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Background. No updated data currently exist regarding Neisseria meningitidis carriage and genomic epidemiology among 
young Israeli adults.

Methods. Oropharyngeal swabs were collected from 1801 military recruits on the day of recruitment during 2019. Neisseria 
meningitidis was detected and identified by culture and quantitative polymerase chain reaction (qPCR). Confirmed isolates were 
serotyped by qPCR, and encapsulated strains underwent whole-genome sequencing. Risk factors for carriage were determined 
by analyzing focused questionnaires using uni- and multivariate models. Genomic typing was performed by means of core 
genome multilocus sequence typing.

Results. Carriage rates overall and of encapsulated strains were 20.1% and 6.7%, respectively. Genogroups B (49.2%) and Y 
(26.7%) were the most commonly encapsulated strains. Genogroups C, W, and X were scarce, and genogroup A was absent. 
The most notable clonal complexes (CCs) were CC23 (n = 30), CC32 (n = 16), and CC44/41 (n = 9). Carriage was significantly 
associated with smoking (odds ratio [OR], 1.82; 95% CI, 1.43–2.33) and boarding school attendance before recruitment (OR, 
1.49; 95% CI, 1.14–1.96).

Conclusions. The prevalence of meningococcal carriage among young Israeli adults is high, compared with similar studies in 
other developed countries. This might be due to sociocultural characteristics including smoking and boarding school attendance 
during and after high school. The dominant genogroups and CCs found were compatible with those implicated in invasive 
disease in Israel.
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Invasive meningococcal disease (IMD), caused by Neisseria 
meningitidis, is an important bacterial infection with a high 
case fatality rate and severe morbidity among survivors. 
Meningococcal serogroups are determined by the presence 
and type of the polysaccharide capsule, which is a key virulence 
factor of this bacterium. The major pathogenic serogroups are 
A, B, C, W, X, and Y [1, 2].

Widespread vaccination against serogroups A, C, W, and Y 
(MenACWY in high-income countries and MenA in low-income 

countries) has led to a decrease in the prevalence of IMD and to a 
shift in the serogroups associated with IMD, with serogroup B be-
coming dominant in many high-income countries, including 
Israel [3–8]. This is attributed, at least partially, to reduction in 
the prevalence of oropharyngeal carriage [4, 9]. Nevertheless, 
changes in serogroup dominance are also attributed to secular 
trends over the years, regardless of vaccination policies [3, 4, 6]. 
This emphasizes the need for better understanding of the connec-
tion between carriage and risk for invasive disease.

Oropharyngeal carriage of N. meningitidis is thought to be a 
prerequisite for the development of IMD, but the transition 
from carriage to invasive disease is not completely understood 
[10, 11]. Carriage prevalence differs between geographical areas 
and age groups [9, 12]. A survey conducted in 7 African coun-
tries demonstrated overall carriage of 3.4%, with a peak at the 
age of 5–14 years [8]. Surveys in high-income countries dem-
onstrated higher carriage prevalence among the general popu-
lation (10%–35%), with young adults between the ages of 19 
and 24 years being the major carriers [3, 9, 13, 14]. In the 
United Kingdom, carriage among teenagers in the early 
2000s was 16%–18% in 3 separate studies [3], while a more re-
cent survey revealed a carriage rate of 7.23% [3]. A recent 
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Australian study that sampled >20 000 teenagers demonstrated 
a carriage prevalence of 4%–5% [5]. Similar results were found 
among Norwegian young adults (7.3%) [15], as well as among 
young adults age 13–14 and 21–23 years in the Netherlands 
[16]. The latter demonstrated a significantly higher carriage 
rate of up to 22.6% between the ages of 17 and 18 years [16]. 
Of note is that carriage rate estimation is also dependent on 
the laboratory methods used.

Closed and semiclosed groups such as college students, mil-
itary personnel, and Hajj pilgrims are known to be at particular 
risk for IMD outbreaks and were also found to have higher car-
riage prevalence as compared with the general population. 
Previous studies have demonstrated carriage prevalence of up 
to 70% in college students during different time points of their 
studies, and an increase of >10% in carriage prevalence was 
shown among military personnel during training [16–19].

Genomic typing allows classification of meningococci be-
yond the conventional serogrouping. Until recently, multilocus 
sequence typing (MLST), which assigns sequence types (STs) 
and clonal complexes (CCs), has been the main typing method 
used for studying the molecular epidemiology of meningococci 
[20]. While N. meningitidis exhibits notable genetic diversity, 
with many thousands of STs deposited in the PubMLST data-
base [21], epidemics worldwide have been found to be associ-
ated with a limited number of clonal complexes. Several CCs 
are considered hyperinvasive lineages, such as CC23, CC32, 
and CC41/44 and CC11 [20, 22]. CCs found among asymptom-
atic carriers are more diverse, and carried isolates are common-
ly associated with STs that rarely cause invasive disease [20, 23].

Whole-genome sequencing (WGS) has become the new gold 
standard for meningococcal typing and a main tool in epidemi-
ological studies [20, 24]. As WGS enables the identification of 
clonal relationships between isolates at the strain level, it can 
help elucidate the origin, evolution, and spread of meningococ-
ci locally and globally. For example, WGS was an essential tool 
in elucidating the epidemiology of serogroup W ST11 strains 
after the 2000 Hajj pilgrim outbreak [20, 24]. Moreover, the 
use of genomic epidemiology provides insight into the carriage 
dynamics among populations and the link between host char-
acteristics and carriage, thus shedding light on the risk of 
IMD among carriers [23].

The IMD incidence rate in Israel over the past decade was 
1/10 000 in the general population and 0.25/100 000 for those 
older than age 15 years [7]. Clinical isolates from IMD in 
Israel over the last 30 years establish serogroup B as the domi-
nant disease-causing serogroup [7, 25]. Molecular characteriza-
tion of IMD-causing isolates (1998–2017) found CC32, 
CC41/44, CC35, CC162, and CC269 to be the most common 
strains [7, 25]. However, the carriage rate and serogroup distri-
bution among carriers are largely unknown, as no carriage 
studies were ever conducted in Israel among the general popu-
lation. The last carriage study was performed >20 years ago 

among soldiers near the end of their active military service, fol-
lowing the introduction of routine ACWY vaccination into the 
military vaccination policy. Overall carriage was 16%, with the 
majority (12%) of carriage involving serogroup B meningococ-
ci [26]. No mandatory civilian meningococcal vaccination pol-
icy currently exists in Israel.

The goal of this study was to describe the epidemiology of 
N. meningitidis carriage among a cohort of young Israeli military 
recruits. As Israel institutes a policy of compulsory military ser-
vice, this study could partly reflect on the prevalence of carriage 
among the young Israeli male adult population. Moreover, the 
understanding of meningococcal epidemiology is crucial for 
the development of future public health and vaccination policy.

METHODS

Study Design and Population

This was a descriptive, prospective observational study con-
ducted between March and December 2019. Two infantry bri-
gades of the Israel Defense Force (IDF) served as a convenience 
sample, and study recruitment corresponded to the IDF enlist-
ment cycles to combat brigades during that year (March, 
August, and November). All participants were recruited to 
the IDF for compulsory service according to national law. 
Participants were recruited to the study on the day of their en-
listment to the IDF, which was the first day of their active ser-
vice. All participants were screened for health problems before 
enlistment and found medically fit for combat duty. All recruits 
received the quadrivalent ACWY vaccine for the first time at 
the day of enlistment (within 24 hours of study entry) as part 
of the routine IDF vaccination program. None were vaccinated 
for serogroup B before enlistment.

Sample Collection

Samples were obtained by trained staff using a standard tech-
nique (at the military training base clinic on the day of enlist-
ment, in conjunction with routine health examination in the 
clinic). Samples were obtained by swabbing the oropharynx 
of consenting participants using the Eswab (Copan, Brescia, 
Italy). Samples were stored at room temperature, transported 
within 24 hours [27] to Ben-Gurion University of the Negev, 
and were streaked and incubated immediately upon arrival.

Data Collection

Demographic and lifestyle information was collected using a 
questionnaire filled out by the participants immediately follow-
ing study recruitment. The collected data included year of 
birth, place of residence, level of education, prior boarding 
school attendance, active and passive smoking, antibiotic use 
during the preceding month and over the last year, and a histo-
ry of respiratory illnesses such as asthma during childhood. The 
place of residence was later categorized into 4 geographical 

2 • OFID • Sofer-Sali et al



areas according to the data of the Israel Center Bureau of 
Statistics. The full questionnaire is provided in the 
supplementary.

Ethical Approval

Participation in the study was fully voluntary, and written in-
formed consent was obtained from all participants. This study 
was approved by the IDF research ethics committee (approval 
number 1906–2018).

Laboratory Workup

All samples were streaked fresh on Martin-Lewis agar (Becton 
Dickinson, Sparks, MD, USA) [28, 29] and incubated for 
24 hours at 35°C in ambient 5%–10% CO2 [28, 29]. Plates 
were reinspected at 48 hours. Colonies suspected to be N. men-
ingitidis according to morphology were subcultured for isola-
tion and identified using matrix-assisted laser desorption 
ionization time-of-flight mass spectrometry (MALDI-TOF 
MS; Bruker Daltonics, Bremen, Germany) [30]. Pure colonies 
were further studied by qPCR. Genomic DNA was extracted 
by heat treatment and bead beating with 425- and 600-μm glass 
beads (Sigma G8772) using the Precellys 24 homogenizer 
(Bertin Instruments, Montigny, France). Flourometric 
(QUBIT, QubitTM DNA HS assay, Thermo Fisher 
Scientific, Waltham, MA, USA) and spectrophotometric 
(NanoDrop, Thermo Fisher Scientific, MA, USA) assays were 
used to measure DNA quantity and purity (mean yield was 
46 ng/µL). qPCR was performed on a minimum inhibitory con-
centration instrument (BMS, Brisbane, Australia). Species iden-
tification was confirmed using the gene targets metA and tauE, 
and presence of capsule was predicted by the presence of the 
gene target ctrA, as previously described [30–32]. Molecular 
genogrouping was performed for all isolates (regardless of 
ctrA presence), with qPCR using primers and probes recom-
mended by the US Centers for Disease Control and 
Prevention for A, B, C, W, X, and Y [33]. Phenotypic serogroup-
ing was not in the scope of the current study.

Whole-Genome Sequencing

Our study focused on the identification and description of inva-
sive meningococcal strains. During the March 2019 cycle, all 
confirmed isolates were subject to WGS. Subsequent analysis 
showed ctrA detection by qPCR to be an excellent predictor of 
capsular genogroups, and thus only ctrA-positive isolates were 
subject to WGS in cycles. Consequently, WGS data in this paper 
are presented only for capsular genogroups (ie, A, B, C, W, X, Y, 
E, and Z). Library preparation was performed using the Nextera 
FLEX library preparation kit (Illumina Inc., San Diego, CA, 
USA) according to the manufacturer’s instructions. The librar-
ies were sequenced using Illumina NextSeq 500, producing 
150-bp paired-end reads. Raw reads were checked for quality 
using FastQC (version 0.11.5) with MultiQC (version 1.9) and 

species ID using Kraken2 (version 2.0.7-beta, with the 
Kraken2 standard database, Jul. 2018) [34, 35]. For each isolate, 
reads that passed quality check (QC) and were identified as 
N. meningitidis were trimmed with Trimmomatic (version 
0.39) [36] and de novo assembled using Shovill (version 1.0.4, 
with SPADes, version 3.13.1, as the assembler) [37, 38]. The as-
sembled genome for each isolate underwent in silico MLST us-
ing mlst (version 2.17.6, with the Neisseria spp. ST profiles and 
clonal complex assignments from pubMLST [www.pubmlst. 
org], Sept. 2019) [39, 40]. In silico capsule serotyping was 
done with the scripts from https://github.com/ntopaz/ 
characterize_neisseria_capsule. In silico MLST results were 
also obtained (as a cross-check) using meningotype (version 0.8.4).

All assembled genomes were analyzed to determine an ad 
hoc cgMLST scheme using chewBBACA (version 2.0.16) 
[41]. The resulting ad hoc cgMLST scheme consisted of 1414 
loci (at 95% presence). A minimal spanning tree (MST) was de-
termined and visualized using the MSTreeV2 method in 
GrapeTree (version 1.5.0) [39]. While ad hoc cgMLST may of-
fer a slightly higher resolution, our analysis was complemented 
by performing a cgMLST analysis based on the published 
PubMLST scheme for ensuring consistency with the literature. 
Genome assemblies were uploaded to pubMLST (https://doi. 
org/10.1186/1471-2105-11-595) and assigned pubMLST IDs 
(NM-ISR-[1-121]). The uploaded genome assemblies were an-
alyzed using the N. meningitidis cgMLST, version 2, scheme 
(3098 loci; 2022-08-14) via the pubMLST Genome 
Comparator, version 2.7.4, plugin, and an MST was then gen-
erated and visualized via the pubMLST GrapeTree, version 
1.5.0, plugin. Genome sequences are publicly available on 
PubMLST (PubMLST IDs NM-ISR-[1-121]).

Sample data of capsular genogroups are summarized in 
Supplementary Table 1.

Statistical Analysis

Statistical analysis was performed using SPSS 25.0. Risk factors 
for overall carriage were assessed, and a subanalysis was done 
for risk factors for carriage of encapsulated strains. In both 
analyses, a chi-square test and Fisher exact test were used for 
a univariate analysis. All variables with a P value <.1 were in-
cluded in a multivariate analysis using binary regression to 
identify independent risk factors associated with carriage.

RESULTS

Population Characteristics

A total of 1809 participants were enrolled in the study, of whom 
8 were excluded due to missing questionnaires. All participants 
were male in their young adulthood. Of the included partici-
pants, 639 (35.5%) were recruited in March, 508 (28.2%) in 
August, and 654 in November (36.3%). The majority of partic-
ipants had a high school education, with almost a quarter 
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(23.6%) reporting boarding school attendance before recruit-
ment. More than one-third of the cohort reported active 
smoking (33.4%), 5.3% used antibiotics in the month preceding 
recruitment, and 5.5% reported a childhood respiratory disor-
der. The characteristics of participants are shown in Table 1.

Carriage Prevalence

Carriage prevalence was 20.1% (361/1801) for the total cohort, 
and 22.7% (145/639), 21.3% (108/508), and 16.5% (108/654) for 
the March, August, and November subcohorts, respectively. 
The lower prevalence in November was statistically significant 
when compared with March (odds ratio [OR], 0.668; 95% CI, 
0.55–0.81; P = .004).

Of 361 carrier-related isolates, all were positive to tauE, and 316 
(87%) were positive to metA. ctrA presence was detected by qPCR 
in 120 of them (33.2%). All isolates were also subject to genog-
rouping using qPCR. No ctrA-negative isolates were found to be 
qPCR positive for any of the tested genogroups. Genogrouped in-
vasive isolates were also confirmed by WGS (see below). For the 
March 2019 cycle, there were an additional 90 ctrA-negative iso-
lates that were subject to WGS. Of those, none were found to be-
long to invasive genogroups or harbor the capsular region, and 71 
were capsule null and carried the cnl gene.

Thus, of the total cohort, 6.7% individuals were found to be 
carriers of ctrA-positive isolates (120/1801). No statistically sig-
nificant temporal changes were observed in carriage, probably 
due to the smaller numbers of invasive isolates. The respective 
prevalence rates were 8.3% (53/639), 6.7% (34/508), and 5.0% 
(33/654) in March, August, and November (P = .59).

Risk Factors for Carriage

The results of the uni- and multivariate analyses are presented 
in Table 2. Active smoking and boarding school attendance 
before recruitment were associated with higher carriage rates 

(P < .001 and P = .004, respectively), while antibiotic use 1 
month before recruitment was inversely associated with car-
riage. As the reported annual incidence rate in Jerusalem is 
high, carriage prevalence in this region was compared with oth-
er regions in Israel [42]. Residence in Jerusalem was associated 
with carriage with borderline significance in the univariate 
analysis (OR, 1.32; P = .05). This trend was also evident in 
the multivariate analysis (OR, 1.31; P = .072).

Risk factors for carriage of capsular genogroups (as com-
pared with noncarriers) were similar to those associated with 
carriage in general, excluding recent antibiotic use, which was 
not associated with loss of carriage of capsular genogroups 
(95% CI, 0.19–1.49; P = .21). Active smoking and boarding 
school attendance before recruitment were found to be signifi-
cantly associated with carriage. Data are summarized in 
Table 3.

Genogrouping Distribution

Genogrouping results are presented for ctrA-positive isolates 
only. Notably, molecular genogrouping using qPCR for gen-
ogroups C, B, Y, W, and X was in complete agreement with 
in silico predicted genogrouping using WGS. Genogroups E 
and Z, which were not included in the qPCR procedure, 
were identified using WGS only. The main genogroup was 
B (3.3%, 59/1801), followed by genogroup Y (1.8%, 32/ 
1801). These 2 genogroups accounted for 49.2% and 26.7% 
of invasive isolates, respectively. Carriage of genogroups W 
(0.3%, 6/1801) and X (0.15%, 3/1801) was uncommon within 
the total cohort, and only 1 genogroup C isolate was detected. 
Genogroup A was absent in all 3 recruitment cycles. Other 
ctrA-positive isolates exhibited uncommon genogroups (ie, 
Z, E, and nongroupable) and accounted for 1% of the total co-
hort (19/1801).

Table 1. Demographic and Lifestyle Characteristics

March 
(n = 639)

August 
(n = 508)

November 
(n = 654)

Total 
(n = 1801)

Age, y 19.52 ± 0.76 19.1 ± 1.05 18.48 ± 0.78 19.02 ± 0.96

Full high school education 616 (96.4) 501 (98.6) 638 (97.6) 1756 (97.5)

Boarding school attendance 189 (29.6) 141 (27.8) 96 (14.5) 425 (23.6)

Area of residencea

Center 231 (36.2) 196 (38.6) 271 (41.4) 698 (40.5)

Jerusalem 130 (20.3) 99 (19.5) 104 (15.9) 333 (19.3)

South 105 (16.4) 91 (17.9) 124 (19.0) 320 (18.6)

North 146 (22.8) 100 (19.7) 128 (19.6) 374 (21.7)

Active smoking 207 (32.4) 162 (31.2) 233 (35.6) 602 (33.4)

Passive smoking 254 (39.7) 219 (43.1) 300 (45.9) 773 (42.9)

Antibiotic use in the previous month 36 (5.6) 26 (5.1) 34 (5.2) 96 (5.3)

Antibiotic use in the previous year 169 (26.4) 113 (22.2) 109 (16.7) 391 (21.7)

Childhood respiratory Diseases 36 (5.6) 27 (5.3) 35 (5.4) 99 (5.5)

Data are presented as mean ± SD or No. (%).  
aData were available for 95.2% of the March subcohort, 95.7% of the August subcohort, and 95.9% of the November subcohort.
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Genomic Typing per MLST and cgMLST

Invasive genogroup isolates belonged to 15 CCs and 37 STs. Of 
the 120 ctrA-positive isolates, 10 (8.3%) were found to have 
novel STs, and these were deposited in PubMLST. Another 8 
isolates (6.7%) could not be assigned to any ST, known or un-
known, due to technical limitations in the WGS analysis, relat-
ed to sequence quality or integrity of loci. The most common 
CC was CC23 (25.0%, 30/120), followed by CC32 (13.3%, 16/ 
120). CC60 (9.2%, 11/120) and CC41/44 (7.5%, 9/120) were 
the third and fourth most common CCs, respectively. The gen-
ogroup C isolate was assigned a new ST and thus did not belong 
to any known CC; the 2 genogroup X isolates belonged to 
CC1157 and to a new ST. Data for genogroups B, Y, W, and 
other uncommon genogroups (ie, Z, E, and nongroupable) 
are summarized in Figure 1.

Almost no overlap between STs or CCs was observed among 
genogroups in this cohort. ST23 (13.3%, 16/120) and ST1655 
(12.5%, 15/120) were the dominant STs in the cohort; both 
were identified among genogroup Y isolates, and both belonged 
to CC23. This CC accounted for 97% of all genogroup Y iso-
lates. ST5770 was identified in a single isolate. Genogroup B 

isolates were associated with 19 STs and 8 CCs, with CC32 be-
ing the most common (11.7%, 14/120). This CC consisted of 2 
STs: ST7460 (n = 8) and ST32 (n = 6), comprising 6.7% and 5% 
of overall isolates. ST7152, which belonged to CC1572, was the 
second most frequent within genogroup B (5.8%, 7/120). 
Among genogroup W, 2 isolates belonged to CC11 and were 
identified as ST11 (1.6%, 2/120). The genomes of CC11/ST11 
isolates were compared with those of previously reported 
IMD-causing isolates belonging to CC11 worldwide and were 
not found to be identical. The distribution of STs by gen-
ogroups is shown in Figure 2. The genomes of ctrA-positive, 
capsular genogroups (ie, B, C, Y, W, X, E, Z) were analyzed 
by means of an ad hoc cgMLST scheme (Figure 3). One gen-
ogroup B isolate and 1 genogroup E isolate failed QC and 
thus were excluded from the minimum spanning tree. 
Genogroups varied in diversity, with genogroup B demonstrat-
ing a much greater diversity as compared with genogroup Y, 
which demonstrated almost no variability between the 2 
main STs that were identified among these isolates. The analy-
sis was complemented by another minimum spanning tree, 
generated using the PubMLST cgMLST scheme. These data 

Table 2. Risk Factors Associated With Carriage of N. meningitidis

Carriers 
(n = 361), 
No. (%)

Noncarriers 
(n = 1440), 

No. (%)
Univariate 

OR [95% CI], P Value
Multivariatea 

OR [95% CI], P Value

Full high school education 357 (98.6) 1399 (97.2) 0.33 [0.083–1.38], .11

Boarding school attendance 107 (29.6) 318 (22.1) 1.46 [1.13–1.9], .003 1.49 [1.14–1.96], .004

Area of residenceb Jerusalem 81 (22.4) 252 (17.52) 1.32 [1.00–1.76], .05 1.31 [0.98–1.75], .072

Active smoking 159 (43.9) 443 (30.8) 1.74 [1.38–2.21], <.001 1.82 [1.43–2.33], <.001

Passive smoking 166 (46.1) 607 (42.1) 1.16 [0.92–1.47], .21

Antibiotic use in the previous month 8 (2.2) 88 (6.1) 0.35 [0.17–0.72], .003 0.35 [0.17–0.74], .006

Antibiotic use in the previous year 73 (20.2) 318 (22.1) 0.98 [0.67–1.18], .40

Childhood respiratory diseases 23 (6.4) 76 (5.3) 1.21 [0.75–1.95], .45

Abbreviation: OR, odds ratio.  
aMultivariate analysis using binary regression was performed for P < .1 in the univariate analysis. P < .05 was considered statistically significant.  
bResidence in Jerusalem was compared with residence in all other geographical areas in Israel combined.

Table 3. Risk Factors Associated With Carriage for ctrA-Positive Isolates

Carriers 
(n = 120), 
No. (%)

Noncarriers 
(n = 1440), 

No. (%)
Univariate 

OR (CI), P Value
Multivariatea 

OR (CI), P Value

Full high school education 118 (97.5) 1399 (97.2) 1.01 [0.24–4.33], 1.00

Boarding school attendance 36 (29.8) 318 (22.1) 1.48 [0.98–1.9], .06 1.62 [1.07–2.46], .03

Area of residenceb Jerusalem 28 (23.1) 252 (17.52) 1.42 [0.91–2.20], .13

Active smoking 57 (47.1) 443 (30.8) 1.98 [1.37–2.89], <.001 2.09 [1.43–3.05], <.001

Passive smoking 56 (46.3) 607 (42.1) 1.17 [0.80–1.70], .44

Antibiotic use in the previous month 4 (3.3) 88 (6.1) 0.53 [0.19–1.46], .21 0.35 [0.17–0.74], .006

Antibiotic use in the previous year 27 (22.3) 318 (22.1) 1.02 [0.65–1.59], .95

Childhood respiratory diseases 8 (6.6) 76 (5.3) 1.26 [0.59–2.98], .55

Abbreviation: OR, odds ratio.  
aMultivariate analysis using binary regression was performed for P < .1 in the univariate analysis. P < .05 was considered statistically significant.  
bResidence in Jerusalem was compared with residence in all other geographical areas in Israel combined.
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are presented in Supplementary Figure 1. The scheme-based 
tree generated similar results, with notable diversity among 
genogroup B isolates and notable similarity within the gen-
ogroup Y isolates. High similarity was identified among gen-
ogroup W isolates in both MSTs.

DISCUSSION

The global epidemiology of N. meningitidis has changed 
dramatically over the past 2 decades. These changes were at-
tributed, at least partially, to the worldwide implementation 
of vaccination programs, as well as to secular trends [4, 6]. 
The understanding of global and regional carriage preva-
lence changes as well as serogroup distribution and 

molecular structure is crucial to the understanding of 
IMD development.

This study is the first in >20 years to investigate the preva-
lence of carriage of meningococci among Israeli soldiers, a 
risk group for IMD, and reflects on the potential introduction 
of hyperinvasive clones into this closed community. Moreover, 
as the participants were recruited to the study at the point of 
entry into military duty, this cohort mirrors, with some limita-
tions, the epidemiology of carriage among young adults in 
Israel. This is the first study in Israel to use molecular and ge-
nomic methods to describe the genomic epidemiology of car-
riage. In our study, the prevalence of carriage was 20.1% for 
meningococci overall and 6.7% for the main invasive meningo-
coccal genogroups. These rates are notably higher than those 

Figure 1. Distribution of clonal complexes of 108 study isolates based on MLST. Genogroups A, C, and X are not presented due to the small number of isolates (0, 1, and 3, 
respectively). Isolates that were not assigned an ST were excluded. Isolates that were found to have novel STs are referred to as “new ST.” Isolates belonging to a known ST 
but not a known CC are referred to as “UA.” CCs that were isolated from IMD cases in Israel over the past decade [7] are denoted in red. Abbreviations: CC, clonal complex; 
IMD, invasive meningococcal disease; ST, sequence type; UA, unassigned.
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found in 2 of the largest carriage prevalence studies conducted 
in the past 5 years (in the United Kingdom and Australia), 
which demonstrated an overall prevalence of carriage of 
4%–7.2% [3, 5]. Moreover, previous studies among military 
recruits demonstrated lower carriage rates compared with 
those found in our study, for example, 16% among military re-
cruits in Russia [19], 15% in Greece [43], and only 2.2% in 
Finland [17].

The relatively high prevalence of carriage found in our study 
may be related to the study population. This study differs in age 
group and sex distribution from other nonmilitary carriage 
studies in late adolescence or young adulthood, due to our co-
hort being slightly older and male-only, both being known risk 
factors for meningococcal carriage [9, 14].

In addition, the rate of smoking reported in our study was 
33.4%, much higher than that reported among the general pop-
ulation (15% among Israeli adolescents and 20.1% in the gene-
ral population) [44, 45], which further increases the risk for 
carriage. It is worth mentioning that smoking of electronic cig-
arettes [3, 15] was not surveyed in this study, as it was widely 
acknowledged as a significant risk factor after the study 
commenced.

Almost a quarter of the participants in our cohort reported 
boarding school attendance before their enlistment, including 
residency in “boarding school–like” facilities after high school 
and before recruitment, as part of voluntary community service 
or advanced religious studies. As living in closed and semi-
closed groups such as college students living in dormitories is 

a known risk factor for carriage [10], boarding school atten-
dance should be considered a risk factor for carriage.

Taken together, young Israeli adults have several character-
istics at the time of recruitment, compared with other studied 
populations, that make them more prone to meningococcal 
carriage. It is important to note that 2 important groups 
(Israeli Arabs and ultra-orthodox jews) were not represented 
in this study as most members of those communities do not en-
roll into military service. Whether the carriage rate among 
these subpopulations is similar or lower deserves further study 
[42]. Known risk factors such as participation in social events 
(such as attendance at pubs and nightclubs) and intimate kiss-
ing [46] were not addressed in this study. Moreover, our cohort 
was male-only. These limitations could hamper comparison of 
our study with previous studies and should be addressed in fu-
ture studies.

Among invasive genogroups, genogroup B was the most 
common (50.8% of invasive isolates, 3.4% of participants), fol-
lowed by genogroup Y (26.7% and 1.8%, respectively). While it 
is highly likely that invasive genogroup isolates confirmed by 
qPCR and WGS express a capsule, phenotypic confirmation 
was not performed in the scope of the current study, which is 
a limitation. The dominant CCs among genogroup B isolates 
were CC32 and CC41/44, while CC23 accounted for 97% of 
genogroup Y isolates. These CCs were previously found to be 
hyperinvasive [23]. Interestingly, in a national survey of 
IMD, CC32, CC23, and CC41/44 were reported to cause 
>61% of IMD cases in Israel between 1998 and 2017 [7].

Figure 2. ST distribution by genogroup, shown in a decreasing order of frequency. Data refer to 120 ctrA-positive isolates. “Other” refers to serogroups E and Z and non-
groupable isolates. Isolates that were found to have novel STs are referred to as “new.” Isolates that were not assigned any ST due to technical limitations are denoted as 
“-.” Abbreviation: ST, sequence type.
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A notable genetic diversity was demonstrated among gen-
ogroup B isolates in our cohort (19 different STs). 
Importantly, >50% of these STs were previously reported as 
causing disease in Israel [7]. Only 1 genogroup C isolate was 
found in this cohort, and none genogroup A. Genogroup W 
isolates were rare, with a carriage rate of 0.3%, including 4 iso-
lates belonging to CC11 and 2 isolates belonging to ST11 [22]. 
As ST-11 is known to be hyperinvasive and the cause of out-
breaks in different countries, this finding may be concerning 
regarding the introduction of hyperinvasive strains into an at- 
risk population [22]. However, none of the isolates were genet-
ically related to the CC11 strains that were previously associat-
ed with IMD outbreaks.

These data highlight the likely connection between meningo-
coccal carriage and IMD development as the most carried 
strains in our cohort are those commonly implicated in IMD. 
As genogroup B was found to be the dominant invasive gen-
ogroup, implementation of MenB vaccinations into the military 
vaccination policy should be discussed, taking into account con-
siderations such as the IMD incidence among military recruits 
and servicemen and cost-effectiveness analyses, to name a few. 
However, these analyses are beyond the scope of this paper.

Our cohort lays the foundation for elucidation of meningo-
coccal carriage in young adults in Israel and highlights the need 
in further carriage studies among the civilian population. 
Moreover, this cohort reflects on the genogroups and strains 
being introduced by the constant influx of new recruits into 

military servicemen populations. The extent to which those 
strains are cross-transmitted during military service and the 
risk factors for such transmission, including interactions with 
the respiratory microbiome and possible health implications, 
deserve further study.

CONCLUSIONS

This study is the first in 20 years to assess the prevalence of me-
ningococcal carriage among Israeli soldiers. These new data 
suggest that carriage prevalence of meningococci among this 
age group is higher than that reported in similar populations 
in other high-income countries. This carriage rate is likely as-
sociated with several epidemiological characteristics such as 
young male predominance, smoking, and boarding school 
attendance.

While unencapsulated isolates (per qPCR) constitute the 
majority of carriage, carriage rates of invasive genogroup iso-
lates, especially B and Y, were notable. Our genomic analysis 
demonstrated that the majority of invasive strains were previ-
ously reported as disease-causing among the Israeli population 
in national surveillance studies, including hyperinvasive 
strains. The introduction of disease-causing strains into a vul-
nerable closed community such as military recruits commenc-
ing basic training is noteworthy, and the effect of high carriage 
on IMD incidence rates, as well as the dynamics of carriage over 
time, cross-transmission, and risk for disease, warrants future 

Figure 3. An MST featuring an ad hoc cgMLST analysis of 117 ctrA-positive isolates (isolates that failed quality check or nongroupable isolates are not presented in this 
tree). The ad hoc cgMLST scheme consisted of 1412 loci. Color coding denotes serogroup assignment. Node size is proportional to the number of isolates assigned to clone 
types (in that case, all types were singletons). Numbers denote the allelic distances between nodes. Abbreviation: MST, minimum spanning tree.
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study. The data presented herein are expected to inform future 
policy development with respect to IMD prevention among 
young adults and in the military setting.

Supplementary Data
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ing author.
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