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SUMMARY
The origin, composition, and significance of the distal male urethral microbiome are unclear, but vaginal mi-
crobiomedysbiosis is linked to new sex partners and several urogynecological syndromes.We characterized
110 urethral specimens from men without urethral symptoms, infections, or inflammation using shotgun
metagenomics. Most urethral specimens contain characteristic lactic acid bacteria and Corynebacterium
spp. In contrast, several bacteria associated with vaginal dysbiosis were present only in specimens from
men who reported vaginal intercourse. Sexual behavior, but not other evaluated behavioral, demographic,
or clinical variables, strongly associated with inter-specimen variance in urethral microbiome composition.
Thus, the male urethra supports a simple core microbiome that is established independent of sexual
exposures but can be re-shaped by vaginal sex. Overall, the results suggest that urogenital microbiology
and sexual behavior are inexorably intertwined, and show that the male urethra harbors female urogenital
pathobionts.
INTRODUCTION

Themale urinary and reproductive tractsmerge at the post-pros-

tatic urethra, and microorganisms that exit or enter the male uro-

genital tract traverse the penile urethra (PU). Similar to other

mucosae, the PU is richly endowed with innate and adaptive im-

mune cells that can detect and respond to microorganisms.1

Nonetheless, the PU can be infected by and transmit a broad

array of sexually transmitted bacterial, viral, and eukaryotic

pathogens.2 Communities of commensal microorganisms

(microbiomes) associated with a healthy gastrointestinal tract

and female reproductive tract (FRT) protect these organs against

infection and promote health.3,4 It is unclear if the healthy PU

supports a characteristic microbiome, or microbiomes, that

contribute to PU health or disease.

Several factors have impeded characterization of the PU

microbiome. PU sampling is painful and is rarely indicated in

healthy individuals; hence the PU microbiome has mostly been

studied in men with sexually transmitted infections (STIs).
Cell Re
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Some PU microorganisms can be detected in non-invasive

specimens, such as urine, but these approaches may oversam-

ple the upper urogenital tract and proximal urethra and under-

sample the PU epithelium.5,6 The utility of PCR-based cultiva-

tion-independent microbial identification approaches, including

16S rRNA gene sequencing, has also been constrained by low

microbial biomass in urogenital specimens, inability of these ap-

proaches to detect all the diverse types of microorganisms that

have been documented in urogenital specimens (bacteria,

viruses, fungi, protists, parasites), and signal to noise issues.7,8

There is increasing evidence that microorganisms do colonize

the healthy PU. In a nongonococcal urethritis (NGU) case-control

study in men, Bowie and colleagues cultivated streptococci, lac-

tobacilli, and a broader variety of anaerobic bacteria from 91%of

the urethral specimens from the controls.9 Similar bacteria were

detected in urine and urethral swabs of asymptomaticmen using

16S rRNA gene sequencing in two other studies, which addition-

ally showed that many of these corresponded to bacterial vagi-

nosis associated bacteria (BVAB).5,10 Other studies of urine,
ports Medicine 4, 100981, March 21, 2023 ª 2023 The Author(s). 1
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Figure 1. Study participant inclusion and

exclusion flowchart

Participants were excluded from this analysis if they

had urethral discharge, tested positive for

C. trachomatis, M. genitalium, N. gonorrhoeae,

T. vaginalis, or urethrotropic Neisseria meningitidis

strain US_NmUC, exhibited >1 polymorphonuclear

leukocytes per high-power field (PMN/HPF) on their

urethral Gram stain smear, reported antibiotic use in

the past month, had genitourinary tract symptoms,

or genital skin conditions.
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primarily from control men enrolled in studies of urogenital dis-

ease, have replicated these findings.11–16 Although stability of

the adult PU microbiome has not been evaluated, some PU bac-

teria that have been observed in adults were detected in consec-

utivemonthly urine specimens collected from adolescents over a

3-month interval.17 Conversely, some prevalent bacteria in

adults were not detected in adolescents.17

Existing data suggest that the healthy PU microbiome is sim-

ple, stable, andmay be linked to environmental and sexual expo-

sures17–19; however, the taxonomic resolution of most studies

has been low, so the identities of many PU microorganisms are

unclear. The relationship between specific sexual behaviors

and PU microbiome composition is also unknown.

Here, we use stringent inclusion criteria informed by clinical

examination, STI testing, measurements of urethral inflamma-

tion, and behavioral surveys to identify healthymenwith no signs

or symptoms of urethral inflammation or disease to identify cor-

relates of PU microbiome composition. PU specimens from 110

men and 24 vaginal specimens from a separate validation cohort

were characterized using a shotgun metagenomic sequencing

approach, allowing us to perform a detailed characterization of

the PU microbiome. Roles of STI risk factors and sexual behav-

iors in PU microbiome composition were also evaluated. We

show that the healthy PU supports a core microbiome that

may be re-shaped by penile-vaginal (vaginal) sex. We also

show that silent carriage of a wide array of FRT pathogens and
2 Cell Reports Medicine 4, 100981, March 21, 2023
pathobionts, but not protective Lactoba-

cillus spp., is common in men who lack

urethral disease.

RESULTS

Participant characteristics and
enrollment strategy
We screened 164 volunteers who visited a

public health clinic in Indianapolis for STI

screening, to identify healthy adult cis-

gender men without signs and symptoms

of urethral inflammation, infection, or dis-

ease as part of the Idiopathic Urethritis

Men’s Project.20–22 Fifty-four men were

excluded for positive STI or urethral inflam-

mation tests, antibiotic use in the past

month, history of urogenital or systemic

disease, other findings of urogenital ab-
normality including urogenital surgery, or incomplete survey re-

sults (Figure 1). The mean age of the remaining 110 men was

28.7 ± 10.7 years, 35% (38 of 110) were Black, 53% (58 of

110) were White, 13% (14 of 110) were other (Asian and more

than one race), and 89% (98 of 110) identified as non-Hispanic

or Latino. Seventy-five (68%) self-identified as heterosexual,

22 (20%) as homosexual, and 13 (12%) as bisexual/other, and

most were sexually active in the prior year (108 of 110)

(Tables S1 and S3).

PU can be colonized by FRT bacteria, but the
microbiomes of the PU and FRT differ
The PU swabs were sequenced to an average depth of

31,303,028 ± 9,466,191 reads, and the sequences were anno-

tated using MetaPhlAn3.23 A total of 117 different bacterial and

26 viruses were detected (Table S4). Bacteria were detected in

92 specimens and these sequences accounted for 95.0% of

the total microorganism sequences, on average per specimen

(Figures 2A–2C). Viral sequences were less prevalent (41 of 92)

(44.6%) and abundant (5.0%). Streptococcus mitis, a lactic

acid bacterium (LAB) (bacterium in the order Lactobacillales

that produce lactic acid) that has been cultured from male uro-

genital specimens previously,24,25 accounted for 24.2% of the

sequences. Many sequences corresponded to BVAB (e.g.,

Gardnerella vaginalis, Atopobium vaginae [recently renamed

Fannyhessea vaginae26], Prevotella amnii) or aerobic vaginitis
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Figure 2. Pie charts depicting percent composition of the top 10 most abundant PU microorganisms based on relative abundance

‘‘Other’’ includes all remaining taxa detected excluding the top 10most abundant. Healthy controls: (A) overall microbial composition, (B) viruses only, (C) bacteria

only; Vaginal specimens: (D) overall microbial composition, (E) viruses only, (F) bacteria only.
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associated bacteria (AVAB) (Streptococcus agalactiae and

Streptococcus anginosis).27–29 Bacteriophages (phages) ac-

counted for 62% of the viral sequences. Streptococcus phages

were detected in 11 specimens, but no individual phages were

prevalent. Sexually transmitted viruses that can silently colonize

the PU such as Alphapapilloma viruses30 and adenovirus31 were

found in two and one specimens, respectively. Systemic viruses

that are commonly detected in male urogenital specimens,

including cytomegalovirus32 and Epstein-Barr virus,33 were

each found in two specimens. Human herpesvirus 6 was de-

tected in six specimens.

Eighteen PU specimens yielded few or no microorganism se-

quences. This suggested that the urethral microbiome is sparse

or absent in some men, or that our approach failed to detect or

annotate sequences from microorganisms that were present.
Separately, although sequences from FRT pathobionts were

prevalent in the urethral specimens, sequences from several

FRT health-associated Lactobacillus spp. were uncommon or

absent. Therefore, we evaluated if our microbial annotation

approach was too stringent using vaginal specimens collected

in another study as positive controls. We obtained vaginal swabs

from four women who enrolled in a prior study of incident bacte-

rial vaginosis (iBV)34 that were collected every other day before

(�2 days), during, and up to 8 days before development of iBV

(six specimens from each woman). These specimens were

sequenced and annotated identically to the PU specimens.

Lactobacillus crispatus, Lactobacillus colehominis, Lactobacillus

gasseri, Lactobacillus jensenii and other less-common protec-

tive Lactobacillus spp. were abundant in the pre-BV specimens

whereas a broad range of BVAB such asG. vaginalis, A. vaginae,
Cell Reports Medicine 4, 100981, March 21, 2023 3
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and Prevotella bivia, were detected in the iBV specimens, con-

firming that our approach could detect sequences from a wide

range of FRT bacteria (Figures 2D–2F) (Table S4). S. mitis was

not detected in the FRT specimens, consistent with this microor-

ganism being an infrequent FRT colonizer.35 Re-annotation of

the PU sequences using a less stringent K-mer based approach

(Kraken2)36 (Table S5) yielded similar species-level identifica-

tions. This suggested that some PU specimens contain few or

no microorganisms, and that our primary annotation approach

captured most of the microbial diversity present. Subsequent

analyses were performed using the species-level MetaPhlAn3

annotations because Kraken2 also identified many invariant

taxa, possibly due to human contamination in reference microbi-

al genome sequences.37 Thus, the healthymale genital tract may

harbor FRT pathobionts, but themicrobiomes of the PU and FRT

differ.

Two distinct microbiomes are associated with the PU
Clustering has been used to identify characteristic microbiome

community state types or enterotypes in the vagina and

gut,38,39 respectively, and assess if specific organs support

core microbiomes, defined by Shade and Handelsman as

‘‘the suite of members shared among microbial consortia

from similar habitats.’’40 Clustering performed with composi-

tional datasets, like relative abundance, has limitations,41 so

the MetaPhlAn3 taxa counts were transformed from Simplex

space into Euclidian space using two approaches, a default

centered-log ratio (CLR) transformation and a custom additive

log ratio (ALR) transformation that used human sequences as

the invariant taxon.42,43 To validate the ALR approach, the

numbers of G. vaginalis genomes, measured by quantitative

PCR, and the ratio of G. vaginalis genomes to human whole-

genome sequences were compared. These were strongly posi-

tively correlated (Spearman correlation 0.82, p = 1.2 3 10�23)

across several orders of magnitude (Figure S1), showing ALR

abundance is a reasonable proxy for bacterial genome

counts.44 Clustering based on Euclidian distance, using ALR

or CLR transformed data, sorted the specimens into clusters

we called urethrotypes (UTs) (Figures 3A and S2A). Calinski-

Harabasz (CH) and Silhouette index analyses determined that

two clusters were the optimal number based on the maximum

index values45 using either the ALR or the CLR transformed

data (Figures 3B, 3C, and S2B). Similar clusters were repro-

duced using bacterial and viral taxa or only the bacterial taxa

(Figures 3A and S3A). Finally, similar clusters were also found

when principal-component analysis separated the taxa using

the ALR abundance of bacterial or all taxa (Figures 3Dand

S3C). Thus, the clustering results were primarily driven by bac-

teria. Clusters from the ALR data were designated UT1 and

UT2, and contained 66 and 26 specimens, respectively.

UT1 is dominated by simple communities of
Streptococcus and Corynebacterium spp
One hundred total bacterial species were detected in the UT1

specimens, but the richness of the microbiomes in the individual

specimens was low (Chao1: 6.13 ± 6.71; Ace: 6.12 ± 9.13) (Fig-

ure 4C). Only 16 of these bacteria were detected in more than

10% of UT1 specimens, while the other 84 bacteria only ac-
4 Cell Reports Medicine 4, 100981, March 21, 2023
counted for 19% of UT1 bacterial sequences (Table S4) (Fig-

ure 4A), indicating that UT1 harbors a simple microbiome.

S. mitis was especially prevalent (54 of 66) and accounted for

35.5% of UT1 sequences.

S. mitis was the only taxon whose ALR abundance was signif-

icantly higher in UT1 than UT2 after application of Wilcoxon’s

signed rank test and a Benjamini-Hochberg (WBH) multiple

test correction (p = 0.0024) (Table S6). Lower proportions of

one or more of 15, primarily aerobic, Corynebacterium spp.

were detected in 61% (40 of 66) of the specimens and accounted

for 8.7% of UT1 bacterial sequences (Table S4). Other LAB

including various viridans streptococci (Streptococcus pseu-

dopneumoniae, Streptococcus milleri), Lactobacillus iners, and

AVAB (S. agalactiae and S. anginosis) were detected in 92%

(11 of 12) of the S. mitis-negative specimens, and 50% (27 of

54) of the S. mitis-positive specimens and accounted for

22.4% of UT1 sequences. All these Streptococcus,24 and most

of these Corynebacterium spp.46 have been cultured from

male urogenital specimens previously. Thus, like in adoles-

cents,17 core communities of LAB and Corynebacterium spp.

colonize the PU in most adults.

UT2 specimens are dominated by BVAB
Eighty-three different bacteria were detected in the 26UT2 spec-

imens, 66 of which were also detected in UT1 specimens. The

ALR abundance of 56 of these bacteria did not significantly differ

between UT1 and UT2, although the prevalence and abundance

of many of these was low (Table S6). Like in UT1, Corynebacte-

rium and LAB spp. were prevalent (81% [52 of 66] and 88% [23 of

26], respectively) in UT2 specimens, suggesting that these or-

ganisms constitute a core PUmicrobiome (Table S4) (Figure 4B).

In contrast, the richness of UT2 specimens (Chao1: 9.39 ± 4.26;

Ace: 10.4 ± 5.48) was higher than UT1 specimens (p = 0.00001

for Chao1; p = 0.00008 for Ace, Wilcoxon’s signed rank test)

(Figure 4C). In addition, the ALR abundance of nine bacteria

(Aerococcus christensenii, G. vaginalis, A. vaginae, Veillonella

montpellierensis, P. amnii, Dialister micraerophilus, Sneathia

amnii (recently renamed Sneathia vaginalis47),Mageeibacillus in-

dolicus, and L. iners) was higher in UT2 than in UT1 specimens

(p < 0.05WBH) (Table S6) (Figure 5). All these bacteria were prev-

alent (range from 100% for G. vaginalis to 54% for M. indolicus)

and collectively accounted for 85.9% of UT2 sequences

(Table S4). All these bacteria are associated with BV, AV, or other

non-optimal vaginal community state types,27,38,48–50 and many

can form inter-species biofilms with the keystone species

G. vaginalis.51

Phenotypically diverse clinical isolates originally grouped into

G. vaginalis52 correspond to at least four namedGardnerella spp.

and multiple additional unnamed genomospecies (GS).53,54

Some GS are associated with specific BV phenotypes, and co-

infection with multiple GS is associated with incident BV.55 We

applied a modification of the approach developed by Potter

et al.,54 to determine which GS were present in PU specimens.

Sequences unique to all nine GS defined by Potter et al. were

detected, and sequences from more than one GS (range 2–9,

median 5) were detected in 93% of the G. vaginalis-positive

specimens (Figure 4D) (Table S7). Sequences from GS03, asso-

ciated with recurrent BV, were the most prevalent and abundant,



Figure 3. Clustering results based on Euclidian distance using ALR-transformed data reveals two urethrotype clusters

(A–D) (A) Heatmap of ALR-transformed proportions of the top 50 most abundant microbial taxa found in the penile urethral specimens of 92 men reveals two

urethrotype clusters, UT1 and UT2. Metadata at the top of the heatmap include type of sexual activity (none, rectal only, vaginal only, vaginal and rectal sex)

conducted at specific time intervals (last 60 days, last 1 year, lifetime) and urethrotypes (UT1 = pink, UT2 = blue). The bar graph depicts the absolute abundance of

microbial sequences on a log scale. The colored bar indicates the relative abundance of a given species. As the color bar becomes redder, the relative abundance

of the microorganism increases, (B) CH index analysis and (C) Silhouette analysis was used to determine the optimal number of UT clusters. (D) Relationships

among communities visualized by principal-component analysis based on bacterial ALR abundance.
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and sequences fromGS04, associated withmetronidazole treat-

ment-refractory BV, were detected in several specimens.55

Thus, phylogenetically distinct G. vaginalis strains can colonize

the PU.

BVAB and core urethral bacteria may inhabit different
PU niches
Given that the absolute number of bacteria in vaginal specimens

from women with BV is higher compared with healthy women,
and the reverse is true for women with AV,56 the relationship be-

tween PU microbiome composition and ALR abundance was

investigated. When all taxa were considered, their combined

ALR abundance was significantly higher in UT2 compared with

UT1 (p = 3.8 3 10�8, Wilcoxon’s signed rank test). In contrast,

the ALR abundance of core taxawasmore similar (p = 0.084,Wil-

coxon’s signed rank test).

Competitive exclusion dictates that competition between

sympatric species eventually leads to extinction of the less fit
Cell Reports Medicine 4, 100981, March 21, 2023 5



Figure 4. Species diversity (richness) of UT1 and UT2

(A) Alpha diversity between UT1 and UT2 measured by various indices. Significant p values are indicated (**p < 0.01, ***p < 0.001).

(B and C) (B) Top 20 most abundant bacterial species in UT1, (C) Top 20 most abundant bacterial species in UT2. Error bars indicate standard error.

(D) Heatmap with hierarchal clustering by Euclidean distance depicting the percentage of unique Gardnerella genomospecies-specific reads in participants in

whom Gardnerella sequences were detected by MetaPhlAn3
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species.57 Two observations suggested that core bacteria and

BVAB might inhabit different niches. First, many BVAB are obli-

gate anaerobes, whereas most of the core bacteria that we de-

tected are not.58 Second, ALR abundance of core bacteria

was similar in UT1 and UT2, suggesting that core organisms

do not compete with BVAB. The taxa count data were analyzed

using network analysis (SPIEC-EASI) (Figures 6A and 6B).59 All

the UT2 BVAB we identified were positively associated with,

and many were connected to, one another by multiple edges in
6 Cell Reports Medicine 4, 100981, March 21, 2023
networks generated using either covariance selection (Glasso)

or neighborhood selection (MB) approaches (Figures 6A and

6B) (Table S8). No edges were detected between L. iners,

S. mitis, or other core LAB and other bacteria, indicating no

strong ecological interactions among those taxa. In addition,

gene ontology (GO) analysis determined that several genes

and pathways that mediate anaerobic growth (e.g., fumarate

reductase) and utilization of alternate urinary tract carbon and ni-

trogen sources (e.g., allantoin) were significantly enriched in the



Figure 5. Violin plots showing the difference in ALR abundance of the 12 significant taxa between UT1 and UT2

The white bar represents the interquartile range, and the black bar represents the median value. Taxa with p value <0.05 were considered significantly different.

TheWilcoxon Rank-Sum Test was used to generate the reported unadjusted p values. The violin plot outlines represent kernel probability density (the width of the

shaded area represents the proportion of the data located there).
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UT2 compared with the UT1 metagenome (Figures 6C–6E)

(Table S8). Overall, these observations are consistent with the

hypothesis that BVAB and core bacteria inhabit different niches

in the urethra.
UT2, but not UT1, is associated with vaginal sex
Streptococcus spp. were among the most stable and abundant

bacteria detected in the in urine of sexually inexperienced ado-

lescents in one study,17 whereas FRT bacteria were the most
Cell Reports Medicine 4, 100981, March 21, 2023 7



Figure 6. SPIEC-EASI network visualizations

were generated by using two inference

methods to construct a microbiome associa-

tion network from all the bacterial operational

taxonomic units (OTUs) (117)

Each node diameter is proportional to themean of that

OTU’s relative abundance. Nodes are colored based

on the urethrotype (UT1 = pink; UT2 = blue) in which

the taxon is most abundant. Topology network using

(A) graphical least absolute shrinkage and selection

operator (Glasso), and (B) Meinshausen-Buhlmann’s

neighborhood selection (MB). Edges indicate the

two nodes are connected. Taxa definitions: Ac =

Aerococcus christensenii; Al = Anaerococcus lacto-

lyticus; Ama = Actinobaculum massiliense; Ao = Al-

loscardovia omnicolens; Ar = Actinomyces radingae;

Atu = Actinomyces turicensis; Aul = Actinotignum

urinale; Av =Atopobium vaginae; Cac =Cutibacterium

acnes; Cgl = Corynebacterium glucuronolyticum;

Ch = Corynebacterium hadale; Cpg = Corynebacte-

rium pseudogenitalium; Cpp = Corynebacterium pyr-

uviciproducens; Csm = Corynebacterium simulans;

Csg = Corynebacterium singulare; C1 = Corynebac-

terium sp. NML140438; Ef = Enterococcus faecalis;

Fh = Facklamia hominis; Ge = Gemella haemolysans;

Gv = Gardnerella vaginalis; Hh = Haemophilus

haemolyticus; Hq = Haemophilus quentini; Li =

Lactobacillus iners; Mi = Mageeibacillus indolicus;

Ml = Micrococcus luteus; Pam = Prevotella amnii;

Pbv = Prevotella bivia; Pbc = Prevotella buccalis;

Pds = Prevotella disiens; Pl = Propionimicrobium

lymphophilum; Pm = Prevotella melaninogenica; P1 =

Prevotella sp. oral taxon 299; P2 = Prevotella sp. S7

18; Pt = Prevotella timonensis; Sag = Streptococcus

agalactiae; Sam = Sneathia amnii; San = Strepto-

coccus anginosis group; Sho = Staphylococcus

hominis; Sml = Streptococcus milleri; Smi = Strepto-

coccus mitis; Spm = Streptococcus pneumoniae;

Spp = Streptococcus pseudopneumoniae; S1 =

Streptococcus sp. HMSC034E03; Up = Ureaplasma

parvum; Uu = Ureaplasma urealyticum; Va = Veillo-

nella atypica; V1 = Veillonellaceae bacterium

DNF00626; Vm = Veillonella montpellierensis.

(C–E) Relative abundance of top 20 significant gene

ontology (GO) terms in UT1 and UT2 generated with

HUMAnN 3.0 (all p values <0.001). GO terms were

mapped from the gene families in the output, and the

same GO terms of different taxa were combined.

Wilcoxon signed rank test was used to identify the

differentially abundant GO terms between UT1 and

UT2, and the GO terms were ordered by p value. GO

definitions: BP = Biological process; CC = Cellular

component; MF = Molecular function.
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prevalent bacteria detected in urogenital specimens in another

study of adult male STI clinic attendees.5,10

Since the participants all completed detailed surveys, we

tested if membership in UT1 or UT2 was associated with any de-

mographic or STI risk factors, but failed to identify any significant

associations (Table S9). However, use of self-reported sexual

orientation to infer current and past patterns of sexual behavior

has limitations60 and we observed several instances where

men who self-identified as heterosexual reported current or

past same-sex behaviors as well as the reverse scenario

(Table S3). Therefore, we tested if UT1 or UT2 associated with

specific sexual behaviors in specific time intervals. UT2 was

significantly associated with vaginal sex in the past 60 days

(odds ratio [OR] = 6.01; 95% confidence interval [CI] 1.64–

22.00), and in the past year (OR = 6.86; 95% CI 1.49–31.58),

but not in an individual’s lifetime (OR = 14.64; 95% CI 0.84–

255.00) (Table S9). In contrast, insertive penile-anal (anal sex)

and insertive penile-oral sex (oral sex) were not associated

with UT1 or UT2 in these intervals (Table S9).

Specific bacteria are significantly associated with
vaginal sex
Given that UT2 was associated with vaginal sex, we evaluated

associations between specific bacteria, individual sexual behav-

iors, and combinations of sexual behaviors in three intervals

(past 60 days, past year, ever) using participant survey data

(Table S3). The odds of detecting several bacteria were elevated

in men who reported vaginal sex (Table S9). For example, the

odds of detecting G. vaginalis were higher in men who reported

vaginal sex in the past 60 days (OR = 6.97; 95% CI 2.49–19.51),

past year (OR = 11.79; 95% CI 3.21–43.30), or ever (OR =

35.5352; 95% CI 2.05–616.68) compared with the men who

did not. Notably, in the 14 men who had never had vaginal sex,

we did not detect A. vaginae, P. amnii, L. iners, Streptococcus

anginosus, M. indolicus, G. vaginalis, V. montpellierensis, or

S. amnii. Most of the associations we identified above remained

significant when combinations of sexual behaviors were consid-

ered (Table S10). For example, the OR of detectingG. vaginalis in

men who reported vaginal and rectal sex in the past year,

compared with men who only reported rectal sex, was 12.09

(95% CI 2.31–63.42). Some bacteria were more prevalent in

menwho did not report vaginal sex. The OR of detectingCoryne-

bacterium glucuronolyticum (OR = 0.27; 95% CI 0.08–0.91) was

lower inmenwho reported vaginal sex in the past year compared

with men who did not. A few bacteria were associated with rectal

and oral sex, but these associations were comparatively weak

and involved less prevalent bacteria (Table S10). All associations

mentioned above remained significant when covariates

including age, race, and urethral STI history were considered in

multivariate analyses, and no associations were identified with

non-sexual covariates (Table S11). Thus, colonization of the

PU by many FRT bacteria may be contingent upon vaginal sex.

The effects of vaginal sex can be detected after
extended intervals
To test if the associations with vaginal sex we observed were

transient, we evaluated if any bacteria were more prevalent in

men who had reported vaginal sex within 1 year, but not in the
past 60 days (n = 6), compared with men who did not have

vaginal sex in the past year (n = 26). Despite the small sample

size, two FRT bacteria, G. vaginalis (OR = 7.67; 95% CI 1.04–

56.77) and Veillonellaceae bacterium DNF00626 (OR = 29.44;

95% CI 1.20–719.88), were still associated with vaginal sex after

60 days, and several other BVAB were trending toward but did

not reach significance (Tables S2 and S10). This indicated that

bacteria remained associated with vaginal sex for at least

60 days after exposure. To assess if colonization with FRT

bacteria persisted beyond a year, we tested if these organisms

were enriched in men who reported vaginal sex in their lifetimes,

but not the past year (n = 12), compared with men who never had

vaginal sex (n = 14). FRT bacteria were detected in a few of the

men who reported vaginal sex more than a year ago, but this

comparison did not reach significance (Table S10).

Sexual behaviors significantly associatewith variance in
PU microbiome composition
Since specific bacteria were associated with vaginal sex, we

investigated the contribution of specific sexual behaviors,

relative to other variables we captured, on the variance in PU

microbiome composition. Univariate PERMANOVA regression

analysis was performed using the survey questions as indepen-

dent variables. Except for sexual behavior, no other variables

including age, race, and STI history were significant (data not

shown). Next, sexual behaviors performed at different intervals

(i.e., past 60 days, past year, ever, respectively) were treated

as a polytomous variable (i.e., with the category of oral, rectal,

vaginal sex, and their combinations). Polytomous sexual

behavior in the past 60 days and year significantly contributed

to the variance, and the effect of lifetime sexual behavior was

trending toward significant (p < 0.01 within 60 days, p < 0.02

within 1 year, p = 0.066 ever), explaining 10.25%, 10.08%, and

4.74% of the variance of the PU microbiome composition,

respectively (Table S11). Since sexual behavior was the key

factor associated with PU composition, the effects of each indi-

vidual sexual behavior were dissected using a multivariate

PERMANOVA regression analysis where the behaviors were

treated as separate independent variables (Table 1). Vaginal

sex was the only independent variable associated significantly

with variation in PU microbiome composition (p value <0.002

within 60 days, p value <0.001 within 1 year, and p value

<0.005 ever) and explained 4.26%, 4.14%, and 3.37% of the

variance in the past 60 days, past year, and ever, respectively.

DISCUSSION

PU microbiology is highly relevant to human health because the

urethra can transmit STIs, andcryptic pathogens havebeen impli-

cated in a variety of idiopathic urogenital syndromes.11,61–64

Overall, our findings establish a baseline for studying this micro-

biome in male urogenital tract health and disease.

Consortia of LAB and Corynebacterium spp. similar to those

we observed here have also been detected in adolescents17

and adults,65 so these may be resilient microbial communities.

Alternately, these observations could reflect continuous seeding

of the PUwith microorganisms from other body surfaces without

colonization.17,18,66 In either case, the apparent lack of
Cell Reports Medicine 4, 100981, March 21, 2023 9



Table 1. PERMANOVA regression analysis of effects of sexual

behavior

R2 p value

A. Time of Behavior

Past 60 days 0.1025 0.0060

Past 1 year 0.1008 0.0130

Lifetime 0.0474 0.0660

B. Time and Type of Behavior

Oral 60 days 0.0096 0.5115

Vaginal 60 days 0.0426 0.0020

Rectal 60 days 0.0141 0.1588

Oral 1 year 0.0067 0.8432

Vaginal 1 year 0.0414 0.0010

Rectal 1 year 0.0182 0.0569

Vaginal lifetime 0.0337 0.0050

Rectal lifetime 0.0070 0.8821

A. Univariate effects at three time intervals (past 60 days, past year, life-

time). B. Univariate effects on all combinations of specific sexual behav-

iors (oral, vaginal, rectal) at three time intervals (past 60 days, past year,

lifetime). R2 depicts the proportion of variation in the data explained by

the group being tested. P value indicates whether this result was a result

of chance.
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interactions between BVAB and core bacteria, similar loads of

core bacteria in UT1 and UT2, numerous differences observed

in the metagenomes of UT1 and UT2, and predicted oxygen

requirements of BVAB and core bacteria all suggest that these

groups of bacteria inhabit different urethral niches.We speculate

that core bacteria colonize the urethral meatus where oxygen

availability may be higher, whereas BVAB colonize the mucin-

rich penile urethra.67 Determining if the PU microbiota contrib-

utes to urethral health is a key area for future study. If PU core

bacteria contribute to STI colonization resistance, like vaginal

lactobacilli,68 additional risks of the increasingly common use

of broad-spectrum antimicrobials in STI prophylaxis need to be

considered.69 In contrast, if the PU microbiota is dispensable,

broader application of prophylaxis may be warranted to elimi-

nate male reservoirs of female urogenital pathogens.

Our observations suggest that PU colonization by FRT bac-

teria is contingent upon vaginal exposures and are consistent

with prior reports that have documented suspected female to

male transmission of undifferentiated G. vaginalis strains and

BV biofilms.70,71 Testing this and the reverse, if men can trans-

mit these bacteria to women, directly will be difficult because

this would ideally require sampling of sexual dyads before

and after first partnered sexual activity, because it would be ex-

pected that existing dyads would already share readily trans-

missible microorganisms. Alternately, it might be possible to

address these questions using a prospective dyad study

design that incorporates interval antibiotic treatment of one or

both partners or periods of voluntary abstinence. Nonetheless,

incident BV is strongly associated with new male sex part-

ners,72 but attempts to prevent BV by treating male partners

with antibiotics have been mostly unsuccessful.73–78 Notably,

none of these treatment trials assessed if all the BVAB we

observed in men here were eliminated. Thus, improved under-
10 Cell Reports Medicine 4, 100981, March 21, 2023
standing of how antibiotics impact the PU microbiota could

inform future BV partner-treatment trials and provide insights

into the role of sexual exposures in BV and other genitourinary

syndromes.

Sexual behavior has been ignored in most human microbiome

studies. Thus, our observation that sexual behavior explains

more than 10% of variance in PU microbiota composition in

specific intervals is even more striking when additional context

is considered. Many participants in our study reported few, infre-

quent, or no vaginal exposures, and the prevalence of many FRT

bacteria we identified is low in the overall adult female popula-

tion. Much smaller effect sizes have been attributed to what

are believed to be key drivers of the composition of other human

microbiomes. For example, a recent study of more than 4,000

adults that considered hundreds of covariates was only able to

account for 16% of gut microbiome variance.79 However, the

apparent powerful influence of vaginal sex on the PU micro-

biome may reflect that this site is less likely to be exposed to

other sources of microorganisms than the skin and mucosal

surfaces of the gut and lungs.

The associations between vaginal sex and BVAB that we

observed may not be surprising in the context of what is known

about the role of vaginal sex in the dispersal of sexually trans-

mitted pathogens. The rarity of protective vaginal Lactobacillus

spp. observed in our study specimens is consistent with some

prior observations,10,11,17 and may reflect that these bacteria

persist in and seed the vagina from a gastrointestinal reser-

voir.80,81 Our failure to detect microorganisms associated with

oral and anal sex may not be due to differences in sample size;

oral sex was more prevalent than vaginal sex in all intervals

when partner gender was not considered (Table S3). We also

failed to detect several known and putative sexually transmitted

and urinary pathogens that have been observed in prior studies

of men with urogenital disease or men in whom urethral inflam-

mation was not evaluated.11–16 Some of the differences might

be explained by the more sensitive PCR approaches used in

prior studies. Alternately, adaptations that permit specific

BVAB to colonize the PU without eliciting inflammation may

not be widely distributed, and we strictly excluded men with

urethral/inflammation or disease. Natural history studies of the

urethral microbiome in controlled settings seem warranted to

differentiate these possibilities, considering their high public

health significance.

We propose a model that integrates our findings with prior

observations regarding the composition, development, and suc-

cession of urogenital microbiomes. Culture and metagenomic

approaches have identified a broad array of bacterial taxa in pe-

diatric vaginal and male urine specimens.82–87 However, few

common patterns have emerged across these studies, and there

seems to be general agreement that pediatric urogenital micro-

biomes are disorganized and sparse. By adolescence, unknown

behavioral and/or developmental changes in male individuals

permit prolonged colonization of the distal PU by core microor-

ganisms.17 We hypothesize that vaginal sex might then promote

colonization of the deeper PU by sexually transmitted microor-

ganisms without replacement of the core PU microorganisms.

In contrast, protective Lactobacillus spp., possibly from the

rectum,81 begin to stably colonize the vaginal mucosa,88
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concomitant with an increase in glycogen levels proceeding

menarche in adolescent females.89 Sexually transmitted micro-

organisms may then be introduced by vaginal sex71 or other

types of sexual exposures.90

Limitations of the study
Our observations suggest that PU colonization by FRT bacteria

is contingent upon vaginal exposures and are consistent with

prior reports that documented suspected female to male trans-

mission of undifferentiated G. vaginalis strains and BV bio-

films.70,71 Testing this and the reverse, if men can transmit these

bacteria to women, could be difficult because this would ideally

involve sampling of sexual dyads before and after first partnered

sexual activity, as existing dyads might already share readily

transmissible microorganisms. Alternately, it might be possible

to address these questions using a prospective dyad study

design that incorporates interval antibiotic treatment of one of

the partners and/or periods of voluntary abstinence.
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taxize/index.html

R package "ggplot2" Wickham 2016102 https://ggplot2.tidyverse.org
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Kurtz et al. 201559 https://github.com/zdk123/SpiecEasi
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identification
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, David E.

Nelson (nelsonde@indiana.edu).

Materials availability
All primers, probe, and plasmid generated for this study are available from the lead contact with a completed Materials Transfer

Agreement.

Data and code availability
Raw sequences from the PU specimens have been deposited in the National Center for Biotechnology Information (NCBI) Sequence

Read Archive under Bio Project Accession number: PRJNA785561 (http://www.ncbi.nlm.nih.gov/bioproject/785561), and the

vaginal specimen sequences are deposited under Accession number: PRJNA707585 (https://www.ncbi.nlm.nih.gov/bioproject/

PRJNA707585/). All the sequences deposited in the NCBI SRA database are under the Bio Sample accessions from

SAMN23566502 to SAMN23566611. All data supporting the findings of this study are included in the paper and supplemental infor-

mation files.

Custom scripts are archived at GitHub (https://github.com/qunfengdong/HealthyMaleUrethralMicrobiome).

Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study population and cross-sectional design
This is an analysis of asymptomatic cis-gender men who enrolled as healthy controls in a case-control research study named the

Idiopathic Urethritis Men’s Project (IUMP), while undergoing STI screening, at the Bell Flower Clinic in Indianapolis, Indiana, between

August 4th, 2016 and December 11th, 2019. Participants provided written informed consent for the collection of two distal urethral
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swabs, followed by a first-catch urine specimen, and completed a detailed computer-assisted self-interviewing health and behav-

ioral questionnaire (Methods S1, Table S1). A genital examination and a urethral Gram stain were performed to evaluate for urethral

discharge, Gram-negative intracellular diplococci, and the number of polymorphonuclear leukocytes per high-power field (PMN/

HPF). Participants were excluded if they tested positive for Chlamydia trachomatis,Mycoplasma genitalium, Neisseria gonorrhoeae,

Trichomonas vaginalis, or urethritis cladeNeisseriameningitidisUS_NmUC strains,104 had urethral discharge, exhibited >1 PMN/HPF

on their Gram stain smear, reported antibiotic use in the last month, or reported urethral symptoms. This study was approved by the

Indiana University-Purdue University-Indianapolis (IUPUI) Institutional Review Board and the Marion County Public Health

Department.

METHOD DETAILS

DNA extraction
DNA was extracted from urethral swabs using the DNeasy Blood and Tissue Kit (Qiagen, USA), and eluted using Tris-EDTA buffer.

DNA was also extracted from molecular grade water spiked with a pure culture of Thermus thermophilus cells (an environmental hy-

perthermophile unlikely to be present in reagents or specimens) (reagent contamination control) or a mock bacterial community of

known composition listed in the table below (HM782-D, BEI resources, NIAID, NIH) (Mock community B, Even, Low Concentration

v5.1L) (extraction/annotation control). The mock bacterial community contains a pool of approximately 100 ng of the bacterial

genomic DNA mixture (see table below) suspended in 25 mL TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH � 7.4).
Organism NCBI Reference Sequence

Acinetobacter baumannii, strain 5377 NC_009085

Actinomyces odontolyticus, strain 1A.21 NZ_AAYI02000000

Bacillus cereus, strain NRS 248 NC_003909

Bacteroides vulgatus, strain ATCC�
8482TM

NC_009614

Clostridium beijerinckii, strain NCIMB 8052 NC_009617

Deinococcus radiodurans, strain R1

(smooth)

NC_001263, NC_001264

Enterococcus faecalis, strain OG1RF NC_17316

Escherichia coli, strain K12, sub-strain

MG1655

NC_000913

Helicobacter pylori, strain 26695 NC_000915

Lactobacillus gasseri, strain 63 AM NC_008530

Listeria monocytogenes, strain EGDe NC_003210

Neisseria meningitidis, strain MC58 NC_003112

Propionibacterium acnes, strain

KPA171202

NC_006085

Pseudomonas aeruginosa, strain

PAO1-LAC

NC_002516

Rhodobacter sphaeroides, strain ATH 2.4.1 NC_007493, NC_007494

Staphylococcus aureus, strain TCH1516 NC_010079

Staphylococcus epidermidis, FDA strain

PCI 1200

NC_004461

Streptococcus agalactiae, strain 2603 V/R NC_004116

Streptococcus mutans, strain UA159 NC_004350

Streptococcus pneumoniae, strain TIGR4 NC_003028
Vaginal swab DNA from a separate cohort of African American women enrolled in a prior incident bacterial vaginosis (iBV) study

was also sequenced to test if our approaches could detect common FRT bacteria.34

Metagenomic shotgun sequencing
Dual-indexed sequencing libraries were prepared from 1 ng total swab or control DNA using the Nextera XT Library Preparation kit

(Illumina Inc., USA), pooled, and pair end (2x150 b) sequenced on the Illumina HiSeq4000 or NovaSeq platforms at the Indiana Uni-

versity Center for Medical Genomics.
e3 Cell Reports Medicine 4, 100981, March 21, 2023
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Data preprocessing
Most sequences from the 110 participants were human 27,092,065 ± 8,140,893 (86.6%), and 461,885 ± 1,411,457 (1.5%) were an-

notated to specific microorganisms. 18 participants with low or no bacteria reads (MetaPhlAn3 Bacteria/Human reads <= 0.01%)

were subsequently removed from the downstream analyses. For the remaining 92 participants, the number of human and microbial

sequences were 27,275,575 ± 8,461,033 (85.8%), and 551,858 ± 1,528,493 (1.7%) respectively.

Data analysis
MetaPhlAn3 taxa counts were subject to additive log transformation (ALR) using human sequences (the log of microbial counts plus

0.1 divided by human reads), and a default centered-log ratio (CLR) transformation by R package "microbiome". Urethrotype (UT)

classification was performed with the partitioning around medoids clustering algorithm (pam by R package ‘‘cluster’’) based on

Euclidean distances of both ALR (Figures 3 and S3) and CLR (Figure S2) transformed microbial taxon counts. Calinski-Harabasz

(CH) and Silhouette index using the transformed ALR and CLR dataset were used to identify the optimal number of clusters,105,45

which were designated as urethrotypes in this study (Figures 3, S2, and S3). In addition to pam, other R packages (clusterSim, circl-

ize, ComplexHeatmap, vegan, phyloseq and taxize), and custom R scripts were used to generate the heatmaps for the ALR and CLR

transformed data. Principal component analysis was performed and plotted by R using ALR transformed data.41 Wilcoxon signed-

rank test was used for detecting differential abundance in ALR transformed data and Fisher’s exact test was used to compare the

prevalence of taxa between urethrotypes. R package vegan was used to calculate Chao I and Ace alpha diversity indices. Spearman

correlations were calculated using Gardnerella vaginalis qPCR genome counts and ALR transformed sequence counts.

Taxonomic profiling analyses
Raw sequences were demultiplexed and annotated usingMetaPhlAn3 and Kraken2 (Tables S2 and S3).23,36 Human sequences were

counted using Kraken2.106 Only T. thermophilus sequences were detected in the reagent contamination control (Table S2). All mi-

croorganisms in the mock community were detected, confirming that our extraction approach could isolate genomic DNA from

diverse bacteria, and our annotation approaches could detect these bacteria (Table S2).

Quantitative PCR
Gardnerella vaginalis-specific qPCR targeting the cpn60 gene was performed using an Eppendorf Realplex4 cycler to quantify or-

ganism load, compared with a plasmid standard curve (pGEMT-easy(cpn60)), as previously described with modifications:91 each

reaction contained 0.25 nmol of probe, 0.5 nmol of gene-specific primers, 1 ml of extracted DNA, and 5 ml of 2XFastStart TaqMan

Probe Master mix (Roche, USA) in a total of 10 ml. Results were expressed as copies of microorganism per sample.

Network visualization of positive associations
Raw taxa counts were further analyzed using a microbiome network analysis method, Sparse InversE Covariance Estimation for

Ecological Association INference (SPIEC-EASI),59 by applying either covariance selection (Glasso) or neighborhood selection

(MB). The network was visualized using Cytoscape.103

Gardnerella genomospecies identification
PU sequences that matched nine Gardnerella genomospecies (GS) were identified using a modification of an approach that

was developed to define these GS and identify GS-specific sequences (Potter et al., 2019). After human sequences were removed,

Gardnerella sequences from the PU specimens were compared with the nine GS using NCBI BLAST+2.12.0. (Sayers et al., 2022).

First, unique matches that mapped to only one GS were identified. Perfect matches that contained no mismatches or gaps were

then identified from the uniquematches. Those perfect matches were then blasted against the NCBI nt nucleotide database to check

if they alsomatched perfectly to other nonGardnerella bacteria; if so, they were removed from the subsequent analysis. The numbers

and proportions of the remaining GS-specific sequences for each subject were calculated.

Functional metabolic profiling
Raw PU sequences were also used to determine the abundance of microbial genes corresponding to specific metabolic pathways

using HUMAnN 3.0 (Beghini et al., 2021). Gene Ontology (GO) terms were mapped from the corresponding genes in the HUMAnN

output. The same GO terms from different taxa were then combined, andWilcoxon signed rank test was used to identify differentially

abundant GO terms between UT1 and UT2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using R statistical programing, GraphPad Prism 9, and Microsoft Excel.

Chi-square tests were used to examine if there were associations between UTs and any of the individual items in the questionnaire,

and p-values were adjusted by Benjamini-Hochberg correction.107 Confusion matrices (with 0.5 added to each cell if at least 1 cell

was 0) were then used to calculate odds ratios (ORs) with 95% confidence intervals (CI) between UTs and sexual behaviors (vaginal,

rectal, and oral sex in the past 60 days, past year or lifetime) using R package ‘‘epiR’’.
Cell Reports Medicine 4, 100981, March 21, 2023 e4
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Permutational multivariate analyses of variance (PERMANOVA) regressions were performed on the Euclidean distancematrix by R

package vegan, derived from the ALR transformed taxa, to identify factors associated with variation in microbial composition.108

Questionnaire covariates were individually tested in the univariate PERMANOVA regression, and p-values were adjusted by

Benjamini-Hochberg correction.107 Sexual behaviors at different intervals (past 60 days, past year, lifetime), were treated as a

polytomous variable (i.e., multiple categories: none, vaginal-only, rectal-only, oral-only, oral-vaginal, oral-rectal, vaginal-rectal,

and oral-rectal-vaginal) in the univariate PERMANOVA regression models. Finally, individual sexual behaviors were treated as

separate independent variables in a multivariate PERMANOVA regression model.

Custom R scripts and confusion matrices (with 0.5 added to each cell if at least 1 cell was 0) for each taxon and sexual behavior

(vaginal, rectal, oral, vaginal and rectal, vaginal and oral, rectal and oral, within the same time periods as above) were used to

calculate ORs to test for association of individual taxa with specific sexual behaviors. The same taxa (response variable) and sexual

behaviors (explanatory variables) were used in logistic regressionmodels with covariates (age, race, STI diagnosis in the past 60 days

and lifetime, history of self-reported chlamydia, gonorrhea, trichomoniasis, syphilis or NGU) to test if any of those covariates were

significantly associated with the taxa. To investigate whether any taxa were associated with vaginal sex in certain time intervals,

we also calculated ORs for 1) vaginal sex between the last 60 days and 1 year versus no vaginal sex in the last year, and 2) vaginal

sex ever but not in the last year versus no vaginal sex ever.
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