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ABSTRACT Neisseria meningitidis is one of the few commensal bacteria that can
even cause large epidemics of invasive meningococcal disease (IMD). N. meningitis
serogroup C belonging to the hypervirulent clonal complex 11 (cc11) represents an
important public health threat worldwide. We reconstructed the dispersal patterns
of hypervirulent meningococcal strains of serogroup C:cc11 by phylogenomic time
trees. In particular, we focused the attention on the epidemic dynamics of
C:P1.5.1,10-8:F3-6;ST-11(cc11) meningococci causing outbreaks, as occurred in the
Tuscany region, ltaly, in 2015 to 2016. A phylogeographic analysis was performed
through a Bayesian method on 103 Italian and 208 foreign meningococcal genomes.
The C:P1.5.1,10-8:F3-6;ST-11(cc11) genotype dated back to 1995 (1992 to 1998) in
the United Kingdom. Two main clades of the hypervirulent genotype were identified
in Italy. The Tuscany outbreak isolates were included in different clusters in a spe-
cific subclade which originated in the United Kingdom around 2011 and was intro-
duced in Tuscany in 2013 to 2014. In this work, phylogeographic analysis allowed
the identification of multiple introductions of these strains in several European coun-
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complexes (ccs) by multilocus sequence typing (MLST) (4), are much more likely to
cause IMD than others (5). These are referred to as the “hypervirulent lineages” (6).

In Italy, the incidence of IMD is among the lowest in Europe, with a rate of 0.33 per
100,000 in 2017 (7). Vaccination against N. meningitidis serogroup C (MenC), which was
the most commonly reported cause of IMD in the country at the time, was introduced
in several regions in 2005 to 2006, as recommended immunization of children at
13 months of age, but vaccination was introduced at the national level only in 2012 in
accordance with the national immunization plan (8). After the introduction of vaccina-
tion on the national level, the proportion of MenC IMD cases in Italy declined (7). During
the period from 2010 to 2015, all the Italian regions showed stable low incidence of
IMD, with the exception of the Tuscany region, where an increase of cases due to MenC
was reported starting in the year 2015 (9). The outbreak lasted for 2 years, in 2015 and
2016, causing a total of 62 cases of IMD, and was attributable to MenC strains belonging
to the hypervirulent cc11 complex, with the finetype C:P1.5-1,10-8:F3-6:ST-11(cc11),
which underwent a clonal expansion in the area (10). In Italy, clusters due to this MenC
strain had previously been described in 2008 and in 2012 (11, 12); however, none of
these caused a large epidemic event with sustained transmission, such as the outbreak
that occurred in Tuscany in 2015 to 2016. Since the epidemic dynamics of MenC
hypervirulent strains, and in particular those of C:P1.5-1,10-8:F3-6:ST-11(cc11) menin-
gococci, remain poorly defined, hereby, we reconstructed the dispersal patterns of
hypervirulent meningococcal strains of C:P1.5-1,10-8:F3-6:ST-11(cc11) by a phylody-
namic approach, modeling genetic sequence data from the outbreak isolates and those
available in the http://pubmlst.org/neisseria database (accessed June 2017), to under-
stand how the strain may be introduced and spread across countries.

MATERIALS AND METHODS

Invasive meningococcal disease surveillance. In Italy, all IMD cases are reported to the Ministry of
Health and the Italian Institute of Public Health (Istituto Superiore di Sanita [ISS], http://old.iss.it/mabi/,
in the context of the National Surveillance System, which is coordinated by the ISS, which acts as the
National Reference Laboratory (NRL) for IMD. The lItalian case definition of IMD is based on the EU
Commission Implementing Decision 2012/506/EU of 8 August 2012. For each IMD case, epidemiological
information is routinely collected by the NRL and managed using a dedicated database. All available
samples (cultivated isolates, blood, or cerebrospinal fluid) are sent to the NRL for laboratory confirmation
and further microbiological characterization.

Microbiological and molecular analyses. Chromosomal DNA samples from all the MenC collected
by the NRL from 1 January 2012 to 31 December 2017 were extracted using the QiAmp DNA minikit
(Qiagen, Hilden, Germany), according to the manufacturer’s protocol. Multilocus sequence typing (MLST)
and PorA and FetA typing were performed as described at https://pubmlst.org/neisseria. The meningo-
coccal fine type was defined as follows: capsular group: PorA (P1) variable region 1 (VR1), VR2: FetA VR:
sequence type (ST) (clonal complex [cc]) (13). Whole-genome sequencing (WGS) was performed using
lllumina MiSeq platform (kit v3, 600 cycles), as described previously (9), on 101 viable meningococci with
the C:P1.5-1,10-8:F3-6:ST-11(cc11) genotype. In addition, two isolates with genotype C:P1.5-1,10-8:F3-6:
ST-2780(cc11) were included in the analysis.

Isolate sets used for analysis. The whole data set comprised the genome sequences from 311 N.
meningitidis isolates obtained between 1998 and 2017 collected in the PubMLST Neisseria database
(https://pubmilst.org/neisseria). It included the 103 genomes obtained from N. meningitidis Italian iso-
lates, collected from 2012 to 2017, together with 208 C:P1.5-1,10-8:F3-6:5ST-11(cc11) genomes obtained
from meningococci isolated from IMD cases in the following countries: United Kingdom (n = 128), France
(n = 30), South Africa (n = 20), Spain (n = 8), Ireland (n = 5), Slovenia (n = 5), Sweden (n = 5), Iceland
(n = 4), Malta (n=2), and Canada (n = 1) (www.neisseria.org; last accessed 16 June 2017). All 311
genomes were compared gene by gene using the BIGSdb Genome Comparator tool (14). The genomes
were analyzed using the core genome MLST (cgMLST) scheme, in the PubMLST Neisseria database
(https://pubmist.org/neisseria), and the core genome alignment of the 311 genomes was generated. Two
subsets of the whole data set were made. The first subset included only Italian genomes (n = 103) and
was used to investigate the phylogenetic and epidemiological relationships within Italy. The second
subset included 133 N. meningitidis isolates obtained in the period from 2007 to 2017 from Italy (n = 63),
United Kingdom (n = 47), France (n = 9), Slovenia (n = 5), Sweden (n = 4), Ireland (n = 3), Malta (n = 1),
and South Africa (n=1). This subset was used to place the Tuscany outbreak strain (12) into an
international context.

Phylogenetic analysis. Core genome recombination analysis was performed with BratNextGen
(BNG) (15) on the whole data set with the aligned core meningococcal genome to obtain recombination-
free input sequences for further phylogenetic analysis as described previously (16-18). The proportion of
shared ancestry (PSA) tree cutoffs equal to 0.25 was used. The analysis was conducted with a total of 20
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iterations of hidden Markov model (HMM) parameter estimation. Statistically significant (P value not
exceeding 5%) recombination in the core genome was determined with 100 parallel permutation runs.

Single-nucleotide polymorphisms (SNPs) were derived from the core genome shared by all the
isolates. SNPs were exported as variable sites using MEGA removing SNP sites with ambiguities, missing
data, and gaps (19). The SNPs associated with recombinogenic regions were removed. Phylogenetic
analysis was conducted to reconstruct the relationships among the isolates. Evaluation of the best-fitting
model of nucleotide substitution was performed with the JModeltest (20, 21). The phylogenetic signal
was investigated by using Treepuzzle (22), with the likelihood mapping analysis, using 10,000 random
quartets to obtain a comprehensive picture of the phylogenetic quality and to estimate the amount of
phylogenetic information. This analysis indicated <30% of quartets in the star-like region, meaning that
sequence evolution conformed to a resolved tree. The Xia’s test of substitution saturation, implemented
in DAMBE (23), indicated that the data set was suitable for further phylogenetic analysis, as the
nucleotide substitutions were not saturated (see Table S3 in the supplemental material).

To determine the global context of the N. meningitidis isolates from Italy with respect to foreign
isolates, a maximum likelihood (ML) tree on the core genome SNP alignment (whole data set) was
performed with the IQ-TREE (24), applying the general tree reversible (GTR) substitution model (previ-
ously estimated) with ascertainment bias correction (ASC). The statistical support for internal branches of
the ML tree was evaluated by bootstrapping (1,000 replicates) and fast likelihood-based sh-like proba-
bility (SH-aLRT). The N. meningitidis core genome SNP alignment of the first subset of isolates was
analyzed by using Mr Bayes (25). A Markov chain Monte Carlo search was done for 10 X 10¢ generations
using tree sampling every 100th generation, with the GTR substitution model with ASC and a burn-in
fraction of 25%. Statistical support for specific clades, subclades, and clusters was obtained by calculating
the posterior probability of each monophyletic clade (posterior probability > 0.90), and a posterior
consensus tree was generated after a 25% burn-in. In the evolutionary context, the clustering topology
was described by specifying clade, subclade, and cluster. A clade was defined as a monophyletic group,
meaning a group of taxa sharing a common ancestor. Each clade, which may contain many isolates, can
be further subdivided into subclades, according to the tree topology, phylogenetic relationships, and
evolutionary bifurcation. Finally, each edge in the tree defines a unique cluster, and sequences that are
sufficiently more related to one another than to the rest of the data set can be designated a distinct
cluster.

Time-scaled and phylogeographic analysis. Linear regression of root-to-tip distances against date
of isolation was performed using TempEst (26) to investigate the temporal structure and the correlation
between genetic distance against sampling time. The demographic history and phylogeography of the
whole data set and the second subset of isolates, including evolutionary rates and date estimates, were
estimated with the Bayesian Markov chain Monte Carlo (MCMC) method implemented in BEAST (27),
using the GTR substitution model. Alternative clock models, strict and relaxed with an uncorrelated log
normal rate distribution, and demographic models, including constant population size, exponential
growth, nonparametric smooth skyride plot Gaussian Markov random field (GMRF), and nonparametric
Bayesian skyline plot (BSP) were tested on the filtered core genome SNP alignment, accounting for
invariant sites. The Bayes factor (BF) (using marginal likelihoods) tests were used to compare the
alternative models and to select the best fitting as previously described (28); only values of 2 In BF of >6
were considered significant. Chains were conducted until convergence was reached and assessed by
calculating the effective sampling size (ESS) for each parameter. Only parameter estimates with ESSs of
>200 were accepted. Uncertainty in the estimates was indicated by 95% highest posterior density (HPD)
intervals. Maximum clade credibility trees (MCCT) were summarized with Tree-Annotator, after a 10%
burn-in. Statistical support for specific clade was assessed by posterior probability (pp of >0.90). The
continuous-time Markov chain (CTMC) process over discrete sampling locations (BEAST) (27) with
Bayesian Stochastic Search Variable Selection (BSSVS) model was used for the phylogeography infer-
ences. Analysis and visualization of the different aspects of the phylogeographic diffusion were per-
formed by using SpreaD (29). The temporal dynamics of the spatial N. meningitidis diffusion were
provided by snapshot maps of the dispersal pattern through Google Earth (Google Earth Pro V.7.3.2.5491)
(accessed April 2018).

RESULTS

Global phylogenetic analysis. ML analysis of Italian isolates versus other isolates
(whole data set) showed two main supported clades (Fig. 1). The smaller clade included
genomes from the United Kingdom, Ireland, Iceland, Spain, and Malta. The larger clade
consisted of four statistically supported clusters (clusters 1 to 4) and a subclade, which
included isolates originating in Italy (Fig. 1). Cluster 1 included genomes from South
Africa and the United Kingdom, whereas cluster 3 included isolates from France, United
Kingdom, Spain, and Sweden. In cluster 2, nine genomes from Italy appeared to be
related to an isolate from the United Kingdom, while cluster 4 included three French
isolates clustering with 29 isolates from several Italian regions (Fig. 1; see also Table S1
in the supplemental material). Finally, Italian isolates clustered in a subclade with
isolates from other countries, including the United Kingdom, France, Sweden, Slovenia,
Malta, Ireland, and South Africa (Fig. 1). All genomes belonging to the “Tuscany-
outbreak strain” were assigned to this subclade (Fig. 1). Among the statistically sup-

January 2020 Volume 58 Issue 1 e01351-19

Journal of Clinical Microbiology

jcm.asm.org 3


https://jcm.asm.org

Lo Presti et al.

310

A —_—=

Journal of Clinical Microbiology

—287

FIG 1 Maximum likelihood phylogenetic tree of N. meningitidis core genome SNP alignment of the whole data set. The tree was midpoint rooted. Branch lengths
were estimated with the best-fitting nucleotide substitution model according to a hierarchical likelihood ratio test. The scale bar represents genetic distances
based on nucleotide substitutions per SNP site. An asterisk along a branch represents significant statistical support for the clusters subtending that branch
(bootstrap support > 90%). The main clades and clusters are highlighted. The colors of the tips represent strains from different locations (United Kingdom, blue;
Malta, green; France, fuchsia; Ireland, light blue; Spain, orange; Canada, violet; Italy, red; Slovenia, ochre yellow; South Africa, light green). The subclade of the
larger clade is highlighted by an arrow. The small letters indicate the supported clusters located inside this subclade. A full triangle symbol next to the tips
indicates “Tuscany-outbreak-strains.” The values around the tree (supported zoomed clusters and area of the subclade) highlight the phylogenetic relationships

of the Italian genomes between them and respect to foreign isolates.

ported clusters in this subclade, two of these clusters included only Italian isolates and
other two included both Italian isolates and other isolates (Fig. 1, clusters b, d, f, and h).
The remaining clusters (Fig. 1, clusters a, ¢, e, g, and i) comprised only non-Italian
isolates.

Bayesian analysis of N. meningitidis Italian isolates (first subset). Bayesian
analysis of the first subset of isolates (Fig. 2) identified a supported clade, clade A1,
which included isolates from various Italian regions that were closely related to
each other. Clade A2 included six isolates and a subclade comprising 23 isolates, all
originating in different Italian regions (Fig. 2; Table S1). Eight Italian isolates
appeared externally located to subclade B1. Among these isolates was a well-
supported cluster, which included four isolates from cases that occurred on a cruise
ship docked in the port of Livorno, as described previously (30), and two other
Italian isolates (2012 to 2013). All the “Tuscany-outbreak strain” isolates were
located in the B1 subclade (Fig. 2), most of them in different clusters. Two isolates
belonged to cluster I, 11 isolates belonged to cluster lll, 2 isolates to cluster VI, 4
isolates to cluster VII, and 2 isolates to cluster VIIl. Twenty isolates, 14 of which
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FIG 2 Bayesian phylogenetic tree of the first subset of N. meningitidis core genome SNP alignment. The tree was rooted using the midpoint rooting
method. Branch lengths were estimated with the best-fitting nucleotide substitution model according to a hierarchical likelihood ratio test. The scale
bar represents genetic distances based on nucleotide substitutions per SNP site. An asterisk along a branch represents significant statistical support for
the clade subtending that branch (posterior probability > 90%). A full triangle symbol next to the tips indicates “Tuscany-outbreak-strains.” The four
isolates from cases occurred on a cruise ship docked in the port of Livorno in Italy are indicated by a # symbol next to the tips. The main clades and
clusters are highlighted.

belonged to the “Tuscany-outbreak strain,” were located in subclade B1, but not
aggregated in a specific internal cluster. Clusters Il, IV, and V comprised other Italian
genomes, except those of the “Tuscany-outbreak strain.”

Bayesian reconstruction of the time-scaled phylogeny and phylogeographic
analysis. The root-to-tip regression analysis of the genetic distances against sampling
time produced a correlation coefficient of 0.70, and a coefficient of determination (R?)
of 0.58, indicating a positive correlation, and supporting the suitability of these data for
a molecular clock analysis. Formal model selection (BF tests) indicated the relaxed
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molecular clock and BSP as the most appropriate model for our data (Table S2). The
mean evolutionary rates estimated were 3.7 X 107 substitutions per site per year (95%
highest posterior density [HPD] intervals 3.1 X 107 to 4.4 X 10~°) for the whole data
set and 3.1 X 107° (2.4 X 107 to 3.8 X 1079) for the second subset of isolates.

The phylogeographic analysis of N. meningitidis strains of the whole data set (Fig.
3) indicated that the root of the tree had a time to the most recent common
ancestor (tMRCA) of 22 years, corresponding to the year 1995 (95% HPD, 1992 to
1998) with the most likely location in the United Kingdom (state probability [sp] =
0.97). From this ancestor, five supported clusters (clusters | to V), including only
European genomes and a main clade, were identified (Table 1). Inside the main
clade, clade A and subclade B1 were defined. Clade A originated in 2002 (95% HPD,
2000 to 2004) in the United Kingdom (sp = 0.93) comprising the subclade A1 that
originated in 2007 (95% HPD, 2002 to 2009) in Italy (sp = 0.82). Within subclade A1,
some genomes from meningococci in France were closely related to those from
Spain, Sweden, and the United Kingdom, forming the supported subcluster A2
(Table 1). The significant subcluster A3, with 3 genomes from France, was related to
29 genomes from lItaly. Subcluster A4 included nine Italian genomes related to 1
from the United Kingdom (Fig. 3 and Table 1). The B1 subclade dated back to 2005
(95% HPD, 2002 to 2007), with the most probable origin in the United Kingdom
(sp = 0.99). This subclade included all the “Tuscany-outbreak strain” isolates (Fig. 3),
together with other genomes from lItaly, the United Kingdom, Ireland, France,
Slovenia, Sweden, and Malta and one from South Africa. The four isolates collected
during the outbreak on the cruise ship clustered in subclade B1, forming a highly
statistically supported, distinct cluster dated to 2008 in the United Kingdom (95%
HPD, 2007 to 2011). This cluster also included two other genomes from Italy and
two from the United Kingdom. Phylogeographic analysis showed the United King-
dom as the most probable origin (sp = 0.6) for this cluster. The four isolates
collected during the outbreak on the cruise ship dated back to 2011 in Italy (96%
HPD, 2011 to 2012).

Temporal dynamics of spatial diffusion. The temporal dynamics of spatial diffu-
sion suggested that C:P1.5-1,10-8:F3-6:ST-11(cc11) N. meningitidis strains, after accumu-
lating in the United Kingdom (Fig. 4a), by 1998, spread first to Spain and subsequently
to Iceland (Fig. 4b). By 2000, these strains reached a more distant location, South Africa,
in 2001 (Fig. 4c and d). By 2004, the C:P1.5-1,10-8:F3-6:ST-11(cc11) N. meningitidis
appeared to have spread from the United Kingdom to Ireland and Malta (Fig. 4e) and,
by 2007, to Italy (Fig. 4f). By 2008, several exchanges involved different localities, as
shown in Fig. 4g, such as a flow from South Africa to the United Kingdom. In Fig. 4h,
by 2009, after the intensification in Italy, the initial phase of the migratory events from
Italy to the United Kingdom, from Italy to France, and from the United Kingdom to
Slovenia is highlighted. Meanwhile, Fig. 4i mainly depicts the beginning of the dispersal
that occurred by 2010 from the United Kingdom to Sweden, the extension of the
migratory process from the United Kingdom to Slovenia.

By 2011, the strain appeared to have spread to Sweden. By 2012, C:P1.5-1,10-8:F3-
6:ST-11(cc11) moved from Italy to France and back to the United Kingdom with a
contemporary exchange from the United Kingdom to Slovenia (Fig. 4l). Then, by 2013,
an exchange probably occurred from the United Kingdom to Canada. Other projections
(Fig. 4m) highlighted the diffusion from France to the United Kingdom by 2014 and
from Italy to Slovenia. Figure 4n shows that, by the beginning of 2015, a migration from
France to Spain also occurred. In addition, the dispersal patterns that frequently
occurred among neighboring European countries involved Italy and Slovenia, Italy and
Sweden, and Slovenia and Sweden (Fig. 5). The pathways connecting more remote
areas, such as Canada and Europe (Sweden or Iceland), or Iceland with Europe (ltaly,
Slovenia, and Sweden), were also frequently invoked, in addition to those between Italy
and South Africa, Slovenia and South Africa, South Africa and Sweden, and South Africa
and Iceland (Fig. 5).
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TABLE 1 Time to the most recent common ancestor for the internal nodes, 95% highest
posterior density estimates, the most probable location, and the state probability of the
most important clades and clusters (whole data set)

tMRCA® Most probable State

Name? (yr) 95% HPD< location probability
| 1997 1997—1998 United Kingdom 1

Il 1998 1997—-1999 Spain 0.98
1 1998 1997—1999 United Kingdom 1

\" 2000 1999—2002 Iceland 0.99
Vv 2000 1999—-2001 United Kingdom 1
Main clade 1999 1998—-2000 United Kingdom 0.98
Subclade 2000 1998—-2001 United Kingdom 0.97
A 2002 2000—2004 United Kingdom 0.93
Al 2007 2002—2009 Italy 0.82
A2 2012 2011—-2013 France 0.99
A3 2010 2008—2011 Italy 0.99
A4 2009 2009—-2012 Italy 0.99
B 2000 1999—-2002 United Kingdom 0.92
B1 2005 2002—2007 United Kingdom 0.99
B2 2001 2000—2002 South Africa 0.99
C 2001 2000—2003 South Africa 0.97

aClades, subclades, or clusters, as reported in Fig. 3.
btMRCA, time to the most recent common ancestor.
<HPD, highest posterior density.

Phylogeographic analysis of the second subset (Italian and international iso-
lates). The phylogeographic analysis of the Italian and representative international
isolates (“second subset” in Fig. S1 in the supplemental material) suggested an origin
of subclade B1 in 2005 (95% HPD, 2002 to 2007) in United Kingdom (sp = 0.95), as
found for the whole data set. A number of statistically supported clusters were
identified. Focusing only on the main clade (M), the phylogeographic tree suggested a
United Kingdom origin (sp = 0.99), with two distinct introductions, corresponding to
clades a and b, and suggesting a United Kingdom origin for the Italian isolates.
Subclade a was dated to 2008 (95% HPD, 2007 to 2011) and included two isolates from
the United Kingdom and six from Italy. The four isolates from the cruise ship outbreak
were closely related to each other, and dated to 2011/2012 (95% HPD, 2011 to 2012),
as also shown in the phylogeography of the whole data set (Fig. 3).

Subclade b was dated to 2011 (95% HPD, 2009 to 2011) and also likely originated
from the United Kingdom (sp = 0.99). This clade included European isolates from the
United Kingdom, Ireland, Sweden, and France, which were related to Italian isolates
from different regions. All the “Tuscany-outbreak-strain” isolates were included in
subclade b (Fig. S1). Many supported internal clusters in subclade b (dating from 2013
to 2015), involving Italian isolates, were identified. Of the Italian isolates, the two
ST-2780 Italian meningococci (ID code 142 and 145) appeared to be closely related to
two ST-11 Italian meningococci collected in the same time period (2015). Therefore, the
“Tuscany outbreak strain” was probably introduced between 2013 and 2014, having
originated in the United Kingdom in 2011 (95% HPD, 2009 to 2011) (Fig. S1).

DISCUSSION

The evidence presented herein offers deepened insight into the epidemiology and
phylogeographic spread of the invasive and hypervirulent meningococcus strain
C:P1.5-1,10-8:F3-6:ST-11(cc11) and its close relationship to internationally disseminating
clones. The analysis of meningococci from Italy and the rest of the world demonstrated
both local dispersal and intercountry spread. The “Tuscany-outbreak strain” variant of

FIG 3 Legend (Continued)

clade subtending that branch (posterior probability > 90%). A full triangle symbol next to the tips indicates “Tuscany-outbreak-strains.” The four
isolates from cases that occurred on a cruise ship docked in the port of Livorno in Italy are indicated by a # symbol next to the tips. Geographic locations
are indicated by different colors in the tree and reported in the location key.
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Google Earth (httg:[{earth.google.corﬁ)

FIG 4 Temporal dynamics of spatial diffusion of N. meningitidis strains (whole data set), obtained from the location annotated MCCT. The snapshots of
the main dispersal pattern were reported. The lines connecting different locations represent branches in the MCCT on which state exchanges occur and
circle areas reflect the number of branches maintaining a particular state at that time point. The maps were based on satellite pictures made available
in Google Earth (Google Earth Pro V.7.3.2.5491).

this particular meningococcus serves as a paradigm for the introduction and spread of
a novel hypervirulent organism into a geographic area with an immunologically naive
human population. The combination of epidemiological investigation with phyloge-
netic analyses allowed the identification of clusters and confirmation of possible
transmission links among IMD cases. In particular, cases belonging to the same statis-
tically supported clusters shared the same contact locations and/or risk factors, such as,
for example, close contact with men who have sex with men (MSM) (e.g., cases who had
two MSM family members with a sexual relationship) (10). Several studies have reported
outbreaks of serogroup C meningococci associated with attendance at social venues of
high transmission risk such as discos/gay venues (31-35). It is known that crowded
conditions promote meningococcal transmission due to behavioral risk factors, includ-
ing the following: smoking, drug use, alcohol use, and intimate kissing with multiple
partners. The phylogenetic analyses allowed the identification of additional clusters
that may not have been identified with epidemiological data alone.

The mean evolutionary rate estimated for C:P1.5-1,10-8:F3-6:ST-11(cc11) was
3.7 X 10~ substitutions per site per year (95% HPD, 3.1 X 1076 to 4.4 X 107°) for the
whole data set (n = 311 isolates) and 3.1 X 107¢ substitutions per site per year (95%
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Google Earth (http://earth.google.com)

FIG 5 The frequently invoked rates identified by SpreaD (using Bayes factor test) were indicated and reconstructed
as a map based on satellite pictures made available in Google Earth (Google Earth Pro V.7.3.2.5491).

HPD, 2.4 X 107° to 3.8 X 107°) for the subset of isolates containing Italian isolates
(n = 63) and international isolates (n = 70). These estimated values were comparable to
those reported previously for serogroup A, ST-7, and ST-2859 meningococci, where a
mean evolutionary rate of 3.1 X 10® substitutions per site per year (95% HPD,
230 X 107% to 3.85 X 107%) was estimated for isolates with a putative common
ancestor dated to 2000 (95% HPD, 1995 to 2001) (36). Compared to studies of other
pathogenic bacteria, the estimated rate was similar to that calculated for Staphylococ-
cus aureus (3 X 107°) (37) and it was higher than the rates estimated for Salmonella
enterica serovar Typhimurium (1.9 X 107 and 3.9 X 10~7) (38) and Yersinia pestis
(2 X 1078) (39).

The phylogeographic analyses of the C:P1.5-1,10-8:F3-6:ST-11(cc11) N. meningitidis
isolates from different countries permitted the construction of a model of their spread.
In this model, these meningococci likely originated in the United Kingdom in 1995 (95%
HPD, 1992 to 1998), followed by dissemination to other countries. By the end of the
1990s and the beginning of the 2000s, the strain was identified in the United Kingdom,
Spain, Iceland, South Africa, Ireland, and Malta. This is consistent with epidemiological
data from the United Kingdom, Ireland, Spain, and Iceland, where serogroup C IMD
increased in the late 1990s to early 2000s, which can be attributed to these meningo-
cocci (40, 41). As a consequence of this increase in serogroup C IMD, the United
Kingdom was the first country to introduce immunization with meningococcal C
conjugate (MCC) vaccine in 1999 (42). Subsequently, Ireland, Spain in 2000 (43), and
Iceland in 2002, introduced mass MCC vaccination campaigns (42).

In Italy, the C:P1.5-1,10-8:F3-6:ST-11(cc11) strain segregated into two distinct clades,
both apparently originating from the United Kingdom, but at different time periods.
The first introduction in Italy occurred in 2007 (95% HPD, 2002 to 2009) and again in
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2011: at that time, this variant was spreading among European countries. The second
introduction was between 2013 and 2014, and the outbreak in Tuscany was probably
due to this introduction of a United Kingdom strain which originated in 2011 (95% HPD,
2009 to 2011). This strain was distinct from that causing the outbreak affecting a cruise
ship approaching the port of Livorno in 2012, which belonged to a distinct cluster. The
latter occurred at a different time and probably arose from a different migration route,
going extinct before causing further IMD cases in the region.

Before drawing conclusions, limits and possible bias of the study should be men-
tioned. First of all, this model of epidemic spread is dependent on the genomes
available for analysis and is subject to potential sampling bias [for example if the
C:P1.5-1,10-8:F3-6:ST-11(cc11) N. meningitidis isolates are poorly represented in the
isolate collections examined]. This could lead to the failure to identify some interme-
diate steps in transmission although, given the hypervirulent nature of this particular
meningococcus, this is perhaps unlikely. Second, this model is based on IMD surveil-
lance and does not take into account the frequency distribution of carriage, which is
however assumed to be relatively short for such hypervirulent strains.

The genetic diversity of meningococci, which is related to the diversity observed
in the epidemiology of IMD (6), gives epidemiological surveillance combined with
high-resolution molecular characterization a central role in IMD control and pre-
vention. This is especially important in tracking the spread of the hypervirulent
meningococcal cc11, members of which have a long history of causing disease
outbreaks, often involving multiple countries or continents (44). The phylogeo-
graphic analysis of Cicc11 isolates from lItaly, in the context of those from other
countries, demonstrated that after multiple introductions from abroad, closely
related genotypes segregated into distinct clades and clusters, consistent with the
circulation of different C:cc11 variants, which caused IMD cases at different times.
In particular, the Tuscany outbreak represented a paradigmatic event of clonal
amplification of one specific variant, C:P1.5-1,10-8:F3-6:5T-11(cc11), resulting from
the sustained transmission of this hypervirulent meningococcus after it was intro-
duced into a (presumably) immunologically naive geographically restricted popu-
lation. This strain, which was likely introduced in 2014, differed from other related
yet distinct meningococci that caused smaller outbreaks in the same region.

In conclusion, these data show how WGS analysis combined with phylogeogra-
phy, enables the identification of clusters, characterization of phylogenetic rela-
tionships, and tracking the dissemination of strains, all of which are invaluable in
understanding IMD epidemic dynamics and in the planning of successful public
health interventions.
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