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Potentiation of Phase Variation in Multiple Outer-
Membrane Proteins During Spread of the Hyperinvasive
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Background. Since 2009, increases in the incidence of invasive meningococcal disease have occurred in the United Kingdom
due to a sublineage of the Neisseria meningitidis serogroup W ST-11 clonal complex (hereafter, the “original UK strain”). In 2013, a
descendent substrain (hereafter, the “2013 strain”) became the dominant disease-causing variant. Multiple outer-membrane proteins
of meningococci are subject to phase-variable switches in expression due to hypermutable simple-sequence repeats. We investigated
whether alterations in phase-variable genes may have influenced the relative prevalence of the original UK and 2013 substrains,
using multiple disease and carriage isolates.

Methods.
chain reaction amplification and sizing of fragments from genomic DNA extracts. Inmunoblotting and sequence-translation anal-
ysis was performed to identify expression states.

Results.  Significant increases in repeat numbers were detected between the original UK and 2013 strains in genes encoding
PorA, NadA, and 2 Opa variants. Invasive and carriage isolates exhibited similar repeat numbers, but the absence of pilC gene ex-

Repeat numbers were determined by either bioinformatics analysis of whole-genome sequencing data or polymerase

pression was frequently associated with disease.
Conclusions.

Elevated repeat numbers in outer-membrane protein genes of the 2013 strain are indicative of higher phase-

variation rates, suggesting that rapid expansion of this strain was due to a heightened ability to evade host immune responses during

transmission and asymptomatic carriage.
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Over the last 2 decades, multiple countries have experienced a
significant increase in the incidence of endemic invasive menin-
gococcal disease (IMD) due to Neisseria meningitidis serogroup
W (MenW) isolates [1]. This altered epidemiology was driven
by the emergence of ST-11 clonal complex (cc11) lineage 11.1
within South America, followed by subsequent spread to the
United Kingdom and Europe [2]. IMD due to this lineage has
a high case-fatality rate and often atypical clinical presentation
[3]. Genomic surveillance within the United Kingdom has re-
vealed a diverse population structure, with initial emergence of
the MenW ccl1 strain (hereafter, the “original UK strain”) in
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2009, followed by the appearance of a novel descendant in 2013
(hereafter, the “2013 strain”) that rapidly became the major
cause of MenW-related IMD in the United Kingdom, Europe,
and Canada [4]. In a 2015-2016 cross-sectional study of uni-
versity students, Oldfield et al observed rapid increases in car-
riage of the MenW cc11 2013 strain but not the original UK
strain, suggestive of a higher propensity for transmission and
persistent carriage of the 2013 strain [5].

Asymptomatic carriage of N. meningitidis within the naso-
pharynx is required before initiation of IMD. Carriage rates rise
from approximately 4.5% in infants to approximately 24% in
individuals aged 19 years [6], with rates of up to 60% in univer-
sity student residences [7]. IMD can manifest as sepsis and/or
meningitis and occurs in individuals without protective bacte-
ricidal antibodies, when meningococci invade the bloodstream
and/or cross the blood-brain barrier. Changes occur frequently
in meningococcal genomes during infections. Aside from
mutations that alter capsule expression, no genetic changes have
been directly associated with the invasive phenotype across
multiple IMD cases [8]. Lees et al observed limited genetic ad-
aptation between paired meningococcal isolates from the blood
versus the cerebral spinal fluid, suggesting that the invasive
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phenotype is established during transition from asymptomatic
carriage on mucosal surfaces to systemic sites of infection [9].

Meningococcal phenotypic variation occurs frequently
as a result of phase variation (PV) mediated by slipped-
strand mispairing of simple sequence repeats (SSRs) [10]. In
meningococci, the SSRs typically consists of polyG or polyC
tracts or tandemly arranged tetranucleotide or pentanucleotide
repeats present in the reading frame or promoters of genes such
that changes in repeat number cause alterations in translation or
transcription. These SSRs mutate at rates of >1 x 10" mutations/
division, with repeat number and mismatch repair being key
determinants of switching rate [11-13]. Approximately 50 me-
ningococcal genes can undergo PV, with the majority encoding
outer-membrane proteins (OMPs) with functions such as ad-
hesion and iron acquisition [14]. While changes in SSRs during
persistent asymptomatic carriage can lead to a reduction in ex-
pression of OMPs [15], there has been no extensive comparison
of SSRs or PV states between carriage and invasive isolates of a
single clonal complex.

This study compares the repeat numbers and expression
states of phase-variable OMPs for the MenW ST-11 lineage be-
tween (1) the original UK and 2013 strains and (2) carriage and
invasive isolates. We demonstrate a heightened potential for
PV of multiple OMPs in the 2013 strain and reduced expres-
sion of PilC proteins in invasive isolates. These data highlight
the potential importance of meningococcal SSR variation for
switching from asymptomatic carriage to IMD and how evo-
lution of SSRs may contribute to the spread of meningococcal
strains.

METHODS

Acquisition of Genome Sequences

MenW ccll whole-genome sequences (WGS) were extracted
from the PubMLST Neisseria database (available at: https://
pubmlst.org/bigsdb?db=pubmlst_neisseria_isolates). Invasive
isolates recovered from July 2010 to October 2017 were col-
lected by interrogating the Meningitis Research Foundation
Meningococcal Genome Library for clonal complex ST-11 and
capsule group W. Carriage isolates were selected from either a
2010-2012 Novartis multicenter carriage study [16] or a 2015-
2016 University of Nottingham carriage study [17].

Analysis of the Repeat Tracts of OMPs, pilC and opa Genes

Sequence contigs were annotated using PROKKA (version 1.11),
with M25419 (GCA_001697985.1) as a reference, followed by
repeat number determination with Phasomelf [18]. Incomplete
repeat tracts were rebuilt by mapping raw FASTQ reads to the
M25419 WGS, using BWA (version 0.7.16a), followed by ex-
traction of SSR-specific reads with an adjacent, conserved 1-kb
trap sequence. Extracted reads were assembled using SPAdes
(version 3.9.0), and repeat numbers were manually determined
[19]. For a subset of isolates, repeat numbers were examined by

GeneScan analysis of polymerase chain reaction (PCR) products
generated using fluorescently labeled primers spanning the SSR
(Supplementary Table 1 and [15]). Fragment sizes were deter-
mined and converted into repeat numbers, using Peakscanner
(version 1.0), BioEdit (version 7.2.5), and Microsoft Excel.

Measurement of Protein Expression Levels

For immunoblots, heat-killed bacterial suspensions were
spotted onto a nitrocellulose membrane. For Western blots,
bacterial lysates produced by heating cell suspensions in 1x so-
dium dodecyl sulfate loading buffer at 65°C for 15 minutes were
subjected to polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride membranes. Membranes were
incubated overnight in 10 mM Tris (pH 7.5), 150 mM NaCl,
0.05% Tween 20, phosphate-buffered saline, and 5% milk.
Membranes were then probed with a specific primary antibody
(ie, an anti-Opa mouse polyclonal antisera [20], PorA-specific
mouse monoclonal antibody P1.5 [21], or a PilC-specific
mouse monoclonal antibody kindly provided by Christopher
Thomas), followed by a goat anti-mouse IgG conjugated to ei-
ther horseradish peroxidase or alkaline phosphatase. Findings
were visualized using either an enhanced chemiluminescence
kit (Biological Industries) or a BCIP/NBT substrate solution.

Statistical Analysis

For each gene and group of isolates, repeat numbers were
separated into those that were less than or equal to the modal
repeat and those that were greater than the modal repeat (de-
rived from an analysis of all isolates for each gene). Expression
states (as defined elsewhere [15]) were similarly split into
2 nonoverlapping categories (ie, ON or OFF; and HIGH or
INTERMEDIATE/LOW). These numbers were sorted into a
contingency table and analyzed using a 2-tailed Fisher exact
test in Microsoft Excel. A P value of < .05 was considered statis-
tically significant.

RESULTS

Allelic Variation in Phase-Variable Single-Copy OMPs (scOMPs) of ST-11
MenW Carriage and Invasive Isolates

We assessed the association of PV with IMD by focusing on
the United Kingdom cc1l MenW strains, using 636 United
Kingdom invasive disease isolates (obtained between 2010 and
2017) and 101 United Kingdom carriage isolates (ie, 47 and
54 isolates obtained from university students in a 2010-2011
longitudinal study and a 2015-2016 cross-sectional study, re-
spectively). Isolates of the MenW ccll original UK strain
and 2013 strain were identified through a phylogenetic anal-
ysis of the core genome (ie, the N. meningitidis cgMLST v1.0
scheme). The invasive isolates were evenly distributed between
the original UK strain (315 [49.5%]) and the 2013 strain (321
[50.5%]; Supplementary Data File 1). A similar distribution was
observed for the carriage isolates.

1110 « JID 2019:220 (1 October) « Green et al



Gene sequences for 7 scOMP PV genes were extracted from
WGS data. A single allele was dominant among the 737 invasive
and carriage isolates for 6 loci (fetA, allele 13: 656 isolates [89%];
nadA, allele 5: 729 [99%]; porA, allele 1: 685 [93%]; hmbR, allele
1: 693 [94%]; mspA, allele 1: 733 [99%]; and nalP, allele 2: 494
[67%]; Supplementary Table 2). Because hpuA was frequently
broken owing to poor assembly across the repeat tract,a BLAST
search was performed with a truncated sequence lacking the
repeat tract and approximately 57 N-terminal nucleotides. Of
the 688 isolates positive for the truncated hpuA, 294 (43%)
contained allele 167, which is associated with the original UK
strain, and 326 (47%) contained allele 175, which is associated
with the 2013 strain [4]. Allele numbers were not extracted for
the pilC and opa loci, owing to poor assembly of long-repeat
tracts and highly similar multicopy loci. No indels were detected
outside of the repeat tracts for PV genes with intragenic tracts;
therefore, the repeat number correlates with the expression
state for all alleles (Supplementary Figure 1).

Repeat Numbers Vary Significantly for Multiple Phase-Variable Genes
Between the Original UK Strain and the 2013 Strain

Repeat numbers in 7 phase-variable scOMPs and the 2 pilC
loci were determined for >93% of 737 MenW ST-11 isolates
(Supplementary Data File 1). Repeat numbers in 6 scOMP genes
and the pilC loci were corroborated by GeneScan analyses for
77%-100% of a select group of isolates, suggesting that WGS
analysis has a relatively high degree of accuracy (Supplementary
Table 3). Modal repeat numbers were calculated for all isolates
for each gene and used for detecting shifts in hypermutable tract
length during evolution of the MenW ST-11 strain. No signifi-
cant differences were observed in repeat numbers for fetA, nalP,
pilCI, and pilC2 between invasive isolates of the MenW ccl1
original UK strain and the 2013 strain (Supplementary Figure 2).
For the polyG tract in porA, significantly more isolates had repeat
numbers of >7 in the 2013 strain (314 of 317 [99%]) as compared
to the original UK strain (93 of 309 [30%]; P < .0001; Figure 1A).
Similarly, a significantly larger number of isolates had nadA 5’-
TAAA repeat numbers greater than the mode (12) in the 2013
strain (89 of 302 [30%]) as compared to the original UK strain (50
of 306 [16%]; P = .0061; Figure 1B). For both genes, differences
were observed in a wide range of repeat numbers greater than
the mode (eg, 9, 10, and 11 repeats for porA). Contrastingly, re-
peat numbers for the ipuA polyG, hmbR polyG, and mspA polyC
repeat tracts were significantly less than the mode in the 2013
strain as compared to the original UK strain (163 of 320 [51%]
vs 105 of 314 [33%] for hpuA [P = .0016], 259 of 320 [81%] vs
213 of 315 [68%] for hmbR [P = .0072], and 308 of 321 [96%] vs
282 of 315 [90%] for mspA [P = .025]; Figure 1A, Figure 1C). For
these genes, the reduction was by a single repeat, commensurate
with a change in expression state (eg, hpuA exhibits a decrease in
isolates with 10 repeats and an increase in those with 9 repeats,
which corresponds to an ON-to-OFF expression state switch).

The 5"-CTCTT repeat tracts of the 4 opa genes were analyzed
by PCR fragment analysis in a subset of MenW ST-11 strains
(54 carriage and 121 invasive isolates; Supplementary Data
File 1). A significantly higher proportion of 2013 strain isolates
than original UK strain isolates harbored repeat numbers ex-
ceeding the mode for the opaJ (64 of 71 [90%)] vs 18 of 38 [47%];
P <.0001) and opaD (40 of 59 [68%] vs 8 of 34 [24%]; P = .003;
Figure 2) loci. For opa], there was a striking increase in the
number of isolates with >13 repeats (Figure 2). No significant
differences were observed in repeat numbers greater the mode
for opaA or opaB, but both genes exhibited higher numbers of
isolates with >11 repeats for the 2013 strain (Figure 2).

scOMPs and pilC Loci Differ in Repeat Numbers Between Invasive and
Carriage Isolates

Repeat numbers were also compared between invasive and car-
riage MenW ST-11 isolates for both strains (Supplementary
Table 4). No significant differences were detected for hpuA or
hmbR in either substrain. Significant differences were detected
for nalP, mspA, pilCl, and pilC2 with the original UK strain,
but these data sets may be influenced by multiple longitudinal
isolates from the same carrier. For the 2013 strain, a significantly
higher proportion of carriage isolates, as compared to invasive
isolates, had repeat numbers that were greater than the mode
for nadA, fetA, and pilC1 (eg, 57% of carriage isolates and 23%
of invasive isolates had pilCI tracts of >12 repeats; P = .0001;
Supplementary Table 4). Similar results were obtained for a
comparison of invasive isolates from either the East Midlands
only (47) or a random selection (54) against the 54 carriage
isolates for the 2013 strain (data not shown).

A similar comparison of invasive and carriage MenW isolates
for both substrains was also made with opa loci repeat num-
bers (Supplementary Table 4). Only opaD showed a significant
difference in the original UK strain; however, this analysis in-
volved only 5 carriage isolates. For the 2013 strain, the opaA
repeat numbers were significantly higher for carriage isolates
than for invasive isolates (80% vs 37% had opaA tracts of >8
repeats; P = .011). No significant differences were observed for
the other opa loci.

Differential Expression of Phase-Variable Genes Between United Kingdom
MenW ST-11 Strains

PV gene expression states and phasotypes (ie, combinations of
expression states of multiple genes) were predicted from gene
sequences to determine whether specific PV states were as-
sociated with each MenW ST-11 substrain. Repeat-mediated
changes in PorA protein levels were confirmed by immuno-
blotting (Supplementary Figure 3) and were associated with
a significant shift to lower PorA expression in the 2013 strain
as compared to the original UK strain (171 of 306 [53%] vs
59 of 305 [19%]; P < .0001; Figure 3A). Opposing shifts in
expression of the iron-acquisition proteins were detected,
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Significant changes in repeat number for 5 phase-variable single-copy outer-membrane protein (scOMP) genes but not pi/C genes between the Neisseria

meningitidis serogroup W (MenW) clonal complex 11 original UK and 2013 strains. Repeat numbers were determined for these phase-variable genes by bioinformatics
analyses of whole-genome sequencing data for multiple disease isolates of the original UK and 2013 strains of the MenW ST-11 South American strain lineage. The total
number of isolates of each strain type is shown in parentheses. Shaded bubbles represent the proportion of isolates with a particular repeat number. Non-shaded bubbles
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states, respectively; asterisks above or below the dotted line indicate significant differences in the proportion of isolates with repeat numbers above or below the mode,
respectively, for the 2013 strain. NS, not significant. *P< .05, **P< .01, and ****P< .0001.

with the 2013 isolates exhibiting higher expression of HmbR
(228 of 320 [71%] vs 191 of 315 [62%]; P = .0056) but lower
expression of HpuA (138 of 320 [43%] vs 186 of 314 [59%];
P <.0001; Figure 3A). A significant decrease in PilC2 expres-
sion was also detected in the 2013 strain, accompanied by a
minor, nonsignificant shift to lower PilC1 expression. No sig-
nificant changes were detected in expression of other scOMPs.
Examination of multigene phasotypes detected no significant
changes in the phasotypic scores of the 7 scOMP phasotypes
between the 2013 strain and the original UK strain (Figure
3B) but revealed a significant shift to a loss of expression of
both PilC proteins (ie, a 00 phasotype; Figure 3C). The loss
of expression of both PilC proteins for the 00 phasotype
was confirmed by Western blotting in a subset of isolates
(Supplementary Figure 3).

Expression states and phasotypes were predicted from repeat
numbers for the 4 opa loci and confirmed in a subset of strains by
Western blotting (Supplementary Figure 3). Whereas all 16 poten-
tial phasotypes were detected, the majority of invasive isolates (39
of 81 [48%]) expressed a single Opa protein, with a predominance
of the OpaA-only phasotype (ie, 1000; 26 of 81 isolates [32%];
Figure 4). In contrast, expression of 0 or all 4 Opa proteins was
infrequent (12 of 81 isolates [15%] and 1 of 81 [1%)], respectively).
The 2013 strain exhibited a nonsignificant trend toward higher ex-
pression of multiple Opa proteins than the original UK strain (23
of 51 isolates [45%] vs 7 of 30 [23%]; P = .1219; Figure 3D).

Lower-Level PilC Expression Is Associated With IMD
Differential expression between invasive and carriage isolates
was investigated using the 2013 strain. Significant differences in
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Figure2. Increases in repeat number for the 4 phase-variable opa genes between

the Neisseria meningitidis serogroup W (MenW) clonal complex 11 original UK and
2013 strains. Repeat numbers were determined for the 4 opa loci by polymerase
chain reaction fragment analysis of genomic DNA extracts for multiple disease
isolates of the original UK and 2013 strains of the MenW ST-11 South American
strain lineage (total numbers of isolates of each type are shown in parentheses).
The bubbles and dashed lines are as described for Figure 1. NS, not significant. **P
< .01 and ****P<.0001.

expression were only detected for fetA, porA, and pilC. The FetA
expression state was HIGH in a significantly greater proportion
of invasive isolates than carriage isolates (314 of 320 [98%] vs
32 of 46 [70%]; P < .0001; Figure 5A). Conversely, the PorA ex-
pression state was HIGH in a significantly greater proportion of
carriage isolates than invasive isolates (37 of 46 [80%] vs 99 of
306 [32%]; P < .0001; Figure 5A). The expression state of both
PilC1 and PilC2 was ON in a significantly greater proportion
of carriage isolates (36 of 46 [78%] and 25 of 45 [56%], respec-
tively) than in invasive isolates (49 of 311 [16%; P < .0001] and
71 of 316 [22%; P < .0001], respectively; Figure 5A). No signif-
icant differences were detected in scOMP phasotypes (Figure
5B) or for expression of multiple Opa proteins (Figure 5D).
Contrastingly, the phasotype associated with no expression of
PilC (ie, phasotype 00) was present at a significantly higher fre-
quency in invasive isolates than carriage isolates (204 of 307

[66%] vs 5 of 45 [11%]; P < .0001; Figure 5C). These 2 findings
were also significant if the carriage isolates were compared to
invasive isolates from the East Midlands or to a random selec-
tion (Supplementary Figure 4).

scOMP Expression Decreases Over Time During Long-term Carriage
The 2 carriage cohorts were examined for evidence of changes in
PV expression states during persistent carriage. The 2010-2011
study included 47 longitudinal nasopharyngeal isolates of the
MenW original UK strain from 18 carriers with asymptomatic
carriage for up to 12 months. Analysis of scOMP phasotypic
scores identified 6 carriers with decreases in these combina-
torial OMP expression states, 2 carriers with an increase, and
10 carriers with no consistent temporal changes (Figure 6A).
Increases or decreases involved changes in expression of only 1
or 2 phase-variable OMPs.

The cross-sectional 2015-2016 carriage study consisted of
3 collection times. Assuming that carriage was acquired soon
after arrival on campus in late September or was already present,
we split the 54 carriers into short-term (December isolates) and
long-term (early September/March isolates) carriage groups.
There was a significant increase in PilC2 expression within
long-term carriers as compared to short-term carriers (PilC
phasotypes 01 and 11, 20 of 28 [71%] vs 9 of 24 [37%]; Figure
6B) and a trend toward lower expression of scOMPs in long-
term carriers as compared to short-term carriers (phasotypic
score of <6, 22 of 29 [76%] vs 13 of 24 [54%]; Figure 6B).

DISCUSSION

PV enables rapid adaptation to strong selective pressures and
can mediate escape of bactericidal antibodies targeting specific
surface antigens in vitro [22]. Adaptation by PV is influenced
by the switching rate, with higher rates conferring a competitive
advantage in both in vitro assays and in silico models [13, 22,
23]. We have explored evolution of the phase-variable genes in
the MenW ccl1 strain in the United Kingdom between 2009
and 2017 and the contributions of PV to the transition from
asymptomatic carriage to invasive disease.

We have observed that there is a significant bias for higher
repeat numbers for 4 OMPs (ie, PorA, NadA, OpaD, and OpaJ)
in the MenW ccl1 2013 strain as compared to the original UK
strain. The PorA, NadA, and Opa proteins are highly immu-
nogenic, and therefore the ability to evade antibody responses
against these antigens may be critical during mucosal coloniza-
tion and expansion. Repeat number is a key determinant of the
PV rate; thus, our results suggest that higher PV rates for these
surface proteins have evolved in the new strain. Since 2013, the
number of IMD cases in the United Kingdom caused by the
2013 strain has increased more rapidly than the number associ-
ated with the original UK strain [4]. Additionally, a significant
expansion of carriage of the 2013 strain but not the original UK
strain was observed over a few months in a student population
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Isolates of the Neisseria meningitidis serogroup W (MenW) 2013 strain exhibit a high prevalence of phase-variable ON states associated with multiple sin-

gle-copy outer-membrane proteins (scOMPs) but not PilC proteins. Expression states for each phase-variable gene were predicted from repeat numbers (see text); transcrip-
tional simple sequence repeats (SSRs; porA, fetA, and nadA) were coded as low (0), intermediate (1), and high (2) expression; translational SSRs were coded as ON (1) or OFF
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the 2013 strain (right bar). B, scOMP combinatorial phasotypic expression scores (10 [2+2 +2 + 1+ 1+ 1+ 1], is the maximum score for the 7-gene scOMP phasotype). C,
PilC phasotypes (PilC1-PilC2). D, Combinatorial Opa phasotypic expression scores (a score of 1 indicates expression of only one of the 4 opa loci). Significance values were
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[17]. These findings indicate that the 2013 strain has a higher
transmission rate than the original UK strain. The differences
in phenotype of these strains have been attributed to allelic var-
iation in HpuAB (one of 2 phase-variable hemoglobin binding
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Figure 4. Predominance of expression of a single Opa protein and of OpaA in

Neisseria meningitidis serogroup W (MenW) ST-11 isolates. Expression states for
the 4 opa loci were predicted from repeat numbers for 121 MenW ST-11 isolates
and converted into a 4-gene phasotype (OpaA-OpaB-OpaD-OpaJ), with 1 and 0
indicating ON and OFF states, respectively (eg, 1-0-0-0 indicates expression of
OpaA but no other Opa proteins). The Opa designations refer to the following NMB
encoding opa loci in the MC58 genome sequence: A, NMB0442; B, NMB1636; D,
NMB1465; and J, NMB0926.

proteins present in these strains) and 3 type IV pilus biogenesis
genes and/or to a frameshift in mtrA, a transcriptional regulator
of NadA expression [4]. We speculate that the heightened trans-
missibility may be due in part to higher PV rates enabling escape
of antigen-specific or weakly cross-reactive antibodies during
initial colonization of partially immune individuals or during
persistence in and, hence, ongoing transmission from asymp-
tomatic carriers. The former may be dominant, because longi-
tudinal carriage was only weakly associated with PV-mediated
expression changes. A previous study by Richardson et al [13]
detected higher PV rates due to mismatch repair mutations in
epidemic serogroup A isolates from the meningitis belt and
similarly concluded that elevated PV rates enhance transmissi-
bility in populations with high levels of strain-specific carriage.

Significantly higher repeat numbers were detected in car-
riage as compared to invasive isolates of the 2013 strain for fetA,
nadA, pilC1, and opaA. While these results may be partially con-
founded by clonal expansion in the University of Nottingham
carriage cohort, these results suggest that heightened PV rates
may contribute to long-term persistence in the upper respira-
tory tract, possibly by facilitating immune evasion. However,
the significant difference for pilCI is mainly due to the shift
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Figure 5. Lower expression of PilC proteins but not other phase-variable proteins in invasive isolates of the Neisseria meningitidis serogroup W (MenW) clonal complex 11
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alone. Because IMD is thought to occur soon after strain acqui-
sition, the heightened PV rates of these genes may have a much
stronger effect on initial colonization of carriers than on persist-
ence, such that there is no difference between the carriage and
invasive states.

Another key observation was for lower PV-mediated expres-
sion of PilC and multiple Opa proteins in disease isolates (93%
of invasive isolates with source information were from blood
samples). The type IV pilus is required for colonization of the
microvasculature during IMD [24]. Because PilC mutants ex-
press low levels of pili on the bacterial surface, there may be a
strong selection for PV-mediated switching OFF of PilC expres-
sion as meningococci detach from initial reservoirs of infection
within the peripheral microvasculature and undergo rapid rep-
lication in the blood.

Our study focused on analysis of multiple isolates of a single
hypervirulent clone from nonoverlapping sets of carriers and
patients. We assume that our findings are representative of
the switches in PV state occurring during transition from
asymptomatic carriage to IMD in individuals. Previously, re-
peat numbers and expression states of 2 PV genes were found
to be identical for DNA extracted from a clinical sample and
the isolated disease-causing strain of individual patients, an
indication that PV during strain isolation is infrequent [25].
Nevertheless, there is a potential that our study is not repre-
sentative of actual disease processes and could be partially
confounded by PV during strain isolation (as observed else-
where [8]). Further studies of PV in both models of infection
and with more complex epidemiological samples are required
to address these issues.

In summary, our results highlight the genomic flexibility of
meningococci and the potential for genetic variation to alter
the course of an epidemic. We speculate that a small number
of genetic alterations in the MenW cc11 2013 strain, including
the observed alterations in repeat numbers of PV genes, has
prolonged the persistence of this hypervirulent lineage in the
United Kingdom, with a consequent increase in the number of
disease cases.

SUPPLEMENTARY DATA

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by
the authors to benefit the reader, the posted materials are
not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corre-
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