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Resolution of a Protracted Serogroup B Meningococcal Outbreak with
Whole-Genome Sequencing Shows Interspecies Genetic Transfer

Robert M. Mulhall,® Carina Brehony,”* Lois O’Connor,® Kenneth Meyler,? Keith A. Jolley,® James Bray,® Desiree Bennett,?
Martin C. J. Maiden,? Robert Cunney?

Irish Meningitis and Sepsis Reference Laboratory, Temple Street Children’s University Hospital, Dublin, Republic of Ireland®; Department of Zoology, University of Oxford,
Oxford, England, United Kingdom®; Department of Public Health, HSE East, Dr Steevens’ Hospital, Dublin, Republic of Ireland®

A carriage study was undertaken (n = 112) to ascertain the prevalence of Neisseria spp. following the eighth case of invasive
meningococcal disease in young children (5 to 46 months) and members of a large extended indigenous ethnic minority
Traveller family (n = 123), typically associated with high-occupancy living conditions. Nested multilocus sequence typing
(MLST) was employed for case specimen extracts. Isolates were genome sequenced and then were assembled de novo and
deposited into the Bacterial Isolate Genome Sequencing Database (BIGSdb). This facilitated an expanded MLST approach
utilizing large numbers of loci for isolate characterization and discrimination. A rare sequence type, ST-6697, predomi-
nated in disease specimens and isolates that were carried (n = 8/14), persisting for at least 44 months, likely driven by the
high population density of houses (n = 67/112) and trailers (n = 45/112). Carriage for Neisseria meningitidis (P < 0.05) and
Neisseria lactamica (P < 0.002) (2-sided Fisher’s exact test) was more likely in the smaller, more densely populated trailers.
Meningococcal carriage was highest in 24- to 39-year-olds (45%, n = 9/20). Evidence of horizontal gene transfer (HGT) was

observed in four individuals cocolonized by Neisseria lactamica and Neisseria meningitidis. One HGT event resulted in the
acquisition of 26 consecutive N. lactamica alleles. This study demonstrates how housing density can drive meningococcal
transmission and carriage, which likely facilitated the persistence of ST-6697 and prolonged the outbreak. Whole-genome
MLST effectively distinguished between highly similar outbreak strain isolates, including those isolated from person-to-
person transmission, and also highlighted how a few HGT events can distort the true phylogenetic relationship between

highly similar clonal isolates.

Neisseria species, most of which reside in the nasopharynx, are
considered harmless human commensal bacteria with two
important exceptions: Neisseria gonorrhoeae, which inhabits the
urogenital tract, and Neisseria meningitidis, a commensal bacte-
rium which very rarely invades the nasopharyngeal epithelia and
causes life-threatening septicemia and less frequently meningitis.
In common with most countries worldwide, in the Republic of
Ireland (Rol), invasive meningococcal disease (IMD) is legally
notifiable (1). The Rol continues to experience an elevated rate of
IMD relative to the rest of Europe despite the declining incidence
observed over the last decade (1, 2). The majority of IMD is spo-
radic, with incidence in 2014 of 1.79/100,000 and 1.44/100,000
(80%) for serogroup B (3). As elsewhere, clusters are reported
occasionally, typically in densely populated living environments
such as military or university dormitories, with the protracted
Princeton University outbreak, where the outbreak strain be-
longed to the hyperinvasive ST-41/44 clonal complex (cc), repre-
senting one such recent example from the United States (4).

Meningococcal populations are composed of multiple distinct
lineages known as clonal complexes, according to the globally ac-
cepted bacterial typing paradigm, multilocus sequence typing
(MLST) (5). Lineages consist of many highly similar strains, or
sequence types (STs), which arise as a consequence of both clonal
decent and the high rates of horizontal gene transfer (HGT) ob-
served in meningococci (6, 45).

Meningococcal disease rates vary with age, with incidence rates
peaking and declining within the first year of life until the mid to
late teenage years when a second smaller incidence peak is ob-
served (7), concomitant with the highest rates of carriage (8) and
possibly a consequence of increased social activity. Many risk fac-
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tors for IMD have been reported, such as complement cascade
deficiencies, smoking, and socioeconomic status (9—11). The most
important factor is the frequency and closeness of social contacts.

Endemic strain disease incidence can be controlled by vaccines
targeting the polysaccharide that defines the meningococcal sero-
group, with the important exception of serogroup B, which is
poorly immunogenic in humans (12). Close contacts of individu-
als with IMD are typically offered chemoprophylaxis to reduce the
occurrence of secondary cases. The National Guidelines for the
Early Clinical and Public Health Management of Bacterial Men-
ingitis define an outbreak of meningococcal disease as “a mini-
mum of four cases of definite meningococcal disease within a
3-month interval, or 40/100,000 in any age group in a 3 month
period, in a geographical area that makes epidemiological sense
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AND where available microbiological characterization of the or-
ganism is the same” (13).

Meningococcal outbreaks are less frequently observed than in-
stances of endemic sporadic disease and tend to occur in environ-
ments where population densities are high, facilitating increases in
both transmission rates and carriage and increasing the likelihood
of persistent carriage.

Between March 2010 and November 2013, eight cases of IMD
occurred in young children (5 to 46 months), who were members
of an extended Irish Traveller family. Irish Travellers exhibit a
unique culture and lifestyle (14), and as an indigenous minority,
they experience social and cultural marginalization (15). No stud-
ies describing meningococcal disease outbreaks in a Traveller
population have been reported previously. One month after the
final case, a carriage study was undertaken to ascertain meningo-
coccal prevalence. We present the molecular typing results of dis-
ease and carriage isolates, characterized by whole-genome se-
quencing (WGS), as an exemplar demonstrating how housing
density can drive meningococcal carriage and facilitate persis-
tence. In compliance with the National Guidelines and paralleling
the Princeton experience, chemoprophylaxis was administered to
close contacts following each case, but this failed to clear the out-
break strain from carriage in the larger network. Both outbreaks
were controlled but only following mass chemoprophylaxis and
simultaneous vaccination.

MATERIALS AND METHODS

Cohort. This extended family lived in three separate midland towns, ei-
ther in town housing or in trailers. Community members (n = 123) were
invited to special outbreak control clinics; 112 choose to attend. The over-
all community size is somewhat larger (approximately 140 people) as
some members were in other parts of Ireland or the UK and were unavail-
able to attend the clinics.

Bacterial isolates and extracts. The presence of N. meningitidis DNA
was confirmed by real-time PCR (16) in specimen extracts from individ-
uals with suspected IMD (1 = 8, blood or cerebrospinal fluid [CSF]) and
characterized using MLST (5, 17) and also PorA (18) and FetA (19) vari-
able region (VR) typing. Two cases (B and H) yielded an N. meningitidis
isolate which, together with the N. meningitidis isolates cultured from
carriage (n = 14), was further characterized by serotyping (20), geno-
grouping (21), and multilocus restriction typing (MLRT) (22).

N. meningitidis carriage prevalence was evaluated by collecting anony-
mized pharyngeal swabs from 112/123 family members who attended
special outbreak control clinics in December 2013. Specific demographic
data were collected, including age, housing type, and housing occupancy.
Pharyngeal swabs were cultured for Neisseria spp. The presence of menin-
gococcal nucleic acid was investigated from swab head solutions using a
ctrA/porA duplex real-time N. meningitidis-specific PCR assay (16).

Whole-genome sequencing. Genomic DNA was purified using the
Wizard kit (Promega) according to the manufacturer’s instructions. DNA
quantity was assessed using the Qubit device (Life Technologies). DNA integ-
rity was checked using 1% agarose gel (Promega). Genomic DNA from case
and pharyngeal carriage isolates were sequenced on an Illumina HiSeq
sequencer (Wellcome Trust Center for Human Genetics, University of
Oxford, UK). The resulting short-read sequences were assembled de novo
using the VelvetOptimiser algorithm (23) as part of an in-house pipeline
developed in Oxford and then added to the publicly accessible Neisseria
PubMLST website (24) (http://pubmlst.org/neisseria/), which uses the
Bacterial Isolate Genome Sequence Database (BIGSdb) platform (24).

Data analysis. The BIGSdb Genome Comparator tool was used to
investigate the relationships among the isolates. A specified set of loci
among the isolates was compared, generating a matrix of allelic related-
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ness, which resolved isolates into a phylogenetic network using the Neigh-
bor-Net algorithm (25) viewed in SplitsTree4 (26).

To verify that the assembled N. meningitidis sequences appearing to
contain recombinant fragments from Neisseria lactamica were not due to
contamination and/or misassembly, the short-read mapping programs
Bowtie (27) and SRST2 (28) were used. R version 3.2.0 was used for both
statistical analyses and the Venn diagram, using the “venn” function from
the “gplots” package (www.r-project.org).

RESULTS

Molecular typing results of suspected IMD cases. Real-time PCR
confirmed the presence of both meningococcal DNA and sero-
group B capsular polysaccharide synthesis genes in all case-asso-
ciated specimens received in the Irish Meningococcal and Menin-
gitis Reference Laboratory (IMMRL). Case B and H isolates were
identified as B:4:P1.7-2,4:ST-6697(cc41/44) with FetA VRs F1-21
and F5-12, respectively (Table 1). Case C and E isolates were iden-
tified as ST-6697(cc41/44). Incomplete MLST profiles were ob-
tained for cases A (aroE and pgm) and F (abcZ and pgm) but were
identical at the typed loci to those in the outbreak strain ST6697
(Table 1). All six strains shared the PorA VR type P1.7-2,4. A
comparison of the ST6697 strains from this outbreak and the
cc41/44 invasive isolates in the Meningitis Research Foundation
Meningococcus Genome Library (MRF-MGL) revealed the rare
nature of this ST, where all outbreak-related isolates clustered
together and branched off a clade composed of ST154 or ST154
variants (Fig. 1).

Carriage: age and dwelling types. Pharyngeal swabs were ob-
tained from 112 family members, yielding 14 cultures of N. men-
ingitidis. One further N. meningitidis-positive carrier was identi-
fied by real-time PCR of swab head solutions, resulting in a
carriage rate of 13.4% (n = 15/112) (29) (Table 2). N. lactamica
was isolated from 31.25% (n = 35/112) of pharyngeal swabs, and
Neisseria mucosa was isolated once (0.9%). Both N. meningitidis
and N. lactamica were isolated from 3.6% (n = 4/112) of individ-
uals. The age distribution of this family was notable in that 66%
were younger than 20 years of age (52.2% for the general Traveller
population [n = 29,573] and 27.2% for the general Irish popula-
tion [2011 census data]).

The majority of N. meningitidis isolates (n = 10/15) were ob-
tained from adults between 25 and 39 years of age (45% carriage,
n = 9/20), 3 were from 14- to 19-year-olds (17.6% carriage, n =
3/17), and 2 were from children younger than 9 years of age (5.3%
carriage, n = 2/38) (Fig. 2). N. lactamica isolates (n = 35) were
obtained mostly from 0- to 9-year-olds (55.3% carriage, n = 21/
38), 5 were from 15- to 19-year-olds (29.4% carriage, n = 5/17),
and 5 were from those 25 years and older (25% carriage, n = 5/25)
(Fig. 2).

The average occupancy for those living in houses (n = 67)
was 6.7 people with carriage rates of 7.5% (n = 5/67) and 19.4%
(n = 13/67) observed for N. meningitidis and N. lactamica, re-
spectively. Higher carriage rates of 22.2% (n = 10/45) for N.
meningitidis and 48.9% (n = 22/45) for N. lactamica were ob-
served in trailers (n = 45), where the average occupancy was 7.2
people per dwelling. An overall effect of housing type for the
carriage of N. meningitidis (P < 0.05) and N. lactamica (P <
0.002) (2-sided Fisher’s exact test) was observed. The effect of
housing type and age-specific carriage was also investigated for
both species (see Table S1 at http://imsrl.zohosites.com/files
/Suplemental_Materials_MulhallRM_JCMO00881-16.pdf). In
general, carriage was more likely in trailers than in houses.
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TABLE 1 Associated epidemiological information and typing results for the eight outbreak cases

Results for case:

Characteristic A BY C D E F G H*
Associated patient information
Received date (day/mo/yr) 09/03/2010 22/11/2010 10/03/2011 06/01/2012 21/03/2013 30/04/2013 13/06/2013 28/11/2013
Age (mo) 6 5 5 10 15 46 9 6
Town A A A B A A B A
Lineage typing
abcZ 3 3 3 4 3 3
adk 6 6 6 5 6 6 6
aroE 9 9 2 9 9 9
fumC 24 24 24 24 24 24
gdh 11 11 11 11 11
pdhC 6 6 6 6 6 6
pgm 9 9 20 9 9
MLST 6697 6697 6697 6697
Clonal complex 41/44 41/44 41/44 41/44 41/44 41/44
rplF 8 8
Antigen typing
PorA type P1.7-2,4 P1.7-2,4 P1.7-2,4 P1.7-2,4 P1.7-2,4 P1.7-2,4
FetA type F1-21 F1-21 F5-12 F5-12 F5-12
fHbp peptide 4 4
NHBA peptide 607 Absent

@ Cases B and H yielded an isolate on culture, while cases A, C, D, E, F, and G yielded CSF or blood extracts only.

b NadA was absent in both case B and H isolates.

Dwelling density as a factor for carriage was also explored.
Those dwelling in homes with =8 people were more likely to
carry N. lactamica (odds ratio [OR], 3.79; 95% confidence in-
terval [Clys], 1.44 to 9.94; P = 0.005), while a similar but
weaker effect was observed for N. meningitidis (OR, 3.26; Clgs,
0.84 to 12.63; P = 0.067). Age-specific dwelling density was
explored for both N. meningitidis and N. lactamica, where gen-
erally carriage was more likely for those in a dwelling with
=8 occupants (see Table S2 at http://imsrl.zohosites.com
/files/Suplemental_Materials_MulhallRM_JCMO00881-16
.pdf). Higher average bedroom occupancies were observed for
trailers (n = 4.49 people) than for houses (n = 1.95 people). As
bedroom occupancy increased, carriage rates for both N. men-
ingitidis and N. lactamica also increased (see Table S3 at http:
/limsrl.zohosites.com/files/Suplemental_Materials_MulhallRM
_JCM00881-16.pdf).

The high meningococcal carriage (45%, n = 9/20) in the 25- to
39-year-olds may be a consequence of the especially crowded liv-
ing conditions experienced by several individuals in this age
group. Positive carriers (n = 9) and negative carriers (n = 11) had
average occupancies per dwelling of 8.1 people and 5.2 people,
respectively, and average per bedroom occupancies of 4.7 people
and 2.1 people, respectively.

Although a likely confounding factor, smoking could not be
considered because data on smoking were not collected. It should
be noted that carriage studies are point estimates of carriage and
may or may not be representative of carriage rates over longer
periods of time. Care must be exercised when inferring from the
associated data collected, as living arrangements may also be sub-
ject to variations over time. Further, several of the cohort had been
offered chemoprophylaxis in the previous 4 months (n = 39/112).

Meningococcal sequence types carried. The 14 N. meningiti-
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dis isolates cultured that were carried included 12 serogroup B
isolates; 8 were identified as B:P1.7-2,4:ST-6697(cc41/44), the
outbreak strain. Five clonal complexes were represented among
the isolates carried (Fig. 3). Five of the eight ST6697 isolates were
from individuals aged 24 to 34 years. Seven ST6697 isolates were
recovered from individuals living in trailers (n = 7/45).

Comparison of ST6697 isolates. The relatedness of 11 ST6697
isolates, based on an allele-by-allele comparison of the core N.
meningitidis genome (1,605 loci), was determined (Fig. 4). This
included eight carriage isolates (December 2013), outbreak case B
and H isolates (November 2010 and 2013, respectively), and one
ST6697 isolate from an individual from the general population
living in town B and predating the outbreak (February 2009). The
latter isolate differed from the case B isolate at 41/1,605 loci, and
both isolates were more related to each other than to the other
meningococcal isolates. Carriage isolate M1 showed the greatest
similarity to the most recent invasive isolate, case H, differing at
13/1,605 core loci (0.8%), representing 49 nucleotide differences.
This very likely represents direct transmission among family
members of the same strain that caused invasive disease 1 month
earlier. Isolates M2, M13, and M34 represent three variants of
another meroclone, grouped very closely to each other but not to
any other isolates, again representing direct person-to-person
transmission.

Case B and H isolate comparison. Whole-genome MLST
comparison of isolates from case B (March 2010) and case H (No-
vember 2013) revealed that 8.5% of alleles were dissimilar (163/
1,887), with 71.8% (117/163) of this allelic variation found in the
core genome. Eight regions that had five or more consecutive vari-
ant alleles were identified, suggesting that these alleles were im-
ported by HGT. Many of these alleles encoded gene products with
known or presumptive metabolic functionality. The largest region
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' ST-1194

FIG1 (A) Depiction of genetic relatedness based on a core genome allele by allele comparison of all ST-41/44 complex meningococci (# = 513) in the Meningitis
Research Foundation Meningococcus Genome Library, representing all invasive isolates from the United Kingdom and Ireland. Outbreak isolates are highlighted
in the light blue oval. (B) Individual cluster of 112 ST-154/ST-1194 meningococci, including variants. Highlighted are 11 ST-6697 strains (blue oval) including
carried strains (n = 8, purple triangles) and invasive strains (n = 3, circles). An example of ST-6697 from the general population is indicated by the green circle,
and cases B and H are represented by orange circles. Scale bars represent the counts of the observed differences at the 1,605 alleles compared. (C) Enlarged blue
oval from panel (B) with 11 outbreak-related meningococcal highlighted as before.

contained 26 loci (NEIS2124 to NEIS2153) and, on the basis of
sequence comparison, was likely imported from cc162 meningo-
cocci (data not shown).

Interspecies recombination. N. meningitidis and N. lactamica
were cocultured from pharyngeal swabs on four occasions. Pha-
ryngeal swabs M31, M35, M45, and M46 were volunteered by
individuals dwelling in trailers, who were aged 32, 25, 6, and 3, and
years, respectively. ST6697 isolates from pharyngeal swabs M45
and M46 were comparatively dissimilar to the other contempora-
neously isolated meningococcal ST6697 strains as a result of co-
colonization and HGT with N. lactamica (Fig. 4).

A whole-genome comparison (1,887 loci) of two N. lactamica
isolates (ST10984) and two meningococcal isolates (ST6697) cul-
tured from their respective pharyngeal swabs was undertaken
(Fig. 5). The two N. lactamica isolates shared alleles at 1,856 of
1,887 loci (98.36%). Similarly, the meningococcal isolates shared
alleles at 1,759 of 1,887 loci (93.2%). All four isolates shared iden-
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tical alleles at 15 loci. Meningococcal isolate M45.2 contained 34
and 33 alleles that were identical to those in N. lactamica isolates
M45.1 and M46.2, respectively. Meningococcal isolate M46.3
shared 61 identical alleles each with N. lactamica isolates M45.1
and M46.2. For comparison, the next most closely related ST6697
isolate to M46.2, the carried isolate M35.1, shared seven alleles
with it. Shared alleles among M45.1, M45.2, M46.2, and M46.3
included the iron acquisition gene, fetA (F5-43), a transferrin
binding protein, tbpB, and a prepilin peptidase, pilD. Many of
these shared alleles were observed adjacent to each other in the
meningococcal genomes, suggesting acquisition via HGT.
Short-read mapping-based sequence assembly tools Bowtie
and SRST?2 verified that neither contamination nor misassem-
bly was the cause of this higher than usual sharing of alleles
among the species.

Nineteen N. lactamica isolates were genome sequenced; 16 of
these were identified as ST10984 and shared between three and
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Resolving an N. meningitidis Outbreak

five identical alleles with both the invasive ST6697 isolates and
the four carried meningococcal ST6697 isolates not found co-
colonizing with N. lactamica. All four cocolonizing ST6697 isolates
contained a greater number of shared alleles (see Fig. S1 at http:
//imsrl.zohosites.com/files/Suplemental_Materials_MulhallRM
_JCMO00881-16.pdf). Together these isolates likely represent donor
and recipient strains before and after HGT.

DISCUSSION

Although rare in many settings, meningococcal serogroup B out-
breaks can be both protracted in nature and highly variable in
scale, some prompting the vaccination of millions of individuals,
for example, the experiences in New Zealand (30), Chile (31),
Cuba (32), and Norway (33). Outbreaks have been described in
institutional settings, and these too can be protracted; for exam-
ple, an outbreak in a créche in Warwickshire, UK, lasted 4 months
and was caused by B:ST-1194(cc41/44) meningococci (34). Other
high-risk settings include military camps and universities, exem-
plified by the recent outbreak at Princeton, where the outbreak
strain (B:ST-409:cc41/44) persisted for 12 months and spanned
two academic years. In the current outbreak, the ST-6697 out-
break strain persisted in the Traveller cohort for at least 44
months, and 1 month after the final case, significantly higher car-
riage rates of N. meningitidis and N. lactamica were observed in the
inhabitants of the trailers, which were more densely populated.
This is consistent with many observations made since Glover de-
scribed a meningococcal epidemic in 1917 at “X” Depot where, as
the number of cases increased over the winter months, carriage
rates increased dramatically (35). After the number of military
personal beds per barrack room was decreased, the epidemic was
much less severe 1 year later as this intervention impacted the
carriage of and disease caused by the meningococcus (35).

In the Traveller cohort investigated here, the high carriage rates
presumably facilitated persistence of the outbreak strain and sub-
sequent transmission to infants and young children. The high
compliance for chemoprophylaxis and vaccination (Bexsero) (36)
probably cleared the strain, as no new cases have occurred since
November 2013. It is known that chemoprophylaxis can prevent
secondary cases, but controlling such outbreaks effectively re-
quires mass chemoprophylaxis and simultaneous vaccination to
protect individuals should chemoprophylaxis fail to purge the
strain from the larger network. Before these measures can be im-
plemented, the outbreak must first be recognized, which ideally
requires real-time high-resolution characterization of IMD case
isolates and a rapid and reproducible way of relating isolates to
each other and to endemic disease strains. Specific national rec-
ommendations for high-risk groups might also be conducive to
early outbreak recognition.

Conventional MLST, augmented by antigen typing (porA and
fetA), has sufficient discriminatory resolution for both national
and international epidemiological analysis and has been routinely
implemented (37). However, isolates from outbreaks are typically
indistinguishable by this approach, given the short periods of time
involved to accumulate variation, and so this scheme is less useful
for understanding the epidemiology of very closely related iso-
lates. The application of WGS data allows the expansion of the
MLST principle (38) to include more genes, for example, the core
meningococcal gene scheme (1 = 1,605) (39). This provides high
discrimination and greater robustness for epidemiological analy-
sis. The present study illustrates the capacity of core genome
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FIG 2 Culture results of 112 swabs volunteered by extended Traveller family members by age group (A) and by age group and housing types, house (B)

and trailer (C).

MLST (cgMLST) to unambiguously resolve a group of extremely
similar outbreak strain isolates, including those recovered from
person-to-person transmission. Consequently, whole-genome
MLST may be applied to investigate the transmission dynamics of
pathogenic bacteria in human cohorts. For example, the elucida-
tion of transmission chains among permanent hospital staff may
provide an opportunity for intervention, by revealing how staff or
their working environments facilitate the persistence of antimi-
crobial-resistant strains and their subsequent transmission to pa-
tients.

Horizontal gene transfer (HGT) is common among meningo-

cc22

cc1157

cc461

FIG 3 Neighbor-Net diagram of the 14 isolates recovered from nasopharyn-
geal swabs, generated from 1,605 core meningococcal genes. Included are eight
ST-6697 isolates (cc41/44), three cc269 isolates, and one isolate each from
cc22, cc461, and cc1157.
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cocci, and its complicating effects on strain characterization have
long been recognized (6, 39). Evidence of inter- and intraspecies
HGT can be observed by the differential allele frequencies that
exist within and among different Neisseria species (http://pubmlst
.org/neisseria/). In addition, shared nucleotide sequence poly-
morphisms are present in numerous loci, including those encod-
ing certain common antigenic loci such as the typing target FetA
(40). Here we observed inter- and intraspecies HGT, including
extensive introgression from an N. lactamica strain to a meningo-
coccal strain present in the same individual. This is, to our knowl-
edge, the first in vivo example of interspecies recombination and
demonstrates how extensive HGT can be. At least 3% of the nu-
cleotide content of the introgressed meningococcus isolate M46.3
had been replaced with N. lactamica DNA, including a large single
event which contained 26 newly acquired alleles. This demon-
strates that care is required in the investigation of outbreaks
caused by highly recombinogenic organisms, as many genetic dif-
ferences can be introduced rapidly by a few HGT events. Under-
standing the nature of genetic variation among such isolates is
therefore important. Alleles can vary by a single nucleotide, which
is likely the consequence of point mutation, whereas multiple nu-
cleotide differences are likely the consequence of HGT with a dif-
ferent strain or species. Allelic variation may occur from nucleo-
tide insertions/deletions resulting from HGT with sister cells,
which was commonly observed among the ST6697 carried isolates
that were studied here.

The study further demonstrated the effect of housing density
on the carriage of N. meningitidis and N. lactamica and the way
that high carriage facilitated strain persistence. It also emphasized
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FIG 4 Neighbor-Net diagram depicting genetic relationships of ST-6697 isolates generated from an allele-by-allele comparison of 1,505 core meningococcal
genes. Carried strains recovered from throat swabs volunteered by the family members in December 2013 (n = 8, triangles) and case isolates B and H (circles).
Also included is a single example of an ST-6697 meningococcus from a historical IMD case with an address in one of the towns where the family members reside

(town B), isolated 13 months prior to the start of the outbreak (green bar).

the utility of WGS to augment conventional MLST typing and
unambiguously discriminate extremely closely related isolates and
illustrated the potential effectiveness of cgMLST as a novel public
health tool for early outbreak detection. As this level of strain
characterization becomes routine, further examples of HGT
among Neisseria species will emerge. Understanding the dynamics
of the antigenic surface structure exchange between Neisseria spe-
cies has potential consequences for vaccine design and postimple-
mentation monitoring, especially since the relationships between
commensal bacteria and pathogenic species are poorly under-
stood. N. lactamica carriage peaks in the first years of life when it is
inversely correlated with low N. meningitidis carriage (41). Car-
riage of N. lactamica has also been demonstrated to confer protec-
tion against the development of IMD (42). Currently licensed me-

Neisseria lactamica Neisseria meningitidis
AN ) /‘\\
N L -
M46.2 M46.3
M451 e g M452

‘/1780 T s
29 | ﬂ 11

FIG 5 Venn diagram of a whole-genome MLST comparison (loci, 1,887)
showing shared alleles for N. meningitidis (M46.3 and M45.2) and N. lactamica
(M45.1 and M46.2) isolates from nasopharyngeal carriage in two individuals.
Cocolonizing isolates M45.1 and M45.2 shared 34 alleles while cocolonizing
isolates M46.3 and M46.2 shared 61 alleles.
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ningococcal serogroup B substitute vaccines, the four-component
vaccine Bexsero (36) and the bivalent Trumenba (43), utilize an-
tigens which exhibit evidence of frequent interspecies HGT with
commensal Neisseria (44), with the exception of the PorA compo-
nent (Bexsero) which is unique among nasopharyngeal Neisseria
species to the meningococcus. Neisserial heparin-binding antigen
(Bexsero) is common to several Neisseria species, including N.
lactamica (44).

In conclusion, this study shows how a single meningococcal
strain with relatively high invasive potential can establish itselfin a
semiclosed population, causing a persistent disease outbreak. Al-
though in this case the outbreak was very likely exacerbated by the
particular setting, including individuals housed in trailers and the
consequent close proximity of people of different age groups, this
is very likely similar to what happens in larger population and on
longer time scales, such as the Stonehouse outbreak in the UK in
the 1980s and the New Zealand outbreak in the 1990s. The diver-
sity of the outbreak strain over 4 years in spreading to different
towns was limited, with the greatest degree of variation occurring
by a limited number of HGT events, which resulted in the intro-
duction of multiple variant alleles.
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