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CHARACTERISATION OF STAPHYLOCOCCUS AUREUS STRAIN CAUSING  
SEVERE RESPIRATORY DISEASE IN RABBITS

WANG J. , SANG L., CHEN Y., SUN S., CHEN D., XIE X.
Institute of Animal Husbandry and Veterinary, Fujian Academy of Agricultural Sciences, Fuzhou, Fujian, People’s Republic of China.

Abstract: Staphylococcus aureus is acknowledged as one of the important pathogens isolated from humans 
and animals. However, the S. aureus causing severe respiratory diseases in rabbits have not been well 
characterised. A S. aureus named FZHW001, isolated from the lungs of dead rabbits with severe respiratory 
disease, was characterised by artificial infection of rabbits, detection of virulence factors, multi-locus 
sequencing typing and antimicrobial susceptibility test. The FZHW001 infected rabbits showed identical 
respiratory symptoms to those of naturally infected ones, and the isolate could spread through directed 
contact among rabbits. The isolate was typed into clonal complex 121 and carried 7 of 13 tested virulence 
factors. Furthermore, the isolate was identified to be methicillin-susceptible S. aureus and was susceptible 
to 7 of 12 tested antibiotics. This study first describes the characteristics of S. aureus isolated from rabbits 
causing severe respiratory disease, which will help in further understanding the pathogenic mechanisms of 
S. aureus in rabbits.

Key Words: Staphylococcus aureus, rabbit, respiratory disease, virulence factors, multi-locus sequencing 
typing.

INTRODUCTION

S. aureus is recognised as one of the important pathogens isolated from humans and animals (Sato et al., 2017; 
Brady et al., 2018). Owing to the ability to express various virulence factors, the infection of S. aureus results in a 
broad variety of diseases including bacteraemia, sepsis, mastitis and pneumonia (Denayer et al., 2017; Schmidt 
et al., 2017; Hecker et al., 2018). In recent years, the prevalence and diversity of S. aureus in animals has been 
cause for concern due to animals potentially acting as reservoirs of human infections (Haenni et al., 2017; Schmidt 
et al., 2017). It has been reported that S. aureus from animals, notably the livestock-associated methicillin-resistant 
clonal complex (CC) 398 (Verkade et al., 2014), could be transmitted to humans and induce serious infection (Angen 
et al., 2017).

S. aureus poses a great threat to rabbit farming. The manifestations of infected rabbits are subcutaneous abscesses, 
mastitis and pododermatitis (Hermans et  al., 2003; Vancraeynest et  al., 2006). In late August 2017, a severe 
respiratory disease broke out in a rabbit farm with around 1000 adult female rabbits in Fujian Province in south-
eastern China, causing the death of roughly 1000 rabbits in a four-week period. Clinical signs in infected rabbits 
were weight loss, coughing and purulent nasal discharge. Haemorrhage in trachea and purulent pneumonia were 
observed in dead rabbits. The severe respiratory disease was presumed to be caused by the infection or co-infection 
of Bordetella bronchiseptica, Pasteurella multocida and rabbit haemorrhagic disease virus. However, the results of 
polymerase chain reaction (PCR) assays for detecting the 3 kinds of pathogen in lung samples were negative. In 
this study, a S. aureus named FZHW001 was isolated from the lungs of the dead rabbits. The aim of this study was 
to characterize the FZHW001 by artifcial infection of rabbits, detection of virulence factors, multi-locus sequencing 
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typing (MLST) and antimicrobial susceptibility test to understand the pathogenicity, genetic diversity and level of 
antimicrobial resistance of the isolate.

MATERIAL AND METHODS

Ethical statement

The present study was approved by the Laboratory Animal Ethics Committee of Institute of Animal Husbandry and 
Veterinary, Fujian Academy of Agricultural Sciences (FAAS). The animal experiments were in according with the 
Guidelines for the operation of laboratory animals issued by the Institute of Animal Husbandry and Veterinary, FAAS.

Bacterial isolation and identification

Ten lung samples from dead rabbits were received. The samples were homogenised and 50% suspensions with 
sterile phosphate buffer saline (PBS) were prepared. One hundred μL of each homogenised sample was spread 
on sheep blood agar plate and incubated overnight at 37°C. Five bacterial colonies produced on each plate were 
streaked and purified on sheep blood agar plates and the purified isolates were then identified by sequencing of the 
16S rRNA gene.

Animal experiments

Forty-eight rabbits, 6-wk-old, were randomly divided into 4 groups with 6 females and 6 males per group. Rabbits 
were anesthetised by intravenous injection of ketamine (40 mg/kg). Groups 1 (G1) and 2 (G2) were intranasally 
inoculated with 1.0×1010 and 1.0×106 colony forming units (CFU) of the isolate diluted in 100  μL sterile PBS, 
respectively. Group 3 (G3) (control group) was intranasally inoculated with 100 μL sterile PBS. Three females and 
3 males in group 4 (G4) were intranasally inoculated with 1.0×106 CFU of the isolate diluted in 100 μL sterile PBS, 
and 6 naïve rabbits were co-housed, direct contact, with infected rabbits. Clinical signs were monitored daily for 
4 wk. To further investigate the distribution of inoculated isolate in infected animals, samples from G2 including 
tracheas, lungs, livers, hearts, spleens, kidneys and blood were harvested. The presence of the inoculated isolate in 
these specimens was detected by PCR amplification of 16S rRNA and nuc genes. To confirm the identity of isolates, 
16S rRNA and nuc genes of the isolates were sequenced. 

Detection of genes

The 16S rRNA, mecA, mecC, and 13 virulence genes encoding thermonuclease (nuc), panton-valentine leukocidin 
toxin (pvl ), enterotoxin (sea and seb), toxic shock syndrome toxin-1 (tst ), exfoliative (eta and etb), haemolysin (hla and 
hlb), clumping factor (clfA and clfB ) and fibronectin-binding protein (fnbpA and fnbpB ) were screened by PCR. The 
primers for 16S rRNA, mecA, mecC, nuc, pvl, sea, seb, tst, eta, etb, hla and hlb were reported previously (Table 1). 
The primers for clfA, clfB, fnbpA and fnbpB were designed according to the corresponding sequences Z18852, 
AJ224764, J04151 and AJ629122, respectively (Table 1). The PCR products were separated and sequenced.

MLST analyses

The isolate was analysed by MLST as previously reported (Enright et al., 2000). Briefly, the 7 housekeeping genes 
(arcC, aroE, glpF, gmk, pta, tpi and yqiL) were amplified and sequenced. Each sequence of the 7 housekeeping 
genes was compared to known alleles in the MLST database (http:// www.mlst.net), and the sequence type (ST) of 
the isolate was defined according to the allelic profiles.

Antimicrobial susceptibility testing

The antimicrobial susceptibility of the isolate was evaluated by disk diffusion method. Twelve antibiotics were used: ampicillin, 
penicillin G, florfenicol, streptomycin, gentamycin, kanamycin, doxycycline, neomycin, enrofloxacin, ciprofloxacin, ofloxacin 
and levofloxacin. S. aureus ATCC 29213 was used as control strain. The susceptibility of the isolate to antibiotics was 
interpreted according to the Clinical and Laboratory Standards Institute (CLSI) criteria (CLSI, 2013).

http://www.mlst.net
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RESULTS

Bacteria isolation and identification

All 10 lung samples from dead rabbits produced the same smooth colonies of the diameter around 1 mm with 
haemolytic rings (Figure 1A) on blood agar plates, and the purified isolates were Gram-positive cocci (Figure 1B). The 
16S rRNA sequences of these purified isolates were identical and shared the highest identity with that of S. aureus 
(Figure 2), suggesting that these isolates came from the same progenitor. Given the above results, one of the isolates 
named FZHW001 was used as the representative for the following experiments.

Animal experiments

The pathogenicity of the isolate FZHW001 was evaluated in vivo. Rabbits in G1 showed sudden loss of appetite 
and depression, and all animals died within 24 h post-inoculation (PI). Three out of 12 animals showed nasal cavity 

Table 1: Primers used for 16S rRNA, mecA, mecC and 13 virulence genes.

Genes Primer sequence (5’-3’) Product size (bp) Reference
16S rRNA F: ccgaattcgtcgacaacagagtttgatcctggctcag 1549 (Weisburg et al., 1991) 

R: cccgggatccaagcttaaggaggtgatccagcc
mecA F: aaaatcgatggtaaaggttggc 533 (Murakami et al., 1991) 

R: ttctgcagtaccggatttgc
mecC F: cattaaaatcagagcgaggc 188 (Paterson et al., 2012)

R: tggctgaacccatttttgat
nuc F: gcgattgatggtgatacggttaaattaa 279 (Brakstad et al., 1993)

R: agccaagccttgacgaact
pvl F: atcattaggtaaaatgtctggacatgatcca 433 (Jarraud et al., 2002) 

R: gcatcaactgtattggatagcaaaagc
sea F: tcattgccctaacgttgaca 432 (Srinivasan et al., 2006) 

R: gccataaattgatcggcact
seb F: cctaaaccagatgagttgcaca 405 Srinivasan et al., 2006) 

R: accatcttcaaatacccgaaca
tsst F: tgcaaaagcatctacaaacga 499 (Xie et al., 2011) 

R: tgtggatccgtcattcattg
eta F: actgtaggagctagtgcatttgt 190 (Xie et al., 2011) 

R: tggatacttttgtctatctttttcatcaac
etb F: gataaagagctttatacacacattac 612 (Xie et al., 2011) 

R: agtgaacttatctttctattgaaaaacactc
hla F: ctgattactatccaagaaattcgattg 209 (Jarraud et al., 2002)

R: ctttccagcctacttttttatcagt
hlb F: gtgcacttactgacaatagtgc 309 (Jarraud et al., 2002)

R: gttgatgagtagctaccttcagt
clfA F: tgaaaatagtgttacgcaatctgatag 500 this study

R: accgcttgattaactacatctttattac
clfB F: tgcaagatcaaactgttcctcaa 596 this study

R: ggtctgtaaataaaggtaatgaaaattg
fnbpA F: cacaaccagcaaatatagaaacagtta 523 this study

R: tacgactgaaccatttttaatttctgg
fnbpB F: gtaacagctaatggtcgaattgatac 500 this study

R: caagttcgataggagtactatgttctat
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bleeding (Figure 3A), and haemorrhagic tracheitis and pneumonia were observed in all animals (Figure 3B and 3C). 
Rabbits from G2 showed obvious clinical signs including loss of body weight (Figure 4), coughing, and purulent nasal 
discharge (Figure 3D). Three infected animals died on days 7, 10 and 17 PI, respectively. Trachea haemorrhage and 
purulent pneumonia were observed in the 9 animals remaining at the end of the experiment (Figure 3E). Symptoms 
including loss of body weight, coughing and purulent nasal discharge were observed in naïve rabbits of G4, and the 
isolate FZHW001 was detected in tracheas, lungs, livers and spleens of naïve rabbits. The colonies morphology, 
16S rRNA and nuc genes sequences of the bacteria isolated from artificially infected rabbits were identical to that 
of isolate FZHW001, indicating that the isolate FZHW001 was the causative agent of the respiratory disease on the 
rabbit farm. Moreover, the isolate FZHW001 mainly replicated in tracheas, lungs, livers and spleens of artificially 
infected rabbits (Table 2).

Detection of genes

The 16S rRNA, nuc, pvl, hla, hlb, clfA, clfB and fnbpA genes were amplified from the isolate FZHW001 (Figure 5). All 
the amplified genes shared the highest identity with the corresponding genes of S. aureus. However, the mecA, mecC, 
sea, seb, tst, eta, etb and fnbpB genes were negative in isolate FZHW001.

Figure 1: The colonial morphology and Gram-staining of the isolate FZHW001. 1A: The colonial morphology of the 
isolate FZHW001; 1B: Gram-staining of the isolate FZHW001.

Figure 2: Phylogenetic tree based on 16S rRNA sequence of the isolate FZHW001.
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MLST analyses

The seven housekeeping genes arcC, aroE, glpF, gmk, pta, tpi and yqiL were given the allelic profiles of 6, 5, 6, 2, 7, 
14 and 5, respectively. The ST of the isolate FZHW001 was defined as ST121 according to the given allelic profiles. 
The isolate FZHW001 was further grouped into CC121 by using eBURST software (Figure 6).

Antimicrobial susceptibility testing

The isolate FZHW001 was mecA and mecC negative, indicating that it was a methicillin-susceptible S. aureus 
(MSSA). The isolate was resistant to ampicillin and streptomycin, intermediately susceptible to penicillin G, kanamycin 
and gentamycin, and susceptible to florfenicol, doxycycline, neomycin, enrofloxacin, ciprofloxacin, ofloxacin and 
levofloxacin.

DISCUSSION

Rabbits are important natural hosts of S. aureus. The strains in rabbits can be grouped into low-virulence and high-
virulence. The infection of low-virulence strains is limited to a few animals, whereas the infection of high-virulence 
strains shows an epidemic spread among the entire flock causing significant economic losses (Hermans et al., 2003). 
However, the pathogenicity of S. aureus to rabbits was not well elucidated. This study describes a S. aureus strain 

Figure 3: Animal experiments. 3A: Nasal cavity bleeding; 3B: Haemorrhagic tracheitis; 3C: Haemorrhagic pneumonia; 
3D: Purulent nasal discharge; 3E: purulent pneumonia.

Table 2: Dissemination of the FZHW001 in artificially infected rabbits intranasally inoculated with 1.0×106 colony 
forming units of FZHW001 diluted in 100 μL sterile phosphate buffer saline (G2).
Rabbits 
number

Tissues
Trachea Lung Liver Heart Spleen Kidneys Blood

1 + + + – + – –
2 + + + – + – –
3 + + + + + + –
4 + + + – + – –
5 + + + – – – +
6 + + + – + – –
7 + + + – + – –
8 + + + – + + –
9 + + + + – – –
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called FZHW001, isolated from a rabbit farm with severe respiratory disease. The ST of the isolate FZHW001 (ST121) 
was different from the strains that we had isolated previously (all of them were typed as ST398) and the infection of 
FZHW001 resulted in high mortality, indicating it as a strain of clinical importance. Interestingly, the symptoms of 
FZHW001 infected rabbits were identical to those of naturally infected rabbits. Moreover, the isolate FZHW001 could 
spread from infected rabbits to naïve ones. Finally, the strain could break through the barriers between organs and 
be replicated in liver and spleen.

Possessing a number of virulence factors is the most prominent feature of S. aureus, and the virulence factors 
facilitate the colonisation, dissemination and transmission of the bacterium (Edwards et al., 2010). S. aureus strains 
isolated from rabbits have variable combinations of virulence factors (Viana et al., 2015). The isolate FZHW001 carries 
a panel of virulence factors including nuc, pvl, hla, hlb, clfA, clfB and fnbpA, which were thought to contribute to the 
pathogenicity of the bacterium. It was revealed that the panton-valentine leukocidin (PVL) is related to necrotising 
pneumonia (Lina et al., 1999) and infection of both PVL-positive MSSA and methicillin-resistant S. aureus (MRSA) 
could result in necrotising pneumonia (Sicot et al., 2013). The FZHW001 is a PVL-positive MSSA, the PVL might 
contribute to the severe respiratory diseases of infected rabbits. It was reported that the dissemination of S. aureus 
in  vivo is mediated by the interaction of fibronectin-binding protein A with host cell receptors (Que et  al., 2005; 
Edwards et al., 2010). The isolate FZHW001 harboured the fnbpA gene. However, further studies are still needed to 
understand the transmission and dissemination of FZHW001 in rabbits.

In recent years, the MRSA was highly concerned for the threats to public health (Robinson et al., 2004). Fortunately, 
the FZHW001 was a MSSA and resistant to only 2 of 12 tested antibiotics. The relatively high sensitivity of FZHW001 

to antibiotics is likely because the rabbit is a monogastric 
herbivore (Crowley et al., 2017). The abuse of antibiotics 
in rabbit may result in disorder of gastrointestinal 
microbiota.

The isolate FZHW001 was assigned into CC121, in 
which the isolate was the predicted ancestor. Strains in 
CC121 are globally distributed, causing infections both 
in humans and animals (Argudin et  al., 2013; Gomez-
Sanz et al., 2013; Merz et al., 2016; Doudoulakakis et al., 
2017). Generally, strains in CC121 are MSSA (Kurt et al., 
2013; Moreno-Grúa et  al., 2018), although one report 
showed that MRSA had been found in CC121 (Kurt et al., 
2013). With the rapid development of rabbit farming in 
Fujian Province in south-eastern China, operators should 
be alert to the prevalence of the ST121 strain in rabbit 
populations, which causes high mortality.
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Figure 4: Body weight changes of rabbits. Rabbits in G2 were intranasally inoculated with 1.0×106 colony forming 
units of FZHW001 diluted in 100 μL sterile phosphate buffer saline (PBS); Rabbits in G3 were intranasally inoculated 
with 100 μL sterile PBS. G2:  ; G3:  .

Figure 5: Gel electrophoresis of genes of the isolate 
FZHW001. M: DL-2000 DNA marker; 1: 16S rRNA 
(1549 bp); 2: nuc (279 bp); 3: pvl (433 bp); 4: hla (209 
bp); 5: hlb (309 bp); 6: clfA (500 bp); 7: clfB (596 bp); 
8: fnbpA (523 bp).
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This study has contributed to a better understanding the pathogenic mechanisms of high-virulence S. aureus in 
rabbits and proving the methods to control the epidemic of high-virulence S. aureus in rabbits.

Acknowledgements: This work was supported by the Outstanding Youth Fund of Fujian Academy of Agricultural Sciences 
(JC2018-1) and National Rabbit Industry Technology System of People’s Republic of China (CARS-43-G-5).

REFERENCES

Angen O., Feld L., Larsen J., Rostgaard K., Skov R., Madsen 
A.M., Larsen A.R. 2017. Transmission of methicillin-resistant 
Staphylococcus aureus to human volunteers visiting a 
swine farm. Appl. Environ. Microbiol., 23:e01489-17. 
https://doi.org/10.1128/AEM.01489-17

Argudin M.A., Cariou N., Salandre O., Le Guennec J., Nemeghaire 
S., Butaye P. 2013. Genotyping and antimicrobial resistance of 
Staphylococcus aureus isolates from diseased turkeys. Avian 
Pathol., 6: 572-580. https://doi.org/10.1080/03079457.201
3.854308.

Brady R.A., Mocca C.P., Plaut R.D., Takeda K., Burns D.L. 2018. 
Comparison of the immune response during acute and chronic 
Staphylococcus aureus infection. PLoS One, 3:e0195342. 
https://doi.org/10.1371/journal.pone.0195342

Brakstad O.G., Aasbakk K., Maeland J.A. 1992. Detection 
of Staphylococcus aureus by polymerase chain reaction 
amplification of the nuc gene. J. Clin. Microbiol., 7: 1654-
1660.

CLSI (Clinical and Laboratory Standards Institute). 2013. 
Performance standards for antimicrobial susceptibility testing, 
twenty-second informational supplement, CLSI document 
M100-S22. Wayne, PA, USA.

Crowley E.J., King J.M., Wilkinson T., Worgan H.J., Huson 
K.M., Rose M.T., McEwan N.R. 2017. Comparison of 
the microbial population in rabbits and guinea pigs by 
next generation sequencing. PLoS One, 2: e0165779. 
https://doi.org/10.1371/journal.pone.0165779

Denayer S., Delbrassinne L., Nia Y., Botteldoorn N. 2017. 
Food-Borne outbreak investigation and molecular typing: 
high diversity of Staphylococcus aureus strains and 
importance of toxin detection. Toxins (Basel), 12: E407. 
https://doi.org/10.3390/toxins9120407

Doudoulakakis A., Spiliopoulou I., Spyridis N., Giormezis N., 
Kopsidas J., Militsopoulou M., Lebessi E., Tsolia M. 2017. 
Emergence of a Staphylococcus aureus clone resistant to 
mupirocin and fusidic acid carrying exotoxin genes and 
causing mainly skin infections. J. Clin. Microbiol., 8: 2529-
2537. https://doi.org/10.1128/JCM.00406-17

Figure 6: Population snapshot of the isolate FZHW001. The isolate FZHW001 is the putative founder and coloured 
blue.

https://doi.org/10.1128/AEM.01489-17
https://doi.org/10.1371/journal.pone.0195342
https://doi.org/10.1371/journal.pone.0165779
https://doi.org/10.3390/toxins9120407
https://doi.org/10.1128/JCM.00406-17


Wang et al.

World Rabbit Sci. 27: 41-4848

Edwards A.M., Potts J.R., Josefsson E., Massey R.C. 
2010. Staphylococcus aureus host cell invasion 
and virulence in sepsis is facilitated by the multiple 
repeats within FnBPA. PLoS Pathog., 6: e1000964. 
https://doi.org/10.1371/journal.ppat.1000964

Enright M.C., Day N.P., Davies C.E., Peacock S.J., Spratt B.G. 
2000. Multilocus sequence typing for characterization of 
methicillin-resistant and methicillin-susceptible clones of 
Staphylococcus aureus. J. Clin. Microbiol., 3: 1008-1015.

Gomez-Sanz E., Torres C., Ceballos S., Lozano C., Zarazaga M. 
2013. Clonal dynamics of nasal Staphylococcus aureus and 
Staphylococcus pseudintermedius in dog-owning household 
members. Detection of MSSA ST(398). PLoS One, 7: e69337. 
https://doi.org/10.1371/journal.pone.0069337

Haenni M., Chatre P., Dupieux-Chabert C., Metayer V., Bes M., 
Madec J.Y., Laurent F. 2017. Molecular epidemiology of 
methicillin-resistant Staphylococcus aureus in horses, cats, 
and dogs over a 5-year period in france. Front. Microbiol., 8: 
2493. https://doi.org/10.3389/fmicb.2017.02493

Hecker M., Mader U., Volker U. 2018. From the genome 
sequence via the proteome to cell physiology - 
pathoproteomics and pathophysiology of Staphylococcus 
aureus. Int. J. Med. Microbiol., 308: 545-557. 
https://doi.org/10.1016/j.ijmm.2018.01.002

Hermans K., Devriese L.A., Haesebrouck F. 2003. 
Rabbit staphylococcosis: difficult solutions for 
serious problems. Vet. Microbiol., 1: 57-64. 
https://doi.org/10.1016/S0378-1135(02)00260-2

Jarraud S., Mougel C., Thioulouse J., Lina G., Meugnier H., 
Forey F., Nesme X., Etienne J., Vandenesch F. 2002. 
Relationships between Staphylococcus aureus genetic 
background, virulence factors, agr groups (alleles), 
and human disease. Infect. Immun., 2: 631-641. 
https://doi.org/10.1128/IAI.70.2.631-641.2002

Kurt K., Rasigade J.P., Laurent F., Goering R.V., Zemlickova H., 
Machova I., Struelens M.J., Zautner A.E., Holtfreter S., 
Broker B., Ritchie S., Reaksmey S., Limmathurotaskul D., 
Peacock S.J., Cuny C., Layer F., Witte W., Nubel U. 2013. 
Subpopulations of Staphylococcus aureus clonal complex 121 
are associated with distinct clinical entities. PLoS One., 3: 
e58155. https://doi.org/10.1371/journal.pone.0058155

Lina G., Piémont Y., Godail-Gamot F., Bes M., Peter M.O., 
Gauduchon V., Vandenesch F., Etienne J. 1999. Involvement 
of Panton-Valentine Leukocidin–Producing Staphylococcus 
aureus in Primary Skin Infections and Pneumonia. Clin. Infect. 
Dis., 29: 1128-1132. https://doi.org/10.1086/313461

Merz A., Stephan R., Johler S. 2016. Genotyping and DNA 
microarray based characterization of Staphylococcus aureus 
isolates from rabbit carcasses. Meat Sci., 112: 86-89. 
https://doi.org/10.1016/j.meatsci.2015.11.002

Moreno-Grúa E., Pérez-Fuentes S., Muñoz-Silvestre A., Viana D., 
Fernández-Ros A., Sanz-Tejero C., Corpa J., Selva L. 2018. 
Characterization of livestock-associated methicillin-resistant 
Staphylococcus aureus isolates obtained from commercial 
rabbitries located in the Iberian Peninsula. Front. Microbiol., 9: 
1812. https://doi.org/10.3389/fmicb.2018.01812

Murakami K., Minamide W., Wada K., Nakamura E., Teraoka 
H., Watanabe S. 1991. Identification of methicillin-resistant 
strains of staphylococci by polymerase chain reaction. J. Clin. 
Microbiol., 10: 2240-2244.

Paterson G.K., Larsen A.R., Robb A., Edwards G.E., Pennycott T.W., 
Foster G., Mot D., Hermans K., Baert K., Peacock S.J., Parkhill 
J., Zadoks R.N., Holmes M.A. 2012. The newly described 
mecA homologue, mecALGA251, is present in methicillin-
resistant Staphylococcus aureus isolates from a diverse range 
of host species. J. Antimicrob. Chemother., 67: 2809-2813. 
https://doi.org/10.1093/jac/dks329

Que Y.A., Haefliger J.A., Piroth L., Francois P., Widmer E., 
Entenza J.M., Sinha B., Herrmann M., Francioli P., Vaudaux 
P., Moreillon P. 2005. Fibrinogen and fibronectin binding 
cooperate for valve infection and invasion in Staphylococcus 
aureus experimental endocarditis. J. Exp. Med., 10: 1627-
1635. https://doi.org/10.1084/jem.20050125

Robinson D.A., Enright M.C. 2004. Multilocus sequence 
typing and the evolution of methicillin-resistant 
Staphylococcus aureus. Clin. Microbiol. Infect., 2: 92-97. 
https://doi.org/10.1111/j.1469-0691.2004.00768.x

Sato T., Usui M., Konishi N., Kai A., Matsui H., Hanaki H., 
Tamura Y. 2017. Closely related methicillin-resistant 
Staphylococcus aureus isolates from retail meat, cows with 
mastitis, and humans in Japan. PLoS One, 10: e0187319. 
https://doi.org/10.1371/journal.pone.0187319

Schmidt T., Kock M.M., Ehlers M.M. 2017. Molecular 
Characterization of Staphylococcus aureus isolated 
from bovine mastitis and close human contacts in 
South African dairy herds: genetic diversity and inter-
species host transmission. Front. Microbiol., 8: 511. 
https://doi.org/10.3389/fmicb.2017.00511

Sicot N., Khanafer N., Meyssonnier V., Dumitrescu O., Tristan 
A., Bes M., Lina G., Vandenesch F., Vanhems P., Etienne 
J., Gillet Y. 2013. Methicillin resistance is not a predictor 
of severity in community acquired Staphylococcus 
aureus necrotizing pneumonia-results of a prospective 
observational study. Clin. Microbiol. Infect., 19: E142-148. 
https://doi.org/10.1111/1469-0691.12022

Srinivasan V., Sawant A.A., Gillespie B.E., Headrick S.J., Ceasaris 
L., Oliver S.P. 2006. Prevalence of enterotoxin and toxic shock 
syndrome toxin genes in Staphylococcus aureus isolated from 
milk of cows with mastitis. Foodborne Pathog. Dis., 3: 274-
283. https://doi.org/10.1089/fpd.2006.3.274

Vancraeynest D., Haesebrouck F., Deplano A., Denis 
O., Godard C., Wildemauwe C., Hermans K. 2006. 
International dissemination of a high virulence rabbit 
Staphylococcus aureus clone. J. Vet. Med. B., 9: 418-422. 
https://doi.org/10.1111/j.1439-0450.2006.00977.x

Verkade E., Kluytmans J. 2014. Livestock-associated 
Staphylococcus aureus CC398: animal reservoirs and 
human infections. Infect. Genet. Evol., 21: 523-530. 
https://doi.org/10.1016/j.meegid.2013.02.013

Viana D., Selva L., Penadés M., Corpa J.M. 2015. 
Screening of virulence genes in Staphylococcus aureus 
isolates from rabbits. World Rabbit Sci., 23: 185-195. 
https://doi.org/10.4995/wrs.2015.3961

Weisburg W.G., Barns S.M., Pelletier D.A., Lane D.J. 1991. 16S 
ribosomal DNA amplification for phylogenetic study. J. Bacteriol., 
2: 697-703. https://doi.org/10.1128/jb.173.2.697-703.1991

Xie Y., He Y., Gehring A, Hu Y, Li Q., Tu SI., Shi X. 2011. 
Genotypes and toxin gene profiles of Staphylococcus 
aureus clinical isolates from China. PLoS One, 12: e28276. 
https://doi.org/10.1371/journal.pone.0028276

https://doi.org/10.1371/journal.ppat.1000964
https://doi.org/10.1371/journal.pone.0069337
https://doi.org/10.3389/fmicb.2017.02493
https://doi.org/10.1016/j.ijmm.2018.01.002
https://doi.org/10.1016/S0378-1135(02)00260-2
https://doi.org/10.1128/IAI.70.2.631-641.2002
https://doi.org/10.1371/journal.pone.0058155
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lina G%5BAuthor%5D&cauthor=true&cauthor_uid=10524952
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pi%C3%A9mont Y%5BAuthor%5D&cauthor=true&cauthor_uid=10524952
https://www.ncbi.nlm.nih.gov/pubmed/?term=Godail-Gamot F%5BAuthor%5D&cauthor=true&cauthor_uid=10524952
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bes M%5BAuthor%5D&cauthor=true&cauthor_uid=10524952
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peter MO%5BAuthor%5D&cauthor=true&cauthor_uid=10524952
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gauduchon V%5BAuthor%5D&cauthor=true&cauthor_uid=10524952
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vandenesch F%5BAuthor%5D&cauthor=true&cauthor_uid=10524952
https://www.ncbi.nlm.nih.gov/pubmed/?term=Etienne J%5BAuthor%5D&cauthor=true&cauthor_uid=10524952
https://doi.org/10.1086/313461
https://doi.org/10.1016/j.meatsci.2015.11.002
https://doi.org/10.3389/fmicb.2018.01812
https://www.ncbi.nlm.nih.gov/pubmed/?term=Paterson GK%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Larsen AR%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Robb A%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Edwards GE%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pennycott TW%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Foster G%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mot D%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hermans K%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baert K%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peacock SJ%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Parkhill J%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Parkhill J%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zadoks RN%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://www.ncbi.nlm.nih.gov/pubmed/?term=Holmes MA%5BAuthor%5D&cauthor=true&cauthor_uid=22941897
https://doi.org/10.1093/jac/dks329
https://doi.org/10.1084/jem.20050125
https://doi.org/10.1111/j.1469-0691.2004.00768.x
https://doi.org/10.1371/journal.pone.0187319
https://doi.org/10.3389/fmicb.2017.00511
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sicot N%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Khanafer N%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meyssonnier V%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dumitrescu O%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tristan A%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tristan A%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bes M%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lina G%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vandenesch F%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vanhems P%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Etienne J%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Etienne J%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gillet Y%5BAuthor%5D&cauthor=true&cauthor_uid=23237492
https://doi.org/10.1111/1469-0691.12022
https://doi.org/10.1089/fpd.2006.3.274
https://doi.org/10.1111/j.1439-0450.2006.00977.x
https://doi.org/10.1016/j.meegid.2013.02.013
https://doi.org/10.4995/wrs.2015.3961
https://doi.org/10.1128/jb.173.2.697-703.1991
https://doi.org/10.1371/journal.pone.0028276

