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Genital mycoplasmas (GM), such as Mycoplasma hominis, Mycoplasma genitalium,
Ureaplasma parvum, and Ureaplasma urealyticum are commonly associated with
spontaneous preterm labor (SPTL), spontaneous preterm birth (PTB), and preterm
prelabor rupture of membranes (PPROM). This study determined the association
between GM and such adverse pregnancy outcomes. We searched for studies
published 1980-2019 in MEDLINE, EMBASE, and Web of Science. Studies were
eligible when GM was detected during pregnancy. We included 93 and 51 studies
in determining the prevalence and the inflammatory biomarkers associated with GM,
respectively, using the "metafor" package within R. The protocol was registered with
PROSPERO (registration no. CRD42016047297). Women with the studied adverse
pregnancy outcomes had significantly higher odds of presence with GM compared to
women who delivered at term. For PTB, the odds ratios were: M. hominis (OR: 2.25;
Cl: 1.35-3.75; %: 44%), M. genitalium (OR: 2.04; CIL 1.18-3.53; /?: 20%), U. parvum
(OR: 1.75; Cl: 1.47-2.07; I: 0%), U. urealyticum (OR: 1.50; Cl: 1.08-2.07; I?: 58%).
SPTL had significantly higher odds with M. hominis (OR: 1.96; CI: 1.19-3.23; /2: 1%) or
U. urealyticum (OR: 2.37; Cl: 1.20-4.70; [2: 76%) compared to women without SPTL.
Women with PPROM had significantly higher odds with M. hominis (OR: 2.09; ClI: 1.42-
3.08; 2: 0%) than women without PPROM. However, our subgroup analysis based on
the diagnostic test and the sample used for detecting GM showed a higher prevalence
of GM in maternal samples than in fetal samples. GM presence of the cervix and vagina
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was associated with lower odds of PTB and preterm labor (PTL). In contrast, GM
presence in the AF, fetal membrane, and placenta was associated with increased odds
of PTB and PTL. However, genital mycoplasmas may not elicit the massive inflammation
required to trigger PTB. In conclusion, GM presence in the fetal tissues was associated
with significantly increased odds of PTB and PTL.

Keywords: inflammatory cytokines, Mycoplasma species, pregnancy, preterm birth, Ureaplasma species,

pregnancy adverse outcomes

INTRODUCTION

The onset of labor before 37 weeks of gestation, defined
as spontaneous preterm labor (SPTL), that may leads to
preterm birth (PTB), along with the preterm prelabor
rupture of the membranes (PPROM), characterized by
the rupture of membranes before labor that occurs before
37 weeks of pregnancy, are two major complications of
pregnancies affecting ~11% of all pregnancies worldwide
(Chawanpaiboon et al., 2019).

Microbial invasion of the amniotic cavity (MIAC) followed
by intraamniotic inflammation is associated with most cases
of SPTL, PTB, and PPROM. Approximately 50% of all PTBs,
defined as births that occurs before 37 weeks of gestation, and 20-
40% of PPROM have an infectious and inflammatory association
(Jacobsson et al., 2003; Menon and Fortunato, 2007; Romero
etal., 2015). Furthermore, MIAC and intraamniotic infection and
inflammation are associated with histologic chorioamnionitis,
funisitis, and systemic fetal inflammatory response during
pregnancy (Romero et al., 2011; Kacerovsky et al., 2013b). MIAC
is often detected as a single bacterial infection (Stranik et al,
2021). However, polymicrobial bacterial are documented in the
amniotic cavity and associated with poor perinatal prognosis
in preterm labor (PTL) (Yoneda et al, 2016). In this context,
the most common of which are Ureaplasma and Mycoplasma,
collectively known as genital mycoplasmas (Taylor-Robinson and
Lamont, 2010; Tantengco and Yanagihara, 2019). Conversely,
the literature on the use of prophylactic antibiotics to prevent
PTB is confusing (Lamont, 2015). The use of antibiotics has not
successfully reduced global rates of PTB or PPROM. Ambiguity
concerning the effectiveness of antibiotic interventions and
reducing the risk of PTB and PPROM can be attributed to
several factors (Oh et al., 2019; Tanaka et al., 2019; Kacerovsky
et al., 2020): (i) although there is an association between MIAC
and/or intraamniotic inflammation with PTB and PPROM, an
infectious etiology and the kinetics of intraamniotic infection
and inflammation is difficult to determine; (ii) microbial load,
polymicrobial nature and sites of microbial localization are
critical in determining mechanistic events that can lead to
PTB or PPROM,; (iii) various underlying pathologies associated
with feto-maternal uterine tissues that can compromise both
antimicrobial and innate immune defense can cause MIAC,
which might be a secondary condition; (iv) inflammation and
inflammatory mediators generated in response to MIAC are
not homogeneous.

Mechanistic models have not helped the derivation of
management strategies because they may be indefinite in

determining the contribution of pathogens to the pathways
of PTB and PPROM. Our in vitro models have shown that
the fetal inflammatory response differs based on polymicrobial
combinations and their respective load (Noda-Nicolau et al.,
2016; Polettini et al, 2018). Combinations of Gardnerella
vaginalis and genital mycoplasmas produced distinct and load-
dependent inflammatory profiles. A combination of high loads
of G. vaginalis and a low load of genital mycoplasmas caused
an immense fetal inflammatory response (Noda-Nicolau et al.,
2016). Conversely, a high mycoplasma load and low G. vaginalis
load produced a balanced inflammatory response with a robust
anti-inflammatory response. Therefore, genital mycoplasmas at
various loads and combinations are less proinflammatory than G.
vaginalis (Noda-Nicolau et al., 2016).

Nonetheless, other studies have shown that Ureaplasma
parvum can cause maternal T cell activation (Friedland et al.,
2016). In vivo, animal models have shown that vaginal or
intraamniotic infection inoculation of mycoplasmas can trigger
SPTL (Motomura et al., 2020; Pavlidis et al, 2020). All
these models have indicated several pathophysiologic aspects
of PTB induced by microbes. However, these models have
limitations and do not accurately mimic MIAC or intraamniotic
inflammation seen in humans. These studies can be improved,
and better mechanistic information can be generated if we have
better knowledge from clinical studies concerning the prevalence
of infection, infectious agents, and data on inflammatory
mediators correlated with infection.

To synthesize knowledge and improve our understanding of
the role of genital mycoplasmas in MIAC and intraamniotic
inflammation contributing to SPTL, PTB, and PPROM, a
comprehensive systematic review (SR) and metanalysis (MA)
was conducted. Fetal, neonatal, and postpartum maternal
complications due to these microorganisms were not a part
of this study. This study determined the prevalence of genital
mycoplasma presence in PTB and PPROM. We also checked any
association between the genital mycoplasmas and SPTL, PTB, and
PPROM. Lastly, we evaluated the potential biomarkers associated
with genital mycoplasma presence in SPTL, PTB, and PPROM.

MATERIALS AND METHODS

Eligibility Criteria, Information Sources,

Search Strategy
An SR was conducted according to the PRISMA statement
(Liberati et al., 2009) and performed using three biomedical
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literature databases, MEDLINE, EMBASE, and Web of Science,
selecting relevant studies concerning mycoplasma presence and
preterm labor regardless of delivery at term or preterm (SPTL),
SPTL followed by PTB (PTB), or preterm prelabor rupture of
the membranes (PPROM). We sought studies between 1980
and 2019 using the following terms: Ureaplasma urealyticum
OR U. parvum OR Mycoplasma hominis OR Mycoplasma
genitalium AND pregnancy. This study was supported by the
Strategic Research Commitment fund from the University of
Texas Medical Branch at Galveston, UTMB, and 1RO1IHD100729
(NIH/NICHD) to R Menon.

Study Selection

Case-control, cross-sectional, prospective, and retrospective
cohort studies were considered eligible in this SR, presenting
the following criteria: subjects were pregnant women with the
target outcomes either SPTL that leads to preterm birth (PTB)
or PPROM; detection of genital mycoplasma presence in either
maternal or fetal biological compartments during pregnancy.
Cross-sectional studies were used in estimating the pooled
prevalence of genital mycoplasma among patients with PTL,
PTB, and PPROM. On the other hand, case-control and cohort
studies were used in determining the association between genital
mycoplasma and PTL, PTB, and PPROM.

Reviews, editorials, letters, case reports, conferences,
summaries, books, opinions, in vitro studies, studies of
diagnostics methodologies, and studies in animal models
were excluded, and a search for unpublished studies was not
performed. Other characteristics of excluded studies were
maternal exposure to infection(s) caused by genital mycoplasmas
during pregnancy was not directly measured but mentioned as
a possible pathogen; infection by genital mycoplasmas in term
infants; only term deliveries; PTB caused by other associated
complications, such as preeclampsia, intrauterine growth
restriction, stillbirth, diabetes, placental abruption, multiple
pregnancies; the full-text of the study was not written in English,
Portuguese, Spanish or French.

Data Extraction

Two authors (NN-N and MGS) independently performed the
screening of the records, first by titles and then by abstracts.
Full-text analysis was performed by seven authors (NN-N,
JP, OT, MCS, GB, GC, and CM) for articles that fulfilled
the predetermined selection criteria for this SR. Discrepancies
between the reviewers were discussed until consensus was
reached. For each included study, we extracted the following
primary data: author’s names, year of publication, type of study,
the country where the study was conducted, study objective and
design; the total number of participants, the pregnancy outcome,
number of cases and controls (when applicable), gestational
age or trimester at the time of sample collection, source of
the biological sample, species of genital Mycoplasma detected,
methodology used to identify genital mycoplasmas, the method
for detecting inflammatory biomarkers, type of samples used
for biomarker analysis and analytical approaches. The data
collected were compared and discussed by the reviewers, and
disagreements were resolved by consensus.

Assessment of Risk of Bias

Six authors (NN-N, JP, OT, MCS, GB, and GC) assessed
the quality of each included study, which was evaluated
according to a set of parameters defined for this review
using the Newcastle Ottawa Scale for case-control, cohort,
and cross-sectional studies (Wells et al, 2013; Lo et al,
2014). The criteria for quality assessment are shown in
Supplementary Tables 1-3.

Data Synthesis and Statistical Analysis

A meta-analysis (MA) was carried out using random-effects
models to determine the prevalence of genital mycoplasma with
SPTL, PTB, and PPROM, considering all types of studies. For
association analysis, only case-control and cohort studies were
included. Forest and funnel plots were produced. A p-value of
<0.05 was considered statistically significant. Higgins I* was used
to assess heterogeneity with I value of >50% regarded as high
heterogeneity. All analyses were performed using the "metafor”
package within R (R Core Team, 2020).

RESULTS
Study Selection

We identified 4699 articles, and after the screening process,
we retained 121 articles and included these in the qualitative
synthesis of this SR (Figure 1). This included 93 articles showing
the prevalence and association of genital mycoplasma and
adverse pregnancy outcomes, including SPTL, PTB, and PROM,
and 51 articles reporting the levels of inflammatory biomarkers
in pregnant women with genital mycoplasma and women with
any of these adverse pregnancy outcomes. Excluded studies are
described in Supplementary Table 4.

Study Characteristics

Genital Mycoplasma and Adverse Pregnancy
Outcomes

Of the 93 articles that reported genital mycoplasma presence
associated with SPTL, PTB, and PPROM, 61 were cross-
sectional studies, while 32 were case-control and cohort studies
(Supplementary Figure 1). Of the cross-sectional studies, 23
had PTB as an outcome, 28 on SPTL, and 27 on PPROM.
Among the case-control and cohort studies, 24 studies had
PTB as the primary outcome, ten on SPTL, and only two on
PPROM. Specific details of the included studies are shown in
Supplementary Tables 5, 6.

Most of the studies on the association of genital mycoplasma
presence with adverse pregnancy outcomes were from Europe
(33/93), North America (30/93), and Asia (22/93). There were few
studies from Africa (2/93), Australia (3/93), and South America
(3/93) (Figure 2A and Supplementary Tables 5, 6). There was a
continuous increase in published articles on this topic from 1984
to the present (Figure 2B). PTB is the most common pregnancy
outcome associated with genital mycoplasma presence (47/93),
followed by SPTL (38/93) and PPROM (29/93) (Figure 2C
and Supplementary Tables 5, 6). The samples used and the
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diagnostic test to detect genital mycoplasma presence varied
across different studies. The most used sample was amniotic fluid
(AF) (40/93) and vaginal samples (34/93), while culture (47/93)
and nucleic acid amplification test (NAAT)/polymerase chain
reaction (PCR) test (29/93) were the most common diagnostic
method used for genital mycoplasma diagnosis (Figures 2D,E
and Supplementary Tables 5, 6). The time of collection of
these samples varied between studies, given that the most
common time of collection was at the time of labor and
delivery (33/93). Still, other studies collected samples as early as
the first trimester (9/93), while some studies collected samples
postpartum (8/93) (Figure 2F and Supplementary Tables 5, 6).
This difference in the timing of sample collection may have biased
the associations made between genital mycoplasma presence and
adverse pregnancy outcomes.

Most of the included studies in this SR only detected one
species of genital mycoplasma with U. urealyticum being the most
studied, followed by M. hominis. There were fewer studies that
focused on M. genitalium and U. parvum. Several studies detected
co-infection of different species of genital mycoplasmas, mainly
U. urealyticum and M. hominis co-infection (Figure 2G). Further
details of the included studies are shown in Supplementary
Tables 5, 6.

Genital Mycoplasma and Inflammatory Biomarkers
The studies on the levels of the inflammatory biomarker among
pregnant women with genital mycoplasma presence were mainly
from Europe (25/51), North America (12/51), and Asia (11/51).
There were only two studies from Australia, one from South
America, and none from Africa (Figure 3A and Supplementary
Tables 7, 8). The number of studies in this field progressively
increased since the first publication in 1992 (Figure 3B). Most
of the inflammatory biomarkers detected in the studies included
in this SR were proinflammatory cytokines such as IL-6, IL-
8, C-reactive protein (CRP), tumor necrosis factor (TNF)-a,
IL-1B, matrix metalloproteinase (MMP)-8, triggering receptor
expressed on myeloid cells (TREM)-1, IL-1a, and MMP-9. IL-10
was the only anti-inflammatory cytokine included in the panel
of inflammatory biomarkers detected in four studies included in
this SR (Jacobsson et al., 2009; Kacerovsky et al., 2012, 2013a;
Payne et al., 2014; Figure 3C). These biomarkers were collected
from different samples, including AF (35/51), maternal blood
(5/51), and umbilical cord blood samples (5/51) (Figure 3D).
ELISA was the most used assay in detecting inflammatory
biomarkers (Figure 3E), and the samples used for detecting
these biomarkers were usually collected during the 2nd and
3rd trimester of pregnancy (Figure 3F). Most of the studies
only collected single samples and no follow-up samples. Further
details of the included studies are shown in Supplementary
Tables 7, 8.

We performed a MA to determine the levels of different
inflammatory biomarkers among pregnant women with and
without genital mycoplasma presence. However, MA was
not feasible due to the lack of sufficient studies that could
be combined. Factors included heterogeneity in the set of
inflammatory biomarkers, the diagnostic method used and
reporting of inflammatory biomarker levels. There were also

considerable differences in the type of samples used and
the time of collection. Accordingly, we created a qualitative
synthesis table (Supplementary Tables 7, 8) listing all the
inflammatory biomarkers detected in pregnant patients with
genital mycoplasma colonization.

We observed that pregnant women who experienced SPTL,
PTB, and PPROM had significantly higher inflammatory
biomarkers than those with term delivery (Supplementary
Table 7). Specifically, cervicovaginal fluid concentrations of IL-
la, IL-1B, IL-6, RANTES, and TNFrl and AF concentration of
IL-6, IL-8, MMP-8, and TNFa were elevated in women with
PTB. For women in SPTL, cervicovaginal fluid concentrations
of IL-6 and IL-8 and AF levels of IL-l1a, IL-1B, IL-6, and
IL-8 were significantly elevated compared to women who
gave birth at term. Women with PPROM had substantially
higher levels of CRP in maternal serum, IL-6 and IL-
8 in the vaginal fluid, IL-6, IL-8, and TNFa in cord
blood samples, and C-C Motif Chemokine Ligand (CCL)-
2 gene, CCL-3 gene, CRP, intercellular adhesion molecules
(ICAM)-1, IL-6, IL-8, IL-10, MMP-8, and TNFa in the AF
(Supplementary Table 7).

Among those women with adverse pregnancy outcomes, we
also observed detection of Mycoplasma spp. or Ureaplasma spp.
during pregnancy was associated with a significant increase in
several proinflammatory biomarkers, including CRP, IL-6, IL-
8, MMP-8, MMP-9, and TREM-1. However, one study also
reported a significant increase in IL-10, an anti-inflammatory
cytokine (Kacerovsky et al., 2013a). We then looked at studies
reporting the inflammatory biomarker levels associated with
each species of genital mycoplasmas. There were no studies
on the concentration of inflammatory biomarkers in pregnant
women infected with M. genitalium. Several studies reported
significantly higher levels of IL-1p, IL-4, IL-6, and IL-16
from the AF samples of pregnant women diagnosed with
M. hominis presence than uninfected women. One study
also reported a positive correlation between U. parvum load
and IL-8 levels from the AF samples of pregnant women
who delivered preterm (Kasper et al, 2010). Conversely,
U. urealyticum presence among pregnant women was also
associated with significantly higher AF levels of IL-1f, IL-6,
MMP-8, and TNFo compared to uninfected pregnant women
(Supplementary Table 8).

Risk of Bias of Included Studies

Regarding the quality of the included studies, we observed
that most of the cross-sectional studies were assessed as
satisfactory (17/74), good (33/74), and very good quality
papers (20/74). Only four studies were evaluated as
unsatisfactory due to low sample size, lack of description
on the assessment of pregnancy outcomes, and the analysis
did not control for confounding factors. For cohort and
case-control studies, most of the papers were assessed
as satisfactory (4/47), good (30/47), or very good quality
(12/47). Only one paper was evaluated as unsatisfactory due
to the low sample size and lack of operational definitions
of primary outcomes. However, those unsatisfactory papers
were retained in the analysis, as their results regarding
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FIGURE 1 | Preferred reporting items for systematic reviews and meta-analyses flow diagram.

mycoplasma prevalence or biomarkers did not influence
our study (Supplementary Tables 1-3).

Synthesis of Results

The Pooled Prevalence of Genital Mycoplasma
Presence

The pooled prevalence of genital mycoplasma presence are
reported by pregnancy outcome: among women with PTB,
U. parvum had the highest prevalence of 0.28 (CIL: 0.04-0.53;
I?: 94%), followed by U. urealyticum with a proportion of 0.26
(CI: 0.18-0.34; I%: 98%), M. hominis at 0.10 (CI: 0.01-0.18; I*:
99%), and M. genitalium at 0.03 (CI: 0.01-0.05; I*: 0%) (Figure 4).
Among women with SPTL, U. urealyticum was the most common
with a proportion of 0.19 (CI: 0.10-0.28; I?: 99%), followed by
U. parvum (0.13; CI: 0.03-0.23; I>: 70%), M. hominis (0.06; CI:
0.02-0.10; I: 98%), and M. genitalium (0.01; CI: -0.02-0.03; I*:

0%) (Figure 5). For women with PPROM, U. urealyticum was
also the most prevalent with a proportion of 0.27 (CI: 0.19-0.35;
I12: 94%), followed by U. parvum (0.15; CI: -0.06-0.36; I2: 94%),
and M. hominis (0.01; CL: 0.01-0.02; I*: 27%). There were no
studies that reported on the prevalence of M. genitalium among
women with PPROM (Figure 6).

We then performed a subgroup analysis based on the
type of sample used, and the methods used to detect genital
mycoplasma. We observed differences in the prevalence of genital
mycoplasmas based on the diagnostic methods used. U. parvum
had a higher prevalence in studies that used PCR tests, while
U. urealyticum had a higher prevalence in studies that used
the culture method for detection (Supplementary Table 9).
We also observed that most genital mycoplasmas had a higher
pooled prevalence in studies that used maternal samples such as
cervical and vaginal samples compared to studies that used fetal
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samples such as amniotic fluid, fetal membrane, and placenta
(Supplementary Table 10).

To determine the prevalence of polymicrobial presence among
women with adverse pregnancy outcomes, we retrieved all
articles that reported co-infection with at least two species of

genital mycoplasmas. We have presented a qualitative synthesis
of data in Supplementary Table 11. Only co-infection with
M. hominis and U. urealyticum were reported in previous
studies. For women with PTB, the reported prevalence was 0.05
(Goldenberg et al., 2008). Based on seven studies, the proportion
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of M. hominis and U. urealyticum co-infection ranged from 0
to 0.19 (Gravett et al., 1986; Romero et al., 1992b; Watts et al.,
1992; Horowitz et al., 1995; Holst et al., 2005; Kim et al., 2012;
Lee et al., 2013). Conversely, the proportion of M. hominis and
U. urealyticum co-infection among women with PPROM ranged
from 0.09 to 0.16 (Romero et al., 1992¢; Grattard et al., 1995;
Horowitz et al., 1995).

Association of Genital Mycoplasma Presence With
Adverse Pregnancy Outcomes

To determine whether genital mycoplasma presence is associated
with adverse pregnancy outcomes, we performed a MA for all
case-control and cohort studies with reported odds ratio for
genital mycoplasma infection and adverse pregnancy outcomes.
Women with PTB had significantly higher odds of presence of
with all four Mycoplasmas species than women who delivered
at term. The highest odds ratio was for M. hominis (OR: 2.25;
CL: 1.35-3.75; I?: 44%), followed by M. genitalium (OR: 2.04; CIL

1.18-3.53; I>: 20%), U. parvum (OR: 1.75; CI: 1.47-2.07; I*: 0%),
and U. urealyticum (OR: 1.50; CI: 1.08-2.07; I12:58%) (Figure 7).

Women who experienced SPTL had significantly higher odds
of M. hominis (OR: 1.96; CI: 1.19-3.23; I*: 1%) or U. urealyticum
(OR: 2.37; CI: 1.20-4.70; I>: 76%) presence compared to women
who did not experience SPTL (Figure 8A). Based on two
studies, women with PPROM had significantly higher odds of
colonization with M. hominis (OR: 2.09; CL: 1.42-3.08; I?: 0%)
than pregnant women without PPROM. These two studies were
conducted in the Czech Republic and the USA (Minkoff et al.,
1984; Kacerovsky et al., 2009). They used cervical or vaginal
fluid collected either at admission for rupture of membranes
or during the first prenatal visit, and genital mycoplasmas
were detected by culture. The result for U. urealyticum (OR:
3.31; CI: 0.35-31.51; I?: 96%) was equivocal and did not reach
statistical significance (Figure 8B). No studies reported the odds
ratio for M. genitalium and U. parvum presence in women
with SPTL and PPROM.
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FIGURE 4 | Forest plot for the pooled proportion of genital Mycoplasma infection among preterm birth patients.

We performed subgroup analysis on the association of genital
mycoplasma with adverse pregnancy outcomes based on the
diagnostic method used to detect genital mycoplasmas. The
pooled ORs for studies that used culture-based detection methods
showed significantly higher odds of PTB and PPROM than
studies that used PCR-based detection methods. M. hominis
and U. wurealyticum presence were significantly associated with
2.84- and 1.57-times increased odds of PTB, respectively.
Only M. hominis presence showed significantly increased odds
of PPROM, but not U. wurealyticum (Table 1). We also
performed subgroup analysis based on the sample used. We
generally observed a higher pooled OR for studies that detected
genital mycoplasmas in fetal tissues than in studies that used
maternal tissues. For example, the presence of U. parvum
and U. wrealyticum in fetal samples had 2.08- and 1.55-
times increased odds of PTB. In comparison, U. parvum
and U. wurealyticum colonization in the maternal samples was

associated with 1.77- and 1.45-times increased odds of PTB.
Moreover, M. hominis presence of the fetal tissues was associated
with 4.35-times increased odds of PTL, whereas M. hominis
colonization of the maternal tissues was only associated with
1.72-times increased odds of PTL. Lastly, only M. hominis and not
U. urealyticum colonization of the maternal tissues was associated
with increased odds of PPROM (2.07-times) (Table 2).

DISCUSSION

Main Findings

This SR and MA showed a 28% prevalence of U. parvum
mycoplasmas among women with PTB, 19% prevalence of
U. urealyticum in SPTL, and 27% in women with PPROM.
We also showed that detection of genital mycoplasmas was
significantly associated with a one to two-fold higher risk for
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FIGURE 5 | Forest plot for the pooled proportion of genital Mycoplasma infection among spontaneous preterm labor patients.

PTB and a two to three-fold higher risk for SPTL and PPROM.
However, after subgroup analysis, the prevalence and the
association between genital mycoplasma and adverse pregnancy
outcomes changes depending on the diagnostic test and the
sample used. We observed that genital mycoplasmas have a
higher prevalence in maternal samples than fetal samples. Genital
mycoplasma presence of the cervix and vagina was associated
with lower odds of PTB and PTL.

In contrast, colonization of the AF, fetal membrane, and the
placenta was associated with higher odds of PTL. In addition, the
association (odds ratio) of GM with adverse pregnancy outcomes
changed after subgroup analysis (Tables 1, 2). This further adds
to the growing evidence that genital mycoplasma presence in
the cervix and the vagina is insufficient to promote preterm
birth. Unless the cervix is compromised, it will serve as a barrier
protecting the fetus in the intraamniotic cavity (Motomura
et al., 2020; Pavlidis et al., 2020). Genital mycoplasma in the
cervicovaginal space may promote a mild inflammatory response

to prime the cervical tissues to mount an immune response to
potentially pathogenic organisms that may try to ascend to the
amniotic cavity (Tantengco and Menon, 2022).

Ascending genital mycoplasma to the fetal side very well
may cause adversity during pregnancy as the presence in the
amniotic cavity or invasion of the fetal organs can mount a
massive fetal inflammatory response that can cause SPTL and
PTB. This is unlikely for infections limited to the maternal
side alone. We propose that the fetal inflammatory response
is the final trigger to promote genital mycoplasma-induced
PTB, while maternal inflammation due to GM presence helps
maintain immunologic homeostasis during pregnancy and
promote fetoplacental growth.

Our data partly corroborate the results of two recent
SRs, which showed that M. genitalium, but not M. hominis,
U. urealyticum, or U. parvum was significantly associated with
PTB (Lis et al,, 2015; Ma et al., 2021). Those SRs analyzed only
three articles reporting PTB with M. hominis or U. urealyticum
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FIGURE 6 | Forest plot for the pooled proportion of genital Mycoplasma infection among preterm prelabor rupture of membranes (PPROM) patients.

presence and one article regarding U. parvum. At the same time,
our SR also included more recent papers and retried respectively
10, 16, and 5 articles reporting an association between these
microorganisms and PTB. It is also important to highlight that
one of the two referred SRs included only studies based on
NAATSs to detect genital mycoplasmas. In contrast, our SR had
studies that used other diagnostic tests such as culture and PCR-
based tests.

Strengths and Limitations

Most of the included studies were from Europe (33/93) or
North American (30/93). This limited number of studies from
some regions, such as low- and middle-income countries,
impaired an estimative of a global prevalence and a more
reliable association between the genital mycoplasmas and adverse
pregnancy outcomes. Therefore, more studies are required in
these regions, especially following a recent SR that showed a

higher prevalence of M. genitalium infection in the general
population in developing countries compared to developed
countries (Baumann et al, 2018). Based on cross-sectional
studies, the prevalence of M. hominis among women with
SPTL or PTB was >10% in AF samples from United States
(Gravett et al., 1986) and Switzerland (Nguyen et al., 2004), in
vaginal samples from United States (Gravett et al., 1986; Harger
et al.,, 1991), Israel (Horowitz et al., 1995), and Korea (Choi
et al., 2012), and in fetal membranes from United Kingdom
(Cahill et al, 2005). With PPROM, over 10% prevalence of
M. hominis was reported in vaginal samples from France
(Grattard et al.,, 1995) and Israel (Horowitz et al., 1995), in
AF samples from United States (Perni et al., 2004) and Czech
Republic (Kacerovsky et al, 2014), and cord blood samples
from Czech Republic (Kacerovsky et al., 2014). In contrast, the
prevalence of U. urealyticum in SPTL and/or PTB was more
than 30% in AF samples from United States (Gravett et al., 1986;
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FIGURE 7 | Forest plot for the association between genital Mycoplasma infection and preterm delivery. Effect sizes were presented as pooled odds ratio with 95%
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Athayde et al., 2000; Romero et al., 2019) and Israel (Horowitz
et al., 1995; Bashiri et al., 1999), in vaginal samples from
United States (Gravett et al., 1986; Harger et al.,, 1991), Israel
(Holst et al., 1994), France (Grattard et al., 1995; Goffinet et al.,
2003), Germany (Abele-Horn et al., 1997), Korea (Choi et al,
2012), Japan (Usui et al., 2002), Denmark/England (Thomsen
et al,, 1984), and Czech Republic (Koucky et al., 2016), while
more than 30% of U. urealyticum in PPROM was reported
in AF samples from United States (Romero et al, 1992a;
Font et al, 1995; Athayde et al., 2000; Pacora et al., 2000;
Perni et al., 2004), Israel (Horowitz et al., 1995), and Austria
(Witt et al, 2005), in vaginal samples in France (Grattard
et al., 1995), and placenta in Austria (Witt et al.,, 2005). These
data demonstrate that the most prevalent microorganisms have

been reported in diverse populations. This review observed
significant associations in only two studies from low-income
countries. These data demonstrate that the most prevalent
microorganisms have been reported in diverse populations. This
review observed significant associations in only two studies from
low-income countries.

Analyses of cord blood cultures in the Alabama Preterm
Birth Study demonstrated that 27.9% of samples from non-
white women and 16.8% from white women were positive for
U. urealyticum and/or M. hominis (Goldenberg et al., 2008).
There was also a lower prevalence of M. hominis in white
women, albeit that U. wurealyticum presence was unrelated to
ethnicity (Witt et al., 2005). Racial or ethnic disparities in adverse
pregnancy outcomes associated with the genital mycoplasmas
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FIGURE 8 | Forest plot for the association between genital Mycoplasma infection and preterm labor (A) and preterm prelabor rupture of membranes (PPROM) (B).
Effect sizes were presented as pooled odds ratio with 95% confidence interval.

are difficult to establish based on current data as many studies
do not report population ethnicity and we strongly recommend
inclusion of race/ethnicity of populations in future studies to
determine the contribution of racial and genetic factors in the
determination of risk.

The relationship between intraamniotic infection and adverse
pregnancy outcomes has been examined extensively over the
last four decades. In this MA we were able to confirm the
prevalence and importance of the genital mycoplasmas in SPTL,
PTB and PPROM. The human Ureaplasma spp. are divided into
U. urealyticum and U. parvum with 14 known serotypes. In
the raw prevalence analysis, ureaplasmas were predominant in
the three studied outcomes and was more prevalent in SPTL
and PPROM, while U. parvum showed a higher prevalence in
PTB. Based on in vitro models (Novy et al., 2009; Motomura
et al., 2020) and in vivo (Shimizu et al, 2008; Novy et al,
2009; Dando et al., 2012; Uchida et al., 2013), it has been
argued that injection of Ureaplasma and or its antigens may

elicit a fetal inflammatory response contributing to PTB, which
supports our findings.

Polymicrobial presence demonstrated in PTB (Thomsen et al.,
1984; Elliott et al., 1990; McGregor et al., 1990; Hillier et al.,
1991; McDonald et al., 1992, 1994; Holst et al., 1994; Grattard
et al., 1995; Kundsin et al., 1996; Usui et al., 2002; Goffinet
et al., 2003; Goldenberg et al., 2008; Onderdonk et al., 2008;
Montenegro et al., 2019), SPTL (Minkoff et al., 1984; Gravett
et al., 1986; Lamont et al., 1987; Hillier et al., 1988; Romero
et al., 1989, 1992¢; McGregor et al., 1990; Harger et al., 1991;
Toth et al., 1992; Watts et al., 1992; Holst et al., 1994, 2005;
Font et al., 1995; Horowitz et al., 1995; Marconi et al., 2011;
Choi et al., 2012; Kim et al., 2012; Lee et al., 2013), and PPROM
(Minkoff et al., 1984; Romero et al., 1992b,c; Averbuch et al.,
1995; Font et al., 1995; Grattard et al.,, 1995; Horowitz et al.,
1995; Kundsin et al., 1996; Perni et al., 2004; Shim et al., 2005;
Nasution et al., 2007), was mostly based on a combination of
U. urealyticum and M. hominis (Ma et al., 2021). Co-infections

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 13 | Article 859732


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Noda-Nicolau et al.

Genital Mycoplasmas and Adverse Pregnancy Outcomes

TABLE 1 | Subgroup analysis of the association (odds ratio) of genital
mycoplasma with preterm birth (PTB), preterm labor (PTL), and preterm prelabor
rupture of membranes (PPROM) based on the diagnostic method used to detect
genital mycoplasma.

Genital mycoplasma Culture PCR

OR 95% CI OR 95% ClI
Preterm birth
M. genitalium - - 2.04 1.18-3.52
M. hominis 2.84 1.02-2.40 1.64 0.75-3.59
U. parvum - - 1.75 1.47-2.07
U. urealyticum 1.57 1.02-2.40 1.32 0.83-2.12
Preterm labor
M. genitalium - - - -
M. hominis 1.78 0.08-1.08 10.283 0.11-4.54
U. parvum - - - -
U. urealyticum 1.96 —0.05-1.40 7.95 0.86-3.28

Preterm prelabor rupture of membrane

M. genitalium - = N -
M. hominis 2.09 1.42-3.08 - -
U. parvum - - - -
U. urealyticum 3.31 0.35-31.50 - -

TABLE 2 | Subgroup analysis of the association (odds ratio) of genital
mycoplasma with preterm birth (PTB), preterm labor (PTL), and preterm prelabor
rupture of membranes (PPROM) based on the specimen used to detect

genital mycoplasma.

Genital mycoplasma Fetal sample  Maternal sample Both samples

OR 95%Cl OR 95% ClI OR 95% CI

Preterm birth

M. genitalium - - 2.04 1.18-3.562 - -

M. hominis 0.756 0.07-8.44 2.37 1.39-4.04 - -

U. parvum 2.08 0.09-46.06 1.74 1.47-2.07 - -

U. urealyticum 1.65 0.22-11.12 1.45 1.09-1.94 3.31 1.79-6.12
Preterm labor

M. genitalium - - - - - -

M. hominis 4.35 1.14-16.59 1.72  1.01-2.91 - -

U. parvum - - - - - -

U. urealyticum 2.68 1.18-6.09 1.94 0.77-490 5.00 2.25-11.12

Preterm prelabor rupture of membrane

M. genitalium - - - - - -
M. hominis - - 2.09 1.42-3.08 - -
U. parvum - - - - - -
U. urealyticum - - 3.31 0.35-31.50 - -

were also associated with decreased gestational age at birth
and birth weight, and a significant increase in the incidence
of histologic chorioamnionitis (Kwak et al., 2014). However,
most of these studies examined only genital mycoplasmas. They
did not examine other more virulent Gram-negative or positive
associated with mycoplasmas, which may have biased some
reports and conclusions.

One of the limitations of this SR is the heterogeneity shown
by the large I* values from our MA. This may be due to

several factors, such as the variability in the source and timing
of biological samples and diagnostic methods for detecting
genital mycoplasma.

Interpretation

Like other organisms associated with SPTL, PTB, or PPROM such
as G. vaginalis, quantitative analysis of the genital mycoplasmas
may be more important than simply the presence or absence
of the organism, whether detected by cultivation-dependent or
independent techniques (Lamont et al., 2020). Using cultivation-
dependent technology in women delivering between 26 and 34
completed weeks of gestation, 80 and 24% of those in SPTL
were colonized by U. urealyticum and M. hominis, respectively.
In contrast, women who were not in SPTL but delivered
electively for maternal-fetal indications such as preeclampsia or
intrauterine growth restriction at the same gestational age, 46
and 8%, were colonized by U. urealyticumm and M. hominis,
respectively. The qualitative analysis was statistically significantly
different for U. urealyticum (p < 0.01) but not for M. hominis.
Nevertheless, when only heavy presence of M. hominis was
considered [>10° color change units (the unit of quantity at
the time)], 13 women in the study group (18%) and none
of the controls were identified (p < 0.05), suggesting that it
was not the presence or absence of the organism that was
important but the quantity present (Lamont et al., 1987). This
was also supported by various in vitro and in vivo studies
showing a dose-dependent increase in inflammation and PTB
rate with higher doses of Ureaplasma spp. infections (Glaser
et al., 2017, 2018; Motomura et al., 2020; Tantengco et al,
2021).

Only specific subtypes of the genital mycoplasmas are
pathogenic. Using molecular-based techniques, it was found that
Ureaplasma species consist of 14 serovars from two biovars. The
majority of human Ureaplasma isolates belong to U. parvum
(biovar 1), comprising four serovars (the predominant biovar in
patients with genital tract infections), with U. urealyticum (biovar
2) containing ten serovars isolated much less often. However, the
data are limited and conflicted because of the difficulties with
traditional genotyping methods (Dhawan et al., 2012). This may
be relevant to the confusion about the role of ureaplasmas in
adverse outcomes of pregnancy.

The most common method of identifying microbes reported
was culture, followed by PCR. Both these approaches are used
for both qualitative and quantitative detection of bacteria. Most
recent studies used molecular detection of genital mycoplasma
instead of culture, as only four studies used microbiological
culture after 2010 (Kim et al., 2012; Lee et al,, 2013; Wang
et al, 2013; Suzuki et al, 2018). Accordingly, detection of
genital mycoplasmas may have been underestimated in former
studies as the detection rate of mycoplasmas by PCR is higher
than that by cultivation (Choi et al., 2012). Molecular analysis
has the advantage of differentiating mycoplasma species and
allowing the bacterial load to be measured, although bacterial
load was reported only in a few included studies. The microbial
load can alter the type of biomarker and their quantities
(Flores-Herrera et al., 2012; Noda-Nicolau et al., 2016). Sample
collections for mycoplasma detection were mainly performed at
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admission with clinical indications of labor and/or at the time of
labor and delivery.

One of the objectives of this study was to determine the
association between the genital mycoplasmas and adverse
pregnancy outcomes with specific inflammatory biomarkers.
However, the data were too heterogeneous to perform a
MA. It is still unclear if the genital mycoplasmas can
mount a proinflammatory surge that can lead to adverse
pregnancy outcomes. Most biomarker studies examined
only proinflammatory markers, and few studies report anti-
inflammatory mediators. Among PPROM patients, Oh et al.
(2010) have demonstrated higher maternal blood WBC and
CRP during mycoplasma AF positivity, mainly Ureaplasma spp.
(Oh et al., 2010).

Conversely, one major study examined 26 proteins in AF and
reported several anti-inflammatory markers (IL-10, sSTNFR1, sIL-
6r) elevated in cases associated with the genital mycoplasmas,
also predominantly by Ureaplasmas (Cobo et al., 2012). In vitro
models have suggested that unbiased analysis of pro- and
anti-inflammatory markers is required to determine the actual
role of diverse mycoplasmas in inducing an inflammatory
response during pregnancy (Noda-Nicolau et al., 2016; Polettini
et al., 2018). Some genital mycoplasmas such as Ureaplasma
spp. may present themselves as proxies for other virulent
microbial pathogens such as E. coli, Group B streptococcus
(GBS), or Gardnerella species. Therefore, genital mycoplasma
might be insufficient to cause SPTL and PTB but can assist
other pathogens or modify the tissue environment in a
polymicrobial situation.

CONCLUSION

This SR raises several questions related to the pathogenic role
of the genital mycoplasmas, and the MA found an association
with specific adverse pregnancy outcomes between a single
pathogen or in mycoplasmas combination. However, ambiguity
remains concerning independent contributions by various genital
mycoplasmas and adverse pregnancy outcomes. This ambiguity
is derived from a lack of evidence on the precise location of
the infection (fetal vs. maternal), microbial load (most reports
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The bacterial secretome comprises polypeptides expressed at the cell surface or
released into the extracellular environment as well as the corresponding secretion
machineries. Despite their reduced coding capacities, Mycoplasma spp. are able to
produce and release several components into their environment, including polypeptides,
exopolysaccharides and extracellular vesicles. Technical difficulties in purifying these
elements from the complex broth media used to grow mycoplasmas have recently
been overcome by optimizing growth conditions and switching to chemically defined
culture media. However, the secretion pathways responsible for the release of these
structurally varied elements are still poorly described in mycoplasmas. We propose the
use of the term ‘releasome,’ instead of secretome, to refer to molecules released by
mycoplasmas into their environment. The aim of this review is to more precisely delineate
the elements that should be considered part of the mycoplasmal releasome and their
role in the interplay of mycoplasmas with host cells and tissues.

Keywords: secretome, polysaccharide, Mycoplasma, extracellular vesicles, exoproteome

INTRODUCTION

The term bacterial secretome was coined in the very beginning of the 21st century (Tjalsma
et al., 2000) to describe “the components of machineries for protein secretion and the native
secreted proteins,” with a primary focus on the secretion systems, i.e., machineries, involved in
membrane translocation. Since then, the definition of the secretome has been regularly revised to
focus more on the final localization of the secreted proteins and their potential distinct associated
functions (Desvaux et al., 2009; Armengaud et al., 2012; Monteiro et al., 2021). The concept of
the secretome now includes surface-exposed proteins (surface proteome), proteins released as
free (not cell-attached) into the bacterial environment (exoproteome) and proteins embedded in
extracellular vesicles (proteovesiculome) (Monteiro et al., 2021). The bacterial secretome plays
a range of roles in interactions with the host (including adhesion, invasion, immune evasion
and modulation), nutrient acquisition, and interactions between bacterial cells. Some of these
interactions are positive, like biofilm formation, while others can be negative, like competition
(Chagnot et al.,, 2013; Sharma et al., 2017; Tommassen and Arenas, 2017; Hernandez et al., 2020).
Many of the proteins involved in virulence are found in the secretome, and characterizing these
proteins is essential to understanding host-pathogen interactions and ultimately to developing
a suitable disease control strategy (Dwivedi et al., 2016). However, although most of the extant
literature has focused on secreted proteins, other polymers, like polysaccharides, are also exported
by bacteria and fulfill different functions, depending on their final location, i.e., either cell-attached
or not (Desvaux et al., 2009; Woodward and Naismith, 2016). Here we propose to (i) broaden the
concept of the bacterial secretome to include non-polypeptide molecules like polysaccharides and
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more complex elements like extracellular vesicles (EV), and to
(ii) rename this broader group of components releasome in
order to take account of the gaps in knowledge about secretion
machineries in some bacterial models (which is especially true
for mycoplasmas) and to alter the focus exclusively to non-cell-
attached elements released by living cells.

Polysaccharides are long-chain polymers composed of sugar
units linked by glycosidic bonds. Extracellular polysaccharides
either are attached to the cell and form a capsule or a
slime layer around the cell, or are secreted as cell-free
polysaccharides into the bacterium’s immediate environment.
The generic term exopolysaccharides was proposed in 1972
to describe these two extracellular localizations (Sutherland,
1972). Many studies on exopolysaccharides fail to clearly specify
their precise localization (free vs. cell-attached). However, it is
essential to make a distinction between cell-linked and cell-
free exopolysaccharides, as the two forms may play different
roles in host interactions. The methodology used for purification
provides clues about the type of exopolysaccharides under
study: cell-linked polysaccharides are purified from washed cell
pellets, while cell-free polysaccharides are purified from cell-
free supernatants. In this review, for purposes of clarification,
we use the acronym for cell-attached polysaccharides (CPS) that
can form a capsule or a slime around the cell, and we use
the term exopolysaccharides (EPS) strictly to refer to cell-free
polysaccharides. The fact the composition and structure of the
polysaccharide moiety might be identical with a single shared
biosynthesis pathway (Woodward and Naismith, 2016) can make
it difficult to distinguish between CPS and EPS: for instance,
stresses can release CPS into the environment (Sutherland, 1985;
Cerning, 1990; Llobet et al., 2008), and structures such as biofilms
can make it difficult to assess cell attachment.

Extracellular vesicles are the most complex structures of
the releasome, as they are composed of lipids, proteins,
glycoconjugates and nucleic acids. Their composition reflects
their biogenesis from the cell (Kim et al., 2015; Toyofuku et al.,
2019). Bacterial EV are defined as non-replicative, membranous
spherical structures with a size ranging from 20-400 nm that are
secreted by viable cells (Deatherage et al., 2009; Toyofuku et al,,
2019).

Figure 1 summarizes all potential components included in
the releasome to date, i.e., a subset of polypeptides (whatever
the secretion pathways) plus polysaccharides, EV, nucleic acids
and metabolites (such as H,O, or H,S) released into the
extracellular milieu. The releasome definition is particularly
suitable for bacteria of the genus Mycoplasma, for which secretion
systems are poorly known or poorly predictable in silico (Zubair
et al, 2020a). Mycoplasmas, ie., bacteria belonging to the
genus Mycoplasma (M.), are small (300-800 nm diameter),
wall-less bacteria with only a phospholipid, cholesterol-rich
bilayer membrane surrounding the cytoplasm (Figure 1A, in
contrast to panels B,C which show Gram+ or Gram- bacteria,
respectively). Released molecules are §ust’ translocated through
the cytoplasmic membrane, which is a simpler situation than
in the Gram+ and Gram— bacteria (Desvaux et al., 2009).
Because of their small genome, coding for less than 1000 proteins,
and the paucity of their metabolic pathways, mycoplasmas are

considered the simplest bacteria able to replicate in an acellular
medium (Razin et al, 1998). The first evidence of cell-free
molecules released by mycoplasmas is historically related to
the first culture (in 1898) of M. mycoides subsp. mycoides, the
causal agent of contagious bovine pleuropneumonia (CBPP)
(Nocard and Roux, 1898). The authors used a collodion bag
containing broth inoculated with serous pulmonary fluid from
a CBPP-diseased cow and placed into a peritoneal cavity of a
rabbit. Mycoplasmas were able to survive and grow inside this
non-permissive host because the collodion bag was permeable
to host-released nutrients but offered protection against the
rabbit immune system (Bove, 1999). Their work also found
evidence that the collodion bag released a mycoplasma-produced
component that induced necrosis in the surrounding tissues
and might have contributed to cachexia in the rabbit (Lloyd,
1966). Other studies in the 1960s-1970s demonstrated some cell-
free molecules released by mycoplasmas, such as polysaccharides
or antigens recovered from the body fluids of CBPP-infected
animals (Plackett et al., 1963; Gourlay, 1965), nanosized
globular elements observed by microscopy in M. pneumoniae
broth cultures (Eng and Froholm, 1971), and uncharacterized
molecules that had cytotoxic activity in the supernatant of
M. bovigenitalium cultures (Afshar, 1967). However, investigators
at the time were unable to precisely identify the chemical
structure of these elements, as they were unable to purify
them from components of the complex growth medium or
from body fluids. These experimental bottlenecks have recently
been eased through various strategies that are covered in the
first part of this review. In the second part, we propose
an updated picture of the known composition and role of
three main components of the releasome—exoproteins, EPS,
and EV—in Mycoplasma spp. This concerns only components
released into supernatants of mycoplasma growth medium
alone or in interaction with host cells. Cellular invasion by
mycoplasmas have been described for several species, including
M. hyopneumoniae (Raymond et al., 2018b), M. bovis (Burki
etal., 2015), M. genitalium (McGowin et al., 2009), M. fermentans
(Yavlovich et al., 2004a), and M. pneumoniae (Yavlovich et al.,
2004b) and the phenomenon is likely to be widespread.
However, components released by mycoplasmas once in this
cytoplasmic compartment of the host cell have not been studied
thus far. Molecular mechanisms leading to the release of
exoproteins, EPS and EV will not be covered here except for
purpose of understanding the potential dual localization of
molecules. The third and final section discusses the role of the
mycoplasmal releasome.

EXPERIMENTAL BOTTLENECKS TO
CHARACTERIZING THE RELEASOME OF
MYCOPLASMAS IN VITRO

Molecules found free in a bacterial growth medium can have
3 distinct origins: (i) they could be brought by some complex
components of the medium itself (such as serum, for instance),
(ii) they could be released as a result of cell lysis during the
different growth phases or purification processes, or (iii) they
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FIGURE 1 | Schematic representation of the releasome of (A) Mycoplasma spp., (B) Gram-positive bacteria, and (C) Gram-negative bacteria. Mycoplasmas are only
limited by a cholesterol (yellow hexagons)-rich phospholipid membrane. The cytoplasmic membrane of Gram-positive bacteria is surrounded by a thick
peptidoglycan cell wall. In Gram-negative bacteria, the peptidoglycan layer is thin but is surrounded by a phospholipid outer membrane. EV, extracellular vesicles;
EPS, exopolysaccharide; Cyt, cytoplasm; Ext, extracellular compartment; CPS, capsular polysaccharide; H,O», hydrogen peroxide; HoS, hydrogen sulfide; LPS,
lipopolysaccharide; LTA, lipoteichoic acid; TA, teichoic acid; Fgl, flagella; DNA, deoxyribonucleic acid.

could be actively secreted or “simply” released (in the absence of
known secretion machineries) by the bacterium. The releasome
corresponds to the third category only, and one of the main
experimental difficulties is to distinguish this category from the
two others. Interference from medium components and from
non-specific release of mycoplasma components (due to cell lysis
in the different growth phases or harsh purification processes)
varies between the different classes of molecules (proteins,
polysaccharides, membrane vesicles) and the methodology
used for their characterization (Figure 2). Exoproteins are
usually identified by mass spectrometry, exopolysaccharides are
identified by HLPC and NMR, and EV are first observed by TEM,
and their composition is characterized using various biochemical
techniques. In vitro characterization of the releasome necessitates
a fine balance between placing mycoplasmas in the conditions
where they actually release components (whether or not related to
the total biomass produced) and finding experimental conditions
that enable detection or purification of these components from
the culture supernatant. The composition of the culture medium,
the growth time before harvest, and the potential interspecies
or interstrain diversity also need to be considered, as they can

substantially influence the composition of the releasome (Bertin
et al., 2015; Monteiro et al., 2021; Olaya-Abril et al., 2021).

Exoproteome

Two recent papers have summarized the experimental
bottlenecks and strategies for purification of the mycoplasmal
exoproteome (Zubair et al., 2020a; Zhang et al., 2021). The
authors pointed out that the high polypeptide concentrations
in the growth media contributed by components such as
serum dramatically jeopardizes the purification of proteins
released by mycoplasmas, as is the case for exoproteins from
eukaryotic cells that require serum for growth (Armengaud
et al., 2012). Indeed, the 20% serum supplementation, usually
used in mycoplasma medium, adds up to 12 g of proteins/L,
which is dramatically more than the 2 mg of mycoplasma
biomass/L reached by M. hyopneumoniae under optimized
growth conditions (Hwang et al., 2010). A simple solution is to
lower the relative concentrations of serum, as has been done
to study the exoproteome of M. hyopneumoniae/M. flocculare
(Paes et al., 2017) and M. bovis (Zubair et al., 2020b). However,
such modifications of the growth medium dramatically affect the
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the Mycoplasma releasome. Black arrows: switch to.

growth of mycoplasmas (Paes et al., 2017; Zubair et al., 2020b).
Another strategy is to employ an ultrafiltration process to remove
polypeptides from the growth medium prior to use. Voros et al.
assessed the exoproteome of M. capricolum subsp. capricolum
grown in a 10 kDa filtered complex medium (Voros et al., 2015).
This process depletes proteins with a molecular weight greater
than 10 kDa, but it comes at a risk of also removing lipids
and cholesterol, which are essential for mycoplasma growth.
However, the ultra-filtered medium nevertheless allowed residual
growth of M. capricolum subsp. capricolum (Voros et al., 2009).
Another method for bypassing this problem is to use a two-step
approach (Figure 2), i.e., first, to produce a reasonable quantity
of viable mycoplasma cells using complex growth media, and
then to transfer the cells into a chemically defined medium
with a reduced protein concentration (Ganter et al., 2019) or
in an isotonic buffer like PBS (Zhang et al., 2021). Transferring

mycoplasmas from a complex to a simpler medium requires
centrifugation and washing steps that are associated with a risk
of cell lysis and consequently release of cytoplasmic proteins.
In a medium allowing growth (complete or serum-reduced),
mycoplasmas can be harvested during the log phase, assuming
that no cell lysis occurs. When mycoplasmas are incubated in a
medium other than those allowing growth, the viability of the
mycoplasmas over the incubation time needs to be checked,
for instance by plating aliquots onto solid media and counting
colonies (Ganter et al., 2019; Zhang et al., 2021; Figure 2).
Centrifugation of mycoplasma cells is an essential step in
the process of purifying exoproteins from the broth supernatant
(Figure 2). However, even at 15000 g, viable mycoplasmas
may remain in the supernatant (Hopfe et al., 2004). Increasing
centrifuge force to completely remove floating cells (Zubair et al.,
2020b) might not be the best solution, as it could damage the cells

Frontiers in Microbiology | www.frontiersin.org

26 April 2022 | Volume 13 | Article 853440


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Gaurivaud and Tardy

The Releasome of Mycoplasmas

and result in cell lysis (Razin et al., 1973). A preferred solution
would be to filter the supernatant through a 0.1-pm filter before
characterizing the exoproteome. While 0.2-pum filters can stop
mycoplasma cells they do not completely remove all mycoplasma
species (Gaurivaud et al., 2018). An agar plate count of viable
mycoplasmas remaining in the supernatant is an easily performed
control, but ensuring the total absence of viable mycoplasma
cells is highly dependent on the test sample seeded on the agar
plate. The control of potential cell lysis during purification could
be ensured by detecting cytoplasmic or membrane proteins in
supernatants using antibodies or assays for cytoplasmic enzymes
such as lactate dehydrogenase (Voros et al., 2015) or hexokinase
(Minion et al., 1993). However, caution is warranted when
interpreting the results, as some moonlighting proteins expected
to be cytoplasmic or membrane-bound can also be released into
the extracellular environment as discussed below. For the same
reason, the extracellular localization of a specific protein needs
to be double-checked to confidently exclude any contamination
by cell proteins during the exoproteome purification process.
Protein localization is done either by detecting their enzymatic
activities if feasible [e.g., extracellular nucleases; (Yamamoto
et al,, 2017)], or by using specific antibodies (Djordjevic et al.,
2004; Zhang et al, 2016; Li et al, 2019). Such tests can be
performed directly in complex medium and are less influenced
by the contamination from cell lysis associated with transfer to
a defined medium.

Exopolysaccharides

As with the exoproteome, a complex growth medium is not
suitable for mycoplasmal EPS purification (Bertin et al., 2013).
Serum and yeast extracts contained in the growth medium
contribute high concentrations of exogenous polysaccharides
that hamper purification of the mycoplasmal polysaccharides.
Because very low quantities of EPS are produced by mycoplasmas
[a maximum of 50 mg/L for M. mycoides subsp. mycoides
(Bertin et al., 2013), while Klebsiella or Acinetobacter spp. can
produce up to 6 g/L (Bryan et al., 1986)], partial depletion of
exogenous polysaccharides is not sufficient, so the alternative
is to use a defined culture medium that is totally devoid
of polysaccharides. The effort to develop serum-free defined
media started in the 1960s (Tourtellotte et al., 1964) with the
aim of determining mycoplasma nutrient requirements more
precisely (e.g., preferred carbon sources) and studying their
general metabolism [e.g., sugar biosynthesis pathways; (Yus et al.,
2009; Jordan et al., 2013)]. However, although defined culture
media enable control of substrate concentrations, they remain
difficult to produce and use even today, and have not been
optimized for all mycoplasma species. A simpler alternative
consists of using serum-free eukaryotic cell culture media such
as CMRL, which contains only glucose as a carbon source—a
strategy we previously used to purify polysaccharides secreted by
mycoplasmas belonging to the M. mycoides cluster (Bertin et al.,
2013, 2015) and by M. agalactiae (Gaurivaud et al., 2016). In
culture media used for eukaryotic cell growth, mycoplasmas may
maintain a degree of viability, but are unable to grow. Therefore,
to reach a satisfactory biomass, mycoplasmas have to be first
grown in a complex medium, with cells pelleted and washed

before being transferred into the defined eukaryotic cell medium
(Figure 2). During incubation in CMRL, mycoplasmas remain
viable and metabolically active for a period of time, with the
duration dependent on the species. Polysaccharides are produced
by viable mycoplasmal cells, and so a viability time-course
has to be checked before purification of the polysaccharides
(Figure 2). However, even if some mycoplasmas are lysed in
the process, this does not result in non-specific release of CPS
(Bertin et al., 2013). After incubation, mycoplasma cells are
removed by centrifugation. A supplementary 0.1-pm filtration
step is not essential, as the remaining cells and proteins in
the supernatant are removed by trichloracetic acid precipitation
(Figure 2). Finally, the polysaccharides are precipitated with
acetone or ethanol. The level of purification can be increased by
adding a further step, such as dialysis, to remove free hexoses,
which interfere with the sugar composition measured by HPLC,
and phenol treatment to remove biologically active small peptides
(Totte et al., 2015).

Antibodies raised against polysaccharides are a good screening
tool to help track the purification process or detect EPS in
biological fluids (Bertin et al, 2015). However, they are not
easily produced, as large amounts of purified polysaccharides
conjugated to a carrier protein are required.

Extracellular Vesicles

The ultracentrifugation step necessary to collect EV produced
in a complex growth medium often results in an unwanted
non-specific adsorption of albumin and immunoglobulins from
the serum onto the surface of the vesicles, thus jeopardizing
purification. The same difficulties are met during purification
of exosomes from blood (Caradec et al., 2014). Reducing the
serum and yeast extract concentrations is a good option, as
it limits this ‘co-precipitation’ and also induces a nutritional
stress conducive to vesicles formation and shedding (Klimentova
and Stulik, 2015). This approach has been used for EV
purification from Mycoplasma spp. and species of another
close genus also belonging to the class Mollicutes, Acholeplasma
(Chernov et al., 2011; Gaurivaud et al., 2018; Figure 2). Other
stresses favoring EV production might be considered, such
as iron deprivation through the use of chelators (Madsen
et al., 2006; Martinez-Torro et al, 2020). Serum contains
eukaryotic membrane vesicles that have to be removed before
preparing the growth medium in order to ensure they are
not co-purified them with the EV (Kornilov et al, 2018).
In vitro, EV are only produced by viable mycoplasma cells,
and we demonstrated previously that lysed, heat-killed cells
do not produce non-specific EV-like vesicles (Gaurivaud
et al,, 2018). A viability control is therefore necessary during
experiments to produce EV.

Before ultracentrifugation of the broth medium supernatant
to collect the EV, a preliminary 0.1-pwm filtration is advisable to
remove small mycoplasma cells that could still be in suspension
after elimination of the pelleted cells (Figure 2). However, this
filtration step could also remove some of the large vesicles and
hence select a sub-population of EV (Konoshenko et al., 2018), as
there is a clear size overlap between small cells and larges vesicles
(Gaurivaud et al., 2018).
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Once pelleted, EV can be further purified using density
gradients (sucrose, Optiprep’™) or chromatography, as
described for Gram-positive and Gram-negative bacterial
vesicles (Kim et al., 2015; Klimentova and Stulik, 2015). This
supplementary purification step has already been validated for
Acholeplasma laidlawii (Chernov et al., 2014) and could be used
for Mycoplasma spp., where it would help to remove any residual
mycoplasma cells that might interfere with characterization of
the polypeptides (by MS) and the DNA content (by PCR) of
the purified EV.

KNOWN ELEMENTS OF THE
MYCOPLASMAL RELEASOME

Exoproteome

Mycoplasma exoproteomes have been a recent focus of
research and these studies have benefited from the considerable
developmental advances in other bacterial models (Zubair
et al., 2020a). The first partial exoproteome was obtained in
2012 for M. synoviae (Rebollo Couto et al, 2012), followed
by those of M. hyopneumoniae, M. flocculare, M. bovis and
M. capricolum subsp. capricolum cultivated in axenic conditions
(Voros et al., 2015; Paes et al., 2017; Zubair et al., 2020b;
Zhang et al., 2021). Another study explored the exoproteome
produced by swine mycoplasmas in interaction with their host
cells (Leal Zimmer et al., 2019). However, relevant studies remain
scarce and are not readily comparable because of the use of
different methodological approaches (strains, culture conditions,
purification steps). Because of these problems with comparability,
we have focused only on exoproteins that have a specific,
detectable function (Table 1).

Nucleases

Nucleases are easy to detect in vitro by visualization of DNA
hydrolysis. For instance, DNA can be embedded into a solid
matrix, either agar growth medium or a polyacrylamide gel, and
its hydrolysis results in a clear halo around colonies or a clear
band after electrophoretic migration of the nuclease (Minion
et al,, 1993; Sharma et al., 2015; Zhang et al., 2016; Yamamoto
et al., 2017). Extracellular nucleases have been suspected in
mycoplasmas since 1993, when Minion et al. demonstrated
degradation of linear DNA by mycoplasma-free supernatants
obtained after incubation of several mycoplasma species in
a nuclease assay buffer (Minion et al., 1993). More recently,
DNA degradation around M. pneumoniae colonies indicated
the secretion of an extracellular nuclease, which was found
by mutagenesis to be the MPN491 nuclease (Yamamoto et al.,
2017). Other extracellular proteins with nuclease activity in vitro
have been reported, including the P40 protein of M. penetrans,
as demonstrated using zymography (Bendjennat et al., 1997),
and the MAM superantigen of M. arthritidis, as demonstrated
by degradation of genomic DNA (Diedershagen et al., 2007).
Homologs of these nucleases have also been detected in the
cytoplasmic membrane of other species, but their extracellular
localization has yet not been investigated (Sharma et al., 2015).

Specific antibodies can be used to detect and localize nucleases.
An example is the Mhp597 nuclease of M. hyopneumoniae, an
ortholog of M. pneumoniae MPN491, which was detected in the
growth medium supernatant by western blotting using specific
antibodies (Li et al., 2019).

Although less straightforward, bulk proteomics data can be
examined to detect potential nucleases in the cell environment.
For instance, several nucleases have been identified by MS in the
exoproteome purified from cell-free culture supernatants [e.g.,
Mhp7448_0580 (homolog of Mhp597) and MBOV_RS02825] or
in the supernatant of a swine tracheal cell line infected with
M. hyopneumoniae (Zhang et al., 2016; Paes et al., 2017; Leal
Zimmer et al., 2019; Table 1).

Once secreted into the mycoplasmal environment,
extracellular nucleases could participate in (i) nutrient
scavenging (through degradation of the DNA released by
cell lysis during the infection process) or in (ii) host evasion
through hydrolysis of the neutrophil extracellular traps (NET),
which are DNA networks produced by neutrophils that can trap
and kill pathogens. NET evasion has been shown in vitro for
two important lung pathogens, M. bovis in cattle (by nuclease
MBOV_RS02825) and M. pneumoniae in humans (with nuclease
MPN491) (Zhang et al, 2016; Yamamoto et al., 2017). The
inactivation/deletion of the gene coding MPN491 resulted in a
reduced survival of M. pneumoniae in the presence of neutrophils
in vitro as well as in vivo in a mouse nasal infection model. In the
most recent example, poor survival of a mutant was associated
with its inability to degrade NETs induced by Escherichia coli
lipopolysaccharides (Yamamoto et al., 2017).

Proteases

Extracellular proteases produced by lung-colonizing ruminant
mycoplasmas have been demonstrated by measuring the
degradation of fluorescent casein in culture supernatants and
observing clearer digestion areas around colonies on casein-
enriched solid medium (Allam et al., 2010; Ganter et al., 2019).
Zymography and mutagenesis experiments further showed that
M. mycoides subsp. capri MMCAP2_0241 and M. capricolum
subsp. capricolum MCAP_0240, which both belong to the
S41 peptidase family, are the main extracellular peptidases of
these two species (Allam et al, 2010, 2012; Ganter et al,
2019). By zymography, the apparent molecular mass of these
polypeptidases was estimated to be 55 kDa, in contrast with the
75 kDa molecular mass predicted from the sequences of the
corresponding genes. Two predicted transmembrane domains
at the N- and C-terminal ends suggest a potential membrane
localization of the native proteins that may be cleaved, by
endoproteolysis for example, to be released into the medium
(Ganter et al., 2019).

Sequence analysis and function prediction have identified
several peptidases in the exoproteome of M. capricolum subsp.
capricolum (Voros et al., 2015) and M. bovis (Zubair et al,
2020b), as well as in the supernatant of cells infected with
M. hyopneumoniae and M. flocculare (Leal Zimmer et al., 2019;
Table 1).

In other bacterial models, such as Staphylococcus (S.) aureus,
extracellular proteases are involved in nutrient acquisition,
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TABLE 1 | Non-exhaustive list of exoproteins with known functions released by Mycoplasma (sub)species.

Proteins  Identification Species Strains Mnemonic/accession Culture conditions Detection in extracellular References
number environment
Nucleases Ca2t/Mg?* nuclease M. hyopneumoniae V11 Mhp597 Complete growth medium Western blotting Lietal, 2019
7448 MHP7448_0580 Serum reduced medium Exoproteome Paes et al., 2017
J MHJ_0581 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
Endonuclease/exonuclease M. bovis HB0801 MBOV_RS02825 Complete growth medium Western blotting Zhang et al., 2016
Mg2+ nuclease M. pneumoniae M129 MPN491 Complete growth medium Zymography Yamamoto et al., 2017
Lipoprotein P40 M. penetrans GTU-54-6A1 MYPE4380 Complete growth medium Zymography Bendjennat et al., 1997
Superantigen M. arthritidis PG6 Marth_orfO36 Complete growth medium Lymphocytes proliferation Atkin et al., 1994
Peptidases S41 family peptidase M. mycoides subsp. 95010 MMCAP2_0241 Complete growth medium Casein hydrolysis Ganter et al., 2019
capri
M. capricolum subsp. Ckid MCAP_0240 Complete growth medium Casein hydrolysis Ganter et al., 2019
capricolum
Putative peptidase DUF31 M. bovirhinis MV5 MBVR141_0224 Complete growth medium Casein hydrolysis Ganter et al., 2019
Oligoendopeptidase F M. capricolum subsp. Ckid MCAP_0193 Serum reduced medium Exoproteome Voros et al., 2015
capricolum
M. hyopneumoniae 7448 AAZ53887.2 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. flocculare ATCC 27716 ENX51111.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. bovis HBO0801 Mbov_0133 Serum reduced medium Exoproteome Zubair et al., 2020b
Zinc metalloprotease, putative M. capricolum subsp. Ckid MCAP_0804 Serum reduced medium Exoproteome Voros et al., 2015
capricolum
Dipeptidase, putative M. capricolum subsp. Ckid MCAP_0420 Serum reduced medium Exoproteome Voros et al., 2015
capricolum
Cytosol aminopeptidase M. capricolum subsp. Ckid MCAP_0127; MCAP_0195  Serum reduced medium Exoproteome Voros et al., 2015
capricolum
Aminopeptidase M. flocculare ATCC 27716 WP_002557776.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. hyopneumoniae ~ J AAZ44217 1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
Leucyl aminopeptidase M. hyopneumoniae 7448 AAZ53831.2 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. flocculare ATCC 27716 WP_002557977.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. bovis HB0801 Mbov_0789; Mbov_0673 Serum reduced medium Exoproteome Zubair et al., 2020b
XAA-PRO aminopeptidase M. hyopneumoniae 7448 AAZ54021.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
Peptidase M24 family protein M. flocculare ATCC 27716 WP_002557496.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
Clp protease ATP-binding M. bovis HBO0801 Mbov_0703 Serum reduced medium Exoproteome Zubair et al., 2020b
subunit
Lipases Lipase MilA M. bovis PG45 MBOVPG45_0710 Complete growth medium Western blotting Adamu et al., 2020
HB0801 ADR24994 1 Serum reduced medium Exoproteome Zubair et al., 2020b
Lipase P65 M. hyopneumoniae 7448 AAZ54018.1 Serum reduced medium; Infected cells Exoproteome Paes et al., 2017; Leal Zimmer
(serum free medium) etal., 2019
J AAZ44739.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
Triacyl glycerol lipase M. bovis HB0801 Mbov_0558 Serum reduced medium Exoproteome Zubair et al., 2020b
Adhesins  Protein P97 M. hyopneumoniae 7448 MHP7448_0198; Serum reduced medium; Infected cells Exoproteome Paes et al., 2017; Leal Zimmer

MHP7448_0108

(serum free medium)

et al., 2019
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TABLE 1 | (Continued)

Proteins Identification Species Strains Mnemonic/accession Culture conditions Detection in extracellular References
number environment
M. hyopneumoniae ~ J AAZ44197 1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
Protein 102 M. hyopneumoniae 7448 MHP7448_0199; Serum reduced medium; Infected cells Exoproteome Paes et al., 2017; Leal Zimmer
MHP7448_0107 (serum free medium) etal., 2019
M. hyopneumoniae ~ J AAZ44196.1; AAZ44286.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. hyopneumoniae 232 ND Complete growth medium Immunoelectron microscopy Djordjevic et al., 2004; Adams
et al., 2005
M. flocculare ATCC 27716 MFC_00475 Serum reduced medium Exoproteome Paes et al., 2017
P216 surface protein M. flocculare ATCC 27716 MFC_00848 Serum reduced medium Exoproteome Paes et al., 2017
M. hyopneumoniae 7448 AAZ53862.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
J AAQ11195.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
ABC transporter xylose- M. hyopneumoniae 7448 MHP7448_0604 Serum reduced medium; Infected cells Exoproteome Paes et al., 2017; Leal Zimmer
binding lipoprotein (serum free medium) etal., 2019
M. flocculare ATCC 27716 ENX51036.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. hyopneumoniae  J AAZ44690.2 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
46K surface antigen precursor M. hyopneumoniae 7448 AAZ53879.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
J P0OC0J8.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. flocculare ATCC 27716 WP_002557638.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
Others Pyruvate dehydrogenase E1, M. synoviae 53 gi| 144575045 Buffer Exoproteome Rebollo Couto et al., 2012
proteins beta subunit
M. hyopneumoniae  J AAZ44204 1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
Enolase M. synoviae 53 gi| 71894034 Buffer Exoproteome Rebollo Couto et al., 2012
M. capricolum subsp. Ckid MCAP_0213 Serum reduced medium Exoproteome Voros et al., 2015
capricolum
M. hyopneumoniae 7448 AAZ53624.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
J AAZ44333.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. flocculare ATCC 27716 WP_002557541.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. bovis HB0801 Mbov_0482 Serum reduced medium Exoproteome Zubair et al., 2020b
Chaperone protein DnaK M. synoviae 53 gi| 71894366 Buffer Exoproteome Rebollo Couto et al., 2012
M. hyopneumoniae 7448 AAZ53444 1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
J AAZ44157 1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. flocculare ATCC 27716 WP_002557920.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
Elongation factor EF-Tu M. synoviae 53 gi| 71894677 Buffer Exoproteome Rebollo Couto et al., 2012
M. hyopneumoniae 7448 AAZ53889.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
J AAZ44610.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. flocculare ATCC 27716 WP_002557626.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
Lipoprotein P280 M. bovis HBO81 AFM51648.1 Complete growth medium Western blotting Zhao et al., 2021
glyceraldehyde 3-phosphate M. hyopneumoniae ~ J AAZ44125.1 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
dehydrogenase
7448 AAZ534121 Infected cells (serum free medium) Exoproteome Leal Zimmer et al., 2019
M. flocculare ATCC 27716 MFC_00829 Serum reduced medium Exoproteome Paes et al., 2017

Selected proteins have a known function and their extracellular localization has been demonstrated (either experimentally or because they are found in the exoproteome of several species/strains or conditions). ND, not

done.
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bacterial dissemination and immune evasion (Tam and Torres,
2019). In mycoplasmas, their precise roles have yet to be defined,
with a few exceptions. For instance, in M. hyopneumoniae
the endopeptidase F and the XAA-pro aminopeptidase degrade
immunologically active peptides (see below), and the cell-free
form of aminopeptidase AAZ44217.1 is involved in adhesion to
plasminogen and heparin (Robinson et al., 2013). Extracellular
peptidases of M. capricolum subsp. capricolumn MCAP_0240 may
have a direct or indirect role in cell surface shaving and thus
modulate adhesion and immune invasion, as deletion mutants
had a modified surface proteome (Ganter et al., 2019).

Lipases

Chromogenic substrates, such as 2-naphthyl caprylate and
2-naphthyl butyrate, have made it possible to detect lipase
activity in the supernatant of M. capricolum subsp. capricolum
cultures (Voros et al., 2015), but the corresponding protein
has not yet been identified. Lipase activity has also been
detected in two immunodominant surface proteins, the
P65 lipoprotein of M. hyopneumoniae (Schmidt et al.,
2004) and the M. bovis MilA protein (Wawegama et al,
2014), using assays based on hydrolysis of lipid substrates
such as O-dilauryl-rac-glycero-3-glutaric acid resorufin
ester, p-nitrophenyl caproate or p-nitrophenyl palmitate.
Western blotting further demonstrated that one of them, the
M. bovis MilA lipase, is released into the culture supernatant
(Adamu et al, 2020) and it has also been found in the
exoproteome of M. bovis strain HB0801 (Zubair et al., 2020b).
In contrast, the P65 lipase of M. hyopneumoniae was not
directly shown to be extracellular, but has been found in
the exoproteomes of M. hyopneumoniae strains ] and 7448
obtained from culture supernatants (Paes et al., 2017) and from
the supernatant of infected cells (Leal Zimmer et al, 2019;
Table 1).

In other bacteria, such as S. aureus, secreted extracellular
lipases are involved in a broad spectrum of functions, including
acquisition of lipids from the host (Delekta et al., 2018),
immune evasion (Chen and Alonzo, 2019), biofilm formation,
and host cell invasion (Nguyen et al., 2018). The dual potential
localization—i.e., extracellular as well as cell-attached—of MilA
in mycoplasmas complicates research into its function(s) (Adamu
et al., 2020). MilA seems to be essential, as M. bovis growth
is inhibited by anti-MilA antibodies, and screening of M. bovis
transposon libraries has failed to detect a MilA mutant (Sharma
et al, 2014; Josi et al., 2019; Adamu et al., 2020). Cell-free
recombinant MilA has been shown to bind lipid and heparin,
suggesting a putative role in the processing and transport of lipids
and in adhesion to the extracellular matrix (Adamu et al., 2020).

Adhesins

Dozens of mycoplasma proteins have the capacity to bind to
host cells or to components of the host extracellular matrix
such as actin, fibronectin and glycosaminoglycans. Several of
these adhesins or adhesion-related proteins, although classically
described as cell surface-associated (and belonging to the
surfaceome), are regularly identified in the exoproteome of
several mycoplasma species (Table 1).

For instance, the P102 adhesin of M. hyopneumoniae has
been shown, by immunoelectron microscopy after experimental
infection of swine, to be localized either within mycoplasma cells
or distant from them and directly attached to respiratory cilia
of the experimentally infected swine (Djordjevic et al., 2004;
Adams et al., 2005). P102-homologs have been identified in the
exoproteomes of M. hyopneumoniae and M. flocculare (Paes
et al., 2017; Leal Zimmer et al., 2019; Table 1). Other adhesins
have been found in the exoproteome of M. hyopneumoniae,
M. flocculare and M. synoviae, but no role has yet been firmly
defined for them as released proteins (Table 1). A reasonable
hypothesis could be that the release of adhesins from the
mycoplasma cell could promote mycoplasma dispersion by
limiting their adhesion to host cells and tissues, as described for
other bacteria (Coutte et al., 2003). They could also be blocking
anti-adhesin antibody binding to the cell, but this has yet to be
demonstrated.

However, it is becoming increasingly evident that adhesins
and other proteins could also play a role in degradation of the
host extracellular matrix (ECM) by binding to plasminogen. This
is the case for M. hyopneumoniae adhesin P102 (Seymour et al.,
2012; Leal Zimmer et al., 2020). Binding of P102 to plasminogen
resulted in increased conversion of plasminogen into plasmin,
a serine protease able to degrade the ECM either directly or
through activation of other enzymes, such as metalloproteases
(Seymour et al., 2012). This strategy of ECM degradation by
subversion of the host plasmin system is used by many other
bacteria to invade and spread (Lahteenmaki et al., 2005). Non-
adhesin proteins that could also contribute to degradation of
the ECM include the glycolytic enzyme glyceraldehyde-3-P-
dehydrogenase (GAPDH) in M. hyorhinis (Wang et al., 2021),
the chaperone protein DNAK, GAPDH and subunit Ela of
the pyruvate dehydrogenase complex (PDHB), another enzyme
involved in carbon metabolism, in M. pneumoniae (Grundel
et al, 2016; Hagemann et al, 2017), the enzyme enolase,
which catalyzes the interconversion of phosphoenolpyruvate
into 2-phosphoglycerate in M. bovis (Song et al., 2012), and
the elongation factor EF-Tu, which orchestrates transport of
aminoacylated tRNA to the ribosome, in M. pneumoniae and
M. hyopneumoniae (Widjaja et al., 2017). These proteins have
been found in the exoproteome of mycoplasmas (Table 1).

Disruptors of Host-Cell Metabolism

The cell-free form of the chaperone protein DnaK from
M. fermentans was also shown to be taken up by the host
cells and localize in the cytoplasm, the perinuclear space and
the nucleus (Benedetti et al., 2020). Once in the cell, DnaK
interacts with several host proteins, including those involved in
DNA repair, like PARP1 (poly-ADP ribose polymerase-1) and
USP10 (ubiquitin carboxyl-terminal hydrolase protein-10). The
interaction with USP10 in turn leads to a reduction in P53
activity, which is known to have an anti-oncogenic effect (Zella
et al.,, 2018; Benedetti et al., 2020). For bacteria, this is a way to
redirect host-cell metabolism to facilitate bacterial growth (Siegl
and Rudel, 2015). Using immunoprecipitation techniques with
an anti-P53 monoclonal antibody, Zella et al. identified other
mycoplasmal proteins able to interact with P53, one of which was
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the glycolytic enzyme enolase (Zella et al., 2018), which has been
found in the exoproteome of five mycoplasma species (Table 1).

Modulators of Host Immune Response

A western blotting study recently confirmed that the MbovP280
protein, predicted in silico to be secreted, was effectively released
by M. bovis cells cultured for 36 h (Zhao et al., 2021). The
secreted MbovP280 protein was further shown to bind to and
induce the apoptosis of bovine macrophages through a complex
signaling pathway (Zhao et al., 2021). However, the effect of
a recombinant protein was greater than that of whole cells
expressing MbovP280. Apoptotic activity has also been described
for mycoplasmal extracellular proteins with other main roles.
For instance, the nucleases P40 in M. penetrans, Mhp597 in
M. hyopneumoniae and RS_02825 in M. bovis induce apoptosis
in human lymphocytes (Bendjennat et al., 1999), in swine kidney
epithelial cells (Li et al., 2019), and in bovine macrophages
via the NFkB p65 pathway (Zhang et al.,, 2016), respectively.
Extracellular nucleases can also play a role in modulation of
cytokine production. M. hyopneumoniae Mhp597 nuclease has
been shown to suppress INFy secretion and stimulate IL1, IL8
and TNF secretion in macrophages (Li et al, 2019). This is
an important finding, as INFy is a first-line protection against
viral infection. The MAM superantigen of M. arthritidis has
also been shown to modulate cytokine release (Mu et al.,
2000). In addition to nucleases, some proteases may also have
immunomodulatory effects. M. hyopneumoniae endopeptidase
F and XAA pro-aminopeptidase, which are both found in the
exoproteome (Table 1), have recently been shown to be involved
in the degradation of peptides that play a role in innate immunity
(Jarocki et al., 2019). These data have started to demonstrate a role
of the mycoplasma releasome in evasion of the immune system
and modulation of its activity, which are two important features
of mycoplasma virulence (Leal Zimmer et al., 2020; Askar et al.,
2021; Jiang et al., 2021; Yiwen et al., 2021).

Gaps and Perspectives

The combination of (i) numerous potential experimental biases
(failure to pellet some mycoplasma cells, cell lysis during the
purification protocol, and so on), (ii) the high proportion
(circa 30%) of hypothetical proteins with no associated function
found in exoproteomes, (iii) the extent of moonlighting activity
in mycoplasma proteins, and (iv) underpowered in silico
prediction capacity (Zhao et al., 2021) means that further studies
complementary to studies characterizing the core exoproteome
are necessary to confirm the extracellular localization of the
exoproteins and decipher their role. With the growing interest
in mycoplasma exoproteins, the mycoplasmology community
would welcome a consensus methodology guideline to improve
the quality of results and enable valuable comparisons of
exoproteomes between species. For instance, specific labeling of
newly synthesized proteins using new methodologies such as
bioorthogonal non-canonical amino acid tagging and proximity
labeling (Shin et al., 2019; Sukumaran et al., 2021) could be
helpful to distinguish the exoproteome of mycoplasmas from
proteins contained in a complex environment. This includes
complex growth medium, the cytoplasmic compartment in case

of intracellular mycoplasmas, or different host sites occupied
by mycoplasmas in the course of infection [for example
M. hyopneumoniae has been detected in the heart, kidneys, liver
and spleen of pigs (Le Carrou et al., 2006; Marois et al., 2007;
Woolley et al., 2012)].

Studies addressing the role of exoproteins in the interplay
with the host are also essential. As the generation and use
of mycoplasma mutants is still limited, approaches based on
recombinant proteins are increasingly being used (Bendjennat
et al., 1999; Zhang et al., 2016; Yamamoto et al., 2017; Zhao
et al., 2021), but they can sometimes exaggerate the actual role
of a protein because of the high concentrations tested, which
do not correspond to the actual quantities secreted by the cell
(Zhao et al., 2021).

The mycoplasmology community is starting to gain a global
picture of the role of exoproteome interactions with host
cells and with components of the host extracellular matrix
and how it shapes immune evasion or modulation. However,
the exoproteome composition is likely to vary over time,
depending on the host context and the time since infection.
Variability in exoproteome composition between species, and
potentially between strains, might also explain some of the
variability in virulence.

Last but not least, although some Sec genes have been
identified in silico (Staats et al., 2007), further investigation
is needed into the mechanisms involved in protein release by
Mycoplasma spp. For instance, surface shaving via proteases
could contribute to the release of exoproteins from the
cell-surface, highlighting the tight connection between the
surfaceome and the releasome (Raymond et al., 2013; Jarocki
et al,, 2015, 2019; Tacchi et al., 2016; Berry et al., 2017; Ganter
et al., 2019; Machado et al., 2020). Other non-classical protein
release mechanisms have been suggested such as explosive cell
events or ghost cells formation (Raymond et al., 2018a). Those
could contribute to free into the extracellular medium membrane
or cytoplasmic proteins (Wang et al., 2013).

Exopolysaccharides

Composition and Structure

Mycoplasma exopolysaccharides were first reported in the
1930s, when Kurotchkin described a carbohydrate released by
M. mycoides subsp. mycoides into the culture medium and the
blood of animals with acute CBPP (Kurotchkin, 1937; Kurotchkin
and Benaradsky, 1938). It was then of unknown composition and
structure, but cross-reacted serologically with the M. mycoides
subsp. mycoides capsular polysaccharide (Plackett et al., 1963),
which is composed of galactose and named galactan (Plackett
and Buttery, 1958). By the 1960s, it was clear that M. mycoides
subsp. mycoides produced both a CPS and an EPS, with a shared
antigenic signature recognized by the same antibodies. Despite
several efforts, purification of the EPS from culture supernatants
remained thwarted by difficulties in eliminating contamination
from polysaccharides, such as glycogen, contained in the growth
medium (Plackett et al., 1963; Hudson et al., 1967). It was
only in 2013 that Bertin et al. eliminated contamination with
medium-associated polysaccharides by transferring PPLO-grown
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M. mycoides subsp. mycoides cells into CMRL, a defined cell
culture medium with no polysaccharides and only glucose as a
carbon source (Bertin et al., 2013). CMRL was shown to sustain
mycoplasmal metabolism but not growth (Bertin et al., 2013).
An EPS, in free form in the spent CMRL, was purified and
its composition and structure were shown by NMR and HPLC
to be identical to the polysaccharide moiety of the capsular
galactan described 50 years earlier (Bertin et al, 2013). This
identity explained the immunological cross-reactivity between
the EPS and CPS, but was limited to the polysaccharide moiety, as
galactan CPS contains a lipid anchor (Buttery and Plackett, 1960)
that is not present when the galactan is released from the cells
(Bertin et al., 2013).

Other EPS were identified among the members of the
M. mycoides cluster using the same purification method: a p-
(1—2)-glucopyranose was detected in the culture supernatant
of M. capricolum subsp. capricolum, M. capricolum subsp.
capripneumoniae and M. leachii (Bertin et al., 2015; Table 2),
and weak exopolysaccharide release was detected in vitro from
the two serovars of M. mycoides subsp. capri (Bertin et al., 2015;
Gaurivaud et al,, 2016). Interestingly, the two serovars of the
goat pathogen M. mycoides subsp. capri secreted two different
polysaccharides: serovar LC (large colony) produced galactan
and serovar capri produced p-(1— 6)-glucopyranose. Both EPS
were homopolysaccharides with no ramification and no chemical
modifications. However, not all mycoplasmal polysaccharides are
as simple. The EPS isolated from M. pneumoniae biofilms, for
instance, is composed of galactose and N-acetyl glucosamine
(Simmons et al., 2013; Table 2).

All these EPS were also detected as CPS (Table 2). However,
the presence of a CPS does not guarantee secretion of the
corresponding EPS, as shown by the B-(1— 6)-glucopyranose of
M. agalactiae, which was only detected as a CPS (Gaurivaud
et al, 2016; Table 2). Other CPS have been detected in
M. feriruminatoris, which is able to produce a galactan and
a P-(1—6)-glucopyranose CPS (Ambroset et al, 2017), and
in M. genitalium (Daubenspeck et al., 2020) and M. pulmonis
(Daubenspeck et al., 2009; Table 2). However, their release as EPS
has not been demonstrated to date.

Exopolysaccharides Biosynthesis

In M. mycoides subsp. mycoides, the galactan is not secreted
concomitantly as CPS and EPS in vitro, but rather alternatively
by phenotypic variants undergoing phase variation (Bertin
et al., 2013). One variant secreted a galactan CPS but no
EPS, whereas the other one was not capsulated but produced
a galactan EPS. This phenomenon was reversible and was
shown to be related to the expression of a permease of the
glucose-phosphoenolpyruvate phosphotransferase system (PTS)
undergoing on/off phase variation (Gaurivaud et al., 2004;
Bertin et al, 2013). The PTS system is a well-established
sugar transport system, but also regulates carbon metabolism
in bacteria (Deutscher et al, 2014) and has already been
shown to regulate polysaccharide synthesis in Vibrio cholerae
(Houot et al., 2010). One group posited glucose PTS system-
mediated regulation of a glycosyltransferase possibly involved in
attachment of the polysaccharide moiety to the membrane lipid

anchor (Bertin et al.,, 2013), but the regulatory and attachment
mechanisms have yet to be demonstrated.

A complete biosynthesis pathway involving a membrane
glycosyltransferase belonging to the synthase family (Whitney
and Howell, 2013), and catalyzing both polymerization and
transfer of the galactan of M. mycoides subsp. mycoides in its
CPS or EPS across the cytoplasmic membrane, has been proposed
based on in silico data (Bertin et al., 2013). The role of synthases
in mycoplasma polysaccharide synthesis was also demonstrated
using a functional genomics approach for the synthesis of the
M. agalactiae B-(1—6)-glucopyranose (Gaurivaud et al., 2016).
Among the many glycosyltransferases identified in mycoplasmal
genomes, synthases are easily identified as they have 4 or 7
transmembrane domains and a cytoplasmic loop bearing the
glycosyltransferase-active sites (Gaurivaud et al, 2016). The
number of transmembrane domains may be linked to substrate
specificity and the structure of the resulting polymer. Synthases
have been predicted in silico for 14 Mycoplasma species, which
suggests that several other polysaccharides have yet to be
identified (Gaurivaud et al., 2016). In contrast, no synthesis
pathway has been identified for the polysaccharides produced
by M. pulmonis, M. genitalium or M. pneumoniae (Daubenspeck
et al., 2009, 2020). However, an ABC transporter pathway
(Schmid, 2018) has been suggested for M. pulmonis, as the
mutation of two ABC permease genes was associated with a loss
of polysaccharide production (Daubenspeck et al., 2009).

Role in Host Interactions

In mycoplasmas, as in other bacterial models, CPS are known
to be involved in the modulation of cytoadherence (Bolland and
Dybvig, 2012) and in protection against phagocytosis (Shaw et al.,
2013) and against the bactericidal activity of the complement
system (Bolland et al., 2012; Gaurivaud et al., 2014). In contrast,
with the exception of circulating galactan in the body fluids of
animals experiencing CBPP, the role of mycoplasmal EPS has
been under-researched. Intravenous injection of galactan purified
from M. mycoides subsp. mycoides culture supernatant into calves
resulted in an increase of pulmonary arterial blood pressure
and a transient apnea (Buttery et al., 1976). However, in its
EPS form, the galactan did not induce any fever and did not
affect the susceptibility of calves to subsequent subcutaneous
infection with M. mycoides subsp. mycoides (Hudson et al,
1967; Buttery et al., 1976). However, these results need to be
interpreted with caution, as the purified galactan was shown to
contain peptides (Hudson et al., 1967; Buttery et al., 1976). This
ambiguity was overcome recently by Totte et al. (2015) who
used a high-purity-grade galactan obtained from M. mycoides
subsp. mycoides supernatant, checked by SDS PAGE and NMR,
to examine its effect on immune cells. Pure galactan failed
to activate naive lymphocytes but induced IL-10 release by
bovine macrophages, thus echoing the observation of peak
IL-10 1-2 weeks after experimental infection of cattle with
M. mycoides subsp. mycoides (Sacchini et al., 2012). Moreover,
the purified free galactan was able to reduce the release of
pro-inflammatory cytokines by macrophages in response to
Escherichia coli lipopolysaccharide (Totte et al,, 2015). These
observations indicated that, overall, the galactan EPS acts as
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an immunosuppressor by inhibiting pro-inflammatory cytokines
and increasing the IL-10 secretion that depresses T-cell responses
(Totte et al., 2015).

Polysaccharides are a major constituent of biofilm matrices,
where they play roles in binding different components
and in physical resistance to stress or stratification of the
biofilm structure (Limoli et al., 2015). Both CPS and EPS
could contribute to biofilm formation in mycoplasmas. For
instance, in M. pulmonis, different types of expressed dominant
polysaccharides changed the propensity of strains to form a
biofilm (Daubenspeck et al., 2009). Similarly, in M. pneumoniae,
the volume, texture, robustness and internal structure of the
biofilm was shown to differ between two strains (of different
type), depending on how loosely or tightly the polysaccharides
were attached to the mycoplasma cell (Simmons et al., 2013).
This could ultimately completely modify the role of the resulting
biofilm in virulence and chronicity of infection.

Gaps and Perspectives
Although extracellular polysaccharides have been detected in
several Mycoplasma species, only three polymers have had

their structure elucidated thus far. This relatively low rate of
structural characterization may be attributable to the necessity of
purifying a high quantity (approximately 1 mg) of material for
structure analyses by HPLC and NMR, which could be technically
challenging depending on the species, culture conditions and
overall complexity of the exopolysaccharide structure (e.g.,
biofilms) (Table 2).

Clear identification of the pathways involved in the
synthesis of galactan, pB-(1—6)-glucopyranose and f-(1—2)-
glucopyranose has been helpful for in silico screening of other
species for their potential to produce polysaccharides. However,
for M. pulmonis, M. genitalium and M. pneumoniae, the EPS
biosynthesis pathways have yet to be deciphered. In M. pulmonis,
random transposon mutagenesis identified the role of two
genes coding for ABC transporters, but failed to find the
glycosyltransferase catalyzing the polymerization. This suggests
that polymerization of the polysaccharides could be an essential
function for mycoplasmas. Other mutations in genes involved
in polysaccharide biosynthesis were shown to have an adverse
effect on cell viability: for example, a mutation in the UDP
galactofuranose mutase gene of M. mycoides subsp. capri reduced

TABLE 2 | List of Mycoplasma (sub)species producing exopolysaccharides.

Species Hosts Strains Culture Tools Polysaccharides Biosynthesis CPS/EPS References
conditions pathways
Composition Structures
M. pneumoniae Human M129 Biofilm GC Galactose, ND ND EPS Simmons et al.,
GlcNac 2013
UAB PO1 Biofilm GC Galactose, ND ND CPS Simmons et al.,
GlcNac 2013
M. mycoides subsp. Bovine V5 Cell grown in Biochemical and ~ Galactose B-(1—6)- Synthase CPS Plackett and
mycoides complex medium  optical methods galactofuranose Buttery, 1958,
1964
Afadé Cell incubated in HPLC, NMR, MAb  Galactose B-(1—6)- Synthase CPS/EPS  Bertin et al., 2013,
CMRL-medium galactofuranose 2015
M. mycoides subsp. Caprine PG3T Cell grown in HPLC, NMR Glucose B-(1—6)- Synthase CPS/EPS Gaurivaud et al.,
capri serovar capri complex medium glucopyranose 2016
M. mycoides subsp. Caprine 95010 Cell grown in MAb Galactose B-(1—6)- Synthase CPS/EPS  Bertin et al., 2015
capri serovar LC complex medium galactofuranose
M. capricolum subsp.  Caprine 7714 Cell grown in MAb Glucose B-(1—2)- Synthase CPS/EPS  Bertin et al., 2015
capricolum complex medium glucopyranose
M. capricolum subsp.  Caprine  Ambosa Cell grown in MAb Glucose B-(1—2)- Synthase CPS/EPS  Bertin et al., 2015
capripneumoniae complex medium glucopyranose
M. leachii Bovine PG50"T  Cellincubated in HPLC, NMR Glucose B-(1—-2)- Synthase EPS Bertin et al., 2015
CMRL-medium glucopyranose
Cell grown in MAb Glucose B-(1—2)- Synthase CPS Bertin et al., 2015
complex medium glucopyranose
M. agalactiae Caprine 14628 Cellgrownin  HPLC, NMR, Mab  Gilucose B-(1—6)- Synthase CPS Gaurivaud et al.,
complex medium glucopyranose 2016
M. feriruminatoris lbex 15568 Cellgrownin  HPLC, NMR, MAb  Glucose, B-(1—>6)- Synthase CPS Ambroset et al.,
complex medium galactose glucopyranose, 2017
B-(1—6)-
galactofuranose

ND, not determined; Mab, monoclonal antibody; HPLC, high pressure liquid chromatography; NMR, nuclear magnetic resonance; CPS, cell-linked polysaccharide; EPS,
exopolysaccharide; GlcNac, N-acetylglucosamine; PNAG, Poly-N-acetylglucosamine; T, type strain; GC, gas chromatography.
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the membrane integrity of the cells (Schieck et al., 2016). The
genes involved in polysaccharide attachment to the cell surface
and the membrane anchor have not yet been identified.

A final crucial point is that we are still a long way from
identifying the roles of EPS and their level of secretion in vivo.
The example of galactan illustrates that, despite having the same
polysaccharide moiety, CPS and EPS have two different roles:
protection of the cell (CPS) and suppression of inflammation
(EPS). This has some similarity with the moonlighting proteins
of mycoplasmas that play different roles depending on their
localization. Phase variation between capsulated variants and
uncapsulated variants secreting EPS is thought to be involved
in the adaptation of M. mycoides subsp. mycoides to changing
environments during host colonization (Gaurivaud et al., 2014),
but this hypothesis has yet to be validated in vivo.

Extracellular Vesicles

First Observations

Extracellular vesicles are the least investigated elements of the
mycoplasmal releasome. Membranous particles, with a diameter
of 75 to 210 nm, were first observed in the 1960s by electron
microscopy in mycoplasma cultures during studies of cell
ultrastructure and cellular division (Domermuth et al., 1964;
Hummeler et al., 1965). More recently, using a classical method
for EV purification, similar nanosized particles were observed by
TEM in Acholeplasma laidlawii and several Mycoplasma species
(Chernov et al., 2011; Gaurivaud et al., 2018). The diameters of
these particles ranged from 30 to 170 nm, although a few larger
particles of around 200 nm were also observed for M. mycoides
subsp. mycoides (Gaurivaud et al.,, 2018). Although the shapes
and sizes of these particles were typical of classical prokaryotic
EV, further evidence was needed to definitively confirm that they
were EV: they had to be (i) non-replicative, (ii) surrounded by
a lipid bilayer, (iii) produced by viable cells, and (iv) contain
cytoplasmic proteins in order to prove that the particle was
not just a circularization/reassembly of membrane fragments
(Thery et al., 2018). They were shown to meet the first three
criteria (Gaurivaud et al., 2018), but the fourth criterion—
internal protein contents of the EV—has not yet been assessed.
However, TEM images of mycoplasma cultures clearly showed
EV budding from cells, suggesting that they are not the result of
reassembling membrane fragments nor of an aberrant division of
small mycoplasma cells (Hummeler et al., 1965; Gaurivaud et al.,
2018).

Production of vesicles by exploding bacterial cells has been
described recently for Bacillus spp. (Toyofuku et al., 2019). The
“explosion” results from the expression of an autolysin, i.e., a
peptidoglycan hydrolyzing enzyme. After the degradation of the
cell-wall, the cell is lysed because of the high intracellular pressure
[10 atm for Bacillus (Rojas and Huang, 2018)]. Subsequent
reassembly of bacterial membrane debris can generate vesicles.
However, these vesicles differ from surface-budding EV with
respect to their composition (Toyofuku et al., 2019). Explosive
cell-lysis events leading to membrane vesicles formation were
once observed for M. hyopneumoniae cells embedded in a biofilm
produced in vitro (Raymond et al., 2018a). Comparison of size,

structure and cargo composition (expected to be random in
case of explosive cells) between EV and vesicles produced from
explosive cell events would certainly shed new light onto their
respective roles.

Bacterial EV are involved in an array of processes, including
stress responses, cell communication, and protein secretion (Kim
et al, 2015; Coelho and Casadevall, 2019). Several proteins
involved in host interactions have been identified in the proteome
of EV membranes in three species, including pathogens of
both domestic animals (M. mycoides subsp. mycoides and
M. agalactiae) and humans (M. fermentans) (Gaurivaud et al.,
2018). Of all the putative virulence factors found in EV
membranes, DnaK is one of the most abundant proteins
(Gaurivaud et al., 2018) and this protein has also been detected
in host cells (Zella et al., 2018) (see earlier). Secretion through EV
and delivery into the host cells could be used by mycoplasmas that
are devoid of other more classical secretion systems. Secretion
of proteins through EV confers both protection of the cargo
molecules against degradation and an efficient transport system
able to deliver high concentrations of cargo molecules to the cells
(Coelho and Casadevall, 2019; McMillan and Kuehn, 2021).

Bacterial EV could be involved in nutrient acquisition, as
recently described for iron acquisition by EV of Mycobacterium
tuberculosis and Pseudomonas (P.) aeruginosa (Prados-Rosales
et al., 2014; Lin et al, 2017). These bacteria are able to
scavenge the iron sequestered by EV, and because of their
dissemination over long distances, EV are assumed to supply
nutrients to bacteria localized at different infection sites. Given
that nutrient binding proteins, such as those belonging to ABC
transporter systems, have been identified in the EV membranes
of mycoplasmas (Gaurivaud et al., 2018), EV could participate
in nutrient acquisition, which is a crucial feature for these
biosynthetically limited bacteria.

Gaps and Perspectives

Data on the biogenesis, composition and role of mycoplasmal EV
are scarce. Despite the considerable efforts made to date, there is
still a need to further optimize the purification of EV (Thery et al.,
2018) and completely eliminate the small-sized mycoplasma cells
observed in the purified material from some species (Gaurivaud
et al., 2018). A second gap to address is to complete the
characterization of the EV composition and, crucially, their
cytoplasmic content. The presence of polypeptides, nucleic acids,
DNA and RNA within EV has not been yet assessed. A method
that can directly assess the presence of DNA or RNA inside EV
has been proposed recently (Bitto et al., 2017).

Extracellular vesicles secretion is energetically expensive
for bacteria (McMillan and Kuehn, 2021) and may be even
more expensive for the small-sized (300-800 nm diameter)
mycoplasmas (Razin et al, 1998), which produce EV of
30-170 nm diameter. This raises the question of the fitness
burden that EV release might represent for mycoplasmas, which
needs to be compensated for by beneficial roles of EV release.
Remodeling mycoplasmas membrane by vesicle production
could be a rapid mechanism to maintain membrane integrity
and its adaptation to changing environments, as it is described
for other bacteria (McMillan and Kuehn, 2021). Deciphering
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the cargo composition of EV, and an in-depth comparison of
virulence factors in the vesicle membranes (Gaurivaud et al.,
2018) with those of parental cells, would certainly help define
these beneficial roles. Selective cargo packaging, i.e., preferential
exclusion or selection of vesicle cargo, has already been
demonstrated in enterotoxigenic Escherichia coli during stress
(Orench-Rivera and Kuehn, 2021). EV produced by explosive-
cell events [observed for M. hyopneumoniae biofilm in vitro
(Raymond et al., 2018a)] carry different cargo than classical EV
and may have different roles (Toyofuku et al., 2019; McMillan
and Kuehn, 2021) such as release of “public goods” useful for the
bacterial community inside the biofilm (Turnbull et al., 2016).

The in vitro use of cellular models to study EV release
and cytotoxicity or their effect on immunity compared to
mycoplasmas alone would bring further insights into their
role. Similarly, experimental infection of animals could provide
information about the potential long-distance dissemination of
mycoplasmal EV (Stentz et al., 2018).

Extracellular vesicles-based vaccines could also hold promise
for use in mycoplasmosis control as it has been shown for
other bacterial diseases (Jiang et al., 2019; Behrens et al., 2021).
However, the presence of proinflammatory lipoproteins in the
mycoplasmal EV membrane and the yield rate and cost of in vitro
EV production remain technical and economic bottlenecks,
although they could be solved by expressing extracellular
virulence factors within heterologous EV systems (Carvalho et al.,
2019; Stentz et al., 2022).

Other Components of the Releasome

In addition to the three main elements of the releasome
(exoproteins, EPS, and EV), mycoplasmas can also release other
molecules, including DNA and byproducts of mycoplasmal
metabolism. Further insights into the biology of mycoplasmas
came from the recent demonstration within M. hyopneumoniae
of morphological variants called ‘large cell variants’ (LCV) with
inherent membrane instability and hence a capacity to release
their cytoplasmic content, notably extracellular DNA by cell lysis
leading to the formation of ghost cells and to explosive cell events
(Raymond et al., 2018a). As extracellular DNA is necessary for
biofilm formation on abiotic surfaces, Raymond et al. proposed
that mycoplasmas could be self-sufficient in providing this DNA
through LCV lysis. The contribution of LCV cell lysis to the final
composition of the releasome has yet to be further defined.

Two byproducts of mycoplasmal metabolism, hydrogen
peroxide and hydrogen sulfide, have drawn attention because
of their potential cytotoxicity. Hydrogen sulfide is produced
during cysteine catabolism by cysteine desulfurase/desulthydrase
encoded by the HapE gene, which is found in many mycoplasmas
(Grosshennig et al., 2016). Hydrogen peroxide is produced
through glycerol metabolism by L-a-glycerophosphate oxidase
or peroxide hydrogen NADH oxidase, and many mycoplasmas
are able to produce it (Khan et al, 2005; Blotz and Stulke,
2017; Zhao et al.,, 2017). These two metabolites are considered
virulence factors because of their capacity to damage their host
cells (Blotz and Stulke, 2017). Hydrogen sulfide produced by
M. pneumoniae has hemolytic activity (Grosshennig et al., 2016).
Hydrogen peroxide, a known virulence factor of Streptococcus

pneumoniae (Gonzales et al., 2021), may be a virulence factor in
several Mycoplasma species (Pilo et al., 2005; Hames et al., 2009;
Zhu et al.,, 2019). In addition, hydrogen peroxide could prevent
growth of competing bacteria (Herrero et al., 2016), thus offering
an advantage in niche colonization.

CONCLUSION

Mycoplasmas actively release a wide variety of molecules and
elements—from metabolites to proteins, polysaccharides, DNA
and EV—into their environment. Not all these elements are
associated with a known secretion system, but their common
extracellular localization provides grounds for gathering them
together under the general term of releasome. Besides molecules
and elements actively released by living cells, cell lysis leading
to formation of ghosts cells and explosive cells event could be
a mechanism for generating a certain releasome in a biofilm
context (Raymond et al., 2018a).

Characterization of the releasome of Mycoplasma spp. began
with the first culture of a mycoplasma, in 1898. To parallel with
other bacteria, the first extracellular elements searched for were
toxins and other virulence factors. Despite the methodological
bottlenecks of the time, proteases, lipases and nucleases in
the extracellular environment were detected early on, but the
corresponding secretion machineries and their substrates were
not identified. With time, another difficulty has arisen, as most
of the released elements or parts of them (for instance, the
polysaccharide moiety of cell-linked galactan or the external
region of membrane proteases) also have a cell-localized
counterpart that could have a different function, highlighting
the tight connection between the releasome and the surfaceome.
EVs have an important role in the releasome as they can contain
proteins, polysaccharides and DNA in a protected environment.
The physical form (free vs. EV-associated) of various elements
of the releasome may modify their role, as has been described
for LPS-induced activation of the inflammasome in P. aeruginosa
(Bitto et al., 2018).

Data collected for the purpose of this review show that
the elements of the releasome are now recognized as playing
important roles in nutrient acquisition, adhesion to and invasion
of host cells, and immune system modulation and evasion.
However, a better understanding of the global role and dynamics
of the releasome hinges on studying the balance of its different
components (proteins, polysaccharides, metabolites and EV) at
a precise time point after infection of the host, in different host
sites, in specific physiological states of mycoplasmas, including
their intracellularity.

Further advances in deciphering the releasome of
mycoplasmas will bring further knowledge and hypotheses
about the interplay between mycoplasmas and their hosts and
help to progress identification of new molecules involved in
virulence or cytoplasmic or membrane molecules that have
different roles once they are released from the cell. Such
virulence factors are not included in current inactivated vaccines.
Moreover, exoproteome modifications have been observed after
in vitro serial passage (Zhang et al., 2021), which indicates that
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the releasome of passage-attenuated vaccine strains may differ
from that of virulent field strains. Ultimately, experiments are
needed to assess the benefit of adding releasome components to
current vaccines.

DEFINITIONS

Releasome: set of not cell-attached molecules (proteins,
polysaccharides, DNA and metabolites) and elements (EV)
released by a living cell into its extracellular environment,
whatever the release/secretion mechanism, but excluding
release by cell lysis and contamination by medium
components. As opposed to the secretome, the machinery of
secretion may be unknown.

Secretome: classically defined as the set of proteins and their
corresponding secretion systems allowing translocation through
the membrane from the inside to the outside of the cell. This
implies that the secretion systems are known.

Exoprotein: a protein released by viable mycoplasmas
into  their This  excludes  cell-attached
proteins (surfaceome).

Exoproteome: set of exoproteins secreted by a cell in a defined
time and environment.

Extracellular vesicle (EV): nanosized, membranous spherical
structure produced from viable cells by budding. EVs are
composed of a part of the membrane and cytoplasm of the

environment.
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Mycoplasma pneumoniae and Mycoplasma genitalium are cell wall-less bacteria with
strongly reduced genome content and close phylogenetic relatedness. In humans, the
only known natural host, the microorganisms colonize the respiratory or genitourinary
mucosa and may cause a broad range of clinical presentations. Besides fundamental
differences in their tissue specificity, transmission route, and ability to cause prevalence
peaks, both species share similarities such as the occurrence of asymptomatic carriers,
preferred populations for infection, and problems with high rates of antimicrobial resistance.
To further understand the epidemiology of these practically challenging bacteria, typing
of strains is necessary. Since the cultivation of both pathogens is difficult and not performed
outside of specialized laboratories, molecular typing methods with adequate discriminatory
power, stability, and reproducibility have been developed. These include the characterization
of genes containing repetitive sequences, of variable genome regions without the presence
of repetitive sequences, determination of single and multi-locus variable-number tandem
repeats, and detection of single nucleotide polymorphisms in different genes, respectively.
The current repertoire of procedures allows reliable differentiation of strains circulating in
different populations and in different time periods as well as comparison of strains occurring
subsequently in individual patients. In this review, the methods for typing M. pneumoniae
and M. genitalium, including the results of their application in different studies, are
summarized and current knowledge regarding the association of typing data with the
clinical characteristics of infections is presented.

Keywords: Mycoplasma pneumoniae, Mycoplasma genitalium, molecular typing, epidemiology, SNP, MLST,
tandem repeats

INTRODUCTION

During the evolutionary interplay with their hosts, the genomes of species of the class Mollicutes
(“mycoplasma”) have been greatly reduced. Besides limited metabolic capabilities, the lack of
a classical bacterial cell wall is the most striking result of this interaction. In humans, different
species can be found as commensals whereas the most clinically relevant Mycoplasma pneumoniae
and Mycoplasma genitalium are host-specific pathogens that infect the respiratory and genitourinary
mucosa. Mycoplasma pneumoniae is transmitted via contaminated aerosols and is a frequent
cause of community-acquired respiratory tract infections including severe cases of interstitial
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pneumonia (Khoury et al., 2016). Infections can occur in all
age groups but school-aged children are the preferred population.
Besides small-scale outbreaks in settings with close person-to-
person contacts, such as military camps or schools (Waites
et al, 2017), epidemic peaks are registered every 3-7years
(Brown et al., 2016; Kenri et al.,, 2020). During these periods,
which sometimes can be registered worldwide, M. pneumoniae
may cause up to 50% of all community-acquired respiratory
infections (Ho et al,, 2015; Kogoj et al., 2015). In addition, a
broad spectrum of extrapulmonary manifestations is described,
mainly affecting the central nervous system and the skin (Narita,
2016). In contrast, M. genitalium is a sexually transmitted
pathogen that causes non-gonococcal urethritis in men and
is associated with urethritis, cervicitis, endometritis, and pelvic
inflammatory disease in women (Jensen et al., 2022). The
prevalence of infection ranges between 1.3 and 3.9% in the
general population (Baumann et al., 2018) but can be significantly
higher in risk groups such as men who have sex with men
(MSM) and HIV-positive patients (Jansen et al., 2020; Latimer
et al.,, 2020).

Treatment of infections with both species is challenging as
mycoplasmas are intrinsically resistant to betalactams. Generally,
tetracyclines and quinolones are effective but have side effects
for relevant patient groups (treatment of M. pneumoniae in
pediatrics) or are of limited clinical efficacy (M. genitalium
and doxycycline). Hence, macrolides are the antibiotics
recommended primarily for treatment of adults and children
with severe clinical disease and in attempts at eradication in
symptomatic or asymptomatic patients. Unfortunately, high
rates of acquired resistance to macrolides (M. pneumoniae)
and to macrolides and quinolones (M. genitalium) are described
(Fernandez-Huerta et al., 2020a; Machalek et al., 2020; Pereyre
and Tardy, 2021). Despite strong epidemiological differences,
such as the location of colonized tissues and consequently the
transmission route of infections, there are similarities in
epidemiological characteristics. Besides the high rates of
resistance, these include the occurrence of asymptomatic carriers
probably able to transmit the pathogens (Spuesens et al., 2013;
Gnanadurai and Fifer, 2020; de Groot et al., 2021).

As is typical for mycoplasmas, genomes of species are small
but closely related phylogenetically, with around 580kbp
(M. genitalium) and 816kbp (M. pneumoniae). Many orthologous
proteins (~480) can be found in both pathogens and identity
between them has been calculated as around 67% (Himmelreich
et al., 1997). In the last few years, whole genome sequencing
of isolates of different geographic origin and from varying
time periods resulted in strong similarities between compared
strains (>99%) and classification into two main lineages. Within
these main genotypes, the genomes of both species were identical
in >99.5%, which is remarkably high (Lluch-Senar et al., 2015;
Xiao et al, 2015; Diaz et al., 2017; Fookes et al., 2017; Lee
et al., 2019). Moreover, construction of phylogenetic trees of
M. pneumoniae genomes resulted in different clades within
the main types showing differences in the frequency of in
vivo occurrence and in the number of recombination events
(Kenri et al,, 2020; Hsieh et al., 2022). Despite the overall
conserved genomes, regions with higher heterogeneity were

shown to be associated in most cases with the occurrence of
repetitive elements distributed in similar but non-identical
copies in the genomes. Four repetitive elements (RepMpl, 2/3,
4, and 5) were found in M. pneumoniae, whereas repeated
sequences from M. genitalium cluster in nine discrete regions
are known as MgPar. Genome parts with copies of repetitive
elements can be exchanged by homologous recombination
(Musatovova et al.,, 2008; Spuesens et al., 2009; Hakim et al.,
2021). This also applies to genes coding for surface-localized
and antigenic proteins with special importance for the infection
process such as the adhesins P1 and P40/P90 from
M. pneumoniae, and MgpB and MgpC from M. genitalium
(also known as P140 and P110). Resulting modifications of
these proteins has been postulated as immune escape mechanism
of the bacteria (Rocha and Blanchard, 2002; Hakim et al., 2021).

To further understand the epidemiology of infections by
M. pneumoniae and M. genitalium, typing of strains is important.
Unfortunately, cultivation of both species is difficult and only
realized in few specialized centers. Therefore, molecular detection
is common in routine laboratories and positive DNA from
clinical material is the most frequent specimen available for
typing in practice.

DEVELOPMENT OF TYPING METHODS

The first molecular method for typing M. pneumoniae isolates
was PCR-mediated DNA fingerprinting, which confirmed that
there were two main strain types (Su et al,, 1990; Ursi et al,
1994). Supported by data from early whole genome sequencing
of M. pneumoniae (type 1 strain M129; Himmelreich et al.,
1996), more targeted methods were introduced in the following
years. These included the restriction fragment length
polymorphism procedure, which uses primers that amplify both
regions of the pl gene (MPN141) containing copies of the
repetitive elements RepMP2/3 and RepMP4 (Sasaki et al., 1996).
This approach distinguished the two main pl types and a
limited number of additional genotypes (Kenri et al, 2020).
To detect all sequence variations, the more laborious amplification
of RepMp copies in the pI gene followed by Sanger sequencing
has been used (Dumke et al., 2006, 2015).

In 2009, multi-locus variable-number tandem-repeat analysis
(MLVA) was introduced using five loci [HsdS (MPNO089),
intergenic, and hypothetical proteins (MPN501, MPN524, and
MPN613)] to determine the number of repeats (Degrange et al.,
2009). The results of typing of isolates showed an excellent
discriminatory index (DI) of 0.92. The method was adapted
for investigation of M. pneumoniae-positive DNA (Dumke and
Jacobs, 2011). Unfortunately, the locus with the highest DI
(Mpnl, coding for a subunit of type I restriction-modification
enzyme, MPN089) was found to be instable (Benitez et al,
2012; Sun et al,, 2013) and must be removed from the list of
repeats. For the remaining four repeats, interpretation guidelines
for use of MLVA were established to allow reliable interlaboratory
comparison of results (Chalker et al., 2015). In some strains,
differences in the length of distinct tandem repeat loci must
be considered (Xue et al., 2018; Kenri et al., 2020). Further
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tandem repeats were tested and might be an alternative to
Mpnl to increase the discrimination of the method (Zhang
et al, 2017). In addition, AGT repeats can be found in the
region between the repetitive elements in the pI gene. Using
this single locus of tandem repeats, strains with identical MLV
type were differentiated and the number of p1 repeats is associated
with the main pl types (Zhao et al, 2011; Tian et al, 2013;
Xiao et al, 2020). Unfortunately, there is evidence that this
marker is unstable and this needs further analysis (Spuesens
et al., 2016; Dumke, unpubl.). Recently, a new target of VNTR
analysis was reported using the tandem repeats in subunit S
of the type I restriction-modification system (MPNO085) of
M. pneumoniae for differentiation of strains (Lee et al., 2022).

Based on comprehensive comparison of the increasing number
of whole genome data, two methods that use determination
of single nucleotide polymorphisms (SNPs) for typing were
developed. SNPs in eight genes (MPN003, MPN185, MPN246,
MPN307, MPN528, MPN576, MPN600, and MPN628) coding
for house-keeping proteins (Brown et al, 2015; here called
MLS typing) or for house-keeping proteins (MPN004, MPNO050,
MPN168, MPN246, and MPN516), hypothetical lipoproteins
(MPN442, MPN582), and the P1 adhesin [(MPN141); Touati
et al., 2015; SNP typing] were selected. Both methods can
be used not only for characterization of isolates but also for
investigation of strains in DNA-positive clinical samples (Dumke
and Rodriguez, 2021) and result in a numerical code or a
SNP profile, which can be easily exchanged between laboratories.
For a high discriminatory power of differentiation if MLS and
SNP typing is performed in parallel, use of same loci [gmk
(MPN246)] is disadvantageous. In addition, SNP measured in
the pI gene (SNP typing) is located in the repetitive element
RepMp2/3 and homologous recombination of this locus cannot
be excluded. For the method of Brown et al., a database was
established that comprises listing, consecutive numbering, and
comparison of detected MLS types.'

In addition to the aforementioned methods, various other
typing methods were developed but are not widely used. Real-
time PCR with high-resolution melting point analysis is able
to differentiate p1 type 1 and 2 strains (Schwartz et al., 2009).
Moreover, pyrosequencing of two targets (MPN141 and
MPN528a) resulted in correct classification of both main p1
types (Spuesens et al, 2010). The MPN142 gene (historically
named ORF6) contains a copy of the repetitive element RepMp5
and amplification/sequencing can be used to distinguish the
main types 1 and 2 as well as some, but not all, other pI
types (Ruland et al., 1994; Kenri et al, 2020). Investigation
of the protein composition of bacteria by MALDI-ToF is not
only suitable for reliable characterization of mycoplasmas on
the species level but also for differentiation of the two main
types of M. pneumoniae (Pereyre et al., 2013; Xiao et al., 2014).
Of note, the procedure is described for investigation of isolates.
Finally, nanorod array surface-enhanced Raman spectroscopy
was used for detection of M. pneumoniae and typing of isolates
and strains in clinical throat swabs (Hennigan et al, 2010;
Henderson et al., 2015). Special equipment and experienced

'http://pubmlst.org/mpneumoniae

staff are required for this typing method which is, therefore,
reserved for specialized laboratories.

In comparison with M. pneumoniae, the number of procedures
for typing M. genitalium strains is relatively small. The first
method was investigation of a variable part of the MG_191
gene, which codes for the adhesin MgpB (Hjorth et al., 2006).
This gene contains repetitive elements but the typing region
near the 5 end (nt 180-460 in type strain G37) was found
to be stable during in vivo and in vitro passage of isolates
and is not influenced by homologous recombination. The results
of the study by Hjorth et al. (2006) confirmed not only the
sexual transmission of M. genitalium between couples but also
the usefulness of culture-independent mgpB typing to investigate
the circulation of genotypes in different populations and to
characterize strains in cases of treatment failure. Furthermore,
analysis of different short tandem repeats in the gene MG_309,
which codes for a surface-localized lipoprotein, is suitable for
typing (Ma and Martin, 2004; Ma et al., 2008; McGowin et al,,
2009). Combining the number of these repeats (AGT/AAT)
with mgpB typing increases the discriminatory power. Further
targets of strain discrimination as well as MLVA testing were
found to be not stable, not discriminatory enough, too
discriminatory (Cazanave et al., 2012) or were used in a very
limited number of studies (Ma and Martin, 2004; Pineiro et al.,
2019) to date.

EVALUATION OF COMMON TYPING
METHODS

A sufficiently large number of data for comparison of the
results of different methods are available for p1, MLV, MLS,
and SNP typing in M. pneumoniae and for mgpB and MG_309
typing in M. genitalium (Table 1). Using pI typing, calculated
DI's (Hunter and Gaston, 1988) from selected studies ranged
between 0.42 and 0.68. To date, 15 p1 types have been described
(Kenri et al.,, 2020; Xiao et al., 2020). The main types 1 and
2 contain specific repetitive sequences in their genomes,
suggesting early differentiation of M. pneumoniae strains into
these two lineages (Spuesens et al.,, 2009; Diaz and Winchell,
2016). In contrast, the 13 known variants can be assigned to
the main genotypes but differ in one or both repetitive copies
in the pl gene. Criteria for recognizing a strain as variant
should be set in the future (e.g., length of sequence which
must be different from known p1I types to define a new type,
deposition of full-length sequences of both RepMP2/3, and
four elements of pI gene of the strain in databases). Interestingly,
by contrast with pl type 1, more variant strains have been
characterized among type 2. This might be attributed to type-
specific differences in the functionality of proteins putatively
involved in DNA recombination and repair in M. pneumoniae
and M. genitalium (Sluijter et al., 2010; Hakim et al., 2021).

As an example for the occurrence of MLV types in various
populations, the results of selected studies (characterization of
>50 strains) in different countries are summarized in Table 1
and Figure 1A. With at least 24 known types, MLVA demonstrated
a greater number of genotypes in comparison with pI typing.
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TABLE 1 | Characteristics of frequently used molecular approaches for typing Mycoplasma pneumoniae and Mycoplasma genitalium (results of studies with >25
patients are included; if not presented in the study, HGDI’s are calculated according to the data).

Number of

Species Typing method known types HGDI References
M. pneumoniae p1 15 0.42-0.68 Brown et al., 2015; Dumke et al., 2015; Touati et al., 2015; Kenri et al., 2020; Xiao et al.,
2020; Dumke and Rodriguez, 2021; Meyer Sauteur et al., 2021
MLVA 24 0.58-0.68 Benitez et al., 2012; Brown et al., 2015; Dumke et al., 2015; Touati et al., 2015; Kogoj
et al., 2018; Zhao et al., 2019; Kenri et al., 2020; Xiao et al., 2020; Dumke and Rodriguez,
2021; Meyer Sauteur et al., 2021
MLST 46 0.66-0.78  http://pubmist.org/mpneumoniae; Brown et al., 2015; Kenri et al., 2020; Dumke and
Rodriguez, 2021; Meyer Sauteur et al., 2021
SNP 15 0.80-0.84 Touati et al., 2015; Kenri et al., 2020; Dumke and Rodriguez, 2021
p1+MLVA; p7+MLST; n.d. 0.60-0.88 Brown et al., 2015; Dumke et al., 2015; Touati et al., 2015; Kenri et al., 2020; Xiao et al.,
p1+SNP; MLVA+SNP; 2020; Dumke and Rodriguez, 2021; Meyer Sauteur et al., 2021
and MLST +SNP
p1+MLVA+MLST; n.d. 0.75-0.91 Brown et al., 2015; Touati et al., 2015; Kenri et al., 2020; Dumke and Rodriguez, 2021;
p71+MLVA+SNP Meyer Sauteur et al., 2021
p1+MLVA+MLST +SNP n.d. 0.88-0.90 Kenri et al., 2020; Dumke and Rodriguez, 2021
M. genitalium mgpB 246 0.82-0.99 Hijorth et al., 2006; Ma et al., 2008; Cazanave et al., 2012; Olsen et al., 2012; Dumke et al.,
2020; Fernandez-Huerta et al., 2020b; Plummer et al., 2020; Sweeney et al., 2020; Chua
et al., 2021; Dumke and Spornraft-Ragaller, 2021; Guiraud et al., 2021
VNTR MG_309 12 0.84-0.95 Ma et al., 2008; Cazanave et al., 2012; Dumke and Spornraft-Ragaller, 2021; Guiraud et al.,
2021; Laumen et al., 2021
mgpB+VNTR MG_309 n.d. 0.95-0.99 Ma et al., 2008; Cazanave et al., 2012; Dumke and Spornraft-Ragaller, 2021; Guiraud et al.,

2021

p1, sequence differences in p1 gene (MPN141); MLVA, multilocus variable number of tandem-repeat analysis; MLST, multilocus sequence typing; SNF, determination of single
polynucleotide polymorphisms; mgpB, sequence differences in mgpB gene (MG_191); VNTR MG_309, variable number of tandem repeat in gene MG_309; HGDI, discriminatory

index (Hunter and Gaston, 1988); and n.d., not determined.

However, calculated DTI’s in these reports are not substantially
higher due to the strong dominance (94%) of the three MLV
types 4,572, 3,562, and 3,662, respectively. After review of further
studies, additional MLV types were found in a small number
of strains, underlining the need to summarize the typing results
in an appropriate manner (preferably in a database). In contrast,
46 MLS types have been registered in the corresponding database
and recent studies using MLST resulted in DI's between 0.66
and 0.78, respectively. Higher DI's up to 0.84 were calculated
for SNP typing despite the fact that the overall number of SNP
types is relatively low. However, it should be mentioned that
this method was used to a lesser extent in comparison with
the other typing methods up to now. Hence, data on the
discriminatory power of this method might be preliminary.

According to the calculated DIs, adequate discrimination
of M. pneumoniae strains (DI>0.9) can only be achieved if
different typing methods are used. For selected examples (reports
in which typing results for all strains are listed), the discrimination
power of method combinations was calculated in Table 1. In
practice, such an approach is laborious and the volume of
DNA obtained after use of automated systems for DNA
preparation from clinical specimens could be too low to perform
three or four typing procedures in parallel.

As the genomes of strains belonging to one of the two
main lineages of M. pneumoniae are strongly related, an
association of pI types 1 and 2 with genotypes identified by
other typing methods is probable. As summarized in Figure 1A,
many MLV types (79%) can be assigned exclusively to one of
the main genotypes. In contrast, five MLV types occurred in
both main lineages but in most cases (like 4,572, 3,562, and

3,662) with a clear numerical preference for a pl type. As
errors in counting the tandem repeats cannot be excluded,
consideration of guide line for VNTR typing of M. pneumoniae
(Chalker et al., 2015) is strongly recommended. Although the
number of strains with a MLV type not belonging to the
preferred pl type is low (0.9%), MLV typing cannot be used
to replace pl typing. In contrast, the known MLS and SNP
types are in complete agreement with p1 types (Figures 1B,C).

Regarding M. genitalium, mgpB typing has resulted in a
large number of types, confirming the variability of the region
of mgpB gene used. Nearly 250 mgpB types have now been
described (Table 1). To answer epidemiological questions
regarding the distribution of strains in different human
populations, the stability and strong heterogeneity of the typing
region allow reliable characterization of isolates. The
corresponding DI’s for mgpB sequencing in different studies
varied between 0.82 and 0.99 whereas MG_309 typing resulted
in discrimination between 0.84 and 0.95. Lower DI’s seem to
be associated with the investigation of more local than national
populations (Dumke et al., 2020; Dumke and Spornraft-Ragaller,
2021), indicating a lower number of circulating genotypes.
DIs of >0.95 were obtained after the mgpB and MG_309
methods were combined. With these values, further optimization
of typing for M. genitalium does not seem necessary. For
standardized comparison of mgpB sequences, the defined part
of the gene (position 221,749-222,029 in the genome of strain
G37, GenBank no. NC_000908.2) should be fully sequenced.
For example, when analyzing several deposited sequences,
differentiation between type 2 and 74 is not possible due to
their short lengths. Additionally, determination of the number
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p1type  MLV-type No. of samples (%)

1 45722 1,098 (90.4)
4573 49 (4.0)
4672 12(1.0)
4472 10 (0.8)
3572 9(0.7)
3562 6(0.5)
4562 6(0.5)
5572 5(0.4)
4582 4(0.3)
5572 3(0.2)
3662 3(02)
3563 2(02)
4571 2(0.2)
4473 2(0.2)
other (2572, 4471, 4532, 4552) 4(0.3)

2 3562 523 (63.8)
3662 285 (34.8)
4572 4(0.5)
other (2662, 3561, 3563, 3572, 3582, 4562, 4662, 4672) 8 (1.0)

1 - percentage within the p1-type; 2 - underlined: occurrence in both p1-types

B
p1type 1(n=131) p1type 2 (n=119)

ST3 @sT17  B@SsT1 @sT6 ST14 [QST2 BasT7 osT4

OST11  @ST19 MST46  Oother @ST1I0 m@ST48  Dother

(other:ST9, 12, 17, 27, 30, 41-44) (other:ST7, 8, 16, 24, 47)
(o] SNP types

Y
10

p1type 1 r{
|

p1type 2

FIGURE 1 | Association of main p7 types 1 and 2 (including variants) with
multi-locus variable-number (MLV; A; using data of Benitez et al., 2012;
Brown et al., 2015; Dumke et al., 2015; Touati et al., 2015; Kogoj et al., 2018;
Zhao et al., 2019; Kenri et al., 2020; Xiao et al., 2020; Dumke and Rodriguez,
2021; Meyer Sauteur et al., 2021), MLS (B; data of Brown et al., 2015; Kenri
et al., 2020; Meyer Sauteur et al., 2021; and Dumke and Rodriguez, 2021),
and single nucleotide polymorphism (SNP) types (C; data of Touati et al.,

2015; Kenri et al., 2020; Dumke and Rodriguez, 2021), respectively.

of tandem repeats at locus MG_309 can be complicated in
practice by the presence of mixed sequences in some samples.
Careful inspection of the results after sequencing in both
directions can help to solve this problem (Ma et al., 2008).

ASSOCIATION OF TYPING RESULTS
WITH EPIDEMIOLOGICAL AND
CLINICAL PARAMETERS OF
INFECTIONS

Besides the use of typing to elucidate the epidemiological
correlations of infections due to M. pneumoniae and

M. genitalium, relating typing results to clinically relevant aspects
is of practical importance for clinicians. These include associations
between genotypes and severity of clinical disease, distinct
symptoms of infection, site of infection, or antibiotic resistance.
Regarding M. pneumoniae, the association between typing results
and clinical aspects has been investigated in only a few studies.
In comparison with other MLVA types, a statistically significantly
higher pneumonia severity index, longer duration of cough,
and older age of patients were demonstrated after infection
with the mainly pl 1-specific type 4/5/7/2 (Qu et al.,, 2013).
In a further study, a higher rate of severe pneumonia was
demonstrated if children were infected with pI type 1 vs. type
2 (Fan et al, 2017). In contrast, Yan et al. (2019) reported a
higher rate of pediatric patients with pleural effusion as a
severe complication of M. pneumoniae pneumonia after infection
with MLVA type 3/5/6/2 (mainly pI type 2) vs. infection with
type 4/5/7/2. In a study among Slovenian children, infection
with p1 type 2 strains resulted in an elevated C-reactive protein
level and a higher rate of hospital admissions in comparison
with pI type 1 infections (Rodman Berlot et al., 2021). Regarding
extrapulmonary manifestations of infections, only very few
reports have dealt with the possible influence of the genotype
on this complex of diseases. In the case of M. pneumoniae-
induced mucocutaneous disease (Steven-Johnson syndrome),
a rare but severe complication of infection, genotype does not
seem to be a determinant of clinical symptoms (Olson et al,
2015; Watkins et al., 2017; Meyer Sauteur et al., 2021). In
conclusion, the limited and partly heterogeneous results underline
the need for further clinical studies with well-characterized
patient populations of different age to confirm or exclude
correlations of genotypes with clinical manifestations and
outcomes of M. pneumoniae infections. This should include
investigation of the pathogen in the lower and upper respiratory
tract of patients, which might influence the ratio of p1 genotypes
(Xiao et al, 2020). Furthermore, typing studies among
symptomatic patients and asymptomatic carriers would be helpful
to clarify if genotypes play a role in the differences in the
clinical manifestation of M. pneumoniae infections between
the groups (Spuesens et al, 2013; de Groot et al.,, 2021). In
addition, further genetic, proteomic, and phenotypic
investigations will help to understand differences between
genotypes, which might explain clinical aspects of infections.
To date, the main pI types vary with regard to the development
of biofilms (Simmons et al., 2013) and expression of the CARDS
toxin (Lluch-Senar et al., 2015), which is a virulence factor
with special relevance in pathogenesis (Su et al, 2021).
Circulation of different pl types in the human population
has been suggested to explain the typical epidemiology of infections
as the immunodominant P1 protein is crucial for adhesion of
bacteria to the cells of the respiratory epithelium as the first
and essential stage in clinical manifestation. Regions of this
adhesin, which contains repetitive sequences, were characterized
as surface-located and it can be assumed that type-specific
antibodies will be produced during host colonization (Dumke
et al., 2008; Schurwanz et al., 2009; Nakane et al., 2011; Vizarraga
et al, 2020). If these antibodies play a role in the adherence
process, their quantitative occurrence in a host population could
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influence the distribution of type 1 or 2 strains (Figure 2).
Based on the time-dependent level of herd immunity, the reported
type shifts of pI types in combination with an increase in the
prevalence of infection might be explained by the presence of
and change in type-specific antibodies. Studies have confirmed
the polyclonality of strains in nation-wide investigations as a
precondition for changes of genotypes and a varying dominance
of type 1 or 2 in different regions (Kogoj et al., 2018; Lee et al.,
2018) as well as a time period of 5-10years for type change
in Japan (Kenri et al, 2020). In some cases, the temporary
dominance of a pI type reaches more than 90% (Sun et al,
2017; Kenri et al, 2020). In contrast, if levels of type-specific
antibodies do not differ greatly, the occurrence of both p1 types
without dominance of one lineage is demonstrated (Jacobs et al.,
2015; Xiao et al, 2020; Guo et al., 2022). Further studies are
needed to confirm the association between type and type-specific
antibodies experimentally (Dumke et al., 2010). However, results
of mathematical models support the hypothesis of co-circulation
of both pI types and the importance of herd immunity for the
ratio of genotypes (Omori et al,, 2015; Zhang et al., 2019). This
pattern seems primarily independent of the rate of resistance
in the corresponding population. Despite the regional emergence
of types with high rates of macrolide resistance (Ho et al., 2015;
Lee et al., 2018; Hung et al., 2021), a clear association of resistance
with distinct genotypes of M. pneumoniae was not found. Recently,
an association between the number of tandem repeats in subunit

M. pneumoniae
p11+p12

Antibiotic
pressure presence of

type-specific

T
l

Selection
of p1type
(MLV, MLS and SNP type)
+

Selection of
resistant strains

FIGURE 2 | Schematic illustration of time-dependent shift of Mycoplasma
pneumoniae genotypes.

S of the type I restriction-modification system (MPNO085) and
macrolide resistance in MLST-3 strains was reported (Lee et al.,
2022). This interesting aspect should be investigated in future
studies including further types. It can be assumed that the
regional/national use of macrolides and the treatment regime
in particular patients will be crucial for the development of
resistant strains. Up to now, there is no in vivo or in vitro
evidence for a greater rate of resistance among the described
genotypes. Thus, antibiotic pressure in a population will lead
to an increasing rate of resistance in the dominating type(s),
which is primarily determined by the circulation of pI types
and, due to the association with the main pI types, secondarily
by the regional occurrence of MLV, MLS, or SNP types (Figure 1).
Consequently, unsubstantiated use of macrolides in combination
with the lack of resistance-guided therapy regimes in many
settings worldwide will result in the selection of resistant strains.
This hypothesis is supported by the results of studies reporting
a decrease in the resistance rate after genotype change (Nakamura
et al,, 2021), followed by a subsequent increase among strains
of the previously nondominant genotype (Wang et al., 2021).
In small-scale outbreaks, time-dependent emergence of resistance
among strains of the same genotype can be found (Hubert et al.,
2021), emphasizing the need for mutation analysis in cases of
treatment failure.

As regard M. genitalium, data about an association between
genotypes and clinical aspects of infection are not currently
available. After establishing appropriate and comparable
methods, more than 20 typing studies have been published
and have found many interesting aspects of the epidemiology
of the pathogen (Table 2). This aggregation of data includes
not only aspects of the transmission of infections among
patients with different sexual preferences but also investigated
treatment approaches in individual patients that are of great
importance for comprehensive evaluation of the clinical
management of infections. Overall, these reports confirmed
the remarkable genetic diversity of the typing region of the
mgpB gene among patients of different populations. However,
great differences in type frequency have been found. Especially
in the risk group of MSM, a striking dominance of type 4
strains in different geographic regions was noted (Figure 3A).
It remains unclear whether this is a result of the widespread
occurrence of this type in a relatively self-contained sexual
network (Fernandez-Huerta et al., 2020b) and/or of a selection
advantage in the rectal microenvironment (Guiraud et al.,
2021). Despite the high discriminatory power of mgpB typing,
future spread of distinct types in particular populations might
require an increased use of the MG_309 method for successful
differentiation (e.g., for comparison of first samples and a
positive test of cure; Pineiro et al., 2019; Dumke et al., 2020;
Dumke and Spornraft-Ragaller, 2021). In addition, type 4
strains have been found to be macrolide resistant in many
cases. However, high rates of macrolide resistance are also
observed in other genotypes that occur frequently among
the different MSM populations but appear to be lower in
rarer types (Figure 3B). In contrast, a clear distribution
pattern of quinolone resistance among these genotypes is
lacking. Independent mutation events can be assumed,
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TABLE 2 | Results of Mycoplasma genitalium typing studies.

Main aspect Typing method Patients/country No. of patients Main result(s) of the study Reference
or samples
Methology/epidemiology ~ mgpB Not specified + couples/ 267 First description of mgpB typing; Hjorth et al., 2006
worldwide usefulness for investigation of sexual
networks and treatment failures
MgpB recombination mgpB Women/Kenya 9 Intrastrain mgpB heterogeneity due to  Iverson-Cabral et al.,
recombination 2006
Methology/epidemiology ~ mgpB+VNTR MG_309 Not specified + couples/ 105 Description of MG_309 typing; Ma et al., 2008
worldwide usefulness of mgpB +VNTR MG_309
typing for general epidemiological
studies
Methology/epidemiology mgpB+VNTR MG_309 Men+women with and 76 Comparison of methods; mgpB typing ~ Cazanave et al., 2012
without symptoms/ for general epidemiological studies;
France + Tunisia mgpB+VNTR MG_309 typing for
sexual-network studies; and MLVA not
suitable
Epidemiology mgpB Women with previous STD 80 Evaluation of sequence variability Musatovova and
and partners/United States between strains from partners and Baseman, 2009
occurrence of reinfections
Resistance mgpB Not specified/France 136 Evaluation of sequence variability, Chrisment et al., 2012
selection for mutation during treatment;
and polyclonality of macrolide
resistance
Epidemiology mgpB Women in sexual health 30 Diversity of circulating strains Olsen et al., 2012
and family planning clinics/
Guinea-Bissau
Methology mgpB+VNTR MG_309 Not specified/Cuba 12 Importance of typing for documentation Mondeja et al., 2013
of absence of cross-contamination
Resistance/epidemiology ~ mgpB+VNTR MG_309 Men with and without 22 Two major clusters of genotypes with Pond et al., 2014
urethritis/United Kingdom macrolide resistance in both clusters
Resistance/epidemiology ~ mgpB+VNTR MG_309 Men with NGU/Japan 20 Evaluation of genotype variability Kikuchi et al., 2014
Resistance/epidemiology ~ mgpB+VNTR MG_309 MSM/Germany 19 Evaluation of genotype variability; Dumke et al., 2016
comparison of first and follow-up
samples
Resistance/follow-up mgpB+VNTR MG_309 Men (mainly MSM)/ 163 Evaluation of genotype variability; Dumke et al., 2020
Germany comparison of first and follow-up
samples
Resistance/epidemiology ~ mgpB+VNTR MG_309 Women in antenatal 41 Two major clusters of genotypes, strain  Harrison et al., 2019
clinics/Solomon Islands replacement after mass drug
administration for trachoma elimination
Resistance/follow-up mgpB+VNTR MG_309 Patients with suspected 79 Differentiation of persistent and Pineiro et al., 2019
STD/Spain recurrent infections
Resistance/epidemiology ~ mgpB+VNTR MG_309 Heterosexual couples/US 33 Concordance of strains in couples Xiao et al., 2019
Resistance/epidemiology ~ mgpB+VNTR MG_309 Mainly MSM/Spain 54 Two major clusters of genotypes with Fernandez-Huerta
correlation to sexual networks and to et al., 2020b
macrolide resistance
Methology/epidemiology mgpB Patients of a sexual health 52 Establishment of a custom amplicon Plummer et al., 2020
center/Australia sequencing approach for mgpB typing
Resistance/epidemiology ~ mgpB Not specified/Australia 89 Genotype variability correlated with de  Sweeney et al., 2020
novo acquisition of resistance
Resistance/epidemiology ~ mgpB Men in STD clinics/France 78 Lower diversity of types among Guiraud et al., 2021
macrolide-resistant strains
Epidemiology mgpB+VNTR MG_309 Men and women with and 38 Circulation of different genotypes Laumen et al., 2021
without symptoms/South without geographic clustering
Africa
Resistance/follow-up mgpB+VNTR MG_309 Mainly MSM/Germany 54 Evaluation of first and follow-up Dumke and Spornraft-
samples during a resistance-guided Ragaller, 2021
treatment regime; two major clusters of
genotypes with correlation to MSM and
macrolide resistance
Resistance/epidemiology ~ mgpB Asymptomatic MSM/ 94 Resistance not restricted to specific Chua et al., 2021
Australia genotypes

STD, sexually transmitted disease; VNTR MG _309, variable number of tandem repeat in gene MG_309; NGU, non-gonococcal urethritis; and MSM, men who have sex with men.
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FIGURE 3 | Regional distribution of mgpB types (A) and association between mgpB type and resistance (B) among strains in selected studies included mainly men who
have sex with men (MSM; Dumke et al., 2016, 2020; Fernandez-Huerta et al., 2020b; Chua et al., 2021; Dumke and Spornraft-Ragaller, 2021; Guiraud et al., 2021). Strains
with S83N change of ParC are not included. ST, mgpB type; MRM, macrolide resistance-associated mutation; and QRM, quinolone resistance-associated mutation.

suggesting that the development of resistance is multiclonal,
which might explain the lack of a correlation between
genotypes and resistance. Besides transmission of resistant
strains, acquired resistance after drug exposure is important
for the spread of unsusceptible types (Pineiro et al., 2019).
As discussed for M. pneumoniae, acquisition of resistance
can be expected for any genotype of M. genitalium, and
regional differences in prescriptions and consumption of
macrolides and quinolones might play an important role in
the resistance rate among circulating strains (Kenyon et al.,
2021). This is especially the case in risk groups for sexually
transmitted infections, who often receive antibiotic therapy
against infections with pathogens other than M. genitalium.
Currently, little is known about the consequences for the
fitness of mycoplasma strains of acquisition of antibiotic
resistance and this might be an object for future studies
(Guiraud et al., 2021). In practice, clinicians should be aware
that types with high rates of resistance commonly circulate
in risk populations. Analogously to the P1 adhesin of
M. pneumoniae, MgpB of M. genitalium contains repetitive
elements and is an immunodominant protein. Different studies

have confirmed changes of the gene sequence in the course
of infection, which are related to distinct regions of the
gene (Iverson-Cabral et al., 2006; Ma et al., 2010; Burgos
etal., 2018; Wood et al., 2020). These recombination processes
are of importance for the interaction with the host immune
system but do not involve the typing region. This part of
the protein was found to be antigenic as well as surface-
localized but corresponding antibodies were not associated
with the inhibition of hemadsorption (Iverson-Cabral et al.,
2015; Aparicio et al., 2020). Nevertheless, sequence differences
between mgpB types result in amino acid changes (Musatovova
and Baseman, 2009; Ma et al, 2010; Dumke et al., 2020;
Fernandez-Huerta et al., 2020b). Further studies should analyze
if these differences or potential conformation changes of
MgpB after recombination events in strains with constant
mgpB type will have an influence on pathogenesis (Wood
et al., 2020). Examples of long-term colonization of patients
with the same type (Hjorth et al., 2006; Dumke et al., 2020;
Dumke and Spornraft-Ragaller, 2021) and the non-reactivity
of the conserved N-terminus with antibodies from infected
animals (Iverson-Cabral et al., 2015) may suggest that the
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FIGURE 4 | Use of different approaches for Mycoplasma pneumoniae and Mycoplasma genitalium typing. DI, discriminatory index.

typing region of MgpB is of limited importance for interaction
with the host immune system.

CONCLUSION

Although whole-genome sequencing (WGS) is likely to replace
current methods for molecular typing of M. pneumoniae and
M. genitalium, the simplicity of these assays suggests that they
may still have considerable value for epidemiological investigations.
This is especially the case if isolates are not available as expected
outside of reference laboratories. Whereas the discriminatory
power of mgpB/MG_309 characterization of M. genitalium is
high enough for successful differentiation of strains in sexual
networks as well as in individual patients, several methods
must be combined to reach a DI>0.9 for typing of M. pneumoniae
strains (Figure 4). In contrast to the variability of the typing
region in the MgpB adhesin of M. genitalium, the occurrence
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Mycoplasma penetrans has gained increased attention in relation to sexually transmitted
infections, however, its pathogenic potential and prevalence in different populations
remains to be elucidated. Among 293 Chlamydia trachomatis positive rectal samples
submitted for lymphogranuloma venereum typing, M. penetrans was detected by PCR
in 13.4% of 231 male samples.

Keywords: Mycoplasma penetrans, Chlamydia trachomatis, coinfection, sexually transmitted infections, rectum

INTRODUCTION

Sexually transmitted infections (STIs) are caused by a wide range of bacteria, viruses and parasites.
According to WHO estimates, more than 1 million STIs occur every day, emerging as an increasing
reproductive and sexual health concern worldwide (World Health Organization, 2019). In this
context, a high prevalence of STIs among men who have sex with men (MSM) is reported, with
Chlamydia trachomatis and Neisseria gonorrhoeae being the most important (Workowski et al.,
2021). Serotype L1-L3 of C. trachomatis causes lymphogranuloma venereum (LGV), a destructive
and aggressive sexually transmitted infection affecting tissue and lymph nodes, predominantly
associated with rectal infection in MSM in developed countries (Stoner and Cohen, 2015). Thus,
genotyping of C. trachomatis positive rectal samples has been recommended since these infections
require extended duration of therapy (De Vries et al., 2019).

A significant proportion of patients with STI symptoms have no identified etiological agents
detected. Advances in molecular methods have allowed the search for unidentified pathogens
by non-culture-dependent techniques. In this regard, several studies have reported the presence
of Mycoplasma spp., primarily M. genitalium, in conditions such as non-gonococcal urethritis
(NGU) (Jensen et al., 1993; Taylor-Robinson et al., 2003). In addition, a recent publication found
M. penetrans to be associated with NGU primarily in MSM (Srinivasan et al., 2021). Since anal
sex increases the risk for extra-genital infections, we assessed the prevalence of M. penetrans in
C. trachomatis positive rectal samples submitted for LGV typing.

MATERIALS AND METHODS
Study Setting

Chlamydia trachomatis positive samples from diagnostic laboratories throughout Denmark
between March and October 2021 were submitted for molecular LGV typing in the reference
laboratory at Statens Serum Institut. Of the 837 original samples, remnants of 293 rectal
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samples were available and anonymized to gender and age, and
analyzed for M. penetrans. According to Danish law, an ethical
committee approval was not required due to the anonymized
nature of the dataset.

Sample Preparation

DNA was extracted from the samples submitted in the nucleic
acid amplification test transport medium by processing 1 ml of
sample using the Large Volume Universal Pathogen Extraction
protocol in a MagNA Pure 96 instrument (Roche Diagnostics,
Hvidovre, Denmark) and was eluted into 100 1.

Real-Time PCR (qPCR)

Mycoplasma penetrans was detected by qPCR as previously
described (Srinivasan et al., 2021), except that an internal process
control (IPC) was constructed in order to detect Taq DNA
polymerase inhibitors or suboptimal reaction conditions (Jensen
et al., 2003). Each assay was performed in a 50 ] final reaction
volume in a 7,500 Real-Time PCR System instrument (Thermo
Fisher Scientific, Waltham, MA, United States), programmed
for 95°C for 2 min and 50 cycles of 95°C for 15 s and
annealing and extension at 60°C for 1 min. Standard curves were
prepared with serial dilutions of M. penetrans DNA containing
50,000 to 5 copies.

RESULTS

Results of M. penetrans detection are summarized in Table 1.
A total of 293 rectal samples (231 of male and 62 of female origin)
were included in this study. The median age was 30 years ranging
from 16 to 69. Overall, M. penetrans was detected more frequently
in male C. trachomatis positive samples with a prevalence of
13.4% (95%CI 9.30-18.5) compared to 1.6% (95%CI 0.00-8.66),
in female samples (p = 0.005, Fisher’s exact test). M. penetrans
DNA concentrations ranged from 2 to 31,846 genome equivalents
(GEQ)/jLl with a median of 33 GEQ/jLl.

DISCUSSION

In this report, we describe a high prevalence of M. penetrans
in male C. trachomatis positive rectal samples, in accordance
to previous results (Taylor-Robinson et al, 2003). Earlier
studies have mainly aimed to detect M. penetrans in male
populations, including healthy MSM and men who have sex
with women (MSW). In the 1990’s, shortly after the discovery of
M. penetrans, several publications highlighted its potential role in

TABLE 1 | Distribution of M. penetrans among C. trachomatis
positive rectal samples.

Gender Rectal samples, n M. penetrans Percentage (95% CI)
detected, n

Male 231 31 13.4 (9.3-18.5)

Female 62 1 1.6 (0.0-8.7)

the progression of HIV infection to AIDS and for development
of Kaposi’s sarcoma by analyzing M. penetrans antibodies in
serum samples from healthy controls and patients of different
risk groups for AIDS (Wang et al., 1992, 1993). In our study, lack
of clinical information prevented us to evaluate the association
between M. penetrans and HIV positivity.

Two studies have detected M. penetrans by PCR with a
prevalence of 1.4 and 1.6%, respectively, in urine samples from
HIV-infected individuals (Wang et al., 2012; Chen et al.,, 2015).
One of these studies also included sexually transmitted clinic
attendees and healthy controls, where the M. penetrans infection
rate was < 1% (Wang et al., 2012). An earlier study of urethral
swabs from Japanese men with and without NGU failed to
detect M. penetrans in any of the patients (Deguchi et al., 1996).
M. penetrans has been detected in rectal samples from 28 MSM
with or without NGU with 10 vs. 5.6% positives, respectively.
In addition, the study found a 10% prevalence of M. penetrans
in urethral and throat samples in the men with NGU (Taylor-
Robinson et al., 2003). Recent evidence has suggested a role
of M. penetrans in NGU, a syndrome with unknown etiology
in > 50% of cases. In search of an etiology for idiopathic
NGU, Srinivasan et al. found an association between detection
of M. penetrans and NGU by 16S microbiota analysis. They
confirmed the findings using qPCR in urine samples from
431 men with and without NGU. M. penetrans was found in
8% of men diagnosed with NGU compared to 1% in men
without NGU (Srinivasan et al., 2021). However, the association
was found only in MSM where 13% of the NGU cases were
M. penetrans positive compared to 3% of MSW with NGU. The
present study revealed a 13% prevalence of M. penetrans in male
C. trachomatis positive rectal samples. Due to the anonymization,
we are not able to determine the proportion of MSM in our
population, but it is probably nearly 100%, as rectal swabs are
rarely obtained from MSW. Among MSM, bacterial STIs are
common in the rectal site, and some studies have found a
much higher positive rate in rectal swabs as compared to urine
(Munson et al., 2021).

Due to the absence of cell wall, Mycoplasma spp. are
naturally resistant to a wide spectrum of antibiotics. The
most frequently used treatment of infection are macrolides,
tetracyclines and fluoroquinolones, however, in the urogenital
pathogen M. genitalium, several mutations associated with
macrolide and fluoroquinolone resistance have been identified
(Machalek et al, 2020). Only few isolates of M. penetrans
are available and the literature is sparse on its antimicrobial
susceptibility, however, early studies suggested that most isolates
of M. penetrans were susceptible to all three antimicrobial
classes (Hayes et al, 1995). In a more recent study, one
M. penetrans strain showed evidence of macrolide resistance
(Dufty et al., 2000). Similarly, a recent communication found
complete resistance to azithromycin on four urogenital isolates
from immunocompetent men suffering idiopathic NGU (Schwab
etal., 2021). This development suggests that macrolide resistance
in M. penetrans may be increasing over time, just as it has been
shown for M. genitalium (Machalek et al., 2020). Altogether,
these results emphasize the need for collection of contemporary
M. penetrans isolates with antimicrobial susceptibility testing and
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molecular studies to determine the basis for the resistance in this
emerging etiologic agent of NGU.

There are several limitations to our study. Due to the
anonymized nature of the samples, important clinical,
demographic and behavioral data are missing. Furthermore, it
was not possible to evaluate whether multiple samples from the
same subject were included, which could affect numbers. The
high prevalence of M. penetrans in male rectal swabs supports
the findings from previous studies of a strong link between MSM
behavioral factors and M. penetrans detection. Future research
should evaluate the role of M. penetrans as a pathogen potentially
implicated in different STIs but should emphasize differences in
sexual behavior.

CONCLUSION

The prevalence of M. penetrans in C. trachomatis positive
male rectal swabs was surprisingly high at 13%. Although
clinical data were missing because of anonymization, the
presence of M. penetrans appears to be strongly associated
with MSM behavior as suggested also in previous studies. Our
findings indicate that M. penetrans may cause coinfection with
C. trachomatis, however, the implications for symptoms and
treatment outcomes require further research.
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The human pathogen Mycoplasma pneumoniae is viable independently from
host cells or organisms, despite its strongly reduced genome with only about
700 protein-coding genes. The investigation of M. pneumoniae can therefore
help to obtain general insights concerning the basic requirements for cellular
life. Accordingly, M. pneumoniae has become a model organism for systems
biology in the past decade. To support the investigation of the components
of this minimal bacterium, we have generated the database MycoWiki. (http:
//mycowiki.uni-goettingen.de) MycoWiki organizes data under a relational
database and provides access to curated and state-of-the-art information on
the genes and proteins of M. pneumoniae. Interestingly, M. pneumoniae has
undergone an evolution that resulted in the limited similarity of many proteins
to proteins of model organisms. To facilitate the analysis of the functions of
M. pneumoniae proteins, we have integrated structure predictions from the
AlphaFold Protein Structure Database for most proteins, structural information
resulting from in vivo cross-linking, and protein-protein interactions based
on a global in vivo study. MycoWiki is an important tool for the systems
and synthetic biology community that will support the comprehensive
understanding of a minimal organism and the functional annotation of so far
uncharacterized proteins.

MycoWiki, genome annotation, essential genes, systems biology, database

Introduction

Bacteria of the genus Mycoplasma are characterized by their strongly reduced
genomes that still encode all the functions required for autonomous growth. Bacteria
such as Mycoplasma genitalium and Mycoplasma pneumoniae have genomes of only
480 and 816 kb and encode about 480 and 700 proteins, respectively. These small
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genomes have put these bacteria into the spotlight of systems
and synthetic biology, two recent disciplines in biology that aim
for a complete understanding of all processes in a living cell up
to mathematic modeling and for the creation of artificial forms
of life, respectively.

Starting with global analyses of the metabolism, gene
expression, and protein-protein interactions in 2009 (Giiell
etal., 2009; Kithner et al., 2009; Yus et al., 2009), M. pneumoniae
has become one of the model organisms of systems biology.
Many aspects of its biology such as metabolism, DNA
and protein modifications, the micro-proteome, protein
degradation, regulatory networks, and gene essentiality have
been studied at the global level as well (Schmidl et al., 2010;
van Noort et al., 2012; Lluch-Senar et al., 2013, 2015; Wodke
et al., 2013; Miravet-Verde et al., 2019; Yus et al., 2019; Burgos
et al., 2020; Montero-Blay et al., 2020). The small proteome of
M. pneumoniae facilitates the investigation of protein function
at the global scale as revealed by the first large-scale global
in vivo study of protein-protein interactions. This analysis
resulted in the visualization of important protein complexes
and in the identification of functions of so far unknown proteins
(O'Reilly et al., 2020).

In addition to its role in systems biology, M. pneumoniae
is also intensively studied due to its role as a lung pathogen
(Meyer Sauteur et al., 2014; Waites et al., 2017; Esposito
et al,, 2021). Its main virulence determinants are a specific
ADP-ribosylating and cytotoxin  (CARDS,
MPN372) (Kannan 2006; Becker et
2015), hydrogen peroxide which is produced by glycerol
phosphate oxidase (GIpO) as a product of phospholipid

vacuolating

and Baseman, al.,

and glycerol utilization (Schmidl et al., 2011; Blotz and
Stiilke, 2017), hydrogen sulfide is produced by the cysteine
desulfurase HapE during cysteine degradation (Groflhennig
et al,, 2016), and the immunoglobulin binding protein IbpM
helps the bacteria to escape the human immune system
(Blotz et al., 2020).

As a minimal pathogen, M. pneumoniae might also be
useful in fighting disease by delivering therapeutics to the
human host or by directly combatting other bacteria (Pifiero-
Lambea et al., 2015; Garrido et al,, 2021). Such applications
are favored by the fact that the genetic code used by
M. pneumoniae is unique, thus preventing horizontal gene
transfer, and by the development of methods that allow the
construction of attenuated strains by deleting the genes that
encode virulence factors. Indeed, this strategy has recently
been employed to eliminate biofilms of the harmful and
often multiresistant human pathogen Staphylococcus aureus
(Garrido et al., 2021).

The importance of M. pneumoniae as a human pathogen,
as a potential therapeutic agent, and its role in systems and
synthetic biology suggests that this bacterium will remain
the focus of intense research. This requires tools that allow
easy access to all available information on the genes and
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proteins of M. pneumoniae and their functional and regulatory
interactions. To facilitate the investigation of M. pneumoniae,
we have developed MycoWiki, a database centered around the
genes and proteins of this bacterium. This database shares
its framework with the established databases SubtiWiki and
SynWiki, which provide functional annotation of Bacillus
subtilis and the artificial minimal organism Mpycoplasma
mycoides JCVI-syn3A, respectively (Pedreira et al.,, 2022a,b).
MycoWiki presents the available information on the genes
and proteins of M. pneumoniae in a highly intuitive manner.
A vparticular focus on MycoWiki is the presentation of
links and interactions between different genes and proteins,
which allows the scientific community to develop novel
hypotheses. The information provided in MycoWiki is derived
from earlier annotations of the M. pneumoniae genome
(Dandekar et al., 2000; Wodke et al., 2015) and the published
body of knowledge.

Description of the database

MycoWiki is  built
upon the same framework as the aforementioned databases
SubtiWiki and SynWiki (Pedreira et al., 2022a,b). As a result,
the general organization of data entities and their relations

(http://mycowiki.uni-goettingen.de)

to each other, and the layout of the web pages, are the same.
However, some features are exclusive to MycoWiki, such
as the representation of cross-linking data combined with
protein structures.

The structure of MycoWiki is centered around genes and
their products. Most of the information represented in this
database is associated with a specific gene/protein, and thus
the Gene pages are the core part of MycoWiki. They integrate
the most data relating to a particular gene, but also connect
to separate web pages, for example, pages on certain groups
of genes, such as specific functional categories. The Gene page
also links to browsers, which allow exploring some aspects
of a gene or the gene product and possible interactions of
the encoded protein (such as the Expression, Interaction, and
Pathway Browsers).

The front page

The front page of MycoWiki gives access to the Gene pages
via a search bar, which can be used to query genes by unique
identifiers (Figure 1). One option is to use a gene’s narme, usually
a mnemonic of three or four letters as it is commonly the
case for bacterial genes (such as eno for enolase). Genes can
also be identified via their locus tags, which are largely based
on genome re-annotations (Dandekar et al., 2000; Lluch-Senar
etal,, 2015). For example, MPN606 is the locus tag for eno, and it
is guaranteed to never change, even if the mnemonic designation
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of the gene should be changed. In some cases, a name has not
been assigned to a gene yet, so the locus tag is the primary
identifier. Aside from these two identifiers, a full-text search of a
gene’s data is possible via the “Search” button.

Moreover, the top bar of the front page gives access to
an overview of the functional categories each gene/protein
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was assigned to, a list of essential genes, and to a random
gene page. Finally, it allows the user to log into the
database. These links also appear on all gene pages in
the right-side bar (Figure 2D, see below). Below the
search bar, links to the interactive MycoWiki browsers (see
below) are provided.
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Interaction and Pathway Browser with Eno highlighted. (A) The Pathway Browser features a curated map of metabolic reactions. Selected
enzymes and metabolites can be highlighted using the toolbar. (B) The Interaction Browser allows viewing interaction networks of genes. With
the toolbar, the size and appearance of the currently viewed network can be adjusted.
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The gene pages

In MycoWiki, the Gene pages provide access to all data
relating to a particular gene. Most of the annotation can be
directly viewed on the page, and links to browsers are provided
which investigate certain aspects of the gene in more detail.
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All gene pages share the same basic structure. Figure 2 shows
the page for eno. The top bar (Figure 2A) contains links
to the data browsers, the change history of the page, and a
log-in pop-up. It also features the search bar, which has the
same functionality as the one presented on the front page.
At the top of the main view (Figure 2B), the gene name is
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M. pneumoniae cell cultures were grown in
Hayflick rich medium as previously described
(Yus et al, 2009) and samples were taken at 24 h
intervals.

PUBMED

control
ac1

ac2
Gc3
GC4
30min HS
45min HS
50min HS

Conditions

FIGURE 5

20min HS
DNA damage
osmotic shock
minimal medium

The Expression Browser shows protein levels and transcript levels (not included in the screenshot) for genes under various conditions. Data on
additional genes can be loaded via the search bar for comparison. Here, protein levels for Eno are compared with Pyk and Pgm.

indicated as the page title. Below, a short general description
is displayed, and the name of the M. pneumoniae strain M129
is shown on the side. Next, a table summarizes some basic
information about the gene such as the locus tag, function, and
sequence information. The latter is accompanied by utility links
used to directly BLAST (Sayers et al., 2022) the nucleotide or
translated amino acid sequence. This table also features data
on the gene’s product, for example, the molecular weight and
enzyme commission number of the encoded protein. Further
down, an interactive presentation of the genomic region is
embedded in the page (Figure 2C), which allows viewing the
genomic neighborhood of the gene. It does not feature all of
the functionality of the full Genome Browser, which can be
accessed via the top bar, and which will be explained below.
On the sidebar (Figure 2D), a group of links provides access
to helpful pages. Depending on the gene and the available
data, additional interactive elements follow: the Structure Viewer
shows 3D visualizations of the protein structure and cross-
linking data, if available (see below). The Interaction overview
displays a graph of the protein-protein interactions between the
protein and its interaction partners. Proteins are represented
by nodes that can be clicked to open the corresponding gene
pages. In addition, the edges, which depict interactions, link to
relevant publications.

Further down below on the page (Figure 2E), additional
sections shed light on various aspects of the gene/protein, such
as assigned categories, genomic coordinates, details about the
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gene product, and other data. At the end of the page, a list of
relevant publications is featured (Figure 2F).

Browsers

MycoWiki and its siblings SubtiWiki and SynWiki feature
various browsers, which are interactive, graphical displays that
allow users to explore certain types of data in an intuitive
manner. When they are accessed via a gene page’s top bar, the
data corresponding to that gene are highlighted. However, data
on other genes can be easily loaded in the browsers by the use
of search bars, which allows the user to compare and contrast
information on multiple genes effortlessly. These search bars are
located in the top left corner of any browser. MycoWiki currently
features four different browsers.

The Genome Browser (Figure 3) allows the user to see the
immediate neighborhood of the gene and the orientations and
lengths of genes, scroll through the genome, and adjust the zoom
level. In addition, it includes the display of DNA and protein
sequences. Clicking on a gene displays the corresponding
sequences below the interactive genome display, where the user
can search for substrings and toggle the reverse complement
sequence. Flanking regions of genes or freely defined substrings
of the genome can be loaded via the search bar.

The Pathway Browser visualizes a curated map of
metabolic pathways and related metabolites and enzymes
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corresponding cross-links.

Fullscreen view of the Structure Viewer, which can be found on the sidebar of gene pages. It displays interactive 3D representations of available
protein structures loaded from PDB or AlphaFold DB, and can also feature visualizations of internal cross-links. Using the control panel to the
side of the view canvas, the visibility of cross-links can be toggled. The screenshot shows the AlphaFold structure prediction for eno and

Hold and drag the left mouse button
to rotate and the right button to move.
Use the wheel to zoom. Double-click
on a part of the model to focus onto
it.

v Crosslinks

Source: O'Reilly et al. (2020)

Download structures, crosslink
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Show crosslinks:

O Show only crosslinks that fit
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Crosslinks between residues are
indicated by dashed lines. Xwalk was
used for simulation of the actual
crosslinkers, which are 3D rendered in
cases where the crosslinks fit the
displayed structure.

for M. pneumoniae. In Figure 4A, the reaction catalyzed by
Eno as part of the glycolytic pathway is shown. Clicking on
enzymes in the map opens a small pop-up window featuring a
basic summary for the corresponding gene/protein. Using the
collapsible toolbar, the user can enter a full-screen mode and
select enzymes or metabolites to be highlighted.
Protein-protein interactions are important clues to
characterize proteins of unknown function. M. pneumoniae
is the first organism for which a global analysis of the in vivo
interactome was performed (O’Reilly et al., 2020). The results
and the outcome of other more protein-specific studies are
displayed in the Interaction Browser. In this browser, networks
of interacting proteins can be visualized in a dynamic and
interactive manner (Figure 4B). Similar to the corresponding
interactive element on the gene page sidebar, proteins and
their interactions are represented by nodes and edges of a
graph. However, the browser display is more flexible: the user
can rearrange nodes by dragging them with the cursor, and
other visualization options can be adjusted via the toolbar.
More proteins can be included in the display by increasing
the radius, and the distance between nodes on the screen is
controlled by the spacing setting. In addition, specific proteins
can be highlighted, and the color scheme can be adjusted via
the “Settings” button. Left-clicking nodes open a summary
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pop-up window, while right-clicking somewhere on the
screen triggers a context menu. The latter features options to
export the displayed interaction network as an image or to
download the corresponding list of interactions. In the top
left corner, an info box displays the currently viewed gene,
the radius of the network, and the proportion of proteins
contained in the network.

With the Expression Browser (Figure 5), the user can
investigate protein and transcript levels (not shown) of
genes/proteins under different conditions (Yus et al., 2009;
Maier et al, 2011). Additional genes can be dynamically
loaded for comparison using the search bar, and descriptions
of the individual conditions are available by clicking on
the corresponding data points. Options for data export are
provided as well.

Structure viewer

MycoWiki introduces a new 3D protein structure viewer
(Figure 6), which is not yet present in either SubtiWiki or
SynWiki. It is able to load and display structures from the
Protein Data Bank (PDB) (Burley et al., 2019) and structure
predictions from the AlphaFold Protein Structure Database
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TABLE 1 List of top-level categories and their subcategories used in
MycoWiki, and the number of genes assigned to each of them.

Subcategory Number of
genes
Cellular processes Cell envelope and cell division 2
Homeostasis 14
Transporters 64
Movement and adhesion 31
Metabolism Amino acid acquisition and 18
metabolism
ATP synthesis 11
Carbon metabolism 47
Cofactor acquisition 14
Sulfur metabolism 2
Lipid metabolism 18
Nucleotide metabolism 21
Phosphate metabolism 5
Detoxification reactions 6
Information Genetics 60
processing
RNA synthesis and degradation 23
Protein synthesis, modification 188
and degradation
Regulation 11
Virulence and Virulence and pathogenicity 4
pathogenicity
Groups of genes Membrane proteins 188
Secreted proteins 1
Essential genes 332
Conditional essential genes 58
Universally conserved proteins 1
Poorly characterized enzymes 44
Proteins of unknown function 195

(Varadi et al., 2022). In addition, it features the visualization of
internal cross-links based on data from a global in vivo study of
protein-protein interactions (O’Reilly et al., 2020).

A minimized form of the Structure Viewer can be found
on the gene page sidebar. While it features full functionality, a
full-screen view is also available (shown in the figure), which
includes information on how to control the viewer. By using the
arrow icons, the user can cycle through the available structures
of a protein, which are also found in the main body of the gene
page in the section “The protein > Structure.” An info text in
the bottom left corner indicates the currently viewed structure,
and also links to the respective PDB or AlphaFold DB page.
The user can choose different molecular representation styles
from the drop-down selection in the upper left corner, such as
renderings of the protein surface indicating hydrophobicity or
electrostatic values. The visualization of structures and cross-
links is performed with NGL Viewer, a web-based tool for
molecular 3D graphics (Rose and Hildebrand, 2015). To the
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side of the viewer, additional information is displayed, including
instructions about how to control the viewer and further details
about the structure, if available.

As shown in the figure, visualization of cross-linking data
is also available in MycoWiki. The data result from a large-
scale in vivo study (O’Reilly et al, 2020), in which whole-
cell cross-linking mass spectrometry with two different cross-
linkers (DSS and DSSO) was performed. For the Structure
Viewer, only internal (intraprotein) cross-links were extracted
and mapped to the AlphaFold structure predictions of the
corresponding proteins. Of the 686 predictions assigned to
MycoWiki genes, internal cross-links were available for 441
structures. Cross-linked residues of a protein are highlighted
in the viewer by dashed lines indicating the Euclidean distance
between them. Furthermore, if the distance between the cross-
linked residues is smaller than the spacer arms of the respective
cross-linker, a molecular 3D representation of the linker is
fitted to the structure. This representation was calculated and
rendered using the program Xwalk, which determines the
Solvent Accessible Surface Distance (SASD) between cross-linked
amino acids (Kahraman et al, 2011). It corresponds to the
shortest path between them only using solvent-occupied space,
without passing through the protein surface. For DSS and
DSSO, distances of 11.4 and 10.1 A, respectively, plus a 1.5 A
tolerance were chosen as the maximum distance for which they
could be fitted to the structure. In the Structure Viewer, the
visibility of the different distance representations can be toggled
via controls at the side of the viewer panel. In addition, a
download link for an archive file of all structures and cross-link
data is provided.

Implementation and data

The MycoWiki platform shares its framework with its
predecessor SubtiWiki (Pedreira et al, 2022b). Accordingly,
it is implemented using the same custom PHP backend
framework and frontend functionality, and uses MySQL for
its relational database. The application is hosted with Apache
HTTP Server. Some differences SubtiWiki and SynWiki exist
in presentation due to differing availability of data for
the corresponding organisms, and some frontend features
slightly vary in design.

MycoWiki contains a mixture of manually curated
information, which is gathered from recent publications and
evaluated by experts, and individual bulk data imports from
existing data sources, such as other databases or published
experimental data. The platform received a lot of its original
annotation from the database MyMpn (Wodke et al., 2015),
which was discontinued in 2020. With its structure similar to
the one of MycoWiki, many parts of MyMpn could be directly
adopted, such as genomic coordinates, enzyme commission
numbers, and post-translational modifications. The main body
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Organism Protein name Identity Similarity Bid;:?;?{' ol
Mycoplasma genitalium Eno 79.7% 94.6% Yes
Mycoplasma mycoides spp mycoides Eno 59.2% 77.5% Yes
JCVI Syn3A JCVISYN3A_0213 59.1% 77.5% Yes
Mesoplasma florum Eno 56.2% 76.6% Yes
Acholeplasma laidlawii Eno 54.9% 79.8% Yes
Bacillus subtilis Eno 54.3% 80.2% Yes
Listeria monocytogenes Eno 54.3% 80.5% Yes
Streptococcus pneumoniae Eno 53.7% 80.0% Yes
Clostridium acetobutylicum Eno 53.6% 79.6% Yes
Corynebacterium glutamicum Eno 53.7% 77.4% No
Streptomyces coelicolor Eno1 52.8% 77.3% Yes
Escherichia coli Eno 55.3% 79.8% Yes
Prochlorococcus marinus Eno 53.1% 79.0% Yes
Synechococcus elongatus Eno 57.1% 78.1% Yes
Synechocystis sp Eno 55.6% 77.5% Yes
Borrelia burgdorferi Eno 56.4% 80.6% Yes

FIGURE 7

Protein homology table for Eno. Best BLAST hits for 16 representative related organisms are featured, and scores on identity and similarity are

provided.

of information on protein-protein interactions comes from a
global in vivo study (O’Reilly et al., 2020).

Similar to SubtiWiki and SynWiki, a specialized set of
categories was conceived for MycoWiki. They are represented by
a tree-like structure that classifies genes by their functions, but
also groups them according to their localization, essentiality, or
quality of characterization, among others. Table 1 shows the five
top-level categories and their immediate subcategories, while
lower-level subcategories are omitted. The main part of the
categories has been adapted from SynWiki, however, “Virulence
and pathogenicity” has been added as a top-level category to
help characterization of the organism as a pathogen.

As in SubtiWiki and SynWiki, a list of precomputed best-
hit protein homologs in selected related bacteria based on a
FASTA pipeline (Pedreira et al,, 2022b) has been added to
each protein. A specialized page with a corresponding table
(Figure 7) can be accessed from the “Homologs” section on
any gene page. In total, 16 species were deemed representative
of protein homologies, among them Mpycoplasma genitalium,
Mpycoplasma mycoides subsp. mycoides, the artificial synthetic
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organism M. mycoides JCVI Syn3A, Escherichia coli, and
Bacillus subtilis. Identity and similarity scores are given for
each potential homolog, and an indication as to whether the
homolog in question is also the best hit for the protein in the
other direction.

To keep functional genome annotation up to date, joint
efforts of the corresponding scientific community are required.
Therefore, MycoWiki is open to contributions from all scientists
in the field of Mycoplasma research. This is a major distinctive
feature as compared to other databases that include information
on M. pneumoniae. In addition, MyMpn, as mentioned above,
has not received updates in the past years. BioCyc, a large
suite of databases for many species including M. pneumoniae
(Karp et al, 2019), is only available behind a paywall after
very few pages access whereas MycoWiki is freely accessible to
the scientific community. Finally, PATRIC, the Pathosystems
Resource Integration Center (Davis et al.,, 2020), has a strong
focus on genes rather than proteins. Thus, we are confident
that MycoWiki will become a valuable tool for the Mycoplasma
research community.
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Curation and community

To further enhance the
MycoWiki, the Mycoplasma

invited to register and participate in the curation of the

information provided in
research community is
database. While access to the complete contents is free
for everyone, only registered users are able to log in
and contribute. The entries will be curated by the team
behind MycoWiki to ensure continuous high quality of the
information provided.

Future perspectives

With MycoWiki, we have released a new comprehensive
the
M. pneumoniae. It utilizes the popular framework of SubtiWiki

model organism database for minimal bacterium
to facilitate intuitive exploration of the available annotation.
Particular focus is put on the interactions between different
genes and proteins, which may support the scientific community
in the development of novel research hypotheses. Customized
categories are used to classify the functions and other
qualities of genes and their products concisely. In addition,
the inclusion of a homology analysis could help to infer
the functional annotation of genes. AlphaFold structure
predictions have been assigned for the proteins, allowing a
visual representation even in cases where no experimentally
determined structure exists. While the rendering of internal
cross-links for these structures can give an idea about the
quality of the prediction, interprotein cross-links could be
integrated in the future to explore the interaction between
proteins in more detail. We hope that MycoWiki will
become a valuable tool for the M. pneumoniae research
community, and in turn an asset to the ongoing systems
and synthetic biology research. Moreover, the wealth of
information provided in MycoWiki and the easy access to
classes of proteins based on the categories will help in the
further development of M. pneumoniae as a chassis to target
therapeutical compounds.

For the family of databases that includes MycoWiki,
Subtiwiki, and SynWiki, we will develop novel features
including protein-RNA, RNA-RNA, and protein-metabolite
interactions  that the
of the databases.

will ~ certainly enhance value
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PI3K-Akt-mTOR-dependent
pathway
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Yue Wang?, Jian Gao?, Dong Wang?, John P. Kastelic* and
Bo Han™

'Department of Clinical Veterinary Medicine, College of Veterinary Medicine, China Agricultural
University, Beijing, China, 2College of Life Science, Ningxia University, Yinchuan, China,
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Although autophagy can eliminate some intracellular pathogens, others,
e.g., Staphylococcus aureus, Salmonella, Mycoplasma bovis, can evade it.
The phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/mammalian
target of rapamycin (MTOR) pathway, a key regulator of autophagy, is
involved in initiation and promotion of a range of pathological diseases. As
the effects of M. bovis on the autophagic pathway are not well documented,
our objective was to elucidate the effects of M. bovis infection on the PI3K-
Akt-mTOR cellular autophagic pathway in bovine mammary epithelial cells
(bMECs). Ultrastructure of bMECs infected with M. bovis was assessed with
transmission electron microscopy, co-localization of LC3 puncta with M.
bovis was confirmed by laser confocal microscopy, and autophagy-related
indicators were quantified with Western blotting and RT-PCR. In M. bovis-
infected bMECs, intracellular M. bovis was encapsulated by membrane-like
structures, the expression level of LC3-Il and Beclinl protein decreased at
the middle stage of infection, degradation of SQSTM1/P62 was blocked,
autophagy of bMECs was inhibited, and PI3K-Akt-mTOR protein was
activated by phosphorylation. Furthermore, the tumor suppressor PTEN
can inhibit the PI3K-Akt signaling pathway through dephosphorylation of
phosphatidylinositol 3,4,5-trisphosphate and may be important for cellular
resistance to infection. In the present study, the number of intracellular M.
bovis was inversely related to the change in the level of autophagy markers
(e.g., LC3-1l, SQSTM1/P62) within host cells induced by the low knockdown
of Akt or PTEN. We concluded that M. bovis-infected bMECs alleviated
cellular autophagy through a PI3K-Akt-mTOR pathway, and that PTEN
acted as a protective gene regulating autophagy, a key step in controlling
infection.

KEYWORDS

Mycoplasma bovis, bovine mammary epithelial cells, autophagy, PI3K-Akt-mTOR
pathway, PTEN

frontiersin.org
69


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.935547%EF%BB%BF&domain=pdf&date_stamp=2022-07-26
https://www.frontiersin.org/articles/10.3389/fmicb.2022.935547/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.935547/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.935547/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.935547/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.935547/full
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.935547
mailto:hanbo@cau.edu.cn
https://doi.org/10.3389/fmicb.2022.935547
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Xu etal.

Introduction

Mycoplasma bovis is a devastating pathogen in dairy cows

worldwide, causing pneumonia, arthritis, mastitis, and
keratoconjunctivitis (Maunsell and Chase, 2019). Its control is
complicated by increasing antimicrobial resistance and a lack of
effective vaccines (Gautier-Bouchardon et al., 2014; Perez-Casal,
2020). Therefore, better understanding of M. bovis pathogenesis
and immune evasion are needed for evidence-based control.
Autophagy is a lysosome-dependent and ubiquitous self-
digestion process in eukaryotic cells (Kim et al., 2018). In addition,
intracellular pathogens can be targets of selective autophagy
(xenophagy) that

heterologous components to lysosomes for degradation to control

recognizes, captures, and transports
infection (Mostowy, 2013). Microtubule-associated protein light
chain 3 (Atg8/LC3) is the most widely monitored autophagy-
related protein, the protein diffusely distributed in the cytoplasm,
is linked to target substrates (Mizushima and Yoshimori, 2007).
The SQSTM1/P62 protein serves as a link between LC3 and
SQSTM1 and SQSTMI1-bound

polyubiquitinated proteins become incorporated into the

ubiquitinated substrates.
completed autophagosome and are degraded in autolysosomes,
thus serving as a readout of autophagic degradation (Bjorkoy
et al., 2005). BECN1/Atg6 and PIK3C3/VPS34 are essential
partners in the autophagy interactome that signals the onset of
autophagy, and many researchers use BECN1 as a way to monitor
autophagy (Yang and Klionsky, 2010). However, some pathogens
can evade degradation by autophagy or even inhibit autophagy
(Choy and Roy, 2013; Huang and Brumell, 2014). For example,
M. bovis can invade various host cells, including epithelial or
immune cells (Josi et al., 2018; Liu et al., 2020). In addition,
Mycoplasma hyopneumoniae infection can induce incomplete
autophagy in host cells, which enhances its ability to multiply in
host cells (Wang et al., 2021b). Furthermore, we reported M. bovis
promoted replication by blocking its delivery to autophagosomes
and lysosomes (Liu et al., 2021).

Several cell signaling pathways are linked to regulation of
autophagy, including the phosphoinositide 3-kinase/protein
kinase B (Akt)/mammalian target of rapamycin (PI3K-Akt-
mTOR) signaling pathway. Furthermore, the first class of PI3Ks
(PI3K-I) activates Akt and mTOR activity to inhibit cellular
autophagy by triggering phosphorylation of Akt and mTOR
(Farrell et al., 2013). Inhibition of the PI3K-Akt-mTOR signaling
pathway can affect post-infection inflammatory, apoptotic, and
autophagic responses, protecting host cells from various
pathogens, including Mycobacterium tuberculosis (Lachmandas
et al., 2016), Legionella pneumophila (Abshire et al., 2016), and
Listeria monocytogenes (Gessain et al., 2015). In addition, M. bovis
infection of dairy mammary tissue up-regulated the mRNA
expression level of PI3K-Akt signaling pathway (Ozdemir and
Altun, 2020).

The phosphatase and tensin homolog deleted on chromosome
ten (PTEN), a lipid phosphatase, inhibits the PI3K-Akt-mTOR
signaling pathway, mainly through dephosphorylation of
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phosphatidylinositol 3,4,5-trisphosphate; furthermore, expression
of exogenous PTEN in PTEN mutant cells restores the normal
pattern of PKB/Akt phosphorylation (Dempsey et al., 2021; He
etal, 2021). A deficiency of PTEN hypersensitizes multiple cell
types to Mycoplasma and Mycobacterium bovis infections and the
lipid phosphatase activity of PTEN is required to attenuate
infection (Huang et al., 2012). Thus, influencing cellular autophagy
by modulating key autophagic signaling pathways is an important
novel clearance strategy against intracellular pathogen invasion.
However, effects of Mycoplasma infection on autophagy signaling
pathways are not well understood.

The objective was to determine the role of PTEN/PI3K-Akt-
mTOR signaling pathway in M. bovis infection, using an in vitro
model with bovine mammary epithelial cells (bMECs). This is
apparently the first report showing that M. bovis regulates cellular
autophagy through the PTEN/PI3K-Akt-mTOR pathway.

Materials and methods
Statement of ethics

This study was conducted in accordance with ethical guidelines
and standard biosecurity and institutional safety procedures of
China Agricultural University (CAU; Beijing, China). Prior to the
start of the study, ethical approval was granted by the Departmental
Committee of the College of Veterinary Medicine, CAU.

Antibodies and reagents

Enhanced Cell Counting Kit-8 (CCK-8), Ad-GFP-LC3B, Dil
(1,1"-dioctadecyl-3,3,3",3’-tetramethylindocarbocyanine
perchlorate), Bicinchoninic acid (BCA) protein assay kit, and
radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime
Biotechnology) were all purchased from Beyotime (Shanghai,
China). The pleuropneumonia-like organism (PPLO) broth was
from BD Biosciences (San Jose, CA, United States), whereas Fetal
Bovine Serum (FBS), Dulbecco’s modification of Eagle’s medium
(DMEM) with high glucose and Opti-MEM were from Gibco
(Grand Island, NY, United States). Horse serum was purchased
from Hyclone (Logan, UT, United States). Penicillin G,
amphotericin and bovine serum albumin (BSA) were from
Coolaber (Beijing, China). Dimethyl sulfoxide (DMSO) was
acquired from Sigma-Aldrich Chemical (Sigma, St. Louis, MO,
United States). The pan-ErbB inhibitor CI-1033 was purchased
from MedChemExpress (Monmouth Junction, NJ, United States).
TransScriptFirst-Strand complementary DNA (cDNA) Synthesis
SuperMix and SYBRGreen PCR Core Reagents were purchased
from TransGenBiotech (Beijing, China). Trizol Reagent was
bought from Invitrogen (Carlsbad, CA, United States). Small
interfering RNA (siRNA) against the Akt, PTEN, negative-
control siRNA, and siRNA-mate transfection reagent were all
purchased from GenePharma (Shanghai, China). Polyvinylidene
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difluoride membrane was from Millipore (Bedford, MA,
United States). Glutaraldehyde, 2.5% (EM Grade), coverslips, and
4',6-Diamidine-2’-phenylindole dihydrochloride (DAPI) were all
purchased from Solarbio (Beijing, China). An enhanced
chemiluminescence (ECL) kit was obtained from Thermo Fisher
Scientific Pierce (Rockford, IL, United States). Anti-PTEN
antibody (Catalogue number: 22034-1-AP), anti-mTOR antibody
(Catalogue number: 28273-1-AP), anti-Beclin1 antibody (11306-
1-AP), anti- Sequestosome 1 (SQSTM1/p62) antibody (Catalogue
number: 18420-1-AP), anti-p-actin antibody (Catalogue number:
66009-1-Ig), anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) antibody (Catalogue number: 60004-1-Ig), anti-mouse
Ig G-horseradish peroxidase (HRP; Catalogue number:
SA00001-1), and Goat anti-rabbit IgG (Catalogue number:
SA00001-2) were all purchased from Proteintech (Chicago, IL,
United States). Anti-LC3B antibody (#3868), anti-Akt antibody
(#9272), Anti-p-PI3 Kinase p85 (Tyr458)/p55 (Tyr199; #17366),
Anti-p-Akt (Serd73; #4060), Anti-p-mTOR (Ser2448; #5536)
were from Cell Signaling Technology (Danvers, MA,
United States).

Mycoplasma bovis strain and cell culture

M. bovis strain PG45 (ATCC 25523) was purchased from the
ATCC. For infection experiments, M. bovis was cultured in PPLO
broth with 20% horse serum and penicillin (1001U/1) in 5% CO,
at 37°C for 72 h. The PPLO broth was prepared by dissolving 10.5g
of Difco PPLO medium (BD Biosciences) and 1g of yeast extract
(BD Biosciences) in 400 ml ultrapure water, then autoclaving it at
121°C for 30min. M. bovis was collected by centrifugation
(6000 x g for 15min) and then washing with phosphate-buffered
saline (PBS). The number of colony forming units was determined
by performing 10-fold serial dilutions in PBS and subsequently
spotting on PPLOA plates (Biirki et al,, 2015), prepared by
supplementing PPLO broth with 20% horse serum and 0.75%
agar. Bacteria were suspended in PBS to a cell density of 10°
colony-forming units per milliliter (CFU/mL), and the suspension
was stored at —70°C until use (Gondaira et al., 2021). A line of
bovine mammary epithelial cells (bMECs; MAC-T; Shanghai
Jingma Biological Technology Co., Ltd., Shanghai, China) was
cultured in cell culture plates (Corning Inc., Corning, NY,
United States) in DMEM supplemented with 10% FBS at 37°C
with 5% CO,. In all experiments, bMECs were allowed to grow
and adhere for 24 h in culture medium prior to being infected with
M. bovis. The bMECs were seeded at a concentration of 1x10°
cells/mL in 6-well plates (2 ml per well) 24 h prior to experiments.

Cell infection and gentamicin protection
assay

When bMECs cultured in a 6-well plate reached 60-70%
confluence, the bMECs were inoculated (time=0h) with
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M. bovis PG45 strain at a multiplicity of infection (MOI) of
1:30. After infection at 37°C for 1h, the inoculum was removed
and cells were washed twice with autoclaved PBS, 2 ml/well, to
remove non-adherent M. bovis. Thereafter, all extracellular
M. bovis was killed by adding 2 ml/well DMEM with 400 pg/ml
gentamicin for 2h at 37°C (time =2h). Cells were again washed
as described above. Finally, fresh DMEM with 10% fetal bovine
serum (FBS) and 10pg/ml gentamicin was added to the
infected cells, 2 ml/well (time=1h).

Enumerating intracellular Mycoplasma
bovis

At designated time points, cells were washed 3 times with PBS
after treatment, as described above, and CFU enumerated as
described (Biirki et al., 2015). Cells were detached from plates
with a 23-gauge needle and syringe, and bacterial concentrations
confirmed by plating 10-fold serial dilutions (Biirki et al., 2015).
To enumerate CFU, M. bovis in each cell well were counted, with
six repeats on plates.

Transfection

Transfection with GFP-LC3B has been widely used to
monitor autophagy or co-localization with cargo (Klionsky et al.,
2021). Ad-GFP-LC3B, an adenovirus expressing GFP-LC3B
fusion protein (Klionsky et al., 2021), was used, in accordance
with manufacturer’s instructions, to transfect bMECs. Briefly,
bMECs were seeded on 6-well plates with coverslips, followed by
incubation in 5% CO, at 37°C for 12h. When bMECs density was
40-50% confluence, cells were infected with Ad-GFP-LC3B at
MOI of 1:10 in DMEM containing 10% FBS. Then, cells were
incubated in 5% CO, at 37°C for 24 h.

To knock down Akt and PTEN, specific small interfering
RNA (siRNA) duplexes targeting the bovine Akt and
PTEN gene and 2 siRNA negative controls were purchased
from GenePharma (Shanghai, China). First, 2.5nmol Akt
and PTEN siRNA and control siRNA were dissolved in
125l of DEPC water and stored at —70°C. Then, Akt and
PTEN siRNA and control siRNA stock solution were diluted
in Opti-MEM medium and diluted siRNA was added to
siRNA-mate reagent and incubated for 10 min in Opti-MEM
(2 pl of Akt and PTEN siRNA and control siRNA, 200 pl of
Opti-MEM medium, and 4 pl of siRNA-mate reagent). Cells
were treated with an siRNA directed against Akt, PTEN and
the scrambled control siRNA (final concentrations, 25nM)
using siRNA-mate reagent in Opti-MEM without serum,
After 6h,
transfection medium was removed and 2ml of DMEM
supplemented with 10% FBS at 37°C with 5% CO, was added
to recover cell growth for 48h. Subsequently, cells were
infected with M. bovis.

according to manufacturer’s instructions.
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Induction of autophagy

Epidermal growth factor receptor (EGFR) is located on the
cell surface and induces PI3K activation. To reduce PI3K
signaling in bMECs without completely inhibiting intracellular
PI3K function, we selected the pan-ErbB inhibitor Canertinib
(CI-1033), a potent EGFR inhibitor, to treat cells prior to
infection. The bMECs were inoculated into 6-well plates for 24 h,
CI-1033 (1 pM) was added to the culture medium and co-cultured
for 1 h. Moreover, effects of CI-1033 on M. bovis viability were
determined. Specifically, 1x 10° CFU/ml M. bovis was incubated
in PPLO medium with 20% horse serum, with or without
CI-1033. The CFU of M. bovis was determined as described
above, after incubation in 5% CO, at 37°C for 24 h. Effects of
CI-1033 on viability of bMECs were evaluated with CCK-8 assays
(Geng et al., 2020). Briefly, bMECs were seeded in 96-well plates
(1x10* cells/well) in 100pl DMEM with 10% FBS. After
incubation in 5% CO, at 37°C for 24h, cells reached 60-70%
confluence. Cells were treated with CI-1033 (1 pM in DMEM
with 10% FBS) or nothing (Control), followed by 24 h incubation
in 5% CO, at 37°C. Then, fresh DMEM containing 10% CCK-8
was placed in the well, cells were incubated in 5% CO, at 37°C for
2h and optical density was determined with a microplate reader
(Bio-Rad, Hercules, CA, United States) at 450 nm. The density of
treated cells relative to control cells was calculated.

Western blotting

At designated time points, cells were washed 3 times with
PBS and total protein extracted with RIPA lysis buffer on ice. The
liquid was centrifuged at 12,000xg for 20min. Protein
concentrations were determined with a BCA protein assay Kkit,
according to manufacturer’s instructions. For each sample, equal
amounts of protein were separated by electrophoresis on 8 and
12% sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE).
Subsequently, proteins were transferred onto a PolyVinyliDene
Fluoride (PVDF) using a semi-dry blotting system. Blots were
first blocked with 5% skim milk in 0.1% Tris buffered saline-
Tween-20 (TBST), pH 7.4 at room temperature for 2 h, followed
by 3 washes in TBST for 10 min each. After blocking, membranes
were incubated with specific primary antibodies overnight at
4°C. After 3 washes in TBST for 10 min each, membranes were
probed with HRP-conjugated secondary antibody for 1h at room
temperature. Signals were detected using an ECL-Plus Western
blot detection system and band density analyzed with Image]J
(National Institutes of Health, Bethesda, MD, United States).

RNA extraction, cDNA synthesis and
real-time PCR

At the various time points indicated, bLMECs were harvested
with 1ml TransZol Up lysis solution and total RNA was
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extracted with a total RNA extraction kit (TransGen Biotech),
according to manufacturer’s instructions. The ¢cDNA was
synthesized using TransScript® II All-in-One First-Strand
cDNA Synthesis SuperMix for PCR (One-Step gDNA Removal;
TransGen Biotech). To verify that the extracted RNA was free
of DNA contamination, a control group without reverse
transcriptase was set up while reverse transcribing the RNA
samples into cDNA, which was detected by PCR amplification
and 1% agarose gel electrophoresis to ensure the absence of
DNA contamination. Both RNA and ¢cDNA were quantified
with a NanoDrop One spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, United States). For autophagy-
associated genes, mRNA expression levels were verified with
real time PCR, as follows: pre-denaturation at 94°C for 2 min,
followed by 40cycles of denaturation at 95°C for 5s, and
annealing at 60°C for 60s using the Applied Biosystems
StepOnePlus Real Time PCR system (Thermo Fisher Scientific).
For melt curve analysis, PCR products were heated from 55 to
95°C, with the fluorescence signal assessed every 0.5°C to verify
primer specificity. Cycle threshold (Ct) values were determined
with StepOne TM Software version 2.3 (Thermo Fisher
Scientific). In this study, ACt=Ct target gene—Ct endogenous
control (arithmetic mean of the reference gene), whereas
AACt=ACt sample — Ct control (uninfected cells). To visualize
impacts of M. bovis on responses of target genes in bMECs,
relative mRNA expression data were presented as 2 — AACt.
Real-time quantitative PCR was used to amplify 100ng of
cDNA using the following pairs of primers: cattle Akt upstream
primer 5’-ggcacatcaagatcaccgac —3” and down-stream primer
5’-tcctggttgtagaagggcag-3° (NCBI  Reference Sequence:
NM_173986.2); cattle SQSTM1/P62 upstream primer 5'-tctgccc
tgactacgaccta-3” and down-stream primer 5’-cccaaagtgcccatg
tttca-3" (NCBI Reference Sequence: NM_176641.1); cattle LC3B
upstream primer 5’-gtccgacttatccgagagea-3” and down-stream
primer 5’-tggacacactcaccatgcta-3” (NCBI Reference Sequence:
NM_001001169.1); cattle Beclinl upstream primer 5'-actgg
acacgagcttcaaga-3” and down-stream primer 5’-agatgcctcccc
aatcagag-3’ (NCBI Reference Sequence: NM_001033627.2);
cattle GAPDH upstream primer 5'-aaggccatcaccatcttcca-3" and
down-stream primer 5’-tcacgcccatcacaaacatg-3” (NCBI
Reference Sequence: NM_001034034.2). For these studies,
GAPDH was the reference gene.

Transmission electron microscopy

The bMECs were removed with a cell scraper and
centrifuged at 1000 x g for 5min. Cells were washed twice with
PBS, fixed with 2.5% glutaraldehyde for >2h, then fixed in 1%
osmium tetroxide for 2h at 4°C. After dehydration in a graded
ethanol series, samples were embedded in epoxy resin-acetone
mixtures for 2h, followed by immersion in a pure resin
solution overnight at 37°C. After polymerization, ultrathin
sections (50 ~ 70 nm) were cut, stained with saturated uranyl
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acetate in 50% ethanol and lead citrate, and examined with a

transmission electron microscope (JEM-1400, JEOL,

Tokyo, Japan).

Confocal laser microscopy inspection

To
genes with intracellular M. bovis, LC3B and M. bovis were
2021).
M. bovis was collected by centrifugation (6,000 x g, 15 min)

assess co-localization of autophagy-associated

detected by confocal laser microscopy (Liu et al.,

washed with PBS, pre-stained with Dil cell membrane red
fluorescent probe (10 uM) for 20 min, protected from light,
centrifuged again at 6000x g for 15min, washed 3 times
with PBS, resuspended in DMEM, and then used to infect
bMECs that had been pre-seeded in 6-well plates containing
Cells were fixed with 4%
paraformaldehyde for 15min at room temperature, then

coverslips. on coverslips
washed 3 times with PBS. Finally, coverslips were stained with
fluorescence mounting medium containing DAPI and
mounted on glass slides. Images were captured with a Nikon
A1 LFOV confocal microscope at laser wavelengths of 405,
561 and 488 nm. Pixel co-localization analysis of specific
regions within cells was performed using Pearson’s correlation
coefficient using Image ] software with JaCoP plug-in.
Representative cells were selected and photographed. There
were 20 cells per sample and at least 60 cells per group for
statistical analysis.

10.3389/fmicb.2022.935547

Statistical analyses

All assays were repeated 3 times independently, unless
otherwise stated. To calculate the p values, a one-way analysis of
variance (ANOVA) with Dunnetts post-hoc test was used for
Figures 1D-F, 2C-F 3B, whereas a two-way ANOVA with
Bonferroni posttest was used for Figures 4C,D, 5C,D, 6C,D. All
statistical analyses were done with SPSS 26.0 software (IBM Corp.,
Armonk, NY, United States) and histograms produced with
GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego, CA,
United States). Data were expressed as mean + standard deviation

(SD) and p<0.05 was considered significant. Significant
differences were designated as follows: “p>0.05; *p<0.05;
**p<0.01; and ***p<0.001.

Results

Mycoplasma bovis infection increases the
levels of autophagic markers in bMECs

To determine whether M. bovis infection affects cellular
autophagy, transmission electron microscopy (TEM) was used
to assess ultrastructure of bMECs infected with the M. bovis
strain PG45. Numbers of autophagosome-like membrane
vesicles were increased in the cytoplasm of M. bovis-infected
bMECs (Figures 1Aa-c), with some M. bovis sequestered in
these membrane vesicles (Figure 1Ad). In contrast, similar
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FIGURE 1

*p<0.05; **p<0.01; ***p<0.001.

M. bovis infection induced autophagy in bMECs. (A) Ultra-microstructure observations of intracellular M. bovis, bMECs control (a) or M. bovis strain
PG45 infected at an MOI of 30 for 3 h (c); the black arrow is an autophagosome-like membrane vesicle. Control and M. bovis-infected cells were
fixed and processed for electron microscopy. Scale bars, 2 pm (a,c) and 1 pm (b,d). (B,C) bMECs were control or infected with M. bovis (MOI=30)
for 0, 3, 6,9, 12, and 24 h. At the end of the infection, expression levels of LC3, SQSTM1, Beclinl, ATG5, and p-actin (loading control) were analyzed
by Western blotting with specific antibodies. (D—G) Relative quantification of LC3-Il, SQSTM1, Beclinl, ATG5 protein levels compared to LC3-I or
B-actin protein levels was determined by densitometry, and the ratio of M. bovis infected group to control group protein levels was calculated.

(H) Ad-GFP-LC3B transfected bMECs for 24 h and then cells were infected with M. bovis (stained red with Dil, MOI=30). Cells were fixed and
nuclei counterstained with DAPI prior to confocal laser microscopy. Scale bars: 20 pm. Data represent mean+SD of 3 independent experiments.
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The role of PTEN/PI3K-Akt-mTOR pathway in M. bovis affecting autophagy in bMECs. (A,B) bMECs were control or infected with M. bovis
(MOI=30). Cells were harvested at 0, 3, 6, 9, 12, and 24 h and then Western blotted with anti-PTEN, anti-p-PI3K, anti-p-mTOR, anti-mTOR, anti-p-
Akt, anti-Akt, and anti-p-actin (loading control) antibodies. (C) PTEN protein levels relative to p-actin were determined by densitometry. (D) p-PI3K
protein levels relative to f-actin were determined by densitometry. (E) p-mTOR levels relative to mTOR were determined by densitometry. (F) p-Akt
levels relative to Akt were determined by densitometry. The ratio of M. bovis infected group to control group protein levels was calculated. Data
represent the mean+SD of 3 independent experiments. *p<0.05; **p<0.01.

vesicles were rarely seen in uninfected cells (Figure 1Aa). To
further determine whether autophagy can be triggered by
M. bovis infection, we next examined bMECs autophagy-
associated protein LC3, SQSTM1/P62, Beclinl, ATGS5 levels,
important hallmarks of autophagy, using Western blotting
analyses. LC3-II protein levels were increased at 3h of M. bovis
infection (Figures 1B-D). Levels of SQSTM1 protein were
decreased in infected cells at 3h (Figures 1B,C,E). Furthermore,
Beclinl was higher at 3h (Figures 1B,C,F).

In addition, we further determined the localization
relationship between the autophagosomal marker LC3B
and M. bovis in bMECs by confocal laser microscopy.
M. bovis infection significantly enhanced LC3B (green) punctate
staining signals distributed throughout the entire cytoplasm
(Figure 1G), whereas control bMECs exhibited a faint diffuse
staining pattern and limited LC3B punctate accumulation.
Moreover, M. bovis (stained red with Dil) signals in infected
bMECs displayed punctate accumulation, and the M. bovis red
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fluorescent punctate staining was highly co-localized with LC3B
green fluorescent punctate staining. Thus, M. bovis infection was
capable of causing autophagy in bMECs.

The role of PTEN/PI3K-Akt-mTOR
pathway in Mycoplasma bovis inhibiting
autophagy in bMECs

The PI3K, Akt and mTOR kinase-dependent signaling
pathway controls autophagy. The PTEN protein, a phosphatase for
the second messenger phosphatidylinositol 3,4,5-triphosphate, is
required for activation of the Akt kinase in the PI3K-Akt pathway.
Decreased SQSTM1 protein at 3h was attributed to autophagic
degradation, whereas gradually restored levels of SQSTM1
implied that the autophagy flux was blocked at 6 to 12h
(Figure 1E). Meanwhile, LC3-II and Beclinl protein expression
levels returned to normal at 6h of infection (Figures 1D,F). To
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FIGURE 3
PTEN promoted autophagy of bMECs by inhibiting PI3K-Akt—mTOR pathway to suppress replication of M. bovis. (A) bMECs were transfected with
siRNA-Akt (25 nM) and siRNA-PTEN (25 nM) for 48 h and then infected with M. bovis (MOI=30). Co-localization of LC3B (green) with M. bovis (red)
was detected by confocal microscopy at 6 h post-infection. Cell nuclei were counterstained with DAPI. Scale bar: 10 and 20 pm. (B) Comparison
of intracellular replication of M. bovis in bMECs with downregulated Akt or PTEN status. bMECs were transfected with siRNA-Akt (25 nM) and
SiRNA-PTEN (25 nM) for 48 h and then infected with M. bovis (MOl =30); the intracellular M. bovis load was measured at 3, 6, 12, and 24 h
postinfection. Data represent mean+SD of 3 independent experiments. *p<0.05; ***p<0.001.

determine whether PTEN/PI3K-Akt-mTOR  modulated
autophagy upon M. bovis infection, the PTEN, PI3K, Akt and
mTOR activity in host cells were determined. Compared to
control bMECs, PI3K, Akt and mTOR phosphorylation in
M. bovis-infected bMECs was increased at 6 h (Figures 2A,B,D-F).
PTEN did not remain increased at 0 to 9h
(Figures 2A-C). Therefore, M. bovis inhibited autophagy in
bMEC:s by activating the PI3K-Akt-mTOR signaling pathway.

However,

Phosphorylation of Akt is positively
related to the inhibition of autophagy by
Mycoplasma bovis

The association between PI3K basal activity and M. bovis
inhibition of autophagy by modulating PI3K-dependent signaling
in bMECs and effects of M. bovis infection of bMECs on autophagy
were investigated. To decrease PI3K signaling in bMECs without
irreversibly inhibiting Akt phosphorylation, before infection, cells
were treated with the pan-ErbB inhibitor CI-1033. Based on the
CCK-8 assay, CI-1033 did not reduce bMECs viability (Figure 4A).
Furthermore, CI-1033 decreased the amount of p-Akt without
significantly affecting the total amount of Akt, indicating that
CI-1033 specifically inhibited Akt phosphorylation and thereby
PI3K signaling in bMECs. In CI-1033 pretreated bMECs, LC3-II
protein expression was significantly increased, SQSTM1 protein
expression was significantly decreased, and cellular autophagy was
activated (Figures 4B,C). When protein expression levels of
bMEC:s pretreated with M. bovis infection CI-1033 were measured,
p-Akt protein expression was re-elevated and p-Akt was

Frontiers in Microbiology

75

re-activated, whereas LC3-II protein expression levels were
significantly decreased and SQSTM1 protein expression levels
were significantly increased (Figures 4B,C). The relative mRNA
expression levels of Akt and autophagy-related genes were detected
by real-time PCR; there was no significant difference between
groups in the mRNA expression levels of Akt. In addition,
SQSTM1 mRNA levels were significantly lower in the M. bovis
infection CI-1033 pretreatment group compared to the CI-1033
alone treatment group (Figure 4D). Therefore, after reducing PI3K
signaling without completely inhibiting PI3K function, M. bovis
infection activated phosphorylation of Akt and inhibited
autophagy of bMECs.

Inhibition of Akt with specific siRNAs
targeting Akt reverses the inhibition of
autophagy in bMECs by Mycoplasma bovis

To further verify impacts of Akt on M. bovis-inhibit bMECs
autophagy, bMECs were transfected for 48h with small interfering
(siRNA)-control (NC) or siRNA-Akt. After transfection with
siRNA-Akt-1, siRNA-Akt-2 and siRNA-Akt-3, protein levels of Akt
were significantly decreased compared to control and NC-transfected
cells, indicating that expression of the Akt proteins was successfully
inhibited. Furthermore, as siRNA-Akt-1 had the highest inhibitory
efficiency for Akt among the 3 siRNA-Akt groups (Figure 5A), it was
used to inhibit Akt expression (designated siRNA-Akt).

Based on Western blotting, in bMECs infected with
M. bovis after siRNA-Akt transfection, downregulation of Akt
by siRNA markedly suppressed M. bovis-induced activation of
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experiments. *p<0.05; **p<0.01; ***p<0.001.

Phosphorylation of Akt was positively related to inhibition of autophagy by M. bovis. (A) Effects of CI-1033 on viability of bMECs in DMEM medium
containing 10% FBS based on CCK-8 assays. (B) Cells were pre-treated with CI-1033 (1 pm) for 1 h and then control with DMSO, and cells infected
with M. bovis (MOI=30) were further cultured for 6 h. Thereafter, cell samples were analyzed by Western blotting with anti-Akt, anti-p-Akt, anti-
LC3, anti-SQSTM1, and anti-GAPDH (loading control) antibodies. (C) Relative quantification of p-Akt protein levels compared to Akt protein, LC3-II
protein levels compared to LC3-I protein, and SQSTML1 protein levels compared to GAPDH protein was determined by densitometry in M. bovis-
infected bMECs in the absence or presence of CI-1033. (D) Transcriptional levels of PI3K-Akt—mTOR signaling pathway and autophagy-related
genes including Akt, LC3-Il and SQSTM1, were detected by real-time PCR in bMECs. The data represent the mean+SD of 3 independent

p-Akt. Meanwhile, expression levels of Beclinl and LC3-II
proteins were elevated, and the expression level of SQSTM1
protein was decreased (Figures 5B,C). The relative mRNA
expression levels of Akt and autophagy-related genes were
detected by real-time PCR; siRNA-Akt transfection down-
regulated the mRNA expression level of Akt. Meanwhile,
bMECs after M. bovis infection with siRNA-Akt knockdown
had LC3, Beclinl and SQSTM1 mRNA levels significantly
upregulated compared to the M. bovis-infected group.
(Figure 5D). Therefore, downregulation of Akt expression with
siRNA targeting activated autophagy in bMECs and this
activation was not reversed by bovine mycoplasma infection.

Absence of PTEN expression exacerbates
the inhibition of autophagy of bMECs by
Mycoplasma bovis

To determine effects of activation of the PI3K-Akt-mTOR
signaling pathway on autophagy in M. bovis-infected bMECs,
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we knocked down PTEN, a phosphatase that dephosphorylates
PIP3 into PIP2, to ensure steady PI3K signaling. The bMECs were
transfected for 48 h with small interfering (siRNA)-control (NC),
siRNA-PTEN-1, siRNA-PTEN-2 and siRNA-PTEN-3, and PTEN
depletion assessed by Western blotting. As siRNA-PTEN-1 had
the highest inhibitory efficiency for PTEN (Figure 6A), it was used
to inhibit PTEN (designated siRNA-PTEN). Based on Western
blotting, siRNA-PTEN strongly increased p-Akt, indicating that
PI3K signaling is activated under conditions of PTEN knocked
down. After downregulation of PTEN with siRNA, M. bovis
infection significantly increased M. bovis-induced activation of
p-Akt. Furthermore, expression of Beclinl and LC3-II proteins
decreased, but expression of SQSTMI protein also decreased
compared to the control group (Figures 6B,C). Based on real-time
PCR, loss of PTEN inhibited transcription of autophagy-related
genes (e.g., Beclinl, LC3-II) to varying degrees. However, only
Beclinl mRNA levels were down-regulated, whereas LC3 mRNA
levels were up-regulated and SQSTM1 mRNA levels were not
significantly changed after M. bovis infection with bMECs
knockdown by siRNA-PTEN compared to the M. bovis-infected
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FIGURE 5

Inhibition of Akt with specific siRNAs targeting Akt reversed inhibition of autophagy in bMECs by M. bovis. (A) bMECs were transfected with siRNA-
control (NC; 25 nM) and siRNA-Akt-1/2/3 (25 nM) for 48 h. Akt protein expression were analyzed by Western blotting. (B) bMECs were transfected
with siRNA-Akt-1 targeting Akt for 48 h; then, cells were infected with M. bovis (MOI=30) for 6 h. Thereafter, cell samples were analyzed by
Western blotting with anti-Akt, anti-p-Akt, anti-LC3, anti-SQSTM1, and anti-p-actin (loading control) antibodies. (C) Relative quantification of target
protein levels compared to B-actin protein was determined by densitometry in transfected siRNA-Akt-1 cells. (D) Transcriptional levels of PI3K-
Akt—mTOR signaling pathway and autophagy-related genes including Akt, LC3-Il and SQSTM1, were detected by real-time PCR in bMECs. Data
represent mean+SD of 3 independent experiments. p>0.05; *p<0.05; **p<0.01; ***p<0.001

SQSTM1

group (Figure 6D). Therefore, downregulation of PTEN expression
exacerbated the inhibition of autophagy in bMECs by bovine
mycoplasma infection.

PTEN promotes autophagy of bMECs by
inhibiting PI3K-Akt-mTOR pathway to
suppress replication of Mycoplasma bovis

To explore effects of PI3K-Akt-mTOR signaling pathway
activation on M. bovis survival in bMECs, co-localization of LC3
and M. bovis were assessed by confocal laser microscopy and
intracellular M. bovis enumerated. We used siRNA-Akt and
siRNA-PTEN to knock down expression of Akt and PTEN in
bMECs. After transfection with siRNA-Akt and siRNA-PTEN for
48h, bMECs were infected with M. bovis, there was co-localization
of LC3B and M. bovis in bMECs; furthermore, co-localization of
LC3B and M. bovis increased after downregulating Akt expression
(Figure 3A). In contrast, co-localization of LC3B and M. bovis was
decreased after downregulating PTEN expression (Figure 3A).
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Subsequently, intracellular proliferation of M. bovis was detected
at 3, 6, 12, and 24h post-infection. Intracellular M. bovis was
significantly decreased at 12 and 24h post-infection in the
siRNA-Akt group relative to the M. bovis infection group
(Figure 3B). However, there were considerably more M. bovis in
the siRNA-PTEN group at 12 and 24 h post-infection (Figure 3B).
Taken together, our results indicated a causal relationship between
the Akt and PTEN status of bMECs and their permissiveness to
intracellular pathogens.

Discussion

Autophagy, a common non-selective self-digestion process in
cells (Riebisch et al., 2021), is also a highly selective defense against
intracellular pathogens (Mostowy, 2013). However, various
pathogenic microorganisms have evolved to evade and utilize
cellular autophagy (Choy and Roy, 2013; Huang and Brumell, 2014).
For example, M. bovis inhibited phagosomal-lysosomal maturation
to evade cellular autophagy (Liu et al., 2021). In the present study,

frontiersin.org


https://doi.org/10.3389/fmicb.2022.935547
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Xuetal. 10.3389/fmicb.2022.935547
A
2.0
C
b 15— mm Control si-PTEN
rE E@ M. bovis & si-PTEN+M. bovis
%E e
g 7 1.0 o " s
e . 2 o o o
£z 5% .
N .
2 2 0.5 £z
= A ol N
= 2 2 1.0 N
0.0— 5E N
PTEN = 2 0.5 N
= 2 0.5 N
= s %
B-actin E 0.0 § 1§
PTEN/B-actin p-Akt/Akt  Beclinl/p-actin LC3-II/LC3-I SQSTM1/B-actin
¢
B . . D .
si-control  si-PTEN mm Control si-PTEN
M. bovis - + - + 4.0 == M. bovis &A si-PTEN+M. bovis

PTEN| - e ‘—SSkDa

@
)
1

Akt | -— e»> -—— - ‘-wkna

p-Akt | —_— e e o= ’—60 KkDa

=
=
1

Relative mRNA levels
N
>
1

Beclinl

- . e - |60k

S (18 kDa
—— -16 kDa

SQSTM1| WD D e - ’—62 kDa

e
>
L

LC3-1
LC3-1I

p-actin

-_— e e e |—42kDa

FIGURE 6

Absence of PTEN expression exacerbated inhibition of autophagy of bMECs by M. bovis. (A) bMECs were transfected with siRNA-control (NC;

25 nM) and siRNA-PTEN-1/2/3 (25 nM) for 48 h. PTEN protein expression was analyzed by Western blotting. (B) bMECs were transfected with
siRNA-PTEN-1 targeting PTEN for 48 h; then, cells were infected with M. bovis (MOI=30) for 6 h. Thereafter, cell samples were analyzed by
Western blotting with anti-PTEN, anti-Akt, anti-p-Akt, anti-Beclinl, anti-LC3, and anti-p-actin (loading control) antibodies. (C) Relative
quantification of target protein levels compared to B-actin protein was determined by densitometry in transfected siRNA-PTEN-1 cells.

(D) Transcriptional levels of PI3K-Akt—mTOR signaling pathway and autophagy-related genes including Akt, Beclinl and LC3-Il, were detected by
real-time PCR in bMECs. Data represent the mean+SD of 3 independent experiments. #p>0.05; *p<0.05; **p<0.01; ***p<0.001

M. bovis activated the early autophagic response in bMECs and
inhibited autophagy by activating the PI3K-Akt-mTOR signaling
pathway at later stages of infection, whereas downregulation of
PTEN gene expression promoted replication of M. bovis in bMECs.

We established an in vitro autophagy model of M. bovis
infection with bMECs, based on the ability of M. bovis to invade
a variety of cells, including lymphocytes and epithelial cells (van
der Merwe et al., 2010; Liu et al., 2021). It is noteworthy that
M. bovis invades cells, evades cellular immunity and the killing
effect of some antibiotics, promoting persistent infections and
transmission (Biirki et al., 2015). There is accumulating evidence
that Mycoplasma infection is closely associated with autophagy
(Lu et al., 2017; Luo et al., 2020; Liu et al., 2021). In the present
study, membrane-like material was wrapped around M. bovis,
perhaps due to fusion of M. bovis with autophagic vesicles,
consistent with previous findings of autophagy targeting M. bovis
(Liu et al., 2021). In addition, upregulated expression of LC3-II,
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Beclinl proteins and reduced expression of SQSTM1 protein
(LC3-11, Beclinl, and SQSTM1 are the most widely recognized
molecular indicators of autophagy) during the early stages of
M. bovis infection with bMECs. Our findings were consistent
with a report that both Mycoplasma ovipneumoniae and
Mycoplasma bovis infections altered expression levels of proteins
critical for cellular autophagy (Luo et al., 2020; Liu et al., 2021).
Staphylococcus aureus infection upregulated LC3-II expression
and GFP-LC3B clustered around intracellular bacteria (Geng
et al., 2020). In this study, GFP-LC3B was co-localized with
M. bovis and LC3-I1 expression was upregulated. Autophagy is an
important player in cellular protection against pathogenic
infection (Deretic, 2021). Therefore, in the present study,
M. bovis-invading cells successfully induced autophagy in bMECs
at an early stage. However, from 6 h of M. bovis infection, LC3- II
and Beclinl protein expression in bMECs was reduced.
Thereafter, SQSTM1 protein levels gradually recovered, indicating
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that degradation of SQSTM1 protein was inhibited. Under
normal circumstances, SQSTM1 is a link between LC3 and
substrates, with SQSTM1 and SQSTMI-bound substrates
incorporated into the completed autophagosome during the
initial stage and subsequently degraded in autolysosomes (Hua
et al, 2015). Therefore, autophagy was inhibited in mid and late
stages of M. bovis infection, consistent with inhibition of cellular
autophagy by M. bovis (Liu et al., 2021).

Despite the key role of autophagy to control pathogens, the
latter have also adopted many defense mechanisms to defend
against and exploit cellular autophagy (Choy and Roy, 2013;
Huang and Brumell, 2014; Li et al., 2015; Sudhakar et al., 2019).
However, molecular mechanisms by which M. bovis evades
cellular autophagy are largely unknown. Phosphatidylinositide
3-kinases (PI3Ks) have key roles in regulation of autophagy.
PtdlIns (3,4,5) P3, the product of class I PI3Ks, trigger the mTOR
signalling pathway, which inhibits autophagy (Farrell et al., 2013).
In addition, mTOR, a highly conserved kinase in the
phosphatidylinositol 3-kinase family with serine/threonine
activity, responds rapidly to various environmental cues and
regulates cellular metabolism and immune responses by
modulating the kinase Akt (Cobbold, 2013). Activation of the
PI3K-Akt-mTOR signaling pathway inhibits the autophagy
required for development and survival of nutrient deprivation
(Zhao et al,, 2019). In the present study, PI3K-Akt-mTOR was
activated by phosphorylation in the middle phase of M. bovis
infection. Invasion of M. tuberculosis also initiated the PI3K-Akt-
mTOR signaling pathway (Lachmandas et al., 2016). Furthermore,
inhibition of autophagy by M. bovis in bMECs requires
phosphorylation activation of Akt. Treatment of bMECs with
pan-ErbB inhibitor CI-1033 inhibited Akt phosphorylation and
also inhibited the autophagic activity of bMECs. It was surprising
that Akt was activated by rephosphorylation and autophagy was
subsequently inhibited when M. bovis infected bMECs.
Furthermore, following downregulation of Akt expression by
small interfering RNA, the autophagic flux of bMECs was
increased and cellular autophagy was activated, and this activation
of autophagy was not inhibited by M. bovis infection. Streptococcus
agalactiae infection may inhibit PI3K-Akt-mTOR signaling,
thereby affecting the autophagic response (Qi et al., 2022).
Furthermore, Akt also has an important role in mediating
infection of epithelial cells and macrophages by Salmonella
(Reggio et al., 2020). Several hypotheses have been proposed to
explain the mechanism by which Akt promotes bacterial
intracellular proliferation or survival, including the idea that by
accelerating the recycling of the RAB14 small G protein, Akt
delays phagosome-lysosome fusion and thus may enhance
bacterial intracellular survival (Kehl et al., 2020). Therefore,
we inferred that M. bovis inhibited bMECs autophagy and
promoted intracellular survival of bMECs through activation of
the PI3K-Akt-mTOR signaling pathway.

Activation of PI3K-Akt-mTOR phosphorylation was
regulated by multiple upstream proteins, with the tumor
suppressor PTEN protein required for activation of Akt/PKB
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kinase in the PI3K-Akt pathway (Dempsey et al., 2021; He et al,,
2021). PTEN is a second messenger phosphatidylinositol
3,4,5-trisphosphate phosphatase that catalyzed conversion of
PIP3 to PIP2 through its acidase activity, thereby regulating
activity of Akt and mTOR (Chia et al., 2015). Competent PTEN
protein is apparently not only critical for tumor suppression but
also for resisting infection of mammalian cells by Mycobacterium
bovis Bacillus Calmette-Guérin (BCG) and Mycoplasma, 2
pathogens with distinct pathogenic strategies (Huang et al,
2012). However, whether the presence of PTEN genes affects the
regulation of PI3K-Akt-mTOR by M. bovis and thus alters the
autophagic state of bMECs, is unclear. In the present study,
small interfering RNAs downregulated PTEN expression and
Akt phosphorylation was maintained, which in turn inhibited
autophagy of bMECs, whereas the co-localization between
GFP-LC3B and M. bovis was reduced, consistent with the
findings of Wang et al. (2021a). However, the decreased
SQSTM1 protein may be attributed to inhibition of SQSTM1
protein production by Akt phosphorylation. To confirm effects
of downregulation of PTEN and inhibition of PI3K-Akt-mTOR
signaling pathway on intracellular M. bovis, BLMECs were treated
with small interfering RNA PTEN or small interfering RNA
Akt; the intracellular number of M. bovis was related to the level
of autophagy in the host cells induced by downregulation of
PTEN or disruption of Akt signaling was inversely related to
changes in the level of autophagy in host cells caused by
downregulation of PTEN or disruption of Akt signaling,
consistent with previous reports for Mycoplasma bovis (Liu
et al, 2021). Furthermore, downregulation of the PTEN gene
increased intracellular M. bovis replication, consistent with
previous reports that downregulation of PTEN gene exacerbated
Mycobacterium bovis Bacillus Calmette-Guérin (BCG) and
Mycoplasma infection and proliferation (Huang et al., 2012).
Therefore, we inferred that PTEN promoted autophagy during
M. bovis infection of bMECs by inhibiting the PI3K-Akt-mTOR
pathway to suppress survival and replication of M. bovis.
Although important discoveries were revealed by these studies,
there are still limitations. In this study, only in vitro models were used
to assess effects of intracellular M. bovis on autophagy and autophagic
signaling pathways. However, it is well known that various cellular
interactions in vivo give rise to more complex mechanisms.

Conclusion

M. bovis infection activated the PI3K-Akt-mTOR signaling
pathway, inhibited autophagy of bMECs, and promoted their
survival and replication, whereas PTEN has an important role
in cellular autophagy caused by M. bovis infection (Figure 7).
These findings provided new insights into molecular
mechanisms enabling M. bovis to evade cellular autophagy.
Perhaps targeted regulators of autophagy will be developed to
better understand intracellular pathogens, with potential to
increase vaccine efficacy.
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FIGURE 7

figure was partially made using Servier Medical Art (smart.servier.com).

Proposed model for inhibition of autophagy by M. bovis via the PTEN/PI3K-Akt-mTOR pathway. Infection of invading bMECs by M. bovis activated
phosphorylation of Akt and inhibited the onset of downstream autophagic activity, preventing autophagosomes from delivering engulfed M. bovis
to lysosomes for degradation, thereby enabling M. bovis to survive. Yellow arrow and red bar indicate stimulation and inhibition, respectively. This
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Mycoplasma salivarium, an oral commensal organism, can cause severe
invasive infections in immunocompromised individuals. Currently there is
no treatment guidance for such infections. We performed antimicrobial
susceptibility tests on 39 commensal and invasive M. salivarium isolates
and investigated the mechanisms of antimicrobial resistance. Clindamycin
was the most active agent [minimum inhibition concentration (MIC) range:
0.004-128mg/L, MICs=0.031mg/L, MICy=0.125mg/ml], followed by
tetracycline and levofloxacin. All isolates were resistant to erythromycin
(MIC >4mg/L) due to the presence of 2057A (Escherichia coli numbering)
in 23S rRNA. Three isolates with elevated clindamycin MICs (>8mg/L)
harbored A2058T/G mutations in 23S rRNA gene; four sequential isolates
from one patient developed C2611T and A2059G mutations accompanying
the increase of clindamycin MICs. Five isolates with elevated tetracycline
MICs (>4mg/L) had mutations in 16S rRNA gene (A965G/T, G966T, or
A967C/T) and one of them harbored TetM. Nine isolates with elevated
levofloxacin MICs (>4mg/L) had one or more mutations in gyrA, gyrB,
parC, or parE. Susceptibility breakpoints for clindamycin, tetracycline and
levofloxacin were suggested to be <0.125, <2, and <2mg/L, respectively.
Antimicrobial resistance to any of the three agents (clindamycin,
tetracycline, or levofloxacin) was documented in 12 (34.3%) non-duplicate
isolates, of which 10 were invasive. Levofloxacin resistance was most
frequent (25.7%). Multi-drug resistance was also observed (14.3%). This
study demonstrates the frequent occurrence of antimicrobial resistance in
M. salivarium, emphasizing the need for culture and susceptibility testing to
guide antimicrobial therapy.

KEYWORDS

Mycoplasma salivarium, susceptibility, antimicrobial resistance, mutation,
minimum inhibition concentration, quinolone resistance determining
region, Clinical and Laboratory Standards Institute, single nucleotide
polymorphisms
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Introduction

Mycoplasma salivarium is one of several mycoplasmal species
that are endogenous within the human oropharynx, usually as
commensals. This organism commonly resides in dental plaque
and gingival sulci and has been associated with periodontal
disease (Uchida et al., 1981; Watanabe et al., 1986; Lamster et al.,
1997). It is also reported to be heavily associated with oral
leukoplakia (Mizuki et al., 2017) and oral carcinoma in patients
with Fanconi anemia (Henrich et al., 2014). Extra-oropharyngeal
infections are uncommon, but this organism has been detected in
synovial fluid in persons with acute or chronic arthritis, prosthetic
joint infections, empyemas, abscesses in the brain, and infections
in other body sites (So et al., 1983; Johnson et al., 2007; Grisold
et al., 2008; Orsted et al., 2011; Baracaldo et al., 2012; Buchsel
et al., 2016; Thoendel et al., 2017; Totten et al., 2021). A recent
study showed that lower airway enrichment of M. salivarium is
associated with poor clinical outcome in mechanically ventilated
COVID-19 patients (Sulaiman et al., 2021). Invasive infections in
a normally sterile body site most often occurs in association with
humoral immune deficiency or other immunosuppressed states
(So et al., 1983; Buchsel et al., 2016; Thoendel et al., 2017; Totten
et al., 2021). Currently there is no M. salivarium infection
prevalence data among immunocompromised populations.

Besides a few case reports, very little data regarding what
constitutes the most effective treatments or in vitro antimicrobial
susceptibility profiles of M. salivarium are available in published
literature (Grisold et al., 2008; Buchsel et al., 2016; Totten et al.,
2021). Treatment alternatives are somewhat limited, as all
Mycoplasma spp. are intrinsically resistant to f-lactams due to their
lack of a cell wall, but they are generally susceptible to
fluoroquinolones and tetracyclines, as well as macrolides and/or
lincosamides (Waites et al., 2014). There are only three case reports
performed in vitro susceptibility testing for M. salivarium and the
main drugs showing in vitro susceptibility are clindamycin,
tetracycline, and moxifloxacin (Grisold et al., 2008; Buchsel et al.,
2016; Totten et al., 2021). Acquired resistance to macrolides,
lincosamides, fluoroquinolones, and/or tetracyclines has been
documented in all of the Mycoplasma spp. known to be pathogenic
in humans (Waites et al., 2014). There are two reports described
fluoroquinolone resistance in invasive M. salivarium isolates
causing septic arthritis and another report detected a mutation
possibly related to macrolide resistance in M. salivarium that caused
prosthetic joint infection (Buchsel et al., 2016; Thoendel et al., 2017;
Totten et al., 2021). In this study, we determined the minimum
inhibition concentrations (MICs) for four classes of antimicrobial
agents against clinical isolates and reference strains of M. salivarium
and investigated the genetic mechanisms associated with
antimicrobial resistance. This study provides guidance for empiric

Abbreviations: MIC, Minimum inhibition concentration; QRDR, Quinolone
resistance determining region; CLSI, Clinical and Laboratory Standards Institute;
SNPs, Single nucleotide polymorphisms.
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treatment of invasive M. salivarium infections and determines the
extent that acquired antimicrobial resistance occurs.

Materials and methods
Microorganisms

A total of 39 M. salivarium isolates were evaluated
(Supplementary Table S1). Among them, two were ATCC strains,
33 were clinical isolates from non-duplicate patients collected
from 13 facilities in 12 states (AL, CO, CT, IL, KS, MA, MN, OH,
PA, TN, UT, and WA) between 2002 and 2021, and four were
additional isolates obtained sequentially from synovial fluid of one
of the above non-duplicate patients between 2018 and 2021.
Among the 33 non-duplicated clinical isolates, 13 were
commensals from throats of healthy adults in 2013 in a previous
study (Centor et al., 2015), 20 were invasive isolates from synovial
fluid (5), lower respiratory tract (5), chest wall/sternum (3),
pleural fluid (2), or miscellaneous tissues/fluid (5). All clinical
isolates were obtained by culture in SP4 broth incubated at 37°C
for 3-5days, and their species identities were confirmed by
sequencing of the full length 16S rRNA gene using primer pair fD1
and rP1 (Weisburg et al., 1991; La Scola et al., 1997).

Antimicrobial susceptibility test

Antimicrobial susceptibility of the 39 isolates against
levofloxacin, clindamycin, erythromycin, and tetracycline were
determined by broth microdilution using SP4 broth in accordance
with methods established for human mycoplasmas by the Clinical
and Laboratory Standards Institute (2011). Considering the close
phylogenetic relationship, Mycoplasma hominis strain ATCC 23114
was used for quality control. The MIC plates were sealed with
Parafilm and incubated at 37°C for 72-120h until the color of
growth controls changed which indicating the time point to read the
MICs. MICs for levofloxacin, clindamycin, and tetracycline were
initially interpreted using susceptibility breakpoints published for
M. hominis (Clinical and Laboratory Standards Institute, 2011).
Erythromycin MICs were initially interpreted using the breakpoint
for Mycoplasma pneumoniae as there is no erythromycin breakpoint
established by the Clinical and Laboratory Standards Institute (CLSI)
for M. hominis (Clinical and Laboratory Standards Institute, 2011).

Genetic analyses

PCR and sequencing primers were designed or obtained from
published literature for designated targets (Supplementary Table S2).
According to the genome sequence of ATCC strain 23064 (GenBank
number NZ_LR214938), M. salivarium has a single copy of 16S
rRNA and 23S rRNA genes. Erythromycin and clindamycin
resistance mechanisms were investigated by sequencing the full
length of the 23S *RNA gene and ribosomal protein genes rpID (L4)
and rplV (L22). Quinolone resistance mechanisms were investigated
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by sequencing the quinolone resistance determining region (QRDR)
of DNA gyrase genes gyrA and gyrB and DNA topoisomerase IV
genes parC and parE. Genetic mechanisms associated with
tetracycline resistance were assessed by 16S rRNA gene sequencing
and testing for the presence of the tetM gene (Blanchard etal., 1992).
Genomic DNA of Ureaplasma urealyticum serovar 9 that is known
to contain the tetM sequence was used as tertM PCR positive control.
A no template negative control was included in every PCR run.
PCRs were performed on a Veriti 96-well thermal cycler (Applied
Biosystems, Foster City, CA, United States) with a 25 ul PCR reaction
volume containing 0.4pmol/L of each primer, 2.5pl of 10X
AccuPrime Pfx reaction mix (Thermo Fisher, Fremont, CA,
United States), 0.5U of AccuPrime Pfx DNA polymerase and 2 pl of
template DNA. Amplicons were sequenced by Sanger technique at
the UAB Heflin Genomics Center and analyzed using CLC
Genomics Workbench 21 (Qiagen, Redwood City, CA,
United States). Mycoplasma salivarium reference sequences were
obtained from the genome sequence of M. salivarium strain NCTC
10113 (alternative strain name: ATCC 23064, GenBank number
NZ_LR214938). Reference sequences for Escherichia coli were
obtained from the genome sequence of strain K-12, substr. MG1655
(GenBank number U00096.3). Reference sequence for tetM was
GenBank U08812.1. The assembled sequences were submitted to
GenBank and the accession numbers are: OM864597 to OM864634
for16S rRNA gene, ON023780 to ON023817 for 23S rRNA gene,
ONO036345 to ON036382 for rpID, ON036383 to ON036420 for
rplV, ON036193 to ON036230 for gyrA, ON036231 to ON036268
for gyrB, ON036269 to ON036306 for parC and ON036307 to
ON036344 for parE.

Statistical analysis

Chi-square analysis or Fisher’s exact test was performed to
compare the antimicrobial resistance rates between invasive and
non-invasive isolates using IBM SPSS 27 (IBM Corp., Armonk, NY,
United States). A resistant isolate is defined as an isolate is resistant
to any of the three drugs excluding erythromycin. If an isolate is
resistant to two or more drugs, it is considered multi-drug resistant.
A value of p <0.05 was considered statistically significant.

Results

Erythromycin MICs and resistance
associated mutations

A summary of MIC data on 35 non-duplicated isolates
(two ATCC strains and 33 non-duplicated clinical strains) is
provided in Table 1, and a complete tabulation of MICs and
genotypic analyses for the 35 M. salivarium isolates tested is
provided in Supplementary Table S1. The distribution of MIC data
is shown in Figure 1.

Similar to M. hominis (Waites et al., 2014), elevated MICs to
erythromycin ranging from 4 to >256 mg/L were observed in all
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TABLE 1 Minimum inhibition concentration summary for 35 M. salivarium Isolates.

No. and percentage resistant®

MIC;, (mg/L) MIC,, (mg/L)

MIC Range (mg/L)

Suggested
susceptibility

p-value

=20)

Invasive
(n

=15)
0(0.0)

Non-
invasive
(n

Overall
(n=35)

Invasive
(n=20)

Non-
invasive
(n=15)

Overall
(n=35)

Invasive
(n=20)

Non-
invasive
(n=15)

Overall
(n=35)

Invasive
(n=20)

invasive
=15)

Non-
(n

=35)

Overall
(n

breakpoint
(mg/L)

Reagent

0.004

9 (45.0)

9(25.7)

0.5-32

0.5-2

0.5-32

Levofloxacin

0.356

4(20.0)
2(10.0)
20 (100.0)

1(6.7)
1(6.7)
15 (100.0)

5(14.3)
3(8.6)
35 (100.0)

0.25
0.031

0.25-32 0.016-16 0.5

0.016-32

Tetracycline

0.063
>256

0.125

0.016-32 0.004-128 0.031 0.031 0.125
>256

0.004-128

<0.125

Clindamycin

128

4 to >256 8to >256 4 to >256 32 32 32

(Mpn)

<0.5

Erythromycin

10.3389/fmicb.2022.914464

2(13.3) 10 (50.0) 0.034

12 (34.3)

Total’

“Susceptibility was designated using suggested MIC breakpoints determined by this study for levofloxacin (<2 mg/L), tetracycline (<2mg/L), and clindamycin (<0.125mg/L). The breakpoint for erythromycin was adopted from the Clinical and Laboratory

Standards Institute reference for M. pneumoniae (Mpn, S <0.5mg/L).

"Erythromycin was excluded in overall resistance rate calculation.
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FIGURE 1

Minimum inhibition concentration (MIC) distributions of erythromycin (Ery, A), clindamycin (Cli, B), levofloxacin (Lev, C), and tetracycline (Tet, D)
for Mycoplasma salivarium isolates. The dashed line divides the cutoff values for wild type (left) and mutant (right) strains.
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M. salivarium isolates tested (Figure 1A). Four isolates showed
highly elevated MICs to erythromycin (>256 mg/L). Mutations in
domain V in 23S rRNA are known to be associated with
erythromycin resistance in mycoplasmas (Waites et al., 2014).
Using E. coli 23S rRNA gene as reference, a G to A transition at
position 2057 (E. coli numbering) in the central loop of domain V
was identified in all isolates. This alteration is reported to
be associated with intrinsic resistance to the 14- and 15-membered
macrolides in M. hominis and several Mycoplasma spp. of animal
origin (Whithear et al., 1983; Furneri et al., 2000; Pereyre et al.,
2002; Stakenborg et al., 2005; Lysnyansky et al., 2015). In the 4
isolates with erythromycin MIC >256 mg/L, three harbored
mutations at position 2058 (A to T/G) and one had a 9-amino acid
deletion at position 139 (A139EAKKEAKAT) in ribosomal
protein L22 (Table 2). A2058T mutation was also reported in a
case report of M. salivarium caused prosthetic joint infection
without in vitro susceptibility data (Thoendel et al., 2017).

Clindamycin MICs and resistance
associated mutations

The MIC range for clindamycin in the 35 non-duplicated
isolates was 0.004-128 mg/L. The MIC distribution showed a
bimodal format (Table 1; Figure 1B). Using the CLSI susceptibility
breakpoint for M. hominis, 32 out of 35 (91.4%) isolates were
susceptible with MICs <0.125mg/L, while the other 3 isolates
had elevated MICs ranging from 16 to 128 mg/L. The three
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isolates were obtained between 2013 and 2018 from throat swab
of a healthy volunteer and synovial fluid and sputum of two other
patients. These isolates were also highly resistant to erythromycin
(MIC >256 mg/L). Overall, clindamycin was the most potent
drug tested with MICs, and MIC,, values of 0.031 and 0.125 mg/L,
respectively.

Clindamycin resistance in M. hominis has been shown to
be related to mutations in 23S rRNA at positions 2059 and 2611
(E. coli numbering; Pereyre et al., 2002). In this study, the 23S rRNA
mutations were at position 2058 (A to T/G) in all 3 M. salivarium
isolates with elevated MICs for clindamycin (Table 2). These
mutations were not observed in the remaining isolates with MICs
<0.125mg/L. Interestingly, the isolate with a 9-amino acid deletion
in ribosomal protein L22 that was highly resistant to erythromycin
was susceptible to clindamycin. In the sequential isolates collected
from one patient between 2018 and 2021, mutations emerging with
the development of clindamycin resistance were observed
(Supplementary Table S1). The initial isolate (72114) was susceptible
to clindamycin (MIC=0.031mg/L). Emergence of a C2611T
mutation in the second isolate (72094) caused a slight increase of
MIC (0.125mg/L); then the presence of mutation A2059G caused
further elevation of MICs to clindamycin (MICs >8mg/L) in all
subsequent isolates. There were many other single nucleotide
polymorphisms (SNPs) identified in 23S rRNA, rpID (L4) and rplV/
(L22) genes in the clinical strains compared to the two ATCC
strains which did not exhibit elevated clindamycin MICs (Table 2;
Supplementary Tables S3 and S4).
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TABLE 2 Clindamycin MIC and alterations in 23S rRNA gene and ribosomal proteins.

10.3389/fmicb.2022.914464

MIC (mg/L) Alterations
Isolate Cli Ery 23S rRNA (Escherichia coli numbering) L4 (Amino L22 (Amino acid)
acid)
ATCC 23064 0.031 16 - - -
ATCC 14277 0.031 16 - - -
48759 0.004 8 T391C (343); G426A (375), C1260T (1222) V2281 A202V
73363 0.008 64 T391C (343); G676A (625); C2223T (2207) - -
49906 0.016 32 C385T (337); T391C (343); - A136T; A144T; A146T; P158S;
T186A; T195A; A202V; P213T
59228 0.016 16 T391C (343) - -
59258 0.016 32 T391C (343); G2685A (2668) P21S V2041
59260 0.016 64 T391C (343) - R35T (mixed); A136T; A144T;
A146T; P158S; T186A; T195A;
A202V
59838 0.016 8 T391C (343); C945T (893) - A136T; A144T; A146T; P158S;
T186A; T195A; A202V
62771 0.016 128 T391C (343); G1364A (1328) - -
83426 0.016 32 T391C (343); G1130A (1080); C1890T (1874) - T195A; A202V; D224N
83735 0.016 16 T391C (343); G775A (723) - P158S
84893 0.016 64 T391C (343); T2027C (2011) P21S E143G
59229 0.031 16 T391C (343) P21S -
59262 0.031 16 T391C (343); G2388A (2371) - -
59263 0.031 32 T391C (343); G428A (377) N134D K199T; E200K
59266 0.031 128 T391C (343); G650A (602) - -
59272 0.031 16 T391C (343); G1165A (1115); G1354A (1318) - -
72114 0.031 8 T391C (343); C1277T (1239) - -
82217 0.031 4 T391C (343); G428A (377) A233T A155V; T186A
84726 0.031 64 T391C (343) - -
84850 0.031 32 T391C (343); A500G (449); G650A (602); T1318C (1282); T1753C (1712) - A136T; A144T; A146T; P158S;
T186A; T195A; A202V
63019 0.063 16 - - D123N
72036 0.063 64 T391C (343); C1277T (1239) - F93L
78192 0.063 32 T391C (343) A32V S150T
81314 0.063 64 T391C (343) Hl64Y -
82746 0.063 256 T391C (343) - A139EAKKEAKAT; A202T
84114 0.063 8 C140T (139); T391C (343); G606A (558); G650A (602); G2172A (2156) - -
59240 0.125 8 C385T (337); T391C (343); G1614A (1573) N134D -
59243 0.125 64 A340G (insertion 293); T391C (343) P21S A136T; A202T
59247 0.125 64 C140T (139); T391C (343); C2841T (2841) - -
59271 0.125 32 C590T (540) - -
72904% 0.125 8 T391C (343); C1277T (1239); C2628T (2611) - -
85051% 4 128 T391C (343); C1277T (1239); A2075G (2059); C2628T (2611) - -
80422% 8 32 T391C (343); C1277T (1239); A2075G (2059); C2628T (2611) - -
82061* 8 256 T391C (343); C1277T (1239); A2075G (2059); C2628T (2611) - -
69499 16 256 T391C (343); G1186A (1136); C1351T (1315); G1373A (1337); A2074G P21S -
(2058)
59283 32 256 T391C (343); G1471A (1436); A2074G (2058) TSI A32V P158S; T186A; T195A; A202V;
D224N
73273 128 256 T391C (343); G650A (602); C776T (724); A2074T (2058); C2423T (2406) - -

1. Both ATCC strains 23064 and 14277 were used as reference.

2. All isolates have G2057A transition compared to E. coli.

3. * Sequencial isolates from the same patient after isolate 72114.

4. Mutations associated with resistance were bolded. Cli, clindamycin and Ery, erythromycin.
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Considering the MIC distribution and the genetic alterations
identified in these isolates, a clindamycin susceptibility breakpoint
for M. salivarium of 0.125mg/L, one dilution below to that of
M. hominis (0.25mg/L; Clinical and Laboratory Standards
Institute, 2011), can be suggested.

Levofloxacin MICs and resistance
associated mutations

The MIC range for levofloxacin was 0.5-32mg/L and MICs,
and MIC,, values were 1 and 8mg/L, respectively, in the 35
non-duplicated isolates (Table 1; Figure 1C). There were 26 out of
35 (74.3%) isolates having MICs <2mg/L, while the remaining
nine isolates had elevated MICs ranging from 4 to 32mg/L
(Table 3). These nine isolates were obtained between 2014 and
2021 from synovial fluid, lower respiratory tract, chest wounds, or
pelvic aspirate, and all were invasive (Supplementary Table S1).

Fluoroquinolone resistance in M. hominis is associated with
mutations in the QRDR of gyrA, gyr B, parC, or parE genes (Waites
et al.,, 2014). The nine isolates with elevated MICs had one or more
mutations in these genes (Table 3). Among them, three had
mutations in ParC (S80I and E84K, E. coli numbering) and 4 had
mutation in ParE (D420N, E. coli numbering). These mutations have
been reported to be associated with fluoroquinolone resistance in
M. hominis, M. genitalium, and/or U. urealyticum (Bebear et al,
2000; Tagg et al,, 2013). Six isolates had multiple mutations. GyrA
mutation S84P appeared together with ParC mutations S80I/E84K
in one non-duplicate isolate and the five isolates from one patient
that had a higher levofloxacin MIC (>8 mg/ml). In the 26 isolates
with levofloxacin MIC <2mg/L, 21 had no mutations and four had
single mutation (A411V in ParE) outside the QRDR, which is
unlikely to be associated with quinolone resistance. The complete list
of SNPs identified are summarized in Supplementary Table S5. Thus,
the cutoff of levofloxacin susceptibility breakpoint could tentatively
be set at <2mg/L, similar to other human Mycoplasma spp. (Clinical
and Laboratory Standards Institute, 2011).

Tetracycline MICs and resistance
associated mechanisms

The MIC range for tetracycline was 0.016-32mg/L in the 35
non-duplicated isolates (Table 1; Figure 1D). There were five
isolates (four invasive and one commensal) having elevated
tetracycline MICs of 4-32mg/L, while others were <2mg/L
(Table 4; Supplementary Table S1).

All five isolates with elevated tetracycline MICs had mutations
at position 965, 966, or/and 967 in 16S rRNA gene (Table 4), which
have been reported to be associated with tetracycline resistance in
M. hominis induced by in vitro selection (Waites et al., 2014) and in
M. genitalium clinical specimens with unknown tetracycline
exposure history (Le Roy et al., 2021). There were 2 (out of 5) other
commensal isolates with MIC of 2mg/L harboring A965G mutation
in16S rRNA gene, and one of them was a mix with wild type. Other
SNPs identified in the 16S rRNA gene not associated with
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tetracycline resistance are listed in Supplementary Table S6. A tetM
element was detected in 13 isolates (37.1%) and 12 of them had
MIC <2mg/L (Table 4; Supplementary Table S1). The majority (10)
of the tetM-positive isolates were commensals. Sequencing was
successful for 12 isolates and derived partial amino acid sequences
of TetM can be divided into two major groups and eight different
types (Figure 2). BLASTP analysis revealed that group 1 (containing
six sequences) was 99%-100% identical to the sequences of TetM of
E. faecium, Streptococcus suis, Clostridioides difficile and others,
while group 2 (containing another six sequences) was 98%-100%
identical to the TetM sequences of S. pneumoniae, E. coli and others.
Expanded comparison with TetM sequences from Ureaplasma spp.
obtained by Dumke (2021) showed a clear cluster of M. salivarium
group (containing eight sequences) and an Ureaplasma group
(containing five sequences from Ureaplasma spp. and four
sequences from M. salivarium), suggesting that these M. salivarium
isolates had acquired tetM element from two major different sources.
We suggest tetracycline susceptibility breakpoint for
M. salivarium could be tentatively set at <2mg/L, one dilution
below that of M. hominis (4mg/L). Having a lower cutoff of
<1mg/L for M. salivarium may be appropriate, but additional
isolates would need to be investigated and treatment outcomes
assessed in order to make such a decision with confidence.

Antimicrobial resistance frequencies

Using the above suggested antimicrobial susceptibility
breakpoints for M. salivarium, the occurrence of acquired resistance,
besides intrinsic erythromycin resistance, to one or more
antimicrobial classes was observed in 12 (34.3%) non-duplicate
isolates. Among them, nine were resistant to levofloxacin (25.7%), five
to tetracycline (14.3%) and three to clindamycin (8.6%; Table 1). Half
of the invasive isolates (10/20) were resistant, compared to only two
resistant ones in non-invasive isolates (2/15, 13.3%, p=0.034; Table 1).
Specifically, for levofloxacin, all non-invasive isolates were susceptible,
while 45.0% of invasive isolates (9/20) were resistant (p=0.004,
Table 1). Multi-drug resistance was also observed. There were five
invasive isolates (5/35, 14.3%) from non-duplicated patients showing
resistance to two classes of antimicrobials (Supplementary Table S1).
Among those, one was resistant to levofloxacin and clindamycin and
four were resistant to levofloxacin and tetracycline. For the sequential
isolates, the first two isolates from 2018 were resistant to levofloxacin
and tetracycline; the three subsequent isolates from 2019 to 2021 were
resistant to all antimicrobials tested. There were no obvious changes
of MICs or resistance to clindamycin, levofloxacin and tetracycline
among invasive isolates over time.

Discussion

We have determined the MICs of commensal and invasive
M. salivarium isolates and suggested the susceptibility breakpoints
for clindamycin, tetracycline and levofloxacin. Mutations associated
with antimicrobial resistance were identified. To our knowledge, this
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TABLE 3 Levofloxacin MIC and alterations in GyrA, GryB, ParC, and ParE proteins.

MIC (mg/L) Amino acid alterations (E. coli numbering)

Isolate

Lev GyrA GyrB ParC ParE
ATCC 23064 05 - - - -
ATCC 14277 2 - - - -
49906 05 - - - -
59240 05 - - - -
59266 05 - - - -
73363 05 - - - -
48759 1 - - - -
59247 1 - B B B
59258 1 - - - -
59260 1 - - - -
59262 1 - - - A411V
59263 1 - - - -
59271 1 - - - -
59272 1 - - - -
59283 1 - - - -
59838 1 - - - -
62771 1 - - - -
72036 1 - - - A411V
81314 1 - - - -
82217 1 - - - -
83735 1 - - - -
59229 2 - - - -
59243 2 - - - -
59228 2 - - - A411V
69499 2 - - - -
84726 2 - - - A411V
63019 4 S132A - - A411V; D420N
78192 4 - - - D420N
82746 4 - - E84K -
83426 4 - - P59S; A144T A411V
84114 4 - D409N E151K -
84893 8 - - - A411V; D420N
85051% 8 S84P - E84K A411V
72904% 16 S84P - E84K A411V
73273 16 - - - D420N
80422% 16 S84P - E84K A411V
82061%* 16 S84P - E84K A411V
84850 16 S84P - S801 -
72114 32 S84P - E84K A411V

Both ATCC strains 23064 and 14277 are used as reference. Mutations previously reported to be associated with resistance are bolded. Lev, levofloxacin.

*Sequencial isolates from the same patient after isolate 72114.

is the first in vitro survey of invasive M. salivarium isolates collected
over two decades from a broad geographic area of US, comparing
reference type strains and throat isolates from healthy volunteers to
examine the in vitro antimicrobial susceptibilities of this organism.
Mycoplasma salivarium is now becoming a recognized cause of
opportunistic infections in immunocompromised hosts (So et al.,
1983; Buchsel et al., 2016; Thoendel et al., 2017; Totten et al., 2021).
Our results have important implications for diagnosis and
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management of M. salivarium infections. Macrolides such as
erythromycin are to be avoided since there was universal resistance
in all isolates tested. Clinical failure or in vitro resistance has already
been observed on erythromycin and clarithromycin in previous
reports (So et al., 1983; Buchsel et al., 2016; Totten et al., 2021).
Acquired resistance to one or more classes of antimicrobials,
presumably driven by selective antimicrobial pressure, occurred in
half of the invasive isolates tested, and most commonly affected

frontiersin.org


https://doi.org/10.3389/fmicb.2022.914464
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Xiao et al.

TABLE 4 Tetracycline MIC and genetic alterations.

Isolate Tet MIC TetM 16S rRNA gene alteration
(mg/L) (E. coli numbering)
ATCC 23064 05 - -
ATCC 14277 1 -
63019 0016 - G974T (1023)
49906 0.031 - C936T (986); A1355G (1408)
73273 0.063  Pos C223T (264); C368T (409)
73363 0.063  Pos
83735 0.063 - G985A (1039)
62771 0125 -
69499 0125 -
78192 0125 -
81314 0125 -
59240 025  Pos
72036 025 -
48759 0.5 - C585T (625)
59228 05 Pos
59262 05 -
59263 0.5 Pos G984A (1038); G1213T (1267)
59272 05 Pos
59838 0.5 -
59229 1 Pos
59247 1 Pos
59266 1 Pos
59271 1 -
82217 1 - C1396T (1449)
84893 1 - -
59258 2 Pos G224A (265)
59260 2 Pos C304T (345); A915G (mixed, 965);
G923A (973)
59283 2 Pos A915G (965)
82746 2 -
84726 2 - -
72904 4 - A915T (965); C1141T (1195)
80422% 4 - A915T (965); C1141T (1195)
82061* 4 - A915T (965); C1141T (1195)
83426 4 - G376A (417); A915G (965)
85051 4 - A915T (965); C1141T (1195)
72114 8 - A915T (965); A919C (969); C1141T (1195)
84850 8 - T6C (41); A915G (965); A917T (967);
A1406G (1462)
84114 16 - G659A (519); GI16T (966); A917C (967)
59243 32 Pos A915G (965); G1213T (1267)

Both ATCC strains 23064 and 14277 are used as reference. Mutations known to
be associated with resistance are bolded. Tet, tetracycline.
*Sequential isolates from the same patient after isolate 72114.

fluoroquinolones, possibly because they are among the most
commonly prescribed antimicrobials. Our findings also support the
need for attempting isolation of M. salivarium by culture whenever
a clinically significant infection is suspected and obtaining in vitro
antimicrobial susceptibilities through a reference laboratory
whenever possible for guidance of antimicrobial choices. Based on
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our data, first line treatments should include clindamycin and
tetracycline since the occurrence of resistance was lowest in these
agents. It is known that the two drugs are distributed widely to tissues
and body fluids, including the invasive infection sites (Baird et al.,
1978; Beauduy and Winston, 2017). Previous case reports have
shown clinical cure by treatment using clindamycin, doxycycline or
minocycline in joint and brain infections (So et al., 1983; Orsted
etal., 2011; Baracaldo et al., 2012; Buchsel et al., 2016). Moxifloxacin
can be successful if the sensitivity is approved by in vitro susceptibility
testing (Grisold et al.,, 2008), even the isolate was resistant to
levofloxacin (Totten et al, 2021). New synthetic tetracycline
derivatives such as omadacycline and the pleuromutilin lefamulin,
both of which have activity in vitro against other human mycoplasmas
that are resistant to other drug classes (Waites et al., 2016, 2017),
may also be useful for treatment of M. salivarium infections, but thus
far they have not been evaluated against this species.

This study also determined the molecular mechanisms of
antimicrobial resistance in M. salivarium. The intrinsic erythromycin
resistance in M. salivarium was due to the presence of 2057A in 23S
rRNA, similar in several other Mycoplasma species (Whithear et al.,
1983; Furneri et al., 2000; Pereyre et al., 2002; Stakenborg et al., 2005;
Lysnyansky et al., 2015). In the sequential isolates from the same
patient, a gradual increase of erythromycin and clindamycin MICs
along with the development of C2611T and A2059G point mutations
in 23S rRNA was observed, indicating a rapid evolution/adaptation
of this organism. Although no treatment information was available
for this patient, macrolide/clindamycin antibiotic pressure might
be present during the study period. We also noticed that isolate
80422 collected in 2019 had a lower erythromycin MIC (32 mg/ml)
compared to the two later isolates 82061 and 85051 collected in 2020
and 2021 (MIC=256 and 128 mg/ml), while all three isolates had the
same sequences in 23S rRNA, rpID and rplV. Other mechanisms of
resistance might be involved and worth further investigation.
We identified a 9-amino acid deletion at position 139 in ribosomal
protein L22 that caused a high MIC for erythromycin (>256 mg/ml)
but not for clindamycin. The amino acid sequence around position
139 is unique for M. salivarium and may provide an interacting site
specific for erythromycin but not for clindamycin.

We noticed there were 12 (out of 13) isolates harboring tetM
sequence that were not resistant to tetracycline. Since all isolates
were grown directly from original clinical specimens and no
filter-clone procedure was performed to purify the organisms,
there could be contaminations of tetM elements from other
organisms carried in the original specimens. On the other hand,
tetM-positive isolates susceptible to tetracyclines have been
observed in M. hominis and Ureaplasma spp. (Degrange et al.,
2008; Beeton et al., 2009). A recent study on Ureaplasma isolates
showed that less than 10% of strains harboring fetM sequences
were phenotypically resistant to tetracycline (Dumke, 2021).
The diversity of the TetM sequences identified in this study
suggests multiple acquisition sources, which means it is unlikely
that the majority of the isolates acquired dysfunctional tetM
genes. Other mechanisms of fetM regulation, such as
transcriptional attenuation, or regulation mediated by small
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RNA (Su et al., 1992; Le Neindre et al., 2022), need further
investigation. It is possible that tetracycline resistance could
be induced through subculture of these isolates with low levels
of tetracycline which actives tetM expression as reported in
other organisms (Su et al, 1992; Degrange et al., 2008).
Contrasting to the tetM sequences, mutations in 16S rRNA gene
showed a better correlation with the observed tetracycline
resistance in the M. salivarium isolates in this study. We believe
this is the first complete documentation of a naturally occurring
tetracycline resistance mechanism supported by phenotypic
MIC data in a human mycoplasmal species other than the tetM
transposon, which is fairly widespread among M. hominis and
Ureaplasma spp. (Waites et al., 2014).

There are some limitations of this study. First, the number of
isolates tested is small. Second, the susceptibility testing methods
and MIC breakpoints have not been standardized specifically for
M. salivarium, meaning that methods and interpretive criteria for
other human mycoplasmas were utilized for reference. Third, the
detailed clinical information on antimicrobial history of the
patients from whom invasive isolates were obtained were not
available, while the occurrence of acquired resistance could
be related to their medical and antimicrobial exposure histories.
Fourth, mechanisms of tetM regulation were not investigated in
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this study, e.g., no attempt to induce tetracycline resistance in
susceptible isolates with tetM was performed.

In a summary, our study demonstrates the frequent
occurrence of acquired antimicrobial resistance in M. salivarium,
which can involve multiple drug classes, and underscores the
need for culture, susceptibility testing, or a molecular testing
approach to guide effective treatment.
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upregulation of CHOP
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Mycoplasma bovis (M. bovis) is one of the major pathogens in the bovine
respiratory disease complex, which includes pneumonia, mastitis, and arthritis
and causes a great economic loss in the cattle industry. In China, a live-
attenuated vaccine strain M. bovis P150 was obtained by a continuous culture
of the wild-type strain M. bovis HB0O801 (P1) in vitro for 150 passages.
Using the infected bovine macrophage cell line BoMac, this work attempted
to investigate the mechanism of P150 attenuation and protective immune
response. To begin, we show that M. bovis P150 effectively triggered
cytotoxicity and apoptosis in BoMac, although with lower intracellular
survival than P1. The transcriptomes of BoMac after infection with M. bovis
strains P1 and P150 were sequenced, and bioinformatic analysis identified
233 differentially expressed genes (DEGs), with 185 upregulated and 48
downregulated. Further Gene Ontology (GO) and Kyoto encyclopedia of
genes and genomes (KEGG) pathway enrichment analyses revealed that the
majority of the DEGs were linked to CHOP complex, MAP kinase phosphatase
activity and were involved in the IL-17 signaling pathway in immune response,
MAPK signaling pathway in signal transduction, and p53 signaling pathway in
cell growth and death. Among them, the level of C/EBP homologous protein
(CHOP) was significantly upregulated in P150-infected BoMac compared
to Pl-infected cells at different time points, along with its upstream and
downstream genes phosphorylated-PERK, phosphorylated-EIF2a, ATF4, and
GADDA45A increased in the PERK-dependent ER stress response. The role
of CHOP in apoptosis was further verified by M. bovis-induced siCHOP
knockdown in BoMac cells. The results showed that CHOP knockdown
enhanced P150-induced apoptosis and dramatically increased the M. bovis P1

frontiersin.org
93


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.925209
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.925209&domain=pdf&date_stamp=2022-08-03
https://doi.org/10.3389/fmicb.2022.925209
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.925209/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Zhang et al.

10.3389/fmicb.2022.925209

and P150 intracellular survival, particularly for P150. These data suggest that
P150 infection upregulates CHOP expression, which can increase apoptosis
and mediate a crosstalk between ER stress and apoptosis during infection,
and hence, contribute to high cytotoxicity and low intracellular survival.

Mycoplasma bovis, CHOP, attenuation, apoptosis, transcriptome, endoplasmic
reticulum stress, intracellular survival

Introduction

Mycoplasmas are the most basic self-replicating prokaryotes
that are found in both humans and animals. They colonize
the mucous surface of the respiratory, urogenital tracts,
mammary glands, eyes and joints, exhibiting organ and
tissue specificity (Citti and Blanchard, 2013). Mycoplasma
bovis (M. bovis) is a common pathogen in cattle causing
bovine mycoplasmosis, which can cause pneumonia, mastitis,
genital disorders, arthritis, otitis, keratoconjunctivitis, or
meningitis (Pfiitzner and Sachse, 1996; Alberti et al., 2006;
Maunsell et al, 2012; Suwanruengsri et al., 2021). These
illnesses have significant economic consequences, resulting
in losses in the beef and dairy industries around the
world (Calcutt et al, 2018). Due to the lack of effective
vaccine, a restricted drug repertoire for disease treatment and
increased development of antimicrobial resistance of M. bovis,
management of bovine mycoplasmosis has remained difficult
(Dudek et al., 2021).

Inactivated vaccines elicited a modest immunological
response, which was insufficient to create antibodies against
reinfection. For example, inactivated Brucella vaccines have
been found to have issues such as inadequate protection,
local responses caused by adjuvants, and serological issues
(Lalsiamthara and Lee, 2017). Bacille Calmette-Guerin (BCG)
is the only licensed vaccination against Mycobacterium
tuberculosis, and it is more effective than inactivated vaccine
(Fatima et al., 2020). It was observed that inactivated vaccines
for enzootic pneumonia in mycoplasma species have improved,
but illness decrease has been minimal (Nicholas et al., 2009).
So far, a recent study shows that live-attenuated vaccines
for several mycoplasmosis have already been created and
have a higher effectiveness, such as Mycoplasma gallisepticum
strain ts-304 (Kanci Condello et al., 2020) and Mycoplasma
synoviae strain MS-H (Zhu et al, 2019) through chemical
mutagenesis, and Mpycoplasma hyopneumoniae strain 168
through in vitro continuous passaging (Xiong et al., 2014).
After continuous development, in vitro for 150 passages, we
generated an attenuated vaccine M. bovis strain P150 from
the wild-type M. bovis HB0801 strain (designated as P1) after
continuous culture in vitro for 150 passages (Zhang et al., 2014).
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The P150 strain has low virulence but remains a critical
protection against a virulent challenge from the P1 strain
(Chao et al, 2019). Further genome sequencing indicated
that P150 genome was missing one 14.2-kb section and that
the strain has 46 non-sense single-nucleotide polymorphisms
and indels (Rasheed et al,, 2017). The P1 infection tended
to induce a pro-inflammatory pathogenic Thl7 response
in bovine peripheral blood mononuclear cells, whereas
P150 infection induced a Thl response (Chao et al., 2019).
However, the mechanism of the P150 strain’s attenuation
and protective immune response in comparison to the P1
strain is unknown.

Through successful recognition, clearance of germs,
cytokine generation, and antigen presentation, macrophages
play a crucial role in the early management of bacterial
infections. Variation in surface antigens, production of biofilms
and cleavage of the IgG heavy chains are only a few of the
ways M. bovis uses to avoid opsonization and phagocytosis
by the macrophages, allowing it to avoid the activation of
an effective immune response (Maunsell and Chase, 2019).
To limit bacterial infection, host macrophages also send
out an apoptotic signal (Borchsenius et al., 2020). M. bovis
has been shown to delay apoptosis in bovine monocytes
in vitro, extending bacterial viability and facilitating bacterial
dissemination (Mulongo et al, 2014). M. bovis may also
suppress the intrinsic apoptotic pathway in bovine macrophage
BoMac cells (Maina et al., 2019). However, M. bovis of varying
virulence has been observed to modulate PBMC proliferation,
apoptosis, and survival in distinct ways (Suleman et al., 2016).
Understanding how M. bovis infection causes apoptosis would
aid in identifying host immune responses that could be used to
limit infection.

This study aimed to investigate the mechanism by which
P150 was attenuated by comparing the transcriptome sequences
of BoMac cells infected with M. bovis P1 and P150, and revealing
the function of critical genes associated with the viability of
infected BoMac cells and mycoplasma survival after infection.
The findings suggest that elevation of CHOP expression may be
responsible for the increased apoptosis produced by P150. The
findings add to our understanding of M. bovis P150 attenuation
and likely explain the protective immune response.
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Materials and methods

Strains, cells, and reagents

Mpycoplasma bovis HB0801 wild-type strain (P1) (GenBank
accession no. NC_018077.1) was isolated from the lung
of a diseased cattle with pneumonia in Hubei Province,
China (Qi et al,, 2012), and its attenuated strain M. bovis
P150 strain (P150) (GenBank accession no. CP007590.1) was
produced from P1 following continuous passaging in vitro
150 times and maintained in our laboratory (Zhang et al,
2014). Both strains were cultivated at 37°C in 5% CO, for
36 h in pleuropneumonia-like organisms (PPLO) medium (BD
Company, MD, United States) supplemented with 10% horse
serum (Hyclone, UT, United States). A 0.1 ml of culture with
serial dilutions was plated on the PPLO medium containing
1.5% agarose (BD Difco™, San Diego, United States) and
incubated at 37°C in 5% CO; for 72 h to count the quantity of
mycoplasma (CFU/ml).

BoMac, a bovine peritoneal macrophage cell line donated
by Judith R. Stabel of the United States Department of
Agriculture’s Johne’s disease Research Project in Ames, Iowa,
was grown in Roswell Park Memorial Institute (RPMI) medium
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Gibco, NY, United States).

The Cell Signaling Technology company (Danvers, MA,
United States) provided antibodies against PERK Rabbit
mAb (5683), Phospho-PERK Rabbit mAb (3179), phosphor-
elF2a Rabbit mAb (3398), CHOP Mouse mAb (2895),
GADD45A Rabbit mAb (4632). Proteintech (Wuhan, China)
supplied the p-actin Mouse mAb (60008-1). All these prime
antibodies have species cross-reactivity with bovine cells
according to the product manual. The secondary antibodies
used HRP-conjugated goat anti-mouse or anti-rabbit IgG
(SouthernBiotech Company, Birmingham, United Kingdom).

Cell viability assay

The MTT assay was used to investigate the M. bovis
P1 and P150 on the viability of BoMac cells. BoMac cells
(1 x 10* cells/100 pl) were plated overnight in a 96-
well plate and infected with M. bovis P1 and P150 at
different multiplicities of infection (MOI) of 0.1, 1, 10,
100, 500, 1000 for another 12 h at 37°C. Each well
received a 10 pl MTT solution (Beyotime Biotechnology,
Shanghai, China) and was incubated for additional 4 h.
Then, on a shaker at a low speed for 10 min, 110 pl of
formazan solution was added to each well to fully dissolve
the crystals. The absorbance at 490 nm was measured
using a microplate reader (Victor NIVO, PerkinElmer Inc.,
United States). The cell viability was determined using
the formula: cell viability (%) = (ODgumple-ODplank)/(ODnc-
ODblank) x 100%.
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Cell apoptosis assay

Mycoplasma bovis P1 and P150 strains were infected into
BoMac cells (1 x 10° cells/ml) at various MOIs of 10, 100, 500,
1,000, and 2,000 for 12 h, or at an MOI of 1,000 for 3, 6, 12,
and 24 h. The cells were collected and stained with the Annexin
V-FITC/PI detection kit (Vazyme, Nanjing, China) according
to the manufacturer’s protocol for flow cytometry detection,
and the apoptotic cells were detected using a flow cytometer
(Cytoflex, Beckman Coulter, Inc., United States) and analyzed
using the FlowJo VX software.

Mycoplasma bovis survival in BoMac by
gentamicin protection assay

The gentamicin assay was used to assess mycoplasma
survival in BoMac cells, as previously described (Burgi et al.,
2018). M. bovis P1 and P150 were infected into BoMac cells at
MOI of 50. The cells were rinsed twice with PBS after 3 h of
infection, then given the DMEM medium supplemented with
400 pg/ml gentamicin. The plates were incubated for another
3 h before being washed three times with PBS to remove
gentamicin and replaced with fresh DMEM medium. The cells
were then collected at 0, 3, 12, 24, 36, and 50 h, lysed with
sterile water, and the amount of mycoplasma (CFU/ml) was
determined by plating the 10-fold serially diluted lysate on
PPLO agar plates.

Observation of cell morphology and
ultrastructure with transmission
electronic microscopy

Mpycoplasma bovis and the infected cells were seen using
transmission electron microscopy (TEM) (HITACHI, Tokyo,
Japan). BoMac cells were seeded in 6-well plates, infected at an
MOI of 1,000 with M. bovis P1 and P150, and incubated for
12 h. The cells were then rinsed in PBS and fixed with 1.5%
glutaraldehyde in 0.1 M cacodylate buffer, then postfixed for
2 h at 4°C in 2% osmium tetroxide, dehydrated in a graded
series of ethanol, embedded in Epon 812, and cut into ultrathin
section (75 nm). Before being examined with a HITACHI H-600
electron microscope at 80 kV, the slices were stained with uranyl
acetate and lead citrate.

RNA extraction, RNA sequencing, and
bioinformatic analysis

BoMac cells (1 x 10° cells/ml) were seeded into 6-well
cell plates and inoculated with M. bovis P1 and P150 at an
MOI of 1,000 for 12 h. The entire RNA extraction, cDNA
library construction, and RNA-seq method were carried out
as previously described (Ouyang et al., 2016). Total RNA was
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isolated using TRIzol® Reagent (Invitrogen, United States),
quality-verified using agarose gel electrophoresis, and quantified
using an Agilent 2100 bioanalyzer (Agilent Technologies, CA,
United States). The RNA integrity numbers (RIN) greater than
eight were further processed for sequencing.

The mRNA was extracted using magnetic oligo (dT)
beads and cleaved into short fragments after total RNA
samples were treated with DNase I. Then, using the mRNA
fragments as templates, cONA was generated and appropriate
fragments purified by agarose gel electrophoresis were chosen
as PCR templates. Finally, the Illumina HiSeq high-throughput
sequencing platform was used to sequence six samples from each
of the three groups. After filtering the adapters, clean reads were
recovered and mapped to reference sequences using HISAT2.
The DEseq2 program was then used to find differentially
expressed genes (DEGs) in P1 and P150 infected cells. The
significance of gene expression differences was judged using
the p < 0.05 and the fold change (logratio > 1) thresholds.
The Clustering software was used to do hierarchical cluster
analysis of DEGs.

Functional categorization

The generated list of DEGs was analyzed using DAVID!?
and KOBAS? online tools to perform Gene Ontology
(GO) enrichment analysis and KEGG pathway enrichment
analysis, respectively.

Validation of sequencing data by
gRT-PCR assay

A total of fourteen DEGs with substantial fold changes
at a false discovery rate of p < 0.01 were chosen for qRT-
PCR validation of expression diversity to validate the RNA-seq
results. As previously stated, the total RNA was isolated from
BoMac cells using TRIzol (Invitrogen, Carlsbad, California,
United States). cDNA was synthesized using 1 jLg of total RNA
and a reverse transcription (RT) kit (Vazyme, Nanjing, China).
Further, qRT-PCR was performed using the SYBR Green master
mix (Vazyme). Each target gene’s expression was compared to
that of GAPDH. Table 1 lists the primer sequences designed by
us that were used in this study.

Western blot assay

Mycoplasma bovis P1 and P150 were infected into
BoMac cells at an MOI of 1000 and harvested at 6, 12,

1 https://david.ncifcrf.gov/
2 http://kobas.cbi.pku.edu.cn/kobas3/
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TABLE 1 The primers used for qRT-PCR in this study.

Primers Sequences (5'-3') Amplicon size (bp)
CXCR4-F GCAGGTAGCAAAGTGACCCT 162
CXCR4-R CGGAAGCAGGGTTCCTTCAT

CHACI1-F CAACCACTCAAGGCATTGGC 130
CHACI1-R AGTACTCAAGGTTGTGCCCG

CXCLS8-F ATTCCACACCTTTCCACCCC 126
CXCL8-R CCTTGGGGTTTAGGCAGACC

GADD45A-F  CTCGGCTGGAGAGCAAAAGA 235
GADD45A-R CTCACAGCAGAATGCCTGGA

DDIT4-F GCAAAGAACTACTGCGCCTG 206
DDIT4-R GGCAGAGCTAAACAACCCCT

PPPIRI5A-F  CAACCAGGAGACACAGAGGA 222
PPPIR15A-R ACTCTGGGTCTGAAGGGAGG

CHOP-F CCTGAGGAGAGAGTGTTCCAG 219
CHOP-R CTCCTTGTTTCCAGGGGGTG

TCIM-F GTAAGACCCTGACACGCACA 206
TCIM-R TGACATCAGCGCCAGTCTTT

TRIB3-F ACTTTTAAGGAAGCCCGCCGT 94
TRIB3-R ATTTGCTGGAACAGCCAGGG

DUSP6-F GGGTGGATTTGAGGTGCAGT 227
DUSP6-R GCAGGCGAGACCGAAGTAAA

IL1B-F TCCACGTGGGCTGAATAACC 93
IL1B-R TCGGGCATGGATCAGACAAC

PTGS2-F TGATCCCCAGGGCACAAATC 275
PTGS2-R CAGGAACATGAGGCGGGTAG

MYC-F GAAGGGAGATCCGGAGTCAAA 300
MYC-R CTGCAAGCCCGTATTTCCAC

ATF4-F GCACCAAAACCTCGCAACAT 143
ATF4-R AAGCATCCTCCTTGCTGTTGT

GAPDH-F ACCCAGAAGACTGTGGATGG 129
GAPDH-R CAACAGACACGTTGGGAGTG

and 24 h post-infection (pi). Equal numbers of cells were
lysed with RIPA lysis buffer with protease inhibitor cocktail
and phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO,
United States). A BCA protein assay kit (Beyotime) was
used to quantify protein concentrations, and 20 pg of
total proteins were separated by 12% SDS-PAGE. The
proteins in the gel were transferred onto polyvinylidene
fluoride membranes (Millipore, Billerica, MA, United States),
which were blocked for 1 h at room temperature with 5%
(w/v) skim milk in Tris-buffered saline with 0.05% Tween
20 (TBST), and then incubated with different primary
antibodies (1:1000 in dilution) overnight at 4°C. The
membranes were then incubated and treated with goat
anti-mouse IgG or anti-rabbit IgG (1:5000 in dilution,
SouthernBiotech) for 1 h after being rinsed three times
with TBST. Enhanced chemiluminescence (ECL) reagents
(Thermo Fisher, Waltham, MA, United States) were utilized
to detect the tagged proteins, with B-actin serving as an
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internal control. Image] software was used to determine the
intensity of each band.

C/EBP homologous protein-specific
interference in BoMac cells

Table 2 lists the exact sequences of CHOP gene small
interfering RNA (siRNA) oligos and non-target control siRNA
(siCtrl) designed and manufactured by Gene Pharma Co., Ltd.
(Suzhou, China), which were used to interfere with CHOP gene
expression as follows. Then 55 pmol siCHOP was transfected
into BoMac cells using jetPRIMER® transfection reagent
(Polyplus transfection, French) according to the manufacturer’s
manual. The cells were next treated with M. bovis P1 and P150
at an MOI of 1,000 for an additional 12 h at 37°C, as described
above. After that, the cells were collected for the QRT-PCR and
Western blot assay.

Statistical analysis

The statistical analysis was performed with GraphPad Prism
8.0 software (San Diego, CA, United States). The data were
expressed as means =+ standard deviation (SD) of at least three
independent experiments. The significance of the differences in
each group was determined with either a two-tailed student’s
t-test for one comparison or a one-way analysis of variance
(ANOVA) for over one comparison. The p-values less than 0.05
were regarded as statistically significant difference and denoted
in the figures as follows: ns, not significant; *p < 0.05, **p < 0.01,
#%p < 0.001, ****p < 0.0001.

Data availability statement
Our SRA records were deposited in the NCBI database and

will be accessible with the following link: https://www.ncbi.nlm.
nih.gov/bioproject/PRJNA769187.

TABLE 2 Small interfering RNA (siRNA) sequences used in this study.

Name Sense sequences (5’-3') Antisense sequences
(5'-3)

siCHOP-170  GCAGCUGAGUCACUGC AAGGCAGUGACUCAGC
CUUTT UGCTT

siCHOP-514 ~ GCAACGCAUGAAGGAG UUUCUCCUUCAUGCGU
AAATT UGCTT

siCHOP-649 ~ GAUGGUUAAUCUGCAC UUGGUGCAGAUUAACC
CAATT AUCTT

siCtrl UUCUCCGAACGUGUCA ACGUGACACGUUCGGA
CGUTT GAATT
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Results

P150 induced higher levels of
cytotoxicity and apoptosis, but lower
intracellular survival

An MTT test was used to analyze the cytotoxic effect of
M. bovis virulent P1 and attenuated P150 strains on BoMac
cells. The P150 infection dramatically reduced cell viability at
higher MOIs of 500 and 1,000, as seen in Figure 1A. The
apoptosis levels of infected BoMac cells were detected using
Annexin FITC/PI staining using flow cytometry to further
study the reason underlying the lower cell viability. Infection
of both strains caused increased levels of apoptosis in a dose-
and time-dependent manner when compared to the control
group (Figures 1B,C). At high MOIs of 500, 1,000, and 2,000,
P150 triggered considerably more apoptosis than P1 (p < 0.01)
(Figure 1B). The findings showed that both the two M. bovis
strains increased the proportions of apoptotic cells from 6 h
post-infection (pi) onward, compared to the blank control, but
the apoptosis levels in the P150-infected cells were significantly
higher than those in the P1-infected cells (p < 0.01) at 6, 12, and
24 h post-infection (pi) (Figure 1C).

The intracellular survival of mycoplasma was also tested.
Although both strains’ intracellular mycoplasma increased with
time from 24 h pi onward, more viable bacteria were recovered
from P1-infected BoMac cells than P150 (Figure 1D), showing
that P1 has a better intracellular survival ability than P150.

After infection for 12 h, the ultrastructure of P1 -and P150-
infected BoMac cells was investigated under TEM. The typical
morphological traits of apoptotic cells were frequently detected
in P150-infected cells, including multiple cytoplasmic vacuoles,
chromatin condensation and margination, and the formation
of a crescent under the nuclear membrane (Figure 1E). In
addition, after M. bovis P150 infection, the ER compartment
was enlarged—a morphological sign of ER stress. The above
morphological change was difficult to discern in Pl-infected
cells (Figure 1E).

Differentially expressed genes in
BoMac cells induced by P1 and P150

Mpycoplasma bovis P1- and P150- infected with BoMac
cells were collected 12 h to determine the gene expression
profile, and six transcript RNA libraries were created, with six
samples called P1_1, P1_2, P1_3, P150_1, P150_2, and P150_3.
Supplementary Table 1 contains all information on the quality
of transcriptomic sequencing. About filtering out the adapter
and the valve of Q30, around 27.4-33.6 million clean reads
were recovered, and the comparison between the GC content
of sequencing results was about 50.08-50.97%, indicating that
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The differential viability and apoptosis of BoMac cells infected by M. bovis P1 and P150 and intracellular survival of both strains. (A) MTT assay
demonstrated that infection decreased cell viability in dose-dependent manner with the high multiplicities of infection (MOI) of 500 and 1000,
but P150 showed stronger ability to reduce cell viability than P1. (B) Flow cytometry assay on apoptosis of the infected BoMac cells at various
MOlIs after being stained with Annexin V-FITC and propidium iodide (PI) showed that P150 induced significantly higher levels of apoptosis at
high MOls. (C) Flow cytometry assay on apoptosis of infected BoMac cells at various times post-infection at an MOl of 1000 showed that P150
induced significantly higher levels of apoptosis from 6 h onward. (D) Intracellular survival and growth of M. bovis P1 and P150 in BoMac cells.
The data represent the mean =+ SD of 3 independent experiments. *, **, and *** represent p < 0.05, p < 0.01, and p < 0.001, respectively. (E) TEM
micrographs of BoMac cells infected with P1 and P150 where the P150 infected cells are characterized by typical morphology of apoptotic cells
including cytoplasmic vacuolation, chromatin condensation and margination, and formation of a crescent. The perinuclear rough ER regions on
the images in the left panel are magnified on the right panels. Asterisk indicates ER lamellae infection by P1 and P150. N, nucleus; C, cytoplasm.
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the sequencing data are suitable for further study. Using TopHat
v2.0.12, we mapped the high quantity clean to the cow genome
(Bos taurus). Total cleaning reads were 95.40-95.67% mapped to
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the cattle genome, with 93.14-93.44% of them uniquely mapped
to a specific location within the cattle genome. Furthermore, the

percentage of multi-mapped reads in each sample was less than
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FIGURE 2

DEGs analysis of BoMac cell after the P1 and P150 infection. (A) The heat map showed the expression levels of DEGs in the pair of P150 vs. P1.
The red color represents the upregulated expression of genes, while the green color represents a downregulated expression of genes. The
gradient color barcode at the right top indicates log, (FPKM) value. Each row represents a gene and each column represents a sample.

(B) Volcano map showed the differential mMRNA expression between P150 and P1 (log2FoldChange > 1, p-value < 0.05). (C) Gene ontology (GO)
functional classification of upregulated (Red) and downregulated (Green) DEGs. Genes were annotated in three categories: biological process,
molecular function, and cellular component. The X-axis means the number of DEGs, while Y-axis represents GO terms.

5%, which is within industry standards and indicates that these
data were available for DEGs analysis.

Heat maps were created based on log2Fold change >1 and
p < 0.05 values to display the findings of clustering analysis
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using Cluster 3.0 software, in which one little square represents
one gene and its color represents the gene’s expression level, as
shown in Figure 2A. Each column shows the expression level
of all genes in each sample, whereas each row represents the
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Scatter plot of enriched GO terms and KEGG pathway statistics. Rich factor is the ratio of the differentially expressed gene number to the total
gene number in a certain pathway. The color and size of the dots represent the range of the —log10(p-value) and the number of DEGs mapped
to the indicated terms, respectively. The top 20 enriched GO terms (A) and KEGG pathways (B) are shown in the figure.

expression level of each gene in a distinct sample. Figure 2B and
Supplementary Table 2 show that out of the 16,329 genes in
the annotated bovine genome, the clustering analysis revealed
233 DEGs in the P150-infected cells vs. the Pl-infected cells,
with 185 DEGs upregulated and only 48 DEGs downregulated
(log2FoldChange > 1, p-value < 0.05).

Gene ontology and Kyoto
encyclopedia of genes and genomes
pathway enrichment analysis of
differentially expressed genes

We used a web-based DAVID database to do GO analysis to
learn more about the biological activities of the DEGs. A total
of 162 out of 233 profiled DEGs were ascribed to 26 biological
processes, 14 cellular components, and 8 molecular function
terms. The GO terms of molecular function category were
binding, catalytic activity, and molecular function regulator.
The top five GO terms in biological functions were mostly
related to cellular process, biological regulation, regulation
of biological process, metabolic process, and response to
stimulus. The top five GO terms in cellular component function
included cell, cell part, organelle, membrane, and organelle
part. Figure 2C depicts typical GO terms with full data in
Supplementary Table 3.

The top 20 enriched GO terms were further examined
using the Rich Factor, with the “CHOP-ATF3 complex,
“CHOP-C/EBP complex,” and “CHOP-ATF4 complex” in
cellular component function and “MAP kinase phosphatase
activity” in the molecular function being the most significantly
enriched GO terms (Figure 3A and Supplementary Table 3).
Two of the top 20 KEGG enrichment pathways were
linked to the immune system, including the IL-17 signaling
pathway and C-type lectin receptor signaling pathway. Three
pathways were involved in signal transduction, such as
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MAPK signaling pathway, TNF signaling pathway, and FoxO
signaling pathway. The p53 signaling pathway, for example,
was implicated in cell growth and death. Three pathways
were associated with infectious diseases, such as legionellosis,
human cytomegalovirus infection, and amebiasis (Figure 3B
and Supplementary Table 4). Based on the p-values and GO
enrichment score, 20 genes were most significantly upregulated
after the P150 infection. Table 3 has further information on
these genes. These DEGs potential targets could be important
mediators in the M. bovis infection.

Validation of differentially expressed
genes involved in inflammatory
response and apoptosis

For the qRT-PCR validation, 14 upregulated DEGs
implicated in the inflammatory response and CHOP complex
were chosen. When compared to P1, the expression of CHOP
(DDIT3, DNA damage-inducible transcript 3) and ATF4
(activating transcription factor 4) genes, which are involved
in the PERK signaling pathway and the intrinsic apoptotic
signaling pathway in response to ER stress, was confirmed to
be upregulated in the P150-infected cells. Furthermore, the
expression of proapoptotic genes such as CHAC1 (glutathione
specific gamma-glutamylcyclotransferase 1), TRIB3 (tribbles
pseudokinase 3), GADD45A (growth arrest and DNA damage-
inducible alpha), and DUSP6 (dual specificity phosphatase
6) was also upregulated. Furthermore, in P150-infected cells,
expression of numerous positive apoptotic genes such as TCIM
(transcriptional and immune response regulator), MYC (MYC
proto-oncogene), PPPIR15 (protein phosphatase 1 regulatory
subunit 15A) was elevated. CXCL8, CXCR4, and IL1B, all
of which contribute to the inflammatory response, were also
elevated. The relative expression levels of all 14 DEGs were
consistent with the RNA-seq results in general (Figure 4).
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TABLE 3 Mostly upregulated enriched 20 DEGs in M. bovis P150 infected BoMac compared to P1 strain.

Gene names Description

10.3389/fmicb.2022.925209

TCIM transcriptional and immune response
regulator

HMOX1 heme oxygenase 1

CHOP DDIT3, C/EBP homologous protein

BNIPL BCL2 interacting protein like

PPPIRI5A protein phosphatase 1 regulatory subunit 15A

INHBE inhibin subunit beta E

GDF15 growth differentiation factor 15

MYC MYC proto-oncogene, bHLH transcription
factor

DUSP1 dual specificity phosphatase 1

DUSP6 dual specificity phosphatase 6

GADD45A growth arrest and DNA-damage-inducible
alpha

OSGIN1 oxidative stress induced growth inhibitor 1

TRIB3 tribbles pseudokinase 3

CHAC1 ChaC glutathione specific
gamma-glutamylcyclotransferase 1

CXCL8 C-X-C motif chemokine ligand 8

KLF4 Kruppel like factor 4

SPRY2 sprouty RTK signaling antagonist 2

CYP27B1 cytochrome P450 family 27 subfamily B
member 1

SRXN1 sulfiredoxin 1

PTGS2 prostaglandin-endoperoxide synthase 2

GO terms log2Fold change P-values
GO:0006915 apoptotic process 3.20 1.20E-75
GO:0045746 negative regulation of Notch signaling pathway

GO:0006915 apoptotic process 1.21 2.17E-37
GO:0043065 positive regulation of apoptotic process

GO:0006979 response to oxidative stress

GO:0006915 apoptotic process 1.78 4.22E-55
GO:0070059 intrinsic apoptotic signaling pathway in response

to endoplasmic reticulum stress

GO0:0034976 response to endoplasmic reticulum stress

GO0:1990622 CHOP-ATF3 complex

GO:0006915 apoptotic process 1.12 0
GO0:0008285 negative regulation of cell proliferation

GO:0006915 apoptotic process 1.12 3.16E-39
GO0:0042981 regulation of apoptotic process 1.20 0.01
GO0:0042981 regulation of apoptotic process 1.83 6.26E-59
GO:0008284 positive regulation of cell proliferation 1.61 1.89E-100
GO:0060070 canonical Wnt signaling pathway

GO0:0042981 regulation of apoptotic process

GO:0042981 regulation of apoptotic process 1.07 3.70E-82
GO0:0043065 positive regulation of apoptotic process 1.04 2.31E-73
GO0:0043065 positive regulation of apoptotic process 1.55 1.60E-113
GO:0043065 positive regulation of apoptotic process 1.27 1.10E-30
GO0:0070059 intrinsic apoptotic signaling pathway in response 1.77 9.84E-51
to endoplasmic reticulum stress

GO:0034976 response to endoplasmic reticulum stress

GO0:0045746 negative regulation of Notch signaling pathway 1.96 1.79E-31
G0:0070059 intrinsic apoptotic signaling pathway in response

to endoplasmic reticulum stress

GO:0006955 immune response 221 3.24E-28
G0:0006954 inflammatory response

GO:0070098 chemokine-mediated signaling pathway

GO0:0034976 response to endoplasmic reticulum stress

GO:0008285 negative regulation of cell proliferation 1.10 4.71E-28
GO0:0060070 canonical Wnt signaling pathway

GO0:0008285 negative regulation of cell proliferation 1.16 0.000022
GO:0010628 positive regulation of gene expression

GO0:0008285 negative regulation of cell proliferation 1.18 0.004959799
GO:0006979 response to oxidative stress 1.49 4.67E-34
GO:0006979 response to oxidative stress 1.63 0.0000465

log2Fold changes (P150/P1) display the mean value of 3 replicate samples obtained per group. Genes were ranked according to the expression changes detected by RNA-seq.

Overall, this verification revealed that infection of BoMac with
P150 activated the proapoptotic signaling pathway more than
the infection with P1.

Increased expression of endoplasmic
reticulum-stress-associated genes
during P150 infection

As shown above, three out of fourteen genes (ATF4,

CHOP, and GADD45A) involved in the activation of the PERK
pathway during ER stress were upregulated after P150 infection
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compared to Pl. The phosphorylation of the eukaryotic
initiation factor 2 alpha subunit (eIF2a) and expression of
ATF4, an ER-stress-inducible transcription factor, could be
activated by activating the proapoptotic genes CHOP and
GADD45A when the PERK pathway is activated (Rozpedek
et al., 2016). The P150-infected cells had considerably higher
ATF4 mRNA expression at 8, 12, and 16 h pi than PI1 and
negative control cells, as expected (Figure 5A). In addition, its
two downstream genes CHOP and GADD45A were shown to
be considerably elevated in P150 (Figures 5B,C). Furthermore,
whole-cell lysates were produced and analyzed for 6, 12,and 24 h
pi by western blotting. The target protein’s relative levels were
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normalized to B-actin as an internal loading control protein,
and densitometry measurement was determined using Image]J
software. We found that the CHOP protein levels were much
greater in the P150-infected cells than in the Pl-infected cells
at 12 and 24 h, as seen in Figures 5D,E, showing that P150
infection could potentially boost the CHOP expression. We
also looked at the expression of PERK, phosphorylated-PERK
(P-PERK), phosphorylated EIF2a (P-EIF2a), and GADD45A
to see whether the M. bovis P150 infection affected the PERK
signal pathway. As shown in Figures 5EG, the levels of
P-PERK/PERK were significantly higher in the P150-infected
cells than in the Pl-infected at 4 and 8 h. The levels of
P-EIF20 were both higher in the P1- and P150-infected cells
than in the negative control at 8, 12, and 24 h (Figures 5FH).
Interestingly, the levels of GADD45A were much higher in
the P150-infected than in Pl-infected or negative control cells
(Figures 5E]I).

C/EBP homologous protein
knockdown suppressed
M. bovis-induced apoptosis

Three synthetic siRNAs against CHOP, including siCHOP-
170, siCHOP-514, and siCHOP-649, were used to interfere
with endogenous CHOP expression to further indicate that
CHOP played a critical role during M. bovis-induced apoptosis.
When compared to the non-targeting siCtrl, all three siCHOP
had a significant inhibitory impact (p < 0.0001), however,
siCHOP-514 and siCHOP-649 primarily decreased the CHOP
expression (Figure 6A). Furthermore, the western blot assay
confirmed that transfection of BoMac cells with siCHOP-
649 almost eliminated the CHOP expression compared to
non-targeting siCtrl control (Figures 6B,C). The siCHOP-
649 was also used to investigate the effect of CHOP
knockdown in apoptosis regulation. Flow cytometry was
used to detect apoptosis, and the results revealed that the
apoptotic cell percentage (right upper quadrant and right
lower quadrant represent the late-stage apoptosis rate and
early stage apoptosis rate, respectively) after CHOP knockdown
dramatically reduced in the P150-infected cells at 12 h after
infection (p < 0.001), but did not affect P1-induced cell death
(Figures 6D,E).

Effect of C/EBP homologous
protein-mediated apoptosis on
intracellular survival of P150

Based on the findings, it is fair to believe that P150-
induced apoptosis in ER stress response via CHOP could
affect intracellular bacteria survival. Before infection with
M. bovis P1 and P150, BoMac cells were transfected with
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siCHOP. At 24 h PI. The total number of intracellular
bacteria were considerably higher with siCHOP treatment than
with siCtrl, and significantly higher than P1 with siCHOP
treatment (Figure 6F).

Discussion

Mycoplasma bovis is a significant contributor to the global
burden of bovine respiratory illness. In a recent work, an
attenuated M. bovis strain P150 derived from several in vitro
passages of the virulent strain P1 elicited a strong innate
immune response, suggesting that it could protect calves from
infection with the virulent strain P1 (Zhang et al, 2014).
However, the pathogenicity of the two M. bovis strains to calves
differs (Chao et al., 2019). In this investigation, we discovered
that the M. bovis-attenuated-strain P150 could cause more
apoptosis in BoMac cells than strain P1, and we investigated the
transcriptional profile of BoMac cells at 12 h during M. bovis
P1 and P150 infections, respectively. Our findings led to several
intriguing conclusions. Validation of 14 elevated genes related to
inflammatory response and apoptosis was found by comparing
233 DEGs. CHOP-mediated ER stress was surprisingly enriched
as the most notable GO category. We also discovered that
the CHOP gene is a key regulator of apoptosis in a PERK-
dependent signal pathway and that it may be responsible for the
ER-stress-induced apoptosis differences between P1 and P150.

Many studies have been done to develop various types
of M. bovis vaccines to control its infections, including
inactivated vaccines, subunit vaccines, and live-attenuated
vaccines. Inactivated vaccines are the most commonly used
in studies to prevent infections with M. bovis and there are
two licensed vaccines for the prevention of M. bovis infections
in the United States. However, the authors found that the
two vaccines were not efficacious in reducing the number of
M. bovis colonizing and the number of M. bovis-specific lesions
(Soehnlen et al., 2011). Another attempt was made to develop
an effective subunit vaccine against M. bovis associated with
several immunogenic proteins, such as GAPDH, PdhA, PepA,
Tuf, P48, P81, OppA, LppA, PepQ, 0256, and DeoB (Prysliak
and Perez-Casal, 2016). Unfortunately, there was an insufficient
cell-mediated response to the M. bovis recall antigens and no
protection against the M. bovis challenge, although a strong
humoral immune response was observed based on the IgG1
and IgG2 serum responses (Prysliak et al, 2013). Whereas
live-attenuated vaccines are relatively safe and effective, which
have been licensed and accepted by swine, poultry, and cattle
producers in many countries (Feng et al., 2013; Zhang et al.,
2014; Kanci Condello et al,, 2020). However, we still lack
information about its mechanism of attenuation and protective
immune response. In recent years, apoptosis inhibition by
different bacteria has been suggested as a mechanism of survival
by allowing the pathogen to replicate and disseminate in the
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Validation of RNA-seq results by gRT-PCR. Log2Fold changes (P150 vs. P1) obtained by qRT-PCR were compared with the sequencing results

for 14 DEGs.

host (Maina et al., 2019). Here, we show the difference in the
modulation of apoptosis and survival in BoMac cells by M. bovis
P1 and P150. The cell viability was dramatically reduced at a
high MOI of 1,000. The findings are in partial agreement with
previous work that M. bovis-induced apoptosis in epithelial cells
(MAC-T and EBL cells) via a mitochondria-dependent pathway
and ER-stress-dependent signaling pathway, respectively (Liu
etal., 2020; Wu et al,, 2021). Consistent with our previous study,
live M. bovis P1 induced around 14-15% apoptosis in BoMac
cells (Zhao et al., 2021). However, we found that the attenuated
strain P150 induced significantly more apoptosis than the wild-
type strain P1-infected BoMac cells. Furthermore, we used TEM
to examine the morphology of BoMac after infection with
M. bovis P1 and P150, and discovered obvious vacuolation
and enlargement of the ER compartment in P150 infection,
indicating that M. bovis-attenuated strain exactly induces cell
damage and is more serious than Pl-infected. Comparative
genomics previously showed that one 14.2 kb deleted region
covering 14 genes was missing in P150 (Rasheed et al., 2017),
but the functions of most deleted genes (9/14) are unknown, and
therefore, it is hard to suppose their role in the deleted genes in
P150-induced apoptosis. In addition, there are many other kinds
of mutations such as 46 SNPs and indels at the nucleic acid level
between the P150 and P1, which would be possible to induce cell
apoptosis. However, it remains to be verified in the future.

The fact that M. bovis P150 infection causes more apoptosis
in BoMac cells than M. bovis P1 infection could have many
ramifications. To begin with, a high amount of apoptosis
would help to inhibit bacterial growth in phagocytes by killing
pathogens. We also discovered that P150 recovered 24 h after
infection and had much fewer intracellular bacteria than P1
after gentamicin treatment, indicating M. bovis P150 lacks
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