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1. Introduction and hypotheses (F. I. Antók and R. Mayrhofer) 

The aim of this study was to characterize a collection of bovine staphylococci associated with 

clinical and subclinical mastitis. The bacteria were isolated from CMT positive milk samples 

taken from 112 crossbred milking cows during farm visits in the Northern and Kigali 

Province of Rwanda.  

Staphylococcal species were identified to the species level by matrix-assisted laser desorption 

ionization – time of flight mass spectrometry (MALDI-TOF MS) (Bruker Daltonik, Bremen, 

Germany) or rpoB gene sequencing if MALDI-TOF results were ambiguous. Antibiotic 

susceptibility testing was performed to detect both phenotypic and genotypic resistance 

patterns. Resistance to biocides and metals was investigated by genotypic method only. 

Isolates of Staphylococcus (S.) aureus were examined for the presence of virulence-associated 

genes, genotyped by spa typing and phenotypically characterized using Fourier Transform 

Infrared (FTIR) spectroscopy. Based on FTIR results, 22 S. aureus isolates were selected and 

further characterized employing DNA microarray, multi-locus sequence typing (MLST) and 

whole genome sequencing. mecA positive staphylococci were also genotyped using dru 

typing.  

In Rwanda, the most frequently used antibiotics for the treatment of every kind of illness are 

penicillin/ampicillin, tetracycline and gentamicin [1,2]. Moreover, biocides are widely used. 

In consequence, previous studies reported a high prevalence of resistance to these 

antimicrobials, particularly among coagulase-negative Staphylococcus spp. (CoNS) [3-5]. 

 

The hypotheses of the study are: 

a) S. aureus is the predominant Staphylococcus species and the majority of isolates are 

resistant to penicillinase-labile penicillin and tetracycline 

b) biocide resistance genes are more common in S. aureus than in CoNS 

1.1. Description of the study area (F. I. Antók and R. Mayrhofer) 

The first part of the study, the collection and preparation of the samples was conducted in the 

Northern and Kigali Province in Rwanda. Rwanda is a relatively small country in East Africa, 

bordered by Tanzania, Uganda, Democratic Republic of Congo, and Burundi. It covers an 
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area of 26,338 square kilometres and the entire country’s elevation span range between 

1000 m and 4500 m above sea level. Geographically, it is dominated by hills and mountains 

in the western and northern part and by savanna in the eastern region, with numerous lakes 

throughout the country. The climate is temperate to semitropical, with two rainy and two dry 

seasons each year. Rwanda is divided into five Provinces: Eastern (Districts: Nyagatare, 

Rwamagana, Gatsivo, Kayonza etc.), Northern (Districts: Musanze, Gicumbi, Burera etc.), 

Western (Districts: Nyabihu, Rubavu and Rutsiro etc.), Southern (Districts: Nyanza, Huye, 

Ruhango etc.) and Kigali (Districts: Gasabo, Kicukiro, Nyarugene). The Districts are again 

divided into Sectors (total 416 Sectors) [6].  

Rwanda’s economy suffered heavily during the genocide in 1994, but has strengthened since 

then [6]. The demand for livestock products is rapidly increasing, which is probably driven by 

a population growth from three million to twelve million in the last 60 years [7,8]. In 2000, 

the government of Rwanda started a development program, called Rwanda Vision 2020. The 

main goals were to transform the country into a knowledge-based middle-income country and 

to modernize its agriculture and livestock production [7]. The government now funds for 

public veterinary services provided by district and sector veterinary officers, however, with 

limited capacity to support dairy farmers [1].  

The cattle population in Rwanda is dominated by the indigenous long-horned Ankole cattle 

and crossbred Holstein Friesian. The Holstein Friesian breed has been imported to improve 

dairy productivity. While Ankole cattle are highly adapted to local environmental conditions, 

Holstein Friesian are more susceptible to develop mastitis [7,9].  

Three recent studies conducted in Rwanda showed a high prevalence of subclinical mastitis in 

the Nyagatare District (52 %), the Musanze District (62 %) and in peri-urban areas of Kigali 

(76,2 %) [9-11]. Coliform bacteria, CoNS and S. aureus were reported to be the most 

prevalent pathogens [9,11].  

In a study by Iraguha et al. several risk factors associated with mastitis in Rwanda have been 

identified including cow dirtiness, production system, breed, teat-end conditions and lactation 

stage [9]. Hand milking is common in Rwanda and mastitis may be transmitted through 

contaminated hands, clothing, and other materials [9]. 

For farmers in Rwanda veterinary drugs such as antibiotics are supplied by local pharmacies 

[1]. In a cross-sectional survey, a high usage of antibiotics in farm animals (97,4 %) and the 
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use of non-prescribed antibiotics by more than half of the farmers (55,6 %) were observed [1]. 

The same study revealed that penicillin-streptomycin and tetracycline are the most commonly 

used antibiotics in farm animals. Although policies and laws regulating the use of antibiotics 

in humans and animals exist in Rwanda, antibiotics are often purchased without any 

prescription [1]. Consequently, it is of high importance to raise the awareness of appropriate 

use of antibiotics, especially in farm animals.  

To improve knowledge in animal welfare and to provide clinical and laboratory veterinary 

services, the first private animal clinic ’New Vision Veterinary Hospital (NVVH)’ has been 

established in Musanze District in 2015. Since the beginning, NVVH strives to provide 

education to local vets, students and farmers by collaborating with local and foreign 

universities and organizations. There is also a close cooperation between the University of 

Veterinary Medicine in Vienna and the University of Rwanda.  

1.2. Staphylococcus spp. (F. I. Antók and R. Mayrhofer) 

Staphylococci are gram-positive, non-motile, cocci-shaped bacteria, which often form grape-

like clusters. They are facultative anaerobes and their cell wall contains peptidoglycan and 

teichoic acids [12]. Most of the staphylococcal species are commensals or opportunistic 

pathogens that colonize the skin and mucous membranes [13]. In humans and animals, 

staphylococci may be cause of several diseases such as pneumonia, endocarditis and mastitis 

[14]. 

The genus Staphylococcus currently consists of 53 species 

(http://www.bacterio.net/staphylococcus.html) and is divided into two groups based on the 

ability to form coagulase, an enzyme that promotes clotting of blood. The coagulase-positive 

staphylococci (CoPS) group includes the main species S. aureus, which is considered to be a 

major contagious pathogen, while the CoNS group is highly heterogeneous and its members 

have been determined as minor pathogens [12,15]. 

1.2.1. Coagulase-negative Staphylococcus spp. and their role in bovine mastitis  

CoNS may cause bovine mastitis and have traditionally been determined as minor pathogens, 

especially in comparison with major pathogens such as S. aureus, streptococci and coliforms 

[15-17]. They are usually associated with a moderate intramammary infection, which often 
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remains subclinical [18,19]. In some cases, they may also cause persistent intramammary 

infections [18]. Subclinical mastitis caused by CoNS is associated with a decrease in milk 

production and an increase in somatic cell count (SCC) in milk [17,20]. CoNS are part of the 

normal skin flora and may enter the teat canal and penetrate the secretory tissues, which may 

lead to infection [17]. Knowledge on the identity of the species present in a herd or farm is 

important, since different species exhibit different pathogenic properties and also 

antimicrobial resistance patterns may vary among species [15,17].  

CoNS species such as S. epidermidis, S. chromogenes, S. simulans and S. haemolyticus have 

been isolated from the skin, the teat canal or vagina [15,21]. They have shown to be able to 

produce biofilms [16,17,22], which may contribute to antimicrobial resistance, immune 

evasion and the severity of intramammary infections [16,22]. Within CoNS, the five members 

of the S. sciuri group (S. sciuri, S. lentus, S. vitulinus, S. fleurettii and S. stepanovicii) have 

been isolated from the skin of humans and animals and from the environment [12,14,23]. One 

characteristic of this group is the presence of species-specific mecA homologues that do not 

confer resistance to methicillin, although highly similar to mecA carried by methicillin-

resistant S. aureus (MRSA) [12]. 

Another CoNS species, S. xylosus, has been isolated from the environment but also from milk 

and extramammary tissues [15,23]. The ability to produce biofilm has also been proven for 

this pathogen [16]. Overall, S. chromogenes, S. haemolyticus, S. epidermidis, S. simulans and 

S. xylosus are among CoNS the most frequently isolated species from bovine mastitis cases 

[24,25]. 

Studies conducted in East Africa have revealed that CoNS are also commonly associated with 

bovine mastitis in this area, but isolates have not been further characterized [26-29]. 

1.2.2. Staphylococcus aureus and its role in bovine mastitis  

S. aureus, a CoPS species, is considered to be a major contagious pathogen that can cause 

clinical mastitis or recurrent subclinical mastitis, even in well-managed dairy herds. 

Symptoms of clinical mastitis include visible changes of the milk (e.g. changes in color and 

consistency), inflammation of the udder (e.g. swelling, heat, pain) and general signs such as 

fever and lethargy, whereas subclinical mastitis is asymptomatic [15,30]. S. aureus is also part 

of the normal bacterial flora of the cow and the primary mode of transmission is cow-to-cow 
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[15]. Also humans can be a vector and therefore transmit bacteria, for example by hand 

milking. 

S. aureus produces coagulase, an enzyme which converts serum fibrinogen to fibrin and 

stimulates clotting [13]. Differentiation from other coagulase-positive species (S. intermedius, 

S. hyicus) may be achieved by growth on P agar supplemented with acriflavin or the β-

galactosidase test [31]. 

Several potential virulence factors including extracellular toxins (α, β, γ and δ hemolysins, 

enterotoxins), enzymes (staphylokinase, lipase, esterase, protease, nuclease), cell-wall 

associated proteins (protein A, collagen-binding protein, fibronectin-binding protein, elastin-

binding protein), capsular polysaccharides and slime have been described in S. aureus 

[15,32]. S. aureus can colonize mammary epithelial cells and extracellular matrix components 

and may invade mammary epithelial cells, where it is found enclosed in membrane-bound 

vacuoles in the cytoplasm. Recurrent subclinical infection may be the result of intracellular 

localization, where bacteria are protected from host defenses and effects of antibiotics [15].  

DNA sequence-based approaches such as MLST have been widely used to characterize S. 

aureus isolates and to gain knowledge on the population structure of this staphylococcal 

species [33,34]. MLST allows assignment of S. aureus isolates to different clonal complex 

(CC) groups [35]. Livestock-associated strains have often been assigned to non-human clonal 

complexes like CC97, CC398, CC9 and CC151 [36,37]. However, CC97 which is known to 

be common in ruminants [38-40], has also been isolated from humans and from other animals 

(e.g. pigs) [40,41]. Strains of human origin mainly belong to the six clonal complexes CC1, 

CC5, CC8, CC22, CC30, and CC45 [35,42]. The assignment of strains isolated from 

companion animals (horses, dogs and cats) to human-associated clonal complexes CC1, CC8, 

CC22 and CC45 indicates transmission between owners and animals due to close contact 

[36].  

Several previous reports have shown that animals may constitute a reservoir for staphylococci 

that may be transmitted to humans and vice versa [13,43,44]. Transmission of bacteria 

between host species is typically accompanied by subsequent adaptation through acquisition 

or loss of mobile genetic elements including phages, pathogenicity islands and plasmids. Also 

host-specific mutations may allow bacteria to cross host species barriers [13]. In Rwanda, 
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hand milking is common practice and hand-to-cow contact, clothing, and other materials may 

be risk factors for the transmission of bacteria [9]. 

Two studies conducted in East Africa (Tanzania and Kenya) revealed that S. aureus was the 

predominant Staphylococcus spp. isolated from bovine mastitis [28,45]. 

1.3. Antimicrobial resistance (F. I. Antók) 

Bacteria can develop antimicrobial resistance, which means that these bacteria are non-

susceptible to certain antimicrobial agents. The minimum inhibitory concentration (MIC) is 

the lowest concentration of an antimicrobial that inhibits the visible growth of an organism in 

vitro [46] and it determines the level of non-susceptibility. There are two types of resistance: 

i) Intrinsic resistance is based on species- or genus-specific attributes, e.g. the penicillin 

resistance of Bordetella bronchiseptica, which is mediated by the species-specific β-lactamase 

BOR-1, or the resistance of cell wall-less mycoplasmas to antimicrobials that target cell wall 

synthesis. ii) Acquired resistance is strain-specific and based on resistance-mediating 

mutations in genes or horizontal transfer of resistance genes [47].  

Currently, antimicrobial therapy is still the main strategy for curing mastitis [48]. It may 

effectively treat intramammary infections if the causative agent is correctly identified and the 

appropriate antimicrobial substance is used [17]. Antimicrobial resistance is a serious problem 

in the treatment of mastitis and is defined as the ability of microorganisms to resist the effects 

of antibiotics [49]. The incorrect use of antibiotics in both human and veterinary medicine has 

shown to contribute significantly to the emergence of resistant strains and therapy resistance 

of infectious diseases. Moreover, based on the incorrect use of antibiotics in farm animals, 

resistant strains of animal origin may enter the food chain resulting in potential illnesses in 

humans [2,48,50]. 

Antimicrobials like penicillin and tetracycline are important antibiotics for the treatment of 

diseases in dairy herds, but CoNS have frequently shown to be resistant against these 

antibiotics [51,52]. Besides CoNS, S. aureus is able to acquire resistance against nearly all 

antimicrobial agents [53,54]. 

 

The agar disk diffusion method detects the phenotypic antibiotic resistance of bacteria. First, a 

bacterial suspension in 0,9 % NaCl solution at a density equivalent to 0,5 McFarland turbidity 
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standard (1-2 x 10^8 CFU/ml) has to be prepared. Then, small paper disks loaded with 

antimicrobial agents are applied on the surface of a Mueller-Hinton agar, which has been 

inoculated with the test organism suspension before. After incubation, the plates are 

controlled for bacterial growth and the zone of growth inhibition are measured. The isolates 

are then classified according to the criteria provided by the Clinical and Laboratory Standards 

Institute (CLSI, 2018). 

For the agar dilution method the antimicrobial agent is included in the agar in serially diluted 

concentrations. Results are visible after overnight incubation and the lowest visible growth-

inhibiting concentration is the MIC [46,47]. Both macro- and microdilution are two more 

methods to determine MIC values. For macro- and microdilution, liquid media are used 

instead of agar media. While macrodilution works with larger broth volumes and test tubes, 

microdilution is usually performed in microtiter plates. Serially diluted antimicrobials are 

added to liquid media in wells or tubes to obtain a gradient and inoculated by an appropriately 

concentrated bacterial cell suspension. After incubation MIC values are determined by 

turbidity [47]. 

A coding gene, a mutation or a combination of these two can be responsible for phenotypic 

resistance. Responsible genes encode for major resistance mechanisms, such as enzymatic 

inactivation, active efflux or protection/modification/replacement of cellular target sites of 

antimicrobial agents [52]. In staphylococci for example, the blaZ or blaARL genes encode for a 

penicillinase, which inactivates penicillin. The mecA gene, but also the mecB and mecC genes, 

code for an alternative penicillin-binding protein (PBP2a) with a reduced binding to β-lactam 

antibiotics [52]. Tetracycline resistance is commonly mediated by the genes tet(K), tet(L), 

tet(M) and tet(O). tet(K) and tet(L) code for membrane-associated efflux proteins, and tet(M) 

and tet(O) for ribosome-protective proteins [52]. In phenicols, the resistance to 

chloramphenicol is mediated by several genes: the fexA gene which is responsible for active 

efflux, the catpC194, catpC221, and catpC223 genes encoding for enzymatic inactivation, and the 

cfr gene that induces target side modifications. The ant(6′)-Ia and str genes are coding for the 

enzymatic inactivation of aminoglycosides. In antimicrobial resistance to macrolides, 

lincosamides and streptogramins several genes are involved: erm(A), erm(B), erm(C), erm(F), 

erm(T), erm(33), erm(43), erm(44) and cfr genes that are responsible for target side 

modifications, the Isa(B), msr(A), vga(A), vga(A)32, vga(C), vga(E), vga(E)v and sal(A) 
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genes responsible for target side protection and the Inu(A) gene mediating enzymatic 

inactivation. The dfrA, dfrD, dfrG, and dfrK genes confer resistance to trimethoprim by target 

site replacement [52]. 

1.4. Biocide and metal resistance genes (R. Mayrhofer) 

Biocides (antiseptics, disinfectants) are commonly used for the control of microorganisms that 

are harmful to both human and animal health [3]. Some of them, including hypochlorites and 

(solubilized) phenols have already been introduced in the 18th and 19th century [55]. Similar 

to antimicrobial resistance, the frequent usage of biocides may induce resistance and 

insusceptibility against these chemicals [3]. Cross-resistance between biocides and antibiotics 

and underlying mechanisms have been described previously [56].  

Quaternary ammonium compounds (QACs) are used as disinfectants and surfactants 

introduced in 1917 [55]. They are commonly applied in veterinary medicine and play an 

important role in the prevention and control of animal diseases including mastitis [57]. 

Bjorland et al. reported that resistance of S. aureus to QACs exists also in veterinary sectors 

[58,59]. Resistance to QACs is mediated by multidrug efflux pumps in the cell membrane, 

encoded by qac genes. These proteins transport molecules of antimicrobials out of the 

organism and thus increase tolerance to them. Six different QAC efflux pumps have been 

described in staphylococci: QacA, QacB, QacC, QacG, QacH, and QacJ. QacA and QacB 

belong to the Major Facilitator Superfamily (MFS), the remaining four to the Small Multidrug 

Resistance (SMR) family [59]. A study conducted in three African countries reported the 

presence of the qacAB gene and smr gene in S. aureus isolates [60]. 

Supplementary feeding with heavy metals is a widely used strategy for the prevention of 

gastrointestinal illnesses in farm animals [61]. Metals can also have antimicrobial effects and 

bacteria can develop resistance against them after long-term usage [62]. Resistance to 

cadmium, arsenic, zinc and copper has been detected in methicillin-resistant (MRSA) and 

methicillin-susceptible S. aureus (MSSA) strains [61-63]. The operon czr is responsible for 

the resistance to zinc consisting of the two czr genes, czrA and czrB. An efflux pump 

mediated by the czrB gene exports zinc out of the cell [64,65]. The czrC gene has been 

investigated in MRSA isolates revealing that this gene also encodes for cadmium resistance, 

especially in CC398 strains [66,67]. The copB gene, along with copA, play a role in the 
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copper transport and resistance system. Encoded P-type ATPases are responsible for copper 

uptake and efflux [68,69]. The genes cadA, cadB, cadD and cadX confer resistance to 

cadmium and are also mediated by efflux mechanisms [64,70]. The ars resistance operon 

contains the ATPase efflux gene arsA. Other genes like arsB, arsC, arsD and arsR are also 

part of this operon and play their role in resistance [62,68,71]. 

1.5. Virulence factors (R. Mayrhofer) 

Virulence factors assist staphylococci to colonize and survive in the host and cause damage to 

host cells. Adhesion of staphylococci to mammary epithelial cells or tissues by surface 

components is the first step in the infection process, preventing elimination of bacteria during 

milking [72,73]. Next, staphylococci may survive in the host and may escape from host 

immune responses by forming biofilms or by the production of enzymes such as 

hyaluronidases, proteases, nucleases and non-enzymatic activators like coagulase and 

staphylokinase [54,73]. Furthermore, many staphylococcal species, CoNS and CoPS, can 

produce different exotoxins, which can cause damage to host cells and symptoms of disease 

[72,74-76]. 

1.5.1. Virulence factors of Staphylococcus aureus 

S. aureus produces a notable number of different virulence factors that facilitate infection 

[32,74]. Microbial surface components recognizing adhesive matrix molecules 

(MSCRAMMs) promote adhesion to components of the host’s extracellular matrix [77]. 

These components also mediate biofilm production, which may protect the bacteria from host 

immune responses and antimicrobial agents [78]. Furthermore, clumping factors play an 

important role in attachment and colonization of S. aureus (clumping factor A and B, 

fibrinogen-binding protein, fibronectin-binding protein A and B) [54,77].  

S. aureus strains may also produce one or more exotoxins including the toxic shock syndrome 

toxin-1 (TSST1), the staphylococcal enterotoxins (SEs) and panton-valentine leukocidin 

(PVL) [32,76,79,80]. SEs and TSST1 belong to a group of pyrogenic toxin superantigens 

(PTSAgs) that exhibit similar biological characteristics and are produced by both 

Streptococcus and Staphylococcus species [32]. Acting as superantigens, they promote non-

specific T-cell proliferation and a cytokine release resulting in severe inflammation and toxic 
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shock-like syndromes [74]. The genes for these toxins are located on plasmids, 

bacteriophages or pathogenicity islands. As carried by mobile genetic elements they can 

spread among S. aureus strains, potentially introducing or altering their pathogenicity [32,75]. 

Twenty-three SEs and SE-like toxins have been identified so far in S. aureus (SEA-SEE, 

SEG-SEI, SElJ, SEK-SET, SElU, SElV, SElX, SElY) [32,81-83]. SEs are resistant to 

inactivation by heat and gastrointestinal proteases such as pepsin. Heat-stability may depend 

on the medium, pH, salt concentration and other environmental factors [84].  

Certain S. aureus strains carry the toxic shock syndrome toxin-1 gene (tsst-1). Previous 

studies have described a bovine variant of tsst-1 in S. aureus strains associated with bovine 

mastitis [80,85,86].  

Among S. aureus exotoxins different leukocidin genes have been reported in strains of bovine 

origin such as lukF-PV/lukS-PV and especially lukM/lukF-PV(P83) [80,87]. PVL is a 

leukotoxin associated with invasive soft tissue- and skin-infection in humans. Consequently, 

its presence in bovine strains indicates human-to-cow transmission of S. aureus [79,80]. PVL 

is a potent cytotoxic factor for human neutrophils [88]. In contrast, lukM/lukF-PV(P83) only 

kills bovine neutrophils but not human neutrophils, and is common in S. aureus isolated from 

bovine mastitis [80].!

The variability in the production and expression of virulence factors in S. aureus strains 

significantly contributes to the pathogen’s ability to cause intramammary infection in dairy 

cows and the transmission of S. aureus to other animals including humans [74]. !

 

In CoNS virulence factors such as enterotoxins, toxins responsible for toxic shock syndrome, 

and factors mediating biofilm formation are not as frequently present than in S. aureus strains 

[22,72,89]. In this respect, Simojoki et al. reported that biofilm formation in CoNS isolated 

from mastitis cases does not play an important role in the persistence of infection in the 

bovine udder [22]. 

1.6. Typing methods (F. I. Antók) 

In the present study, different geno- and phenotyping methods have been performed in order 

to characterize S. aureus isolates recovered from bovine mastitis in Rwanda.  
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Advantages and disadvantages of certain PCR-based typing methods used for the 

characterization of S. aureus including amplified fragment length polymorphism (AFLP), 

random amplification of polymorphic DNA (RAPD), arbitrarily primed PCR (AP-PCR), 

repetitive element sequence-based PCR (rep-PCR), and accessory gene regulator (agr) typing 

have been described previously [35]. AFLP was shown to be labor-intensive, time-consuming 

and expensive. RAPD and AP-PCR were easy to perform and inexpensive but exhibited low 

reproducibility. Rep-PCR was shown to be a simple method and expressed better performance 

in reproducibility. The agr typing method was shown to be an excellent typing method 

combining speed, accuracy and low running costs [35]. 

Pulsed-field gel electrophoresis (PFGE) was introduced in 1984 by Schwartz and Cantor [90]. 

With this method, digested bacterial DNA fragments are separated in a specific electric field, 

in which the DNA movement direction changes periodically. Only this pulsed orientation 

allows the fragments to be separated effectively by their size [35]. PFGE is a popular typing 

technique for S. aureus because of its discriminatory power, however it is time-consuming 

and special equipment and expertise is required [35,91]. 

1.6.1. Phenotyping methods  

FTIR spectroscopy was re-introduced by Naumann and his colleagues in 1991 [92]. By this 

method differentiation, classification, identification and large-scale screening at the 

subspecies level can be achieved. The overall chemical composition of a sample is measured 

and specific whole-cell fingerprints are created. The fingerprint reflects the balance of 

compositional, conformational and quantitative differences of biochemical compounds in the 

cells and is analyzed by pattern recognition algorithms [93-95]. Beside identification at the 

subspecies level, FTIR spectroscopy also allows identification of capsular serotypes in S. 

aureus [93]. 

1.6.2. Genotyping methods 

The spa typing method has become popular after it was first described in 1996 as a more 

useful method for the characterization of S. aureus than phage typing [96]. This rapid, easy to 

perform and cost-effective method is based on polymorphisms in the X-region of the protein 

A gene (spa) of S. aureus, which contains a varying number of tandem repeats. Although it is 
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a single-locus sequence typing (SLST) method, spa typing combines sequence typing with 

variable number of tandem repeat (VNTR) analysis enabling accurate discrimination of S. 

aureus isolates [35,97]. Each identified repeat is designated with letters and numbers and the 

order of the repeats determines the resulting numeric spa types. In a central spa database 

(https://www.spaserver.ridom.de/, http://www.seqnet.org/) data are collected from 

laboratories and software, which allows semi-automated sequence analysis and type 

assignment [35].  

MLST is a typing method that analyzes sequences of 7-8 housekeeping genes, which are 

indispensable for the function of the cells in living organisms and are not exposed to direct 

evolutionary pressure. Enright et al. have developed a specific MLST protocol for S. aureus in 

2000 [98]. With this method unique sequences are assigned to allele numbers combined into 

an allelic profile that determines a numerical sequence type (ST). Strains with the same allelic 

profile belong to the same ST and if there are differences in 1-3 loci they belong to the same 

CC [35,99]. The isolates of the same clonal complex are genetically related since they are 

carriers of the most prevalent ST of the group in the population. A freely accessible online 

MLST database (https://pubmlst.org/saureus/) allows widespread data comparison [35,98]. A 

disadvantage of MLST is that it is expensive and time-consuming [35].  

Multiple-locus variable-number tandem repeat analysis (MLVA) is a typing method applied 

for S. aureus based on the determination of tandem repeat unit numbers present in different 

gene loci. The number of repeats in each locus results in the unique MLVA profile, which can 

be stored and compared in a freely accessible online database that includes S. aureus 

(http://mlva.eu). MLVA is not as expensive as MLST and allows a less difficult clustering 

than spa typing. The method exhibits acceptable reproducibility but since multiple loci have 

to be analyzed, it is time-consuming due to the different PCR conditions required for each 

locus [91,100]. 

Whole-genome sequencing (WGS) employing next-generation sequencing allows the 

identification of genome-wide variations and DNA diversity. It is a highly effective method, 

which will probably be the first choice typing method in the near future, once the associated 

costs have further decreased [35,101]. 

DNA microarrays are useful and efficient tools for the rapid characterization of 

microorganisms including S. aureus. The use of commercialized S. aureus specific DNA 
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microarrays enables the simultaneous detection of more than 300 specific resistance genes, 

virulence factors and typing markers [35,102]. However, the use of this technique is currently 

not affordable for routine diagnostic laboratories [35]. 

Direct repeat unit (dru) typing represents a simple and inexpensive method for the typing of 

methicillin-resistant staphylococci, performed similar to spa typing. With this method, PCR 

amplification of the polymorphic dru region is followed by sequence analysis of the dru 

amplicon and identification of the dru repeat [103]. A prefix, dr’ (dru repeat), combined with 

numbers that identify specific 40-bp long repeat sequences of the mecA associated dru region 

is applied. The order of the dru repeats defines the dru type and a different prefix dt’ (dru 

type), combined with numbers, is used to identify specific repeat combinations [103,104]. An 

online database exists, which allows comparison with dru sequences and types (http://dru-

typing.org) [103]. 

Staphylococcal cassette chromosome mec (SCCmec) typing is a useful method to characterize 

and distinguish MRSA strains, even if they belong to the same ST. SCCmec is a mobile 

genetic element carrying the mecA gene, which encodes for a penicillin binding protein 

(PBP2a) with low affinity to β-lactam antibiotics such as methicillin. Up to date, 13 different 

SCCmec types have been described that are identified by the use of different PCRs. No single 

PCR exists for typing, only duplex-PCRs are commonly used, which are, however, limited to 

SCCmec types I to V [35].  
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2. Characterization of Antibiotic and Biocide Resistance Genes and Virulence 

Factors of Staphylococcus Species Associated with Bovine Mastitis in Rwanda 
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3. Summary 

Bovine mastitis is an important and cost intensive disease. It affects dairy cattle worldwide 

and results in high economic losses. Staphylococcus spp. play an important role as cause of 

bovine mastitis. 

In the present study, a total of 161 staphylococcal isolates originating from California-

Mastitis-Test positive milk samples were phenotypically and genotypically characterized. 

Milk samples were collected from 112 crossbred dairy cows presenting mastitis and kept in 

farms located in the Northern and Kigali Province of Rwanda. Milk samples were cultivated 

on blood agar (Blood Agar Base, Rapid Labs, UK) at the laboratory of the New Vision 

Veterinary Hospital (NVVH) in Rwanda. Resulting cultures with typical staphylococcal 

colony appearance were transported to the Institute of Microbiology, University of Veterinary 

Medicine, in Vienna and species were identified using matrix-assisted laser desorption 

ionization – time of flight mass spectrometry (MALDI-TOF MS) (Bruker Daltonik, Bremen, 

Germany) and rpoB gene sequencing. Forty-three isolates were identified as Staphylococcus 

aureus and among coagulase-negative staphylococci Staphylococcus xylosus and 

Staphylococcus haemolyticus were the most frequently identified staphylococcal species. 

Antimicrobial susceptibility testing was performed by agar disk diffusion and the agar 

dilution method. PCR was further used to detect the presence of antibiotic resistance genes as 

well as heavy metal and biocide resistance genes. A high frequency of resistance to penicillin 

(45,3%) and tetracycline (39,1%) was observed, which was associated with the presence of 

the genes blaZ, tet(K), tet(L) and tet(O). The two mecA-positive strains were further 

genotyped by direct repeat unit (dru) typing and dru-type dt10cz was detected in one isolate. 

All Staphylococcus aureus isolates were examined by different PCRs for the detection of 

virulence-associated genes. Furthermore, Staphylococcus aureus isolates were genotyped by 

spa typing resulting in t1236 being the predominating spa type. Using Fourier Transform 

Infrared (FTIR) spectroscopy, 38 Staphylococcus aureus isolates were grouped into clusters 

and further phenotypically typed for capsule expression. Twenty-two Staphylococcus aureus 

strains were selected based on FTIR results and their assignment to clonal complexes (CC) 

was determined by DNA-based microarray analysis. Three of these 22 strains were further 

genotyped by Multi-locus sequence typing (MLST). Using whole-genome sequencing (WGS) 
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further virulence genes (hla, hlb, hld, lukD, lukE, lukM, lukF-P83, icaA, icaC, icaD, bap, clfA, 

clfB, fib, cna, fnbA, fnbB, sasG) have been found. The toxic shock syndrome toxin gene (tsst-

1) was detected in two isolates only in combination with other enterotoxin genes including 

sei, sem, sen, seo and seu. Two isolates carried panton-valentine leukocidin (PVL) genes 

(lukS-PV, lukF-PV). Four Clonal Complexes were identified, namely CC97, CC3591, 

CC3666 and CC152. The majority of the selected Staphylococcus aureus isolates belong to 

CC97 and all of them were non-encapsulated. The production of a capsule of serotype 8 was 

only detected in isolates belonging to CC3591 (n = 3) and capsular serotype 5 was only 

detected in one CC152 isolate. MLST revealed three new sequence types.  

The present study is the first conducted on Staphylococcus spp. isolated from bovine mastitis 

cases in the Northern and Kigali Province of Rwanda. Findings from phenotypic and 

genotypic resistance testing were in accordance with the frequent use of certain antibiotics for 

the treatment of bovine mastitis in Rwanda. In-depth characterization of Staphylococcus 

aureus isolated from dairy cattle kept in Rwanda aimed at raising awareness for this pathogen 

since Staphylococcus aureus is not only the most important cause of bovine mastitis but also 

constitute a potential risk for human health.  
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4. Zusammenfassung 

Mastitis bei Rindern ist eine wichtige und kostenintensive Erkrankung, die weltweit zu hohen 

wirtschaftlichen Verlusten führt. Staphylokokken spielen eine wesentliche Rolle als 

Verursacher dieser Erkrankung. 

In der vorliegenden Studie wurden 161 Staphylococcus-Isolate, die aus California-Mastitis-

Test -positiven Milchproben gewonnen werden konnten, phäno- und genotypisch 

charakterisiert. Die untersuchten Milchproben stammten von 112 an Mastitis erkrankten 

Milchkühen aus der Northern und Kigali Province in Ruanda. Die Milchproben wurden 

vorerst in Ruanda im Labor des New Vision Veterinary Hospital (NVVH) auf Blutagarplatten 

(Blood Agar Base, Rapid Labs, UK) kultiviert und die erhaltenen Kulturen mit typischer 

Staphylokokken-spezifischer Koloniemorphologie schließlich an das Institut für 

Mikrobiologie der Veterinärmedizinischen Universität Wien übersandt. Dort wurden die 

Kulturen mittels matrix-assisted laser desorption ionization – time of flight 

Massenspektrometrie (MALDI-TOF MS) (Bruker Daltonik, Bremen, Germany) und rpoB-

Sequenzierung artdiagnostisch bestimmt. Dreiundvierzig Isolate konnten als Staphylococcus 

aureus identifiziert und die 118 Koagulase-negativen Staphylokokken größtenteils als 

Staphylococcus xylosus und Staphylococcus haemolyticus bestimmt werden.  

Zur Überprüfung der Empfindlichkeit wurde der Plattendiffusionstest und die 

Agardilutionsmethode eingesetzt. Konnten hierbei phänotypische Resistenzen ermittelt 

werden, wurden die Isolate mittels PCR auf vermittelnde Resistenzgene als auch auf das 

Vorkommen von Schwermetall- und Biozid-Resistenzgenen überprüft. Am häufigsten konnte 

dabei eine phänotypische Penicillin- und Tetracyclin-Resistenz (45,3%; 39,1%) beobachtet 

werden, wofür die Resistenzgene blaZ, tet(K), tet(L) und tet(O) verantwortlich waren.  

Bei zwei mecA-positiven Stämmen wurde außerdem eine direct repeat unit (dru)-Typisierung 

durchgeführt, wobei bei einem Stamm der dru-Typ dt10cz ermittelt werden konnte.  

Alle Staphylococcus aureus-Stämme wurden auf Virulenzfaktoren mittels PCR untersucht 

und der spa-Typisierung zugeführt, wobei der spa-Typ t1236 am häufigsten nachgewiesen 

werden konnte. Achtunddreißig Staphylococcus aureus-Isolate konnten mithilfe der Fourier-

Transform-Infrarotspektroskopie (FTIR) in Cluster eingeteilt und die verschiedenen Kapsel-

Serotypen bestimmt werden. Basierend auf den Ergebnissen der FTIR-Spektroskopie wurden 
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22 Stämme ausgewählt und ihre Zugehörigkeit zu klonalen Komplex (CC) mittels 

Microarray-Methode bestimmt und schließlich drei von diesen Stämmen mittels Multilokus-

Sequenztypisierung (MLST) genotypisiert. Außerdem konnten mittels Gesamtgenom-

Sequenzierung weitere Virulenzfaktoren (hla, hlb, hld, lukD, lukE, lukM, lukF-P83, icaA, 

icaC, icaD, bap, clfA, clfB, fib, cna, fnbA, fnbB, sasG) ermittelt werden. So war das toxische 

Schocksyndrom-Toxin-Gen (tsst-1) immer in Kombination mit anderen Enterotoxin-Genen 

(sei, sem, sen, seo und seu) bei zwei Isolaten nachzuweisen. Zwei weitere Isolate trugen 

Panton-Valentine Leukocidin (PVL)-Gene (lukS-PV, lukF-PV). Vier klonale Komplexe 

konnten nachgewiesen werden, nämlich CC97, CC3591, CC3666 und CC152. Die Mehrheit 

der untersuchten Stämme konnte CC97 zugeordnet werden, allerdings wiesen diese Stämme 

keine Kapselbildung auf. Der Kapseltyp CP8 konnte lediglich bei CC3591-zugehörigen 

Stämmen (n = 3) und CP5 nur bei einem CC152-Isolat nachgewiesen werden. Mittels MLST 

konnten drei neue Sequenztypen (ST) ermittelt werden.  

Im Rahmen der vorliegenden Studie konnten erstmals Mastitis-assoziierte Staphylokokken-

Isolate aus der Ruandischen Northern und Kigali Province untersucht werden. Die Ergebnisse 

der phäno- und genotypischen Resistenz-Überprüfung bestätigen den routinemäßigen Einsatz 

bestimmter Antibiotika zur Behandlung von Mastitiden bei Rindern in Ruanda. Die 

tiefgreifende Charakterisierung von Staphylococcus aureus aus Ruandischen Milchkühen 

dient der Sensibilisierung für die von diesem Erreger ausgehenden Gefahren, wie seiner 

Bedeutung als wichtigster Mastitiserreger bei Rindern sowie dem potentiellen 

Gesundheitsrisiko für die Bevölkerung.  
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5. Abkürzungsverzeichnis  

AFLP:  amplified fragment length polymorphism 

agr:  accessory gene regulator 

AP-PCR: arbitrarily primed PCR 

CC:  clonal complex 

CMT:  California Mastitis Test 

CoNS:  coagulase-negative Staphylococcus spp. 

CoPS:  coagulase-positive Staphylococcus spp. 

dru:  direct repeat unit 

FTIR:  Fourier Transform Infrared spectroscopy 

MALDI-TOF MS: matrix-assisted laser desorption ionization – time of flight mass 

spectrometry 

MFS:  Major Facilitator Superfamily 

MIC:  minimum inhibitory concentration 

MLST:  multi-locus sequence typing 

MLVA: multiple-locus variable-number tandem repeat analysis 

MRSA:  methicillin-resistant S. aureus  

MSCRAMMs:  Microbial surface components recognizing adhesive matrix molecules 

MSSA: methicillin-susceptible S. aureus 

NVVH: New Vision Veterinary Hospital 

PBP2a: penicillin-binding protein 

PFGE:  pulsed-field gel electrophoresis 

PTSAgs: pyrogenic toxin superantigens 

PVL:  panton-valentine leukocidin 

QACs:  quaternary ammonium compounds 

RAPD:  random amplification of polymorphic DNA 

rep-PCR: repetitive element sequence-based PCR 

S.:   Staphylococcus 

SCC:  somatic cell count 

SCCmec:  Staphylococcal cassette chromosome mec 
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SEs:  Staphylococcal enterotoxins 

SLST:  single-locus sequence typing 

SMR:  Small Multidrug Resistance 

ST:  sequence type 

TSST1: toxic shock syndrome toxin-1 

VNTR: variable number of tandem repeat 

WGS:  whole-genome sequencing 
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6. Accomplishments  

Accomplishments including sample collection and isolation of staphylococci were performed 

by both first authors in collaboration with the NVVH, Rwanda. MALDI-TOF MS and 

susceptibility testing by agar disk diffusion were performed by both first authors. All other 

applied methods as well as writing of the manuscript were primarily accomplished by the first 

authors (PCRs, writing the manuscript) or were performed by other co-authors (some specific 

PCRs, sequence based methods, DNA-microarray, and FTIR). 

  



38 
 

7.  References 

1.  Manishimwe, R.; Nishimwe, K.; Ojok, L. Assessment of antibiotic use in farm animals in Rwanda. Trop. Anim. 

Health Prod. 2017, 49, 1101–1106. 

2. Ntirenganya, C.; Manzi, O.; Muvunyi, C.M.; Ogbuagu, O. High prevalence of antimicrobial resistance among 

common bacterial isolates in a tertiary healthcare facility in Rwanda. Am. J. Trop. Med. Hyg. 2015, 92, 865–870. 

3. Ortega Morente, E.; Fernández-Fuentes, M.A.; Grande Burgos, M.J.; Abriouel, H.; Pérez Pulido, R.; Gálvez, A. 

Biocide tolerance in bacteria. Int. J. Food Microbiol. 2013, 162, 13–25. 

4. Turchi, B.; Bertelloni, F.; Marzoli, F.; Cerri, D.; Tola, S.; Azara, E.; Longheu, C.M.; Tassi, R.; Schiavo, M.; Cilia, 

G.; et al. Coagulase negative staphylococci from ovine milk: Genotypic and phenotypic characterization of 

susceptibility to antibiotics, disinfectants and biofilm production. Small Rumin. Res. 2020, 183, 106030. 

5. Bjorland, J.; Steinum, T.; Kvitle, B.; Waage, S.; Sunde, M.; Heir, E. Widespread distribution of disinfectant 

resistance genes among staphylococci of bovine and caprine origin in Norway. J. Clin. Microbiol. 2005, 43, 4363–

4368. 

6. wikipedia.org; Available online: https://en.wikipedia.org/wiki/Rwanda (accessed on 5.11.2019) 

7. Mazimpaka, E.; Mbuza, F.; Michael, T.; Gatari, E.N.; Bukenya, E.M.; James, O.A. Current status of cattle 

production system in Nyagatare District-Rwanda. Trop. Anim. Health Prod. 2017, 49, 1645–1656. 

8. Laenderdaten.info. Available online: https://www.laenderdaten.info/Afrika/Ruanda/bevoelkerungswachstum.php 

(accessed on 28.10.2019) 

9. Iraguha, B.; Hamudikuwanda, H.; Mushonga, B. Bovine mastitis prevalence and associated risk factors in dairy 

cows in Nyagatare District, Rwanda. J. S. Afr. Vet. Assoc. 2015, 86, 1–6. 

10. Iraguha, B.; Hamudikuwanda, H.; Mushonga, B.; Kandiwa, E.; Mpatswenumugabo, J.P. Comparison of cow-side 

diagnostic tests for subclinical mastitis of dairy cows in Musanze district, Rwanda. J. S. Afr. Vet. Assoc. 2017, 88, 

1–6. 

11. Ndahetuye, J.B.; Persson, Y.; Nyman, A.K.; Tukei, M.; Ongol, M.P.; Båge, R. Aetiology and prevalence of 

subclinical mastitis in dairy herds in peri-urban areas of Kigali in Rwanda. Trop. Anim. Health Prod. 2019, 51, 

2037–2044.  

12. Nemeghaire, S.; Argudín, M.A.; Feßler, A.T.; Hauschild, T.; Schwarz, S.; Butaye, P. The ecological importance of 

the Staphylococcus sciuri species group as a reservoir for resistance and virulence genes. Vet. Microbiol. 2014, 171, 

342–356. 

13. Haag, A.F.; Fitzgerald, J.R.; Penadés, J.R. Staphylococcus aureus in animals. Microbiol. Spectr. 2019, 7. 

14. Khazandi, M.; Al-Farha, A.A.B.; Coombs, G.W.; O’Dea, M.; Pang, S.; Trott, D.J.; Aviles, R.R.; Hemmatzadeh, F.; 

Venter, H.; Ogunniyi, A.D.; et al. Genomic characterization of Coagulase-negative staphylococci including 

methicillin-resistant Staphylococcus sciuri causing bovine mastitis. Vet. Microbiol. 2018, 219, 17–22. 

15. Bogni, C.; Odierno, L.; Raspanti, C. War against mastitis: Current concepts on controlling bovine mastitis 

pathogens. Sci. against Microb. Pathog. Commun. Curr. Res. Technol. Adv. 2011, 483–494. 

16. Tremblay, Y.D.N.; Lamarche, D.; Chever, P.; Haine, D.; Messier, S.; Jacques, M. Characterization of the ability of 

Coagulase-negative staphylococci isolated from the milk of Canadian farms to form biofilms. J. Dairy Sci. 2013, 

96, 234–46. 



39 
 

17. Srednik, M.E.; Tremblay, Y.D.N.; Labrie, J.; Archambault, M.; Jacques, M.; Cirelli, A.F.; Gentilini, E.R. Biofilm 

formation and antimicrobial resistance genes of Coagulase-negative staphylococci isolated from cows with mastitis 

in Argentina. FEMS Microbiol. Lett. 2017, 364. 

18. Gillespie, B.E.; Headrick, S.I.; Boonyayatra, S.; Oliver, S.P. Prevalence and persistence of Coagulase-negative 

Staphylococcus species in three dairy research herds. Vet. Microbiol. 2009, 134, 65–72. 

19. Schukken, Y.H.; González, R.N.; Tikofsky, L.L.; Schulte, H.F.; Santisteban, C.G.; Welcome, F.L.; Bennett, G.J.; 

Zurakowski, M.J.; Zadoks, R.N. CNS mastitis: Nothing to worry about? Vet. Microbiol. 2009, 134, 9–14. 

20. Fry, P.R.; Middleton, J.R.; Dufour, S.; Perry, J.; Scholl, D.; Dohoo, I. Association of Coagulase-negative 

staphylococcal species, mammary quarter milk somatic cell count, and persistence of intramammary infection in 

dairy cattle. J. Dairy Sci. 2014, 97, 4876–4885. 

21. Chaffer, M.; Leitner, G.; Winkler, M.; Glickman, A.; Krifucks, O.; Ezra, E.; Saran, A. Coagulase-negative 

Staphylococci and mammary gland infections in cows. J. Vet. Med. Ser. B. 1999, 46, 707–712. 

22. Simojoki, H.; Hyvönen, P.; Plumed Ferrer, C.; Taponen, S.; Pyörälä, S. Is the biofilm formation and slime 

producing ability of Coagulase-negative staphylococci associated with the persistence and severity of 

intramammary infection? Vet. Microbiol. 2012, 158, 344–352. 

23. Taponen, S.; Björkroth, J.; Pyörälä, S. Coagulase-negative staphylococci isolated from bovine extramammary sites 

and intramammary infections in a single dairy herd. J. Dairy Res. 2008, 75, 422–429. 

24. Thorberg, B.-M.; Danielsson-Tham, M.-L.; Emanuelson, U.; Persson Waller, K. Bovine subclinical mastitis caused 

by different types of Coagulase-negative staphylococci. J. Dairy Sci. 2009, 92, 4962–4970. 

25. Vanderhaeghen, W.; Piepers, S.; Leroy, F.; Van Coillie, E.; Haesebrouck, F.; De Vliegher, S. Identification, typing, 

ecology and epidemiology of Coagulase-negative staphylococci associated with ruminants. Vet. J. 2015, 203, 44–

51. 

26. Mpatswenumugabo, J.P.; Bebora, L.C.; Gitao, G.C.; Mobegi, V.A.; Iraguha, B.; Kamana, O.; Shumbusho, B. 

Prevalence of subclinical mastitis and distribution of pathogens in dairy farms of Rubavu and Nyabihu Districts, 

Rwanda. J. Vet. Med. 2017, 1–8. 

27. Abrahmsén, M.; Persson, Y.; Kanyima, B.M.; Båge, R. Prevalence of subclinical mastitis in dairy farms in urban 

and peri-urban areas of Kampala, Uganda. Trop. Anim. Health Prod. 2014, 46, 99–105.    

28. Suleiman, T.S.; Karimuribo, E.D.; Mdegela, R.H. Prevalence of bovine subclinical mastitis and antibiotic 

susceptibility patterns of major mastitis pathogens isolated in Unguja island of Zanzibar, Tanzania. Trop. Anim. 

Health Prod. 2018, 50, 259–266.  

29. Pyörälä, S.; Taponen, S. Coagulase-negative staphylococci-emerging mastitis pathogens. Vet. Microbiol. 2009, 

134, 3–8. 

30. Fox, L.K. Prevalence, incidence and risk factors of heifer mastitis. Vet. Microbiol. 2009, 134, 82–88.  

31. Roberson, J.R.; Fox, L.K.; Hancock, D.D.; Besser, T.E. Evaluation of methods for differentiation of Coagulase-

positive staphylococci. J. Clin. Microbiol. 1992, 30, 3217–3219.  

32. Dinges, M.M.; Orwin, P.M.; Schlievert, P.M. Exotoxins of Staphylococcus aureus. Clin. Microbiol. Rev. 2000, 13, 

16-34.   

33. Feil, E.J.; Cooper, J.E.; Grundmann, H.; Robinson, D.A.; Enright, M.C.; Berendt, T.; Peacock, S.J.; Smith, J.M.; 

Murphy, M.; Spratt, B.G.; et al. How clonal is Staphylococcus aureus? J. Bacteriol. 2003, 185, 3307–3316. 



40 
 

34. Smyth, D.S.; Feil, E.J.; Meaney, W.J.; Hartigan, P.J.; Tollersrud, T.; Fitzgerald, J.R.; Enright, M.C.; Smyth, C.J. 

Molecular genetic typing reveals further insights into the diversity of animal-associated Staphylococcus aureus. J. 

Med. Microbiol. 2009, 58, 1343–1353.  

35. Lakhundi, S.; Zhang, K. Methicillin-resistant Staphylococcus aureus: Molecular characterization, evolution, and 

epidemiology. Clin. Microbiol. Rev. 2018, 31, e00020–e00018. 

36. Loncaric, I.; Künzel, F.; Licka, T.; Simhofer, H.; Spergser, J.; Rosengarten, R. Identification and characterization of 

methicillin-resistant Staphylococcus aureus (MRSA) from Austrian companion animals and horses. Vet. Microbiol. 

2014, 168, 381–387. 

37. Mccarthy, A.J.; Lindsay, J.A.; Loeffler, A. Are all meticillin-resistant Staphylococcus aureus (MRSA) equal in all 

hosts? Epidemiological and genetic comparison between animal and human MRSA. Vet. Dermatol. 2012, 23, 267–

275. 

38. Boss, R.; Cosandey, A.; Luini, M.; Artursson, K.; Bardiau, M.; Breitenwieser, F.; Hehenberger, E.; Lam, T.; 

Mansfeld, M.; Michel, A.; et al. Bovine Staphylococcus aureus: Subtyping, evolution, and zoonotic transfer. J. 

Dairy Sci. 2016, 99, 515–528. 

39. Hata, E.; Katsuda, K.; Kobayashi, H.; Uchida, I.; Tanaka, K.; Eguchi, M. Genetic variation among Staphylococcus 

aureus strains from bovine milk and their relevance to methicillin-resistant isolates from humans. J. Clin. 

Microbiol. 2010, 48, 2130–2139. 

40. Schmidt, T.; Kock, M.M.; Ehlers, M.M. 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. 2017, 8, 511.  

41. Gómez-Sanz, E.; Torres, C.; Lozano, C.; Fernández-Pérez, R.; Aspiroz, C.; Ruiz-Larrea, F.; Zarazaga, M. 

Detection, molecular characterization, and clonal diversity of methicillin-resistant Staphylococcus aureus CC398 

and CC97 in Spanish slaughter pigs of different age groups. Foodborne Pathog. Dis. 2010, 7, 1269–1277.  

42. Sato, T.; Usui, M.; Maetani, S.; Tamura, Y. Prevalence of methicillin-resistant Staphylococcus aureus among 

veterinary staff in small animal hospitals in Sapporo, Japan, between 2008 and 2016: A follow up study. J. Infect. 

Chemother. 2018, 24, 588–591.  

43. Spoor, L.E.; McAdam, P.R.; Weinert, L.A.; Rambaut, A.; Hasman, H.; Aarestrup, F.M.; Kearns, A.M.; Larsen, 

A.R.; Skov, R.L.; Ross Fitzgerald, J. Livestock origin for a human pandemic clone of community-associated 

methicillin-resistant Staphylococcus aureus. MBio 2013, 4. 

44. Sung, J.M.L.; Lloyd, D.H.; Lindsay, J.A. Staphylococcus aureus host specificity: Comparative genomics of human 

versus animal isolates by multi-strain microarray. Microbiology 2008, 154, 1949–1959. 

45. Gitau, G.K.; Bundi, R.M.; Vanleeuwen, J.; Mulei, C.M. Mastitogenic bacteria isolated from dairy cows in Kenya 

and their antimicrobial sensitivity. J. S. Afr. Vet. Assoc. 2014, 85, 950. 

46. Andrews, J.M. Determination of minimum inhibitory concentrations. J. Antimicrob. Chemother. 2001, 48, 5–16.  

47. Schwarz, S.; Kadlec, K.; Silley, P. Antimicrobial resistance in bacteria of animal origin. ZEIT-Verlag: Steinen, 

Deutschland, 2013; pp. 8–12, 26–29. 

48. Gomes, F.; Henriques, M. Control of bovine mastitis: Old and recent therapeutic approaches. Curr. Microbiol. 

2016, 72, 377–382. 

49. Li, B.; Webster, T.J. Bacteria antibiotic resistance: New challenges and opportunities for implant-associated 

orthopedic infections. J. Orthop. Res. 2018, 36, 22–32.  



41 
 

50. Cervinkova, D.; Vlkova, H.; Borodacova, I.; Makovcova, J.; Babak, V.; Lorencova, A.; Vrtkova, I.; Marosevic, D.; 

Jaglic, Z. Prevalence of mastitis pathogens in milk from clinically healthy cows. Vet. Med. (Praha). 2013, 58, 567–

575. 

51. Nobrega, D.B.; Naushad, S.; Ali Naqvi, S.; Condas, L.A.Z.; Saini, V.; Kastelic, J.P.; Luby, C.; De Buck, J.; 

Barkema, H.W. Prevalence and genetic basis of antimicrobial resistance in non-aureus staphylococci isolated from 

Canadian dairy herds. Front. Microbiol. 2018, 9, 256.  

52. Schwarz, S.; Feßler, A.T.; Loncaric, I.; Wu, C.; Kadlec, K.; Wang, Y.; Shen, J. Antimicrobial resistance among 

Staphylococci of animal origin. Microbiol. Spectr. 2018, 6, 1–29. 

53. McCallum, N.; Berger-Bächi, B.; Senn, M.M. Regulation of antibiotic resistance in Staphylococcus aureus. Int. J. 

Med. Microbiol. 2010, 300, 118–129.  

54. Zhang, L.; Gao, J.; Barkema, H.W.; Ali, T.; Liu, G.; Deng, Y.; Naushad, S.; Kastelic, J.P.; Han, B. Virulence gene 

profiles: Alpha-hemolysin and clonal diversity in Staphylococcus aureus isolates from bovine clinical mastitis in 

China. BMC Vet. Res. 2018, 14, 63.  

55. Hugo, W.B. A brief history of heat and chemical preservation and disinfection. J. Appl. Bacteriol. 1991, 71, 9–18.  

56. Poole, K. Efflux-mediated antimicrobial resistance. J. Antimicrob. Chemother. 2005, 56, 20–51. 

57. Linton, A.H.; Hugo, W.B.; Russell, A.D. Disinfection in veterinary and farm animal practice. Blackwell Scientific 

Publications: Bristol, UK, 1990. 

58. Bjorland, J.; Sunde, M.; Waage, S. Plasmid-borne smr gene causes resistance to quaternary ammonium compounds 

in bovine Staphylococcus aureus. J. Clin. Microbiol. 2001, 39, 3999–4004.  

59. Wassenaar, T.; Ussery, D.; Nielsen, L.; Ingmer, H. Review and phylogenetic analysis of qac genes that reduce 

susceptibility to quaternary ammonium compounds in Staphylococcus species. Eur. J. Microbiol. Immunol. 2015, 

5, 44–61.  

60. Conceição, T.; Coelho, C.; De Lencastre, H.; Aires-De-Sousa, M. High prevalence of biocide resistance 

determinants in Staphylococcus aureus isolates from three African countries. Antimicrob. Agents Chemother. 2016, 

60, 678–681.   

61. Cavaco, L.M.; Hasman, H.; Aarestrup, F.M.; Wagenaa, J.A.; Graveland, H.; Veldman, K.; Mevius, D.; Fetsch, A.; 

Tenhagen, B.A.; Porrero, M.C.; et al. Zinc resistance of Staphylococcus aureus of animal origin is strongly 

associated with methicillin resistance. Vet. Microbiol. 2011, 150, 344-348. 

62. Argudín, M.A.; Lauzat, B.; Kraushaar, B.; Alba, P.; Agerso, Y.; Cavaco, L.; Butaye, P.; Porrero, M.C.; Battisti, A.; 

Tenhagen, B.A.; et al. Heavy metal and disinfectant resistance genes among livestock-associated methicillin-

resistant Staphylococcus aureus isolates. Vet. Microbiol. 2016, 191, 88–95. 

63. Rosdahl, V.T.; Rosendal, K. Resistance to cadmium, arsenate and mercury among Danish strains of Staphylococcus 

aureus isolated from cases of bacteremia, 1957-74. J. Med. Microbiol. 1980, 13, 383–391.  

64. Kuroda, M.; Hayashi, H.; Ohta, T. Chromosome-determined zinc-responsible operon czr in Staphylococcus aureus 

strain 912. Microbiol. Immunol. 1999, 43, 115–125. 

65. Pennella, M.A.; Arunkumar, A.I.; Giedroc, D.P. Individual metal ligands play distinct functional roles in the zinc 

sensor Staphylococcus aureus CzrA. J. Mol. Biol. 2006, 356, 1124–1136.  

66. Cavaco, L.M.; Hasman, H.; Stegger, M.; Andersen, P.S.; Skov, R.; Fluit, A.C.; Ito, T.; Aarestrup, F.M. Cloning and 

occurrence of czrC, a gene conferring cadmium and zinc resistance in methicillin-resistant Staphylococcus aureus 

CC398 isolates. Antimicrob. Agents Chemother. 2010, 54, 3605–3608.  



42 
 

67. Monecke, S.; Slickers, P.; Gawlik, D.; Müller, E.; Reissig, A.; Ruppelt-Lorz, A.; de Jäckel, S.C.; Feßler, A.T.; 

Frank, M.; Hotzel, H.; et al. Variability of SCCmec elements in livestock-associated CC398 MRSA. Vet. Microbiol. 

2018, 217, 36–46.  

68. Silver, S. Bacterial resistances to toxic metal ions - A review. Gene 1996, 179, 9–19.  

69. Sitthisak, S.; Knutsson, L.; Webb, J.W.; Jayaswal, R.K. Molecular characterization of the copper transport system 

in Staphylococcus aureus. Microbiology 2007, 153, 4274–4283.  

70. Massidda, O.; Mingoia, M.; Fadda, D.; Whalen, M.B.; Montanari, M.P.; Varaldo, P.E. Analysis of the β-lactamase 

plasmid of borderline methicillin- susceptible Staphylococcus aureus: Focus on bla complex genes and cadmium 

resistance determinants cadD and cadX. Plasmid 2006, 55, 114–127.  

71. Broer, S.; Ji, G.; Broer, A.; Silver, S. Arsenic efflux governed by the arsenic resistance determinant of 

Staphylococcus aureus plasmid pI258. J. Bacteriol. 1993, 175, 3480–3485.  

72. Salaberry, S.R.S.; Saidenberg, A.B.S.; Zuniga, E.; Melville, P.A.; Santos, F.G.B.; Guimarães, E.C.; Gregori, F.; 

Benites, N.R. Virulence factors genes of Staphylococcus spp. isolated from caprine subclinical mastitis. Microb. 

Pathog. 2015, 85, 35–39.  

73. Kerro Dego, O.; van Dijk, J.E.; Nederbragt, H. Factors involved in the early pathogenesis of bovine Staphylococcus 

aureus mastitis with emphasis on bacterial adhesion and invasion. A review. Vet. Q. 2002, 24, 181–198.  

74. Magro, G.; Biffani, S.; Minozzi, G.; Ehricht, R.; Monecke, S.; Luini, M.; Piccinini, R. Virulence genes of S. aureus 

from dairy cow mastitis and contagiousness risk. Toxins (Basel). 2017, 9, E195.  

75. Argudín, M.Á.; Mendoza, M.C.; Rodicio, M.R. Food Poisoning and Staphylococcus aureus Enterotoxins. Toxins 

(Basel). 2010, 2, 1751–1773.  

76. Smyth, D.S.; Hartigan, P.J.; Meaney, W.J.; Fitzgerald, J.R.; Deobald, C.F.; Bohach, G.A.; Smyth, C.J. 

Superantigen genes encoded by the egc cluster and SaPlbov are predominant among Staphylococcus aureus isolates 

from cows, goats, sheep, rabbits and poultry. J. Med. Microbiol. 2005, 54, 401–411. 

77. Ghasemian, A.; Peerayeh, S.N.; Bakhshi, B.; Mirzaee, M. The microbial surface components recognizing adhesive 

matrix molecules (MSCRAMMs) genes among clinical isolates of Staphylococcus aureus from hospitalized 

children. Iran. J. Pathol. 2015, 10, 258–264.  

78. Melchior, M.B.; Vaarkamp, H.; Fink-Gremmels, J. Biofilms: A role in recurrent mastitis infections? Vet. J. 2006, 

171, 398–407.  

79. Schaumburg, F.; Alabi, A.S.; Peters, G.; Becker, K. New epidemiology of Staphylococcus aureus infection in 

Africa. Clin. Microbiol. Infect. 2014, 20, 589–596.  

80. Mekonnen, S.A.; Lam, T.J.G.M.; Hoekstra, J.; Rutten, V.P.M.G.; Tessema, T.S.; Broens, E.M.; Riesebos, A.E.; 

Spaninks, M.P.; Koop, G. Characterization of Staphylococcus aureus isolated from milk samples of dairy cows in 

smallholder farms of North-Western Ethiopia. BMC Vet. Res. 2018, 14, 1–8. 

81. Krakauer, T. Update on staphylococcal superantigen-induced signaling pathways and therapeutic interventions. 

Toxins (Basel). 2013, 5, 1629–1654.  

82. Krakauer, T.; Stiles, B.G. The staphylococcal enterotoxin (SE) family: SEB and siblings. Virulence 2013, 4, 759–

773. 

83. Omoe, K.; Hu, D.L.; Ono, H.K.; Shimizu, S.; Takahashi-Omoe, H.; Nakane, A.; Uchiyama, T.; Shinagawa, K.; 

Imanishi, K. Emetic potentials of newly identified staphylococcal enterotoxin-like toxins. Infect. Immun. 2013, 81, 

3627–3631.  

84. Balaban, N.; Rasooly, A. Staphylococcal enterotoxins. A Review. Int. J. Food Microbiol. 2000, 61, 1–10.  



43 
 

85. Snel, G.G.M.; Malvisi, M.; Pilla, R.; Piccinini, R. Evaluation of biofilm formation using milk in a flow cell model 

and microarray characterization of Staphylococcus aureus strains from bovine mastitis. Vet. Microbiol. 2014, 174, 

489–495. 

86. Jans, C.; Merz, A.; Johler, S.; Younan, M.; Tanner, S.A.; Kaindi, D.W.M.; Wangoh, J.; Bonfoh, B.; Meile, L.; 

Tasara, T. East and West African milk products are reservoirs for human and livestock-associated Staphylococcus 

aureus. Food Microbiol. 2017, 65, 64–73.$

87. Asiimwe, B.B.; Baldan, R.; Trovato, A.; Cirillo, D.M. Prevalence and molecular characteristics of Staphylococcus 

aureus, including methicillin resistant strains, isolated from bulk can milk and raw milk products in pastoral 

communities of South-West Uganda. BMC Infect. Dis. 2017, 17, 422.  

88. Kaneko, J.; Kamio, Y. Bacterial two-component and hetero-heptameric pore-forming cytolytic toxins: Structures, 

pore-forming mechanism, and organization of the genes. Biosci. Biotechnol. Biochem. 2004, 68, 981–1003.  

89. Balaban, N.; Rasooly, A. Analytical chromatography for recovery of small amounts of staphylococcal enterotoxins 

from food. Int. J. Food Microbiol. 2001, 64, 33–40.  

90. Schwartz, D.C.; Cantor, C.R. Separation of yeast chromosome-sized DNAs by pulsed field gradient gel 

electrophoresis. Cell 1984, 37, 67–75.  

91. Schouls, L.M.; Spalburg, E.C.; van Luit, M.; Huijsdens, X.W.; Pluister, G.N.; van Santen-Verheuvel, M.G.; van der 

Heide, H.G.J.; Grundmann, H.; Heck, M.E.O.C.; de Neeling, A.J. Multiple-locus variable number tandem repeat 

analysis of Staphylococcus aureus: Comparison with pulsed-field gel electrophoresis and spa-typing. PLoS One 

2009, 4, e5082.  

92. Naumann, D.; Helm, D.; Labischinski, H. Microbiological characterizations by FT-IR spectroscopy. Nature 1991, 

351, 81–82.  

93. Grunert, T.; Wenning, M.; Barbagelata, M.S.; Fricker, M.; Sordelli, D.O.; Buzzola, F.R.; Ehling-Schulz, M. Rapid 

and reliable identification of Staphylococcus aureus capsular serotypes by means of artificial neural network-

assisted fourier transform infrared spectroscopy. J. Clin. Microbiol. 2013, 51, 2261-2266. 

94. Johler, S.; Stephan, R.; Althaus, D.; Ehling-Schulz, M.; Grunert, T. High-resolution subtyping of Staphylococcus 

aureus strains by means of Fourier-Transform Infrared Spectroscopy. Syst. Appl. Microbiol. 2016, 39, 189–194.  

95. Wenning, M.; Scherer, S. Identification of microorganisms by FTIR spectroscopy: Perspectives and limitations of 

the method. Appl. Microbiol. Biotechnol. 2013, 97, 7111–7120.  

96. Frénay, H.M.E.; Bunschoten, A.E.; Schouls, L.M.; Van Leeuwen, W.J.; Vandenbroucke-Grauls, C.M.J.E.; 

Verhoef, J.; Mooi, F.R. Molecular typing of methicillin-resistant Staphylococcus aureus on the basis of protein A 

gene polymorphism. Eur. J. Clin. Microbiol. Infect. Dis. 1996, 15, 60–64.  

97. Aires-De-Sousa, M.; Boye, K.; De Lencastre, H.; Deplano, A.; Enright, M.C.; Etienne, J.; Friedrich, A.; Harmsen, 

D.; Holmes, A.; Huijsdens, X.W.; et al. High interlaboratory reproducibility of DNA sequence-based typing of 

bacteria in a multicenter study. J. Clin. Microbiol. 2006, 44, 619–621.  

98. Enright, M.C.; Day, N.P.J.; Davies, C.E.; Peacock, S.J.; Spratt, B.G. Multilocus sequence typing for 

characterization of methicillin-resistant and methicillin-susceptible clones of Staphylococcus aureus. J. Clin. 

Microbiol. 2000, 38, 1008–1015.  

99. Staphylococcus aureus MLST Databases. Available online: https://pubmlst.org/saureus/ (accessed on 20.1.2020) 

100. Pourcel, C.; Hormigos, K.; Onteniente, L.; Sakwinska, O.; Deurenberg, R.H.; Vergnaud, G. Improved multiple-

locus variable-number tandem-repeat assay for Staphylococcus aureus genotyping, providing a highly informative 

technique together with strong phylogenetic value. J. Clin. Microbiol. 2009, 47, 3121–3128. 



44 
 

101. Sabat, A.J.; Budimir, A.; Nashev, D.; Sá-Leão, R.; van Dijl, J.M.; Laurent, F.; Grundmann, H.; Friedrich, A.W. 

Overview of molecular typing methods for outbreak detection and epidemiological surveillance. Eurosurveillance 

2013, 18, 20380.  

102. Monecke, S.; Slickers, P.; Ehricht, R. Assignment of Staphylococcus aureus isolates to clonal complexes based on 

microarray analysis and pattern recognition. FEMS Immunol. Med. Microbiol. 2008, 53, 237–251.  

103. Kadlec, K.; Schwarz, S.; Goering, R. V.; Weese, J.S. Direct repeat unit (dru) typing of methicillin-resistant 

Staphylococcus pseudintermedius from dogs and cats. J. Clin. Microbiol. 2015, 53, 3760–3765.  

104. Goering, R. V.; Morrison, D.; Al-doori, Z.; Edwards, G.F.S.; Gemmell, C.G. Usefulness of mec-associated direct 

repeat unit (dru) typing in the epidemiological analysis of highly clonal methicillin-resistant Staphylococcus aureus 

in Scotland. Clin. Microbiol. Infect. 2008, 14, 964–969.  

 

 

 


