cultures were chilled on ice, and the cells were pelleted and washed twice with ice-cold PBS. The
cells were then resuspended in 200 ml of lysis buffer (25 mM sodium phosphate buffer, 10 mM MgCl2,
40% [wt/vol] sucrose, 13.3 U/ml mutanolysin [Sigma-Aldrich, Canada]; pH 7.0), followed by incubation for
19 h at 37°C with end-over-end mixing. Protoplasts were removed by centrifugation, and the mutano-
lysin extract was treated with DNase buffer (3.5 ml, 400 mM Tris, 60 mM MgCl2, 20 mM CaCl2, pH 7.5),
along with sodium azide to a 0.05% final concentration. DNase (300 U) and RNase (200 �g) were added,
and the sample was incubated for 24 h at 37°C with rocking. After centrifugation at 3,200 � g for 30 min
at 4°C to pellet precipitated material, pronase (0.5 mg predigested for 2 h at 50°C to destroy glycosidases
in the preparation) was added, along with 0.1 ml CaCl2 (10 mM final concentration), and the sample was
incubated for 17 h at 37°C with rocking. The remaining insoluble cell wall fragments and cell bodies were
removed by centrifugation. The supernatant was collected and stored at 4°C.
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Lectin enzyme immunoassay (lectin EIA). Capsule extract (200 �l), along with 0.15 M sodium
carbonate, was used to coat the wells of 96-well EIA plates (MP Biomedicals, USA) at 4°C overnight. The
detection method was based on biotinylated lectin extracted from L. flavus slug agglutinin (EY Labora-
tories, USA). The amount of bound biotinylated L. flavus was quantified by using HRP-labeled streptavidin
(Vector Laboratories, USA). Streptavidin was selected as a detection method because it had no carbo-
hydrate groups to which lectins may incidentally bind, and it provided an amplification step to detect
small amounts of sialylated CPS (43, 46, 55, 56). The plates were washed with PBS for 15 min and blocked
with 1% bovine serum albumin (BSA) in PBS for 4 h at 37°C, and then 50-�l portions of three dilutions
(10, 1, and 0.1 �g/ml) of biotinylated L. flavus in PBS with 1% BSA and 0.05% Tween 20 (PBSAT) were
added to the wells. After incubation for 1 h at room temperature, the plates were washed with PBS for
15 min, and 50 �l of HRP conjugated to streptavidin (1 �g/ml) in PBSAT was added to each well. After
incubation for 1 h at room temperature, the plates were washed with PBS for 15 min. Then, 50 �l of HRP
substrate (1-Step Ultra TMB-ELISA; Thermo Scientific, USA) was added to each well, followed by
incubation at 37°C for 15 min. The absorbance was read on a microplate reader (Dynex Technologies,
USA) at 450 nm. To identify isolates that were sialic acid positive, the average absorbance (95% CI) value
was calculated for the negative-control spn14 (no sialic acid in its capsule), and this value was subtracted
from the absorbance values of the assayed GBS isolates.

Lectin dot blot assay. Late exponentially growing bacteria were washed with PBS and resuspended
in PBS to give an OD600 of approximately 2. The bacterial suspension was spotted onto nitrocellulose
membrane (20 �l/spot) using a Biodot apparatus (Bio-Rad, USA) and dried for 30 min at room
temperature. The membranes were washed for 15 min with TBS (6.05 g of Tris and 8.76 g of NaCl in 1,000
ml of H2O [pH 7.5]) and then incubated with blocking buffer (5% skim milk and 0.1% Tween 20 in TBS)
for 1 h at 37°C. Membranes were subsequently washed with TBS for 15 min, incubated with biotinylated
L. flavus lectin (10 �g/ml in blocking buffer) for 1 h, washed three times (15 min each time) with TBS, and
then incubated with HRP-conjugated streptavidin (1 �g/ml in blocking buffer). After incubation for 1 h
at room temperature, the membranes were washed with TBST three times (15 min each time) and then
twice with TBS (15 min each time). Detection was performed using 4-chloro-1-naphthol solution
(Sigma-Aldrich, Canada). A positive spot was identified as a clearly defined spot at the site where the
bacteria were applied, and a negative result was identified as a trace reaction or the absence of any
reaction.

Primer design for real-time PCR GBS typing assay. Representative isolates of GBS CPS types with
complete cps operon sequences available in GenBank were included in this study (Ia, CP000114; Ib,
AB050723; II, AY375362.1; III, HG939456.1; IV, AF355776.1; V, AE009948.1; VI, AF337958.1; VII, AY376403;
and VIII, AY375363.1). The deduced nucleotide sequences of GBS capsular genes cpsG, -H, -I, -J, -K, -M, -N,
and -O available for serotypes Ia, Ib, and II to VIII in the data bank were aligned by the Muscles program
(http://www.ebi.ac.uk/Tools/msa/muscle/help/) (69), and then distinctive genes or regions were chosen
to infer the primer and probe sequences listed in Table 2. The partial CPS IX sequence was also included
in the multiple-sequence alignment (GenBank accession no. GQ499301). CPS types Ia, Ib, and II to IX were
identified based on the ability of the primer pairs to amplify an amplicon and the probe to bind the cps
genes cpsH, cpsJ, cpsK, cpsG, cpsN, cpsO-V, cpsI, cpsM, cpsR, and cpsO-IX. Probes used in the singleplex and
duplex real-time PCR assays are labeled with a fluorescent reporter dye and a quencher dye. The
sequences of the 10 primer pairs and 10 TaqMan probes used are given in Table 2.

Singleplex real-time PCR assay. A real-time PCR mixture was prepared in a final volume of 20 �l.
TaqMan Fast Universal PCR master mix (2�) (Applied Biosystems, USA) was used. Reaction mixtures
included 0.18 �M reverse primer, 0.18 �M forward primer, and 0.5 mM probe. Two microliters of
extracted DNA was used for each reaction. An RT-PCR assay was performed in a TaqMan RT-PCR Applied
Biosystems 7500. The cycling conditions were denaturation at 95°C for 1 min, followed by 40 cycles of
amplification at 95°C for 3 s and 60°C for 30 s. The rate of temperature increase was 1°C/s (or 0.5°C/s),
and the fluorescence was acquired once.

Duplex RT-PCR assay. Two fluorogenic probes were utilized in each duplex reaction as in Table 2.
The first probe was covalently labeled at the 5=-terminal nucleotide with the FAM (6-carboxyfluorescein)
reporter dye and at the 3=-terminal nucleotide with the BHQ1 (Black Hole Quencher 1) quencher. The
second probe was labeled with Cal Fluor 540 or 560 (Integrated DNA Technologies [IDT], USA) reporter
dye at the 5=-terminal nucleotide and again with the BHQ1 quencher dye at the 3=-terminal nucleotide.
The duplex RT-PCR mixture was prepared in a final volume of 20 �l. TaqMan Fast Universal PCR master
mix (2�; Applied Biosystems) was used, and a PCR was performed in the TaqMan RT-PCR Applied
Biosystems 7500 as in the singleplex reaction. However, the duplex mixtures include two reverse primers
(0.18 �M), two forward primers (0.18 �M), and two probes (0.5 mM) that target two cps-specific regions.
Four microliters of extracted DNA was used for each reaction. The cycling conditions were denaturation
at 95°C for 1 min, followed by 40 cycles of amplification at 95°C for 3 s and 60°C for 30 s. The rate of
temperature increase was 1°C/s (or 0.5°C/s), and the fluorescence was acquired once.

Standard curve and efficiency measurements. A standard curve was established for each primer
pair and probe targeting cps genes (cpsH, cpsJ, cpsK, cpsG, cpsN, cpsO-V, cpsI, cpsM, cpsR, and cpsO-IX) in
the PCR assay. Tenfold dilutions of the template were generated and a plot of the threshold cycle (CT)
versus the DNA concentration was constructed. From this standard curve, information about the smallest
amount of DNA detected and the CT slope were determined. The efficiency values were measured for
each primer pair using the CT slope method. The amplification efficiency was calculated according to the
following equation: Ex � 10(�1/slope) � 1, where Ex is the efficiency.
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