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Mycoplasma bovis is a major bovine pathogen associated with bovine respiratory disease complex and is responsible for sub-
stantial economic losses worldwide. M. bovis is also associated with other clinical presentations in cattle, including mastitis, oti-
tis, arthritis, and reproductive disorders. To gain a better understanding of the genetic diversity of this pathogen, a multilocus
sequence typing (MLST) scheme was developed and applied to the characterization of 137 M. bovis isolates from diverse geo-
graphical origins, obtained from healthy or clinically infected cattle. After in silico analysis, a final set of 7 housekeeping genes
was selected (dnaA, metS, recA, tufA, atpA, rpoD, and tkt). MLST analysis demonstrated the presence of 35 different sequence
types (STs) distributed in two main clonal complexes (CCs), defined at the double-locus variant level, namely, CC1, which in-
cluded most of the British and German isolates, and CC2, which was a more heterogeneous and geographically distant group of
isolates, including European, Asian, and Australian samples. Index of association analysis confirmed the clonal nature of the
investigated M. bovis population, based on MLST data. This scheme has demonstrated high discriminatory power, with the anal-
ysis showing the presence of genetically distant and divergent clusters of isolates predominantly associated with geographical
origins.

Mycoplasma diseases cause substantial economic losses, par-
ticularly in intensively farmed cattle production systems

worldwide, as a result of poor growth, morbidity, and deaths, as
well as the costs associated with increased control and prophylac-
tic measures. Mycoplasma bovis has increasingly been recognized
as one of the main pathogens involved in the bovine respiratory
disease complex, on its own or in association with other respira-
tory pathogens (1). M. bovis can also be found in association with
mastitis, in which outbreaks can affect more than 20% of the cows
in a herd, regardless of the stage of lactation, and infections are
usually refractory to treatment. Arthritis and otitis have also been
associated with M. bovis, usually appearing once pneumonia or
mastitis is already established in the herd (1, 2). The control of M.
bovis infections relies strongly on antimicrobial therapy, which
has variable success rates in the field (3). Vaccination has been
used in the early stages of cattle development and is mostly based
on autogenous vaccines, which limits their use and the potential
for widespread control of M. bovis infections (3).

Taking into consideration the limited tools available for M.
bovis disease management, the development of a dependable mo-
lecular typing scheme able to offer robust and reproducible epi-
demiological information would provide a valuable addition to
control measures targeting this pathogen. M. bovis isolates have
been characterized previously using multiple molecular typing
methods, including amplified fragment length polymorphism
(AFLP) analysis (4), random amplified polymorphic DNA
(RAPD) analysis (5), pulsed-field gel electrophoresis (PFGE)
analysis (6), insertion sequence analysis (7, 8), and, more recently,
multilocus variable-number tandem repeat (VNTR) analysis (8–
10). Although some of these techniques have demonstrated their
usefulness as reference molecular typing schemes for other impor-
tant microbial pathogens, including PFGE for Escherichia coli (11)
and VNTR analysis for Mycobacterium bovis (12), the lack of uni-
versal comparability, transferability of data, and unambiguous in-

terpretation has hampered their use as routine typing techniques
for the characterization of M. bovis.

Multilocus sequence typing (MLST), a technique initially de-
scribed for the analysis of the pathogenic bacteria Neisseria men-
ingitidis (13), is a sequence-based typing technique that focuses on
characterizing single mutations in sets of housekeeping genes in
order to establish relationships between populations of microor-
ganisms. The availability of rapid affordable DNA-sequencing ser-
vices in recent years has enabled the use of this technique for
molecular epidemiological studies, which are increasingly recog-
nized as the gold standard for typing analysis of microbial popu-
lations (14). The high accuracy and repeatability of current se-
quencing technology, the universal comparability of DNA
sequences, and the easy transfer of data between laboratories make
this technique the most complete, robust, and reliable typing
method described to date (15). MLST has been successfully ap-
plied to the analysis of Mycoplasma agalactiae (16), a Mycoplasma
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species closely related to M. bovis, and also Mycoplasma hyopneu-
moniae (17), a major porcine respiratory pathogen. This study
describes the development of an MLST system for the character-
ization of M. bovis isolates and its use for the analysis of the pop-
ulation structure of a selection of 137 isolates.

MATERIALS AND METHODS
Bacterial isolates. A total of 137 M. bovis isolates from cattle, including
the type strain PG45, were analyzed in this study. Field isolates from 12
different countries, including representatives from Europe, Asia, and
Australia in addition to the type strain PG45, which was isolated in North
America, were analyzed. The isolate selection covered the maximum
number of variables possible, including isolates from outbreaks and rou-
tine surveillance, samples from healthy animals, historical and recent
samples, and isolates obtained from different clinical presentations and
specimen types (see Table S1 in the supplemental material).

Culture and DNA extraction. M. bovis isolates were propagated at
37°C in 5% CO2 for 24 h, in 3-ml volumes of Eaton’s broth (18). Ten
microliters of culture was then plated on Eaton’s agar and incubated for 72
h. After this incubation, single colonies were selected and grown in 3 ml of
Eaton’s broth for 48 h. DNA was then extracted from 400 �l of each
culture by using an automated nucleic acid extraction system (Maxwell 16
cell DNA purification kit; Promega), following the manufacturer’s in-
structions. The species and purity of the extracted DNA were verified by
universal and Mycoplasma-specific PCR-denaturing gradient gel electro-
phoresis (DGGE) assays (19, 20) prior to use in the MLST PCRs.

MLST. The most common targets used in published MLST schemes
were found at the PubMLST website (http://pubmlst.org) (21), and their
presence in M. bovis was assessed. The final selection of MLST targets was
performed after comparison of the numbers of nucleotide polymor-
phisms in selected genes obtained from the complete genomes of two
geographically distant M. bovis isolates, namely, PG45 (GenBank acces-
sion number NC_014760) isolated in the United States and Hubei-1
(GenBank accession number NC_015725) isolated in China. A final set of
7 genes showing the greatest number of nucleotide polymorphisms
among the isolates described previously was selected for this scheme; the

genes selected were atpA, dnaA, metS, recA, rpoD, tkt, and tufA). The
primer sequences and characteristics of each selected locus can be found
in Table 1.

All PCRs were performed in an iCycler thermal cycler (Bio-Rad), with
an initial step of denaturation at 95°C for 5 min, 30 cycles of denaturation
at 95°C for 1 min, annealing at 56°C for 1 min, and extension at 72°C for
1 min, and a final step of extension at 72°C for 10 min. Each PCR was
performed in a final volume of 50 �l, which included 10 �l of 5� Green
GoTaq Flexi buffer (Promega), 1.5 mM MgCl2, 0.2 mM each deoxy-
nucleoside triphosphate, 1.25 units of GoTaq DNA polymerase (Pro-
mega), 1 �l of each forward and reverse primer (Table 1) at a concentra-
tion of 25 pmol/�l, and 1 �l of DNA. PCR amplification was confirmed
after electrophoresis of the amplified products in 2% agarose gels, with
detection under UV illumination after staining with GelRed (Biotium).

PCR products in the reaction mixture were purified using a QIAquick
PCR purification kit (Qiagen), following the manufacturer’s instructions,
and were quantified using a NanoDrop 1000 spectrophotometer (Thermo
Scientific). Sequencing reactions were performed using a BigDye Termi-
nator v3.1 cycle sequencing kit (Applied Biosystems), using the primers
described in Table 1, and were run in an ABI 3130xl genetic analyzer
(Applied Biosystems). Both strands from each PCR amplicon were se-
quenced and analyzed.

Sequence data were aligned using SeqMan v8.1.5 (DNASTAR), and
each individual sequence was trimmed according to the nucleotide posi-
tions selected for each gene (Table 1). Trimmed DNA sequences were
analyzed using the nonredundant database (NRDB) comparison tool
(http://pubmlst.org/analysis). Each distinct allele present in an individual
locus was identified by the assignment of an arbitrary number. The com-
bination of the seven allele identifiers formed an allelic profile, which was
used to determine a unique identifier or sequence type (ST).

The possible evolutionary relationship between isolates and M. bovis
population structure was determined using PHYLOViZ (22) and was
evaluated by analysis of a minimum spanning tree (MST) created using
the global optimal eBURST (goeBURST) algorithm (23). The null hy-
pothesis of linkage equilibrium for multilocus data was tested using the
standardized index of association (IA) in order to determine the role of

TABLE 1 Primer sequences and main characteristics of selected loci in M. bovis MLST typing scheme

Gene
Primer
name Primer sequence (5= to 3=)

Product
size (bp)

Analyzed
sequence
size (bp)

Nucleotide
positions
within genea Hb

No. of
alleles

No. of
polymorphic
sites Z test resultc

dnaA dnaA-F TCAAATCGTGAAGTCGACAA 924 498 532–1029 0.51 11 28 dN � dS

dnaA-R CTTCCCAATTTGTTCCAGTG

metS metS-F TCGGACAACTGATCCTAAGC 867 596 439–1009 0.79 12 29 NS
metS-R AATAGGCCTTCTGGGAAAGA

recA recA-F TCCTAAAGGCAGAATCGTTG 711 463 248–710 0.47 6 12 NS
recA-R TAAGCATATCAAGCGCCTTT

tufA tufA-F TGATTACTGGTGCTGCTCAA 798 499 447–945 0.54 6 17 dN � dS

tufA-R TTTCACCAGGTTGAACGAAT

atpA atpA-F TGTTGCTATATTTGGTAACGC 787 589 322–910 0.70 7 23 dN � dS

atpA-R AACATTAGTAGGAATATAAGCTG

rpoD rpoD-F ATATTATGGATGAAGTTGATGC 861 600 381–980 0.74 11 21 dN � dS

rpoD-R CGCCATTTTCTTGTTGTAGC

tkt tkt-F CATGTGAATATAAATGCACTGC 677 394 743–1136 0.76 9 30 dN � dS

tkt-R TGATAAGGCAATTACTGAAGC
a Based on the complete genome of M. bovis strain PG45.
b H, genetic diversity.
c dN � dS, test for purifying selection statistically significant; dN � dS, test for positive selection statistically significant; NS, no statistical significance found.
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recombination in population evolution, using the LIAN 3.5 application
(24) (http://pubmlst.org/analysis). LIAN 3.5 was also used to calculate the
genetic diversity (H) (25) of each locus, analyzed as a measure of the
expected heterozygosity or genetic variability of each gene. This value
ranges from 0 (no heterozygosity) to 1. The discriminatory power of this
typing scheme was determined after calculation of Simpson’s index of
diversity (SID), as described previously (26). This index, which ranges
from 0 (no discriminatory power) to 1 (highest discriminatory power),
facilitates comparisons of the discriminatory powers of typing techniques.
It is recommended that SID be greater than 0.9 to allow typing results to be
interpreted with confidence. The number of polymorphic sites was ob-
tained using START v2 (27). The number of nonsynonymous substitu-
tions per nonsynonymous site (dN) and the number of synonymous sub-
stitutions per synonymous site (dS) were calculated, and the null
hypothesis of strict neutrality (dN � dS) versus the alternative hypotheses
of purifying (dN � dS) or positive (dN � dS) selection was tested for each
locus using the Z test in MEGA5 software (28). MEGA5 was also used to
align and to create a phylogenetic reconstruction based on the minimum
evolution method described previously (29), using concatenated amino
acid sequences of the allelic profiles described for each isolate.

Nucleotide sequence accession numbers. The sequences of all alleles
found for each gene can be found in GenBank (accession numbers
KP229456 to KP229517).

RESULTS
Discriminatory power and locus characteristics. The discrimi-
natory power of this typing scheme, as calculated using the SID,

was 0.91 (95% confidence interval, 0.88 to 0.93). This value indi-
cates that, if two M. bovis isolates were selected at random from the
population, they would fall in different MLST types on 91% of the
occasions. Genetic diversity values obtained for each locus ranged
from 0.47 for recA (less genetically diverse locus) to 0.79 for metS
(more genetically diverse locus). The numbers of alleles found
ranged from 6 (recA and tufA) to 12 (dnaA and metS). The num-
bers of polymorphic sites varied from 12 in recA to 30 in tkt. The
numbers of polymorphic sites and genetic diversity (H) values for
each locus can be seen in Table 1.

Based on the Z test of selection, tufA and rpoD were found to be
under positive selection in M. bovis (P � 0.05), showing a higher
rate of nonsynonymous substitutions. The atpA, dnaA, and tkt
genes were found to be under purifying or neutral selection (P �
0.05), and no statistical differences were found for the metS and
recA genes (Table 1).

Evolutionary relationships and population structure. The
137 isolates analyzed gave a total of 35 different STs (see Table S1
in the supplemental material), divided into three clonal com-
plexes (CCs) found after goeBURST and MST analysis (Fig. 1). In
our study, a clonal complex was defined as a group of similar
isolates in which every isolate shared at least five of seven identical
alleles with at least one other ST in the group (30). The main clonal
complex, CC1, included 73 isolates (53.28% of the total). Two

FIG 1 Minimum spanning tree (MST) representing the evolutionary relationships between M. bovis sequence types (STs). Numbers inside circles, STs. Numbers
over connecting lines, locus variant levels (1, single-locus variant; 2, double-locus variant). CC, clonal complex.
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common ancestors were identified in CC1, i.e., ST2, which was the
most common ST found in the characterized M. bovis population
and included isolates from multiple geographical origins (United
Kingdom, Lithuania, Hungary, Germany, Italy, Israel, and Aus-
tralia), and ST19, which was represented by isolates originating
from mainland Europe only (Spain, Germany, France, and Lith-
uania). The latter was shown to have the greatest similarity to the
type strain PG45, which was isolated in the United States, with
differences being observed only at the single-locus variant level.
The majority of the German and United Kingdom isolates clus-
tered in this clonal complex, with approximately 90% of the char-
acterized isolates from these countries being found in this cluster.

CC2 included 56 of the 137 analyzed isolates (40.88% of the
total). This group presented a high level of diversity in the geo-
graphical origins of the isolates analyzed, including all Chinese
isolates and the majority of the Israeli and Australian isolates.

A minor clonal complex, CC3, which included only two Israeli
isolates (1.46% of the total), was identified in addition to the two
main complexes described. Furthermore, five singleton STs that
did not cluster in any of the main CCs were also observed. The list
of singletons included ST5, ST18, ST24, ST29, and ST35, with a
total of 6 isolates (4.38% of the total) (see Table S1 in the supple-
mental material).

No clear pattern of distribution of isolates according to clinical
presentation was observed. Approximately 60% of the analyzed
samples were obtained from cases of respiratory infection. Al-
though this set of samples included isolates from two well-differ-
entiated pathological presentations, i.e., cranioventral consolida-
tion of the lung and caseous necrosis, no clear differential
clustering was detected.

Some of the most diverse isolates analyzed, which included the
majority of the singleton STs and CC3, were isolated from mastitis
cases. The remaining singleton isolates, 144B08 (ST5) and 422/88
(ST29), were obtained from cases of pneumonia. Isolate 144B08, a
highly pathogenic M. bovis isolate, was obtained from an experi-
mental respiratory infection in cattle in the United Kingdom that
was induced with a U.S. isolate. Isolate 422/88, which was isolated
in 1988 in Cuba, is one of the oldest and more geographically and
genetically atypical samples analyzed in this study. Other histori-
cal isolates were also characterized; these were isolated between
1978 and 1993 in various European countries and included ST19,
ST27, and ST28, which were similar to the type strain PG45, with
maximal differences of two loci.

Within-farm variations were observed for some of the isolates
analyzed. For example, isolates 63982 (ST13) and 105880 (ST8),
which were obtained at the same time on the same farm from
different animals presenting different clinical signs (pneumonia
and mastitis), had diverse STs, which differed only in a single
mutation in the dnaA gene. Other samples obtained from the
same farms at different time points also presented different STs.
For example, isolates 223B09 (ST31) and 263B09 (ST12), which
were obtained from pneumonia cases on the same farm with a
10-day gap between sampling times, presented differences in two
alleles (dnaA and rpoD). Within-farm differences were also ob-
served in mastitis cases; various isolates obtained from a mastitis
outbreak (isolates 343B09, 345B09, 346B09, and 393B09 [ST2])
differed in one allele (rpoD) from isolate 392B09 (ST30), which
was obtained 20 days later (Fig. 1; also see Table S1 in the supple-
mental material).

A phylogenetic tree showing the evolutionary history of iso-

lates based on the analysis of concatenated amino acid sequences
is shown in Fig. S1 in the supplemental material. All positions
containing gaps and missing data were eliminated. There were a
total of 1,165 positions in the final data set. A clear split into two
main M. bovis populations, similar to that observed after goe-
BURST analysis, was found after the phylogenetic analysis of the
amino acid sequences. However, the presence of synonymous
substitutions reduced the number of unique M. bovis types. Based
on this analysis, ST11, ST12, and ST17 were found to be identical
to ST2, ST32 was found to be identical to ST28, and ST33 and
ST34 were found to be identical to ST10. In spite of the reduced
discriminatory power found in analyses of amino acid sequences,
an apparent clustering of isolates based on geographical origins
can be seen with this approach. For example, ST8, found in CC2
after goeBURST analysis and found mainly in mainland European
isolates, clustered in the main branch of the concatenated amino
acid phylogenetic tree that included ST2 and ST19, the two main
European STs found in mainland European and British isolates.
Also, geographically diverse isolates such as Chinese and Austra-
lian isolates found in ST10, ST33, and ST34 clustered together in
the same branch of the phylogenetic tree, in close relationships
with Israeli isolates obtained from animals in direct contact with
imported Australian cattle.

DISCUSSION

This study describes a standardized MLST scheme that was suc-
cessfully applied to the analysis of a diverse population of M. bovis
isolates. The newly developed MLST scheme, based on seven
housekeeping genes (dnaA, metS, recA, tufA, atpA, rpoD, and tkt)
selected after in silico analysis, enabled clear differentiation of M.
bovis isolates mainly on the basis of their geographical origins,
with good discriminatory power (SID � 0.91). An attempt to
develop an MLST scheme for the analysis of M. bovis isolates was
described previously (31). Although the scheme was useful for
differentiation between closely related Mycoplasma species, such
as M. agalactiae, the small number of strains tested (n � 8) did not
provide enough evidence to support its selection as a MLST
scheme of choice for M. bovis analysis, based on the guidelines for
the validation and application of typing methods for use in bacte-
rial epidemiology (15).

LIAN analysis based on MLST data from the described set of
M. bovis housekeeping genes suggests that the investigated bacte-
rial population may be in linkage disequilibrium, meaning that its
evolution is not associated with recombination. Therefore, natu-
ral genetic drift may explain the differential evolution of this pop-
ulation. This scenario is similar to that seen following MLST anal-
ysis of M. agalactiae (16), a closely related Mycoplasma species that
shares up to 99% of its 16S rRNA gene sequence with M. bovis
(32). However, other authors have demonstrated, using complete
genome analysis, a possible role for sexual reproduction in the
evolution of M. agalactiae (33). Moreover, recent studies have
shown how recombination is directly involved in the evolution of
members of the Mycoplasma mycoides cluster (34), as well as the
porcine mycoplasmas M. hyopneumoniae and Mycoplasma floccu-
lare (35). Given the extreme relatedness to M. agalactiae and the
evidence of the effects of recombination in the evolution of other
mycoplasmas, it is possible that M. bovis has followed a similar
evolutionary pathway and therefore the lack of recombination
observed after LIAN analysis can be explained by the choice of the
housekeeping genes analyzed. Based on our results and the previ-
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ous evidence described above for other mycoplasmas, we suggest
that the analysis of recombination for M. bovis should be based on
whole-genome sequence data, in order to get a better understand-
ing of the recombinatorial events involved in the evolution of this
pathogen.

MLST has been successfully used to determine the population
structure of various geographically diverse microorganisms (36,
37). In this study, 137 historical and recent isolates of M. bovis
from four different continents and from 12 different countries
were analyzed. Interestingly, two of the United Kingdom isolates
that clustered out of CC1, namely, isolates 144B08 (ST5, single-
ton) and 197B08 (ST6, CC2), were originally obtained from the
United States and were subsequently isolated in the United King-
dom after experimental infection of cattle performed in that
country (R. A. J. Nicholas and R. D. Ayling, unpublished data),
which explains the genetic divergence of those isolates from the
rest of the British isolates. Five singleton STs were found in our
analysis (ST5, ST18, ST24, ST29, and ST35). Together with CC3
(ST23 and ST25), these STs are the most genetically diverse. Strik-
ingly, the majority of these diverse isolates were obtained from
mastitis cases. Although most of the mastitis isolates characterized
in this study clustered largely with pneumonia isolates, there was
greater diversity in the small group of isolates described above,
possibly due to adaptation to the specific ecological niche of the
bovine mammary gland.

Analysis of the genetic variability of M. bovis within herds dem-
onstrated the presence of single or multiple profiles, depending on
the farms studied (see Table S1 in the supplemental material).
Previous studies demonstrated that husbandry conditions influ-
ence the genetic variation of M. bovis, with isolates obtained from
closed herds being less variable than those obtained from multi-
ple-source or open herds (5). The possibility of finding multiple
genotypes on the same farm in both pneumonia and mastitis out-
breaks may need to be taken into consideration when designing
prophylactic strategies.

The clear clustering of isolates after the analysis of concate-
nated amino acid sequences further supports the hypothesis of
population evolution primarily based on geographical isolation.
This can be clearly seen in Australian, Chinese, and some Israeli
isolates (ST10, ST33, and ST34), which grouped apart from the
majority of the European isolates. A similar distribution of geo-
graphically distant isolates was observed previously (9) after
VNTR analysis of a cohort of M. bovis isolates that included some
Australian, Israeli, Lithuanian, and Hungarian isolates, most of
which were characterized in this study (see Table S1 in the supple-
mental material). VNTR analysis demonstrated the presence of
two main groups, groups A and B, in which isolates clustered
predominantly on the basis of geographical origins. Our data also
support a clear linkage between the type strain PG45, which was
obtained from the United States, and the main European group of
isolates. Similar findings supporting the European linkage of
PG45 were described previously (4) after the finding of great ho-
mogeneity between Danish isolates and PG45 by AFLP analysis.
Although not representative, the similarity between PG45 and
most of the European isolates highlights a possible genetic linkage
between these two distant geographical origins that could be ex-
plained by the extensive livestock trade between Europe and
United States in the past.

Furthermore, the range of different STs and scattered cluster-
ing observed for isolates obtained from Israel (Fig. 1; also see Fig.

S1 in the supplemental material) can also be explained by the role
of cattle import trade in that country, where calves from diverse
geographical origins, including Europe and Australia, are sourced
for the supply of feedlots with a high turnover of livestock (9),
supporting the theory of geographically independent evolution of
M. bovis isolates and the role of trade in the introduction and
spread of new genotypes of this microorganism in farms and
countries. The ability of MLST to discriminate between these geo-
graphical sources demonstrates the usefulness of this typing
scheme for the analysis of the epidemiology of M. bovis and its
potential use as a universal typing technique for disease traceabil-
ity and control of this pathogen.
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