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ABSTRACT

The PilE protein is the major component of the Neisseria meningitidis pilus, which is encoded by the
PpilE/ pilS locus that includes an expressed gene and eight homologous silent fragments. The silent gene
fragments have been shown to recombine through gene conversion with the expressed gene and thereby
provide a means by which novel antigenic variants of the PilE protein can be generated. We have analyzed
the evolutionary rate of the pilE gene using the nucleotide sequence of two complete pilE/pilS loci. The
very high rate of evolution displayed by the PilE protein appears driven by both recombination and positive
selection. Within the semivariable region of the pilE and pilS genes, recombination appears to occur
within multiple small sequence blocks that lie between conserved sequence elements. Within the hypervari-
able region, positive selection was identified from comparison of the silent and expressed genes. The
unusual gene conversion mechanism that operates at the pilE/pilS locus is a strategy employed by N.
meningitidis to enhance mutation of certain regions of the PilE protein. The silent copies of the gene
effectively allow “parallelized” evolution of pilE, thus enabling the encoded protein to rapidly explore a

large area of sequence space in an effort to find novel antigenic variants.

HE Neisseria meningitidis bacterium is a human patho-

gen and a causative agent of meningitis and septice-
mia. N. meningitidis most commonly achieves asymptom-
atic infection of the nasopharynx, yet in a small but
significant portion of these infections the bacteria gain
entry to the bloodstream where they cause meningococ-
cemia. A key component of the N. meningitidis infection
machinery is the pilus, which aids binding of the bacte-
rium to both epithelial and endothelial cells of the hu-
man host. The pilus is a filamentous structure that ex-
tends several micrometers from the bacterial cell surface
and is composed primarily of alarge number of identical
subunits of the pilin protein encoded at the pilE/ pilS
locus (HECKELS 1989; reviewed in Nassir 1999).

The crystal structure of the highly homologous PilE
protein from N. gonorrhoeaeshows that the protein forms
an asymmetrical “ladle”™like structure. The handle of
the ladle is formed by an unusually long a-helix and is
attached to a globular -3 roll domain, which forms the
ladle bowl (PARGE et al. 1995). When polymerized, the
PilE subunits are proposed to form their characteristic
elongated fiber structure such that the long a-helical
handles of each subunit pack to form a hydrophobic
core, around which the globular domains wrap in a
spiral. PilE itself appears not to be the primary mediator
of host cell attachment. This role is performed by PilC,
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a protein that has been found to copurify with PilE and
is thought to form the pilus tip (RUDEL et al. 1995).
The exposed regions of PilE are subject to intense
scrutiny by the host immune system and display high
levels of antigenic variation (D1Az et al. 1984; PERRY et
al. 1988; HECKELS 1989; see HAMRICK et al. 2001 for an
example from N. gonorrhoeae). The conserved structural
elements of PilE, especially the N-terminal third of the
sequence that forms the long a-helical handle, are bur-
ied by hypervariable residues that are exposed to the
host immune system (PARGE et al. 1995; FOREST et al.
1996). Comparative sequence analysis shows that PilE
from both N. meningitidis and N. gonorrhoeae contains
three general regions. These are named according to
their degree of conservation (highly conserved, semiva-
riable, and hypervariable; HAAs and MEYER 1986; Figure
2). The N-terminal third of the PilE sequence (residues
1-53) forms the long o-helical “handle” of the PilE
protein and is highly conserved. The adjacent semivari-
able region (residues 54-114) displays more sequence
diversity, but also contains five strongly conserved se-
quence elements (Svl-5; PorTs and SAUNDERS 1988;
AnoO et al. 2000). The remainder of the sequence that
extends to the C terminus is the hypervariable region.
This region surrounds two highly conserved structural
cysteine residues and their conserved flanking sequence
(PorTs and SAUNDERS 1988). Within the hypervariable
region, variation between different PilE sequences is
extreme, often including short insertions and deletions.
This region corresponds to the most exposed residues
of the PilE protein subunit that form the surface of the
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pilus fiber and hence are most exposed to the host
immune system (PARGE et al. 1995).

The pilE gene of N. meningitidis lies in an unusual
locus. Immediately upstream of the gene are eight trun-
cated pseudogene-like homologs called the “silent” pilin
genes (pilS; PERRY et al. 1988; PARKHILL et al. 2000).
The pilS sequences are not expressed and lack varying
amounts of the 5’ end of the homologous pilE gene.
Hence the pilS genes are generally composed of a por-
tion of the semivariable region plus all or almost all of
the hypervariable region. The high level of antigenic
variation observed between PilE proteins is generated
through gene conversion between the piS gene frag-
ments and the corresponding portion of the pilE gene
(Haas and MEYER 1986; SEGAL et al. 1986). The mecha-
nism by which this occurs has not yet been fully eluci-
dated for N. meningitidis, but is better understood for N.
gonorrhoeae. Within N. gonorrhoeae, the gene conversion
process is almost certainly mediated via the combined
activity of conserved regions within the pilE gene and a
series of repetitive elements that are positioned between
the pilS genes. At least one possible recombinase bind-
ing site has been identified downstream of the pilE
gene and this is also thought to contribute to the gene
conversion mechanism (Haas and MEYER 1986; Haas
et al. 1992; SEIFERT 1996; HOWELL-ADAMS and SEIFERT
2000). In N. meningitidis, gene conversion is probably
achieved through a generally similar mechanism, due
to the presence of conserved repetitive elements be-
tween the pilS fragments and a conserved Sma/Cla re-
peat downstream of the pilE gene (PARKHILL et al. 2000).

The tandem array of pilS genes upstream of the pilE
gene provides the N. meningitidis bacterium with a set
of “contingency genes” (see MOXON ¢t al. 1994) that often
enable the bacterium to evade the host immune re-
sponse. While the pilS genes are pseudogenes, in effect
they are expressed through the proxy of gene conver-
sion. Via this proxy these genes are subjected to evolu-
tionary forces similar to normally expressed genes.
Genes that are exposed to a foreign immune system
often display elevated evolutionary rates and in many
cases are subject to strong positive Darwinian selection
(for example, JIGGINS et al. 2002; URWIN et al. 2002).
In this study, we have appraised this possibility through
a comparative analysis of the evolutionary rates of the
PpilE and pilS genes extracted from two completely se-
quenced N. meningitidis genomes.

MATERIALS AND METHODS

Sequence data and alignment: The complete nucleotide
sequence of the genomes of N. meningitidis strain 22491 (sero-
group A; PARKHILL ¢t al. 2000) and strain MC58 (serogroup B;
TETTELIN et al. 2000) were obtained from http:/www.sanger.
ac.uk/Projects/N_meningitidis/ and ftp:/ftp.tigr.org/pub/
data/Microbial_Genomes/ respectively. The sequences of the
expressed and silent pilin genes were manually extracted using
the genomic annotation coordinates as a guide. Where the

end coordinate of a silent gene fragment was ambiguous, the
fragment was arbitrarily truncated either where the sequence
homology between the fragment and the expressed gene
ended or where the end of the alignment with the expressed
gene was reached. However, in three cases the sequence of
the silent pilin gene fragments extended past the end of the
expressed gene as they had an obvious stop codon within a
short distance of the end of the expressed gene sequence.
Terminal stop codons were removed from the expressed genes
and from those gene fragments that possessed them. The
extracted sequences were translated and aligned using CLUS-
TALW (THOMPSON et al. 1994; version 1.82) and the alignment
was adjusted by hand. The amino acid alignments were trans-
posed back to nucleotide sequences to gain a codon-based
alignment (available from the authors on request).

Detection of recombination: Putative recombination break-
points were detected using the method of MAYNARD-SMITH
(1992) as implemented by the Maximum Chi-Squared pro-
gram (version 1.0; available from http:/www.biols.susx.ac.uk/
Biochem/Molbiol/index.html). Recombining blocks of se-
quence with discordant phylogenetic topologies were identi-
fied using the method of GrassLy and HormEs (1997) as
implemented by the PLATO software package (version 2.11).

Tree reconstruction: Maximum likelihood trees were esti-
mated using fastDNAmI (FELSENSTEIN 1981; OLSEN et al. 1994;
version 1.2) with the F84 model and the #:f ratio set to 2.
KisHiNo and Hasecawa (1989) tests were used to determine
trees that were not significantly worse than the maximum
likelihood tree. Majority-rule support for the branching pat-
tern of the maximum likelihood tree was determined using
the “consense” program from the Phylip package (version
3.6a).

Analysis of selection: The maximum likelihood method of
YANG et al. (2000), as implemented in the PAML software
package (YANG 2000; version 3.13), was used to test whether
positive selection has taken place recently at sites within the
pilE/ pilS gene locus. Applying likelihood ratio tests (LRTs)
that used different pairs of nested sequence evolution models
tested the hypothesis that some codon sites have been posi-
tively selected. Following the example of YANG et al. (2000)
and applying the same model-naming scheme, we conducted
LRTs using the model pairs of M1 (neutral) vs. M2 (selection),
M1 vs. M3 (discrete), and M7 (B) vs. M8 (B + w). Additionally,
likelihood estimation was performed using model MO (one
ratio). In each of these tests, values of ® < 1, ® = 1, or v >
1 were interpreted as being indicative of purifying selection,
neutral evolution, or positive selection, respectively. Model
MO assumes all codon sites have the same value of w and as
such allows a test of selection across all sites. Model M1 allows
two codon site classes with values of w fixed at 0 and 1. Model
M1 is commonly compared to models M2 and M3, which have
one more codon site class that allows w > 1. LRTs of M1 vs.
M2 and M1 vs. M3 test whether a model that allows some sites
to evolve under positive selection better describes the data. If
the likelihood score of models M2 or M3 is significantly better
than that of model MO and if w > 1 for one or more of the
three values as estimated by model M2 or M3, then this is
evidence that positive selection may exist in the data. Models
M2 and M3 differ in the number of site classes that allow w >
1. Model M2 allows just one site class where o > 1, whereas
M3 has the freedom to set w > 1 for all of its three site classes.
An LRT between models M2 and M3 tests whether a single
class of positively selected sites describes the data better than
multiple classes do. Model M7 allows 10 codon site classes
(each with a restriction o < 1), whereas M8 has one extra
site class that allows o > 1. Once again, good evidence for
positive selection is found if the likelihood score gained from
M8 is significantly better than that from M7 and » > 1. The
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likelihood ratio test statistic used to determine the level of
significance was calculated as twice the difference of the likeli-
hood scores estimated by each model (2A7). The null distribu-
tion of such test statistics can be approximated by a x? distribu-
tion, with the number of degrees of freedom calculated as
the difference in the number of estimated parameters between
models. Hence, the degrees of freedom for the M1 vs. M2,
M1 vs. M3, M2 vs. M3, and M7 vs. M8 tests were 2, 4, 3, and
2, respectively (YANG et al. 2000).

Should LRTs indicate the presence of positive selection in
a data set, it is then possible to perform an empirical Bayesian
analysis to calculate for each codon site the posterior probabil-
ity that it belonged to a positively selected codon class (NIEL-
SsEN and YANG 1998). Where the results of LRTs indicate that
this analysis was appropriate, this calculation was conducted
using “codeml” from the PAML software package.

Ad hoc pairwise comparison of synonymous and nonsynony-
mous substitutions between sequences was calculated using
the method of NE1 and Gojosori (1986) as implemented in
the “codeml” program of the PAML package.

RESULTS

An elevated rate of protein evolution in the pilE/
pilS gene locus was initially identified from exhaustive
analysis of synonymous and nonsynonymous evolution-
ary rates of homologous genes in the two complete N.
meningilidis genome sequences. Even at the crudest
level, over the semi- and hypervariable regions of the
sequence, identity between the two Neisseria serogroup
PilE protein sequences is lower (86.5%) than that for the
nucleotide sequences (89.8%), indicating that extreme
and active diversification of the protein sequence has
taken place.

Analysis of recombination: The process of frequent
gene conversion of the pilE gene by pilS gene fragments
appears almost entirely unidirectional (SEIFERT 1996).
However, the propensity of Neisseria species for genome
rearrangement, recombination, and horizontal transfer
caused us to appraise the possibility that homologous
recombination might have produced chimeric pilS gene
fragments. The conservation pattern of the pilE/ pilS
genes is such that highly divergent regions are flanked
by highly conserved sequence, which suggests a mecha-
nism by which homologous recombination could easily
pass novel divergent regions between sequences. Such
chimeric gene fragments will perturb subsequent tests
of positive selection that assume the absence of recombi-
nation (see ANISIMOVA et al. 2003).

The method of MAYNARD-SMITH (1992) was used to
test for the existence of a recombination breakpoint
within the data set. This method essentially looks for
clustering of variant sites between a pair of sequences.
Given that this is the pattern of variation displayed by
the pilE/ pilS sequences it seemed intuitively likely that
a breakpoint would be found that separated the two
main regions of variability (the hypervariable region
being separated from variation in the semivariable re-
gion by a region of high conservation). As expected,
the results indicated a highly significant breakpoint in

the conserved region between the semivariable and the
hypervariable regions.

A second method for detection of recombination was
employed. The method of GrRassLY and HoLmES (1997)
analyzes a group of aligned sequences for blocks within
the alignment that significantly deviate from an imposed
phylogeny. We constructed a maximum likelihood tree
using the sequence of just the hypervariable region,
truncated to include the two conserved Cysl and Cys2
regions and the variable region that lies between them
(Figure 1). The full alignment was then analyzed for
regions within it that significantly deviated from this
phylogeny. The test detected five regions of the aligned
PpilE/ pilS sequences that were deemed to significantly
deviate from the imposed phylogeny. Four small blocks
were identified in the semivariable region (196-210,
223-237, 256-261, and 292-300; using the coordinate
scheme of PoTTs and SAUNDERS 1988) and one larger
block was identified in the hypervariable region (403-
459). Importantly, these putative recombining blocks
neatly account for almost all of the sequence variation
within the pilE/ pilS sequences. It is hard to determine
whether this implies that all sequence variation between
the sequences is the result of recombination or that the
test is perturbed by the functionally restricted coordi-
nate range within which substantial sequence variation
is able to occur.

Given the possibility that the pilE/ pilS sequences may
contain a number of independently recombining se-
quence blocks, all subsequent analysis used the data set
of truncated sequences described above and used to
determine the tree in Figure 1. Although truncation of
the full sequences to the hypervariable region reduced
the length of the analyzed sequences to just 135 nucleo-
tides, this data set still contained >60% (or 52 out of
83) of the informative sites of the full data set. Informa-
tive sites were counted as being those positions that
were variant within at least two sequences. Further tests
for breakpoints using the method of MAYNARD-SMITH
(1992) failed to find significant breakpoints within this
truncated data set.

Tests of positive selection: Ad hoc pairwise compari-
son of the hypervariable region of the pilS sequences
with pilE sequences from both N. meningitidis strains
shows that nonsynonymous substitutions are more prev-
alent than synonymous substitutions in almost all com-
parisons (Table 1). A number of pairwise comparisons
show a large excess of nonsynonymous substitutions
compared to synonymous substitutions. Pairwise com-
parison of the two expressed pilE sequences shows a
small excess of nonsynonymous substitutions compared
to synonymous substitutions. Comparisons between
pairs of pilS fragments showed results of similar charac-
ter and magnitude as shown in Table 1, but for brevity
the matrix of nonsynonymous and synonymous substitu-
tion rates is not presented.

This pairwise demonstration of rapid protein evolu-
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MC58 pilS3

72491 pilS2
72491 pilS3
MC58 pilS1

72491 pilS8
22491 pilS6

Z2491 pilS4 MC58 pilS4

22491 pilS1
22491 pilE

MC58 pilS2

MC58 pilS8
MCS58 pilE

tion in the pilE/ pilS locus motivated a further statistical
analysis of whether positive selection could be an expla-
nation. Figure 1 shows the reconstructed tree that was
used for these tests. Table 2 shows the parameter esti-
mates, likelihood scores, and the results of LRTs per-
formed with the p/E and pilS genes. At the simplest
level, the MO model that allows just one class of codons
shows that each site has an estimated value of ® = 1.51.
This alone indicates positive selection is acting in the
hypervariable region of the pilE/pilS sequence. The

TABLE 1

Pairwise estimation of nonsynonymous and synonymous
substitution rates between pilE sequences and between
pilE and pilS sequences from N. meningitidis
strains Z2491 and MC58

(dy/ds) = @
PilE. (72491 strain) PilE. (MC58 strain)

72491 strain

pilE — (0.159/0.141) = 1.13
pilS1 (0.000/0.0340) = 0.00 (0.164/0.183) = 0.90
PilS2 (0.271/0.0606) = 4.47 (0.230/0.168) = 1.37
pilS3 (0.192/0.1776) = 1.08 (0.217/0.195) = 1.12
pilS4 (0.111/0.0379) = 2.94 (0.190/0.140) = 1.36
pilSh (0.299/0.0504) = 5.94 (0.302/0.199) = 1.52
pilS6 (0.149/0.0114) = 13.1 (0.212/0.140) = 1.52
pilS7 (0.173/0.12387) = 1.40 (0.209/0.243) = 0.86
pilS8 (0.190/0.0568) = 3.34 (0.190/0.183) = 1.04
MC5H8 strain
pilS1 (0.271/0.068) = 3.96 (0.289/0.221) = 1.31
pilS2 (0.069/0.035) = 1.97 (0.174/0.190) = 0.92
pilS3 (0.303/0.128) = 2.37 (0.306/0.251) = 1.22
pilS4 (0.221/0.169) = 1.31 (0.249/0.193) = 1.29
pilSh (0.232/0.034) = 6.75 (0.256/0.166) = 1.54
pilS6 (0.296,/0.097) = 3.05 (0.356/0.190) = 1.88
pilS7 (0.215/0.036) = 5.91 (0.193/0.177) = 1.09

ilS8 (0.146/0.142) = 1.02  (0.031,/0.000)

MC58 pilS7

MC58 pilS5

72491 pilS7
22491 pilS5

Ficure 1.—Maximum likelihood (ML)
tree reconstructed from the hypervariable
region of the pilE/ pilS genes from both N.
meningitidis strains 72491 and MC58. The
length variable portion of the hypervariable
region was excluded for the construction
of this tree. Kishino-Hasegawa tests deter-
mined that 28 additional trees were not sig-
nificantly less likely than this ML tree. Each
node was supported by a consensus of 27/
29 equally likely trees, except for the node
grouping the sequences MC5H8 pilE and
MC58 pilS8, which was maintained in each
equally likely tree.

MC58 pilS6

results of the LRTs provide further support for this
result. Each test (except that between models M2 and
M3) strongly rejects the null hypothesis and indicates
that positive selection may have taken place within this
data set. For each of these tests, the test statistic was
highly significant at P < 0.0005. The tests that employed
models M1 vs. M2 and M1 vs. M3 showed clearly that
a model that includes at least one site class that allows
® > 1 (M2 and M3 models) describes the evolution of
these sequences much better than a model that does
not (model M1). Estimation of parameters for model
M2 showed that the site class that allows w > 1 accounts
for more than one-third of all sites and has a very high
value of o = 3.59.

The result of the likelihood estimation using model
M3 shows extraordinarily that two of the three site
classes have values w > 1. Between them, these two site
classes account for almost two-thirds of all codons and
have high estimated values of w (wy, = 1.35 and w; =
3.76). Furthermore, the result of the model M7 vs. M8
LRT also exhibits a similar pattern. The M8 model with
its extra site class that allows for values of w > 1 describes
the evolution of the pilin genes better than the M7
model does. More than one-third of all sites in the
hypervariable region of the pilin gene are assigned to
this positively selected site class, and the estimated value
of w for these sites is high at 3.21.

Table 2 also shows a listing of amino acid positions
in the translated sequence that have strong support
for belonging to a site class identified as being under
possible positive selection (in the M2, M3, or M8 mod-
els). The concordance of the identity of the positively
selected sites between each model is strong. With the
M3 model, as two site classes are estimated to have values
of w > 1, there are a greater number of sites with a
high posterior probability of being positively selected.
Between the M2 and M8 models, the positively selected
sites predicted are in perfect agreement and are a subset
of the sites predicted by model M3. The potentially
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TABLE 2

Likelihood ratio tests of positive selection between pilE and pilS sequences

Model Parameters in w-distribution l 2A1 P Positively selected codons*
MO (one ratio) wl = 1.51 —765.49 All
M1 (neutral) ol = 0.000 pl = 0.304 —752.89 Not allowed
02 = 1.00 p2 = 0.696
M2 (selection) wl = 0.000 p1 = 0.269 —742.34 (M1 vs. M2) 21.09 <0.0005 125, 127, 131, 137, 141, 142, 144, 145
02 = 1.00 p2 = 0.379
w3 = 3.59 p3 = 0.352
M3 (discrete) wl = 0.100 pl = 0.374 —741.75 (M1 wvs. M3) 22.28 <0.0005 125, 127, 128, 129, 130, 131, 132, 133,
134, 135, 136, 137, 140, 141, 142,
143, 144, 145, 146, 148, 150
02 =135 p2 = 0.334 (M2 vs. M3) 1.20  >0.5
w3 = 3.76 p3 = 0.293
M7 (B) p = 0.149 —750.99 Not allowed
q = 0.099
M8 (B + w) p0 = 0.631 p = 0.161 —742.09 (M7 vs. M8) 17.80 <0.0005 125, 127, 131, 137, 141, 142, 144, 145
g = 1.67

pl = 0.369 w = 3.21

Column headings [, 2A/, and Pdenote the likelihood score, test statistic, and level of significance of the test statistic, respectively.
“ Codon positions in roman type indicate a posterior probability >0.95; codons in italic type indicate a posterior probability

>0.99.

positively selected codons lie between the two conserved
Cys regions and predominantly cluster closer to the Cys2
region (Figure 2). An alternative method of predicting
the identity of positively selected sites (Suzukl and
GoJjoBORI 1999; SUZUKI et al. 2001) was considered, but
the relatively large number of sequences required for
this method made it inappropriate for this analysis.

DISCUSSION

This analysis found that the pilE/ pilS gene locus from
N. meningitidis strains 22491 and MC58 displays a strong
case of positive selection. Given that the selection seems
to work to produce novel antigens of the PilE protein,
it may also be termed diversifying selection. Importantly,
the selection among the pi/E and pilS genes is detectable

114
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even though it is apparent that it must act through
the proxy of gene conversion. This finding implies that
novel amino acid changes in the pilE/pilS locus are
highly important to N. meningitidis for evasion of the
host immune response. We postulate that mutation and
recombination within the silent pilin genes generates
sequence diversity, which is then subject to strong selec-
tion should the silent fragment recombine with the ex-
pressed gene. Given that the mechanism for gene con-
version does not alter the donor gene and that each of
the pilS genes are preserved with valid reading frames,
each silent fragmentin the pilS locus possibly represents
a “souvenir” of a gene conversion event that has led to
a successful infection of a human host.

While gene conversion of the expressed gene by the
silent copies is almost entirely a unidirectional process

length
variation —

FiGure 2.—Generalized
primary structure and distri-
bution of predicted posi-
tively selected sites of the
PilE protein. Coordinates
refer to those used by PoTTs
and SAUNDERS (1988). The
number of positively se-
lected sites was determined
in a sliding window of five
residues, using data pre-
sented in Table 2 for model
M2. SM1 denotes the loca-
tion of the SMI epitope.

Hyper-variable

130 140 150

SV1-5 denote the locations of the conserved motifs of the semivariable region. Cysl and Cys2 denote the conserved residues
that flank the conserved cysteine residues of the hypervariable region. The length variation at the carboxy terminus indicates
the likely alteration in protein length that recombination of pilE with the extant pilS genes would produce.
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(SEIFERT 1996), evidence derived from two different
computational methods implies that homologous re-
combination between pilS fragments may occur. A low
rate of reincorporation of pilE sequences into pilS se-
quences may also explain some of the observed recombi-
nation. The methods used for testing for the presence of
positive selection assume an absence of recombination.
When this assumption is violated, this greatly increases
the occurrence of type I error (ANISIMOVA et al. 2003).
The data set used in this study was truncated to remove
the effect of recombination or at least to isolate a single
recombining region. Even so, the demonstration of posi-
tive selection in this data set must come with the warning
that the full extent of recombination at this locus is not
known. ANISIMOVA et al. (2003) demonstrate that results
of likelihood estimation under the MO model are less
sensitive to the effects of recombination. As shown in
Table 2 the value of w estimated using the MO model
was quite large (w = 1.51). While the effect of recombi-
nation must be considered when the results of the LRTs
are interpreted, overall it seems that positive selection
is an important feature of the rapid protein evolution
observed in the hypervariable region of the PilE protein.

Given the high evolutionary rate of the pilE genes, it
is important to note that this rate may be enhanced by
gene conversion with pilS genes from extrachromo-
somal DNA fragments. Neisseria species are well known
for their autolytic behavior and their ability to selectively
uptake other Neisserial DNA fragments (SPARLING 1966;
SARUBBI and SPARLING 1974; GoopmaN and Scocca
1988). Furthermore, it has been shown in vitro that the
presence of DNase greatly reduces Neisserial pilus varia-
tion (SEIFERT et al. 1988; GiBBs et al. 1989). Hence,
much of the recombination that occurs with the pilE
gene may be with extragenomic pilS sequences. This
suggests that the value of a novel pilus antigenic form
is so high that Neisseria species actively trawl their extra-
cellular environment to find new pilE variants. Itis inter-
esting that the structure of the N. gonorrhoeae PilE pro-
tein indicates that the surface of the pilus nonspecifically
binds DNA. The apparent lack of interstrain differentia-
tion of genetic distances between pilE/pilS sequences
analyzed in this study, given the speed with which these
genes are evolving, could suggest that these genes have
been passed between N. meningitidis strains in their re-
cent past.

The Neisserial pilus consists mostly of PilE protein
subunits, with the PilC protein located at the pilus tip
to mediate host cell attachment (RUDEL et al. 1995).
Given that the PilE protein evolves quickly to evade the
host immune system, it is probable that the PilC protein
is subjected to similar levels of immune scrutiny. In N.
meningitidis, the PilC protein is encoded by two genes,
pilCl and pilC2, although the latter appears to be absent
from the predicted gene set of the Z2491 strain. We
investigated the evolutionary rate of the PilC protein
using two sequences from RAHMAN et al. (1997; acces-

sion nos. Y13020 and Y13021; annotated as pi/Cl and
pilC2, respectively) along with the pilCl and pilC2 se-
quences from the MC58 strain and the sole pilCl se-
quence from the 72491 strain (data not shown). In
pairwise analyses similar to those conducted with pilE,
within the pilC2 sequences there was weak evidence for
positive selection (w = 1.13). Among the pilCl se-
quences and between the pilCl and pilC2 sequences,
the synonymous substitution rate was marginally higher
than the nonsynonymous rate (average w = 0.843).
While this information suggests that the pilC genes have
a somewhat elevated rate of nonsynonymous evolution,
it is generally less than that of the pilE/pilS genes. The
apparent lack of silent pilC genes in the N. meningitidis
genome implies that pilCl and pilC2 do not evolve via
the same gene conversion mechanism as the pilS/ pilE
locus and may evolve at a lower rate as a direct conse-
quence of this. In addition, the structure of the PilC
protein may not be as amenable to sustaining mutation,
as compared to the hypervariable region of PilE protein,
which seems to exist for the purpose of accommodating
mutation.

If the gene conversion mechanism that operates
within the N. meningitidis pilE/ pilS locus is so effective
at generating protein diversity for evading the host im-
mune system, other organisms may also have employed
this approach. Certainly, the pilE and pilS genes of the
closely related pathogen N. gonorrhoeae are highly ho-
mologous to those found in N. meningitidis. Although
the pilS fragments in N. gonorrhoeae are scattered
throughout the genome, an almostidentical mechanism
of gene conversion between pilE and pilS has been
shown to exist (see SEIFERT 1996). Using the same ana-
lytical method as applied here, the pilE and pilS genes of
N. gonorrhoeae also display evidence of positive selection
(our unpublished analysis).

Gene conversion has also been implicated as the
mechanism for generating antigenic diversity among
other proteins from other organisms. The outer mem-
brane protein msp2 from Anaplasma marginale (BRAYTON
et al. 2002), the hemagglutinin gene vlhA from Myco-
plasma synoviae (NOORMOHAMMADI et al. 2000), and the
surface-exposed lipoprotein vls from Borrelia burgdorferi
(ZHANG and NoRrris 1998) are a few good examples.
In each case, these genes employ gene conversion to
incorporate the genetic diversity of whole or fragmen-
tary silent pseudogenes to generate antigenic variants.
Further analysis is required to determine whether posi-
tive or diversifying selection has driven the evolution of
these genes.

Compared to the gene loci of other organisms that
employ gene conversion to generate antigenic variation,
the N. meningitidis pilE/ pilS locus is somewhat different
in that the pilS genes are always found only as gene
fragments. Genetic economy is possibly the main reason
why the pilS genes are just fragments. However, if the
pilS genes are always only fragmentary, this avoids the
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potential problem where a silent gene may become “ac-
cidentally” expressed. If the silent genes were occasion-
ally expressed, this would mean that not only would the
pilE gene need to be antigenically novel, but also so
would any expressed pilS genes. Due to the pilS genes
being fragments and therefore never directly expressed,
the effect of mutation and recombination at this locus
is parallelized and concentrated. This parallelized evolu-
tion via the intermediacy of gene conversion may be an
important factor that allows the pilE gene to evolve
antigenic diversity at such a great rate.
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