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Abstract

Mycoplasma (M.) bovis is frequently implicated in respiratory diseases of young cattle worldwide. Today, to combat M. bovis
in Europe, only antimicrobial therapy is available, but often fails, leading to important economical losses. The antimicrobial
susceptibility of M. bovis is not covered by antimicrobial resistance surveillance networks. The objectives of this study were
to identify resistances that were acquired over the last 30 years in France and to determine their prevalence within
comtemporary strains. The minimum inhibition concentration (MIC) values of 12 antimicrobials, considered active on M.
bovis, were compared, using an agar dilution method, between 27 and 46 M. bovis isolates respectively obtained in 1978-
1979 and in 2010-2012 from 73 distinct respiratory disease outbreaks in young cattle all over France. For eight
antimicrobials, resistances were proven to be acquired over the period and expressed by all contemporary strains. The
increase of the MIC value that inhibited 50% of the isolates (MICso) was: i) substantial for tylosin, tilmicosin, tulathromycin
and spectinomycin, from 2 to >64, 2 to >128, 16 to 128 and 4 to >64 pg/mL, respectively, ii) moderate for enrofloxacin,
danofloxacin, marbofloxacin and oxytetracycline, from 0.25 to 0.5, 0.25 to 0.5, 0.5 to 1, 32 to >32 ug/mL, respectively. No
differences were observed for gamithromycin, tildipirosin, florfenicol and valnemulin with MICs, of 128, 128, 8, <0.03 pg/
mL, respectively. If referring to breakpoint MIC values published for respiratory bovine pathogens, all contemporary isolates
would be intermediate in vivo for fluoroquinolones and resistant to macrolides, oxytetracycline, spectinomycin and
florfenicol.
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Introduction Commercial vaccines are only available in a few countries and
their efficacy is subject to debate [11-13].

Assessing the susceptibility of mycoplasmas to antimicrobials is
difficult. Some characteristics of these organisms, such as their
slow growth, small size and complex growth media requirements
are incompatible with the standard procedures used to test the
susceptibility of classic bacteria to antimicrobials such as the disk
diffusion method. The Clinical and Laboratory Standards Institute
(CLSI) has only recently established standardised antimicrobial
susceptibility tests to determine the minimal inhibitory concentra-
tions (MIC) for human mycoplasma pathogens [14]. However,
these procedures cannot be used for all mycoplasmas because
nutritional requirements, metabolic capacities and fitness vary
among species [14]. For veterinary mycoplasma species, recom-
mendations to control the main sources of experimental bias were
proposed in 2000 by the International Research Programme on
Comparative Mycoplasmology (IRPCM) [15]. Today there is no
veterinary reference strain well characterized for MICs to be
shared for quality control purposes, which is a major hurdle to
compare results from different studies. Moreover, the absence of
established antimicrobial breakpoint concentrations for mycoplas-

Formerly the name ‘“mycoplasma” has commonly denoted
bacteria of the class Mollicutes, nowadays it refers exclusively to
members of the genus Mycoplasma. This genus comprises the
simplest life forms that can self-replicate and includes major
human and animal pathogens that cause diseases whose occur-
rence has long been underestimated [1]. All Mycoplasmas are cell-
wall less bacteria and therefore are naturally resistant to all
antimicrobial families that block cell wall synthesis (e.g. B-lactams
and glycopeptides).

In cattle, Mycoplasma (M.) bovis causes respiratory disease,
mastitis, arthritis and otitis [2]. It is now known that this
mycoplasma species is frequently implicated in cases of bovine
respiratory disease (BRD) in calves raised in feedlots worldwide
[3]: it has been isolated in 40% of BRD outbreaks in the UK [3];
25 to 80% 1in Italy [4,5]; 25 to 54% in Israel [6]; and 25% to 90%
in France [7,8]. In these cases of BRD, M. bovis mostly occurs in
coinfection with viruses and/or other bacteria but is often the only
etiological agent in the chronic forms of BRD, which respond
poorly to antimicrobials [2,9,10]. Today, only antimicrobials and
sanitary controls are available to combat M. bovis infections.
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mas makes it difficult to evaluate the likely @ vio therapeutic
efficacy from MIC data established i vitro.

Several studies on the susceptibility of M. bovis to antimicrobials
have been published [6,16-25] but recent ones are scarce [23,24]
or have not been published so far [Gosney and Ayling,
unpublished results; Cai ef al., unpublished results]. The experi-
mental procedures used vary considerably: MIC tests were carried
out using either the liquid broth microdilution method
[16,19,20,22,23,25], the solid agar dilution method [24] or the
E test® [6,21]. Measuring mycoplasma growth is difficult in liquid
and solid media because broth turbidity is difficult to measure in a
standardised way and colony size on agar can be microscopic. In
broth, growth is measured indirectly by a color change of a pH
indicator with the inclusion of a substrate, typically glucose,
arginine or urea, according to the species. Because M. bovis does
not use any of these substrates, alternative indirect assay methods
have been specifically developed based on either tetrazolium
reduction [16]; alamarBlue®, a color redox indicator [22,23]; or
phosphatase [6]. Growth has also been directly measured either by
observing colonies on agar plates under a stereomicroscope
[6,21,24] or by observing pellets after centrifuging the cultures
[19]. The reference M. bovis type strain ATCC 25523 has often
been used as a control [6,15,16,21,22,24]; the large disparities in
observed MIC values, from 5 to 8 two-fold dilutions for some
antimicrobials, illustrates the difficulty in comparing studies
carried out using different methods.

Reports, for most antimicrobials except fluoroquinolones, give
MICs that are distributed over a large range of dilutions and
suggest that strains greatly vary in their susceptibility, but without
any clear separation of sub-populations. Comparative studies using
a unique technique reduce the technical bias and prove to be more
instructive. Cai ef al. [unpublished results] showed that over a 20
year period in Canada, M. bovis acquired high and frequent
resistance to oxytetracycline and macrolides. In Israel, isolates
from indigenous cattle proved to be less susceptible to macrolides
than those from imported bovines [6]. Strains isolated from
mastitis are less susceptible than those isolated from BRD [23;
Gosney and Ayling, unpublished results]. Thus the susceptibility
pattern of M. bovis to antibiotics seems to have changed over the
last few decades but in a heterogeneous way, varying according to
the date of isolation, the geographical origin, the type of livestock
production system and disease. Thereby, changes of susceptibility
must be assessed, first and foremost at a local scale as well as by
type of livestock production system [6].

The increase in antimicrobial resistance has become a real
public health problem and in many countries there is growing
pressure to control this resistance in both humans and animals.
Curbing the progression of antimicrobial resistance includes
setting up Integrated treatments based on antimicrobial suscepti-
bility tests and statistics from antimicrobial resistance surveillance
networks for animal bacterial pathogens. However, mycoplasmas
are generally not covered by these European networks [26].
Respiratory disease accounts for 20% of overall antibiotic
consumption in cattle in France [27]. Given the high frequency
of occurrence of M. bovis in BRD cases and its direct involvement
in the chronic forms that are difficult to cure, mycoplasmas cannot
be overlooked in the treatment of BRD and the antimicrobial
susceptibility patterns of M. bovis must be updated and assessed at a
regional level.

The objectives of the present study were to identify any
evolution in antimicrobial susceptibility of M. bovis for the main
classes of antimicrobials used to treat BRD in France by
comparing strains isolated 30 years apart and then to assess the
prevalence of the acquired resistances on a national level today.
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Materials and Methods

Selection and Characteristics of M. bovis Isolates

The M. bouvis isolates selected for this study came from the
collection of the French national surveillance network of
ruminants mycoplasmoses (VIGIMYC) [28]. Isolation was per-
formed in Anses or in VIGIMYC-partner laboratories and
identification was performed in Anses as previously decribed
[29,30]. Isolates were preserved lyophilised or —80°C frozen.

Only M. bovis isolated from BRD in young cattle were selected.
Then two distinct groups were chosen according to the isolation
date and the geographical origin: 27 “old” isolates collected in the
1978-1979 period from 27 distinct outbreaks in 20 French
départements and 46 “contemporary” isolates collected between
2010 and 2012 from 46 distinct outbreaks in 29 French
départements. In each of the two groups, half of the calves had
been weaned and half had not. Likewise, for half of the isolates,
only M. bovis had been isolated and for the other half, M. bovis had
been isolated along with other bacteria, mainly AMannheimia (M.)
haemolytica,  Pasteurella  (P.) multocida and  Trueperella  (formerly
Arcanobacterium) pyogenes. In addition, 97 other M. bovis isolates
collected between 2010 and 2012 across 33 French départements
were tested for resistance to enrofloxacin. These isolates came
from 90 BRD, three arthritis, three otitis and one mastitis
outbreaks.

Preparation of Inoculum for MIC Assays

Mycoplasma cultures were prepared in appropriate media from
several colonies picked on agar plates after isolation. Cultures were
frozen in multiple aliquots at —80°C in 15% (v/v) glycerol. To
confirm species identity and to detect any mixtures of mycoplasma
species, one aliquot was checked by membrane filtration dot-
immunobinding tests [30] against ruminants’ mycoplasma species.
For each isolate, three aliquots were used to determine the number
of colony forming units (CFU) per mL by performing serial 10-fold
dilutions in broth, plating each dilution on agar, incubating the
plates and then counting colonies with a stereomicroscope. Final
CFU/mL concentrations were expressed as the mean.

Antimicrobial Agents Tested

Two groups of antimicrobials were successively tested.

First, six widely used antimicrobials (group n°l), from five
antimicrobial classes that are likely to be active on mycoplasmas,
were tested on 27 old and 46 contemporary isolates: enrofloxacin
(fluoroquinolone), oxytetracycline (tetracycline), spectinomycin
(aminocyclitol), florfenicol (amphenicol), tylosin and tilmicosin
(macrolides). The enrofloxacin susceptibility was further tested on
97 additional comtemporary M. bovis isolates.

Then six other antimicrobials (group n°2) were tested simulta-
neously on 27 old and 30 of the 46 contemporary isolates used
with group n°l: two fluoroquinolones (marbofloxacin and
danofloxacin), three macrolides (tulathromycin, gamithromycin
and tildipirosin) that are indicated for BRD and one pleuromutilin
(valnemulin) indicated for porcine and poultry mycoplasmas.

Most antimicrobials were purchased from Sigma. Tulathromy-
cin, gamithromycin and tildipirosin were provided by Zoetis
(formerly Pfizer), Merial and MSD (formerly SP Intervet),
respectively. For each antimicrobial agent, the same batch was
used for all the assays.

Preparation of Antimicrobial Dilutions

Antimicrobials in powdered form were weighed and dissolved
according to the manufacturer’s instructions and drug purity. The
stock solutions were prepared on the day of the MIC assay and the

February 2014 | Volume 9 | Issue 2 | e87672



dilutions for use in individual MIC assays were made up in
accordance with published CLSI procedures [31].

Method of MIC Evaluation

MIC assays were performed using the agar dilution method
according to recommendations by Waites et al. [14].

Commercial mycoplasma agar medium similar to modified
Hayflick medium [15] and provided by Indicia Biotechnology was
chosen since Indicia medium is recommended for growing
ruminant and avian mycoplasmas and has given satisfactory
performance with M. bovis. A single batch of medium without any
inhibitor (antimicrobial or thallium acetate) was used for all MIC
assays.

Doubling dilutions of the antimicrobial agents were incorpo-
rated into molten agar plates and 12 to 14 dilutions of each drug
were tested. Then 1 uL of each strain diluted to yield $x10° to
3x10°® CFU/mL was spotted on the agar plates using a multipoint
moculator: 60 strains were simultaneously tested on the same plate
for each antimicrobial dilution. Plates were incubated in ambient
air with 5% CO, at 37°C for 4 days. The MIC was read as the
lowest antimicrobial concentration that prevented colony forma-
tion when the antimicrobial-free control plate demonstrated
growth of approximately 30 to 300 CFU per spot of inoculum.
MIC assays were repeated three times from three distinct aliquots
of each strain and for each antimicrobial drug and final results
were expressed as the median of the three MIC values.

Antimicrobials from each group were tested simultaneously on
27 old and 30 contemporary isolates in the same assay. Two other
assays were conducted on 16 additional contemporary strains for
group n°l antimicrobials and on 97 contemporary strains for
enrofloxacin.

Quality Control Strains

Three mycoplasma strains were included as quality control
strains for each assay: the M. bovis type strain PG45 isolated in
1962 (ATCC 25523), the M. bovis 1067 French field strain isolated
in 1983 and proven to be pathogenic [32], and the Mycoplasma
gallisepticum type strain ATCC 15302 that has been used as quality
control strain several times before [33]. The Staphylococcus aureus
type strain ATCC 29213, a standard for quality control for
antimicrobial disk and dilution susceptibility tests for bacteria
isolated from animals [31] was also tested in the same conditions
(agar medium, drug dilutions and incubation) in order to validate
the results obtained.

Stastistical Analysis

To compare MIC distribution, a log2 transformation of the
MIC data was first applied so that the variable became continuous.
The Mann-Whitney test was then used to compare log2 (MIC) of
old and contemporary strains of M. bovis for each antimicrobial, to
test if one population had higher values than the other. The
Mann-Whitney test is a non-parametric test and can be used with
small samples [34]. The significance level was set to 0.05.

Results

The procedure used in this study proved to be reproducible and
accurate. The MICs of the M. gallisepticum ATCC 15302 strain and
that of the two M. bovis strains (ATCC 25523 and 1067) were
tested nine and six times, respectively, for each of the six
antimicrobials of the group n°1. The variability of MIC values was
always within one dilution of the median value. The 780
measurements of MICs were each repeated three times; in
99.5% of the cases, the observed values were within two successive

PLOS ONE | www.plosone.org

Mycoplasma bovis Resistance to Antimicrobials

dilutions and in the remaining 0.5% of the cases, within three. The
MIC values obtained for M. gallisepticum were identical to those
reported in other studies [33]. Those of Staphyloccocus aureus ATCC
29213 were consistent with the standard reference values
established by the CLSI for antimicrobial susceptibility tests using
a dilution method for bacteria isolated from animals [31].
Therefore, the Indicia agar medium used in the assays did not
modify the availability of antimicrobials compared to Mueller
Hilton medium used in standardised MIC tests for classic bacteria.
Thus the scale of MIC values obtained in this study is comparable
to that of standardised tests for classic bacteria.

All MIC results are shown in Figures 1 and 2. For nine of the
twelve antimicrobials tested, strain susceptibility changed signifi-
cantly over time (p<<0.05), with contemporary strains showing
decreased susceptibility except for florfenicol for which suscepti-
bility increased slightly. No significant change in isolates’
susceptibility was observed for gamithromycin, tildipirosin or
valnemulin. The drop in susceptibility was substantial for tylosin,
tilmicosin, spectinomycin and tulathromycin, with shifts in the
MIC; (the MIC value that inhibited 50% of the isolates) from 2 to
>64, 2 to >128, 4 to >64 and 16 to 128 pg/mL, respectively.
The three fluoroquinolones and oxytetracycline MIC only
increased by one two-fold dilution, with shifts in the MIC5( from
0.25 to 0.5 pg/mL for enrofloxacin and danofloxacin, from 0.5 to
1 pg/mL for marbofloxacin and from 32 to >32 ug/mL for
oxytetracycline. The screening of 97 additional contemporary M.
bovis isolates for enrofloxacin susceptibility did not reveal any
burgeoning of high level resistance in France.

The antimicrobial susceptibility pattern of contemporary M.
bouis isolates was very homogeneous. Regardless of the antimicro-
bial tested, more than 77% of the strains were centred on the same
MIC value or 100% showed very high MICs (spectinomycin,
tylosin, tilmicosin) or very low MICs (valnemulin). Furthermore
the eight resistances that have been selected over the three last
decades are now observed simultaneously in 100% of M. bouvis
isolates.

The effectiveness of antimicrobials in the treatment of BRD can
be estimated by comparing i vitro MIC values to MIC breakpoints
established by the CLSI. As breakpoints were not available for
veterinary mycoplasmas, MIC values were compared to break-
points given for respiratory bovine pathogens (Pasteurellaceae) [31].
The mean MIC values of tylosin, tilmicosin, oxytetracycline,
spectinomycin and tulathromycin for contemporary M. bovis
strains are clearly greater than the CLSI thresholds. It is therefore
very likely that these antimicrobials are not active i vivo. For
florfenicol, 94% of strains are right at the threshold of resistance.
For fluoroquinolones, all strains are classified as intermediate.
Breakpoints are not available for gamithromycin and tildipirosin,
but the MICs, (128 pg/mL) is much greater than the maximum
concentrations used for respiratory infections at therapeutic doses,
18 and 15 ug/g of lung homogenate, respectively [35,36].

Discussion

As with all Mollicutes, M. bovis is naturally resistant to B-lactams
and glycopeptides, but also to polymyxins, sulfonamides, trimeth-
oprim, nalidixic acid, rifampicin and lincomycin [37]. This study
shows that M. bovis strains recently isolated in France (2010-2012)
have become less susceptible to other antimicrobials that, until
now, have been recommended or likely to be of interest for
treating mycoplasmoses.
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Figure 1. Distribution (%) of MIC values (in ug/mL) of group n°1 antimicrobials. MICs of tylosin, tilmicosin, spectinomycin, oxytetracycline
and florfenicol for 27 M. bovis strains isolated in 1978-1979 (white bars) and 46 isolated in 2010-2012 (black bars). MICs of enrofloxacin, for 27 M.
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bovis strains isolated in 1978- 1979 (white bars) and 143 M. bovis strains isolated in 2010-2012 (black bars). When available, CLSI breakpoints for
bovine Pasteurellaceae are given under the X axis: - strains with MIC values less than or equal to the dilution indicated in the dotted-line arrow are
susceptible, - strains with MIC values greater than the dilution indicated in the full-line arrow are resistant, - all other strains are intermediate.

doi:10.1371/journal.pone.0087672.g001

Procedure was Repeatable and Accurate, and Sampling
Adequately Chosen to Address the Objectives

The agar dilution method was used in this study because it has
been recommended for M. bovis by the IRPCM [15]. This method
has been infrequently used in previous studies because it is very
labour-intensive, but it ensures a better standardisation than liquid
microdilution methods. The indirect assessment of growth by the
use of a substrate in broth microdilution tests is imprecise. The
change in colour (of the broth) occurs gradually and requires a
high titre of mycoplasmas. Measurement of M. bovis growth in
liquid media is less standardised than for most other mycoplasma
species because M. bovis does not utilise commonly used substrates
(glucose or arginine). Furthermore, substrate oxidation kinetics for
M. bovis can vary with strain [38], therefore generally requiring
readings at several intervals. By contrast, agar dilution method can
be used to test a large number of strains simultaneously on the
same batch of agar with the same antimicrobial dilution (via the
use of a multipoint inoculator) and growth can be directly and
unambiguously assayed by direct observation of colonies under a
stereomicroscope.

The unimodal or bimodal distribution of MIC values within the
M. bovis sample obtained in the present study for all the tested
antimicrobials contrasted sharply with the distributions reported in
most previous studies [6,19-24]. The MIC values reported for
most antimicrobials in these studies, with the exception of
fluoroquinolones, were scattered over a large range of dilutions.
This scatter, to some extent, may be due to bias of the methods
employed or to the choice of samples. Indeed the margin of error
of a measurement of MIC in Mollicutes can be high, even in
strictly standardised conditions, particularly for certain antimicro-
bials such as macrolides [14]. The procedure used in the present
study was based on the agar dilution method recommended by
CLSI for human mycoplasmas [14] and proved to be highly
repeatable and accurate. Sampling heterogeneity can also cause
scattered MIC values because the susceptibility pattern of M. bovis
strains varies considerably with region, isolation date, disease and
production practices [6, 23, Gosney and Ayling, unpublished
results]. To limit sampling bias as much as possible, we chose to
compare strains that were clearly different with respect to their
date of isolation, but comparable in terms of country origin,
disease, animal age class and organ.

The Susceptibility of M. bovis to Antimicrobials
Dramatically Decreased over the Last Decades

Over the 30-year interval between isolate samplings, the
susceptibility of M. bovis decreased significantly for eight antimi-
crobials of tetracycline, fluoroquinolone, aminocyclitol, and
macrolide families that are considered to be active on mycoplas-
mas.

All MIC values of spectinomycin and oxytetracycline towards
contemporary French strains became very high. The wide
distribution of MIC values for oxytetracycline in the old strains
population suggests that less susceptible strains had arisen by
197879 for this antimicrobial, which was placed on the market in
the 1950s. Such steep susceptibility decreases for these antimicro-
bials were not observed in other studies. Several recent studies
show that the MICyg, values for spectinomycin in Britain, the USA,
Canada and Japan are still less than 32 pg/mL [22, 24; Gosney
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and Ayling, unpublished results; Cai et al,, unpublished results]
and less than 16 pg/mL for oxytetracycline in Britain, Israel, and
the USA [6, 22, Gosney and Ayling, unpublished results].

For first-generation macrolides (tylosin, tilmicosin), the same
steep decrease in susceptibility as in France was described
worldwide, first in the UK in the 1990s [19] and then in USA,
Isracl, Canada and Japan [6, 22, 24, Cai et al, unpublished
results]. For the new-generation macrolides, gamithromycin and
tildipirosin, MICs were high for both old and contemporary
strains, pointing to a putative natural resistance as observed for
erythromycin. In fact, these high values cannot be attributed to a
lack of availability of the antimicrobials in the agar medium as
MIC values obtained against the M. gallisepticum ATCC 15302
strain were very low (<0.03 and 0.25 for gamithromycin and
tildipirosin, respectively). For tulathromycin, old strains were
significantly more susceptible, but several old strains with
intermediate MIC level were observed before tulathromycin was
placed on the market (European agreement obtained in 2004). As
resistance for tylosin and tilmicosin in the period before 1980 was
observed for only one isolate, the occurrence of these less
susceptible old strains could be better explained by naturally
resistant variants than a putative cross-resistance with first
generation macrolides. Interestingly, two distinct populations were
also observed in a study on the action of tulathromycin based on
53 European M. bovis strains isolated between 1980-2002, with
MIC; of 0.25 and >64 ug/mlL, respectively [39].

The decrease in susceptibility with respect to fluoroquinolones is
significant but low (only one dilution). Although there has been a
recent report of M. bovis mastitis strains with very high MICs for
enrofloxacin [Gosney and Ayling, unpublished results], further
screening of 97 additional contemporary isolates did not reveal
any burgeoning resistance of high level in France.

For florfenicol, only a little but significant increase of
susceptibility was observed between old and contemporary strains.
The MICs, remained constant at 8 pg/mL. However, seven old
strains were more susceptible with MICs of 2 ug/mL. MICyg
values of less than 2 pg/mL have also been reported in a recent
study [40]. This suggests that the susceptibility of French old
strains may have already changed in 1978-79 with respect to the
natural level of susceptibility. This early change in susceptibility
may be a consequence of the massive use of chloramphenicol —
which has a common cross-resistance mechanism with florfenicol
[41] — between 1950 and 1967 (the year it was taken off the
market).

The Prevalence of Multi-resistant M. bovis Strains is Very
High now in France

In this study, resistances proved to be acquired over the last 30
years for eight antimicrobials, simultaneously affected all the
contemporary strains. This 100% prevalence of multi-resistant
strains was obtained on a large and diversified sample of strains
and may be close to the current national prevalence. That is
exceptional in terms of bacterial resistance. Similar findings have
been recently reported in UK [Gosney and Ayling, unpublished
results] and Canada [Cai et al., unpublished results| but to a lesser
extent with respect to number of antimicrobial agents associated
with resistance and level of prevalence. This phenomenon cannot
be attributed to a simple sampling bias, because the 46 tested
strains were isolated from 46 different outbreaks that occurred in
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dilution indicated in the dotted-line arrow are susceptible, - strains with MIC values greater than the dilution indicated in the full-line arrow are

resistant, all other strains are intermediate.
doi:10.1371/journal.pone.0087672.9g002

25 départements across France over a period of two years. The
probability of a direct link between all these outbreaks is therefore
very low. However the spread of a unique clone of M. bovis across
all of France could explain a unique resistance pattern for all
isolates. The spread of enrofloxacin-resistant strains documented
in Israel was not clonal in nature [42]. Sub-typing studies on
M. bovis conducted locally in feedlots in France [43] and at the
national level in other countries [44—47], have concluded that the
genetic diversity in contemporary mycoplasma outbreaks is usually
high, but with a clonal origin in Austria [48]. This hypothesis is
currently being explored by our laboratory as far as French isolates
are concerned.

The Pressure and Strategy of Antimicrobial Therapy
could be Major Selective Factors of Resistance

The pressure of antimicrobial therapy could be a major selective
factor in M. bouvis, as is the case for other mycoplasma species.
Experimental data based on i vitro cultures in the presence of
antimicrobials confirms that mycoplasmas can very rapidly
acquire resistance to antimicrobials. High levels of resistance to
macrolides and enrofloxacin in M. gallisepticum, M. synoviae and M.
wwae have been obtained in only a few passages [33]. During
experimental infections in swine and chicken, infected by M.
hyopneumoniae and M. synoviae, respectively, clones resistant to
enrofloxacin have been isolated after only two treatments at
therapeutic doses and were directly linked to a point mutation in
the “quinolone-resistance determining region” of a topoisomerase
gene [49,50]. The rapidity with which resistance is selected may be
related to the high mutation rate in mycoplasmas, likely due to a
deficit in genetic information dedicated to DNA repair in
mycoplasma genomes [51]. Horizontal gene transfer is also an
essential factor in the spread of resistance in other bacteria. In
mycoplasmas, the possibility of frequent and large transfers that
had been predicted earlier from in silico data [52] was very recently
demonstrated @ vitro [53]. However to date the only resistance
genes known in mycoplasmas to be carried on a mobile genetic
element (conjugative transposon) are the /M gene that encode a
tetracycline resistance [37].

The strategy of antibiotherapy could also be a predominant
factor in the spread of resistant strains. In M. pneumoniae,
macrolide-resistant strains, unknown before 2000, now represent
10%, 40% and 80% of strains isolated in Europe, Japan, and
China, respectively, after outbreaks of worldwide epidemics in
2010-2011 [54]. The pronounced differences in incidence among
countries may be explained by more extensive macrolide use in
Asia for pneumonia treatment [54]. It may be the same for M.
bovis. BRD is a multifactorial disease in which several agents occur
simultaneously or sequentially, including viruses, mycoplasmas
and classic bacteria, mainly Pasteurellaceae. The susceptibility of
Pasteurellaceae to antimicrobials is closely monitored in France
(RESAPATH network) [55]. Based on statistics from the network,
first-line treatments recommended for BRD today in France target
only these Pasteurellaceae and do not take into account mycoplas-
mas. Thus, antimicrobial drugs that are often inappropriate for
mycoplasmas, such as P-lactams, that are very active on
Pasteurellaceae, are frequently used. It is likely that the administered
antimicrobial treatments, by eliminating other competing bacteria,
actually promote mycoplasmosis and lead to the more chronic
forms described for M. bovis [2] and therefore to additional
antimicrobial treatments. Furthermore, the absence of any
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systematic diagnosis for M. bovis and the lack of recent statistical
data on its recent susceptibility pattern may result in unsuitable
treatment leading to persistence and selection of even more
resistant strains. In support of this hypothesis, high levels of
resistance have also been found in M. bovirhinis, a frequent but non-
pathogenic resident of the respiratory tract [24].

Most Currently Used Antimicrobials would now be
Inactive or Weakly Active on M. bovis Diseases but

Further Investigations are Needed to Confirm

Choosing first-line active drugs to fight respiratory infections
in vivo is the key for this type of epidemiological situation. Since
there 1s no standard breakpoint for M. bovis, several authors [6,21—
23,42] used breakpoints based on epidemiological and pharma-
cokinetic criteria established by the CLSI for bovine Pasteurellaceae
[31]. These bacteria occur in the same disease (i.e. BRD) and at
the same level (extra-cellular and in deep lung) as M. bovis. The
conditions for reaching therapeutic concentrations i situ are
therefore theoretically equivalent. Moreover, the scale of MIC
values obtained in this study has proven comparable to that of
standardised tests for classic bacteria.

Refering to CLSI breakpoints when available, 100% of
contemporary M. bovis strains would not be inhibited i vivo by
any antimicrobial tested in the study, except fluoroquinolones
when a high dosage can be used. Very low MIC values
(<0.03 pg/mL) obtained for valnemulin are therapeutically
interesting, but this antimicrobial is currently used only in swine
and poultry and is somewhat toxic in various animal species. This
antimicrobial, administered by the oral route, has experimentally
proven to be effective in calves infected with M. bovis strains with a
MIC of 0.0625 pg/mL [56].

Conclusions on the likely therapeutic effectiveness of these
antimicrobials must be taken with caution: results on i vivo and
in vitro susceptibility are not always concordant. Some treatments
seem to be effective in experimental infection models despite the
use of strains with high MIC values [3]. Accordingly, tulathro-
mycin has proven effective despite a MIC of >64 pg/mL on the
assayed M. bovis strain [39]. The efficacy of gamithromycin on a
M. bowts strain has also been proven experimentally in an infection
model [57]. In contrast, therapeutic failures have been observed
experimentally with M. bovis, M. hyopneumoniae and M. synoviae
[49,50,58] despite the high susceptibility of inoculated strains.
Other factors could indirectly affect the efficacy of a treatment,
such as the production of biofilms by mycoplasmas [59] or
systematic reinfection after treatment [47].

Finally the frequency of resistant strains in this study may be
overestimated compared to that of currently circulating strains.
The strains tested in this study came from diagnostic laboratories
that were usually called after treatment failures. Antibio-surveil-
lance networks are based on the same type of reporting and the
possible overestimation does not lead to erroneous public/animal
health measures. However, the rapidity of adaptation in myco-
plasmas may exacerbate this bias in estimation. For instance, AL.
agalactiae isolates obtained from goats herds with clinical symptoms
of M. agalactiae mastitis featured higher MIC values for many
antimicrobials compared with isolates from asymptomatic animals

[60].
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Conclusion

It is now generally accepted that M. bouvis is frequently involved
in bovine diseases such as mastitis, arthritis, otitis media, and
particularly respiratory disease worldwide. The rapid decrease in
susceptibility of this pathogen to antimicrobials is of high concern,
particularly because it causes over-consumption of antimicrobials
including those that are critical for human health. It is now
important to set up systematic screening of M. bovis, adapt BRD
treatment strategies accordingly, monitor the overall susceptibility
of mycoplasmas to potentially active antimicrobials and determine
their actual therapeutic activity in vivo. However, given the current
situation and the speed at which resistance appears to be selected
in mycoplasmas, alternative control measures must be rapidly set

References

1. Citti C, Blanchard A (2013) Mycoplasmas and their host: emerging and re-
emerging minimal pathogens. Trends Microbiol 21: 196-203.

2. Maunsell FP, Woolums AR, Francoz D, Rosenbusch RF, Step DL, et al. (2011)
Mycoplasma bovis infections in cattle. J Vet Intern Med 25: 772-783.

3. Nicholas RA (2011) Bovine mycoplasmosis: silent and deadly. Vet Rec 168: 459~
462.

4. Radaelli E, Luini M, Loria GR, Nicholas RA, Scanziani E (2008)
Bacteriological, serological, pathological and immunohistochemical studies of
Mycoplasma bovis respiratory infection in veal calves and adult cattle at slaughter.
Res Vet Sci 85: 282-290.

. Giovannini S, Zanoni MG, Salogni C, Cinotti S, Alborali GL (2013) Mycoplasma
bovis infection in respiratory disease of dairy calves less than one month old. Res
Vet Sci 95: 576-579.

6. Gerchman I, Levisohn S, Mikula I, Lysnyansky I (2009) In vitro antimicrobial
susceptibility of Mycoplasma bovis isolated in Israel from local and imported cattle.
Vet Microbiol 137: 268-275.

7. Arcangioli MA, Duet A, Meyer G, Dernburg A, Bezille P, et al. (2008) The role
of Mycoplasma bovis in bovine respiratory disease outbreaks in veal calf feedlots.
Vet J 177: 89-93.

8. Poumarat F, Perrin M, Gauthier N, Lepage D, Martel J-L (1988) Pathologie
respiratoire des veaux de nurserie et des taurillons. Prévalence de Mycoplasma
bovis parmi les différentes étiologies infecticuses au travers d’enquétes réalisées en
région Rhoéne-Alpes. Rec Med Vet 164: 625-632.

9. Gagea MI, Bateman KG, Shanahan RA, van Dreumel T, McEwen BJ, et al.
(2006) Naturaly occurring Mycoplasma bovis-associated pneumonia and polyar-
thritis in feedlot beef calves. J Vet Diagn Invest 18: 29-40.

10. Caswell JL, Bateman KG, Cai HY, Castillo-Alcala F (2010) Mycoplasma bovis in
respiratory disease of feedlot cattle. Vet Clin North Am Food Anim Pract 26:
365-379.

11. Maunsell FP, Donovan GA, Risco C, Brown MB (2009) Field evaluation of a
Mpycoplasma bovis bacterin in young dairy calves. Vaccine 27: 2781-2788.

12. Mulongo M, Prysliak T, Perez-Casal J (2013) Vaccination of feedlot cattle with
extracts and membrane fractions from two Mycoplasma bovis isolates results in
strong humoral immune responses but does not protect against an experimental
challenge. Vaccine 31: 1406-1412.

13. Soehnlen MK, Aydin A, Lengerich EJ, Houser BA, Fenton GD, et al. (2011)
Blinded, controlled field trial of two commercially available Mycoplasma bovis
bacterin vaccines in veal calves. Vaccine 29: 5347-5354.

14. Waites KB, Duffy LB, Bébéar CM, Matlow A, Talkington DF, et al. (2012)
Standardized methods and quality control limits for agar and broth microdilu-
tion susceptibility testing of Mycoplasma pneumoniae, Mpycoplasma hominis, and
Ureaplasma urealyticum. ] Clin Microbiol 50: 3542-3547.

15. Hannan PC (2000) Guidelines and recommendations for antimicrobial
minimum inhibitory concentration (MIC) testing against veterinary mycoplasma
species. International Research Programme on Comparative Mycoplasmology.
Vet Res 31: 373-395.

16. ter Laak EA, Noordergraaf JH, Verschure MH (1993) Susceptibilities of
Mycoplasma bovis, Mycoplasma dispar, and Ureaplasma diversum strains to antimicro-
bial agents in vitro. Antimicrob Agents Chemother 37: 317-321.

17. Ball HJ, Reilly GAC, Bryson DG (1995) Antibiotic susceptibility of Mycoplasma
bovis strains isolated in Northern Ireland. Irish Vet J 48: 316-318.

18. Mazzolini E, Agnoletti F, Friso S (1997) Farmaco sensibilita dei micoplasmi
respiratori del bovino. Obiettivi Doc Vet 1: 61-66.

19. Ayling RD, Baker SE, Peck ML, Simon AJ, Nicholas RA (2000) Comparison of
in vitro activity of danofloxacin, florfenicol, oxytetracycline, spectinomycin and
tilmicosin against recent field isolates of Mycoplasma bovis. Vet Rec 146: 745-747.

20. Thomas A, Nicolas C, Dizier I, Mainil J, Linden A (2003) Antibiotic
susceptibilities of recent isolates of Mycoplasma bovis in Belgium. Vet Rec 153:
428-431.

21. Francoz D, Fortin M, Fecteau G, Messier S (2005) Determination of Mycoplasma
bovis susceptibilities against six antimicrobial agents using the E test method. Vet
Microbiol 105: 57-64.

o

PLOS ONE | www.plosone.org

Mycoplasma bovis Resistance to Antimicrobials

up, such as preventive health measures and the development of
vaccines.

Acknowledgments

We express our gratitude to the VIGIMYC staff, V. Lefriand and P.
Cuchet for technical assistance and to F. Tardy and I. Kempf for critical
reading of the manuscript.

Author Contributions

Conceived and designed the experiments: AGB FP DLG SF. Performed
the experiments: AGB SF AP FP. Analyzed the data: AGB FP EG. Wrote
the paper: AGB FP. Ciritically reviewed and approved the manuscript:
DLG EG.

22. Rosenbusch RF, Kinyon JM, Apley M, Funk ND, Smith S, et al. (2005) In vitro
antimicrobial inhibition profiles of Mycoplasma bovis isolates recovered from
various regions of the United States from 2002 to 2003. J Vet Diagn Invest 17:
436-441.

23. Sochnlen MK, Kunze ME, Karunathilake KE, Henwood BM, Kariyawasam S,
et al. (2011) In vitro antimicrobial inhibition of Mycoplasma bovis isolates
submitted to the Pennsylvania Animal Diagnostic Laboratory using flow
cytometry and a broth microdilution method. J Vet Diagn Invest 23: 547-51.

24. Uemura R, Sueyoshi M, Nagatomo H (2010) Antimicrobial susceptibilities of
four species of mycoplasma isolated in 2008 and 2009 from cattle in Japan. J Vet
Med Sci 72: 1661-1663.

25. Hannan PC, Windsor GD, de Jong A, Schmeer N, Stegemann M (1997)
Comparative susceptibilities of various animal-pathogenic mycoplasmas to
fluoroquinolones. Antimicrob Agents Chemother 41: 2037-2040.

26. de Jong A, Thomas V, Klein U, Marion H, Moyaert H, et al. (2013) Pan-
European resistance monitoring programmes encompassing food-borne bacteria
and target pathogens of food-producing and companion animals.
Int J Antimicrob Agents 41: 403-409.

27. Gay E, Cazeau G, Jarrige N, Calavas D (2012) Utilisation des antibiotiques chez
les ruminants domestiques en France: résultats d’enquétes de pratiques aupres
d’éleveurs et de vétérinaires. Bull Epid Santé Anim Alim 53: 8-10.

28. Chazel M, Tardy F, Le Grand D, Calavas D, Poumarat F (2010)
Mycoplasmoses of ruminants in France: recent data from the national
surveillance network. BMC Vet Res 6: 32.

29. Tardy F, Gaurivaud P, Tricot A, Maigre L, Poumarat I (2009) Epidemiological
surveillance of mycoplasmas belonging to the “Mycoplasma mycoides™ cluster: is
DGGE fingerprinting of 16S rRNA genes suitable? Lett Appl Microbiol 48:
210-217.

30. Poumarat F, Perrin B, Longchambon D (1991) Identification of ruminant
mycoplasma by dot-immunobinding on membrane filtration (MF dot). Vet
Microbiol 29: 329-338.

31. CLSI (2008) Performance standards for antimicrobial disk and dilution
susceptibility tests for bacteria isolated from animals; Approved Standard-Third
Edition. CLSI document M31-A3. Wayne, PA: Clinical and Laboratory
Standards Institute.

32. Hermeyer K, Buchenau I, Thomasmeyer A, Baum B, Spergser J, et al. (2012)
Chronic pneumonia in calves after experimental infection with Mycoplasma bovis
strain 1067: characterization of lung pathology, persistence of variable surface
protein antigens and local immune response. Acta Vet Scand 54: 9.

33. Gautier-Bouchardon AV, Reinhardt AK, Kobisch M, Kempf I (2002) In vitro
development of resistance to enrofloxacin, erythromycin, tylosin, tiamulin and
oxytetracycline in Mycoplasma gallisepticum, Mpycoplasma iwae and Mycoplasma
synoviae. Vet Microbiol 88: 47-58.

34. Hollander M, Wolfe DA (1999) Nonparametric Statistical Methods. 2nd edition.
New York: John Wiley & Sons. 787 p.

35. Menge M, Rose M, Bohland C, Zschiesche E, Kilp S, et al. (2012)
Pharmacokinetics of tildipirosin in bovine plasma, lung tissue, and bronchial
fluid (from live, nonanesthetized cattle). ] Vet Pharmacol Ther 35: 550-559.

36. Huang RA, Letendre LT, Banav N, Fischer J, Somerville B (2010)
Pharmacokinetics of gamithromycin in cattle with comparison of plasma and
lung tissue concentrations and plasma antibacterial activity. J Vet Pharmacol
Ther 33: 227-237.

37. Bébéar CM, Kempf I (2005) Antimicrobial therapy and antimicrobial resistance.
In: Blanchard A, Browning G, editors. Mycoplasmas: Molecular Biology
Pathogenicity and Strategies for Control. Poole, UK: Horizon Bioscience. 535
568.

38. Khan LA, Loria GR, Ramirez AS, Nicholas RA, Miles R]J, et al. (2005)
Biochemical characterisation of some non fermenting, non arginine hydrolysing
mycoplasmas of ruminants. Vet Microbiol 109: 129-134.

39. Godinho KS, Rae A, Windsor GD, Tilt N, Rowan TG, et al. (2005) Efficacy of
tulathromycin in the treatment of bovine respiratory disease associated with
induced Mycoplasma bovis infections in young dairy calves. Vet Ther 6: 96-112.

February 2014 | Volume 9 | Issue 2 | e87672



40.

41.

43.

44.

46.

47.

48.

49.

Thiry J, Rubion S, Sarasola P, Bonnier M, Hartmann M, et al. (2011) Efficacy
and safety of a new 450 mg/ml florfenicol formulation administered
intramuscularly in the treatment of bacterial bovine respiratory disease. Vet
Rec 169: 526.

Arcangioli MA, Leroy-Setrin S, Martel JL, Chaslus-Dancla E (2000) Evolution
of chloramphenicol resistance, with emergence of cross-resistance to florfenicol,
in bovine Salmonella Typhimurium strains implicates definitive phage type (DT)
104. J Med Microbiol 49: 103-110.

. Lysnyansky I, Mikula I, Gerchman I, Levisohn S (2009) Rapid detection of a

point mutation in the parC’ gene associated with decreased susceptibility to
fluoroquinolones in Mycoplasma bovis. Antimicrob Agents Chemother 53: 104—
108.

Arcangioli MA, Aslan H, Tardy F, Poumarat F, Le Grand D (2011) The use of
pulsed-field gel electrophoresis to investigate the epidemiology of Mycoplasma
bovis in French calf feedlots. Vet J 192: 96-100.

McAuliffe L, Kokotovic B, Ayling RD, Nicholas RA (2004) Molecular
epidemiological analysis of Mycoplasma bovis isolates from the United Kingdom
shows two genetically distinct clusters. J Clin Microbiol 42: 4556-4565.

. Pinho L, Thompson G, Rosenbusch R, Carvalheira J (2012) Genotyping of

Mycoplasma bovis isolates using multiple-locus variable-number tandem-repeat
analysis. ] Microbiol Methods 88: 377-385.

Aebi M, Bodmer M, Frey ], Pilo P (2012) Herd-specific strains of Mycoplasma bovis
in outbreaks of mycoplasmal mastitis and pneumonia. Vet Microbiol 157: 363~
368.

Castillo-Alcala F, Bateman KG, Cai HY, Schott CR, Parker L, et al. (2012)
Prevalence and genotype of Mycoplasma bovis in beef cattle after arrival at a
feedlot. Am J Vet Res 73: 1932-1943.

Spergser J, Macher K, Kargl M, Lysnyansky I, Rosengarten R (2013)
Emergence, re-emergence, spread and host species crossing of Mycoplasma bovis
in the Austrian Alps caused by a single endemic strain. Vet Microbiol 164: 299~
306.

Le Carrou J, Laurentie M, Kobisch M, Gautier-Bouchardon AV (2006)
Persistence of Mycoplasma hyopneumoniae in experimentally infected pigs after
marbofloxacin treatment and detection of mutations in the parC gene.
Antimicrob Agents Chemother 50: 1959-1966.

PLOS ONE | www.plosone.org

50.

51.

52.

56.

57.

58.

59.

60.

Mycoplasma bovis Resistance to Antimicrobials

Le Carrou J, Reinhardt AK, Kempf I, Gautier-Bouchardon AV (2006)
Persistence of Mycoplasma synoviae in hens after two enrofloxacin treatments
and detection of mutations in the parC gene. Vet Res 37: 145-154.

Rocha E, Sirand-Pugnet P, Blanchard A (2005) Genome analysis: recombina-
tion, repair. In: Blanchard A, Browning G, editors. Mycoplasmas: Molecular
Biology Pathogenicity and Strategies for Control. Poole, UK: Horizon
Bioscience. 31-73.

Sirand-Pugnet P, Lartigue C, Marenda M, Jacob D, Barre A, et al. (2007) Being
pathogenic, plastic, and sexual while living with a nearly minimal bacterial
genome. PLoS Genet 3: €75.

. Dordet Frisoni E, Marenda MS, Sagne E, Nouvel LX, Blanchard A, et al. (2013)

ICEA of Mycoplasma agalactiae: a new family of self-transmissible integrative
elements that confers conjugative properties to the recipient strain. Mol
Microbiol 89: 1226-1239.

. Bébéar C (2012) Infections due to macrolide-resistant Mycoplasma pneumoniae: now

what? Clin Infect Dis 55: 1650-1651.

. Madec J-Y, Jouy E, Haenni M, Gay E (2012) Le réseau Résapath de surveillance

de P'antibiorésistance des bactéries pathogénes chez les animaux: évolution du
réseau et des résistances depuis dix ans. Bull Epid Santé¢ Anim Alim 53: 16-19.
Stipkovits L, Ripley PH, Tenk M, Glavits R, Molnar T, et al. (2005) The efficacy
of valnemulin (Econor) in the control of disease caused by experimental infection
of calves with Mycoplasma bovis. Res Vet Sci 78: 207-215.

Lechtenberg KF, Tessman RK, Chester ST (2011) Efficacy of gamithromycin
injectable solution for the treatment of Mycoplasma bovis induced pneumonia in
cattle. Intern J Appl Res Vet Med 9: 233-240.

Poumarat F, Le Grand D, Philippe S, Calavas D, Schelcher F, et al. (2001)
Efficacy of spectinomycin against Mpycoplasma bovis induced pneumonia in
conventionally reared calves. Vet Microbiol 80: 23-35.

McAuliffe L, Ellis RJ, Miles K, Ayling RD, Nicholas RA (2006) Biofilm
formation by mycoplasma species and its role in environmental persistence and
survival. Microbiology 152: 913-922.

Paterna A, Sanchez A, Gomez-Martin A, Corrales JC, De la Fe C, et al. (2013)
In vitro antimicrobial susceptibility of Mycoplasma agalactiae strains isolated from
dairy goats. J Dairy Sci 96: 1-4.

February 2014 | Volume 9 | Issue 2 | e87672



