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Abstract

Background: Neisseria meningitidis serogroup A disease in Burkina Faso has greatly decreased following introduction
of a meningococcal A conjugate vaccine in 2010, yet other serogroups continue to pose a risk of life-threatening
disease. Capsule switching among epidemic-associated serogroup A N. meningitidis strains could allow these
lineages to persist despite vaccination. The introduction of new strains at the national or sub-national levels
could affect the epidemiology of disease.

Methods: Isolates collected from invasive meningococcal disease in Burkina Faso between 2008 and 2012
were characterized by serogrouping and molecular typing. Genome sequences from a subset of isolates
were used to infer phylogenetic relationships.

Results: The ST-5 clonal complex (CC5) was identified only among serogroup A isolates, which were rare after 2010.
CC181 and CC11 were the most common clonal complexes after 2010, having serogroup X and W isolates, respectively.
Whole-genome phylogenetic analysis showed that the CC181 isolates collected during and after the epidemic of 2010
formed a single clade that was closely related to isolates collected in Niger during 2005 and Burkina Faso during 2007.
Geographic population structure was identified among the CC181 isolates, where pairs of isolates collected from the
same region of Burkina Faso within a single year had less phylogenetic diversity than the CC181 isolate collection as a
whole. However, the reduction of phylogenetic diversity within a region did not extend across multiple years. Instead,
CC181 isolates collected during the same year had lower than average diversity, even when collected from different
regions, indicating geographic mixing of strains across years. The CC11 isolates were primarily collected during the
epidemic of 2012, with sparse sampling during 2011. These isolates belong to a clade that includes previously described
isolates collected in Burkina Faso, Mali, and Niger from 2011 to 2015. Similar to CC181, reduced phylogenetic diversity was
observed among CC11 isolate pairs collected from the same regions during a single year.

Conclusions: The population of disease-associated N. meningitidis strains within Burkina Faso was highly
dynamic between 2008 and 2012, reflecting both vaccine-imposed selection against serogroup A strains
and potentially complex clonal waves of serogroup X and serogroup W strains.
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Background

In December 2010, Burkina Faso initiated a mass vaccin-
ation campaign to fully immunize its population between
the ages of 1-29 with a novel polysaccharide-tetanus tox-
oid conjugate vaccine against serogroup A Neisseria
meningitidis (PsA-TT) [1]. The 10-day vaccination cam-
paign vaccinated approximately 11 million people, achiev-
ing 96% coverage among the target population. In parallel
with the vaccination campaign, Burkina Faso expanded its
case-based meningitis surveillance program and labora-
tory capacity to evaluate the long-term effectiveness of
PsA-TT vaccination. Surveillance data identified a 99.8%
reduction in the risk of meningococcal A meningitis [2],
while carriage studies reported a corresponding decrease
in carriage of N. meningitidis serogroup A (NmA) [3].
Similar success has been noted in several other countries
within the African “meningitis belt”, which stretches from
Senegal in the west to Ethiopia in the east [4].

Despite the effectiveness of PsA-TT in reducing dis-
ease due to NmA, other serogroups continue to present
a risk for meningococcal disease in Burkina Faso and in
the African meningitis belt [1, 4—6]. Burkina Faso was
struck by epidemics of serogroup X (NmX) disease in
2010 [7] and serogroup W (NmW) disease in 2012 [8].
Multiple strategies are being considered to develop vac-
cines that protect against NmW and NmX disease in the
meningitis belt. While the serogroup W polysaccharide
is an established vaccine component [8], the utility of
serogroup X polysaccharide is under investigation [9].
The use of protein antigens (FHbp, NadA, NhbA) was
pioneered for protection against disease caused by NmB
strains [10], but is also being examined for protection
against NmW and NmX strains [11, 12].

Multilocus Sequence Typing (MLST) [13] assigned the
NmX isolates to the sequence type 181 clonal complex
(CC181) and the NmW isolates to CC11. Immediately
prior to the introduction of the PsA-TT vaccine, the pri-
mary lineage of NmA in Burkina Faso was CC5. While
vaccination against serogroup A disease is expected to
reduce the frequency of disease due to CC5, the acquisi-
tion of capsular synthesis genes from other N. meningiti-
dis strains could produce CC5 variants against which
PsA-TT provides no protection [14, 15]. One instance of
a CC5 NmA strain converting to NmX has been docu-
mented in China [16], illustrating the possibility of cap-
sular switching in this lineage, while also demonstrating
that vaccine escape is not sufficient for a strain to cause
high rates of disease [17].

Meningococcal populations in meningitis belt commu-
nities have been observed to exhibit “clonal waves”,
where previously unobserved strains of N. meningitidis
show rapid increases in rates of carriage and disease,
and then become undetectable in both disease surveil-
lance and carriage studies after a few years [18]. While a
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decade-long longitudinal study has described the genetic
diversity of three successive clonal waves of NmA in a
single community [19, 20], the geographic scale of clonal
wave dynamics is still unclear. At one extreme, clonal
waves could be largely localized, with minimal dispersal
of N. meningitidis between human communities during
a wave; at the other extreme, the clonal wave could in-
volve a nation-wide population of N. meningitidis with
frequent transmission between human communities.
Phylogenetic analysis based on whole genome sequence
data is capable of distinguishing geographic subpopula-
tions of N. meningitidis during nationwide epidemics in
Burkina Faso [21], but evaluating the stability of geo-
graphic subpopulations requires geographically diverse,
multi-year strain collections.

The NmX and NmW outbreaks in Burkina Faso were
each preceded by low rates of carriage and disease for
the respective serogroups [2, 3], and clonal waves could
have been initiated by introduction of a strain from an-
other country in the meningitis belt, where both CC181
NmX and CC11 NmW have been detected since the
1990s [21, 22]. CC181 NmX isolates from Africa col-
lected prior to 2010 fall into two phylogenetic groups
[22]. Meanwhile, CC11 NmW isolates from Africa be-
long to several subclades within a globally distributed
CC11 NmW clade [21, 23]. The CC11 NmW isolates
collected in Burkina Faso during 2011 and 2012 have
been shown to descend from the strain identified during
the Hajj-related outbreak of 2000, which also included
isolates collected in Mali during 2012 and Niger during
2015 [5, 21].

Here, we describe a convenience sample of isolates
collected from cases of invasive meningococcal disease
by the Burkina Faso national surveillance system be-
tween 2008 and 2012. MLST and serogrouping were per-
formed to assess the frequency of capsular switching
among CC5 isolates, and show occurrence of clonal
waves. To explore the stability of geographic subpopula-
tions during clonal waves of N. meningitidis, we applied
a spatiotemporal analysis to the phylogenetic relation-
ships among NmX isolates collected during and after the
2010 epidemics, as well as among the NmW isolates col-
lected before and during the 2012 epidemics.

Methods

Isolate collection

The primary isolate collection (n =236) originated from
the Burkina Faso national surveillance network (Table 1).
The isolates were collected through convenience sam-
pling and limited to those for which the originating
health district was documented. The isolates came from
37 of 63 (59%) health districts in Burkina Faso,
representing 10 of 13 administrative regions (77%)
(Fig. 1). N. meningitidis identification was confirmed
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Table 1 Molecular typing of meningococcal isolates according
to year, grouped by serogroup and clonal complex

2008 2009 2010 2011 2012 Total
NmA, CC5 (total)® 38 2 2 1 43
P1.20,9: F3-1: ST-2859° 36 1 2 1 40
P1.20,9: F3-1: ST-7 1 1
P1.20,9: F3-1: ST-9752 2 2
NmW, CC11 (total) 18 110 128
P1.52: F1-1: ST-11 17 106 124
P1.5,2: F6-3: ST-11 1
P1.5,2: F1-1: ST-2961 1 1
P1.5,2: F1-1: ST-9766 3 3
NmW, CC175 (total) 1 2 3
P1.5-1,2-36: F5-1: ST-8638 1 1
P1.5-1,2-36: F5-1: ST-9357 1 1
P1.5-1,2: F5-1: ST-9357 1 1
NmX, CC181 (total) 26 17 18 61
P1.5-1,10-1: F1-31: ST-181 24 10 18 52
P1.5-1,10-1: F5-69: ST-181 2 7 9
NmY, CC23 (total) 1 1
P1.5-1,2-2: F5-8: ST-4375 1 1
Total 38 2 29 36 131 236

“Numbers in bold are total counts for each group
PMolecular typing results are PorA type, FetA type, and Sequence Type

using species-specific real-time PCR, while serogroup
was identified using slide agglutination and confirmed
using real-time PCR [24].

An additional 20 NmX isolates were included to pro-
vide phylogenetic context (Fig. 2). These were obtained
either from the former WHO Collaborating Centre in
Marseille, or from Burkina Faso laboratories without
documentation of the originating health district.

Genome sequencing

Draft genome sequences were generated for 193 isolates
from 250 base pair (bp), paired-end read data generated
by an Illumina HiSeq 2500 (CDC Biotechnology Core
Facility) as previously described [25]. Improved assem-
blies were generated for 11 isolates using a Pacific Bio-
sciences (PacBio) RSII sequencer with P4-C2 sequencing
chemistry from 10 kilobase (kb) libraries created with
DNA Template Prep Kit 3.0 and DNA/Polymerase Bind-
ing Kit P6 v2. Reads were assembled using PacBio’s
Hierarchical Genome Assembly Process v3 (HGAP)
(Chin, Nat Methods 2013) where 30 megabases of the
longest corrected reads were used for the initial assem-
bly. Sequences were established to be complete circular
DNA molecules by identifying repeats at the ends of the
single contig, removing the repeat from one end, trans-
ferring sequence from the 3’ to the 5 end, and
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confirming that the manual join point was supported by
remapped reads. Closed contigs were then reoriented so
that the first 5 kb aligned with the beginning of the
FAMI18 reference genome (GenBank Accession:
AM421808.1). Genome sequences were submitted to
NCBI under BioProject PRINA338313.

Molecular typing

For isolates with available whole genome sequence data,
peptides and MLST alleles were identified based on a
BLAST search of the assembled genomes against the
PubMLST allele lists [13]. For isolates without whole
genome sequence data, loci were sequenced and inter-
preted as described by Jolley et al. [26] and Wang et al.
[27]. NadA was categorized by the convention of variant
and peptide identifier [28], while NhbA and FHbp were
identified by PubMLST peptide identifiers.

Phylogenetic analysis

Previously published genomes for the N. meningitidis
ST-11 and ST-181 clonal complexes were downloaded
from the PubMLST web server on April 28, 2016 [13]. A
preliminary phylogenetic tree for the 1052 CC11 NmW
isolates was constructed using RAxML v8.2.4 [29] based
on 13,147 core single nucleotide polymorphisms (SNPs)
identified using kSNP3 (k-mer=25) [30]. All CCI11
NmW isolates from this study belonged to the clade pre-
viously identified among isolates from Burkina Faso and
Mali 2011-2012 (subclade IVa of Retchless et al... [21]);
therefore, the final CC11 phylogeny was limited to the
isolates from this study and an ancestral isolate from the
Hajj-related outbreak strain to use as an outgroup
(M07149). The relationship of these isolates to the col-
lection described by Lucidarme et al [23] is shown in
Additional file 1.

Genomes were aligned to MO07149 (CCl11) and
M22348 (CC181) by first orienting contigs using the
Mauve Contig Mover with then using progressive Mauve
(HMM identity =95%) [31]. The LCBs in the XMFA
alignment file were oriented to match the reference se-
quence, constructing a mask for sites within 5 bases of a
gap character or between gaps less than 30 bases apart.
LCBs less than 5 kb were masked, as were the 50 posi-
tions at the edge of each LCB.

Phylogenetic topology was calculated from the align-
ment without the masked sites, using phyML with 10
random starting points and 100 bootstrap replicates
[32]. The branch lengths of that midpoint-rooted tree
were adjusted to reflect the expected number of point
mutations using ClonalFrameML to identify recombin-
ant regions, using the full alignment with masked sites
[33]. Figures were created by first applying a temporal
constraint to the phylogenies using the QPD algorithm
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within the program LSD version 0.2 [34], then displaying
the phylogeny with iToL [35].

The CC181 NmX core alignment of 93 genomes in-
cluded 1,465,622 nucleotides (67% of M22348) with
9059 polymorphic positions. PhyML estimated kappa
(the transition:transversion ratio) as 5.05. ClonalFra-
meML identified 179 recombination events, estimating
parameters R/theta=0.35 (frequency of recombination
events to point mutation events), nu = 4.7% (mean poly-
morphisms in recombinant tracts), and delta =801 bp
(mean recombination tract length). The CC11 NmW
core alignment of 129 genomes included 1,910,183 nu-
cleotides (88% of M07149) with 5228 polymorphic sites.
PhyML estimated kappa as 4.35, while ClonalFrameML
identified 109 recombination events, estimating parame-
ters R/theta = 0.212, nu = 5.1%, and delta = 621 bp.

Geographic and temporal analysis of phylogenetic
diversity

Geographic and temporal clustering of diversity was
evaluated by comparing the mean diversity within and
between groups of isolates defined by the region and
year in which they were collected (e.g. Nord 2010).

Diversity was calculated as the ClonalFrameML tree dis-
tance. The probability of obtaining lower or equal diver-
sity estimates (p) from random samples of the isolate
collection was calculated by repeating the diversity esti-
mate for 10,000 simulated isolate collections constructed
by permuting the assignment of isolates to groups. For
evaluation of within-group diversity, individual isolates
were randomly assigned to groups, preserving the size of
each group. For evaluation of diversity within regions
across years, isolates from each region were reassigned
as a group to other regions sampled in the same year.
Conversely, for evaluation of diversity within years
across regions, isolates from each year were reassigned
as a group to other years during which the same region
was sampled. Data analysis was performed with SciPy
(version 0.18; E. Jones, E. Oliphant, P. Peterson, et al.
SciPy: Open Source Scientific Tools for Python, 2001
[http://www.scipy.org/]) and BioPython 1.68 [36].

Results

Molecular typing

A total of 236 surveillance isolates were evaluated, be-
longing to four different serogroups and five different


http://www.scipy.org

Retchless et al. BMIC Infectious Diseases (2018) 18:337 Page 5 of 9
a 2 years 1 year
Niger 2606 \_|:.
4‘:{Niger 2006
Niger 2006 ' ]
————Ni 2002 z
Niger 1996 oer
Niger 1998 I
Chad 1997
4‘_[Niger 1998 ————
Niger 1998 ————
Chad 1995 -
Benin 2008 I —
Niger 2006 e
Niger 2005
Niger 2004
Niger 2004
r Niger 2005
— Py
Region of Burkina Faso
(O Boucle du Mouhoun
L —
@ cCentre
. E
() Centre-Est —
@ Centre-Nord § T —%
O Centre-Ouest Niger 2005 %
@ Centre-Sud @
() Est
L
@ Nord ;
() Plateau Central e L
e
. Sahel % —
O Unknown t‘ H—
L§ —o
—0
e r
L © %
4[. |
Q
e
2012 2012

Fig. 2 (See legend on next page.)




Retchless et al. BMIC Infectious Diseases (2018) 18:337

Page 6 of 9

(See figure on previous page.)

guide, indicating the location of 2012

Fig. 2 Phylogenetic relationship among isolates collected in different regions of Burkina Faso according to year. a CC181 NmX collected
2010-2012. b CC11 NmW isolates collected 2011-2012. Colored circles indicate the region of Burkina Faso in which the isolate was
collected. Additional isolates are labeled with country and year of origin, except for isolates from Burkina Faso, which are indicated with a
non-filled circle. The year of isolation is indicated by the position on the horizontal axis. The location of isolates from 2012 is marked at the
bottom, and the range of years represented in the primary isolate collection is marked at the top. A dashed vertical line is included as a

clonal complex (Table 1). Each clonal complex included
a single serogroup. The isolates originated from 10
regions in the Center/North/East of Burkina Faso; Fig. 1
shows the regions from which CC5, CC181, and CC11
isolates originated each year. CC5 NmA isolates were
primarily from 2008, with a few isolates from 2009,
2010, and 2011, and no isolates from 2012. CC181 NmX
isolates were collected between 2010 and 2012. The
CC181 isolates were collected in seven regions during
each of 2010 and 2011, and five during 2012; six regions
contributed CC181 isolates across consecutive years.
CC11 NmW isolates were collected in four regions in
2011 and nine regions in 2012, with four regions con-
tributing isolates in both years.

Evaluation of PorA, FetA, and Sequence Type (ST)
identified several infrequent variants among the isolates
(Table 1). The variation among genes targeted by
protein-based vaccines was examined for the CCS5,
CCl11, and CC181 isolates. Isolates from CC5 were all
identical at these loci, with NadA 2/3.8, NhbA p0126,
and FHbp peptide 5 from subfamily B/v1. All 61 isolates
from CC181 were missing NadA and had NhbA p0359,
while 60 had FHbp peptide 74 and 1 had peptide 932
(both peptides belonging to subfamily B/v1). All 128 iso-
lates from CC11 had NadA 2/3.6 and NhbA p0096,
while 116 had FHbp peptide 9 (subfamily B/v1), 12 had
FHbp peptide 12 (subfamily A/v2-3), and 1 had FHbp
peptide 613 (subfamily B/v1).

Phylogeny of clonal complex 181

Whole genome sequences were obtained for 56 CC181
NmX isolates collected in Burkina Faso, 2010-2012, and
a maximum likelihood phylogenetic analysis was per-
formed to explore geographic and temporal population
structure (Fig. 2a). When isolates from other meningitis
belt countries were included, two major clades were evi-
dent (bootstrap = 100%), as described by Agnememel et
al. [22]. One clade contained isolates from Niger (1997-
2006) and the other contained isolates from Burkina
Faso 2007-2012, with a few isolates collected in Niger
since 2004. The monophyly of the isolates from Burkina
Faso 2010-2012 could not be established, since the
smallest clade that contained all Burkina Faso isolates
from 2010 to 2012 also included the isolates from Niger
2005 and Burkina Faso 2007 with weak support (boot-
strap = 4%).

To explore the geographic and temporal population
dynamics, isolates were categorized according to the
year (2010-2012) and region of Burkina Faso in which
they were collected. The relatedness across regions and
years was then summarized based on the branch lengths
within a recombination-adjusted phylogenetic tree. Pairs
of isolates collected in the same region of Burkina Faso
during a single year were on average more closely related
than pairs of isolates in the collection as a whole (1.55 x
1077 vs. 1.88 x 10”° mutations per site; p = 0.001). When
compared across regions, isolates collected during the
same year were more closely related than isolates collected
across all years (1.65 x 10™° vs. 1.90 x 10~ ® mutations per
site; p =0.021). However, when compared across years,
isolates collected in the same region were not significantly
more closely related to each other than to isolates col-
lected across all regions (1.93 x 10™° vs. 1.99 x 10" > muta-
tions per site; p = 0.346).

The diversity among isolates collected during 2011
was higher (2.02x107° substitutions per site) than
among isolates collected during 2010 (1.75 x 10™ ° substi-
tutions per site) or 2012 (1.12 x 10~ ° substitutions per
site). This is reflected in the phylogenetic topology,
where the isolates from 2012 were largely from a clade
that contained only a single isolate from 2010.

Phylogeny of clonal complex 11

All 128 CC11 NmW isolates from Burkina Faso 2010-
2012 belonged to a clade previously identified from Bur-
kina Faso and Mali during 2011-2012 (subclade IVa of
Retchless et al. [21]). This clade is separate from the Af-
rican isolates described by Lucidarme et al. [23], al-
though one isolate collected in France during 2014
belongs to the clade (Additional file 1).

The smallest clade that includes all isolates from 2012
also includes all isolates from 2011 (Fig. 2b). The cluster-
ing of isolates within the phylogeny is reflected in the re-
gion from which they were collected. Isolates collected
in the same region in the same year had lower mean di-
versity than the collection as a whole (1.57x10 >
substitutions per site vs 1.85x 10”° substitutions per
site; p < 0.0001). When compared across regions, isolates
collected during the same year were slightly more closely
related than isolates collected across all years (1.72 x 10~ >
vs. 1.84 x 10”° mutations per site). For this comparison, a
meaningful p-value cannot be calculated because the
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observed diversity (1.72 x 10”° mutations per site) is the
lowest among the 16 possible permutated assignments of
isolates to years in the four regions that had isolates in
both 2011 and 2012. When compared across years, iso-
lates collected in the same region were slightly more
closely related to each other than to isolates collected
across all regions (2.07 x 107> vs. 2.30 x 10”° mutations
per site; p = 0.150).

Discussion

Following the introduction of PsA-TT to Burkina Faso
in 2010, serogroup A disease was greatly reduced [2].
The isolate collection described here reflects this reduc-
tion and furthermore provided no indication of capsular
switching, since isolates from each clonal complex
belonged to a single serogroup (Table 1). Consequently,
the abundance of CC5 isolates in the surveillance collec-
tion was reduced along with the serogroup A reduction,
and no CC5 isolates were identified in 2012. Instead,
most of the 193 non-serogroup A isolates belonged to
two clonal complexes that have been associated with ep-
idemics in 2010 (CC181, NmX) and 2012 (CCl1,
NmW). The predominance of these lineages in this iso-
late collection is consistent with surveillance reports
showing that serogroups A, W, and X accounted for the
vast majority of meningococcal disease cases in Burkina
Faso between 2008 and 2012 [2, 37]. Other clonal com-
plexes are also known to cause disease in Burkina Faso,
including CC23 (NmY) and CC175 (NmW) that were
identified in this isolate collection, and CC167 (NmY)
and CC192 (nongroupable) that were identified among
Burkina Faso isolates collected from 2004 to 2010 [38].

Both NmX and NmW disease cases continue to be re-
ported in Burkina Faso and other countries of the men-
ingitis belt [6], with NmC recently emerging as a
substantial cause of disease, particularly in Nigeria and
Niger [5]. While polysaccharide-based vaccines either
exist or are in development for these serogroups,
protein-based vaccines may also provide protection
against disease if the targeted surface proteins are
expressed. The CC181 NmX and CC11 NmW isolates
collected from Burkina Faso from 2010 to 2012 all
encoded vaccine antigens that are targeted by two com-
mercially produced protein-based serogroup B meningo-
coccal vaccines [10]. The components of these vaccines
could form the basis for future serogroup-independent
vaccines that could be used in Africa [11].

Both the CC181 NmX and CCl1l1 NmW isolates
formed phylogenetic clades with low diversity, yet geo-
graphic population structure among the isolates could
still be detected based on the phylogenetic relationships
that were inferred from whole genome sequence data
(Fig. 2). For each clonal complex, isolates collected dur-
ing the same year in a single region had lower sequence
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diversity than was measured among the total collection
of isolates belonging to that clonal complex (after prop-
erly weighting homologous recombination events). The
reduced diversity indicates that over short time scales,
transmission of N. meningitidis is primarily within geo-
graphically limited human populations. However, the
current analysis cannot discern whether closely related
isolates are recovered from cases spread across a region
or are only found on smaller scales, such as within
sanitary districts or among close contacts. Over multiple
years, isolates collected during the same year across dif-
ferent regions were more similar than isolates collected
in the same region across different years. This suggests
that meningococcal strains readily move between regions
of Burkina Faso over the course of a few years. Further-
more, the changes to geographic populations over years
suggests that clonal waves may include the successive re-
placement of strains by close relatives, rather that the es-
tablishment of geographically stable multi-year
populations. The identification of strain replacement
among these invasive N. meningitidis strains in Burkina
Faso is primarily limited by the irregular geographic dis-
tribution of isolates in this collection, which resulted in
only a few regions being represented by isolates of the
same clonal complex in multiple years. An additional
limitation is the short span of years represented by the
CC181 NmX and CC11 NmW isolates.

For both CC181 and CCl11, the phylogenetic analysis
indicated that the strains evaluated here had diverged
prior to the first year that they were identified in Bur-
kina Faso [7, 8, 21]. The CC181 isolates collected in Bur-
kina Faso starting in 2010 included two major
phylogenetic branches that likely shared a common an-
cestor before or during 2005, based on the inclusion in
that clade of an isolate from Niger collected in 2005.
The ancestry of the CC11 isolates is less clear due to the
absence of older isolates belonging to the clade. How-
ever, the diversity of isolates from 2012 indicates that
their most recent common ancestor pre-dated 2011,
when the clade was first identified in Burkina Faso.
These results indicate that the N. meningitidis popula-
tions that cause epidemics are likely present for several
years in Burkina Faso or neighboring countries, rather
than emerging from a single clonal introduction into the
country near the onset of the epidemic.

Conclusions

Following the elimination of serogroup A N. meningiti-
dis disease epidemics in Burkina Faso, two recent epi-
demics in Burkina Faso were caused by pathogen
populations exhibiting small amounts of genotypic vari-
ation. Whole genome sequencing data included suffi-
cient diversity to identify geographic structure within
clonal N. meningitidis populations. Sampling of NmX
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isolates over multiple years indicated mixing of the
NmX population between different regions and potential
strain replacement within some regions. Expanded sur-
veillance of N. meningitidis disease in the African men-
ingitis belt is providing a broad understanding of how N.
meningitidis epidemiology is changing in response to
PsA-TT vaccination. Analysis of the genomic diversity of
surveillance isolates obtained by annual, geographically
representative collections can elucidate pathogen dis-
semination at the scale of both countries and continents
and generate hypotheses regarding both the genetic and
epidemiological contributors to disease risk.

Additional file

Additional file 1: (PDF) Unrooted phylogeny of international NmwW
CC11 isolates. The 128 isolates from this study are identified by black
squares, the Hajj-related outbreak isolate is identified by a black star, and
the remaining 470 isolates are identified according to the categories de-
fined by from Lucidarme et al. [23]. Arrows mark isolates that are not in
the same category as the most closely related isolates: the Hajj-related
outbreak isolate (M07149) and an "Anglo/French Hajj strain” isolate col-
lected in France during 2014 (M14 240,446). The tree is scaled by the
number of parsimonious substitutions per branch, identified by kSNP3.
Branches with bootstrap support < 70% have been deleted. (PDF 33 kb)
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