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Abstract

Purpose of Review Focusing on studies published within the last decade, we review the literature on the seminal microbiome and
male factor infertility. We highlight potential mechanisms by which microbes may impact fertility and underscore key limitations
and clinical implications of these studies.

Recent Findings The seminal microbiome encompasses a metabolically and phylogenetically diverse group of microorganisms.
Lactobacillus was consistently associated with normal semen analysis parameters and fertility; Anaerococcus was negatively
associated with semen quality. These microbes may participate in a complex cross-talk with the host immune system, thereby
modulating local and perhaps systemic inflammatory responses, impacting semen quality.

Summary Research investigating the intersection between the seminal microbiome and male fertility is still in its infancy. Recent
investigations have been exclusively cross-sectional, correlational studies, limiting the clinical applicability of published re-

search. Prospective studies with more sophisticated methodologies are necessary.

Keywords Semen microbiome - Male infertility - Next-generation sequencing - Anaerococcus

Introduction

The human body is home to a complex and diverse ecosystem
of microorganisms, the result of an extensive coevolution be-
tween humans and the microbial communities that live along-
side us. Recent studies on the relationship between the
microbiome and human health have revealed fascinating in-
sights into the microbiome’s potential role in the pathogenesis
of obesity [1], prostate cancer [2], female infertility [3], and
even the success of assisted reproductive technology [3], al-
though investigations exploring the seminal microbiome with-
in the context of male factor infertility have been limited.
Early studies on the seminal microbiome were driven pri-
marily by microscopy, culture-dependent methods, and
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targeted amplification of microbial DNA of known species.
For this reason, the impact of known pathogenic, sexually
transmitted microorganisms on the male reproductive tract
and semen parameters have been well described [4]. Next-
generation sequencing (NGS), which allows for discovery of
novel microbes without prior knowledge of sequencing infor-
mation, has certainly expanded our armamentarium; however,
we still do not fully understand the role of the overwhelming
majority of non-pathologic microorganisms that reside in the
male reproductive tract. Given that the etiology of abnormal
semen parameters is not identified in up to 45% of cases, a
comprehensive exploration of the seminal microbiome may
provide further clarity to our understanding of male factor
infertility. [5]

Focusing on studies published within the last decade, we
review the literature on the seminal microbiome and male
factor infertility. We highlight potential mechanisms by which
microbes may impact fertility and underscore key limitations
and clinical implications of these studies.

Seminal Microbiome and Infertility

During ejaculation, spermatozoa mix with secretions pro-
duced by the seminal vesicles, prostate, and bulbourethral
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glands. The resulting high-osmolarity, heterogenous fluid
contains sugars, protein, minerals—and a diverse group of
microorganisms [6]. The precise etiology of these microbes
remains unclear, but past studies (healthy human and wild-
type mouse models) have suggested they likely originate from
a combination of the gut, foreskin, urinary tract, prostate, and
seminal vesicles [7]. As studies exploring the seminal
microbiome and male factor infertility have been primarily
cross-sectional in design, the true impact of these microbes
on fertility and infertility remains unclear. Table 1 outlines
key studies on the seminal microbiome and male factor infer-
tility using NGS methodologies.

Hou et al. [8¢¢] conducted one of the earliest investigations
to leverage NGS to identify differences in the semen
microbiome of healthy Asian men, compared with those with
male factor infertility. Despite the successful identification of
six discrete microbial community clusters, none of these clus-
ters was predictive of a participant’s fertility status. Further
statistical testing using a proportional odds model revealed a
negative association between the gram-positive, anaerobe
Anaerococcus with sperm quality. This finding is consistent
with a previous study, which demonstrated a similar relation-
ship between a group of gram-positive cocci, including
Anaerococcus, in semen samples of men undergoing infertil-
ity workup [9]. Remarkably, there was significant overlap
between the bacteria found in semen, and those previously
identified in vaginal communities, especially associated with
bacterial vaginosis [10].

A year later in 2014, Weng et al. [11] published a similar
study investigating Asian men undergoing infertility workup
due to a diverse range of etiologies (male factor, female factor,
combination, or unknown). Semen samples were stratified by
normal or abnormal semen parameters. Perhaps attributed to a
more robust sample size, a different patient population and an
alternative clustering algorithm, Weng et al. identified just
three discrete microbial community clusters: Lactobacillus-,
Pseudomonas-, and Prevotella-enriched. Men with abnormal
semen parameters were statistically significantly more likely
to be enriched in the Pseudomonas or Prevotella clusters,
compared to the Lactobacillus cluster. Additionally, increased
abundance of Prevotella and decreased abundance of
Lactobacillus and Gardnerella were seen in men with two
or more abnormal semen parameters.

In 2019, Baud et al. [12] analyzed a European cohort of
healthy men with normal and abnormal semen analysis pa-
rameters. Consistent with the previously described results,
three microbial community clusters emerged: Prevotella-
enriched, Lactobacillus-enriched, and polymicrobial.
Increased abundance of Lactobacillus and Staphylococcus
was associated with normal sperm morphology and overall
normal semen analysis parameters, respectively. To identify
microbial communities that are more likely to be interacting
with one another, a co-occurrence network analysis was

applied to the data and three functional clusters emerged.
Functional clusters 1 and 2 were composed of typical vaginal
flora members with similar oxygen requirements (strict or
facultative anaerobes), whereas skin floras were typical mem-
bers of functional cluster 3. The results of this co-occurrence
network analysis support the idea that the male genitourinary
tract is composed of different microenvironments, allowing
for a metabolically diverse group of microbes to exist.

Monteiro et al. [13¢] took a unique methodological ap-
proach to explore the role of the seminal microbiome and
infertility, by pooling samples based on semen analysis find-
ings (normal semen analysis, oligoasthenoteratozoospermia,
asthenoteratozoospermia, and seminal hyperviscosity without
teratozoospermia) and then analyzing the pooled samples.
Although there was no evidence of infection, samples in the
oligoasthenoteratozoospermia and hyperviscosity pools dem-
onstrated increased abundance of classically pathogenic or-
ganisms including Pseudomonas, Klebsiella, and Neisseria.
These findings suggest that these microorganisms may be
negatively impacting semen quality through a different, likely
more insidious, mechanism than what would otherwise be
associated with a fulminant infection by these microbes.

Recent evidence also suggests that the testes may not be a
completely sterile environment. Alfano et al. performed a
study [14e<] exploring testicular tissue bacterial microbiota
in normozoospermic men prior to orchiectomy (n=5) and in
men with idiopathic non-obstructive azoospermia (n = 10) un-
dergoing microdissection testicular sperm extraction.
Actinobacteria, Bacteroidetes, Firmicutes, and
Proteobacteria were the dominant phyla in normozoospermic
men, whereas men with idiopathic non-obstructive azoosper-
mia showed decreased taxa richness (the count of different
species in a phylogenetic genus) driven primarily by reduc-
tions in Bacteroidetes and Proteobacteria.

These studies highlight just some of the important insights
we have learned from applying NGS technologies to analyze
the seminal microbiome. Overall, results of clustering analy-
ses were consistent between these studies, with inconsis-
tencies reasonably explained by differences in patient popula-
tions and methodologies. A select group of microbes, includ-
ing Anaerococcus and other, more typically pathogenic mi-
crobes may be primarily responsible for contributing to male
factor infertility. Regardless, the importance of commensal
microbes cannot be overstated, given that one of the most
consistent findings in almost all of the aforementioned studies
was the association of Lactobacillus with normal semen anal-
ysis parameters and fertility.

Potential Mechanisms

Mechanistic studies exploring how the seminal microbiome
may impact fertility are lacking, though there is reasonable
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evidence from closely related areas of study to suggest these
microbes may participate in a complex cross-talk with the host
immune system, thereby modulating local and systemic in-
flammatory responses and semen quality.

In a study [15¢] of 22 men with human immunodeficiency
virus (HIV) and 27 uninfected men, Liu et al. explored the
relationship between the seminal microbiome, plasma cyto-
kines, and HIV. Men with HIV demonstrated reductions in
semen microbial diversity and richness, which could be re-
stored following just 6 months of antiretroviral therapy.
Studies of the gastrointestinal microbiome have definitively
demonstrated an association between decreased microbial di-
versity with immune activation and poor health outcomes, but
it is unclear if such a relationship holds true with respect to
seminal microbiome diversity [16]. Uninfected men did not
show an association between semen microbes and plasma
cytokine levels, whereas HIV-infected men showed an asso-
ciation between semen bacterial load and plasma pro-
inflammatory cytokines including TNF-alpha, IL-6, IL-10,
IL-17, and IL-1b, though only IL-1b correlated with both se-
men microbes and HIV RNA viral load. These findings sug-
gest an intimate relationship between the immune system and
seminal microbes. This immune system cross-talk may con-
tribute to infertility, as a previous study has demonstrated an
association between idiopathic infertility with increased levels
of IL-10 and decreased levels of IL-1b. [17]

Alternatively, microbes may directly contribute to an in-
flammatory genitourinary and seminal microenvironment. A
diverse array of microbes can directly produce reactive oxy-
gen species, especially in response to attacks from other, com-
peting microbes or even host defenses [18]. An overabun-
dance of reactive oxygen species may shift the balance of
pro- and anti-oxidants found in semen towards inflammation,
resulting in destruction of protective sperm lipid and protein
plasma membranes [19].

Although many of the studies exploring the relationship
between the semen microbiome and infertility have shown a
positive association between Lactobacilli with semen quality,
there have not been any mechanistic studies related to poten-
tially beneficial microbes and fertility. One study demonstrat-
ed that a strain of Lactobacillus gasseri successfully protects
primary mouse embryonic fibroblast cells from oxidative
stress by inducing expression of oxidative stress-related genes
[20]. Lactobacillus gasseri may contribute to a clinically
meaningful antioxidant effect, as nematodes fed this probiotic
demonstrated prolonged longevity [21]. Another potential
mechanism for the role of Lactobacillus in fertility may be
through the production of lactic acid, contributing to the sta-
bility of seminal pH (typically 7.2—8). Alterations in seminal
pH have been reported to have negative consequences on
sperm motility and capacitation [22]. Although the major con-
tributors to the buffering capacity of semen are proteins and
bicarbonate, other low-molecular weight components, such as

lactic acid, are believed to contribute to about 50% of the
remaining buffering capacity [23].

Limitations and Clinical Implications

NGS techniques have certainly advanced our understanding
of the relationship between the seminal microbiome and male
fertility; however, a focus on exclusively cross-sectional, cor-
relational studies focused on investigations of semen analysis
parameters has limited the impact and clinical applicability of
published research on this topic. The studies we highlight in
this review reveal insights into the relationship between mem-
bers of the seminal microbiome and semen analysis parame-
ters. It remains unclear if seminal microbes are driving these
deleterious changes, or if they are just a result of an altered
genitourinary microenvironment that has already been primed
for subfertility. Studies that investigate not just “who” is pres-
ent (classic phylogenetic analysis using NGS), but “what”
these microbes are doing (transcriptomics, metabolomics)
may shed light on this relationship and help guide future,
mechanistic, investigations. As the field continues to grow,
it will be interesting to see the concordance between standard
semen analysis parameters such as semen white blood cell
count and, for example, pro-inflammatory cytokines such as
IL-10 and IL-1b within the context of the semen microbiome.
Furthermore, future studies may also benefit from incorporat-
ing more sophisticated measures of sperm quality, including
sperm DNA fragmentation index, especially given the ability
of microbes to modulate the generation of reactive oxygen
species in their micro (and macro) environments.

Given the consistency in the results of the studies we de-
scribed here, there is minimum concern for contamination at
the time of semen collection, though this may emerge as a
larger issue as more research is performed in this space. At
this time, there is no role for seminal NGS in the clinical
workup for infertility. However, as our understanding of the
relationship between seminal microbes and male fertility
evolves, the next generation of clinical testing may feature
an assessment of semen microbiota health. These tests will
likely generate additional questions. What is the role of anti-
biotic therapy in a man without the presence of classically
pathogenic microorganisms but with the presence of a group
of microorganisms that is associated with subfertility, such as
Anaerococcus? Similarly, what is the role of probiotic therapy
for the subfertile man and his partner?

Conclusions
Research investigating the intersection between the seminal

microbiome and male fertility is still in its infancy. Studies
leveraging NGS technology have made it possible to explore
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this relationship with a degree of granularity that has previ-
ously been impossible, both financially and methodologically.
A commensal genitourinary microbiome, one enriched in
Lactobacillus, likely plays a protective role in fertility, per-
haps actively through the generation of microbiota-derived
metabolites that protect sperm or passively by occupying a
niche that would otherwise be occupied by a deleterious group
of microbes. Mechanistic preclinical and prospective clinical
studies will be necessary to better characterize the relationship
between the seminal microbiome and male fertility.
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