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Abstract: Trichomonas vaginalis is a pathogenic protozoan diffused worldwide capable of infecting
the urogenital tract in humans, causing trichomoniasis. One of its most intriguing aspects is the
ability to establish a close relationship with endosymbiotic microorganisms: the unique association
of T. vaginalis with the bacterium Mycoplasma hominis represents, to date, the only example of an
endosymbiosis involving two true human pathogens. Since its discovery, several aspects of the
symbiosis between T. vaginalis and M. hominis have been characterized, demonstrating that the
presence of the intracellular guest strongly influences the pathogenic characteristics of the protozoon,
making it more aggressive towards host cells and capable of stimulating a stronger proinflammatory
response. The recent description of a further symbiont of the protozoon, the newly discovered non-
cultivable mycoplasma Candidatus Mycoplasma girerdii, makes the picture even more complex. This
review provides an overview of the main aspects of this complex microbial consortium, with particular
emphasis on its effect on protozoan pathobiology and on the interplays among the symbionts.

Keywords: Trichomonas vaginalis; Mycoplasma hominis; Candidatus Mycoplasma girerdii; trichomoniasis;
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1. Introduction

Trichomonas vaginalis is an obligate parasite that colonizes the human genital tract
causing trichomoniasis, the most common nonviral sexually transmitted infection. The
World Health Organization estimated that there are more than 150 million new cases per
year, with a global prevalence of 5.3% for women and 0.6% for men aged 15–49 years in
2016 [1].

T. vaginalis is a flagellated protist that is unable to survive in the external environment
and has humans as the only natural host. The protozoon presents as pear-shaped tropho-
zoite measuring 10 µm × 7 µm on average. It lacks a true cystic stage, even though in
undesired conditions it can transform into pseudocysts [2]. Four anterior flagella and a
fifth one incorporated in the free margin of an undulating membrane confer the character-
istic motility to T. vaginalis. Its peculiarity is the presence of hydrogenosomes, metabolic
organelles that share a common ancestor with mitochondria, involved in the parasite’s
metabolic pathways. Hydrogenosomes are implicated in the fermentation of carbohydrates,
which represent the main energetic source for the protozoon, under both aerobic and
anaerobic conditions [3]. The sequencing of the T. vaginalis genome in 2007 highlighted that
there are ~60,000 protein-coding genes organized into six chromosomes, with 65% of its
content consisting of repetitive sequences, including transposable elements [4].

The infection in women affected by trichomoniasis ranges from asymptomatic (~50%
of cases) to severe vaginitis. Symptoms, when present, include yellowish-green vaginal
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discharge, vulva itching, dysuria, abdominal pain and, less frequently, a strawberry cervix.
In women, trichomoniasis is associated with important sequalae including pelvic inflam-
matory disease, increased risk of HIV acquisition and shedding [5], increased risk of HPV
infection and invasive cervical cancer [6,7]. T. vaginalis infection is also associated with
infertility and adverse pregnancy outcomes, such as preterm birth, premature membrane
rupture and low birth weight [8]. In men, the protozoon infects urethra and prostate,
in most cases without causing any symptoms. However, its presence is correlated with
infertility and an increased risk of prostate cancer [9,10].

The worldwide distribution and prevalence of trichomoniasis is certainly underesti-
mated due to the high number of asymptomatic infections and to the limited sensitivity of
the most commonly used diagnostic methods. In fact, diagnosis is most frequently carried
out by microscopic examination of a “wet mount” from vaginal swabs. The method is fast
and cost effective, but shows a sensitivity of around 60% [11]. Culture of T. vaginalis from
clinical samples has long been considered the gold standard for the diagnosis of infection,
thanks to its higher sensitivity when compared to microscopy. However, this method has
several disadvantages, including the need for an equipped laboratory and the long times
required to obtain a diagnosis. As a result, molecular methods, which show the highest
sensitivity and specificity for the detection of T. vaginalis, are increasingly used in diagnostic
laboratories. Nucleic acid amplification tests (NAATs) are mostly RT-PCR-based syndromic
panels that allow for the simultaneous detection of several sexually transmitted diseases,
and are now widely used in diagnostic laboratories [12].

Host epithelial cells damage and alteration of resident microbiota are the two main
mechanisms that T. vaginalis put in place to exert its pathogenicity. The protozoon is an
extracellular organism, and adhesion to host epithelial cells is a prerequisite to create a
stable infection and to damage host tissues. Upon contact with the host mucosa, T. vaginalis
transforms from pear-shaped to amoeboid, thus increasing its adhering surface to vaginal
epithelial cells. Adhesion to target cells is followed by the secretion of molecules with
cytotoxic activity, such as proteases and pore-forming proteins, that are responsible for the
epithelial damage observed during infection [13].

The presence of the protozoon can also profoundly influence the composition of the
vaginal microbiota. Ravel et al. described five types of vaginal microbiota in women in
childbearing age, the so-called community state types (CSTs), composed of aerobic and
anaerobic microorganisms that establish dynamic interactions among each other and with
the host. Four of them are characterized by the predominant presence of bacteria of the
genus Lactobacillus, which exerts a protective effect on the host by lowering the vaginal
pH and by producing antimicrobial compounds that create an inhospitable environment
for potential pathogens [14]. By contrast, CST-IV has no specific dominant species and
presents a greater proportion of anaerobic bacteria compared with other CSTs, including
pathogenic bacteria associated to bacterial vaginosis [15]. Interestingly, 72% of women with
trichomoniasis present with CST-IV type microbiota. In fact, T. vaginalis is, in most cases,
associated with vaginal dysbiosis, outlining a significative interplay of the protozoon with
vaginal microbiota, confirmed by the demonstration that bacteria of the dysbiotic microbiota
can enhance protozoan pathogenicity [15]. Moreover, the protozoan is able to establish true
symbiotic relationships with specific components of the vaginal microbiota [16,17].

In 1985, Wang et al. described the presence of dsRNA viruses within trichomonad cells.
Since then, four different Trichomonas vaginalis dsRNA virus species have been identified
within the protozoon [18,19]. T. vaginalis are small (4.5–5kbp), nonfragmented dsRNA
viruses belonging to Trichomonasvirus genus of the Totiviridae family. Interestingly, the four
different virus species can coexist in the same T. vaginalis cell [20]. Fraga and colleagues
have observed that the presence of T. vaginalis increases in vitro the adherence to human
cells of T. vaginalis isolates and influences the severity of symptoms in patients affected by
trichomoniasis [21]. It is conceivable that the presence of T. vaginalis within the parasite
may result in upregulation of the virulence genes of the protozoan affecting the severity of
trichomoniasis symptoms and the virulence of the parasite [22].
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In 1975, apparently intact Mollicutes were observed using electron microscopy within
the cytoplasm of T. vaginalis cells [23], but only in 1998 were they isolated and identified as
Mycoplasma hominis [24]. Since then, it has been demonstrated that an actual endosymbiosis
is established between the two microorganisms. The intracellular location of the bacterium
in T. vaginalis has been demonstrated using gentamicin protection assays and confirmed
using confocal and electron microscopy [25,26].

M. hominis is a bacterium belonging to the class Mollicutes and is an obligate parasite
of the human urogenital tract. It is the simplest self-replicating microorganism known, with
one of the smallest genomes described so far [27]. M. hominis is characterized by the absence
of a rigid cell wall and is therefore innately resistant to β-lactams and to all antibiotics
that target the cell wall. The very small genome reflects on the reduced metabolic abilities
of the bacterium and makes it strongly dependent on host cell metabolism. M. hominis
is found as a commensal of the genitourinary tract of healthy individuals but is also
associated with a wide range of diseases, such as pelvic inflammatory disease, cervicitis
and pyelonephritis [28]. Colonization rates greatly vary worldwide, ranging from 1.3
to 51% [29]. It has been demonstrated that M. hominis is associated with alterations in
the vaginal flora, including bacterial vaginosis. A recent study of Rumyantseva et al.
demonstrated a threefold increase in M. hominis prevalence in reproductive-aged women
with bacterial vaginosis compared to healthy women [30].

The symbiosis between T. vaginalis and M. hominis is the only one described so far
involving two obligated human parasites capable of inducing independent diseases in the
same anatomical site.

Rather surprisingly, in 2013, a further microorganism was observed in association with
T. vaginalis. Martin and colleagues described the 16S rRNA sequence of a new Mycoplasma
almost exclusively in vaginal secretions of women with trichomoniasis, and named the
bacterium Mnola [31]. Shortly thereafter, Fettweis et al. characterized the new Mycoplasma
using metagenomic strategies, and renamed it as Candidatus Mycoplasma girerdii, in honor of
the American gynecologist P.H. Girerd. Phylogenetic analyses confirmed that Ca. M. girerdii
belongs to the genus Mycoplasma, with 94% of sequence identity with an uncultivated
Mycoplasma found in veterinarian specimens, 85% similar to the closest human pathogen,
Mycoplasma genitalium, and only 78% similar to Mycoplasma hominis. Ca. M. girerdii pos-
sesses a small genome (~619 kb), which accounts for the strict metabolic dependence of
the bacterium [32].

Attempts to axenically cultivate Ca. M. girerdii in vitro have been unsuccessful so
far. Biological features of the bacterium have been therefore inferred only through metage-
nomic analysis until the recent work of Margarita et al., in which an in vitro model of
cocultivation of Ca. M. girerdii with T. vaginalis was developed [33]. In fact, metabolic
in silico reconstructions suggest that Ca. M. girerdii is glycolytic, encoding all enzymes
needed to use glucose as an energy source and lacks gluconeogenesis, Krebs cycle, and
enzymes for purine, pyrimidine, and amino acid synthesis. These data were supported by
in vitro RNA-Seq analyses describing a high number of mapped reads involving various
putative amino acid transporters, enzymes involved in amino acid catabolism and fully an-
notated glycolytic pathways, suggesting energy generation via these pathways [33]. These
features reflect a limited metabolic capability, typical of Mollicutes, making Ca. M. girerdii
strongly dependent on the host, which provides a protected niche and nutrients necessary
for survival [34].

Data obtained so far support the hypothesis that Ca M. girerdii is a strict endosymbiont
of T. vaginalis, thus adding a new member to the already populous family of microorganisms
that live in close association with the protozoan.

In this review, we describe the relationships between T. vaginalis and the two my-
coplasmas and the impacts of the presence of the symbionts on the protozoan pathobiology.
In particular, we focus on the interactions that occur between the two symbiotic bacteria
when cohabiting in the same T. vaginalis cell.
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2. T. vaginalis and Its Endosymbionts: M. hominis and Ca. M. girerdii

Since its first description by Rappelli et al. [24], the strict association between T. vaginalis
and M. hominis has been largely confirmed both using PCR in protozoan strains isolated in
different geographical regions and through epidemiological studies, with an association
rate ranging from 5% to 89% [24,35–38]. On the contrary, given the recent discovery, epi-
demiological data on the presence of Ca. M. girerdii in the vaginal microenvironment are
extremely limited.

Fettweis and colleagues, analyzing 16S rRNA gene-based microbiome profiles of
patients as part of the Vaginal Human Microbiome Project [32], observed DNA specific
for Ca. M. girerdii in 36 out of 63 vaginal samples of women with trichomoniasis, while
its presence in healthy women was extremely rare. The presence of Ca. M. girerdii in
vaginal samples has also been investigated in women diagnosed with trichomoniasis in the
USA, China and Austria, with percentages of 63%, 42% and 20%, respectively [31,39,40],
demonstrating that the association between T. vaginalis and the symbiont Ca. M. girerdii,
as well as in the case of M. hominis, is distributed worldwide. In a high percentage of
cases, the same clinical samples with Ca. M. girerdii were also positive for M. hominis. To
demonstrate that the contemporary presence of the two Mycoplasmas was due to a real
multiple symbiosis and not merely to a coinfection, T. vaginalis isolates from long-term
in vitro cultures were analyzed using real-time PCR, showing that Ca. M. girerdii-specific
DNA was present in 46 out of 75 T. vaginalis Italian isolates analyzed. Among them, only
four were infected by Ca. M. girerdii alone, while 42 presented also M. hominis [33]. The
double infection in the same trichomonad strain was recently confirmed by Xu et al. [39]
(Table 1).

Table 1. List of studies showing the Mycoplasma spp. detection in T. vaginalis clinical isolates. Ca.Mg:
Ca. M. girerdii; Mh: M. hominis.

Scheme Geographic
Origin

Detection
Method

N. of
Sample

Analyzed

Ca.Mg +/
Mh − (%)

Ca.Mg −/
Mh + (%)

Ca.Mg +/
Mh + (%)

[33] Italy PCR 75 4/75 (5%) 21/75 (28%) 42/75 (56%)

[39] China PCR 6 4/6 (66.6%) 1/6 (16.6%)

The demonstration that the two mycoplasmas can cohabit in the same trichomonad
cell was obtained in immunofluorescence by Margarita et al. [33] by combining DAPI
and specific anti-M. hominis antibodies (Figure 1). In Figure 1a, both mycoplasmas are
highlighted in the trichomonad cytoplasm using DAPI staining, while in Figure 1b, specific
antibodies decorate solely M. hominis. Lacking mitochondria, the trichomonad cell is
free of cytoplasmatic DNA, so DAPI staining shows only the symbiotic mycoplasmas in
the cytoplasm.
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By using an in vitro model system, Margarita et al. showed that Ca. M. girerdii can
live both on the surface and in the intracellular compartment of T. vaginalis, and that
the replication of bacteria occurs mainly intracellularly. Nevertheless, an intracellular
competition between Ca. M. girerdii and M. hominis may occur when in symbiosis with
T. vaginalis. In fact, the capability of Ca. M. girerdii to establish a stable infection within
the protist decreases when it is already infected by M. hominis, at least in vitro [33]. These
results suggest that T. vaginalis might be more susceptible to infection by M. hominis than
that by Ca. M. girerdii, or that the presence of M. hominis could render the protozoon less
susceptible to be colonized by Ca. M. girerdii.

The high frequency of the association among T. vaginalis and the two Mycoplas-
mas supports the thesis that all three microbial species may obtain benefits when they
are together.

Mutual benefits of the symbiosis between T. vaginalis and M. hominis have been
extensively described in recent years, but the advantages for the protozoon deriving from
the association with Ca. M. girerdii have yet to be defined. By comparing the growth
kinetics of T. vaginalis alone and associated with one or both bacteria, Margarita and
colleagues showed that both M. hominis and Ca. M. girerdii, in single or double infections,
promoted the parasite growth rate [33,41]. Ca. M. girerdii, such as M. hominis, may
influence trichomonad multiplication rate upregulating central metabolism with a shift
from hydrogenosomal to cytosolic lactate and malate fermentation, along with an increase
in amino acid catabolism.

3. Influence of Ca. Mycoplasma girerdii and Mycoplasma hominis on the Pathobiology
of T. vaginalis

T. vaginalis is an extracellular pathogen that needs to strictly adhere to human epithelial
cells to establish an infection and to exert its cytopathic effect [42]. Thanks to its capability to
transform from pear-shaped to ameboid upon contact with the urogenital epithelium of men
and women, T. vaginalis increases the surface of contact with the target membranes creating
a strict cell-to-cell association, that is a prerequisite for its cytopathic effect. T. vaginalis
adhesion is a complex process in which several parasite factors are involved. A number
of surface proteins potentially involved in trichomonad adherence to the host have been
described, yet their effective role has in most cases yet to be defined. T. vaginalis surface is
characterized by the presence of lipoglycan (TvLG), which has been demonstrated to be
involved in adhesion and cytotoxicity of parasites to target cells. In fact, TvLG binds to
host cell galectin-1 [43] and -3 [44], playing a role in the first phase of infection [13].

Upon adhesion to target cells, the protozoon secretes several virulence factors, such as
proteases and pore-forming proteins, that play an important role in host epithelial damage.
Although a number of proteases and saposin-like proteins showing pore-forming activity
implicated in protozoan pathogenesis have been identified, much of the host–parasite
interaction remains to be unraveled [13].

It has now become clear that the pathobiology of Trichomonas vaginalis involves mul-
tiple interactions not only with host tissues and immune response, but also with its sym-
bionts. In recent years, several studies have shown the important role of M. hominis in
influencing the ability of T. vaginalis to adhere and induce a cellular damage to epithe-
lial cell. The presence of M. hominis was associated with an exacerbation of T. vaginalis
pathogenicity by Vancini and colleagues, who observed how trichomonad strains naturally
infected by M. hominis led to more pronounced cellular damage of vaginal epithelial cells
(VECs) in vitro, compared to isolates devoid of the symbiont. They also demonstrated that
T. vaginalis harboring M. hominis showed an increased ameboid transformation rate and
phagocytic activity [45].

Several studies highlighted a strong variability among T. vaginalis strains in their
pathogenic features [42]. In order to overcome this strain-to-strain phenotypic variability,
isogenic T. vaginalis with and without M. hominis have been used in several studies to
investigate on the possible effects of the symbiont on protozoan features. To create isogenic
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pairs, T. vaginalis natively harboring M. hominis were either cured from the bacterial infection
or, conversely, protozoa originally Mycoplasma-free were stably infected in vitro with the
bacteria [46,47].

By using isogenic strains, it has been shown that the ability of T. vaginalis to adhere to
human epithelial cells is ~10-fold enhanced in protozoa symbiotically associated with one or
both Mycoplasma species. These findings are supported by RNAseq data showing that 8 out
of 11 TvBspA proteins found in highly adherent T. vaginalis strains, potentially implicated
in the physical interaction of protozoa with other cells [48], were upregulated when infected
by M. hominis and/or Ca. M. girerdii. These data support the idea that Ca. M. girerdii, such
as M. hominis, can increase the capability of protist to adhere to host cells.

Also, Ca. M. girerdii, like M. hominis, seems to enhance the protozoan cytolytic activity.
In 2016, Margarita et al. demonstrated that hemolytic activity of the reference T. vaginalis
G3 strain is more than doubled when symbiotically associated with M. hominis [41]. More
recently, the same approach was used to investigate on the effect of the presence of
Ca. M. girerdii on the virulence of the parasite. T. vaginalis G3 strain experimentally in-
fected by Ca. M. girerdii, alone or in association with M. hominis, showed higher hemolytic
activities than the same isogenic mycoplasma-free strain. These results were confirmed
and supported by RNAseq analysis: 7 of the 11 transcribed saposin-like proteins(TvSaplip)
genes that potentially mediate the pore-forming activity underlying hemolysis [13] were
significantly upregulated in presence of Ca. M. girerdii and/or M. hominis [33].

Pathogenesis of trichomoniasis is the result of both parasite factors and host immune
response. T. vaginalis infection, whether it is symptomatic or asymptomatic, is usually
accompanied by leukocyte infiltration, as well as by high levels of secreted proinflammatory
cytokines. In fact, T. vaginalis takes advantage of a strong inflammatory immune response
to generate tissue damage and to develop infection [49,50].

The presence of M. hominis in trichomonad cells seems to influence even this pathogenic
aspect. In 2013, Fiori’s group investigated the role of M. hominis in T. vaginalis over host
innate immunity, showing that the symbiont synergistically upregulates IL-8, IL-1β, and
TNF-α production by the human monocytic cell line THP-1. Moreover, THP-1 cells secreted
IL-23, a Th17-polarizing cytokine, upon contact with T. vaginalis harboring M. hominis but
not with T. vaginalis alone [51].

Mercer and colleagues compared the capability of killing human primary B-cells,
T-cells, and monocytes of an isogenic Mycoplasma-free T. vaginalis strain versus a naturally
Mycoplasma-infected strain. Results showed that the presence of M. hominis induced a
qualitative and quantitative modification on the proinflammatory response of monocytic
cell lines to trichomonad infection, confirming the importance of bacteria in modulating
the inflammatory response [52].

The primary pathway of energy metabolism in M. hominis is the arginine dihydrolase
pathway (ADI), which removes nitrogen from arginine and generates ATP. Margarita et al.
reported that M. hominis also consumes extracellular arginine when in association with
T. vaginalis. Depletion of arginine, facilitated by several microbial enzymes like arginase and
arginine deiminase, is a common strategy employed by pathogens to evade the immune
response [53]. In fact, human macrophages utilize free arginine to produce the toxic defense
molecule nitric oxide (NO). M. hominis competes with macrophages for arginine in the host
environment, reducing the amount available for NO production and thereby affecting their
antimicrobial activity.

Altogether, these studies highlighted role of M. hominis in the modulation of the
inflammatory process during T. vaginalis infection and led to the hypothesis of the possible
impact in important pathologies associated with trichomoniasis, such as increased risk of
HIV acquisition, and in cervical and prostate tumorigenesis [5,54,55].

4. T. vaginalis Symbionts: A Possible Role in Adverse Pregnancy Outcomes

Complications related to preterm birth (PTB) are responsible for about 27% of neonatal
mortality. Intraamniotic infections and the induced uterine inflammation are among the
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main causes of PTB, and Mollicutes are the most frequently reported organisms in the amni-
otic cavity [56]. Vaginal M. hominis infection is associated with several adverse pregnancy
outcomes and postpartum complications such as spontaneous abortion, stillbirth, preterm
birth, low birth weight, and perinatal mortality [57]. The frequent detection of M. hominis
in amniotic fluid and placental membranes of women with preterm pre-labor rupture of
membranes (PPROM) seems to indicate a potential direct role of bacteria, triggering the
synthesis of prostaglandins resulting in spontaneous preterm labor [58]. Interestingly, the
same adverse pregnancy outcomes have been correlated with the presence of T. vaginalis
that, differing from M. hominis, is unable to colonize the amniotic fluid [8,59,60]. The
role of the protozoon was then restricted to the induction of a proinflammatory response,
only indirectly leading to adverse pregnancy outcomes [49]. Despite the demonstrated
association of trichomoniasis with adverse outcomes, the administration of metronidazole
to eradicate the infection seems not to be able to prevent preterm delivery, but rather to
increase the risk of PTB and low birth weight infants [61,62].

This apparently paradoxical effect may be explained by the high percentage of T. vaginalis
strains harboring M. hominis: in this case, metronidazole treatment, effective on the protozoon
and not on the symbiotic bacterium, could induce a massive release of M. hominis from killed
trichomonad cells, that consequently are free to invade placental membranes and amniotic
fluid. The demonstration that M. hominis released by metronidazole-treated T. vaginalis are
able to infect WISH cells in vitro supports this hypothesis [63]. Ferrari de Aquino and Simoes-
Barbosa recently represented, in a suggestive way, T. vaginalis as a piñata containing the
different symbionts, which are released by the effect of metronidazole in vivo [64].

In Mycoplasma hominis, three genes (alr, goiB and goiC) have been found to be involved
in invasion of the amniotic cavity [65]. Among the three genes, goiC is significantly associ-
ated preterm labor and can thus be considered a virulence trait of the M. hominis strains
able to invade the amniotic cavity and the placenta [66]. The presence of the three genes
has been investigated in M. hominis isolated from T. vaginalis strains, demonstrating a high
percentage of positives (alr 96.55%, goiB 37.93%, and goiC 58.2%) [63].

Only a few studies so far have focused on possible correlations between Ca. M. girerdii
and adverse pregnancy outcomes. Interestingly, Costello and colleagues detected 16S rRNA
gene sequences of Ca. M. girerdii in the oral cavity of a low birth weight neonate, and both
T. vaginalis and Ca. M. girerdii genomic DNAs were found in the saliva of a premature
infant, suggesting vertical transmission during delivery [67,68].

5. T. vaginalis Metronidazole Susceptibility and the Symbiosis with Mycoplasmas

The standard treatment for trichomoniasis is based on nitroimidazole derivates:
metronidazole (MTZ), which was only introduced in 1959; tinidazole; and secnidazole [69].
Although most T. vaginalis infections can be cleared using nitroimidazole drugs, an increas-
ing number of drug-resistant T. vaginalis isolates has been reported in recent years [70–72].

The possible role of the symbiosis with M. hominis in the development of T. vaginalis
resistance to metronidazole has been investigated by several groups, leading to controver-
sial results. Xiao et al. observed a reduction in sensitivity to metronidazole in trichomonad
isolates infected by M. hominis, while other groups reported a lack of correlation between
the presence of the symbiont and drug resistance [46,73]. To shed more light on this debated
issue, Margarita et al., in a recent study, investigated the possible correlation between the
presence of symbionts and the in vitro drug susceptibility in T. vaginalis isolated in Italy and
in Vietnam. The results of the study suggest that the presence of M. hominis is positively
associated with a reduced resistance to metronidazole in T. vaginalis. The minimal lethal
concentration of metronidazole was 2.9 µg/mL in Mh-positive and 5.9 µg/mL in Mh-
negative strains (p < 0.05). Moreover, four out of five isolates showing a reduced sensitivity
to MTZ were Mycoplasma-free [74]. Interestingly, this observation is consistent with results
obtained by other research groups: in most cases, metronidazole-resistant strains observed
in the other studies were Mycoplasma-free [35,36,75].
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The role of Ca. M. girerdii on metronidazole resistance has been only recently inves-
tigated. In order to avoid any strain-to-strain variability often observed among clinical
protozoan isolates, Margarita et al. generated a set of four isogenic T. vaginalis, differ-
ing only in the presence/absence of M. hominis and Ca. M. girerdii. Results demon-
strated that M. hominis renders T.vaginalis more susceptible to MTZ, while the presence of
Ca. M. girerdii seems not to influence the sensitivity of the protozoon [74].

Metronidazole resistance in T. vaginalis strain growth in aerobic conditions can be
caused by conversion of toxic nitroradical form of antibiotic to the inactive prodrug due
to high oxygen concentration inside the hydrogenosomes. Some authors have observed a
decrement in the expression of hydrogenosomal proteins, including flavin reductase 1 (FR1),
ferredoxin (Fdx) and pyruvate ferredoxin oxidoreductase (PFOR) in T. vaginalis-resistant
strains [71,76]. The presence of M. hominis increased the expressions FR1 compared to
the Mycoplasma-free T. vaginalis strain. This enzyme plays a crucial role in oxygen scav-
enging mechanisms leading to drug inactivation, so its upregulation in T. vaginalis when
in symbiosis with M. hominis may explain, at least in part, their higher sensitivity to
metronidazole [74].

6. Conclusions

The discovery and subsequent characterization of the intimate symbiotic relationship
between T. vaginalis and M. hominis, both pathogenic to humans, open new perspectives for
studying the complex interactions that pathogens establish not only with their human host
but also among themselves.

The high incidence in the population of double infection by T. vaginalis and M. hominis
suggests that the diagnosis must always consider the existence of both symbionts: the
presence of a microorganism is highly suggestive of the simultaneous infection with the
other. If both are not sought at the same time, in fact, the therapy will be directed only
against a single symbiont, leaving the other free to continue to infect undisturbed. The
recent discovery of the new symbiont of the protozoon Ca. M. girerdii makes the picture
even more complex and strongly stimulates the study of the interactions that pathogenic
symbionts can have not only with the host but also among each other and with the vaginal
microbiota. In fact, in addition to the endosymbionts being able to influence virulence and
immunopathogenesis of T. vaginalis, vaginal bacteria of dysbiotic microbiomes can also
enhance the pathogenic capabilities of the parasite.

Therefore, the microbial consortium formed between the protozoan and its endosym-
bionts should not be regarded as a simple sum of microorganisms capable of causing
separate infections in humans, nor should Trichomonas vaginalis be considered as a shuttle
that passively transports bacteria. On the contrary, the in vivo presence of T. vaginalis in
association with its symbionts and the interaction with the microbiota could represent a real
consortium of pathogens with unique pathogenic characteristics to some extent different
from those of single microorganisms.

Author Contributions: Conceptualization, V.M., A.C., N.D. and P.R.; investigation, V.M., A.C.
and N.D.; data curation, P.L.F. and P.R.; writing—original draft preparation, V.M., A.C. and N.D.;
writing—review and editing, P.L.F. and P.R.; visualization, V.M., A.C., N.D. and P.R.; supervision,
P.L.F. and P.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministero dell’Istruzione, dell’ Università e della Ricerca,
Italy (MIUR), grant number 2017SFBFER_004 (P.L.F.).

Conflicts of Interest: The authors declare no conflict of interest.



Pathogens 2023, 12, 1083 9 of 12

References
1. Rowley, J.; Vander Hoorn, S.; Korenromp, E.; Low, N.; Unemo, M.; Abu-Raddad, L.J.; Chico, R.M.; Smolak, A.; Newman, L.;

Gottlieb, S.; et al. Chlamydia, gonorrhoea, trichomoniasis and syphilis: Global prevalence and incidence estimates, 2016. Bull.
World Health Organ. 2019, 97, 548–562. [CrossRef]

2. Cheng, W.-H.; Huang, P.-J.; Lee, C.-C.; Yeh, Y.-M.; Ong, S.-C.; Lin, R.; Ku, F.-M.; Chiu, C.-H.; Tang, P. Metabolomics analysis
reveals changes related to pseudocyst formation induced by iron depletion in Trichomonas vaginalis. Parasit Vectors 2023, 16, 226.
[CrossRef]

3. Petrin, D.; Delgaty, K.; Bhatt, R.; Garber, G. Clinical and Microbiological Aspects of Trichomonas vaginalis. Clin. Microbiol. Rev.
1998, 11, 300–317. [CrossRef]

4. Carlton, J.M.; Hirt, R.P.; Silva, J.C.; Delcher, A.L.; Schatz, M.; Zhao, Q.; Wortman, J.R.; Bidwell, S.L.; Alsmark, U.C.M.; Besteiro, S.;
et al. Draft genome sequence of the sexually transmitted pathogen Trichomonas vaginalis. Science 2007, 315, 207–212. [CrossRef]

5. McClelland, R.S.; Sangare, L.; Hassan, W.M.; Lavreys, L.; Mandaliya, K.; Kiarie, J.; Ndinya-Achola, J.; Jaoko, W.; Baeten, J.M.
Infection with Trichomonas vaginalis increases the risk of HIV-1 acquisition. J. Infect. Dis. 2007, 195, 698–702. [CrossRef]

6. Mei, X.; Zhang, R.; Li, D.; Xie, X.; Yao, Y.; Gao, M.; Zhao, L.; Zhu, S.; Tian, X.; Yang, Z.; et al. Association between the infections of
Trichomonas vaginalis and uterine cervical human papillomavirus: A meta-analysis. J. Obstet. Gynaecol. J. Inst. Obstet. Gynaecol.
2023, 43, 2194986. [CrossRef]

7. Fazlollahpour-Naghibi, A.; Bagheri, K.; Almukhtar, M.; Taha, S.R.; Zadeh, M.S.; Moghadam, K.B.; Tadi, M.J.; Rouholamin,
S.; Razavi, M.; Sepidarkish, M.; et al. Trichomonas vaginalis infection and risk of cervical neoplasia: A systematic review and
meta-analysis. PLoS ONE 2023, 18, e0288443. [CrossRef]

8. Daskalakis, G.; Psarris, A.; Koutras, A.; Fasoulakis, Z.; Prokopakis, I.; Varthaliti, A.; Karasmani, C.; Ntounis, T.; Domali, E.;
Theodora, M.; et al. Maternal Infection and Preterm Birth: From Molecular Basis to Clinical Implications. Children 2023, 10, 907.
[CrossRef]

9. Sutcliffe, S. Sexually transmitted infections and risk of prostate cancer: Review of historical and emerging hypotheses. Futur.
Oncol. 2010, 6, 1289–1311. [CrossRef]

10. Twu, O.; Dessí, D.; Vu, A.; Mercer, F.; Stevens, G.C.; De Miguel, N.; Rappelli, P.; Cocco, A.R.; Clubb, R.T.; Fiori, P.L.; et al.
Trichomonas vaginalis homolog of macrophage migration inhibitory factor induces prostate cell growth, invasiveness, and
inflammatory responses. Proc. Natl. Acad. Sci. USA 2014, 111, 8179–8184. [CrossRef]

11. Edwards, T.; Burke, P.; Smalley, H.; Hobbs, G. Trichomonas vaginalis: Clinical relevance, pathogenicity and diagnosis. Crit. Rev.
Microbiol. 2016, 42, 406–417. [CrossRef]

12. Tuddenham, S.; Hamill, M.M.; Ghanem, K.G. Diagnosis and Treatment of Sexually Transmitted Infections: A Review. JAMA 2022,
327, 161–172. [CrossRef]

13. Hirt, R.P.; de Miguel, N.; Nakjang, S.; DessÌ, D.; Liu, Y.C.; Diaz, N.; Rappelli, P.; Acosta-Serrano, A.; Fiori, P.L.; Mottram, J.C.
Trichomonas vaginalis Pathobiology. New Insights from the Genome Sequence. Adv. Parasitol. 2011, 77, 87–140. [CrossRef]

14. Ravel, J.; Gajer, P.; Abdo, Z.; Schneider, G.M.; Koenig, S.S.K.; McCulle, S.L.; Karlebach, S.; Gorle, R.; Russell, J.; Tacket, C.O.; et al.
Vaginal microbiome of reproductive-age women. Proc. Natl. Acad. Sci. USA 2011, 108, 4680–4687. [CrossRef]

15. Brotman, R.M.; Bradford, L.L.; Conrad, M.; Gajer, P.; Ault, K.; Peralta, L.; Forney, L.J.; Carlton, J.M. Association between
Trichomonas vaginalis and vaginal bacterial community composition among reproductive-age women. Sex. Transm. Dis. 2013, 39,
807–812. [CrossRef]

16. Hinderfeld, A.S.; Simoes-Barbosa, A. Vaginal dysbiotic bacteria act as pathobionts of the protozoal pathogen Trichomonas vaginalis.
Microb. Pathog. 2020, 138, 103820. [CrossRef]

17. Margarita, V.; Fiori, P.L.; Rappelli, P. Impact of Symbiosis between Trichomonas vaginalis and Mycoplasma hominis on Vaginal
Dysbiosis: A Mini Review. Front. Cell. Infect. Microbiol. 2020, 10, 179. [CrossRef]

18. Wang, A.L.; Wang, C.C. A linear double-stranded RNA in Trichomonas vaginalis. J. Biol. Chem. 1985, 260, 3697–3702. [CrossRef]
19. Parent, K.N.; Takagi, Y.; Cardone, G.; Olson, N.H.; Ericsson, M.; Yang, M.; Lee, Y.; Asara, J.M.; Fichorova, R.N.; Baker, T.S.; et al.

Structure of a protozoan virus from the human genitourinary parasite Trichomonas vaginalis. MBio 2013, 4, e00056-13. [CrossRef]
20. Goodman, R.P.; Freret, T.S.; Kula, T.; Geller, A.M.; Talkington, M.W.T.; Tang-Fernandez, V.; Suciu, O.; Demidenko, A.A.; Ghabrial,

S.A.; Beach, D.H.; et al. Clinical Isolates of Trichomonas vaginalis Concurrently Infected by Strains of Up to Four Trichomonasvirus
Species (Family Totiviridae). J. Virol. 2011, 85, 4258–4270. [CrossRef]

21. Fraga, J.; Rojas, L.; Sariego, I.; Fernández-Calienes, A. Genetic characterization of three Cuban Trichomonas vaginalis virus.
Phylogeny of Totiviridae family. Infect. Genet. Evol. 2012, 12, 113–120. [CrossRef]

22. Stevens, A.; Muratore, K.; Cui, Y.; Johnson, P.J.; Zhou, Z.H. Atomic Structure of the Trichomonas vaginalis Double-Stranded RNA
Virus 2. MBio 2021, 12, e02924-20. [CrossRef] [PubMed]

23. Nielsen, M.H. The ultrastructure of Trichomonas vaginalis donné before and after transfer from vaginal secretion to Diamonds
medium. Acta Pathol. Microbiol. Scand. Suppl. 1975, 83, 581–589. [CrossRef] [PubMed]

24. Rappelli, P.; Addis, M.F.; Carta, F.; Fiori, P.L. Mycoplasma hominis parasitism of Trichomonas vaginalis. Lancet 1998, 352, 1286.
[CrossRef]

25. Dessì, D.; Delogu, G.; Emonte, E.; Catania, R.; Fiori, P.L.; Rappelli, P.; Dessı, D.; Catania, M.R. Long-Term Survival and Intracellular
Replication of Mycoplasma hominis in Trichomonas vaginalis Cells: Potential Role of the Protozoon in Transmitting Bacterial Infection.
Infect. Immun. 2005, 73, 1180–1186. [CrossRef]

https://doi.org/10.2471/BLT.18.228486
https://doi.org/10.1186/s13071-023-05842-w
https://doi.org/10.1128/CMR.11.2.300
https://doi.org/10.1126/science.1132894
https://doi.org/10.1086/511278
https://doi.org/10.1080/01443615.2023.2194986
https://doi.org/10.1371/journal.pone.0288443
https://doi.org/10.3390/children10050907
https://doi.org/10.2217/fon.10.95
https://doi.org/10.1073/pnas.1321884111
https://doi.org/10.3109/1040841X.2014.958050
https://doi.org/10.1001/jama.2021.23487
https://doi.org/10.1016/B978-0-12-391429-3.00006-X
https://doi.org/10.1073/pnas.1002611107
https://doi.org/10.1097/OLQ.0b013e3182631c79
https://doi.org/10.1016/j.micpath.2019.103820
https://doi.org/10.3389/fcimb.2020.00179
https://doi.org/10.1016/S0021-9258(19)83679-7
https://doi.org/10.1128/mBio.00056-13
https://doi.org/10.1128/JVI.00220-11
https://doi.org/10.1016/j.meegid.2011.10.020
https://doi.org/10.1128/mBio.02924-20
https://www.ncbi.nlm.nih.gov/pubmed/33785622
https://doi.org/10.1111/j.1699-0463.1975.tb00141.x
https://www.ncbi.nlm.nih.gov/pubmed/1081812
https://doi.org/10.1016/S0140-6736(05)61372-4
https://doi.org/10.1128/IAI.73.2.1180-1186.2005


Pathogens 2023, 12, 1083 10 of 12

26. Vancini, R.G.; Benchimol, M. Entry and intracellular location of Mycoplasma hominis in Trichomonas vaginalis. Arch. Microbiol. 2008,
189, 7–18. [CrossRef] [PubMed]

27. Pereyre, S.; Sirand-Pugnet, P.; Beven, L.; Charron, A.; Renaudin, H.; Barré, A.; Avenaud, P.; Jacob, D.; Couloux, A.; Barbe, V.;
et al. Life on arginine for Mycoplasma hominis: Clues from its minimal genome and comparison with other human urogenital
mycoplasmas. PLoS Genet. 2009, 5, e1000677. [CrossRef] [PubMed]

28. Yagur, Y.; Weitzner, O.; Barchilon Tiosano, L.; Paitan, Y.; Katzir, M.; Schonman, R.; Klein, Z.; Miller, N. Characteristics of pelvic
inflammatory disease caused by sexually transmitted disease—An epidemiologic study. J. Gynecol. Obstet. Hum. Reprod. 2021,
50, 102176. [CrossRef]

29. Donders, G.G.G.; Ruban, K.; Bellen, G.; Petricevic, L. Mycoplasma/Ureaplasma infection in pregnancy: To screen or not to screen.
J. Perinat. Med. 2017, 45, 505–515. [CrossRef]

30. Rumyantseva, T.; Khayrullina, G.; Guschin, A.; Donders, G. Prevalence of Ureaplasma spp. and Mycoplasma hominis in healthy
women and patients with flora alterations. Diagn. Microbiol. Infect. Dis. 2019, 93, 227–231. [CrossRef]

31. Martin, D.H.; Zozaya, M.; Lillis, R.A.; Myers, L.; Nsuami, M.J.; Ferris, M.J. Unique vaginal microbiota that includes an unknown
mycoplasma-like organism is associated with Trichomonas vaginalis infection. J. Infect. Dis. 2013, 207, 1922–1931. [CrossRef]
[PubMed]

32. Fettweis, J.M.; Serrano, M.G.; Huang, B.; Brooks, J.P.; Glascock, A.L.; Sheth, N.U.; Strauss, J.F.; Jefferson, K.K.; Buck, G.A. An
emerging mycoplasma associated with trichomoniasis, vaginal infection and disease. PLoS ONE 2014, 9, e110943. [CrossRef]
[PubMed]

33. Margarita, V.; Bailey, N.P.; Rappelli, P.; Diaz, N.; Dessì, D.; Fettweis, J.M.; Hirt, R.P.; Fiori, P.L. Two Different Species of Mycoplasma
Endosymbionts Can Influence Trichomonas vaginalis Pathophysiology. MBio 2022, 13, e00918-22. [CrossRef] [PubMed]

34. Gupta, R.S.; Sawnani, S.; Adeolu, M.; Alnajar, S.; Oren, A. Phylogenetic framework for the phylum Tenericutes based on genome
sequence data: Proposal for the creation of a new order Mycoplasmoidales ord. nov., containing two new families Mycoplasmoidaceae
fam. nov. and Metamycoplasmataceae fam. nov. harbouring Eperythrozoon, Ureaplasma and five novel genera. Antonie Leeuwenhoek
Int. J. Gen. Mol. Microbiol. 2018, 111, 1583–1630. [CrossRef]

35. da Luz Becker, D.; dos Santos, O.; Frasson, A.P.; de Vargas Rigo, G.; Macedo, A.J.; Tasca, T. High rates of double-stranded RNA
viruses and Mycoplasma hominis in Trichomonas vaginalis clinical isolates in South Brazil. Infect. Genet. Evol. 2015, 34, 181–187.
[CrossRef]

36. Butler, S.E.; Augostini, P.; Secor, W.E. Mycoplasma hominis infection of Trichomonas vaginalis is not associated with metronidazole-
resistant trichomoniasis in clinical isolates from the United States. Parasitol. Res. 2010, 107, 1023–1027. [CrossRef]

37. Fraga, J.; Rodríguez, N.; Fernández, C.; Mondeja, B.; Sariego, I.; Fernández-Calienes, A.; Rojas, L. Mycoplasma hominis in Cuban
Trichomonas vaginalis isolates: Association with parasite genetic polymorphism. Exp. Parasitol. 2012, 131, 393–398. [CrossRef]

38. Fichorova, R.N.; Fraga, J.; Rappelli, P.; Fiori, P.L. Trichomonas vaginalis infection in symbiosis with Trichomonasvirus and Mycoplasma.
Res. Microbiol. 2017, 168, 882–891. [CrossRef]

39. Xu, S.; Wang, Z.; Zhou, H.; Fu, Y.; Feng, M.; Cheng, X. High Co-Infection Rate of Trichomonas vaginalis and Candidatus Mycoplasma
Girerdii in Gansu Province, China. Healthcare 2021, 9, 706. [CrossRef]

40. Hoxha, I.; Lesiak-Markowicz, I.; Walochnik, J.; Stary, A.; Fürnkranz, U. The Prevalence of Genital Mycoplasmas and Coinfection
with Trichomonas vaginalis in Female Patients in Vienna, Austria. Microorganisms 2023, 11, 933. [CrossRef]

41. Margarita, V.; Rappelli, P.; DessÌ, D.; Pintus, G.; Hirt, R.P.; Fiori, P.L. Symbiotic association with Mycoplasma hominis can influence
growth rate, ATP production, cytolysis and inflammatory response of Trichomonas vaginalis. Front. Microbiol. 2016, 7, 953.
[CrossRef]

42. Lustig, G.; Ryan, C.M.; Secor, W.E.; Johnson, P.J. Trichomonas vaginalis contact-dependent cytolysis of epithelial cells. Infect. Immun.
2013, 81, 1411–1419. [CrossRef]

43. Okumura, C.Y.M.; Baum, L.G.; Johnson, P.J. Galectin-1 on cervical epithelial cells is a receptor for the sexually transmitted human
parasite Trichomonas vaginalis. Cell. Microbiol. 2008, 10, 2078–2090. [CrossRef] [PubMed]

44. Fichorova, R.N.; Yamamoto, H.S.; Fashemi, T.; Foley, E.; Ryan, S.; Beatty, N.; Dawood, H.; Hayes, G.R.; St-Pierre, G.; Sato, S.; et al.
Trichomonas vaginalis Lipophosphoglycan Exploits Binding to Galectin-1 and -3 to Modulate Epithelial Immunity. J. Biol. Chem.
2016, 291, 998–1013. [CrossRef]

45. Vancini, R.; Pereira-Neves, A.; Borojevic, R.; Benchimol, M. Trichomonas vaginalis harboring Mycoplasma hominis increases
cytopathogenicity in vitro. Eur. J. Clin. Microbiol. Infect. Dis. 2008, 27, 259–267. [CrossRef] [PubMed]

46. Fürnkranz, U.; Henrich, B.; Walochnik, J. Mycoplasma hominis impacts gene expression in Trichomonas vaginalis. Parasitol. Res. 2018,
117, 841–847. [CrossRef]

47. Morada, M.; Manzur, M.; Lam, B.; Tan, C.; Tachezy, J.; Rappelli, P.; Dessì, D.; Fiori, P.L.; Yarlett, N. Arginine metabolism in
Trichomonas vaginalis infected with Mycoplasma hominis. Microbiology 2010, 156, 3734–3743. [CrossRef]

48. Noël, C.J.; Diaz, N.; Sicheritz-Ponten, T.; Safarikova, L.; Tachezy, J.; Tang, P.; Fiori, P.L.; Hirt, R.P. Trichomonas vaginalis vast
BspA-like gene family: Evidence for functional diversity from structural organisation and transcriptomics. BMC Genom. 2010,
11, 99. [CrossRef] [PubMed]

49. Fichorova, R.N. Impact of T. vaginalis infection on innate immune responses and reproductive outcome. J. Reprod. Immunol. 2009,
83, 185–189. [CrossRef]

https://doi.org/10.1007/s00203-007-0288-8
https://www.ncbi.nlm.nih.gov/pubmed/17710384
https://doi.org/10.1371/journal.pgen.1000677
https://www.ncbi.nlm.nih.gov/pubmed/19816563
https://doi.org/10.1016/j.jogoh.2021.102176
https://doi.org/10.1515/jpm-2016-0111
https://doi.org/10.1016/j.diagmicrobio.2018.10.001
https://doi.org/10.1093/infdis/jit100
https://www.ncbi.nlm.nih.gov/pubmed/23482642
https://doi.org/10.1371/journal.pone.0110943
https://www.ncbi.nlm.nih.gov/pubmed/25337710
https://doi.org/10.1128/mbio.00918-22
https://www.ncbi.nlm.nih.gov/pubmed/35608298
https://doi.org/10.1007/s10482-018-1047-3
https://doi.org/10.1016/j.meegid.2015.07.005
https://doi.org/10.1007/s00436-010-1975-y
https://doi.org/10.1016/j.exppara.2012.05.003
https://doi.org/10.1016/j.resmic.2017.03.005
https://doi.org/10.3390/healthcare9060706
https://doi.org/10.3390/microorganisms11040933
https://doi.org/10.3389/fmicb.2016.00953
https://doi.org/10.1128/IAI.01244-12
https://doi.org/10.1111/j.1462-5822.2008.01190.x
https://www.ncbi.nlm.nih.gov/pubmed/18637021
https://doi.org/10.1074/jbc.M115.651497
https://doi.org/10.1007/s10096-007-0422-1
https://www.ncbi.nlm.nih.gov/pubmed/18040730
https://doi.org/10.1007/s00436-018-5761-6
https://doi.org/10.1099/mic.0.042192-0
https://doi.org/10.1186/1471-2164-11-99
https://www.ncbi.nlm.nih.gov/pubmed/20144183
https://doi.org/10.1016/j.jri.2009.08.007


Pathogens 2023, 12, 1083 11 of 12

50. Ryan, C.M.; de Miguel, N.; Johnson, P.J. Trichomonas vaginalis: Current understanding of host-parasite interactions. Essays Biochem.
2011, 51, 161–175. [CrossRef]

51. Fiori, P.L.; Diaz, N.; Cocco, A.R.; Rappelli, P.; Dessi, D. Association of Trichomonas vaginalis with its symbiont Mycoplasma hominis
synergistically upregulates the in vitro proinflammatory response of human monocytes. Sex. Transm. Infect. 2013, 89, 449–454.
[CrossRef] [PubMed]

52. Mercer, F.; Diala, F.G.I.; Chen, Y.P.; Molgora, B.M.; Ng, S.H.; Johnson, P.J. Leukocyte Lysis and Cytokine Induction by the Human
Sexually Transmitted Parasite Trichomonas vaginalis. PLoS Negl. Trop. Dis. 2016, 10, e0004913. [CrossRef] [PubMed]

53. Das, P.; Lahiri, A.; Lahiri, A.; Chakravortty, D. Modulation of the arginase pathway in the context of microbial pathogenesis: A
metabolic enzyme moonlighting as an immune modulator. PLoS Pathog. 2010, 6, e1000899. [CrossRef]

54. Tsang, S.H.; Peisch, S.F.; Rowan, B.; Markt, S.C.; Amparo, G.; Sutcliffe, S.; Platz, E.A.; Mucci, L.A.; Ericka, M. Association between
Trichomonas vaginalis and prostate cancer mortality. Int. J. Cancer 2019, 144, 2377–2380. [CrossRef] [PubMed]

55. Castanheira, C.P.; Sallas, M.L.; Nunes, R.A.L.; Lorenzi, N.P.C.; Termini, L. Microbiome and Cervical Cancer. Pathobiology 2021, 88,
187–197. [CrossRef]

56. Jonduo, M.E.; Vallely, L.M.; Wand, H.; Sweeney, E.L.; Egli-Gany, D.; Kaldor, J.; Vallely, A.J.; Low, N. Adverse pregnancy and
birth outcomes associated with Mycoplasma hominis, Ureaplasma urealyticum and Ureaplasma parvum: A systematic review and
meta-analysis. BMJ Open 2022, 12, e062990. [CrossRef]

57. Naicker, M.; Dessai, F.; Singh, R.; Mitchev, N.; Tinarwo, P.; Abbai, N.S. “Mycoplasma hominis does not share common risk factors
with other genital pathogens”: Findings from a South African pregnant cohort. S. Afr. J. Infect. Dis. 2021, 36, 207. [CrossRef]

58. Capoccia, R.; Greub, G.; Baud, D. Ureaplasma urealyticum, Mycoplasma hominis and adverse pregnancy outcomes. Curr. Opin. Infect.
Dis. 2013, 26, 231–240. [CrossRef]

59. Cotch, M.F.; Pastorek, J.G., 2nd; Nugent, R.P.; Hillier, S.L.; Gibbs, R.S.; Martin, D.H.; Eschenbach, D.A.; Edelman, R.; Carey,
J.C.; Regan, J.A.; et al. Trichomonas vaginalis associated with low birth weight and preterm delivery. The Vaginal Infections and
Prematurity Study Group. Sex. Transm. Dis. 1997, 24, 353–360. [CrossRef]

60. Silver, B.J.; Guy, R.J.; Kaldor, J.M.; Jamil, M.S.; Rumbold, A.R. Trichomonas vaginalis as a cause of perinatal morbidity: A systematic
review and meta-analysis. Sex. Transm. Dis. 2014, 41, 369–376. [CrossRef]

61. Klebanoff, M.A.; Carey, J.C.; Hauth, J.C.; Hillier, S.L.; Nugent, R.P.; Thom, E.A.; Ernest, J.M.; Heine, R.P.; Wapner, R.J.; Trout, W.;
et al. Failure of Metronidazole to Prevent Preterm Delivery among Pregnant Women with Asymptomatic Trichomonas vaginalis
Infection. N. Engl. J. Med. 2001, 345, 487–493. [CrossRef]

62. Kigozi, G.G.; Brahmbhatt, H.; Wabwire-Mangen, F.; Wawer, M.J.; Serwadda, D.; Sewankambo, N.; Gray, R.H. Treatment of
Trichomonas in pregnancy and adverse outcomes of pregnancy: A subanalysis of a randomized trial in Rakai, Uganda. Am. J.
Obstet. Gynecol. 2003, 189, 1398–1400. [CrossRef]

63. Thu, T.T.T.; Margarita, V.; Cocco, A.R.; Marongiu, A.; Dessì, D.; Rappelli, P.; Fiori, P.L. Trichomonas vaginalis Transports Virulent
Mycoplasma hominis and Transmits the Infection to Human Cells after Metronidazole Treatment: A Potential Role in Bacterial
Invasion of Fetal Membranes and Amniotic Fluid. J. Pregnancy 2018, 2018, 5037181.

64. de Aquino, M.F.; Simoes-Barbosa, A. A Microbial Piñata: Bacterial Endosymbionts of Trichomonas vaginalis Come in Different
Flavors. MBio 2022, 13, e01323-22. [CrossRef] [PubMed]

65. Lesiak-Markowicz, I.; Walochnik, J.; Stary, A.; Fürnkranz, U. Detection of Putative Virulence Genes alr, goiB, and goiC in
Mycoplasma hominis Isolates from Austrian Patients. Int. J. Mol. Sci. 2023, 24, 7993. [CrossRef] [PubMed]

66. Allen-Daniels, J.M.; Serrano, M.G.; Pflugner, L.P.; Fettweis, J.M.; Prestosa, M.A.; Koparde, V.N.; Brooks, J.P.; Strauss, J.F., III;
Romero, R.; Chaiworapongsa, T.; et al. Identification of a gene in Mycoplasma hominis associated with preterm birth and microbial
burden in intraamniotic infection. Am. J. Obstet. Gynecol. 2015, 212, 779.e1–779.e13. [CrossRef] [PubMed]

67. Costello, E.K.; Carlisle, E.M.; Bik, E.M.; Morowitz, M.J.; Relman, D.A. Microbiome assembly across multiple body sites in
low-birthweight infants. MBio 2013, 4, e00782-13. [CrossRef] [PubMed]

68. Costello, E.K.; Sun, C.L.; Carlisle, E.M.; Morowitz, M.J.; Banfield, J.F.; Relman, D.A. Candidatus Mycoplasma girerdii replicates,
diversifies, and co-occurs with Trichomonas vaginalis in the oral cavity of a premature infant. Sci. Rep. 2017, 7, 3764. [CrossRef]

69. Galego, G.B.; Tasca, T. Infinity war: Trichomonas vaginalis and interactions with host immune response. Microb. Cell 2023, 10,
103–116. [CrossRef]

70. Snipes, L.J.; Gamard, P.M.; Narcisi, E.M.; Beard, C.B.; Lehmann, T.; Secor, W.E. Molecular epidemiology of metronidazole
resistance in a population of Trichomonas vaginalis clinical isolates. J. Clin. Microbiol. 2000, 38, 3004–3009. [CrossRef] [PubMed]

71. Graves, K.J.; Novak, J.; Secor, W.E.; Kissinger, P.J.; Schwebke, J.R. A Systematic Review of the Literature on Mechanisms of
5-Nitroimidazole Resistance in Trichomonas vaginalis Keonte. Parasitology 2020, 147, 1383–1391. [CrossRef]

72. Leitsch, D. A review on metronidazole: An old warhorse in antimicrobial chemotherapy. Parasitology 2019, 146, 1167–1178.
[CrossRef] [PubMed]

73. Xiao, J.C.; Xie, L.F.; Fang, S.L.; Gao, M.Y.; Zhu, Y.; Song, L.Y.; Zhong, H.M.; Lun, Z.R. Symbiosis of Mycoplasma hominis in
Trichomonas vaginalis may link metronidazole resistance in vitro. Parasitol. Res. 2006, 100, 123–130. [CrossRef] [PubMed]

74. Margarita, V.; Cao, L.C.; Bailey, N.P.; Ngoc, T.H.T.; Ngo, T.M.C.; Nu, P.A.T.; Diaz, N.; Dessì, D.; Hirt, R.P.; Fiori, P.L.; et al.
Effect of the Symbiosis with Mycoplasma hominis and Candidatus Mycoplasma girerdii on Trichomonas vaginalis Metronidazole
Susceptibility. Antibiotics 2022, 11, 812. [CrossRef] [PubMed]

https://doi.org/10.1042/bse0510161
https://doi.org/10.1136/sextrans-2012-051006
https://www.ncbi.nlm.nih.gov/pubmed/23633668
https://doi.org/10.1371/journal.pntd.0004913
https://www.ncbi.nlm.nih.gov/pubmed/27529696
https://doi.org/10.1371/journal.ppat.1000899
https://doi.org/10.1002/ijc.31885
https://www.ncbi.nlm.nih.gov/pubmed/30242839
https://doi.org/10.1159/000511477
https://doi.org/10.1136/bmjopen-2022-062990
https://doi.org/10.4102/sajid.v36i1.207
https://doi.org/10.1097/QCO.0b013e328360db58
https://doi.org/10.1097/00007435-199707000-00008
https://doi.org/10.1097/OLQ.0000000000000134
https://doi.org/10.1056/NEJMoa003329
https://doi.org/10.1067/S0002-9378(03)00777-4
https://doi.org/10.1128/mbio.01323-22
https://www.ncbi.nlm.nih.gov/pubmed/35968950
https://doi.org/10.3390/ijms24097993
https://www.ncbi.nlm.nih.gov/pubmed/37175701
https://doi.org/10.1016/j.ajog.2015.01.032
https://www.ncbi.nlm.nih.gov/pubmed/25637842
https://doi.org/10.1128/mBio.00782-13
https://www.ncbi.nlm.nih.gov/pubmed/24169577
https://doi.org/10.1038/s41598-017-03821-7
https://doi.org/10.15698/mic2023.05.796
https://doi.org/10.1128/JCM.38.8.3004-3009.2000
https://www.ncbi.nlm.nih.gov/pubmed/10921968
https://doi.org/10.1017/S0031182020001237
https://doi.org/10.1017/S0031182017002025
https://www.ncbi.nlm.nih.gov/pubmed/29166971
https://doi.org/10.1007/s00436-006-0215-y
https://www.ncbi.nlm.nih.gov/pubmed/16847608
https://doi.org/10.3390/antibiotics11060812
https://www.ncbi.nlm.nih.gov/pubmed/35740218


Pathogens 2023, 12, 1083 12 of 12

75. Mabaso, N.; Tinarwo, P.; Abbai, N. Lack of association between Mycoplasma hominis and Trichomonas vaginalis symbiosis in relation
to metronidazole resistance. Parasitol. Res. 2020, 119, 4197–4204. [CrossRef]

76. Leitsch, D.; Janssen, B.D.; Kolarich, D.; Johnson, P.J.; Duchêne, M. Trichomonas vaginalis flavin reductase 1 and its role in
metronidazole resistance. Mol. Microbiol. 2014, 91, 198–208. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00436-020-06930-x
https://doi.org/10.1111/mmi.12455

	Introduction 
	T. vaginalis and Its Endosymbionts: M. hominis and Ca. M. girerdii 
	Influence of Ca. Mycoplasma girerdii and Mycoplasma hominis on the Pathobiology of T. vaginalis 
	T. vaginalis Symbionts: A Possible Role in Adverse Pregnancy Outcomes 
	T. vaginalis Metronidazole Susceptibility and the Symbiosis with Mycoplasmas 
	Conclusions 
	References

