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Abstract

Urethritis, or inflammation of the urethra, is one of the most common reasons men seek clini-

cal care. Sexually transmitted pathogens including Neisseria gonorrhoeae are responsible

for over half of the symptomatic urethritis cases in U.S. men. Recently, clinics in Indianapo-

lis, Columbus, Atlanta, and other U.S. cities began to note increasing numbers of men pre-

senting with urethritis and Gram-negative intracellular diplococci in their urethral smears

who test negative for N. gonorrhoeae. Many of these discordant cases, which have periodi-

cally reached highs of more than 25% of presumed gonococcal cases in some sexually

transmitted infection clinics in the U.S. Midwest, are infected with strains in a novel urethro-

tropic clade of Neisseria meningitidis ST-11 (US_NmUC). However, no cultivation-indepen-

dent tests are available for the US_NmUC strains, and prior studies relied on microbial

culture and genome sequencing to identify them. Here, we describe a PCR test that can

identify the US_NmUC strains and distinguish them from commensal and invasive N.

meningitidis strains as well as N. gonorrhoeae. Our SimpleProbe®-based real-time PCR

assay targets a conserved nucleotide substitution in a horizontally acquired region of US_N-

mUC strain genomes. We applied the assay to 241 urine specimens whose microbial com-

positions had previously been determined by deep shotgun metagenomic sequencing. The

assay detected the single US_NmUC positive case in this cohort, with no false positives.

Overall, our simple and readily adaptable assay could facilitate investigation of the patho-

genesis and epidemiology of the US_NmUC clade.

Introduction

Urethritis is defined by the presence of polymorphonuclear cells in male urethral smear or

urine specimens, and is often, but not always, associated with urethral and urinary symptoms
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[1–4]. Millions of cases of urethritis occur in men in the U.S. each year, and urethritis-related

symptoms are one of the most common reasons men seek primary care [5]. Infections with a

number of known sexually transmitted bacterial, viral, and protozoal pathogens can elicit ure-

thritis, but many cases are idiopathic [1, 6, 7].

Many specialized sexually transmitted infection (STI) clinics use point-of-care urethral

Gram stain smears to categorize urethritis into gonococcal urethritis (GU) and nongonococcal

urethritis (NGU) cases because the optimal empiric antibiotic regimens for GU and NGU dif-

fer [1, 8]. Presence of Gram-negative intracellular diplococci in these smears is highly sensitive

and specific for Neisseria gonorrhoeae (NG). Men with urethritis whose Gram stain smears

contain Gram-negative intracellular diplococci are diagnosed with GU, whereas men whose

smears who do not are diagnosed with NGU. When a point-of-care test is unavailable, a nega-

tive nucleic acid amplification test for NG can indicate a diagnosis of NGU. Chlamydia tracho-
matis, Mycoplasma genitalium, and Trichomonas vaginalis are common causes of NGU [9–

12]. Sensitive and specific nucleic acid amplification tests are available for some pathogens that

cause NGU. However, syndromic management of urethritis based on Gram stain results is the

norm, and identification of NGU-associated pathogens, when attempted, is usually retrospec-

tive [2].

Neisseria meningitidis (NM) is best known for its ability to invade and cause meningitis and

septicemia, although these invasive infections are rare and asymptomatic nasopharyngeal NM

colonization is more common [13, 14]. NM has previously been associated with single cases

and small clusters of urethritis cases [15–22], but none of these earlier outbreaks were

sustained.

Multiple STI clinics in the U.S. Midwest began to note an increased frequency of Gram-

negative intracellular diplococci-positive, NG nucleic acid amplification test-negative, male

urethritis cases starting in 2015 [23–25]. Urethral specimens from some of these men grew

NM [23–25], and whole genome sequencing revealed that the isolates were members of a new,

and nearly clonal, sub-group of strains in the ST-11 clonal complex, sub-lineage 11.2 [26].

These urethrotropic NM ST-11 (US_NmUC) isolates are a new paradigm because they have

an insertion in the capsule biosynthesis locus and can grow anaerobically due to horizontal

acquisition of a region of the norB (PubMLST allele NEIS1548)-aniA (PubMLST allele

NEIS1549) locus from NG [25–27]. The emergence of US_NmUC is alarming because this

clade only diverged from invasive NM ST-11 strains recently, and its pathogenic potential and

epidemiology have not been defined [28]. US_NmUC sub-lineages have acquired DNA from

NG on multiple occasions since their divergence from an invasive NM ST-11 parent, so there

is also concern that these strains could acquire additional genes from NG that confer resistance

to antibiotics and host immune defenses [26, 28, 29].

Nucleic acid amplification tests have mostly supplanted cultivation for diagnosis of NG,

C. trachomatis, T. vaginalis, and M. genitalium because culture of these microorganisms is

costly, requires controlled transport conditions, and FDA-approved tests that offer increased

sensitivity compared to culture of these organisms are now widely available. NM is not rou-

tinely cultured from urogenital sites, and since the sensitivity of NM culture from routine oro-

pharyngeal specimens using optimized transport conditions can be as low as 72% [30], the

sensitivity of urogenital NM culture may also be low. However, no cultivation-independent

tests that can detect and differentiate US_NmUC from other NM strains have been reported.

In prior studies, US_NmUC was usually cultured from urogenital specimens in settings where

there was a high degree of clinical suspicion due to discordant Gram stain smear and NG test

results, and then was identified using multi-locus sequence typing and or whole genome

sequencing. Culture and whole genome sequencing are not available in primary STI care set-

tings where most urethritis cases present, so US_NmUC prevalence has been estimated from a
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handful of studies of symptomatic male STI clinic attendees and retrospective analyses of

banked isolates.

Here, we describe a rapid real-time test for the US_NmUC clade strains using a SimpleP-

robe1 assay [31]. The assay probe targets a single nucleotide polymorphism in norB that is

present in US_NmUC clade strains, but absent in invasive NM strains, NG, and other com-

mensal Neisseria species that colonize the urogenital tract. Assay sensitivity and specificity

were evaluated using urine and urogenital swab matrices spiked with urogenital pathogens,

representative US_NmUC clade isolates, and other pathogenic and commensal urogenital

microorganisms. The assay also identified the only US_NmUC positive specimen in a collec-

tion of 241 male urine specimens whose microbiomes had been characterized by deep shotgun

metagenomic sequencing. The US_NmUC Simpleprobe1 assay could be easily adapted for

other types of clinical specimens, is compatible with platforms used in contemporary diagnos-

tic laboratories, and can be rapidly implemented for US_NmUC surveillance.

Materials and methods

Bacterial strains, plasmids and DNA templates

Unpublished NG and NM clinical isolates from Indianapolis area clinics were used to repre-

sent local strains; other strains were obtained from American Type Culture Collection

(ATCC) and other sources. NM FAM18 (ATCC 700532D-5), NM1 and NM2 [25]; NM3 and

NM4 (Indianapolis clinical isolates); ATL1 and ATL2 [26]; CNM14, CNM17, CNM32,

CNM33, CNM37, and CNM45 [24]; NG1 and NG2 (Indianapolis clinical isolates); Neisseria
perflava (ATCC-14799); Neisseria subflava (ATCC 49275); C. trachomatis [32]; M. genitalium
[32]; T. vaginalis [32]; and Ureaplasma urealyticum, (Ken Waites, University of Alabama at

Birmingham). HSV 1 and 2 control DNA was purchased from Acrometrix (Thermo Fisher

Scientific Life Sciences, Waltham, MA) and the HPV 16 plasmid was a gift from the Indiana

University Infectious Disease laboratory.

Collection and characterization of clinical specimens

Males�18 years of age who presented to the Marion County Public Department of Health,

Bellflower STI Clinic (BFC) in Indianapolis, Indiana with acute urethral symptoms or as

healthy controls without symptoms, and provided written consent to participate, were enrolled

in the idiopathic urethritis men’s project (IUMP) [12, 33]. A Gram stain smear was prepared

from a urethral swab from each participant to evaluate the presence of Gram-negative intracel-

lular diplococci and determine the number of polymorphonuclear leukocytes per high-power

field. We collected first-catch urine from the participants for US_NmUC testing. The men

were diagnosed with NGU if they had�2 polymorphonuclear leukocytes per high-power field

by urethral Gram stain smear and or urethral discharge on physical exam (N = 127). Asymp-

tomatic men without urethral discharge and<2 polymorphonuclear leukocytes per high-

power field by urethral Gram stain smear were identified as healthy controls (N = 114). Total

DNA from the urethral swabs was extracted and dual-indexed sequencing libraries were con-

structed using the NexteraXT DNA Library preparation kit (Illumina, San Diego, CA).

Sequencing libraries were pooled 12 per lane, and sequenced on an Illumina HiSeq 4000, gen-

erating 150 base paired-end sequences. Microorganism sequences were annotated using

MetaPhlan2 [34]. NM sequences were detected in the urethral specimen from one man with

idiopathic NGU, and the presence of US_NmUC in his corresponding urine was confirmed by

PCR amplification and sequencing of the norB-aniA locus. The Indiana University/Purdue

University-Indianapolis Institutional Review Board and the Marion County Public Depart-

ment of Health approved this study.
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SimpleProbe1US_NmUC real-time PCR assay

A primer set was designed with Roche Applied Science Light Cycler Probe design software

2.0 to amplify a 117 bp segment of the 2,256 bp norB gene that contains the target SNP in posi-

tion 431 in the US_NmUC reference isolate NM1 [25]. A SimpleProbe1 probe PNM1

(Fluorescein-SPC-CGTCATCAGCGATACGCG-Phosphate) was synthesized by

FLUORESENTRIC (Park City, UT). The PCR reaction mixtures contained LightCycler 480

Genotyping Master Mix (2x) (Roche Diagnostics, Indianapolis, IN), 0.5 μm of the forward

primer F-NM1 (5’-GCTTGGCCGATGAATACC-3’), 1.5 μM of the reverse primer R-NM1

(5’-CGTAAACGCCGTGATAGT-3’), 0.2 μM probe (P-NM1), 5 or 2 μl DNA template, and 3

mM MgCl2 in a total reaction volume of 20 μl. Amplifications were initially performed on a

Roche LightCycler 2.0 instrument and were subsequently scaled-up on a Roche z480 (z480)

real-time instrument (Roche Diagnostics, Indianapolis, IN). Amplification conditions for the

LightCycler 2.0 were: 95˚C for 10 min, 45 cycles at 95˚C for 10 sec (ramp rate of 20˚C/s), 55˚C

for 20 sec in single acquisition mode (ramp rate of 10˚C/s), 72˚C for 20 sec (ramp rate of 20˚C/

s). Melting curve analysis commenced by raising the temperature to 95˚C for 0 sec (ramp rate of

20˚C/s), followed by annealing at 40˚C for 2 min (ramp rate of 1.5˚C/s). The temperature was

increased stepwise to 95˚C with continuous signal acquisition (ramp rate of 0.1˚C/s). Cool

down was performed at 40˚C for 30 sec (ramp rate 20˚C/s). Amplification conditions on the

z480 were: 95˚C for 10 min (ramp rate 4.4˚C/s), 45 cycles at 95˚C for 10 sec (ramp rate of 4.4˚C/

s), 55˚C for 20 sec in single acquisition mode (ramp rate 2.2˚C/s), 72˚C for 20 sec (ramp rate

4.4˚C/s). After amplification, melting curve analysis commenced by raising the temperature to

95˚C for 1 min (ramp rate 4.4˚C/s), followed by annealing at 40˚C for 2 min (ramp rate 2.2˚C/

s). In the final annealing step, the temperature was raised to 90˚C (ramp rate 0.06˚C/s) with con-

tinuous signal acquisition. Cool down was performed at 40˚C for 30 sec (ramp rate 2.2˚C/s).

Determination of analytical sensitivity

To construct the control plasmids, 400 bp amplicons of norB encompassing the region con-

taining the target SNP were PCR amplified from NM1 or NG genomic DNA. The amplicons

were cloned into the pCR2.1-TOPO vector (Thermo Fisher Scientific Life Sciences, Waltham,

MA, USA) to create pNG-norB and pNM1-norB. The sequences of the norB inserts in the final

plasmids were confirmed by sequencing. The limit of detection (LOD) of the SimpleProbe1

US_NmUC real-time assay was determined using spiked mock urine and vaginal swab matri-

ces that tested negative for NG, C. trachomatis, T. vaginalis, M. genitalium, and U. urealyticum.

Serial dilutions of plasmids pNG-norB and pNM1-norB were added directly to mock urine

and vaginal swab solutions, with the final plasmid concentrations ranging from 25 to 1000

copies/ml in the spiked urine matrices, and 250–4000 copies/ml in the spiked vaginal swab

matrices. The contrived samples were processed, and DNA was extracted on the Roche Cobas

4800 automated extraction platform.

Taqman assay for Neisserial metA
A TaqMan assay for the NM metA gene was adapted from a prior study [35]. The assay was

scaled for use with the User Defined Workflow Software version 2.0 using the z480 platform.

Results and discussion

Assay design and validation using control strains

The US_NmUC clade recently diverged from an invasive ST-11 parent, and lineages of this

clade have subsequently recombined with other NM strains, so few genomic features can
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reliably differentiate urethrotopic from non-urethrotropic NM ST-11 isolates. However, at least

two key genetic changes drove the emergence of the US_NmUC clade: disruption of the capsule

locus by an insertion sequence (IS) element and acquisition of a region of the norB-aniA locus

via a horizontal gene transfer event with NG [25, 26, 28]. We rejected targeting the IS element

in the capsule locus because this region has the potential to recombine with other IS elements

present in US_NmUC isolates [26], although recombination at this specific site has not yet been

documented. We identified orthologs of gonococcal norB in all 204 of the US_NmUC clade

strains for which complete genomes were available (26). The norB sequences were identical in

194 of these 204 isolates. Alignment of the norB-ani locus of NM1, NG, NM FAM18, and other

commensal Neisseria spp. revealed two nonsynonymous SNPs in norB, G431A and C1782T,

that were unique to NM1, a representative of the US_NmUC clade strains (S1 Fig). Both SNPs

were present in all of the US_NmUC isolates. We also evaluated if 184 invasive NM strains, 9

urethritis/proctitis-associated NM strains from Europe [21, 22, 36], and 913 NG strains avail-

able in PubMLST encoded norB alleles and, if so, contained the US_NmUC associated SNPs

[27]. We identified norB alleles in 41 of the invasive NM strains, 7 of the European urethritis/

proctitis- associated NM strains, and in all of the NG strains. The G431A and C1782T SNPs

were not present in any of the invasive or European urethritis/proctitis-associated NM strains.

Ten of the NG strains had the C1782T SNP, but none of the NG strains had the G431A SNP.

The G431A SNP at position 431 causes a larger change in melting temperature than the

C1782T SNP. Since our comparative genomic analysis also indicated that the G431A SNP per-

fectly differentiated the US_NmUC clades strains from invasive NM, European NM urethritis/

proctitis, and NG strains, we designed a Simpleprobe1 assay to target G431A using Applied

Science Light Cycler Probe design software [31]. We performed a melting curve analysis to

assess if the Simpleprobe1 assay could differentiate the US_NmUC and NG norB alleles (Fig

1). NG norB melted between 65˚C and 67˚C, whereas NM1 norB melted between 55˚C and

57˚C.

Fig 1. Melting curves of two local US_NmUC isolates (NM1 and NM2), the NG positive control, and another local NG isolate.

The shift in melt curve peaks were clearly distinguishable, and separated by approximately 10˚C.

https://doi.org/10.1371/journal.pone.0228467.g001
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We assessed the limit of detection (LOD) of our assay by spiking mock urine and vaginal

swab matrices with serial dilutions of plasmids pNG-norB and pNM1-norB. Final plasmid con-

centrations ranged from 25 to 1000 copies/ml in the urine matrices, and 250–4000 copies/ml

in the vaginal swab matrices. We extracted DNA from the contrived specimens using the

Roche Cobas 4800 automated extraction platform and performed the SimpleProbe1 assay on

the LightCycler 2.0 and z480. We observed melting peaks at the predicted temperatures, con-

firming that the SimpleProbe1 assay could discriminate NG and US_NmUC norB alleles in

relevant matrices and on both PCR platforms. The limit of detection (LOD) was matrix and

platform dependent. The lower LOD on the Light Cycler 2.0 platform was 50 copies/ml with

urine and 500 copies/ml with vaginal swabs. On the z480 platform, the lower LOD was 100

copies/ml with urine and 1000 copies/ml with vaginal swabs.

Cross-reaction with other urogenital microorganisms

A diverse array of commensal [37, 38] as well as pathogenic microorganisms can sometimes be

found in the distal male urethra, so we tested if high loads of DNA from some common uro-

genital microorganisms interfered with assay performance. Extracted DNA from various

organisms including C. trachomatis, T. vaginalis, M. genitalium, N. meningitidis, N. cinerea, N.

lactamica, N. perflava, N. subflava; genomic DNA from U. urealyticum, HSV 1, HSV2, HPV

16; or the control plasmids pNM1-norB and pNG-norB was tested in the Simpleprobe1 assay.

Contrived specimens spiked with the two US_NmUC isolates (NM1 and NM2), and the uNM

plasmid control plasmid yielded a melting peak around 57˚C, whereas none of the contrived

specimens spiked with other Neisseria species or other urogenital microorganisms yielded a

melting peak near this temperature (Fig 2). Contrived specimens spiked with NG, N. lactamica
and the controls containing NG, or the NG plasmid yielded a melting peak around 66˚C,

whereas none of the other microorganisms amplified. Taken together, the clearly separated

melting peaks showed complete predictive concordance with NG and US_NmUC strain calls.

Fig 2. Amplification curves generated when the SimpleProbe1US_NmUC assay was tested against various microorganisms

that can colonize the urogenital tract.

https://doi.org/10.1371/journal.pone.0228467.g002
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The US_NmUC Simpleprobe1 assay is insensitive to high concentrations

of NG norB
The assay had a low LOD and yielded distinct melting peaks for NM1 and NG when these

organisms were present singly in relevant matrices (Fig 1). Since concurrent infection with

multiple STIs is common in men with urethritis, we tested the effects of different ratios of

pNG-norB and pNM1-norB on the assay performance (Fig 3). The amplitudes of the NM1 and

NG amplification peaks reflected the ratios of the corresponding templates in the reaction mix-

tures, and the US_NmUC and NG norB melting peaks were distinct at ratios ranging from

1:100 to 100:1 of pNG-norB and pNM1-norB. This result confirmed that the US_NmUC Sim-

pleprobe1 assay can differentiate US_NmUC in NG co-infected specimens.

Validation of the SimpleProbe1US_NmUC assay using clinical specimens

We used archived clinical specimens from the IUMP study [12, 33] to validate our assay.

Urines were available from 241 men (enrolled between 08-04-2016 to 07-13-2018), including

127 NGU cases and 114 healthy controls which tested negative for NG. Deep shotgun metage-

nomic sequencing of urethral swab specimens from the same men, to an average depth of 7

gigabases, identified one case (Case 43) whose specimen contained a high proportion of

US_NmUC sequences. Analysis of the same specimen collection using a Taqman PCR target-

ing Neisserial metA [35] identified three positive specimens, case 43, case 110, and healthy con-

trol 1062. PCR amplification and sequencing of norB from the swabs and urines from case 43,

case 110, and control 1062 confirmed that case 43 was infected with US_NmUC, whereas case

110 and control 1062 were colonized with commensal NM strains. When the entire specimen

collection was analyzed with the US_NmUC assay by a blinded technician, case 43 also yielded

the expected amplification curve for US_NmUC, and the NG plasmid control yielded the

expected melting peak for NG; whereas all of the other specimens yielded no amplification. To

Fig 3. Amplification curves generated when the SimpleProbe1US_NmUC assay was tested against various dilutions of NG and

NM.

https://doi.org/10.1371/journal.pone.0228467.g003
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ensure that the lack of metA positive samples was not due to a lack of assay sensitivity, we per-

formed the SimpleProbe1 assay on the first 20 IUMP samples (Fig 4) and on a subsequent 22

samples that included one sample that was positive for metA (Fig 5). None of the metA nega-

tive samples tested positive in the SimpleProbe1 assay. We also validated the assay using clini-

cal isolates collected from various sites, including eleven whole genome sequenced US_NmUC

isolates from Indianapolis, IN [25], Atlanta, GA [26], and Columbus, OH [24]. All of the

US_NmUC isolates tested positive in the metA assay and yielded the expected amplification

curves in the SimpleProbe1 assay (Fig 6).

Fig 4. Amplification curves generated from specimens of the first 20 men in the IUMP cohort using the

SimpleProbe1US_NmUC assay.

https://doi.org/10.1371/journal.pone.0228467.g004

Fig 5. Amplification curve of one IUMP participant who tested positive for uNM in a separate group of 20 men.

https://doi.org/10.1371/journal.pone.0228467.g005
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Conclusions

We developed a simple and sensitive assay for US_NmUC clade strains that does not require

microbial culture or genome sequencing. Assay performance was robust with US_NmUC

clade strains isolated from a variety of clinical sites, male clinical urine and urethral specimens,

and contrived vaginal specimens. The assay could easily be adapted for use with other types of

clinical specimens and be compatible with the high throughput testing platforms present in

contemporary diagnostic laboratories. This assay would facilitate future epidemiological stud-

ies to determine if US_NmUC clade strains can be carried asymptomatically, mechanisms of

strain transmission, and their pathogenic potential. Our study has multiple limitations. First,

we did not validate the assay for extragenital specimens or female clinical specimens, and were

only able to include one unprocessed clinical specimen in our analysis. Optimization of the

assay for use with extragenital specimens is an important future direction because there is evi-

dence that the US_NmUC strains are transmitted via oral sexual exposures [39, 40]. Related to

this issue, since there have been no prospective studies of US_NmUC prevalence, few properly

consented and unprocessed specimens are currently available for US_NmUC testing. We hope

that development of a rapid and simple test will inspire testing of retrospectively banked speci-

mens and facilitate prospective studies of the US_NmUC clade strains. Finally, since our assay

targets a single SNP, and it is unclear if US_NmUC mutants that had other bases at this site

would be less fit, our assay would also miss US_NmUC that acquire mutations at other sites.

Thus, a future direction is to identify additional similarly discriminating targets that could be

included in a multi-plex assay format.

Supporting information

S1 Fig. norB DNA sequence alignment by clustalW. Two N. gonorrheae (NG) strains

(FA1090, NCCP11945), one urethrotropic NM isolate (NM1), one Nm urethral isolate, and

one N. lactamica (Nl) strain are included in the alignment. Sequences unique exclusively to the

Fig 6. Amplification curves generated using a panel of US_NmUC isolates from geographically diverse case-

clusters.

https://doi.org/10.1371/journal.pone.0228467.g006
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urethrotropic NM isolate are marked in bold red. The target SNP for our assay is boxed.

(DOCX)

Acknowledgments

We thank Drs. Yih-Ling Tzeng, David Stephens, Abigail Turner, and Jose Bazan, for providing

urogenital-sourced meningococcal isolates from Atlanta, GA and Columbus OH. We thank

Dr. Janet Arno for providing clinical gonococcal isolates from the BFC. Finally, we thank Dr.

Stephen Jordan for critical review of the manuscript.

Author Contributions

Conceptualization: Evelyn Toh, James A. Williams.

Data curation: Evelyn Toh, James A. Williams, Brahim Qadadri.

Formal analysis: Evelyn Toh, Brahim Qadadri.

Funding acquisition: David E. Nelson.

Investigation: Evelyn Toh, Aaron Ermel, David E. Nelson.

Methodology: Evelyn Toh, James A. Williams, Brahim Qadadri.

Project administration: Evelyn Toh.

Software: James A. Williams.

Supervision: Aaron Ermel, David E. Nelson.

Validation: Evelyn Toh, James A. Williams, Aaron Ermel.

Writing – original draft: Evelyn Toh, David E. Nelson.

Writing – review & editing: Evelyn Toh, James A. Williams, Brahim Qadadri, Aaron Ermel,

David E. Nelson.

References
1. Martin D. Urethritis in Males. In: Holmes KK SP, Stamm WE, editor. Sexually Transmitted Diseases.

4th ed. New York: McGraw-Hill; 2008. p. 1107–26.

2. Jordan SJ, Aaron KJ, Schwebke JR, Van Der Pol BJ, Hook EW 3rd. Defining the Urethritis Syndrome in

Men Using Patient Reported Symptoms. Sex Transm Dis. 2018; 45(7):e40–e2. Epub 2018/02/22.

https://doi.org/10.1097/OLQ.0000000000000790 PMID: 29465655; PubMed Central PMCID:

PMC5995624.

3. Moi H, Blee K, Horner PJ. Management of non-gonococcal urethritis. BMC Infect Dis. 2015; 15:294.

Epub 2015/07/30. https://doi.org/10.1186/s12879-015-1043-4 PMID: 26220178; PubMed Central

PMCID: PMC4518518.

4. Moi H, Hartgill U, Skullerud KH, Reponen EJ, Syvertsen L, Moghaddam A. Microscopy of Stained Ure-

thral Smear in Male Urethritis; Which Cutoff Should be Used? Sex Transm Dis. 2017; 44(3):189–94.

Epub 2017/02/09. https://doi.org/10.1097/OLQ.0000000000000565 PMID: 28178118.

5. Brill JR. Diagnosis and treatment of urethritis in men. Am Fam Physician. 2010; 81(7):873–8. Epub

2010/04/01. PMID: 20353145.

6. Wetmore CM, Manhart LE, Golden MR. Idiopathic urethritis in young men in the United States: preva-

lence and comparison to infections with known sexually transmitted pathogens. J Adolesc Health. 2009;

45(5):463–72. Epub 2009/10/20. https://doi.org/10.1016/j.jadohealth.2009.06.024 PMID: 19837352;

PubMed Central PMCID: PMC2764555.

7. Bartoletti R, Wagenlehner FME, Bjerklund Johansen TE, Koves B, Cai T, Tandogdu Z, et al. Manage-

ment of Urethritis: Is It Still the Time for Empirical Antibiotic Treatments? Eur Urol Focus. 2019; 5(1):29–

35. Epub 2018/10/16. https://doi.org/10.1016/j.euf.2018.10.006 PMID: 30318465.

Rapid diagnostic assay for urethrotropic Neisseria meningitidis clade isolates

PLOS ONE | https://doi.org/10.1371/journal.pone.0228467 February 10, 2020 10 / 12

https://doi.org/10.1097/OLQ.0000000000000790
http://www.ncbi.nlm.nih.gov/pubmed/29465655
https://doi.org/10.1186/s12879-015-1043-4
http://www.ncbi.nlm.nih.gov/pubmed/26220178
https://doi.org/10.1097/OLQ.0000000000000565
http://www.ncbi.nlm.nih.gov/pubmed/28178118
http://www.ncbi.nlm.nih.gov/pubmed/20353145
https://doi.org/10.1016/j.jadohealth.2009.06.024
http://www.ncbi.nlm.nih.gov/pubmed/19837352
https://doi.org/10.1016/j.euf.2018.10.006
http://www.ncbi.nlm.nih.gov/pubmed/30318465
https://doi.org/10.1371/journal.pone.0228467


8. Rietmeijer CA, Mettenbrink CJ. Recalibrating the Gram stain diagnosis of male urethritis in the era of

nucleic acid amplification testing. Sex Transm Dis. 2012; 39(1):18–20. Epub 2011/12/21. https://doi.

org/10.1097/OLQ.0b013e3182354da3 PMID: 22183839.

9. Joyner JL, Douglas JM Jr., Ragsdale S, Foster M, Judson FN. Comparative prevalence of infection with

Trichomonas vaginalis among men attending a sexually transmitted diseases clinic. Sex Transm Dis.

2000; 27(4):236–40. Epub 2000/04/27. https://doi.org/10.1097/00007435-200004000-00010 PMID:

10782747.

10. Holmes KK, Handsfield HH, Wang SP, Wentworth BB, Turck M, Anderson JB, et al. Etiology of nongon-

ococcal urethritis. N Engl J Med. 1975; 292(23):1199–205. Epub 1975/06/05. https://doi.org/10.1056/

NEJM197506052922301 PMID: 165407.

11. Horner PJ, Gilroy CB, Thomas BJ, Naidoo ROM, Taylorrobinson D. Association of Mycoplasma-Genita-

lium with Acute Nongonococcal Urethritis. Lancet. 1993; 342(8871):582–5. https://doi.org/10.1016/

0140-6736(93)91411-e WOS:A1993LV96300011. PMID: 8102721

12. Jordan SJ, Toh E, Williams JA, Fortenberry L, LaPradd ML, Katz BP, et al. Aetiology and prevalence of

mixed-infections and mono-infections in non-gonococcal urethritis in men: a case-control study. Sex

Transm Infect. 2019. Epub 2019/09/14. https://doi.org/10.1136/sextrans-2019-054121 PMID:

31515293.

13. Harrison LH. Vaccines for prevention of group B meningococcal disease: Not your father’s vaccines.

Vaccine. 2015; 33 Suppl 4:D32–8. Epub 2015/06/28. https://doi.org/10.1016/j.vaccine.2015.05.101

PMID: 26116255.

14. Hollingshead S, Tang CM. An Overview of Neisseria meningitidis. Methods Mol Biol. 2019; 1969:1–16.

Epub 2019/03/17. https://doi.org/10.1007/978-1-4939-9202-7_1 PMID: 30877666.

15. Gregory JE, Crook R, Keeler G. Urethritis attributable to Neisseria meningitidis, group X: a case report.

J Natl Med Assoc. 1979; 71(9):845–6. Epub 1979/09/01. PMID: 116007; PubMed Central PMCID:

PMC2537472.

16. Hagman M, Forslin L, Moi H, Danielsson D. Neisseria meningitidis in specimens from urogenital sites.

Is increased awareness necessary? Sex Transm Dis. 1991; 18(4):228–32. Epub 1991/10/01. https://

doi.org/10.1097/00007435-199110000-00006 PMID: 1771476.

17. Nebreda T, Campos A, Merino FJ. Urethritis caused by Neisseria meningitidis serogroup C. Clin Micro-

biol Infect. 1999; 5(1):57–60. Epub 2002/02/22. https://doi.org/10.1111/j.1469-0691.1999.tb00101.x

PMID: 11856216.

18. Urra E, Alkorta M, Sota M, Alcala B, Martinez I, Barron J, et al. Orogenital transmission of Neisseria

meningitidis serogroup C confirmed by genotyping techniques. Eur J Clin Microbiol Infect Dis. 2005; 24

(1):51–3. Epub 2004/12/16. https://doi.org/10.1007/s10096-004-1257-7 PMID: 15599785.

19. Rodriguez CN, Rodriguez-Morales AJ, Garcia A, Pastran B, Rios A, Calvo A, et al. Quinolone and azi-

thromycin-resistant Neisseria meningitidis serogroup C causing urethritis in a heterosexual man. Int J

STD AIDS. 2005; 16(9):649–50. Epub 2005/09/24. https://doi.org/10.1258/0956462054944363 PMID:

16176640.

20. Hayakawa K, Itoda I, Shimuta K, Takahashi H, Ohnishi M. Urethritis caused by novel Neisseria meningi-

tidis serogroup W in man who has sex with men, Japan. Emerg Infect Dis. 2014; 20(9):1585–7. Epub

2014/08/26. https://doi.org/10.3201/eid2009.140349 PMID: 25154021; PubMed Central PMCID:

PMC4178410.

21. Ma KC, Unemo M, Jeverica S, Kirkcaldy RD, Takahashi H, Ohnishi M, et al. Genomic Characterization

of Urethritis-Associated Neisseria meningitidis Shows that a Wide Range of N. meningitidis Strains Can

Cause Urethritis. J Clin Microbiol. 2017; 55(12):3374–83. Epub 2017/09/15. https://doi.org/10.1128/

JCM.01018-17 PMID: 28904187; PubMed Central PMCID: PMC5703804.

22. Harrison OB, Cole K, Peters J, Cresswell F, Dean G, Eyre DW, et al. Genomic analysis of urogenital

and rectal Neisseria meningitidis isolates reveals encapsulated hyperinvasive meningococci and coinci-

dent multidrug-resistant gonococci. Sexually Transmitted Infections. 2017; 93(6):445–51. https://doi.

org/10.1136/sextrans-2016-052781 WOS:000408044600016. PMID: 28137933

23. Bazan JA, Peterson AS, Kirkcaldy RD, Briere EC, Maierhofer C, Turner AN, et al. Notes from the Field:

Increase in Neisseria meningitidis-Associated Urethritis Among Men at Two Sentinel Clinics—Colum-

bus, Ohio, and Oakland County, Michigan, 2015. MMWR Morb Mortal Wkly Rep. 2016; 65(21):550–2.

Epub 2016/06/03. https://doi.org/10.15585/mmwr.mm6521a5 PMID: 27254649; PubMed Central

PMCID: PMC5390329.

24. Bazan JA, Turner AN, Kirkcaldy RD, Retchless AC, Kretz CB, Briere E, et al. Large Cluster of Neisseria

meningitidis Urethritis in Columbus, Ohio, 2015. Clin Infect Dis. 2017; 65(1):92–9. Epub 2017/05/10.

https://doi.org/10.1093/cid/cix215 PMID: 28481980; PubMed Central PMCID: PMC5848337.

25. Toh E, Gangaiah D, Batteiger BE, Williams JA, Arno JN, Tai A, et al. Neisseria meningitidis ST11 Com-

plex Isolates Associated with Nongonococcal Urethritis, Indiana, USA, 2015–2016. Emerg Infect Dis.

Rapid diagnostic assay for urethrotropic Neisseria meningitidis clade isolates

PLOS ONE | https://doi.org/10.1371/journal.pone.0228467 February 10, 2020 11 / 12

https://doi.org/10.1097/OLQ.0b013e3182354da3
https://doi.org/10.1097/OLQ.0b013e3182354da3
http://www.ncbi.nlm.nih.gov/pubmed/22183839
https://doi.org/10.1097/00007435-200004000-00010
http://www.ncbi.nlm.nih.gov/pubmed/10782747
https://doi.org/10.1056/NEJM197506052922301
https://doi.org/10.1056/NEJM197506052922301
http://www.ncbi.nlm.nih.gov/pubmed/165407
https://doi.org/10.1016/0140-6736(93)91411-e
https://doi.org/10.1016/0140-6736(93)91411-e
http://www.ncbi.nlm.nih.gov/pubmed/8102721
https://doi.org/10.1136/sextrans-2019-054121
http://www.ncbi.nlm.nih.gov/pubmed/31515293
https://doi.org/10.1016/j.vaccine.2015.05.101
http://www.ncbi.nlm.nih.gov/pubmed/26116255
https://doi.org/10.1007/978-1-4939-9202-7_1
http://www.ncbi.nlm.nih.gov/pubmed/30877666
http://www.ncbi.nlm.nih.gov/pubmed/116007
https://doi.org/10.1097/00007435-199110000-00006
https://doi.org/10.1097/00007435-199110000-00006
http://www.ncbi.nlm.nih.gov/pubmed/1771476
https://doi.org/10.1111/j.1469-0691.1999.tb00101.x
http://www.ncbi.nlm.nih.gov/pubmed/11856216
https://doi.org/10.1007/s10096-004-1257-7
http://www.ncbi.nlm.nih.gov/pubmed/15599785
https://doi.org/10.1258/0956462054944363
http://www.ncbi.nlm.nih.gov/pubmed/16176640
https://doi.org/10.3201/eid2009.140349
http://www.ncbi.nlm.nih.gov/pubmed/25154021
https://doi.org/10.1128/JCM.01018-17
https://doi.org/10.1128/JCM.01018-17
http://www.ncbi.nlm.nih.gov/pubmed/28904187
https://doi.org/10.1136/sextrans-2016-052781
https://doi.org/10.1136/sextrans-2016-052781
http://www.ncbi.nlm.nih.gov/pubmed/28137933
https://doi.org/10.15585/mmwr.mm6521a5
http://www.ncbi.nlm.nih.gov/pubmed/27254649
https://doi.org/10.1093/cid/cix215
http://www.ncbi.nlm.nih.gov/pubmed/28481980
https://doi.org/10.1371/journal.pone.0228467


2017; 23(2):336–9. Epub 2017/01/19. https://doi.org/10.3201/eid2302.161434 PMID: 28098538;

PubMed Central PMCID: PMC5324800.

26. Tzeng YL, Bazan JA, Turner AN, Wang X, Retchless AC, Read TD, et al. Emergence of a new Neis-

seria meningitidis clonal complex 11 lineage 11.2 clade as an effective urogenital pathogen. Proc Natl

Acad Sci U S A. 2017; 114(16):4237–42. Epub 2017/04/05. https://doi.org/10.1073/pnas.1620971114

PMID: 28373547; PubMed Central PMCID: PMC5402416.

27. Jolley KA, Bray JE, Maiden MCJ. Open-access bacterial population genomics: BIGSdb software, the

PubMLST.org website and their applications. Wellcome Open Res. 2018; 3:124. Epub 2018/10/23.

https://doi.org/10.12688/wellcomeopenres.14826.1 PMID: 30345391; PubMed Central PMCID:

PMC6192448.

28. Retchless AC, Kretz CB, Chang HY, Bazan JA, Abrams AJ, Norris Turner A, et al. Expansion of a ure-

thritis-associated Neisseria meningitidis clade in the United States with concurrent acquisition of N.

gonorrhoeae alleles. BMC Genomics. 2018; 19(1):176. Epub 2018/03/04. https://doi.org/10.1186/

s12864-018-4560-x PMID: 29499642; PubMed Central PMCID: PMC5834837.

29. Tzeng YL, Berman Z, Toh E, Bazan JA, Turner AN, Retchless AC, et al. Heteroresistance to the model

antimicrobial peptide polymyxin B in the emerging Neisseria meningitidis lineage 11.2 urethritis clade:

mutations in the pilMNOPQ operon. Mol Microbiol. 2019; 111(1):254–68. Epub 2018/10/20. https://doi.

org/10.1111/mmi.14153 PMID: 30338585; PubMed Central PMCID: PMC6351203.

30. Jordens JZ, Williams JN, Jones GR, Heckels JE. Detection of meningococcal carriage by culture and

PCR of throat swabs and mouth gargles. Journal of clinical microbiology. 2002; 40(1):75–9. Epub 2002/

01/05. https://doi.org/10.1128/JCM.40.1.75-79.2002 PMID: 11773095; PubMed Central PMCID:

PMC120086.

31. Klaassen CH, van Aarssen YA, van der Stappen JW. Improved real-time detection of the H63D and

S65C mutations associated with hereditary hemochromatosis using a SimpleProbe assay format. Clin

Chem Lab Med. 2008; 46(7):985–6. Epub 2008/07/16. https://doi.org/10.1515/CCLM.2008.197 PMID:

18624620.

32. Khan A, Fortenberry JD, Juliar BE, Tu W, Orr DP, Batteiger BE. The prevalence of chlamydia, gonor-

rhea, and trichomonas in sexual partnerships: implications for partner notification and treatment. Sexu-

ally transmitted diseases. 2005; 32(4):260–4. Epub 2005/03/25. https://doi.org/10.1097/01.olq.

0000161089.53411.cb PMID: 15788928; PubMed Central PMCID: PMC2575652.

33. Batteiger TA, Jordan SJ, Toh E, Fortenberry L, Williams JA, LaPradd M, et al. Detection of Rectal Chla-

mydia trachomatis in Heterosexual Men Who Report Cunnilingus. Sex Transm Dis. 2019; 46(7):440–5.

Epub 2019/06/14. https://doi.org/10.1097/OLQ.0000000000000998 PMID: 31194715; PubMed Central

PMCID: PMC6578585.

34. Truong DT, Franzosa EA, Tickle TL, Scholz M, Weingart G, Pasolli E, et al. MetaPhlAn2 for enhanced

metagenomic taxonomic profiling. Nat Methods. 2015; 12(10):902–3. Epub 2015/09/30. https://doi.org/

10.1038/nmeth.3589 PMID: 26418763.

35. Diene SM, Bertelli C, Pillonel T, Jacquier N, Croxatto A, Jaton K, et al. Comparative genomics of Neis-

seria meningitidis strains: new targets for molecular diagnostics. Clin Microbiol Infect. 2016; 22(6):568

e1–7. Epub 2016/04/18. https://doi.org/10.1016/j.cmi.2016.03.022 PMID: 27085725.

36. Taha MK, Claus H, Lappann M, Veyrier FJ, Otto A, Becher D, et al. Evolutionary Events Associated

with an Outbreak of Meningococcal Disease in Men Who Have Sex with Men. PloS one. 2016; 11(5):

e0154047. Epub 2016/05/12. https://doi.org/10.1371/journal.pone.0154047 PMID: 27167067; PubMed

Central PMCID: PMC4864352.

37. Nelson DE, Van Der Pol B, Dong Q, Revanna KV, Fan B, Easwaran S, et al. Characteristic male urine

microbiomes associate with asymptomatic sexually transmitted infection. PLoS One. 2010; 5(11):

e14116. Epub 2010/12/03. https://doi.org/10.1371/journal.pone.0014116 PMID: 21124791; PubMed

Central PMCID: PMC2991352.

38. Dong Q, Nelson DE, Toh E, Diao L, Gao X, Fortenberry JD, et al. The microbial communities in male

first catch urine are highly similar to those in paired urethral swab specimens. PLoS One. 2011; 6(5):

e19709. Epub 2011/05/24. https://doi.org/10.1371/journal.pone.0019709 PMID: 21603636; PubMed

Central PMCID: PMC3094389.

39. Kretz CB, Bergeron G, Aldrich M, Bloch D, Del Rosso PE, Halse TA, et al. Neonatal Conjunctivitis

Caused by Neisseria meningitidis US Urethritis Clade, New York, USA, August 2017. Emerg Infect Dis.

2019; 25(5):972–5. Epub 2019/04/20. https://doi.org/10.3201/eid2505.181631 PMID: 31002061;

PubMed Central PMCID: PMC6478211.

40. Bazan JA, Tzeng YL, Stephens DS, Carter AM, Brown MA, Snyder B, et al. Repeat Episodes of Symp-

tomatic Urethritis due to a Uropathogenic Meningococcal Clade. Sexually transmitted diseases. 2019.

Epub 2019/10/28. https://doi.org/10.1097/OLQ.0000000000001079 PMID: 31651709.

Rapid diagnostic assay for urethrotropic Neisseria meningitidis clade isolates

PLOS ONE | https://doi.org/10.1371/journal.pone.0228467 February 10, 2020 12 / 12

https://doi.org/10.3201/eid2302.161434
http://www.ncbi.nlm.nih.gov/pubmed/28098538
https://doi.org/10.1073/pnas.1620971114
http://www.ncbi.nlm.nih.gov/pubmed/28373547
https://doi.org/10.12688/wellcomeopenres.14826.1
http://www.ncbi.nlm.nih.gov/pubmed/30345391
https://doi.org/10.1186/s12864-018-4560-x
https://doi.org/10.1186/s12864-018-4560-x
http://www.ncbi.nlm.nih.gov/pubmed/29499642
https://doi.org/10.1111/mmi.14153
https://doi.org/10.1111/mmi.14153
http://www.ncbi.nlm.nih.gov/pubmed/30338585
https://doi.org/10.1128/JCM.40.1.75-79.2002
http://www.ncbi.nlm.nih.gov/pubmed/11773095
https://doi.org/10.1515/CCLM.2008.197
http://www.ncbi.nlm.nih.gov/pubmed/18624620
https://doi.org/10.1097/01.olq.0000161089.53411.cb
https://doi.org/10.1097/01.olq.0000161089.53411.cb
http://www.ncbi.nlm.nih.gov/pubmed/15788928
https://doi.org/10.1097/OLQ.0000000000000998
http://www.ncbi.nlm.nih.gov/pubmed/31194715
https://doi.org/10.1038/nmeth.3589
https://doi.org/10.1038/nmeth.3589
http://www.ncbi.nlm.nih.gov/pubmed/26418763
https://doi.org/10.1016/j.cmi.2016.03.022
http://www.ncbi.nlm.nih.gov/pubmed/27085725
https://doi.org/10.1371/journal.pone.0154047
http://www.ncbi.nlm.nih.gov/pubmed/27167067
https://doi.org/10.1371/journal.pone.0014116
http://www.ncbi.nlm.nih.gov/pubmed/21124791
https://doi.org/10.1371/journal.pone.0019709
http://www.ncbi.nlm.nih.gov/pubmed/21603636
https://doi.org/10.3201/eid2505.181631
http://www.ncbi.nlm.nih.gov/pubmed/31002061
https://doi.org/10.1097/OLQ.0000000000001079
http://www.ncbi.nlm.nih.gov/pubmed/31651709
https://doi.org/10.1371/journal.pone.0228467

