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Abstract 

Mycoplasma agalactiae causes one of the most serious forms of mycoplasmosis in small ruminants that is notifiable 
to the World Organization for Animal Health (WOAH). Possessing a plastic genome, its Vpma and other surface anti‑
genic variations play important roles in its pathogenesis and systemic spread within the goat or sheep host, as well 
as its ability to jump to wild animals. The Vpma phenotypic profile of strain GM139 was recently compared to that of 
the type strain PG2, whereby GM139 predominantly exhibited stable expression of a single VpmaV protein in com‑
parison with the high-frequency variable expression of all six Vpma proteins in PG2. The complete genome sequence 
of GM139 was generated, annotated for detailed analysis of the vpma locus and compared with the finished genomes 
of three distinct M. agalactiae strains (PG2, 5632, and GrTh01). Interestingly, GM139 presented a longer distinct vpma 
locus with ten genes, one of which is a chimera between the vpmaV and vpmaZ genes of PG2, which correlates 
very well with previous immunoblotting results and was confirmed here by nanoLC-MS/MS analysis; five vpmas 
are completely unique, whereas the other four share similarities with the vpmas of 5632, one of which is also par‑
tially homologous to vpmaZPG2. Additionally, features such as a larger spma locus, an intact gsmA known to encode 
a phase-variable glucan affecting serum resistance, and the presence of integrative and conjugative element (ICE) 
and transposases might have also influenced the pathogenicity and host range of these strains, segregating them 
into two well-separated phylogenetic clusters on the basis of a newly developed cgMLST scheme. This study high‑
lights the plasticity and dynamic evolution of the M. agalactiae genome, especially its surface antigenic architecture.
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Introduction
Mycoplasma agalactiae is one of the most significant 
pathogens of small ruminants and the main cause of 
contagious agalactia (CA) syndrome, which is notifiable 
to the World Organization for Animal Health (WOAH, 
founded as OIE) [1]. Although it is  found worldwide, 
economic losses and social impacts are particularly 
compelling in regions where sheep and goat farming are 
important for livelihood, for instance, in the Mediter-
ranean countries such as Spain, Italy, and Greece [2–5], 
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as well as parts of Asia and South America [6, 7]. Once 
endemic, it is difficult to eliminate this pathogen because 
antibiotics, if effective, tend to promote the carrier state 
and recurrent infections. The available vaccines have 
several limitations and are mostly ineffective [4, 5, 8, 9]. 
Understanding its pathogenicity mechanisms is highly 
important for designing better anti-infectives and pre-
ventive measures.

M. agalactiae can serve as an ideal model to under-
stand the pathogenicity and role of antigenic phase 
variation systems of mycoplasma pathogens, especially 
Mycoplasma bovis, which is economically even more 
devastating and shares close phylogenetic proximity, 
similar clinical signs, and many homologous gene fami-
lies, including the vsp locus encoding phase-variable lipo-
proteins whose exact role is still unclear and represents 
a major knowledge gap in understanding its pathogenic-
ity [10–14]. Additionally, it has one of the most plastic 
genomes that has undergone, and is still undergoing, 
massive genomic exchanges with other species, leading 
to modified pathogenicity attributes and spread to atypi-
cal newer hosts such as chamois and ibex [2, 15, 16]. In 
this context, the vpma locus encoding a family of vari-
able surface lipoproteins is particularly well studied and 
constitutes the single known pathogenicity island among 
mycoplasmas [12, 17]. With few exceptions, field strains 
possess a single vpma locus, as in the type strain PG2, 
which contains six different but related vpma genes, with 
only one vpma gene expressed at a given time [18, 19]. 
Vpmas are immunodominant, abundantly expressed lipo-
proteins that vary at high frequency to evade the host’s 
immune response to cause persistent infections [12, 20]. 
Additionally, they serve as major cytadhesins leading to 
differential infection potential of Vpma expression vari-
ants, as witnessed during in vitro studies and experimen-
tal intramammary sheep infections [13, 21].

Considering the significant role of Vpmas in the host 
interactions and pathogenicity of M. agalactiae, the 
Vpma phenotypic profile of strain GM139 (goat iso-
late, USA) was compared with that of the type strain 
PG2 (sheep isolate, Spain) to study possible correlations 
between Vpma phase variability and the geographic dis-
tribution, animal host, and other pathogenicity traits 
of these strains. Interestingly, in this study, GM139 was 
observed to exhibit predominantly stable expression 
of a single VpmaV protein in comparison to the high-
frequency variable expression of all six Vpma proteins 
in PG2. This was a peculiar case implying that GM139, 
although it expresses one of the most cytadhesive and 
invasive Vpma variants, might be severely compromised 
in its immune evasion capacity owing to its lack of vis-
ible phase variation in these immunodominant lipopro-
teins [22]. Furthermore, serum bactericidal assays to 

assess six individual Vpma phase-locked mutants also 
demonstrated significant differences between the PG2 
and GM139 strains, with the latter showing remarkable 
resistance to sensitized and non-sensitized sheep sera 
[23].

GM139 genome sequencing and analysis were per-
formed in this study to elucidate the genetic organiza-
tion of the vpma locus in this strain and to understand 
the basis of the lack of expression of Vpmas other than 
the observed VpmaV expression on immunoblots. Apart 
from the detailed analysis of the vpma gene locus in 
GM139, comparisons were also made for the Vpmas 
and other surface lipoproteins and related elements con-
tained within the genome of the type strain PG2 and 
two other distinct M. agalactiae strains expressing very 
different Vpma profiles, namely, strain 5632, with an 
expanded vpma repertoire of 23 vpma genes [18, 24], and 
GrTh01, with degenerated vpma loci [2]. Additionally, 
a core genome multilocus sequence typing (cgMLST) 
scheme was developed to assess the genomic relatedness 
and phylogeny of the above strains.

Materials and methods
Mycoplasma cultures and growth conditions
The M. agalactiae strains PG2 [25] and GM139 [26] were 
grown at 37 °C in modified SP4 broth for 2–3 days until a 
colour change occurred or on agar plates for 4–5 days as 
described previously [22].

Genomic DNA extraction
For sequencing, a 15 mL culture of GM139 was centri-
fuged at 20 000 × g for 10 min, and DNA was extracted 
from the pellet using the DNeasy Blood and Tissue Kit 
(Qiagen). DNA quality, as well as quantity, was assessed 
with a NanoDrop™ 2000 (Thermo Scientific).

Genome sequencing, assembly, annotation, and analysis
The genome sequence of GM139 was generated by com-
bining Nanopore (MinION, Oxford Nanopore Tech-
nologies) and Illumina (MiSeq, Illumina) sequencing. 
Nanopore long reads, along with Illumina short reads, 
were hybrid assembled with the Unicycler pipeline [27], 
resulting in a circularized genome, which was then anno-
tated utilizing the NCBI Prokaryotic Genome Annota-
tion Pipeline (PGAP). Detailed analysis of the vpma locus 
and comparisons with the finished genomes of three M. 
agalactiae strains (PG2, 5632, and GrTh01) were per-
formed using progressive Mauve alignment, which is 
available as a subprogram in Geneious Prime 2022.1 
(Biomatters Ltd.).



Page 3 of 12Chopra‑Dewasthaly et al. Veterinary Research          (2025) 56:106 	

Triton X‑114 phase partitioning and western blotting
Mycoplasma proteins were extracted using Triton X-114 
(Sigma‒Aldrich, Austria), whereby the amphiphilic mem-
brane proteins were partitioned into the detergent phase, 
the cytoplasmic proteins were partitioned into the aque-
ous phase, and the cytoskeleton proteins were partitioned 
into the insoluble phase [28]. Protein concentrations 
were measured with a NanoDrop 2000 spectrophotom-
eter (Thermo Fisher Scientific, USA) using different dilu-
tions of an albumin standard (2 mg/mL; Thermo Fisher 
Scientific) made in PBS (Gibco Life Technologies, USA) 
containing 10% phenylmethylsulphonyl fluoride (PMSF).

To assess the Vpma antigenic phenotype, the above 
three phases were subjected to SDS‒PAGE, and the sepa-
rated proteins were transferred to Amersham™ Protran® 
membranes (GE Healthcare Life Sciences, Carls Roth 
Germany). Immunostaining was carried out overnight at 
4  °C with rabbit VpmaV-specific polyclonal antibodies, 
followed by incubation for 1–2 h at room temperature 
with swine anti-rabbit immunoglobulins/HRP (Dako-
Cytomation, Denmark) before the blots were developed 
with 4-chloro-1-naphthol (Bio-Rad laboratories, USA) as 
described previously [19].

Identification of proteins by nanoLC‒MS/MS analysis
To identify the Vpma protein expressed in the GM139 
strain, SDS‒PAGE was run, and the gel was cut into two 
equal halves, each carrying the same set of samples. One 
half of the gel was used for western blotting as described 
in the above section, and the other half was stained with 
Coomassie Brilliant Blue R-250 for half an hour on a 
shaker, destained and subsequently imaged with Chemi-
Doc MP (Bio-Rad, USA). The gel bands corresponding 
to those recognized in the Western immunoblots were 
removed for in-gel digests.

Each excised band was split into smaller cubes and 
rinsed with 100 µL of water with gentle vortexing. Sub-
sequently, 100 µL of aqueous ammonium bicarbonate 
(ABC; 100 Mm; Fluka Analytical, USA) was added before 
ultrasonication for 5  min, and the supernatant was 
removed. The same process was repeated with 100 µL of 
ABC and HPLC-grade absolute ethanol (Thermo Fisher 
Scientific) in equal amounts. The above ultrasonica-
tion procedure was repeated until the blue colour of the 
Coomassie blue stain disappeared. After further washing 
with water, ABC and acetonitrile hypergrade for LC/MC 
(Merck, DE), the gel cubes were dehydrated in a vacuum 
concentrator (Eppendorf, DE) for 10 min at RT. Disul-
phide bonds were reduced by rehydration in 50 µL of 
DL-dithiothreitol (DTT, 10 mM; Sigma‒Aldrich, USA) at 
56 °C for 1 h at 550 rpm. Afterwards, DTT was removed, 
and iodoacetamide (55 mM; Sigma‒Aldrich, USA) was 

added for alkylation for 45 min at RT in the dark [29]. 
The sample was washed twice with ABC and once with 
acetonitrile, each step followed by ultrasonication and 
removal of the solution. After drying for 10 min in the 
vacuum concentrator, the proteins were digested either 
with Trypsin Gold: working solution composed of 120 
µL of water, 120 µL of ABC and 10 µL of aqueous CaCl2 
(120 mM; Sigma‒Aldrich, USA) added to 5 µL of trypsin 
stock (Trypsin Gold, mass spectrometry grade, Promega, 
Madison, WI, USA) or Trypsin/Lys-C Mix (mass spec-
trometry grade, Promega). The gel cubes were rehydrated 
in working solution for 20 min at 4  °C, the supernatant 
was discarded, 30 µL of ABC (50 mM, pH 8.5) was added, 
and the proteins were digested for 8 h at 37 °C on a ther-
momixer (550 rpm) and cooled to 4 °C [30]. For peptide 
extraction, the supernatant was transferred to a new 
tube, and 30 µL of acetonitrile:water:trifluoroacetic acid 
Optima LC/MS (50:45:5; Thermo Fisher Scientific) was 
added and incubated in an ultrasonic bath for 10 min. 
The supernatant in the peptide collection tube was then 
treated two more times with the same steps before vac-
uum concentration for 2.5 h at 45 °C and dissolved in 8 
µL of 0.1% trifluoroacetic acid before analysis.

A nano-HPLC Ultimate 3000 RSLC system (Dionex) 
was used for high-performance liquid chromatography. 
The sample was desalted and preconcentrated with a 5 
mm Acclaim PepMap µ-Precolumn (300 µm inner diam-
eter, 5 µm particle size and 10 Å pore size; Dionex). The 
solution was loaded with 2% acetonitrile in ultrapure 
water (Optima LC/MS; Thermo Fisher Scientific) with 
0.05% trifluoroacetic acid as the mobile phase at a flow 
rate of 5  µL/min. The analytical separation of peptides 
was performed on a 25 cm Acclaim PepMap C18 column 
(75 µm inner diameter, 2 µm particle size and 100 Å pore 
size) with a flow rate of 300 nl/min. For elution from the 
column, a gradient of 4% solution B [80% acetonitrile with 
0.08% formic acid Optima LC/MS (Thermo Fisher Scien-
tific)] was used for the first 7 min, which increased from 
4 to 31% in the following 30 min and then to 44% in the 
last 5 min. Solution A consisted of ultrapure water with 
0.1% formic acid. Finally, the column was washed with 
95% solution B. The HPLC system was coupled to a high-
resolution Q Exactive HF Orbitrap mass spectrometer 
via a nanoelectrospray ion source. Mass spectrometric 
data acquisition was performed in the mass range of m/z 
350–2000 Da, with a resolution of 60 000, a maximum 
injection time of 50 ms and automatic gain control of 3 × 
106. The ten most intense ions were further fragmented 
by Orbitrap via high-energy collision dissociation activa-
tion over a m/z range of 200–2000, with a resolution of 
15 000 (intensity threshold at 4 × 103). Ions charged + 1, 
+ 7, + 8 and greater than + 8 were omitted. The collision 
energy was set to 28. The automatic gain control was set 



Page 4 of 12Chopra‑Dewasthaly et al. Veterinary Research          (2025) 56:106 

to 5 × 104 for each scan and the maximum injection time 
to 50 ms. To inhibit repeated peak fragmentation, the 
precursor ion masses were dynamically excluded over a 
time range of 30 s. The resulting spectra were analysed 
with Proteome Discoverer Software 2.4.0.305 (Thermo 
Fisher Scientific) and compared to the UniProt database 
and to the gene sequence of GM139 after transforma-
tion to an amino acid sequence via BLAST to identify the 
expressed Vpma.

Core genome multilocus sequence typing (cgMLST)
A cgMLST scheme for M. agalactiae was developed 
employing Ridom SeqSphere + software (Ridom© 
GmbH) as described previously for M. hyosynoviae [31]. 
Briefly, the reference genome (type strain PG2, acc. no. 
CU179680), and seven query genomes (strain GM139, 
acc. no. CP102095; strain GrTh01, CP039447; strain 
5632, FP671138; strain 14668, JAGJTN000000000; strain 
7784, SOSH00000000; strain 4055, JAGJTR000000000; 
strain 4867, SPQY00000000) were utilized to define the 
target genes of the cgMLST scheme. First, a target gene 
set suitable for cgMLST was filtered from the reference 
genome using the Target Definer tool. The seven query 
genomes were subsequently blasted against the reference 
genome’s target gene set to select shared targets (100% 
overlap, sequence identities >90%) constituting the final 
targets of the cgMLST scheme. Among the 21 M. aga-
lactiae genomes available in the NCBI genome database, 
two have no reference genome sequences and are omitted 
by the NCBI staff owing to quality issues. The remaining 
19 NCBI strains with qualified genomes, together with 
two unreleased in-house genomes of Mongolian M. aga-
lactiae strains (OB564, UBS14), were typed by the newly 
developed cgMLST scheme to define individual allelic 
profiles, which were then utilized to construct a phylo-
genetic tree using the neighbor joining algorithm imple-
mented in SeqSphere + software.

Results
Mass spectrometry analysis of GM139 Vpma
An earlier study revealed that GM139 expresses only 
VpmaV, and none of the other five Vpmas when tested by 
western blot and colony immunoblots using the Vpma-
specific antibodies raised against each of the six Vpmas of 
the type strain PG2 [22]. This was a particularly surpris-
ing conformation, as the lack of other Vpmas, especially 
no phase variation, implied a compromised immune eva-
sion capacity, as it is known to play an important role in 
M. agalactiae pathogenicity [13]. Genome sequencing of 
GM139 was undertaken to understand the basis of this 
peculiar phenotype and to decipher the genetic organiza-
tion of the vpma gene locus. Although the GM139 vpma 
locus did not reveal the presence of a typical vpmaV gene 

as present in the PG2 strain, thorough analysis using the 
α-Vpma VPG2 Ab binding site revealed a match in the 
genome of GM139 with peg.754 vpma, which was con-
firmed to be a chimera between the VpmaZ and VpmaV 
proteins of PG2. To confirm this, Coomassie-stained gel 
bands corresponding to the α-Vpma VPG2 Ab-positive 
bands in the western blots were excised and subjected to 
nanoLC-MS/MS analysis (Additional file 1). Indeed, 754 
vpma was identified in all 3 analysed positive bands with 
the highest number of peptides and highest sequence 
coverage observed in the band running parallel to the 
43 kDa VpmaV-positive band of PG2 (Additional file 1), 
which used to be the only predominant α-Vpma VPG2 Ab-
positive band in GM139 western blots during our earlier 
studies and was observed to show the same strong inten-
sity as the PG2 band [22]. Further in-depth analysis of the 
vpma locus and details of all included genes were per-
formed, and comparisons were made with the complete 
genomes of the type strains PG2, strain 5632 and strain 
GrTh01, as described below.

General genome characteristics of strain GM139
Hybrid assembly of Nanopore long reads and paired 
Illumina short reads resulted in a complete circular 
genome of 912,394 bp for M. agalactiae strain GM139 
(CP102095). Overall, the genome arrangement was very 
similar to that of PG2 and other M. agalactiae strains, 
with no inversions observed, as shown in Figure 1. With 
756 coding DNA sequences (CDSs), 34 tRNA genes and 
a G + C content of 29.7% most of the genomic charac-
teristics were similar to those of the other strains except 
that GM139 possesses only one rRNA set of 16S and 23S, 
whereas   the other three strains contain  two full sets of 
rRNAs (Table 1). Interestingly, it harbours one copy of a 
27-kb integrative and conjugative element (ICE) that is 
present in 5632 in three copies and a 21-kb ICE vestige 
similar to that of PG2. Considering other mobile genetic 
elements, the genome contains a relatively lower number 
of transposases (4 + 1 pseudo), especially in contrast to 
5632 (15 + 2 pseudo). Plasmids or prophages were not 
detected. 

vpma gene locus
Vpmas are the abundantly expressed immunodominant 
surface lipoproteins of M. agalactiae that vary at a very 
high frequency [12]. They play a significant role in patho-
genicity by acting as major cytadhesins and immune eva-
sion proteins [13, 20, 21]. Unlike 5632 and GrTh01, and as 
in the type strain PG2, there is a single vpma locus present 
in GM139 that presents all the typical features of a patho-
genicity island, including the tRNA-Lys gene and a xer1 
gene encoding the site-specific recombinase that acts on 
the recognition sequences in the conserved 5’UTR of the 
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vpma genes to cause Vpma phase variations by altering the 
vpma gene placed downstream of the single promoter [12]. 
The vpma locus of GM139 is approximately 13 kb long and 
contains a total of 10 vpma genes (Figure 2), among which 
four, namely, vpma aGM139, vpma bGM139, vpma dGM139 and 
vpma gGM139 are homologous to vpma K5632, vpma L5632, 
vpma B5632 and vpma G5632 of strain 5632, respectively 
(Figure 3). Among these , vpma gGM139 also shares partial 
homology with vpma ZPG2 of the type strain PG2. One 
vpma gene, vpma fGM139, has homology to PG2 and is a 
chimera between the vpma ZPG2 and vpma VPG2 genes of 
the PG2 strain. This finding correlated very well with our 
previous immunoblotting data [22] as well as the current 
LC–MS results explained in the previous sections. Most 

importantly, the remaining five of the ten vpma genes of 
strain GM139, namely, vpma cGM139, vpma eGM139, vpma 
hGM139, vpma iGM139, and vpma jGM139, are completely 
unique (Figure 3). Another interesting feature is the pres-
ence of the two non-vpma related abiG1 and abiG2 genes 
encoding the type IV toxin-antitoxin (TA) system [32], as 
was also shown for one of the vpma loci of 5632 [18]. 

Other gene families encoding surface proteins
In the absence of a cell wall, the presence of several dif-
ferent repertoires of surface proteins in minimal myco-
plasmas is suggestive of their important role in host 
cell interactions and pathogenicity. The spma locus, 
encoding a family of surface lipoproteins of unknown 

Figure 1  Progressive Mauve alignment between the genomes of M. agalactiae GM139, PG2, 5632 and GrTh1. Identical coloured, 
locally collinear blocks (LCB) represent homologous genomic regions shared between strains without sequence rearrangements. The red, green 
and purple boxes below the Mauve alignments illustrate the vpma, spma and ICE, respectively.

Table 1  General characteristics of GM139 compared with those of the M. agalactiae strains PG2, 5632, and GrTh01.

GM139 PG2 5632 GrTh01

Genome size (bp) 912,394 877,438 1,006,702 841,635

G + C (%) 29.7 29.7 29.6 29.8

CDS (with protein) 756 764 833 740

rRNA (5S, 16S, 23S) 2, 1, 1 2, 2, 2 2, 2, 2 2, 2, 2

tRNA 34 34 34 34

GenBank acc CP102095 CU179680 FP671138 CP039447

Pseudogenes 10 5 2 22

ICE numbers 1 (+ 1 vestigial) 0 (+ 2 vestigial) 3 (+ 2 vestigial) 0 (+ 2 vestigial)

Transposases 4 (+ 1 pseudo) 1 (+ 2 pseudo) 15 (+ 2 pseudo) 0 (+ 2 pseudo)
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Figure 2  Comparison of the Vpma loci of strain GM139 with those of the type strains PG2, 5632 and GrTh1. Boxed arrowheads represent 
open reading frames (green: vpmas; blue: site-specific recombinase xer1; light blue: IS element; white: non-vpma related abiG1 and abiG2). The 
expressed vpma gene downstream of the single promoter (P) in each locus is shown in a darker shade. S represents the signal sequence, HP 
represents a hypothetical protein, and red bars represent tRNA-Lys. Accession numbers/gene locus tags are inserted below each gene, and letters 
in parentheses refer to homologous genes in strain 5632.

Figure 3  Schematic of Vpma ORFs in strain GM139 with homologous regions in the 5632 and PG2 strains. The conserved 25-aa leader 
sequence (L) is marked with black diamonds, homologous regions between the genes are depicted in the same colour when the aa identity 
is greater than 30%, and regions that are repeated within the gene are represented by R, followed by gene designation. The number of amino 
acids is indicated below each box. Comparisons are made with the structure of the vpma genes in strains 5632 and PG2 following the same colour 
pattern. Accession numbers/gene locus tags are inserted beside each gene.
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function, is approximately 24.852 bp in length in GM139, 
which is similar to 5632. On the other hand, both PG2 
and GrTh01 have a considerably shorter spma locus 
of 14 kb. The 5ʹ untranslated region of each spma gene 
carries a polyG tract that is often indicative of phase-
variable expression in mycoplasmas via the control of 
downstream transcription [24]. Another family of surface 
proteins with unknown function is the Bacteroides-like 
surface protein A (BspA) family, which bears the DUF285 
motif. Eleven full copies of bspA are present in GM139, a 
count that is again quite similar to the 12 copies in 5632, 
whereas GrTh01 harbors only four entire and four pseu-
dogene bspA [2].

Phase variable capsular polysaccharide and important 
pathogenicity determinants
In addition to surface proteins, M. agalactiae is also 
known to secrete a capsular polysaccharide that under-
goes high-frequency ON/OFF phase variation due to 
changes in the length of a poly(G) tract located in the 
gsmA gene.

The secretion of β-(1 → 6)-glucopyranose was shown 
to be dependent on the presence of a functional gsmA 
gene in strain 14628 and increased the susceptibility of 
the pathogen to serum killing [33]. Similarly, GM139 
also carries a functional gsmA gene, as observed in strain 
14628, whereas it is truncated in strains 5632, PG2 and 
GrTh01 (Figure  4). Furthermore, full copies of other 
known virulence genes, such as the nifS–nifU, and those 

encoding the adhesin P40 and P80 lipoproteins, were 
found in GM139 [2].

Core genome MLST
From the reference genome (PG2) and 7 query genomes 
(GM139, GrTh01, 5632, 14668, 7784, 4055, 4867), a 
cgMLST scheme with 476 target genes (506,871 bases) 
was defined, covering 58% of the reference genome 
sequence. To gain insights into the population structure 
of M. agalactiae and to evaluate the genome-wide relat-
edness of the strains included in comparative genomics, 
the newly developed cgMLST scheme was applied to 21 
strains, which includes all the qualified M. agalactiae 
genomes available at NCBI, as well as two unreleased 
in-house genomes. This resulted in a clear separation 
of the M. agalactiae strains into two main clusters (Fig-
ure  5). The larger cluster comprises 15 M. agalactiae 
strains isolated from sheep and goats in Asia (Mongolia) 
and Europe, including the type strain PG2 and its closest 
relative, GrTh01. The smaller cluster (six M. agalactiae 
strains) contains only strains isolated from caprine hosts 
(goat, ibex) and illustrates a closer phylogenetic relation-
ship between GM139 and 5632.

Discussion
In addition to their small size and minimal genomes, 
bacteria belonging to the genus Mycoplasma are suc-
cessful pathogens that cause persistent chronic infec-
tions that are difficult to cure. Much of this is attributed 
to their intelligent strategies to overcome host immune 
responses and to survive and adapt amidst changing host 

Figure 4  The gsmA gene encoding β-(1 → 6)-glucopyranose in M. agalactiae strain 14628 is intact in GM139. Comparisons are shown 
with truncated copies of the gsmA gene in all of the compared strains, i.e., the type strain PG2, and strains 5632 and GrTh1. Accession numbers/
gene locus tags are inserted below each gene.
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environments and antibiotic pressure [34–36]. The pres-
ence of large repertoires of multigene families encoding 
surface antigens that undergo high-frequency phase vari-
ations is one such tool that many Mycoplasma pathogens 
use for immune evasion and host survival [34, 37]. The 
Vpma family of surface lipoproteins of M. agalactiae is 
one such antigenic phase variation system that has been 
very well studied and is perhaps the only one in this field 
for which “phase-locked” mutants were constructed to 
study the role of individual Vpma expression variants in 
the intramammary sheep infection model as well as sev-
eral in vitro assays [12, 18, 19]. Not only is Vpma phase 
variation imperative for host immune evasion, survival 
and persistence of the pathogen, but Vpma expression 
variants also demonstrate differential infection poten-
tial, which correlates very well with their relative adhe-
sion and colonization capacity [13, 20, 21]. Considering 
the significance of Vpmas and their antigenic variation, 
it was surprising to observe the expression of a single 
VpmaV variant in   immunoblots of strain GM139 [22]. 
Although VpmaV demonstrates one of the highest adhe-
sion and invasion capabilities among the six Vpma vari-
ants of the PG2-type strain [21], the lack of expression of 
the other five variants in GM139 could imply a weakened 
immune evasion capacity for this strain and hence com-
promised survival and reduced pathogenicity potential. 
However, even though there are no published reports 
of any systemic infections with GM139, it is known to 

cause mastitis in goats [26]. Moreover, in an earlier study, 
its molecular analysis had revealed a completely different 
vpma hybridization pattern than that of PG2 and eleven 
other tested M. agalactiae clinical isolates from Israel 
[38]. For these reasons, we were interested in decipher-
ing its vpma gene locus to understand its Vpma expres-
sion profile, and in the process also to compare its Vpma 
and other related surface proteins with those of three 
other M. agalactiae strains, namely, PG2, 5632 and 
GrTh01.

Genome analysis of GM139 revealed an unprecedented 
Vpma profile, with five of the ten vpma genes being 
completely unique, with no known homologies with any 
vpma genes available at GenBank, including those pre-
sent in the well-studied PG2, 5632 and GrTh01 strains. 
Among the remaining five genes, three have homology 
with vpma genes of 5632, one has homology to 5632 
as well as PG2, and of particular interest to us, one of 
the GM139 genes, vpma fGM139, is a chimera of vpma Z 
and vpma V of PG2 (Figure 3). This was also confirmed 
by LC/MS analysis of the Western blot bands, whereby 
VpmaVPG2-specific antibodies recognized the homolo-
gous region in GM139 (Additional file  1). Interestingly, 
as observed in 5632, the GM139 vpma locus also har-
bors the abiG1 and abiG2 genes, which are thought to 
have been transferred from Streptococcus agalactiae via 
horizontal gene transfer (HGT) [18]. This gene pair has 
recently been described as a putative type IV TA system 

Figure 5  CgMLST of M. agalactiae strains. Phylogenetic tree based on allelic profiles of 476 core genome targets from 21 M. agalactiae strains, 
including all the qualified M. agalactiae genomes available at NCBI and two in-house genomes (OB564 and UBS14). The tree was constructed 
using the neighbour-joining algorithm and the pairwise ignoring-missing-values option in SeqSphere +. Information on the origin of the strains 
is provided in parentheses (host, sample type, country, year of isolation; ND not defined).
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that likely contributes to the pathogenicity and persis-
tence of mycoplasmas and exacerbates the buildup of 
antimicrobial resistance [32]. Found in strains of M. aga-
lactiae and M. feriruminatoris, the protein signatures of 
this pair have been restricted only to antitoxins [18, 32], 
although PCR products of both genes were obtained in 
approximately 11% of the tested M. agalactiae strains 
belonging to very different geographical origins [18]. 
Nevertheless, as in most TA systems carrying signatures 
of HGT, the presence of abiG1/abiG2 in the vpma loci 
assigned as “genomic islands” by predictive software 
tools [17] is interesting. Similar variably expressed sur-
face lipoproteins in avian mycoplasmas, namely, M. gal-
lisepticum, M. imitans and M. synoviae, are encoded by 
large multigene families that also appear to have resulted 
from HGT [39]. Moreover, involved in host colonization 
and immune evasion, the vpma locus bears all the char-
acteristics of a typical pathogenicity island [12] and might 
serve as a hotspot for abiG1/abiG2 insertions, which 
perhaps later got   lost in several M. agalactiae strains 
because of deletions caused by frequent DNA recom-
bination events that are common within the locus [18]. 
Indeed, cgMLST analysis and comparison with some of 
our in-house available M. agalactiae strains revealed that 
GM139 was close to 5632, with both strains carrying the 
abiG1/abiG2 genes, whereas PG2 and GrTh01 lacking 
these genes are positioned further apart (Figure 5).

Another similarity between the GM139 and 5632 
strains with respect to genes devoted to phase-variable 
surface proteins is observed for the spma family. This 
locus is approximately 25 kb long in both 5632 and 
GM139, unlike the PG2 and GrTh01 strains, where it 
is reduced to almost half the size (14 kb). Although not 
detected in the proteome of 5632, the locus is composed 
of several putative CDSs encoding similar signal peptides, 
conserved lipoboxes followed by repeats of amino acid 
motifs, and polyG tracts in the 5’ untranslated regions of 
each putative spma gene, all of which point towards their 
phase variable surface expression [24]. As these genes 
have been exchanged with members of the “mycoides” 
cluster, they are likely to play an important role and are 
perhaps expressed during specific stages of infection 
only. In contrast, spma genes present on a much-reduced 
locus in the PG2 strain do not have any orthologues in 
the “mycoides” cluster [24]. Notably, the repertoires of 
gene families encoding surface variable proteins are sig-
nificantly curtailed in strain GrTh01, which has been cor-
related with its limited capacity to cause a rather mild 
disease and that too only  in goats found in a mixed herd 
of sheep and goats [2]. Compared with the 5632 strain, 
which has two vpma loci, each with its own promoter, 
and carrying seven and 16 vpma genes, respectively, 
leading to the concomitant expression of two Vpmas at 

a given time, GrTh01 possesses two degenerate vpma 
loci carrying vpmaW, vpmaX and vpmaZ (at locus 1) 
and vpmaY (at locus 2), while the rest of them are pseu-
dotruncated genes. If at all any Vpma is expressed in 
GrTh01 is doubtful, as none of the entire vpma genes are 
found directly downstream of the known vpma promoter 
sequences. This reduced vpma gene set, especially the 
lack of vpmaV in GrTh01, is considered one of the main 
deciding factors for the reduced host range (only Capri-
nae) and symptoms limited to the mammary glands [2].

In addition to the minimal vpma and spma loci, the 
bspA gene family is also considerably reduced in GrTh01, 
with only 4 entire bspA genes, in contrast to the 11, 9 
and 12 bspA genes present in the GM139, PG2 and 5632 
strains, respectively. BspA proteins, with homologous 
regions also present in M. bovis, are hypothetical sur-
face lipoproteins with a DUF285 motif and are believed 
to be a part of the gene pool that underwent HGT with 
the “mycoides” cluster [2, 24]. DUF285 repeats have 
been identified among diverse bacterial and eukaryotic 
microbes [40] and are considered important for myco-
plasma animal host classification [41]. Proteins carrying 
DUF285 domains are found in M. bovis, as well as in  sev-
eral members of the M. mycoides cluster, including the 
phylogenetically close member M. feriruminatoris, where 
eight CDSs encoding these motifs are found on one of its 
ICE [15, 42]. Overall, the above data pertaining to vari-
able surface proteins point towards GM139’s proximity 
to strain 5632 (as also witnessed in the cgMLST analysis) 
(Figure 5), which possesses one of the most elaborate and 
complex surface variable proteins [18, 24], and GM139 
seems to be an intermediary between PG2 and 5632 in 
many aspects.

Furthermore, unlike 5632, PG2 and GrTh01, the pres-
ence of an intact gsmA gene in GM139 likely provides 
it an extra advantage in the host blood stream by switch-
ing ON/OFF the expression of a capsular polysaccharide 
that controls its serum-killing susceptibility, as shown for 
M. agalactiae strain 14628 [33], a strain that is phyloge-
netically related to GM139 (Figure  5). Compared with 
the PG2 strain and related mutants, GM139 exhibited 
increased resistance to serum killing in a previous study 
[23]. Interestingly, the secretion of this β-(1 → 6)-glu-
copyranose, a rare polysaccharide in prokaryotes, was 
also detected in M. mycoides subsp. capri PG3T, another 
pathogen of small ruminants [33]. Moreover, during 
an experimental infection study, goats infected with a 
mutant strain of Mycoplasma mycoides subsp. capri lack-
ing the capsular polysaccharide presented only transient 
fever, indicating that it is an important pathogenicity 
determinant [43].

Inter- or intraspecies chromosomal exchanges in mini-
mal mycoplasmas help them acquire new pathogenicity 
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determinants via HGT and rely on the presence of mobile 
genetic elements such as ICE or insertion sequences 
(ISs). Mycoplasma ICEs are conjugative transposons that 
encode approximately 20 structural genes that are flanked 
by inverted repeats and help in the acquisition of small/
large chromosomal fragments from any part of the donor, 
leading to mosaic genome progeny [17]. Strain 5632 is an 
exceptional strain and has one of the largest M. agalac-
tiae genome sizes of approximately 1006.7 kb, whereby 
76% of its additional genomic material is composed of 
mobile genetic elements compared with PG2 (877.4 kb), 
the latter being a prototype of the majority of M. agalac-
tiae strains [18].  Compared with PG2, which lacks ICE 
and merely shows a single transposase, 5632 has 3 func-
tional ICEs and 15 different transposases. Interestingly, 
strain GM139 also carries one functional copy of the 27 
kb ICE and four transposases, which might have caused 
chromosomal exchanges, as evidenced by the presence 
of abiG1/abiG2 genes within the vpma locus, which 
in itself has a distinct repertoire of vpma genes, half of 
which are unique, few are homologous to 5632, one has 
shared regions with both PG2 and 5632, and yet another 
one is a hybrid of two different PG2 vpma genes.  Laced 
with ICE, strain GM139 retains sexual competence for 
dynamic exchanges with other Mycoplasma species, thus 
increasing its pathogenicity potential. As such, HGT is 
quite prevalent in ruminant mycoplasmas and has likely 
aided in host jumps. For example, atypical M. agalactiae 
strains infecting wild ungulates, such as chamois and 
ibex, contain gene sequences closely related to those of 
M. conjunctivae [16, 44]. Interestingly, our cgMLST anal-
ysis revealed that M. agalactiae strains such as GM139 
and 5632, which are well equipped with genomic “tools” 
for HGT and possess elaborate and more complex anti-
genic phase variation systems, belong to a phylogenetic 
cluster that contains only strains isolated from caprine 
hosts (goat, ibex) that are separated from the PG2-type 
strain (Figure  5). Notably, some commercial contagious 
agalactia vaccines are not as effective in goats as they are 
in sheep [4]. If this has anything to do in these cases with 
caprine M. agalactiae strains being genomically more 
complex, especially due to  acquiring new virulence loci 
from other microbes via HGT is an interesting possibility 
although this needs to be investigated.

Overall, the GM139 genome sequence possesses a dis-
tinct vpma repertoire and several other lipoproteins and 
putative phase variable surface loci. Lipoproteins play 
significant roles in mycoplasma pathogenicity, ranging 
from nutrient acquisition to adherence and interaction 
with the host, as well as immune evasion and induction 
of host immune responses [20, 21, 39, 45–47]. Further-
more, this strain is also armed with the necessary tools, 
such as ICE and transposases, to undergo dynamic HGT 

to acquire new pathogenicity factors that could increase 
its host range and tissue tropism.
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 Additional file 1: Mass spectrometry analysis of GM139 Vpma. 
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of M. agalactiae strains GM139 and PG2 using  α-VpmaVPG2 antibody. 
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LC‒MS. (C) Peptides identified in the  43 kDa, 14 kDa and the running gel 
front of GM139 corresponding to peg.754 vpma after a database search in 
addition to the GM139 in-house database.

Acknowledgements
This research was supported by the VetCore Facility (Mass Spectrometry) of 
the University of Veterinary Medicine Vienna.

Authors’ contributions
RCD and JS conceived, planned and executed the study; JS performed the 
sequencing and annotation; KS, MSB and RCD performed the immunoblotting 
and spectrometric analysis; RCD wrote the manuscript. All authors read and 
approved the final manuscript.

Funding
This study received no external funding. The study was supported by internal 
funding from the Institute of Microbiology, University of Veterinary Medicine 
Vienna.

 Availability of data and materials
The datasets generated during and/or analysed during the current study are 
available in the NCBI genome repository [48].

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 30 July 2024   Accepted: 25 March 2025

References
	1.	 Manual of diagnostic tests and vaccines for terrestrial animals (Terrestrial 

Manual) 8th edn. Vol. 1. OIE; Paris, France: 2018. Contagious Agalactia; pp. 
1430–1440.

	2.	 Filioussis G, Bramis G, Petridou E, Giadinis ND, Nouvel LX, Citti C, Frey J 
(2022) Mycoplasma agalactiae ST35: a new sequence type with a minimal 
accessory genome primarily affecting goats. BMC Vet Res 18:29. https://​
doi.​org/​10.​1186/​s12917-​021-​03128-w

	3.	 Gómez-Martín A, Amores J, Paterna A, De la Fe C (2013) Contagious 
agalactia due to Mycoplasma spp. in small dairy ruminants: epidemiology 
and prospects for diagnosis and control. Vet J 198:48–56. https://​doi.​org/​
10.​1016/j.​tvjl.​2013.​04.​015

	4.	 Dudek K, Sevimli U, Migliore S, Jafarizadeh A, Loria GR, Nicholas RAJ 
(2022) Vaccines for Mycoplasma diseases of small ruminants: a neglected 
area of research. Pathogens 11:75. https://​doi.​org/​10.​3390/​patho​gens1​
10100​75

	5.	 Toquet M, Bataller E, Gomis J, Sánchez A, Toledo-Perona R, De la Fe C, 
Corrales JC, Gómez-Martín A (2023) Antibacterial potential of commercial 
and wild lactic acid bacteria strains isolated from ovine and caprine raw 

https://doi.org/10.1186/s13567-025-01531-x
https://doi.org/10.1186/s13567-025-01531-x
https://doi.org/10.1186/s12917-021-03128-w
https://doi.org/10.1186/s12917-021-03128-w
https://doi.org/10.1016/j.tvjl.2013.04.015
https://doi.org/10.1016/j.tvjl.2013.04.015
https://doi.org/10.3390/pathogens11010075
https://doi.org/10.3390/pathogens11010075


Page 11 of 12Chopra‑Dewasthaly et al. Veterinary Research          (2025) 56:106 	

milk against Mycoplasma agalactiae. Front Vet Sci 10:1197701. https://​doi.​
org/​10.​3389/​fvets.​2023.​11977​01

	6.	 Kumar A, Rahal A, Chakraborty S, Verma AK, Dhama K (2014) Mycoplasma 
agalactiae, an etiological agent of contagious agalactia in small rumi‑
nants: a review. Vet Med Int 2014:286752. https://​doi.​org/​10.​1155/​2014/​
286752

	7.	 Barbosa MS, Alves RPDS, Rezende IS, Pereira SS, Campos GB, Freitas 
LM, Chopra-Dewasthaly R, Ferreira LCS, Guimarães AMS, Marques LM, 
Timenetsky J (2020) Novel antigenic proteins of Mycoplasma agalac-
tiae as potential vaccine and serodiagnostic candidates. Vet Microbiol 
251:108866. https://​doi.​org/​10.​1016/j.​vetmic.​2020.​108866

	8.	 Gautier-Bouchardon AV (2018) Antimicrobial resistance in Mycoplasma 
spp. Microbiol Spectr 6:10. https://​doi.​org/​10.​1128/​micro​biols​pec.​
ARBA-​0030-​2018

	9.	 Barbosa MS, Sampaio BA, Spergser J, Rosengarten R, Marques LM, 
Chopra-Dewasthaly R (2024) Mycoplasma agalactiae vaccines: current 
status, hurdles, and opportunities due to advances in pathogenicity stud‑
ies. Vaccines 12:156. https://​doi.​org/​10.​3390/​vacci​nes12​020156

	10.	 Manso-Silván L, Dupuy V, Lysnyansky I, Ozdemir U, Thiaucourt F (2012) 
Phylogeny and molecular typing of Mycoplasma agalactiae and Myco-
plasma bovis by multilocus sequencing. Vet Microbiol 161:104–112. 
https://​doi.​org/​10.​1016/j.​vetmic.​2012.​07.​015

	11.	 Lysnyansky I, Sachse K, Rosenbusch R, Levisohn S, Yogev D (1999) The vsp 
locus of Mycoplasma bovis: gene organization and structural features. J 
Bacteriol 181:5734–5741. https://​doi.​org/​10.​1128/​JB.​181.​18.​5734-​5741

	12.	 Glew MD, Marenda M, Rosengarten R, Citti C (2002) Surface diversity in 
Mycoplasma agalactiae is driven by site-specific DNA inversions within 
the vpma multigene locus. J Bacteriol 184:5987–5998. https://​doi.​org/​10.​
1128/​jb.​184.​21.​5987-​5998.​2002

	13.	 Chopra-Dewasthaly R, Spergser J, Zimmermann M, Citti C, Jechlinger W, 
Rosengarten R (2017) Vpma phase variation is important for survival and 
persistence of Mycoplasma agalactiae in the immunocompetent host. 
PLoS Pathog 13:e1006656. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10066​56

	14.	 Calcutt MJ, Lysnyansky I, Sachse K, Fox LK, Nicholas RAJ, Ayling RD (2018) 
Gap analysis of Mycoplasma bovis disease, diagnosis and control: An aid 
to identify future development requirements. Transbound Emerg Dis 
65:91–109. https://​doi.​org/​10.​1111/​tbed.​12860. 

	15.	 Sirand-Pugnet P, Lartigue C, Marenda M, Jacob D, Barré A, Barbe V, 
Schenowitz C, Mangenot S, Couloux A, Segurens B, Daruvar A, Blanchard 
A, Citti C (2007) Being pathogenic, plastic, and sexual while living with a 
nearly minimal bacterial genome. PLoS Genet 3:e75. https://​doi.​org/​10.​
1371/​journ​al.​pgen.​00300​75

	16.	 Tardy F, Baranowski E, Nouvel L-X, Mick V, Manso-Silvan L, Thiaucourt F, 
Thébault P, Breton M, Sirand-Pugnet P, Blanchard A, Garnier A, Gibert P, 
Game Y, Poumarat F, Citti C (2012) Emergence of atypical Mycoplasma 
agalactiae strains harboring a new prophage and associated with 
an alpine wild ungulate mortality episode. Appl Environ Microbiol 
78:4659–4668. https://​doi.​org/​10.​1128/​AEM.​00332-​12

	17.	 Citti C, Baranowski E, Dordet-Frisoni E, Faucher M, Nouvel LX (2020) 
Genomic islands in Mycoplasmas. Genes (Basel) 11:2441. https://​doi.​org/​
10.​3390/​genes​11080​836

	18.	 Nouvel LX, Marenda M, Sirand-Pugnet P, Sagné E, Glew M, Mangenot 
S, Barbe V, Barré A, Claverol S, Citti C (2009) Occurrence, plasticity, 
and evolution of the vpma gene family, a genetic system devoted to 
high-frequency surface variation in Mycoplasma agalactiae. J Bacteriol 
191:4111–4121. https://​doi.​org/​10.​1128/​jb.​00251-​09

	19.	 Chopra-Dewasthaly R, Citti C, Glew MD, Zimmermann M, Rosengarten 
R, Jechlinger W (2008) Phase-locked mutants of Mycoplasma agalactiae: 
defining the molecular switch of high-frequency Vpma antigenic varia‑
tion. Mol Microbiol 67:1196–1210. https://​doi.​org/​10.​1111/j.​1365-​2958.​
2007.​06103.x

	20.	 Czurda S, Hegde SM, Rosengarten R, Chopra-Dewasthaly R (2017) 
Xer1-independent mechanisms of Vpma phase variation in Mycoplasma 
agalactiae are triggered by Vpma-specific antibodies. Int J Med Microbiol 
307:443–451. https://​doi.​org/​10.​1016/j.​ijmm.​2017.​10.​005

	21.	 Hegde S, Zimmermann M, Rosengarten R, Chopra-Dewasthaly R (2018) 
Novel role of Vpmas as major adhesins of Mycoplasma agalactiae mediat‑
ing differential cell adhesion and invasion of Vpma expression variants. 
Int J Med Microbiol 308:263–270. https://​doi.​org/​10.​1016/j.​ijmm.​2017.​11.​
010

	22.	 Barbosa MS, Spergser J, Marques LM, Timenetsky J, Rosengarten R, 
Chopra-Dewasthaly R (2022) Predominant single stable VpmaV expres‑
sion in strain GM139 and major differences with Mycoplasma agalactiae 
type strain PG2. Animals (Basel) 12:265. https://​doi.​org/​10.​3390/​ani12​
030265

	23.	 Sommer K, Kowald S, Chopra-Dewasthaly R (2022) Serum resistance of 
Mycoplasma agalactiae strains and mutants bearing different lipoprotein 
profiles. Pathogens 11:1036. https://​doi.​org/​10.​3390/​patho​gens1​10910​36

	24.	 Nouvel LX, Sirand-Pugnet P, Marenda MS, Sagné E, Barbe V, Mangenot 
S, Schenowitz C, Jacob D, Barré A, Claverol S, Blanchard A, Citti C (2010) 
Comparative genomic and proteomic analyses of two Mycoplasma 
agalactiae strains: clues to the macro- and micro-events that are shaping 
mycoplasma diversity. BMC Genomics 11:86. https://​doi.​org/​10.​1186/​
1471-​2164-​11-​86

	25.	 Edward DG, Freundt EA (1973) Type strains of species of the order 
Mycoplasmatales, including designation of neotypes for Mycoplasma 
mycoides subsp. mycoides, Mycoplasma agalactiae subsp. agalactiae, and 
Mycoplasma arthritidis. Int J Syst Evol Microbiol 23:55–61. https://​doi.​org/​
10.​1099/​00207​713-​23-1-​55

	26.	 DaMassa AJ (1983) Recovery of Mycoplasma agalactiae from mastitic 
goat milk. J Am Vet Med Assoc 183:548–549

	27.	 Wick RR, Judd LM, Gorrie CL, Holt KE (2017) Unicycler: Resolving bacterial 
genome assemblies from short and long sequencing reads. PLoS Com‑
put Biol 13:e1005595. https://​doi.​org/​10.​1371/​journ​al.​pcbi.​10055​95

	28.	 Rosengarten R, Wise KS (1991) The Vlp system of Mycoplasma hyorhinis: 
combinatorial expression of distinct size variant lipoproteins generating 
high-frequency surface antigenic variation. J Bacteriol 173:4782–4793. 
https://​doi.​org/​10.​1128/​jb.​173.​15.​4782-​4793.​1991

	29.	 Jiménez CR, Huang L, Qiu Y, Burlingame AL (2001) Sample preparation 
for MALDI mass analysis of peptides and proteins. Curr Protoc Protein Sci. 
https://​doi.​org/​10.​1002/​04711​40864.​ps160​3s14

	30.	 Shevchenko A, Wilm M, Vorm O, Mann M (1996) Mass spectrometric 
sequencing of proteins silver-stained polyacrylamide gels. Anal Chem 
68:850–858. https://​doi.​org/​10.​1021/​ac950​914h

	31.	 Bünger M, Blümlinger M, Loncaric I, Rosel AC, Ruppitsch W, Teich K, 
Kübber-Heiss A, Hennig-Pauka I, Ladinig A, Spergser J (2024) Multilocus 
sequence typing schemes for the emerging swine pathogen Myco-
plasma hyosynoviae. Vet Microbiol 290:109997. https://​doi.​org/​10.​1016/j.​
vetmic.​2024.​109997

	32.	 Hill V, Akarsu H, Barbarroja RS, Cippà VL, Kuhnert P, Heller M, Falquet L, 
Heller M, Stoffel MH, Labroussaa F, Jores J (2021) Minimalistic mycoplas‑
mas harbor different functional toxin–antitoxin systems. PLoS Genet 
17:e1009365. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10093​65

	33.	 Gaurivaud P, Baranowski E, Pau-Roblot C, Sagné E, Citti C, Tardy F (2016) 
Mycoplasma agalactiae secretion of β-(1→6)-Glucan, a rare polysaccha‑
ride in prokaryotes, is governed by high-frequency phase variation. Appl 
Environ Microbiol 82:3370–3383. https://​doi.​org/​10.​1128/​aem.​00274-​16

	34.	 Rosengarten R, Citti C, Glew M, Lischewski A, Droesse M, Much P, Winner 
F, Brank M, Spergser J (2000) Host-pathogen interactions in mycoplasma 
pathogenesis: virulence and survival strategies of minimalist prokaryotes. 
Int J Med Microbiol 290:15–25. https://​doi.​org/​10.​1016/​s1438-​4221(00)​
80099-5

	35.	 Yiwen C, Yueyue W, Lianmei Q, Cuiming Z, Xiaoxing Y (2021) Infection 
strategies of mycoplasmas: unraveling the panoply of virulence factors. 
Virulence 12:788–817. https://​doi.​org/​10.​1080/​21505​594.​2021.​18898​13

	36.	 Arfi Y, Lartigue C, Sirand-Pugnet P, Blanchard A (2021) Beware of myco‑
plasma anti-immunoglobulin strategies. MBio 12:e01974-e2021. https://​
doi.​org/​10.​1128/​mBio.​01974-​21

	37.	 Citti C, Blanchard A (2013) Mycoplasmas and their host: emerging and 
re-emerging minimal pathogens. Trends Microbiol 21:196–203. https://​
doi.​org/​10.​1016/j.​tim.​2013.​01.​003

	38.	 Flitman-Tene R, Levisohn S, Lysnyansky I, Rapoport E, Yogev D (2000) A 
chromosomal region of Mycoplasma agalactiae containing vsp-related 
genes undergoes in vivo rearrangement in naturally infected animals. 
FEMS Microbiol Lett 191:205–212. https://​doi.​org/​10.​1111/j.​1574-​6968.​
2000.​tb093​41.x

	39.	 Bencina D (2002) Haemagglutinins of pathogenic avian mycoplasmas. 
Avian Pathol 31:535–547. https://​doi.​org/​10.​1080/​03079​45021​00002​4526

	40.	 Röske K, Foecking MF, Yooseph S, Glass JI, Calcutt MJ, Wise KS (2010) A 
versatile palindromic amphipathic repeat coding sequence horizontally 

https://doi.org/10.3389/fvets.2023.1197701
https://doi.org/10.3389/fvets.2023.1197701
https://doi.org/10.1155/2014/286752
https://doi.org/10.1155/2014/286752
https://doi.org/10.1016/j.vetmic.2020.108866
https://doi.org/10.1128/microbiolspec.ARBA-0030-2018
https://doi.org/10.1128/microbiolspec.ARBA-0030-2018
https://doi.org/10.3390/vaccines12020156
https://doi.org/10.1016/j.vetmic.2012.07.015
https://doi.org/10.1128/JB.181.18.5734-5741
https://doi.org/10.1128/jb.184.21.5987-5998.2002
https://doi.org/10.1128/jb.184.21.5987-5998.2002
https://doi.org/10.1371/journal.ppat.1006656
https://doi.org/10.1111/tbed.12860
https://doi.org/10.1371/journal.pgen.0030075
https://doi.org/10.1371/journal.pgen.0030075
https://doi.org/10.1128/AEM.00332-12
https://doi.org/10.3390/genes11080836
https://doi.org/10.3390/genes11080836
https://doi.org/10.1128/jb.00251-09
https://doi.org/10.1111/j.1365-2958.2007.06103.x
https://doi.org/10.1111/j.1365-2958.2007.06103.x
https://doi.org/10.1016/j.ijmm.2017.10.005
https://doi.org/10.1016/j.ijmm.2017.11.010
https://doi.org/10.1016/j.ijmm.2017.11.010
https://doi.org/10.3390/ani12030265
https://doi.org/10.3390/ani12030265
https://doi.org/10.3390/pathogens11091036
https://doi.org/10.1186/1471-2164-11-86
https://doi.org/10.1186/1471-2164-11-86
https://doi.org/10.1099/00207713-23-1-55
https://doi.org/10.1099/00207713-23-1-55
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1128/jb.173.15.4782-4793.1991
https://doi.org/10.1002/0471140864.ps1603s14
https://doi.org/10.1021/ac950914h
https://doi.org/10.1016/j.vetmic.2024.109997
https://doi.org/10.1016/j.vetmic.2024.109997
https://doi.org/10.1371/journal.pgen.1009365
https://doi.org/10.1128/aem.00274-16
https://doi.org/10.1016/s1438-4221(00)80099-5
https://doi.org/10.1016/s1438-4221(00)80099-5
https://doi.org/10.1080/21505594.2021.1889813
https://doi.org/10.1128/mBio.01974-21
https://doi.org/10.1128/mBio.01974-21
https://doi.org/10.1016/j.tim.2013.01.003
https://doi.org/10.1016/j.tim.2013.01.003
https://doi.org/10.1111/j.1574-6968.2000.tb09341.x
https://doi.org/10.1111/j.1574-6968.2000.tb09341.x
https://doi.org/10.1080/0307945021000024526


Page 12 of 12Chopra‑Dewasthaly et al. Veterinary Research          (2025) 56:106 

distributed among diverse bacterial and eucaryotic microbes. BMC 
Genomics 11:430. https://​doi.​org/​10.​1186/​1471-​2164-​11-​430

	41.	 Kamminga T, Koehorst JJ, Vermeij P, Slagman SJ, Martins Dos Santos VA, 
Bijlsma JJ, Schaap PJ (2017) Persistence of functional protein domains in 
Mycoplasma species and their role in host specificity and synthetic mini‑
mal life. Front Cell Infect Microbiol 7:31. https://​doi.​org/​10.​3389/​fcimb.​
2017.​00031

	42.	 Baby V, Ambroset C, Gaurivaud P, Falquet L, Boury C, Guichoux E, Boury 
C, Erwan Guichoux E, Jores J, Lartigue C, Tardy F, Sirand-Pugnet P (2023) 
Comparative genomics of Mycoplasma feriruminatoris, a fast-growing 
pathogen of wild Caprinae. Microb Genom 9:001112. https://​doi.​org/​10.​
1099/​mgen.0.​001112

	43.	 Jores J, Ma L, Ssajjakambwe P, Schieck E, Liljander A, Chandran S, Stoffel 
MH, Cippa V, Arfi Y, Assad-Garcia N, Falquet L, Sirand-Pugnet P, Blanchard 
A, Lartigue C, Posthaus H, Labroussaa F, Vashee S (2019) Removal of a 
subset of non-essential genes fully attenuates a highly virulent Myco-
plasma strain. Front Microbiol 10:664. https://​doi.​org/​10.​3389/​fmicb.​2019.​
00664

	44.	 Fernández-Aguilar X, Cabezón O, Frey J, Velarde R, Serrano E, Colom-
Cadena A, Gelormini G, Marco I, Mentaberre G, Lavín S, López-Olvera JR 
(2017) Long-term dynamics of Mycoplasma conjunctivae at the wildlife-
livestock interface in the Pyrenees. PLoS One 12:e0186069. https://​doi.​
org/​10.​1371/​journ​al.​pone.​01860​69

	45.	 Adamu JY, Mitiku F, Hartley CA, Sansom FM, Marenda MS, Markham PF, 
Browning GF, Tivendale KA (2020) Mycoplasma bovis mbfN encodes a 
novel LRR lipoprotein that undergoes proteolytic processing and binds 
host extracellular matrix components. J Bacteriol 18:e00154-20 https://​
doi.​org/​10.​1128/​jb.​00154-​20.​10.​1128/​jb.​00154-​20

	46.	 Schneider P, Brill R, Schouten I, Nissim-Eliraz E, Lysnyansky I, Shpigel NY 
(2022) Lipoproteins are potent activators of nuclear factor kappa B in 
mammary epithelial cells and virulence factors in Mycoplasma bovis mas‑
titis. Microorganisms 10:2209. https://​doi.​org/​10.​3390/​micro​organ​isms1​
01122​09

	47.	 Pflaum K, Tulman ER, Beaudet J, Canter J, Geary SJ (2018) Variable lipo‑
protein hemagglutinin A gene (vlhA) expression in variant Mycoplasma 
gallisepticum strains in vivo. Infect Immun 86:00524–00618. https://​doi.​
org/​10.​1128/​iai.​00524-​18

	48.	 National Center for Biotechnology Information genome repository. www.​
ncbi.​nlm.​nih.​gov/​datas​ets/​genom​e/?​taxon=​2110.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1186/1471-2164-11-430
https://doi.org/10.3389/fcimb.2017.00031
https://doi.org/10.3389/fcimb.2017.00031
https://doi.org/10.1099/mgen.0.001112
https://doi.org/10.1099/mgen.0.001112
https://doi.org/10.3389/fmicb.2019.00664
https://doi.org/10.3389/fmicb.2019.00664
https://doi.org/10.1371/journal.pone.0186069
https://doi.org/10.1371/journal.pone.0186069
https://doi.org/10.1128/jb.00154-20.10.1128/jb.00154-20
https://doi.org/10.1128/jb.00154-20.10.1128/jb.00154-20
https://doi.org/10.3390/microorganisms10112209
https://doi.org/10.3390/microorganisms10112209
https://doi.org/10.1128/iai.00524-18
https://doi.org/10.1128/iai.00524-18
http://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=2110
http://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=2110

	Comparative genomic analysis of Mycoplasma agalactiae strain GM139 highlights unique surface architecture and pathogenic determinants
	Abstract 
	Introduction
	Materials and methods
	Mycoplasma cultures and growth conditions
	Genomic DNA extraction
	Genome sequencing, assembly, annotation, and analysis
	Triton X-114 phase partitioning and western blotting
	Identification of proteins by nanoLC‒MSMS analysis
	Core genome multilocus sequence typing (cgMLST)

	Results
	Mass spectrometry analysis of GM139 Vpma
	General genome characteristics of strain GM139
	vpma gene locus
	Other gene families encoding surface proteins
	Phase variable capsular polysaccharide and important pathogenicity determinants
	Core genome MLST

	Discussion
	Acknowledgements
	References


