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Abstract: With increasing incidence of pathogenic Neisseria infections coupled with emerging resis-
tance to antimicrobials, alternative approaches to limit the spread are sought. We investigated the
inhibitory effect of oropharyngeal microbiota on the growth of N. gonorrhoeae and N. meningitidis and
the impact of the essential oil-based mouthwash Listerine Cool Mint® (Listerine). Oropharyngeal
swabs from 64 men who have sex with men (n = 118) from a previous study (PReGo study) were
analysed (ClinicalTrials.gov, NCT03881007). These included 64 baseline and 54 samples following
three months of daily use of Listerine. Inhibition was confirmed by agar overlay assay, and inhibitory
bacteria isolated using replica plating and identified using MALDI-TOF. The number of inhibitory
isolates were compared before and after Listerine use. Thirty-one pharyngeal samples (26%) showed
inhibitory activity against N. gonorrhoeae and/or N. meningitidis, and 62 inhibitory isolates were
characterised. Fourteen species belonging to the genera Streptococci and Rothia were identified. More
inhibitory isolates were observed following Listerine use compared to baseline, although this effect
was not statistically significant (p = 0.073). This study isolated and identified inhibitory bacteria
against pathogenic Neisseria spp. and established that daily Listerine use did not decrease their preva-
lence. These findings could provide a new approach for the prevention and treatment of pharyngeal
Neisseria infections.

Keywords: Microbiome; colonisation resistance; Neisseria gonorrhoeae; Neisseria meningitidis; Lister-
ine mouthwash

1. Introduction

The genus Neisseria includes two human pathogenic species, N. gonorrhoeae and
N. meningitidis [1]. Neisseria meningitidis is a coloniser of the nasopharynx from where it
can become invasive, causing sepsis and cerebrospinal meningitis [2]. Neisseria gonorrhoeae,
on the other hand, causes infections in the urinogenital tract, rectum, and pharynx [3].
N. gonorrhoeae infections can also result in neonatal conjunctivitis if untreated women
transmit the pathogen during delivery [4]. Over the years, the number of infections with
N. gonorrhoeae have been on the rise [5]. Unfortunately, the number of available antibiotics
is on the decline due to the emergence of resistance with some gonococcal isolates identified
with resistance to all recommended antimicrobials [6,7].

Considering the alarming rate at which gonococcal isolates are developing resistance
against conventional antibiotics, the search for novel antimicrobials from other sources,
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including natural sources, is increasingly gaining attention [8,9]. Screening the human mi-
crobiota for bacteria with inhibitory effects against the pathogen for use as probiotics or the
production of bacteriocins could be a credible alternative [10]. Bacteriocins are bactericidal
proteins or peptides secreted by a particular species of bacteria and act against other closely
related species but not against the producing strain [11]. Compared with conventional
antibiotics, bacteriocins may have the advantages of safety, high efficacy, stability, and less
susceptibility to resistance-induction [12]. They have been shown to prevent infection and
play key roles in regulating host immune and inflammatory responses [10]. Of particular
relevance to N. gonorrhoeae, bacteriocins could offer a new avenue to combating antibiotic re-
sistant strains [13]. To the best of our knowledge, no study has screened the oral flora for the
presence of organisms with an inhibitory effect against pathogenic Neisseria species [14,15].

In this study, we screened for the presence of such inhibitory bacteria in samples
from a randomized controlled trial we performed to investigate the efficacy of another
antibiotic sparing agent (oral rinsing with Listerine), to reduce the incidence of bacterial
sexually transmitted infections (STIs) in men who have sex with men (MSM) (the PReG0
study) [16]. In-vitro studies and pilot in-vivo studies revealed that the essential oil-based
mouthwash Listerine Cool Mint® (herein after referred to as Listerine) (Johnson & Johnson,
New Brunswick, NJ, USA), was bactericidal against N. gonorrhoeae and other bacterial
species [17]. Surprisingly, this study found that the use of Listerine resulted in a small
but statistically significant increase in the incidence of oropharyngeal N. gonorrhoeae [16].
Chow et al. [18], in another study (the OMEGA study), reported similar trends, although
without establishing a statistically significant increase in the cumulative incidence of
oropharyngeal gonorrhoea between MSM who used Listerine Zero® versus Biotène. We
hypothesised that this effect might have been mediated by Listerine reducing the abun-
dance of commensal bacteria responsible for colonization resistance. It is worth noting
that, indigenous human microbiota use a number of modalities, such as the secretion of
bacteriocins, and competition for space and resources to resist the colonisation and invasion
of the host by exogenous bacteria (termed colonisation resistance) [19]. The effectiveness of
colonisation resistance relies on the presence of healthy human microbiota at the possible
site of colonisation and changes in the microflora structure could lead to a shift in the
balance in advantage to a pathogenic species composition [20]. The use of broad-spectrum
antibiotics, for instance, could diminish key commensal species, leaving a void that could
be rapidly filled by pathogens [21]. Listerine may have a similar effect [17].

Despite these findings, Listerine and other antiseptic mouthwashes have been proposed
and are being used as an intervention to reduce gonorrhoea transmission in MSM [22,23].
There is limited information on the overall long-term effect of these mouthwashes on the oral
microbiome and colonisation resistance. Establishing this is key to explaining the findings
of the OMEGA and PReGo clinical trials and other prospective studies that employed the
long-term use of Listerine [16,24]. Moreover, some in vitro studies have shown that oil-based
antiseptic mouthwashes are bactericidal against a range of species through the disruption of
cell walls and inactivation of essential enzymes [25]. In addition, some of these mouthwashes
contain high concentrations of alcohol which has been linked to a shift in the balance of
the oral microbiome [26,27]. Any alteration that negatively affects the oral microbiome
could possibly act against colonisation resistance and increase the individual’s susceptibility
to infections. In this study, we aimed firstly, to identify the prevalence of oropharyngeal
inhibitors of N. gonorrhoeae and N. meningitidis in the participants of the PreGo study and
secondly, to determine if the use of Listerine has an effect on the prevalence and number of
these inhibitory bacteria.

2. Materials and Methods
2.1. Participants and Specimens

This sub study analysed samples from the Preventing Resistance to Gonorrhoeae
(PReGo) study (ClinicalTrials.gov, NCT03881007) [16]. This was a randomised, double-
blind, placebo-controlled single centre trial that assessed the superiority of Listerine over a
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placebo mouthwash in preventing bacterial STIs among 64 MSM using HIV pre-exposure
prophylaxis (PrEP). Participants were randomly assigned to first receive Listerine followed
by placebo for 3 months each (Listerine-placebo arm) or a placebo mouthwash followed
by Listerine for 3 months each (placebo-Listerine arm). Samples analysed in this study
included 118 oropharyngeal swabs collected from the 64 participants before the use of
Listerine (baseline; 64 samples) and following 3 months of daily use of Listerine (treatment;
54 samples). The samples collected following the use of placebo were not analysed.

This study being a continuation of the PReGo study was also covered by the ethical ap-
provals from the Institutional Review Board of the Institute of Tropical Medicine, Antwerp
(Ref: 1276/18) and the Ethics Committee of the University of Antwerp (Ref: 19/06/058).

2.2. Origin of Pathogenic Neisseria Test Species

This study tested the inhibition of the growth of two pathogenic Neisseria species,
N. gonorrhoeae WHO P, a WHO reference strain [28] and N. meningitidis M00003/, a clinical
isolate, obtained from an oropharyngeal swab from an asymptomatic man participating
in the Resistogenicity Study at ITM [29]. Some of the isolates are resistant to a number of
recommended antibiotics for treatment (Table 1).

Table 1. Susceptibility values of test strains.

Species Strain AZM MIC AZM CRO MIC CRO Source

N. gonorrhoeae WHO P 4 R 0.004 S Unemo et al.
(2016) [28]

N. meningitidis MO0003/1 1 S <0.016 S de Block et al.
(2021) [29]

Minimum Inhibitory Concentrations (MIC), Azithromycin (AZM), Ceftriaxone (CRO), Susceptible (S), Resistant (R).

2.3. Identification of Inhibitory Commensals

The 118 oropharyngeal swabs analysed were previously cultured on Columbia blood
agar plates and stored at –80 ◦C in skimmed milk. A loopful of each sample was diluted
(1:100,000) and inoculated on Columbia Nalidixic Acid Agar (CNA) plates selective for
gram positive cocci to obtain single colonies. Replica plating of each subculture was made
on GC agar plates following the method of Lederberg and Lederberg [30]. Specifically,
each CNA agar plate was replicated by stamping on a sterile piece of velvet pads and
exerting only slight pressure. The CNA plate was removed, and three GC agar plates were
pressed gently against the velvet pads in turns. All three replica plates were incubated
overnight at 37 ◦C with 5% CO2. Growth inhibition of the N. gonorrhoeae and N. meningitidis
strains was assessed by agar overlay assay as previously described [31,32]. Briefly, 100 µL
suspension of N. gonorrhoeae/N. meningitidis, in phosphate-buffered saline (PBS) approxi-
mately 106 CFU/mL, was diluted in 10 mL of melted GCB agar supplemented with 100 µL
IsoVitaleX (OxoidTM, Hampshire, England). This was overlayed (in turns) on two sets of
the triplicate replicas and further incubated for 24 to 48 h. Following incubation, inhibitory
colonies were observed and isolated from the third set of replicas. Each inhibitory colony
that was obtained was purified on Columbia blood agar and reconfirmation of the isolates
at the species level was performed by MALDI Biotyper IVD (Bruker Daltonics, Bremen,
Germany) (library updated to v.10.0.0.0_8326-9468 (IVD).

The number of inhibitory colonies were compared between baseline and samples
following three months of daily Listerine use. Due to the cross-over study design, the
‘month 3’ specimens could be from the month 3 or 6 visits but in all cases, they were
specimens that were taken after 3 months exposure to Listerine. Results were presented as
counts and percentages of samples positive. The paired samples t-test was used to compare
the mean number of inhibitory colonies before and after the receipt of Listerine at a 95 %
significant level. The statistical analyses were performed in STATA MP v.16 (StataCorp.,
College Station, TX, USA).
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3. Results
3.1. Isolation and Identification of Inhibitory Commensal Bacteria

We analysed oropharyngeal swabs to identify commensal bacteria with inhibitory
activity against two pathogenic Neisseria species, N. gonorrhoeae WHO P and N. meningitidis
M00003/1. Our screening was restricted to gram positive commensal bacteria as the
initial growth of the samples was on CNA agar, a selective medium for this group. Of
the 118 samples, 31 (26%) had inhibitory colonies, while 87 (74%) had none. Eight of
the 31 samples had only one inhibitory colony, while 26 had multiple inhibitory colonies
(Figure 1). A total of 62 inhibitory colonies were isolated from the 118 samples (Table S1).
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Figure 1. Agar overlay assay showing inhibitory activity by some isolates to N. meningitidis M00003/1:
A, Rothia dentocariosa B, Streptococcus mitis and C, Rothia dentocariosa.

Furthermore, we wanted to elucidate whether the 62 isolates were inhibitory against
N. gonorrhoeae or N. meningitidis or both pathogenic Neisseria species. Fifty-four isolates
were inhibitory to N. gonorrhoeae, 41 to N. meningitidis and 33 were inhibitory to both
pathogenic Neisseria species (Figure 2).
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All 62 inhibitory isolates were identified by MALDI-TOF MS and they belonged to the
genus Streptococci (12 species) and genus Rothia (2 species) (Table 2). The most prevalent
species were S. parasanguinis (14; 22.6%), S. sanguinis (10; 16.1%) and S. mitis (8; 12.9%).
One isolate each belonging to R. mucilaginosa, S. gordonii, S. infantis and S. peroris were
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identified. It is worth noting that more than one inhibitory species was identified in the
same participant in some cases (Table S1).

Table 2. Inhibitory isolates against pathogenic Neisseria species.

Isolate Frequency Percent

Rothia dentocariosa 2 3.2

Rothia mucilaginosa 1 1.6

Streptococcus cristatus 4 6.5

Streptococcus dysgalactiae 3 4.8

Streptococcus gordonii 1 1.6

Streptococcus infantis 1 1.6

Streptococcus mitis 8 12.9

Streptococcus oralis 5 8.1

Streptococcus parasanguinis 14 22.6

Streptococcus peroris 1 1.6

Streptococcus pyogenes 6 9.7

Streptococcus salivarius 4 6.5

Streptococcus sanguinis 10 16.1

Streptococcus vestibularis 2 3.2

Total 62 100

3.2. Comparing the Number of Inhibitory Isolates before and after Receipt of Listerine

The number and prevalence of inhibitory isolates in the baseline samples versus
samples following three months of use of Listerine (treatment) were assessed in this study.
Surprisingly, more inhibitory isolates were in samples after Listerine treatment (20/54, 37%)
as compared to baseline samples (11/64, 17.2%) (Table S1), although the difference was not
statistically significant (p = 0.073, 95% CI −1.2–0.5). Likewise, the number of inhibitory
species were greater in samples following Listerine treatment (13 species) as compared
to baseline samples (9 species). Notably, R. mucilaginosa was the only isolate that was
present in the baseline samples but absent in the treatment samples. The two R. dentocariosa
isolates and S. gordonii, S. infantis, S. peroris and S. vestibularis were present only in the
post-Listerine samples (Table 3). It is worth noting that, inhibitory species were isolated in
some participants at baseline but not after treatment, while in others these were identified
after treatment but not in baseline samples (Table S1).

We also noted the number of inhibitory colonies in participants who tested positive for
pharyngeal gonorrhoea by PCR in the PReGo study (Table S1). In total, four participants
tested positive for pharyngeal gonorrhoea, three at baseline and one following three months
of Listerine use. Two of the three positive cases at baseline tested negative after three months
of Listerine use. We identified at least three inhibitory bacteria isolates from each of these
participants. The third participant dropped out of the study. On the other hand, the only
participant who tested positive for pharyngeal gonorrhoea after three months of Listerine
use had previously tested negative at bassline. One inhibitory isolate was identified from
sample from this participant.
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Table 3. Number of inhibitory isolates against pathogenic Neisseria species before and after treatment.

Isolate Frequency in Baseline Frequency in Treatment

Rothia mucilaginosa 1 0
Rothia dentocariosa 0 2

Streptococcus cristatus 3 1
Streptococcus dysgalactiae 2 1

Streptococcus gordonii 0 1
Streptococcus infantis 0 1

Streptococcus mitis 4 4
Streptococcus oralis 2 3

Streptococcus parasanguinis 3 11
Streptococcus peroris 0 1

Streptococcus pyogenes 1 5
Streptococcus salivarius 3 1
Streptococcus sanguinis 4 6
Streptococcusvestibularis 0 2

4. Discussion

The high levels of antimicrobial resistance in pathogenic Neisseria species provide
strong motivation to search for novel approaches to prevent and treat these infections [6,7].
This study screened for oropharyngeal gram-positive cocci with inhibitory effects on
pathogenic Neisseria species. The primary aim was to identify commensal bacteria as
putative candidates for possible use, either as probiotics in preventing pathogenic antibiotic
resistant Neisseria colonisation of the human host or their secretory products as therapeutics.
We identified 14 different species of Streptococci and Rothia from 31 individuals capable of
inhibiting the growth of N. gonorrhoeae and/or N. meningitidis in vitro. More interesting is
the fact that 13 of the 14 species are non-pathogenic bacteria, with some even designated
by the Food and Drug Administration (FDA) with the GRAS (generally regarded as safe)
status by their virtuous nature [33] or listed in The International Dairy Federation to
have a safe history [34], indicating that they can be used without any demonstrable harm
to consumers. These findings add to other studies exploiting colonisation resistance in
combating pathogenic bacteria but, more specifically, the hopes of containing multidrug
resistant N. gonorrhoeae [32,35]. Worth noting is the fact that, pharyngeal gonorrhoea could
serve as an important reservoir and source of urethral gonorrhea as it is more difficult to
eradicate and requires a different treatment strategy. This also makes it a potential source
of drug resistant N. gonorrheae [36].

Previous studies have found that a range of bacteria inhibit the growth of N. gonorrhoeae.
These include other Neisseria spp. [15,37] as well as the Lactobacilli, Staphylococci, Streptococci,
and Escherichia which are part of the human microbiome [14,31,38,39]. Exploring the mech-
anisms employed by these bacteria is important as their coexistence within the human
host offers the possibility of a therapeutic agent with minimal effect on the host and the
microbiome. Importantly, if bacteriocins are identified as the main interference mechanism
employed by the species, this could provide a credible alternative to antibiotics in treating
multidrug-resistant Neisseria gonorrhoeae infections. This, owing to the fact that bacteri-
ocins identified against other pathogenic bacteria have displayed more efficacy, tolerance
and less susceptibility for resistance to develop against them [40].

A secondary aim of this study was to evaluate if Listerine mouthwash reduced the
prevalence of bacteria with inhibitory effects against pathogenic Neisseria spp. Listerine
Cool MintÒ is a 22% hydroalcoholic solution containing menthol, thymol, methyl salicy-
late and eucalyptol. This or other antiseptic solutions are commonly used by high-risk
populations such as MSM on HIV PrEP to prevent STIs, including gonorrhoea [41,42].
Unfortunately, there is a possibility of the antiseptics altering the composition of the oral
microbiome. We observed an increase in the number of inhibitory bacteria following



Microorganisms 2022, 10, 2497 7 of 10

three months of use of Listerine compared to baseline. Although this effect was not sta-
tistically significant and may be a chance finding, a number of participants were found to
have more inhibitory bacteria after three months of Listerine use than at baseline, corrob-
orating other findings [16,24,43]. We also observed that participants who tested positive
for pharyngeal gonorrhoea at baseline tested negative after three months of Listerine use
with at least three inhibitory isolates identified from each of these participants. Moreover,
metagenomic analysis of these swabs revealed a significant change in the composition
of the oral microbiome after the use of Listerine in favor of Streptococcus anginosus and
Fusobacterium nucleatum [44]. Other studies have found an association between the relative
abundance of these bacteria and alcohol intake [26,27]. The high alcohol concentration in
Listerine Cool Mint® (22%) may therefore explain some of our findings. It is important
to note that, maintaining a healthy microbial community in the oropharynx is important
not only to prevent colonisation and infection of the host, but also in various metabolic
and immunological processes [45]. We were unable to investigate any of these effects in
our study.

The identification of human microbiota with inhibitory activity against a multidrug
resistant N. gonorrhoeae presents the possibility of using these commensal isolates as pro-
biotics [46]. If bacteriocins are confirmed as the main interference mechanism from these
isolates, then these could be developed to provide a novel treatment for multidrug-resistant
N. gonorrhoeae infections [40].

We recommend further research should be undertaken to investigate the interfer-
ence mechanism of the 14 species of bacteria to identify and characterise all plausible
bacteriocins, determine their amino acid residues, bioactivity in vivo, minimum inhibitory,
bactericidal concentrations, tolerance, absorption, distribution, elimination and suscep-
tibility to resistance-induction. A limitation in the study was the use of selective media
for gram positive bacteria and serial dilution of the sample which might have resulted in
exclusion of other inhibitory bacteria with therapeutic potentials. We recommend plating of
multiple dilutions on nonselective media to increase the possibility of isolating additional
inhibitory bacteria. We also recommend testing the inhibitory isolates against different
N. gonorrhoeae, N. meningitidis and commensal Neisseria spp. strains including clinical
strains currently in circulation in order to have a more comprehensive overview of the
spectrum of strains inhibited.

5. Conclusions

This study successfully isolated and identified inhibitory bacteria against pathogenic
Neisseria spp. from the human oropharyngeal microbiome. We also established that long-
term use of the essential oil-based mouthwash Listerine does not reduce the prevalence of
oropharyngeal commensals with inhibitory activity against N. gonorrhoeae and N. meningitidis.
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//www.mdpi.com/article/10.3390/microorganisms10122497/s1, Table S1: Inhibitory Isolates (62 iso-
lates, 14 species, 2 genera).

Author Contributions: Conceptualization, E.A.A., S.S.M.-B. and C.K.; Methodology, E.A.A., J.G.E.L.,
S.A., X.B.B. and S.S.M.-B.; Software, E.A.A., X.B.B. and S.S.M.-B.; Validation, C.K.; Formal analysis,
E.A.A., J.G.E.L., S.A., X.B.B., S.S.M.-B. and C.K.; Investigation, E.A.A., J.G.E.L., S.A., S.S.M.-B. and
C.K.; Resources, C.K.; Data curation, E.A.A., J.G.E.L. and S.A.; Writing—original draft, E.A.A.;
Writing—review & editing, E.A.A., J.G.E.L., C.V.D., T.V., X.B.B., S.S.M.-B. and C.K.; Visualization,
C.K.; Supervision, C.K.; Project administration, C.K.; Funding acquisition, C.K. All authors have read
and agreed to the published version of the manuscript.

Funding: The study was funded by SOFI 2021 grant “PReventing the Emergence of untreatable STIs
via radical Prevention” (PRESTIP).

Data Availability Statement: The data supporting the findings of this study are retained at ITM and
because of ethical and privacy concerns will not be made openly accessible. ITM adheres to the FAIR
data principles (findable, accessible, interoperable, and reusable) and recognises that data should be

https://www.mdpi.com/article/10.3390/microorganisms10122497/s1
https://www.mdpi.com/article/10.3390/microorganisms10122497/s1


Microorganisms 2022, 10, 2497 8 of 10

“as open as possible and as closed as necessary”. Anonymised, individual participant data of the
study as well as additional related documents, such as the study protocol, the annotated case report
form, the data dictionary, and statistical analysis scripts can be made available within 12 months
after the publication of the study results and without end date. Data will be retained at the ITM
data repository and can be requested via a mail to ITM’s central point for research data access at
ITMresearchdataaccess@itg.be, (accessed on 6 November 2022). A governed data access mechanism
applies including (1) completion of data request form, (2) evaluation by a data access committee,
(3) signing of a data sharing agreement, and (4) secure transfer of data.

Acknowledgments: The HIV/STI Unit of the Institute of Tropical Medicine, Antwerp, Belgium
provided samples, reagents, materials, and equipment to accomplish this work. The Laboratory
of Medical Microbiology, Vaccine & Infectious Disease Institute, University of Antwerp, Belgium
assisted in MALDI-TOF identification of isolates.

Conflicts of Interest: All authors declare no competing interests.

References
1. Bennett, J.S.; Bratcher, H.B.; Brehony, C.; Harrison, O.B.; Maiden, M.C.J. The Genus Neisseria. In The Prokaryotes; Springer:

Berlin/Heidelberg, Germany, 2014; pp. 881–900. [CrossRef]
2. Coureuil, M.; Jamet, A.; Bille, E.; Lécuyer, H.; Bourdoulous, S.; Nassif, X. Molecular interactions between Neisseria meningitidis

and its human host. Cell Microbiol. 2019, 21. [CrossRef]
3. Hsu, K.; Ram, S.; Darville , T. Neisseria gonorrhoeae (Gonococcus). In Nelson Textbook of Pediatrics, 21st ed.; Elsevier: Amsterdam,

The Netherlands, 2020; pp. 1478–1484.e1.
4. Tinsley, C.R.; Nassif, X. Analysis of the genetic differences between Neisseria meningitidis and Neisseria gonorrhoeae: Two closely

related bacteria expressing two different pathogenicities. Proc. Natl. Acad. Sci. USA 1996, 93, 11109–11114. [CrossRef] [PubMed]
5. Unemo, M.; Bradshaw, C.S.; Hocking, J.S.; de Vries, H.J.C.; Francis, S.C.; Mabey, D.; Marrazzo, J.M.; Sonder, G.J.; Schwebke, J.R.;

Hoornenborg, E.; et al. Sexually transmitted infections: Challenges ahead. Lancet Infect. Dis. 2017, 17, e235–e279. [CrossRef]
[PubMed]

6. Eyre, D.W.; Sanderson, N.D.; Lord, E.; Regisford-Reimmer, N.; Chau, K.; Barker, L.; Morgan, M.; Newnham, R.; Golparian, D.;
Unemo, M.; et al. Gonorrhoea treatment failure caused by a Neisseria gonorrhoeae strain with combined ceftriaxone and high-level
azithromycin resistance. Eurosurveillance 2018, 23. [CrossRef]

7. Unemo, M.; Seifert, H.S.; Hook, E.W.; Hawkes, S.; Ndowa, F.; Dillon, J.-A.R. Gonorrhoea. Nat. Rev. Dis. Primers. 2019, 5, 79.
[CrossRef]

8. Kenyon, C.; van Dijck, C.; Florence, E. Facing increased sexually transmitted infection incidence in HIV preexposure prophylaxis
cohorts. Curr. Opin. Infect. Dis. 2020, 33, 51–58. [CrossRef] [PubMed]

9. Reilly, E.; Alfaro, J.A.; Borzelleri, A.R.; Branco, E.G.; Conklin, D.C.; Held, E.S.; Kulee, F.Z.; Kuzma, A.J.; Langdon, N.;
Lasko, A.M.; et al. Draft Genome Sequences of Three Antibiotic-Producing Soil Bacteria, Staphylococcus pasteuri WAM01,
Peribacillus butanolivorans WAM04, and Micrococcus yunnanensis WAM06, with Growth-Inhibiting Effects against Commensal
Neisseria Strains. Microbiol. Resour. Announc. 2022, 11. [CrossRef]

10. Huang, F.; Teng, K.; Liu, Y.; Cao, Y.; Wang, T.; Ma, C.; Zhang, J.; Zhong, J. Bacteriocins: Potential for Human Health. Oxid. Med.
Cell. Longev. 2021, 1–17. [CrossRef]

11. Dobson, A.; Cotter, P.D.; Ross, R.P.; Hill, C. Bacteriocin production: A probiotic trait? Appl. Environ. Microbiol. 2012, 78, 1–6.
[CrossRef]

12. Field, D.; Ross, R.P.; Hill, C. Developing bacteriocins of lactic acid bacteria into next generation biopreservatives. Curr. Opin. Food
Sci. 2018, 20, 1–6. [CrossRef]

13. Cooper, M.A.; Shlaes, D. Fix the antibiotics pipeline. Nature 2011, 472, 32. [CrossRef] [PubMed]
14. Shtibel, R. Inhibition of growth of N. gonorrhoeae by bacterial interference. Can. J. Microbiol. 1976, 22, 1430–1436. [CrossRef]

[PubMed]
15. Kim, W.J.; Higashi, D.; Goytia, M.; Rendón, M.A.; Pilligua-Lucas, M.; Bronnimann, M.; McLean, J.A.; Duncan, J.; Trees, D.; Jerse,

A.E.; et al. Commensal Neisseria Kill Neisseria gonorrhoeae through a DNA-Dependent Mechanism. Cell Host Microbe 2019, 26,
228–239.e8. [CrossRef] [PubMed]

16. van Dijck, C.; Tsoumanis, A.; Rotsaert, A.; Vuylsteke, B.; van den Bossche, D.; Paeleman, E.; de Baetselier, I.; Brosius, I.; Laumen,
J.; Buyze, J. Antibacterial mouthwash to prevent sexually transmitted infections in men who have sex with men taking HIV
pre-exposure prophylaxis (PReGo): A randomised, placebo-controlled, crossover trial. Lancet Infect. Dis. 2021, 21, 657–667.
[CrossRef] [PubMed]

17. van Dijck, C.; Cuylaerts, V.; Sollie, P.; Spychala, A.; de Baetselier, I.; Laumen, J.; Crucitti, T.; Kenyon, C. The development of
mouthwashes without anti-gonococcal activity for controlled clinical trials: An in vitro study. F1000Res 2020, 8, 1620. [CrossRef]

18. Chow, E.P.F.; Williamson, D.A.; Hocking, J.S.; Law, M.G.; Maddaford, K.; Bradshaw, C.S.; McNulty, A.; Templeton, D.J.; Moore, R.;
Murray, G.L.; et al. Antiseptic mouthwash for gonorrhoea prevention (OMEGA): A randomised, double-blind, parallel-group,
multicentre trial. Lancet Infect. Dis. 2021, 21, 647–656. [CrossRef]

ITMresearchdataaccess@itg.be
http://doi.org/10.1007/978-3-642-30197-1_241
http://doi.org/10.1111/cmi.13063
http://doi.org/10.1073/pnas.93.20.11109
http://www.ncbi.nlm.nih.gov/pubmed/8855317
http://doi.org/10.1016/S1473-3099(17)30310-9
http://www.ncbi.nlm.nih.gov/pubmed/28701272
http://doi.org/10.2807/1560-7917.ES.2018.23.27.1800323
http://doi.org/10.1038/s41572-019-0128-6
http://doi.org/10.1097/QCO.0000000000000621
http://www.ncbi.nlm.nih.gov/pubmed/31789694
http://doi.org/10.1128/mra.00627-22
http://doi.org/10.1155/2021/5518825
http://doi.org/10.1128/AEM.05576-11
http://doi.org/10.1016/j.cofs.2018.02.004
http://doi.org/10.1038/472032a
http://www.ncbi.nlm.nih.gov/pubmed/21475175
http://doi.org/10.1139/m76-212
http://www.ncbi.nlm.nih.gov/pubmed/824037
http://doi.org/10.1016/j.chom.2019.07.003
http://www.ncbi.nlm.nih.gov/pubmed/31378677
http://doi.org/10.1016/S1473-3099(20)30778-7
http://www.ncbi.nlm.nih.gov/pubmed/33676596
http://doi.org/10.12688/f1000research.20399.2
http://doi.org/10.1016/S1473-3099(20)30704-0


Microorganisms 2022, 10, 2497 9 of 10

19. Zoltan Fehervari. Mechanisms of Colonization Resistance. Available online: https://www.nature.com/articles/d42859-019-000
18-y#author-0. (accessed on 17 June 2019).

20. Caglar, E.; Kargul, B.; Tanboga, I. Bacteriotherapy and probiotics’ role on oral health. Oral. Dis. 2005, 11, 131–137. [CrossRef]
21. Pavia, A.T.; Shipman, L.D.; Wells, J.G.; Puhr, N.D.; Smith, J.D.; McKinley, T.W.; Tauxe, R.V. Epidemiologic Evidence that Prior

Antimicrobial Exposure Decreases Resistance to Infection by Antimicrobial-Sensitive Salmonella. J. Infect. Dis. 1990, 161, 255–260.
[CrossRef]

22. Fairley, C.K.; Zhang, L.; Chow, E.P.F. New thinking on gonorrhoea control in MSM. Curr. Opin. Infect. Dis. 2018, 31, 45–49.
[CrossRef]

23. Chow, E.P.F.; Grulich, A.E.; Fairley, C.K. Epidemiology and prevention of sexually transmitted infections in men who have sex
with men at risk of HIV. Lancet HIV 2019, 6, e396–e405. [CrossRef]

24. Plummer, E.L.; Maddaford, K.; Murray, G.L.; Fairley, C.K.; Pasricha, S.; Mu, A.; Bradshaw, C.S.; Williamson, D.A.; Chow, E.P.F.
The Impact of Mouthwash on the Oropharyngeal Microbiota of Men Who Have Sex with Men: A Substudy of the OMEGA Trial.
Microbiol. Spectr. 2022, 10. [CrossRef] [PubMed]

25. Stoeken, J.E.; Paraskevas, S.; van der Weijden, G.A. The Long-Term Effect of a Mouthrinse Containing Essential Oils on Dental
Plaque and Gingivitis: A Systematic Review. J. Periodontol. 2007, 78, 1218–1228. [CrossRef] [PubMed]

26. Amaral, C.D.S.F.; da Silva-Boghossian, C.M.; Leão, A.T.T.; Colombo, A.P.V. Evaluation of the subgingival microbiota of alcoholic
and non-alcoholic individuals. J. Dent. 2011, 39, 729–738. [CrossRef] [PubMed]

27. Barb, J.; Maki, K.; Kazmi, N.; Meeks, B.; Krumlauf, M.; Tuason, R.; Brooks, A.; Ames, N.; Goldman, D.; Wallen, G. The oral
microbiome in alcohol use disorder: A longitudinal analysis during inpatient treatment. J. Oral. Microbiol. 2022, 14. [CrossRef]
[PubMed]

28. Unemo, M.; Golparian, D.; Sánchez-Busó, L.; Grad, Y.; Jacobsson, S.; Ohnishi, M.; Lahra, M.M.; Limnios, A.; Sikora, A.E.; Wi,
T.; et al. The novel 2016 WHO Neisseria gonorrhoeae reference strains for global quality assurance of laboratory investigations:
Phenotypic, genetic and reference genome characterization. J. Antimicrob. Chemother. 2016, 71, 3096–3108. [CrossRef] [PubMed]

29. de Block, T.; Laumen, J.G.E.; van Dijck, C.; Abdellati, S.; de Baetselier, I.; Manoharan-Basil, S.S.; van den Bossche, D.; Kenyon, C.
WGS of Commensal Neisseria Reveals Acquisition of a New Ribosomal Protection Protein (MsrD) as a Possible Explanation for
High Level Azithromycin Resistance in Belgium. Pathogens 2021, 10, 384. [CrossRef]

30. Lederberg, J.; Lederberg, E.M. Replica Plating and Indirect Selection of Bacterial Mutants. J. Bacteriol. 1952, 63, 399–406. [CrossRef]
31. Abdellati, S.; Laumen, J.; Gonzalez, N.; Manoharan-Basil, S.S.; van Dijck, C.; de Baetselier, I.; Martiny, D.; de Block, T.; Kenyon, C.

Neisseria mucosa Does Not Inhibit the Growth of Neisseria gonorrhoeae. Sci 2022, 4, 8. [CrossRef]
32. Aho, E.L.; Ogle, J.M.; Finck, A.M. The Human Microbiome as a Focus of Antibiotic Discovery: Neisseria mucosa Displays Activity

Against Neisseria gonorrhoeae. Front Microbiol. 2020, 11. [CrossRef]
33. U.S. Food and Drug Administration. Microorganisms & Microbial-Derived Ingredients Used in Food (Partial List). Available

online: https://www.fda.gov/food/generally-recognized-safe-gras/microorganisms-microbial-derived-ingredients-used-food-
partial-list#:~{}:text=Food%20ingredients%20may%20be%20%22food,the%20safety%20of%20the%20substance (accessed on
6 November 2022).

34. International Dairy Federation. Bulletin of the IDF N◦ 377/2002—Health Benefits and Safety Evaluation of Certain Food
Components. Available online: https://www.fil-idf.org/wp-content/uploads/woocommerce_uploads/2002/03/B377_2002_
Health-Benefits-and-Safety-Evaluation-of-Certain-Food-Components-Secured-7ajr9v.pdf (accessed on 6 November 2022).

35. Santagati, M.; Scillato, M.; Patanè, F.; Aiello, C.; Stefani, S. Bacteriocin-producing oral streptococci and inhibition of respiratory
pathogens. FEMS Immunol. Med. Microbiol. 2012, 65, 23–31. [CrossRef]

36. Janier, M.; Lassau, F.; Casin, I.; Morel, P. Pharyngeal gonorrhoea: The forgotten reservoir. Sex. Transm. Infect. 2003, 79, 345.
[CrossRef] [PubMed]

37. BISAILLON, J.-G.; TURGEON, P.; DUBREUIL, D.; BEAUDET, R.; SYLVESTRE, M.; ASHTON, F.E. In Vitro Inhibition of Growth of
Neisseria gonorrhoeae by Neisseria meningitidis Isolated from the Pharynx of Homosexual Men. Sex. Transm. Dis. 1984, 11, 296–300.
[CrossRef] [PubMed]

38. McBride, M.E.; Duncan, W.C.; Knox, J.M. Bacterial interference of Neisseria gonorrhoeae by alpha-haemolytic streptococci. Sex.
Transm. Infect. 1980, 56, 235–238. [CrossRef] [PubMed]

39. Bisaillon, J.G.; Beaudet, R.; Lafond, L.; Saheb, S.A.; Sylvestre, M. Antigonococcal and antibacterial spectra of some bacterial
isolates of the urogenital flora. Rev. Can. Biol. 1981, 40, 215–227.

40. Zipperer, A.; Konnerth, M.C.; Laux, C.; Berscheid, A.; Janek, D.; Weidenmaier, C.; Burian, M.; Schilling, N.A.; Slavetinsky, C.;
Marschal, M.; et al. Human commensals producing a novel antibiotic impair pathogen colonization. Nature 2016, 535, 511–516.
[CrossRef]

41. Walker, S.; Bellhouse, C.; Fairley, C.K.; Bilardi, J.E.; Chow, E.P.F. Pharyngeal Gonorrhoea: The Willingness of Australian Men Who
Have Sex with Men to Change Current Sexual Practices to Reduce Their Risk of Transmission—A Qualitative Study. PLoS ONE
2016, 11, e0164033. [CrossRef]

42. Cornelisse, V.J.; Fairley, C.K.; Walker, S.; Young, T.; Lee, D.; Chen, M.Y.; Bradshaw, C.S.; Chow, E.P.F. Adherence to, and
acceptability of, Listerine® mouthwash as a potential preventive intervention for pharyngeal gonorrhoea among men who have
sex with men in Australia: A longitudinal study. Sex. Health 2016, 13, 494. [CrossRef]

https://www.nature.com/articles/d42859-019-00018-y#author-0.
https://www.nature.com/articles/d42859-019-00018-y#author-0.
http://doi.org/10.1111/j.1601-0825.2005.01109.x
http://doi.org/10.1093/infdis/161.2.255
http://doi.org/10.1097/QCO.0000000000000421
http://doi.org/10.1016/S2352-3018(19)30043-8
http://doi.org/10.1128/spectrum.01757-21
http://www.ncbi.nlm.nih.gov/pubmed/35019769
http://doi.org/10.1902/jop.2007.060269
http://www.ncbi.nlm.nih.gov/pubmed/17608576
http://doi.org/10.1016/j.jdent.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21864643
http://doi.org/10.1080/20002297.2021.2004790
http://www.ncbi.nlm.nih.gov/pubmed/34880965
http://doi.org/10.1093/jac/dkw288
http://www.ncbi.nlm.nih.gov/pubmed/27432602
http://doi.org/10.3390/pathogens10030384
http://doi.org/10.1128/jb.63.3.399-406.1952
http://doi.org/10.3390/sci4010008
http://doi.org/10.3389/fmicb.2020.577762
https://www.fda.gov/food/generally-recognized-safe-gras/microorganisms-microbial-derived-ingredients-used-food-partial-list#:~{}:text=Food%20ingredients%20may%20be%20%22food,the%20safety%20of%20the%20substance
https://www.fda.gov/food/generally-recognized-safe-gras/microorganisms-microbial-derived-ingredients-used-food-partial-list#:~{}:text=Food%20ingredients%20may%20be%20%22food,the%20safety%20of%20the%20substance
https://www.fil-idf.org/wp-content/uploads/woocommerce_uploads/2002/03/B377_2002_Health-Benefits-and-Safety-Evaluation-of-Certain-Food-Components-Secured-7ajr9v.pdf
https://www.fil-idf.org/wp-content/uploads/woocommerce_uploads/2002/03/B377_2002_Health-Benefits-and-Safety-Evaluation-of-Certain-Food-Components-Secured-7ajr9v.pdf
http://doi.org/10.1111/j.1574-695X.2012.00928.x
http://doi.org/10.1136/sti.79.4.345
http://www.ncbi.nlm.nih.gov/pubmed/12902597
http://doi.org/10.1097/00007435-198410000-00006
http://www.ncbi.nlm.nih.gov/pubmed/6441274
http://doi.org/10.1136/sti.56.4.235
http://www.ncbi.nlm.nih.gov/pubmed/6775764
http://doi.org/10.1038/nature18634
http://doi.org/10.1371/journal.pone.0164033
http://doi.org/10.1071/SH16026


Microorganisms 2022, 10, 2497 10 of 10

43. Chow, E.P.; Howden, B.P.; Walker, S.; Lee, D.; Bradshaw, C.S.; Chen, M.Y.; Snow, A.; Cook, S.; Fehler, G.; Fairley, C.K. Antiseptic
mouthwash against pharyngeal Neisseria gonorrhoeae: A randomised controlled trial and an in vitro study. Sex. Transm. Infect.
2017, 93, 88–93. [CrossRef]

44. Laumen, J.G.E. The Effect of Daily Usage of Listerine Mouthwash on the Pharyngeal Microbiome. Available online: https:
//online.eccmid.org/container-intervention-lookup.php?p=1&interv=P1182 (accessed on 2 November 2022).

45. Zaura, E.; Keijser, B.J.; Huse, S.M.; Crielaard, W. Defining the healthy “core microbiome” of oral microbial communities. BMC
Microbiol. 2009, 9, 259. [CrossRef]

46. Deasy, A.M.; Guccione, E.; Dale, A.P.; Andrews, N.; Evans, C.M.; Bennett, J.S.; Bratcher, H.B.; Maiden, M.C.J.; Gorringe, A.R.;
Read, R.C. Nasal Inoculation of the Commensal Neisseria lactamica Inhibits Carriage of Neisseria meningitidis by Young Adults: A
Controlled Human Infection Study. Clin. Infect. Dis. 2015, 60, 1512–1520. [CrossRef]

http://doi.org/10.1136/sextrans-2016-052753
https://online.eccmid.org/container-intervention-lookup.php?p=1&interv=P1182
https://online.eccmid.org/container-intervention-lookup.php?p=1&interv=P1182
http://doi.org/10.1186/1471-2180-9-259
http://doi.org/10.1093/cid/civ098

	Introduction 
	Materials and Methods 
	Participants and Specimens 
	Origin of Pathogenic Neisseria Test Species 
	Identification of Inhibitory Commensals 

	Results 
	Isolation and Identification of Inhibitory Commensal Bacteria 
	Comparing the Number of Inhibitory Isolates before and after Receipt of Listerine 

	Discussion 
	Conclusions 
	References

