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Summary 22 

Mycoplasma hyopneumoniae (M. hyopneumoniae) is the primary pathogen of enzootic 23 

pneumonia, a chronic respiratory disease in pigs. Infections occur worldwide and cause major 24 

economic losses to the pig industry. The present paper reviews the current knowledge on M. 25 

hyopneumoniae infections, with emphasis on identification and analysis of knowledge gaps for 26 

optimizing control of the disease. Close contact between infected and susceptible pigs is the 27 

main route of M. hyopneumoniae transmission. Management and housing conditions 28 

predisposing for infection or disease are known, but further research is needed to better 29 

understand M. hyopneumoniae transmission patterns in modern pig production systems, and to 30 

assess the importance of the breeding population for downstream disease control. The organism 31 

is primarily found on the mucosal surface of the trachea, bronchi, and bronchioles. Different 32 

adhesins and lipoproteins are involved in the adherence process. However, a clear picture of 33 

the virulence and pathogenicity of M. hyopneumoniae is still missing. The role of glycerol 34 

metabolism, myo-inositol metabolism and the Mycoplasma Ig binding protein (MIB) - 35 

Mycoplasma Ig protease (MIP) system should be further investigated for their contribution to 36 

virulence. The destruction of the mucociliary apparatus, together with modulating the immune 37 

response, enhances the susceptibility of infected pigs to secondary pathogens. Clinical signs 38 

and severity of lesions depend on different factors, such as management, environmental 39 

conditions and likely also M. hyopneumoniae strain. The potential impact of strain variability 40 

on disease severity is not well defined. Diagnostics could be improved by developing tests that 41 

may detect virulent strains, by improving sampling in live animals and by designing ELISA 42 

assays allowing discrimination between infected and vaccinated pigs. The currently available 43 

vaccines are often cost-efficient, but the ongoing research on developing new vaccines that 44 

confer protective immunity and reduce transmission should be continued, as well as 45 

optimization of protocols to eliminate M. hyopneumoniae from pig herds. 46 
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Introduction 48 

Mycoplasma hyopneumoniae (M. hyopneumoniae) is the primary pathogen of enzootic 49 

pneumonia (EP), a chronic respiratory disease in pigs, and one of the primary agents involved 50 

in the porcine respiratory disease complex (PRDC; Thacker and Minion, 2012). Infections with 51 

M. hyopneumoniae are highly prevalent worldwide, and cause tremendous financial losses to 52 

the pig industry. Losses are mainly due to costs for treatment and vaccination, decreased 53 

performance and increased mortality derived from secondary infections (Holst et al., 2015).  54 

Similar to other Mycoplasmas, M. hyopneumoniae has a small genome, lacks a cell wall and is 55 

pleomorphic. M. hyopneumoniae is very difficult to isolate because of its slow growth and 56 

potential overgrowth with other swine mycoplasmas. Bacterial culture is usually attempted 57 

when an isolate is deemed, but not for routine diagnostics. The organism is primarily identified 58 

on the mucosal surface of the trachea, bronchi, and bronchioles (Blanchard et al., 1992). It 59 

affects the mucosal clearance system by disrupting the cilia on the epithelial surface and, 60 

additionally, the organism modulates the immune system of the respiratory tract (Thacker and 61 

Minion, 2012). Therefore, M. hyopneumoniae predisposes animals to concurrent infections 62 

with other respiratory pathogens including bacteria, parasites and viruses. Infections also lead 63 

to increased use of antimicrobials. While M. hyopneumoniae can be virtually recovered from 64 

pigs of all sites in segregated production systems, the clinical presentation of EP is mainly 65 

observed in growing and finishing pigs. Vaccination against M. hyopneumoniae is widely 66 

practiced and is often cost-efficient in affected herds. Additional control measures include 67 

optimizing management and biosecurity, reducing other risk factors and disease elimination. 68 

The present paper reviews the current knowledge on M. hyopneumoniae infections, with 69 

emphasis on identification and analysis of knowledge gaps for optimizing control measures. 70 
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Epidemiology 71 

To date, domestic pigs and wild boar are the only hosts known to become infected with M. 72 

hyopneumoniae. In pigs, there is no clear indication of susceptibility based on age, although 73 

clinical presentation of the disease is usually evident in grow-finishing stages. Close contact 74 

between infected and susceptible pigs is the main route of M. hyopneumoniae transmission. 75 

Piglets are considered free from M. hyopneumoniae at birth, as in utero transmission has not 76 

been documented, and first exposure events occur during the lactation period, when piglets are 77 

in contact with dams shedding the microorganism (Calsamiglia and Pijoan, 2000; Nathues et 78 

al., 2013). In fact, the length of the lactation period has been suggested as one risk factor for 79 

piglet colonization with M. hyopneumoniae prior to weaning (Pieters et al., 2014).  80 

Piglet colonization with M. hyopneumoniae at weaning age is of special importance in 81 

segregated production systems, where pigs are transferred to clean facilities for the growing 82 

and finishing phases. It has been proposed that the initial group colonization with M. 83 

hyopneumoniae determines downstream clinical presentation and disease severity (Fano et al., 84 

2007; Sibila et al., 2007), although the effect of other factors needs to be considered for disease 85 

presentation as well. The influence of the lactation period duration in piglet colonization is 86 

evidenced by the successful application of segregated early weaning (SEW) to obtain M. 87 

hyopneumoniae-free pigs born to positive dams (Alexander et al., 1980). Research data has 88 

shown that transmission of M. hyopneumoniae among pen-mates is slow (Meyns et al., 2004; 89 

Villarreal et al., 2011b; Roos et al., 2016), fitting the picture that disease presentation can be 90 

the result of early group colonization and subsequent transmission events. However, a clear 91 

understanding of M. hyopneumoniae transmission in the field is still needed in order to improve 92 

infection models used in experimental research.  93 

Dams and piglets in the breeding herds are considered the reservoir of M. hyopneumoniae 94 

infections for the entire production system. Circulation of M. hyopneumoniae is thought to 95 
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occur among existing sows and be transmitted to incoming gilts, which are capable of 96 

maintaining the pathogen within the farm and are responsible for the majority of bacterial 97 

shedding to newborn pigs (Calsamiglia and Pijoan, 2000; Fano et al., 2005). In this manner, the 98 

constant addition of gilts and birth of piglets provide critical susceptible populations needed to 99 

maintain pathogen transmission. On the other hand, infection with M. hyopneumoniae has a 100 

long duration, reaching up to 240 days (Pieters et al., 2009), complicating the already slow 101 

disease transmission scenario observed in sow herds. A critical aspect of the epidemiology of 102 

M. hyopneumoniae is based on the long pathogen persistence, which determining factors are 103 

poorly understood. Nevertheless, management practices at the sow farm such as 104 

minimizing cross-fostering and limiting the length of the lactation period may help mitigating 105 

the effect of M. hyopneumoniae transmission by decreasing risk factors for piglet colonization 106 

(Nathues et al., 2013a; Nathues et al., 2013b; Pieters et al., 2014; Vangroenweghe et al., 2015). 107 

Therefore, identification of risk factors for disease transmission at the sow farm is key for 108 

downstream disease control. In continuous flow production systems, M. hyopneumoniae 109 

colonization in piglets at weaning may not be as influential as in segregated systems. In 110 

continuous flow systems, there is a fairly constant contact between animals of different ages, 111 

facilitating transmission of M. hyopneumoniae. In this respect, the colonization of piglets at 112 

weaning is not the only determining factor for downstream infection.  113 

An additional source of variability regarding epidemiology of M. hyopneumoniae lies on the 114 

demonstration of distinct strains circulating in the field. Partial sequencing of the P146 gene 115 

(Mayor et al., 2007), and Multiple-Locus Variable number tandem repeat Analysis (MLVA; 116 

Vranckx et al., 2011; Dos Santos et al., 2015) are commonly used to discriminate M. 117 

hyopneumoniae. The use of M. hyopneumoniae molecular characterization has aided outbreak 118 

and area spread investigations, by tracking specific strains. In addition, it has enabled research 119 

directed at understanding pathogen variability and its relationship with disease presentation 120 
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(Michiels et al., 2017). However, current tools for M. hyopneumoniae characterization are based 121 

on the sole evaluation of similarities in specific loci, and do not indicate strain virulence and/or 122 

antigenicity. Development of molecular characterization methods allowing strain virulence 123 

evaluation would be beneficial in order to tailor control strategies at the farm level, and could 124 

shed light on understanding potential cross-protection among strains.  125 

Vectors do not seem to play an important role in the transmission of M. hyopneumoniae in pigs, 126 

however, little research has been performed on this topic. Data from Nathues et al. (2012) 127 

showed that personnel working with pigs for several hours could harbor the bacterium in their 128 

upper respiratory tract, as detected via PCR in nasal swabs; however, the potential for pathogen 129 

transmission was not evaluated. Airborne transmission of M. hyopneumoniae has been 130 

suspected for decades (Goodwin, 1985). Cardona et al. (2005) demonstrated that the 131 

microorganism could travel for at least 300 m, and Otake at al. (2010) showed that air samples 132 

recovered M. hyopneumoniae  DNA from as far as 9.2 km from an infected farm. In the latter 133 

case, the air sample was shown to be infectious when inoculated to animals using a swine 134 

bioassay. 135 

The geographical distribution of M. hyopneumoniae infections is assumed to be worldwide. The 136 

prevalence is low in some Scandinavian countries, and Switzerland is free after the application 137 

of a national eradication program (Stark et al., 2007). Specific data on M. hyopneumoniae 138 

prevalence by country is not available in the literature, as the disease is not considered of 139 

obligatory report and does not limit commercial trade. 140 

Wild-boar has been shown to harbor M. hyopneumoniae and may carry identical genotypes 141 

found in EP outbreaks (Sibila et al., 2010; Kuhnert et al 2014). However, this might be rather 142 

the result of spillover from domestic pig outbreaks than representing wild boars as a reservoir. 143 

  144 
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Incubation period and kinetic pattern 145 

Under experimental conditions, where usually seronegative animals are challenged with a high 146 

infectious dose of M. hyopneumoniae, lung lesions and onset of coughing can appear as early 147 

as 7-14 days post-infection (dpi; Blanchard et al., 1992; Lorenzo et al, 2006), with maximum 148 

severity and extension of lung lesions occurring around 28 dpi (Villarreal et al., 2011a). The 149 

minimal infectious dose to induce lung lesions was established at 105 color-changing units per 150 

ml (CCU/ml) per pig (corresponding to 108 mycoplasmas; Marois et al., 2010). Since 151 

differences in virulence among strains do exist, this minimal infectious dose is probably strain 152 

dependent.  153 

Under natural conditions, the incubation period is difficult to predict as it depends on production 154 

system, presence of secondary infections, immune status of animals, virulence of the M. 155 

hyopneumoniae strain and infectious pressure (Sibila et al., 2009). Indeed, it was postulated that 156 

a critical mass of pigs should be infected to elicit the appearance of clinical signs (Calsamiglia 157 

et al., 1999). Nevertheless, in clinically affected farms, seroconversion as well as coughing 158 

would appear after, approximately, 1 to 6 weeks post infection (Leon et al., 2001).  159 

M. hyopneumoniae is excreted from the respiratory tract of infected individuals through 160 

exhalation of microscopic droplets during coughing episodes and /or by nose-to-nose direct 161 

contact (Hermann et al., 2008). M. hyopneumoniae DNA has also been detected in different 162 

samples from the oral cavity such as oro-parhyngeal swabs (Hermann et al., 2008; Fablet et al., 163 

2010), oral fluids (Roos et al., 2016) and tonsilar samples (Sibila et al., 2007, Fablet et al., 164 

2010). 165 

It is known that sows of different parity number may shed the organism, the younger ones being 166 

the main shedders (Sibila et al., 2007; Boonsoongnern et al., 2012). Practices directed at 167 

segregation of parity, giving special care to parity-one dams and piglets and separating them 168 

from the rest of the herd, have been reported to provide significant control of M. hyopneumoniae 169 
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infections in young parity dams (Moore, 2003). Nonetheless, it remains unclear whether this 170 

excretion is uniform and continuous or, on the contrary, is of variable intensity and intermittent. 171 

An experimental longitudinal study showed the onset of excretion at 7-14 dpi, followed by an 172 

irregular and inconsistent shedding (detection of M. hyopneumoniae DNA at nasal cavities) up 173 

to 91 dpi (Fano et al., 2005). Indeed, longer excretion was indirectly demonstrated by the 174 

transmissibility of M. hyopneumoniae to naïve contact pigs at 214 dpi (Pieters et al., 2009). 175 

Under natural conditions, shedding duration and kinetics are more difficult to be ascertained, 176 

since a low bacterial load is usually present at upper respiratory tract sites (Hermann et al.,2008; 177 

Sibila et al., 2009). In a study where M. hyopneumoniae detection was assessed in nasal swabs 178 

at 9 sampling points through the productive life of pigs, two out of 33 (6%) non-vaccinated 179 

animals were continuously nested PCR positive in the last five sampling points (from 12 to 25 180 

weeks of age; Sibila et al., 2007). On the contrary, in a longitudinal study in sows, only 2.4% 181 

of them had at least one of the three assessed respiratory sites (nasal, tonsillar and oro-182 

pharyngeal swabs) positive by PCR. For all these positive sows, M. hyopneumoniae was 183 

detected at one out of eight sampling occasions (Fablet et al., 2011). Takeuti et al. (2017) 184 

followed 44 gilts longitudinally from their weaning until after the weaning of their first 185 

offspring, collecting laryngeal swabs every 30 days in an endemically infected farm, and 186 

identified approximately 20% of gilts negative throughout the study, while other gilts were 187 

positive for M. hyopneumoniae by real-time mostly once, with a proportion of gilts being 188 

positive at multiple samplings. Therefore, considering that the sow population is the origin of 189 

M. hyopneumoniae circulation, shedding pattern in such population deserves further 190 

investigations. 191 

  192 
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Pathogenicity 193 

Adhesins and lipoproteins 194 

Adhesion along the entire length of cilia of ciliated epithelium of the respiratory tract (trachea, 195 

bronchi and bronchioles) of pigs is the first step of infection with M. hyopneumoniae followed 196 

by induction of ciliostasis and loss of cilia (Debey and Ross, 1994). The primary adhesin of M. 197 

hyopneumoniae is the P97 and its paralogues (Hsu et al. 1997; Hsu et al. 1998). The other family 198 

of adhesins, related with P97, is formed by P102 and its paralogues (Adams et al., 2005). 199 

Finally, P159 is an adhesin unrelated to the other two (Burnett et al., 2006). Adhesin receptors 200 

on the eukaryotic cell are mainly glycosaminoglycanes and fibronectin. Most of the proteins 201 

from the P97/P102 paralog families and P159 are post-translationally processed and cleaved, a 202 

system observed with many other surface-associated proteins (Seymour et al., 2010). Like that, 203 

Tacchi et al. (2016) identified 35 proteins that are endoproteolytically cleaved in M 204 

hyopneumoniae. These include not only adhesins but also lipoproteins and even multifunctional 205 

cytosolic proteins “moonlighting” at the cell surface. This massive processing and cleavage 206 

leads to a very dynamic surface topography of M. hyopneumoniae that could well be involved 207 

in host evasion and modulation of the immune response. The cleaved fragments of the P97/P102 208 

paralog families and P159 remain on the cell surface and function as receptors of heparin, 209 

plasminogen and fibronectin, thereby influencing interaction of M. hyopneumoniae with its host 210 

(Bogema et al., 2012, Simionatto et al., 2013).  211 

P146 (LppS) is an adhesion lipoprotein containing a serine rich region, the genetic basis of it is 212 

also used for genotyping (Mayor et al., 2007). The homolog in Mycoplasma conjunctivae was 213 

hypothesized to be involved in pathogenesis and in M. hyopneumoniae it is also proteolytically 214 

processed (Belloy et al., 2003, Bogema et al., 2012). This together with the fact that M. 215 

hyopneumoniae can alter the number of consecutive serine repeats in P146 (so far observed 216 
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from 9 up to 48) could indicate that it is also involved in antigen variation and immune evasion 217 

(Dos Santos et al. 2015).  218 

Cell-surface lipoproteins, alternatively called lipid associated membrane proteins (LAMP), 219 

have also been found to be implicated in apoptosis. Whole membrane lipoprotein fractions were 220 

shown to induce apoptosis via caspases 3 and 8 activation in vitro in various cell types, 221 

including porcine peripheral blood mononuclear cells (PBMC; Bai et al., 2015; Ni et al., 2015). 222 

Furthermore, LAMPs activate production of nitric oxide (NO) and reactive oxygen species 223 

(ROS) in the host cell. 224 

 225 

H2O2 production 226 

Mycoplasmas in general lack classical virulence factors like toxins. It has remained obscure for 227 

a long time how these smallest self-replicating organisms could elicit toxic effects. Recently 228 

the production of toxic metabolites like H2O2 was found as a virulence mechanism of certain 229 

mycoplasma species. The bovine pathogen Mycoplasma mycoides subsp. mycoides SC is able 230 

to take up glycerol efficiently, which is then metabolized by glycerolphosphate-oxidase (GlpO) 231 

leading to the production of hydrogen peroxide. Similar metabolic pathways account for 232 

virulence in the human pathogen Mycoplasma pneumoniae (Hames et al., 2009). For M. 233 

hyopneumoniae, Ferrarini et al. (2016) reconstructed a metabolic model based on its genome. 234 

They postulated an ability of M. hyopneumoniae to use glycerol as a carbon source, thereby 235 

enabling the production of hydrogen peroxide. In fact, the homologous gene glpD is present in 236 

M. hyopneumoniae. However, functional assays for testing production of hydrogen peroxide 237 

were so far all negative for various strains of M. hyopneumoniae (Kuhnert, personal 238 

communication). Thus, whether production of toxic metabolic compounds from glycerol is a 239 

possible virulence mechanism in M. hyopneumoniae remains to be investigated. 240 

 241 
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Comparative studies with other Mycoplasmas 242 

Differences in strain virulence have been observed for M. hyopneumoniae (Vicca et al., 2003; 243 

Villarreal et al., 2009; Woolley et al., 2012,). Moreover, the most closely related Mycoplasma 244 

flocculare is a commensal of the pig not causing any disease (Siqueira et al., 2013). This allows 245 

for large scale comparisons on the genome, transcriptome, proteome, metabolome and 246 

secretome level in order to find differences related to virulence and pathogenesis (Pinto et al., 247 

2009; Liu et al., 2013; Siqueira et al., 2013; Siqueira et al., 2014; Ferrarini et al., 2016; Paes et 248 

al., 2017). In a study comparing the pathogenic strain 168 with its attenuated derivative, Liu et 249 

al. (2013) found that besides the known virulence associated proteins (mainly adhesins), also 250 

mutations in genes involved in metabolism and growth contribute to virulence. In a genome-251 

reduced organism like M. hyopneumoniae that lost most of its biosynthetic capacity, it is not 252 

surprising that further loss of gene functions has a dramatic influence on survival and growth 253 

of the microorganism. This also holds true for e.g. lipoproteins involved in nutrient acquisition 254 

(Browning et al., 2011). Nevertheless, such attenuated strains could be a basis for live vaccines. 255 

A genome comparison of M. hyopneumoniae and M. flocculare revealed differences in genome 256 

structure and organization (Siqueira et al., 2013). Some genes of the P97 adhesin family were 257 

absent in M. flocculare, showed sequence differences or were missing domains involved in 258 

adhesion to host cells. However, there were no specific factors identified that could explain the 259 

pathogenic nature of M. hyopneumoniae compared to the commensal M. flocculare.  260 

An integrative conjugal element (ICE) has been identified in the genomes of pathogenic strains 261 

7448 and 232, while it is absent in the non-pathogenic strain J (Pinto et al., 2007). The ICE 262 

from M. hyopneumoniae, called ICEH, was also found in the pathogenic strain 168 but likewise 263 

in its attenuated variant (Liu et al., 2013). While ICE, acting as self-replicating mobile genetic 264 

elements, are generally recognized to be involved in virulence, their role in the pathogenicity 265 

of M. hyopneumoniae remains unclear. The fact that there are notable differences of ICEH 266 
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between the strains indicate that they are at least involved in horizontal gene transfer, thereby 267 

maintaining genome plasticity and variability of M. hyopneumoniae. 268 

Ferrarini et al. (2016) used a genome-scale metabolic modeling approach to get insight into the 269 

virulence of M. hyopneumoniae. Besides a glycerol conversion pathway potentially leading to 270 

peroxide production in M. hyopneumoniae, another significant metabolic pathway was 271 

identified to be absent in M. flocculare which is the myo-inositol uptake and catabolism. 272 

Functional and in vivo assays have to be conducted to proof whether these in silico findings 273 

play a role in virulence and pathogenicity.  274 

Differences in virulence could also be due to variation in expression levels of virulence 275 

associated genes like adhesins. This was observed in a proteome analysis of in vitro cultures 276 

comparing the non-pathogenic strain J to virulent strains 7448 and 7422 (Pinto et al., 2009). 277 

They identified 64 proteins being overexpressed in the pathogenic strains compared to the non-278 

pathogenic strain, the most prominent being P97.  279 

Finally, the secretomes of M. hyopneumoniae and M. flocculare grown in a serum reduced 280 

medium were compared recently, looking more precisely at factors directly involved in 281 

mycoplasma-host interaction (Paes et al., 2017). A higher number of secreted proteins was 282 

found with M. hyopneumoniae compared to M. flocculare (62 vs 26). While M. hyopneumoniae 283 

secreted adhesins, methylases, nucleases and lipoproteins, M. flocculare secreted only two 284 

adhesins that were also found in the M. hyopneumoniae secretome. There was a difference 285 

between the transcriptome and the secretome using the same Mycoplasma strains (Siqueira et 286 

al., 2014). 287 

These comparative “omics” studies confirmed that adhesins play a major role in virulence and 288 

pathogenesis. However, there are no clear-cut factors that differ between pathogenic and non-289 

pathogenic strains or differ between the pathogen M. hyopneumoniae and the commensal M. 290 

flocculare. 291 
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Mycoplasma-host interaction and immune modulation 292 

Infection with M. hyopneumoniae is often chronic what indicates a certain degree of immune 293 

evasion of the microbe. In a study looking at introgression of domestic swine genes into the 294 

wild boar population, an increased M. hyopneumoniae disease susceptibility in hybrid animals 295 

was observed (Goedbloed et al., 2015). The authors hypothesized that the large-scale use of 296 

antibiotics in the swine breeding sector may have led to selecting deleterious properties of 297 

domestic swine immune genes. These in turn lead to the increased disease susceptibility if 298 

introgression to the wild boar occurs. These observations confirm a certain host-predisposition 299 

for M. hyopneumoniae which in the opposite direction can also be achieved by selecting for 300 

more resistant breeds (Borjigin et al., 2016). Furthermore, it indicates certain “immune 301 

degeneration” of domestic pigs, allowing M. hyopneumoniae to cause disease in a well-302 

protected animal. The destruction of the mucociliary apparatus together with down-modulating 303 

the immune response at later stages enhances the susceptibility of M. hyopneumoniae infected 304 

pigs to secondary pathogens (Shen et al., 2017).  305 

The host immune response is considered to be the main driver of pulmonary lesions. At the 306 

same time, M. hyopneumoniae modulates the immune response in order to persist in the host. 307 

Pro-inflammatory cytokines like IL-1, TNF-α and IL-6 are induced during infection and 308 

plasmin is recognized as central to the regulation of inflammatory responses (Woolley et al., 309 

2013). A number of the P97/P102 adhesin family members interact with plasminogen of the 310 

porcine host and enhance its activation to plasmin, a serine protease which in turn stimulates 311 

macrophage signaling resulting in production of ROS and cytokine release, thereby 312 

contributing to inflammation (Syrovets et al., 2012). A leucine aminopeptidase has recently 313 

been shown to “moonlight” as a multifunctional adhesin, including binding and cleaving of 314 

plasminogen, on the M. hyopneumoniae cell surface (Jarocki et al., 2015). Plasminogen is 315 

readily available in the ciliated airways affected by M. hyopneumoniae (Seymour et al., 2012). 316 
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Interaction with surface accessible actin on the epithelial cells and causing cytoskeletal 317 

rearrangements allows the organism being phagocytosed. It is hypothesized that M. 318 

hyopneumoniae can survive within the phagolysosome, escape it and reside within the 319 

cytoplasm (Tacchi et al. 2016). Thereby it can not only evade the immune system but could 320 

disseminate to internal organs and persist within its host without causing disease. Isolation of 321 

M. hyopneumoniae from other tissue than lung has in fact been reported (Le Carrou et al., 2006; 322 

Marois et al., 2007; Marchioro et al., 2013).  323 

Immune evasion by specifically cleaving immunoglobulins has been described for M. mycoides 324 

subsp. capri (Arfi et al., 2016). This two-protein system consists of a Mycoplasma Ig binding 325 

protein (MIB) and a Mycoplasma Ig protease (MIP), where the MIB is necessary for the 326 

proteolytic activity of MIP. The two proteins are encoded by two genes organized in tandem 327 

and often found in multiple copies in various mycoplasmas including M. hyopneumoniae (Arfi 328 

et al., 2016). How far this MIB-MIP system plays a role in virulence and immune evasion of 329 

M. hyopneumoniae, deserves further studies.  330 

A clear picture of virulence and pathogenicity of M. hyopneumoniae is still not available The 331 

role of glycerol metabolism, myo-inositol metabolism and the MIB-MIP system should be 332 

further investigated for their contribution to virulence. 333 

 334 

Interaction of M. hyopneumoniae with other pathogens 335 

Different interactions have been described between M. hyopneumoniae and other pathogens. 336 

M. hyopneumoniae predisposes pigs to infections with secondary bacteria. Combined 337 

experimental infections with M. hyopneumoniae and either Pasteurella multocida (P. 338 

multocida) (Amass et al., 1994) or Actinobacillus pleuropneumoniae (A. pleuropneumoniae) 339 

(Marois et al., 2009) result in more severe lesions compared to the single infections. Co- or 340 

subsequent infections with P. multocida and A. pleuropneumoniae, and with other bacteria such 341 
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as Bordetella bronchiseptica, Haemophilus parasuis, Trueperella pyogenes, streptococci or 342 

staphylococci are commonly found in field outbreaks of EP. 343 

Initial studies focussing on the interaction between M. hyopneumoniae and porcine 344 

reproductive and respiratory syndrome virus (PRRSV) could not demonstrate a potentiating 345 

effect of both pathogens (Van Alstine et al., 1996). Subsequently, it was shown that M. 346 

hyopneumoniae significantly prolonged and increased the severity of PRRSV-induced 347 

pneumonia under experimental conditions (Thacker et al., 1999). Dual infection studies with 348 

M. hyopneumoniae and swine influenza virus (SIV) could not show the potentiating effects of 349 

both pathogens as observed with PRRSV. The effect was less pronounced and only transitory 350 

(Thacker et al. 2001; Yazawa et al. 2004). Deblanc et al. (2012) showed that M. hyopneumoniae 351 

infection increased the severity of H1N1 SIV but not that of H1N2 SIV. Opriessnig et al. (2004) 352 

indicated using an experimental study that M. hyopneumoniae infection potentiates the severity 353 

of porcine circovirus type 2 (PCV2)-associated lung and lymphoid lesions, increases the 354 

amount of PCV2-antigen and prolongs its presence, and increases the incidence of post-355 

weaning multisystemic wasting syndrome in pigs. Sibila et al. (2012) however, could not 356 

demonstrate an interaction between M. hyopneumoniae and PCV2 infection.  357 

Flesja and Ulvesaeter (1980) reported that the extent of pneumonia was associated with the 358 

presence of liver lesions due to migrating Ascaris suum larvae.  359 

Finally, Pósa et al. (2013) showed that pigs receiving feed contaminated with Fumonisin B 360 

elicited more severe lung lesions upon M. hyopneumoniae challenge infection compared to pigs 361 

fed with non-contaminated feed. Pigs that received feed contaminated with the mycotoxin 362 

deoxynivalenol (DON) did not develop more severe disease and lesions upon experimental M. 363 

hyopneumoniae infection than pigs fed with non-contaminated feed (Michiels et al., 2016). A 364 

full review of all interactions between different respiratory pathogens has been published by 365 

Opriessnig et al. (2011).  366 
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Clinical signs and lesions 367 

Infections with M. hyopneumoniae are clinically characterized by an intermittent, variable in 368 

intensity, dry non-productive cough (Sibila et al., 2009), which may last from weeks to months. 369 

When this type of coughing affects simultaneously many animals of different ages, also other 370 

pathogens such as SIV or PRRSV may be involved in the problem (Nathues et al., 2012). Under 371 

an endemic scenario, disease course implies high morbidity but low mortality. When M. 372 

hyopneumoniae enters into a naïve population, the disease may be more severe, affecting 373 

animals of all ages and increasing the morbidity up to 100% (Thacker and Minion, 2012). If 374 

other bacterial and/or viral agents are involved, or in case of poor air quality due to particulate 375 

matter and ammonia (Michiels et al., 2015), clinical signs may be aggravated including labored 376 

breathing, pyrexia, anorexia, lethargy and even death (Maes et al., 1996). In uncomplicated 377 

cases, a variable proportion of animals might remain subclinically infected for several weeks 378 

(Fano et al., 2005), with no evidence of coughing or pulmonary lesions at slaughter. 379 

Coughing is the direct consequence of the lung lesions observed in affected animals, which 380 

consist of purple to gray consolidated areas affecting the apical and middle lobes and, 381 

eventually, cranial part of diaphragmatic lobes (García-Morante et al., 2016). In case of 382 

secondary bacterial infections, pigs show heavier and firmer lungs with higher proportion of 383 

tissue affected, and gray-to-white mucopurulent exudate in the airways. In recovered lesions, 384 

whitish firm and thickened interlobular connective tissue formation (scars) can be observed 385 

(Thacker and Minion, 2012). 386 

Both clinical signs and macroscopic lesions are suggestive, but not exclusive, of M. 387 

hyopneumoniae infection. Other pathogens such as SIV or P. multocida should be considered 388 

within the most probably differential diagnoses (Sibila et al., 2009). Pasteurella multocida is 389 

considered a secondary pathogen, following infection with M. hyopneumoniae or another 390 

pathogen. Infections with P. multocida may cause catarrhal-purulent pneumonia, which is 391 
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grossly seen as cranioventral pulmonary consolidation (Register et al., 2012). At microscopic 392 

level, M. hyopneumoniae produces a well differentiated broncho-interstitial pneumonia. At 393 

early stages of infection, perivascular and peribronchiolar lymphoplasmacytic hyperplasia, 394 

pneumocyte type II hyperplasia and edema fluid in the alveolar spaces with presence of 395 

neutrophils, macrophages and plasma cells is observed (Blanchard et al., 1992). As disease 396 

progresses, these lesions are aggravated with an evident peribronchial and perivascular 397 

lymphoid follicles (Sibila et al., 2007), with and increased number of goblet cells and 398 

hyperplasia of submucosal glands (Thacker and Minion, 2012). 399 

Intensity of clinical signs and severity of lesions may depend on different factors, such as 400 

management, environmental conditions and M. hyopneumoniae strain. Information on the 401 

impact of strain variability may exert on lung lesions severity and clinical signs onset and 402 

duration is still not well defined. Whereas it has been reported that co-infection with more than 403 

one strain resulted in more severe lesions (Villarreal et al., 2009; Michiels et al., 2017), such 404 

potentiation was not observed in others (Charlebois et al., 2014). To date, the lack of a known 405 

virulence marker together with the coexistence of different strains at individual and farm levels 406 

(Nathues et al., 2011; Vranckx et al., 2011, 2012a; Pantoja et al., 2016), prevent knowing the 407 

impact of a particular strain on the severity of clinical signs and lung lesions.  408 

 409 

Socio-economic impact  410 

M. hyopneumoniae is a species-specific pathogen of suids. Therefore, it is not of zoonotic 411 

concern and no impact on public health is considered. However, infections with M. 412 

hyopneumoniae cause major economic losses to the pig industry, mainly because of reduced 413 

performance, uneven growth, increased number of days to reach slaughter weight, treatment 414 

and control costs, and increased mortality in case of complicated infections (Holst et al., 2015). 415 

Unfortunately, few updated information on the economic impact of EP is available, and existing 416 
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data have been mostly generated by assessing the relationship between evaluation of lung 417 

lesions at slaughterhouse with average daily weight gain (ADWG). Whereas a reduction of 6-418 

16% in the growth rate in finishing pigs was reported by some authors (Pointon et al., 1985, 419 

Rautiainen et al., 2000), no impact of lung lesions on ADWG at experimental (Escobar et al., 420 

2002; García-Morante et al., 2016) or natural (Scheidt et al., 1990; Straw et al., 1990) conditions 421 

was detected by other authors. The economic impact of M. hyopneumoniae subclinical infection 422 

has been inferred only once from the difference in ADWG (38 g/d) between seropositive and 423 

seronegative pigs from 18 different cohorts (Regula et al., 2000). The importance of subclinical 424 

infections should be further studied, especially in eradication programs. 425 

 426 

Diagnostics 427 

Clinical signs and lungs lesions can lead to a tentative diagnosis, but laboratory testing is 428 

necessary for a conclusive diagnosis. The use of remote systems for cough recording at the barn 429 

level and analysis appears to be a potential tool for early EP detection, although such systems 430 

have not been validated for M. hyopneumoniae infections in the field. 431 

Bacterial isolation remains a confirmatory method for pathogen detection; however the 432 

requirement to use specialized media, the high cost associated with the technique, the common 433 

overgrowth of other bacteria in the sample, and the low sensitivity of the method make 434 

significant detractors for this approach. Nevertheless, recent work from Cook et al. (2016) 435 

promises to aid controlling bacterial overgrowth with M. hyorhinis, and data from Ferrarini et 436 

al. (2016) may help with development of the highly needed media specifically suited for M. 437 

hyopneumoniae growth. Improving M. hyopneumoniae culture and isolation methods will help 438 

increasing strain collections, which can be used for research, diagnostics and vaccine 439 

development, and evaluation of antimicrobial sensitivity testing.  440 
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Tissue detection of M. hyopneumoniae can be accomplished with several techniques, including 441 

immunohistochemistry (IHC; Oppriesnig et al., 2004), in situ hybridization (ISH; Boye et al., 442 

2001) and PCR (Dubosson et al., 2005; Strait et al, 2008). In situ hybridization and ISH allow 443 

for detection of M. hyopneumoniae in the target tissue, however; this feature can be considered 444 

a limiting factor, as only small tissue sections can be evaluated. The application of PCR has 445 

allowed for a significant increase in detection of M. hyopneumoniae in multiple sample types 446 

and, nowadays, real-time PCR constitutes one of the most common methods for M. 447 

hyopneumoniae detection (Dubosson et al., 2005; Strait et al., 2008). Real-time PCR is 448 

characterized for its high specificity and sensitivity. Samples collected from the M. 449 

hyopneumoniae target tissue, such as bronchi and bronchioles in the lower respiratory tract, 450 

exhibit a higher sensitivity compared to samples obtained from the upper respiratory tract. In 451 

vivo sampling by means of tracheo-bronchial (Fablet et al., 2010) or laryngeal (Pieters et al., 452 

2017) swabs tested by real-time PCR appears to offer a high sensitivity, at least during the early 453 

stages of EP. Oral fluid samples tested by PCR have shown low sensitivity when compared to 454 

other sample types (Pieters et al., 2017), especially before clinical signs are evident. Further, 455 

Hernandez-Garcia et al. (2017) showed the lack of consistency of M. hyopneumoniae detection 456 

with the use of oral fluids, even after long periods of time post-infection. Ideally, an in vivo 457 

sample obtained from the bronchioles, and of easy collection, is envisioned by swine 458 

practitioners.  459 

Circulating antibodies (IgG) can be detected in pigs exposed to M. hyopneumoniae. Antibodies 460 

are developed several weeks after initial infection (Thacker and Minion, 2012), can be the result 461 

of maternal antibody absorption in piglets (Bandrick et al., 2008), or can be generated after 462 

vaccination (Maes et al., 2008). Antibodies against M. hyopneumoniae can be detected with 463 

ELISA tests regardless of origin, which complicates interpretation. Also, in the chronic phase 464 

of infection, antibodies against M. hyopneumoniae wane and are no longer detected. 465 
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Commercial ELISA kits are available for M. hyopneumoniae antibody detection, and although 466 

based on different antigens and ELISA platforms, they exhibit similar accuracy (Erlandson et 467 

al., 2005; Pieters et al., 2017) and are equally unable to differentiate pigs that have been 468 

vaccinated from those that have suffered from the disease. The use of several serological 469 

parameters to forecast lifetime pneumonia was assessed under natural and experimental 470 

conditions. The IgG2 OD-values at systemic levels showed the best correlation with M. 471 

hyopneumoniae associated lung lesions severity (García-Morante et al. 2017). Further research 472 

is warranted to improve ELISA assays, including discrimination between infected and 473 

vaccinated pigs, and providing higher specificity. 474 

 475 

Prevention and Control 476 

Management and biosecurity 477 

Avoiding the introduction of M. hyopneumoniae into negative farms is crucial in order to 478 

remain free from the infection. While M. hyopneumoniae-specific biosecurity measures have 479 

not been developed, the use of general strategies is recommended to maintain a M. 480 

hyopneumoniae-free status or to elude the introduction of new bacterial strains into herds. For 481 

example, the use of farm air filtration systems, usually in place to avoid infections with PRRSV, 482 

is becoming popular in sow farms in North America. However, the specific effect of air 483 

filtration systems on reduction of M. hyopneumoniae infections or the value in area control 484 

programs has not been evaluated.  485 

Introduction of M. hyopneumoniae via fomites does not appear to be a high risk for farms, and 486 

regular disinfection and decontamination systems are thought to be effective against this 487 

bacterium. Of special importance is the fact that M. hyopneumoniae survival outside of the host 488 

is limited, based on the pathogen dependence on the host environment. Nevertheless, data from 489 

Browne et al. (2017) suggests that M. hyopneumoniae can survive outside of host on certain 490 
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plastic surfaces and in dust for up to 8 days when temperatures are low (4°C). This information 491 

highlights the need to keep decontamination systems in place in order to avoid pathogen 492 

introduction.  493 

The highest risk for pathogen introduction to swine farms resides in incoming pigs and this is 494 

especially important for M. hyopneumoniae infections. The epidemiological features of this 495 

bacterium make it difficult for early detection and clinical presentation, although testing 496 

protocols, generally based on serological testing, are in place and are widely used to screen 497 

unvaccinated incoming pigs for M. hyopneumoniae infections. However, clinical outbreaks 498 

have been reported months after the suspected pathogen introduction, when control is far from 499 

being effective. Therefore, the development of diagnostic protocols aimed at early detection 500 

and surveillance, are of paramount importance.  501 

 502 

Therapeutics 503 

Antimicrobials active against M. hyopneumoniae include tetracyclines, 15- and 16-membered 504 

ring macrolides, lincosamides, pleuromutilins, fluoroquinolones, florfenicol, aminoglycosides 505 

and aminocyclitols (Hannan et al., 1997). M. hyopneumoniae is intrinsically resistant to 506 

antibiotics which interfere with the polymerization of cell wall precursors, such as beta-lactam 507 

antibiotics, and to polymyxins, 14-membered ring macrolides (such as oleandomycin and 508 

erythromycin), rifampin, trimethoprim and sulfonamides. Acquired resistance has been 509 

documented for tetracyclines, 16-membered ring macrolides (tylosin, tilmicosin), lincosamides 510 

(lincomycin) and fluoroquinolones (Stakenborg et al., 2005; Le Carrou et al., 2006; Vicca et 511 

al., 2007; Thongkamkoon et al., 2013; Tavío et al., 2014). The susceptibility to valnemulin and 512 

tiamulin may have decreased in the period 1997 (Hannan et al., 1997) to 2013 (Thongkamkoon 513 

et al., 2013; Tavío et al., 2014). However, taken together, acquired antimicrobial resistance does 514 

currently not seem to constitute a major problem for treatment of M. hyopneumoniae infections 515 
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(Klein et al., 2017), although the situation may be different for other bacteria complicating these 516 

infections. Finally, within a farm, strains with differences in antibiotic susceptibility may co-517 

exist (Thongkamkoon et al. 2013). 518 

Many different studies have shown the efficacy of various antimicrobials for the treatment and 519 

control of M. hyopneumoniae infections (reviewed by del Pozo Sacristán, 2014). For most 520 

antimicrobials tested, performance improved, and lung lesions as well as clinical signs 521 

decreased. Results of treating field cases of EP may be disappointing because the disease signs 522 

and the shedding of micro-organisms tend to reappear after cessation of the therapy. 523 

 524 

Vaccines 525 

Vaccination is widely applied worldwide to control M. hyopneumoniae infections. Commercial 526 

vaccines mostly consist of inactivated, adjuvanted whole-cell preparations that are administered 527 

intramuscularly (Maes et al. 2008). Table 1 gives an overview of different commercially 528 

available M. hyopneumoniae bacterin vaccines. Recently, an inactivated vaccine based on 529 

soluble antigens of M. hyopneumoniae is also commercially available (USA: Fostera PCV MH, 530 

Zoetis; in Europe: Suvaxyn Circo + MH RTU, Zoetis). It is a one-shot vaccine combined with 531 

PCV2 that can be administered to piglets from three weeks of age onwards. In addition, 532 

attenuated vaccines against M. hyopneumoniae have been licensed in China (Feng et al. 2013) 533 

and Mexico. The vaccine in Mexico is a thermosensitive mutant of M. hyopneumoniae 534 

(VaxSafe MHYO, Avimex).  535 

Vaccination reduces clinical signs and lung lesions and improves performance. Also, 536 

commercial vaccines reduce the number of organisms in the respiratory tract (Meyns et al., 537 

2006; Vranckx et al., 2012b) and decrease the infection level in a herd (Sibila et al., 2007). 538 

However, studies under experimental (Meyns et al., 2006) and field conditions (Pieters et al., 539 
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2010; Villarreal et al. 2011b) showed that vaccination conferred only a limited reduction of the 540 

transmission ratio of M. hyopneumoniae.  541 

The exact mechanisms of protection are not yet fully understood. Studies suggest that systemic 542 

cell-mediated immune responses are important for protection (Marchioro et al., 2013). Vranckx 543 

et al. (2012b) reported a lower infiltration of macrophages in the lung tissue in vaccinated 544 

animals upon infection with M. hyopneumoniae, indicating that vaccination modulates the 545 

immune response following infection. The importance of local mucosal antibodies remains 546 

unclear. The serum M. hyopneumoniae specific antibodies raised after vaccination are not suited 547 

to evaluate protective immunity (Djordjevic et al., 1997). 548 

Different vaccination strategies have been adopted, depending on the type of herd, production 549 

system and management practices, infection pattern and preferences of the pig producer. 550 

Vaccination of piglets, applied once or twice, is most commonly used. Single vaccination at 551 

either 7 or 21 days of age was efficacious in a pig herd with clinical respiratory disease during 552 

the second half of the fattening period (Del Pozo Sacristan et al., 2014). Recent experimental 553 

(Arsenakis et al. 2016) and field studies (Arsenakis et al. 2017a) showed that vaccinating piglets 554 

three days prior to weaning conferred slightly better results than vaccination at weaning, 555 

possibly because of less interference of weaning stress. 556 

Vaccination confers beneficial effects in most infected herds, but variable effects are obtained. 557 

This may be due to different factors such as improper vaccine storage conditions and 558 

administration, vaccination compliance, infection level, diversity of M. hyopneumoniae strains 559 

and co-infections. The influence of maternally derived antibodies on vaccine responses in 560 

piglets is not fully elucidated. Martelli et al. (2006) showed that passively acquired antibodies 561 

have little or no effect on either a vaccine induced priming or subsequent anamnestic response. 562 

Sibila et al. (2008) and Arsenakis et al. (2017b) showed that vaccination of sows at the end of 563 

gestation, resulted in a lower number of M. hyopneumoniae colonized piglets at weaning. 564 
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Breeding gilt vaccination is recommended in endemically infected herds to avoid 565 

destabilization of the breeding stock immunity (Bargen 2004). 566 

 567 

Constant effort is being directed towards the investigation of new vaccines that may offer a 568 

better protection against M. hyopneumoniae infections. In one study (Villarreal et al., 2009), 569 

infection with a low virulent M. hyopneumoniae isolate did not protect piglets against infection 570 

with a highly virulent M. hyopneumoniae isolate one month apart, suggesting that low virulent 571 

strains might not be suitable as such to be used as vaccines. Further research however is needed. 572 

Several studies have evaluated recombinant proteins of M. hyopneumoniae in various forms of 573 

administration and formulations. Table 2 summarizes the antigens, adjuvants, vectors and 574 

routes of immunization used in the studies on experimental M. hyopneumoniae vaccines. Most 575 

of the recombinant proteins were evaluated only in mice, and only a few of them were tested in 576 

challenge experiments in pigs. Some of the vaccines conferred protection, and may represent a 577 

promising tool for controlling M. hyopneumoniae infections in pigs. However, validation in 578 

pigs under experimental and practical circumstances is needed.  579 

 580 

Elimination 581 

Successful elimination of M. hyopneumoniae from swine herds has been reported over decades 582 

(reviewed by Holst et al., 2015) and several protocols have been developed. Besides 583 

depopulation and repopulation, initial efforts for disease elimination were based on the Swiss 584 

method (Zimmerman et al., 1989). This method includes partial depopulation (i.e. culling of all 585 

animals younger than 10 months of age) and whole herd medication, along with a two-week 586 

farrowing pause towards the end of the protocol. While this method has proven highly 587 

successful, its application in large herds is difficult. Thus, other protocols such as herd closure 588 

and medication, and whole herd medication, keeping young animals at the farms and piglet 589 
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production undisturbed, have been developed (Holst et al., 2015). The herd closure and 590 

medication strategy allows for the introduction of replacement gilts at the beginning of the 591 

process, relies on early exposure of the incoming females, and calls for no further introduction 592 

of susceptible animals for a period of at least 240 days, or when pathogen persistence has no 593 

longer been observed after initial infection (Pieters et al., 2009). In addition, quarterly mass 594 

vaccination is included as part of herd closure for disease elimination. On the other hand, the 595 

whole herd medication protocol is usually applied after clinical outbreaks of the disease, and 596 

does not require the culling of animals or pause in farrowing. However, the reported success of 597 

disease elimination is lower for this protocol compared to herd closure (Holst et al., 2015).  598 

Although elimination of M. hyopneumoniae is becoming increasingly common in the USA, 599 

several aspects of the protocols and the potential success could be questioned. For example, 600 

concerns exist on the likelihood to eliminate M. hyopneumoniae in high pig dense areas due to 601 

potential lateral infection of the herd, although this does not seem to occur frequently. Scientific 602 

information on lateral transmission of M. hyopneumoniae infections is largely missing, and 603 

previous evidence of pathogen airborne transmission can make a difficult case otherwise 604 

(Goodwin, 1985; Otake et al., 2010). Also, refinement of the elimination protocols is necessary 605 

for practicality and application in combination with other disease elimination programs. 606 

Nevertheless, elimination of M. hyopneumoniae from commercial herds, whether alone or in 607 

combination with the elimination of other pathogens, appears to be justified from the ethical 608 

and economical points of view (Yeske, 2016).  609 

  610 
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Conclusion 611 

M. hyopneumoniae is a very important pathogen that causes major losses to the pig industry. 612 

Research has focused on the epidemiology and transmission in different production systems, 613 

partly elucidated the very complex interaction of the pathogen with the respiratory tract, and 614 

has developed and tested many commercial and experimental vaccines. However, important 615 

knowledge gaps remain and, therefore, further research is needed to achieve a better control 616 

and possible elimination of the pathogen. The focus should be on better understanding of the 617 

virulence mechanisms and the interaction of the pathogen with the host and with other 618 

pathogens, and the development of vaccines that confer better protection and can be 619 

administered easily. Finally, research on how to successfully eliminate the pathogen from pig 620 

herds should also be stimulated. 621 

  622 



27 
 

References 623 

1. Adams, C., J. Pitzer, and F. C. Minion, 2005: In vivo expression analysis of the P97 and 624 
P102 paralog families of Mycoplasma hyopneumoniae. Infect. Immun. 73, 7784-7787. 625 

2. Alexander, T., K. Thornton, G. Boon, R. Lysons, and A. Gush, 1980: Medicated early 626 
weaning to obtain pigs free from pathogens endemic in the herd of origin. Vet. Rec. 106, 627 
114–119. 628 

3. Amass, S., L. Clark, W. Van Alstine, T. Bowersock, D. Murphy, K. Knox, and S. 629 
Albregts, 1994: Interaction of Mycoplasma hyopneumoniae and Pasteurella multocida 630 
infections in swine. J. Am. Vet. Med. Assoc. 204, 102-107. 631 

4. Arfi, Y., L. Minder, C. Di Primo, A. Le Roy, C. Ebel, L. Coquet, S. Claverol, S. Vashee, 632 
J. Jores, A. Blanchard, and P. Sirand-Pugnet, 2016: MIB-MIP is a mycoplasma system 633 
that captures and cleaves immunoglobulin G. Proc. Natl. Acad. Sci. U. S. A. 113, 5406-634 
5411. 635 

5. Arsenakis, I., A. Michiels, F. Boyen, F. Haesebrouck, and D. Maes, 2017b: Effect of sow 636 
vaccination against Mycoplasma hyopneumoniae on offspring colonization and lung 637 
lesions. 9nd ESPHM, Prague, 3-5 May 2017, in press. 638 

6. Arsenakis, I., A. Michiels, R. del Pozo Sacristán, F. Boyen, F. Haesebrouck, and D. Maes, 639 
2017a: Mycoplasma hyopneumoniae vaccination at or shortly before weaning under field 640 
conditions: a randomised efficacy trial. Vet. Rec., cond accepted. 641 

7. Arsenakis, I., L. Panzavolta, A. Michiels, R. Del Pozo Sacristan, F. Boyen, F., 642 
Haesebrouck, and D. Maes, 2016: Efficacy of Mycoplasma hyopneumoniae vaccination 643 
before and after weaning against experimental challenge infection in pigs. BMC Vet. Res. 644 
12, DOI: 10.1186/s12917-016-0685-9. 645 

8. Bai, F., B. Ni, M. Liu, Z. Feng, Q. Xiong, and G. Shao, 2015: Mycoplasma 646 
hyopneumoniae-derived lipid-associated membrane proteins induce inflammation and 647 
apoptosis in porcine peripheral blood mononuclear cells in vitro. Vet. Microbiol. 175, 58-648 
67. 649 

9. Bandrick, M., M. Pieters, C. Pijoan, and T. Molitor, 2008: Passive transfer of maternal 650 
Mycoplasma hyopneumoniae-specific cellular immunity to piglets. Clin. Vaccine 651 
Immunol. 15, 540-543. 652 

10. Barate, A., Y. Cho, Q. Truong, and T. Hahn, 2014: Immunogenicity of IMS 1113 plus 653 
soluble subunit and chimeric proteins containing Mycoplasma hyopneumoniae P97 C-654 
terminal repeat regions. FEMS Microbiol. Lett. 352, 213-220. 655 

11. Bargen, L., 2004: A system response to an outbreak of enzootic pneumonia in 656 
grow/finish pigs. Can. Vet. J. 45:856-859. 657 

12. Belloy, L., E. Vilei, M. Giacometti, and J. Frey, 2003: Characterization of LppS, an 658 
adhesin of Mycoplasma conjunctivae. Microbiology 149, 185-193. 659 

13. Blanchard B., M. Vena, A. Cavalier, J. Le Lannic, J. Gouranton, and M. Kobisch. 1992: 660 
Electron microscopic observation of the respiratory tract of SPF piglets inoculated with 661 
Mycoplasma hyopneumoniae. Vet. Micribiol. 30, 329-341.  662 

14. Bogema, D., A. Deutscher, L. Woolley, L. Seymour, B. Raymond, J. Tacchi, M. Padula, 663 
N. Dixon, F. Minion, C. Jenkins, M. Walker, and S. P. Djordjevic, 2012: Characterization 664 
of cleavage events in the multifunctional cilium adhesin Mhp684 (P146) reveals a 665 
mechanism by which Mycoplasma hyopneumoniae regulates surface topography. MBio 666 
3. 667 



28 
 

15. Boonsoongnern, A., P. Jirawattanapong., and P. Lertwatcharasarakul, 2012: The 668 
prevalence of Mycoplasma hyopneumoniae in commercial suckling pigs in Thailand. W. 669 
J. V. 161–63.   670 

16. Borjigin, L., T. Shimazu, Y. Katayama, M. Li, T. Satoh, K. Watanabe, H. Kitazawa, S. 671 
G. Roh, H. Aso, K. Katoh, T. Uchida, Y. Suda, A. Sakuma, M. Nakajo, and K. Suzuki, 672 
2016: Immunogenic properties of Landrace pigs selected for resistance to mycoplasma 673 
pneumonia of swine. Anim. Sci. J. 87, 321-329. 674 

17. Boye, M., T. Jensen, P. Ahrens, T. Hagedorn-Olsen, and NF. Friis, 2001: In situ 675 
hybridisation for identification and differentiation of Mycoplasma hyopneumoniae, 676 
Mycoplasma hyosynoviae and Mycoplasma hyorhinis in formalin-fixed porcine tissue 677 
sections. APMIS. 109, 656-664. 678 

18. Browne, C., A. Loeffler, H. Holt, Y. Chang, D. Lloyd, and A. Nevel, 2017: Low 679 
temperature and dust favour in vitro survival of Mycoplasma hyopneumoniae: time to 680 
revisit indirect transmission in pig housing. Lett. Appl. Microbiol. 64, 2-7. 681 

19. Browning, G., M. Marenda, A. Noormohammadi, and P. F. Markham, 2011: The central 682 
role of lipoproteins in the pathogenesis of mycoplasmoses. Vet. Microbiol. 153, 44-50. 683 

20. Burnett, T., K. Dinkla, M. Rohde, G. Chhatwal, C. Uphoff, M. Srivastava, S. Cordwell, 684 
S. Geary, X. Liao, F. Minion, M. Walker, and S. Djordjevic, 2006: P159 is a 685 
proteolytically processed, surface adhesin of Mycoplasma hyopneumoniae: defined 686 
domains of P159 bind heparin and promote adherence to eukaryote cells. Mol. Microbiol. 687 
60, 669-686. 688 

21. Calsamiglia, M., and C. Pijoan, 2000: Colonisation state and colostral immunity to 689 
Mycoplasma hyopneumoniae of different parity sows. Vet. Rec. 146, 530-532. 690 

22. Calsamiglia, M., C. Pijoan, and A. Trigo, 1999: Application of a nested polymerase chain 691 
reaction assay to detect Mycoplasma hyopneumoniae from nasal swabs. J. Vet. Diagn. 692 
Invest. 11, 246-251. 693 

23. Cardona, A., C. Pijoan, and S. Dee, 2005: Assessing Mycoplasma hyopneumoniae aerosol 694 
movement at several distances. Vet. Rec. 156, 91-92. 695 

24. Charlebois, A., C. Marois-Créhan, P. Hélie, C. Gagnon, M. Gottschalk, and M. 696 
Archambault, 2014: Genetic diversity of Mycoplasma hyopneumoniae isolates of abattoir 697 
pigs. Vet. Microbiol. 168, 348–356. 698 

25. Chen, A.Y., S. Fry, J. Forbes-Faulkner, G. Daggard, and T. Mukkur, 2006a: Evaluation 699 
of the immunogenicity of the P97R1 adhesin of Mycoplasma hyopneumoniae as a 700 
mucosal vaccine in mice. J. Med. Microbiol. 55, 923-929.  701 

26. Chen, A.Y., S. Fry, J. Forbes-Faulkner, G. Daggard, and T. Mukkur, 2006b. Comparative 702 
immunogenicity of M. hyopneumoniae NrdF encoded in different expression systems 703 
delivered orally via attenuated S. typhimurium aroA in mice. Vet. Microbiol. 114, 252-704 
259. 705 

27. Chen, J., C. Liao, S. Mao, and C. Weng, 2001: A recombinant chimera composed of 706 
repeat region RR1 of Mycoplasma hyopneumoniae adhesin with Pseudomonas exotoxin: 707 
in vivo evaluation of specific IgG response in mice and pigs. Vet. Microbiol. 80, 347-357.  708 

28. Chen, Y., S. Wang, W. Yang, Y. Chen, H. Lin, and D. Shiuan, 2003: Expression and 709 
immunogenicity of Mycoplasma hyopneumoniae heat shock protein antigen p42 by DNA 710 
vaccination. Infect. Immun. 71, 1155-1160. 711 



29 
 

29. Conceição, F., A. Moreira, and O. Dellagostin, 2006: A recombinant chimera composed 712 
of R1 repeat region of Mycoplasma hyopneumoniae P97 adhesin with Escherichia coli 713 
heat-labile enterotoxin B subunit elicits immune response in mice. Vaccine 24, 5734-714 
5743. 715 

30. Cook B., J. Beddow, L. Manso-Silván, G. Maglennon, and A. Rycroft, 2016: Selective 716 
medium for culture of Mycoplasma hyopneumoniae. Vet. Microbiol. 195, 158-164. 717 

31. Debey, M. and R. Ross, 1994: Ciliostasis and loss of cilia induced by Mycoplasma 718 
hyopneumoniae in porcine tracheal organ cultures. Infect. Immun. 62, 5312-5318. 719 

32. Deblanc, C., S. Gorin, S. Quéguiner, A. Gautier-Bouchardon, S. Ferré, N. Amenna, R. 720 
Cariolet, G. Simon, 2012: Pre-infection of pigs with Mycoplasma hyopneumoniae 721 
modifies outcomes of infection with European swine influenza virus of H1N1, but not 722 
H1N2 subtype. Vet. Microbiol. 157, 96-105.  723 

33. Del Pozo Sacristan R., A. Sierens, S. Marchioro, F. Vangroenweghe, J. Jourquin, G. 724 
Labarque, F. Haesebrouck, and D. Maes, 2014: Efficacy of early Mycoplasma 725 
hyopneumoniae vaccination against mixed respiratory disease in older fattening pigs. 726 
Vet. Rec. 174, 197. 727 

34. Del Pozo Sacristan, R., 2014. Treatment and control of Mycoplasma hyopneumoniae 728 
infections. PhD thesis, Ghent University Belgium, pp. 189. 729 

35. Djordjevic, S., G. Eamens, L. Romalis, P. Nicholls, V. Taylor, and J. Chin, 1997: Serum 730 
and mucosal antibody responses and protection in pigs vaccinated against Mycoplasma 731 
hyopneumoniae with vaccines containing a denatured membrane antigen pool and 732 
adjuvant. Aust. Vet. J. 75, 504-511. 733 

36. Dos Santos, L., S Sreevatsan, M.Torremorell, M. Moreira, M. Sibila, and M. Pieters, 734 
2015: Genotype distribution of Mycoplasma hyopneumoniae in swine herds from 735 
different geographical regions. Vet. Microbiol. 175, 374-381. 736 

37. Dubosson, C., C. Conzelmann, R. Miserez, P. Boerlin, J. Frey, W. Zimmermann, H. Häni, 737 
and P. Kuhnert, 2005: Development of two real-time PCR assays for the detection of 738 
Mycoplasma hyopneumoniae in clinical samples. Vet. Microbiol. 102, 55-65. 739 

38. Erlandson, K., R. Evans, B. Thacker, M. Wegner, and E. Thacker, 2005: Evaluation of 740 
three serum antibody enzyme-linked immunosorbent assays for Mycoplasma 741 
hyopneumoniae. J. Swine Health Prod. 13, 198–203. 742 

39. Escobar J., W. Van Alstine, D. Baker, and R. Johnson, 2002:  Growth performance and 743 
whole-body composition of pigs experimentally infected with Mycoplasma 744 
hyopneumoniae. J. Anim. Sci. 80, 384-391. 745 

40. Fablet C., C. Marois, G. Kuntz-Simon, N. Rose, V. Dorenlor, F. Eono, E. Eveno, J. Jolly, 746 
L. Le Devendec, V. Tocqueville, S. Quéguiner, S. Gorin, M. Kobisch M., and F. Madec. 747 
2011: Longitudinal study of respiratory infection patterns of breeding sows in five farrow-748 
to-finish herds. Vet. Microbiol. 147, 329-339. 749 

41. Fablet, C., C. Marois, M. Kobisch, F. Madec, and N. Rose, 2010: Estimation of the 750 
sensitivity of four sampling methods for Mycoplasma hyopneumoniae detection in live 751 
pigs using a Bayesian approach. Vet. Microbiol. 143, 238-245. 752 

42. Fagan, P., M. Walker, J. Chin, G. Eamens, and S. Djordjevic, 2001: Oral immunization 753 
of swine with attenuated Salmonella typhimurium aroA SL3261 expressing a recombinant 754 
antigen of Mycoplasma hyopneumoniae (NrdF) primes the immune system for a NrdF 755 
specific secretory IgA response in the lungs. Microb. Pathog. 30, 101-110. 756 



30 
 

43. Fagan, P., S. Djordjevic, J. Chin, G. Eamens, and M. Walker, 1997: Oral immunization 757 
of mice with attenuated Salmonella typhimurium aroA expressing a recombinant 758 
Mycoplasma hyopneumoniae antigen (NrdF). Infect. Immun. 65, 2502-2507. 759 

44. Fano, E., C. Pijoan, and S. Dee, 2005: Dynamics and persistence of Mycoplasma 760 
hyopneumoniae infection in pigs. Can. J. Vet. Res. 69, 223–228. 761 

45. Fano, E., C. Pijoan, S. Dee, and J. Deen, 2007: Effect of Mycoplasma hyopneumoniae 762 
colonization at weaning on disease severity in growing pigs. Can. J. Vet. Res. 71, 195–763 
200. 764 

46. Feng Z., Y. Wei, G. Li, X. Lu, X. Wan, G. Pharr, Z. Wang, M. Kong, Y. Gan, F. Bai, M. 765 
Liu, Q. Xiong, X. Wu, and G. Shao, 2013: Development and validation of an attenuated 766 
Mycoplasma hyopneumoniae aerosol vaccine. Vet. Microbiol. 167, 417-424. 767 

47. Ferrarini, M., F. Siqueira, S. Mucha, T. Palama, E. Jobard, B. Elena-Herrmann, A. 768 
Vasconcelos, F. Tardy, I. Schrank, A. Zaha, and M. Sagot, 2016: Insights on the virulence 769 
of swine respiratory tract mycoplasmas through genome-scale metabolic modeling. BMC 770 
Genomics 17, 353. 771 

48. Flesja, K., and H. Ulvesaeter, 1980: Pathological lesions in swine at slaughter. Acta Vet. 772 
Scand. [Suppl.] 74, 1-22. 773 

49. Galli, V., S. Simionatto, S. Marchioro, A. Fisch, C. Gomes, F. Conceição, and O. 774 
Dellagostin, 2012: Immunisation of mice with Mycoplasma hyopneumoniae antigens 775 
P37, P42, P46 and P95 delivered as recombinant subunit or DNA vaccines. Vaccine 31, 776 
135-140. 777 

50. García-Morante, B., J. Segalés, L. Fraile, A. Pérez de Rozas, H. Maiti, T. Coll, and M. 778 
Sibila, 2015: Assessment of Mycoplasma hyopneumoniae-Induced pneumonia using 779 
different lung lesion scoring systems: A Comparative Review. J. Comp. Pathol. 154, 125-780 
134. 781 

51. García-Morante, B., J. Segalés, L. Fraile, G. Llardén, T. Coll, and M. Sibila, 2017: 782 
Potential use of local and systemic humoral immune response parameters to forecast 783 
Mycoplasma hyopneumoniae associated lung lesions. PloS One 12, e0175034. 784 

52. Goedbloed, D., P. van Hooft, W. Lutz, H. Megens, S. van Wieren, R. Ydenberg, and H. 785 
Prins, 2015: Increased Mycoplasma hyopneumoniae disease prevalence in domestic 786 
hybrids among free-living wild boar. EcoHealth 12, 571-579. 787 

53. Goodwin, R., 1985: Apparent reinfection of enzootic-pneumonia-free pig herds: search 788 
for possible causes. Vet. Rec. 116, 690-694. 789 

54. Hames, C., S. Halbedel, M. Hoppert, J. Frey, and J. Stulke, 2009: Glycerol metabolism is 790 
important for cytotoxicity of Mycoplasma pneumoniae. J. Bacteriol. 191, 747-753. 791 

55. Hannan, P., G. Windsor, A. de Jong, N. Schmeer, and M. Stegeman, 1997: Comparative 792 
susceptibilities of various animal-pathogenic mycoplasmas to fluoroquinolones. 793 
Antimicrob. Agents Chemother. 41, 2037-2040. 794 

56. Hermann J., S. Brockmeier, K. Yoon, and J. Zimmerman, 2008: Detection of respiratory 795 
pathogens in air samples from acutely infected pigs. Can. J. Vet. Res. 72, 367-70 796 

57. Hernandez-Garcia, J, Robben N, Magnée D, Eley T, Dennis I, Kayes SM, Thomson JR, 797 
and A., Tucker, 2017: The use of oral fluids to monitor key pathogens in porcine 798 
respiratory disease complex. Porcine Health Management 3, 7. 799 



31 
 

58. Holst, S., P. Yeske, and M. Pieters, 2015: Elimination of Mycoplasma hyopneumoniae 800 
from breed-to-wean farms:  A review of current protocols with emphasis on herd closure 801 
and medication. J. Swine Health Prod. 23, 321-330. 802 

59. Hsu, T., and F. Minion, 1998: Identification of the cilium binding epitope of the 803 
Mycoplasma hyopneumoniae P97 adhesin. Infect. Immun. 66, 4762-4766. 804 

60. Jarocki, V., J. Santos, J. Tacchi, B. Raymond, A. Deutscher, C. Jenkins, M. Padula, and 805 
S. Djordjevic, 2015: MHJ_0461 is a multifunctional leucine aminopeptidase on the 806 
surface of Mycoplasma hyopneumoniae. Open Biol. 5, 140175. 807 

61. King, K., D. Faulds, E. Rosey, and R. Yancey Jr., 1997: Characterization of the gene 808 
encoding Mhp1 from Mycoplasma hyopneumoniae and examination of Mhp1's vaccine 809 
potential. Vaccine 15, 25-35. 810 

62. Klein, U., A. de Jong, H. Moyaert, F. El Garch, R. Leon, A. Richard-Mazet, M. Rose, D. 811 
Maes, A. Pridmore, J. Thomson, and R. Ayling, 2017: Antimicrobial susceptibility 812 
monitoring of Mycoplasma hyopneumoniae and Mycoplasma bovis isolated in Europe. 813 
Vet. Microbiol., cond. accepted.  814 

63. Kuhnert, P, and G. Overesch, 2014: Molecular epidemiology of Mycoplasma 815 
hyopneumoniae from outbreaks of enzootic pneumonia in domestic pig and the role of 816 
wild boar. Vet. Microbiol 174, 261-266. 817 

64. Le Carrou, J., M. Laurentie, M. Kobisch, and A. V. Gautier-Bouchardon, 2006: 818 
Persistence of Mycoplasma hyopneumoniae in experimentally infected pigs after 819 
marbofloxacin treatment and detection of mutations in the parC gene. Antimicrob. Agents 820 
Chemother. 50, 1959-1966. 821 

65. Léon, E., F. Madec, N Taylor, and M. Kobisch, 2001: Seroepidemiology of Mycoplasma 822 
hyopneumoniae in pigs from farrow-to-finish farms. Vet. Microbiol. 78, 331-341. 823 

66. Lin, J., C. Weng, C. Liao, K. Yeh, and M. Pan, 2003: Protective effects of oral 824 
microencapsulated Mycoplasma hyopneumoniae vaccine prepared by co-spray drying 825 
method. J. Vet. Med. Sci. 65, 69-74. 826 

67. Liu, W., S. Xiao, M. Li, S. Guo, S. Li, R. Luo, Z. Feng, B. Li, Z. Zhou, G. Shao, H. Chen 827 
and L. Fang, 2013: Comparative genomic analyses of Mycoplasma hyopneumoniae 828 
pathogenic 168 strain and its high-passaged attenuated strain. BMC Genomics 14, 80. 829 

68. Lorenzo H., O. Quesada, P. Assunçao, A. Castro, and F. Rodríguez, 2006: Cytokine 830 
expression in porcine lungs experimentally infected with Mycoplasma hyopneumoniae. 831 
Vet. Immunol. Immunopathol. 109, 199-207. 832 

69. Maes, D., J. Segalés, T. Meyns, M. Sibila, M. Pieters, and F. Haesebrouck, 2008: Control 833 
of Mycoplasma hyopneumoniae infections in pigs. Vet. Microbiol. 126, 297-309.  834 

70. Maes, D., M. Verdonck, H. Deluyker, and A de Kruif. 1996: Enzootic pneumonia in pigs. 835 
Vet. Q. 18, 104–109.  836 

71. Marchioro S., D. Maes, B. Flahou, F. Pasmans, R. Del Pozo Sacristán, K. Vranckx, V. 837 
Melkebeek, E. Cox, N. Wuyts, and F. Haesebrouck, 2013: Local and systemic immune 838 
responses in pigs intramuscularly injected with an inactivated Mycoplasma 839 
hyopneumoniae vaccine. Vaccine 31, 1305-1311. 840 

72. Marchioro S., R. Del Pozo Sacristán, A. Michiels, F. Haesebrouck, F. Conceição, O. 841 
Dellagostin, and D. Maes 2014: Immune responses of a chimeric protein vaccine 842 



32 
 

containing Mycoplasma hyopneumoniae antigens and LTB against experimental M. 843 
hyopneumoniae infection in pigs. Vaccine 32, 4689-4694. 844 

73. Marois, C., D. Dory, C. Fablet, F. Madec, and M. Kobisch, 2010: Development of a 845 
quantitative Real-Time Taqman PCR assay for determination of the minimal dose of 846 
Mycoplasma hyopneumoniae strain 116 required to induce pneumonia in SPF pigs. J. 847 
Appl. Microbiool. 108, 1523-1533. 848 

74. Marois, C., J. Le Carrou, M. Kobisch, and A. V. Gautier-Bouchardon, 2007: Isolation of 849 
Mycoplasma hyopneumoniae from different sampling sites in experimentally infected and 850 
contact SPF piglets. Vet. Microbiol. 120, 96-104. 851 

75. Marois, C., M. Gottschalk, H. Morvan, C. Fablet, F. Madec, and M. Kobisch, 2009: 852 
Experimental infection of SPF pigs with Actinobacillus pleuropneumoniae serotype 9 853 
alone or in association with Mycoplasma hyopneumoniae. Vet. Microbiol. 135, 283-291.  854 

76. Martelli, P., M. Terrini, S. Guazzetti, and S. Cavirani, 2006: Antibody response to 855 
Mycoplasma hyopneumoniae infection in vaccinated pigs with or without maternal 856 
antibodies induced by sow vaccination. J. Vet. Med. B 53, 229-233. 857 

77. Mayor, D., F. Zeeh, J. Frey and P. Kuhnert, 2007: Diversity of Mycoplasma 858 
hyopneumoniae in pig farms revealed by direct molecular typing of clinical material. Vet. 859 
Res. 38, 391-398. 860 

78. Meyns, T., D. Maes, J. Dewulf, J. Vicca, F. Haesebrouck, and A. de Kruif, 2004: 861 
Quantification of the spread of Mycoplasma hyopneumoniae in nursery pigs using 862 
transmission experiments. Prev. Vet. Med. 66, 265–275. 863 

79. Meyns. T., J. Dewulf, A. de Kruif A., D. Calus, F. Haesebrouck, and D. Maes, 2006: 864 
Comparison of transmission of Mycoplasma hyopneumoniae in vaccinated and non-865 
vaccinated populations. Vaccine 24, 7081-7086. 866 

80. Michiels, A., K. Vranckx, S. Piepers, R. Del Pozo Sacristán, I. Arsenakis, F. Boyen, F. 867 
Haesebrouck, and D. Maes, 2017: Impact of diversity of Mycoplasma hyopneumoniae 868 
strains on lung lesions in slaughter pigs. Vet. Res. 48, 2. 869 

81. Michiels, A., S. Piepers, T. Ulens, N. Van Ransbeeck, R. Del Pozo Sacristan, A. Sierens, 870 
F. Haesebrouck, P. Demeyer, and D. Maes, 2015: Impact of particulate matter and 871 
ammonia on average daily weight gain, mortality and lung lesions in pigs. Prev. Vet. Med. 872 
121, 99-107. 873 

82. Michiels, A., J. Arsenakis, A. Matthijs, F. Boyen, G. Haesaert, K. Audenaerts, M. 874 
Eeckhout, S. Croubels, F. Haesebrouck, and D. Maes, 2016: Clinical impact of 875 
deoxynivalenol on the severity of an experimental Mycoplasma hyopneumoniae infection 876 
in pigs. In: Proc. 21st IOM conference, Junly 3-7 2016, Brisbane Australia, P155, 107. 877 

83. Moore, C., 2003: Parity segregation, successes and pitfalls. In: Proc. Swine Disease 878 
Conference for Swine Practitioners, 47-52.  879 

84. Nathues, H., E. grosse Beilage, L. Kreienbrock, R. Rosengarten, and J. Spergser, 2011: 880 
RAPD and VNTR analyses demonstrate genotypic heterogeneity of Mycoplasma 881 
hyopneumoniae isolates from pigs housed in a region with high pig density. Vet. 882 
Microbiol. 152, 338-345. 883 

85. Nathues, H., H. Woeste, S. Doehring, A. Fahrion, M. Doherr, and E. grosse Beilage, 884 
2013a: Herd specific risk factors for Mycoplasma hyopneumoniae infections in suckling 885 
pigs at the age of weaning. Acta Vet. Scand. 55, 30. 886 



33 
 

86. Nathues, H., H. Woeste, S. Doehring, A. Fahrion, M. Doherr, and E. grosse Beilage 2012: 887 
Detection of Mycoplasma hyopneumoniae in nasal swabs sampled from pig farmers. Vet. 888 
Rec. 2012 Jun 16;170, 623. 889 

87. Nathues, H., S. Doehring, H. Woeste, A. Fahrion, M. Doherr, and E. grosse Beilage, 890 
2013b: Individual risk factors for Mycoplasma hyopneumoniae infections in suckling pigs 891 
at the age of weaning. Acta Vet. Scand. 55, 44. 892 

88. Ni, B., F. Bai, Y. Wei, M. Liu, Z. Feng, Q. Xiong, L. Hua, and G. Shao, 2015: Apoptosis 893 
induced by lipid-associated membrane proteins from Mycoplasma hyopneumoniae in a 894 
porcine lung epithelial cell line with the involvement of caspase 3 and the MAPK 895 
pathway. Genet. Mol. Res. 14, 11429-11443. 896 

89. Ogawa, Y., E. Oishi, Y. Muneta, A. Sano, H. Hikono, T. Shibahara, Y. Yagi, and Y. 897 
Shimoji, 2009: Oral vaccination against mycoplasmal pneumonia of swine using a live 898 
Erysipelothrix rhusiopathiae vaccine strain as a vector. Vaccine 27, 4543-4550. 899 

90. Okamba, F., E. Moreau, B. Cheikh Saad, C. Gagnon., B. Massie, and M. Arella, 2007: 900 
Immune responses induced by replication-defective adenovirus expressing the C-terminal 901 
portion of the Mycoplasma hyopneumoniae P97 adhesin. Clin. Vaccine Immunol. 14, 767-902 
774. 903 

91. Okamba, F., M. Arella, N. Music, J. Jia, M. Gottschalk, and C. Gagnon, 2010: Potential 904 
use of a recombinant replication-defective adenovirus vector carrying the C-terminal 905 
portion of the P97 adhesin protein as a vaccine against Mycoplasma hyopneumoniae in 906 
swine. Vaccine 28, 4802-4809. 907 

92. Opriessnig, T., E. Thacker, S. Yu, M. Fenaux, X. Meng, and P. Halbur, 2004: 908 
Experimental reproduction of postweaning multisystemic wasting syndrome in pigs by 909 
dual infection with Mycoplasma hyopneumoniae and Porcine circovirus type 2. Vet. 910 
Pathol. 41, 624–640. 911 

93. Opriessnig, T., L. Giménez-Lirola, and P. Halbur, 2011: Polymicrobial respiratory 912 
disease in pigs. Anim. Health Res. Rev. 12, 133-148. 913 

94. Otake, S., S. Dee, C. Corzo, S. Oliveira, and J. Deen, 2010: Long-distance airborne 914 
transport of infectious PRRSV and Mycoplasma hyopneumoniae from a swine population 915 
infected with multiple viral variants. Vet. Microbiol. 145, 198-208. 916 

95. Paes, J., K. Lorenzatto, S. de Moraes, H. Moura, J. Barr, and H. Ferreira, 2017: 917 
Secretomes of Mycoplasma hyopneumoniae and Mycoplasma flocculare reveal 918 
differences associated to pathogenesis. J. Proteomics 154, 69-77. 919 

96. Pantoja L., K. Pettit, L. Dos Santos, R. Tubbs, and M. Pieters, 2016: Mycoplasma 920 
hyopneumoniae genetic variability within a swine operation. J. Vet. Diagn. Invest. 28, 921 
175-179. 922 

97. Pieters, M., C. Pijoan, E. Fano, and S. Dee, 2009: An assessment of the duration of 923 
Mycoplasma hyopneumoniae infection in an experimentally infected population of pigs. 924 
Vet. Microbiol. 134, 261–66.  925 

98. Pieters, M., E. Fano, C. Pijoan, and S. Dee, 2010: An experimental model to evaluate 926 
Mycoplasma hyopneumoniae transmission from asymptomatic carriers to unvaccinated 927 
and vaccinated sentinel pigs. Can. J. Vet. Res. 74, 157-160. 928 

99. Pieters, M., G. Cline, B. Payne, C. Prado, J. Ertl, and J. Rendahl, 2014: A. Intra-farm risk 929 
factors for Mycoplasma hyopneumoniae colonization at weaning age. Vet. Microbiol. 930 
172, 575-580. 931 



34 
 

100. Pieters, M., J. Daniels, and A. Rovira, 2017: Comparison of sample types and diagnostic 932 
methods for in vivo detection of Mycoplasma hyopneumoniae during early stages of 933 
infection. Vet. Microbiol. In press. doi:10.1016/j.vetmic.2017.02.014. 934 

101. Pinto, P., C. Klein, A. Zaha, and H. B. Ferreira, 2009: Comparative proteomic analysis 935 
of pathogenic and non-pathogenic strains from the swine pathogen Mycoplasma 936 
hyopneumoniae. Proteome Sci. 7, 45. 937 

102. Pinto, P., M. de Carvalho, L. Alves-Junior, M. Brocchi, and I. S. Schrank, 2007: 938 
Molecular analysis of an Integrative Conjugative Element, ICEH, present in the 939 
chromosome of different strains of Mycoplasma hyopneumoniae. Genet. Mol. Biol. 30, 940 
256-263. 941 

103. Pósa, R., T. Magyar, S. Stoev, R. Glávits, T. Donkó, I. Repa, and M. Kovács, 2013: Use 942 
of computed tomography and histopathologic review for lung lesions produced by the 943 
interaction between Mycoplasma hyopneumoniae and fumonisin mycotoxins in pigs. Vet. 944 
Pathol. 50, 971-979.  945 

104. Rautiainen W., A. Virtala, P. Wallgren, and H. Saloniemi, 2000: Varying effect of 946 
infections with Mycoplasma hyopneumoniae on the weight gain recorded in three 947 
different multisource fattening pig herds. J. VEt. MEd. B. Infect. Dis. Vet. Public. Health. 948 
47, 461-469. 949 

105. Razin, S., D. Yogev, and Y. Naot, 1998: Molecular biology and pathogenicity of 950 
mycoplasmas. Microbiol. Mol. Biol. Rev. 62, 1094-1156. 951 

106. Register, K., S. Brockmeier, M. de Jong, and C. Pijoan C, 2012: Pasteurellosis. In: 952 
Diseases of Swine, 10th Edit., JJ Zimmerman, A Ramirez, KJ Schwartz, GW Stevenson 953 
Eds., Wiley-Blackwell Publishing, Ames, pp. 798-810. 954 

107. Regula G., C. Lichtensteiger, N. Mateus-Pinilla, G. Scherba, G. Miller, and R. Weigel, 955 
2000: Comparison of serologic testing and slaughter evaluation for assessing the effects 956 
of subclinical infection on growth in pigs. J. Am. Vet. Med. Assoc. 217, 888-885. 957 

108. Roos, L., E. Fano, N. Homwong, B. Payne, and M. Pieters, 2016: A model to investigate 958 
the optimal seeder-to-naïve ratio for successful natural Mycoplasma hyopneumoniae gilt 959 
exposure prior to entering the breeding herd. Vet. Microbiol. 184:51-58. 960 

109. Scheidt A., V. Mayrose, M. Hill, L. Clark, M. Einstein, S. Frantz, L. Runnels, and K. 961 
Knox, 1990: Relationship of growth performance to pneumonia and atrophic rhinitis 962 
detected in pigs at slaughter. J. Am. Vet. Med. Assoc. 196, 881-884. 963 

110. Seymour, L., A. Deutscher, C. Jenkins, T. Kuit, L. Falconer, F. Minion, B. Crossett, M. 964 
Padula, N. Dixon, S. Djordjevic, and M. Walker, 2010: A processed multidomain 965 
Mycoplasma hyopneumoniae adhesin binds fibronectin, plasminogen, and swine 966 
respiratory cilia. J. Biol. Chem. 285, 33971-33978. 967 

111. Seymour, L., C. Jenkins, A. Deutscher, B. Raymond, M. Padula, J. Tacchi, D. Bogema, 968 
G. Eamens, L. Woolley, N Dixon, M. Walker, and S. Djordjevic, 2012: Mhp182 (P102) 969 
binds fibronectin and contributes to the recruitment of plasmin(ogen) to the Mycoplasma 970 
hyopneumoniae cell surface. Cell. Microbiol. 14, 81-94. 971 

112. Shen, Y., W. Hu, Y. Wei, Z. Feng, and Q. Yang, 2017: Effects of Mycoplasma 972 
hyopneumoniae on porcine nasal cavity dendritic cells. Vet. Microbiol. 198, 1-8. 973 

113. Shimoji, Y., E. Oishi, Y. Muneta, H. Nosaka, and Y. Mori, 2003: Vaccine efficacy of the 974 
attenuated Erysipelothrix rhusiopathiae YS-19 expressing a recombinant protein of 975 



35 
 

Mycoplasma hyopneumoniae P97 adhesin against mycoplasmal pneumonia of swine. 976 
Vaccine 21, 532-537. 977 

114. Sibila, M., G. Mentaberre, M. Boadella, E. Huerta, E. Casas-Díaz, J. Vicente, C. Gortázar, 978 
I. Marco, S. Lavín, and J. Segalés, 2010: Serological, pathological and polymerase chain 979 
reaction studies on Mycoplasma hyopneumoniae infection in the wild boar. Vet. 980 
Microbiol. 144, 214-218. 981 

115. Sibila, M., M. Nofrarias, S. Lopez-Soria, J. Segalés, O. Valero, A. Espinal, and M. 982 
Calsamiglia, 2007: Chronological study of Mycoplasma hyopneumoniae infection, 983 
seroconversion and associated lung lesions in vaccinated and non-vaccinated pigs. Vet. 984 
Microbiol. 122, 97–107.  985 

116. Sibila, M., M. Pieters, T. Molitor, D. Maes, F. Haesebrouck, and J. Segalés, 2009: Current 986 
perspectives on the diagnosis and epidemiology of Mycoplasma hyopneumoniae 987 
infection. Vet. J. 181, 221-231.  988 

117. Sibila, M., R. Bernal, D. Torrents, P. Riera, D. Llopart, M. Calsamiglia, and J. Segalés, 989 
2008: Effect of sow vaccination against Mycoplasma hyopneumoniae on sow and piglet 990 
colonization and seroconversion, and pig lung lesions at slaughter. Vet. Microbiol. 127, 991 
165-170. 992 

118. Sibila, M., M. Fort, M. Nofrarías, A. Pérez de Rozas, I. Galindo-Cardiel, E. Mateu, and 993 
J. Segalés, 2012: Simultaneous porcine circovirus type 2 and Mycoplasma 994 
hyopneumoniae co-inoculation does not potentiate disease in conventional pigs. J. Comp. 995 
Pathol. 147, 285-295. 996 

119. Simionatto, S., S. Marchioro, D. Maes, and O. Dellagostin, 2013: Mycoplasma 997 
hyopneumoniae: from disease to vaccine development. Vet. Microbiol. 165, 234-242. 998 

120. Simionatto, S., S. Marchioro, V. Galli, C. Brum, C. Klein, R. Rebelatto, E. Silva, S. 999 
Borsuk, F. Conceição, and O. Dellagostin, 2012: Immunological characterization of 1000 
Mycoplasma hyopneumoniae recombinant proteins. Comp. Immunol. Microb. 35, 209-1001 
216. 1002 

121. Siqueira, F., A. Gerber, R. Guedes, L. Almeida, I. Schrank, A. Vasconcelos, and A. Zaha, 1003 
2014: Unravelling the transcriptome profile of the swine respiratory tract mycoplasmas. 1004 
PLoS One, 9. 1005 

122. Siqueira, F., C. Thompson, V. Virginio, T. Gonchoroski, L. Reolon, L. Almeida, M. da 1006 
Fonseca, R. de Souza, F. Prosdocimi, I. Schrank, H. Ferreira, A. de Vasconcelos, and A. 1007 
Zaha, 2013: New insights on the biology of swine respiratory tract mycoplasmas from a 1008 
comparative genome analysis. BMC Genomics 14, 175. 1009 

123. Stakenborg, T., J. Vicca, P. Butaye, D. Maes, C. Minion, J. Peeters, A. de Kruif  A., and 1010 
F. Haesebrouck, 2005: Characterization of in vivo acquired resistance of Mycoplasma 1011 
hyopneumoniae to macrolides and lincosamides. Microb. Drug resist. 11, 290-294. 1012 

124. Stärk, K., R. Miserez, S. Siegmann, H. Ochs, P. Infanger, and J. Schmidt, 2007: A 1013 
successful national control programme for enzootic respiratory diseases in pigs in 1014 
Switzerland. Rev. Sci. Tech. 26, 595-606. 1015 

125. Strait, E., M. Madsen, F. Minion, J. Christopher-Hennings, M. Dammen, K. Jones, and 1016 
E. Thacker, 2008: Real-time PCR assays to address genetic diversity among strains of 1017 
Mycoplasma hyopneumoniae. J. Clin. Microbiol. 46, 2491-2498. 1018 

126. Straw B., V. Tuovinen, and M. Bigras-Poulin, 1989: Estimation of the cost of pneumonia 1019 
in swine herds. J. Am. Vet. Med. Assoc. 195, 1702-1706.  1020 



36 
 

127. Syrovets, T., O. Lunov, and T. Simmet, 2012: Plasmin as a proinflammatory cell 1021 
activator. J. Leukoc. Biol. 92, 509-519. 1022 

128. Tacchi, J., B. Raymond, P. Haynes, I. Berry, M. Widjaja, D. Bogema, L. Woolley, C. 1023 
Jenkins, F. Minion, M. Padula, and S. Djordjevic, 2016: Post-translational processing 1024 
targets functionally diverse proteins in Mycoplasma hyopneumoniae. Open Biol. 6, 1025 
150210. 1026 

129. Takeuti, K., D. De Barcellos, A. de Lara, C. Kunrath, and M. Pieters, 2017. Detection of 1027 
Mycoplasma hyopneumoniae in naturally infected gilts over time. Vet. Microbiol. 203, 1028 
215-220. 1029 

130. Tavio M., C. Poveda, P. Assunção, A. Ramírez, and J. Poveda, 2014: In vitro activity of 1030 
tylvalosin against Spanish field strains of Mycoplasma hyopneumoniae. Vet. Rec. 175, 1031 
539, doi: 10.1136/vr.102458. Epub 2014 Sep 2. 1032 

131. Thacker, E., P. Halbur, R. Ross, R. Thanawongnuwech, B. Thacker, 1999: Mycoplasma 1033 
hyopneumoniae potentiation of porcine reproductive and respiratory syndrome virus-1034 
induced pneumonia. J. Clin. Microbiol. 37, 620-627. 1035 

132. Thacker E., and F. Minion, 2012: Mycoplasmosis. In: Diseases of Swine, 10th Edit., JJ 1036 
Zimmerman, A Ramirez, KJ Schwartz, GW Stevenson Eds., Wiley-Blackwell 1037 
Publishing, Ames, pp. 779-798. 1038 

133. Thacker, E., and B. Thacker, 2001: Interaction between Mycoplasma hyopneumoniae and 1039 
swine influenza virus. J. Clin. Microbiol. 39, 2525-2530. 1040 

134. Thongkamkoon P., W. Narongsak, H. Kobayashi, P. Pathanasophon, M. Kishima, and K. 1041 
Yamamoto, 2013: In vitro susceptibility of Mycoplasma hyopneumoniae field isolates 1042 
and occurrence of fluoroquinolone, macrolides and lincomycin resistance. J. Vet. Med. 1043 
Sci. 75, 1067-1070. 1044 

135. Van Alstine, W., G. Stevenson, and C. Kanitz, 1996: Porcine reproductive and respiratory 1045 
syndrome virus does not exacerbate Mycoplasma hyopneumoniae infection in young pigs. 1046 
Vet. Microbiol. 49, 297-303. 1047 

136. Vangroenweghe, F., G. Labarque, S. Piepers, K. Strutzberg-Minder, and D. Maes, 2015: 1048 
Mycoplasma hyopneumoniae infections in peri-weaned and post-weaned pigs in Belgium 1049 
and the Netherlands: prevalence and associations with climatic conditions. Vet. J. 205, 1050 
93-97. 1051 

137. Vicca J., D. Mae, T. Stakenborg, P. Butaye, C. Minion, J. Peeters, A. de Kruif, A. 1052 
Decostere, and F. Haesebrouck 2007: Resistance mechanism against fluoroquinolones in 1053 
Mycoplasma hyopneumoniae field isolates. Microb. Drug Resist. 13, 166-170. 1054 

138. Vicca, J., T. Stakenborg, D. Maes, P. Butaye, J. Peeters, A. de Kruif, and F. Haesebrouck, 1055 
2003: Evaluation of virulence of Mycoplasma hyopneumoniae field isolates. Vet. 1056 
Microbiol. 97, 177-190. 1057 

139. Villarreal, I., D. Maes, K. Vranckx, D. Calus, F. Pasmans, and F. Haesebrouck, 2011a: 1058 
Effect of vaccination of pigs against experimental infection with high and low virulence 1059 
Mycoplasma hyopneumoniae strains. Vaccine 29, 1371-1375.  1060 

140. Villarreal, I., D. Maes, T. Meyns, F. Gebruers, D. Calus, F. Pasmans, and F. Haesebrouck, 1061 
2009: Infection with a low virulent Mycoplasma hyopneumoniae isolate does not protect 1062 
piglets against subsequent infection with a highly virulent M. hyopneumoniae isolate. 1063 
Vaccine 27, 1875-1879. 1064 



37 
 

141. Villarreal, I., T. Meyns, F. Haesebrouck, J. Dewulf, K. Vranckx, D. Calus, F. Pasmans, 1065 
and D. Maes, 2011b: Effect of vaccination against Mycoplasma hyopneumoniae on the 1066 
transmission of M. hyopneumoniae under field conditions. Vet. J. 188, 48-52.  1067 

142. Virginio, V., N. Bandeira, F. Leal, M. Lancelotti, A. Zaha, and H. Ferreira, 2017: 1068 
Assessment of the adjuvant activity of mesoporous silica nanoparticles in recombinant 1069 
Mycoplasma hyopneumoniae antigen vaccines. Heliyon 3(1):e00225. doi: 1070 
10.1016/j.heliyon.2016.e00225. eCollection 2017. 1071 

143. Virginio, V., T. Gonschoroski, J. Paes, D. Schuck, A. Zaha, and H. Ferreira, 2014: 1072 
Immune responses elicited by Mycoplasma hyopneumoniae recombinant antigens and 1073 
DNA constructs with potential for use in vaccination against porcine enzootic 1074 
pneumonia. Vaccine 44, 5832-5838. 1075 

144. Vranckx K., D. Maes D., I. Villarreal, K. Chiers, F. Pasmans, and F. Haesebrouck, 2012b: 1076 
Vaccination reduces macrophage infiltration in bronchus-associated lymphoid tissue in 1077 
pigs infected with a highly virulent Mycoplasma hyopneumoniae strain. BMC Vet. Res. 1078 
8, 24.  1079 

145. Vranckx, K., D. Maes, D. Calus, I. Villarreal, F. Pasmans, and F. Haesebrouck, 2011: 1080 
Multiple-locus variable-number tandem-repeat analysis is a suitable tool for 1081 
differentiation of Mycoplasma hyopneumoniae strains without cultivation. J. Clin. 1082 
Microbiol. 49, 2020-2023. 1083 

146. Vranckx, K., D. Maes, R. Del Pozo Sacristán, F. Pasmans, and F. Haesebrouck F., 2012a: 1084 
A longitudinal study of the diversity and dynamics of Mycoplasma hyopneumoniae 1085 
infections in pig herds. Vet. Microbiol. 156, 315-321. 1086 

147. Woolley, L., S. Fell, J. Gonsalves, M. Walker, S. Djordjevic, C. Jenkins, and G. Eamens, 1087 
2012: Evaluation of clinical, histological and immunological changes and qPCR detection 1088 
of Mycoplasma hyopneumoniae in tissues during the early stages of mycoplasmal 1089 
pneumonia in pigs after experimental challenge with two field isolates. Vet. Microbiol. 1090 
161, 186-195. 1091 

148. Woolley, L., S. Fell, S. Djordjevic, G. Eamens, and C. Jenkins, 2013: Plasmin activity in 1092 
the porcine airways is enhanced during experimental infection with Mycoplasma 1093 
hyopneumoniae, is positively correlated with proinflammatory cytokine levels and is 1094 
ameliorated by vaccination. Vet. Microbiol. 164, 60-66. 1095 

149. Yazawa, S., M. Okada, M. Ono, S. Fujii, Y. Okuda, I. Shibata, and H. Kida, 2004: 1096 
Experimental dual infection of pigs with an H1N1 swine influenza virus 1097 
(A/Sw/Hok/2/81) and Mycoplasma hyopneumoniae. Vet. Microbiol. 98, 221-228. 1098 

150. Yeske, P., 2016: Mycoplasma hyopneumoniae elimination. In: Proc of the Annual 1099 
Meeting of the American Association of Swine Veterinarians. New Orleans, Louisiana. 1100 
pp. 376-380. 1101 

151. Zimmermann, W., W. Odermatt, and P. Tschudi, 1989: [Enzootic pneumonia (EP): the 1102 
partial curing of EP-reinfected swine herds as an alternative to total cure]. Schweiz. Arch. 1103 
Tierheilkd. 131, 179-191. 1104 

152. Zou, H., X. Liu, F. Ma, P. Chen, R. Zhou, and Q. He, 2011: Attenuated Actinobacillus 1105 
pleuropneumoniae as a bacterial vector for expression of Mycoplasma hyopneumoniae 1106 
P36 gene. J. Gene Med. 13, 221-229. 1107 

  1108 



38 
 

Table 1: Most commonly used commercially available M. hyopneumoniae bacterin vaccines (2017) – Bacterin vaccines available in only one or 1109 

a few countries are not included the table. 1110 

Vaccine Antigen / Strain Adjuvant 
Route of 

administration 
Age of administration 

(days) 
Boosts needed 
after …weeks 

Hyogen (Ceva) Ceva strain BA 2940-99 Imuvant (W/O J5 LPS) IM ≥21 - 

HYORESP (Merial) NI a Aluminium hydroxide IM ≥5 3-4 

INGELVAC MYCOFLEX 
(Boehringer Ingelheim) 

J strain isolate  
B-3745 

Impran (water-in-oil adjuvant  
emulsion) 

IM ≥21 - 

M+Pac (Intervet Int.) b NI a 
Mineral oil and 

Aluminium hydroxide 
IM ≥7 3-4 

MYPRAVAC SUIS (Hipra Lab) J strain Levamisole and carbomer IM ≥7-10 3 

PORCILIS M. HYO (Intervet) Strain 11 dl--tocopherol acetate IM ≥7 3 

Porcilis PCV M. HYO 
(MSD-Intervet Int) c 

J Strain 
Mineral oil and 

Aluminium hydroxide 
IM ≥21 - 

Porcilis MHYO ID Once 
(MSD-Intervet Int.) 

Strain 11 
Paraffin oil and 

dl-α-tocoferylacetaat 
ID ≥14 - 

STELLAMUNE 
MYCOPLASMA (Eli Lilly) 

NL 1042 Mineral oil and lecithin IM ≥3 2-4 

STELLAMUNE ONE (Eli Lilly) NL 1042 
Amphigen Base, and Drakeol 5 

(mineral oil) 
IM ≥3 - 

SUVAXYN M.HYO d (Zoetis) P-5722-3 Carbopol IM ≥7 2 

SUVAXYN MH-ONE e (Zoetis) P-5722-3 Carbopol and squalane IM ≥7 - 

SUVAXYN M.HYO – 
PARASUIS f (Zoetis) 

P-5722-3 Carbopol and squalane IM ≥7 2 



39 
 

a No information available 1111 
b Vaccination scheme when one ml is used for each administration. No boost vaccination needed if a 2 ml dose is used the first time. 1112 
c Combination vaccine with  Porcine Circovirus type 2 1113 
d Named Suvaxyn RespiFend MH in USA 1114 
e Same name is used in the USA, but Amphigen is used as adjuvant in the USA, and vaccine can be administered from day one of age onwards 1115 
f Combination vaccine with Haemophilus parasuis - Named Suvaxyn RespiFend MH HPS in USA 1116 
  1117 
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 1118 
Table 2: Overview of experimental vaccines against M. hyopneumoniae 1119 
 1120 

Antigen Vacinne type Vector/Adjuvant Species Route 
Challenge 
infection Reference 

P97 Recombinant Subunit Complete Freund’s adjuvant pig 
IM** 

 
yes King et al. 1997 

NrdF (R2) Recombinant Vector Salmonella Typhimurium 
aroA SL3261 

mice 
Oral 

 
no Fagan et al. 1997 

P97 (R1) Recombinant Vector Pseudomonas aeroginosa exotoxin A 
mice and 

pig 
SC*** 
and IM 

no Chen et al. 2001 

NrdF (R2) Recombinant Vector Salmonella Typhimurium 
aroA SL3261 pig 

Oral 

 
yes Fagan et al. 2001 

Strain PRIT-5 Inactivated whole cell Spray dried microspheres pig 
Oral 

 
yes Lin et al. 2003 

P42 

 
DNA pcDNA3 mice IM no Chen et al. 2003 

P97 (R1R2) Recombinant Vector Erysipelothrix rhusiopathiae 
YS-1 

mice and 
pig 

SC and 
IN**** 

 
no 

Shimoji et al. 2003 

P97 (R1) Recombinant Vector 
Salmonella Typhimurium 

aroA CS332 
mice 

Oral 

 
no Chen et al. 2006a 

NrdF (R2) Recombinant Vector Salmonella Typhimurium 
aroA CS332 

mice 
Oral 

 
no Chen et al. 2006b 

P97 (R1) Recombinant Subunit LTB mice IM and 
IN 

no Conceição et al. 2006 

P97 (R1) Recombinant Vector Adenovirus mice IM and 
IN no Okamba et al. 2007 

P97 (R1R2) Recombinant Vector Erysipelothrix rhusiopathiae 
Koganei 

pig 
Oral 

 
yes Ogawa et al. 2009 

P97 (R1) Recombinant Vector Adenovirus pig 
IN 

 
yes Okamba et al. 2010 

P36 Recombinant Vector 
Actinobacillus pleuropneumoniae 

SLW36 mice 
IM 

 
no Zou et al. 2011 

34* Recombinant Subunit Aluminun mice 
IM 

 
no Simionatto et al. 2012 
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P37, P42,  
P46, P95 

Recombinant Subunit  
and DNA 

Aluminium and 
pcDNA3 mice 

IM 

 
no Galli et al. 2012 

P97 (R1,R2) 
Recombinant chimeric 

Subunit 
Heat-labile enterotoxin E. coli (LTB) 

and Montanide IMS 
mice IM no Barate et al. 2014 

P46, 
HSP70,MnuA 

Recombinant Subunit 
and DNA 

Complete Freund’s adjuvant mice Intra-peritoneal no Virginio et al. 2014 

P97, P42, 
NrdF 

Recombinant chimeric 
Subunit 

Heat-labile enterotoxin E. coli (LTB) pig IM and IN no Marchioro et al. 2014 

HSP70 Recombinant Subunit 
Mesoporous silica nanoparticles SBa-

15 and SBa-16, Aluminium 
mice Intra-peritoneal no Virginio et al. 2017 
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