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Abstract: Mycoplasma wenyonii and ‘Candidatus Mycoplasma haemobos’ are bacteria that have been
described as significant hemoplasmas that infect cattle worldwide. Currently, three bovine hemo-
plasma genomes are known. This work aimed to describe the main genomic characteristics and
the evolutionary relationships between hemoplasmas, and provide a list of epitopes predicted by
immunoinformatics as diagnostic candidates for bovine hemoplasmosis. Thus far, there is no vac-
cine to prevent this disease that economically impacts cattle production worldwide. Additionally,
there is a lack of vaccines against bovine hemoplasmosis. In this work, we performed a genomic
characterization of hemoplasmas, including two Mexican strains reported in bovines in the last few
years. The generated information is a new scenario about the phylogeny of hemoplasmas. Also, we
show genomic features among hemoplasmas that strengthen their characteristic genome plasticity of
intracellular lifestyles. Finally, the elucidation of antigenic proteins in Mexican strains represents an
opportunity to develop molecular detection methods and diagnoses.

Keywords: hemoplasmas; molecular detection; antigens; genomics

1. Introduction

Hemotrophic mycoplasmas (hemoplasmas) are a group of erythrocytic bacteria pathogens
of the Mollicutes class that infect a wide range of vertebrate animals [1,2]. At first, these
small and uncultivable in vitro bacteria were classified as genera Haemobartonella and Epery-
throzoon within the Anaplasmataceae family and Rickettsiales order [2]. However, the genetic
analysis of the 16S ribosomal RNA (rRNA) gene and morphologic similarities showed that
these bacteria are closely related to the Mycoplasma genus [1,3]. In 2001, a formal proposal
was presented to transfer these organisms to the genus Mycoplasma within the Mycoplasmat-
aceae family [4]. Currently, 12 hemoplasma genomes have been identified in the GenBank
database (https://www.ncbi.nlm.nih.gov/genbank/, accessed on 15 August 2022), includ-
ing Mycoplasma (M.) wenyonii strains: Massachusetts and INIFAP02, and one Candidatus
(Ca.) Mycoplasma haemobos strain, INIFAP01 [5–7]. These hemoplasma genomes provided
relevant information about possible pathogenic mechanisms, metabolism, and divergence
compared to other mycoplasma species [1].

Currently, M. wenyonii and Ca. M. haemobos are significant hemoplasmas infecting
cattle worldwide [8–10]. In cattle, acute hemoplasma infections are rare and characterized
by anemia, fever, depression, and diarrhea [11,12]. Chronic bovine hemoplasma infections
are associated with variable clinical signs (that is often confused with clinical signs of
diseases such as anaplasmosis), including low-grade bacteremia, weight loss, decreased
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milk production, reduced calf birth weight, pyrexia, scrotal and hind limb edema, infertility,
and reproductive inefficiency. Consequently, bovine hemoplasmas cause significant eco-
nomic losses worldwide, mainly when associated with pathogens of the genus Anaplasma
(bacteria) or Babesia (protozoan) [8,13,14]. In addition, latent and asymptomatic infections
have also been reported for hemoplasmas [14], and single infections or coinfections of
M. wenyonii and ‘Ca. M. haemobos’ [15–17].

Genome sequencing is an alternative to overcome the difficulties of culturing and
studying hemoplasmas. Currently, reports of genomic characterization of bovine hemo-
plasmas are scarce. However, three genomes are reported worldwide: M. wenyonii strain
Massachusetts from the United States [5], M. wenyonii INIFAP02 [7], and ‘Ca. M. haemobos’
INIFAP01, from Mexico [6].

On the other hand, immunoinformatics is an effective and powerful tool that helps
predict and identify antigenic and immunogenic epitopes in proteins for several purposes
and applications. Also, in silico analysis allows the processing of a significant amount of
data in a short time [18–20].

In this work, we carry out a pangenome characterization of hemoplasmas, including
the Mexican strains reported in cattle. Based on phylogeny, we present a new scenario about
how hemoplasmas organize into two groups. Furthermore, we show genomic features that
strengthen the plasticity of hemoplasmas as intracellular bacteria. Finally, elucidating some
antigenic proteins in Mexican strains represents an opportunity to develop diagnosis and
molecular detection methods.

2. Materials and Methods
2.1. Genome Sequences and Annotation

In Mexico, the Anaplasmosis Unit (CENID-SAI, INIFAP) reported the draft genomes
of two Mexican strains of hemoplasmas that infect cattle: M. wenyonii INIFAP02 and
‘Ca. M. haemobos’ INIFAP01. This whole-genome shotgun project was deposited at
DDBJ/ENA/GenBank under accession no. LWUJ00000000 and QKVO01000000. Both
genomes were de novo assembled using the SPAdes version 3.11.1 program.

The 12 hemoplasma genomes (two Mexican strains and ten strains from other coun-
tries) that infect different hosts, included in this study and reported in the GenBank database
(https://bit.ly/314fOre, accessed on 20 August 2022, are listed in Table S1. The general
features of the 12 hemoplasma genomes were obtained using the quality assessment tool for
genome assemblies (QUAST) (v5.0.2) program [21] with default settings. All genomes were
annotated automatically to predict the coding sequences (CDS) using the rapid annotation
using subsystem technology (RAST) (v2.0) server (https://bit.ly/2XjTTey, accessed on
22 August 2022) [22] with the classic RAST algorithm.

The mapping of ribosomal genes (rRNA) was performed based on the information
reported in the NCBI database of genomes of M. wenyonii Massachusetts, M. wenyonii
INIFAP02, and Ca. M. haemobos INIFAP01 (NC_018149.1; NZ_QKVO00000000.1; and
LWUJ00000000.1, respectively). Transfer (tRNA) of genes was carried out using ARAGORN
(v1.2.38) (https://bit.ly/3k1R2QT, accessed on 23 August 2022) server [23]. The sequence
and length of 16S and 23S rRNA genes were obtained from the RNAmmer (v1.2) (https:
//bit.ly/3glQKCj, accessed on 25 August 2022) server [24].

2.2. Phylogenetic and Pangenome Analysis

For the phylogenetic reconstruction, we used 39 16S rRNA gene sequences that corre-
spond to 12 16S rRNA gene sequences reported in the 12 hemoplasma genomes, including
the two Mexican strains, and 3 16S rRNA gene sequences reported for bovine hemoplasmas
whose genomes have not been reported. We also included 22 16S rRNA gene sequences
from hemoplasmas that do not infect bovines, but other animals such as swine, alpaca,
felines, sheep, goats, and others. As an outgroup, we used two 16S rRNA gene sequences
from Ureaplasma spp. of the family Mycoplasmataceae that infects humans. In total, 39 16S
rRNA gene sequences were used in the phylogenetic reconstruction.

https://bit.ly/314fOre
https://bit.ly/2XjTTey
https://bit.ly/3k1R2QT
https://bit.ly/3glQKCj
https://bit.ly/3glQKCj
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All 16S rRNA gene sequences were obtained from the GenBank database (https:
//bit.ly/314fOre, accessed on 15 August 2022) using the nucleotide BLAST (Blastn) suite
(https://bit.ly/3k2Wkvs, accessed on 16 August 2022) [25]. Multiple alignments between
39 16S rRNA gene sequences were made using the MUSCLE (v3.8.31) program [26]. The
jModelTest (v2.1.10) program [27] was used to select the best model of nucleotide substitu-
tion with the Akaike information criterion. The phylogenetic tree was estimated under the
maximum likelihood method using the PhyML (v3.1) program [28] with 1000 bootstrap
replicates. The phylogenetic tree was visualized and edited using the FigTree (v.1.4.4)
program (https://bit.ly/39ROMXV, accessed on 23 August 2022).

Two pangenome analyzes were performed using the GET_HOMOLOGUES (v3.3.2)
software package [29] with the following options: (i) among the 12 hemoplasma genomes,
and (ii) among the 3 genomes of bovine hemoplasmas. The Fasta amino acid (FAA) annota-
tion files of hemoplasma genomes were used as input files by the GET_HOMOLOGUES
software package. The get_homologues.pl and compare_clusters.pl Perl scripts were used
to compute a consensus pan-genome, resulting from clustering the all-against-all protein
BLAST (Blastp) results with the COGtriangles and OMCL algorithms. The pan-genomic
analysis was performed using the binary (presence–absence) matrix.

2.3. Comparative Genomics

The average nucleotide identity (ANI) values of 12 hemoplasma genomes were cal-
culated using the calculate_ani.py Python script (https://bit.ly/2X96hho, accessed on
27 August 2022) with the BLAST-based ANI (ANIb) algorithm. Ultimately, the level of
conserved genomic sequences of bovine hemoplasmas was visualized by the alignment
of the genomes of the Mexican strains (‘Ca. M. haemobos’ INIFAP01 and M. wenyonii
INIFAP02) against the reference genome of M. wenyonii, Massachusetts, using the NUCmer
program of MUMmer (v3.0) software package [30] to obtain the positions of nucleotides
that were aligned, and Circos (v0.69-9) software package [31]. The circular comparative
genomic map of bovine hemoplasmas was edited with Adobe Photoshop CC (v14.0 x64).

2.4. Prediction of Antigenic Proteins

After RAST annotation, we identified several proteins of the six subsystems: viru-
lence, disease and defense, cell division and cell cycle, fatty acids, lipids and isoprenoids,
regulation and cellular signaling, stress response, and DNA metabolism.

For Ca. M. haemobos INIFAP01, the proteins were selected from three subsystems in-
cluding virulence, disease and defense, cell division and cell cycle, and stress response. For
M. wenyonii INIFAP02, the subsystems selected were virulence, disease and defense, cell di-
vision and cell cycle, fatty acids, and lipids and isoprenoids. The selection of the subsystems
was based on the fact that these were proteins with the potential to be antigenic, as shown in
an initial antigenicity prediction with SVMTrip (http://sysbio.unl.edu/SVMTriP/, accessed
on 20 August 2022). Finally, we selected 11 protein sequences of M. wenyonii INIFAP02 and
12 proteins of Ca. M. haemobos INIFAP01 that were submitted to the VaxiJen v2.0 server to
predict protective antigens (http://www.ddgpharmfac.net/vaxijen/VaxiJen/VaxiJen.html,
accessed on 20 August 2022) with default parameters.

2.5. Prediction of Subcellular Localization and Stability of Proteins

Predicted antigenic proteins of M. wenyonii INIFAP02 and Ca. M. haemobos INI-
FAP01 were submitted to predict the secondary structure server Raptor X (http://raptorx.
uchicago.edu/, accessed on 21 August 2022).

2.6. Linear B-Cell Epitope Prediction and Three-Dimensional Modeling

B-cell epitopes of M. wenyonii INIFAP02 and Ca. M. haemobos INIFAP01 were predicted
using BCEpred (https://webs.iiitd.edu.in/raghava/bcepred/bcepred_submission.html, ac-
cessed on 21 August 2022) predicts based on physicochemical properties such as hy-
drophilicity, flexibility, accessibility, turns, exposed surface, polarity, and antigenic propen-

https://bit.ly/314fOre
https://bit.ly/314fOre
https://bit.ly/3k2Wkvs
https://bit.ly/39ROMXV
https://bit.ly/2X96hho
http://sysbio.unl.edu/SVMTriP/
http://www.ddgpharmfac.net/vaxijen/VaxiJen/VaxiJen.html
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sity; and SVMTrip (http://sysbio.unl.edu/SVMTriP/, accessed on 22 August 2022), which
predicts based on protein surface regions that are preferentially recognized by antibodies.

The PHYRE2 server was used to predict the tridimensional structure of the proteins of
both hemoplasmas. Phyre2 PDB files were visualized with the Protter tool.

3. Results
3.1. General Features of Genomes

Of the twelve hemoplasma genomes, two genomes assembled as contigs (Ca. M.
haemobos INIFAP01 and M. wenyonii INIFAP02) and ten genomes as a single chromosome.
The features of the 12 hemoplasma genomes are shown in Table 1.

Table 1. General features of 12 hemoplasma genomes.

Group Organism Assembly
Level Length (bp) * G + C Content (%) * CDS ** rRNAs # tRNAs ##

Group 1 ‘Ca. M. haemobos’ INIFAP01 18 contigs 935,638 30.46 1180 3 31
Group 1 M. haemocanis Illinois Chromosome 919,992 35.33 1234 3 31
Group 1 M. haemofelis Langford 1 Chromosome 1,147,259 38.85 1595 3 31
Group 1 M. haemofelis Ohio2 Chromosome 1,155,937 38.81 1650 3 31
Group 2 ‘Ca. M. haemolamae’ Purdue Chromosome 756,845 39.27 1045 3 33

Group 2 ‘Ca. M. haemominutum’
Birmingham 1 Chromosome 513,880 35.52 587 3 32

Group 2 M. ovis Michigan Chromosome 702,511 31.69 918 4 32
Group 2 M. parvum Indiana Chromosome 564,395 26.98 578 3 32
Group 2 M. suis Illinois Chromosome 742,431 31.08 914 3 32
Group 2 M. suis KI3806 Chromosome 709,270 31.08 856 3 32
Group 2 M. wenyonii INIFAP02 37 contigs 596,665 33.43 678 3 32
Group 2 M. wenyonii Massachusetts Chromosome 650,228 33.92 727 3 32

CDS: coding sequences; * data obtained with the QUAST program; ** data obtained with the RAST server; # data
obtained with the RNAmmer server; and ## data obtained with the ARAGORN server.

The genomic features of the hemoplasmas classify them into two groups. Group 1 (pre-
viously named Haemobartonella) comprises genomes of ‘Ca. M. haemobos’, M. haemocanis,
and M. haemofelis species with a length from 0.9 to 1.1 Mb, coding sequences (CDS) from
1180 to 1650, and 31 tRNA genes. Group 2 (previously named Eperythrozoon) comprises
genomes of ‘Ca. M. haemolamae’, ‘Ca. M. haemominutum’, M. ovis, M. parvum, M. suis,
and M. wenyonii species with a length from 0.5 to 0.7 Mb, CDS from 578 to 1045, and 32 or
33 tRNA genes.

The mapping of rRNA genes shows that hemoplasmas are separated into two groups.
The four genomes of group 1 contain one copy of the 16S–23S–5S rRNA operon (Figure 1A).
The 16S rRNA gene sequence length of group 1 ranges from 1429 to 1486 bp. Conversely,
seven genomes of group 2 contain one copy of the 16S rRNA gene ranging from 1469 to
1508 pb, separated from one copy of the 23S–5S rRNA operon (Figure 1B,C). In addition,
the genome of M. ovis Michigan of group 2 contains two copies of the 16S rRNA gene with
lengths of 1479 and 1493 bp, separated from each other and separated from one copy of the
23S–5S rRNA operon (Figure 1D).

The 16S rRNA gene sequence of ‘Ca. M. haemobos’ INIFAP01 has 82–98% alignment
coverage and an identity of 98.71–99.93% with ‘Ca. M. haemobos’, ‘Ca. M. haemobos’ clone
307, ‘Ca. M. haemobos’ clone 311, and ‘Ca. M. haemobos’ isolate cattle no. 18. Additionally,
the 16S rRNA gene sequence of ‘Ca. M. haemobos’ INIFAP01 has alignment coverage
of 99% and an identity of 81.83 and 81.73% with M. wenyonii INIFAP02 and M. wenyonii
Massachusetts, respectively.

http://sysbio.unl.edu/SVMTriP/
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Figure 1. Mapping of rRNA genes of hemoplasmas. (A) Genomes of ‘Ca. M. haemobos’ INIFAP01,
M. haemocanis Illinois, M. haemofelis Langford 1, and M. haemofelis Ohio 2 of group 1 contain one copy
of 16S–23S–5S rRNA operon. (B) Genomes of ‘Ca. M. haemolamae’ Purdue, ‘Ca. M. haemominutum’
Birmingham 1, M. suis Illinois, M. suis KI3806, M. wenyonii INIFAP02, and M. wenyonii Massachusetts
of group 2 contain one copy of 16S rRNA gene, which is separate from one copy of 23S–5S rRNA
operon in a different chain. (C) Genome of M. parvum Indiana of group 2 contains one copy of 16S
rRNA gene, which is separate from one copy of 23S–5S rRNA operon in the same chain. (D) Genome
of M. ovis Michigan of group 2 contains two copies of 16S rRNA gene, which are separated from each
other, and they are separated from the one copy of 23S–5S rRNA operon in the same chain. The 16S,
23S, and 5S rRNA genes are represented by blue, green, and red arrows, respectively.
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On the other hand, the genomes of M. wenyonii INIFAP02 and M. wenyonii Massachusetts
are very similar in length and G + C content to each other, and they have the same number
of tRNA genes and distribution of rRNA genes. However, the 16S rRNA gene sequence
of M. wenyonii INIFAP02 has an alignment coverage of 100% and an identity of 97.57%
with M. wenyonii Massachusetts. Additionally, the 16S rRNA gene sequence of M. weny-
onii INIFAP02 has: (i) alignment coverage of 91–98% and an identity of 99.24–99.93% with
M. wenyonii isolate Fengdu, M. wenyonii clone 1, M. wenyonii isolate ada1, and M. wenyonii
isolate C124; and (ii) alignment coverage of 90–98% and an identity of 97.50–97.87% with
M. wenyonii strain CGXD, M. wenyonii isolate B003, M. wenyonii isolateC031, and M. wenyonii
strain Langford.

3.2. Phylogenetic and Pangenome Analyzes

The model of nucleotide substitution of the phylogenetic tree based on the 16S rRNA
gene of hemoplasmas was GTR + I + G. The phylogenetic tree shows that the hemoplasmas
arrange into two groups (Figure 2). Group 1 (blue lines) contains two sub-groups: (i) ‘Ca.
M. haemobos’ species; and (ii) M. haemocanis and M. haemofelis species. Group 2 (red lines)
groups into two subgroups: (i) ‘Ca. M. haemolamae’, ‘Ca. M. haemominutum’, M. ovis, and
M. wenyonii species; and (ii) M. parvum and M. suis species. The phylogenetic tree topology
shows a divergence between the two subgroups of hemoplasmas.
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displayed in the nodes. The model of nucleotide substitution was GTR + I + G. The INIFAP01 and
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GenBank accession numbers are shown in square brackets.

Pangenome analysis among the 12 hemoplasmas shows that the core, softcore, shell,
and cloud genomes are composed of 110, 146, 787, and 3099 gene clusters, respectively
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(Figures 3 and S1). Additionally, the core genomes of groups 1 and 2 of hemoplasmas are
composed of 236 and 149 gene clusters, respectively. Pangenome analysis among the three
genomes of bovine hemoplasmas shows that the core genome comprises 154 gene clusters.
Additionally, the two genomes of M. wenyonii species share 273 gene clusters. Moreover, ‘Ca.
M. haemobos’ INIFAP01, M. wenyonii INIFAP02, and M. wenyonii Massachusetts contain
312, 190, and 157 unique gene clusters, respectively.
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Figure 3. Pan-genome distribution in four categories (cloud, shell, soft core, and core) of 12 hemo-
plasmas. The core, softcore, shell, and cloud genomes are composed 110, 146, 787, and 3099 gene
clusters, respectively.

3.3. Comparative Genomics

ANIb values between different hemoplasma species show that the alignment coverage
is less than 79% (Figure 4A and Table S2), and the identity is less than 83% (Figure 4B
and Table S3). Moreover, ANIb values show that ‘Ca. M. haemobos’ INIFAP01 has an
alignment coverage of 0.46 and 0.31%; and an identity of 74.12 and 74.16% with M. wenyonii
INIFAP02 and M. wenyonii Massachusetts, respectively. Moreover, ANI values between the
same species show that: (i) M. haemofelis Langford 1 and Ohio 2 genomes have an alignment
coverage and identity of 97.65 and 97.41%, respectively; (ii) M. suis KI3806 and Illinois
genomes have an alignment coverage and identity of 95.13 and 97.63%, respectively; and
(iii) M. wenyonii Massachusetts and INIFAP02 genomes have an alignment coverage and
identity of 51.58 and 79.37%, respectively. The ‘Ca. M. haemobos’ INIFAP01 genome only
has three small regions (red lines highlighted with a green marker in the inner track) greater
than 78% identity aligned with the M. wenyonii Massachusetts genome (the black circle in
the outer track). Furthermore, the circular map shows that M. wenyonii INIFAP02 has few
regions (blue lines in the intermediate track) greater than 78% identity aligned with the
M. wenyonii Massachusetts genome (Figure S2).
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(0–100%), respectively. The more intense the color, the greater the coverage and identity percentages.

3.4. Selection and Prediction of B-Cell Epitopes in Proteins

After the hemoplasmas genomes were annotated in the RAST server, only 18% of
Ca. M. haemobos INIFAP01 proteins are classified in the different subsystems of RAST and
22% proteins for M. wenyonii. This fact exhibits a low percentage of known proteins in this
database. For this reason, we manually reviewed the annotated proteins in the subsystems
of both hemoplasmas. Then we selected those proteins whose category suggests a protein
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with potential antigenicity. The sequences of 11 proteins of M. wenyonii and 12 proteins of
Ca. M. haemobos were submitted to VaxiJen, and the prediction of antigen/non-antigen for
each selected protein was calculated (Table 2). The tridimensional structure of the proteins
was performed to locate the predicted epitopes.

Table 2. Prediction of antigenicity of proteins of Ca. M. haemobos and M. wenyonii.

Candidatus Mycoplasma Haemobos INIFAP01

Classification
(NCBI Accession Number)

Prediction Score
as Antigen (VaxiJen)

RAST Category: Virulence, disease, and defense

DNA gyrase subunit B (OAL10308.1) 0.5352 (antigen)
DNA gyrase subunit A

(OAL10309.1) 0.4373 (non-antigen)

SSU ribosomal protein S7p
(WP_187150158.1) 0.5180 (antigen)

Translation elongation factor G
(WP_187150159.1) 0.5399 (antigen)

Translation elongation factor thermo unstable (Tu)
(WP_187150070.1) 0.4268 (non-antigen)

SSU ribosomal protein S12p
(WP_187150157.1) 0.7537 (antigen)

DNA-directed RNA polymerase beta subunit
(WP_187150197.1) 0.3781 (non-antigen)

DNA-directed RNA polymerase
(WP_187150196.1) 0.4488 (non-antigen)

RAST Category: Division and cell cycle

ProteinTsaD/Kae1/Qri7
(WP_187150270.1) 0.3846 (non-antigen)

RNA polymerase sigma factor RpoD (WP_187150278.19 0.3857 (non-antigen)
DNA primase (WP_187150493.1) 0.3009 (non-antigen)

RAST Category: Fatty acids, lipids and isoprenoids

Cardiolipin synthase
(WP_187150134.1) 0.3463 (non-antigen)

RAST Category: Stress Response

Manganese superoxide dismutase (WP_187150149.1) 0.3487 (non-antigen)

Mycoplasma wenyonii INIFAP02
RAST Category: Virulence, disease, and defense

Ribosomal protein SSU S7p
(RAO94848.1) 0.5435 (antigen)

Translation elongation factor G (RAO94847.1) 0.5650 (antigen)
Translation elongation factor thermo unstable (Tu)

(RAO95121.1) 0.4359 (non-antigen)

Ribosomal protein SSU S12p
(RAO94849.1) 0.7774 (antigen)

Ribosomal protein LSU L35p
(RAO95358.1) 0.5491 (antigen)

Translation initiation factor 3
(RAO95223.1) 0.4488 (non-antigen)

Ribosomal protein LSU L20p
(RAO95357.1) 0.3668 (non-antigen)

RAST Category: Division and cell cycle

Protein TsaD/Kae1/Qri7
(RAO95106.1) 0.3954 (non-antigen)

RNA polymerase sigma factor RpoD (RAO94807.1) 0.3979 (non-antigen)
DNA primase (RAO95339.1) 0.3929 (non-antigen)

RAST Category: Fatty acids, lipids and isoprenoids

Cardiolipin synthase (RAO95377.1) 0.3305 (non-antigen)

The collection of B-cell epitopes (linear antigens) was predicted with SVMTrip, and
BCEPred server for those proteins predicted as “Antigen” by VaxiJen (Table 3).
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Table 3. B-cell epitopes of Ca. M. haemobos and M. wenyonii predicted by immunoinformatics.

Ca. M. Haemobos
INIFAP01

M. wenyonii
INIFAP02

RAST
Category: Virulence,
disease, and defense

Predicted epitopes
(SVMTrip, recommend

score 1.0)

Predicted epitopes
(BCEPred)

RAST Category:
Virulence, disease, and

defense

Predicted epitopes
(SVMTrip, recommend

score 1.0)

Predicted epitopes
(BCEPred)

DNA gyrase subunit
B

RKLALEGFMS
FAGKLADCTT

AGGDSSDSGGQYTDS
GGKFDNNSYKTSGG *

EVNVYRNGEEHY
ENGGKIKDEPKM

VSKCEEDKTG
IESRLTKLAYLNKGKKFV

VNEITKEEKEFF
YEEGIKDW

FIHSEGKVKNRRAPE
FGRFLEENPEQRK

VILQRVDQERNFRLK
VVEGDSAGG

SAKSARNREYQAI
NVWKRSKYT
AILENEEVKSL

NKEVVYLFDDKK
KDEFLKNLSNP

Ribosomal protein SSU
S7p

MWEGKKQLA
RRIVYNALEKI

NALEKIREKTEKNPVEV
YQVPVESSKERREALA

LIKYSRKRN

SSU ribosomal
protein S7p

PLEVFMEALK
NIAPTIELKT

Translation elongation
factor G

IPKEYIKSIREG
LVDAMKAG

VPRIIFCNKM
DKVGASFQSS

DAGKTTTSER
DWMEQEREK
GITDEEFEEIPI

PEDQQEEVKTLR
KAFTRSGEELT

IENKDESN

Translation
elongation factor G

EFVDKIVGGK
IPKEYIKSIK

AKVIKSKIPLK
EMFGYATAL

DWMEQEKEKGIT
TKKAYEFDG
KQEEEYKEIPI

ETPAFDKEQNP
ISIKNSPDNDF

QMHSNHRTEIES
AIEPKTKVDQEKMSM

FRETFTQEAEVEG
KYIKQSGGRG

HVWIKYEPNKDKGFEF
LSLKDASKKC

ASILLEPI
SRRGTIEGDEQV

ENAKVIKSKIPLKEM

Ribosomal protein SSU
S12p

RVKDLPGVKY
HIIRGKLDAA

VEKRKKERSK
YGVKKEKKS

SSU ribosomal
protein S12p

RVKDLPGVKY
HIVRGKLDTV

Ribosomal protein LSU
L35p

SHRSHCASAK
TTKRKRQLRK

KKIKHKTKKSLSKR
SGAIKRKRSHRS
SGAIKRKRSH
RSHCASAKTT
KRKRQLRKSA

* To distinguish the complete sequences of the epitopes they are shown as bolded.

4. Discussion

Hemoplasmas have constantly been detected in cattle in the last few years [32–36].
However, their transmission by ticks lacks evidence. On the contrary, their mechanical
transmission mediated by blood-sucking flies and contaminated veterinary instruments
could be essential for hemoplasmas dispersion [37,38]. In this scenario, information about
hemoplasmas contributes to a better understanding of these pathogens and their impact on
animal health. In this regard, we performed comparative genomic and immune-informatics
studies of several hemoplasmas genomes reported worldwide.

This study aimed to provide information about hemoplasmas derived from a compar-
ative genomic and how these data, along with immuno-informatics, provided potential
antigenic candidates with the potential to be used in detection and diagnosis methods. This
work comprises an analysis of the hemoplasmas reported in the last few years, including
two Mexican strains, representing the most recent information in the field.

Hemoplasmas have undergone phylogenetic reclassification after several studies based
on molecular markers [39]. Their genome size variation, positional shuffling of genes, and
poorly conserved gene synteny is evidence of the high dynamics of their genomes [1].
All the genomic differences of the Mexican bovine hemoplasmas confirm this dynamic.
In group 1, Ca. M. haemobos’ INIFAP01, we found the canonical structure of the rRNA
operon, 16S–23S–5S; however, in group 2 M. wenyonii INIFAP02, we identified an unlinked
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rRNA gene structure (Figure 1). The canonical structure in bacteria allows a rapid response
to the demand of changing growth conditions, whereas unlinked rRNA genes result in the
genome degradation typical of obligate intracellular lifestyles, as reported in members of
the order of Rickettsiales [40–42].

We also present 12 genomes of hemoplasmas classified into two groups (groups 1 and 2)
and with different numbers of CDS and tRNAs. Additionally, the distribution of rRNA
genes is specific to each species. Specifically, the genome of ‘Ca. M. haemobos’ INIFAP01 is
significantly longer than the two genomes of M. wenyonii species, but ‘Ca. M. haemobos’
INIFAP01 has a lower G + C content. Again, these features denote the substantial gene
gain/loss throughout the evolution observed in hemoplasmas [1].

The phylogenetic reconstruction shows that ‘Ca. M. haemobos’ INIFAP01 is phylo-
genetically distant through evolution from M. wenyonii INIFAP02 and M. wenyonii Mas-
sachusetts, whereas the strains INIFAP02 and Massachusetts are closely related through
the evolution of group 2.

The number of genes in the core (those present in all considered genomes); softcore
(found in 95% of genomes); shell (present in more than two genomes and less than 95%
of genomes); and cloud genes (found in not more than two genomes) revealed in the
pan-genomic analysis suggest that there is considerable loss/gain in genes through the
evolution of the 12 hemoplasmas genomes.

Regarding the pangenome analysis of bovine hemoplasmas, the low number of gene
clusters in the core genome confirms that ‘Ca. M. haemobos’ INIFAP01 is a divergent species
from M. wenyonii INIFAP02 and M. wenyonii Massachusetts. In comparative genomics
of bovine hemoplasmas, low percentages of alignment coverage and identity of Ca. M.
haemobos INIFAP01, M. wenyonii INIFAP02, and M. wenyonii Massachusetts in the ANI
values suggest that the Ca. M. haemobos INIFAP01 genome has a different structure when
compared with the genomes of M. wenyonii INIFAP02 and M. wenyonii Massachusetts.

Surprisingly, the alignment coverage and identity percentages among both genomes of
M. wenyonii (strains INIFAP02 and Massachusetts) suggest that these strains may not belong
to the same species because the ANI values are <95%, the species ANI cutoff value [43–45].

Since bovine hemoplasmas show significant differences at the genomic level, and their
impact on cattle health causes economic losses, we performed an immune-informatic analysis
to identify B-cell epitopes that could be used to design molecular detection methods of bovine
anaplasmosis. The immune-informatics studies predict several B-cell epitopes (Table 3), which
could be applied in molecular detection methods and vaccines. Peptides that contain epitopes
are widely applied for pathogen detection by serological methods [46,47], immunolocalization
of pathogen proteins [48], and vaccines against animal diseases [49–51]. For Ca. M. haemobos
INIFAP01, the proteins predicted with antigenic peptides are DNA gyrase subunit B, SSU
ribosomal protein S7p and S12p, and translation elongation factor G. All of them participate
in vital processes. We observe something similar in M. wenyonii INIFAP02, where the
proteins predicted with antigens also participate in vital processes (SSU ribosomal protein
S7p and S12p, translation elongation factor G, ribosomal protein LSU L35p) (Table 3).

The epitope collection generated in this work will help to design molecular tools to di-
agnose bovine hemoplasmosis. Undoubtedly, this approach could have further applications
as part of the prevalence of studies with animals from different geographic regions. Also,
this strategy should consider the best alternative of the antigenic peptide to discriminate
from other pathogens that infect bovines.

5. Conclusions

This work describes the evolutionary relationships between 39 hemoplasmas reported
until now, including genomes, isolates, and clones. Also, we present the main genomic
characteristics and pangenome analyses of twelve hemoplasma genomes and a prediction
of B-cell epitopes in proteins annotated in M. wenyonii INIFAP02 and Ca. M. haemobos
INIFAP01. Regarding Ca. M. haemobos INIFAP01, the proteins predicted with antigenic
potential that include components of vital processes (DNA gyrase subunit B, SSU ribosomal
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protein S7p and S12p, translation elongation factor G) are the candidates to initiate studies
for molecular detection of this hemoplasma. We observe something similar in M. wenyonii
INIFAP02, where the predicted antigens also participate in vital processes (SSU ribosomal
protein S7p and S12p, translation elongation factor G, ribosomal protein LSU L35p). Finally,
the data presented here about antigenic peptides of M. wenyonii INIFAP02 and Ca. M.
haemobos INIFAP01, identified by immuno-informatics, have potential use in detecting
and preventing hemoplasmosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms10101916/s1, Figure S1: Core, soft core, shell, and
cloud genomes of hemoplasmas, Figure S2: Circular map that compares three bovine hemoplasmas.
Table S1: 12 hemoplasma genomes reported in the GenBank database, Table S2: BLAST-based average
nucleotide identity (ANIb) values of alignment coverage of 12 hemoplasma genomes, Table S3:
BLAST-based average nucleotide identity (ANIb) values of identity of 12 hemoplasma genomes.

Author Contributions: Conceptualization, R.E.Q.-C.; methodology, D.L.F.-G. and F.M.-O.; formal
analysis, R.E.Q.-C., H.A.-D., D.L.F.-G. and I.A.-E.; investigation, R.E.Q.-C., I.A.-E. and H.A.-D.;
writing—original draft preparation, R.E.Q.-C. and H.A.-D., writing—review and editing, R.E.Q.-
C., H.A.-D. and I.A.-E.; project administration, R.E.Q.-C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was partially funded by Consejo Nacional de Ciencia y Tecnología (CONACyT)
Project PN-CONACyT 248855 and INIFAP SIGI no. 10441133588; and CONACyT scholarship 293552.

Data Availability Statement: The genomic data used to support the findings of this study were deposited
in the GenBank repository with accession numbers NZ_QKVO00000000.1 and LWUJ00000000.1.

Acknowledgments: To Maria Gabriela Guerrero Ruiz (Bioinformatics Analysis Unit, CCG, UNAM)
for kindly collaborating with the comparative genomics analysis when using the CIRCOS program.

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

References
1. Guimaraes, A.M.S.; Santos, A.P.; do Nascimento, N.C.; Timenetsky, J.; Messick, J.B. Comparative genomics and phylogenomics of

hemotrophic mycoplasmas. PLoS ONE 2014, 9, e91445. [CrossRef] [PubMed]
2. Messick, J.B. Hemotrophic Mycoplasmas (Hemoplasmas): A review and new insights into pathogenic potential. Vet. Clin. Pathol.

2004, 33, 2–13. [CrossRef] [PubMed]
3. Rikihisa, Y.; Kawahara, M.; Wen, B.; Kociba, G.; Fuerst, P.; Kawamori, F.; Suto, C.; Shibata, S.; Futohashi, M. Western immunoblot

analysis of Haemobartonella muris and comparison of 16S rRNA gene sequences of H. muris, H. felis, and Eperythrozoon suis. J. Clin.
Microbiol. 1997, 35, 823–829. [CrossRef] [PubMed]

4. Neimark, H.; Johansson, K.-E.; Rikihisa, Y.; Tully, J.G. Proposal to transfer some members of the genera Haemobartonella
and Eperythrozoon to the genus Mycoplasma with descriptions of Candidatus Mycoplasma haemofelis, Candidatus mycoplasma
haemomuris, Candidatus mycoplasma haemosui’ and Candidatus mycoplasma. Int. J. Syst. Evol. Microbiol. 2001, 51, 891–899.
[CrossRef] [PubMed]

5. dos Santos, A.P.; Guimaraes, A.M.S.; do Nascimento, N.C.; SanMiguel, P.J.; Messick, J.B. Complete genome sequence of Mycoplasma
wenyonii strain Massachusetts. J. Bacteriol. 2012, 194, 5458–5459. [CrossRef]

6. Martínez-Ocampo, F.; Rodríguez-Camarillo, S.D.; Amaro-Estrada, I.; Quiroz-Castañeda, R.E. Draft genome sequence of “Candi-
datus mycoplasma haemobos,” a hemotropic mycoplasma identified in cattle in Mexico. Genome Announc. 2016, 4, e00656-16.
[CrossRef]

7. Quiroz-Castañeda, R.E.; Martínez-Ocampo, F.; Dantán-González, E. Draft genome sequence of Mycoplasma wenyonii, a second
hemotropic mycoplasma species identified in Mexican bovine cattle. Microbiol. Resour. Announc. 2018, 7, e00875-18. [CrossRef]

8. Hoelzle, K.; Winkler, M.; Kramer, M.M.; Wittenbrink, M.M.; Dieckmann, S.M.; Hoelzle, L.E. Detection of Candidatus mycoplasma
haemobos in cattle with anaemia. Vet. J. 2011, 187, 408–410. [CrossRef]

9. Tagawa, M.; Matsumoto, K.; Inokuma, H. Molecular Detection of Mycoplasma wenyonii and “Candidatus mycoplasma haemobos”
in cattle in Hokkaido, Japan. Vet. Microbiol. 2008, 132, 177–180. [CrossRef]

10. Niethammer, F.M.; Ade, J.; Hoelzle, L.E.; Schade, B. Hemotrophic Mycoplasma in simmental cattle in Bavaria: Prevalence, blood
parameters, and transplacental transmission of “Candidatus Mycoplasma haemobos” and Mycoplasma wenyonii. Acta Vet. Scand.
2018, 60, 74. [CrossRef]

https://www.mdpi.com/article/10.3390/microorganisms10101916/s1
https://www.mdpi.com/article/10.3390/microorganisms10101916/s1
http://doi.org/10.1371/journal.pone.0091445
http://www.ncbi.nlm.nih.gov/pubmed/24642917
http://doi.org/10.1111/j.1939-165X.2004.tb00342.x
http://www.ncbi.nlm.nih.gov/pubmed/15048620
http://doi.org/10.1128/jcm.35.4.823-829.1997
http://www.ncbi.nlm.nih.gov/pubmed/9157135
http://doi.org/10.1099/00207713-51-3-891
http://www.ncbi.nlm.nih.gov/pubmed/11411711
http://doi.org/10.1128/JB.01240-12
http://doi.org/10.1128/genomeA.00656-16
http://doi.org/10.1128/MRA.00875-18
http://doi.org/10.1016/j.tvjl.2010.01.016
http://doi.org/10.1016/j.vetmic.2008.05.006
http://doi.org/10.1186/s13028-018-0428-y


Microorganisms 2022, 10, 1916 13 of 14

11. Ade, J.; Niethammer, F.; Schade, B.; Schilling, T.; Hoelzle, K.; Hoelzle, L.E. Quantitative analysis of Mycoplasma wenyonii and
“Candidatus mycoplasma haemobos” infections in cattle using novel gapn-based realtime PCR assays. Vet. Microbiol. 2018, 220, 1–6.
[CrossRef] [PubMed]

12. Genova, S.G.; Streeter, R.N.; Velguth, K.E.; Snider, T.A.; Kocan, K.M.; Simpson, K.M. Severe anemia associated with Mycoplasma
wenyonii infection in a mature cow. Can. Vet. J. 2011, 52, 1018–1021. [PubMed]

13. McFadden, A.; Ha, H.J.; Donald, J.J.; Bueno, I.M.; van Andel, M.; Thompson, J.C.; Tisdall, D.J.; Pulford, D.J. Investigation of bovine
haemoplasmas and their association with anaemia in New Zealand cattle. N. Z. Vet. J. 2016, 64, 65–68. [CrossRef] [PubMed]

14. Tagawa, M.; Yamakawa, K.; Aoki, T.; Matsumoto, K.; Ishii, M.; Inokuma, H. Effect of chronic hemoplasma infection on cattle
productivity. J. Vet. Med. Sci. 2013, 75, 1271–1275. [CrossRef]

15. Fujihara, Y.; Sasaoka, F.; Suzuki, J.; Watanabe, Y.; Fujihara, M.; OOSHITA, K.; Ano, H.; Harasawa, R. Prevalence of hemoplasma
infection among cattle in the Western part of Japan. J. Vet. Med. Sci. 2011, 73, 1653–1655. [CrossRef] [PubMed]

16. Girotto, A.; Zangirólamo, A.F.; Bogado, A.L.G.; Souza, A.S.L.; Silva, G.C.F.; Garcia, J.L. Molecular Detection and occurrence of
‘Candidatus mycoplasma haemobos’ in dairy cattle of Southern Brazil. Rev. Bras. De Parasitol. Vet. 2012, 21, 342–344. [CrossRef]

17. Tagawa, M.; Ybanez, A.P.; Matsumoto, K.; Yokoyama, N.; Inokuma, H. interference between Theileria orientalis and hemotropic
Mycoplasma spp. (hemoplasmas) in grazing cattle. Vet. Parasitol. 2013, 195, 165–168. [CrossRef]

18. Ahmad, T.A.; Eweida, A.E.; Sheweita, S.A. B-Cell Epitope mapping for the design of vaccines and effective diagnostics. Trials
Vaccinol. 2016, 5, 71–83. [CrossRef]

19. Parvizpour, S.; Pourseif, M.M.; Razmara, J.; Rafi, M.A.; Omidi, Y. Epitope-based vaccine design: A comprehensive overview of
bioinformatics approaches. Drug Discov. Today 2020, 25, 1034–1042. [CrossRef]

20. Ranjbar, M.H.; Ebrahimi, M.M.; Shahsavandi, M.M.; Farhadi, S.; Mirjalili, T.; Tebianian, A.; Motedayen, M. Novel applications
of immuno-bioinformatics in vaccine and bio-product developments at research institutes. Arch. Razi Inst. 2019, 74, 219–233.
[CrossRef]

21. Gurevich, A.; Saveliev, V.; Vyahhi, N.; Tesler, G. QUAST: Quality Assessment Tool for Genome Assemblies. Bioinformatics 2013, 29,
1072–1075. [CrossRef] [PubMed]

22. Aziz, R.K.; Bartels, D.; Best, A.A.; DeJongh, M.; Disz, T.; Edwards, R.A.; Formsma, K.; Gerdes, S.; Glass, E.M.; Kubal, M.; et al. The
RAST Server: Rapid Annotations Using Subsystems Technology. BMC Genom. 2008, 9, 75. [CrossRef] [PubMed]

23. Laslett, D.; Canback, B. ARAGORN, a program to detect trna genes and tmrna genes in nucleotide sequences. Nucleic Acids Res.
2004, 32, 11–16. [CrossRef] [PubMed]

24. Lagesen, K.; Hallin, P.; Rødland, E.A.; Staerfeldt, H.-H.; Rognes, T.; Ussery, D.W. RNAmmer: Consistent and rapid annotation of
ribosomal RNA genes. Nucleic Acids Res. 2007, 35, 3100–3108. [CrossRef]

25. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic Local Alignment Search Tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef]

26. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32,
1792–1797. [CrossRef] [PubMed]

27. Darriba, D.; Taboada, G.L.; Doallo, R.; Posada, D. jModelTest 2: More models, new heuristics and parallel computing. Nat.
Methods 2012, 9, 772. [CrossRef]

28. Guindon, S.; Dufayard, J.-F.; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods to estimate
maximum-likelihood phylogenies: Assessing the performance of PhyML 3.0. Syst. Biol. 2010, 59, 307–321. [CrossRef]

29. Contreras-Moreira, B.; Vinuesa, P. GET_HOMOLOGUES, a versatile software package for scalable and robust microbial
pangenome analysis. Appl. Environ. Microbiol. 2013, 79, 7696–7701. [CrossRef]

30. Kurtz, S.; Phillippy, A.; Delcher, A.L.; Smoot, M.; Shumway, M.; Antonescu, C.; Salzberg, S.L. Versatile and open software for
comparing large genomes. Genome Biol. 2004, 5, 12. [CrossRef]

31. Connors, J.; Krzywinski, M.; Schein, J.; Gascoyne, R.; Horsman, D.; Jones, S.J.; Marra, M.A. Circos: An information aesthetic for
comparative genomics. Genome Res. 2009, 19, 1639–1645. [CrossRef]

32. Díaz-Sánchez, A.A.; Corona-González, B.; Meli, M.L.; Álvarez, D.O.; Cañizares, E.V.; Rodríguez, O.F.; Rivero, E.L.; Hofmann-
lehmann, R. First molecular evidence of bovine hemoplasma species (Mycoplasma spp.) in water buffalo and dairy cattle herds in
Cuba. Parasites Vectors 2019, 12, 78. [CrossRef] [PubMed]

33. Quiroz Castañeda, R.E.; Aragón, K.M.; Diaz, H.A.; Preciado de la Torre, J.F. Molecular Detection of bovine hemotrophic
mycoplasmas in Mexico. Rev. Cent. Investig. Univ. Salle 2020, 13, 67–82. [CrossRef]

34. Schambow, R.A.; Poulsen, K.; Bolin, S.; Krahn, D.; Norby, B.; Sockett, D.; Ruegg, P.L. Apparent prevalence of Mycoplasma wenyonii,
Candidatus mycoplasma haemobos, and bovine leukemia virus in Wisconsin and Michigan dairy cattle herds. JDS Commun. 2021,
2, 61–66. [CrossRef]
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