
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Martineau et al. BMC Genomics          (2024) 25:886 
https://doi.org/10.1186/s12864-024-10789-y

Background
The Mycoplasma genus comprises major recognized bac-
terial pathogens for both human and veterinary health 
[1]. Mycoplasma spp. in animals primarily colonize and 
infect mucosal areas of the respiratory and urogenital 
tract and the joints, while haemotrophic mycoplasmas 
infect red blood cells [1, 2]. However, concomitantly, 
other Mycoplasma species colonize the same physi-
ological niches (oropharynx, respiratory and genital 
tracts) in both healthy and diseased individuals. These 
species are considered commensal, opportunistic, or 
of unknown status regarding their infectious potential. 
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Abstract
Background  Mycoplasma spp. are wall-less bacteria with small genomes (usually 0.5–1.5 Mb). Many Mycoplasma (M.) 
species are known to colonize the respiratory tract of both humans and livestock animals, where they act as primary 
pathogens or opportunists. M. equirhinis was described for the first time in 1975 in horses but has been poorly studied 
since, despite regular reports of around 14% prevalence in equine respiratory disorders. We recently showed that 
M. equirhinis is not a primary pathogen but could play a role in co-infections of the respiratory tract. This study was a 
set up to propose the first genomic characterization to better our understanding of the M. equirhinis species.

Results  Four circularized genomes, two of which were generated here, were compared in terms of synteny, gene 
content, and specific features associated with virulence or genome plasticity. An additional 20 scaffold-level genomes 
were used to analyse intra-species diversity through a pangenome phylogenetic approach. The M. equirhinis species 
showed consistent genomic homogeneity, pointing to potential clonality of isolates despite their varied geographical 
origins (UK, Japan and various places in France). Three different classes of mobile genetic elements have been 
detected: insertion sequences related to the IS1634 family, a putative prophage related to M. arthritidis and integrative 
conjugative elements related to M. arginini. The core genome harbours the typical putative virulence-associated 
genes of mycoplasmas mainly involved in cytoadherence and immune escape.

Conclusion  M. equirhinis is a highly syntenic, homogeneous species with a limited repertoire of mobile genetic 
elements and putative virulence genes.
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The Mycoplasma genus species already counts over 120 
species, and the number continues to rise as the science 
community reports new species in various hosts, but 
most of the time these new species do not attract atten-
tion from clinicians.

From a bacteriology standpoint, Mycoplasma spp. 
cumulate several atypical characteristics. Their cells are 
small and pleomorphic, as they have no cell wall. Their 
genomes are small, at 580 to 1359 kbp and 568 to 1037 
coding sequences (CDS), have a low G + C content (23–
40%), use UGA as a tryptophan codon instead of the 
universal stop, and have limited coding of complete met-
abolic pathways [1]. Consequently, mycoplasma growth 
is fastidious or even impossible for haemotrophic myco-
plasmas in acellular media, and can only be achieved in 
sterol-enriched complex media. Finally, but crucially, 
Mycoplasma infection strategies do not rely on ‘classical’ 
virulence factors, with the exception of M.  pneumoniae 
that secretes the CARDS (community-acquired respira-
tory distress syndrome toxin) exotoxin [3, 4].

The first description of the M. equirhinis species dates 
back to 1975 when Allam and Lemcke isolated four 
strains from the nasopharynx of thoroughbred horses 
that were serologically different from known species at 
that time and were able to hydrolyse arginine and rap-
idly form “film and spots” on agar plates [5]. As one of 
the four isolates came from a healthy horse, it immedi-
ately posed the question of whether M. equirhinis was a 
true pathogen. However, M.  equirhinis failed to repro-
duce the disease in Welsh ponies experimentally infected 
by nasal route [6], and over the years, studies comparing 
the prevalence of M. equirhinis in diseased versus healthy 
animals failed to reach firm conclusions [7–9]. In a recent 
study including more than 1900 clinical observations, we 
showed that the prevalence of M.  equirhinis remained 
steady whatever the clinical score of the sampled horse 

but increased in the presence of other virus or bacteria 
such as Streptococcus equi subsp. zooepidemicus [9].

The present study was set up to learn more about 
M.  equirhinis species through performing its genomic 
characterization. There is currently only scarce data on 
M. equirhinis, and there are only two genomes available 
in public databases under the denomination of Metamy-
coplasma equirhinis, from the recent still-controversial 
proposal to revise the taxonomy of the Mycoplasma 
genus based on phylogeny [10]. One is the genome of the 
type strain (NCTC 10148) originally isolated in 1975 by 
Allam and Lemcke in the UK [5], which is only available 
at contig level, i.e. 67 contigs but no circularized chro-
mosome. However, while writing this article, another 
genome from an isolate named M432/72 was deposited 
on the NCBI website (GenBank: CP137845.1) and turns 
out to be the circular, closed version of the genome from 
the NCTC 10148 isolate, previously available only at the 
scaffold level (GenBank: GCA_006385185.1). Circular-
ized genomes, in contrast to those of the scaffold level, 
provide the complete gene content of a genome as well as 
the genomic context and synteny of genes and hence are 
important as references for future assemblies. The other 
genome is recent (early 2023) and circularized, but unfor-
tunately the metadata associated with the correspond-
ing isolate (Myco-7) is unavailable, although we can 
reasonably posit that the isolate is related to research by 
Uchida-Fujii in 2021 [8]. Neither of these two genomes 
have yet been studied in detail.

Here we used comparative genomics data to character-
ize the species M.  equirhinis. The circularized genomes 
of four isolates, i.e. Myco-7, M432/72 (NCTC 10148) 
and two other genomes generated here, were compared 
in terms of synteny, gene content, and specific features 
associated with virulence or genome plasticity. We fur-
ther sequenced an additional 20 scaffold-level genomes 
to analyse intra-species diversity through pangenome 
analysis and a phylogenetic approach.

Results
Overall comparison of the four circularized genomes
All four genomes showed a low G + C content (28.0–
28.2%) and a high ANI (Average Nucleotide Identity) 
varying from 98.8% for F14026 to 98.9% for F13465 
and M432/72 benchmarked against Myco-7 as refer-
ence (Table  1). The total number of predicted CDS 
(Coding Sequences) varied from 563 for strain F13465 
to 572 for M432/72, 594 for strain Myco-7 and 607 for 
strain F14026. These CDS numbers are coherent with 
the genome sizes, which were slightly bigger for strain 
F14026 (738,996 bp versus 691,532 for strain F13465 and 
706,186 for strain M432/72). All four annotated genomes 
contained the four genes implicated in the arginine dihy-
drolase pathway, as already described in M.  hominis 

Table 1  Summary of the main characteristics of the four 
circularized M. equirhinis genomes

M. equirhinis 
strains
F13465 F14026 M432/72 Myco-7

Isolation date 2020 2020 1972 NK
Genome size 691,532 738,996 706,186 719,195
G + C content (%) 28.1 28.2 28.0 28.1
ANI to Myco-7 (%) 98.82 98.81 98.89 /
Nr. of CDS 563 607 572 594
Nr. of tRNA 33 34 34 33
Nr. of rRNA (23S and 16S) set 3 4 3 3
Nr. of rRNA 5S 1 1 1 1
Nr. Of ICE 0 0 0 0
Nr. Of IS (remnant) 0 1 0 1
NK, Not Known; ANI, Average Nucleotide Identity; ICE, Integrative and 
Conjugative Element; IS, Insertion Sequence
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species [11]. These four were genes arcA encoding argi-
nine deiminase, arcB encoding ornithine carbamoyl-
transferase, arcC encoding carbamate kinase, and a 
fourth gene encoding a dimethylarginine dimethylami-
nohydrolase. This confirms the ability of M. equirhinis to 
hydrolyse arginine, as previously found in vitro [5].

Despite these homogeneous features, strain F14026 
was different: it had four sets of 23S and 16S rRNA ver-
sus three for the three other strains (Table 1). PCR assays 
were run to rule out potential assembly errors. The 
number and size of the amplicons confirmed the pres-
ence of four 16S rRNA coding genes in isolate F14026 
(Supplementary Fig.  1). Furthermore, strains F14026 
and M432/72 had 34 (versus 33 for the two other strains) 
tRNA loci, due to a duplication of the gene coding the 
Aspartic acid tRNA, in a remote genomic location.

The four genomes were highly syntenic, with long 
locally collinear blocks (LCB) in the same order and ori-
entation, suggesting few rearrangement events (Fig.  1). 
The few genomic regions that differed between the four 
genomes corresponded to: (i) a CRISPR-Cas9 element 
not found in Myco-7 that has a type 1 restriction-modi-
fication system at the corresponding location; (ii) a puta-
tive prophage and a vestigial IS (Insertion Sequence) 
detected in both Myco-7 and F14026 isolates, (iii) a 
length variable region of hypothetical proteins not found 
in F13465; (iv) the double copy of the 23S–16S set which 

was specific to F14026. The two copies of the 23S–16S 
rRNAs were located in the same LCB of F14026 and only 
separated by a block of five CDS and a truncated copy of 
the nusG gene. This organization suggests a duplication 
event of the rRNA set as the upstream and downstream 
region of the corresponding 16–23S rRNA copy in isolate 
F13465, while the two copies in isolate F14026 were iden-
tical and corresponded to the five-CDS block on one side 
and the nusG gene on the other side. Interestingly, the 
5S rRNA was a single copy in all four genomes, located 
at around 14 kb upstream of the third 16–23S rRNA set. 
A conserved prophage was detected in both Myco-7 and 
F14026 isolates (Fig. 1).

Detailed analysis of mobile genetic elements
The PHASTER analysis detected a 13.8-kb putative pro-
phage (designated MEqV-1) in both the F14026 and 
Myco-7 genomes. This putative prophage displays a 
gene content and organization similar to those of the 
M.  arthritidis MAV-1 prophage group as described by 
Citti et al. [12]. MEqV-1 comprised 14 ORFs in a similar 
orientation to the 15 ORFs in MAV-1 (Fig. 2). However, 
of the 15 proteins from the MAV1 phage, only seven were 
found in F14026 with > 40% amino acid identity (Fig. 2). 
Of the rep genes, only repB, encoding a DNA helicase, 
was detected in the putative prophage of strain F14026 
while homologues of repA, encoding a protein that binds 

Fig. 2  Comparison of the MAV1 prophage (M. arthritidis, isolate 158L3-1) and the MeqV-1 prophage-like sequence (M. equirhinis, isolate F14026). The two 
putative prophages share comparable overall ORF organization and orientation, but only seven proteins (in dark grey in the MeqV-1 phage) share > 40% 
aa similarity. No homologues were identified for the other proteins. In MAV1, the different genes were assigned a function, as follows [18]: HtpN to HtpB, 
structural proteins of the MAV1 phage; RepB, replicative DNA helicase; RepA and P, replication initiators; MarMP, putative C5 methylase; MarRP, transcrip-
tional regulator; Int, phage integrase; Exis, excisionase; Vir, protein to exclude superinfecting phage; Imm, phage repressor

 

Fig. 1  Multiple genome alignment of F14026, F13465, M432/72 and Myco-7 M. equirhinis isolates. The alignment process generated a maximum of eight 
locally collinear blocks (LCB) representing homologous DNA regions shared between strains without sequence rearrangements. LCB order was set using 
the Myco-7 genome as a reference. Framed regions out of LCB correspond to A / A*, type 1 restriction system / CRISPR-Cas9; B, 16–23S sets; C, prophage; 
D, partial IS; E, hypothetical protein

 



Page 4 of 10Martineau et al. BMC Genomics          (2024) 25:886 

DNA to initiate replication, and repP, encoding a sus-
pected replication initiator, were missing. Similarly, for 
the htp genes involved in phage structure, only htpN, 
H and E were conserved between MAV1 and MeqV-1. 
The integrase (Int) and excisionase (Exis) as well as the 
genes encoded by the transcriptional regulator marRP 
were similar between MEqV-1 and MAV-1. The MEqV-1 
sequence is conserved between the two M. equirhinis iso-
lates (99.5% of nucleotide identity). It spans an entire LCB 
inserted in different places in the two genomes (Fig.  1), 
suggesting independent insertion events. No prophages 
were detected in the other scaffold-level genomes.

A gene encoding an IS transposase was detected in both 
F14026 and Myco-7 (but not in F13465 nor in M432/72). 
The two transposases are 627 amino acid (aa) long and 
have a pairwise aa identity of 98.7%. Their first BLASTp 
hit in ISFinder is an ISSeq4 transposase (IS1634 family) 
from Streptococcus equi of 573 aa (amino acid) with only 
36% identity. In contrast, using the NCBI interface, the 
first BLASTp hit, with default parameters, is an IS1634-
family transposase from a bacterium of the Acholeplas-
matales order with 97% identity over 559 aa, and the first 
hit within the Mycoplasma genus is an IS1634-family 
transposase from M. cottewii, a commensal species of the 
ear canal in goats, with 42% identity on 628 aa. The con-
served genomic organization around the M.  equirhinis 
transposases in both the F14026 and Myco-7 genomes 
suggests that it is no longer mobile anymore and could be 
considered vestigial (Fig.  1). tBLASTn found one trans-
posase similar to that of Myco-7 and F14026 in four of 
the draft genomes (isolates F13948, F14029, F14037 and 
F14358) with 100% query coverage and > 99% identity.

The search for Mycoplasma Integrative and Conjugative 
Elements (MICE) of the M. hominis or M. arginini type in 
the circularized genomes only managed to find one copy of 
an ICE-Ho I-like CDS1 gene in F14026 and M432/72 (Sup-
plementary Table 5). In both strains, this CDS1 was located 
in close proximity to the second copy of the gene coding 
Asp tRNA, suggesting a potential concomitant transfer. This 
CDS1-like gene was found on another nine isolates in the 
scaffold-level genomes (Supplementary Table 5). Further-
more, isolate F13947 harboured homologues of the four-
CDS backbone of the M. hominis ICE-Ho I, albeit in four 
different contigs. Three backbone genes similar to the MICE 
of M. arginini (NGR_2017), i.e. CDS5, CDS17 and CDS22, 
and an additional dnaG gene characteristic of M.  argi-
nini MICE, were found on five draft genomes (F14022, 
F14029, F14346, F14358 and F14365). For four scaffold-level 
genomes, the ICE-related CDS were located on the same 
contig (Supplementary Table 5). Interestingly, the M. equi-
rhinis MICE (MICE-EqI) in these isolates possess a variable 
region (from 0 to 4807  bp) containing zero to four ORFs 
located between CDS19 and 22 (Fig. 3).

Search for virulence genes or genes implicated in host–
pathogen interaction
The nonspecific screening on the four circularized 
genomes highlighted only two potential virulence-associ-
ated genes: tuf coding an elongation factor Tu, and hlya 
coding a hemolysin. On top of its canonical role, the Tuf 
protein has also been shown to contribute to virulence 
through adhesion to host extracellular matrix compo-
nents, dissemination, and evasion of the complement 
system [13]. However, as it is one of the most abundant 

Fig. 3  Structural organization of MICEs detected in some M. equirhinis genomes, and comparison to the closest previously described MICE in M. arginini 
isolate NGR_2017. CDS are represented by arrows with their numbering inside. Hypothetical proteins with no associated function are marked ‘h’. DNAm-
mt: DNA methyltransferase. Percentages in black correspond to the aa homology between M. equirhinis isolate F14365 and the corresponding proteins 
in M. arginini NGR_2017. Percentages in blue correspond to the aa homology between M. equirhinis isolate F14365 and the corresponding proteins in the 
three other M. equirhinis isolates. Pseudogenes are hatched
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proteins in bacteria, its detection here does not mean it 
is effectively associated with virulence. In the circular-
ized M. equirhinis genomes, the HlyA homologue was a 
244-aa protein for isolates F14026, F13465 and M432/72. 
The HlyA protein was 100% identical between F13465 
and M432/72 and showed 99.2%-aa identity with F14026, 
whereas in Myco-7 the protein (corresponding gene 
JMP7_3850) was truncated (207-aa). The first BLASTp 
hit of the conserved HlyA protein is a TlyA-family RNA 
methyltransferase from M.  arthritidis (query coverage: 
100%, percent identity: 68%), while the first hit using 
Phyre2 is indeed a putative haemolysin from Streptococ-
cus thermophilus [14] with 99% query coverage despite 
only 35% identity for F14026, F13465 and M432/72 and 
38% identity for Myco-7.

Table  2 summarizes the putative virulence-associated 
proteins of M.  hominis found in the two French circu-
larized genomes of M.  equirhinis. These putative viru-
lence-associated proteins include the MHO_0730 and 
MHO_0660 nucleases that could play a role in escap-
ing NETs or METs, and several other proteins involved 
in cytoadherence and one copy of MIB-MIP system. All 
the corresponding genes, as well as those encoding HlyA 
and Tuf, were found in the core genome, suggesting their 
wide distribution among isolates.

Diversity of the species
The pangenome of the 24 M.  equirhinis strains (22 
French isolates in this study and two public sequences, 
namely Myco-7 from Japan and M432/72 from Great 
Britain) comprised 508 core genes amounting to 582,641 
nucleotides, and 278 accessory genes. A phylogenetic 
tree inferred from the core-genome alignment using the 
Maximum of Likelihood (ML) method counted 16,374 
parsimony-informative sites, resulting in 12,581 dis-
tinct patterns. In the resulting mid-rooted tree with no 
outgroups (Fig.  4), M.  equirhinis isolates were split into 

two different branches with very strong bootstrap val-
ues. Despite their different geographic origins and dates 
of isolation, strains Myco-7 and M432/72 appeared to be 
closely related to French isolates. We were unable to iden-
tify a specific tree structure based on geographic origin, 
time of sampling, or horse characteristics. Two strains, 
i.e. F13414 and F13415, shared an identical core-genome 
composition despite originating from two remote regions 
(the Pays de la Loire in northwest France and Bourgogne-
Franche-Comté in central-eastern France) and having no 
epidemiological links.

Discussion
To our knowledge, this study is the first to propose an 
in-depth genomic characterization of M.  equirhinis, an 
opportunistic species frequently isolated from horses 
with respiratory disorders [9]. Two complete genome 
sequences from two M.  equirhinis strains isolated in 
France were generated using a hybrid assembly approach, 
and then compared against the Myco-7 and M432/72 
(NCTC 10148) genomes available in public databases. 
One outstanding feature is the overall high degree of 
sequence similarity between the four strains (> 98.8% 
shared identity for each isolate compared to Myco-7, 
Table  1) and their conserved synteny. This contrasts 
with the picture for other mycoplasma species involved 
in bovine respiratory infections, such as M.  bovis or 
M. mycoides subsp. mycoides [15, 16], but is comparable 
to the picture for M.  pneumoniae where there is over 
99% identity between genomes [17]. These results sug-
gest clonality of the four isolates despite their different 
geographic origins. We identified only one large region 
(13.8 kbp) of genomic structural variation correspond-
ing to the insertion of a putative prophage in both strain 
Myco-7 and strain F14026. This prophage is related to 
the prophage described in M.  arthritidis [18]. Another 
specific 11.3 kbp region was identified in strain Myco-7 

Table 2  Putative virulence and cytoadherence proteins predicted in M. equirhinis F14026 and F13465 genomes in comparison to 
M. hominis strain ATCC 23114

Function Genes Protein acces-
sion number

Protein homology in F14026 Protein homology in F13465 Found 
in the 
core 
genome

Query cover (%) ID (%) Query cover (%) ID (%)

M. hominis 
ATCC 23114

Nucleases MHO_0730 CAX37207 97.8 41.3 97.8 41.0 NO
MHO_0660 CAX37200 71.6 44.6 71.6 45.0 YES

MIB-MIP MHO_3190 CAX37454 99.7 46.4 99.7 46.1 YES
MHO_3200 CAX37455 99.4 45.9 99.4 45.9 YES

Proteins poten-
tially involved in 
cytoadherence

P60 CAX37484 99.6 45.9 99.6 45.9 YES
P80 CAX37485 99.4 55.2 99.4 55.0 YES
P120 CAX37515 100 49.6 100 49.6 YES
oppA CAX37285 99.4 42.9 99.4 42.5 YES

Abbreviations aa: amino acid; ANI: Average Nucleotide Identity; CARDS: community-acquired respiratory distress syndrome toxin; CDS: CoDing Sequence; 
ICE: Integrative conjugative element; IS: Insertion Sequence; kbp: kilo base pair; LCB: Locally Collinear Block; Mb: Megabits; MICE: Mycoplasma integrative and 
Conjugative Elements; ML: maximum likelihood; OD: Optical Density; ONT: Oxford Nanopore Technology; ORF: Open Reading Frame; PPLO: Pleuro-Pneumonia-Like-
Organism; subsp.: subspecies; VFDB: Virulence Factor Database
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but was not associated with any function (green box in 
Fig. 1).

Another outstanding feature was the fact that one 
of the circularized genomes has four 16S rRNA copies 
whereas the other three have only three. This character-
istic was unique in a panel of 90 PCR-screened strains 
and could correspond to a duplication event. An IS trans-
posase related to the IS1634 family was detected in the 
genomes of Myco-7 and F14026 at roughly the same 
genomic location, suggesting a non-mobile vestigial 
IS that was consequently not associated with genome 
rearrangements.

The set of analysed genomes was enlarged to 24 by 
including 20 additional scaffold-level genomes generated 
as part of this study. The 24 genomes share a core genome 
of 508 genes, representing 90%, 89%, 86% and 84% of the 
gene numbers of the four circularized genomes (F13465, 
M432/72, Myco-7 and F14026), respectively. Once again, 
this points to a high degree of similarity, with a reduced 
pool of accessory genes, in stark contrast to the pic-
ture in M.  hominis, the closest phylogenetic neighbour, 
where the core genome represents only 55% of all genes 
[19]. The homogeneity of the species was confirmed by 
inferring a phylogeny from the core-genome alignment. 
Branches were overall short with a maximum of 25 sub-
stitutions per site between the furthest isolates. Although 
the isolates were clustered into two subgroups due to 
midpoint rooting, the ML tree showed no structuration 
linked with the clinical history or geographic origin of 

the isolates. The isolates from Great Britain and Japan did 
not cluster separately, confirming this homogeneity could 
be a characteristic of the species, in agreement with the 
ANI > 98.8% between the four circularized genomes now 
available.

In the extended set of genomes, we also detected other 
MICE-type mobile genetic elements. A unique CDS, sim-
ilar to the CDS1 of MICE-Ho I, was detected in 10 iso-
lates, mainly in dissimilar gene contexts. Furthermore a 
MICE similar to that of M. arginini [20] was identified in 
five strains, with a relatively significantly conserved gene 
backbone. While the M. hominis-like CDS1 can easily be 
considered a vestige from a common ancestor of the two 
(phylogenetically very close) species, the origin of the 
M.  arginini-like MICE raises questions. Figure  3 shows 
some differences in CDS organization between the four 
MICE that suggest that these elements are under strong 
evolutionary pressure but could still be active, as their 
DDE transposase and the genes associated with the con-
jugative process are conserved.

The IS transposase was detected in six genomes with 
identical adjacent genes, confirming loss of mobility 
and vertical inheritance of these elements. In the set of 
24 isolates, the presence of the MEqV-1 prophage was 
limited to isolates F14026 and Myco-7, suggesting a low 
frequency of viral infections. The role of the detected 
CRISPR-Cas immune systems against this particular pro-
phage invasion remains to be clarified [21].

Fig. 4  Phylogenetic tree inferred from core-genome alignment of 24 M. equirhinis isolates. The core genome contained 508 genes. Statistical supports 
for branches were assessed using ultrafast bootstrap (1000 replicates). The phylogeny is midpoint-rooted and two main clusters can be distinguished. The 
branch lengths are drawn to scale and indicate the number of nucleotide substitutions per site. On the right of the tree are indicated the geographical 
origin of the isolates, their year of isolation and the associated cumulative score using the scoring system developed in Martineau et al. 2023 [9]. FRA, 
FRANCE; JPN, JAPAN; GBR, Great Britain. In France, the administrative region are abbreviated as follows: PL, Pays de la Loire; No, Normandie; CVL, Centre-Val 
de Loire; IdF, Île-de-France; NA, Nouvelle-Aquitaine; BFC, Bourgogne-Franche-Comté; Co, Corse; Br, Bretagne; AuRA, Auvergne-Rhône-Alpes; HdF, Hauts-
de-France. In the tree, the isolate named NCTC10148 is the same than M432/72
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All these mobile genetic elements are regularly identified 
within the Mycoplasma genus and are described as major 
contributors to genomic plasticity [12]. In M.  equirhinis, 
they were detected at low frequencies (25% of isolates har-
boured IS elements, 8% harboured putative prophages, and 
25% harboured MICEs) compared to other species in the 
genus such as M. bovis and M. hominis [22, 23]. Even though 
these frequencies may be underestimated because most of 
the genomes were not circularized, this still stands as fur-
ther evidence for low plasticity in M. equirhinis genomes.

In silico analysis of putative virulence genes revealed 
that M.  equirhinis is equipped with cytoadherence and 
immune escape systems that are regularly reported in 
other species of the genus Mycoplasma. The repertoire 
of putative virulence-associated genes is very similar, 
albeit less extended, to that of M.  hominis, confirming 
that M.  equirhinis, like M.  hominis, could be opportu-
nistic. All these genes were found in the core genome 
of M.  equirhinis, which again suggests homogeneous 
virulence. However, experimental tests (in vitro, ex vivo 
or in vivo) would be required to firmly conclude on the 
role of the associated proteins, especially in a context 
of co-infection. Indeed, any modulation of the immune 
response by M.  equirhinis could be favourable to colo-
nization by other pathogens such as S.  zooepidemicus, 
with which there is a known positive association [9]. If 
M.  equirhinis shares a similarly opportunistic nature to 
M.  hominis despite the different host species and body 
niches, then it would be important to set up diagnostic 
tools able to quantify M.  equirhinis load at the site of 
infection, as already done for M. hominis [24].

Conclusion
In-depth analysis of M. equirhinis genomes reveals a highly 
homogenous species, with only a few mobile genetic ele-
ments that potentially come from different origins but are 
not significantly associated to genome rearrangements. In 
terms of virulence potential, the core genome of the spe-
cies harbours homologues of M.  hominis genes that are 
mostly involved in cytoadherence or immune modulation. 
This genetic equipment is compatible with an opportunis-
tic behaviour within its host. Additional sequencing from 
worldwide collected isolates could further these conclu-
sions. Given this overall clonality of the M. equirhinis iso-
lates, it would be of interest, from a clinical perspective to 
develop tools to quantify the M. equirhinis load at the site of 
infection in order to confirm whether clinical signs are asso-
ciated to high loads.

Methods
Isolates, culture conditions, DNA extraction
For this work, we selected 22 M. equirhinis isolates origi-
nating from a previous study [9] (Supplementary Table 1) 
that had been isolated from the lower respiratory tract of 

horses from different geographical origins in France and 
presenting different associated clinical signs. For genome 
sequencing, a 48 h-culture broth of each isolate was fil-
tered using a 0.22-µm filter and then seeded onto PPLO 
agar plates (Indicia Production, St Genis L’Argentière). 
The plates were then incubated for 2 to 4 days at 37  °C 
and 5% CO₂, and one clone per strain was picked at 
random with a micropipette tip, and further subcul-
tured. Genomic DNA was extracted from 2 to 5 culture 
tubes of 2 mL each, 48-h cultures of the clones using a 
commercial kit from Lucigen (Epicentre). The quality 
(OD260/280 ≥ 1.8 and OD260/230 ≥ 2) and concentration 
of the extracted DNA (at 6 µg at 30–500 ng/µL per strain 
for Oxford Nanopore Technology (ONT) DNA sequenc-
ing and 100 ng at 5 ng/µL per strain for Illumina sequenc-
ing) were checked using a Nanodrop spectrophotometer 
(Thermo Fisher) and a Qubit fluorimeter (DNAds BR kit, 
Thermo Fisher), respectively.

Genome sequencing, assembly, and annotation
The 22 strains were sequenced using Illumina technol-
ogy (Nextera XT DNA library preparation kit and a 
NovaSeq sequencer), and strains F13465 and F14026 
were also sequenced using Oxford Nanopore technology 
(ONT) recommendations and kits on a MinION Flow 
Cell (R 10.4). Both Illumina and ONT sequencing were 
outsourced (Supplementary Table 2). Quality control of 
raw data (FASTQ files for both short and long reads), 
genome assemblies (draft genomes for short reads and 
circularized genomes for hybrid assemblies) and annota-
tions were performed according to previously published 
protocols and parameters [15]. In brief, Illumina reads 
were trimmed using Trimmomatic (v.0.39) [25] and their 
quality was assessed using fastqc (v.0.11.5) [26]. Selected 
reads had a Phred score ≥ Q25 and sizes comprised 
between 50 and 150 bp. Quality of the ONT long reads 
was checked using Longqc 1.2b [27]. Long reads were 
then trimmed using Filtlong 0.2.0 [28] using Illumina 
paired-end reads as external reference and with qual-
ity and read length set to Q14 and 30kbp, respectively. 
Assembly was done using Spades 3.14.1 [29, 30] for draft 
assemblies and Unicycler 0.4.8 [31, 32] for hybrid assem-
blies. Annotation was done using Prokka 1.14.6 [33, 
34]. Assembly statistics and genome completeness were 
computed using QUAST 5.2.0 [35, 36] and Busco score; 
which was computed using Busco 5.5.0 [37, 38]. All these 
bioinformatics tools and pipelines were run using the IFB 
Core cluster resource [39].

Comparative genomic analysis of circularized genomes
The genomes of strain Myco-7 (GCF_030295865.1) and 
strain M432/72 (GenBank: CP137845.1) were included 
for comparison purposes together with the circular-
ized genomes of strains F14026 and F13465. Pairwise 



Page 8 of 10Martineau et al. BMC Genomics          (2024) 25:886 

comparison of ANI was performed using fastANI v1.3 
at the default parameter settings [40]. The synteny of the 
four circularized genomes (with Myco-7 taken as refer-
ence) was compared using ProgressiveMauve on Mauve 
(version 20150226) with the following parameters: 15 
match seed weight and min LCB weight set to 10,000 
[41, 42]. Genes found in regions differing between two 
genomes were identified using BLASTp on a ref-seq pro-
tein database [43].

PCR amplification for screening 16S rRNA copy numbers
Four PCR assays were designed and validated to check 
the copy numbers of the gene coding for 16S rRNA in the 
22 isolates. One primer was located at the 5’ terminal of 
the 16S rRNA gene and was designed using Primer3 as 
available under Geneious (Geneious Prime; Biomatters, 
New Zealand, v2023.2.1) on a multiple alignment of the 
seven 16S copies of isolates F13465 and F14026 (named 
16S primer). The four other primers were designed to tar-
get genes upstream or downstream the 16S copies, using 
the consensus sequence of F13465 and F14026 align-
ments for primers 1 to 3 and only the sequence of F14026 
for primer 4.

The four PCR assays were run in a 25µL PCR volume 
with Premix Ex TAQ (Takara), i.e. ‘Condition I’ (Supple-
mentary Table 3) on the 22 DNAs from the sequenced 
isolates. The PCR assay targeting the 4th copy was also 
conducted in a 25µL PCR volume with Go Taq (Pro-
mega), i.e. ‘Condition II’, on an enlarged set of 90 DNAs 
including the 22 that were sequenced here. The sizes of 
the amplicons were verified by capillary electrophoresis 
using a QIAxcel Advanced system (Qiagen).

In silico analyses to detect mobile genetic elements and 
potential virulence factors
These analyses were run in both circularized genomes 
and scaffold-level genomes generated here.

The search for potential virulence genes was first carried 
out using the generic VFanalyser pipeline and the VFDB 
database [44, 45]. Then, a selection of mycoplasma-specific 
virulence-associated proteins were searched by BLASTp 
against a custom protein database encompassing all the 
sequenced genomes of M. equirhinis that was built using the 
Geneious environment. The query included (i) mycoplasma 
immunoglobulin binding protein and the associated myco-
plasma immunoglobulin protease (i.e. ‘MIB-MIP system’), 
proteins potentially involved in cytoadherence and nucle-
ases described in the very close species M. hominis [11, 46, 
47], (ii) variable surface proteins on the model of M. bovis 
[48, 49], (iii) proteins involved in the biosynthesis of capsular 
polysaccharides in the M. agalactiae model [50]; and (iv) the 
CARDS toxins from M.  pneumoniae (See Supplementary 
Table 4 for details on the accession numbers of the differ-
ent queries). Only hits with ≥ 60% cover and ≥ 40% pairwise 

identity were considered significant and are presented in the 
results section.

We investigated the presence of insertion sequence ele-
ments (IS) in the four circularized genomes using ISES-
can (1.7.2.3) on the Galaxy Europe platform with default 
parameter settings except for the option to remove 
incomplete IS [51, 52]. In case of IS detection by ISEScan, 
the potential transposase protein was identified using the 
BLASTp function on the ISFinder database [53, 54]. Any 
IS transposases identified in the circularized genomes 
were further searched by tBLASTn in the other genomes.

For the detection of integrative and conjugative ele-
ments (ICE), the four CDS corresponding to the ICE 
backbone (i.e. the two extremities CDS1 and CDS 22, 
as well as CDS5 and CDS17 that encode homologues 
of TraE and TraG, respectively, two transmembrane 
proteins with conserved ATPase domains involved in 
the conjugative machinery) of the two variant copies 
described in M.  hominis, i.e. ICEHo-I and -II, and the 
ICE of M. arginini [20, 55, 56], were searched by BLASTn 
against a custom nucleotide database encompassing all 
the sequenced genomes of M. equirhinis built using the 
Geneious environment (Supplementary Table 5). The 
presence of the M. arginini ICE was further confirmed by 
searching dnaG. These two species were chosen based on 
the results of the Prokka annotation.

We used the PHASTER web server [57–59] to explore 
the presence of a prophage sequence. The analysis was 
then refined by determining the percent identity of 
individual proteins shared with the MAV1 prophage 
from M.  arthritidis, using Clustal Omega (1.2.2) run in 
Geneious. Phyre2 was further used to gain deeper insight 
into the putative function of certain proteins with no 
identity [60, 61].

Phylogenetic tree construction
The core genome of the population (i.e. the 22 strains 
sequenced in this study plus the two complete genomes 
available at NCBI) was calculated using the Panaroo 
pipeline 1.2.10 [62, 63] on the IFB Core cluster [39]. The 
resulting core-genome alignment was used to construct 
a maximum likelihood (ML) phylogeny in IQ-TREE v2. 
0.3 [64]. General time reversible nucleotide substitution 
model, gamma distribution, and proportion of invari-
able sites (GTR + G + I) were selected as the best-fit model 
parameters for our data by IQ-TREE. Statistical support 
for node of the ML phylogeny was assessed using ultra-
fast bootstrap approach of 1000 replicates. Visualisation 
of the core-genome phylogenetic tree was done with 
iTOL [65, 66] and the tree was midpoint rooted.
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