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The porB locus codes for the major outer membrane protein of Neisseria gonorrhoeae. Alleles of this locus have
been assigned to two homology groups based on close sequence and immunological relationships and are designated
as either PIA or PIB. Severa population parameters were estimated and compared among these two groups using
a data set of 22 PIA sequences and 91 PIB sequences obtained from diverse geographic localities and from time
periods spanning approximately 50 years. Recombination appears to be extensive in the porB gene. While the
recombination rates are similar for the PIA and PIB sequences, the relative contribution of recombination to genetic
diversity is higher for the PIA sequences. Alleles belonging to the PIB group show greater genetic diversity than
do those in the PIA group. Although phylogenetic analysis did not reveal temporal or geographic clustering of
sequences, estimates of gene flow and the fixation index suggested that PIB sequences exhibit population substruc-
ture based on geographic locality. Selection acts in these homology groups in a different way. While positive
Darwinian selection is the dominant force driving the evolution of the PIA sequences, purifying selection operates
also on the PIB sequences. These differences may be attributable to the greater propensity of PIA strains, as
compared with PIB strains, to cause disseminated gonococcal infection, which would expose the former to intense
selection pressure from the host immune system. The molecular evolution of Neisseria gonorrhoeae seems to be
driven by the simultaneous action of selection and recombination, but under different rates and selection pressures

for the PIA and PIB homology groups.

Introduction

Gonorrhea is a common bacterial infection that is
transmitted primarily by sexual contact or perinatally
(for review, see Handsfield and Sparling 1995). The
causative organism of gonorrhea, Neisseria gonor-
rhoeae, was described by Neisser in 1879 and first cul-
tivated in 1882 by Leistikov and Loeffler. Neisseria go-
norrhoeae is a fastidious Gram-negative diplococcus
which closely resembles the related human pathogen
Neisseria meningitidis, as well as several commensal
species. All Neisseria species reside on the mucous
membranes of mammals. Humans are the only host of
the gonococcus, and spread of the organism occurs only
through direct person-to-person contact.

Protein 1 (PI), encoded by the porB locus, is the
major outer membrane protein of Neisseria. It functions
as an anion-selective porin allowing the passage of small
molecules through the outer membrane. The general
structure of these porins consists of nine internal con-
served regions separated by eight surface-exposed re-
gions that are highly variable in both amino acid se-
guence and length (Carbonetti and Sparling 1987; Car-
bonetti et al. 1988; van der Ley et al. 1991; Feavers et
a. 1992; Mee et al. 1993) (see fig 1). Protein 1 is con-
stitutively expressed at high levels in al gonococci, is
surface-exposed, and €licits a strong immune reaction
during infection (Ison 1988). This indicates that Pl may
play a crucia role in gonococcal interaction with host
cells and, in genera, with the immune system (Buitt,
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Lambden, and Heckels 1990; Smith, Maynard Smith,
and Spratt 1995), affecting the transmission probability
and the length of the infectious state and consequently
influencing the growth rate. It is not surprising, then,
that Pl is considered a potential vaccine target (Elkins
et al. 1992; Heckels, Virji, and Tinsley 1990).

Alleles of this locus in N. gonorrhoeae have been
assigned to two homology groups based on close se-
guence and immunological relationships and are desig-
nated as either PIA or PIB (Carbonetti et a. 1988).
These two homology groups differ in molecular weight,
susceptibility to proteolysis, and antigenic reactivity
(Sandstrom, Chen, and Buchanan 1982). Alleles within
each group are much more similar to each other than
they are to members of the other group (i.e., PIA and
PIB form distinct monophyletic groups which predate
the splitting of species within the genus Neisseria), and
individual N. gonorrhoeae strains express either a PIA
or a PIB alele (Smith, Maynard Smith, and Spratt
1995). Although PIA/PIB recombinants can be con-
structed in the lab (Danielsson et al. 1986), such recom-
binants are virtually never found in natural isolates
(Knapp et al. 1984). While it is likely that Pl is subject
to immunological pressure to undergo variation, the
timescale of such variation is unknown (Cooke et al.
1997). The high nucleotide diversity of PIA aleles has
been explained by Smith, Maynard Smith, and Spratt
(1995) in terms of positive Darwinian selection acting
primarily on the surface-exposed loop regions. On the
other hand, it is not known which selective forces op-
erate on the evolution of the PIB alleles. Furthermore,
the relative frequencies of these two alelic classes differ
greatly, with the PIB alleles showing a higher frequency
for a given population. This indicates that different se-
lection pressures may indeed be playing a role in the
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Fic. 1.—Amino acid replacement distribution on the Neisseria gonorrhoeae porin structure proposed by van der Ley et al. (1991). Each

point represents one replacement.

maintenance of the divergence between PIA and PIB
alelic classes.

The characterization of the molecular evolution of
the PIA and PIB groups can offer great insights into the
evolutionary processes acting in N. gonorhoeae and into
their interconnections with epidemiology. Knowledge of
the population genetic structure is important for an un-
derstanding of the responses of pathogen populations to
selective pressures imposed by host immunity and by
antimicrobial drug therapy (Levin, Lipsitch, and Bon-
hoeffer 1999). Smith, Maynard Smith, and Spratt (1995)
previously investigated the action of positive Darwinian
selection on the evolution of the PIA and PIB alleles.
They found, using only two sequences from PIA and
two from PIB, that these homology groups showed dif-
ferent levels of selection, with the PIA sequences having
an increased number of nonsynonymous substitutions
compared with the PIB sequences. They also found
these changes to be localized on the surface-exposed
loops of the outer membrane of the protein. However,
their study was based on a very limited number of se-
quences (four), and their estimate of nonsynonymous-
to-synonymous substitution was based on a biased es-
timator (Crandall et a. 1999; Yang and Nielsen 2000).
Finally, their study, due to the small sample sizes, did
not include any estimates of important population ge-
netic parameters such as nucleotide diversity and recom-
bination rate, thus limiting their ability to explain the
differences between the PIA and PIB homology groups.
We are interested in simultaneously estimating severa
distinct population parameters, such as genetic diversity,
gene flow, population structure, recombination rate, and
growth rate, to describe the evolution of the porB gene
from a multivariable perspective. Addressing the ques-
tions of whether there are differences in the molecular
evolution of the PIA and PIB homology groups and
whether epidemiological differencesin PIA and PIB are

associated with changes in different population genetic
parameters is the main goal of this work.

Materials and Methods
Source of N. gonorrhoeae Strains

Fifty-nine strains of N. gonorrhoeae were obtained
from patients attending the Baltimore City Sexually
Transmitted Diseases Clinics between 1995 and 1998.
Twelve bacterial isolates, six from 1940-1941, two from
1971, and four from 1979, were obtained from the Bac-
terial Collection of the Walter Reed Army Institute (gen-
erously provided by Herman Schneder). All of the iso-
lates came from patients living in the Washington, D.C.,
area. The porB sequences of these strains were com-
pared with those of all porB sequences obtained from
GenBank for which information on place and date of
isolation was available. The PIA data set included 22
sequences, corresponding to four geographic localities
(Bdtimore, North Carolina, Washington, D.C., and the
United Kingdom) and three time periods (the 1940s, the
1980s, and the 1990s) (see http://bioag.byu.edu/zool ogy/
crandall_lab/cranlabpchs.htm for details on samples used
in this study). The PIB data set included 91 sequences,
corresponding to five geographic localities (Baltimore,
North Carolina, Washington, D.C., the United Kingdom,
and Singapore) and four time periods (the 1940s, the
1970s, the 1980s, and the 1990s).

Sequencing of the porB Gene of N. gonorrhoeae

We established a polymerase chain reaction (PCR)-
based method for sequencing a large fragment of the
porB gene of N. gonorrhoeae starting with genomic
DNA extracted from urine specimens or bacterial
isolates.

For recovery of genomic DNA from urine, an ali-
quot of 1.8 ml of urine was centrifuged at 10,000 X ¢



for 10 min in an Eppendorf microfuge, and the pellet
was resuspended in 600 pl of TrisEDTA buffer (pH
7.4). For extraction of genomic DNA from bacterial iso-
lates, gonococcal colonies were scraped off an agar plate
of a primary culture and resuspended in 600 | of Tris-
EDTA buffer (pH 7.4). After addition of sodium dodecyl
sulfate (SDS) and proteinase K to final volumes of 0.5%
and 100 pg/ml, respectively, the suspension was mixed
by inverting repeatedly and incubated for 1 h at 37°C.
The lysate was adjusted to 0.7 M NaCl and 1% cetyl-
trimethylammonium bromide (CTAB), mixed thorough-
ly, and incubated for 10 min at 65°C in order to precip-
itate cell wall debris, denatured proteins, and polysac-
charides. The sample was extracted once with chloro-
form/isoamyl alcohol (24:1), once with phenol/
chloroform/isoamy! alcohol (25:24:1), and then a second
time with chloroform/isoamyl alcohol. DNA was pre-
cipitated with isopropanol, and the pellet was washed
once with 70% ethanol and resuspended in 15 pl dis-
tilled water.

A seminested PCR was used to amplify two
overlapping fragments of the porB gene. In the first
round, a 2-pl aliquot of the crude bacterial DNA was
amplified in a 50- .l reaction volume containing 200 M
dNTPs, 0.5 pM primers (POR-01, 5'-CTGACTTTG
GCAGCCCTTCCTGTTG-3', nt 179-203 [MS11 strain,
accession number M21289) and POR-14, 5'-CAGAT-
TAGAATTTGTGGC GC-3', nt 1214-1195), 2.1 U Ex-
pand High Fidelity (Boehringer Manheim, Indianapolis,
Ind.), amix of Tagq and pwo DNA polymerases, and the
manufacturer’'s recommended buffer with 1.5 mM
MgCl,. A hot-start PCR protocol was performed using
wax beads from PE Applied Biosystems, Inc. (Foster
City, Cadlif.). Cycle conditions were 94°C for 2 min to
melt the beads, then 30 cycles of 94°C for 40 s, 65°C
for 40 s, and 72°C for 1 min, then a final extension
reaction for 10 min at 72°C. First- and second-round
reactions were performed in a 9700 thermal cycler (PE
Applied Biosystems). The PCR products were diluted 1:
100 in distilled water, and two nested reactions were
performed using primers with 5’ extensions encoding
the M13 forward or M13 reverse sequencing primers.
A 2-pl aliquot was amplified in a 100-ul reaction vol-
ume containing 200 pM of dNTPs, 0.5 pM primers
(M13F-POR-01: 5'-GTCACGACGTTGTAAAACGA-
CGGCCAGTCTGACTTTGGCAGCCCTT- 3 [M13F
sequence is underlined) and M13R-POR-08: 5'-CA-
CACAGGAAACAGCTATGACCGT ATTGTGCGA-
AGAAGC-3, nt 742-726 [M13R sequence is under-
lined), or M13F-POR-11: 5'-GTCACGACGT-
TGTAAAACGACGGCC AGTCTGTCCGTACGCT-
ACG-3’, nt 602-617, and M13R-POR14: 5'-CA-
CACAGGAAACAGCTATGACCAGATTA-
GAATTTGTGGC GC-3'), 1.4 U Expand High Fidelity
enzyme mix, and the manufacturer’s recommended buff-
er with 1.5 mM MgCl,. A hot-start PCR protocol was
used with cycle conditions of 94°C for 2 min, followed
by 35 cycles of 94°C for 40 s, 60°C for 20 s, and 68°C
for 40 s, and a final extension reaction for 10 min at
72°C.
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The PCR products were passed through a Gene-
Clean spin column (Bio 101, Inc., Vista, Calif.) and elut-
ed with 40 pl dH,0, and the recovered DNA was mea-
sured by UV spectrometry. For dideoxy sequencing re-
actions, 60—80 ng of PCR product was added to a final
reaction volume of 5 pl containing 2 pl of Big Dye
Terminator RR mix (PE Applied Biosystems) and 1 uM
primer (M13 forward or M 13 reverse sequencing prim-
er). Cycle conditions were 95°C for 15 s, 50°C for 15
s, and 60°C for 4 min. After 25 cycles, reaction products
were denatured by heating to 95°C for 30 s. The reaction
volume was diluted with 15 pl of distilled water and
passed over a minicolum (Spin-50, BioMax, Inc., Oden-
ton, Mo.) equilibrated with distilled water. The labeled
nucleic acids were dried in a Speed Vac concentrator
(Savant, Farmingdale, N.Y.), resuspended in 7 ul of
loading buffer, and loaded into lanes of an ABI 377
automated DNA sequencer (Synthesis and Sequencing
Facility, Department of Biological Chemistry, Johns
Hopkins University School of Medicine). Trace data
were edited and nucleotide sequences assembled with
the SegMan software program (DNASTAR, Inc., Mad-
ison, Wis.). The edited sequences typically spanned the
region corresponding to amino acids 18-346 of the
MSI11 strain.

Analysis of N. gonorrhoeae porB Gene Sequences

Sequences were aligned using CLUSTAL X
(Thompson et al. 1997). Alignments were then adjusted
by eye as needed (the PIA sequences had no indels, and
the PIB sequences had only a single region of 18 nt of
questionable alignment that was removed from the anal-
ysis). The best-fit model of DNA substitution and the
parameter estimates used for the tree reconstruction
were chosen by performing hierarchical likelihood ratio
tests (see Huelsenbeck and Crandall 1997) using PAUP*
beta 1 (Swofford 1998) and Modeltest 1.05 (Posada and
Crandall 1998). A neighbor-joining tree (Saitou and Nei
1987) was estimated for each data set using PAUP* beta
1 incorporating the best-fit maximum-likelihood model
of evolution. Confidence in the tree relationships was
assessed using 1,000 replicates of the bootstrap proce-
dure (Felsenstein 1985).

Since recombination can affect the phylogenetic es-
timate of relationships among the porB sequences, we
tested each data set for evidence of recombination using
the likelihood approach of Grassly and Holmes (1997).
Several genetic population parameters were also esti-
mated. The recombination parameter C (=2Ng4C, where
Ng is the inbreeding effective population size and c is
the recombination rate per site per generation) (Hey and
Wakeley 1997; Hudson 1987) was estimated using a co-
alescent approach implemented in SITES (Hey and
Wakeley 1997). Genetic diversity, 6 (=2Ngp, where
is the mutation rate per site per generation), was esti-
mated using the program FLUCTUATE (Kuhner, Ya
mato, and Felsenstein 1998). This coalescent-based
method uses genealogical information and allows for
variable population sizes when estimating genetic di-
versity (Kuhner, Yamato, and Felsenstein 1998).
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We tested for genetic differentiation of populations
using a categorical approach and a quantitative ap-
proach. The categorical analysis consisted of a x? test
of sequence absolute frequencies at each location (Hud-
son, Boos, and Kaplan 1992). Due to bias with low ex-
pected values, the P value was obtained by simulating
the null distribution of no geographic subdivision
(10,000 permutations) using the algorithm of Roff and
Bentzen (1989) implemented in the program CHIPERM
(D. Posada, available at http://bioag.byu.edu/zoology/
crandall_lab/programs.htm). The quantitative analysis
consisted of a molecular analysis of variance (AMOVA)
(Excoffier, Smouse, and Quattro 1992) performed using
ARLEQUIN (Schneider et al. 1997). Gene flow can be
easily estimated for recombining sequences by measur-
ing Fsr (Hudson, Slatkin, and Maddison 1992) and us-
ing the standard relationship Fgr = 1/(1 + 2Ngm)
(Wright 1951) to obtain Ngm, where m is the migration
rate per generation. F statistics and Nygm values were
estimated using the program ARLEQUIN.

Finally, to infer the extent of selection in the PIA
and PIB homology groups, we estimated the changes in
nonsynonymous substitution rates (those resulting in an
amino acid replacement) and synonymous substitution
rates (those causing no change in the amino acid). Since
the majority of nonsynonymous substitutions are elim-
inated by purifying selection, neutral evolution predicts
a predominance of synonymous substitutions (Miyata
and Yasunaga 1980). When positive Darwinian selection
occurs, the nonsynonymous rate of substitution accel-
erates (Hughes and Nei 1988; Messier and Stewart
1997). Therefore, the relative rates of nonsynonymous
to synonymous substitutions can be good indicators of
the amount and types of selection affecting a gene
(Sharp 1997). We estimated the rates of synonymous
substitutions (K¢) and nonsynonymous substitutions (K,)
using the maximum-likelihood approach of Muse and
Gaut (1994; Muse 1996). The maximum-likelihood es-
timates avoid many of the problems associated with es-
timates based on pairwise comparisons and allow the
incorporation of more complex and realistic models of
evolution (Nielsen and Yang 1998; Crandall et al. 1999).

Results

DNA sequences collected by our group have been
deposited in GenBank under accession numbers
AF200745-AF200814. Combined with additional se-
quences from GenBank, our resulting data sets con-
tained 22 sequences of 908 nt for the PIA homology
group from four distinct geographic locations and 91
sequences of 956 nt for the PIB group representing five
geographic locations. This alignment can be obtained in
Nexus format at our website: http://bioag.byu.edu/zool-
ogy/crandall_lab/cranlabpubs.htm.

The best-fit model of evolution for the PIA ho-
mology group was the Kimura two-parameter model
(K80 or K2P) (Kimura 1980), with a transition/trans-
version (ti/tv) ratio of 2.1451, a significant proportion
of invariable sites (I = 0.8061), and rate heterogeneity
among sites (G = 0.8619). For the PIB group, the best-

fit model was HKY (Hasegawa, Kishino, and Yano
1985), with a ti/tv ratio of 2.2891, a significant propor-
tion of invariable sites (I = 0.8313), and rate hetero-
geneity among sites (G = 1.0973). Thus, the optimiza-
tion of a model of evolution for the two homology
groups resulted in different models for each group. The
major difference in models between the PIA and PIB
groups was the incorporation of nucleotide frequency
differences for the PIB sequences. We failed to reject
the null hypothesis of equal base frequencies for the PIA
sequences (table 1), whereas the PIB sequences have
significantly different base frequencies (A = 0.27, C =
0.28, G = 0.24, and T = 0.21). Also, the molecular-
clock hypothesis was rejected for both data sets (table
1). The neighbor-joining trees estimated using these
models are shown in figures 2 and 3. For both PIA (fig.
2) and PIB (fig. 3) phylogenies, the sequences did not
cluster according to sampling time or locality. Bootstrap
support was very low across the trees.

Using Grasdy and Holmes (1997) likelihood
method for detecting recombination, we concluded that
there were three noncontiguous significant recombinant
fragments spanning 20 bp in the PIA sequences and six
noncontiguous fragments spanning 112 bp in the PIB
sequences. We cut these fragments out of the alignment
and performed new phylogenetic analyses. The exclu-
sion of these fragments changed the best-fit models for
the data sets. For the PIA edited data set, the best-fit
model was K80+G, while for the edited PIB data set,
the best-fit model was the GTR+1+G (e.g., Rodriguez
et a. 1990). The neighbor-joining trees (figs. 4 and 5)
obtained after removing the potential recombinant frag-
ments were significantly different from those obtained
with the complete data (Kishino-Hasegawa test; P =
0.0094 for PIA, P < 0.0001 for PIB). Again in these
new trees, we observed no geographical or temporal
phylogenetic structure, and again bootstrap values were
low. Excluding the regions associated with recombina-
tion leads to the discovery of greater differences in the
evolutionary dynamics between these two homology
groups. Now, they differ not only in nucleotide frequen-
cies, but also in transition rates, in transversion rates,
and in the proportions of invariable sites.

There are two standard approaches for measuring
recombination rates. Both of these approaches attempt
to estimate a population recombination parameter C
(=2Ngc). The first method is based on the variance of
the number of base pair differences between DNA se-
quences (Hudson 1987). This estimator has the disad-
vantage that large data sets are required to obtain ac-
curate estimates. An alternative approach is based on
coalescent theory (Hey and Wakeley 1997). In simula-
tion studies, this last estimate showed low to moderate
bias and gave reliable estimates of recombination rate,
even for small data sets (Hey and Wakeley 1997). These
approaches have not been widely used, especidly in the
context of infectious diseases. Since recombination rate
plays a dominant role in the molecular evolution of
genes undergoing moderate recombination, it becomes
an essential parameter to estimate. This parameter af-
fects, among other things, the distribution of linkage dis-
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Table 1
Likelihood Ratio Tests of Models of Molecular Evolution for the PIA and PIB Sequences of Neisseria gonorrhoeae
Null Hypothesis Models Compared? —Ln Likelihoods 2(nLy —InLy)  dff pe
PIA
Equal base frequencies ........... Ho: JC69 —In Ly 1,914.1533 7.9472 3 0.047114
Hq: F81 —In L,;: 1,910.1797
Equal ti/tvdrates ................ Ho: JC69 —In Ly 1,914.1533 38.9444 1 <0.000001
H,: K80 —In Ly: 1,894.6811
Equal ti and equal tv rates ........ Ho: K80 —In Ly 1,894.6811 10.5004 4 0.032790
Hi: SYM —In L,: 1,889.4309
Equal rates among sites .......... Ho: K80 —In Ly 1,889.4309 54.7184 1 <0.000001
H.: K80 + G —In L,: 1,862.0717
Proportion of invariable sites ... ... Ho: K80 + G —In Lo; 1,862.0717 19.5932 1 <0.000001
Hy: K80 + G + | —InL;: 1,852.2751
Molecular clock ................. Hop: K80 + G + Ic —In Ly 1,935.6774 166.8046 20 <0.000001
Hy: K80 + G + | —InL;: 1,852.2751
PIB
Equal base frequencies ........... Ho: JC69 —In Ly 4,335.5069 16.6358 3 0.000840
H,: F81 —In L,: 4,327.1890
Equal ti/tvdrates ................ Hq: F81 —In Ly 4,327.1890 202.9406 1 <0.000001
H,: HKY —In Ly 4,225.7187
Equal ti and equal tv rates ........ Ho: HKY —In Ly 4,225.7187 9.0770 4 0.059200
H,: GTR —In Ly 4,221.1802
Equal rates among sites .......... Ho: HKY —In Ly 4,225.7187 954.1344 1 <0.000001
H,: HKY + G —In L, 3,748.6515
Proportion of invariable sites ... . .. Ho: HKY + G —In Ly 3,748.6515 136.3400 1 <0.000001
Hy HKY + G + | —In L, 3,680.4815
Molecular clock . ................ Hi HKY + G + Ic —In Ly 3,820.4817 280.0004 89 <0.000001
Hy HKY + G + | —In L, 3,680.4815

a2JC69 = Jukes-Cantor 69 (Jukes and Cantor 1969); F81 = Felsenstein 81 (Felsenstein 1981); K80 = Kimura 80 or Kimura two-parameter (Kimura 1980);
SYM = symmetrical model (Zharkikh 1994); HKY = Hasegawa-Kishino-Yano 85 (Hasegawa, Kishino, and Yano 1985); GTR = general time reversible (Rodri-

guez et a. 1990); G = gamma; | = invariable sites.

b Degrees of freedom (the difference in the number of free parameters between the two models being tested). In the case of the molecular clock, df = n — 2,

with n being the number of taxa

¢ Due to the performance of multiple tests (six), the individual significance level of rejection of the null hypothesis should be adjusted via the Bonferroni

correction to a = 0.01.
dtj = transitions and tv = transversions.

equilibrium between sites and the variance of the num-
ber of segregating sites in samples (Hudson 1987). Us-
ing the approach of Hey and Wakeley (1997), we found
similar overall recombination rates for the different ho-
mology groups and some differences among populations
(table 2). Because the variances for these estimates are
not defined, a statistical test to compare these values is
not straightforward. Genetic diversity (6) estimates for
each population and for the total data set were calculated
using a phylogenetic maximum-likelihood approach (ta-
ble 2). The total variation in genetic diversity is higher
for the PIB sequences than for the PIA sequences; how-
ever, it seems that the relative contribution of recombi-
nation to genetic diversity is greater for the PIA se-
guences. This greater relative contribution of recombi-
nation to genetic diversity may be due to a higher mu-
tation rate in the PIB sequences. Recombination can
contribute to genetic diversity by forming new combi-
nations of existing sequence variants, thereby adding di-
versity to the population. The genetic diversity is clearly
higher in the PIB sequences. Since the effective popu-
lation size cancels out in the ¢/ statistic, the differences
remaining seem to be driven by a faster mutation rate
in the PIB (or a higher rate of recombination in PIA).
Either way, this difference suggests that different pop-
ulation dynamics are occurring in these two homol ogy

groups, suggesting the evolution of different pathogenic
strategies.

Gene flow is another important parameter for un-
derstanding the evolution of N. gonorrhoeae. The esti-
mated Ngm values are shown in table 3. For the PIA
sequences, Ngm values ranged from 0.946 between
North Carolina and Washington, D.C., to an incredibly
high 14.693 between Washington, D.C., and the United
Kingdom. This latter value may be an artifact of small
sample sizes (n = 3 for Washington, D.C., and n = 8
for the United Kingdom). The PIB sequences showed
low levels of gene flow across continents (Ngm = 1.888
between Washington, D.C., and the United Kingdom
and 1.828 between the United Kingdom and Singapore).
As expected, the PIB sequences showed extremely high
levels of gene flow between Baltimore and Washington,
D.C. (Ngm = 31.820), and moderately high levels be-
tween Baltimore and Washington, D.C., and North Car-
olina. The categorical analysis for detecting geographic
subdivision was significant for the PIB alleles (P <
0.0001), while we could not reject the hypothesis of
overal geographic homogeneity for the PIA sequences
(P = 0.5916), presumably due to the small sample sizes
for this homology group. Fixation indices partitioned
this variation (table 4), indicating that for the PIB se-
quences, the distribution of haplotypes among popula-
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Fic. 4—Neighbor-joining tree of the PIA sequences after removing three potential recombinant fragments expanding 20 bp. The model
used was the K2P model (Kimura 1980) (transition/transversion ratio = 2.5403, G = 0.0067). Bootstrap values are based on 1,000 replications
of the bootstrap procedure. Only bootstrap values over 50% are shown. Branch lengths are shown proportional to the amount of evolutionary
change.
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Fic. 5—Neighbor-joining tree of the PIB sequences after removing six potential recombinant fragments expanding 112 bp. The model
used was the GTR model (e.g., Rodriguez et al. 1990) (a = 0.6429, b = 3.1401, c = 0.3458, d = 0.9258, e = 7.0118, f = 1.0000; | = 0.7728,
and G = 0.2933). Bootstrap values are based on 1,000 replications of the bootstrap procedure. Only bootstrap values over 50% are shown.
Branch lengths are shown proportional to the amount of evolutionary change.
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Table 2

Estimates of Recombination, Genetic Diversity, and
Nonsynonymous/Synonymous Substitution Rates for the
PIA and PIB Sequences of Neisseria gonorrhoeae

Population N C 0 c/n KJ/Ks
PIA 22 0.0327 0.0514 0.6362 2.3832
Batimore .......... 9 0.0224 0.0278 0.8057 4.1756
Weashington, D.C. .... 3 * * * *
North Carolina ...... 2 * * * *
United Kingdom . . . .. 8 0.0614 0.0426 14413 2.2246
PIB 91 0.0583 0.4480 0.1301 0.6533
Batimore .......... 49 0.0462 0.0923 0.5005 0.5864
Washington, D.C. .... 9 0.0809 0.3353 0.2413 0.5415
North Carolina ...... 13  0.0308 0.0550 0.5600 0.6655
United Kingdom . . ... 13 0.0314 0.0451 0.6962 0.7645
Singapore .......... 7 00362 03164 0.1144 0.5973

NoTe.—C is the recombination parameter (Hey and Wakeley 1997). 6 is
the estimate of genetic diversity (Kuhner, Yamato, and Felsenstein 1998). The
ratio of the recombination rate to the mutation rate (c/i) was obtained by di-
viding C/6. K/K; is the nonsynonymous/synonymous substitution rate ratio
(Muse 1996). Asterisks indicate small samples.

tions among continents (Fsr) is not random, while for
both groups there is no geographical association of the
variation of haplotypes among populations within con-
tinents (Fgc) or among continents (F7). The analysis of
molecular variance shows (table 5) that most of the var-
iation for the PIA and PIB groups is located within pop-
ulations (88% and 86% for PIA and PIB, respectively),
while some of the variation corresponds among conti-
nents (8% and 11% for PIA and PIB, respectively). Of
the total variation, only 4% and 3% corresponds to dif-
ferences among populations within a continent for PIA
and PIB, respectively.

The ratios of nonsynonymous sites to synonymous
sites were 59/10 for the PIA sequences and 96/37 for
the PIB sequences. For the PIA sequences, the average
number of nonsynonymous sites was 704.39, while the
average number of synonymous sites was 204.61. For
the PIB sequences, the average number of nonsynony-
mous sites was 736.12, while the average number of
synonymous sites was 219.56. The average K /K¢ was
2.38 for the PIA and 0.59 for the PIB sequences (see
table 2). Clearly, these two homology groups are under
different selection pressures, presumably due to different
selective constraints on them. We partitioned all the ami-
no acid replacements on the different porin regions (ex-
ternal loops or internal regions) for better visualization
of their distribution (fig. 1 and table 6). The distributions
of amino acid replacements were not significantly dif-
ferent among the PIA and PIB sequences (two-way AN-
OVA using the length of the region as a covariate; P =
0.242). The distributions of the replacements among in-
ternal or external regions were significantly different for
both groups, accumulating more replacements in the ex-
posed regions than in the internal regions (ANOVA; P
values were 0.003 and 0.013 for the PIA and PIB se-
quences, respectively). Since the differences do not ap-
pear to be correlated with structural differences in the
protein, we hypothesize that the selective differences be-
tween PIA and PIB have to do more with their epide-

Table 3
Gene Flow (Nygm) Estimates for the PIA Sequences (above
diagonal) and for the PIB Sequences (below diagonal)

Washing-
Baltimore, ton, North United
Md. D.C. Carolina  Kingdom

Baltimore, Md. ....... — 2.277 Infinite 5.058
Washington, D.C. ..... 31.820 — 0.946 14.693
North Carolina . ...... 12420 13.822 — 3.928
United Kingdom .. ... 2.867 1.888 7.603 —
Singapore ........... 3.142 4.739 3.825 1.828

miology. We discuss this in more detail in the next
section.

Discussion

Neisseria gonorrhoeae has been proposed to have
a nonclonal population structure, being effectively pan-
mictic (Maynard Smith et a. 1993; O’ Rourke and Ste-
vens 1993). This is due mainly to recombination, pre-
sumably mediated by genetic transformation (O’ Rourke
et a. 1995), which has been shown to be extensive in
Neisseria and in the porB gene (Feavers et al. 1992;
Vazquez et a. 1993; Spratt et a. 1995; Hobbs et al.
1999) to the point of resulting in linkage equilibrium
within populations (Vazquez et al. 1993). Recombina-
tion in bacterial sequences makes them particularly dif-
ficult to study from a phylogenetic perspective. Indeed,
development of the first methods to detect recombina-
tion was stimulated by the analysis of bacterial gene
sequences (e.g., Stephens 1985; Sawyer 1989). While
recombination occurs in N. gonorrhoeae (Spratt et al.
1995), some phylogenetic signal still remains. Indeed, it
is through the discordance of phylogenies from different
gene regions that researchers have concluded recombi-
nation occurs (Spratt et al. 1995).

Researchers of infectious diseases typically use a
Kimura two-parameter model (K80 or K2P) (Kimura
1980) to model molecular changes. The K80 model only
accounts for differences between transitions and trans-
versions. However, there are other parameters worth
considering, e.g., nucleotide frequency differences, rate
heterogeneity, etc. Therefore, an alternative model of
evolution which takes into account more parameters
may be more appropriate for a given data set. Indeed,
the resulting topology and conclusions based on that to-

Table 4
Fixation Indices for the PIA and PIB Sequences
Index Value P
PIA
For covivnnnn. 0.11749 0.11535
Foc ovvrvnnnn. 0.04362 0.10362
Forvoenonnnn. 0.07723 0.24340
PIB
Fsr oot 0.14090 0.00391
Foc ovvvvnnnn. 0.02991 0.20039
Forvoeniannn. 0.11441 0.09384

NoTte.—P values were calculated by permuting the data matrix 1,023
times.
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Table 5
Analysis of Molecular Variance (AMOVA) for the PIA and PIB Sequences
Variance Percentage of
Source of Variation df Sum of Squares Components Variation

PIA
Among continents ............ ..., 1 15.817 0.61943 7.72
Among populations within continents 2 16.508 0.32283 4.03
Within populations . .............. ... ...... 18 127.403 7.07793 88.25
Total . 21 159.727 8.02019

PIB
Among continents ................eiii.... 2 112.867 2.08233 11.44
Among populations within continents ........ 2 47.500 0.48211 2.65
Within populations ........................ 86 1,373.495 15.63590 85.91
Total .. 90 1,505.055 18.20034

NoTte.—PIA—group 1: Baltimore (n = 9), Washington, D.C. (n = 3), and North Carolina (n = 2); group 2: United Kingdom (n = 8). PIB—group 1: Balti-
more, Washington, D.C., and North Carolina; group 2: Singapore; Group 3: United Kingdom.

pology can be greatly influenced by the choice of model
of evolution (Kelsey, Crandall, and Voevodin 1999).
Thus, it isimportant to optimize models of evolution for
particular data sets to infer phylogenies and then to use
these phylogenies to test for recombination. As far as
the detection of recombination depends on the estimated
topologies, the use of a correct model of evolution will
make its inference more reliable.

We have developed a hypothesis-testing framework
to justify the choice of a model of evolution (Huelsen-
beck and Crandall 1997). We have also developed soft-
ware (Modeltest, freely distributed at our web site: http:
//bioag.byu.edu/zool ogy/crandall_lab/programs.htm) that
uses likelihood ratio tests to determine the model that
best fits the data at hand (Posada and Crandall 1998).
Once a model of evolution is chosen, phylogenetic re-
lationships among sequences can be estimated using ei-
ther the neighbor-joining algorithm (Saitou and Nei
1987) or the maximum-likelihood criterion (Felsenstein
1981). Our data sets were too large for maximum-like-
lihood analyses because of the computational expense
of this method with large numbers of sequences. There-
fore, we used the neighbor-joining method to estimate
phylogenetic relationships. The PIA and PIB sequences
show little phylogenetic structure due to geography or
date of isolation, in concordance with previous results
(Smith, Maynard Smith, and Spratt 1995). This lack of
phylogenetic structure is likely to be the consequence of
extensive recombination in the porB gene, since we
have reduced the possibility of error due to inappropriate
models of evolution. Even after removing recombinant
fragments that were detected by the method of Grassly
and Holmes (1997), we did not observe geographic or
temporal phylogenetic structure. This is not surprising,
because most of the recombination is probably still un-
detected by their method. Further progress in phyloge-
netic analysis of N. gonorrhoeae will require the devel-
opment of improved methods to detect recombination or
to deal with recombination in phylogenetic reconstruc-
tions. These are both areas of research that our group is
actively pursuing.

The results of our population genetic analysis clear-
ly reinforce the idea that recombination is extensive in
N. gonorrhoeae. We also show that recombination ap-
pears to be similar in both the PIA and the PIB homol-

ogy groups. However, these groups differ greatly in their
levels of genetic diversity. The diversity generated by
point mutation is reflected by the estimates of the pa-
rameter 6 (2N4p), while the estimates of the parameter
C (2N4c) indicate the diversity generated by recombi-
nation. Hence, if we divide one by the other, we will
have an estimate of the ratio ¢/p., which can be inter-
preted as the relative chance of recombination per site
versus the chance of point mutation per site. The high
ratios of the recombination rate to the mutation rate (c/
w) for al of the populations (table 2) indicate that re-
combination is a major force generating diversity in N.
gonorrhoeae. Again, there is a distinction between the
PIA and the PIB groups in that the PIA group has a
much higher c/p ratio than does the PIB group, sug-
gesting differences in the roles of recombination and
mutation in generating diversity in these two homology
groups. This interaction among recombination and mu-
tation and its contribution to the evolution of natural
populations has been also described for plant viruses
(Aranda et al. 1997).

The Ngm estimates for the PIA sequences did not
make geographic sense, in that those locations in closer
geographic proximity showed lower levels of gene flow,
most likely because of the small sample sizes of se-
gquences from North Carolina (two) and Washington,
D.C. (three). However, for the PIB sequences, closer |o-
cations showed higher levels of gene flow, suggesting
that geographic distance may be a factor in the spread
of genetic diversity among isolates of N. gonorrhoeae.
This is contradictory to the interpretation by Smith,
Maynard Smith, and Spratt (1995) that N. gonorrhoeae
is a panmictic species. Thisis also reflected in the mod-
erately high Fg; estimate and in the categorical analysis
of geographic association, suggesting that there is geo-
graphic subdivision for the PIB sequences, athough we
probably do not have enough power (i.e., alarge enough
sample size) to reject geographic homogeneity for the
PIA sequences. This subdivision is at the level of the
population. As one of the main forces generating diver-
sity is recombination, most of the variation is located
within populations. As compared with the phylogenetic
analysis, which failed to show structure due to geogra-
phy, these population genetic analyses suggest that there
is population substructure based on geographic locality.
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Table 6
Distribution of Amino Acid Replacements Along the PIA and PIB Proteins
PIA PIB

REGION AA Site MNR MNR/AA AA Site MNR MNR/AA
Transl ............ 1-11 1 0.091 1-11 2 0.182
Trans2 ............ 35-62 1 0.036 35-62 2 0.071
Trans3 ............ 76-99 3 0.125 76-99 2 0.083
Trans4 ............ 124-145 3 0.136 128-149 2 0.091
Trans5 ............ 156-178 1 0.043 159-181 4 0.174
Trans6 ............ 188-210 2 0.154 207-229 2 0.087
Trans7 ............ 228-251 5 0.208 243-266 10 0.417
Trans8 ............ 265-286 0 0.000 280-301 1 0.045
Trans9 ............ 299-302 1 0.250 314-318 0 0
Loopl ............ 12-34 10 0.434 12-34 17 0.739
Loop2 ............ 63-75 6 0.461 63-75 2 0.154
Loop3 ............ 100-123 6 0.250 100-127 20 0.714
Loop4 ............ 146-155 4 0.400 150-158 0 0
Loop5 ............ 179-187 2 0.222 182—-206 39 1.560
Loop6 ............ 211-227 5 0.294 2302422 0 0
Loop 7 ... 252-264 3 0.230 267-279 8 0.615
Loop8 ............ 287-298 4 0.333 302-313 3 0.250
Total Trans ......... 17 0.094 25 0.137
Total Loop ......... 40 0.330 89 0.654

NoTe.—AA = amino acid; MNR = minimum number of amino acid replacements; Trans = transmembrane region. See also figure 1.

aA region of 18 nt of questionable alignment was removed.

Directional positive selection appears to be oper-
ating to a significant extent in these sequences. This is
not a surprise given the intensive selection pressures put
on these bacteria by the immune system and antibiotic
treatment (Smith, Maynard Smith, and Spratt 1995). The
selective distribution of the replacements in the surface-
exposed loops supports this idea. However, selection in-
tensities as a whole appear to differ between the two
homology groups. The PIA sequences are clearly evolv-
ing as awhole under positive selection, especialy in the
exposed regions. This supports the earlier conclusions
of Smith, Maynard Smith, and Spratt (1995) based on a
very limited data set. Given the reduced genetic varia-
tion associated with the PIA sequences, this suggests a
role for selective sweeps in reducing the amount of ge-
netic variation within a population. Although uncompli-
cated gonorrhea is caused by isolates of either PIA or
PIB homology groups, there are epidemiological differ-
ences among these groups. Blood isolates during dis-
seminated gonococcal infection belong amost invari-
ably to the PIA group (Sandstrom et al. 1984), whereas
isolates from mucosal surfaces more often belong to the
PIB group (Morse et al. 1982). These epidemiological
correlates may provide an explanation for the apparent
difference in selection pressures acting on the PIA and
PIB sequences. Invasive disease would be expected to
subject N. gonorrhoeae to more intense selection pres-
sure from the host immune system than would occur
during infections confined to mucosal surfaces. The PIB
sequences, athough they accumulate many replace-
ments on the exposed regions, appear to be subject also
to some extent of purifying selection. However, recom-
bination is so high in these sequences that they maintain
a great amount of diversity.

Conclusions

We have shown that the evolution of N. gonor-
rhoeae is driven by the simultaneous action of selection,

mutation, and recombination. Recombination generates
diversity, on which selection acts, favoring the differ-
ential spread of the fittest alleles, counterforcing the ac-
tion of recombination. However, this relationship will
change in different evolutionary scenarios. The PIA and
PIB homology groups are evolving in different manners.
The levels of genetic diversity are different between
these two groups, with the PIB group showing higher
diversity. The relative contribution of recombination to
this diversity differs between these two groups, and the
type and intensity of natural selection differs between
them. Finaly, the population structures also appear to
differ between these two groups. Given these differences
and the difference in the frequencies of the two homol-
ogy groups in infected populations, there is a suggested
difference in pathogenicity between the two groups driv-
en by these differences in popul ation genetic parameters.
These differences also suggest an explanation for the
differences in demography of the different homology
groups. This discovery sets the stage for future work in
two distinct areas: (1) in theoretical work modeling the
population dynamics of the PIA and PIB groups with
differences in these important parameters, and (2) in em-
pirical studies combining analyses of population genetic
parameters with more detailed epidemiological data.
This approach will allow the investigation of correla
tions between population genetic parameters that differ
between the homology groups and various epidemiol og-
ical factors. For example, Hobbs et al. (1999) have sug-
gested different transmission dynamics between male
and female infected patients. Are these differences seen
in both homology groups? How do the population dy-
namics of PIA and PIB differ by sex of host? Future
work by our group will explore in more detail the epi-
demiological and clinical correlates with genetic diver-
sity, recombination rates, and selection intensity to ex-
plain the distribution of variation in N. gonorrhoeae.
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