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Typing of the porB variable region (VR) is an epidemiological tool that classifies gonococcal strains based

on sequence differences in regions of the porB gene that encode surface-exposed loops. The frequent isolation
of certain porB VR types suggests that some porin sequences confer a selective advantage during infection
and/or transmission. Alternatively, certain porin types may be markers of strains that are successful due to
factors unrelated to porin. In support of the first hypothesis, here we show urogenital tract isolates repre-
senting the most common PIA VR types identified in an urban clinic in Baltimore, MD, over a 10-year period
belonged to several different clonal types, as determined by pulsed-field gel electrophoresis (PFGE). Serum
resistance, which was confirmed by factor H and C4b-binding protein binding studies, was more often
associated with gonococcal the most common VR types. In contrast, three porin-independent phenotypes,
namely, lactoferrin utilization, (3-lactamase production, and multiple transferable resistance (Mtr), were
segregated with the PFGE cluster and not with the VR type. Data combined with another PIA strain collection
showed a strong correlation between serum resistance and the most common VR types. A comparison of VR
typing hybridization patterns and nucleotide sequences of 12 porBla genes suggests that certain porin loop 1,
3, 6, and/or 7 sequences may play a role in the serum resistance phenotype. We conclude that some PorB PIA
sequences confer a survival or transmission advantage in the urogenital tract, perhaps via increased resistance
to complement-mediated killing. The capacity of some porin types to evade a porin-specific adaptive immune

response must also be considered.

Neisseria gonorrhoeae is a highly successful pathogen that
has an important social and economic impact on the world.
An estimated 62.3 million infections occur worldwide (56).
In 2006, an increase in gonorrhea rate occurred for the
second consecutive year in the United States, with 358,366
cases reported (6). The major source of morbidity and mor-
tality associated with gonorrhea is due to upper-reproduc-
tive tract infections in women, which can lead to involuntary
infertility, ectopic pregnancy, and chronic pelvic pain. Over
77 million dollars was spent in the United States in the year
2000 on the diagnosis and treatment of acute gonorrhea and
postinfection sequelae in patients 15 to 24 years of age (7).
The fact that gonorrhea is a cofactor in human immunode-
ficiency virus (HIV) transmission (8) further emphasizes the
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need for improved therapeutic and prophylactic measures
against gonococcal infections.

PorB is the predominant outer membrane protein of N.
gonorrhoeae and is encoded by the porB gene. Gonococci pos-
sess only one of two porB alleles, porBla or porBIb, which
encodes the PIA or the PIB protein, respectively (10, 17). PorB
assembles in the membrane as a trimeric protein in which each
PIA or PIB monomer forms a  sheet barrel structure with
eight predicted surface-exposed loops (4). PorB serves as an
ion channel and is essential for cell survival. Several functions
associated with gonococcal pathogenesis that may be selected
on mucosal surfaces have also been attributed to porin, includ-
ing serum resistance (41), induction (34, 35) or inhibition (3) of
apoptosis, invasion (16), and antibiotic resistance (15). Among
these porin-mediated functions, serum resistance is the func-
tion that is characterized best at the molecular level and one
which Ram et al. (41, 42) showed is due to the binding of the
complement regulatory proteins C4BP and/or fH to surface-
exposed porin loops of serum-resistant P1A or P1B strains.

Unlike the majority of gonococcal surface structures, PorB is
antigenically stable during infection. Porin diversity does exist
among strains but primarily within the surface-exposed loops.
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These differences are exploited by the conventional N. gonor-
rhoeae serotyping method, which uses a panel of monoclonal
antibodies to type strains (48), and sequence-based methods,
such as multiple antigen sequence typing (31), porB sequencing
(52), and porB variable region (VR) typing (50). porB typing
methods are more discriminatory than serotyping and have
revealed a high degree of porB genetic mosaicism in clinical
isolates that is suggestive of horizontal exchange (14, 30). This
observation is consistent with evidence that DNA uptake and
integration play important roles in gonococcal adaptation (26,
37, 40, 47) and that there is positive selection that favors
diversity of PorB surface loops, which is thought to result from
immunity pressure (37, 40, 47). Gonococci are not purely pan-
mictic populations, however; examples of extended clonal
transmission have been reported (59).

In light of the strong evidence for PorB diversification, the
identification of common porB types that persist over time
raises the possibility that certain porin types may confer func-
tional advantages. McKnew et al. (32) followed the recovery of
urogenital isolates from two clinics in Baltimore, MD, over a
10-year period, with respect to porB VR type. Out of a total of
219 PIB isolates collected, 54 porB VR types were identified; 6
of these 54 VR types persisted over the length of the study.
Lower diversity in VR type was detected among PIA isolates.
Seven PIA porB VR types were identified among a total of 63
PIA isolates, and 61% of the strains expressed VR type PIA
1;2;1;1;1 or PIA 1;1;1;1/4;1. Based on these findings, these
investigators hypothesized that a balance exists between func-
tion conservation and the ability to evade a porin-specific im-
mune response.

Here, we further examine the hypothesis that certain more-
“fit” porin types confer a functional phenotype that results in
the persistence of certain PorB molecules among strains within
a community. Our alternative hypothesis was that certain porin
types are merely markers of successful strains that have an
advantage due to factors other than porin. While PIA strains
are isolated less often than PIB strains, here we focused only
on PIA isolates as there is a more limited number of common
PIA VR types and because the alternative hypothesis was more
likely with PIA strains. We first measured the genetic related-
ness of urogenital isolates from two P1A strain collections that
were well characterized with regard to porB VR types. We then
screened the isolates for serum resistance, a porin-dependent
phenotype, and three porin-independent phenotypes that
might influence fitness in vivo. We also determined the se-
quences of the porBla genes of 12 isolates of representative
PIA VR types to examine the conservation of porin sequences
within a VR type that are not targeted by the VR typing
method and to identify commonalities in the predicted amino
acid sequence that might be involved in the serum resistance
phenotypes.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Two collections of urogenital isolates
were examined in this study. The first set of isolates consisted of 25 PIA isolates
from two different public health clinics in Baltimore, MD, that were typed by
McKnew et al. (32). The isolates used were from the first 4 years of this 10-year
study; isolates from 1991 and 1992 were collected from male patients as part of
the Gonococcal Isolate Surveillance Program, and isolates from 1993 and 1994
were collected from both men and women for other studies. A second set of PIA
isolates was obtained from a partner study that took place in Boston, MA,
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between September 1988 and April 1991. The laboratory strains FA1090 (PIB
type, serum resistant [SR]), FA19 (PIA type, SR), MS11 (PIB type, serum
intermediate [SI]), F62 (PIB type, serum sensitive [SS]) (41, 42), 15253 (P1A
type, SR) (60), and FA6916, which is a transferrin receptor mutant of strain
FA1090 (provided by P. F. Sparling) (9), were used as controls. All N. gonor-
rhoeae strains were cultured on GC agar supplemented with Kellogg’s supple-
ment I (25) and 12 pM Fe (NO,); and incubated at 37°C in 7% CO,.

Pulsed-field gel electrophoresis. Pulsed-field gel electrophoresis (PFGE) was
performed with a modification of the protocol described by Poh et al. (39).
Briefly, each isolate was subcultured for 18 to 20 h on GC agar and then
suspended in PIV buffer (0.2 M Tris-HCI, 5 M NaCl) to an initial optical density
at 640 nm (ODyg,,) of 0.80. Suspensions were centrifuged three times at 3,000
rpm for 15 min, and the bacterial pellet was resuspended in PIV buffer and then
mixed with an equal volume of 1.2% (wt/vol) agarose (SeaKem Gold). This
mixture was pipetted into molds and allowed to set at 4°C for 30 min. The plugs
were treated with enhanced chemiluminescence lysis buffer (0.2 M Tris-HCI, 5 M
NaCl, 0.5 M EDTA, 0.2% [wt/vol] sodium deoxycholate, 0.5% N-lauroylsar-
cosine, 1 mg/ml lysozyme, 20 wg/ml RNase) and incubated at 37°C overnight. The
plugs were then treated with ESP lysis buffer (0.5 M EDTA, 1% [wt/vol] N-
lauroylsarcosine, 1 mg/ml proteinase K) at 50°C overnight. Plugs were serially
washed with Tris-EDTA (TE) buffer that contained 17.5 mg/ml phenylmethyl-
sulfonyl fluoride, followed by washing with TE buffer alone and then with auto-
claved H,O in preparation for digestion with Nhel. Two-millimeter sections of
each plug were incubated in enzyme buffer (NEB2; New England Biolabs) at 4°C
for 15 min. Fresh NEB2 buffer was added to the plugs, and the plugs were
incubated for an additional hour, followed by incubation with Nhel in NEB2
buffer with bovine serum albumin at 37°C overnight. After TE buffer was added
to stop the reaction, plugs were sealed into the wells of a 1% (wt/vol) agarose gel,
and PFGE was performed at 1- to 20-s pulse times at 6 V for 18 h in 0.5X
Tris-borate EDTA buffer at 4°C. Gels were stained with ethidium bromide and
visualized with an Alphalmager system (Alpha Innotech). A low-range pulse-
field gel marker that contains lambda DNA (New England Biolabs) was used as
the molecular weight standard for all gels and for the universal standard for
analysis. Images were analyzed, and dendrograms were created at the Center for
Food Safety and Nutrition of the Food and Drug Administration, using Bionu-
merics software (Applied Maths). Dendrograms were constructed by using the
dice coefficient with a pattern optimization of 1.5% and a band tolerance of
1.0%.

Bactericidal assays. Clinical isolates were prescreened for their capacities to
survive in 33% (vol/vol) pooled normal human serum (NHS) (Quidel), to iden-
tify the strains that were highly SR (>50% recovery) or SS (0 to 6% recovery) or
that showed an SI level of serum resistance (6 to 50% recovery). Isolates were
then retested with a microtiter assay to determine the titer at which 50% of
organisms were killed (bactericidals,), using the appropriate range of NHS
concentrations (0 to 50% for SR strains, 0 to 16% for SI strains, and 0 to 4% for
SS strains). Briefly, bacteria were suspended in sterile phosphate-buffered saline
(PBS) to an A4, of 0.07 and then diluted 1:1,000 in minimal essential medium
(MEM). Thirty-microliter (100 to 400 CFU) portions of the diluted suspension
were added to 60 pl of serially diluted NHS (1:2) in MEM or to MEM alone.
After a 1-h incubation at 37°C, 30 wl of GC broth was added to each well, and
50-pl aliquots were cultured in duplicate on GC agar overnight. The average
number of CFU recovered from each well was divided by the total number of
CFU recovered from wells that lacked NHS and multiplied by 100; the resultant
percentages were plotted against the concentration of NHS to obtain the bac-
tericidals, titer. Heat-inactivated NHS (HI-NHS) was prepared by incubating
NHS at 56°C for 30 min and was tested in parallel with each assay. Prior to
testing the clinical isolates, we standardized this assay in terms of the number of
CFU input and the incubation time by using laboratory strains of known serum
resistance phenotypes. When 100 to 400 CFU was used as the input number of
F62 (SS) or MS11 (SI) bacteria, a linear decrease in survival was observed with
increasing concentrations of NHS, and the bactericidals, titers were reproducibly
0.5% NHS and 3.0 to 3.5% NHS, respectively. Based on this analysis, we defined
SS and SI bacteria as those strains that had bactericidals, titers of <3% and
between 3 and 10%, respectively. The bactericidals, titer against the SR strains
FA1090 and FA19 ranged from 20 to 30% NHS and >66%, respectively, under
these conditions, and was not dependent on the number of input CFU. There-
fore, isolates were considered SR if more than 50% of the bacteria survived in
more than 10% NHS, and no bactericidals, titer was determined.

Human C4BP and fH binding. The binding of C4b-binding protein (C4BP)
and factor H (fH) to whole bacteria was measured by flow cytometry as described
previously (41, 42). Briefly, bacteria cultured on chocolate agar plates were
suspended in Hanks’ buffered saline solution containing 1 mM MgCl, and 0.15
mM CaCl,. The reaction mixture contained 10% bacteria and either 0.5 ul of
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pooled NHS as a source of C4BP or 0.5 g of pure human fH (CompTech, Tyler,
TX) in a final volume of 100 wl. The mixture was incubated at 37°C for 10 min.
C4BP was detected by using anti-C4BP monoclonal antibody 92 (21), and fH was
detected by using monoclonal antibody 90X (24), both at a concentration of 5
pg/ml. Fluorescein isothiocyanate-conjugated anti-mouse immunoglobulin G (1:
200 dilution; Sigma) was used to disclose the bound primary antibodies. Bacteria-
bound C4BP and fH were detected by using flow cytometry (BD LSR 1I flow
cytometer; Becton Dickinson). Analyses of fH and C4BP binding were per-
formed by using FloJo fluorescence-activated cell sorter data analysis software
(http://www.TreeStar.com). Strain F62 does not bind fH or C4BP and was used
as a negative control. Strain 15253 binds both complement inhibitors and was
used as a positive control.

Nucleotide sequence analysis. The nucleotide sequences of selected porBla
and mtrR genes were determined as follows. The porBla genes were PCR
amplified using the primers PorBF ., (5'-TCGGCGGTAAATGCAAAGC-3")
and PorBR ¢, (5'-TGCAGATTAGAATTTGTGGCG-3"). The mtrR gene and
its upstream promoter region were amplified by using the primers CXho and
RXho (54). Reactions were performed in a 20-pl-volume mixture using 5 ul of
genomic DNA with 1 ul of each primer, 0.5 pl of each 10 mM deoxynucleoside
triphosphate, 2 wl of 10X reaction buffer, and 1 U of Deepvent DNA polymerase
(New England Biolabs). PCR conditions were 30 cycles at 94°C for 45 s, 50°C for
45 s, and 72°C for 2 min (porBla) and 30 cycles at 94°C for 1 min, 50°C for 1 min,
and 72°C for 2 min (m#rR). PCR products were analyzed on agarose gels and
extracted using QIAquick spin columns (Qiagen). Sequencing reactions were
performed with a BigDye sequencing reaction mixture using 100 to 300 ng of
template DNA and 10 pmol of primers at 25 cycles at 94°C for 10 s, 50°C for 5 s,
and 60°C for 4 min. The sequencing primer used for porBla was PorBF, ..,
PorBR, e, PorBRsg, (5'-CGCCGGTGTTTTTCAGG-3'), PorBE,,, (5'-TTG
AAAGGCGGCTTCGG-3'), or PorBFgs; (5'-CTGCAAGTTCACCGTTTGG-
3"); and the primers for the m#R locus were CXho and RXho. Nucleotide
sequence determination was performed by the USUHS Bioinstrumentation Cen-
ter. DNA sequences were analyzed with Clone Manager software (Scientific &
Educational Software).

Lactoferrin utilization. The bacterium’s capacity to utilize human lactoferrin as
an iron source was assessed by a spot assay method. Briefly, bacteria were harvested
from GC agar and suspended in PBS to an ODy, of 0.10. Bacterial suspensions
were inoculated with a cotton swab onto GC media that contained Kellogg’s sup-
plement I and 50 pM of desferoxamine mesylate. Ten microliters of iron-loaded
human transferrin or lactoferrin solution (20, 2, and 0.2 mg/ml) (Sigma), sterile H,O
(negative control), and 12 M Fe(NOs3); (positive control) were dotted onto each
plate. The presence or absence of growth on the spotted area was evaluated after
overnight incubation. Strains MS11, which can utilize both transferrin and lactofer-
rin, FA1090, a natural lactoferrin receptor-deficient strain, and FA6916, which is
incapable of using transferrin or lactoferrin, were used as controls.

MICs. The MICs of penicillin G (Pen G), ampicillin (Amp), erythromycin
(Erm), tetracycline (Tet), azithromycin (Az), and Triton X-100 (TX-100) were
determined by agar dilution (http://www.cdc.gov/STD/Gonorrhea/lab/agar.htm).
The MIC was defined as the lowest concentration of antibiotic or TX-100 on
which the isolate did not grow. For analysis of the mt#r locus, we used a 1.4-kb
DNA fragment that contained the m#rR gene and its upstream promoter region
that was amplified from isolates with MICs of >0.5 wg/ml (Erm and Az) and
=1,000 pg/ml (TX-100) and sequenced using the primers CXho and RXho, as
described above. PCR fragments were transformed into the gonococcal strain
FA19, and transformants were selected on GC agar with 0.5 pg/ml Erm (54). The
mirR locus from mutant strain JF1, which carries an inactivated mrR gene (12),
was also amplified and used as a positive control. Production of B-lactamase was
detected by using a rapid acidometric method (Hardy Diagnostics).

RESULTS

Analysis of genetic relatedness. A schematic that illustrates
the VR typing system, which targets loops 1, 2, 3, 6, and 7 of
the porBla gene, is shown in Fig. 1. To explore the genetic
relatedness of the P1A strains of commonly isolated VR types,
we analyzed 25 PIA urogenital tract isolates obtained over the
first 4 years of the McKnew study by using PFGE. The number
of isolates of each VR type was selected to resemble the dis-
tribution of VR types that were observed over the first 3 to 4
years of the initial study. Isolates of the VR types PIA 1;2;1;1;1
and PIA 1;1;1;1/4;1 were recovered for every year of the 10-
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FIG. 1. PIA loops targeted by the VR typing system. The PIA VR
typing system is based on differences in the nucleotide sequences that
encode five surface-exposed loops (loops 1, 2, 3, 6, and 7). The exact
regions of each loop that correspond to the nucleotide sequences
targeted by the oligonucleotide probes are shown in the report by
McKnew et al. (32). As examples, VR type PIA 1;2;1;1;1 indicates
hybridization to loop 1, probe 1 (probe 1-1), loop 2, probe 2 (probe
2-1), loop 3, probe 1 (probe 3-1), loop 6, probe 1 (probe 6-1), and loop
7, probe 1 (probe 7-1). VR type PIA 1;1;1;1/4;1 is very similar to PIA
1;2;1;1;1, with the exception of the loop 2 probe and minor sequence
differences in loop 6. Numbers that are separated by a slash refer to
loop sequences that hybridized to two typing probes. A designation of
nt, instead of a number, refers to a loop sequence that did not hybrid-
ize to any probe and thus is considered nontypeable.

year study or for 5 consecutive years and 2 years later, respec-
tively. The VR types PIA 1;2;1;1;1 and PIA 1;1;1;1/4;1 repre-
sented 42% and 19% of the total number of PIA isolates
recovered over the period of the study, and we define these VR
types as common here, based on their high recovery rate and
persistence over time. The VR type PIA 2;4;3;3;3 was highly
represented among PIA isolates collected over the first 3 years
of the McKnew study, but no isolates of this VR type were
recovered during the remaining 6 years of the study. One
isolate each was of the VR type PIA 1;3;1;1/4;1 and the VR
type PIA 1;nt;1;1;1, which are VR types that were identified
either in a single year or over 2 consecutive years.

The 25 PIA isolates exhibited eight distinct PEGE pattern
groups, based on a cutoff value of 85% band similarity (Fig. 2).
The 10 isolates of the most common VR type, PIA 1;2;1;1;1,
were segregated to four PFGE clusters (Al, A2, B, and G); the
6 isolates of the next most common type, PIA 1;1;1;1/4;1, were
segregated to two different PFGE clusters (C and E). These
results show that genetically unrelated strains can express
highly related porin sequences, and they are consistent with the
hypothesis that porin variants may therefore confer an advan-
tage. Seven isolates expressed the VR type PIA 2;4;3;3;3.
These isolates, which were collected in 1991 (1 isolate), 1992 (3
isolates), and 1993 (3 isolates) were highly related and fell into
a single PFGE cluster (cluster F). Isolates of the VR types PIA
1;3;1;1/4;1 and PIA 1;nt;1;1;1 had unique PFGE patterns.

Associations among VR type, lactoferrin utilization, and
antibiotic resistance. The capacity to utilize human lactoferrin
as an iron source (LF™") is a porin-independent phenotype that
occurs via a specific outer membrane receptor (44). Approxi-
mately 50% of gonococcal strains are LF* (33). In our study,
10 of the 25 P1A isolates (40%) were LF" (Table 1). No
association was seen between the LF* phenotype and posses-
sion of a more common VR type. Six of 10 isolates of the VR
type PIA 1;2;1;1;1 and 2 of 6 isolates of the VR type PIA
1;1;1;1/4;1 were LF™. All isolates of the VR type PIA 2;4;3;3;3
were LF ™. Importantly, with one exception (cluster Al), iso-
lates within a PFGE cluster were uniform with respect to LF
phenotype.
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PFGE

Isolate cluster VR Type
g
Lt 11:1;1,4:1
LG 20
D 1;nt;1;1;1
F 2:4;3;3;3
A1 1,2;:1;1:1
A2 12,111
E 1;1;1;1,41
B 1;2;1;1;1
G 1:2:1:1:1

H 1;3;1;1,4,1

FIG. 2. Relatedness of the N. gonorrhoeae isolates (LG1 to LG26) used in this study. A composite of gels on which Nhel-restricted genomic
DNA from the 26 PIA Baltimore isolates was fractionated by PFGE is shown; normalization to a universal standard is described in Materials and
Methods. A dendrogram that groups patterns into eight distinct clusters (A to H) based on the percentage of band similarity is also shown. Isolates
that produced patterns that were <85% similar (see scale in the upper left corner) were considered different strains. Isolates of VR type PIA
1;2;1;1;1 belonged to four distinct PFGE patterns, which ranged from 90 to 96% similarity, while isolates of VR type PIA 1;1;1;1/4;1 fell into two

clusters that showed 92 to 95% similarity.

The susceptibility of each isolate to antibiotics was also ex-
amined to determine if certain resistance patterns correlated
with the more frequently isolated VR types. We were partic-
ularly interested in the multitransferable resistance (Mtr) phe-
notype, which results from mutations in the m#R repressor
gene or its promoter region. The consequence of mutations in
the mtrR locus is derepression of the mtrCDE operon (19). The
mitr mutants display increased resistance to host-derived anti-
microbial substrates of the MtrC-MtrD-MtrE pump (46) and
increased fitness in vivo (54). Twelve isolates exhibited the Mtr
phenotype, which is defined as increased resistance to the
macrolide antibiotics Erm and Az (49, 61), Pen G (53), and the
nonionic detergent TX-100 (18). With one exception, the Mtr
phenotype segregated with the PFGE cluster, and not all
strains of the VR types PIA 1;1;1;1/4;1 and PIA 1;2;1;1;1 had
this phenotype, as would be predicted should the Mtr pheno-
type be responsible for the frequent isolation of certain VR
types (Fig. 3). The remaining strains of VR type PIA 1;2;1;1;1
were susceptible or moderately susceptible to all antibiotics
tested, with MICs in the susceptible range for Pen G (0.25 to
1.0 pg/ml), Amp (0.125 to 0.5 pg/ml), Tet (0.25 to 1.0 pwg/ml),
Erm (0.125 to 0.25 pg/ml), and Az (0.125 pg/ml), and MICs of
=500 pg/ml for TX-100. In addition to exhibiting the Mtr
phenotype, all seven isolates of VR type PIA 2:;4;3;3;3
(PFGE cluster F) exhibited markedly elevated MICs for Pen

G (>4.0 pg/ml). Upon subsequent testing, each of these
isolates expressed high levels of B-lactamase activity.

To confirm the genetic linkage between the mirR locus and
the Mtr resistance pattern, we PCR amplified the m#7R gene
and the intergenic region between m#rR and the mtrCDE
operon that contains the m#rR promoter and the MtrR bind-
ing site (23, 29) from strains with the Mtr phenotype. Con-
sistent with the fact that mtrR loci cause derepression of the
mtrCDE operon, transformation of the PCR products into
strain FA19 yielded transformants that grew on GC agar
with Erm (0.5 pg/ml). The nucleotide sequence of each m#rR
amplicon was also determined. Strains LG2 and LG7, which
fall into different PFGE clusters, harbor a G>A substitution
at nucleotide 115 in the m#rR structural gene, which is pre-
dicted to cause an Ala39>Tyr substitution in the MtrR
protein. Isolates LG4, LGS, LG6, and LG21, which belong
to the same PFGE cluster, harbor a G>A substitution at
nucleotide 134 of the mtrR gene that is predicted to cause a
Gly45>Asp substitution in the MtrR protein. Both the
Ala39>Tyr (11) and the Gly45>Asp (49) substitutions were
described previously and are hypothesized to be located in
the DNA-binding a-helix motif of the MtrR protein.

In summary, both the lactoferrin and the Mtr phenotypes
were strongly associated with the PFGE type but not the porB
VR type. These results confirm the presence of genetically
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TABLE 1. Serum resistance and LF phenotypes of PIA isolates
from the Baltimore study

Serum

VR type Isolate PFGE cluster rosistance LF use
1;2;1;1;51 LG14 Al SR +
LGI12 Al SR -
LG23 A2 SR -
LG25 A2 SR -
LG22 A2 SR -
LG11 B SI +
LG13 B SI +
LG15 B SR +
LG7 B SR +
LG24 G SR +
1;1;1;1/4;1 LG19 C SR +
LG20 C SR +
LG4 E SR -
LGS E SR -
LG6 E SR -
LG21 E SR -
2:4;3;3;3 LG2 F SS -
LG8 F SS -
LG10 F SI -
LG17 F SS -
LGY F SR -
LGl16 F SR -
LG18 F SR -
1;3;1;1/4;1 LG26 H SR +
1;nt;1;1;1 LG70 D SR +

distinct strains within persistent VR types as demonstrated by
PFGE and indicate that neither lactoferrin usage nor overex-
pression of the MtrC-MtrD-MtrE efflux pump system is re-
sponsible for the frequent isolation of certain porB types.

Association between VR type and serum resistance. Having
established that the most successful PIA VR types are ex-
pressed by genetically and phenotypically different strains, we
next tested the sensitivity of the strains to the bactericidal
activity of NHS. As is typical of PIA strains, the majority of
isolates (19 of 25; 76%) were SR, with more than 50% of the
bacteria withstanding exposure to 10% NHS for 1 h (Table 1).
The majority of isolates of the VR types PIA 1;2;1;1;1 and PIA
1;1;1;1/4;1 were SR (14 of 16; 87%), and the remaining two
isolates demonstrated an SI phenotype with bactericidals, ti-
ters of 7.2 and 8.0% NHS. These SI isolates (strains LG11 and
LG13) belonged to PFGE cluster B, which also had two SR
isolates. In contrast to the more common VR types, a high
percentage of SS isolates was detected among isolates of the
VR type PIA 2;4:3;3;3 (PFGE cluster F), with three of seven
isolates (43%) having bactericidaly, titers of less than 3%
NHS. One 2;4;3;3;3 isolate, LG10, was SI (bactericidaly, titer,
5%), and three were SR. None of the SS or SI isolates was
sensitive to HI-NHS, which ruled out the possibility that fac-
tors in human serum besides complement might contribute to
strain susceptibility.

To further examine the link between serum resistance and
certain VR types, we screened a second set of clinical isolates
for serum resistance levels (2). These isolates originally came
from a partner study that consisted of male subjects who tested
positive for N. gonorrhoeae infection at a Boston clinic and
their female partners who were subsequently contacted and
tested (28). Twelve of the 19 isolates (63%) were of the VR

INFECT. IMMUN.

type PIA 1;2;1;1;1, and 7 of the isolates had VR types that were
not detected in the Baltimore study (VR types PIA 3;1;2;2;2
and PIA 3;1;1/2;2/3;2). Six different clonal types were identified
by PFGE analysis of the Boston isolates (Table 2). Similar to
the Baltimore isolates, the 12 Boston isolates of VR type 1;2;
1;1;1 were distributed over four clusters (I, J, K, and N), and a
majority (9 of 12; 75%) were SR. One isolate was SI (bacteri-
cidals, titer, 4.0%), and unlike the PIA 1;2;1;1;1 isolates in the
Baltimore collection, two isolates of this common VR type had
an SS phenotype. These isolates (LG66F and LG65F) fell into
the same PFGE cluster and were from the same sexual net-
work. A higher percentage of isolates of VR types PIA 3;1;2;
2;2 and PIA 3;1;1/2;2/3;2 (4 of 7; 57%) were SS. The remaining
three isolates exhibited an SI phenotype, with bactericidals,,
titers ranging from 3.4 to 6.0%. Statistical analysis of combined
data from the Baltimore and the Boston strain collections
showed significant differences between the number of PIA
1;2;1;1;1 and PIA 1;1;1;1/4;1 isolates with SR and SI pheno-
types (26 of 28 isolates) and the number of SR and SI isolates
of the less frequently isolated VR types PIA 1;3;1;1/4;1, PIA
1;nt;1;151, PIA 2;4;3;3;3, PIA 3;1;2;2;2, and PIA 3;1;1/2;2/3;2 (9
of 16 isolates) (P < 0.006; Fisher’s exact test, two-tailed).
Correlation of serum resistance with fH- and C4BP-binding
and the porBla sequence. To further analyze the relationship
between serum resistance and VR type, we also tested the
degree to which isolates bind the complement regulatory pro-
teins C4BP and fH. We were particularly interested in isolates
of the same VR type that differed in serum resistance pheno-
type. Cluster F contained SR, SI, and SS isolates (Table 1).
Consistent with an SR phenotype, isolates LG9 and LG16 from
this cluster bound both C4BP and fH; the SS isolate LG2, in
contrast, bound fH, but only minimal amounts of C4BP (Fig.
4). Among the 22 isolates of VR type PIA 1;2;1;1;1, LG66 was
one of two SS isolates, and this strain did not bind either
inhibitor. Isolate LG13, an SI isolate of VR type PIA 1;2;1;1;1
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FIG. 3. Percentage of isolates with the Mtr phenotype and the
distribution with respect to VR type. The Mtr phenotype did not
segregate by VR type. Isolates within a PFGE cluster were uniform
with respect to the Mtr phenotype, with the exception of one isolate in
cluster B. One of four isolates within cluster B (isolate LG7; VR type
PIA 1;2;1;1;1), all four isolates in cluster E (VR type PIA 1;1;1;1/4;1),
and all seven isolates within cluster F (VR type PIA 2;4;3;3;3) exhib-
ited an antibiotic resistance pattern suggestive of the Mtr phenotype.
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TABLE 2. Serum resistance phenotypes of P1A isolates from the
Boston partner study

VR type Isolate ni?\r;gfl:” PFGE cluster ressliesrtzr:ce

1;2:1:1;1 LG66F 1 1 SS
LG65F 1 I SS
LG69F N/A J SR
LG52M 2 K SR
LGS53F 2 K SR
LG48F N/A K SR
LG61M 3 N1 SR
LG62F 3 N1 SR
LG54M 5 N1 SR
LGS55F 5 N2 SR
LG64F 4 N2 SR
LG63M 4 N3 SI

3;1;1/2;2/3;2 LG67F 6 L SS
LG68F 6 L SS

3;1;2:2;2 LG58M 7 M1 SI
LGS59F 7 M1 SI
LG60F 7 M1 SI
LG49M 8 M2 SS
LG50F 8 M2 SS

“ N/A, only one isolate from these partner networks was obtained.

that showed 50% survival in 7.2% NHS, bound C4BP but not
fH. In contrast, LG15, which is an SR isolate of VR type PIA
1;2;1;1;1, bound C4BP and fH. We also examined an SS strain
of the VR type PIA 3;1;2;2;2 (isolate LG49), and found that it
bound low amounts of fH but did not bind C4BP. Consistent
with a serum resistance phenotype, isolate LG5 (VR type 1;1;
1;1/4;1) bound both inhibitors well. We conclude that the ca-
pacity of these strains to bind either or both inhibitors corre-
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lated well with the serum resistance phenotype, and therefore,
the differences in serum resistance phenotypes among isolates
of the same porB VR type was not due to errors or limitations
of the bactericidal assay used.

The identification of closely related isolates that shared the
same VR type but differed in serum resistance and C4BP/fH
binding phenotypes prompted us to determine the nucleotide
sequence of the porBla genes from representative SS and
SR/SIlisolates. Additionally, we sequenced the porBla genes of
three closely related isolates of VR type PIA 3;1;2;2;2 that
showed SS or SI phenotypes and one of the 6 SR VR type PIA
1;1;1;1/4;1 isolates to see if commonalities in the predicted
amino acid sequences could be identified that might be in-
volved in the serum resistance phenotypes. Among SR strains
of VR type PIA 1;2;1;1;1, the sequences were identical, with
the exception of a one-amino-acid change in loops 2 and 3
(isolate LG13; PFGE cluster B) and loops 1 and 8 (isolate
LG25; PFGE cluster A2) (Fig. 5). As predicted from the VR
types, isolates of VR type PIA 3;1;2;2;2 showed a high degree
of diversity in loop 1 (six different amino acids), and three
differences in loops 3, 6, and 7 compared to the corresponding
sequences of isolates of the other VR types. These isolates
(LG49, LG50, and LG60) were SS or SI

Importantly, the predicted loop sequences of the SS PIA
1;2;1;1;1 isolate LG66 were identical to those of the SR PIA
1;2;1;1;1 isolates LG15 and LG24, with the exception of a
tyrosine instead of a histidine in loop 1 and a glycine instead of
a serine in loop 6 (Fig. 5). The heterogeneity observed for
serum resistance phenotypes for isolates of VR type PIA 2:4;
3;3;3 also did not correspond to differences in porin sequence
based on the fact that the predicted amino acid loop sequences
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FIG. 4. C4BP and fH binding to N. gonorrhoeae. Flow cytometry was used to measure the binding of C4BP (left panel) and fH (right panel)
to bacterial strains. The SS strain F62 (does not bind either inhibitor) and strain 15253 (binds both regulators) were used as negative and positive
controls, respectively. A representative isotype control with strain LG2, in which either NHS or fH was omitted from the reaction mixture, is shown.
The x axis represents fluorescence on a log,, scale, and the y axis the number of events (counts). The numbers alongside each trace indicate the
median fluorescence of the entire population. One representative experiment of two reproducible repeats is shown.
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STRAIN VR TYPE SR LOOP 1 LOOP 2 LOOP 3
FAL9  1;1;1;1,4;1 SR VETSRSVAHHGAQADRVKTATEI AYVSGIDTGWGNR TGGFNPWEGKSYYLGLSNIAQPEE
LG2 2;4;3;3;3 SS VETSRSVDHTG-RANRVKTATEI AYVSGTNEGWGNR TGGFNPWEGKSDYLSLSNIAEPFA
LG9 234734373 SR VETSRSVDHTG-RANRVKTATEI AYVSGTNEGWGNR TGGFNPWEGKSDYLSLSNIAEPEA
LG16  2;4;3;3;3 SI VETSRSVDHTG-RANRVKTATEI AYVSGTNEGWGNR TGGFNPWEGKSDYLSLSNIAEPEA
LG13  1;2;1;1;1 SI VETSRSVAYHGAQADRVKTTTEI AYVSGAKEGWGSR TDGFNPWEGKSYYLGVSNIAQPEE
LG15  1;2;1;1;1 SR VETSRSVAYHGAQADRVKTTTEI AYVSGTKEGWGSR TDGFNPWEGKSYYLGLSNIAQPEE
1G24  1;2;1;1;1 SR VETSRSVAYHGAQADRVKTTTEI AYVSGTKEGWGSR TDGFNPWEGKSYYLGLSNIAQPEE
LG25  1;2;1;1;1 SR VETSRSVAYYGAQADRVKTTTEI AYVSGTKEGWGSR TDGFNPWEGKSYYLGLSNIAQPEE
1G66  1;2;1;1;1 SS VETSRSVAYHGAQADRVKTTTEI AYVSGTKEGWGSR TDGFNPWEGKSYYLGLSNIAQPEE
LG20  1;1;1;1,4;1 SR VETSRSVAHHGAQADRVKTATEI AYVSGTDTGWGNR TGGFNPWEGKSYYSGLSNIAQPEE
1LG49  3;1;2;2,3(4);2  SS VETYRFVAHNGAQASGVETATEI AYVSGTDTGWGNR TGGFNPWEGKSEYLSLSNIARPEE
LG50  3;1;2;2,3(4);3  SS VETYRFVAHNGAQASGVETATET AYVSGTDTGWGNR TGGFNPWEGKSEYLSLSNIARPEE
LG60  3;1;2;2,3(4);3 SI VETYRFVAENGAQASGVETATEI AYVSGINTGWGNR TGGFNPWEGKSEYLSLSNIARPEE
STRAIN VR TYPE SR LOOP 4 LOOP 5 LOOP 6 LOOP 7 LOOP 8
FA19 1;1;1;1,4;1 SR PNDNSGKNHS RHSYTTEKH DAKLTWRNDNSHNSQTE SVYDADNDNTYDQ QRGKGTEKFVAT
LG2 2;4;3;3;3 SS LNDNSNKYNS RHHYATEKH DAKLALIDDNSHNSQTE LVYHADLSNDYDQ QEGKGAEKFVST
LG9 2;4;3;3;3 SR LNDNSNKYNS RHHYATEKH DAKLALIDDNSHNSQTE LVYHADLSNDYDQ QEGKGAEKFVST
LG16  2;4;3;3;3 ST LNDNSNKYNS RHHYATEKH DAKLALIDDNSHNSQTE LVYHADLSNDYDQ QEGKGAEKFVST
LG13 1;2;1;1;1 SI PNDNSGKNRS RHNYTTEKH DAKLTWSNDNSHNSQTE SVYDADNDNTYDQ QRGKGTEKFVAT
LG15 1;2;1;1;1 SR PNDNSGKNRS RHNYTTEKH DAKLTWSNDNSHNSQTE  SVYDADNDNTYDQ QRGKGTEKFVAT
1G24 1;2;1;1;1 SR PNDNSGKNRS RHNYTTEKH DAKLTWSNDNSHNSQTE SVYDADNDNTYDQ QRGKGTEKFVAT
LG25 1;2;1;1;1 SR PNDNSGKNRS RHNYTTEKH DAKLTWSNDNSHNSQTE  SVYDADNDNTYDQ QRAKGTEKFVAT
LG66  1;2;1;1;1 SS PNDNSGKNRS RHNYTTEKH DAKLTWGNDNSHNSQTE SVYDADNDNTYDQ QRGKGTEKFVAT
LG20 1;1;1;1,4;1 SR PNDNSGKNHS RHNYTTEKH DAKLTWRDDNSHNSQTE SVYDADHDNTYDQ QKGKGAEKFVAT
LG49  3;1;2;2,3(4);2 ss PNDNSGKNKS RHNYTTEKH DAKLAWPDDNSHNSQTE SVYEANHDNTYDQ QEGKGAEKFVST
LG50 3;1;2;2,3(4);3 ss PNDNSGKNKS RHNYTTEKH DAKLAWPDDNSHNSQTE SVYEANHDNTYDQ QEGKGAEKFVST
LG60 3;1;2;2,3(4);3 ST PNDNSGENKS RHNYTTEKH DAKLAWPDDNSHNSQTE SVYEANHDNTYDQ QEGKGAEKFVST

FIG. 5. Predicted amino acid sequence of surface-exposed loops of selected P1A strains. The porBla genes from 12 isolates were sequenced
as described in Materials and Methods, and the predicted amino acid sequences of the surface-exposed loops are shown. Bold indicates residues
that are different from the FA19 predicted amino acid sequence. In general, sequences were segregated with the VR type, and only a few or no

differences are seen in the predicted amino acid sequence of SR, SI, and SS isolates within the same VR type.

of the SS isolate LG2 were identical to those of the highly SR
isolates LG9 and LG16. We conclude from these results that
the serum resistance exhibited by the less common VR types
and by occasional isolates of the more common VR types is
most likely due to a factor other than porin.

We also found that the predicted amino acid sequences of
the surface-exposed loops were identical or very similar for
isolates within a VR type and were not segregated with the
PFGE cluster, including loops that are not targeted by the VR
typing probes (Fig. 5). When the predicted amino acid se-
quences of porins of different VR types were compared, dif-
ferences were present in all loops, with the exception of loop 5.
PIA loop 5, which is likely to be the least surface exposed, was
relatively conserved. Consistent with the sequences predicted
by the probe hybridization patterns, there were only one or two
differences between the predicted amino acid sequence of
loops 1, 3, 6, and 7 of five different PIA 1;2;1;1;1 isolates. These

strains had three to four different residues predicted to occur
in loop 2 compared to those of strains of PIA 1;1;1;1/4;1.

In summary, among strains that are not highly related by
PFGE but have the same VR type, the entire porin sequence
segregates by VR type and not by PFGE type. This result is
consistent with the fact that certain porins are selectively main-
tained. We found no evidence that sequence differences are
responsible for differences in serum resistance phenotypes
among isolates with the same VR type. We also confirmed the
reliability of the VR typing system to group strains with the
same predicted P1A sequence.

DISCUSSION

N. gonorrhoeae induces no or limited immunity to reinfec-
tion. This trait, combined with the propensity to cause asymp-
tomatic infection, allows this organism to be well sustained in
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community outbreaks. The high incidence of mixed infections
and the capacity of the gonococcus to diversify its genetic
information via natural transformation and an inherently high
mutation rate result in the nonclonal, panmictic nature of this
pathogen (20, 26, 36). The more frequently isolated porBla
types over extended periods of time suggest a positive selection
for specific PIA porin sequences. Selective pressure may be
influenced by structural or functional constraints and opposed
by the need for freedom in sequence diversity that is sufficient
to facilitate evasion of the host response. This hypothesis was
also proposed by Fudyk et al. (14), who compared the porB
genes of gonococcal isolates from female sex workers in Kenya
to sequences from strains from other regions. Gonococcal
strains of different geographic origins appeared to have the
identical porB genes or segments of the same gene. Our dem-
onstration that N. gonorrhoeae isolates with the most common
PIA VR types fall into several genetically unrelated PFGE
clusters and, thus, presumably have different ancestral back-
grounds further supports this hypothesis. We found that
PFGE, which has been used by others to investigate outbreaks
and the emergence of antibiotic-resistant strains (51, 58), was
sufficiently discriminatory to distinguish between LF* and LF~
clonal types within a VR type, with one exception, and to
confirm partner relationships, which were based on interview
data. Isolates from male and female partners fell into the same
clusters, the majority of which had almost identical band pat-
terns. The use of a second enzyme may have provided a higher
level of discrimination of isolates within a cluster. However,
even if these isolates are less related than indicated by mea-
surement, our conclusion that porin types can be expressed by
isolates of different ancestral backgrounds would not change.
We therefore did not pursue further measures of genomic
relatedness.

Several functions have been attributed to gonococcal porin,
including serum resistance, due to downregulation of comple-
ment activation via the binding of complement regulatory pro-
teins (41, 42). We found that isolates of the porB VR types PIA
3;1;1/2;2/3;2 and PIA 3;1;2;2;2, which were not isolated with
high frequencies in the Baltimore study, and VR type PIA
2;4;3;3;3 were more often sensitive to the bactericidal activity
of NHS. In contrast, significantly more isolates of the most
common VR types, PIA 1;2;1;1;1 and PIA 1;1;1;1/4;1, showed
high or intermediate levels of serum resistance; isolates of
these VR types hybridize to the same oligonucleotide probes
used to type loops 1, 3, 6, and 7 but to different probes for the
loop 2-encoding region, as do isolates of VR type 1;3;1;1/4;1,
which were not tested in this study but which were isolated for
5 of the 10 years of the Baltimore study (32). Interestingly,
isolates that hybridized to probe 1 for loop 1 were more often
serum resistant than those that hybridized to probe 2 or 3 for
loop 1. Using hybrid porin strains, Ram et al. found that P1A
loop 1 was required, but alone not sufficient, for C4BP binding
(41), and that loop 5 of certain P1A strains such as FA19
bound to fH (42). The exact binding motifs on P1A for these
complement inhibitors are not known. The data from our study
appear to be consistent with the finding that loop 1 is impor-
tant in serum resistance. Sequence data for loop 5, which is not
targeted by the VR typing probe, suggest that the fH binding
site may be conformational and involve other loops.

We note that serum resistance did not always segregate
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strictly by VR type or by the predicted amino acid loop se-
quences. Several other factors can influence serum resistance
in N. gonorrhoeae, including surface molecules that undergo
phase-variable expression, which might explain why otherwise
genetically related isolates can differ in serum resistance phe-
notypes. Specifically, phase-variable expression of the glycosyl
transferase genes (Igt4, IgtC, and IgtG) involved in lipooligo-
saccharide (LOS) biosynthesis can lead to a marked difference
in the levels of serum resistance (45), and opacity protein-
mediated serum resistance was reported for an SI strain and
shown to be phenotypically recessive to LOS phenotype (5).
Interestingly, the LOS structure can modulate the binding of
C4BP to N. gonorrhoeae (43), and we speculate that differences
in complement inhibitor binding and serum resistance pheno-
types observed among strains with identical P1A sequences
(such as LG2, LGY, and LG16) may be, at least in part, related
to differences in LOS glycan substitutions.

One interesting finding of this project came from the anal-
ysis of isolates of VR type PIA 2;4;3;3;3. This group of isolates
appeared only during the first 3 years of the 10-year period
analyzed by McKnew et al. (32); whether these isolates were
present prior to the initiation of the study is not known. We
have identified this porB type infrequently in other strain col-
lections, and we have observed these loop sequences only with
this specific combination (data not shown). None of the indi-
vidual loop sequences of this PIA type has been observed in
mosaic combination with other VRs, a result which suggests
that the horizontal exchange of portions of this porB gene has
not been successful. It is possible that immunity to porin or
other epitopes expressed by these isolates may affect its capac-
ity to persist within the communities studied. None of these
isolates could use lactoferrin as an iron source, and all of these
isolates demonstrated the Mtr phenotype and had B-lactamase
activity. Whether these three phenotypes influence the fitness
of this clone is not clear. Mutation of the lactoferrin receptor
did not attenuate N. gonorrhoeae in the human urethritis
model, unless the transferrin receptor was also not expressed
(1), and while data from a murine infection model suggest that
the mtr mutation may confer increased survival during infec-
tion (54), the consequence of B-lactamase-mediated antibiotic
resistance on gonococcal fitness has not been examined. It is
possible that B-lactamase production may be accompanied by
a fitness loss based on the traditional inverse association be-
tween resistance to antibiotics and fitness (27).

PIA strains are historically more often associated with dis-
seminated gonococcal infections than with PIB strains. How-
ever, our data suggest that resistance to complement may be
important to PIA strains during urogenital tract infections,
since the concentration of serum used to define serum resis-
tance, specifically 10%, is likely to reflect concentrations of
complement encountered during mucosal infections rather
than in the bloodstream. Other porin-mediated functions that
could confer a selective advantage include potential differences
in nutrient acquisition, invasion (16), the capacity to induce
(34, 35, 55) or inhibit (3) apoptosis, and changes in permeabil-
ity that might result in higher levels of antibiotic resistance. It
is not known if heterogeneity in porin molecules confers dif-
ferences in porin-related apoptotic properties, and porin-me-
diated differences in antibiotic resistance have been demon-
strated only for PIB strains (15, 57). The capacity of some
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porin types to evade a porin-specific adaptive immune re-
sponse must also be considered. Plummer et al. (38) reported
that women with gonococcal pelvic inflammatory disease and
female commercial sex workers with a history of gonococcal
infection were at increased risk for reinfection with an isolate
of a different serovar. From these studies, one might conclude
that these women developed some form of PorB-specific im-
munity. However, no evidence of serovar-specific immunity
was found in studies of predominantly male urethral infections
in rural populations in North Carolina (13, 22). The role of
immune evasion in PorB diversification deserves further inves-
tigation, specifically with regard to gender, type of infection,
and relationship to mixed and asymptomatic infections.

In summary, we conclude that some PIA molecules confer a
selective advantage to strains that results in the persistence of
certain PorB types over time and among geographically dis-
tinct strains and that this advantage may be the increased
resistance to complement-mediated killing in the urogenital
tract. Whether similar or additional selective pressures affect
the isolation of P1B strains, which are more common and also
more often SS, is not yet known. More diversity also exists
among PIB VR types, although a subset of VR types also
appears to be more common (32). An examination of these
hypotheses with respect to P1B diversity and conservation is
under way. The data presented in the current work should help
delineate the PIA porin sequences that are involved in serum
resistance through fH and C4BP binding. Our results may also
provide new focus to the design of porin-based vaccines and
novel immunoprophylactic strategies for this highly antigeni-
cally diverse pathogen.
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