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ABSTRACT

Mycoplasma bovis is an important pathogen of cattle. It causes a wide variety of 
clinical diseases, including mastitis, respiratory disease, arthritis, and otitis media. 
M. bovis has evolved several mechanisms to avoid the host’s immune system, no 
effective commercial vaccines are available, and antibiotic resistance is increasingly 
seen in contemporary strains. The most common route of transmission between 
herds is the purchase of a latent carrier animal.  M. bovis can spread silently within 
a herd, and once established in a dairy herd it is difficult to eradicate. Hence, 
it is of utmost importance to try to control and prevent the spread of M. bovis. 
Sensitive and cost-effective diagnostic methods to detect latent carrier animals, as 
well as methods that could be used in herd certification are needed. The possible 
transmission of M. bovis through assisted reproduction needs to be investigated 
more closely. This thesis examines the course of M. bovis infection in Finnish 
dairy farms, presents a new route of entry of M. bovis into naive dairy herds, 
and describes methods that could be utilized in the control of M. bovis infections.

In study I, the course of M. bovis infection was followed over two years on 
19 recently infected dairy farms. The aim was to identify diagnostic methods 
that could be used to assess whether the herd had reached a low-risk infection 
status. In 17 herds, a few cases of clinical mastitis were detected, and these mostly 
occurred within two months after the index case. On two farms, M. bovis only 
caused respiratory disease in young stock, and no clinical mastitis was detected. 
The prevalence of M. bovis in nasal (NS) and deep nasopharyngeal (NP) swabs 
taken from young calves varied from zero to 75% per herd among the studied 
calves. An in-house MilA ELISA detected more positive serum samples than the 
commercial BioX ELISA. The proportion of MilA-positive young stock followed 
the patterns seen in NS and NP of calves, but no such association was seen in 
BioX ELISA results. In cows, despite the infection appearing to have resolved in 
some herds, the proportion of MilA  antibody-positive cows remained high for 
at least one and half year after the detection of the index case. According to the 
results, M. bovis can be present in calves alone without causing mastitis in cows. 
Several methods need to be applied to verify the herd infection status. These 
include regular monitoring for M. bovis in clinical mastitis and calf pneumonia 
cases, combined with regular PCR testing of nasal swabs from calves and sera for 
the detection of antibodies against M. bovis using the MilA ELISA.

The transmission of M. bovis via semen has been speculated. When 
epidemiological data to assess the infection source were collected in study I, 
suspicion arose that contaminated commercial artificial insemination (AI) semen 
could have been the source in two closed dairy herds. National health care and 
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farm registers were used to collect farm data and farmers were interviewed. 
Whole genome sequencing was used to compare the genomes of isolated strains. 
Epidemiological analysis did not reveal any other source than contaminated semen 
from one bull used for artificial insemination in the cows that were the first ones 
to develop clinical mastitis in both herds. Core genome multilocus sequence type 
analysis supported this. The bull had secreted M. bovis intermittently and for only 
a short time into semen during an approximately seven-week period. On both 
farms, the incubation period between insemination and clinical mastitis was 32 
days. To our knowledge, this is the first study to describe the transmission of M. 
bovis via AI. Even though this appears to be rare, commercial AI semen needs 
to be taken into account as a possible transmission route. 

Following the detection of M. bovis in Finland, a voluntary control program 
was established. One part of the program is NS taken from young calves and tested 
for M. bovis to indicate the infection status of the herd. In study III, the suitability 
of this method was assessed and compared with NP sampling. Furthermore, NS 
and NP sampling of pneumonic calves to detect M. bovis was compared with 
bronchoalveolar lavage sampling. Altogether, 1037 NS were taken from calves in 
30 recently infected herds, and NP samples were also taken from 284 calves. The 
overall prevalence in NS was 29.6% and the highest prevalence of 43% was seen 
in 31- to 60-day-old calves. Thereafter, the shedding rate decreased. At the calf 
level, NP sampling detected M. bovis in 47% and NS in 33% of studied calves. 
At the herd level, NS sampling was more sensitive, as it classified 51 out 54 herd 
visits with a positive infection status as infected, whereas using NP sampling, the 
respective figure was 43 out of 54 visits (p = 0.061). The reason for the difference 
seen at the calf and herd levels is the sampling protocol. We took only five NP 
samples, but number of NS swabs varied from six to 28, depending on the herd 
size. We conclude that NS swabs taken from calves under six months of age and 
analyzed with real-time PCR represent a cost-efficient method to be used in a 
control program. If calves suffering from acute respiratory disease need to be 
examined, NP samples are a practical and sensitive method to detect M. bovis.

The effect of two concentrations of a gentamycin-tylosin-linco/spectinomycin 
(GTLS) antibiotic combination and a fluoroquinole antibiotic, ofloxacin, on the 
viability of M. bovis in commercial-scale AI semen production using modern 
semen extender with plant-derived protein was investigated. A reference strain 
and a wild-type strains isolated from semen in study II were used in spiking. Three 
different protocols to extract M. bovis DNA from semen were also compared. At 
a high spiking concentration of 106 CFU/mL, none of the studied antibiotics had 
a bactericidal effect. At a low spiking concentration of 103 CFU/mL, the growth of 
the wild-type strain was inhibited by all other antibiotic protocols except for the 
low GTLS concentration, which is stated in EU regulation and the OIE Terrestrial 
Code. Instead, the high GTLS protocol was the only one that inhibited the growth 
of the reference strain. At a low M. bovis contamination level, GTLS used at a high 
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concentration, according to the Certified Semen Services protocol, is more efficient 
than GTLS used according to the OIE Terrestrial Code. The Instagene™ matrix 
was the most efficient method to extract M. bovis DNA from semen.
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1	 BACKGROUND 

Mycoplasma bovis (M. bovis) was first isolated in the USA in 1961 from a mastitis 
outbreak [1]. During the following decades, it spread to other continents and was 
regarded as endemic in Europe by the end of the century, except in Norway and 
Finland [2,3]. M. bovis causes a plethora of diseases in cattle, including pneumonia, 
mastitis, arthritis, otitis media, and genital disorders [4]. M. bovis infections 
tend to be chronic and reduce animal welfare, they respond poorly to antibiotic 
treatment, and no effective commercial vaccine exists [4,5]. Thus, prevention and 
control of the spread of infection is of utmost importance.

In Finland, two studies applying mycoplasma culture to BAL samples from 
non-medicated calves suffering from acute respiratory disease were conducted 
in 1998–1999 and 2002–2004 [6,7]. No M. bovis was found. M. bovis usually 
enters a naive herd through a latent carrier animal bought into the herd. The 
number of cattle annually imported to Finland is small and breeding animals 
for suckler cow herds are mainly imported [8]. The association Animal Health 
ETT has instructed importers to test animals considered for import for M. bovis 
antibodies if M. bovis is known to be endemic in the country of origin. Passive 
surveillance for M. bovis has been conducted in Finland since 2004. All bovine 
post-mortem samples in which pneumonia has been suspected, as well as bovine 
fetuses sent for post-mortem examination, and NP samples taken from calves with 
acute BRD have been cultured for M. bovis in the laboratories of Finnish Food 
Authority with negative results. 

Laboratory analysis of QMS to detect mastitis pathogens using rtPCR is 
widely applied in Finland. In spring 2012, mastitis laboratories started to use 
a commercial rtPCR kit including primers and a probe specific for M. bovis 
(Pathoproof Mastitis Complete 16, Thermo Fisher Scientific, Vantaa, Finland). 
A calf-rearing farm with approximately 500 calves had, according to the calf 
caretakers, experienced respiratory disease responding poorly to antibiotic 
treatment since spring 2012, and some calves had droopy ears and head tilt. It was 
not until the end of October that they took NP samples for laboratory diagnosis, 
and we found the bacterium that for 10 years we had been looking for and hoping 
not to find. Soon after, on a small farm raising bull calves for meat production, 
a devasting outbreak of respiratory disease caused by M. bovis together with 
Histophilus somni occurred. Later, in December, a herd with 20 milking cows 
experienced a mastitis outbreak that led to the culling of four cows. Using rtPCR 
and culture, M. bovis was detected as the sole pathogen causing mastitis in three 
cows and together with Staphylococcus aureus in one cow.
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This sudden appearance of M. bovis in Finland led to the rapid establishment 
of antibody ELISA testing, as well as in-house rtPCR to detect M. bovis in our 
laboratory. Hundreds of serum samples from the infected farms and their contact 
farms, as well as sera from all imported animals from 2010 to 2012 and suckling beef 
cattle slaughtered in early 2012 (assumed to be a totally negative population), were 
tested for anti-M. bovis antibodies using the only commercial ELISA tests available 
in Europe at that time. This soon revealed that the results were contradictory to the 
clinical picture seen in tested animals. On several farms, one or two positive test 
results without any clinical signs in the herd were detected. Help was sought from 
the Mycoplasma Laboratory of the Animal and Plant Health Agency (APHA) in 
the UK. In APHA, antibody ELISA whole cell antigen is used instead of unknown 
recombinant protein expressed in E. coli used in the commercial ELISA. Again, 
quite contradictory results were obtained from the same serum samples. Animal 
Health ETT and the cattle industry wanted to prevent the uncontrollable spread 
of M. bovis. A national voluntary control program was established during 2013 
(described in chapter 3.1.5). As the antibody testing results were contradictory and 
we suspected that the commercial ELISA had low sensitivity, rtPCR examination 
of NS samples from 1-week-old to 6-month-old calves was instead included as 
one part of the control program based on the findings reported by Bennett and 
Jasper [9].

A project aiming to gain knowledge of the epidemiology and nature of infection 
on dairy farms, to improve sampling and diagnostic measures, and to examine 
measures aiming at the eradication of M. bovis from the infected herds was started 
at the beginning of 2014. During this project, a suspicion arose that commercial 
semen had been the source of infection in two closed dairy herds. Because there 
was a lack of research regarding M. bovis survival in modern commercial semen 
and embryo production, another project was started. In this project, we analyzed 
M. bovis survival in commercial-scale semen production using different antibiotic 
combinations and compared different DNA extraction methods to detect M. bovis 
DNA in semen. This thesis describes the course of infection on Finnish dairy 
farms, a new route of entry of M. bovis into naive herds, and methods that can 
be utilized in the control of M. bovis infections.
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2	 REVIEW OF THE LITERATURE

2.1	 An overview of M. bovis, M. bovis-associated diseases, 
and immune responses to M. bovis in cattle

2.1.1	 Characterization of M. bovis 

Mycoplasmas belong to the bacterial class Mollicutes. The literal meaning of this 
Latin word is soft skin, which describes the lack of a cell wall in mycoplasmas. 
They evolved from an ancestor of Gram-positive bacteria by genome reduction 
[10] and are considered to be one of the fastest evolving bacteria [11]. Due to 
their small genome size of approximately 0.6 to 1 kbp, mycoplasmas have limited 
metabolic pathways and rely on their host for the acquisition of many essential 
nutrients. The genus Mycoplasma includes over 100 species, out of which 13 are 
known to infect cattle, although with varying degrees of clinical importance [12]. 
Mycoplasma mycoides subsp. mycoides, the causative agent of contagious bovine 
pleuropneumonia, is the only bovine mycoplasma included in the OIE list of animal 
diseases [13]. Contagious bovine pleuropneumonia has been eradicated from most 
continents, but still exists in several African countries [14]. M. bovis is globally 
widespread and is economically the most important mycoplasma species infecting 
cattle [4]. Other Mycoplasma species of interest in cattle include M. alkalescens, 
M. arginini, M. bovigenitalium, M. bovirhinis, M. bovoculi, M. californicum, 
M. canadense, M. dispar, M. canis, M. leachii, and M. wenyonii [12] . 

When M. bovis was first isolated from a mastitis outbreak in the USA, it was 
tentatively given the name M. agalactiae var. bovis [1] due its close resemblance 
to M. agalactiae in small ruminants. However, in 1976, Askaa and Ernø reported 
a low DNA–DNA hybridization value of 38% between M. agalactiae and PG45-
type strains [15]. This warranted a species status, and M. bovis has since been 
the species name. The genome size of M. bovis varies from approximately 0.948 
to 1.003 kbp and the guanine plus cytosine content is on average 29.3%.

The pathogenesis of M. bovis is not completely understood and a number of 
factors appear to play a role in its virulence [16,17]. Because of the paucity of 
metabolic capacity in M. bovis, adhesion to host cells plays an important role 
in virulence. Several possible adhesins binding to host extracellular matrix 
components, such as fibronectin, plasminogen, and heparin, have been described 
in M. bovis [18–27], and some of them appear to be multitasking proteins 
[18,23,28]. Some nucleases have been shown to associate with escape from NETs or 
cytotoxicity [29-31]. M. bovis produces H2O2, which in turn causes toxic damage to 
host cells [32,33]. However, there appears to be large variation in H2O2 production 
between strains [32], and the importance of H2O2 production in pathogenesis still 
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needs clarification. Secondary metabolites, namely reactive oxygen and nitrogen 
species released by phagocytes attracted to the infection site, also appear to be 
important in M. bovis pathogenesis [33,34]. Intracellular invasion of M. bovis into 
several cell types has been described [35-41], and this phenomenon can protect 
bacteria from elimination by secreted antibodies and therapeutic antibiotics. 

2.1.2	  M. bovis-associated diseases

M. bovis is one of the infectious agents in the BRD complex and a causative agent 
of bovine contagious mastitis. Arthritis can be seen in conjunction with mastitis 
and pneumonia, and in calves, respiratory infection is often accompanied by 
otitis media [4]. Various reproductive disorders connected to M. bovis have been 
described, such as abortion and seminal vesiculitis ([42-44]. Other less frequent 
clinical conditions caused by M. bovis have been reported, such as endocarditis 
[45], post-surgical seromas [46], keratoconjunctivitis [47,48], brain tissue infection 
[49,50], meningitis [51], and decubital abscesses [52]. 

2.1.2.1	 Mastitis

Mastitis caused by M. bovis is portrayed as being highly contagious, usually 
affecting more than one quarter, causing a significant decrease in milk production, 
and not responding to antibiotic therapy. Affected cows are usually non-febrile 
and alert. Milk consistency can be watery, with fine particles that form sediment 
[53,54]. M. bovis mastitis has also been described in dry cows [55,56] and heifers 
[57]. Experimental studies have demonstrated that intramammary M. bovis 
infection causes a similar rise in the milk somatic cell count as seen in mastitis 
caused by E. coli or S. aureus, but in contrast, the bacterial counts in milk are 
extremely high, from 108 to 1010 CFU/mL [58-60]. Based on the field experience 
of many investigators, clinical M. bovis mastitis is considered to be untreatable 
and culling is recommended [54,61]. 

2.1.2.2	 Bovine respiratory disease (BRD)

M. bovis has emerged as an important infectious agent in BRD [50,62]. The 
development of BRD is a complex network in which host factors, such as age, the 
maturity of the immune system, and the composition of the URT microbiome, and 
environmental factors, such as temperature, stocking density, transportation and 
commingling, and different combinations of bacteria and viruses, all affect the 
outcome [63,64]. M. bovis can be a frequent colonizer of the URT in young calves 
in endemic areas [65], and it has been found in LRT samples from healthy calves 
[66]. In pneumonia, M. bovis is nearly always detected with other pathogens [67] 
and can have a synergistic role, exacerbating the disease [68]. In studies on the 
bovine respiratory tract microbiota of feedlot calves, M. bovis was significantly 
more often detected in NP samples from BRD calves (44%) compared to healthy 
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controls (18%), but the relative abundance of bacteria did not differ between groups 
[69]. One form of pneumonia, namely caseonecrotic pneumonia with or without 
arthritis, is known to be specifically caused by M. bovis [63,70,71]. Pneumonia in 
which M. bovis is involved can occur in cattle of almost any age and in all cattle 
sectors but is most common in intensively managed beef and veal calf feedlots in 
calves younger than six months old [63,67,72-78]. In dairy calves, M. bovis was 
shown to be associated with clinical BRD signs, lung consolidation, and low daily 
weight gain [79]. Less is known about the importance of M. bovis in pneumonia 
in cows. In Brazil, M. bovis was frequently detected in tissues from cows with 
fatal pneumonia [80]. 

2.1.2.3	 Arthritis

M. bovis-associated arthritis is thought to occur after hematogenous spread from 
the lungs or udder to joints and is seen in both calves and cows. Animals with M. 
bovis arthritis become acutely lame, displaying swollen joints and tendon sheaths 
[51,70,71,81-85]. M. bovis arthritis is painful and responds poorly to antibiotic 
therapy, often leading to the culling of infected animals [63,82,83]. According to 
Jensen [86], arthritis was the most common form of M. bovis-associated disease 
in Danish dairy farms in a recent outbreak. It was also noticed that recovery was 
possible under field conditions.

2.1.2.4	 Otitis media 

Otitis media is frequently observed in young calves with M. bovis respiratory 
disease. Clinical signs include head shaking, head tilt, and uni/bilateral ear droop. 
The middle ear is filled with fibrinosuppurative to caseous exudate. Otitis media 
can progress to otitis interna and meningitis [37,87-91]. Infection arises from 
the nasopharynx via the Eustachian tube to the middle ear and feeding with 
contaminated milk has especially been shown to promote the colonization of the 
tonsils and Eustachian tube [92,93].

2.1.2.5	 Reproductive disorders

Less is known about the role of M. bovis in bovine reproductive disorders. Hartman 
[94] inoculated a culture of “Connecticut mammary pathogen” [1], that is, M. bovis, 
into the uterus of eight heifers. Neutrophilia and mucopurulent vaginal discharge 
were observed in some animals, but no clinical signs were otherwise noted. 
Endometritis, salpingitis, and salpingoperitonitis of varying degrees were seen at 
necropsy. One animal that was followed for 100 days secreted M. bovis in vaginal 
mucus 64 days after inoculation. Hirth et al. [95] inseminated heifers with semen 
contaminated with M. bovis. Almost all the heifers became repeat breeders and 
post-mortem suppurative salpingitis, chronic endometritis, and ovarian adhesions 
were seen in some animals. In the contaminated semen, M. bovis was shown to 
be viable after 18 months of storage in liquid nitrogen. Pfüzner and Schimmel 
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[96] cultured various organs of cows with M. bovis mastitis after slaughter and 
isolated M. bovis in 10% of uterus samples. They also observed that M. bovis was 
occasionally transmitted in utero to the fetus and newborn calf. However, apart 
from this report, isolations from aborted fetuses have infrequently been made 
[44,97]. Sometimes, during an acute M. bovis mastitis outbreak, farmers have 
reported an increased incidence of abortions, but no microbiological investigations 
have been conducted to clarify the role of M. bovis in these abortions [56]. In 
bulls, mycoplasmas appear to reside in the preputium and distal urethra and 
may contaminate semen [98,99]. Experimental inoculation of M. bovis into the 
prepuce or urethra was shown to cause seminal vesiculitis and orchitis and low 
semen quality, and shedding of M. bovis in semen was detected [100]. 

2.1.2.6	 Prevalence and economic impact

Very diverse prevalences of M. bovis-associated diseases have been reported, 
because different diagnostic methods and samples have been used in prevalence 
estimations. In Europe, when calves arrive at feedlots, the prevalence of M. bovis 
is generally low (0% to 7%), but within one month it is usually from 40% to 100% 
[77,101]. Prevalence studies in dairy calves are scarce. Fanelli et al. [102] detected 
M. bovis in fatal dairy calf pneumonia in 26.6% of studied herds with an animal 
prevalence of 16% and as the only pathogen in more than half of the cases. Herd 
prevalences of M. bovis investigated with different methods in European countries 
are presented in Table 1.

Table 1. Herd prevalence of M. bovis in different European countries.

Country Prevalence % Sample/method Herd type Reference

Belgium 1.5 BTM PCR Dairy [103]

Belgium 11 Serum ELISA Veal [104]

Belgium 7/17 BTM PCR/ELISA Dairy [105]

Denmark 1.6/7.2 BTM PCR/ELISA Dairy [106]

Denmark 2.9 BTM ELISA Dairy [107]

Denmark 9.6 NS PCR Dairy [108]

Estonia 48.3 Serum ELISA Dairy [109]

France 60 Serum ELISA Veal [72]

France 0 BTM PCR Dairy [110]

Greece 5.4 QMS culture Dairy [111]

Hungary 100 Serum ELISA Fattening [112]

Ireland 0.42/30* BTM ELISA Dairy [113]

Norway 0 Serum ELISA Dairy [3]

Poland 65.5 Serum ELISA Fattening [114]

Portugal 2.4 BTM PCR Dairy [115]

Sweden 0–0.3 BTM PCR Dairy [116]

*Year 2019/2020, the same ELISA test
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In Finland, during the last ten years, M. bovis has been detected on 102 dairy 
farms and 231 fattening cattle farms (Fig. 1). These numbers are based on the 
detection of M. bovis in samples sent to the Finnish Food Authority as diagnostic 
samples or samples sent from other laboratories for confirmation.

Figure 1. The number of farms on which M. bovis has been detected in clinical samples 
during 2012–2021 in Finland. Each farm has been counted only once.

Studies assessing the economic impact of M. bovis infections have only been 
published before the 21st century. Production losses for American dairy industry 
were then estimated to be 108 million dollars per year[117]. Financial losses due to 
antimicrobial therapy, extra labor, mortality, culling, and diagnostic tests were not 
included in this study. In Europe, 576 million euros per year were reported to be 
lost due to BRD, of which 25% was attributable to M. bovis [2]. Production animal 
disease experts around the world ranked M. bovis infections in cattle among the 
most important enzootic diseases when the EU database DISCONTOOLS was 
founded, highlighting its importance to the economy and cattle welfare [118]. 
M. bovis also causes subclinical costs in production, but these have not properly 
been analyzed. Petersen et al. [119] demonstrated that heifers originating from 
herds with a high seroprevalence against M. bovis had an increased risk of early 
unwanted departure from the dairy herds.

2.1.3	 Host immune responses to Mycoplasma bovis infection

The bovine innate immune system reacts strongly to M. bovis infection, and both 
the T cell-mediated cellular and B cell-mediated humoral response of the adaptive 
immune system are activated. M. bovis has in its arsenal several mechanisms to 
dampen the immune response, which often leads to chronic infections and makes 
M. bovis a successful pathogen. The immune response to M. bovis infection in 
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cattle is complex and currently under extensive investigation. It is beyond the 
scope of this thesis to describe immune responses in detail, but some of the 
main mechanisms are portrayed here. In a broad sense, M. bovis employs four 
different types of mechanisms to overcome the bovine immune system: antigenic 
variation, location intracellularly or in a biofilm, mechanisms to circumvent the 
effector molecules of the immune system, and modulation of the immune system 
to downregulate it.

M. bovis possesses a large repertoire of highly immunogenic variable surface 
lipoproteins, or Vsps. Some of these are important in host cell adhesion [19,120]. 
Vsps have been best studied in the PG45 strain, which has an operon capable 
of encoding 13 different Vsps [121-124]. The expression of Vsps undergoes high-
frequency phase variation (ON/OFF), and the size of the expressed Vsp can vary 
[122,125-129]. When the host starts to produce antibodies against a Vsp, M. 
bovis switches expression to another type and thus avoids opsonization [130]. 
This reduces mycoplasma killing by complement activation and phagocytosis by 
neutrophils and macrophages. Interestingly, no vsp genes have been detected in 
two Chinese strains, Hubei-1 [131] and CQ-W70 [132], but Hubei-1 is known to 
express another type of surface lipoprotein called VpmaX [22]. 

Intracellular residence, which protects M. bovis from attack by the host 
immune system, has been demonstrated in many cell types of bovine PBMCs, 
and to a lesser extent in erythrocytes [38] and in some bovine epithelial cell lines 
[133]. M. bovis can form biofilm in vitro, although some strain variation occurs 
[134]. Biofilms protect bacteria from stressful conditions such as heat, desiccation, 
and even antibiotics. However, in the study by McAuliffe et al. [134], no significant 
variation in MICs compared to planktonic cells was seen. It is not known whether 
M. bovis forms biofilm during natural infection in the host.

Neutrophils are important cells of the innate immune system and are the most 
abundant immune cell type recruited to the lungs, middle ear, joints, and mammary 
gland during M. bovis infection [35,37,59,71,135]. Neutrophil extracellular traps 
(NETs) are extracellular fibers mainly composed of neutrophil DNA and some 
granules, and they allow neutrophils to kill extracellular pathogens [136]. M. bovis 
induces the formation of NETs, but these are rapidly degraded by an extracellular 
nuclease [31]. Mannheimia haemolytica and Histophilus somni, which are common 
pathogens in the BRD complex together with M. bovis, also induce NET formation 
[137,138]. It has been speculated that the production of nuclease degrading NETs is 
a way for M. bovis to increase its own survival in inflamed lung tissue when other 
bacterial pathogens are involved. Many mycoplasmas have been demonstrated 
to have an Ig-binding and Ig-cleaving system, MIB–MIP [139,140]. This system 
promotes the dissociation of the antigen–antibody complex because Ig protease 
cleaves the Ig heavy chain [141]. The MIB–MIP system has also been found in M. 
bovis PG45 [142]. Further studies are still needed to resolve the exact mechanism 
of this system in natural infections. By degrading immunoglobulins that attach to 
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their surface, mycoplasmas can inhibit complement activation and phagocytosis, 
as well as some functions of the adaptive immune system [141].

Other mechanism by which M. bovis downregulates host immune mechanisms 
include delaying apoptosis in monocytes [143] and macrophages [144,145]. This 
is expected to reduce the effector functions of these cells and alter the immune 
response [146]. A substantial body of evidence has been gathered to show that M. 
bovis causes a phenomenon called T cell exhaustion [147-149]. T cell exhaustion 
is characterized by the surface expression of immunoinhibitory receptor PD-1, 
and its ligand, PD-L1, is widely expressed on lymphocytes and phagocytes. This 
co-expression inhibits T cell replication and normal effector functions, including 
memory-T cell responses [146]. Prostaglandin E2 has been demonstrated to induce 
PD-L1 expression in bovine PBMCs. T cell exhaustion is reversible and can be 
ameliorated with anti-PD-L1 antibody. Meloxicam, one of the most common non-
steroid anti-inflammatory drugs used in cattle, inhibits prostaglandin synthesis. 
Together with PD-L1 antibody, meloxicam has been observed to further enhance 
the restoration of lymphocyte effector functions [149]. Biopharmaceuticals that 
block the PD-1/PD-L1 pathway are already used in human medicine, and such 
compounds, together with prostaglandin inhibitor, might have potential for 
controlling M. bovis infections. 

M. bovis respiratory infection and mastitis usually elicit a strong humoral 
immune response. Experimental intratracheal infection of gnotobiotic calves 
led to an IgM antibody response after one week and an IgG response within 
two weeks in serum, and to an IgA response in tracheal washings. IgG1 was 
the predominant isotype, but some IgG2 was also detected [150]. Van den Bush 
et al. [151] challenged 12-week-old calves intratracheally. An IgG response was 
clearly seen 28 days post-infection. They also analyzed the cellular response in 
PBMCs and found that the percentage of cells producing IFN-γ and IL-4 was 
equal. However, IgG1 was the dominant isotype and very little IgG2 production 
was detected during a 9-week post-challenge follow-up. IFN-γ is secreted by Th1 
cells, whereas IL-4 is the hallmark cytokine for Th2 activation. IL-4-secreting 
Th2 cells are efficient B cell helpers and IL-4 drives B cells to secrete IgG1 [152]. 
Thus, based on their study, Vanden Bush et al. [151] suggested that the immune 
response towards M. bovis has a Th2 bias. Similarly, Hermeyer et al. [43] found 
that IgG1-producing plasma cells were predominant in the lungs of calves with 
pneumonia. Howard [153] demonstrated that in cattle, IgG2 is a superior opsonin 
compared to IgG1, and a low IgG2 response is therefore probably one factor that 
contributes to the chronicity of M. bovis infections. In an experimental mastitis 
vaccination study, adult cows produced both systemic and milk IgG1 and IgG2 
responses, suggesting that in mature animals, the immune response is less Th2 
skewed [154].

There is very little information in the literature about maternal antibodies 
to M. bovis, even though these can affect the serological testing of young calves 
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and vaccination success. Tschopp et al. [76] stated that 39% of calves born to 
seronegative cows had maternal M. bovis antibodies and that the half-life of the 
maternal antibodies was 20 days. However, this study was based on a relatively 
small number of 20 cows and their offspring. Arcangioli et al. [73] reported that 
2.2% of veal calves in France had maternal antibodies at the time of assembly.  
These antibodies appear to have little protective effect, as in 12- to 41-day-old veal 
calves, seropositivity against M. bovis had no protective effect against BRD [155]. 

Recent studies on the prevalence and dynamics of M. bovis antibodies in the 
serum and milk of cattle are reviewed in chapter 2.3.2.3.

2.2	 Transmission

2.2.1	 Sources and uptake of M. bovis 

Known sources for M. bovis are diseased or latent carrier animals, milk, and 
the milking environment [4,156]. The role of colostrum, a contaminated farm 
environment, fomites, and assisted reproduction in M. bovis transmission is less 
clear. 

Under field conditions, animals become colonized/infected via inhalation, 
ingestion, or invasion through the teat canal. The risk of M. bovis infecting an 
animal through the genitourinary mucosa under field conditions is not known. 
Aerosols and nose-to-nose contact with an infected animal are considered to be 
important sources of infection [4]. Calves can be infected through aerosolized M. 
bovis culture [68,157,158]. M. bovis has been cultured from air in a barn holding 
sick animals [159], but in later research, Soehnlen et al. [160] could not detect 
M. bovis in the air of a veal calf barn in which most of the calves were infected. 
The importance of airborne between-herd transmission is well recognized for 
M. hyopneumoniae on swine farms. This mycoplasma has been shown to infect 
farms over a distance of 9 km [161,162], but to author’s knowledge, no reports of 
the airborne transmission of M. bovis between herds have been published.

In cows, udder-to-udder transmission during milking via a milking machine, 
udder wash cloths, or the milker’s hands is one common transmission route 
[53,54]. In calves, feeding with contaminated milk is one of the main infection 
sources [92]. Colostrum has been suggested as one source of M. bovis for calves 
[87,90], but no research to prove this has been published. Using rtPCR, Gille et 
al. [163] detected M. bovis in colostrum samples in four out of 17 studied herds, 
but the Ct values indicated that the number of bacteria was low in the samples. 
Timonen et al. [164] estimated the prevalence of M. bovis in colostrum in four 
Estonian herds to vary from 1.7% to 4.7%, but they did not study the infectivity 
of colostrum. Nevertheless, pasteurization of colostrum in infected dairy herds 
to destroy mycoplasmas has been recommended [165].
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Despite its simple structure and need to gain nutrients from the host, M. bovis 
has been shown to survive in the environment, especially at a low temperature 
under humid conditions and when protected from light. Pfüzner [166] reported 
the survival of M. bovis at 4 °C to be almost two months in milk and sponges and 
two weeks in water. Schibrowski et al. [167] demonstrated that a shared water 
bucket was a highly significant risk factor for M. bovis infection in Australian 
feedlot pens. Justice-Allen [168] reported survival in recycled sand bedding to be 
several months, although Wilson et al. [169] could not show any infectivity via 
contaminated sand in naïve calves kept on sand bedding. Piccinini et al. [170] found 
that M. bovis survived on the surfaces of cages and mangers, and the environment 
could have been the source of infection for veal calves. In New Zealand, it has been 
noticed that live animals and contaminated milk form a high-risk source for M. 
bovis transmission. Milking equipment and other materials from the milk handling 
environment are considered as medium risk, whereas lanes and water troughs 
outside, for example, are low-risk sources [171]. Whether disinfection of the barn 
is an important protective factor against M. bovis reinfection is not clear, but it is 
mandatory in New Zealand in infected premises after depopulation and cleaning. 

The role of assisted reproduction as a source of M. bovis is unclear. The possible 
risks of transmitting M. bovis via semen or embryo transfer are discussed in depth 
in the review of Wrathall et al. [172], who concluded that some risk exists. Few 
studies have demonstrated the presence of M. bovis in the semen or preputium 
of bulls. Amram et al. [173] cultured M. bovis from commercial AI semen in 
Israel. Jain et al. [174] examined 12 bull semen samples in India using rtPCR and 
detected M. bovis in 27% of the samples. Kirchhoff and Binder [175] collected 182 
semen samples and 210 preputial wash samples from normal bulls in Germany. 
M. bovis was identified in one of the preputial samples but not in semen. In this 
study, two bulls displayed clinical signs of epididymitis, and M. bovis was isolated 
from semen samples and one preputial wash. Trichard and Jacobsz [176] collected 
both preputial and semen samples from AI centers and privately owned bulls in 
South Africa. M. bovis was detected in 0.5% of both sample types. However, apart 
from the study of Amram et al. (2013), the specificity of methods used in other 
studies has not been described. Several other studies have investigated raw and 
processed semen, as well as preputial samples, for the presence of M. bovis without 
detecting it [99,177-180]. Bielanski et al. exposed in vitro-produced embryos during 
culture to M. bovis [181] or used contaminated semen in fertilization to produce 
in vitro embryos [182]. They concluded that M. bovis adheres tightly to the zona 
pellucida but does not affect embryo development. M. bovis present in semen can 
be transmitted through in vitro embryo production, because even washes carried 
out according to the instructions of the International Embryo Transfer Society do 
not render embryos free of M. bovis [182].  Thus, embryos could be a source of M. 
bovis infection, but to the author’s knowledge, no studies have been published in 
which M. bovis-contaminated embryos have been transferred to recipient cattle.
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Mycoplasmas are usually very host specific, and the risk of other animals 
transmitting M. bovis to cattle is likely to be low [183]. M. bovis has occasionally 
been detected in other animal species, like in small ruminants in the UK [50], 
in pigs grazing on Alpine pastures together with cattle [184], in broiler chickens 
on a farm also holding cattle [185], and in farmed white-tailed deer (Odocoileus 
virginianus) suffering from pneumonia [186].

2.2.2	 Excretion of M. bovis

The respiratory tract and udder are the most important sites for the colonization 
and shedding of M. bovis [4,187], but the colonization of other body sites, such as 
the conjunctiva and vagina, has also been described ([188-192]. The risk of shedding 
from animals only displaying arthritis has not been investigated. Stressful events 
such as transportation, overcrowding, commingling, parturition, and unfavorable 
weather conditions have been associated with increased shedding and outbreaks 
of M. bovis-associated diseases [82,193,194]. Alabdullah [195] mimicked the effect 
of stress by administering dexamethasone, a synthetic glucocorticoid, to calves 
and examining its effect on M. bovis shedding. His results confirmed that stress 
is likely to influence M. bovis shedding, as calves treated with dexamethasone 
were found to shed M. bovis significantly more often compared to controls. 
Furthermore, the duration of shedding was longer in dexamethasone-treated 
calves than controls.

Both diseased and healthy carriers can shed bacteria into nasal secretions. 
Bennett and Jasper [9] demonstrated that in calves younger than 9 months old, 
the within-herd prevalence of nasal shedding was higher in dairy herds with M. 
bovis-associated disease (34%) compared to herds with no such history (6%). 
The duration of shedding after clinical pneumonia has not been elucidated. Cows 
with mycoplasma mastitis tend to have an inconsistent daily shedding pattern 
[187,196]. According to Punyapornwithaya et al. [188], an M. bovis strain that 
had caused clinical mastitis in a dairy herd colonized multiple body sites of cattle, 
including the nose, conjunctiva, and vulvovaginal tract, over one year after the last 
mastitis case. However, the prevalence of colonization decreased markedly over 
time. Hazelton et al. [190] found a low percentage of vaginal colonization and no 
nasal colonization in cows recently diagnosed with M. bovis mastitis. In a 2-year 
longitudinal study starting with 450 heifer calves, Hazelton et al. [191] found that 
at weaning, 3.6% of the calves were colonized with M. bovis, mainly shedding it 
into nasal secretions. However, only one out of 356 animals that calved was found 
to be shedding M. bovis into nasal secretions post-calving. After an M. bovis 
mastitis outbreak, M. bovis can persist in the herd as subclinical intramammary 
infections. However, Hazelton et al. [197] studied four large Australian dairy herds 
in which all cows with clinical M. bovis mastitis had been culled and only found 
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subclinical IMI in two out of the four herds. The prevalence of subclinical IMI 
was very low in these two herds, namely 0.1% and 0.2%.

These studies have demonstrated that shedding of M. bovis can be intermittent, 
very few animals in the herd might be latent carriers, and no consistently infected 
and easily accessible anatomical site for sampling has been found. These facts 
pose serious problems in reliably detecting carrier animals.

2.3	 Detection and molecular epidemiology 

2.3.1	 Specimen selection for M. bovis detection

Among the essential steps for successful disease control are evaluation of the 
sampling methods and diagnostic tests, as well as how to use these in prevalence 
studies. Specimen selection for M. bovis detection depends on the purpose of 
sampling, i.e., identifying the causative agents in an acute disease outbreak and 
possibly needing an antibiotic sensitivity test, trying to detect carrier animals, or 
disease surveillance. Different sample types and their potential use in the above-
mentioned situations are listed in Table 2.

Table 2. Description of different sample types and detection methods that can be used in 
M. bovis detection.

Sample type Applied test Age group Application

Nasal swab PCR Calves Detecting carriers

Deep 
nasopharyngeal 
swab

Culture, PCR Calves Respiratory disease 
diagnostics, detecting 
carriers

Bronchoalveolar 
lavage

Culture, PCR, 
(MALDI-TOF)

Calves Respiratory disease 
diagnostics

Joint fluid Culture, PCR All age groups Arthritis diagnostics

Quarter milk PCR, culture Cows Mastitis diagnostics

Bulk tank milk PCR, culture Cows, herd level Mastitis diagnostics, 
detecting carriers

Bulk tank milk Antibody ELISA Herd level Surveillance  
(mastitis diagnostics)

Serum Antibody ELISA All age groups, 
herd level

Surveillance

Autopsy Culture, PCR, IHC All age groups Different disease 
manifestations such as 
pneumonia, arthritis, otitis 
media, abortion 

Conjunctival 
swabs

PCR, culture Calves, cows Detecting carriers

Vaginal swabs PCR, culture Heifers and cows Detecting carriers
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Swabs for bacteriological sampling and transport are affordable and widely 
available. The use of swabs with a plastic shaft is recommended, as swabs with 
wooden sticks or calcium alginate swabs can inhibit mycoplasma growth or 
the PCR reaction [198]. Swabs can be used for nasal, conjunctival, and vaginal 
sampling, and samples from external mucosal surfaces are easily obtained. These 
swabs can provide information on the infection status of the herd, i.e., detect 
carrier animals [188-190]. In general, it is not recommended to use NS to detect 
M. bovis in calves with acute respiratory disease, because the presence or absence 
of M. bovis in NS of pneumonic animals does not correlate with clinical disease or 
the occurrence of M. bovis in LRT [199,200]. However, Doyle et al. [201] suggested 
that NS had a similar ability to detect the occurrence of M. bovis in LRT compared 
to transtracheal wash. Transtracheal wash, BAL fluid, or an NP sample taken 
with a guarded swab from the nasopharynx can be used in BRD diagnostics [201-
204]. Post-mortem examination allows the sampling of body sites from which it 
is otherwise difficult to obtain a sample, such as the middle ear or joints.   

2.3.2	 Detection of M. bovis

Several methods can be used in M. bovis diagnostics. They can be divided into 
culture-based methods, culture-independent methods, and antibody testing. Table 
3 lists the advantages and disadvantages of different detection methods.

Table 3. Advantages and disadvantages of different methods to detect M. bovis.

  Culture PCR Antibody ELISA

Sample type All clinical samples All clinical and 
subclinical samples

Blood, BTM, 
composite milk

Detects Viable bacteria DNA Antibodies

Costs €€ €€–€€€ €

Time 1 week 1 to 2 days 1 day

Advantages •	Isolate obtained for 
further studies

•	Evidence of live 
bacteria in the 
sample

•	Rapid results
•	Quantification 

possible (rtPCR)
•	Possibility to pool 

samples
•	Not affected by 

antibiotic treatment

•	Shedding of M. bovis 
not necessary

•	Shows previous 
infection/exposure

•	Rapid results

Disadvantages •	Shedding of M. bovis 
necessary

•	May be affected by 
antibiotic treatment 

•	Overgrowth of other 
bacteria possible

•	Special culture 
media and some 
expertise necessary

•	Species 
identification needed

•	Shedding of M. bovis 
necessary

•	No isolate obtained
•	Can detect non-

viable bacteria

•	Cannot differentiate 
between previous 
and present 
infection

•	No isolate obtained
•	Antigen needs to 

be expressed by all 
strains and to be 
immunogenic
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2.3.2.1	 Culture-based detection methods

Sample storage is an important factor for the successful culture of M. bovis 
from clinical samples. Appropriate collection and storage reduces the potential 
overgrowth of other bacteria and maximizes mycoplasma growth. It is 
recommended to store samples at 4 ºC, to keep the samples moist, and culture 
them within 24 hours [198]. If delayed culture is foreseen, the samples can be sent 
to the laboratory in mycoplasma broth kept at 4 ºC. If samples cannot be cultured 
within 2 days, they can be frozen. Freezing has been shown to cause a reduction 
of 1–2 log10 in the number of viable M. bovis in milk [163,205,206]. Mycoplasmas 
have a high nutritional demand because of their inability to synthesize amino acids 
and some fatty acids. Mycoplasma culture media should contain yeast extract, 
tryptone (amino acid sources), serum (sterol source), glucose and/or pyruvate 
(energy source), antibiotics to prevent the growth of other bacteria, and phenol red 
or another pH indicator for the detection of mycoplasma growth [198]. Cultures 
are incubated for 7 to 10 days at 37 °C in 5% CO2.  On solid culture media, M. bovis 
colonies have a typical “fried egg” appearance. The identification of mycoplasma 
species from cultures requires the use of a post-culture identification test, e.g., 
species-specific PCR. The limit of detection of M. bovis using culture has been 
estimated to be around 102 CFU/mL in milk or BAL [189,207]. The advantages 
and disadvantages of mycoplasma culture are presented in Table 3.

Another culture-based mycoplasma detection method is the use of MALDI-
TOF [208]. The direct transfer method, in which some bacterial mass is transferred 
from a colony to a detection plate, is not reliable for mycoplasmas due to their 
very small colony size and growth into agar [208,209]. Bokma et al. [210] have 
investigated the use of MALDI-TOF to detect M. bovis directly and rapidly from 
BAL samples. They cultured the samples from 24 to 72 hrs in mycoplasma broth 
with meropenem and vancomycin to suppress the growth of other bacteria. Most 
of the positive samples were detected after 48 hr of culture. The Se and Sp of the 
method was 86%, as determined by Bayesian latent class analysis.

2.3.2.2	 Culture-independent methods 

The most common culture-independent method for detecting M. bovis in various 
sample types is PCR. Both conventional and later rtPCR methods have been 
published. However, rtPCR has a faster turnaround time and some quantitation 
is possible. Some published PCR methods are based on 16S rRNA sequences. 
These sequences only differ in 8 nucleotide positions between M. bovis and M. 
agalactiae, hence making the development of 16S RNA-based methods very 
difficult [207,211]. One study compared the performance of conventional PCR 
methods in different laboratories [212]. Table 4 lists some rtPCR methods that 
have been developed to detect M. bovis in different clinical samples.  Methods 
based on the sequence of the DNA repair gene uvrC are the most common. This 
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gene has been shown to be highly conserved in M. bovis [213]. Some multiplex 
rtPCRs that detect several bovine Mycoplasma species in the same run have been 
published [214-217]. Several commercial rtPCR kits are available to detect M. bovis 
in mastitis milk and other types of bovine samples. 

Table 4. Published rtPCR methods to detect only M. bovis in various sample types.

Target gene Sample Limit of detection Reference

16S rRNA Milk, lung Milk: 550 cfu/ml milk;  
lung 650 cfu/25 mg

[218]

oppD Milk, nasal swab Milk: 272 cfu/ml [189]

uvrC Milk Milk sediment: 2x103 cfu/ml [219]

uvrC Milk, nasal swabs,  
joint fluid, semen

83 copies of uvrC gene in  
a PCR reaction

[220]

uvrC Milk, semen, swabs Milk: 130 cfu/ml; semen: 
1.3x105 cfu/ml; swab:  
1.3x106 cfu/ml

[215]

uvrC Milk, lung 40 copies of uvrC gene in a 
PCR reaction

[221]

Wisselink et al. [207] reported results from an interlaboratory trial of six 
laboratories that used five different DNA extraction methods, seven different 
real-time and/or end-point PCRs targeting four different genes, and six different 
rtPCR platforms. Despite the multiplicity of methods used, the study revealed 
comparable diagnostic performances for all of the tested PCR methods. Weak 
positive results (Ct values between 37 to 40) were obtained from some non-target 
Mycoplasma species. This highlights the importance of thorough assessment of 
the cut-off value during the validation of rtPCR tests in individual laboratories. 

Isothermal amplification methods to detect M. bovis in mastitis milk or NS/
BAL samples have been published. In particular, the recombinase polymerase 
amplification assay (RPA) can be performed at a low temperature (about 37 °C) 
and only takes 20 to 30 min to perform. Hence, it could be used as a point-of-care 
test in the future. Several RPA assays using either the lateral flow stick method to 
detect the PCR product or real-time RPA have been published [222-224]. The limit 
of detection of these assays is from 10 to 40 copies per reaction. Loop-mediated 
isothermal amplification (LAMP) is performed at higher temperatures than RPA 
(over 60 °C) and takes 30 to 60 min to perform. The result of a LAMP reaction 
can be detected visually. LAMP methods have been developed to detect M. bovis 
in respiratory samples [225] and different types of milk samples [226,227].

Other published culture-independent diagnostic methods include the use of 
DNA microarrays [228] and nanopore sequencing [229].
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2.3.2.3	 Serological diagnosis using an antibody ELISA

While successful culture or PCR detection relies on the presence of M. bovis in the 
sample, the purpose of an antibody test is to detect animals that have been exposed 
to the pathogen and have had time to develop a humoral immune response. Anti-M. 
bovis antibodies in serum and milk are usually detected using an indirect ELISA 
test. Several studies reporting results from a vaccine trial or an experimental 
challenge have used in-house ELISA tests to evaluate the serological response 
[157,230-234]. Comparing such results to evaluate, for instance, seroconversion 
and the longevity of antibodies is very difficult. Commercial ELISA tests are 
produced in a standardized manner, are quality controlled, and are generally 
available, making them more suitable for comparative studies. 

The commercially available ELISA kits BIO K 302 and BIO K 260 have been 
provided by Bio-X Diagnostics (Jemelle, Belgium) for quite a long time. The 
antigen used to coat the plates is the proprietary knowledge of the manufacturer. 
BIO K 302 was used to investigate the antibody response in cows over a 15-week 
period in herds that had mastitis, pneumonia, and/or arthritis symptoms and in 
which M. bovis had been confirmed in some samples. Both serum and composite 
milk samples were analyzed. The principal findings were that after an outbreak, 
seroconversion occurred early but showed a high level of variation between 
individual cows. Thus, serology does not appear to be suitable for individual 
animal testing, but it might be useful for detecting herd-level exposure to M. 
bovis. In this study, the individual antibody response in composite milk was only 
suitable for detecting cows that had had mastitis [235]. An Australian study using 
the same ELISA revealed that almost all studied cows (15/16) confirmed to have 
M. bovis mastitis 7–13 days prior to blood sampling had seroconverted [190]. From 
four Australian herds in which an M. bovis mastitis outbreak had occurred 40 
to 68 days before blood sampling, a total of 200 serum samples from randomly 
selected cows from the main milking herds were tested. The mean percentage 
of seropositive cows in the four herds was 76%, 40%, 20%, and 16%, and was 
highest in the two herds with the highest numbers of cows with M. bovis mastitis 
[197]. This result again suggested that BIO K 302 could be used in herd-level 
diagnosis at least up to 2 months after a mastitis outbreak. The antibody response 
of 83 young calves from the same herds as in study by Petersen et al. [236] was 
analyzed using BIO K 302 ELISA. Again, there was large variation in the antibody 
response between calves, and the ELISA test rarely detected antibodies in calves 
younger than 2 months of age. Although the tested calves either showed signs 
of M. bovis infection or were housed together with diseased calves, they rarely 
seroconverted. The authors concluded that use of BIO K 302 in calves under 3 
months of age cannot be recommended [236]. In a study using sera from Canada, 
England, and Australia, all from experimental challenge studies, WB and BIO K 
302 were compared. A recombinant fragment of VspA was used as the antigen in 
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WB. The Se for WB and BIO K 302 was 74% and 47%, and Sp was 88% and 96%, 
respectively [237]. This means that WB was more sensitive, i.e., detected more 
positive animals than BIO K 302, but was also less specific, meaning that some 
WB-positive animals were not truly diseased.

Wawegama et al. [238] developed an in-house ELISA based on a recombinant 
fragment of mycoplasma immunogenic lipase A (MilA). They compared the Se and 
Sp of the MilA ELISA with BIO K 302 using serum samples from an experimental 
challenge study. The Se for BIO K 302 and MilA was 37% and 87%, and Sp was 
95% and 90%, respectively [239]. The performance of this in-house ELISA was 
compared with BIO K 302 in the calf study by Petersen et al. [236]. The antibody 
response to MilA rose above the cut-off value in nearly all calves, and antibodies 
were detected from 3 weeks of age onwards, thus proving that the MilA ELISA 
was very sensitive compared to BIO K 302 in a field study and can be used in 
young calves.

The applicability of BTM antibodies for M. bovis diagnosis using BIO K 302 has 
been assessed in two studies [240,241]. In a Danish study, the main findings were 
that the BTM antibody level increased together with an increase in the number of 
antibody-positive cows among lactating cows, but the level of serum antibodies in 
young stock did not correlate with the BTM antibody level, and a high antibody 
level in BTM appears to be short-lived [240]. Parker et al. [241] found that in 
Australia, the BTM antibody level was mostly associated with the time since the 
start of an outbreak and it appeared that BIO K 302 BTM antibody measurement 
was quite reliable in predicting M. bovis exposure up to eight months after the 
outbreak. The within-herd seroprevalence explained little of the variation seen in 
the BTM antibody level. In conclusion, the use of BTM antibodies in herd-level M. 
bovis diagnosis is not without problems, and further studies on antibody dynamics 
and longevity are warranted.
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2.3.3	 Molecular epidemiology 

Several molecular microbiological tools have been used in the past to study the 
genetic structure of M. bovis populations (usually within a country) and to trace 
transmission routes, as well as to determine whether clones linked to special 
disease outcomes such as mastitis or pneumonia exist. These methods have mostly 
been based on DNA fragment fingerprints: random amplified polymorphic DNA 
[184,243], amplified fragment length polymorphism [74,243,244], pulsed-field 
gel electrophoresis ([77,244-248], and multiple locus variable number of tandem 
repeats analysis [184,249-252]. Additionally, insertion sequence typing has been 
used in some studies [105,253,254].

These methods have now largely been replaced by DNA sequencing-based 
analyses. MLST is based on the sequencing of a few, usually seven, well-conserved 
loci. Each novel sequence variant at each locus is given a number in order of 
discovery, and the numbers together form an allelic profile (e.g., 3–5–2–4–6–
9–2), which is then assigned an arbitrary sequence type (ST) number [255]. 
The advantage of MLST is that sequence data are unambiguous, electronically 
portable, and the central curated database PubMLST (https://pubmlst.org) holds 
the reference allele sequences and lists of STs for individual organisms. Two 
MLST typing schemes for M. bovis based on seven completely different loci were 
proposed at the same time [256,257]. The scheme proposed by Register et al. [257] 
became the curated one in PubMLST. This scheme proved to be informative and 
discriminative and showed how international cattle trade has led to the expansion 
of certain STs into many countries and continents [248,258,259]. However, it soon 
became evident that some M. bovis strains did not possess the adh-1 gene, one of 
the seven genes used in the MLST scheme [260,261]. Register et al. [262] found that 
the adh-1 locus was absent in 1.4% of isolates obtained prior to 2011, compared to 
14.2% of isolates originating after that time. This locus in the scheme was replaced 
by the dnaA locus. The discrimination index of the new scheme is 0.914 and it 
differentiated 88 STs among 448 isolates analyzed [262]. Of note, M. bovis strains 
circulating in Denmark, Sweden, and Finland after 2010 were all found to belong 
to ST29. This ST was also detected in mastitis isolates from Israel from the years 
2012 to 2017 and one pneumonic isolate from Hungary from 2016 [263].

The development of next generation sequencing methods has reduced the 
cost of sequencing whole genomes, as well as the time needed for this. One 
of the biggest challenges is how to analyze the vast raw read data in a fit-for-
purpose manner. Basically, in the epidemiological and phylogenomic analysis 
of bacteria, three approaches are used: wgSNV, cgMLST, and wgMLST. wgSNV 
compares single nucleotide differences between isolates either in comparison to a 
reference genome or utilizing bioinformatic tools without the need for a reference 
genome. This approach can give high resolution, but the drawback is the low 
comparability between different studies (i.e., due to different SNV threshold 
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settings and different reference genomes used) [264]. Cg/wgMLST methods assess 
the allele diversity of all the genes universally found in a particular genus using 
gene-by-gene comparison. The problem with these methods is how to define the 
core and accessory genome of a species and how to make these allele schemes 
internationally accepted to be able to have a central curated database [264]. No 
publicly available cg/wgMLST scheme yet exists for M. bovis, but ad hoc schemes 
have been used [164,265].

WgSNV analysis to infer genetic diversity and phylogenomics in different M. 
bovis populations has been used in several studies [263,265-269]. In the studies of 
Parker et al. [266] and Bokma et al. [267], the genome of M. bovis PG45 was used 
as a reference genome, whereas other studies used the kSNP tool [270] without 
genome alignment on a reference genome. Australian strains were found to be 
very homogeneous, with 50 SNV at maximum between any two isolates, and 
no body site/disease-specific isolates could be found [266]. In contrast, Belgian 
isolates were divided into five clusters and SNV ranged from 60 to 1512 within 
a single cluster. Globally, Belgian isolates clustered with Israeli, European, and 
North American isolates. No genotypically specific strains were found within the 
beef, dairy, or veal calf sector [267]. Yair et al. [269] demonstrated that wgSNV 
analysis clustered the isolates included in their study based on geographical 
origin: strains from Europe clustered together and separately from Chinese and 
Australian strains. Israel imports thousands of calves every year from European 
countries and Australia, so it was not a surprise that these Israeli isolates were 
found in both clusters. Interestingly, a dominant genotype among Israeli mastitis 
isolates was seen. Kumar et al. [268] conducted a large-scale comparative analysis 
of 250 M. bovis genomes, including 70 isolates from bisons. They confirmed the 
results of Yair et al. [269], showing that Australian strains formed their own clade 
together with Chinese and some Israeli strains. USA isolates displayed high genetic 
variation and were dispersed into five different clades. Four of these were only 
occupied by the USA isolates and the fifth contained Canadian and USA isolates 
and one isolate each from Switzerland, Israel, and Lithuania. There was no clear-
cut clustering based on host origin (cattle or bison). Tardy et al. [263] examined a 
collection of strains from the 1980s and 1990s and contemporary strains mainly 
from Denmark and found that a new clonal type had emerged in Denmark at 
some time after 2008, which has since 2011 been the dominant type. The same 
clone has spread to Sweden and Finland and was also seen to some extent among 
isolates from the Netherlands, but not in France.

Ad hoc cgMLST was compared with cgSNV analysis using a collection of 129 
Canadian isolates from feedlots. These two methods provided similar phylogenetic 
resolution and produced similar topology of the strains when the results were 
visualized using minimum spanning and neighbor-joining tree methods. However, 
the highest resolution was provided by the wgSNV method, and this approach 
was less sensitive than cgMLST and cgSNV to poor-quality sequence data [265]. 
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Interestingly, in the study of Tardy et al. [263], cgMLST (500 genes in that study) 
provided better resolution than wgSNV analysis, but the reason for this was not 
discussed.

Kumar et al. [268] also conducted core and pangenome analysis across 250 
isolates and found 283 conserved and a pangenome of 1186 coding sequences, 
respectively. M. bovis appears to have an open pangenome that will grow with the 
addition of new genomes to databases. McInerney et al. [271] demonstrated that 
genes in the accessory genome most likely aid bacteria in adapting to different 
niches, so in the future, analysis of the M. bovis accessory genome might provide 
valuable information on how this species, for example, occupies different body 
sites. Another interesting finding in the study by Kumar et al. [268] was that the 
number of vsp genes appeared to be reduced in many isolates from the 13 genes 
seen in PG45, and some were highly distinct at the sequence level compared to 
PG45. This warrants further sequence-level comparisons of vsp genes, as these 
differences might affect the adhesion properties of these strains, as well as the 
usefulness of Vsps in anti- M. bovis antibody studies.

2.4	 Control of M. bovis

2.4.1	 Vaccination

Several research groups have developed experimental vaccines against M. bovis 
respiratory disease without much success (reviewed in [5,272]). The vaccine types 
tested have either been bacterin vaccines in which the mycoplasma cells have 
been inactivated with formalin or saponin [157,230,273-275] or subunit vaccines 
containing different recombinant proteins deemed to be immunogenic, as well as 
different membrane fractions [231-234]. These vaccines have been administered 
subcutaneously. In one study, several passages of the investigated M. bovis strain 
led to attenuation in virulence, and this attenuated strain was used as a live vaccine 
intranasally [276]. Most of the tested vaccines have been found to produce a good 
antibody response in young calves, but vaccinated animals are not significantly 
protected against M. bovis challenge, and in some studies, the vaccine appeared 
to exacerbate the disease. Commercial bacterin vaccines are licensed in the USA. 
These have been studied in two field trials including dairy calves vaccinated at the 
age of 3 days and boosted 11 days later [277] and veal calves vaccinated at the age 
of 4 weeks [278]. Both studies concluded that none of the commercial vaccines 
was efficacious in preventing M. bovis-associated disease, despite increased serum 
antibody titers, and in one dairy herd, significantly more otitis media was recorded 
in vaccinated calves. Due to the increased respiratory disease burden caused by 
M. bovis in British cattle herds, a commercial bacterin vaccine was temporarily 
given a license into the UK and is now being evaluated in the field [62].
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There are many challenges in M. bovis vaccine development. One is the lack 
of a challenge model that would consistently reproduce the respiratory disease 
and produce it in the magnitude seen in field cases. Kanci et al. [158] described 
the reproduction of M. bovis-associated respiratory disease in calves using an 
aerosolized mycoplasma culture. This method could be applicable in the future 
in vaccine testing. It is known that the immune response to M. bovis in calves is 
skewed to the Th2 response and IgG1 production, but a successful vaccine probably 
also needs to induce a Th1 response to aid in shaping the antibody response 
towards IgG2 [5]. Because M. bovis is not the only player in the BRD complex, it 
should ideally be included in a multivalent BRD vaccine. Several M. bovis complete 
genomes have been published, but a detailed comparative analysis to increase our 
understanding of the genetic and antigenic variability among different strains is 
lacking. These analyses could pave the way to applying a systems vaccinology 
approach to construct an efficient vaccine [279]. 

2.4.2	 Treatment and antibiotic resistance

Until effective vaccines are available, biosecurity, sanitary preventive measures, 
and antibiotic treatment are the methods to control M. bovis infections. 
Mycoplasmas lack a cell wall and cannot synthesize folic acid, making them 
intrinsically resistant to β-lactam antibiotics, glycopeptides, and sulfonamides/
trimethoprim. They are also naturally resistant to polymyxins, rifampicin, and 
quinolones such as nalidix acid [280]. The most widely used antibiotics to treat 
M. bovis infections are tetracyclines, macrolides, tilmicosin, florfenicol, and 
fluoroquinolones [280,281]. In general, antibiotic treatment of M. bovis infections is 
unrewarding. First, control of the infection requires the early detection of M. bovis, 
and treatment needs to be started early to prevent inflammatory tissue changes 
such as caseonecrotic foci in the lungs. If this happens, it will further decrease the 
effect of antibiotics [63]. Secondly, antibiotic resistance in contemporary M. bovis 
isolates is growing [263,281-287]. Having stated this, no standard exists for the 
in vitro determination of antibiotic activity against veterinary mycoplasmas, and 
neither have breakpoints been defined. The International Research Programme on 
Comparative Mycoplasmalogy has proposed recommendations for antimicrobial 
susceptibility testing of animal mycoplasmas [288]. However, variations from 
the recommended method have been reported, making it difficult to compare the 
results from different studies [281]. Examining the report of Klein et al. [287], in 
which isolates from 2012 to 2016 from France, Italy, Hungary, Great Britain, and 
Spain were examined, MIC90 values (mg/L) were as follows: oxytetracycline 32, 
florfenicol 8, enrofloxacin 8, danofloxacin 1, tylosin, tilmicosin, tulathromycin, 
and gamithromycin all >64. Isolates from France, Great Britain, and Hungary 
had MIC90 values for enrofloxacin of 0.5 to 1 mg/L, whereas strains from Italy 
and Spain showed MIC90 values of 16 and 32 mg/L, respectively. Based on CLSI 



34

Review of the literature

clinical breakpoints for bovine respiratory pathogens, this means that no effective 
antibiotics against M. bovis are available in Italy and Spain, and in other countries, 
the only option seems to be fluoroquinolones. However, fluoroquinolones belong 
to highly critical and important antibiotics in human medicine, and their use 
in veterinary medicine should only be as a last resort after sensitivity testing 
has been conducted, and when no other antibiotic would be clinically effective 
[289]. Godinho [290] suggested that a high MIC for tulathromycin (>64 mg/L) 
does not necessarily mean a lack of clinical efficacy, as a high MIC strain was 
effectively treated in a clinical trial. The contemporary clone in Nordic countries is 
resistant to oxytetracycline and tilmicosin, intermediate to resistant to florfenicol, 
and sensitive to enrofloxacin [263]. The first-line treatment recommendation in 
Finland for BRD is oxytetracycline and the second line is benzylpenicillin or 
macrolides [291].

Mycoplasmas do not harbor plasmids. The resistance mechanisms described 
in M. bovis are point mutations in their chromosome, leading to modification of 
the binding site of the antibiotic. Resistance to tetracyclines and spectinomycin 
is associated with mutations in 16S rRNA. Mutations in 23S rRNA and proteins 
L4/L22 are associated with macrolide, florfenicol, and lincosamide resistance. 
Fluoroquinolone resistance is caused by mutations in DNA gyrase and/or in DNA 
topoisomerase IV [259,280,292-299].

2.4.3	 Eradication 

Once M. bovis has established itself in a multi-age cattle farm, eradication can 
be difficult [300]. Two studies have described eradication in a single dairy herd 
suffering from M. bovis mastitis. The eradication was based on the efficient 
identification and culling of infected cows [301,302]. Respiratory disease and 
arthritis occurred in calves, but no control measures applied to young stock were 
described ([302]. In contrast, Brys et al. [303] described how M. bovis-free raising 
of animals is possible in a dairy farm with M. bovis-associated disease. This 
method involved the transfer of newborn female calves immediately after birth 
to an isolated calf barn and keeping them separate from other cattle until they 
calved. Intensive NS and antibody testing over a 30-month period did not show 
evidence of M. bovis infection in these animals. Some Finnish dairy farms have 
successfully applied this method combined with culling of all M. bovis mastitis 
cows to achieve a low-risk status [304]. In Ireland, the Teagasc Research Centre 
herd had to be depopulated due to an animal testing positive for bovine spongiform 
encephalopathy. When the herd was restocked, only animals that were negative 
in anti-M. bovis ELISA testing were purchased. The herd’s M. bovis-free status 
had been held for at least two years after restocking [305].

New Zealand (NZ) was free of M. bovis until July 2017, when an outbreak 
occurred in a dairy herd. A year after this, NZ decided to attempt national 
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eradication. This was based on extensive testing of BTM samples for antibodies, 
and in the case of a positive finding, further testing of individual cow serum 
samples for antibodies, as well as serological testing of fattening cattle at three 
stages [306]. Positive premises are depopulated, cleaned, and restocked after a 
pause in production for a couple of months. As of April 2022, altogether 272 
premises had tested positive and 270 had already been declared free of infection 
[307]. WGS of several hundred isolates has demonstrated that one type or at 
maximum three very closely related strains had entered the country either at the 
end of 2015 or the beginning of 2016. This also supports the idea that eradication 
is feasible.

2.4.4	 Controlling the spread of mycoplasmas through  
bovine semen trade

The number of frozen and liquid cattle semen doses sold globally for AI is over 232 
million and 11 million, respectively [308]. Theoretically, semen from one M. bovis 
infected bull could result in the production of numerous contaminated semen 
straws. M. bovis has been shown to remain alive in semen straws stored in liquid 
nitrogen for years [42]. Experimental inoculation studies have demonstrated the 
infectivity of M. bovis in the female reproductive tract [95,309,310]. Transmission 
of Campylobacter fetus, leptospires, and mycoplasmas through semen trade is 
controlled by EU legislation (implementing act 2020/686) and the OIE Terrestrial 
Code (chapter 4.7.7), which state that antibiotics or mixtures of antibiotics 
that are effective against the above-mentioned bacteria must be added to 
semen or contained in semen diluents. The mixtures of antibiotics mentioned 
in EU legislation and the OIE Code are gentamicin (250 μg), tylosin (50 μg), 
lincomycin-spectinomycin (150/300 μg), penicillin (500 IU), streptomycin (500 
μg), lincomycin-spectinomycin (150/300 μg), amikacin (75 μg), and divekacin 
(25 μg). The GTLS mixture was originally developed and efficacy tested against 
bacteria, including M. bovis, by Shin et al. [311]. However, in their studies, the 
concentration of each antibiotic was double the concentration mentioned in the 
EU implementing act and OIE Code. CSS in the USA has adopted the method 
described by Shin and colleagues. Visser et al. [312] have argued that the GTLS 
mixture according to Shin is at best mycoplasmastatic and is not capable of totally 
eliminating M. bovis. Increased resistance to several antibiotics in contemporary 
M. bovis strains can further complicate the use of antibiotics in semen extender 
to control M. bovis transmission.

2.4.5	 Finnish M. bovis control program
The Finnish M. bovis control program was established in 2013 and is administered 
by the Naseva register [313].  The costs of sampling, laboratory testing, and herd 
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health visits are financed by farmers. The main aim of the program is to reduce 
the risk of transmitting infection to dairy and suckler cow herds through animal 
trade. This further improves animal welfare and reduces the use of antibiotics in 
calf-rearing units. The key elements of the program are regular testing of QMS 
samples from mastitis cases using PCR including M. bovis, the monitoring and 
sampling of animals showing suspected clinical signs, nasal swab sampling of 
calves, and the control of animal trade. Meat inspection data are also followed, 
because a study by Haapala et al. [314] demonstrated that lung lesions are more 
common in infected herds. The program is described in Table 7. The herds at the 
Naseva national level should be free of M. bovis. Infected herds obtain financial 
support to pay for testing. They reach the national level after three negative 
samplings of NS from calves taken at 4- to 8-month intervals and after having 
negative results from regular QMS and BTM sampling. Herds at the national 
level can join the voluntary control program. The herds in the control program 
are categorized into level B (joining level) and the highest level A. The M. bovis 
status of the herd is documented in the Naseva register and this information is 
available to authorized users. The use of health certificates is obligatory when 
purchasing cattle or attending cattle shows. 
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3	 AIMS OF THE STUDY

The general aim of this thesis study was to gain knowledge of the characteristics 
of M. bovis infections in Finnish dairy farms, to investigate a possible new 
transmission route of M. bovis infection, and to evaluate methods that can be 
used to control M. bovis infections. The specific objectives were as follows:

1.	 To describe and improve understanding of the characteristics of M. bovis 
infection on Finnish dairy farms;

2.	 To investigate the dynamics of the antibody response in young stock and cows 
on dairy farms recently infected with M. bovis using two different ELISA tests;

3.	 To evaluate the use of BTM serology and PCR to detect M. bovis infection;
4.	 To investigate the possible role of contaminated commercial semen as a route 

of transmission of M. bovis into naive dairy herds;
5.	 To assess the efficacy of different antibiotics in destroying M. bovis in 

commercial bovine semen production;
6.	 To evaluate the suitability of NS and NP sampling of young calves in the M. 

bovis control program;
7.	 To determine the most cost-efficient way to detect M. bovis in acute BRD;
8.	 To evaluate different methods to isolate M. bovis DNA from extended bovine 

semen.
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4	 MATERIALS AND METHODS

4.1	 Study herds and grouping of the farms A to S according 
to their infection status (I, II, III)

Animal Health ETT has maintained a voluntary M. bovis control program in 
Finland since 2013. All dairy herds found to be infected with M. bovis during 2013 
to 2016 were encouraged to participate in the control program and the research 
project “Mycoplasma bovis in dairy herds”. Study I included 19 recently infected 
dairy herds (herds A to S in study I, herds 1 to 19 in study III). Infection with M. 
bovis had not previously been detected in any of the herds, despite continuous 
mastitis pathogen testing, including real time PCR for the detection of M. bovis. 

The farms were advised to cull cows with mastitis caused by M. bovis, to avoid 
purchasing new animals, to house calves separately from the cows, not to feed 
mastitis milk to calves, and to follow appropriate hygiene measures. 

To analyze the seroprevalence and dynamics of herd M. bovis antibodies in 
study I, the study herds were classified into six infection status groups based on 
the detection of M. bovis at each visit. A sampling visit was considered positive 
if M. bovis was detected in the herd by real-time PCR or the culture of NP or NS 
swabs, or in clinical, post-mortem, or mastitis samples, with the status at each 
visit classified as positive or negative. 

In study II, herd data from farms X and Y were collected using the centralized 
health care register Naseva [313] and using a questionnaire. Insemination data 
(dates, bulls, and lots) were gathered from the Finnish Animal Breeding Association 
(FABA). The distance to the closest cattle farm was determined from a national 
register.

4.2	 Sampling scheme in the study herds (I, III)

Veterinarians visited each of the farms A to S (I), which were the same as farms 
1–19 in study III, four times, at approximately 6-month intervals. Two more dairy 
herds (herds 20 and 21, study III) were sampled twice with a six-month interval, 
and nine herds (herds 22 to 30, study III) were sampled once. During each visit, the 
veterinarian collected NP and NS swabs from calves between one week and nine 
months of age. A total of 5 NP and 10 to 20 NS swabs were collected at each visit, 
depending on the number of calves on the farm. In herds with a sufficient number 
of young stock, 15 serum samples were collected from each age group of the young 
stock (3–6, 6–9, and 9–12 months of age) and from cows, with a maximum of 65 
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blood samples collected per herd (I). Farmers were advised to carefully monitor 
cattle for mastitis and other clinical signs and to submit QMS samples from all 
cases of subclinical and clinical mastitis for real-time PCR testing, as well as 
monthly BTM samples for rtPCR and ELISA antibody testing. As part of the 
study, the farms could send other clinical samples, including calves with a disease 
suspected to have been caused by M. bovis, for post-mortem examination (I). 

Nasal swabs (Transystems, Copan, Brescia, Italy) were taken prior to NP (I, 
III) and BAL (only in III). The nostrils were cleaned with a paper towel and the 
swab was inserted into a nostril to a depth of ~13 cm. Two nasal swabs, one for 
PCR and one for mycoplasma culture, were simultaneously collected from calves 
with acute respiratory disease (III) and one NS was taken from healthy calves in 
dairy herds (I, III). NP swabs were taken with 27-cm-long guarded swabs (Medical 
Wire Equipment Ltd, Corsham, England). The sheathed swab was inserted into the 
ventral nasal cavity approximately one centimeter rostral to the medial canthus of 
the eye, and the swab was advanced a few centimeters to the nasopharynx area and 
rotated. The swab was withdrawn into the sheath before removal. BAL samples 
were collected using a self-made sterile guarded plastic catheter inserted through 
the nose into the trachea. The inner catheter was pushed out and advanced until it 
wedged in a bronchus. Thirty to forty milliliters of sterile prewarmed 0.9% saline 
was injected and immediately aspirated back into the syringe. The NP swabs 
intended for mycoplasma culture were soaked in D broth [315], and 0.5 ml of the 
BAL sample was transferred into D broth. The samples were transported to the 
laboratory within 24 hours in styrofoam boxes with a freezer pack.

4.3	 Mycoplasma culture and DNA extraction from broth 
cultures, NS, and semen samples (I–IV)

Samples in D broth were diluted tenfold up to 10-2 in F broth [316] in tightly closed 
tubes. The broths were incubated at 37 °C for 3–5 days, and growth and color 
change were monitored every second day. All broth cultures were examined for 
the presence of M. bovis by rtPCR, and suspected positive cultures were sub-
cultured onto F medium plates [316]. The plates were incubated in 5% CO2 at 
37 °C for seven days and inspected every second day under the microscope for 
mycoplasma colonies.

DNA was extracted from broth cultures as follows: 200 µl of the culture broth 
was boiled for 5 min followed by centrifugation at 12,000 g for one minute. The 
supernatant was used as a template in rtPCR. DNA extraction from NS was 
performed according to Sachse et al. [189]. In study II, DNA was extracted from 
semen straws using the QIAamp Mini kit (Qiagen, Hilden, Germany) following 
the manufacturer’s protocol for blood and body fluids. Three different protocols 
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to extract DNA from spiked semen were compared in study III. In each method, 
200 µl of semen was used as starting material. Method 1 was automated DNA 
extraction using a QIAcube robotic workstation (Qiagen, Hilden, Germany) and 
the blood and body fluids protocol with the QIAamp DNA mini kit. The elution 
volume was 150 µl. In method 2, 200 µl of semen was combined with 200 µl of 
2% Triton-X 100 (Sigma Aldrich) in 10 mM Tris – 1 mM EDTA (pH 8) buffer. 
The sample was thoroughly vortexed and pelleted at 13,000 g for 5 min. DNA 
was extracted from the pellet using the QIAcube robotic workstation and the 
bacterial protocol with the QIAamp DNA mini kit. The elution volume was 150 
µl. Method 3 was modified from the OIE Terrestrial Manual method to isolate 
DNA from bovine semen for herpesvirus PCR (chapter 3.4.11, adopted May 2017). 
In method 3, 200 µl of semen was centrifuged at 13,000 g for 10 min and the 
supernatant was discarded. The pellet was mixed with 200 µl of InstaGene™ 
matrix (Bio-Rad, Helsinki, Finland), 5.8 µl of proteinase K (20 mg/ml), and 7.5 µl 
of DL-dithiothreitol (1 M). Samples were incubated at 56 °C for 30 minutes and 
then vortexed at high speed for 10 seconds. The tubes were boiled in a water bath 
(100 °C) for 8 minutes and then vortexed at high speed for 10 seconds. Then, the 
tubes were centrifuged at 10,000 g for 3 minutes. The supernatant was transferred 
into a new microtube and stored at -20 °C.

4.4	  M. bovis rtPCR (I–IV)

An rtPCR assay targeting the oppD gene of M. bovis as described by Sachse et 
al. [189] with minor modifications was used throughout all studies to detect M. 
bovis. Minor modifications included the use of pUC19 as an internal amplification 
control, as described in Fricker et al. [317]. BHQ1 was used instead of TAMRA in 
the pUC19 probe. rtPCR reactions were run using the CFX96 Touch Real-Time 
PCR Detection System (Bio-Rad Laboratories, CA, USA).

QMS and BTM samples were analyzed by private laboratories using 
a commercial rtPCR assay for 16 mastitis pathogens, including M. bovis 
(Pathoproof® Complete 16-kit, Thermo Fisher Scientific, Finland), according to 
the manufacturer’s instructions.

4.5	 Detection of M. bovis-specific antibodies (I)

Two ELISAs were used to detect M. bovis-specific antibodies, the Bio K260 (Bio-X 
Diagnostics, Jemelle, Belgium) commercial ELISA and the in-house MilA ELISA 
[238]. The Bio K260 ELISA was performed according to the manufacturer’s 
instructions. The MilA ELISA was performed as described previously [238], with 
the concentration of M. bovis-specific antibodies in each sample calculated in 
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antibody units (AU) by comparison with a series of standards on each plate using 
an ELISA analysis program (http://www.elisaanalysis.com). A result of >135 AU 
was interpreted as positive. 

BTM samples were analyzed using both ELISA tests. For the Bio K260 ELISA, 
1 mL of the BTM was centrifuged at 4000 g for 20 min and 100 µl of middle 
layer (skim milk) was used in the ELISA. For the in-house MilA ELISA, the BTM 
samples were diluted 1:20 before analysis. The concentrations of anti-M. bovis 
antibodies in the BTM samples collected at or near the sampling visits (n = 68, 
study I) were compared with the mean concentration of anti-M. bovis antibodies 
in the serum samples collected from the cows in the herd at the same visit over 
all four visits.

4.6	 WGS and cgMLST

WGS was used to compare the genomes of M. bovis isolates from farms X and Y 
and bull semen, seven isolates obtained from 2012 to 2015 from diseased cattle 
in Finland, and one isolate from Estonia. WGS was performed at the Danish 
Technical University, Department for Biotechnology and Biomedicine, Lyngby, 
Denmark using the Nextera XT kit (Illumina, San Diego, CA, USA) and Illumina 
300 bp paired-end sequencing.

cgMLST analysis of the sequencing reads was performed by creating an ad hoc 
cgMLST scheme using Ridom SeqSphere+ (Ridom GmBH, Münster, Germany) 
software. De novo assembly of the reads was carried out using Velvet assembler 
1.1.04 in Ridom SeqSphere+ software. Automated k-mer and coverage cut-off 
optimizations were performed for each assembly. The BLAST-based target definer 
function [318] of the software was operated to identify 527 core genome and 168 
accessory genome target loci from the M. bovis reference strain PG45 and seven 
other complete M. bovis query genomes obtained from GenBank. A minimum 
spanning tree within the software was constructed to visualize the result.

4.7	 Experimental inoculation of semen with M. bovis and 
antibiotic treatments (IV)

All studies were conducted in the laboratory of an AI center producing commercial 
AI straws using industrial-scale procedures. This was possible because the semen 
production ceased in this center after these experiments. Semen from three bulls 
was collected into sterile collection tubes at the AI center of Viking Genetics, 
Hollola, Finland. The motility of each semen batch was evaluated microscopically 
at 200x magnification using prewarmed glass slides and coverslips. The viability 
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and concentration of each batch was analyzed using flow cytometry (CyFlow, 
Partec, Germany). Pooled raw semen (0.3 ml) was cultured in F broth to detect 
possible mycoplasma contamination. The final sperm cell concentration was 12–13 
million per straw. Based on the weight and concentration, the volume of extender 
was calculated.

Two M. bovis strains were used in spiking: a wild-type isolate from commercial 
AI straws, strain 198, and reference strain ATCC 27368. The strains were cultured 
in F broth in closed tubes at 37 °C for 70 ± 2 h. High (108 CFU/ml) and low (105 
CFU/ml) concentration stock solutions were prepared. To verify the M. bovis 
concentration of the stocks, tenfold dilutions were prepared and plated on F plates. 
The plates were incubated at 37 °C in 5% CO2 for 7 days and colony-forming units 
were counted.

Semen from the three bulls was pooled and divided into 30 aliquots, which 
were kept at 32 °C. A commercial animal protein-free extender base containing 7% 
glycerol was used in all protocols. Six antibiotic protocols were compared: 1) GTLS 
(500/100/300/600 μg/ml, respectively) fresh antibiotic-supplemented extender; 2) 
raw semen treated with GTLS fresh antibiotics for 3 minutes and further extended 
with GTLS (500/100/300/600 μg/ml, respectively) fresh antibiotic-supplemented 
extender (according to Certified Semen Services (CSS) requirements), later called 
CSS GTLS; 3) GTLS (250/50/150/300 μg/ml, respectively) antibiotic-supplemented 
extender (ready-to-use liquid concentrate containing antibiotics), according to the 
OIE code, Article 4.7.7, later called EU GTLS, 4) ofloxacin 100 μg/ml (Sigma Aldrich 
33703) antibiotic-supplemented extender or 5) ofloxacin 400 μg/ml antibiotic-
supplemented extender, and 6) extender without antibiotics as a control. The final 
concentration of the M. bovis strains in extended semen was either 106 CFU/ml 
or 103 CFU/ml. F broth was used as a negative control in each antibiotic/extender 
aliquot. All extenders, antibiotics, and F broth were kept at 32 °C before adding 
to semen. All protocols except number 2 (CSS GTLS) included dilution of the 
semen 1:1 in extender (with or without antibiotics) and Friis broth containing 
either 108 or 105 CFU/ml M. bovis ATCC or wild type. In protocol 2 (CSS GTLS), 
GTLS was first diluted 1:4 in sterile water and 38 µl was added to neat semen (380 
µl) and M. bovis culture (118 µl) yielding the same antibiotic concentration as if 
20 µl GTLS mixture (500/100/300/600) would have been added directly to raw 
semen. After 3 min incubation at 32 °C, the semen was further diluted 1:1 with 
extender containing GTLS. All aliquots were then incubated for one hour at 34 °C, 
after which they were further diluted with extender with or without antibiotics 
to give a final concentration of 56 million sperm cells/ml. The temperature of the 
aliquots was then allowed to stabilize to room temperature (approximately one 
hour), after which an automatic semen straw filling and sealing machine (MPP 
Quattro, Minitube, Germany) was used. Semen was packed into 0.25-ml straws. 
After packing, the straws were cooled to 17 °C for one hour and further cooled 
rapidly to 4 °C. The straws were kept at 4 °C overnight and deep-frozen in an 
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industrial semen straw freezer (Digitcool 5300, IMV, France) the next morning. 
Cryopreserved straws were stored in a liquid nitrogen storage tank (-196 °C) until 
analyzed.

After five weeks of storage in liquid nitrogen, 18 straws from each of the 30 
trial lots were randomly retrieved from the nitrogen tank. They were divided into 
three pools each consisting of six straws. The straws were thawed and the content 
of the six straws was pooled. From each pool, 0.6 ml of semen was used in three 
different DNA extraction procedures described in section 4.3, and 0.3 ml of semen 
was placed into 2.7 ml of F broth. Ten-fold dilutions up to 10-5 were prepared in 
F broth in tightly closed tubes. The broth cultures were incubated at 37 °C for 14 
days. From each trial lot, all broth culture dilutions from 10-2 to 10-4 were tested 
for M. bovis at the latest immediately after the 14-day incubation period. 

4.8	 Determination of MIC

MICs were determined using custom-made Sensititre plates (Thermo Fisher 
Scientific, United Kingdom). The antibiotics tested were tylosin (concentration 
range 0.5–32 µg/ml), lincomycin (0.25–32 µg/ml), spectinomycin (2–128 µg/
ml), enrofloxacin (0.03–2 µg/ml), and danofloxacin (0.03–2 µg/ml). Testing was 
performed according to Ayling et al. [282] and Heuvelink et al. [283]. Briefly, a 
suspension containing 5% growth indicator alamarBlue (Thermo Fisher Scientific, 
United Kingdom) in F broth without antibiotics and M. bovis 5 x 105 CFU/ml 
was prepared and 200 μl of the suspension was pipetted into each well of the 
Sensititre plates. The plates were sealed and incubated at 37 °C for 48 ± 1 h and 
read visually, with a blue color indicating no growth and red indicating growth 
of the isolate. The MIC was the lowest  concentration of antibiotic completely 
suppressing growth (blue color).

4.9	 Statistical analyses

In study I, all statistical analyses were carried out using GraphPad Prism version 
7.02 (GraphPad, San Diego, CA, USA). The significance of the differences in 
the proportions of positive animals at each visit in each infection group was 
calculated using one-way ANOVA and Tukey’s multiple comparison test. P < 0.05 
was considered significant. The median herd size was calculated, and Pearson’s 
correlation coefficient was calculated to assess the association between herd size 
and the infection status of the farms, and the association between the BTM anti-
MilA and serum anti-MilA antibody concentrations of the cows.

In study III, the agreement among sampling and detection methods was 
evaluated by calculating the proportion of positive agreement (PPA), the kappa 
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coefficient, and the corresponding p-value for kappa using Epitools Epidemiological 
Calculators [319]. The kappa coefficient was interpreted according to McHugh [320]: 
0–0.20 no agreement, 0.21–0.39 minimal, 0.40–0.59 weak, 0.60–0.79 moderate, 
0.80–0.90 strong, and above 0.90 almost perfect agreement. To determine whether 
NS and NP sampling differed significantly in the ability to assess a herd visit as 
positive, McNemar’s chi-squared test was conducted. Significance was set at P < 
0.05. 
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5.1	 Characteristics of M. bovis infection in the study herds 
A to S (I)

The study farms A to S were examined for M. bovis over the two-year study period 
using several sampling and study methods. Table 8 presents the size of the herds, 
the type of index case, the number of M. bovis mastitis cases detected in the herds, 
and the number of milk and post-mortem samples collected by the farmers.

The index case was clinical M. bovis mastitis on 17 farms and calf pneumonia 
on two farms. No cases of mastitis caused by M. bovis were detected over the two-
year study period on these two farms. The herd size varied from 18 to 268 cows. 
The median size of the herds was 61 cows and there was a positive, moderate 
correlation between the herd size and the infection status of the farm (Pearson r = 
0.6). In total, 3268 quarter milk samples were tested during the two-year period. 
Only 51 cows out of approximately 1600 cows on farms A to S had M. bovis mastitis. 
The highest apparent M. bovis mastitis prevalence of 7% was observed in herd I, 
and a prevalence of 4.4% was seen in herds C and N, whereas in eight herds, only 
one case was detected. Mastitis cases mainly (88%) occurred within the first eight 
weeks after the index case (I, Table 4). On most farms, cows with M. bovis mastitis 
were isolated and slaughtered or culled as soon as possible after the detection of 
infection. A total of 22 samples from 10 farms were submitted for post-mortem 
examination. M. bovis was isolated from 12 of these samples, from seven farms. 
All M. bovis-positive post-mortem samples were taken before sampling visit 2. 

Table 9 presents the infection status of each of the herds, the number of calves 
from which NS and NP (only 4 to 6 calves per herd per visit) samples were taken 
and the percentage of M. bovis-positive calves. As most (48/51) M. bovis mastitis 
cases and all M. bovis-positive post-mortem samples were detected between the 
time from the index case and sampling visit 2, the grouping of herds into different 
infection status groups was based on the detection of M. bovis in NS and/or NP 
samples from calves. On infection status S0 farms (n = 2, herds K and M), M. 
bovis was only detected in the index case and was not isolated at any other time 
throughout the study period. On four farms (infection status S1, herds J, O, P, and 
Q), M. bovis was only detected in the first half of the first study year, and on two 
farms (infection status S2, herds B and F), it was detected throughout the first 
year of the follow-up period. In 11 herds (infection status S3, herds A, E, I, and N; 
infection status S4, herds C, D, and S; and infection status Sx, herds G, H, L, and 
R), M. bovis was detected after the first year, and the majority of these farms had 
large herds in loose housing barns. The results of NS rtPCR and NP culture from 
herds A to S are presented in study III, in which these herds are coded as herds 1–19. 
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Table 9. Number of studied calves per herd per sampling visit 1 to 4, and percentage of 
M. bovis-positive calves. A calf was M. bovis-positive if the rtPCR from NS and/or culture 
from NP was positive.

Herd
Infection 

status

No. of 
studied 
calves 1

% 
positive 
calves 1

No. of 
studied 
calves 2

% 
positive 
calves 2

No. of 
studied 
calves 3

% 
positive 
calves 3

No. of 
studied 
calves 4

% 
positive 
calves 4

K S0 15 0 9 0 10 0 10 0 

M S0 9 0 16 0 18 0 13 0 

J S1 20 75 18 0 27 0 20 0 

O S1 16 25 21 0 19 0 15 0 

P S1 9 11 10 0 9 0 8 0 

Q S1 20 10 15 0 11 0 12 0 

B S2 19 58 26 12 23 0 19 0 

F S2 13 31 18 17 14 0 13 0 

A S3 19 11 15 20 23 4 19 0 

E S3 15 60 10 10 14 43 14 0 

I S3 20 15 18 50 20 5 20 0 

N S3 23 48 26 61 20 55 21 0 

C S4 21 52 20 60 19 21 20 5 

D S4 54 46 20 50 20 10 23 35 

S S4 14 64 20 35 20 25 15 7 

G Sx 20 50 20 0 19 16 20 0 

H Sx 16 31 19 53 14 0 19 5 

L Sx 21 33 20 0 20 45 16 44 

R Sx 20 25 21 0 18 0 21 62 

5.2	 Serum antibodies against M. bovis in cows and young 
stock (I)

A total of 3017 serum samples from herds A to S were tested using two different 
ELISAs, using a cut-off value 135 AU for the MilA ELISA and an ODC of 37% for 
the K 260 ELISA. MilA ELISA detected (I, Table 5).

The M. bovis-specific antibody profiles for each infection status group using 
both ELISAs were analyzed (Figures 2 and 3). The proportions of MilA ELISA-
positive young stock (under 2 years of age) followed the proportions of M. bovis-
positive calves detected by PCR of NS and culture of NP samples. In contrast, 
no such patterns were observed with the Bio-X ELISA. There was a significant 
decrease in the proportion of young stock that were positive in the MilA ELISA 
after the first sampling visit (P < 0.05) on S0 and S1 farms (Figures 2 a, b). Similarly, 
there was a significant decrease in the proportion of young stock that were positive 
in the MilA ELISA after the second visit on S2 farms (P < 0.05, Figure 2 c). In 
contrast, on S3, S4, and Sx farms, the proportion of young stock that were positive 
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in the MilA ELISA remained as high as 80% at most time points, without any 
significant decrease in the proportion that were positive over the duration of the 
study (Figures 2 d, e, f). However, 80% to 100% of cows were MilA ELISA-positive 
throughout the duration of the study, regardless of the infection status of the farm. 
There were a few exceptions at a few time points, but no significant differences 
between the time points. On S0 farms, there was a significant decrease in the 
proportion of positive cows after the first visit, but the proportion had increased 
again by the third visit. On S4 and Sx farms, all the cows tested were positive in 
the MilA ELISA at the start of the project, and approximately 80% were positive 
at each time point thereafter (Figures 2 e, f). No patterns were detectable in the 
Bio-X ELISA results from the different infection status groups (Figure 3). However, 
there was a significant decrease in the proportions of young stock and cows on S4 
farms that were positive in the Bio-X ELISA after the first sampling (Figure 3 e).

Figure 2. Proportion (percentage) of MilA-seropositive samples in cows and young stock (<2 years 
of age) in different infection status groups. a = S0, b = S1, c = S2, d = S3, e = S4, f = Sx.

Figure 3. Proportion (percentage) of BioX ELISA-seropositive samples in cows and young 
stock (<2 years of age) in different infection status groups. a = S0, b = S1, c = S2, d = S3, 
e = S4, f = Sx.BTM samples: PCR and serology
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The number of BTM samples collected by farmers for BTM PCR varied between 
farms from 2 to 22 and for serological testing from 6 to 21 during the two-year 
follow-up period. Altogether, 263 BTM samples yielded seven M. bovis-positive 
samples from five farms. All these positive samples, except one, were collected 
within four weeks of the index mastitis case in the herd. On farm E, a single BTM 
sample was positive 5 months after the index case. After this positive finding, 
quarter milk samples from cows on farm E with an elevated somatic cell count 
were tested for M. bovis, and all were negative. Two cows with subclinical mastitis 
were dried off in the meantime without sampling.

Anti-MilA antibodies over 135 AU were detected in only one BTM sample out 
of 285 samples tested, and all other samples were negative. In contrast, when 
BTM samples were tested using K260 ELISA, altogether 20 samples were positive 
(ODC% ≥ 37). Eighteen of these positive samples had been taken 20 to 96 days 
after the index mastitis case (Table 10). On farm E, with PCR positive BTM at 
the beginning of August 2015, the BTM sample for serology had been negative at 
the end of July, but the next sample after that, taken in October, was positive in 
K260 ELISA. There was a positive correlation between the anti-M. bovis antibody 
concentrations in the BTM samples (n = 68) and those in sera of the cows (Pearson 
r = 0.45), as measured using the MilA ELISA (I, Figure 3).

Table 10. Bio K260 and MilA BTM results.

Farm Cows Index case BTM 1 K260 MilA PCR BTM 2 K260 MilA PCR

A 47 29.4.2014 10.11.2014 0 10 neg 17.12.2014 0 12 neg

B 61 21.4.2015 19.5.2015 45 76 neg 25.11.2015 16 13 neg

C 183 14.1.2016 16.2.2016 94 120 neg 24.11.2016 9 16 neg

D 268 12.8.2013 8.9.2015 19 13 neg 24.11.2016 23 23 neg

E# 25 10.3.2015 30.3.2015 47 98 neg 7.5.2015 28 4 neg

F 50 12.5.2015 27.5.2015 66 43 neg 24.6.2015 55 92 neg

G 157 15.1.2016 24.2.2016 22 16 neg 31.3.2016 29 24 neg

H 60 5.11.2015 14.12.2015 47 49 neg 11.1.2016 21 21 neg

I& 100 23.12.2015 3.2.2016 50 43 pos 7.3.2016 56 51 neg

J 61 11.12.2015 11.1.2016 116 110 pos 1.2.2016 69 74 neg

K 29 12.7.2014 11.11.2014 0 27 ND 15.12.2014 0 13 neg

L 41 24.5.2014 27.11.2014 0 32 neg 15.1.2015 23 12 neg

M 66 29.8.2014 12.11.2014 0 29 neg 1.1.2015 20 19 neg

N$ 158 18.3.2015 15.4.2015 50 107 neg 16.11.2015 29 19 neg

O 48 31.3.2015 28.4.2015 14 26 neg 1.6.2015 11 33 neg

P 18 29.10.2015 25.11.2015 54 301 pos 7.12.2015 27 64 neg

Q* 28 12.8.2015 9.9.2015 48 36 neg 7.10.2015 35 43 neg

R 66 1.9.2015 20.10.2015 21 18 neg 9.11.2015 22 23 neg

S§ 127 25.1.2016 9.2.2016 96 64 pos 29.3.2016 39 33 neg

#5.8.2015 BTM PCR-positive, 16.10.2015 BTM PCR-negative, K260 38; &4.4.2016 K260 41; 
$10.8.2016 K260 38; *3.11.2015 K260 38; §15.8.2017 K260 47
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5.3	  M. bovis-contaminated AI semen as a source of 
infection (II)

Farms X and Y were both loose barn dairy farms with good or excellent biosecurity. 
Farm X had been a closed herd since 2011 and Y since 2003, they did not use 
contract heifer rearing, and they had only used domestic embryos. Both farms 
regularly monitored QMS for pathogens, including M. bovis. The distance to the 
closest cattle farm was 1.2 km for farm X and 1.6 km for farm Y. Altogether, seven 
cows developed M. bovis mastitis in these two herds and 10 different bulls had 
been used to inseminate these cows. Semen lots tested from bulls B to J were 
negative (II, Table 4.). Semen from lots 3 and 4 from bull A had been used on both 
farms approximately 32 days earlier to inseminate the cows that were the first 
ones that developed M. bovis mastitis (II, Figures 1 and 2). Further examination 
of 22 different semen lots from bull A revealed live M. bovis in lots 3 and 4, and 
lots 6 and 12 were positive in PCR but negative in culture (II, Table 5).  Culture 
and PCR results revealed that M. bovis was not evenly distributed in the straws, 
even within same lot, and the bull seemed to shed the bacteria for only a short 
time and intermittently (II, Table 5). The ad-hoc cgMLST schema covered 58.2% 
of the PG45 reference genome. From the 11 isolates in this study, 589 cgMLST 
allele-called targets were extracted and compared with each other. Except for the 
Estonian isolate strain 537, all Finnish isolates clustered together within an allele 
difference of 2–24. The mastitis strains from farms X and Y and the bull semen 
strain had allele differences of 4 and 8, respectively, and clustered together (II, 
Figure 3). 

5.4	  M. bovis in NS and NP samples from calves in recently 
infected dairy herds (III)

The number of cows in the herds of study III varied from 18 to 315, the mean 
being 91 cows, and 9/30 herds had 100 or more cows (III, Table 1). The total 
number of NS taken from 3- to 348-day-old calves in 30 herds recently infected 
with M. bovis was 1037. The overall apparent M. bovis prevalence in NS samples 
was 29.5%. The highest prevalence of 43% was detected in calves aged 31 to 60 
days. Thereafter, shedding decreased and was 13.7% in 150- to 180-day-old calves 
(III, Table 3). Large variation from zero to 75% was seen between the herds in 
the apparent prevalence of nasal shedding. Both NS and NP samples were taken 
from 284 calves. M. bovis was detected in 93/284 (32.7%) and in 133/284 (46.8%) 
of NS and NP samples, respectively. The proportion of positive agreement of NS 
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compared to NP samples in these calves was 0.68 and the kappa coefficient was 
0.48 (weak) (III, Table 2). 

In calves suffering from acute BRD, M. bovis was detected in 29/62 (47%), 
24/62 (38.7%), 15/62 (24.2%), and 14/62 (22.6%) of BAL, NP, NS (culture), and NS 
(real-time PCR) samples, respectively. The proportion of positive agreement of NP 
compared to BAL was 0.91 and the kappa coefficient was 0.84 (strong), whereas the 
proportion of positive agreement of NS (real-time PCR) compared to BAL (culture) 
was 0.65 and the kappa coefficient was 0.50 (weak) (III, Table 1). Nasal swabs 
analyzed by culture only yielded one more positive sample compared to PCR. 

5.5	 Effectiveness of NS and NP samples in indicating the  
M. bovis infection status of dairy herds (III)

Altogether, 89 sampling visits were carried out in herds 1 to 30. In herd 4, during 
sampling visit 1, only NS samples were taken from calves. These were not included 
in the analysis. All samples from two herds were already negative at the first 
visit (herds 11 and 13). Otherwise, there were 54 herd visits out 88 visits with a 
positive infection status, meaning that at least one M. bovis-positive NS or NP was 
found in the herd. Out of the 54 herd visits with a positive infection status, 51/54 
(94.4%) would have been classified as infection status positive if only NS had been 
analyzed, and 43/54 (79.6%) as infection status positive if only NP samples had 
been analyzed (III, Tables 4 and 5). This difference was not statistically significant 
(p = 0.061).

5.6	 Efficacy of antibiotics in semen extender  
against M. bovis (IV)

Raw pooled semen showed no growth in mycoplasma culture. M. bovis or F broth 
did not show any detrimental effect on quality parameters of the semen (IV, Table 
1). After storage of the AI straws for five weeks in liquid nitrogen, at high spiking 
concentrations (106 CFU/mL), viable M. bovis bacteria were detected in processed 
semen, regardless of the processing protocol. When low M. bovis concentrations 
were inoculated, differences among processing protocols were seen (IV, Table 2). 
At a low spiking concentration, the ATCC strain was more resistant than the wild-
type strain to different antibiotics. The only protocol inhibiting the growth of the 
ATCC strain was the high GTLS 500/100/300/600 µg/mL (final concentration in 
extended semen) supplement added in the semen lab to the extender. All protocols, 
except EU GTLS 250/50/150/300 µg/mL (final concentration in extended semen) 
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and extender without antibiotics, inhibited the growth of the wild type at a low 
spiking concentration. Antimicrobials present in extended semen affect the 
mycoplasma culture, and several dilutions were thus made. In samples with a 
high concentration of antimicrobials, viable M. bovis could only be detected in the 
highest culture dilution (IV, Table 2). The strains used in spiking were sensitive for 
the antibiotics tested according to CLSI SIR values for Pasteurellaceae in cattle 
(table 11).

Table 11. MIC values (µg/mL) of ATCC 27368 and wild-type strains (dilution range of antibiotic 
tested).

Antibiotic Dilution range tested (µg/mL) ATCC 27368 Wild type

Tylosin 0.5–32 ≤0.5 16

Lincomycin 0.25–32 2 1

Spectinomycin 2–128 4 ≤2

Enrofloxacin 0.03–2 0.25 0.25

Danofloxacin 0.03–2 0.25 0.25

5.7	 Methods to isolate M. bovis DNA from  
extended semen (IV)

We compared three different DNA extraction methods for spiked semen samples. 
At a high spiking concentration (106 CFU/mL), all pools were positive in PCR, 
regardless of the DNA extraction method. Ct values varied between 24.7 and 28.5, 
and no significant differences in Ct values among extraction methods were seen. 
At a low spiking concentration, the method using InstaGene™ (method three) 
was the most effective. Using this method, we detected M. bovis in 94% (17/18) 
of pools spiked with 103 CFU/mL of the ATCC strain, and in 72% (13/18) spiked 
with 103 CFU/mL of the wild-type strain. With method 1, 67% (12/18) and with 
method 2, 56% (10/18) of pools spiked with the ATCC strain were positive in PCR. 
For the wild-type strain, the respective figures were 61% (11/18) for method 1 and 
33% (6/18) for method 2 (IV, Table 3) The Ct values varied between 34.3 and 36.7, 
and no significant differences in Ct values among extraction methods were seen.
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6	 DISCUSSION

6.1	 Characteristics of M. bovis infections on  
Finnish dairy farms (I)

In most of our study herds, the index case was clinical mastitis. No actual 
outbreaks of M. bovis-associated diseases were observed. Ten herds experienced 
only one to two mastitis cases during the two-year follow-up period. The highest 
apparent within-herd prevalence of M. bovis mastitis was from 4.4% to 7% on 
three farms. Information in the literature on the within-herd prevalence of M. 
bovis clinical mastitis is scarce. In Japan, Murai et al. [321] detected a 2.8% within-
herd prevalence of Mycoplasma IMI and Timonen et al. [164] estimated it to be 
from 3.7% to 11% in four Estonian herds. Lysnyansky [322] reported that 90% of M. 
bovis mastitis herds in Israel had less than ten cases within a herd, and Pinho et 
al. [115] found the within-herd mycoplasma prevalence to vary from 2.7% to 4.5%. 
Others have reported devastating outbreaks in which up to 50% to 100% of cows 
have been culled due to mastitis, arthritis, and pneumonia caused by M. bovis 
[83,323]. Dairy herds in Finland have a long tradition of bacteriological testing of 
QMS for clinical and subclinical mastitis. Since spring 2012, this multiplex PCR has 
included primers and a probe specific for M. bovis. Rigorous testing of QMS from 
mastitis cows has probably aided in the early detection of M. bovis in our study 
herds. All cows with M. bovis mastitis were isolated and culled after a positive 
result from PCR. The early detection and culling of infected cows could have 
prevented actual outbreaks in the study herds. M. bovis is considered a contagious 
mastitis pathogen that spreads from udder to udder during milking. Thus, several 
studies have emphasized the removal of infected cows from the lactating herd 
as an important control element for mycoplasma mastitis [42,61,324]. On the 
contrary, Punyapornwithaya et al. [325] found that culling of mycoplasma mastitis 
cows did not affect the time to clearance of a M. bovis mastitis episode, as 78% 
of the studied dairy herds cleared the episode within one month, and only half 
of these herds opted for culling of infected cows. Nevertheless, M. bovis mastitis 
is generally considered to be incurable with antibiotics, can lead to permanently 
reduced milk production, and once infected, cows are advised to be kept for the 
rest of their life in their own separate milking group. Thus, culling is often the 
most feasible choice [54,61].

In two herds, the index cases were pneumonia in calves, but no M. bovis mastitis 
was detected during the two-year follow-up period. Prolonged colonization that 
lasted over one year in young stock was seen in 11 out 19 herds. The possible role 
of colonized calves as the nidus for M. bovis mastitis has been speculated [61,324]. 
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Amran et al. [173] demonstrated that in a dairy herd that had bought imported 
calves three months earlier, severe pneumonia followed by mastitis occurred in 
cows, and genotyping revealed that isolates from the diseased cows were identical 
to M. bovis strains isolated from the imported calves during quarantine. They 
concluded that the calves were the source of respiratory infection of cows and 
that spread from the lungs to the udder occurred. In a Danish risk factor study, 
contact of young calves with older age groups was also a significant risk factor for 
M. bovis-associated disease in cows [86]. This does not appear to apply to Finnish 
dairy herds, because in spite of widespread and prolonged colonization of calves 
on many farms, almost all detected mastitis cases occurred within eight weeks 
from the index case. Finnish cow barns often house cows and calves in the same 
barn, sharing the airspace. This was also the case in 14 of our study herds.

Serum antibody responses were very different when results from the commercial 
Bio-X K 260 and the in-house MilA ELISA were compared. Of all tested serum 
samples, 15.5% and 76.1% were positive using K 260 and MilA, respectively. As 
already stated in the background section, from the beginning of studies on M. 
bovis infections in Finland, we had suspicions that the sensitivity of neither the 
Bio-X K 302 nor the K 260 ELISA was high. However, when this project was started 
in 2014, Bio-X ELISA tests were the only ones commercially available. We chose 
to use the K 260 test because each sample is also tested in a negative control well, 
which should increase specificity. In a sensitive and specific ELISA test, the antigen 
used needs to be highly conserved among isolates from different countries, needs 
to be expressed during infection, and has to be immunogenic as well as specific 
to the studied pathogen. The manufacturer of the K 260 test holds the identity 
of the antigen as proprietary knowledge. Thus, it is impossible to state whether 
the seemingly low sensitivity of K 260 is due to an antigen not expressed stably 
by Finnish M. bovis strains or if the antigen has low immunogenicity. Studies 
published after the initiation of our project have demonstrated that K 260 seems 
to be very specific (100%), but its sensitivity is low (13% to 28%) [237,239]. Both 
studies have used sera from experimentally infected young calves, so field studies 
sampling cattle with different M. bovis-associated diseases, as well as animals 
from herds known to be free of M. bovis, are needed to properly understand the 
usefulness of the K 260 ELISA. 

MilA has been shown to be a membrane protein with lipase activity, and 
antibodies against MilA have been constantly detected in the sera of experimentally 
infected calves [238,239]. Subsequently, Adamu et al. [28] observed that MilA 
binds both triglycerides and fatty acids and has lipase activity, and they found 
indications that MilA acts as an autotransporter. It was also demonstrated to bind 
to heparin, a component of the extracellular matrix, thus indicating it has a role 
as an adhesin. A transposon mutagenesis study did not find any insertions in the 
milA gene, indicating that it might be an essential gene in M. bovis [326]. These 
findings suggest that MilA is probably highly conserved in different M. bovis 
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strains, and it has been shown to be immunogenic, making it a good candidate 
antigen for serological testing. 

Our MilA antibody results indicate that once M. bovis enters a herd, it rapidly 
spreads to all age groups. It appears that the MilA ELISA is so sensitive that it 
even measures exposure to M. bovis, as 80% to 100% of blood samples taken 
during sampling visit one were positive, although no clinical disease was observed 
in such high proportions of animals. It has to be kept in mind that anti-MilA 
results from different ELISA plates might display some variability, as this is an 
in-house ELISA in which plates are coated in the laboratory and each plate has 
its own standard curve. In young stock, the proportion of MilA-positive animals 
followed the pattern seen in the proportion of M. bovis URT-colonized calves. 
Interestingly, the proportion of MilA-positive cows remained high in all herds 
for at least one and half years, even in herds that appeared to have resolved the 
infection. Adamu et al. [28] stated that MilA homologues can be found in several 
Mycoplasma species, including M. bovigenitalium, M. canadense, and M. canis, 
which have all been found to occasionally cause mastitis and other infections in 
cattle. Field studies similar to those presented for K 260 are needed to assess the 
specificity of the MilA ELISA. 

The detection of M. bovis in BTM using rtPCR has been shown to be a sensitive 
method with a limit of detection 102 CFU/ml [189,215,219]. Theoretically, if a cow 
excretes 108 CFU/ml of bacteria, rtPCR should detect M. bovis in BTM if one out 
of 300 cows is excreting and milked into the tank. In our study, M. bovis was only 
detected in a BTM sample in five herds. In four herds, these positive samples had 
been taken 15 to 41 days after the detection of the index case. All these herds had 
2 to 7 M. bovis mastitis cases. Routine BTM rtPCR screening for M. bovis does 
not appear to be cost-efficient in Finland, because individual cow QMS testing 
for mastitis pathogens is so widely used. This leads to the early detection of cows 
with M. bovis mastitis and their removal from the herd. 

In contrast to rtPCR detection, antibodies against M. bovis were detected 
in 11 out 17 herds with M. bovis mastitis using the Bio-X K 260 ELISA. No 
BTM antibodies were detected in two herds with calf pneumonia as the main 
manifestation. The K 260 ELISA detected antibodies in samples taken 20 to 96 
days after the index case. Five out of the six mastitis herds that were negative in 
BTM serology sent the first sample for serology at the earliest two months after 
the detection of the index case. Unfortunately, the farmers did not always follow 
the instruction to send a BTM sample for serology once a month. This hindered us 
in properly following the antibody dynamics in BTM. Our results reflect the K302 
BTM ELISA responses seen in Denmark, where Petersen et al. [240] concluded 
that the antibody response in BTM is very dynamic and short-lived. In Australia, 
Parker et al. [241] found, using the K302 ELISA, that antibodies could be detected 
in BTM from one to a maximum of eight months after exposure. Thus, BTM 
serology using Bio-X ELISA tests appears to be an unreliable method for use 
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in biosecurity unless sampling is repeated continuously at least once a month. 
Petersen et al. [240] sampled BTM from herds with various M. bovis-associated 
diseases and found that not all clinical symptoms (e.g., arthritis) in cows are 
reflected in the BTM, and neither is the disease situation in young stock. Thus, 
BTM serology can only be used to detect (previous) M. bovis mastitis or subclinical 
mastitis in a herd.

MilA and K 260 BTM antibody results were very different, as only one sample 
was positive in the MilA ELISA and all other samples were clearly below the cut-
off. Ours is the first study describing the use of the MilA ELISA to detect M. bovis 
antibodies in BTM. It is possible that the ELISA procedure was not optimal, thus 
affecting the results. However, a positive, moderate correlation between serum 
and BTM MilA antibody units warrants further development and studies on the 
MilA response in BTM.  

6.2	 New transmission route: contaminated AI semen (II)

Our epidemiological investigations did not reveal any other source than M. bovis-
contaminated semen for M. bovis infection in two closed dairy herds. Results 
from cgMLST analysis supported this. Internationally traded semen is not a 
recognized pathway for M. bovis transmission. M. bovis has previously been 
cultured from commercial semen in Israel [173,269], but wgSNV analysis of semen 
and mastitis isolates did not cluster them together [269]. M. bovis can colonize 
the female reproductive tract following insemination with experimentally infected 
semen [95]. Next to nothing is known about the number of bacteria in naturally 
contaminated semen or the dose of bacteria needed to initiate an infection in a 
cow or heifer through insemination. Thus, significant uncertainty relates to the 
likelihood of transmission, even if semen is contaminated with M. bovis. However, 
when Haapala et al. [304] examined the risk factors for the introduction of M. 
bovis infection into naïve herds in Finland, they found in univariable risk analysis 
that the use of contaminated semen lots in AI was the most significant risk factor 
(P = 0.004). 

Nowadays, genomic selection methods allow the identification of potential 
AI bulls within weeks of birth. A tendency in AI centers is to collect semen 
from young bulls as early as possible after they have reached sexual maturity. 
It is estimated that nowadays, over 50% of bulls whose semen is marketed are 
younger than 15 months of age [327]. This can also pose a risk regarding infectious 
diseases such as M. bovis infection, because young animals are often more prone 
to infectious diseases, and this can lead to the secretion of bacteria into semen. 
The contaminated semen in this case had been collected in Denmark from a 
9-month-old bull. Recently, García-Gálan et al. [328] reported that mycoplasma 
horizontal chromosomal transfer can occur in M. bovis under field conditions, 
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probably during coinfection of cattle with multiple M. bovis strains. Although 
this is expected to happen at low a frequency, this phenomenon contributes to the 
genome-wide variety in M. bovis. Mycoplasma horizontal chromosomal transfer 
affects both housekeeping genes and the accessory genome and can alter gene 
expression [329]. This can lead to new types of strains with higher infectivity, or 
to strains towards which cattle show a weak or non-existent immune response. In 
Denmark, M. bovis was isolated for the first time in 1981 [330]. Subsequently, little 
attention was paid to M. bovis in Denmark, although it was detected in calves with 
respiratory disease and in some mastitis outbreaks. At the end of 2011, sudden and 
severe M. bovis outbreaks occurred on dairy farms. A molecular epidemiological 
study revealed that these outbreaks were caused by a new clone [263]. Further 
detailed genomic studies are needed to examine the possible role of mycoplasma 
horizontal chromosome transfer in the development of this new clone. However, 
it is possible that this new clone efficiently colonized or even caused disease in 
young animals and led to M. bovis secretion into semen. 

Our study demonstrated that the bull intermittently shed M. bovis into semen 
for only a short time, altogether for seven weeks. The bull was tested for carrier 
status 17 months after the beginning of semen collection, but no M. bovis was found 
in semen or mucosal swabs. It appeared that M. bovis was not evenly distributed 
in extended semen, because it was not found in all straws studied from the same 
lot. High Ct values also indicated that there were low levels of bacteria in positive 
lots, which could mean that in some straws the amount of M. bovis was below the 
level of detection.  M. bovis growth was only observed in the 10-3 culture dilution. 
In lower dilutions, the antibiotics added to the extender inhibited the growth of 
M. bovis. These results support the presumption that semen extender antibiotics 
merely have a mycoplamastatic effect and do not entirely eliminate M. bovis in 
semen. The results indicate that the reliable detection of M. bovis in extended 
semen can be difficult and several straws from a lot need to be examined.

Interestingly, in both herds, the cows inseminated with contaminated semen 
developed clinical M. bovis mastitis 32 days after insemination. We can only 
speculate about how infection spread from the genital tract to the udder. It could 
have been through vaginal discharge passing via the teat canal to the udder or 
could have been a hematogenous spread from the genital tract to the udder. Either 
way, the incubation period was approximately one month. 

6.3	 Suitability of NS and NP sampling of calves in  
a control program (III)

When the Finnish M. bovis control program was designed, regular NS sampling 
of calves younger than six months of age was included as one part of the program. 
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There have been only a few reports on the prevalence of nasal shedding of M. 
bovis in dairy calves. Bennet and Jasper [9] observed that 34% of calves in herds 
with M. bovis mastitis shed the bacteria into nasal secretions compared with 6% 
of calves in non-problem herds. A significantly lower nasal prevalence of 2.4% in 
weaned calves in dairy herds with recent M. bovis mastitis was seen in Australia 
[191]. Knowledge of M. bovis nasal shedding in dairy calves in herds with recently 
detected M. bovis-associated disease is scarce, but this is important for assessing 
the usefulness of nasal swabbing of young calves as part of a control program. 
In our study herds, the overall M. bovis prevalence in NS was almost 30%. The 
highest nasal shedding rate was seen in 31- to 60-day-old calves, whereafter the 
shedding rate steadily decreased. Only a small number of NS samples were taken 
from calves older that five months of age, so some caution is needed regarding 
the prevalence in older calves. Although we used rtPCR and Bennet and Jasper 
[9] used mycoplasma culture, the results are very similar.

Maunsell et al. [92] demonstrated that after feeding calves M. bovis-
contaminated milk, both palatine and pharyngeal tonsils were the main site of 
M. bovis colonization, but only a few calves were found to shed M. bovis into 
nasal secretions. Buckle et al. [331] examined swabs taken post-mortem from 
the palatine tonsils of healthy calves that originated from a M. bovis-seropositive 
herd. Real-time PCR detected M. bovis in 93% of the tonsillar swabs, whereas 
only 12% of tracheal swabs were positive. These findings suggest that tonsils, 
rather the nasal epithelium, are the main upper respiratory tract colonization 
sites, and tonsillar swabs are therefore the most sensitive sampling method to 
detect M. bovis carriers among calves. Indeed, when we compared NS and NP 
swabs taken simultaneously from 284 calves, 47% of NP swabs were positive 
compared to 33% of NS swabs. NP swabs sample the respiratory and associated 
lymphoid epithelium of the nasopharynx, and in live calves are therefore the 
most comparable technique to post-mortem pharyngeal tonsil swabbing. However, 
guarded NP swabs are expensive compared with simple bacteriological swabs, and 
an assistant is needed while taking the sample, making this sampling method less 
attractive in a control program. 

Our study included 54 herd visits that deemed the herd as having a positive 
infection status, that is, at least one of the analyzed NS and/or NP samples was 
M. bovis positive. Depending on the herd size, 6 to 28 NS samples were taken 
per herd visit, but the number of NP samples taken was five. Real-time PCR from 
NS correctly classified 94.4% of infection status positive herd visits as positive, 
whereas enrichment culture of NP samples followed by rtPCR classified only 
79.6% of visits correctly. The reason for this difference is related to the number 
of samples taken. By taking several NS samples from young calves, the sensitivity 
of the sampling method increases. The average dairy herd size in Finland is 50 
cows [8], and most herds have year-round calving. Bull calves are usually sold 
to calf-rearing farms at the age of two to four weeks. Considering that M. bovis 
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shedding into nasal secretions can be intermittent or that M. bovis can even reside 
in tonsils without apparent nasal shedding, NS sampling needs to be considered as 
an imperfect test. As Humphry et al. [332] pointed out, applying an imperfect test 
in a small herd where the prevalence of latent carrier animals is thought to be low 
is problematic, as even sampling of the whole herd would not give high confidence 
in freedom from disease. Despite extensive research, it has not been possible to 
identify an accurate testing method that can reliably detect M. bovis latent carriers 
and could be used in herd certification or a control program. Antibody testing 
has demonstrated that antibodies persist in cows for a long time (study I, [333]). 
Hence, testing of antibodies is not suitable to detect an active infection. Previous 
studies have demonstrated that after an initial mastitis outbreak, colonization 
and shedding are not consistently associated with a particular anatomical site and 
shedding rapidly decreases in cows ([188,190]. M. bovis is more prevalent in the 
URT of calves, and  sampling should be targeted at these animals. We conclude 
that NS sampling from calves under six months of age with analysis by rtPCR 
is a cost-efficient method to be used as a part of a M. bovis control program in 
dairy herds. In the Finnish M. bovis control program, the herd health veterinarian 
visits each herd biannually and samples the calves. This allows sampling to be 
targeted at calves younger than six months of age in which the prevalence of M. 
bovis is highest.

6.4	 Detection of M. bovis from calves with acute BRD (III)

Several sampling procedures, namely NS, NP, BAL (both endoscopic and 
nonendoscopic), and transtracheal wash (TTW), are used to collect samples for 
diagnostic tests to identify pathogens involved in BRD ([201,203,204]. A TTW 
sample is considered to be the golden standard technique. It is thought to best 
represent the bacterial population in the lower airways but is a time-consuming 
and invasive method requiring the use of sedation and a local anesthetic. 
Nonendoscopic BAL samples individual random lung lobes and the sampled 
surface is large (over 10 cm2), whereas NP samples a small area (approximately 0.5 
cm2) of  the respiratory and associated lymphoid epithelium in the nasopharynx 
[204]. Both nonendoscopic BAL and NP sampling lead to the contamination of 
samples from the nasal passages if non-guarded catheters or swabs are used. 
Guarded BAL catheters are not commercially available in Finland, besides which, 
BAL sampling can cause respiratory distress in sampled calves due to insufficient 
aspiration of instilled fluid. 

In our study, nonendoscopic BAL using a guarded catheter was the most 
sensitive method to detect M. bovis in pneumonic calves. However, NP had close 
agreement with BAL sampling in detecting M. bovis. Pardon and Buczinski 
[204] have calculated that taking four to five samples and analyzing them with 
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a diagnostic test that has 70% Se and 100% Sp leads to almost a zero risk of not 
finding the pathogen causing the respiratory disease outbreak. In conclusion, 
guarded NP sampling of four to five calves is a sensitive and practical method to 
detect M. bovis in pneumonic calves.

Doyle et al. [201] demonstrated that the agreement between NS, NP, and 
BAL compared to TTW was good for M. bovis, but more M. bovis was isolated 
from BAL than TTW. In contrast to this study, we found that NS sampling is not 
a suitable method to detect M. bovis in calves with acute respiratory disease, 
because compared to BAL, the kappa coefficient was weak. Thomas et al. [200] 
compared NS with BAL to detect M. bovis in pneumonic calves under one year 
of age and found that NS had a sensitivity of only 21%, meaning that NS was not 
predictive of M. bovis in the LRT. Our results agree with this, suggesting that 
NS cannot be recommended for use as a sampling method to detect M. bovis in 
pneumonic calves. 

6.5	 Efficacy of antibiotic–extender combinations against  
M. bovis in bovine semen production (IV)

Studies on the effect of antibiotics in bovine semen extenders against M. bovis 
date back to the 1980s and 1990s, when extenders contained proteins from 
animal sources. We aimed to test the effect of two different GTLS and ofloxacin 
concentrations using a modern plant protein-containing extender and an industrial-
scale semen straw production system. Besides the M. bovis PG45 reference strain, 
we were able to examine the effect of antibiotics on a wild-type strain that we had 
isolated from commercial semen. Our aim was to determine whether it is possible 
to achieve a 100% bactericidal effect using GTLS or ofloxacin in semen extender. 
According to our results, none of the studied antibiotics affected the viability of 
M. bovis at a spiking concentration of 106 CFU/mL. At a low spiking concentration 
of 103 CFU/mL, we obtained discrepant results. Growth of the wild-type strain 
isolated from semen was inhibited by all antibiotics except the low concentration 
of GTLS, whereas the high GTLS concentration was the only antibiotic treatment 
that inhibited the growth of the PG45 reference strain.

The most widely used antibiotic combination in bovine semen production 
is GTLS, originally developed by Shin et al. [311]. They tested different 
concentrations of antibiotics and concluded that the most effective concentrations 
against mycoplasmas and bacteria were 500, 100, 300, and 600 µg/mL of GTLS, 
respectively. This antibiotic combination was first added to raw semen and further 
to extender. They used a spiking concentration of 105 to 106 CFU/mL of M. bovis 
and, depending on the extender used, reported a bactericidal effect of 60–80%. 
The authors’ opinion was that although a 100% bactericidal effect had not been 
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achieved, the reduction in the number of M. bovis was so significant that it made 
the semen safe to use. The protocol of Shin et al. was adopted by Certified Semen 
Services (CSS) in the US, and the use of this protocol is a requirement for AI semen 
imported into the US. Later studies by Visser et al. [312,334] demonstrated that 
although GTLS had an obvious bacteriostatic effect, no significant bactericidal 
effect was observed. The authors concluded that GTLS in semen was not capable of 
completely eliminating M. bovis in frozen bovine semen. For reasons unknown to 
the author, the GTLS concentration stated in the regulation EU 2020/686 and the 
OIE Terrestrial Code is half of that reported to be most effective by Shin et al. [311].

There is substantial evidence for increasing antibiotic resistance among M. bovis 
strains, including increased macrolide and linco/spectinomycin resistance. This 
may impact on the effect of GTLS on M. bovis in semen. MIC studies have indicated 
that most contemporary M. bovis isolates are susceptible to fluoroquinolones. 
Gloria et al. [335] observed that ofloxacin, a fluoroquinolone antibiotic, did not 
have any negligible effect on spermatozoa up to a tested concentration of 400 
µg/mL. Ofloxacin at a concentration of 100 µg/mL in semen extender resulted 
in a significant reduction in the bacterial concentrations, with 90% of samples 
showing complete sterilization, although the authors did not examine the effect on 
mycoplasmas. This prompted us to study the effect of two ofloxacin concentrations 
on M. bovis. Contrary to expectations, even the high concentration of 400 µg/mL 
did not have a bactericidal effect on the reference strain. Antimicrobial resistance 
does not explain our results, as the MIC values of the tested strains were well below 
the concentrations of antibiotics used in semen extenders. In our study, extended 
semen was kept for 3 to 3.5 hrs at temperatures decreasing from 34 °C to 17 °C, 
thus allowing the antibiotics ample time to destroy the mycoplasmas. However, 
the biological conditions used in AI semen straw production differ markedly from 
the conditions in MIC testing, which could explain the difference seen between 
the MIC value of an antibiotic and its effect in semen on M. bovis.

We conclude that the effect of antibiotics on M. bovis in semen production 
depends on the contamination level. When there is a low level of contamination, 
GTLS used at high concentrations (500, 100, 300, and 600 µg/mL) is more efficient 
than GTLS used at the concentrations stated in the EU and OIE Terrestrial Code 
regulations. Our study also confirmed previous findings that M. bovis survives 
well in semen stored in liquid nitrogen.

6.6	 DNA extraction from semen to detect M. bovis (IV)

One way to ensure M. bovis-free semen for AI could be culture or PCR testing 
of either raw or extended semen. However, mycoplasma culture is not a feasible 
method for use in the AI industry, because it requires specific media and is time 
consuming. Moreover, culture cannot directly discriminate between different 
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mycoplasma species potentially growing from semen samples. Only a few 
studies have examined the PCR method to detect M. bovis in semen [215,336]. 
Spermatocytes are rich in DNA, and semen has a high protein concentration 
and also contains zinc, all of which makes it challenging to extract good quality 
DNA from semen [215,337]. McDonald [336] and Parker et al. [215] used a 
DNA extraction method in which semen was first diluted in 2% Triton X buffer. 
According to McDonald [336], this reduces the adherence of M. bovis to the 
disulfide bond-rich acrosome membrane. DNA from Triton X-treated semen was 
extracted using a commercial extraction kit. To detect M. bovis in extracted DNA, 
McDonald [336] developed two rtPCRs targeting the housekeeping genes fusA and 
oppD/F, whereas Parker et al. [215] used primers and a probe against the uvrC 
gene. The limit of detection of the PCRs developed by McDonald [336] was 3.1 
x 103 CFU/mL compared to 1.3 x 105 CFU/ml in the rtPCR of Parker et al. [215]. 
Vähänikkilä et al. [338] reported results from an interlaboratory trial to detect M. 
bovis in semen. A magnetic bead method was used to extract DNA. The limit of 
detection varied between 7.2 x 101 and 3.4 x 103 CFU/mL, depending on the PCR 
method used and the examining laboratory.

The InstaGene™ matrix is made of a specially formulated Chelex resin, which 
binds many PCR inhibitors. This method does not involve the use of organic solvents 
or alcohol precipitation, making it a simple and rapid method to isolate DNA. 
Chelex-based DNA extraction is used in forensic studies [339] and is described in 
the OIE Terrestrial Manual as a method to isolate herpesvirus DNA from bovine 
semen (chapter 3.4.11). We did not determine the limit of detection of M. bovis 
from DNA extracted from semen, as we used only two spiking concentrations. 
However, in our experience, the InstaGene™ method was the most sensitive one, 
as it detected M. bovis in 17 out of 18 studied semen straw pools compared to 12/18 
and 10/18, respectively, when a commercial DNA extraction kit or the method 
of Parker et al. [215] was used and a low spiking concentration had been tested. 
Hence, further studies are warranted on use of the InstaGene™ method to extract 
M. bovis DNA from extended semen in AI industry.

6.7	 Limitations and strengths of the studies

Regarding antibody testing, we did not attempt to sample the same animals 
repeatedly. If the same heifers and cows had been followed during the 2-year 
study period, we could have more precisely analyzed the antibody dynamics in 
herds with different infection statuses. However, this would have meant a larger 
number than 15 blood samples per age group, because some animals are always 
lost during follow-up studies. We did not sample calves under three months of 
age, so our study did not give any answer to question regarding the presence of 
maternal antibodies to M. bovis. Different time frames from the detection of the 
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index case and first BTM sample sent by the farmer to serological testing, besides 
the fact that not all farmers sent monthly BTM samples to testing, hindered us in 
properly analyzing the use of the Bio K 260 ELISA to detect antibodies in BTM.

We would have preferred to repeat the efficacy studies for some antibiotics 
against M. bovis in semen production. However, this was not possible, as we no 
longer have an AI station in Finland.

Semen used in AI has been suspected to be able to transmit M. bovis infection, 
but no actual evidence has been published. Because M. bovis had only recently 
been detected in Finland and was not widely spread among the cattle population, 
it gave us a good starting point to conduct the epidemiological study and provide 
evidence that commercial AI semen can indeed be a source of infection.

6.8	 Future prospects 

The inter-laboratory performance of a new commercial ELISA test, ID Screen® 
Mycoplasma bovis (IDVet, Grabels, France), has been evaluated against Western 
blotting and the Bio K302 ELISA [340]. The Se of the IDVet ELISA was 93.5% 
and Sp was 98.6% compared to respective figures of 91.8% and 99.6% for WB and 
49.1% and 89.6% for BIO K302. Similarly, Petersen et al. [333] found that the IDVet 
ELISA is much more sensitive than Bio K302, but they questioned the specificity of 
the IDVet test, as cows in two herds with no history of M. bovis-associated disease 
also tested positive. Interestingly, they discovered a good correlation between 
serum and milk antibodies, indicating that composite milk samples could replace 
blood sampling. The use of the IDVet ELISA test in the Finnish M. bovis control 
program should be evaluated. This would require a study in which blood and milk 
samples from cows and primiparous cows, as well as blood samples from young 
stock are tested using this ELISA. Ideally, we should aim to replace blood samples 
with composite milk samples in the control program so that milk samples taken 
for dairy herd improvement and an automatic warning system to send these milk 
samples to ELISA testing could be used. This would probably make the control 
program more attractive to dairy farmers and more herds would join the program. 
Further studies to evaluate the use of blood and/or milk samples in herds in which 
M. bovis is only detected in young stock are also needed.  

Areas or closed dairy and suckling cow herds free of M. bovis would be highly 
likely to benefit if they could buy semen certified to be free of M. bovis. Hence, 
cost-effective analytical methods should be developed for use in such a semen 
certification system.
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1. No large outbreaks of mastitis were observed on Finnish dairy farms. The 
highest prevalence of M. bovis mastitis was 7.7%, and most farms had a prevalence 
of under 1%. On some farms, M. bovis was found to colonize young stock without 
causing mastitis.

2. The in-house MilA ELISA from serum was found to be more sensitive than the 
commercial Bio-X Bio K 260 ELISA, but further studies are needed to explore 
the specificity of the MilA ELISA. In a naive herd, M. bovis infection appears to 
rapidly spread among all age groups. The proportion of MilA antibody-positive 
cows remained high (80% to 100%) in all studied herds for at least one and half 
years after introduction of the infection into the herd.

3. RtPCR detection of M. bovis in BTM is not a cost-efficient method for use in 
M. bovis surveillance on Finnish dairy farms. The Bio K 260 ELISA detected 
antibodies in BTM on some farms three weeks to three months after the index 
mastitis case, whereas only one BTM sample was positive in the MilA ELISA. 

4. M. bovis-contaminated commercial AI semen can introduce the infection into 
naive dairy herds. In a naturally infected bull, shedding of M. bovis into semen 
was intermittent and short-lived, and bacteria were not evenly distributed between 
the semen lots. Several straws, even from the same lot, must be examined to find 
contamination. 

5. On recently infected dairy farms, calves shed M. bovis into nasal secretions, 
and a proportion of young calves are more often colonized with M. bovis in the 
nasopharynx than shedding the bacteria into nasal secretions. However, because 
NS samples are easily collected and more affordable compared to NP samples, 
thus allowing more samples to be taken, the inclusion of NS sampling of calves 
under six months of age is recommended in a control program.

6. NP sampling of calves with acute BRD has good agreement with more tedious 
and invasive BAL sampling. M. bovis can be reliably detected when 4 to 5 NP 
samples are taken from a group of calves.
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7. The effect of antibiotics on the viability of M. bovis in extended semen depends on 
the level of contamination and concentration of antibiotics used. We recommend 
using the high GTLS concentration given in the CSS instructions. If the bacterial 
load is high (106  CFU/mL), even a high GTLS concentration will be ineffective. 

8.  Among the three tested DNA extraction methods, Instagene™ was the most 
sensitive DNA extraction method to detect M. bovis in semen using rtPCR. 



67

ACKNOWLEDGEMENTS

This study was carried out in the Finnish Food Authority, Laboratory and Research 
Division, Animal Health Diagnostic, Kuopio laboratory. I wish to thank the head 
of Laboratory and Research Division, Prof. Janne Nieminen, for providing the 
opportunity and facilities to conduct this doctoral study. This study was financially 
supported by grants from the Ministry of Agriculture and Forestry of Finland as 
well as a grant from Valio Ltd.

I have been extremely fortunate to have Prof. Sinikka Pelkonen and Senior 
researcher Tiina Autio as my supervisors. Sinikka has always had a positive attitude 
to research projects, and she is very skillful in writing research proposals as well 
as taking care of the finances of our projects.  Her valuable comments during the 
writing process have immensely helped to finalize the manuscripts. Sinikka – it 
has been an honor to work with you. Tiina – you have been a source of continual 
encouragement and support. Without you and your faith on this project it would 
probably have ended as one of the “pöytälaatikko” studies. I want to express my 
deep gratitude to my closest co-workers in this project, Nella Vähänikkilä and 
Vera Talvitie. Nella, your took such a good care of many aspects of laboratory 
work. Vera – you are warmly thanked for doing the farms visits and collecting 
the numerous samples. I want to express my gratitude to Nadeeka Wawegama for 
travelling from the other side of the globe to our lab and teaching us to use MilA 
Elisa. Glenn Browning is acknowledged for interesting discussions about M. bovis 
and language editing. Henri Simonen is acknowledged for help with semen studies 
and sharing his knowledge of AI industry.  Jani Halkilahti is warmly thanked for 
guidance in WGS. Erja Tuunainen, Laura Kulkas and Heli Simojoki – thank you 
for all helpful discussions during the project. 

I wish to thank my supervising professor, Timo Soveri, for all support during 
the studies and Prof. Päivi Rajala-Schultz for taking care of the last steps of this 
academic procedure. Liisa Kaartinen is acknowledged for agreeing to be in my 
thesis committee.

This work would never have been possible without the work of very skilled 
and helpful technical staff in Kuopio laboratory – my sincere thanks go to all of 
them. I am also grateful to all the farmers who agreed to participate in the project.

Research scientist Inna Lysnyansky and Privatdozent Joachim Spergser are 
thanked for the time they took to review this thesis and for their encouraging 
comments. Roy Siddall from Helsinki University Language Centre is warmly 
thanked for the language revision. I also warmly thank my friends and colleagues 
who together make the fantastic and fun Elba group – Tiina (again), Hemu, Sirpa, 
Jaana, Kirsti, Mia, Taru, Thomas, Mirja, Jupe and Petra. I also thank my other 



68

Acknowledgements

than Elba colleagues in Kuopio laboratory – Paula, Satu, Tiina K., Tuulia and 
Heini for your company at work.

My friend Minna – I thank you for trying to keep up our physical condition 
and all “let the steam come out” discussions. Finally, I owe my deepest gratitude 
to my family – my husband Raimo and the greatest achievements in our life – our 
beloved daughters Saija, Sonja and Satu and our little grandson Eeli. Thank you 
for always being there for me.



69

REFERENCES

1.	 Hale, H.H.; Helmboldt, C.F.; Plastridge, W.N.; Stula, E.F. Bovine mastitis caused by 
a Mycoplasma species. Cornell Vet 1962, 52, 582-591.

2.	 Nicholas, R.A.; Ayling, R.D. Mycoplasma bovis: disease, diagnosis, and control. Res 
Vet Sci 2003, 74, 105-112, doi:10.1016/s0034-5288(02)00155-8.

3.	 Gulliksen, S.M.; Jor, E.; Lie, K.I.; Løken, T.; Akerstedt, J.; Østerås, O. Respiratory 
infections in Norwegian dairy calves. J Dairy Sci 2009, 92, 5139-5146, doi:10.3168/
jds.2009-2224.

4.	 Maunsell, F.P.; Woolums, A.R.; Francoz, D.; Rosenbusch, R.F.; Step, D.L.; Wilson, 
D.J.; Janzen, E.D. Mycoplasma bovis infections in cattle. J Vet Intern Med 2011, 25, 
772-783, doi:10.1111/j.1939-1676.2011.0750.x.

5.	 Perez-Casal, J.; Prysliak, T.; Maina, T.; Suleman, M.; Jimbo, S. Status of the 
development of a vaccine against Mycoplasma bovis. Vaccine 2017, 35, 2902-2907, 
doi:10.1016/j.vaccine.2017.03.095.

6.	 Härtel, H.; Nikunen, S.; Neuvonen, E.; Tanskanen, R.; Kivelä, S.L.; Aho, R.; Soveri, T.; 
Saloniemi, H. Viral and bacterial pathogens in bovine respiratory disease in Finland. 
Acta Vet Scand 2004, 45, 193-200, doi:10.1186/1751-0147-45-193.

7.	 Autio, T.; Pohjanvirta, T.; Holopainen, R.; Rikula, U.; Pentikäinen, J.; Huovilainen, 
A.; Rusanen, H.; Soveri, T.; Sihvonen, L.; Pelkonen, S. Etiology of respiratory disease 
in non-vaccinated, non-medicated calves in rearing herds. Vet Microbiol 2007, 119, 
256-265, doi:10.1016/j.vetmic.2006.10.001.

8.	 Autio, T.; Tuunainen, E.; Nauholz, H.; Pirkkalainen, H.; London, L.; Pelkonen, S. 
Overview of Control Programs for Non-eu-regulated Cattle Diseases in Finland. 
Front Vet Sci 2021, 8, 688936, doi:10.3389/fvets.2021.688936.

9.	 Bennett, R.H.; Jasper, D.E. Nasal prevalence of Mycoplasma bovis and IHA titers 
in young dairy animals. Cornell Vet 1977, 67, 361-373.

10.	 Woese, C.R.; Maniloff, J.; Zablen, L.B. Phylogenetic analysis of the mycoplasmas. 
Proc Natl Acad Sci U S A 1980, 77, 494-498, doi:10.1073/pnas.77.1.494.

11.	 Sirand-Pugnet, P.; Citti, C.; Barré, A.; Blanchard, A. Evolution of mollicutes: down a 
bumpy road with twists and turns. Res Microbiol 2007, 158, 754-766, doi:10.1016/j.
resmic.2007.09.007.

12.	 Nicholas, R.; Ayling, R.; McAuliffe, L. Mycoplasma Diseases of Ruminants; CAB 
International: 2008.

13.	 WOAH. OIE-listed Animal Diseases. Available online: https://www.oie.int/en/what-
we-do/animal-health-and-welfare/animal-diseases/?_tax_diseases=oie-listed 
(accessed on October 10th, 2021). 



70

References

14.	 Di Teodoro, G.; Marruchella, G.; Di Provvido, A.; D’Angelo, A.R.; Orsini, G.; Di Giuseppe, 
P.; Sacchini, F.; Scacchia, M. Contagious Bovine Pleuropneumonia: A Comprehensive 
Overview. Vet Pathol 2020, 57, 476-489, doi:10.1177/0300985820921818.

15.	 Askaa, G.; Erno, H. Elevation of Mycoplasma agalactiae subsp. bovis to Species 
Rank: Mycoplasma bovis (Hale et al.) comb. nov. International Journal of Systemic 
and Evolutionary Microbiology 1976, 26, 323-325.

16.	 Perez-Casal, J. Pathogenesis and Virulence of Mycoplasma bovis. Vet Clin North Am 
Food Anim Pract 2020, 36, 269-278, doi:10.1016/j.cvfa.2020.02.002.

17.	 Bürki, S.; Frey, J.; Pilo, P. Virulence, persistence and dissemination of Mycoplasma 
bovis. Vet Microbiol 2015, 179, 15-22, doi:10.1016/j.vetmic.2015.02.024.

18.	 Sachse, K.; Grajetzki, C.; Rosengarten, R.; Hänel, I.; Heller, M.; Pfützner, H. 
Mechanisms and factors involved in Mycoplasma bovis adhesion to host cells. 
Zentralbl Bakteriol 1996, 284, 80-92, doi:10.1016/s0934-8840(96)80157-5.

19.	 Sachse, K.; Helbig, J.H.; Lysnyansky, I.; Grajetzki, C.; Müller, W.; Jacobs, E.; Yogev, 
D. Epitope mapping of immunogenic and adhesive structures in repetitive domains 
of Mycoplasma bovis variable surface lipoproteins. Infect Immun 2000, 68, 680-687, 
doi:10.1128/iai.68.2.680-687.2000.

20.	 Thomas, A.; Sachse, K.; Farnir, F.; Dizier, I.; Mainil, J.; Linden, A. Adherence of 
Mycoplasma bovis to bovine bronchial epithelial cells. Microb Pathog 2003, 34, 
141-148, doi:10.1016/s0882-4010(03)00003-2.

21.	 Song, Z.; Li, Y.; Liu, Y.; Xin, J.; Zou, X.; Sun, W. α-Enolase, an adhesion-related factor 
of Mycoplasma bovis. PLoS One 2012, 7, e38836, doi:10.1371/journal.pone.0038836.

22.	 Zou, X.; Li, Y.; Wang, Y.; Zhou, Y.; Liu, Y.; Xin, J. Molecular cloning and characterization 
of a surface-localized adhesion protein in Mycoplasma bovis Hubei-1 strain. PLoS 
One 2013, 8, e69644, doi:10.1371/journal.pone.0069644.

23.	 Zhao, G.; Zhang, H.; Chen, X.; Zhu, X.; Guo, Y.; He, C.; Anwar Khan, F.; Chen, Y.; 
Hu, C.; Chen, H.; et al. Mycoplasma bovis NADH oxidase functions as both a NADH 
oxidizing and O. Sci Rep 2017, 7, 44, doi:10.1038/s41598-017-00121-y.

24.	 Guo, Y.; Zhu, H.; Wang, J.; Huang, J.; Khan, F.A.; Zhang, J.; Guo, A.; Chen, X. 
TrmFO, a Fibronectin-Binding Adhesin of Mycoplasma bovis. Int J Mol Sci 2017, 
18, doi:10.3390/ijms18081732.

25.	 Chen, X.; Huang, J.; Zhu, H.; Guo, Y.; Khan, F.A.; Menghwar, H.; Zhao, G.; Guo, A. 
P27 (MBOV_RS03440) is a novel fibronectin binding adhesin of Mycoplasma bovis. 
Int J Med Microbiol 2018, 308, 848-857, doi:10.1016/j.ijmm.2018.07.006.

26.	 Gao, X.; Bao, S.; Xing, X.; Fu, X.; Zhang, Y.; Xue, H.; Wen, F.; Wei, Y. Fructose-
1,6-bisphosphate aldolase of Mycoplasma bovis is a plasminogen-binding adhesin. 
Microb Pathog 2018, 124, 230-237, doi:10.1016/j.micpath.2018.08.032.

27.	 Huang, J.; Zhu, H.; Wang, J.; Guo, Y.; Zhi, Y.; Wei, H.; Li, H.; Guo, A.; Liu, D.; Chen, 
X. Fructose-1,6-bisphosphate aldolase is involved in Mycoplasma bovis colonization 
as a fibronectin-binding adhesin. Res Vet Sci 2019, 124, 70-78, doi:10.1016/j.
rvsc.2019.02.010.



71

References

28.	 Adamu, J.Y.; Wawegama, N.K.; Kanci Condello, A.; Marenda, M.S.; Markham, P.F.; 
Browning, G.F.; Tivendale, K.A. Mycoplasma bovis Membrane Protein MilA Is a 
Multifunctional Lipase with Novel Lipid and Glycosaminoglycan Binding Activity. 
Infect Immun 2020, 88, doi:10.1128/IAI.00945-19.

29.	 Sharma, S.; Tivendale, K.A.; Markham, P.F.; Browning, G.F. Disruption of the 
membrane nuclease gene (MBOVPG45_0215) of Mycoplasma bovis greatly reduces 
cellular nuclease activity. J Bacteriol 2015, 197, 1549-1558, doi:10.1128/JB.00034-15.

30.	 Zhang, H.; Zhao, G.; Guo, Y.; Menghwar, H.; Chen, Y.; Chen, H.; Guo, A. Mycoplasma 
bovis MBOV_RS02825 Encodes a Secretory Nuclease Associated with Cytotoxicity. 
Int J Mol Sci 2016, 17, doi:10.3390/ijms17050628.

31.	 Mitiku, F.; Hartley, C.A.; Sansom, F.M.; Coombe, J.E.; Mansell, P.D.; Beggs, 
D.S.; Browning, G.F. The major membrane nuclease MnuA degrades neutrophil 
extracellular traps induced by Mycoplasma bovis. Vet Microbiol 2018, 218, 13-19, 
doi:10.1016/j.vetmic.2018.03.002.

32.	 Khan, L.A.; Miles, R.J.; Nicholas, R.A. Hydrogen peroxide production by Mycoplasma 
bovis and Mycoplasma agalactiae and effect of in vitro passage on a Mycoplasma 
bovis strain producing high levels of H2O2. Vet Res Commun 2005, 29, 181-188, 
doi:10.1023/b:verc.0000047506.04096.06.

33.	 Schott, C.; Cai, H.; Parker, L.; Bateman, K.G.; Caswell, J.L. Hydrogen peroxide 
production and free radical-mediated cell stress in Mycoplasma bovis pneumonia. 
J Comp Pathol 2014, 150, 127-137, doi:10.1016/j.jcpa.2013.07.008.

34.	 Hermeyer, K.; Jacobsen, B.; Spergser, J.; Rosengarten, R.; Hewicker-Trautwein, M. 
Detection of Mycoplasma bovis by in-situ hybridization and expression of inducible 
nitric oxide synthase, nitrotyrosine and manganese superoxide dismutase in the lungs 
of experimentally-infected calves. J Comp Pathol 2011, 145, 240-250, doi:10.1016/j.
jcpa.2010.12.005.

35.	 Adegboye, D.S.; Hallbur, P.G.; Cavanaugh, D.L.; Werdin, R.E.; Chase, C.C.; 
Miskimins, D.W.; Rosenbusch, R.F. Immunohistochemical and pathological study 
of Mycoplasma bovis-associated lung abscesses in calves. J Vet Diagn Invest 1995, 
7, 333-337, doi:10.1177/104063879500700306.

36.	 Rodriguez, F.; Kennedy, S.; Bryson, T.D.; Fernandez, A.; Rodriguez, J.L.; Ball, H.J. 
An immunohistochemical method of detecting Mycoplasma species antigens by use 
of monoclonal antibodies on paraffin sections of pneumonic bovine and caprine 
lungs. Zentralbl Veterinarmed B 1996, 43, 429-438, doi:10.1111/j.1439-0450.1996.
tb00335.x.

37.	 Maeda, T.; Shibahara, T.; Kimura, K.; Wada, Y.; Sato, K.; Imada, Y.; Ishikawa, Y.; 
Kadota, K. Mycoplasma bovis-associated suppurative otitis media and pneumonia in 
bull calves. J Comp Pathol 2003, 129, 100-110, doi:10.1016/s0021-9975(03)00009-4.

38.	 van der Merwe, J.; Prysliak, T.; Perez-Casal, J. Invasion of bovine peripheral blood 
mononuclear cells and erythrocytes by Mycoplasma bovis. Infect Immun 2010, 78, 
4570-4578, doi:10.1128/IAI.00707-10.

39.	 Kleinschmidt, S.; Spergser, J.; Rosengarten, R.; Hewicker-Trautwein, M. Long-
term survival of Mycoplasma bovis in necrotic lesions and in phagocytic cells as 



72

References

demonstrated by transmission and immunogold electron microscopy in lung tissue 
from experimentally infected calves. Vet Microbiol 2013, 162, 949-953, doi:10.1016/j.
vetmic.2012.11.039.

40.	 Nunoya, T.; Omori, T.; Tomioka, H.; Umeda, F.; Suzuki, T.; Uetsuka, K. Intracellular 
Localization of Mycoplasma bovis in the Bronchiolar Epithelium of Experimentally 
Infected Calves. J Comp Pathol 2020, 176, 14-18, doi:10.1016/j.jcpa.2020.01.005.

41.	 Liu, Y.; Deng, Z.; Xu, S.; Liu, G.; Lin, Y.; Khan, S.; Gao, J.; Qu, W.; Kastelic, J.P.; 
Han, B. Mycoplasma bovis subverts autophagy to promote intracellular replication in 
bovine mammary epithelial cells cultured in vitro. Vet Res 2021, 52, 130, doi:10.1186/
s13567-021-01002-z.

42.	 Pfützner, H.; Sachse, K. Mycoplasma bovis as an agent of mastitis, pneumonia, 
arthritis and genital disorders in cattle. Rev Sci Tech 1996, 15, 1477-1494, 
doi:10.20506/rst.15.4.987.

43.	 Hermeyer, K.; Buchenau, I.; Thomasmeyer, A.; Baum, B.; Spergser, J.; Rosengarten, 
R.; Hewicker-Trautwein, M. 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 2012, 54, 9, doi:10.1186/1751-0147-54-9.

44.	 Hermeyer, K.; Peters, M.; Brügmann, M.; Jacobsen, B.; Hewicker-Trautwein, 
M. Demonstration of Mycoplasma bovis by immunohistochemistry and in situ 
hybridization in an aborted bovine fetus and neonatal calf. J Vet Diagn Invest 2012, 
24, 364-369, doi:10.1177/1040638711435145.

45.	 Kanda, T.; Tanaka, S.; Suwanruengsri, M.; Sukmawinata, E.; Uemura, R.; Yamaguchi, 
R.; Sueyoshi, M. Bovine Endocarditis Associated with Mycoplasma bovis. J Comp 
Pathol 2019, 171, 53-58, doi:10.1016/j.jcpa.2019.07.003.

46.	 Gille, L.; Pilo, P.; Valgaeren, B.R.; Van Driessche, L.; Van Loo, H.; Bodmer, M.; 
Bürki, S.; Boyen, F.; Haesebrouck, F.; Deprez, P.; et al. A new predilection site of 
Mycoplasma bovis: Postsurgical seromas in beef cattle. Vet Microbiol 2016, 186, 
67-70, doi:10.1016/j.vetmic.2016.02.011.

47.	 Levisohn, S.; Garazi, S.; Gerchman, I.; Brenner, J. Diagnosis of a mixed mycoplasma 
infection associated with a severe outbreak of bovine pinkeye in young calves. J Vet 
Diagn Invest 2004, 16, 579-581, doi:10.1177/104063870401600615.

48.	 Alberti, A.; Addis, M.F.; Chessa, B.; Cubeddu, T.; Profiti, M.; Rosati, S.; Ruiu, A.; 
Pittau, M. Molecular and antigenic characterization of a Mycoplasma bovis strain 
causing an outbreak of infectious keratoconjunctivitis. J Vet Diagn Invest 2006, 18, 
41-51, doi:10.1177/104063870601800106.

49.	 Ayling, R.; Nicholas, R.; Hogg, R.; Wessels, J.; Scholes, S.; Byrne, W.; Hill, M.; 
Moriarty, J.; O’Brien, T. Mycoplasma bovis isolated from brain tissue of calves. Vet 
Rec 2005, 156, 391-392, doi:10.1136/vr.156.12.391-b.

50.	 Deeney, A.S.; Collins, R.; Ridley, A.M. Identification of Mycoplasma species and 
related organisms from ruminants in England and Wales during 2005-2019. BMC 
Vet Res 2021, 17, 325, doi:10.1186/s12917-021-03037-y.



73

References

51.	 Stipkovits, L.; Rády, M.; Glávits, R. Mycoplasmal arthritis and meningitis in calves. 
Acta Vet Hung 1993, 41, 73-88.

52.	 Kinde, H.; Daft, B.M.; Walker, R.L.; Charlton, B.R.; Petty, R. Mycoplasma bovis 
associated with decubital abscesses in Holstein calves. J Vet Diagn Invest 1993, 5, 
194-197, doi:10.1177/104063879300500209.

53.	 González, R.N.; Wilson, D.J. Mycoplasmal mastitis in dairy herds. Vet Clin North 
Am Food Anim Pract 2003, 19, 199-221, doi:10.1016/s0749-0720(02)00076-2.

54.	 Fox, L.K. Mycoplasma mastitis: causes, transmission, and control. Vet Clin North 
Am Food Anim Pract 2012, 28, 225-237, doi:10.1016/j.cvfa.2012.03.007.

55.	 Bicknell, S.R.; Jackson, G.; Boughton, E.; Wilson, C.D. Mycoplasma bovis mastitis 
in the dry cow. Vet Rec 1978, 102, 389, doi:10.1136/vr.102.17.389-a.

56.	 Otter, A.; Wright, T.; Leonard, D.; Richardson, M.; Ayling, R. Mycoplasma bovis 
mastitis in dry dairy cows. Vet Rec 2015, 177, 601-602, doi:10.1136/vr.h6663.

57.	 Fox, L.K.; Muller, F.J.; Wedam, M.L.; Schneider, C.S.; Biddle, M.K. Clinical 
Mycoplasma bovis mastitis in prepubertal heifers on 2 dairy herds. Can Vet J 2008, 
49, 1110-1112.

58.	 Byrne, W.; Markey, B.; McCormack, R.; Egan, J.; Ball, H.; Sachse, K. Persistence of 
Mycoplasma bovis infection in the mammary glands of lactating cows inoculated 
experimentally. Vet Rec 2005, 156, 767-771, doi:10.1136/vr.156.24.767.

59.	 Kauf, A.C.; Rosenbusch, R.F.; Paape, M.J.; Bannerman, D.D. Innate immune response 
to intramammary Mycoplasma bovis infection. J Dairy Sci 2007, 90, 3336-3348, 
doi:10.3168/jds.2007-0058.

60.	 Gondaira, S.; Nishi, K.; Tanaka, T.; Yamamoto, T.; Nebu, T.; Watanabe, R.; Konnai, 
S.; Hayashi, T.; Kiku, Y.; Okamoto, M.; et al. Immunosuppression in Cows following 
Intramammary Infusion of Mycoplasma bovis. Infect Immun 2020, 88, doi:10.1128/
IAI.00521-19.

61.	 Nicholas, R.A.; Fox, L.K.; Lysnyansky, I. Mycoplasma mastitis in cattle: To cull or 
not to cull. Vet J 2016, 216, 142-147, doi:10.1016/j.tvjl.2016.08.001.

62.	 Dudek, K.; Szacawa, E. Infections: Occurrence, Pathogenesis, Diagnosis and 
Control, Including Prevention and Therapy. Pathogens 2020, 9, doi:10.3390/
pathogens9120994.

63.	 Caswell, J.L.; Bateman, K.G.; Cai, H.Y.; Castillo-Alcala, F. Mycoplasma bovis in 
respiratory disease of feedlot cattle. Vet Clin North Am Food Anim Pract 2010, 26, 
365-379, doi:10.1016/j.cvfa.2010.03.003.

64.	 Alexander, T.W.; Timsit, E.; Amat, S. The role of the bovine respiratory bacterial 
microbiota in health and disease. Anim Health Res Rev 2020, 21, 168-171, doi:10.1017/
s1466252320000316.

65.	 Maunsell, F.P.; Donovan, G.A. Mycoplasma bovis Infections in young calves. Vet Clin 
North Am Food Anim Pract 2009, 25, 139-177, vii, doi:10.1016/j.cvfa.2008.10.011.



74

References

66.	 Kudirkiene, E.; Aagaard, A.K.; Schmidt, L.M.B.; Pansri, P.; Krogh, K.M.; Olsen, J.E. 
Occurrence of major and minor pathogens in calves diagnosed with bovine respiratory 
disease. Vet Microbiol 2021, 259, 109135, doi:10.1016/j.vetmic.2021.109135.

67.	 Caswell, J.L.; Archambault, M. Mycoplasma bovis pneumonia in cattle. Anim Health 
Res Rev 2007, 8, 161-186, doi:10.1017/s1466252307001351.

68.	 Lion, A.; Secula, A.; Rançon, C.; Boulesteix, O.; Pinard, A.; Deslis, A.; Hägglund, S.; 
Salem, E.; Cassard, H.; Näslund, K.; et al. Enhanced Pathogenesis Caused by Influenza 
D Virus and Mycoplasma bovis Coinfection in Calves: a Disease Severity Linked with 
Overexpression of IFN-γ as a Key Player of the Enhanced Innate Immune Response 
in Lungs. Microbiol Spectr 2021, 9, e0169021, doi:10.1128/spectrum.01690-21.

69.	 McMullen, C.; Orsel, K.; Alexander, T.W.; van der Meer, F.; Plastow, G.; Timsit, E. 
Comparison of the nasopharyngeal bacterial microbiota of beef calves raised without 
the use of antimicrobials between healthy calves and those diagnosed with bovine 
respiratory disease. Vet Microbiol 2019, 231, 56-62, doi:10.1016/j.vetmic.2019.02.030.

70.	 Adegboye, D.S.; Halbur, P.G.; Nutsch, R.G.; Kadlec, R.G.; Rosenbusch, R.F. Mycoplasma 
bovis-associated pneumonia and arthritis complicated with pyogranulomatous 
tenosynovitis in calves. J Am Vet Med Assoc 1996, 209, 647-649.

71.	 Gagea, M.I.; Bateman, K.G.; Shanahan, R.A.; van Dreumel, T.; McEwen, B.J.; 
Carman, S.; Archambault, M.; Caswell, J.L. Naturally occurring Mycoplasma bovis-
associated pneumonia and polyarthritis in feedlot beef calves. J Vet Diagn Invest 
2006, 18, 29-40, doi:10.1177/104063870601800105.

72.	 Le, G.D.; Calavas, D.; Brank, M.; Citti, C.; Rosengarten, R.; Bézille, P.; Poumarat, 
F. Serological prevalence of Mycoplasma bovis infection in suckling beef cattle in 
France. Vet Rec 2002, 150, 268-273, doi:10.1136/vr.150.9.268.

73.	 Arcangioli, M.A.; Duet, A.; Meyer, G.; Dernburg, A.; Bézille, P.; Poumarat, F.; Le 
Grand, D. The role of Mycoplasma bovis in bovine respiratory disease outbreaks in 
veal calf feedlots. Vet J 2008, 177, 89-93, doi:10.1016/j.tvjl.2007.03.008.

74.	 Castillo-Alcala, F.; Bateman, K.G.; Cai, H.Y.; Schott, C.R.; Parker, L.; Clark, M.E.; 
McRaild, P.; McDowall, R.M.; Foster, R.A.; Archambault, M.; et al. Prevalence and 
genotype of Mycoplasma bovis in beef cattle after arrival at a feedlot. Am J Vet Res 
2012, 73, 1932-1943, doi:10.2460/ajvr.73.12.1932.

75.	 Hanzlicek, G.A.; White, B.J.; Renter, D.G.; Anderson, D.E.; Larson, R.L. Associations 
between the prevalence of Mollicutes and Mycoplasma bovis and health and 
performance in stocker calves. Vet Rec 2011, 168, 21, doi:10.1136/vr.c5965.

76.	 Tschopp, R.; Bonnemain, P.; Nicolet, J.; Burnens, A. [Epidemiological study of risk 
factors for Mycoplasma bovis infections in fattening calves]. Schweiz Arch Tierheilkd 
2001, 143, 461-467.

77.	 Becker, C.A.M.; Ambroset, C.; Huleux, A.; Vialatte, A.; Colin, A.; Tricot, A.; Arcangioli, 
M.A.; Tardy, F. Monitoring. Pathogens 2020, 9, doi:10.3390/pathogens9070593.

78.	 Arcangioli, M.A.; Lurier, T.; Hauray, K.; Tardy, F. Large-size fattening calves’ lots 
fed with automatic milk feeders may have an increased risk for Mycoplasma bovis 
infection spread and for antibiotic use. Animal 2021, 15, 100397, doi:10.1016/j.
animal.2021.100397.



75

References

79.	 Francoz, D.; Buczinski, S.; Bélanger, A.M.; Forté, G.; Labrecque, O.; Tremblay, D.; 
Wellemans, V.; Dubuc, J. Respiratory pathogens in Québec dairy calves and their 
relationship with clinical status, lung consolidation, and average daily gain. J Vet 
Intern Med 2015, 29, 381-387, doi:10.1111/jvim.12531.

80.	 Oliveira, T.E.S.; Pelaquim, I.F.; Flores, E.F.; Massi, R.P.; Valdiviezo, M.J.J.; Pretto-
Giordano, L.G.; Alfieri, A.A.; Saut, J.P.E.; Headley, S.A. Mycoplasma bovis and viral 
agents associated with the development of bovine respiratory disease in adult dairy 
cows. Transbound Emerg Dis 2020, 67 Suppl 2, 82-93, doi:10.1111/tbed.13223.

81.	 Krysak, D.E. Chronic pneumonia and polyarthritis syndrome in a feedlot calf. Can 
Vet J 2006, 47, 1019-1020, 1022.

82.	 Wilson, D.J.; Skirpstunas, R.T.; Trujillo, J.D.; Cavender, K.B.; Bagley, C.V.; Harding, 
R.L. Unusual history and initial clinical signs of Mycoplasma bovis mastitis and 
arthritis in first-lactation cows in a closed commercial dairy herd. J Am Vet Med 
Assoc 2007, 230, 1519-1523, doi:10.2460/javma.230.10.1519.

83.	 Houlihan, M.G.; Veenstra, B.; Christian, M.K.; Nicholas, R.; Ayling, R. Mastitis and 
arthritis in two dairy herds caused by Mycoplasma bovis. Vet Rec 2007, 160, 126-
127, doi:10.1136/vr.160.4.126.

84.	 Mahmood, F.; Khan, A.; Hussain, R.; Khan, I.A.; Abbas, R.Z.; Ali, H.M.; Younus, M. 
Patho-bacteriological investigation of an outbreak of Mycoplasma bovis infection in 
calves - Emerging stealth assault. Microb Pathog 2017, 107, 404-408, doi:10.1016/j.
micpath.2017.04.003.

85.	 Hananeh, W.M.; Momani, W.M.A.; Ababneh, M.M.; Abutarbush, S.M. arthritis and 
pneumonia in calves in Jordan: An emerging disease. Vet World 2018, 11, 1663-1668, 
doi:10.14202/vetworld.2018.1663-1668.

86.	 Lene, J. Outbreak characteristics and identification of risk factors for Mycoplasma 
bovisoutbreaks in Danish dairy herds 2010-2014. Veterinary master thesis, University 
of Copenhagen, 2015.

87.	 Walz, P.H.; Mullaney, T.P.; Render, J.A.; Walker, R.D.; Mosser, T.; Baker, J.C. Otitis 
media in preweaned Holstein dairy calves in Michigan due to Mycoplasma bovis. J 
Vet Diagn Invest 1997, 9, 250-254, doi:10.1177/104063879700900305.

88.	 Francoz, D.; Fecteau, G.; Desrochers, A.; Fortin, M. Otitis media in dairy calves: a 
retrospective study of 15 cases (1987 to 2002). Can Vet J 2004, 45, 661-666.

89.	 Lamm, C.G.; Munson, L.; Thurmond, M.C.; Barr, B.C.; George, L.W. 
Mycoplasma otitis in California calves. J Vet Diagn Invest 2004, 16, 397-402, 
doi:10.1177/104063870401600505.

90.	 Foster, A.P.; Naylor, R.D.; Howie, N.M.; Nicholas, R.A.; Ayling, R.D. Mycoplasma 
bovis and otitis in dairy calves in the United Kingdom. Vet J 2009, 179, 455-457, 
doi:10.1016/j.tvjl.2007.10.020.

91.	 Bernier Gosselin, V.; Francoz, D.; Babkine, M.; Desrochers, A.; Nichols, S.; Doré, 
E.; Bédard, C.; Parent, J.; Fairbrother, J.H.; Fecteau, G. A retrospective study of 29 
cases of otitis media/interna in dairy calves. Can Vet J 2012, 53, 957-962.



76

References

92.	 Maunsell, F.; Brown, M.B.; Powe, J.; Ivey, J.; Woolard, M.; Love, W.; Simecka, J.W. 
Oral inoculation of young dairy calves with Mycoplasma bovis results in colonization 
of tonsils, development of otitis media and local immunity. PLoS One 2012, 7, 
e44523, doi:10.1371/journal.pone.0044523.

93.	 Suwanruengsri, M.; Uemura, R.; Izzati, U.Z.; Kanda, T.; Fuke, N.; Yasuda, M.; Hirai, 
T.; Yamaguchi, R. Mycoplasma bovis May Travel Along the Eustachian Tube to Cause 
Meningitis in Japanese Black Cattle. J Comp Pathol 2021, 188, 13-20, doi:10.1016/j.
jcpa.2021.08.001.

94.	 Hartman, H.A.; Tourtellotte, M.E.; Nielsen, S.W.; Plastridge, W.N. Experimental 
bovine  uterine mycoplasmosis. Research in Veterinary Science 1964, 5, 303-310.

95.	 Hirth, R.S.; Nielsen, S.W.; Plastridge, W.N. Bovine salpingo-oophoritis 
produced with semen containing a Mycoplasma. Pathol Vet 1966, 3, 616-632, 
doi:10.1177/030098586600300604.

96.	 Pfützner, H.; Schimmel, D. [Mycoplasma bovis isolation in the offspring of cows with 
M. bovis mastitis and its epizootiological significance]. Zentralbl Veterinarmed B 
1985, 32, 265-279.

97.	 Byrne, W.J.; Brennan, P.; McCormack, R.; Ball, H.J. Isolation of Mycoplasma bovis 
from the abomasal contents of an aborted bovine fetus. Vet Rec 1999, 144, 211-212, 
doi:10.1136/vr.144.8.211.

98.	 Doig, P.A. Bovine genital mycoplasmosis. Can Vet J 1981, 22, 339-343.

99.	 Fish, N.A.; Rosendal, S.; Miller, R.B. The distribution of mycoplasmas and 
ureaplasmas in   the genital tract of normal artificial insemination bulls. The 
Canadian Veterinary Journal 1985, 26, 13-15.

100.	 Kreusel, S.; Bocklisch, H.; Pfützner, H.; Brys, A.; Leirer, R.; Ziegenhals, U. 
[Experimental infections of bulls with Mycoplasma (M.) bovis and M. bovigenitalium]. 
Arch Exp Veterinarmed 1989, 43, 705-712.

101.	 Catania, S.; Gastaldelli, M.; Schiavon, E.; Matucci, A.; Tondo, A.; Merenda, M.; 
Nicholas, R.A.J. Infection Dynamics of Mycoplasma bovis and Other Respiratory 
Mycoplasmas in Newly Imported Bulls on Italian Fattening Farms. Pathogens 2020, 
9, doi:10.3390/pathogens9070537.

102.	 Fanelli, A.; Cirilli, M.; Lucente, M.S.; Zarea, A.A.K.; Buonavoglia, D.; Tempesta, 
M.; Greco, G. Fatal Calf Pneumonia Outbreaks in Italian Dairy Herds Involving 
Mycoplasma bovis and Other Agents of BRD Complex. Front Vet Sci 2021, 8, 742785, 
doi:10.3389/fvets.2021.742785.

103.	 Passchyn, P.; Piepers, S.; De Meulemeester, L.; Boyen, F.; Haesebrouck, F.; De 
Vliegher, S. Between-herd prevalence of Mycoplasma bovis in bulk milk in Flanders, 
Belgium. Res Vet Sci 2012, 92, 219-220, doi:10.1016/j.rvsc.2011.03.016.

104.	 Pardon, B.; De Bleecker, K.; Dewulf, J.; Callens, J.; Boyen, F.; Catry, B.; Deprez, P. 
Prevalence of respiratory pathogens in diseased, non-vaccinated, routinely medicated 
veal calves. Vet Rec 2011, 169, 278, doi:10.1136/vr.d4406.

105.	 Gille, L.; Callens, J.; Supré, K.; Boyen, F.; Haesebrouck, F.; Van Driessche, L.; van 
Leenen, K.; Deprez, P.; Pardon, B. Use of a breeding bull and absence of a calving 



77

References

pen as risk factors for the presence of Mycoplasma bovis in dairy herds. J Dairy Sci 
2018, 101, 8284-8290, doi:10.3168/jds.2018-14940.

106.	 Nielsen, P.K.; Petersen, M.B.; Nielsen, L.R.; Halasa, T.; Toft, N. Latent class analysis 
of bulk tank milk PCR and ELISA testing for herd level diagnosis of Mycoplasma 
bovis. Prev Vet Med 2015, 121, 338-342, doi:10.1016/j.prevetmed.2015.08.009.

107.	 Arede, M.; Nielsen, P.K.; Ahmed, S.S.; Halasa, T.; Nielsen, L.R.; Toft, N. A space-time 
analysis of Mycoplasma bovis: bulk tank milk antibody screening results from all 
Danish dairy herds in 2013-2014. Acta Vet Scand 2016, 58, 16, doi:10.1186/s13028-
016-0198-3.

108.	 Goecke, N.B.; Nielsen, B.H.; Petersen, M.B.; Larsen, L.E. Design of a High-Throughput 
Real-Time PCR System for Detection of Bovine Respiratory and Enteric Pathogens. 
Front Vet Sci 2021, 8, 677993, doi:10.3389/fvets.2021.677993.

109.	 Mõtus, K.; Rilanto, T.; Viidu, D.A.; Orro, T.; Viltrop, A. Seroprevalence of selected 
endemic infectious diseases in large-scale Estonian dairy herds and their associations 
with cow longevity and culling rates. Prev Vet Med 2021, 192, 105389, doi:10.1016/j.
prevetmed.2021.105389.

110.	 Arcangioli, M.A.; Chazel, M.; Sellal, E.; Botrel, M.A.; Bezille, P.; Poumarat, F.; 
Calavas, D.; Le Grand, D. Prevalence of Mycoplasma bovis udder infection in dairy 
cattle: preliminary field investigation in southeast France. N Z Vet J 2011, 59, 75-78, 
doi:10.1080/00480169.2011.552856.

111.	 Filioussis, G.; Christodoulopoulos, G.; Thatcher, A.; Petridou, V.; Bourtzi-
Chatzopoulou, E. Isolation of Mycoplasma bovis from bovine clinical mastitis cases 
in Northern Greece. Vet J 2007, 173, 215-218, doi:10.1016/j.tvjl.2005.08.001.

112.	 Fodor, L.; Jánosi, K.; Makrai, L.; Gyuranecz, M. Screening of Hungarian cattle 
herds for seropositivity to Mycoplasma bovis. Acta Vet Hung 2017, 65, 166-172, 
doi:10.1556/004.2017.017.

113.	 McCarthy, M.C.; O’Grady, L.; McAloon, C.G.; Mee, J.F. Longitudinal Prevalence 
of Antibodies to Endemic Pathogens in Bulk Tank Milk Samples From Dairy 
Herds Engaged or Not in Contract Heifer Rearing. Front Vet Sci 2021, 8, 785128, 
doi:10.3389/fvets.2021.785128.

114.	 Bednarek, D.; Ayling, R.D.; Nicholas, R.A.; Dudek, K.; Szymańska-Czerwinska, M. 
Serological survey to determine the occurrence of respiratory Mycoplasma infections 
in the Polish cattle population. Vet Rec 2012, 171, 45, doi:10.1136/vr.100545.

115.	 Pinho, L.; Thompson, G.; Machado, M.; Carvalheira, J. Management practices 
associated with the bulk tank milk prevalence of Mycoplasma spp. in dairy 
herds in Northwestern Portugal. Prev Vet Med 2013, 108, 21-27, doi:10.1016/j.
prevetmed.2012.07.001.

116.	 SVA. Mastit orsakad av Mycoplasma bovis hos nötkreatur. Available online: https://
www.sva.se/amnesomraden/djursjukdomar-a-o/mastit-orsakad-av-mycoplasma-
bovis-hos-notkreatur/ (accessed on April 1st, 2022).

117.	 Rosengarten, R.; Citti, C. The role of ruminant mycoplasmas in systemic infections; 
COST 826 Agriculture and Biotechnology: Mycoplasmas of ruminants:pathogenicity, 
diagnostics, epidemiology and molecular genetics, 1999; pp. 14-17.



78

References

118.	 O’Brien, D.; Scudamore, J.; Charlier, J.; Delavergne, M. DISCONTOOLS: a database 
to identify research gaps on vaccines, pharmaceuticals and diagnostics for the control 
of infectious diseases of animals. BMC Vet Res 2017, 13, 1, doi:10.1186/s12917-016-
0931-1.

119.	 Petersen, M.B.; Ersbøll, A.K.; Krogh, K.; Nielsen, L.R. Increased incidence rate of 
undesired early heifer departure in Mycoplasma bovis-antibody positive Danish dairy 
cattle herds. Prev Vet Med 2019, 166, 86-92, doi:10.1016/j.prevetmed.2019.03.013.

120.	 Thomas, A.; Sachse, K.; Dizier, I.; Grajetzki, C.; Farnir, F.; Mainil, J.G.; Linden, 
A. Adherence to various host cell lines of Mycoplasma bovis strains differing in 
pathogenic and cultural features. Vet Microbiol 2003, 91, 101-113, doi:10.1016/s0378-
1135(02)00303-6.

121.	 Rosengarten, R.; Behrens, A.; Stetefeld, A.; Heller, M.; Ahrens, M.; Sachse, K.; 
Yogev, D.; Kirchhoff, H. Antigen heterogeneity among isolates of Mycoplasma bovis 
is generated by high-frequency variation of diverse membrane surface proteins. 
Infect Immun 1994, 62, 5066-5074, doi:10.1128/IAI.62.11.5066-5074.1994.

122.	 Behrens, A.; Heller, M.; Kirchhoff, H.; Yogev, D.; Rosengarten, R. A family of phase- 
and size-variant membrane surface lipoprotein antigens (Vsps) of Mycoplasma bovis. 
Infect Immun 1994, 62, 5075-5084, doi:10.1128/IAI.62.11.5075-5084.1994.

123.	 Lysnyansky, I.; Rosengarten, R.; Yogev, D. Phenotypic switching of variable 
surface lipoproteins in Mycoplasma bovis involves high-frequency chromosomal 
rearrangements. J Bacteriol 1996, 178, 5395-5401, doi:10.1128/jb.178.18.5395-
5401.1996.

124.	 Lysnyansky, I.; Sachse, K.; Rosenbusch, R.; Levisohn, S.; Yogev, D. The vsp locus of 
Mycoplasma bovis: gene organization and structural features. J Bacteriol 1999, 181, 
5734-5741, doi:10.1128/JB.181.18.5734-5741.1999.

125.	 Beier, T.; Hotzel, H.; Lysnyansky, I.; Grajetzki, C.; Heller, M.; Rabeling, B.; Yogev, 
D.; Sachse, K. Intraspecies polymorphism of vsp genes and expression profiles of 
variable surface protein antigens (Vsps) in field isolates of Mycoplasma bovis. Vet 
Microbiol 1998, 63, 189-203, doi:10.1016/s0378-1135(98)00238-7.

126.	 Poumarat, F.; Le Grand, D.; Solsona, M.; Rosengarten, R.; Citti, C. Vsp antigens and 
vsp-related DNA sequences in field isolates of Mycoplasma bovis. FEMS Microbiol 
Lett 1999, 173, 103-110, doi:10.1111/j.1574-6968.1999.tb13490.x.

127.	 Lysnyansky, I.; Ron, Y.; Sachse, K.; Yogev, D. Intrachromosomal recombination 
within the vsp locus of Mycoplasma bovis generates a chimeric variable surface 
lipoprotein antigen. Infect Immun 2001, 69, 3703-3712, doi:10.1128/IAI.69.6.3703-
3712.2001.

128.	 Lysnyansky, I.; Ron, Y.; Yogev, D. Juxtaposition of an active promoter to vsp genes 
via site-specific DNA inversions generates antigenic variation in Mycoplasma bovis. 
J Bacteriol 2001, 183, 5698-5708, doi:10.1128/JB.183.19.5698-5708.2001.

129.	 Citti, C.; Nouvel, L.X.; Baranowski, E. Phase and antigenic variation in mycoplasmas. 
Future Microbiol 2010, 5, 1073-1085, doi:10.2217/fmb.10.71.

130.	 Buchenau, I.; Poumarat, F.; Le Grand, D.; Linkner, H.; Rosengarten, R.; Hewicker-
Trautwein, M. Expression of Mycoplasma bovis variable surface membrane proteins 



79

References

in the respiratory tract of calves after experimental infection with a clonal variant 
of Mycoplasma bovis type strain PG45. Res Vet Sci 2010, 89, 223-229, doi:10.1016/j.
rvsc.2010.03.014.

131.	 Li, Y.; Zheng, H.; Liu, Y.; Jiang, Y.; Xin, J.; Chen, W.; Song, Z. The complete genome 
sequence of Mycoplasma bovis strain Hubei-1. PLoS One 2011, 6, e20999, doi:10.1371/
journal.pone.0020999.

132.	 Kumar, R.; Register, K.; Christopher-Hennings, J.; Moroni, P.; Gioia, G.; Garcia-
Fernandez, N.; Nelson, J.; Jelinski, M.D.; Lysnyansky, I.; Bayles, D.; et al. Population 
Genomic Analysis of Mycoplasma bovis Elucidates Geographical Variations 
and Genes Associated with Host-Types. Microorganisms 2020, 8, doi:10.3390/
microorganisms8101561.

133.	 Josi, C.; Bürki, S.; Stojiljkovic, A.; Wellnitz, O.; Stoffel, M.H.; Pilo, P. Bovine Epithelial 
in vitro Infection Models for Mycoplasma bovis. Front Cell Infect Microbiol 2018, 
8, 329, doi:10.3389/fcimb.2018.00329.

134.	 McAuliffe, L.; Ellis, R.J.; Miles, K.; Ayling, R.D.; Nicholas, R.A.J. Biofilm formation 
by mycoplasma species and its role in environmental persistence and survival. 
Microbiology (Reading) 2006, 152, 913-922, doi:10.1099/mic.0.28604-0.

135.	 Rodríguez, F.; Bryson, D.G.; Ball, H.J.; Forster, F. Pathological and 
immunohistochemical studies of natural and experimental Mycoplasma bovis 
pneumonia in calves. J Comp Pathol 1996, 115, 151-162, doi:10.1016/s0021-
9975(96)80037-5.

136.	 Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; 
Weinrauch, Y.; Zychlinsky, A. Neutrophil extracellular traps kill bacteria. Science 
2004, 303, 1532-1535, doi:10.1126/science.1092385.

137.	 Aulik, N.A.; Hellenbrand, K.M.; Klos, H.; Czuprynski, C.J. Mannheimia haemolytica 
and its leukotoxin cause neutrophil extracellular trap formation by bovine 
neutrophils. Infect Immun 2010, 78, 4454-4466, doi:10.1128/iai.00840-10.

138.	 Behling-Kelly, E.; Rivera-Rivas, J.; Czuprynski, C.J. Interactions of Histophilus 
somni with Host Cells. Curr Top Microbiol Immunol 2016, 396, 71-87, 
doi:10.1007/82_2015_5010.

139.	 Arfi, Y.; Minder, L.; Di Primo, C.; Le Roy, A.; Ebel, C.; Coquet, L.; Claverol, S.; Vashee, 
S.; Jores, J.; Blanchard, A.; et al. MIB-MIP is a mycoplasma system that captures 
and cleaves immunoglobulin G. Proc Natl Acad Sci U S A 2016, 113, 5406-5411, 
doi:10.1073/pnas.1600546113.

140.	 Arfi, Y.; Lartigue, C.; Sirand-Pugnet, P.; Blanchard, A. Beware of Mycoplasma Anti-
immunoglobulin Strategies. mBio 2021, 12, e0197421, doi:10.1128/mBio.01974-21.

141.	 Nottelet, P.; Bataille, L.; Gourgues, G.; Anger, R.; Lartigue, C.; Sirand-Pugnet, P.; 
Marza, E.; Fronzes, R.; Arfi, Y. The mycoplasma surface proteins MIB and MIP 
promote the dissociation of the antibody-antigen interaction. Sci Adv 2021, 7, 
doi:10.1126/sciadv.abf2403.

142.	 Zhao, H.; Zhang, Y.; Wang, Z.; Liu, M.; Wang, P.; Wu, W.; Peng, C. MBOVPG45_0375 
Encodes an IgG-Binding Protein and MBOVPG45_0376 Encodes an IgG-Cleaving 



80

References

Protein in Mycoplasma bovis. Front Vet Sci 2021, 8, 644224, doi:10.3389/
fvets.2021.644224.

143.	 Mulongo, M.; Prysliak, T.; Scruten, E.; Napper, S.; Perez-Casal, J. In vitro infection of 
bovine monocytes with Mycoplasma bovis delays apoptosis and suppresses production 
of gamma interferon and tumor necrosis factor alpha but not interleukin-10. Infect 
Immun 2014, 82, 62-71, doi:10.1128/IAI.00961-13.

144.	 Suleman, M.; Prysliak, T.; Clarke, K.; Burrage, P.; Windeyer, C.; Perez-Casal, J. 
Mycoplasma bovis isolates recovered from cattle and bison (Bison bison) show 
differential in vitro effects on PBMC proliferation, alveolar macrophage apoptosis and 
invasion of epithelial and immune cells. Vet Microbiol 2016, 186, 28-36, doi:10.1016/j.
vetmic.2016.02.016.

145.	 Maina, T.; Prysliak, T.; Perez-Casal, J. Mycoplasma bovis delay in apoptosis of 
macrophages is accompanied by increased expression of anti-apoptotic genes, 
reduced cytochrome C translocation and inhibition of DNA fragmentation. Vet 
Immunol Immunopathol 2019, 208, 16-24, doi:10.1016/j.vetimm.2018.12.004.

146.	 Maunsell, F.P.; Chase, C. Mycoplasma bovis: Interactions with the Immune System 
and Failure to Generate an Effective Immune Response. Vet Clin North Am Food 
Anim Pract 2019, 35, 471-483, doi:10.1016/j.cvfa.2019.08.003.

147.	 Goto, S.; Konnai, S.; Okagawa, T.; Nishimori, A.; Maekawa, N.; Gondaira, S.; Higuchi, 
H.; Koiwa, M.; Tajima, M.; Kohara, J.; et al. Increase of cells expressing PD-1 and 
PD-L1 and enhancement of IFN-γ production via PD-1/PD-L1 blockade in bovine 
mycoplasmosis. Immun Inflamm Dis 2017, 5, 355-363, doi:10.1002/iid3.173.

148.	 Suleman, M.; Cyprian, F.S.; Jimbo, S.; Maina, T.; Prysliak, T.; Windeyer, C.; 
Perez-Casal, J. Mycoplasma bovis-Induced Inhibition of Bovine Peripheral Blood 
Mononuclear Cell Proliferation Is Ameliorated after Blocking the Immune-Inhibitory 
Programmed Death 1 Receptor. Infect Immun 2018, 86, doi:10.1128/IAI.00921-17.

149.	 Goto, S.; Konnai, S.; Hirano, Y.; Kohara, J.; Okagawa, T.; Maekawa, N.; Sajiki, Y.; 
Watari, K.; Minato, E.; Kobayashi, A.; et al. Upregulation of PD-L1 Expression by 
Prostaglandin E. Front Vet Sci 2020, 7, 12, doi:10.3389/fvets.2020.00012.

150.	 Howard, C.J.; Parsons, K.R.; Thomas, L.H. Systemic and local immune responses 
of gnotobiotic calves to respiratory infection with Mycoplasma bovis. Vet Immunol 
Immunopathol 1986, 11, 291-300, doi:10.1016/0165-2427(86)90008-5.

151.	 Vanden Bush, T.J.; Rosenbusch, R.F. Characterization of the immune response to 
Mycoplasma bovis lung infection. Vet Immunol Immunopathol 2003, 94, 23-33, 
doi:10.1016/s0165-2427(03)00056-4.

152.	 Mosmann, T.R.; Coffman, R.L. TH1 and TH2 cells: different patterns of lymphokine 
secretion lead to different functional properties. Annu Rev Immunol 1989, 7, 145-173, 
doi:10.1146/annurev.iy.07.040189.001045.

153.	 Howard, C.J. Comparison of bovine IgG1, IgG2 and IgM for ability to promote killing 
of Mycoplasma bovis by bovine alveolar macrophages and neutrophils. Vet Immunol 
Immunopathol 1984, 6, 321-326, doi:10.1016/0165-2427(84)90057-6.



81

References

154.	 Boothby, J.T.; Jasper, D.E.; Thomas, C.B. Experimental intramammary inoculation 
with Mycoplasma bovis in vaccinated and unvaccinated cows: effect on local and 
systemic antibody response. Can J Vet Res 1987, 51, 121-125.

155.	 Pardon, B.; Alliët, J.; Boone, R.; Roelandt, S.; Valgaeren, B.; Deprez, P. Prediction of 
respiratory disease and diarrhea in veal calves based on immunoglobulin levels and 
the serostatus for respiratory pathogens measured at arrival. Prev Vet Med 2015, 
120, 169-176, doi:10.1016/j.prevetmed.2015.04.009.

156.	 Calcutt, M.J.; Lysnyansky, I.; Sachse, K.; Fox, L.K.; Nicholas, R.A.J.; Ayling, R.D. 
Gap analysis of Mycoplasma bovis disease, diagnosis and control: An aid to identify 
future development requirements. Transbound Emerg Dis 2018, 65 Suppl 1, 91-109, 
doi:10.1111/tbed.12860.

157.	 Nicholas, R.A.; Ayling, R.D.; Stipkovits, L.P. An experimental vaccine for calf pneumonia 
caused by Mycoplasma bovis: clinical, cultural, serological and pathological findings. 
Vaccine 2002, 20, 3569-3575, doi:10.1016/s0264-410x(02)00340-7.

158.	 Kanci, A.; Wawegama, N.K.; Marenda, M.S.; Mansell, P.D.; Browning, G.F.; 
Markham, P.F. Reproduction of respiratory mycoplasmosis in calves by exposure 
to an aerosolised culture of Mycoplasma bovis. Vet Microbiol 2017, 210, 167-173, 
doi:10.1016/j.vetmic.2017.09.013.

159.	 Jasper, D.E.; Al-Aubaidi, J.M.; Fabricant, J. Epidemiologic observations on 
mycoplasma mastitis. Cornell Vet 1974, 64, 407-415.

160.	 Soehnlen, M.K.; Aydin, A.; Murthy, K.S.; Lengerich, E.J.; Hattel, A.L.; Houser, B.A.; 
Fenton, G.D.; Lysczek, H.R.; Burns, C.M.; Townsend, A.M.; et al. Epidemiology of 
Mycoplasma bovis in Pennsylvania veal calves. J Dairy Sci 2012, 95, 247-254, 
doi:10.3168/jds.2011-4309.

161.	 Dee, S.; Otake, S.; Oliveira, S.; Deen, J. Evidence of long distance airborne 
transport of porcine reproductive and respiratory syndrome virus and Mycoplasma 
hyopneumoniae. Vet Res 2009, 40, 39, doi:10.1051/vetres/2009022.

162.	 Otake, S.; Dee, S.; Corzo, C.; Oliveira, S.; Deen, J. Long-distance airborne transport 
of infectious PRRSV and Mycoplasma hyopneumoniae from a swine population 
infected with multiple viral variants. Vet Microbiol 2010, 145, 198-208, doi:10.1016/j.
vetmic.2010.03.028.

163.	 Gille, L.; Boyen, F.; Van Driessche, L.; Valgaeren, B.; Haesebrouck, F.; Deprez, P.; 
Pardon, B. Short communication: Effect of freezer storage time and thawing method 
on the recovery of Mycoplasma bovis from bovine colostrum. J Dairy Sci 2018, 101, 
609-613, doi:10.3168/jds.2017-13130.

164.	 Timonen, A.A.E.; Autio, T.; Pohjanvirta, T.; Häkkinen, L.; Katholm, J.; Petersen, A.; 
Mõtus, K.; Kalmus, P. Dynamics of the within-herd prevalence of Mycoplasma bovis 
intramammary infection in endemically infected dairy herds. Vet Microbiol 2020, 
242, 108608, doi:10.1016/j.vetmic.2020.108608.

165.	 Godden, S.; McMartin, S.; Feirtag, J.; Stabel, J.; Bey, R.; Goyal, S.; Metzger, L.; 
Fetrow, J.; Wells, S.; Chester-Jones, H. Heat-treatment of bovine colostrum. II: 
effects of heating duration on pathogen viability and immunoglobulin G. J Dairy 
Sci 2006, 89, 3476-3483, doi:10.3168/jds.S0022-0302(06)72386-4.



82

References

166.	 Pfützner, H. [The tenacity of Mycoplasma bovis]. Zentralbl Bakteriol Mikrobiol Hyg 
A 1984, 258, 38-41, doi:10.1016/s0176-6724(84)80006-1.

167.	 Schibrowski, M.L.; Gibson, J.S.; Hay, K.E.; Mahony, T.J.; Barnes, T.S. Mycoplasma 
bovis and bovine respiratory disease: A risk factor study in Australian feeder cattle. 
Prev Vet Med 2018, 157, 152-161, doi:10.1016/j.prevetmed.2018.06.005.

168.	 Justice-Allen, A.; Trujillo, J.; Corbett, R.; Harding, R.; Goodell, G.; Wilson, D. Survival 
and replication of Mycoplasma species in recycled bedding sand and association 
with mastitis on dairy farms in Utah. J Dairy Sci 2010, 93, 192-202, doi:10.3168/
jds.2009-2474.

169.	 Wilson, D.J.; Justice-Allen, A.; Goodell, G.; Baldwin, T.J.; Skirpstunas, R.T.; Cavender, 
K.B. Risk of Mycoplasma bovis transmission from contaminated sand bedding to 
naive dairy calves. J Dairy Sci 2011, 94, 1318-1324, doi:10.3168/jds.2010-3692.

170.	 Piccinini, R.; Gosney, F.; Snel, G.; Luini, M.; Nicholas, R. Environmental survival of 
Mycoplasma bovis on a white veal farm. Veterinary Record case Reports 2015, 3.

171.	 https://www.mpi.govt.nz/dmsdocument/32524-Changes-to-cleaning-and-
disinfection-specifications. Available online: (accessed on 07/11/2021).

172.	 Wrathall, A.; Ayling, R.; Simmons, H. Risks of transmitting mycoplasmas by semen 
and embryo transfer techniques in cattle, sheep, goats and pigs. CAB Reviews: 
Perspectives in Agriculture, Veterinary Science, Nutrition and Natural Resources 
2007, 2, doi:10.1079/PAVSNNR20072036.

173.	 Amram, E.; Freed, M.; Khateb, N.; Mikula, I.; Blum, S.; Spergser, J.; Sharir, B.; 
Ozeri, R.; Harrus, S.; Lysnyansky, I. Multiple locus variable number tandem repeat 
analysis of Mycoplasma bovis isolated from local and imported cattle. Vet J 2013, 
197, 286-290, doi:10.1016/j.tvjl.2013.03.023.

174.	 Jain, U.; Verma, A.; Pal, B. PCR based detection of Mycoplasma bovis from bovine 
clinical specimens. The Indian Veterinary Journal 2012, 86, 61-63.

175.	 Kirchhoff, H.; Binder, A. [The occurrence of Mycoplasma bovis and other Mycoplasma 
species in cattle in the northern part of Germany]. Zentralbl Veterinarmed B 1986, 
33, 68-72.

176.	 Trichard, C.; Jacobsz, E. Mycoplasma recovered from bovine genitalia, aborted 
foetuses and placentas in the Republic of South Africa. Onderspoort Journal of 
Veterinary Research 52, 105-110.

177.	 Garcia, M.M.; Truscott, R.B.; McLaren, J.; Stewart, R.B.; Kingscote, B.; Burchak, 
J. Absence of Mycoplasma bovis in unprocessed frozen bull semen from Canadian 
artificial insemination centres. Vet Rec 1986, 119, 11-12, doi:10.1136/vr.119.1.11.

178.	 Ball, H.J.; Logan, E.F.; Orr, W. Isolation of mycoplasmas from bovine semen in 
Northern Ireland. Vet Rec 1987, 121, 322-324, doi:10.1136/vr.121.14.322.

179.	 Erno, H. Bovine mycoplasmas: identification of 100 strains isolated from semen of 
bulls. Acta Veterinaria Scandinavica 1975, 16, 321-323.

180.	 Petit, T.; Spergser, J.; Aurich, J.; Rosengarten, R. Examination of semen from bulls 
at five Austrian artificial insemination centres for chlamydiae and mollicutes. Vet 
Rec 2008, 162, 792-793, doi:10.1136/vr.162.24.792.



83

References

181.	 Bielanski, A.; Eaglesome, M.D.; Ruhnke, H.L.; Hare, W.C. Isolation of Mycoplasma 
bovis from intact and microinjected preimplantation bovine embryos washed or 
treated with trypsin or antibiotics. J In Vitro Fert Embryo Transf 1989, 6, 236-241, 
doi:10.1007/BF01132872.

182.	 Bielanski, A.; Devenish, J.; Phipps-Todd, B. Effect of Mycoplasma bovis and 
Mycoplasma bovigenitalium in semen on fertilization and association with in vitro 
produced morula and blastocyst stage embryos. Theriogenology 2000, 53, 1213-
1223, doi:10.1016/S0093-691X(00)00266-1.

183.	 Pitcher, D.G.; Nicholas, R.A. Mycoplasma host specificity: fact or fiction? Vet J 2005, 
170, 300-306, doi:10.1016/j.tvjl.2004.08.011.

184.	 Spergser, J.; Macher, K.; Kargl, M.; Lysnyansky, I.; Rosengarten, R. Emergence, 
re-emergence, spread and host species crossing of Mycoplasma bovis in the 
Austrian Alps caused by a single endemic strain. Vet Microbiol 2013, 164, 299-306, 
doi:10.1016/j.vetmic.2013.02.007.

185.	 Ongor, H.; Kalin, R.; Karahan, M.; Cetinkaya, B.; McAuliffe, L.; Nicholas, R.A. 
Isolation of Mycoplasma bovis from broiler chickens in Turkey. Avian Pathol 2008, 
37, 587-588, doi:10.1080/03079450802412590.

186.	 Dyer, N.W.; Krogh, D.F.; Schaan, L.P. Pulmonary mycoplasmosis in farmed white-
tailed deer (Odocoileus virginianus). J Wildl Dis 2004, 40, 366-370, doi:10.7589/0090-
3558-40.2.366.

187.	 Biddle, M.K.; Fox, L.K.; Hancock, D.D. Patterns of mycoplasma shedding in the milk 
of dairy cows with intramammary mycoplasma infection. J Am Vet Med Assoc 2003, 
223, 1163-1166, doi:10.2460/javma.2003.223.1163.

188.	 Punyapornwithaya, V.; Fox, L.K.; Hancock, D.D.; Gay, J.M.; Alldredge, J.R. 
Association between an outbreak strain causing mycoplasma bovis mastitis and its 
asymptomatic carriage in the herd: a case study from Idaho, USA. Prev Vet Med 
2010, 93, 66-70, doi:10.1016/j.prevetmed.2009.08.008.

189.	 Sachse, K.; Salam, H.S.; Diller, R.; Schubert, E.; Hoffmann, B.; Hotzel, H. Use 
of a novel real-time PCR technique to monitor and quantitate Mycoplasma bovis 
infection in cattle herds with mastitis and respiratory disease. Vet J 2010, 186, 299-
303, doi:10.1016/j.tvjl.2009.10.008.

190.	 Hazelton, M.S.; Sheehy, P.A.; Bosward, K.L.; Parker, A.M.; Morton, J.M.; Dwyer, C.J.; 
Niven, P.G.; House, J.K. Short communication: Shedding of Mycoplasma bovis and 
antibody responses in cows recently diagnosed with clinical infection. J Dairy Sci 
2018, 101, 584-589, doi:10.3168/jds.2017-13512.

191.	 Hazelton, M.S.; Morton, J.M.; Parker, A.M.; Bosward, K.L.; Sheehy, P.A.; Dwyer, C.J.; 
Niven, P.G.; House, J.K. Mycoplasma bovis and other Mollicutes in replacement dairy 
heifers from Mycoplasma bovis-infected and uninfected herds: A 2-year longitudinal 
study. J Dairy Sci 2020, 103, 11844-11856, doi:10.3168/jds.2020-18921.

192.	 Hazelton, M.S.; Morton, J.M.; Bosward, K.L.; Sheehy, P.A.; Parker, A.M.; Dwyer, 
C.J.; Niven, P.G.; House, J.K. Mycoplasma species in vaginas of dairy cows before 
and after exposure to bulls and their association with conception. J Dairy Sci 2020, 
103, 11795-11805, doi:10.3168/jds.2020-18758.



84

References

193.	 Bayoumi, F.A.; Farver, T.B.; Bushnell, B.; Oliveria, M. Enzootic mycoplasmal mastitis 
in a large dairy during an eight-year period. J Am Vet Med Assoc 1988, 192, 905-909.

194.	 Woldehiwet, Z.; Mamache, B.; Rowan, T.G. The effects of age, environmental 
temperature and relative humidity on the bacterial flora of the upper respiratory 
tract in calves. Br Vet J 1990, 146, 211-218, doi:10.1016/s0007-1935(11)80004-7.

195.	 Alabdullah, H. Mycoplasma Bovis Associated Diseases: Modeling Stress and its Effect 
on Bovine Immune Function. Washington State University, College of Veterinary 
Medcine, https://research.libraries.wsu.edu/xmlui/handle/2376/13023, 2017.

196.	 Gonzalez, R.N.; Sears, P.M.; Merrill, R.A.; Hayes, G.L. Mastitis due to Mycoplasma 
in the state of New York during the period 1972-1990. Cornell Vet 1992, 82, 29-40.

197.	 Hazelton, M.S.; Morton, J.M.; Parker, A.M.; Sheehy, P.A.; Bosward, K.L.; Malmo, 
J.; House, J.K. Whole dairy herd sampling to detect subclinical intramammary 
Mycoplasma bovis infection after clinical mastitis outbreaks. Vet Microbiol 2020, 
244, 108662, doi:10.1016/j.vetmic.2020.108662.

198.	 Nicholas, R.; Baker, S. Recovery of Mycoplasmas from Animals. In Methods in 
Molecular Biology:Mycoplasma Protocols, Miles, R., Nicholas, R., Eds.; Humana 
Press: Totowa, New Jersey, USA, 1998; Volume 104, pp. 37-43.

199.	 Allen, J.W.; Viel, L.; Bateman, K.G.; Rosendal, S.; Shewen, P.E.; Physick-Sheard, P. 
The microbial flora of the respiratory tract in feedlot calves: associations between 
nasopharyngeal and bronchoalveolar lavage cultures. Can J Vet Res 1991, 55, 341-
346.

200.	 Thomas, A.; Ball, H.; Dizier, I.; Trolin, A.; Bell, C.; Mainil, J.; Linden, A. Isolation of 
mycoplasma species from the lower respiratory tract of healthy cattle and cattle with 
respiratory disease in Belgium. Vet Rec 2002, 151, 472-476, doi:10.1136/vr.151.16.472.

201.	 Doyle, D.; Credille, B.; Lehenbauer, T.W.; Berghaus, R.; Aly, S.S.; Champagne, J.; 
Blanchard, P.; Crossley, B.; Berghaus, L.; Cochran, S.; et al. Agreement Among 4 
Sampling Methods to Identify Respiratory Pathogens in Dairy Calves with Acute 
Bovine Respiratory Disease. J Vet Intern Med 2017, 31, 954-959, doi:10.1111/
jvim.14683.

202.	 Godinho, K.S.; Sarasola, P.; Renoult, E.; Tilt, N.; Keane, S.; Windsor, G.D.; Rowan, 
T.G.; Sunderland, S.J. Use of deep nasopharyngeal swabs as a predictive diagnostic 
method for natural respiratory infections in calves. Vet Rec 2007, 160, 22-25, 
doi:10.1136/vr.160.1.22.

203.	 Van Driessche, L.; Valgaeren, B.R.; Gille, L.; Boyen, F.; Ducatelle, R.; Haesebrouck, 
F.; Deprez, P.; Pardon, B. A Deep Nasopharyngeal Swab Versus Nonendoscopic 
Bronchoalveolar Lavage for Isolation of Bacterial Pathogens from Preweaned 
Calves With Respiratory Disease. J Vet Intern Med 2017, 31, 946-953, doi:10.1111/
jvim.14668.

204.	 Pardon, B.; Buczinski, S. Bovine Respiratory Disease Diagnosis: What Progress Has 
Been Made in Infectious Diagnosis? Vet Clin North Am Food Anim Pract 2020, 36, 
425-444, doi:10.1016/j.cvfa.2020.03.005.

205.	 Biddle, M.K.; Fox, L.K.; Hancock, D.D.; Gaskins, C.T.; Evans, M.A. Effects of 
storage time and thawing methods on the recovery of Mycoplasma species in milk 



85

References

samples from cows with intramammary infections. J Dairy Sci 2004, 87, 933-936, 
doi:10.3168/jds.S0022-0302(04)73237-3.

206.	 Boonyayatra, S.; Fox, L.K.; Besser, T.E.; Sawant, A.; Gay, J.M. Effects of storage 
methods on the recovery of Mycoplasma species from milk samples. Vet Microbiol 
2010, 144, 210-213, doi:10.1016/j.vetmic.2009.12.014.

207.	 Wisselink, H.J.; Smid, B.; Plater, J.; Ridley, A.; Andersson, A.M.; Aspán, A.; 
Pohjanvirta, T.; Vähänikkilä, N.; Larsen, H.; Høgberg, J.; et al. A European 
interlaboratory trial to evaluate the performance of different PCR methods for 
Mycoplasma bovis diagnosis. BMC Vet Res 2019, 15, 86, doi:10.1186/s12917-019-
1819-7.

208.	 Spergser, J.; Hess, C.; Loncaric, I.; Ramírez, A.S. Matrix-Assisted Laser Desorption 
Ionization-Time of Flight Mass Spectrometry Is a Superior Diagnostic Tool for the 
Identification and Differentiation of Mycoplasmas Isolated from Animals. J Clin 
Microbiol 2019, 57.

209.	 Bokma, J.; Pardon, B.; Deprez, P.; Haesebrouck, F.; Boyen, F. Non-specific, agar 
medium-related peaks can result in false positive Mycoplasma alkalescens and 
Mycoplasma arginini identification by MALDI-TOF MS. Res Vet Sci 2020, 130, 139-
143, doi:10.1016/j.rvsc.2020.03.010.

210.	 Bokma, J.; Van Driessche, L.; Deprez, P.; Haesebrouck, F.; Vahl, M.; Weesendorp, 
E.; Deurenberg, R.H.; Pardon, B.; Boyen, F. Rapid Identification of Mycoplasma 
bovis Strains from Bovine Bronchoalveolar Lavage Fluid with Matrix-Assisted 
Laser Desorption Ionization-Time of Flight Mass Spectrometry after Enrichment 
Procedure. J Clin Microbiol 2020, 58, doi:10.1128/JCM.00004-20.

211.	 Cornelissen, J.B.; de Bree, F.M.; van der Wal, F.J.; Kooi, E.A.; Koene, M.G.; Bossers, 
A.; Smid, B.; Antonis, A.F.; Wisselink, H.J. Mycoplasma detection by triplex real-time 
PCR in bronchoalveolar lavage fluid from bovine respiratory disease complex cases. 
BMC Vet Res 2017, 13, 97, doi:10.1186/s12917-017-1023-6.

212.	 Bashiruddin, J.B.; Frey, J.; Königsson, M.H.; Johansson, K.E.; Hotzel, H.; Diller, 
R.; de Santis, P.; Botelho, A.; Ayling, R.D.; Nicholas, R.A.; et al. Evaluation of PCR 
systems for the identification and differentiation of Mycoplasma agalactiae and 
Mycoplasma bovis: a collaborative trial. Vet J 2005, 169, 268-275, doi:10.1016/j.
tvjl.2004.01.018.

213.	 Thomas, A.; Dizier, I.; Linden, A.; Mainil, J.; Frey, J.; Vilei, E.M. Conservation of 
the uvrC gene sequence in Mycoplasma bovis and its use in routine PCR diagnosis. 
Vet J 2004, 168, 100-102, doi:10.1016/j.tvjl.2003.10.006.

214.	 Righter, D.J.; Rurangirwa, F.R.; Call, D.R.; McElwain, T.F. Development of a bead-
based multiplex PCR assay for the simultaneous detection of multiple Mycoplasma 
species. Vet Microbiol 2011, 153, 246-256, doi:10.1016/j.vetmic.2011.06.010.

215.	 Parker, A.M.; House, J.K.; Hazelton, M.S.; Bosward, K.L.; Sheehy, P.A. Comparison 
of culture and a multiplex probe PCR for identifying Mycoplasma species in bovine 
milk, semen and swab samples. PLoS One 2017, 12, e0173422, doi:10.1371/journal.
pone.0173422.



86

References

216.	 Zheng, W.; Porter, E.; Noll, L.; Stoy, C.; Lu, N.; Wang, Y.; Liu, X.; Purvis, T.; 
Peddireddi, L.; Lubbers, B.; et al. A multiplex real-time PCR assay for the detection 
and differentiation of five bovine pinkeye pathogens. J Microbiol Methods 2019, 160, 
87-92, doi:10.1016/j.mimet.2019.03.024.

217.	 Chauhan, K.; Aly, S.S.; Lehenbauer, T.W.; Tonooka, K.H.; Glenn, K.; Rossitto, P.; 
Marco, M.L. Development of a multiplex qPCR assay for the simultaneous detection 
of Mycoplasma bovis, Mycoplasma species, and Acholeplasma laidlawii in milk. 
PeerJ 2021, 9, e11881, doi:10.7717/peerj.11881.

218.	 Cai, H.Y.; Bell-Rogers, P.; Parker, L.; Prescott, J.F. Development of a real-time PCR 
for detection of Mycoplasma bovis in bovine milk and lung samples. J Vet Diagn 
Invest 2005, 17, 537-545, doi:10.1177/104063870501700603.

219.	 Rossetti, B.C.; Frey, J.; Pilo, P. Direct detection of Mycoplasma bovis in milk and 
tissue samples by real-time PCR. Mol Cell Probes 2010, 24, 321-323, doi:10.1016/j.
mcp.2010.05.001.

220.	 Naikare, H.; Bruno, D.; Mahapatra, D.; Reinisch, A.; Raleigh, R.; Sprowls, R. 
Development and Evaluation of a Novel Taqman Real-Time PCR Assay for Rapid 
Detection of  Mycoplasma bovis: Comparison of Assay Performance with a 
Conventional PCR Assay and Another Taqman Real-Time PCR Assay. Vet Sci 2015, 
2, 32-42, doi:10.3390/vetsci2010032.

221.	 Behera, S.; Rana, R.; Gupta, P.K.; Kumar, D.; Sonal; Rekha, V.; Arun, T.R.; Jena, D. 
Development of real-time PCR assay for the detection of Mycoplasma bovis. Trop 
Anim Health Prod 2018, 50, 875-882, doi:10.1007/s11250-018-1510-1.

222.	 Zhao, G.; Hou, P.; Huan, Y.; He, C.; Wang, H.; He, H. Development of a recombinase 
polymerase amplification combined with a lateral flow dipstick assay for rapid 
detection of the Mycoplasma bovis. BMC Vet Res 2018, 14, 412, doi:10.1186/s12917-
018-1703-x.

223.	 Conrad, C.C.; Daher, R.K.; Stanford, K.; Amoako, K.K.; Boissinot, M.; Bergeron, 
M.G.; Alexander, T.; Cook, S.; Ralston, B.; Zaheer, R.; et al. A Sensitive and Accurate 
Recombinase Polymerase Amplification Assay for Detection of the Primary Bacterial 
Pathogens Causing Bovine Respiratory Disease. Front Vet Sci 2020, 7, 208, 
doi:10.3389/fvets.2020.00208.

224.	 Li, R.; Wang, J.; Sun, X.; Liu, L.; Yuan, W. Direct and Rapid Detection of Mycoplasma 
bovis in Bovine Milk Samples by Recombinase Polymerase Amplification Assays. 
Front Cell Infect Microbiol 2021, 11, 639083, doi:10.3389/fcimb.2021.639083.

225.	 Higa, Y.; Uemura, R.; Yamazaki, W.; Goto, S.; Goto, Y.; Sueyoshi, M. An improved 
loop-mediated isothermal amplification assay for the detection of Mycoplasma bovis. 
J Vet Med Sci 2016, 78, 1343-1346, doi:10.1292/jvms.15-0459.

226.	 Ashraf, A.; Imran, M.; Yaqub, T.; Tayyab, M.; Shehzad, W.; Mingala, C.N.; Chang, Y.F. 
Development and validation of a loop-mediated isothermal amplification assay for 
the detection of Mycoplasma bovis in mastitic milk. Folia Microbiol (Praha) 2018, 
63, 373-380, doi:10.1007/s12223-017-0576-x.

227.	 Itoh, M.; Hirano, Y.; Yamakawa, K.; Yasutomi, I.; Kuramoto, K.; Furuoka, M.; 
Yamada, K. Combination of procedure for ultra rapid extraction (PURE) and loop-



87

References

mediated isothermal amplification (LAMP) for rapid detection of Mycoplasma bovis 
in milk. J Vet Med Sci 2020, 82, 875-880, doi:10.1292/jvms.19-0695.

228.	 Bottinelli, M.; Passamonti, F.; Rampacci, E.; Stefanetti, V.; Pochiero, L.; Coletti, 
M.; Rueca, F.; Hyatt, D.R.; Schnee, C. DNA microarray assay and real-time PCR 
as useful tools for studying the respiratory tract Mycoplasma populations in young 
dairy calves. J Med Microbiol 2017, 66, 1342-1349, doi:10.1099/jmm.0.000571.

229.	 Bokma, J.; Vereecke, N.; Pas, M.L.; Chantillon, L.; Vahl, M.; Weesendorp, E.; 
Deurenberg, R.H.; Nauwynck, H.; Haesebrouck, F.; Theuns, S.; et al. Evaluation of 
Nanopore Sequencing as a Diagnostic Tool for the Rapid Identification of Mycoplasma 
bovis from Individual and Pooled Respiratory Tract Samples. J Clin Microbiol 2021, 
59, e0111021, doi:10.1128/jcm.01110-21.

230.	 Dudek, K.; Bednarek, D.; Ayling, R.D.; Kycko, A.; Szacawa, E.; Karpińska, T.A. An 
experimental vaccine composed of two adjuvants gives protection against Mycoplasma 
bovis in calves. Vaccine 2016, 34, 3051-3058, doi:10.1016/j.vaccine.2016.04.087.

231.	 Mulongo, M.; Prysliak, T.; Perez-Casal, J. 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 2013, 31, 1406-1412, doi:10.1016/j.vaccine.2012.12.055.

232.	 Prysliak, T.; van der Merwe, J.; Perez-Casal, J. Vaccination with recombinant 
Mycoplasma bovis GAPDH results in a strong humoral immune response but does 
not protect feedlot cattle from an experimental challenge with M. bovis. Microb 
Pathog 2013, 55, 1-8, doi:10.1016/j.micpath.2012.12.001.

233.	 Prysliak, T.; Maina, T.; Yu, L.; Suleman, M.; Jimbo, S.; Perez-Casal, J. Induction of a 
balanced IgG1/IgG2 immune response to an experimental challenge with Mycoplasma 
bovis antigens following a vaccine composed of Emulsigen™, IDR peptide1002, and 
poly I:C. Vaccine 2017, 35, 6604-6610, doi:10.1016/j.vaccine.2017.10.037.

234.	 Prysliak, T.; Maina, T.; Perez-Casal, J. Th-17 cell mediated immune responses to 
Mycoplasma bovis proteins formulated with Montanide ISA61 VG and curdlan are 
not sufficient for protection against an experimental challenge with Mycoplasma 
bovis. Vet Immunol Immunopathol 2018, 197, 7-14, doi:10.1016/j.vetimm.2018.01.004.

235.	 Petersen, M.B.; Pedersen, J.; Holm, D.L.; Denwood, M.; Nielsen, L.R. A longitudinal 
observational study of the dynamics of Mycoplasma bovis antibodies in naturally 
exposed and diseased dairy cows. J Dairy Sci 2018, 101, 7383-7396, doi:10.3168/
jds.2017-14340.

236.	 Petersen, M.B.; Wawegama, N.K.; Denwood, M.; Markham, P.F.; Browning, G.F.; 
Nielsen, L.R. Mycoplasma bovis antibody dynamics in naturally exposed dairy calves 
according to two diagnostic tests. BMC Vet Res 2018, 14, 258, doi:10.1186/s12917-
018-1574-1.

237.	 Schibrowski, M.L.; Barnes, T.S.; Wawegama, N.K.; Vance, M.E.; Markham, P.F.; 
Mansell, P.D.; Marenda, M.S.; Kanci, A.; Perez-Casal, J.; Browning, G.F.; et al. The 
Performance of Three Immune Assays to Assess the Serological Status of Cattle 
Experimentally Exposed to Mycoplasma bovis. Vet Sci 2018, 5, doi:10.3390/
vetsci5010027.



88

References

238.	 Wawegama, N.K.; Browning, G.F.; Kanci, A.; Marenda, M.S.; Markham, P.F. 
Development of a recombinant protein-based enzyme-linked immunosorbent assay 
for diagnosis of Mycoplasma bovis infection in cattle. Clin Vaccine Immunol 2014, 
21, 196-202, doi:10.1128/CVI.00670-13.

239.	 Wawegama, N.K.; Markham, P.F.; Kanci, A.; Schibrowski, M.; Oswin, S.; Barnes, 
T.S.; Firestone, S.M.; Mahony, T.J.; Browning, G.F. Evaluation of an IgG Enzyme-
Linked Immunosorbent Assay as a Serological Assay for Detection of Mycoplasma 
bovis Infection in Feedlot Cattle. J Clin Microbiol 2016, 54, 1269-1275, doi:10.1128/
JCM.02492-15.

240.	 Petersen, M.B.; Krogh, K.; Nielsen, L.R. Factors associated with variation in bulk 
tank milk Mycoplasma bovis antibody-ELISA results in dairy herds. J Dairy Sci 
2016, 99, 3815-3823, doi:10.3168/jds.2015-10056.

241.	 Parker, A.M.; House, J.K.; Hazelton, M.S.; Bosward, K.L.; Morton, J.M.; Sheehy, P.A. 
Bulk tank milk antibody ELISA as a biosecurity tool for detecting dairy herds with 
past exposure to Mycoplasma bovis. J Dairy Sci 2017, 100, 8296-8309, doi:10.3168/
jds.2016-12468.

242.	 Hazelton, M.S.; Morton, J.M.; Bosward, K.L.; Sheehy, P.A.; Parker, A.M.; Dwyer, C.J.; 
Niven, P.G.; House, J.K. Isolation of Mycoplasma spp. and serological responses in 
bulls prior to and following their introduction into Mycoplasma bovis-infected dairy 
herds. J Dairy Sci 2018, 101, 7412-7424, doi:10.3168/jds.2018-14457.

243.	 McAuliffe, L.; Kokotovic, B.; Ayling, R.D.; Nicholas, R.A. Molecular epidemiological 
analysis of Mycoplasma bovis isolates from the United Kingdom shows two genetically 
distinct clusters. J Clin Microbiol 2004, 42, 4556-4565, doi:10.1128/JCM.42.10.4556-
4565.2004.

244.	 Kusiluka, L.J.; Kokotovic, B.; Ojeniyi, B.; Friis, N.F.; Ahrens, P. Genetic variations 
among Mycoplasma bovis strains isolated from Danish cattle. FEMS Microbiol Lett 
2000, 192, 113-118, doi:10.1111/j.1574-6968.2000.tb09368.x.

245.	 Biddle, M.K.; Fox, L.K.; Evans, M.A.; Gay, C.C. Pulsed-field gel electrophoresis 
patterns of Mycoplasma isolates from various body sites in dairy cattle with 
Mycoplasma mastitis. J Am Vet Med Assoc 2005, 227, 455-459, doi:10.2460/
javma.2005.227.455.

246.	 Arcangioli, M.A.; Aslan, H.; Tardy, F.; Poumarat, F.; Le Grand, D. The use of pulsed-
field gel electrophoresis to investigate the epidemiology of Mycoplasma bovis in 
French calf feedlots. Vet J 2012, 192, 96-100, doi:10.1016/j.tvjl.2011.05.004.

247.	 Timsit, E.; Arcangioli, M.A.; Bareille, N.; Seegers, H.; Assié, S. Transmission dynamics 
of Mycoplasma bovis in newly received beef bulls at fattening operations. J Vet Diagn 
Invest 2012, 24, 1172-1176, doi:10.1177/1040638712463211.

248.	 Menghwar, H.; He, C.; Zhang, H.; Zhao, G.; Zhu, X.; Khan, F.A.; Faisal, M.; Rasheed, 
M.A.; Zubair, M.; Memon, A.M.; et al. Genotype distribution of Chinese Mycoplasma 
bovis isolates and their evolutionary relationship to strains from other countries. 
Microb Pathog 2017, 111, 108-117, doi:10.1016/j.micpath.2017.08.029.



89

References

249.	 Pinho, L.; Thompson, G.; Rosenbusch, R.; Carvalheira, J. Genotyping of Mycoplasma 
bovis isolates using multiple-locus variable-number tandem-repeat analysis. J 
Microbiol Methods 2012, 88, 377-385, doi:10.1016/j.mimet.2012.01.003.

250.	 Sulyok, K.M.; Kreizinger, Z.; Fekete, L.; Jánosi, S.; Schweitzer, N.; Turcsányi, I.; 
Makrai, L.; Erdélyi, K.; Gyuranecz, M. Phylogeny of Mycoplasma bovis isolates from 
Hungary based on multi locus sequence typing and multiple-locus variable-number 
tandem repeat analysis. BMC Vet Res 2014, 10, 108, doi:10.1186/1746-6148-10-108.

251.	 Becker, C.A.; Thibault, F.M.; Arcangioli, M.A.; Tardy, F. Loss of diversity within 
Mycoplasma bovis isolates collected in France from bovines with respiratory 
diseases over the last 35 years. Infect Genet Evol 2015, 33, 118-126, doi:10.1016/j.
meegid.2015.04.019.

252.	 Menghwar, H.; Prysliak, T.; Perez-Casal, J. Phylogeny of Mycoplasma bovis isolates 
from cattle and bison based on multi locus sequence typing and multiple-locus 
variable-number tandem repeats. Vet Microbiol 2021, 258, 109124, doi:10.1016/j.
vetmic.2021.109124.

253.	 Miles, K.; McAuliffe, L.; Persson, A.; Ayling, R.D.; Nicholas, R.A. Insertion sequence 
profiling of UK Mycoplasma bovis field isolates. Vet Microbiol 2005, 107, 301-306, 
doi:10.1016/j.vetmic.2005.02.003.

254.	 Aebi, M.; Bodmer, M.; Frey, J.; Pilo, P. Herd-specific strains of Mycoplasma bovis in 
outbreaks of mycoplasmal mastitis and pneumonia. Vet Microbiol 2012, 157, 363-
368, doi:10.1016/j.vetmic.2012.01.006.

255.	 Maiden, M.C.; Bygraves, J.A.; Feil, E.; Morelli, G.; Russell, J.E.; Urwin, R.; 
Zhang, Q.; Zhou, J.; Zurth, K.; Caugant, D.A.; et al. Multilocus sequence typing: a 
portable approach to the identification of clones within populations of pathogenic 
microorganisms. Proc Natl Acad Sci U S A 1998, 95, 3140-3145, doi:10.1073/
pnas.95.6.3140.

256.	 Rosales, R.S.; Churchward, C.P.; Schnee, C.; Sachse, K.; Lysnyansky, I.; Catania, S.; 
Iob, L.; Ayling, R.D.; Nicholas, R.A. Global multilocus sequence typing analysis of 
Mycoplasma bovis isolates reveals two main population clusters. J Clin Microbiol 
2015, 53, 789-794, doi:10.1128/JCM.01910-14.

257.	 Register, K.B.; Thole, L.; Rosenbush, R.F.; Minion, F.C. Multilocus sequence typing 
of Mycoplasma bovis reveals host-specific genotypes in cattle versus bison. Vet 
Microbiol 2015, 175, 92-98, doi:10.1016/j.vetmic.2014.11.002.

258.	 Bürki, S.; Spergser, J.; Bodmer, M.; Pilo, P. A dominant lineage of Mycoplasma 
bovis is associated with an increased number of severe mastitis cases in cattle. Vet 
Microbiol 2016, 196, 63-66, doi:10.1016/j.vetmic.2016.10.016.

259.	 Hata, E.; Harada, T.; Itoh, M. Relationship between Antimicrobial Susceptibility 
and Multilocus Sequence Type of Mycoplasma bovis Isolates and Development of a 
Method for Rapid Detection of Point Mutations Involved in Decreased Susceptibility 
to Macrolides, Lincosamides, Tetracyclines, and Spectinomycin. Appl Environ 
Microbiol 2019, 85, doi:10.1128/AEM.00575-19.

260.	 Register, K.B.; Jelinski, M.D.; Waldner, M.; Boatwright, W.D.; Anderson, T.K.; 
Hunter, D.L.; Hamilton, R.G.; Burrage, P.; Shury, T.; Bildfell, R.; et al. Comparison 



90

References

of multilocus sequence types found among North American isolates of. J Vet Diagn 
Invest 2019, 31, 899-904, doi:10.1177/1040638719874848.

261.	 Josi, C.; Bürki, S.; Stojiljkovic, A.; Wellnitz, O.; Stoffel, M.H.; Pilo, P. Bovine Epithelial. 
Front Cell Infect Microbiol 2018, 8, 329, doi:10.3389/fcimb.2018.00329.

262.	 Register, K.B.; Lysnyansky, I.; Jelinski, M.D.; Boatwright, W.D.; Waldner, M.; Bayles, 
D.O.; Pilo, P.; Alt, D.P. Comparison of Two Multilocus Sequence Typing Schemes for 
Mycoplasma bovis and Revision of the PubMLST Reference Method. J Clin Microbiol 
2020, 58, doi:10.1128/JCM.00283-20.

263.	 Tardy, F.; Aspan, A.; Autio, T.; Ridley, A.; Tricot, A.; Colin, A.; Pohjanvirta, T.; Smid, 
B.; Harders, F.; Lindegaard, M.; et al. in Nordic European Countries: Emergence and 
Dominance of a New Clone. Pathogens 2020, 9, doi:10.3390/pathogens9110875.

264.	 Schürch, A.C.; Arredondo-Alonso, S.; Willems, R.J.L.; Goering, R.V. Whole genome 
sequencing options for bacterial strain typing and epidemiologic analysis based 
on single nucleotide polymorphism versus gene-by-gene-based approaches. Clin 
Microbiol Infect 2018, 24, 350-354, doi:10.1016/j.cmi.2017.12.016.

265.	 Kinnear, A.; Waldner, M.; McAllister, T.A.; Zaheer, R.; Register, K.; Jelinski, M. 
Application of Four Genotyping Methods to Mycoplasma bovis Isolates Derived from 
Western Canadian Feedlot Cattle. J Clin Microbiol 2021, 59, e0004421, doi:10.1128/
JCM.00044-21.

266.	 Parker, A.M.; Shukla, A.; House, J.K.; Hazelton, M.S.; Bosward, K.L.; Kokotovic, 
B.; Sheehy, P.A. Genetic characterization of Australian Mycoplasma bovis isolates 
through whole genome sequencing analysis. Vet Microbiol 2016, 196, 118-125, 
doi:10.1016/j.vetmic.2016.10.010.

267.	 Bokma, J.; Vereecke, N.; De Bleecker, K.; Callens, J.; Ribbens, S.; Nauwynck, 
H.; Haesebrouck, F.; Theuns, S.; Boyen, F.; Pardon, B. Phylogenomic analysis of 
Mycoplasma bovis from Belgian veal, dairy and beef herds. Vet Res 2020, 51, 121, 
doi:10.1186/s13567-020-00848-z.

268.	 Kumar, R.; Register, K.; Christopher-Hennings, J.; Moroni, P.; Gioia, G.; Garcia-
Fernandez, N.; Nelson, J.; Jelinski, M.D.; Lysnyansky, I.; Bayles, D.; et al. Population 
Genomic Analysis of. Microorganisms 2020, 8, doi:10.3390/microorganisms8101561.

269.	 Yair, Y.; Borovok, I.; Mikula, I.; Falk, R.; Fox, L.K.; Gophna, U.; Lysnyansky, I. 
Genomics-based epidemiology of bovine Mycoplasma bovis strains in Israel. BMC 
Genomics 2020, 21, 70, doi:10.1186/s12864-020-6460-0.

270.	 Gardner, S.N.; Slezak, T.; Hall, B.G. kSNP3.0: SNP detection and phylogenetic 
analysis of genomes without genome alignment or reference genome. Bioinformatics 
2015, 31, 2877-2878, doi:10.1093/bioinformatics/btv271.

271.	 McInerney, J.O.; McNally, A.; O’Connell, M.J. Why prokaryotes have pangenomes. 
Nat Microbiol 2017, 2, 17040, doi:10.1038/nmicrobiol.2017.40.

272.	 Dudek, K.; Szacawa, E.; Nicholas, R.A.J. Recent Developments in Vaccines for Bovine 
Mycoplasmoses Caused by Mycoplasma bovis and Mycoplasma mycoides subsp. 
mycoides. Vaccines (Basel) 2021, 9, doi:10.3390/vaccines9060549.



91

References

273.	 Chima, J.C.; Wilkie, B.N.; Nielsen, K.H.; Ruhnke, H.L.; Truscott, R.B.; Maxie, G.; 
Chick, B. Synovial immunoglobulin and antibody in vaccinated and nonvaccinated 
calves challenged with Mycoplasma bovis. Can J Comp Med 1981, 45, 92-96.

274.	 Stott, E.J.; Thomas, L.H.; Howard, C.J.; Gourlay, R.N. Field trial of a quadrivalent 
vaccine against calf respiratory disease. Vet Rec 1987, 121, 342-347, doi:10.1136/
vr.121.15.342.

275.	 Howard, C.J.; Stott, E.J.; Thomas, L.H.; Gourlay, R.N.; Taylor, G. Protection against 
respiratory disease in calves induced by vaccines containing respiratory syncytial 
virus, parainfluenza type 3 virus, Mycoplasma bovis and M dispar. Vet Rec 1987, 
121, 372-376, doi:10.1136/vr.121.16.372.

276.	 Zhang, R.; Han, X.; Chen, Y.; Mustafa, R.; Qi, J.; Chen, X.; Hu, C.; Chen, H.; Guo, A. 
Attenuated Mycoplasma bovis strains provide protection against virulent infection 
in calves. Vaccine 2014, 32, 3107-3114, doi:10.1016/j.vaccine.2013.12.004.

277.	 Maunsell, F.P.; Donovan, G.A.; Risco, C.; Brown, M.B. Field evaluation of a 
Mycoplasma bovis bacterin in young dairy calves. Vaccine 2009, 27, 2781-2788, 
doi:10.1016/j.vaccine.2009.02.100.

278.	 Soehnlen, M.K.; Aydin, A.; Lengerich, E.J.; Houser, B.A.; Fenton, G.D.; Lysczek, 
H.R.; Burns, C.M.; Byler, L.I.; Hattel, A.L.; Wolfgang, D.R.; et al. Blinded, controlled 
field trial of two commercially available Mycoplasma bovis bacterin vaccines in veal 
calves. Vaccine 2011, 29, 5347-5354, doi:10.1016/j.vaccine.2011.05.092.

279.	 Matthijs, A.M.F.; Auray, G.; Jakob, V.; García-Nicolás, O.; Braun, R.O.; Keller, I.; 
Bruggman, R.; Devriendt, B.; Boyen, F.; Guzman, C.A.; et al. Systems Immunology 
Characterization of Novel Vaccine Formulations for Mycoplasma hyopneumoniae 
Bacterins. Front Immunol 2019, 10, 1087, doi:10.3389/fimmu.2019.01087.

280.	 Gautier-Bouchardon, A.V. Antimicrobial Resistance in. Microbiol Spectr 2018, 6, 
doi:10.1128/microbiolspec.ARBA-0030-2018.

281.	 Lysnyansky, I.; Ayling, R.D. Mycoplasma bovis: Mechanisms of Resistance and 
Trends in Antimicrobial Susceptibility. Front Microbiol 2016, 7, 595, doi:10.3389/
fmicb.2016.00595.

282.	 Ayling, R.D.; Rosales, R.S.; Barden, G.; Gosney, F.L. Changes in antimicrobial 
susceptibility of Mycoplasma bovis isolates from Great Britain. Vet Rec 2014, 175, 
486, doi:10.1136/vr.102303.

283.	 Heuvelink, A.; Reugebrink, C.; Mars, J. Antimicrobial susceptibility of Mycoplasma 
bovis isolates from veal calves and dairy cattle in the Netherlands. Vet Microbiol 
2016, 189, 1-7, doi:10.1016/j.vetmic.2016.04.012.

284.	 Gautier-Bouchardon, A.V.; Ferré, S.; Le Grand, D.; Paoli, A.; Gay, E.; Poumarat, 
F. Overall decrease in the susceptibility of Mycoplasma bovis to antimicrobials 
over the past 30 years in France. PLoS One 2014, 9, e87672, doi:10.1371/journal.
pone.0087672.

285.	 Sulyok, K.M.; Kreizinger, Z.; Fekete, L.; Hrivnák, V.; Magyar, T.; Jánosi, S.; Schweitzer, 
N.; Turcsányi, I.; Makrai, L.; Erdélyi, K.; et al. Antibiotic susceptibility profiles of 
Mycoplasma bovis strains isolated from cattle in Hungary, Central Europe. BMC 
Vet Res 2014, 10, 256, doi:10.1186/s12917-014-0256-x.



92

References

286.	 Klein, U.; de Jong, A.; Moyaert, H.; El Garch, F.; Leon, R.; Richard-Mazet, A.; 
Rose, M.; Maes, D.; Pridmore, A.; Thomson, J.R.; et al. Antimicrobial susceptibility 
monitoring of Mycoplasma hyopneumoniae and Mycoplasma bovis isolated in 
Europe. Vet Microbiol 2017, 204, 188-193, doi:10.1016/j.vetmic.2017.04.012.

287.	 Klein, U.; de Jong, A.; Youala, M.; El Garch, F.; Stevenin, C.; Moyaert, H.; Rose, M.; 
Catania, S.; Gyuranecz, M.; Pridmore, A.; et al. New antimicrobial susceptibility 
data from monitoring of Mycoplasma bovis isolated in Europe. Vet Microbiol 2019, 
238, 108432, doi:10.1016/j.vetmic.2019.108432.

288.	 Hannan, P.C. Guidelines and recommendations for antimicrobial minimum 
inhibitory concentration (MIC) testing against veterinary mycoplasma species. 
International Research Programme on Comparative Mycoplasmology. Vet Res 2000, 
31, 373-395, doi:10.1051/vetres:2000100.

289.	 EMA. Categorisation of antibiotics for use in animals for prudent and responsible use. 
Available online: https://www.ema.europa.eu/en/documents/report/infographic-
categorisation-antibiotics-use-animals-prudent-responsible-use_en.pdf (accessed 
on November 7th, 2021).

290.	 Godinho, K.S. Susceptibility testing of tulathromycin: interpretative breakpoints 
and susceptibility of field isolates. Vet Microbiol 2008, 129, 426-432, doi:10.1016/j.
vetmic.2007.11.033.

291.	 Finnish Food Authority. Recommendations for the use of antimicrobials in the 
treatment ofthe most significant infectious and contagious diseases in animals. 
Available online: https://www.ruokavirasto.fi/globalassets/viljelijat/elaintenpito/
elainten-laakitseminen/hallittu_laakekekaytto/mikrobilaakekaytonperiaatteet/
mikrobilaakkeiden_kayttosuositukset_en.pdf (accessed on November 8th, 2021). 

292.	 Sato, T.; Okubo, T.; Usui, M.; Higuchi, H.; Tamura, Y. Amino acid substitutions in 
GyrA and ParC are associated with fluoroquinolone resistance in Mycoplasma bovis 
isolates from Japanese dairy calves. J Vet Med Sci 2013, 75, 1063-1065, doi:10.1292/
jvms.12-0508.

293.	 Lerner, U.; Amram, E.; Ayling, R.D.; Mikula, I.; Gerchman, I.; Harrus, S.; Teff, D.; 
Yogev, D.; Lysnyansky, I. Acquired resistance to the 16-membered macrolides tylosin 
and tilmicosin by Mycoplasma bovis. Vet Microbiol 2014, 168, 365-371, doi:10.1016/j.
vetmic.2013.11.033.

294.	 Amram, E.; Mikula, I.; Schnee, C.; Ayling, R.D.; Nicholas, R.A.; Rosales, R.S.; Harrus, 
S.; Lysnyansky, I. 16S rRNA gene mutations associated with decreased susceptibility 
to tetracycline in Mycoplasma bovis. Antimicrob Agents Chemother 2015, 59, 796-
802, doi:10.1128/AAC.03876-14.

295.	 Khalil, D.; Becker, C.A.M.; Tardy, F. Alterations in the Quinolone Resistance-
Determining Regions and Fluoroquinolone Resistance in Clinical Isolates and 
Laboratory-Derived Mutants of Mycoplasma bovis: Not All Genotypes May Be Equal. 
Appl Environ Microbiol 2016, 82, 1060-1068, doi:10.1128/AEM.03280-15.

296.	 Khalil, D.; Becker, C.A.M.; Tardy, F. Monitoring the Decrease in Susceptibility to 
Ribosomal RNAs Targeting Antimicrobials and Its Molecular Basis in Clinical 
Mycoplasma bovis Isolates over Time. Microb Drug Resist 2017, 23, 799-811, 
doi:10.1089/mdr.2016.0268.



93

References

297.	 Sulyok, K.M.; Kreizinger, Z.; Wehmann, E.; Lysnyansky, I.; Bányai, K.; Marton, S.; 
Jerzsele, Á.; Rónai, Z.; Turcsányi, I.; Makrai, L.; et al. Mutations Associated with 
Decreased Susceptibility to Seven Antimicrobial Families in Field and Laboratory-
Derived Mycoplasma bovis Strains. Antimicrob Agents Chemother 2017, 61, 
doi:10.1128/AAC.01983-16.

298.	 Kinnear, A.; McAllister, T.A.; Zaheer, R.; Waldner, M.; Ruzzini, A.C.; Andrés-
Lasheras, S.; Parker, S.; Hill, J.E.; Jelinski, M.D. Investigation of Macrolide Resistance 
Genotypes in. Pathogens 2020, 9, doi:10.3390/pathogens9080622.

299.	 Bokma, J.; Vereecke, N.; Nauwynck, H.; Haesebrouck, F.; Theuns, S.; Pardon, B.; 
Boyen, F. Genome-Wide Association Study Reveals Genetic Markers for Antimicrobial 
Resistance in Mycoplasma bovis. Microbiol Spectr 2021, 9, e0026221, doi:10.1128/
Spectrum.00262-21.

300.	 Nicholas, R.A. Bovine mycoplasmosis: silent and deadly. Vet Rec 2011, 168, 459-462, 
doi:10.1136/vr.d2468.

301.	 Bicknell, S.R.; Gunning, R.F.; Jackson, G.; Boughton, E.; Wilson, C.D. Eradication of 
Mycoplasma bovis infection from a dairy herd in Great Britain. Vet Rec 1983, 112, 
294-297, doi:10.1136/vr.112.13.294.

302.	 Byrne, W.J.; Ball, H.J.; McCormack, R.; Brice, N. Elimination of Mycoplasma 
bovis mastitis from an Irish dairy herd. Vet Rec 1998, 142, 516-517, doi:10.1136/
vr.142.19.516.

303.	 Brys, A.; Pfützner, H.; Bocklisch, H.; Weigel, H. [Mycoplasma bovis-free breeding 
of cattle]. Berl Munch Tierarztl Wochenschr 1992, 105, 230-232.

304.	 Haapala, V.; Vähänikkilä, N.; Kulkas, L.; Tuunainen, E.; Pohjanvirta, T.; Autio, T.; 
Pelkonen, S.; Soveri, T.; Simojoki, H. Mycoplasma bovis infection in dairy herds-Risk 
factors and effect of control measures. J Dairy Sci 2021, 104, 2254-2265, doi:10.3168/
jds.2020-18814.

305.	 O’farrell, K.; Dillon, P.; Mee, J.; Crosse, S.; Nolan, M.; Byrne, N.; Reidy, M.; Flynn, 
F.; Condon, T. Strategy for restocking of Moorepark after depopulation following 
bovine spongiform encephalopathy. Irish Veterinary Journal 2001, 54, 70-75.

306.	 Browning, G.; French, N.; Garner, G.; McKenzie, J.; McIntyre, J.; Morton, J.; 
McDougall, S. Report of the Technical Advisory Group on the Mycoplasma bovis 
programme. Available online: https://www.mpi.govt.nz/dmsdocument/45967-TAG-
M-bovis-report-July-2021 (accessed on October 10th, 2021). 

307.	 MPI. Situation report on Mycoplasma bovis. Available online: https://www.mpi.govt.
nz/biosecurity/mycoplasma-bovis/situation-report/ (accessed on April 16th, 2022).

308.	 Vishwanath, R. Artificial insemination: the state of the art. Theriogenology 2003, 
59, 571-584, doi:10.1016/s0093-691x(02)01241-4.

309.	 Hartmann, H.; Tourtellotte, M.; Neilson, S.; Plastridge, W. Experimental bovine 
uterine mycoplasmosis. Research in veterinary science 1964, 5, 303-310.

310.	 Stalheim, O.H.; Proctor, S.J. Experimentally induced bovine abortion with 
Mycoplasma agalactiae subsp bovis. Am J Vet Res 1976, 37, 879-883.



94

References

311.	 Shin, S.J.; Lein, D.H.; Patten, V.H.; Ruhnke, H.L. A new antibiotic combination for 
frozen bovine semen 1. Control of mycoplasmas, ureaplasmas, Campylobacter fetus 
subsp. venerealis and Haemophilus somnus. Theriogenology 1988, 29, 577-591, 
doi:10.1016/s0093-691x(88)80006-2.

312.	 Visser, I.J.; ter Laak, E.A.; Jansen, H.B. Failure of antibiotics gentamycin, tylosin, 
lincomycin and spectinomycin to eliminate Mycoplasma bovis in artificially infected 
frozen bovine semen. Theriogenology 1999, 51, 689-697, doi:10.1016/s0093-
691x(99)00018-7.

313.	 Naseva register. Centralized Cattle Health Care Register. Available online: (accessed 
on November 7th, 2021).

314.	 Haapala, V.; Herva, T.; Härtel, H.; Pitkänen, E.; Mattila, J.; Rautjoki, P.; Pelkonen, S.; 
Soveri, T.; Simojoki, H. Comparison of Finnish meat inspection records and average 
daily gain for cattle herds differing in Mycoplasma bovis test-status. Vet J 2019, 249, 
41-46, doi:10.1016/j.tvjl.2019.04.015.

315.	 Friis, N.F.; Krogh, H.V. Isolation of mycoplasmas from Danish cattle. Nord Vet Med 
1983, 35, 74-81.

316.	 Bölske, G. Survey of Mycoplasma infections in cell cultures and a comparison 
of detection methods. Zentralbl Bakteriol Mikrobiol Hyg A 1988, 269, 331-340, 
doi:10.1016/s0176-6724(88)80176-7.

317.	 Fricker, M.; Messelhäusser, U.; Busch, U.; Scherer, S.; Ehling-Schulz, M. Diagnostic 
real-time PCR assays for the detection of emetic Bacillus cereus strains in foods 
and recent food-borne outbreaks. Appl Environ Microbiol 2007, 73, 1892-1898, 
doi:10.1128/aem.02219-06.

318.	 Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment 
search tool. J Mol Biol 1990, 215, 403-410, doi:10.1016/s0022-2836(05)80360-2.

319.	 Sergeant, E. Epitools Epidemiological Calculators. Available online: http://epitools.
ausvet.com.au (accessed on 

320.	 McHugh, M.L. Interrater reliability: the kappa statistic. Biochem Med (Zagreb) 2012, 
22, 276-282.

321.	 Murai, K.; Lehenbauer, T.W.; Champagne, J.D.; Glenn, K.; Aly, S.S. Cost-effectiveness 
of diagnostic strategies using quantitative real-time PCR and bacterial culture to 
identify contagious mastitis cases in large dairy herds. Prev Vet Med 2014, 113, 
522-535, doi:10.1016/j.prevetmed.2014.01.001.

322.	 Lysnyansky, I.; Freed, M.; Rosales, R.S.; Mikula, I.; Khateb, N.; Gerchman, I.; van 
Straten, M.; Levisohn, S. An overview of Mycoplasma bovis mastitis in Israel (2004-
2014). Vet J 2016, 207, 180-183, doi:10.1016/j.tvjl.2015.10.057.

323.	 Pothmann, H.; Spergser, J.; Elmer, J.; Prunner, I.; Iwersen, M.; Klein-Jöbstl, D.; 
Drillich, M. Severe Mycoplasma bovis outbreak in an Austrian dairy herd. J Vet 
Diagn Invest 2015, 27, 777-783, doi:10.1177/1040638715603088.

324.	 Fox, L.K.; Kirk, J.H.; Britten, A. Mycoplasma mastitis: a review of transmission and 
control. J Vet Med B Infect Dis Vet Public Health 2005, 52, 153-160, doi:10.1111/
j.1439-0450.2005.00845.x.



95

References

325.	 Punyapornwithaya, V.; Fox, L.K.; Hancock, D.D.; Gay, J.M.; Alldredge, J.R. Time 
to clearance of mycoplasma mastitis: the effect of management factors including 
milking time hygiene and preferential culling. Can Vet J 2012, 53, 1119-1122.

326.	 Sharma, S.; Markham, P.F.; Browning, G.F. Genes found essential in other 
mycoplasmas are dispensable in Mycoplasma bovis. PLoS One 2014, 9, e97100, 
doi:10.1371/journal.pone.0097100.

327.	 Schenk, J.L. Review: Principles of maximizing bull semen production at genetic 
centers. Animal 2018, 12, s142-s147, doi:10.1017/s1751731118000472.

328.	 García-Galán, A.; Baranowski, E.; Hygonenq, M.C.; Walch, M.; Croville, G.; Citti, C.; 
De la Fe, C.; Nouvel, L.X. Genome Mosaicism in Field Strains of Mycoplasma bovis 
as Footprints of In-Host Horizontal Chromosomal Transfer. Appl Environ Microbiol 
2022, 88, e0166121, doi:10.1128/aem.01661-21.

329.	 Dordet-Frisoni, E.; Faucher, M.; Sagné, E.; Baranowski, E.; Tardy, F.; Nouvel, L.X.; 
Citti, C. Mycoplasma Chromosomal Transfer: A Distributive, Conjugative Process 
Creating an Infinite Variety of Mosaic Genomes. Front Microbiol 2019, 10, 2441, 
doi:10.3389/fmicb.2019.02441.

330.	 Feenstra, A.; Bisgaard Madsen, E.; Friis, N.F.; Meyling, A.; Ahrens, P. A field study of 
Mycoplasma bovis infection in cattle. Zentralbl Veterinarmed B 1991, 38, 195-202, 
doi:10.1111/j.1439-0450.1991.tb00861.x.

331.	 Buckle, K.N.; Castillo-Alcala, F.; Ha, H.; Begg, D.; McDonald, W.; Bingham, P. First 
report of the use of mucosal swabs of the palatine tonsillar crypt for detection of. N 
Z Vet J 2020, 68, 309-312, doi:10.1080/00480169.2020.1765892.

332.	 Humphry, R.W.; Cameron, A.; Gunn, G.J. A practical approach to calculate sample 
size for herd prevalence surveys. Prev Vet Med 2004, 65, 173-188, doi:10.1016/j.
prevetmed.2004.07.003.

333.	 Petersen, M.B.; Pedersen, L.; Pedersen, L.M.; Nielsen, L.R. Field Experience of 
Antibody Testing against. Pathogens 2020, 9, doi:10.3390/pathogens9080637.

334.	 Visser, I.; Laak, E.t.; Jansen, H.; Gerard, O. The effect of two antibiotic mixtures on 
Haemophilus somnus, Campylobacter fetus ssp. venerealis, Mycoplasma bovis, and 
Ureaplasma diversum in frozen bovine semen. Reproduction in Domestic Animals 
1995, 30, 55-59.

335.	 Gloria, A.; Contri, A.; Wegher, L.; Vignola, G.; Dellamaria, D.; Carluccio, A. The 
effects of antibiotic additions to extenders on fresh and frozen-thawed bull semen. 
Anim Reprod Sci 2014, 150, 15-23, doi:10.1016/j.anireprosci.2014.08.012.

336.	 McDonald, K. The Development of a Dual Target Mycoplasma bovis TaqMan real-
time PCR System for the Rapid Analysis of Bovine Semen. Ohio State University, 
2012.

337.	 Silva, E.C.; Pelinca, M.A.; Acosta, A.C.; Silva, D.M.; Gomes Filho, M.A.; Guerra, 
M.M. Comparative study of DNA extraction methodologies from goat sperm and its 
effects on polymerase chain reaction analysis. Genet Mol Res 2014, 13, 6070-6078, 
doi:10.4238/2014.August.7.21.



96

References

338.	 Vähänikkilä, N.; Pohjanvirta, T.; Vaahtoranta, L.; Silvennoinen, M.; Jensen, S.; Autio, 
T.; Pelkonen, S. Detection of Mycoplasma bovis in bovine semen. In Proceedings 
of the 22nd Congress of the International Organization for Mycoplasmology - IOM, 
Portsmouth, 2018; p. 143.

339.	 Walsh, P.S.; Metzger, D.A.; Higushi, R. Chelex 100 as a medium for simple extraction 
of DNA for PCR-based typing from forensic material. BioTechniques 10(4): 506-13 
(April 1991). Biotechniques 2013, 54, 134-139, doi:10.2144/000114018.

340.	 Andersson, A.M.; Aspán, A.; Wisselink, H.J.; Smid, B.; Ridley, A.; Pelkonen, S.; Autio, 
T.; Lauritsen, K.T.; Kensø, J.; Gaurivaud, P.; et al. A European inter-laboratory trial to 
evaluate the performance of three serological methods for diagnosis of Mycoplasma 
bovis infection in cattle using latent class analysis. BMC Vet Res 2019, 15, 369, 
doi:10.1186/s12917-019-2117-0.





Finnish Food Authority Research Reports 3/2022

ISSN 2490-0397 | ISBN 978-952-358-039-8 (Print) 
ISSN 2490-1180 | ISBN 978-952-358-040-4 (Pdf)

Cover page picture: Tiina Autio

Unigrafia | Helsinki | Finland 2022


	ABSTRACT
	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	1 BACKGROUND
	2 REVIEW OF THE LITERATURE
	3 AIMS OF THE STUDY
	4 MATERIALS AND METHODS
	5 RESULTS
	6 DISCUSSION
	7 CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES
	Tyhjä sivu
	Tyhjä sivu
	Tyhjä sivu



