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For prevention and control of gonorrhea, an objective, highly discriminating, and reproducible molecular
epidemiological characterization of Neisseria gonorrhoeae is essential. In the present study, in pursuance of
providing such qualities, pyrosequencing technology, a fast real-time DNA sequence analysis, was applied to
six short, highly polymorphic porB gene segments, with subsequent genetic variant (genovar) determination of
the bacterial isolates. The sequencing templates were obtained by real-time PCR amplification, which also
included fluorescence melting curve analysis of the entire porB gene in order to determine the genogroup
(porBla or porBl1b allele) prior to pyrosequencing analysis. The PSQ 96 MA system used allowed rapid (in
approximately 1.5 h) determination of 96 sequences of 20 to 65 correct nucleotides each. The results were
reproducible and mostly in concordance with the results of conventional Sanger dideoxy sequencing, with the
exception of shorter read lengths and some uncertainty in determining the correct number of identical
nucleotides in homopolymeric segments. The number of sequence variants identified in each of the six highly
polymorphic segments of the porBla and porBlb alleles (encoding surface-exposed amino acid loops of the
mature PorB protein) ranged from 5 to 11 and from 8 to 39, respectively. Among porBla isolates (n = 22) and
porB1b isolates (n = 65), 22 and 64 unique genovars, respectively, were identified. All isolates were typeable.
The present results provide evidence of a high discriminatory ability, practically the same as that for sequenc-
ing of the entire porB gene. In conclusion, the fast and high-throughput pyrosequencing technology can be used

for molecular epidemiological characterization of N. gonorrhoeae.

Neisseria gonorrhoeae is the causative agent of gonorrhea,
which remains an important sexually transmitted infection in
developing nations as well as in developed countries (8). For
prevention and control of infection, thorough knowledge about
the strain populations circulating in different communities,
temporal and geographic changes among the strains, and the
emergence and transmission patterns of individual strains is
crucial. Thus, for epidemiological and clinical purposes a
highly discriminating, objective, and reproducible characteriza-
tion of N. gonorrhoeae strains is essential. The widely used
phenotypic characterizations of the bacterium have several
limitations (10, 12, 13, 17, 24, 27, 28), and different molecular
genetic methods have thus been developed (12, 15, 18, 23, 25,
26, 27, 28, 30, 32).

The present study investigated whether DNA sequence anal-
ysis by pyrosequencing technology, strictly limited to highly
polymorphic segments of the porB gene, could be used as a
rapid and high-throughput method for molecular epidemiolog-
ical characterization of N. gonorrhoeae isolates. Pyrosequenc-
ing is a recently described, fast real-time DNA sequence anal-
ysis by means of synthesis of short DNA stretches (21). It is a
primer-directed polymerase extension assay, where the release
of pyrophosphate upon nucleotide incorporation is measured
in real time.

* Corresponding author. Mailing address: National Reference Lab-
oratory for Pathogenic Neisseria, Department of Clinical Microbiol-
ogy, Orebro University Hospital, SE-701 85 Orebro, Sweden. Phone:
46 19 6021520. Fax: 46 19 127 416. E-mail: magnus.unemo@orebroll
se.

The rationale of the present study was that N. gonorrhoeae
outer membrane protein PorB is universally present and does
not undergo high-frequency variation during the course of
infection in smaller groups of sexual contacts (33). Individual
strains express only one of the two PorB protein groups, either
PorBla or PorBlb (4, 6, 11, 29), which are encoded by the
mutually exclusive porB gene alleles, porBla and porBIb, re-
spectively. Naturally but rarely occurring strains that express
PorBla-PorB1b hybrids have been identified (4, 9). Antigenic
diversities of PorB between strains form the basis for the
widely used serogroup and serovar determination with mono-
clonal antibodies (MADbs) (14, 22), and attempts at identifying
the antigenic epitopes of PorB of the serovar-specific MAbs
have previously been published (1, 3, 4, 5, 16, 27). However,
the exact amino acid sequences and structures of many of the
epitopes are still unknown.

Previous genetic studies have concluded that porB gene se-
quencing can be used to trace the transmission of individual N.
gonorrhoeae strains within the community, discriminate sus-
pected clusters of gonorrhea cases, and confirm epidemiolog-
ical connections of patients (5, 12, 28, 31). The segments of the
porB gene encoding the eight surface-exposed amino acid
loops of PorB (29) exhibit the highest level of polymorphism
(1,4,5,7, 12,27, 28, 29, 31). Sequence analysis of four to six
of these short, highly polymorphic segments of the porB gene
generates discrimination between isolates that is almost iden-
tical to that obtained by sequencing of the entire porB allele
(27). Therefore, pyrosequencing technology could be ideal for
rapid, large scale sequencing of such carefully selected short,
highly polymorphic segments of the porB gene.
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FIG. 1. Sequence variants and polymorphic nucleotide sites in each of the highly polymorphic segments of the porBla alleles, encoding amino
acid loops of the mature PorBla protein (29), of N. gonorrhoeae isolates (n = 22). The nucleotide present at each polymorphic site among all of
the sequence variants is shown for sequence variant 1 in each loop segment. For the other sequence variants, those sites that differ are shown. Dots
indicate identity with sequence variant 1, and underlining indicates synonymous mutations. Nucleotide sites that are conserved in all sequence
variants are excluded. The length of each loop segment is included, and the sites are numbered above in vertical format based on the nucleotide

numbering of a porBla gene (GenBank accession no. J03029).

The results of the present study show that pyrosequencing
technology can be used for genetic variant (genovar) determi-
nation of N. gonorrhoeae isolates, a concept that may comple-
ment or even replace current internationally established major
phenotypic antigen (serovar) determinations in routine use for
epidemiological typing.

MATERIALS AND METHODS

Bacterial isolates and culture conditions. N. gonorrhoeae reference strains (n
= 29) and clinical isolates (n = 58) were examined in the present study. The
selection of the isolates was based on the results of conventional Sanger dideoxy
sequencing obtained in previous studies (27, 28), from which all isolates com-
prising a unique porB gene sequence (n = 87) were included. The reference
strains originated from different geographic localities worldwide between 1973
and 1997, and the clinical isolates were isolated in Sweden between 1998 and
2001. The isolates comprised 28 different serovars and one nonserotypeable
serovar according to the serovar determination done with the Genetic Systems
panel of MADs routinely performed on N. gonorrhoeae isolates at the Swedish
Reference Laboratory for Pathogenic Neisseria (see Table 2) (27). All isolates
were preserved at —70°C and cultured as previously described (28).

Isolation of genomic DNA. Isolation of bacterial DNA was performed by using
magnetic silica particles in a robotized system (GenoM-48; GenoVision, Oslo,
Norway) according to the instructions of the manufacturer. Briefly, bacterial
suspensions (approximately 3 X 10% cells/ml) were prepared in 0.15 M sterile
NaCl. A total of 750 ul from each suspension was pelleted and resuspended in
200 pl of sterile distilled water. DNA was isolated from these final suspensions
with the GenoPrep Tissue DNA kit (GenoVision) and eluted in 75 pl of sterile
distilled water according to the instructions of the manufacturer. The DNA
preparations were stored at 4°C prior to PCR.

porB gene real-time PCR. The entire porB gene was amplified by using the
previously documented primers PorBU and PorBL (28). The amplifications were
performed in a LightCycler system (Roche Molecular Biochemicals, Mannheim,
Germany), using SYBR Green I fluorescence melting curve analysis for specific
identification of porBla or porBIb amplicons. Each PCR mixture (20 pl) con-
tained 2 pl of LightCycler-FastStart DNA Master SYBR Green I (Roche Diag-
nostics GmbH, Mannheim, Germany), 3 mM MgCl, (Roche Diagnostics), a 0.5
M concentration of each primer, and 2 pl of DNA template. In each PCR, one

porBla reference strain (ATCC 43069), one porBIb reference strain (CCUG
15821), and one negative control (distilled water instead of DNA template) were
included. The cycling parameters of the amplification were as follows: a FastStart
enzyme activation step at 95°C for 10 min, followed by 30 sequential cycles of
heating up to 95°C, 60°C for 10 s, and 72°C for 42 s. The cycling parameters of
the subsequent melting curve analysis were as follows: heating the PCR products
up to 95°C, cooling at 65°C for 45 s, and finally slowly heating (0.1°C/s) up to
95°C. For identification of porBla or porBI1b amplicons, the melting temperature
(T,,,) of the product, which is related to the size of the amplicons, was determined
by fluorescence, which was continuously measured during the finishing slow-
heating phase. The mean 7,,,s with standard deviations (SDs) for the porBla and
porBIb alleles of all isolates were calculated. Subsequently, the individual isolates
were designated as belonging to one or the other genogroup (porBla or porB1b
allele). The PCR products were stored at 4°C.

Real-time PCR of six short, highly polymorphic porB gene segments. The four
and six most polymorphic segments, encoding surface-exposed amino acid loops
of the mature PorB (29), of the porBla and porBIb alleles, respectively, were
included (Fig. 1 and 2). This was due to the fact that phylogenetic analysis of
these segments and the entire porB alleles shows practically identical discrimi-
natory ability between isolates (27). In the present study, the sequences encoding
surface-exposed loop 3 and loop 6 of mature PorBla protein were also included,
since these contain suggested epitopes for the MAbs used in the serovar deter-
mination (16) (Fig. 1). The segments of the porB gene were amplified by using
primers complementary to conserved regions of the porB gene, according to
results in previous studies (27, 28) as well as sequences in GenBank (Table 1).
The primers were located some nucleotides before, overlapping the beginning of,
or within the segments encoding the loops of PorB (Table 1). All known poly-
morphic nucleotide sites in these segments were, however, located within the
amplicons and clear of the primers used for the pyrosequencing. In each PCR,
one of the primers for each segment was labeled with a biotin molecule at the 5’
end for purposes of easy capture. The amplifications were performed in a Light-
Cycler system (Roche Molecular Biochemicals) with SYBR Green I fluorescence
melting curve analysis for identification of specific amplicons. In a pilot study, the
PCR products were also analyzed by electrophoresis through a 2% agarose gel
and ethidium bromide staining in order to ensure the specificity of the amplifi-
cation. Each PCR mixture (20 pl) contained 2 pl of LightCycler-FastStart DNA
Master SYBR Green I (Roche Diagnostics), 3 mM MgCl, (Roche Diagnostics),
a 0.5 wM concentration of each primer, and 2 ul of DNA template. In each PCR,
one porBla reference strain (ATCC 43069) and/or one porBIb reference strain
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Loop 1 (69 bp) Loop 5 (81 bp) Loop 7 (36 bp)
111111112222222 - 99999999
888999990000011 666777777777--=1777117177777777 55555667
289013893467823 799000000000---1111111222223333 03469286

1 GACAGCAGAGARAGA 767123456789---0123459012340145 1 GAGGGCAT

2 AR L 1 GTCTACGAACAT- - -CARGTTAGTATCCCTT 2 C....T..

3 CGG.A.AGTGGC.G 2 TGG....... AC...... GT 3 .A.

4 L. Aol 3 TGG. .. ..... Coovnt GT 4 GA.A..C

5 .CGG.A.AGTGGC. . ¢ TAG....... TA. ... 5 GA.A.

6 .CGGAR.AGTGGC. . L GGC...T.TCAG.A..G.T 6 T....T

7 oAl 6 ... TA........ T G 7 Covvnnnn

8 .CGG.A.AGTGTC. . T A.TAG....... 7 8 0 I

9 CGG.A.A.TGGC.G 8 LG GGA...T.T.CA.A....TT. 9 ..A..C

10 CGG.A.AGTGGCAG 9 .. TG......... Covn C.T.. 10 aA..T.C

11 .CGG.A.AGT.GC.G 0 TG.....vun Covvnnn T... ' T.

12 .CAGAA.AGTGGC. . 1 TA. ... T... .. G..... c 12 C..A.T..

13 CGG.A.AGTG.C.G 12 ... TG AC....... T... 13 L TCC

4 Covvvnnn 13 . TA........ T c.

15 L.L.BAL L. GC.. 14 .. TGG....... AC..A...GI...

16 B 15 A...... TA....... Ao, T.. . Loop 8 (39 bp)

17 AL 16 - GGATATT.TT.A.A....TT.. *ohk

18 A...AA......... 17 e G.ACAT........covnvunis 111---11

18 ... TA........ T 000---00
19 ... GTGG........ C...... GT... 555~--66

loop 3 (84 bp) 200 ... GTA........ T Govvvns 236---79
444444444444444444404 21 ... TAG....... TC..vvvennn c. 1 GAG---GC
22333344667777788999 22 ... TAG....... TC....... T... 2 A
89012601280235989378 23 ... TG ... i. .. Cornn. eT 3 Coin

1 GGCGCCAATGATGGGGGGCA 28 ... GTG......... Coll.. GT 4 Ao,

2 ARG.A... ... ...t A 25 L. TGG....... AC....... T... 5 0 e A.

3 26 ... ATG........ ac....... T 6 - RAR.A

4 27 N GGA...T.TTCA.A....TT.. 7 IR

5 28 ..., TA........ S c 8 ST

6 29 N GGA...T.T.CA---...TT.. * Indel (3 bp)

7 30 Coil. GG et between site 1060

8 31 ... TG v .. AC....G.GT... and 1061 (accession

9 32 e GGA...T.TACA.A....TT.. no. JO3017)

10 33 L. TAG. ...... TA....G......
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14 37 A " T G--=.A....T...

15 38 ... SR AC..... C.oouwn

16 39 e T

17 * Indel {3 bp) between site 709 and 710

18 {accession no. J03017)

19

20

21 Loop 6 (60 bp)

22 ok ke ko

888-~-~-- 88888888

333--—--- 33344444

034------ 67902469
1 TCG-~----. ACTGCTCA
2 G.ACAGT
3 G.ATACG.
L G.A.AG
5 e G...
6 . CAAATCAATTGT. .A.
T G.ARAG
8 .CAAATCAA.TGT. .A.
9 L. G.ACGGT
10 e a.
B G.A.AGA
12 ... GGA....... G
13 [ G.ATACG.
14 CAL e
15 e c....
16 .CAAATCAA.TGT . .G,
17 G.G.AG..

*+ Indel (6 bp) between site 835 and 836
(accession no. JO3017}

FIG. 2. Sequence variants and polymorphic nucleotide sites in each of the highly polymorphic segments of the porB1b alleles, encoding amino
acid loops of the mature PorB1b protein (29), of N. gonorrhoeae isolates (n = 65). The nucleotide present at each polymorphic site among all of
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TABLE 1. Primers used in real-time PCR and pyrosequencing of the six highly polymorphic segments of the porBla and porBI1b

alleles of N. gonorrhoeae

Target” Primer” Sequence (5" — 3') Size of PCR amplicons (bp) Location (bp)“
porBla
Loop 1 PorBlalF AGTCGGCGTAGAA 93 167-179
PorBlalR? TTCGAACCCAAATCAGC 259-243
Loop 2 PorBla2F AACAAAAAGCCTACGTC 61 319-335
PorBla2R CCGATGAAGGATTGG 379-365
Loop 3 PorBla3F AACATCCTGAAAGACACC 98 423-440
PorBla3R GAAACGTGGCGTTCT 520-506
Loop 4 PorBla4F CGTACAATACGTGCCTA 60 560-576
PorBla4R? CCTGCATGGTAAGATTC 619-603
Loop 6 PorBla6F* CAACAAGACGCGAAA 72 762-776
PorBla6R? CRCGGTAGYGGCAAC 833-819
Loop 8 PorBla8F TTCTGCCGGTTGGTTG 66 980-995
PorBla8R? CCGACACCGCCGNC 1045-1032
porB1b
Loop 1 PorB1b1F CGTACAAACTTACCGTTC 74 160-177
PorB1b1R CGGCGATTTCGCT 233-221
Loop 3 PorB1b3FA CCCCCTGAAAAACA 105 412-425
PorB1b3FB GTCAATGCTTGGGAATC 437-453
PorB1b3R AGGTAGCGGTGTTCC 516-502
Loop 5 PorB1bSF GGCGAAGGCACTAAA 80 677-691
PorB1b5R TGAACTTGCAGTTTTTCA 756739
Loop 6 PorB1b6F? AACAACAAGATGCCAAA 61 810-826
PorB1b6R? TCGGTTTGAGAGTTGTG 870-854
Loop 7 PorB1b7F GCTTCAAAGGCACTGTT 65 933-949
PorB1b7R? CGCRCCGACAACCAC 997-983
Loop 8 PorB1b8F TGCCTTGGTTTCTG 75 1024-1037
PorB1b8R? ACGACGGCRCTGGC 1098-1085

“ Allele of the porB gene and sequences encoding the surface-exposed loops of the mature PorB protein (29).
® Synthesized by Scandinavian Gene Synthesis AB, Képing, Sweden. All primers were also produced in a biotinylated version (5’ end) for the pyrosequencing.
¢ Location of the primer according to the previously published nucleotide sequences of a porBla gene (GenBank accession no. J03029) (2) and a porBI1b gene

(GenBank accession no. J03017) (11).

4 Determined the entire target segment when used as sequencing primer in the pyrosequencing.

(CCUG 15821) and one negative control (distilled water instead of DNA tem-
plate) were included. The cycling parameters of the amplification were as fol-
lows: a FastStart enzyme activation step at 95°C for 10 min, followed by 40
sequential cycles of heating up to 95°C, 45°C for 10 s, and 72°C for 3 s. The
cycling parameters of the subsequent melting curve analysis were as follows:
heating the PCR products up to 95°C, cooling at 50°C for 30 s, and finally slowly
heating (0.1°C/s) up to 95°C. For identification of a specific amplicon, the 7,, of
the product was given by the fluorescence that was continuously measured during
the finishing slow heating phase. The PCR products were stored at 4°C prior to
pyrosequencing.

Pyrosequencing. Both DNA strands of the six highly polymorphic segments of
the porBla and porB1b alleles were used as templates in the pyrosequencing. The
pyrosequencing was performed by also using the PCR primers as sequencing
primers. However, one additional forward sequencing primer, PorB1b3FB, had
to be used in order to determine the entire segment that encodes loop 3 of the
mature PorBl1b protein (29) (Table 1). Twenty microliters of the biotinylated
PCR products was immobilized on streptavidin-coated magnetic beads (10 pl of
Dynabeads M-280 streptavidin solution [Dynal, Oslo, Norway]) in 25 pl of 2X
binding-washing buffer IT (10 mM Tris-HCI, 2 M NaCl, 1 mM EDTA, and 0.1%
Tween 20 [pH 7.6]) at 65°C for 15 min in a shaking mixer (1,400 rpm). The PCR
product-Dynabeads complexes were captured with a PSQ 96 Sample Prep Tool
(Pyrosequencing AB, Uppsala, Sweden) and transferred to a 96-well PSQ 96
SQA microtiter plate containing 0.5 M NaOH (50 wnl per well), and single-
stranded DNA was obtained through incubation for 1 min. This denaturation was
followed by washing, by releasing and recapturing the beads into different mi-

crotiter plates, of the single-stranded-DNA-Dynabeads complexes in 1X anneal-
ing buffer (20 mM Tris-acetate and 5 mM Mg-acetate) (100 wl per well), followed
by washing three times in 95% ethanol (100 wl per well) and finally in 1X
annealing buffer (100 pl per well) once again. Subsequently, after transfer of the
complexes to a new PSQ 96 SQA microtiter plate, 1 pl of sequencing primer (15
pmol of the nonbiotinylated PCR primer) was annealed to the immobilized
single-stranded DNA in 1X annealing buffer (44 wl per well) at 80°C for 2 min.
After cooling to room temperature, 1 wl (0.55 wg/ul) of single-stranded DNA
binding protein (USB Corporation, Cleveland, Ohio) was added to each well.
For pyrosequencing, a PSQ 96 SQA reagent kit (dATPaS, dCTP, dGTP, dTTP,
enzyme mixture [DNA polymerase, ATP-sulfurylase, luciferase, and apyrase],
and substrate mixture [luciferin and adenosine 5'-phosphosulfate]) was used
according to the instructions of the manufacturer (Pyrosequencing AB) in a PSQ
96 MA system with PSQ SQA (version 2.0) software. The different types of
deoxynucleoside triphosphates were separately dispensed in a sequence-directed
and/or cyclic (dispensation order, 20 X CTGA or 25 X CTGA) manner. The
sequences were automatically interpreted from the pyrograms by the PSQ SQA
(version 2.0) software and manually edited after visual inspection. All sequencing
results were compared to previous results obtained by using conventional Sanger
sequencing (27, 28).

Sequence comparisons and genovar designation. Different multiple-sequence
alignments of the six highly polymorphic porB gene segments were performed
with BioEdit (version 5.0.9) software and by manual adjustment. The nucleotide
sequences in each of the segments of all of the isolates were compared, and each
unique sequence was assigned a sequence variant number (Fig. 1 and 2). The

the sequence variants is shown for sequence variant 1 in each loop segment. For the other sequence variants, those sites that differ are shown. Dots
indicate identity with sequence variant 1, dashes represent alignment gaps (due to indels in some of the variants), and underlining indicates
synonymous mutations. Nucleotide sites that are conserved in all sequence variants are excluded. The length of each loop segment, according to
the multiple-sequence alignment, is included, and the sites are numbered above in vertical format based on the nucleotide numbering of a porB1b

gene (GenBank accession no. J03017).
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most prevalent sequence variant in each segment was designated 1, the second
most prevalent was designated 2, and so on. Subsequently, the isolates were
designated as different genovars due to different sequence variants present in the
polymorphic segments (Table 2). The sequence variants as well as the genovars
of all of the isolates were entered into an Excel database.

RESULTS

Real-time PCR of the porB genes of 87 N. gonorrhoeae iso-
lates. Well-defined melting peaks were observed for all the
isolates. The mean 7, of the porBla allele was 88.0°C (SD =
0.37°C), with a range of 87.4 to 88.7°C. For the porB1b allele,
the mean T, was 89.9°C (SD = 0.49°C), with a range of 88.9 to
91.4°C. Consequently, the genogroup (porBla or porBI1b allele)
of each individual isolate could be determined by real-time
PCR amplification of the porB gene.

Pyrosequencing. Real-time PCR amplification followed by
sequence analysis by using pyrosequencing technology for the
six highly polymorphic segments of the porB gene was per-
formed without technical obstacles. Normally, pyrosequencing
allowed rapid (approximately 1.5 h) determination of 96 se-
quences with 20 to 65 correct nucleotides each by means of
automatic pyrogram analysis included in the software. Occa-
sionally, manual editing of the obtained sequence was neces-
sary. For porB gene segments encoding loops 1, 4, 6, and 8 and
loops 6, 7, and 8 of the PorBla and PorB1b proteins, respec-
tively, the entire sequences could be determined by using only
one of the DNA strands and, consequently, one sequencing
primer in the pyrosequencing. The software-interpreted results
of the pyrosequencing were in concordance with the conven-
tional Sanger sequencing, with the exception of some uncer-
tainties concerning the correct number of identical nucleotides
in homopolymeric segments and some other minor discrepan-
cies presumably due to nonsynchronized extension of some
sequences, which limited the length of obtained reliable and
correct sequences. The pyrogram of each analysis was repro-
ducible, and a pyrogram of the sequence analysis of the loop 8
segment of the porB1b allele, which also illustrates the need of
manual editing for homopolymeric segments in some cases, is
shown in Fig. 3.

Pyrosequencing of six highly polymorphic segments of the
porBla alleles from 22 N. gonorrhoeae strains and subsequent
genovar determination. The 22 PorBla isolates comprised 22
unique porBla gene sequences, with 67 polymorphic nucleo-
tide sites (of 924) in the multiple-sequence alignment, in ac-
cordance with previous studies using conventional Sanger se-
quencing (27, 28). The number of polymorphic sites in the six
highly polymorphic segments varied from 4 to 13 (ratios of 7.8
to 20.5 per 100 sites), and the locations of the sites for all
sequence variants are shown in Fig. 1. The majority of the
polymorphic sites were distributed in the sequences encoding
the apexes of the amino acid loops of the PorBla proteins (29).
The polymorphism was caused by single-nucleotide substitu-
tions and clustered substitutions.

The numbers of sequence variants identified in the six highly
polymorphic segments of the porBla allele, based on conven-
tional sequencing (27, 28) and mostly confirmed by pyrose-
quencing, were 11 (segment encoding loop 1), 7 (loop 2), 6
(loop 3), 5 (loop 4), 5 (loop 6), and 6 (loop 8) (Fig. 1). Con-
sequently, the number of sequence variants ranged from 5 to
11, with a mean of 6.7 per segment (Fig. 1). Thus, theoretically,
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the number of sequence variants in the highly polymorphic
segments of the porBla allele would allow >6.9 X 10* different
porBla genovars to be distinguished.

Among the porBla isolates (n = 22) comprising nine differ-
ent serovars and one nonserotypeable serovar, 22 unique geno-
vars were assigned (Table 2).

Pyrosequencing of six highly polymorphic segments of the
porB1b alleles from 65 N. gonorrhoeae strains and subsequent
genovar determination. The 65 porB1b isolates comprised 65
unique porBIb gene sequences, with 145 polymorphic nucleo-
tide sites (of 999) in the unambiguous multiple-sequence align-
ment, in accordance with previous studies using conventional
Sanger sequencing (27, 28). The number of polymorphic sites
in the six highly polymorphic segments varied from 8 to 31
(ratios of 20.5 to 38.3 per 100 sites), and the locations of the
sites for all sequence variants are shown in Fig. 2. Most of the
polymorphic sites were distributed in the sequences encoding
the apexes of the amino acid loops of PorB1b (29). The poly-
morphism was due to single-nucleotide substitutions, clustered
substitutions, and indels.

The numbers of sequence variants identified in the six highly
polymorphic segments of the porB1b allele, based on conven-
tional sequencing (27, 28) and mostly confirmed by pyrose-
quencing, were 18 (segment encoding loop 1), 22 (loop 3), 39
(loop 5), 17 (loop 6), 13 (loop 7), and 8 (loop 8) (Fig. 2).
Accordingly, the number of sequence variants ranged from 8 to
39, with a mean of 19.5 per segment (Fig. 2). Thus, theoreti-
cally, the number of sequence variants in the highly polymor-
phic segments of the porBIb allele would allow >2.7 X 107
different porB1b genovars to be discriminated.

Among the porBIb isolates (n = 65) comprising 19 different
serovars, 64 distinguishable genovars were identified (Table 2).

DISCUSSION

In the present study, pyrosequencing technology was suc-
cessfully applied for rapid, highly discriminating, and high-
throughput molecular typing of N. gonorrhoeae isolates, with
subsequent genovar determination, based on six highly poly-
morphic porB gene segments. This strategy included a real-
time PCR amplification of the entire porB gene in order to
determine the genogroup (porBla or porBlb allele) of the
isolates prior to the DNA sequencing. The porBla allele was
smaller (57 to 69 bp) than the porBIb allele and therefore had
a lower T,, (a difference of 1.9°C in the mean 7,,s of the
alleles). Consequently, the genogroup (porBla or porBlb al-
lele) of the individual isolate could be determined by real-time
PCR amplification of the porB gene in all cases. However, an
exactly defined range of the 7,, for each allele is difficult to
predict due to minor intra- and interassay variabilities in the
T,, of the same allele, presumably dependent on the amounts
of DNA template in the PCRs (data not shown). In addition,
intra-allelic variations in the G+C contents of both the porBla
and porB1b alleles, as well as in the length of the porB1b allele,
influence the 7,,,s.

The present sequencing results (Fig. 1 and 2) provide evi-
dence of a high discriminatory ability, practically the same as
for sequencing the entire porB gene (27), and excellent type-
ability (all isolates were typeable) (Table 2). By using real-time
PCR and pyrosequencing technology for DNA sequencing of
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TABLE 2. Genetic variants (genovars) of N. gonorrhoeae isolates (n = 87) comprising 28 different serovars and one nonserotypeable serovar

according to a previous study (27)¢

Allele (loops)

Strain designation (serovar)

Genovar

porBla (1, 2, 3, 4, 6, 8)

porBIb (1,3,5,6,7,8)

57/01 (NT)

266/98 (IA-6)

5/98 (IA-21)

277/98 (IA-6)

CCUG 36702 (IA-10)
371/98 (IA-1.2)
438/98 (IA-8)

80/99 (IA-8)

91/98 (IA-21)

CCUG 33978 (IA-1.2)
CCUG 42289 (IA-1.2)
34/98 (IA-4)

294/98 (IA-4)

CCUG 13578 (IA-5)
ATCC 43069 (IA-6)
CCUG 13581 (IA-1.2)
CCUG 13576 (1A-1.2)
CCUG 13585 (IA-6)
CCUG 41813 (IA-6)
163/98 (IA-8)

72/99 (IA-17)

CCUG 13586 (IA-7)

CCUG 33979 (IB-3)
CCUG 13574 (IB-3)
335/98 (IB-3)

CCUG 15821 (IB-9)
CCUG 13579 (IB-3)
177/98 (IB-31)

88/98 (IB-3)

138/99 (IB-3)

156/98 (IB-3)

73/99 (IB-31)

310/98 (IB-11)
357/98 (IB-3)

26/98 (IB-1)

CCUG 41812 (IB-1)
93/98 (IB-5)

76/98 (IB-10)

CCUG 15823 (IB-1)
261/98 (IB-36)
263/98 (IB-26)
CCUG 36701 (IB-1)
CCUG 42290 (IB-26)
CCUG 42285 (IB-26)
325/98 (IB-2)

126/99 (IB-2)

141/98 (IB-5)

316/98 (IB-2)

20/99 (IB-26)

57/98 (IB-5)

419/98 (IB-2)

19/99 (IB-26)

435/98 (IB-2)

70/98 (IB-1)

360/98 (IB-2)

418/98 (IB-2)

394/98 (IB-3)

80/98 (IB-12)

CCUG 34447 (IB-6)
445/98 (IB-2)

162/98 (IB-24)
CCUG 34327 (IB-4)
CCUG 13583 (IB-22)
326/98 (IB-3)

CCUG 42287 (IB-36)
16/98 (IB-3)

porBla.1-1-1-1-4-4
porBla.1-1-1-1-4-1
porBla.1-1-1-2-1-1
porBla.1-1-2-2-3-5
porBla.1-2-1-2-1-6
porBla.1-2-6-1-1-1
porBla.2-1-1-3-2-1
porBla.2-1-4-2-2-1
porBla.2-5-1-3-2-1
porBla.3-2-1-1-1-1
porBla.3-7-4-1-1-1
porBla.4-4-5-4-2-2
porBla.4-4-5-5-2-2
porBla.5-1-3-1-5-3
porBla.5-3-1-1-3-1
porBla.6-2-1-1-1-1
porBla.6-6-4-1-1-1
porBla.7-1-3-1-2-1
porBla.8-3-2-1-3-1
porBl1a.9-3-2-1-3-1
porBla.10-2-1-2-4-1
porBla.11-1-3-1-5-3

porB1b.1-1-2-7-1-1
porB1b.1-1-3-9-3-4
porB1b.1-1-9-3-1-1
porB1b.1-1-10-6-9-1
porB1b.1-1-10-13-3-1
porB1b.1-1-12-3-1-1

porB1b.1-1-15-3-1-1
porB1b.1-1-19-7-1-1
porB1b.1-1-24-7-1-1
porB1b.1-1-26-3-3-1
porB1b.1-1-27-6-10-1
porB1b.1-1-35-3-2-7

porB1b.1-2-3-2-3-1
porB1b.1-2-3-2-3-5
porB1b.1-2-5-1-4-1
porB1b.1-4-13-12-2-3
porB1b.1-5-3-2-3-1
porB1b.1-6-1-8-1-1
porB1b.1-13-36-10-1-1
porB1b.1-14-39-4-1-1
porB1b.1-19-1-4-1-1
porB1b.1-20-1-4-1-1
porB1b.2-1-2-2-1-1
porB1b.2-2-1-4-1-1
porB1b.2-2-5-1-4-1
porB1b.2-2-6-1-6-1
porB1b.2-2-18-1-2-1
porB1b.2-2-34-1-4-1
porB1b.2-4-6-1-2-9
porB1b.2-4-11-1-2-3
porB1b.2-4-20-1-2-3
porB1b.2-6-1-4-1-1
porB1b.2-18-21-1-12-2
porB1b.2-21-28-1-6-3
porB1b.2-22-1-4-1-1
porB1b.3-2-16-10-1-1
porB1b.3-8-2-9-8-1
porB1b.3-9-2-2-5-1
porB1b.3-10-29-8-1-4
porB1b.3-10-32-8-1-4
porB1b.4-1-14-2-3-1
porB1b.4-1-23-2-3-1
porB1b.4-12-38-6-4-1
porB1b.4-15-25-3-3-1

Continued on following page
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TABLE 2—Continued

Allele (loops)

Strain designation (serovar)

Genovar

439/98 (IB-2)

115/99 (IB-21)
246/98 (IB-2)

75/98 (IB-21)
370/98 (IB-2)

97/98 (IB-2)

400/98 (IB-2)

50/98 (IB-3)

428/98 (IB-3)
432/98 (IB-3)

189/98 (IB-2)

88/99 (IB-8)

CCUG 13577 (IB-4)
CCUG 13572 (IB-7)
395/98 (IB-2)
CCUG 41811 (IB-4)
133/99 (IB-3)
CCUG 41810 (IB-6)
380/98 (IB-13)
127/98 (IB-31)
426/98 (IB-2)

porB1b.5-3-4-1-2-2
porB1b.5-3-4-5-2-2
porB1b.5-7-22-1-7-6
porB1b.5-9-2-2-5-1
porB1b.6-3-4-5-2-2
porB1b.6-3-7-5-2-2
porB1b.6-3-7-5-2-2
porB1b.7-1-30-2-3-1
porB1b.7-16-17-11-1-1
porB1b.7-17-1-11-1-1
porB1b.8-7-4-1-2-2
porB1b.9-8-8-16-13-1
porB1b.10-5-37-6-1-1
porB1b.11-11-8-1-2-2
porB1b.12-3-33-5-2-2
porB1b.13-5-5-6-1-1
porB1b.14-2-1-17-1-1
porB1b.15-11-1-7-1-1
porB1b.16-1-9-3-11-1
porB1b.17-2-31-15-2-1
porB1b.18-4-6-14-2-3

“ The genogroup, i.e., allele of the porB gene, and the different sequence variants present in each of the six highly polymorphic segments of the porBIa allele or porB1b
allele, encoding amino acid loops of the mature PorB protein (29), establish the designation of the genovar.

> NT, nonserotypeable.

polymorphic segments of the porB gene, rapid sequence data
that are objective, portable for comparison between laborato-
ries, and reproducible for epidemiological characterization of
N. gonorrhoeae isolates are generated. This molecular strategy
also continuously identifies new sequence variants in the highly
polymorphic segments of the porB gene, reveals new genovars,
and can be optimized to amplify the porB gene from clinical
samples without culturing of the bacteria. By creating a data-
base that comprises all sequence variants in each polymorphic
segment, sequence variant numbers can be derived and isolates
can be automatically designated as being different genovars.
Depending on the level of discrimination desired, the num-
ber of highly polymorphic segments of the porB gene analyzed
can most likely be reduced in the future, and the nomenclature
of the genovars can be simplified. Laboratories lacking access
to pyrosequencing technology and using conventional Sanger

sequencing could also adopt the same nomenclature of se-
quence variants and genovars. These laboratories have the
option of analyzing the entire porB gene, but perhaps the most
appealing alternative would be to sequence a fragment of ap-
proximately 400 to 600 bp of the porB gene, spanning, for
instance, loops 1 to 4 of the porBla allele and loops 3 to 7 of
the porBIb allele, by using only one sequencing primer. Sub-
sequently, sequence variants of some of the different highly
polymorphic segments and genovars could be identified. How-
ever, pyrosequencing would seem to be the more convenient
alternative.

Overall, sequence analysis by using high-throughput pyrose-
quencing technology is accurate and reproducible and can be
almost fully automated. The technology is also less expensive,
time-consuming, and labor-intensive, as well as easier to per-
form, than conventional Sanger sequencing. Disadvantages of

Interpreted by the PSQ SQA software: AGTCGATACGATTTTGTCTGCGCCTTGCCTTCTTG

After manual editing:

AGTCGATACGATTTTGTCTGCGCCTTIGCCTTCTTG
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FIG. 3. Pyrogram of the sequence analysis of the loop 8 segment of the porBIb allele (sequence variant 1, reverse strand), encoding
surface-exposed amino acid loop 8 of the mature PorB1b protein (29), in N. gonorrhoeae. The nucleotide sequences of the entire loop 8 segment,
as interpreted by the PSQ SQA (version 2.0) software and after manual editing are shown above the pyrogram. The discrepancy is indicated by
underlining in the manually edited sequence and by an arrow in the pyrogram. The cyclic dispensation order of the deoxynucleoside triphosphates
is indicated below the pyrogram.
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the pyrosequencing technology are short read lengths (which is
partly compensated for by the possibility of reading from the
first base), the uncertainty in determining the correct number
of incorporated identical nucleotides in homopolymeric seg-
ments, and the occasional occurrence of nonsynchronized ex-
tension of some sequences due to minus or plus frameshifting,
which limits the length of obtained reliable and correct se-
quences (19, 20, 21). These areas need to be further developed.
In the present study, homopolymers of 3 to 7 nucleotides in
several of the loop segments were identified for some of the
isolates, making it difficult for the software to interpret the
correct number of incorporated identical nucleotides. This in-
herent problem in pyrosequencing technology is due to the
nonlinear light response, which is not completely compensated
for by the software algorithms, following incorporation of
more than three or four identical nucleotides. However, the
effect is less pronounced for G and C homopolymeric regions.
The homopolymers may also cause nonsynchronized extension
of the sequences due to insufficient completion of the ho-
mopolymers in some DNA strands, i.e., minus frameshifting,
that can subsequently result in uncertain or erroneous inter-
pretation of the pyrograms (19, 20, 21). Nevertheless, a se-
quence-directed dispensation order applied to conserved nu-
cleotides preceding the polymorphic nucleotide positions, in
combination with cyclic dispensation of the deoxynucleoside
triphosphates (20 X CTGA) thereafter, use of reference peaks,
and manual editing after visual inspection of the pyrograms,
enabled the correct number of nucleotides in homopolymers to
be revealed in most cases. A pyrogram of the sequence analysis
of the loop 8 segment of the porBIb allele before and after
manual editing is shown in Fig. 3. The method may also be
further optimized by using sequencing primers with 3’ ends
that partly overlap the homopolymers of interest.

The widely used serovar determination for epidemiological
characterization of N. gonorrhoeae has important limitations
(10, 12, 13, 17, 24, 27, 28). In addition, for several of the MAbs
used in the serovar determination, the precise amino acid
residues of PorB that are critical for single-MADb reactivity
have been difficult to identify (1, 3, 4, 5, 16, 27). Consequently,
a rapid and stable molecular genetic method for routine use in
the characterization of N. gonorrhoeae, and which overcomes
the limitations of serovar determination, is definitely needed.
However, the prospects of developing a genetic typing system
comprising a completely congruent translation of the serovar
determination seem to be limited.

In conclusion, the present study illustrates for the first time
how pyrosequencing technology, strictly applied to highly poly-
morphic segments of the porB gene, can be used for molecular
typing of N. gonorrhoeae. This paves the way for rapid molec-
ular epidemiological characterization of N. gonorrhoeae iso-
lates based on the porB gene, coding for the PorB protein,
which is internationally established and routinely used as a
major phenotypic antigen (serovar determination). The ge-
netic variant (genovar) determination of N. gonorrhoeae iso-
lates is a concept which, because of its simplicity, high discrim-
inatory ability, portability, and reproducibility, complements
and might eventually replace current internationally estab-
lished major phenotypic antigen (serovar) determinations in
routine use for epidemiological typing.
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