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3.1. INTRODUCTION 
Staphylococci are wide-spread commensal bacteria that colonise the skin and 
mucous membranes of humans and animals. The presence of numerous 
virulence factors makes these bacteria opportunistic pathogens [1], which, 
under suitable conditions, may become harmful to the host.  
Pathogenicity was first only attributed to coagulase-positive staphylococci 
(CoPS). Recently, this opinion has changed because of the discovery of 
virulence genes among coagulase-negative staphylococci (CoNS). Moreover, 
CoNS are seen as potential donors of resistance genes for not only closely 
related bacterial genera. A particularly serious problem is the transfer of 
resistance genes between CoNS and human or animal pathogens. It has to be 
realised that CoNS could significantly increase the pathogenic potential of 
other bacteria and, via the transfer of resistance genes, may decrease the 
possibilities of disease control because of treatment failure.  
The discovery of penicillin in 1928 by the Scottish scientist Sir Alexander 
Fleming has marked a new era in the treatment of staphylococcal infections in 
both human and veterinary medicine. The production and application of 
antibiotics have increased within a few of years to such an extent that the 
twentieth century could be referred to as „the century of antibiotics“. 
However, the miracle of antibiotics soon collapsed with the emergence of the 
first resistant bacterial strains. Staphylococci have begun to develop effective 
mechanisms to eliminate the lethal power of antibiotics. Upon permanent 
contact with antibiotics, these bacteria activated their defence mechanisms 
and changed their metabolic pathways to win this fight against humankind. 
Staphylococci are able to persist under extreme environmental conditions for a 
long time, as evidenced by the recovery of two Staphylococcus succinus strains 
from 25–35-million-year-old Dominican amber [2]. Because of their extreme 
adaptability, it is practically impossible to eliminate staphylococci from the 
environment. Therefore, these bacteria have to be acknowledged, tolerated 
and understood to be able to predict their behaviour and to minimise the risk 
for humans and animals.  
The phenomenon of antimicrobial resistance can affect any country of the 
world. Mechanisms of antimicrobial resistance can spread globally among 
microbial species and genera and are not fully understood. Nowadays, 
resistant strains of staphylococci can be found in the environment, in animals, 
humans and various food products. Therefore, the dissemination of resistance 
genes poses a challenge for both human and animal health professionals [3]. 
Across the globe, microbiologists and pharmacologists investigate the 
microbial mechanisms of drug inactivation and synthesise new generations of 
antibiotics in an attempt to control bacterial infections. However, it is more 
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than likely that staphylococci will soon develop other effective tools to fight the 
new drugs, thereby repeating the cycle. 
In the last decades, the emergence of the methicillin-resistant Staphylococcus 
aureus (MRSA) and Staphylococcus epidermidis (MRSE) has been a major 
concern. Patients with infections caused by resistant microbial strains are at 
higher risk of death than patients infected with non-resistant strains of the 
same bacteria. As reported by the World Health Organization, people infected 
with MRSA are estimated to be 64 % more likely to die than people with a non-
resistant form of the infection [4]. Hospital-acquired and health-care related 
infections caused by multidrug-resistant strains of staphylococci require 
longer hospital stays and higher costs for medical treatment, with increased 
mortality and decreased effects of the antimicrobial therapy. Permanent 
increase in antimicrobial resistance leads us to the conclusion that the twenty-
first century will probably be referred to as „the century of antimicrobial 
resistance“. 
Currently, the food chain is seen as one the most important pathways of 
spreading antimicrobial resistance. Sufficient heat treatment of processed food 
products will stop the activity of vegetative bacterial cells. However, 
pasteurisation temperatures destroy neither bacterial DNA nor mobile genetic 
elements encoding antimicrobial resistance. Although the vegetative cells are 
devitalised, the resistance genes remain in a particular food product. After 
consumption, these genes can be incorporated into the genome of other viable 
bacteria in the digestive tract of the host.  
The occurrence of resistant staphylococci in drinking water and wastewaters 
may also represent a hazard, particularly under conditions capable of 
favouring their overgrowth [5]. Municipal wastewaters can also serve as 
reservoirs for MRSA dissemination [6]. If wastewater treatment methods will 
not be changed soon, resistance genes present in the effluents from hospitals 
and animal slaughterhouses will continue to persist in the environment. 
Resistant CoNS strains have also been found in free-living animals. These 
animals move throughout the environment without any boundaries and can 
therefore easily come into contact with agricultural and municipal wastes as 
well as food-producing animals and pets, making them potential reservoirs for 
resistance genes. The presence of genes encoding antimicrobial resistance is 
no always accompanied with their phenotypic expression, as some genes may 
remain dormant. Therefore, phenotypic susceptibility is a better criterion 
when considering treatment options [7]. 
The problem of antimicrobial resistance requires an international approach of 
all participants, including politicians, health professionals, farmers, health-care 
and food industry experts, as well as all members of the society. There is a 
general need develop new, effective fighting strategies based on prevention via 
national action plans developed by individual countries, surveillance of 
infections caused by resistant strains, effective control measures, investments 
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in the development of new medicines and diagnostics tools as well as 
permanent information of the public on the impact of antibiotic resistance. 
Antimicrobial resistance is a problem of global public health and food security 
and requires coordinated efforts from all countries. 
 

3.2. CHARACTERISTICS OF THE GENUS STAPHYLOCOCCUS 
Staphylococci are ubiquitous Gram-positive, spherical, nonmotile bacteria that 
can be found on the skin and mucous membranes of warm-blooded animals 
and humans, in environmental resources (e.g. air, soil, sand, dust or natural 
waters), as well as in various food products such as milk, meat or cheese [1]. 
Due to the typical structure of their cell wall, which comprises peptidoglycan 
and teichoic acid, staphylococci are highly tolerant to drying and dehydration 
[8].  
Based on comparative 16S rRNA sequence analysis, the genus Staphylococcus 
belongs to the phylum Firmicutes, class Bacilli, order Bacillales and family 
Staphylococcaceae [1]. Currently, more than 50 species and almost 
30 subspecies are recognised among staphylococci. The three most recent 
species, described in 2015, include S. argensis [9], S. argenteus and S. 
schweitzeri [10]. Most strains of staphylococci are catalase-positive and 
oxidase-negative, grow at temperatures between 18 and 40 °C and tolerate the 
presence of 10 % NaCl. In general, staphylococci are resistant to lysis by 
lysozyme, low levels of erythromycin and bacitracin, but susceptible to 
furazolidone, nitrofuran and lysis by lysostaphin [1].  
According to plasma coagulation, staphylococci are classified as coagulase-
positive staphylococci (CoPS) or coagulase-negative staphylococci (CoNS). 
Coagulase is an enzyme that reacts with prothrombin in the blood. The 
resulting staphylothrombin complex enables the enzyme protease to convert 
fibrinogen to fibrin, resulting in blood clot formation. Two types of coagulase 
are recognised in staphylococci, bound coagulase and free coagulase. While 
free coagulase is a heat-labile enzyme that is secreted extracellularly, bound 
coagulase is a cell wall-associated protein. Free coagulase binds with 
coagulase-reacting factor (CRF) in the blood and forms the complex 
staphylothrombin. Bound coagulase is also known as clumping factor. Upon 
contact with blood, the fibrin cloth protects the bacterium from phagocytosis 
and other host defence mechanisms [11]. Most human S. aureus isolates 
possess both forms of coagulase [12,13]. 
The formation of the coagulase enzyme is encoded by the coa gene, which is 
highly polymorphic [14]. Detailed gene analysis has revealed variable 
sequences in the 3′-end coding region of allelic gene forms [15], particularly in 
the C-terminal region containing the 81 bp tandem short sequence repeats 



Chapter 3 

46 

(SSRs) encoding repeated 27 amino acid sequences [14,16]. Therefore, various 
sizes of coa gene have been observed and reported [17-19]. Because of a close 
correlation between coagulase formation and the pathogenicity of 
staphylococci, detecting the coagulase enzyme is still of great clinical 
importance [14,20].  
 

Table 1. Species groups of staphylococci with clinical significance  
 Species group Species (subspecies) 
 Staphylococcus intermedius S. delphini 

Coagulase-positive and  S. intermedius 
novobiocin-susceptible  S. pseudintermedius 

  S. schleiferi subsp. coagulans 
 S. aureus S. aureus 
 Staphylococcus epidermidis S. capitis 
  S. caprae 
  S. epidermidis 
  S. haemolyticus 

Coagulase-negative and  S. hominis 
novobiocin-susceptible  S. saccharolyticus 

  S. schleiferi subsp. schleiferi 
  S. simiae 
  S. warneri 
 Staphylococcus simulans S. carnosus 
 (β-galactosidase-positive) S. felis 
  S. simulans 
 Staphylococcus saprophyticus S. arlettee 
  S. cohnii 
  S. equorum 
  S. galinarum 

Coagulase-negative and  S. kloosii 
novobiocin-resistant  S. neaplensis 

  S. saprohyticus 
  S. succinus 
  S. xylosus 
 Staphylococcus sciuri S. lentus 
 (oxidase-positive) S. sciuri 
  S. vitulinus 
  S. fleurettii 

Coagulase-variable and  S. chromogenes 
novobiocin-resistant  S. hyicus 

 
Staphylococcus aureus possess a long list of virulence factors. These include 
surface proteins necessary for colonisation and secreted proteins that allow 
invasion of and damage to host cells and tissues. Surface proteins include 
clumping factor, protein A, capsular polysaccharide adhesin as well as 



Antimicrobial Resistance in Staphylococci 

47 

fibronectin- and collagen-binding proteins. Secreted are numerous toxins  
(α-, β-, γ- and δ-toxins, exfoliate toxins, enterotoxins, toxic shock syndrome 
toxin, Panton-Valentine leukocidin) and various enzymes (catalase, 
deoxyribonuclease, hyaluronidase, β-lactamase, staphylokinase, lipases) 
[21,22].  
Based on DNA-DNA hybridisation studies, staphylococci have been divided 
into several species groups [8]. Individual species (subspecies) with clinical 
significance are shown in Table 1. 
 

3.3. CLINICAL SIGNIFICANCE OF STAPHYLOCOCCI  
Virulence factors are mostly associated with coagulase-positive staphylococci. 
Among them, S. aureus is the most significant human pathogen responsible for 
a variety of respiratory, wound, skin and soft tissue infections, such as 
pneumonia, folliculitis, furuncles, carbuncles, impetigo, myocarditis, 
pericarditis, acute endocarditis, osteomyelitis, enterocolitis, mastitis, cystitis, 
prostatitis, cervicitis, meningitis or bacteraemia [1]. The main constituents of 
the cell wall of S. aureus are peptidoglycan, teichoic acid, fibronectin-binding 
proteins, clumping factor and collagen-binding proteins. S. aureus is a pyogenic 
bacterium capable of inducing abscess formation in the skin, muscles, 
urogenital tract, central nervous system and internal organs. Predisposing 
factors for skin and soft tissue infections include skin damage, skin disease, 
injections and poor personal hygiene. In the last decades, S. aureus has been 
confirmed as one of the leading causes of hospital-acquired (nosocomial) and 
community-acquired infections [23]. 
Toxin-mediated S. aureus diseases include the scalded-skin syndrome, toxic 
shock syndrome and food-borne enterotoxicosis. In each of those diseases, 
toxins act as “superantigens” and cause the release of large amounts of 
inflammatory mediators, resulting in fever, rash and hypotension [23]. 
Staphylococcal scalded-skin syndrome (SSSS) affects most frequently new-
borns and children, causing remarkable blistering on the superficial skin 
surface caused by exfoliative toxins released by S. aureus [24], known as the 
two epidermolytic exotoxins A and B [25,26]. The disease is manifested by the 
formation of watery red blisters on the skin, resulting in a scaled or burned 
appearance. This infection may lead to the exfoliation of most of the skin 
surface, followed by acute erythematous cellulitis [27]. 
Toxic shock syndrome (TSS) has first been described in children [28]. 
Subsequently, TSS has been associated with the use of super-absorbent 
tampons by menstruating women [29]. It is caused by the production of toxic 
shock syndrome toxin (TSST-1) and occurs 2–3 days after the onset of the 
menses, usually without any evidence of other illnesses. In addition to fever 
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and hypotension, the disease is typically manifested by a diffuse macular rash 
on the palms and the soles, with subsequent desquamation (1–2 weeks after 
disease onset) and multisystem involvement [23]. 
Enterotoxigenic strains of S. aureus are involved into outbreaks of the most 
prevalent food-borne intoxication, known as staphylococcal enterotoxicosis. 
The food poisoning is attributed to the ingestion of heat-stable staphylococcal 
exotoxins; 22 types of staphylococcal enterotoxins (A–V) are currently known 
[30,31]. The disease onset is rapid (1–6 hrs after ingestion of contaminated 
food) and explosive, fever is absent [23]. The main clinical signs include 
nausea, abdominal pain, cramps, vomiting and headache. Symptoms resolve 
spontaneously within 24–48 hours [32].  
To avoid the risk of staphylococcal enterotoxicosis and to protect the health of 
consumers, food business operators need to ensure that foodstuffs comply 
with the relevant microbiological criteria set out in Commission Regulation No 
2073/2005. Food safety criteria define the acceptability of a product or a batch 
of food products to be placed on the market. In terms of the above-mentioned 
regulation, a batch of cheeses (particularly those made of raw, unpasteurised 
milk) has to be tested for the presence of enterotoxins if the numbers of 
coagulase-positive staphylococci exceed the limit of 105 CFU g−1 [33]. 
Enterotoxins can be produced by viable cells of staphylococci, albeit only at 
suitable temperatures. Therefore, the maintenance of the cold chain during 
production, storage and retail sale of finished food products is crucial to ensure 
food security [34]. 
The most common S. aureus infections in mammals and birds include clinical 
or subclinical mastitis, suppurative dermatitis, endometritis, synovitis, 
arthritis, dermatitis, furuncles, pyemia and septicaemia [1]. S. aureus subsp. 
anaerobius has been recognised as the causal agent of „abscess disease” in 
sheep, with clinical symptoms similar to those of caseous lymphadenitis [35]. 
Human infections with coagulase-positive staphylococci other than S. aureus 
are rare. There are no published cases of S. delphini infections in humans [36]. 
Foissac et al. [37] have documented the case of spondylodiscitis and 
bacteremia caused by S. hyicus in an immunocompetent patient. So far, four 
cases of human S. intermedius infections have been identified, three cases were 
soft tissue and/or bone infections and one case was a urinary tract infection 
[38]. The first human case of S. intermedius infection of a mechanical prosthesis 
has been reported by Wang et al. [36]; the presumed source of infection was 
the patient’s dog. Dog ownership, as well as diabetes or immunosuppression, 
may place patients at higher risk [38]. 
Among zoonotic pathogens, S. intermedius is the predominant cause of skin and 
soft tissue infections in dogs and human infections associated with bite 
wounds [39,40]. However, there is no true incidence of S. intermedius and S. 
pseudintermedius infections, as these species are frequently misidentified as S. 
aureus [36]. Staphylococcus schleiferi subsp. coagulans has been isolated from 
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the external auditory meatus of dogs suffering from external otitis [41]; S. 
delphini has been detected in purulent material taken from two dolphins living 
in an aquarium [42]. The coagulase-variable S. hyicus has been identified as the 
causative agent of skin lesions, osteomyelitis and occasional bovine mastitis 
[43], skin lesions (“grease heel“) in horses [44], osteomyelitis in poultry [45], 
septic polyarthritis [46], porcine infectious epidermitis, also known as ˮgreasy 
pig disease“ [47], and reproductive failure in sows [48]. 
The CoNS are major components of the skin, oropharyngeal and vaginal 
microflora. These species are reported as less virulent than S. aureus. However, 
numerous studies have revealed the presence of some virulence factors among 
CoNS [49-52], including their ability to produce heat-stable enterotoxins 
[53,54]. Some CoNS species are capable of causing serious human diseases and 
nosocomial infections. Primarily, species of CoNS are important and common 
causes of prosthetic-device infections. As reported, up to 5 % of native-valve 
endocarditis cases have been due to CoNS [23]. In such cases, the most 
important property of coagulase-negative staphylococci is their ability to form 
a biofilm on the surfaces of foreign bodies introduced (implanted) into the 
organism as a protection against the effects of antibacterial drugs and the 
immune system of the host [55]. 
The greatest pathogenic potential has been reported for S. epidermidis, as this 
species has been implicated in bacteraemia, osteomyelitis, polyarthritis, 
peritonitis, urethritis, pyelonephritis, native and prosthetic valve endocarditis 
as well as infections of permanent pacemarkers, cerebropinal fluid shunts, 
prosthetic joints and various orthopaedic devices. Staphylococcus haemolyticus 
may also be associated with human septicaemia, peritonitis, urinary tract 
infections and native valve endocarditis, while S. lugdunensis has been 
implicated in native and prosthetic valve endocarditis, septicaemia, brain 
abscess, chronic osteoarthritis, infections of soft tissues, bones and catheters, 
especially in patients with underlaying diseases. Human infections with S. 
schleiferi subsp. schleiferi are manifested by osteoarthritis, bacteraemia, wound 
infections, brain empyema as well as infections associated with a jugular 
catheter and cranial drain. Staphylococcus saprophyticus has been isolated 
from patients with urinary tract infections (acute cystitis and pyelonephritis), 
while S. simulans has been isolated from those with chronic osteomyelitis. 
Staphylococcus hominis has been implicated in endocarditis, arthritis, 
petitonitis and septicaemia, S. capitis in endocarditis, septicaemia and catheter 
infections. Staphylococcus cohnii has caused urinary tract infections and 
arthritis, while subspecies of S. sciuri have been isolated from wound, skin and 
soft tissue infections [1].  
In production animals, numerous CoNS species (S. chromogenes, S. epidermidis, 
S. haemolyticus, S. hominis, S. saprophyticus, S. sciuri, S. simulans, S. warneri and 
S. xylosus) have been associated with clinical and subclinical bovine mastitis 
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[56-61], while S. sciuri has been reported to cause fatal exudative epidermitis 
in piglets [62]. 
The increasing clinical significance of CoNS indicates that safety hazards 
associated with their occurrence in food can be higher than previously 
assumed [63]. Numerous species of CoNS have been isolated from cheeses, 
cured meats, sausages, smoked fishes [64], sea-water fish [65], chlorinated 
drinking water [52], wild rabbits [66], wild pheasants [67] and from Nigerian 
traditional fermented foods [68]. In general, the occurrence of virulence factors 
and antimicrobial resistance is more frequent in clinically important CoNS 
isolates. As compared with isolates from drinking water, virulence factors are 
more diversified in clinical CoNS strains. Through genes encoding virulence 
factors or resistance to antibiotics, CoNS may significantly increase the 
pathogenic potential of the normal skin microflora, including pathogenic 
coagulase-positive staphylococci [52].  
 

3.4. MECHANISMS OF ANTIMICROBIAL 
RESISTANCE IN STAPHYLOCOCCI 

The results of some studies have demonstrated that antibiotic resistance in 
staphylococci is an ancient feature, as resistance genes have been found in 
bacterial strains isolated from permafrost sediments in the River Lena region 
in Central Yakutia, Russia [69], which may be up to 3.5 million years old [70]. 
A wide spectrum of beta-lactam antibiotics is traditionally used for the 
treatment of staphylococcal infections. The occurrence of MRSA strains has led 
to the use of other drug alternatives, including vancomycin, linezolid and 
daptomycin [71].  
Currently, antibiotic resistance is a key issue affecting public health [7]. 
Staphylococci may become resistant via the acquisition of antibiotic resistance 
genes, mediated by transferable genetic elements. Genes encoding 
antimicrobial resistance can spread horizontally among bacteria, animals and 
humans [72]. The mechanisms of gene transfer in S. aureus strains include 
conjugation, transduction and transformation [71].  
The primary route of gene acquisition in S. aureus strains is bacteriophage 
transduction. S. aureus strains usually harbour one to four functional 
bacteriophages, integrated in their genomes as prophages [73,74]. After 
induction, the prophage enters the lytic cycle, which leads to the lysis of the 
host cell. During the lytic cycle, bacterial DNA may be packaged into the phage 
capsid and, upon release from the host cell, further transferred to another 
recipient cell. This phenomenon is known as “generalised transduction” [75].  
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Plasmids of resistance (R-plasmids) can also be transferred by conjugation. 
The conjugative transfer of plasmid-encoded resistance genes is recognised as 
the key mechanism of resistance gene dissemination. The conjugative plasmids 
carry clusters of genes that encode products necessary for plasmid transfer 
and mobilisation [70]. 
The last mechanism of resistance gene transfer is the uptake of both 
chromosomal and plasmid DNA (including the SCCmecII element) by natural 
transformation [76]. This process requires a series of naturally encoded 
competence factors in the S. aureus genome. However, there is still no evidence 
that transformation is a commonly occurring event [70]. 
A list of antimicrobial resistance genes and mechanisms of resistance in S. 
aureus has been published by Reygaert [21]. Most clinical S. aureus isolates 
contain mobile genetic elements (plasmids) in the size range of 1–60 kbp, 
which transfer antimicrobial resistance [70]. The oligonucleotide primers used 
for PCR determination of resistance genes in staphylococci have been reported 
by Strommenger et al. [77] and Emaneini et al. [78]. However, bacteria that 
give positive results in genotypic tests not always show positive phenotypic 
expression of resistance to relevant antibiotics. Therefore, traditional 
phenotypic tests are unlikely to be replaced by molecular methods based on 
the detection of resistance genes [7]. 

3.4.1. Resistance to beta-lactams  
Beta-lactams were the first antimicrobial agents introduced into clinical 
practice and are still used in both human and veterinary medicine. Penicillin 
was successfully used to treat S. aureus infections until 1942, when the 
penicillin-resistant S. aureus strain first appeared. Nowadays, the resistance of 
staphylococci to antimicrobial agents is an issue of worldwide concern [79]. 
Resistance to beta-lactams is provided by beta-lactamase (also known as 
penicillinase), encoded by the blaZ gene [80]. Beta-lactamases deactivate the 
molecule's antibacterial properties by breaking the antibiotics´ structure 
through hydrolysis of the beta-lactam ring [81]. In general, penicillin-resistant 
staphylococci are resistant to all penicillinase-labile penicillins, and penicillin-
susceptible staphylococci are also susceptible to other beta-lactams used for 
the treatment of staphylococcal infections [82]. Therefore, new semisynthetic 
penicillins, resistant to beta-lactamases, have been developed. 
Methicillin was introduced in 1960 for the treatment of infections caused by 
beta-lactamase-producing staphylococci. In 1961, a MRSA has been reported 
from England and is now a common cause of hospital-acquired infections [83]. 
Historically, resistance to the penicillinase-stable penicillins has been referred 
to as “methicillin resistance” or “oxacillin resistance.” Strains of S. aureus that 
express the mecA gene or another mechanism of methicillin resistance 
(changes in the affinity of penicillin-binding proteins for oxacillin) are known 
as MRSA. Oxacillin-resistant staphylococci are resistant to all currently 
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available beta-lactams, with the exception of the newer cephalosporins with 
anti-MRSA activity. Therefore, the resistance to a wide range of beta-lactams 
may be deduced from testing only penicillin and either cefoxitin or oxacillin. 
Routine testing of other beta-lactam agents that do not show anti-MRSA 
activity is not advised [82].  
Simultaneous resistance to beta-lactam antibiotics (penicillin, methicillin, 
oxacillin, nafcillin, cloxacillin and dicloxacillin) is known as „intrinsic“ or 
„methicillin“ resistance. This type of resistance has been observed in both 
coagulase-positive and coagulase-negative staphylococci and is usually 
accompanied with resistance to other groups of antibiotics, particularly 
cephalosporins [84]. Methicillin resistance is mediated by the mecA gene, 
which is carried on a transposon and encodes the synthesis of a novel 
penicillin-binding protein PBP2a (also called PBP2'), which displays a low 
affinity for methicillin [85,86]. It is composed of three structural domains: a 
characteristic N-terminal structure, a transpeptidase domain and a nonbinding 
domain [87]. 
Exposure of MRSA to methicillin inactivates the four high-affinity-binding PBPs 
normally present; PBP-2a takes over the functions of these PBPs, thus 
permitting the cell to grow [88]. However, some S. aureus strains harbouring 
the mecA gene are susceptible to methicillin [89,90]. Expression of mecA can be 
either constitutive or inducible and is modified by the presence of five 
chromosomal auxiliary genes, femA to femE (fem is the factor essential for the 
expression of methicillin resistance), which affect different steps in the 
synthesis of peptidoglycan and regulate the degree of resistance without 
altering the levels of PBP2a [91]. The mecA gene has been cloned and 
sequenced along with the genes that control its expression, mecR1 encoding 
the signal transducer protein MecR1 and mecI encoding the repressor protein 
MecI [92]. Mechanisms of oxacillin resistance other than mecA are rare and 
include mecC, a novel mecA homologue [93]. 
The presence of the mecA gene has been confirmed in S. aureus, S. epidermidis, 
S. haemolyticus, S. saprophyticus and S. fleurettii. This gene is carried by the 
SCCmec staphylococcal cassette chromosome [94]. Various types and subtypes 
in SCCmec are made up of the mec gene complex and the ccr gene complex, 
encoding site-specific recombinase(s) for the movement of the element [92]. 
Based on the degree of homology to the earliest identified mecA gene of S. 
aureus N315 strain, four groups of mecA homologues have been described so 
far [87]. The first group of mecA gene homologues (mecA1 allotypes) has 
approximately 80 % nucleotide sequence identity to mecA of N315 and has 
been identified on the chromosomes of S. sciuri subsp. sciuri, S. sciuri subsp. 
rodentius and S. sciuri subsp. carnaticum [95-97]. The second group of mecA 
gene homologues (mecA2 allotypes) has about 90 % nucleotide identity to 
mecA of N315 and has been identified in S. vitulinus [98]. The third group of 
mecA gene homologues (mecB genes) is located on the chromosome and 
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plasmids of Macrococcus caseolyticus JCSC5402 and has 62 % nucleotide 
sequence identity to mecA of N315 [99]. The fourth group of mecA gene 
homologues (mecC genes), most recently identified in S. aureus strain LGA251, 
shows 69 % identity to mecA of N315 [100,101].  
As most mecA gene homologues are associated with mobile DNA elements, 
their occurrence cannot be limited to the genus Staphylococcus and is to be 
expected among other bacterial genera and species [87].  

3.4.2. Resistance to tetracyclines 
Tetracyclines are broad-spectrum bacteriostatic antibiotics widely used in 
human and veterinary medicine [102]. Therefore, tetracycline resistance is 
prevalent among bacteria and is encoded by a wide range of determinants 
[103]. These antimicrobials exhibit activity against numerous Gram-positive 
and Gram-negative bacteria as well as atypical organisms [104] such as 
chlamydiae, mycoplasmas, rickettsiae and protozoan parasites [105]. 
Tetracyclines bind to the bacterial 30S ribosomal subunit and inhibit bacterial 
protein synthesis by preventing the association of aminoacyl-tRNA with the 
bacterial ribosome [106].  
The following two mechanisms of resistance to tetracyclines have been 
described in staphylococci [107]: 

• energy-dependent active efflux of the antibiotic from bacterial cells, 
resulting from the acquisition of the plasmid-located structural genes 
tetK [108-110] and tetL [78], 

• ribosomal protection by elongation factor-like proteins that are 
encoded by the transposon located or chromosomal tetM and tetO 
determinants [111-115]. 

In S. aureus, both active efflux and ribosomal protection have been successfully 
induced in vitro [109,111]. The plasmid pT181, containing 4,437 base pairs 
(bp), has first been described by Iordanescu in 1976 [116] as the determinant 
of tetracycline resistance in S. aureus. Sequencing of the tetracycline resistance 
region of pT181 has shown that it contains a single open reading frame of 
1,299 nucleotides [108]. 
While the tetK gene encodes monoresistance to tetracycline, the tetM gene 
seems to carry resistance to all drugs of the tetracycline group, including 
minocycline, a lipophilic analogue of tetracycline. The MRSA isolates typically 
carry both tetK and tetM genes [117]. Hydropathy plotting indicates that the 
tetK protein contains 14 transmembrane α-helices [110]. The tetL gene is more 
widespread among streptococci and enterococci [118] and has been confirmed 
in strains of S. aureus that already carry the tetM gene [117]. Although the tetO 
determinant can be found in other Gram-positive cocci (streptococci and 
enterococci), no reports about tetO-positive staphylococci are available [107]. 
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In recent years, the use of tetracyclines has been limited because of the 
emergence of microbial resistance, leading to the development of 
glycylcyclines [104]. Glycylcyclines display activity against strains expressing a 
variety of different tet genes, including those that encode ribosomal protection 
and efflux mechanisms [105]. Glycylcyclines are also active against 
methicillin-resistant staphylococci [104].  

3.4.3. Resistance to macrolides 
In 1952, erythromycin was introduced as the first macrolide antibiotic 
produced by Saccharopolyspora erythraea. Within a year, the occurrence of 
erythromycin-resistant strains of staphylococci has been reported from many 
countries [119].  
Macrolide antibiotics stimulate the dissociation of the peptidyl-tRNA molecule 
from the ribosomes at the time of elongation, resulting in chain termination 
and a reversible inhibition of protein synthesis. Post-transcriptional 
modification of the 23S rRNA by adenine-N6 methyltransferase has been 
described as the first mechanism of macrolide resistance.  
Currently, rRNA methylases are the best studied mechanisms of macrolide 
resistance. Synthesis of adenine-N6 methyltransferases is encoded by the 
group of erm (erythromycin ribosome methylation) genes. These enzymes 
methylate a site on the ribosome, and the conformational change results in a 
decreased ability of macrolides to bind to the ribosome [119-122]. In general, 
the erm genes have low G+C contents (31 to 34 %) [123], and most of them are 
associated with conjugative or nonconjugative transposons. These can be 
found on chromosomes or in plasmids and have a wide host range [124,125]. 
As the modification of the binding site in the 50S ribosomal subunit by 
methylases overlaps the binding site of the other macrolide antibiotics, it is 
usually manifested as a simultaneous resistance to macrolides, lincosamides 
and streptogramin B antibiotics (MLSB) [119-122], as well as to the new 
ketolide drugs [126]. 
The genes ermA, ermC, encoding erythromycin resistance, and msrA, 
responsible for the synthesis of ATP-binding protein, are predominant 
macrolide resistance genes in staphylococci [119,120,127,128]. The plasmid-
encoded gene ermC is most widely distributed in human and animal 
staphylococci [129].  
Two types of expression have been described for the plasmid-encoded ermC 
gene [119,130]. Constitutive expression is associated with three types of 
mutations in the ermC regulatory region, including deletions [131,132], 
multiple point mutations [133] and tandem duplications in the ermC 
translational attenuator [134-136]. Inducible ermC expression requires the 
presence of a functionally intact regulatory region 5´ for translational 
attenuation of the ermC methylase gene [119,137].  
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Tandem duplications and deletions of different sizes also account for 
constitutive ermA gene expression in naturally occurring S. aureus isolates 
[138]. Mutations in the ermA gene can arise in vivo as well as in vitro [139]. 
While the in vitro-derived mutations have been described in human isolates 
[140,141), in vivo mutation has been documented in a naturally occurring S. 
intermedius isolate of avian origin [126].  
The development of constitutive ermC and ermA mutants is a rapid and 
irreversible process. Constitutive mutants can be obtained in vitro after 
overnight cultivation in the presence of non-inducers [119,136,139,140]. 
Therefore, noninducers (lincosamides or streptogramins) are not 
recommended for the treatment of infections caused by staphylococci which 
show an inducible macrolide-lincosamide-streptogramin B resistance 
phenotype [138].  

3.4.4. Resistance to aminoglycosides 
Aminoglycosides are broad-spectrum antibiotics that are used for the 
treatment of S. aureus infections in a combination with other synergistic 
antibiotics such as beta-lactams or vancomycin. Aminoglycoside antibiotics are 
not metabolised; they are eliminated by glomerular filtration and excreted as 
active compounds [142].  
Upon contact of Gram-positive bacteria with aminoglycosides, the polycationic 
molecules of antibiotics are bound to anionic sites of teichoic acid and 
phospholipids present on their cell surface. The binding causes that the 
divalent cationic cross-bridges between lipopolysaccharide molecules are 
displaced, resulting in an increased permeability and the penetration of 
aminoglycoside molecules into the periplasmic space [143]. 
Various mechanisms of aminoglycoside resistance have been described; 
however, most of them have developed in Gram-negative bacteria. In 
staphylococci, enzymatic inactivation by aminoglycoside-modifying enzymes 
(AME), such as nucleotidyltransferases, phosphotransferases or 
acetyltransferases, is the most prevalent mechanism of aminoglycoside 
resistance [142].  
The most common AME-encoding genes among S. aureus are aac(6’)-Ie-
aph(2’’), aph(3’)-IIIa and ant(4’)-Ia, which can be harboured on plasmid, 
chromosome or transposable elements [144]. Resistance to aminoglycosides 
encoded by the aacA-D gene is more prevalent among the human-based 
biotypes, because this gene is usually more diffused in staphylococci of human 
origin [145]. 
In S. aureus, resistance to gentamicin, kanamycin and tobramycin is mediated 
by a bi-functional enzyme displaying AAC (6') and APH (2") activity [146]. The 
aac(6′)-aph(2″) gene is usually present in Tn4001-like transposons [147]. The 
ANT (4')-IA enzyme inactivates neomycin, kanamycin, tobramycin and 
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amikacin, while the APH (3')-III enzyme inactivates neomycin [148,149]. 
Another two enzymes, ANT(9)-Ia and ANT(9)-Ib, have been described to 
mediate resistance to spectinomycin. The ANT(9)-Ia was first described in S. 
aureus and then also in Enterococcus avium, E. faecalis and E. faecium. The 
genes coding for these enzymes are known as ant(9)-Ia and ant(9)-Ib, partially 
making up Tn554 [140,150]. 

3.4.5. Resistance to chloramphenicol 
Chloramphenicol, a broad-spectrum antibiotic, has been isolated from 
Streptomyces venezuelae in 1947 [151] as the first natural substance 
containing a nitro group [152]. The spectrum of chloramphenicol includes not 
only Gram-positive and Gram-negative aerobic and anaerobic bacteria, but also 
chlamydiae, mycoplasmas and rickettsiae [153]. However, because of adverse 
site effects to meat consumers, arising from chloramphenicol residues in 
carcasses of slaughter animals (dose-independent irreversible aplastic 
anaemia), the use of chloramphenicol in human and veterinary medicine has 
been prohibited by the European Union in 1994 and is currently limited to pets 
and non-food-producing animals [152,154]. The fluoro substitution at C-3 has 
led to the synthesis of florfenicol, the fluorinated derivative of 
chloramphenicol, which does not show any adverse site effects [153,155,156]. 
Both chloramphenicol and florfenicol inhibit bacterial protein synthesis by 
interacting with the peptidyltransferase centre at the 50S of the ribosomal 
subunit [152,157].  
The most common mechanism of chloramphenicol resistance is the enzymatic 
inactivation of chloramphenicol (as well as thiamphenicol and azidamfenicol) 
by chloramphenicol acetyltransferases (CATs). Acetylated chloramphenicol 
can no longer bind to the 50S subunit of the ribosome [152]. Two structural 
types of CATs can be distinguished: the classical CATs (type A CATs) and the 
novel CATs, also known as xenobiotic CATs [158].  
In staphylococci, acetyltransferases are encoded by three groups of cat genes, 
A-7, A-8 and A-9, which are located on small multicopy plasmids. The three 
prototype plasmids include pC194 [159], pC221 [160] and pSCS7 [161]. In 
addition to chloramphenicol resistance genes, these plasmids can also carry 
streptomycin resistance [162] or macrolide resistance genes [163]. In some 
cases, these genes account for a part of multiresistance plasmids [164,165] or 
conjugative transposons [166]. On the plasmid pSCFS1 from S. sciuri, the cfr 
gene, conferring resistance to both chloramphenicol and florfenicol, has also 
been detected [167]. The Cfr methylase modifies A2503 in 23S rRNA and, 
thereby, mediates resistance to numerous unrelated antibiotics, such as 
phenicols, lincosamides, pleuromutilins, oxazolidinones and streptogramin A, 
which bind in close proximity to A2503 at the ribosome [152,167-169]. 
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3.4.6. Resistance to glycopeptides 
The widespread use of vancomycin in the treatment of MRSA infections has led 
to a decrease in vancomycin susceptibility worldwide. In May 1996, the first 
occurrence of a MRSA strain with reduced sensitivity to vancomycin (MIC 
8 mg L−1) has been reported from the Juntendo Hospital in Tokyo (Japan). This 
strain was isolated from a surgical wound infection that did not respond to 
vancomycin therapy and became known as “vancomycin-intermediate S. 
aureus” (VISA) [170]. The resistance mechanisms in VISA isolates are less well 
defined [171]. However, no presence of any imported mobile genetic element 
has been observed – the increased vancomycin resistance is related to 
mutations that appear in the invading pathogen during vancomycin therapy 
in vivo [172].  
“Hetero-VISA” (hVISA) strains usually have low vancomycin MIC values (3–
8 μg ml−1), show heterogeneous resistance to beta-lactam antibiotics and serve 
as precursors of the less frequent homogeneously resistant VISA strains 
[170,173,174]. Mutations described in different VISA isolates cause the 
transcriptional changes in genes involved in cell wall synthesis [175-181]. The 
most frequent genetic alterations associated with the VISA phenotype are 
mutations in the ribosomal gene rpoB [182].  
In June 2002, the appearance of the first vancomycin-resistant S. aureus 
(VRSA) strain (MIC >128 μg ml−1) has been reported in the United States in a 
patient who developed a catheter exit-site infection. The VRSA isolate was 
susceptible to chloramphenicol, tetracycline, minocycline, linezolid, 
quinupristin/dalfopristin, and trimethoprim/sulfamethoxazole and contained 
both mecA and vanA genes [183,184]. The strain carried plasmid-borne copies 
of the transposon Tn1546, which alters the cell wall structure and metabolism 
and is acquired from vancomycin-resistant Enterococcus faecalis. Conjugative 
transfer of the vanA gene from vancomycin-resistant enterococci to S. aureus 
has been demonstrated in vivo as well as in vitro. Enterococci have become 
important reservoir of resistance genes. As there are no barriers for the 
transfer of these genes among Gram-positive cocci, dissemination of 
glycopeptide resistance to other pathogenic bacteria, including staphylococci, 
has occurred [185]. Although the transfer of erythromycin and 
chloramphenicol resistance has been confirmed among staphylococci, the 
transmission of vancomycin resistance was not documented [186].  
Vancomycin does not interact with enzymes participating in the biosynthesis 
of the bacterial cell wall, but forms complexes with peptidoglycan precursors. 
Vancomycin resistance requires the presence of operons that encode enzymes 
essential for [187]: 

• the synthesis of low-affinity precursors (modifying the vancomyin-
binding target) or 
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• the elimination of the high-affinity precursors produced by the host 
(removing the vancomycin-binding target). 

Target modification (vanA-type resistance) is mediated by transposon Tn1546, 
which encodes resistance to vancomycin and teicoplanin [187]. This 11-kb 
transposon is ranked among very stable genetic elements [188]. It encodes 
nine polypeptides, which can be assigned to various functional groups [185], 
and is generally carried by transferable plasmids [189] and sometimes by the 
host chromosome as a part of larger conjugative elements [190]. VanA is the 
most frequently encountered type of glycopeptide resistance in enterococci. In 
2008, vanA-type resistance in S. aureus has been reported as rare due to 
inefficient replication of enterococcal plasmids in staphylococci [185]. In 
contrary, a very high frequency of vancomycin resistance genes (vanA, vanB) 
has been reported in S. aureus isolates from patients in Shiraz hospitals (south 
of Iran). The vanA and vanB resistant genes were detected in 34 and 37 % of 
clinical isolates, respectively [191].  
The VanB gene clusters are generally transferred between chromosomes by 
conjugation [192]. Regarding the sequence differences, the vanB gene cluster 
was divided into the three subtypes vanB1, vanB2 and vanB3 [193,194]. 
Acquired vanB-type resistance results from the synthesis of peptidoglycan 
precursors ending in the depsipeptide D-ala-D-lac instead of the dipeptide D-
ala-D-ala [195]. The action of vancomycin is based on the high affinity for the 
d-alanyl-d-alanine (D-ala-D-ala) residue, a component of the bacterial cell wall 
precursor Lipid II. Alteration of this residue to d-alanyl-d-lactate (D-ala-D-lac) 
results in a decreased affinity for the antibiotic [188,190].  

3.4.7. Resistance to oxazolidinones 
Oxazolidinones are synthetic drugs with excellent oral bioavailability and a 
predominantly bacteriostatic effect against Gram-positive bacteria, including 
methicillin- and vancomycin-resistant staphylococci and enterococci  
[196-198]. Linezolid was the first oxazolidinone approved for clinical use. The 
oxazolidinones inhibit bacterial protein synthesis at a very early stage by 
binding to the 23S rRNA in the 50S ribosomal subunit [198,199].  
Linezolid-resistant S. aureus has first been isolated in 2001 [200]. Mechanisms 
of linezolid resistance in staphylococci include point mutations in the V domain 
of the 23S rRNA genes, mutations in ribosomal proteins as well as in vivo 
acquisition of the cfr gene [201] that encodes adenine methyltransferase 
responsible for modifying the adenosine position in the 23S rRNA [202]. 
Because of a unique mechanism of action, a lack of cross-resistance between 
oxazolidinones and other antimicrobials has been reported [203]. 

3.4.8. Resistance to lipopeptides 
Lipopeptides represent a diverse group of compounds that consist of a peptide 
core and a lipid tail and possess a wide therapeutic potential. Daptomycin is a 
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new semi-synthetic cyclic lipopeptide antibiotic derived from Streptomyces 
roseosporus [204] and particularly used in the treatment of infections caused 
by MRSA or vancomycin-resistant Enterococcus faecium [205]. Currently, the 
mechanisms of daptomycin action and resistance are not completely 
understood. However, it is generally accepted that daptomycin penetrates the 
cytoplasmic membrane of Gram-positive bacteria via a calcium-dependent 
pathway, which results in bacterial cell wall depolarisation and rapid cell death 
[206]. 
Resistance of S. aureus to daptomycin occurs stepwise and slowly. Decreased 
susceptibility is associated with mutations in mprF, yycG, rpoB and rpoC genes 
[206]. The emergence of daptomycin-resistant S. aureus strains is rare and 
associated with previous vancomycin exposure [207]. The first mechanism of 
daptomycin resistance in staphylococci is based on the generation of a more 
positive cell surface charge, preventing the insertion of positively charged 
daptomycin-calcium by electrostatic repulsion. The second strategy lays in the 
alteration of the membrane phospholipid composition due to either a decrease 
in the amount of phosphatidylglycerol available at the membrane interface or 
changes in membrane fluidity and homeostasis [204]. 

3.5. METHICILLIN-RESISTANT 
STAPHYLOCOCCUS AUREUS (MRSA)  

The MRSA has first been identified in England in 1961 and soon emerged 
worldwide [208]. Initially, MRSA was mainly a problem in hospital-acquired 
infections (HA-MRSA). Since the 1990s, MRSA infections have been 
increasingly reported among populations and are referred to as community-
acquired MRSA (CA-MRSA) infection [209,210]. 
Currently, MRSA has become a serious problem in hospitals as a major 
nosocomial pathogen responsible for severe morbidity and mortality 
worldwide. Colonised and infected patients in hospitals and long-term care 
facilities are the major reservoirs of MRSA, while carriage by the hands of 
health care workers accounts for the major mechanism for patient-to-patient 
transmission [211-213]. Thus, hospital-acquired methicillin-resistant S. aureus 
(HA-MRSA) infections spread easily among patients through the hands of the 
staff and can lead to frequent epidemics [214,215]. Among intensive care unit 
patients, nasal carriers of S. aureus are at higher risk for S. aureus bacteraemia 
than noncarriers. The MRSA colonisation rates in hospitals vary between 10 
and 20 % [216,217]. Therefore, hospital sewage is the main source of resistant 
genes for soil bacteria. As reported by Mandal et al. [218], most S. aureus 
strains isolated from hospital effluents were resistant to methicillin (MRSA) 
and tetracycline. Approximately 15 % of MRSA strains showed also VanA-type 
resistance to vancomycin (VRSA).  
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Pneumonia and bacteraemia account for the majority of serious clinical MRSA 
infections, but intra-abdominal infections, osteomyelitis, toxic shock syndrome, 
food poisoning and deep tissue infections are also important clinical diseases. 
Surgical site infections, superficial, deep and organ space, can also be caused by 
MRSA. Postoperative infection with MRSA is a serious and significant problem 
in liver transplants, but also in prosthetic devices such as endovascular 
implants, orthopaedic devices and sternal infections [219].  
Recently, studies have reported the occurrence of “invasive” MRSA infections 
with an overall in-hospital fatality rate of 13 %. This type of infection is defined 
as a positive MRSA culture from a normally sterile site, such as blood, pleural 
fluid, peritoneal fluid, cerebral spinal fluid or bone. Most frequently, positive 
blood cultures associated with bacteraemia have been detected [220-222]. 
The phenotypic expression of methicillin resistance shows great variability, 
and the two main resistance phenotypes include homogeneous and 
heterogeneous resistance. In a heterogeneous population, all the bacterial cells 
harbour genetic markers responsible for methicillin resistance. However, 
phenotypic expression occurs only in a small fraction of the population, 
varying from 10−2 to 10−8. In a homogeneous single population of bacterial 
cells, these are inhibited by high levels of antibiotic concentration; 
homogeneous resistance is the least frequent phenotype [223-225]. 
The MRSA is generated when methicillin-susceptible S. aureus (MSSA) 
exogenously acquires a staphylococcal cassette chromosome mec (SCCmec) 
[226]. It is assumed that under the selective pressure caused by the extensive 
use of antibiotics, MRSA clones which carry resistance genes can better adapt 
to environmental changes. The resistant genes include the erm genes (ermA, 
ermB and ermC) encoding erythromycin resistance, the tet genes (tetK, tetL, 
tetM and tetO) encoding tetracycline resistance and the aac genes [227], 
namely aph(2), aph(3)-III and ant(4)-I genes, which encode resistance to 
aminoglycosides [107,228]. Adwan et al.  have evaluated nine resistance genes 
in 55 clinical MRSA isolates belonging to SCCmec types II, III, IVa and V. The 
reported prevalences of ermA, ermC, tetK, tetM, aacA-aphD, vatA, vatB and vatC 
genes were 30.9, 74.5, 76.4, 16.4, 74.5, 1.8, 0 and 5.5 %, respectively [229].  
In general, MRSA strains causing infections in humans can be divided into 
three epidemiological classes [230]: 

• community-associated (CA)-MRSA,  
• hospital-associated (HA)-MRSA,  
• livestock-associated (LA)-MRSA.  

While CA-MRSA and HA-MRSA strains predominantly affect humans, most 
MRSA isolates in food-producing animals belong to spa-types associated with 
LA-MRSA. These strains show only limited transmissibility to human 
populations. However, spa-types associated with CA-MRSA and HA-MRSA have 
also been reported in food-producing animals [230].  
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The European Food Safety Authority (EFSA) recommends a systematic 
surveillance of MRSA in humans. Unfortunately, this monitoring is on 
voluntary base and therefore, only a low number of European countries 
participated in the monitoring of MRSA in recent years. In 2015, meat from 
different food-producing animal species showed the presence of MRSA at 
various levels of prevalence (Table 2).  
 

Table 2. MRSA in food, 2015 [230] 

Country Food category Description Sample 
unit 

Number 
of units 
tested 

Positive 
for MRSA 

(%) 
Finland Meat from pigs Fresh, retail, survey Batch 303 9 (3.0 %) 
Germany Meat from pigs Carcass, 

slaughterhouse, 
monitoring – active 

Batch 342 69 
(20.2 %) 

 Fresh, retail, 
monitoring – active 

Single 457 60 
(13.1 %) 

Switzerland Meat from pigs Retail, monitoring Batch 301 2 (0.7 %) 
Spain Meat from 

rabbits 
Fresh, retail, 
surveillance 

Single 60 5 (8.3 %) 

 
While Switzerland reported spa-type t034 for positive findings, Finland 
reported the presence of both spa-type t034 in the meat from cattle as well as 
spa-type t2741 in pig meat. These spa-types were associated with MRSA clonal 
complex (CC) 398, the common LA-MRSA in Europe [230]. 
As seen in Table 3, the presence of MRSA was detected in various age 
categories of cattle (calves under 1 year of age, dairy cows and meat 
production animals) in three countries (Belgium, Switzerland and Norway); 
MRSA-positive pigs were detected in four European countries (Germany, 
Norway, Spain and Switzerland).  
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Table 3. Occurrence of MRSA in healthy food-producing animals, 2015 [230] 

Country Animal Description Sample unit 
Number 
of units 
tested  

Positive 
for MRSA 

(%) 
Belgium Calves (under 

1 year of age) 
Farm, monitoring 

– active 
Holding 147 116 

(78.9 %) 
Dairy cows Farm, monitoring 

– active 
Holding 96 10 (10.4 %) 

Meat 
production 
animals 

Farm, monitoring 
– active 

Holding 104 16 (15.4 %) 

Norway Cattle Farm, control and 
eradication 

programmes 

Herd 179 1 (0.6 %) 

Switzerland Calves (under 
1 year of age) 

Slaughterhouse, 
monitoring 

Animal 292 19 (6.5 %) 

Germany Pigs – 
breeding 
animals 

Farm, monitoring 
– active 

Herd 342 90 (26.3 %) 

Fattening 
pigs 

Farm, monitoring 
– active 

Herd 332 137 
(41.3 %) 

Norway Pigs Farm, control and 
eradication 

programmes 

Herd 821 4 (0.5 %) 

Spain Fattening 
pigs 

Slaughterhouse, 
monitoring EFSA 

spec. 

Batch 383 350 
(91.4 %) 

Switzerland Fattening 
pigs 

Slaughterhouse, 
monitoring 

Animal 300 77 (25.7 %) 

 
Several member states have reported data on clinical investigations for MRSA 
in different kinds of food-producing animals, such as sheep, goats and cattle 
(Table 4). 
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Table 4. Occurrence of MRSA in food-producing animals  
(clinical investigations, 2015) [230] 

Country Animals Description Number of 
animals tested 

Positive for 
MRSA (%) 

Ireland Dairy cows Farm 2 784 1 (0.04 %) 
Netherlands Dairy cows Farm 1 344 4 (0.30 %) 
Slovakia Dairy cows Farm 366 44 (12.00 %) 
 Goats Farm 18 5 (27.80 %) 
 Goats (under 

1 year of age) 
Farm 3 2 (66.70 %) 

 Milk ewes Farm 39 14 (35.90 %) 
Hungary Pheasants, meat 

production flocks 
Farm 1 1 (100.00%) 

 
In 2015, the Netherlands and Slovakia have also reported data on MRSA in 
companion animals, such as cats, dogs or horses (Table 5). 
 

Table 5. MRSA in companion animals (clinical investigations, 2015) [230] 
Country Animals Number of 

animals tested 
MRSA-positive 

animals (%) 
Netherlands Cats (pet animals) 53 53 (100 %) 

Dogs (pet animals) 50 50 (100 %) 
Horses (domestic) 56 56 (100 %) 

Slovakia Cats (pet animals) 108 18 (16.7 %) 
Dogs (pet animals) 308 64 (20.8 %) 
Horses (domestic) 1 0 (0 %) 

 

Data on the antimicrobial susceptibility of MRSA isolates from foods and 
animals have only been reported by three countries (Belgium, Finland and 
Switzerland). The broth dilution method was used to determine the 
susceptibility of isolates. All MRSA isolates were resistant to penicillin and 
cefoxitin; almost all the MRSA isolates were resistant to tetracyclines [230]. 
Among the MRSA isolates from calves under 1 year of age, tested by Belgium 
and Switzerland, chloramphenicol resistance was observed in 8.6 and 5.3 % of 
isolates, respectively. Pig MRSA isolates showed resistance to tiamulin and 
trimethoprim, probably resulting from the relatively common usage of these 
drugs in pig medicine in many European countries [230]. 
Resistance to the important antimicrobials vancomycin and linezolid has not 
been detected in MRSA from animals or meat in 2015 [230]. 
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3.6. FIGHTING STRATEGIES 
According to data of the World Health Organization (WHO), in the EU, 25,000 
patients (6.25 %) die every year as a result of infections caused by resistant 
bacteria. Globally the estimated number is as high as 700,000. If current 
infection and resistance trends are not reversed, 10 million deaths per year are 
projected between 2015 and 2050 throughout the world, mostly in Africa and 
Asia.  
Infections caused by multidrug-resistant bacteria in the EU result in extra 
health care costs and productivity losses of at least €1.5 billion each year [4]. 
The Global Action Plan on Antimicrobial Resistance, developed by the WHO, is 
based on five general strategies [4]: 

• to improve the understanding of antimicrobial resistance; 
• to strengthen surveillance and research; 
• to reduce the incidence of infections; 
• to optimise the use of antibiotics; 
• to ensure sustainable investment in countering antimicrobial 

resistance.  
To strengthen the standardised global surveillance and research, the WHO 
supports the collection, analysis and reporting of data on antimicrobial 
resistance rates at national levels through the Global Antimicrobial Resistance 
Surveillance System (GLASS), which was developed in 2015 [4].  
International standards and guidelines, aimed at the testing of antimicrobial 
resistance, are prepared by the Clinical and Laboratory Standards Institute 
(CLSI). The CLSI Subcommittee on Antimicrobial Susceptibility Testing 
develops new or revised reference methods for antimicrobial susceptibility 
tests and establishes breakpoints for the results of such tests as well as quality 
control parameters. This way, the Subcommittee provides useful information 
for clinicians and supports them in treating patients with the most effective 
antimicrobials to decrease antimicrobial resistance [82].  
In general, microorganisms are categorised, according to minimal inhibitory 
concentrations (MICs) or zone diameter values, into the following classes: 
susceptible, susceptible-dose dependent, intermediate, non-susceptible and 
resistant. Resistant bacteria are defined as those that are not inhibited by the 
usually achievable concentrations of the agent with normal dosage schedules 
and, therefore, clinical efficacy of the agent against the isolate has not been 
reliably shown in treatment studies [82]. 
Interpretative categories, including breakpoints of selected antibiotics for 
Staphylococcus spp. using the Disk diffusion test [231] and the Broth or Agar 
dilution tests [232] in accordance with CLSI performance standards for 
antimicrobial susceptibility testing, are presented in Table 6 [82]. 
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Table 6. Selected MIC and zone diameter breakpoints for Staphylococcus spp. [82] 
 

Disk 
Content 

MIC Breakpoints 
(μg ml−1) 

Zone Diameter 
Breakpoints (mm) 

S I R S I R 
≤ = ≥ ≥ = ≤ 

Penicillin 10 units 0.12  0.25 29  28 
Oxacillin  
   for S. aureus and S. lugdunensis  2 ̶ 4 ̶ ̶ ̶ 

 30 μg 
cefoxitin 4 ̶ 8 22 ̶ 21 

   for CoNS except S. lugdunensis   
   and S. pseudintermedius  0.25 ̶ 0.5 ̶ ̶ ̶ 

 30 μg 
cefoxitin 

̶ ̶ ̶ 25 ̶ 24 

   for S. pseudintermedius 1 μg 0.25 ̶ 0.5 18 ̶ 17 
Ceftaroline 30 μg 1 2 4 24 21-23 20 
Vancomycine  
   for S. aureus 

 2 4-8 16 ̶ ̶ ̶ 

   for CoNS 4 8-16 32 ̶ ̶ ̶ 
Daptomycin  1 ̶ ̶ ̶ ̶ ̶ 
Gentamicin 10 μg 4 8 16 15 13-14 12 
Amikacin 30 μg 16 32 64 17 15-16 14 
Kanamycin 30 μg 16 32 64 18 14-17 13 
Tobramycin 10 μg 4 8 16 15 13-14 12 
Azithromycin 15 μg 2 4 8 18 14-17 13 
Erythromycin 15 μg 0.5 1-4 8 23 14-22 13 
Tetracycline and Minocycline 30 μg 4 8 16 19 15-18 14 
Ciprofloxacin 5 μg 1 2 4 21 16-20 15 
Ofloxacin 5 μg 1 2 4  18 15-17 14 
Clindamycin 2 μg 0.5 1-2 4 21 15-20 14 
Chloramphenicol 30 μg 8 16 32 18 13-17 12 
Rifampin 5 μg 1 2 4 20 17-19 16 
Quinupristin-dalfopristin 15 μg 1 2 4 19 16-18 15 
Linezolid 30 μg 4 ̶ 8 21 ̶ 20 

Sulfonamides 250 or 
300 μg 256 ̶ 512 17 13-16 12 

Trimetoprim 5 μg 8 ̶ 16 16 11-15 10 
R – resistant  I – intermediate   S – sensitive 
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As demonstrated in Table 6, cefoxitin can be used to predict the presence of 
mecA-mediated oxacillin resistance in S. aureus and S. lugdunensis. While the 
disk diffusion test is preferred for coagulase-negative staphylococci (except S. 
lugdunensis), dilution tests are the preferred methods for coagulase-positive 
staphylococci and S. lugdunensis. Oxacillin is the preferred agent if a 
penicillinase-stable penicillin is tested. The results of such testing can be 
applied to other penicillinase-stable penicillins. For staphylococci that test 
susceptible, aminoglycosides are used only in combination with other active 
agents that test susceptible [82]. 
 
Prevention and control of antimicrobial resistance through optimising the use 
of antibiotics require changes in human behaviour. People should only use 
antibiotics when they are prescribed by a health professional, follow advices of 
a health worker and avoid any use of leftover drugs. The problem of 
antimicrobial resistance is becoming more significant in countries where 
antibiotics can be bought without prescription [233]. However, it is better to 
prevent staphylococcal infections, e.g. by avoiding close contact with sick 
people, by washing hands, by covering the nose and mouth when sneezing and 
via good manufacturing practices in the food industry. 
Staphylococci can easily be spread by infected persons, animals or foods of 
animal origin. The spread is encouraged by inadequate sanitary conditions, 
inappropriate hand washing techniques or food-handling procedures. Person-
to-person transmission is facilitated by close contact. It has been reported that 
(HA)-MRSA colonisation rates could significantly be reduced (by 66%) by 
using alcohol-based hand rub as the most effective method of hand hygiene 
[215]. Staphylococci can be spread through touch between patients and 
hospital personnel as well as between people and food-producing or 
companion animals. 
To prevent and control the spread of resistance among staphylococci in the 
agriculture sector, it is necessary to improve biosecurity on farms, to prevent 
infections through improved hygiene and animal welfare, to use antibiotics 
only under veterinary supervision, to apply good practices at each step of 
producing and processing foods from animal sources and to abstain from the 
use of antibiotics to prevent diseases in healthy animals [233]. 
In food-producing animals and agricultural workers, staphylococci are present 
on the skin surface and can be spread between animals and humans through 
direct contact. Heat processing of food (pasteurization) results in the 
elimination of most viable bacterial cells, but is not able to destroy persistent 
genetic material (DNA). When ingested, genes encoding antimicrobial 
resistance are released to the digestive tract of the consumer and may be 
acquired by other susceptible bacteria. Thus, fighting strategies in both the 
primary production and the food-processing industry consist of the prevention 
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of staphylococci in raw materials and finished food products rather than in the 
reduction of their numbers by further heat processing.  
Resistance genes can also be disseminated by potable water and wastewaters. 
In particular, effluences from hospitals may significantly contribute to 
spreading resistance in the environment. Therefore, sewage treatment should 
not only devitalize the emerged bacteria, but rather, a complete destruction of 
DNA is necessary to inactivate genes encoding virulence factors and 
antimicrobial resistance. As recently reported, DNA degradation begins at 
130 °C and continues in a linear manner until complete degradation at around 
190 °C. The combination of moist heat and pressure makes the DNA more 
sensitive and enables degradation at around 90 °C [234]. 
The occurrence of staphylococci has been observed in samples of drinking 
water, wastewaters [235] and biofilms from hospital wastewater [236]. The 
presence of the mecA gene has been reported in S. epidermidis, present in 
chlorinated drinking water [52], as well as in a biofilm from hospital 
wastewaters [236]. Municipal and swine slaughterhouse wastewaters may also 
participate in the dissemination of the mecA gene and MRSA and pose a health 
risk not only to workers, but also to the general public [237]. Soil contaminated 
with wastewater represents a reservoir of resistant genes. Therefore, both 
water and soil significantly contribute to a rapid increase in antimicrobial 
resistance throughout the world.  

3.7. CONCLUSION 
Resistance of staphylococci to antibiotics is a problem of global public health 
and food security. When exposed to antimicrobials, staphylococci develop 
various resistance mechanisms that can emerge and spread worldwide. 
Currently, the phenomenon of antimicrobial resistance can affect any country 
of the world. Infections caused by multidrug-resistant S. aureus (MRSA) and S. 
epidermidis (MRSE) strains result in prolonged hospital stays, higher medical 
costs and increased mortality. Therefore, tackling antimicrobial resistance is a 
high priority of the World Health Organization. As the resistance is mainly 
caused by the misuse or overuse of antibiotics, international cooperation 
across all government sectors (in particular the human health sector, the 
animal health sector and the agricultural sector) is required. Effective 
measures must be taken at each level to stop the spread of resistance. To 
understand the genetic mechanisms of antimicrobial resistance, further studies 
are required to monitor resistance genes in isolates of staphylococci from 
food-producing and companion animals, humans, finished food products as 
well as from the environment. 
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