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„Es wird lange dauern, bis die Menschheit begriffen hat, 

dass nicht nur die Völker der Erde ein Volk sind, sondern 

dass Menschen, Pflanzen und Tiere zusammen ‚Reich 

Gottes‘ sind und dass das Schicksal des einen Bereichs 

auch das Schicksal des andern ist.“ 

 

Luise Rinser, dt. Schriftstellerin (*1911, †2002) 
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HA-MRSA  hospital-associated methicillin-resistant Staphylococcus 
aureus 

HpaI restriction nuclease from Haemophilus parainfluenzae 

IS insertion sequence 

kb kilo bases 

kg kilogram 

LA-MRSA  livestock-associated methicillin-resistant Staphylococcus 
aureus 

MIC minimum inhibitory concentration 

mg/L milligramme per litre 

MLST multilocus sequence typing 



 

 

MLSB macrolides/lincosamides/streptogramin B 

MRS  methicillin-resistant staphylococci 

MRSA  methicillin-resistant Staphylococcus aureus 

MRSP  methicillin-resistant Staphylococcus pseudintermedius 

MSSA  methicillin-susceptible Staphylococcus aureus 

n  number 

ORFs open reading frames 

P plasmid 

PCR polymerase chain reaction 

PBP penicillin-binding protein 

PFGE pulsed field gel electrophoresis 

Ph.D. Doctor of Philosophy 

PVL Panton-Valentine leukocidin 

QRDRs quinolone resistance-determining regions 

rRNA ribosomal ribonucleic acid 

S. aureus Staphylococcus aureus 

S. epidermidis Staphylococcus epidermidis 

S. hyicus Staphylococcus hyicus 

S. sciuri Staphylococcus sciuri 

SCCmec  staphylococcal cassette chromosome mec 

SFP  staphylococcal food poisoning 

SmaI  restriction nuclease from Serratia marcescens 

spa staphylococcal protein A 

spp. species 

ST sequence type 

t type 

Tn transposon 

TOC turkey osteomyelitis complex 

tpi triosephosphate isomerase 

vs. versus 

WGM whole genome mapping 

WGS whole genome sequencing 

XbaI restriction nuclease from Xanthomonas badrii 

YOPI young, old, pregnant and immuno-compromised 

≥ greater or equal 

< less than 

% percent 

ɸ phi (abbreviation for single-stranded DNA-phages) 
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CHAPTER 1 General Introduction 

 

The genus Staphylococcus consists currently of more than fifty species and 

subspecies. Some of these species are predominantly found in humans, whereas 

others are mainly seen in animals. Staphylococci are facultative anaerobic, Gram-

positive, catalase-positive and immotile cocci, which commonly form grape-like 

clusters (SELBITZ 2007). Some staphylococcal species possess the enzyme 

coagulase, which enables these staphylococci to convert fibrinogen into fibrin. The 

resulting fibrin coat hides the staphylococci from the host’s cellular immune 

response. Based on their ability to produce coagulase, staphylococci are 

differentiated into three groups: the coagulase-positive [e.g. Staphylococcus aureus 

(S. aureus)], the coagulase-negative and the coagulase-variable staphylococcal 

species (AARESTRUP and SCHWARZ 2006).  

In humans and animals, many staphylococcal species, regardless of their 

ability to produce coagulase, are commensals, which colonize the skin and also 

represent an integral component of the physiological microbiota on mucosal surfaces 

of the body, particularly in the upper respiratory tract, but to a lesser extent also in 

the alimentary or the genitourinary tract (WERCKENTHIN et al. 2001, AARESTRUP 

and SCHWARZ 2006). However, most staphylococcal species are considered as 

facultative pathogens and can also cause severe infections in both humans and 

animals. As a further possibility, staphylococcal species can also occur as 

contaminants of food of animal origin (WEESE 2010). The three different terms, 

colonization, infection and contamination are crucially important to understand the 

importance of staphylococci. Colonization, sometimes also referred to as carriage, 

describes the multiplying of bacteria in a host without causing disease. In an 

infection, the presence of the bacterium results in pathological changes that indicate 

the manifestation of a disease. Contamination describes the presence of the bacteria 

on or in a material, a physical body or the natural environment, respectively, yet there 

is no necessity of bacterial multiplication. 

In addition to their wide distribution, staphylococci can easily spread between 

different animal species, and also between humans and the different animal species. 

Various transmission routes have been described including direct skin to skin 

contact, contact with excretions or contact with living and non-living vectors 



 General Introduction 1 

 

17 

(WERCKENTHIN et al. 2001). In veterinary medicine, the most relevant 

staphylococcal species are S. aureus, especially in livestock (KADLEC et al. 2012a), 

Staphylococcus hyicus in pigs (L’ECUYER 1967) and Staphylococcus 

pseudintermedius in dogs (FITZGERALD 2009). In addition, methicillin-resistant S. 

aureus (MRSA) from livestock is the best described species in animals.  

The pathogenicity for each single host depends on the host’s health status, but 

the virulence and resistance genes carried and expressed by the staphylococcal 

isolates are also of importance (SELBLITZ 2007). Usually, the intact skin and 

mucosal surface represent the first physiological, mechanical barrier. The functionally 

active host immune system as well as the tissue-specific commensal microbiota 

(“physiological flora”) play an important role as biological defence against such 

pathogens (TIZARD 2004, PODOLSKY 1999). If this system is out of balance as a 

consequence of injuries, burns, primary viral or parasitic infections, staphylococci can 

invade deeper tissue and cause localized or generalized infections (WERCKENTHIN 

et al. 2001). Furthermore, a potential higher risk exists for an especially sensitive 

group of individuals, referred to as “YOPI”. “YOPI” stands for very young, old, 

pregnant or immuno-compromised and it summarizes the four categories of 

individuals that do not have a robust immune system and are therefore more prone to 

clinically infections (SKJERVE 2002).  

 

Staphylococcal infections in both, animals and humans, are commonly treated 

with antimicrobial agents, most often with β-lactam antibiotics (LI et al. 2007). These 

antibiotics were initially highly effective against staphylococci, but β-lactamase-

producing S. aureus isolates emerged in the mid-1940s, and their prevalence 

increased dramatically within a few years (KIRBY 1944). In 1959, Beecham 

developed the first β-lactamase-stable β-lactam, namely methicillin, to overcome this 

resistance mechanism. Only two years later, the first isolates of MRSA were 

described (JEVONS 1961). Meanwhile, methicillin-resistant staphylococci (MRS) 

have spread throughout the world and have become a major concern in public health 

and food surveillance.  

MRS exhibit many characteristics, particularly their virulence properties and 

quorum sensing mechanisms, which enable them to continuously cause a wide 

variety of serious infections in humans (MOELLERING 2012). In addition, 

MOELLERING (2012) described that the genetic diversity and ability to acquire 
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genetic material from other bacteria have enabled MRSA isolates to adapt to 

changing environmental conditions and to modulate their pathogenicity and 

antimicrobial resistance. These abilities not only empower them to acquire resistance 

to various antimicrobial agents, but also to establish asymptomatic carriage.  

WERTHEIM and colleagues (2005) described that about 20 % of healthy 

humans persistently carry S. aureus in their nose and are considered to be 

colonized, another 30 % are intermittent carriers and the remaining 50 % of the 

healthy human population almost never carry S. aureus. Nevertheless, the 

prevalence of nasal colonization with MRSA is much lower and might probably be 

lower than 1.5 % (GORWITZ et al. 2008). It is easily comprehensible that nasal 

carriage of S. aureus may represent an additional risk factor for the occurrence of 

staphylococcal infections.  

MRSA is one of the most common causes of bacterial infections, ranging in 

humans from minor skin infections without the necessity to any treatment to severe 

diseases. In some instances, fatal infections occur in hospitals following a damage of 

physiological barriers caused by injury or invasive surgery or in immune-

compromised patients (CHAMBERS 2001, DIEKEMA et al. 2001). Especially 

hospital-associated infections with MRSA isolates are rarely trivial (DELEO and 

CHAMBERS 2009). Although it was initially exclusively a hospital-associated 

problem, MRSA was in the early 1990s for the first time also described in patients 

from Western Australia, who had no contact to hospital environment. Meanwhile, 

MRSA isolates in the community occur worldwide (CHUA et al. 2011).  

 

Currently, MRSA isolates are subdivided into three major groups: hospital-

associated MRSA (HA-MRSA), community-associated MRSA (CA-MRSA) and 

livestock-associated MRSA (LA-MRSA). HA-MRSA isolates and CA-MRSA isolates 

differ distinctly from each other (DAVID and DAUM 2010). HA-MRSA isolates show 

high antimicrobial resistance, low virulence and they are not good colonizers. On the 

contrary, CA-MRSA isolates exhibit low antimicrobial resistance, high virulence [e.g. 

the Panton-Valentine leukocidin (PVL)] and they are good colonizers that harbor 

numerous pathogenicity factors. Moreover, HA-MRSA isolates have mostly been 

isolated from people who are exposed to the health care system, are older and have 

one or more comorbid conditions. In contrast, CA-MRSA infections tend to occur in 

previously healthy, younger patients. While HA-MRSA isolates tend to cause 
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pneumonia, bacteraemia, and other invasive infections, CA-MRSA isolates have 

been predominantly associated with deep soft tissue infections such as necrotizing 

fasciitis or septic thrombophlebitis (NAIMI et al. 2003).  

The third type of MRSA isolates has initially been identified in pigs, pig farmers 

and their families from The Netherlands and France in 2005 and showed a 

characteristic non-typeability by SmaI macrorestriction analysis (ARMAND-LEFEVRE 

et al. 2005, VOSS et al. 2005). The corresponding isolates, first referred to as non-

typeable and later on as LA-MRSA, belong most often to the until then rarely 

identified sequence type (ST) 398 within the clonal complex (CC) 398 (VOSS et al. 

2005). In comparison to HA-MRSA and CA-MRSA isolates, LA-MRSA isolates show 

variable antimicrobial resistance, low virulence and low host specificity. 

 

 

1.1 Dissemination of LA-MRSA among Animals and Humans 

 

Since the first reports in 2005, LA-MRSA has been reported in many countries, and 

has become virtually pandemic (CUNY et al. 2010, VANDERHAEGHEN et al. 2010a, 

GRAVELAND et al. 2011b, LIM et al. 2012). However, the prevalence varies widely 

from country to country, e.g. prevalence of LA-MRSA of up to 85 % for pigs, 70 % for 

farms and 45 % for personnel involved in livestock industry has been reported in the 

United States and Belgium (SMITH et al. 2009, CROMBÉ et al. 2012). In contrast, 

LA-MRSA has not yet been found at all in Ireland (HORGAN et al. 2011).  

According to a study by CUNY and colleagues (2012), there are indications 

that the rates of LA-MRSA in some farms adhering to an alternative system may be 

lower, or LA-MRSA may even be absent. It remains to be seen whether these lower 

rates are true or an artefact resulting from a different sampling or MRSA isolation 

methodology. If true, it may be worth investigating whether these alternative farms 

operate outside the mainstream of pig farming (FLUIT 2012). PLETINCKX and 

colleagues (2011) found that differences in the year of isolation, the sampling site, 

the type of farm, the time-point of production (age and location) and the methods 

used for isolation could explain some of the diverging results seen in the different 

studies. The role of antimicrobial usage and the type of antibiotic used before 

sampling may also have an impact on the results (CUNY et al. 2012).  
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In addition, it has been shown that CC398 is not the only predominant CC in 

livestock. Particularly in Southeast Asia, such as the mainland China, Hong Kong or 

Malaysia, LA-MRSA belonging to CC9 appear to be more frequent than CC398 

(MONECKE et al. 2011, FLUIT 2012). The affiliation to a CC also depends on the 

host. For instance, the most widespread and dominant S. aureus strains in poultry 

belong to CC5 (LOWDER et al. 2009). 

 

The spread of LA-MRSA in various countries and also the identification in a 

number of different food-producing animal species suggests a low host-specificity. 

Beside pigs, LA-MRSA was identified in cattle, namely veal calves (GRAVELAND et 

al. 2010), feedlot cattle (WEESE et al. 2012) and dairy cows (FESSLER et al. 2010, 

HOLMES et al. 2011). LA-MRSA is also present in poultry, both turkeys and chickens 

on fattening, laying as well as breeding farms (NEMATI et al. 2008, MULDERS et al. 

2010, GEENEN et al. 2013).  

In pigs, LA-MRSA is mainly a colonizer, and there are only a few studies 

describing LA-MRSA being involved in clinical diseases of pigs (VAN DUIJKEREN et 

al. 2007, KADLEC et al. 2009, MEEMKEN et al. 2010). In cattle, LA-MRSA can be a 

colonizer, but - especially in dairy cows - LA-MRSA often causes mastitis (FESSLER 

et al. 2010, 2012, VANDERHAEGHEN et al. 2010b). Bovine mastitis is a major 

problem in dairy industry, affecting animal health and causing high economic losses 

(JONES and BAILEY 2009). Although antibiotic treatment is an option for individual 

animals, it is expensive, may favour the development of antimicrobial resistance, and 

does not prevent the chronic presence of S. aureus in the udder tissue (FLUIT 2012). 

In poultry, LA-MRSA can be a colonizer, but several disease patterns have been 

associated with them as well, such as comb necrosis, leg lameness because of 

arthritis or osteomyelitis, and septicaemia (NAKAMURA et al. 1997, MCNAMEE et al. 

2000, MONECKE et al. 2013). These diseases may affect a significant proportion of 

a flock and lead to high economic losses. Moreover, the animals suffer and their 

health status is strongly affected. Furthermore, LA-MRSA has been isolated from 

other animals, such as dogs, cats, sheep, horses or rats, which were present on the 

respective farms or had contact to persons at-risk (NIENHOFF et al. 2009, VAN DE 

GIESSEN et al. 2009, FESSLER et al. 2012). 

The contact to food-producing animals and consequently the increased risk of 

colonization with LA-MRSA is not only a problem for the aforementioned animals, but 
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also for humans. It quickly became apparent that LA-MRSA were also able to 

colonize humans (ARMAND-LEFEVRE et al. 2005, VAN LOO et al. 2007b, VAN 

CLEEF et al. 2011b) and that persons with occupational contact to livestock, such as 

farmers, veterinarians or abattoir workers, were especially at risk of being colonized 

by LA-MRSA (HUIJSDENS et al. 2006, CUNY et al. 2009, MULDERS et al. 2010, 

HUBER et al. 2011, GARCIA-GRAELLS et al. 2012). This is even true for family 

members of these persons at-risk, even though it seems to play a minor role in the 

dissemination of LA-MRSA (CUNY et al. 2009).  

Further studies revealed that a short-term occupational exposure to pigs or 

veal calves on LA-MRSA-positive farms for humans not exposed to livestock on a 

daily basis frequently results in the acquisition of LA-MRSA. However, the majority of 

people, who acquire LA-MRSA after short-term occupational exposure, get rid of the 

strain within 24 hours, if there is no repeated contact (VAN CLEEF et al. 2011a). 

Therefore, colonization could be additionally differentiated in a real persistent 

colonization and a transient short-term colonization. The persistence of LA-MRSA 

carriage in humans is consequently dependent on the duration and the frequency of 

contact with LA-MRSA-positive animals (VAN DEN BROEK et al. 2009, 

GRAVELAND et al. 2011a). In addition to colonization, LA-MRSA infections in 

humans have also been described. They preferentially occur in risk groups and 

account for only a minor part of the global MRSA infections in humans (WULF et al. 

2008, RASIGADE et al. 2010, LOZANO et al. 2011, VAN CLEEF et al. 2011b).  

Up to now LA-MRSA has also been isolated from horses (VAN DEN EEDE et 

al. 2009, WALTHER et al. 2009, SIEBER et al. 2011, VINCZE et al. 2014), cats 

(WEISS et al. 2013a, VINCZE et al. 2014) and dogs (WITTE et al. 2007, VINCZE et 

al. 2014), all without known contact to livestock or persons at-risk. Besides their role 

as colonizer or pathogen in different hosts, LA-MRSA, which colonizes food-

producing animals, can contaminate carcasses during slaughter and play a role as 

contaminant in the subsequent manufacturing process (VANDERLINDE et al. 1999). 

Thus it is not surprising that LA-MRSA has been detected in food of animal origin, 

such as pork, beef, veal, milk, poultry meat or poultry meat products. This raises the 

question, which role MRSA from food-producing animals and food plays as a food-

borne pathogen (CHAPTER 7). 
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Not only the general occurrence of LA-MRSA in a variety of hosts and different 

countries, but particularly the ability to cause zoonotic infections in humans has 

raised important questions regarding its origin (FITZGERALD 2012). To trace back 

the origin of LA-MRSA, PRICE and colleagues (2012) applied whole genome 

sequencing (WGS) to characterize a diverse collection of MRSA and methicillin-

susceptible S. aureus (MSSA) from animals and humans originating from 19 

countries and four continents. On the basis of the obtained data, the authors 

assumed that LA-MRSA originated as a MSSA in humans and then spread to and 

within livestock. The transfer from humans to livestock was accompanied on the one 

hand by the loss of phage-carried human virulence genes and on the other hand by 

the acquisition of methicillin and tetracycline resistance genes.  

As WGS is not yet possible for all available isolates, in-depth characterization 

by molecular methods is a good possibility to characterize such isolates to the strain 

level and to investigate their further spread, since LA-MRSA is not a homogenous 

lineage or even a single clone. Various molecular typing methods have been 

established and are also appropriate to trace back the routes of transmission or to 

identify the most likely sources of contamination (SCHWARZ et al. 2003, FESSLER 

et al. 2010, 2011b). The discriminatory power of these methods varies distinctly and 

can be increased by suitable combinations of the methods (FESSLER et al 2011b). 

Due to variable specificity and different target structures, the choice of typing 

methods depends on the objective of a study. Furthermore, some of the methods 

[e.g. macrorestriction analysis, multi-locus sequence typing (MLST), staphylococcal 

protein A (spa) typing or DNA microarray analysis] are applicable to both MSSA and 

MRSA, whereas other methods [e.g. staphylococcal cassette chromosome mec 

(SCCmec) typing or direct repeat unit (dru) typing] are applicable to all MRS, 

including MRSA. 

 

 

1.2 Variety of Resistance and Virulence Properties in LA-MRSA 

 

The antimicrobial resistance status in each Staphylococcus isolate can change under 

a variety of conditions at any time and place. The isolate can be susceptible, 

resistant to one or two antimicrobial agents or multi-resistant. By definition, 

staphylococci are referred to as multi-resistant if they have acquired resistance to 
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three or more classes of antimicrobial agents (SCHWARZ et al. 2010). Resistance to 

the respective antimicrobial agents can be due to resistance mediating mutations 

(KADLEC et al. 2011) or to resistance genes, whose products specify different 

resistance mechanisms. Basically, three mechanisms can be differentiated: (i) 

enzymatic inactivation of antimicrobial agents, (ii) decreased intracellular 

accumulation of antimicrobial agents, or (iii) protection/modification/replacement of 

the cellular target site(s) of the antimicrobial agents (SCHWARZ et al. 2006).  

Thereby, the product of a specific resistance gene can confer resistance to 

specific members of a class of antimicrobial agents or to the entire class or even to 

members of different classes of antimicrobial agents (KEHRENBERG et al. 2009). 

On the other hand, resistance to the same antimicrobial agent can be mediated by 

different resistance mechanisms and/or be based on different resistance genes 

(SCHWARZ et al. 2006). It is meanwhile commonly accepted that for many 

resistance properties, two or three resistance genes accounting for more or less the 

same resistance property may exist simultaneously in the same LA-MRSA isolate 

(KADLEC et al. 2009, FESSLER et al. 2010, MONECKE et al. 2013). 

Previous work on the resistome of LA-MRSA revealed that staphylococci can 

act as donors and recipients of resistance genes. As staphylococci live in close 

contact to other bacteria on the skin or the mucosal surfaces, the exchange of 

genetic material, such as resistance genes, with a wide variety of bacteria, e.g. 

Bacillus spp., Enterococcus spp., Streptococcus spp., Lactococcus spp. or 

Lactobacillus spp., is likely. As a result, the same or closely related resistance genes 

are often found in bacteria of different species or genera. This is supported by the 

integration of several resistance genes into mobile genetic elements such as 

plasmids or transposons.  

These elements are not only spread vertically during the division of the host 

cell, but can also be transferred horizontally, e.g. under selective pressure imposed 

by the use of antimicrobial agents. As a matter of fact, plasmids are highly flexible: 

they can undergo recombinational events, form co-integrates with other plasmids, 

incorporate transposons or parts thereof and can integrate into the chromosomal 

DNA. Thus, plasmids play an important role as major vehicles of gene transfer into or 

from LA-MRSA. As a consequence, the acquisition of novel resistance genes in LA-

MRSA is considered a continuous process which results from all kinds of interactions 

of staphylococci with other bacteria (SCHWARZ et al. 2006, KADLEC et al. 2012a). 
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This explains, why staphylococci (i) harbour a wide variety of resistance genes that 

confer resistance to several classes of antimicrobial agents, (ii) may show changes of 

their resistance status due to the loss or acquisition of resistance genes, and also (iii) 

carry novel resistance genes or resistance genes previously not known to be present 

in staphylococci. 

 

 

1.2.1 Common Resistance Pheno- and Genotypes in LA-MRSA 

 

Staphylococci can carry the genes mecA or mecC which account for methicillin 

resistance. Those isolates are typically abbreviated as MRS. Unfortunately, this leads 

to confusion from time to time, because it is often believed the ‘MR’ stands for multi-

resistant instead of methicillin-resistant, which leads to believe that MRS are in 

general multi-resistant. The presence of methicillin resistance should to be confirmed 

by appropriate diagnostic tests, the use of clinical breakpoints and the detection of 

the methicillin resistance genes mecA or mecC. For that purpose, the existing clinical 

breakpoints for oxacillin, which were adopted from human medicine, proved to be 

largely suitable for the identification of methicillin resistance in staphylococcal 

isolates of animal origin. Both mec genes code for alternative penicillin-binding 

proteins (PBP) with a strongly reduced affinity to virtually all β-lactam antibiotics 

(KATAYAMA et al. 2000, GARCIA-ALVAREZ et al. 2011, SHORE et al. 2011). As a 

consequence, the Clinical and Laboratory Standards Institute (CLSI) recommends 

that MRS should be considered resistant to the whole class of β-lactam antibiotics 

(CLSI 2013). 

LA-MRSA has been shown to be often resistant to tetracyclines, macrolides, 

lincosamides, trimethoprim and/or aminoglycosides (KADLEC et al. 2009, FESSLER 

et al. 2010, 2011b, MONECKE et al. 2011). A closer look at the respective resistance 

genes so far identified in LA-MRSA revealed resistance genes (i) which are either 

known to be present in other staphylococcal species of human and animal origin, (ii) 

which most likely originate from other Gram-positive bacteria or (iii) which are novel 

and of unknown origin (KADLEC et al. 2012a).  

The first group includes resistance genes, such as the β-lactamase gene blaZ 

(ROWLAND and DYKE 1990), the tetracycline resistance gene tet(K) (LYON and 

SKURRAY 1987), the macrolide/lincosamide/streptogramin B (MLSB) resistance 
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genes erm(A) (MURPHY et al. 1985), erm(B) (WERCKENTHIN et al. 1996a) and 

erm(C) (HORINOUCHI and WEISBLUM 1982), as well as the genes aacA-aphD 

(LANGE et al. 2003) or aadD (KADLEC and SCHWARZ 2010b) coding for resistance 

to gentamicin/tobramycin/kanamycin or kanamycin/neomycin, respectively.  

The second group includes resistance genes like the tetracycline resistance 

gene tet(L), which is believed to originate from Bacillus spp. (KADLEC and 

SCHWARZ 2009a), the tetracycline resistance gene tet(M) (FLANNAGAN 1994), 

which has been found in a wide variety of Gram-positive and even Gram-negative 

bacteria, or the MLSB resistance gene erm(T), which has been detected in 

Streptococcus spp., Lactobacillus spp. and Enterococcus faecium (DIPERSIO et al. 

2008, EGERVÄRN et al. 2009, KADLEC and SCHWARZ 2010a).  

The last group comprises amongst others the resistance genes vga(C) 

encoding an ABC transporter for lincosamide/pleuromutilin/streptogramin A 

resistance (KADLEC and SCHWARZ 2009b), the trimethoprim resistance gene dfrK 

(KADLEC and SCHWARZ 2009a) and the apramycin resistance gene apmA 

(FESSLER et al. 2011a, KADLEC et al. 2012b).  

Some of these resistance genes show a preferred localization. The mec genes 

are exclusively located on the chromosomally located SCCmec elements. The tet(L) 

gene is often co-localized with the trimethoprim resistance gene dfrK on larger 

plasmids, which can also harbour additional resistance genes such as erm(T) or 

aadD (KADLEC and SCHWARZ 2010a), whereas the erm(C) gene is most often 

located on small multi-copy plasmids (AARESTRUP et al. 2000, LÜTHJE and 

SCHWARZ 2007b). Furthermore, the resistance gene erm(A) and the spectinomycin 

resistance gene spc are parts of the transposon (Tn) 554, which is sometimes 

extended by the lincosamide/pleuromutilin/streptogramin B resistance gene vga(E) to 

the Tn554-like transposon Tn6133 (SCHWENDENER and PERRETEN 2011).  

The co-localization of resistance genes enables not only the co-selection, but 

also the persistence of different resistance genes under the selective pressure 

induced by the use of one of the respective antimicrobial agents (KADLEC and 

SCHWARZ 2009a, 2010a). In combination with multi-copy plasmids and all the 

different opportunities to acquire a variety of resistance genes, there are virtually no 

limits to exchange genes within and beyond the Gram-positive resistance gene pool. 
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1.2.2 Common Virulence Factors in LA-MRSA 

 

However, not only the resistance status, but also the presence of virulence properties 

is of particular importance for veterinary and human medicine. A wide spectrum of 

secreted and cell surface-associated virulence factors can be expressed to promote 

adhesion to the host extracellular matrix components, damage host cells or fight the 

immune system (FOSTER 2005). However, the majority of these virulence factors 

was identified in different staphylococcal isolates of human origin.  

Previous studies on LA-MRSA showed that these isolates, regardless of their 

origin, usually do not carry the most relevant virulence genes, such as the PVL genes 

lukF/S-PV, the toxic shock syndrome toxin 1 gene tst1 as well as the exfoliate toxin 

genes etA, etB and etD (ARGUDÍN et al. 2011, MONECKE et al. 2011). Only in a few 

cases, LA-MRSA CC398 of human origin has been reported to be PVL-positive 

(WELINDER-OLLSON et al. 2008, YU et al. 2008).  

The vast majority of LA-MRSA CC398 isolates are also negative for 

enterotoxin genes, whereas LA-MRSA isolates of CC5 and CC9 usually carry the 

enterotoxin gene cluster (egc), which comprises the enterotoxin G, I, M, N, O and U 

genes (seg, sei, selm, seln, selo, selu) (MONECKE et al 2011). Most of these 

enterotoxins are of particular importance, because they can withstand heating 

processes and have been associated with a form of gastroenteritis that is manifested 

clinically by emesis with or without diarrhoea in humans, referred to as 

staphylococcal food poisoning (SFP). SFP is caused by ingestion of one or more 

enterotoxins via food and food products that have been contaminated with 

enterotoxin-positive S. aureus isolates (BALABAN and RASOOLY 2000, DINGES et 

al. 2000). 
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CHAPTER 2 Aims of the Ph.D. Thesis 

 

The aims of the present Ph.D. thesis were: 

 

(1) to investigate the genetic relationships, the virulence and the resistance 

properties of Staphylococcus aureus (S. aureus) isolates associated with 

diseases in domestic poultry (CHAPTER 3), 

 

(2) to comparatively characterize livestock-associated methicillin-resistant S. 

aureus (LA-MRSA) from broilers at slaughter and abattoir workers as well as 

from broilers on farm and farm workers for their genetic relationships, their 

virulence and resistance properties with particular reference to identify 

transmission between the different reservoirs (CHAPTERS 4-6), 

 

(3) to summarize the current knowledge about MRSA from food-producing 

animals and food of animal origin with respect to the role of these organisms to 

act as food-borne pathogens and to consider the available tools for tracking 

the spread of these organisms (CHAPTER 7), 

 

(4) to summarize the latest information on resistance genes so far detected in 

staphylococci from healthy and diseased animals (CHAPTER 8), 

 

(5) to analyze the function of a putative ABC transporter identified in MRSA and 

methicillin-susceptible S. aureus (MSSA) isolates of human origin from Spain 

(CHAPTER 9), 

 

(6) to investigate the genetic basis of pleuromutilin resistance in LA-MRSA of 

porcine origin from China with particular reference to the genetic environment 

of the identified plasmid-borne resistance gene lsa(E) (CHAPTER 10), 
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(7) to analyze the function of a putative spectinomycin resistance gene located in 

a multi-resistance gene cluster in MRSA and MSSA isolates of human origin 

from Spain as well as from LA-MRSA isolates of porcine origin from China 

(CHAPTER 11), 

 

(8) to determine the complete sequence of the multi-resistance plasmid pV7037, 

isolated from a LA-MRSA isolate of porcine origin, to gain insight into its 

structure and organization with particular focus on a better understanding of 

the processes that led to the formation of such a multi-resistance plasmid 

(CHAPTER 12), 

 

(9) to compare MRSA isolates, that harbour the novel genes lsa(E) and spw, for 

their genotypic relationships, to gain insight into the genetic environment of 

these novel genes and to see whether these isolates represent part of the 

multi-resistance gene clusters (CHAPTER 13), 

 

(10) to determine the plasmid background of the novel spectinomycin resistance 

gene spd among MRSA and MSSA isolates (CHAPTER 14), and 

 

(11) to analyze fluoroquinolone resistance-associated mutations among S. aureus 

isolates from poultry and other animals as well as food (CHAPTER 15). 
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CHAPTER 16 General Discussion 

 

As a consequence of the increase in world population and the growing global 

demand for meat, animal husbandry constantly faces new challenges. The 

performance ability and the flock sizes have to increase steadily. Nevertheless, the 

health and welfare of animals should rank first. In some countries with high 

population growth, such as China, the intensive animal husbandry enlarges 

considerably and the primary goal is the maximum increase of the generated output. 

In other countries, such as in most European countries, the intensive animal 

husbandry, that has evolved in the course of structural changing, is being critically 

judged by the consumers. The livestock-friendly husbandry, which ensures the well-

being of animals and their performance, is generally seen positive. Nevertheless, it is 

discussed controversially in public, especially with regard to the higher costs, the 

food safety, the environmental effects and public health in general.  

The high animal density is a reservoir for pathogens, which can cause 

infectious diseases. Bacterial infections can be treated with antibiotics, but each use 

of antibiotics may lead to antimicrobial resistance. Subsequently, these drugs may no 

longer be effective in people or animals suffering from infections with antimicrobial 

resistant bacteria. Both, the intensive animal husbandry by itself and the food chain, 

can serve as possible transmission routes of resistant organisms from food-

producing animals or food thereof to humans. Thus, antimicrobial resistance in 

bacteria from livestock is definitely not only of veterinary interest, but also an issue 

for human medicine and public health. 

 

 

16.1 General Considerations 

 

Methicillin-resistant Staphylococcus aureus (MRSA) is an important facultative 

pathogen which is known to be present in various food-producing animals. MRSA 

can exhibit resistance to a broad range of antimicrobial agents (LYON and 

SKURRAY 1987, WERCKENTHIN et al. 2001, JENSEN and LYON 2009). During 

recent years, MRSA, especially MRSA of the clonal complex (CC) 398, has gained 

particular attention as colonizer and - more rarely - as causative agent of infections in 
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food-producing animals (VOSS et al. 2005, WITTE et al. 2007, LEONARD and 

MARKEY 2008, CUNY et al. 2010). Due to its initial appearance in livestock and in 

people with occupational contact to livestock, this new MRSA variant was referred to 

as livestock-associated (LA)-MRSA. Several studies identified LA-MRSA isolates 

from pig, veal calf and dairy farms (KADLEC et al. 2009, FESSLER et al. 2010, 2012, 

GRAVELAND et al. 2010) and LA-MRSA has been shown to readily cross species 

barriers and also colonize and infect humans. In particular, veterinarians, farmers 

and other persons with exposure to livestock are at risk (CUNY et al. 2009, DENIS et 

al. 2009, GARCIA-GRAELLS et al. 2012, KÖCK et al. 2013).  

Although poultry plays a major role in intensive animal husbandry, there are 

only limited studies available on LA-MRSA from poultry and also from food of poultry 

origin intended for human consumption (NEMATI et al. 2008, FESSLER et al. 

2011b). Among all food-producing animal species, poultry - especially broilers and 

turkeys - have the highest number of individuals per herd with 40.000 individuals per 

flock being the rule rather than the exception. Poultry - in particular broilers - also 

have the shortest fattening period and based on the high stocking capacity, poultry 

farms often represent the worst animal husbandry conditions. In spite of or rather due 

to all aforementioned factors, poultry production is the intensive livestock husbandry 

with the highest frequency of antibiotic treatments at the moment (VAN RENNINGS 

et al. 2013). Food of poultry origin represents the second most common source of 

meat worldwide and simultaneously the cheapest supply of meat (MAENNEL 2013). 

During recent years, poultry meat has become more popular, particularly amongst 

consumers from industrialized countries. According to the Federal Association of 

German Meat Industry, the consumption of poultry meat in Germany increased from 

16.7 kilograms (kg) per capita in 2006 to 18.5 kg per capita in 2012 

(http://www.bvdf.de). Based on the biological value of poultry protein, the low fat rate 

and the easy digestibility, food of poultry origin is often consumed by young, old, 

pregnant and immuno-compromised persons (YOPI’s). 

Based on the aforementioned facts, it is of particular importance to 

comprehensively characterize LA-MRSA isolates of poultry origin (i) to identify the 

genomic relationships of the isolates present, (ii) to determine their antimicrobial 

resistance and virulence profiles, (iii) to gain insight into the epidemiological situation, 

and (vi) to determine possible reservoirs and transmission routes of LA-MRSA of 

poultry origin and food thereof. 
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16.2  Genotyping of S. aureus from Diseased Poultry 

 

Staphylococcus aureus (S. aureus) is both a common inhabitant of the skin and 

mucous membranes of poultry with an ubiquitous presence in the environments, 

where poultry are hatched, reared or processed, but also a cause of clinically 

important infections in poultry (SKEELES 1997). The disease conditions vary with the 

site, the route and the time point of inoculation during the life cycle of poultry. S. 

aureus is the most common pathogen recovered from leg and joint infections in 

commercial poultry flocks, which is most often associated with bacterial 

chondronecrosis combined with osteomyelitis (BCO) of the proximal end of the femur 

and tibiotarsus (MCNAMEE et al. 1998, ALFONSO and BARNES 2006). In turkeys, 

BCO is additionally associated with a green staining of the liver and thus is referred 

to as turkey osteomyelitis complex (TOC) (MUTALIB et al 1983, HUFF et al 2000). 

These diseases are significant in poultry flocks, because the lameness compromises 

the welfare of poultry and causes considerable economic losses (MCNAMEE and 

SMYTH 2000, LOWDER and FITZGERALD 2010). Further common staphylococcal 

infections are umbilical infections or infections of the yolk sac in chicks or turkey 

poulets, comb necrosis, and, if the bacteria invade the bloodstream, septicaemia 

(NAKAMURA et al. 1997, SMYTH and MCNAMEE 2008).  

In addition to egg or hatchery contamination, predisposing factors to become 

infected with S. aureus include wounds as a result of minor surgical procedures or 

fighting/cannibalism, immunosuppression based on virus infections or parasite 

infestations, chronic stress, bad husbandry conditions, e.g. overcrowding 

(JUNGHERR and PLASTRIDGE 1941, MCCULLAGH et al. 1998, MCNAMEE and 

SMYTH 2000). Staphylococcosis and many other infections in poultry can be 

successfully treated with antimicrobial agents, including penicillin, erythromycin and 

tetracyclines, but antimicrobial resistance is also common (AARESTRUP et al 2000, 

TANNER 2000). 

 

To gain insight into the resistance properties and into the whole genomic 

diversity of S. aureus isolates associated with diseases in poultry, 51 MRSA or 

methicillin-susceptible S. aureus (MSSA) isolates from clinically diseased chickens 

and 80 MRSA or MSSA isolates from clinically diseased turkeys were investigated in 

the first study (CHAPTER 3). All these isolates originated from routine diagnostic 
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samples at the German Poultry Clinic and Laboratory Dr. Pöppel, Delbrück and were 

obtained from necropsy material from cases of invasive infections of the joints, liver, 

heart or lungs. 

The molecular typing of the S. aureus isolates revealed significant differences 

between chickens and turkeys and - especially in turkeys - a high percentage of 

MRSA was seen. In turkey husbandry, 21.2 % (17 out of 80) were MRSA, whereas 

the methicillin resistance rate among the chicken S. aureus isolates was only 9.8 % 

(five out of 51). The most common CC among turkey isolates was CC398. This 

includes not only the recently emerging livestock associated CC398-MRSA with the 

staphylococcal cassette chromosome mec (SCCmec) type V (-V) isolates, but also 

CC398-MRSA isolates with other SCCmec types and CC398-MSSA isolates. Among 

the chicken isolates, all five MRSA as well as two MSSA isolates belonged to CC398. 

All CC398-MSSA isolates from turkeys (n=57) showed resistance to penicillins, 

tetracyclines, and about half of them also to macrolides/lincosamides/streptogramin 

B (MLSB), whereas only one of the two CC398-MSSA isolates from chickens was 

resistant to penicillins, tetracyclines and MLSB. All these observations are in 

accordance with the results of a recent study by ARGUDÍN and colleagues (2013), 

where 30 out of 34 isolates from diseased turkeys in Brittany (France) were identified 

as CC398-MSSA isolates with similar expanded resistance patterns. 

The characterization of the 16 CC398-MRSA isolates showed two different 

staphylococcal protein A (spa) types, seven different direct repeat unit (dru) types, a 

high variability in their resistance pheno- (n=13) and genotypes (n=16) as well as the 

lack of major staphylococcal virulence factors. These results revealed striking 

similarities to CC398-MRSA isolates from diseased pigs (KADLEC et al. 2009), or 

dairy cattle suffering from bovine mastitis (FESSLER et al. 2010). Consequently, it 

seems that CC398-MRSA isolates with similar characteristics are associated with a 

number of different diseases in different food-producing animal species, and their 

relative homogeneity suggests a more recent expansion. In particular, isolates of 

CC398-MRSA-V, which was also the common lineage among the MRSA isolates in 

our study, appear to be very common and widespread and have been reported from 

most parts of the world in a variety of different host species (WULF et al. 2006, DE 

NEELING et al. 2007, MONECKE et al. 2007, NEMATI et al. 2008, VAN DUIJKEREN 

et al. 2008, KRZIWANEK et al. 2009, LOZANO et al. 2009, NIENHOFF et al. 2009, 
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PAN et al. 2009, WALTHER et al. 2009, SOAVI et al. 2010, VANDERHAEGHEN et 

al. 2010b, DU et al. 2011, MONECKE et al. 2011, WEISS et al. 2013a).  

Two remaining turkey isolates belonged to CC9-MRSA with SCCmec type IV 

(-IV). The CC9 lineage appears to be livestock-associated in a similar way as CC398 

(MONECKE et al. 2011) and CC9-MRSA-IV isolates were also identified in chicken 

meat products from Germany and The Netherlands (FESSLER et al. 2011) and in 

chicken isolates as well as chicken meat products from Hong Kong (HO et al. 2012, 

BOOST et al. 2013). 

In contrast to the most frequently detected CC398-MSSA isolates in turkeys, 

CC5-MSSA isolates were the most frequently isolated lineage in chickens (44 out of 

51) in our study (CHAPTER 3). Only four MRSA isolates and four MSSA isolates 

from turkeys also belonged to CC5. This observation corresponds closely to the data 

published by LOWDER and colleagues (2009), indicating that CC5 is also a major S. 

aureus lineage in poultry. This is also in accordance with the results of HASMAN and 

colleagues (2010), who identified 96 % of their isolates as CC5-MSSA. All methicillin-

resistant isolates from turkeys were assigned to CC5-MRSA with SCCmec type III (-

III); this MRSA type has previously been isolated from Korean chicken meat samples 

(KWON et al. 2006) and German turkey meat products (FESSLER et al. 2011), as 

well as from ill humans in a hospital in the South African province KwaZulu-Natal 

(SHITTU et al. 2009). The susceptibility testing revealed that all four CC5-MRSA 

isolates of turkey origin were, in addition to their β-lactam resistance, resistant to 

tetracyclines, MLSB antibiotics, spectinomycin and enrofloxacin and all but one CC5-

MSSA isolates of turkey origin showed at least resistance to penicillins, tetracyclines 

and MLSB antibiotics. Among the CC5-MSSA isolates from chickens, only single 

isolates showed resistance to penicillins, tetracyclines and MLSB antibiotics. In 

contrast to the CC398 isolates, all CC9 and CC5 isolates harboured the enterotoxin 

gene cluster (egc), which comprises the enterotoxin G, I, M, N, O and U genes. 

Two additional lineages were found in turkeys, a single CC7-MSSA isolate and 

a single CC15-MSSA isolate. Both lineages are abundant among healthy human 

carriers (MONECKE et al. 2009), so that a transmission from farmers to turkeys can 

be assumed.  

The comparison of our results from both animal species revealed two major 

differences. First of all, the MRSA rate among the turkey isolates was more than 

twice as high as among the chicken isolates and most of the turkey isolates proved to 
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be resistant to a higher number of different classes of antimicrobial agents than the 

chicken isolates. One possible cause for these observations is that turkeys have a 

higher risk to be infected by S. aureus due to their longer fattening period, which 

increases the possibility of antimicrobial usage. Nevertheless, further work is needed 

to determine the true prevalence of MRSA among S. aureus isolates from poultry. 

Secondly, the most frequently detected lineage differed between the animal species. 

In turkeys, predominantly CC398-MSSA isolates were detected, whereas in chickens 

CC5-MSSA isolates were more frequent. This raises the question, what the 

evolutionary origin of these lineages is.  

 

Due to intensive research, a lot about the epidemiology and evolution of 

S. aureus isolates that belong to CC398, especially CC398-MRSA isolates, was 

ascertained. These isolates referred to as “livestock-associated” (KÖCK et al. 2010, 

LINDSAY 2010, MONECKE et al. 2011) are widespread in various hosts, including 

humans, and in most parts of the world. WGS results leed to the understanding that 

S. aureus CC398 originated from a human MSSA lineage, which has subsequently 

adapted to livestock (PRICE et al. 2012). The transfer of this CC was accompanied 

not only by the frequent acquisition of methicillin and tetracycline resistance but also 

by the loss of phage Φ3 and the acquisition of phages Φ2 and Φ6 (PRICE et al. 

2012). CC398-MSSA isolates are especially prevalent among pigs in Europe 

(HASMAN et al. 2010), and as shown in our study also in turkeys. But only based on 

the high dissemination among pigs and turkeys, it can hardly be determined which - if 

any - of the species was the first non-human adapted host for the CC398 lineage. 

However, the common presence of genes from β-haemolysin-converting phages 

(sea, sak) in CC398-MSSA isolates of turkey origin as detected in a study by PRICE 

and colleagues (2012) as well as in our study indicates a closer relationship of 

human isolates to the majority of CC398-MSSA isolates from turkeys than to those 

from pigs. Thus, it can be assumed that the human MSSA lineage first spread to 

turkeys. 

CC5 is a common and widespread CC, which comprises a large number of 

different S. aureus isolates among humans, including hospital-associated (HA)-

MRSA and community-associated (CA)-MRSA, with a pandemic spread of some of 

the clones (MONECKE et al. 2011). In livestock, S. aureus CC5 isolates have not 

been investigated to that extent as the CC398 lineage. A study by SMYTH and 
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colleagues (2009) was the first report, describing S. aureus CC5 isolates from broiler 

chickens with osteomyelitis on a farm in Northern Ireland. In a further study, 

LOWDER and colleagues (2009) demonstrated that the CC5 poultry isolates were 

widespread in a number of countries as well as several continents. They 

reconstructed a natural origin for poultry-associated S. aureus CC5 isolates similar to 

the CC398 evolution. It was demonstrated that all CC5 isolates can be traced back to 

a single likely human-to-poultry host-jump, which happened about 40 years ago and 

which originated in or near to Poland. The CC5 host jump also appears to have been 

followed by the acquisition of avian-niche-specific genes and partial loss of human-

niche-specific genes (LOWDER and FITZGERALD 2010).  

Further analyses of such host jumps will be important to predict if animals 

represent a reservoir for the emergence of new virulent clones affecting humans, and 

conversely if human-to-animal host switches may represent a significant threat to 

food safety and animal health. 

 

 

16.3 Comparative Characterization of MRSA from Broilers on Farms 

and at Slaughter as well as from the Respective Workers 

 

Intensive research on LA-MRSA quickly revealed that LA-MRSA was also able to 

colonize humans (ARMAND-LEFEVRE et al. 2005, VAN LOO et al. 2007b, VAN 

CLEEF et al. 2011b) and it became apparent that humans with occupational contact 

to livestock, such as farmers, veterinarians, abattoir workers as well as the respective 

family members, were especially at risk of being colonized by LA-MRSA 

(HUIJSDENS et al. 2006, CUNY et al. 2009, HUBER et al. 2011, GARCIA-GRAELLS 

et al. 2012). Due to this, the prevalence of LA-MRSA on food producing animal farms 

has been extensively examined in several studies. 

GEENEN and colleagues (2013) estimated the prevalence of MRSA-positive 

broiler farms as well as the prevalence of MRSA carriage in broiler farmers, their 

family members and employees, and identified risk factors for LA-MRSA. Four of the 

50 Dutch broiler farms were tested MRSA-positive, which corresponds to a 

prevalence of 8.0 %. Furthermore, 66.7 % of people living and/or working on these 

positive farms were also MRSA-positive, which corresponds to an overall prevalence 
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of LA-MRSA of 5.5 % in people living and/or working on poultry farms, in contrast to 

the prevalence of < 0.1 % in the general human population of The Netherlands 

(BODE et al. 2011). However, the prevalence of LA-MRSA in family members other 

than the partner (children, parents, siblings) was 0.0 %, which indicates that living on 

a LA-MRSA-positive farm is not a key factor for becoming a LA-MRSA carrier.  

Based on the fact that the intensity of animal contact was found to be an 

important risk factor for LA-MRSA carriage (VAN DEN BROEK et al. 2009, 

GRAVELAND et al. 2010), it is speculated that the difference in prevalence could be 

explained by the difference in time of exposure to LA-MRSA in the poultry houses. 

This is shown by the fact that farmers and their partners spend significantly more 

time in the broiler house compared to other family members (GEENEN et al 2013). 

GEENEN and colleagues (2013) also found a high percentage (nearly 30 %) of LA-

MRSA-positive environmental samples in the farm residences on the LA-MRSA-

positive farms, whereas none of the samples on LA-MRSA-negative farms was found 

positive. This finding illustrates the risk to be LA-MRSA-positive as a family member.  

In comparison to pig farms (68 - 71 % positive farms, 14 % positive people) or 

veal calf farms (88 % positive farms, 16 % positive people), the prevalence of LA-

MRSA positive broiler farms (8 %) and of people living and/or working on broiler 

farms (5.5 %) appears to be much lower (BROENS et al. 2011a, c, GRAVELAND et 

al. 2010). A possible explanation for the reduced risk of LA-MRSA introduction and 

persistence on broiler farms compared to pig or veal calf farms could be the short 

duration of the production cycles in broiler farming and the use of an all-in/all-out 

system. The difference in the prevalence between the respective farmers might be 

correlated with the corresponding difference in the prevalence of LA-MRSA-positive 

farms (GEENEN et al. 2013). 

 

A second study by MULDERS and colleagues (2010) estimated the 

prevalence of LA-MRSA in 40 Dutch broiler flocks from 40 different Dutch broiler 

farms at the time of delivery at six different slaughterhouses. Furthermore, they (i) 

determined the degree of MRSA contamination in the different compartments of the 

slaughterhouse at the beginning and the end of a working day in order to gain insight 

into routes of transmission and risks of infection for personnel working at the 

slaughterhouse, (ii) estimated the risk of MRSA carriage in personnel, and (iii) gained 
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insight into the transmission mechanism of MRSA to humans at broiler 

slaughterhouses.  

Of the slaughter flocks, 35 % were LA-MRSA-positive, based on the presence 

of at least one positive animal in the specific flock and/or positive transport crate. 

This prevalence appears to be higher than the 8 % found in the study performed in 

Dutch broiler farms (GEENEN et al. 2013). A possible explanation for the higher 

prevalence at the slaughterhouse is the transmission of LA-MRSA during the 

transports as well as within the slaughterhouses, as it was shown earlier for slaughter 

pigs (BROENS et al 2011b). In total, 6.9 % of the broilers were LA-MRSA-positive 

upon their arrival at the slaughterhouse. Of the abattoir workers, 5.6 % were LA-

MRSA-positive, which is comparable to the presence of LA-MRSA in broiler farmers, 

but distinctly increased compared to the general Dutch population (< 0.1 %) (BODE 

et al. 2011).  

However, there are differences regarding the risk rate for LA-MRSA positivity 

between the different compartments in the slaughterhouses and also between 

different stunning methods. The risk is significantly larger for personnel having 

contact with live birds (5.2 %), especially for the workers who hang the live broilers 

on the slaughter line (20 %), compared to those working only with dead birds (1.9 %). 

The conventional electric stunning conferred a significantly higher risk of LA-MRSA 

carriage for abattoir workers than the CO2 stunning (9.7 % vs. 2.0 %). A possible 

explanation for this is that when electric stunning is used, birds are placed on the 

slaughter line alive prior to stunning, which might cause more dust in the environment 

as a result of the birds flapping their wings. If broilers are stunned with CO2, they are 

hanged only after stunning and wing flapping does not occur (MULDERS et al. 2010).  

Furthermore, a spread of LA-MRSA contamination along the slaughter line 

and in the different compartments of the slaughterhouses can be determined. At the 

beginning of the production day, the LA-MRSA contamination was relatively low (8 

%), particularly in the ‘clean’ areas (processing, cooling and cutting areas), but during 

meat processing the LA-MRSA contamination increased up to 35 % at the end of the 

production day (MULDERS et al. 2010). 

 

These two aforementioned studies (MULDERS et al. 2010, GEENEN et al. 

2013) served as the basis to gain further insight into the transmission between 

animals and humans. In our studies, we comparatively analyzed first, all LA-MRSA 
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isolates from broilers, the farm environment and persons living/working on the LA-

MRSA-positive broiler farms (CHAPTERS 4, 5), and second, all LA-MRSA isolates 

from broiler chickens and abattoir workers from all slaughterhouses, in which LA-

MRSA had been identified in both broiler chickens and abattoir workers (CHAPTER 

6), with particular focus on their antimicrobial resistance pheno- and genotypes as 

well as molecular characteristics.  

The first study included a total of 37 LA-MRSA isolates from four different 

farms (farms 4, 11, 16, 18), including eleven isolates from broilers, 15 isolates from 

dust in the broiler houses, six isolates from humans, and five isolates from the farm 

residences (armchair or remote control) (CHAPTER 4). In the second study a total of 

46 LA-MRSA isolates from four LA-MRSA-positive slaughterhouses 

(slaughterhouses 1, 2, 3, 5) were investigated, which comprised 28 isolates from 

broilers and 18 isolates from humans (CHAPTER 6).  

A comparison of the resistance patterns revealed that all LA-MRSA isolates 

from our two studies showed resistance to at least three classes of antimicrobial 

agents, except three (two human and one chicken) LA-MRSA isolates of sequence 

type (ST) 9 from slaughterhouse 1, which were only resistant to β-lactams and 

fluoroquinolones. The analysis of the resistance genotypes of all LA-MRSA isolates 

showed the presence of a wide range of resistance genes known to occur in 

staphylococci (see CHAPTER 8) in various combinations. These findings are similar 

to the observations in Belgian poultry studies (NEMATI et al. 2008, PERSOONS et 

al. 2009) and also to those of LA-MRSA isolates from food of chicken or turkey origin 

(FESSLER et al. 2011b), from diseased pigs (KADLEC et al. 2009) and from bovine 

mastitis (FESSLER et al. 2010).  

In the majority of cases, the resistance genes detected in the LA-MRSA 

isolates account for the resistance phenotypes observed, but there were cases, in 

which no gene for a specific resistance property could be detected. This included one 

human LA-MRSA CC398 isolate from slaughterhouse 5, which exhibited a high 

tiamulin minimum inhibitory concentration (MIC), but was negative for all 

pleuromutilin resistance genes, including the lsa(E) gene, which was recently 

described (CHAPTERS 9, 10). For a long time, the same was true for a number of 

LA-MRSA isolates, which had high spectinomycin MICs, but were negative for the 

spectinomycin resistance gene spc and the most recently described novel 

spectinomycin resistance gene spw (CHAPTER 11). These included: two 
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indistinguishable chicken LA-MRSA CC398 isolates and the human CC398 isolate 

from slaughterhouse 2, a single chicken CC398 isolate from slaughterhouse 1, all 

LA-MRSA isolates from farm 4, the four dust samples from farm 11, the broiler isolate 

as well as the two isolates from the farm residence on farm 16, and the two dust 

samples from broiler house 2 on farm 18. Only recently, the second novel 

spectinomycin resistance gene spd was detected in all these isolates (see CHAPTER 

14). 

 

Further analysis revealed that some resistance genes were physically linked to 

each other or plasmid- and transposon-located, respectively. In this regard, a 

surprising observation (CHAPTER 5) was made in a single LA-MRSA CC398 isolate 

from dust of broiler house 2 on farm 18. The plasmid profiling of this isolate revealed 

among other plasmids, the presence of two small plasmids.  

Transformation experiments showed that both small plasmids, designated 

pSWS371 and pSWS372, conferred resistance to MLSB antibiotics and sequence 

analysis revealed a constitutively expressed erm(C) gene on both plasmids. The 

constitutive expression is based on a deletion within the translational attenuator of 16 

base pairs (bp) and 74 bp in pSWS371 and pSWS372, respectively. The same 

deletions were already described in naturally occurring plasmids (LODDER et al. 

1997, WERCKENTHIN et al. 1999) or laboratory mutants (SCHMITZ et al. 2002, 

LÜTHJE and SCHWARZ 2007a) that carried constitutively expressed erm(C) genes. 

The two plasmids differed in their sizes (2458 bp vs. 3982 bp), their genes for 

plasmid replication (repL vs. repF) and plasmid pSWS372 carried an additional pre 

gene for a plasmid recombination protein as well as a cop-6 gene for a small protein 

potentially involved in copy number control of the plasmid.  

Plasmid pSWS371 showed 99 % nucleotide sequence identity to a number of 

plasmids of different origins (CHEN et al. 2013) or to a part of a tetracycline-MLSB 

resistance plasmid (HAUSCHILD et al. 2005). In contrast, the whole sequence of 

plasmid pSWS372 was not found in GenBank. The RepF protein corresponded to 

those of several other staphylococcal plasmids (HORINOUCHI and WEISBLUM 

1982) and the Cop-6 protein was identical to the corresponding Cop protein of 

plasmid SAP085B of S. aureus SK1396 identified in 1965 in Australia (ADA79935.1). 

However, the Pre protein has a unique sequence and the closest amino acids (aa) 

identity of 59 % exists to the Pre protein of the aforementioned plasmid SAP085B. 
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The simultaneous presence of two different small plasmids, which carry the 

same resistance gene and no additional resistance properties in the same LA-MRSA 

isolate, is a rare and somewhat surprising observation. Only the simultaneous 

presence of two or three different erm genes in the same LA-MRSA isolate 

(FESSLER et al. 2011b) and the presence of two different erm genes on the same 

multi-resistance plasmid from a LA-MRSA isolate have been described before 

(GÓMEZ-SANZ et al. 2013b). Under which circumstances these two plasmids have 

been acquired can only be assumed. However, it is most likely that they have been 

acquired at different times. The finding that both plasmids belong to different 

incompatibility groups as specified by the different rep genes (NOVICK 1987) may 

explain why they can stably coexist in the same LA-MRSA isolate. 

 

Referring to all LA-MRSA isolates from both studies, the DNA microarray 

analysis revealed that all LA-MRSA ST9 isolates carried the egc as well as a single 

isolate each from an employee on farm 11 and a dust sample from farm 18 carried 

the enterotoxin D (entD) and H (entH) genes, respectively. All other LA-MRSA 

isolates did not carry any enterotoxin genes. 

Molecular typing revealed that the majority of all LA-MRSA isolates from both 

studies belonged to CC398 (n=75) and only eight LA-MRSA isolates from the 

slaughterhouses were assigned to ST9 (n=6) and ST1453 (n=2), respectively. It 

should be noted that ST1453 is only a single locus variant of ST398. It has the 

triosephosphate isomerase (tpi) allele 175 in contrast to 26, which occurs in ST398, 

and was first found in these two isolates by MULDERS and colleagues (2010). All 

LA-MRSA isolates carried SCCmec elements of types IV (n=35) or V (n=48). The 

most frequently isolated spa type was t011 (n=55), followed by t034 (n=12), t108 

(n=6), t1430 (n=6), t4652 (n=2) and t3015 (n=2). However, the spa type t034 (08-16-

02-25-02-25-34-24-25), spa type t108 (08-16-02-25-24-25) as well as the rare spa 

type t4652 (08-16-02-25-02-25-34-24), respectively, only differ from the more 

commonly found spa type t011 (08-16-02-25-34-24-25) by the loss of one repeat 

or/and a duplication of two repeats and hence are in fact closely related. The spa 

type t011 is the predominant spa type among CC398 isolates of different origins 

(KADLEC et al. 2009, FESSLER et al. 2010, 2011b), whereas spa type t1430 is 

specific to ST9. Furthermore, the spa type t3015 is uncommon and very rare. The 

two isolates detected in this study are the only ones with this spa type, which have 
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been recorded in the spa typing database. The dru typing revealed several different 

dru types with dt11a (n=37) as the most frequent one, which corresponds also 

closely to the results of several studies about LA-MRSA (FESSLER et al. 2010, 

2011b, MONECKE et al. 2013, WAN et al. 2013). The macrorestriction analysis 

pointed out five or six main pulsed field gel electrophoresis (PFGE) patterns with 

different variants, respectively. 

 

A farm-by-farm analysis revealed that most of the LA-MRSA isolates from 

broilers, broiler houses as well as humans living and/or working on the respective 

farm were closely related or even indistinguishable, which indicates transmission 

between the different reservoirs. This observation was further confirmed by whole 

genome mapping (WGM). The analysis of a subset of seven isolates from humans or 

broilers from three farms by WGM showed that the isolates differed considerably 

between the farms, showing only 94.0 % similarity, whereas the maps of the isolates 

within farm 4 (99.6 %), farm 16 (99.4 %) and farm 18 (100 %), respectively, were all 

considered as indistinguishable. These results emphasized the molecular findings 

and illustrated that WGM represents a useful tool for the investigation of 

epidemiological links between LA-MRSA isolates (BOSCH et al. 2013).  

On farm 4 an interesting observation was made. The partner of the farmer 

indicated spending on average 2 hours per day in the broiler houses. This contact 

time in addition to living together with the farmer seemed to be sufficient for 

colonization with LA-MRSA, because indistinguishable isolates between the partner, 

the farmer, and the broilers as well as the dust in the broiler house were identified. 

On farm 16 very similar LA-MRSA isolates from the farmer, his armchair and his 

remote control, respectively, were detected. It can be assumed that the farmer 

transmitted the LA-MRSA isolate to his armchair by his hands, or via contaminated 

dust on his hair or clothes, or by spreading the organism from colonized sites [e.g. by 

sneezing]. It should be noted that good hygiene precautions, like changing clothes 

and taking a shower before (re)-entering the farm residence after working in the 

barns could partly prevent contamination of the farm residence. In addition, facilities 

like changing clothes in the broiler houses are important in order to prevent 

transmission of MRSA between barns, between the barns and farm residence and 

also between farms. A heterogeneity among the isolates from dust in the broiler 

house, from an employee as well as from the partner of the farmer on farm 11 and 
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also from dust in a second broiler house on farm 18 compared to all other LA-MRSA 

isolates on this farm were detected.  

In this regard, it should be noted that MRSA can also survive in the 

environment for prolonged periods of time (WAGENVOORT et al. 2000). There is a 

variety of possible transmission routes and numerous potential vectors, such as 

veterinarians, other persons entering the broiler houses, companion animals, 

colonized rodents, or other animal species present in the environment. Furthermore, 

the difference among the isolates from broilers and from humans might be explained 

by exposure of the humans to broilers in different flocks, another origin in earlier 

production cycles or by exposure to other sources of MRSA. For example, the 

partner living on farm 11 indicated that she did not have contact with the broilers on 

the farm, but that she had contact with pigs at least once a month. Thus, it could be 

speculated that the LA-MRSA isolate cultured from the partner’s nose originated from 

the pig contact. 

 

A slaughterhouse-by-slaughterhouse analysis revealed that most of the 

chicken LA-MRSA isolates from the same flock were closely related or even 

indistinguishable. This apparent homogeneity suggests an exchange of these 

isolates between the respective animals either at farm or slaughterhouse level. 

Especially the agitation of poultry during the loading as well as in the 

slaughterhouses, which results in extensive flapping of wings causes more dust in 

the environment and also the close contact of the animals during the transportation, 

can facilitate the exchange of various LA-MRSA isolates between the animals.  

In contrast, the LA-MRSA isolates from the abattoir workers at the respective 

slaughterhouses showed various typing characteristics. Their apparent heterogeneity 

might arise from the occupational contact of the abattoir workers with animals from 

numerous chicken flocks. Working in different compartments of the slaughterhouse 

might also be a reason for the colonization of the abattoir workers with different LA-

MRSA isolates. Nevertheless, some LA-MRSA types revealed similar characteristics 

compared to the chicken isolates and also to isolates from further abattoir workers.  

The fact that indistinguishable LA-MRSA isolates from the broilers as well as 

the abattoir workers were identified, is a strong indication that transmission of LA-

MRSA from broilers to abattoir workers occurs, either directly or indirectly through the 

working environment. The detection of transmission routes revealed that living and/or 
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working on LA-MRSA-positive broiler farms as well as the occupational contact with 

broilers at slaughterhouses is a major risk factor for LA-MRSA carriage compared to 

average members of society. The identification of indistinguishable LA-MRSA 

isolates from different origins confirms the variety of transmission routes and has 

identified different vectors for LA-MRSA transmission. The presence of different LA-

MRSA isolates on the same farm and at the same slaughterhouse, respectively, 

indicates that several transmissions took place or diversification of the LA-MRSA 

isolates happened over time.  

These observations are of particular importance regarding public health and 

for the development of hospital guidelines for intervention. Although this study 

focused on food-producing animals, contaminated food of animal origin must not be 

forgotten, as it poses a risk for the general public. As a consequence, this raises the 

question: Is LA-MRSA a food-borne pathogen? 

 

 

16.4  MRSA: a Food-Borne Pathogen? 

 

The role of MRSA as a food-borne pathogen is discussed in CHAPTER 7. It is 

estimated that several million cases of illness each year throughout the world are 

caused by the consumption of food contaminated with bacterial pathogens, whereby 

food safety becomes a global health goal (TODD 1997). The first part of the review 

“MRSA: a food-borne pathogen?” (CHAPTER 7) considers the available methods to 

investigate the spread of MRSA among animals and/or humans. Various, mostly 

molecular, methods have been shown to be suitable, but there are many factors that 

have an impact on the usefulness, and hence the selection of the most appropriate 

molecular typing method(s) (ENRIGHT et al. 2000, MURCHAN et al. 2003, KONDO 

et al. 2007, GOERING et al. 2008, IWG-SCC 2009, VAN WAMEL et al. 2010, 

MONECKE et al. 2011).  

The characteristics of the ideal molecular typing method include without 

limitation (i) high discriminatory power, (ii) ease of analysis and interpretation of 

results, (iii) timely results, (iv) low costs and (v) practicability of use (GORSKI and 

CSORDAS 2009). No method is appropriate for all applications, such as short- and 
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long-term epidemiological analyses, outbreak investigations or phylogenetic studies. 

In many instances, a single typing method does not fulfill all the criteria, necessitating 

the use of a suitable combination of methods. The aim of the respective study should 

dictate which method or combination of methods is the most appropriate to be 

applied. 

 

The second part of the review (CHAPTER 7) summarizes the current 

knowledge about MRSA from food of animal origin with respect to the role of these 

organisms in acting as food-borne pathogens. The presence of MRSA in food of 

animal origin has been globally investigated, including pork, beef and veal, milk, 

poultry meat and poultry meat products, fish and also meat from lamb, mutton, rabbit, 

fowl and wild animals (VAN LOO et al. 2007a, DE BOER et al. 2009, LOZANO et al. 

2009, LIM et al. 2010, RHEE and WOO 2010, ARGUDÍN et al. 2011, FESSLER et al. 

2011b, HARAN et al. 2012).  

It should be noted that all studies differ from each other with regard to (i) the 

origins and number of different origins included in the studies, (ii) the methods used 

for identification and characterization, and especially (iii) the percentages of MRSA-

positive samples in the sample collections investigated. The resulting data revealed 

different types of LA-MRSA, CA-MRSA, and even HA-MRSA, which can be present 

in/on food intended for human consumption in different countries. In addition, 

enterotoxigenic MRSA has also been detected in a number of food sources (KWON 

et al. 2005, MOON et al. 2007, NORMANNO et al. 2007, RHEE and WOO 2010, 

FESSLER et al. 2011b, HARAN et al. 2012), but only one case of food intoxication 

due to MRSA has been reported so far (JONES et al. 2002).  

However, to answer the question, whether meat or other food items 

contaminated with MRSA are likely to increase the risk of consumers becoming 

colonized or infected, both the MRSA-related aspects, e.g. the MRSA type and its 

pathogenic potential for humans, and the consumer-related aspects, e.g. the 

affiliation to the risk group “YOPI” and the infectious dose, must be taken into 

account.  

There are several possible ways for the emergence of contamination of meat, 

such as direct contamination of the carcasses of colonized food-producing animal 

during the slaughter process, contamination by transfer of bacteria from the 

slaughterhouse environment or from colonized/infected personnel. Contaminated raw 
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meat of animal origin is considered to be a potential vehicle for the transmission of 

MRSA through direct contact, through consumption of the meat, or through 

contaminations of other food by direct or indirect contact with the contaminated meat 

(http://www.bfr.bund.de/cm/349/mrsa_in_food.pdf). Especially the last pathway can 

dramatically be reduced by adhering strictly to the rules of kitchen hygiene, such as 

cleaning hands, cutting boards and knives between the preparation of meat and raw 

food like salad or fruits (BEUMER and KUSUMANINGRUM 2003). 

The contamination pathways are diverse and numerous studies identified 

MRSA-contaminated food of various origins. However, solely the fact that MRSA is 

present in/on food of animal origin does not qualify MRSA for being considered a 

food-borne pathogen. Further studies that follow MRSA-colonized animals from the 

farm via the slaughterhouse to carcasses and meat products would help to identify 

whether isolates present on the living animal will really end up in the meat/meat 

products or whether the isolates in final meat products result from contaminations 

along the food chain. It would also be helpful to investigate which of the known 

enterotoxin genes are really associated with clinical symptoms, such as vomiting 

and/or diarrhea. In addition, harmonization of methods for sampling, detection and 

quantification of MRSA along the food chain as well as for the characterization of 

these organisms would facilitate the comparison of different studies and would allow 

a more accurate assessment of the present situation. 

 

 

16.5 Diversity of Antimicrobial Resistance Genes among Staphylococci 

of Animal Origin 

 

In comparison to MRSA from food of animal origin, which was the topic of the first 

review (CHAPTER 7), the data presented in the second review completed within this 

Ph.D. project summarizes the latest information on resistance genes so far detected 

in staphylococci from healthy as well as diseased livestock, wild animals and pets 

(CHAPTER 8).  

Several studies identified more than 40 different resistance genes in 

staphylococci so far (MURPHY 1985, BRISSON-NOËL and COURVALIN 1986, 

ROWLAND and DYKE 1989, DERBISE et al. 1996, ALLIGNET and EL SOLH 1997, 

http://www.ncbi.nlm.nih.gov/pubmed/23499306
http://www.ncbi.nlm.nih.gov/pubmed/23499306
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SCHWARZ et al. 1998, 2000, 2004, O’NEILL et al. 2007, KADLEC and SCHWARZ 

2010a, RAMIREZ and TOLMASKY 2010, GARCÍA-ÁLVAREZ et al. 2011), and 

during the last decade various articles and book chapters also concentrated on the 

genetic basis of antimicrobial resistance in staphylococci of various animal origins 

(LYON and SKURRAY 1987, WERCKENTHIN et al. 2001, AARESTRUP and 

SCHWARZ 2006, JENSEN and LYON 2009, SCHWARZ et al. 2011, KADLEC and 

SCHWARZ 2012, KADLEC et al. 2012a). Since different detection methods may give 

different results, the present review (CHAPTER 8) focuses on those genes for which 

nucleotide sequence data have been deposited in the databases (VAN HOEK et al. 

2011, ROBERTS et al. 2012).  

 

Staphylococci of animal origin harbour a variety of resistance genes and the 

gene products confer resistance to virtually all classes of antimicrobial agents 

approved for use in animals. This also includes antimicrobial agents, such as 

florfenicol or apramycin that are approved to control infections caused by bacteria 

other than staphylococci. In this regard, it needs to be understood that selective 

pressure is a driving force in the spread of resistance genes not only among the 

target bacteria, but also among the commensal microbiota (“physiological 

microbiota”). Thus, staphylococci - as part of the co-resident commensal microbiota 

in the respective body compartiment - may be under selective pressure by 

antimicrobial agents that are not primarily used to control staphylococcal infections 

and then develop/acquire resistance. As a consequence, staphylococci, which live as 

commensals on the skin or the mucosal surfaces, have also acquired resistance 

genes that allow their survival in the presence of antimicrobial agents such as 

florfenicol or apramycin (FESSLER et al. 2011a, WANG et al. 2013).  

Furthermore, the fact that staphylococci of animal origin do not live in genetic 

isolation, but are in close contact with numerous other bacteria of the same animal 

host, enables not only an exchange of a large number of resistance genes between 

the different staphylococcal groups coagulase-positive, -variable and -negative 

staphylococci (CHAPTER 8), but also with other Gram-positive bacteria, such as 

Bacillus spp., Enterococcus spp., Streptococcus spp. or Lactobacillus spp. (NOBLE 

et al. 1992, LÜTHJE and SCHWARZ 2007b, KADLEC et al. 2012a, LIU et al. 2012, 

LÓPEZ et al. 2012, CHAPTERS 9, 11). However, the bacteria, in which the 

respective genes have developed, often have not been identified yet 
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(KEHRENBERG and SCHWARZ 2004, FESSLER et al. 2011a, KADLEC et al. 

2012a).  

In this regard, it should be noted that the number of detected resistance genes 

- including novel resistance genes - in the respective species depends on the 

dimension of research work in this field. With regard to staphylococci, distinctly more 

work on the resistome of LA-MRSA and methicillin-resistant Staphylococcus 

pseudintermedius (MRSP) has been conducted during recent years than on the 

resistome of coagulase-negative staphylococci (CoNS). 

 

The various resistance genes specify different resistance mechanisms and the 

respective gene products confer resistance to either specific members within a class 

of antimicrobial agents, to an entire class of antimicrobial agents or to members of 

different classes of antimicrobial agents (SCHWARZ et al. 2006, KEHRENBERG et 

al. 2009). Furthermore, for most resistance properties several resistance genes that 

confer the same resistance phenotype have been detected in staphylococci of animal 

origin and staphylococci have been shown to carry two or three of these resistance 

genes simultaneously (KADLEC et al. 2009, FESSLER et al. 2010, KADLEC and 

SCHWARZ 2012, WEISS et al. 2013a, CHAPTERS 3, 4, 6).  

Although even one of these genes is sufficient to confer the respective 

resistance property, the simultaneous presence of two or three of these resistance 

genes may be explained by their acquisition at different times and by their different 

locations, either in the chromosomal DNA, on transposons or on plasmids that carry 

additional resistance genes (LYON and SKURRAY 1987, KEHRENBERG et al. 

2004, COCHETTI et al. 2008, KADLEC and SCHWARZ 2009b, 2010a, WEISS et al. 

2013b, CHAPTER 12). The presence of additional resistance genes allows the 

acquisition of such multi-resistance plasmids or multi-resistance transposons under 

the selective pressure imposed by the use of one of the corresponding antimicrobial 

agents. In this regard, co-selection and persistence of resistance genes in the 

absence of a direct selective pressure need to be taken into account (SCHWARZ et 

al. 2011). Thus, measures, such as the ban or the limitation of use of certain 

antimicrobial agents, do not necessarily result in a decrease or loss of resistance 

genes and resistance properties.  

Mobile genetic elements, in particular plasmids and transposons, are not only 

of particular importance, because they can carry several resistance genes, but they 
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also facilitate the exchange of antimicrobial resistance genes between different 

Staphylococcus spp. as well as between staphylococci and other Gram-positive 

bacteria. The detailed analysis of such multi-resistance plasmids (see CHAPTER 12) 

or multi-resistance gene clusters (see CHAPTER 10), respectively, expanded our 

understanding of processes such as co-selection and persistence of resistances in 

staphylococci.  

 

 

16.6 Analysis of a Plasmid-Borne Multi-Resistance Gene Cluster with 

Emphasis on the Identification of Novel Resistance Genes 

 

Plasmids play an important role as major vehicles of horizontal gene transfer via 

transduction, conjugation and mobilization or transformation between bacteria of the 

same or different species and genera. Thus they contribute to the dissemination of 

antimicrobial resistance genes. Several mechanisms exist by which plasmids can 

undergo inter-plasmid recombinational events, form insertion sequence-mediated co-

integrates, incorporate transposons or parts thereof, and integrate - in part or in toto - 

into other plasmids or into the chromosomal DNA. These events allow maintenance 

and the use of the acquired genetic information in the new host, and can result in 

structurally novel, (multi)-resistance plasmids, and thereby also play a role in the 

accumulation of resistance genes.  

Although the carriage of a wide variety of resistance genes is usually not 

essential for the survival of the bacteria under physiological conditions, it may be 

helpful for the bacteria to survive under specific conditions, namely in the presence of 

antimicrobial agents (TAYLOR et al. 2004, SCHWARZ et al. 2006, 2011). In addition, 

the physical linkage and organization of resistance genes in a plasmid-borne multi-

resistance gene cluster gives excellent options for persistence, but also for co-

selection and co-transfer of all corresponding resistance genes by selective pressure 

imposed by the use of only one corresponding antimicrobial agent (KADLEC and 

SCHWARZ 2009b, 2010a, GÓMEZ-SANZ et al. 2013b, WEISS et al. 2013b, 

CHAPTER 12). 
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The analysis of plasmid-borne multi-resistance gene clusters in LA-MRSA 

isolates provides insight into the gene acquisition capacities of these isolates, their 

role as recipients and donors of resistance genes as well as possible partners for 

resistance gene exchange processes beyond the genus Staphylococcus. In this 

regard, it is hardly surprising that novel or uncommon resistance genes in LA-MRSA 

were detected (CHAPTERS 9, 11, 14). 

 

 

16.6.1 Novel Lincosamide-Pleuromutilin-Streptogramin A Resistance 

Gene lsa(E) 

 
Combined resistance to lincosamides, pleuromutilins and streptogramin A antibiotics 

in staphylococci has been attributed to ABC transporters of the Vga type, including 

those encoded by the genes vga(A) and its variant vga(A)v, vga(C) and vga(E) 

(GENTRY et al. 2008, KADLEC and SCHWARZ 2009b, KADLEC et al. 2010b, 

SCHWENDENER and PERRETEN 2011, HAUSCHILD et al. 2012). Moreover, in 

Enterococcus faecalis (E. faecalis) and Streptococcus agalactiae, the genes lsa(A) 

and lsa(C) encode ABC transporters of the Lsa type, which mediate a similar 

resistance phenotype (SINGH a. MURRAY 2005, MALBRUNY et al. 2011).  

A major problem in phenotypic identification of all these genes in staphylococci 

is that (i) lincosamide resistance is not a true indicator as there are numerous other 

genes in staphylococci which confer lincosamide resistance, (ii) no breakpoints for 

pleuromutilins and streptogramin A antibiotics applicable to staphylococci are 

available, and (iii) streptogramin A (except for the expensive substance virginiamycin 

M1) and streptogramin B antibiotics are not available separately for susceptibility 

testing. Based on previous experimental experience (KADLEC et al. 2009, FESSLER 

et al. 2010, 2011b, CHAPTERS 3, 4, 6), MICs of the pleuromutilin tiamulin of ≥ 16 

mg/L were used as an indicator to test the corresponding isolates for vga genes.  

 

LOZANO and colleagues (2012) determined the genetic environment of the 

lincosamide nucleotidyltransferase gene lnu(B) in one MRSA ST398 isolate and two 

MSSA ST9 isolates of human origin and identified a putative ABC transporter 

immediately upstream of the lnu(B) gene in their sequenced ~ 12 kilo base (kb) 

segment. The MICs of tiamulin and also virginiamycin (a compound consisting of 
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streptogramin A + streptogramin B moieties) were high for all three staphylococcal 

isolates, a finding which could not be explained by the resistance genes detected in 

these isolates. Cloning and transfer of the putative ABC transporter into the recipient 

strain RN4220, followed by susceptibility testing for pleuromutilins, lincosamides and 

streptogramin A antibiotics, lead to the identification of the novel lsa(E) gene, which 

was responsible for conferring resistance to these agents (CHAPTER 9).  

The lsa(E) gene was the first lsa gene in staphylococci, which confers this 

resistance phenotype. In addition LOZANO and colleagues (2012) described a high 

similarity (98.7 %) for about 8550 bp between the lsa(E)-carrying segment and the 

sequence of the E. faecalis plasmid pEF418.  

This finding is another example for a gene flux between Enterococcus and 

Staphylococcus and supports the assumption that plasmids may play a role in the 

inter-genus transfer of resistance genes. Similar observations have previously been 

made for other plasmid- or transposon-borne resistance genes including the vanA 

gene cluster, the tetracycline resistance gene tet(L), the trimethoprim resistance 

gene dfrK and the multi-resistance gene cfr (NOBLE et al. 1992, LIU et al. 2012, 

LÓPEZ et al. 2012, SHEN et al. 2013). These facts emphasize once more the 

possibility of resistance gene exchanges beyond the genus Staphylococcus. 

 

PCR analysis of seventy porcine LA-MRSA ST9 isolates from China, which 

showed the same resistance phenotype and harboured none of the other so far 

known pleuromutilin resistance genes, revealed that 16 of the 70 LA-MRSA isolates 

were positive for the lsa(E) gene, including a single isolate, in which the lsa(E) gene 

was located on plasmid pV7037 (CHAPTERS 10, 12).  

A 17.5 kb XbaI fragment of plasmid pV7037 was sequenced and contained, in 

addition to the lsa(E) gene, 13 other open reading frames (ORFs). Structural analysis 

identified a region bracketed by the two insertion sequences (IS), IS1216 and IS257. 

Besides the lsa(E) gene, another four resistance genes, aacA-aphD, erm(B), aadE 

and lnu(B), were detected (see CHAPTER 16.6.3.1). Comparative analysis of this 

lsa(E)-containing multi-resistance gene cluster on plasmid pV7037 revealed partial 

homology to the genetic structures found in the MRSA ST398 and MSSA ST9 

isolates of human origin from Spain (CHAPTER 9) on the one hand and to plasmid 

pEF418 from E. faecalis on the other hand. The multi-resistance gene cluster of 

plasmid pV7037 was even more expanded as it included another two resistance 
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genes, aacA-aphD and erm(B), both of which are commonly found in enterococci 

(HODEL-CHRISTIAN and MURRAY 1991, SAHM and GILMORE 1995, PORTILLO 

et al. 2000). Based on these findings, it is likely that this multi-resistance gene cluster 

has evolved in enterococci. 

To investigate the genetic environment of the lsa(E) gene in the remaining 15 

LA-MRSA isolates, 10 different PCR assays were designed that covered the entire 

multi-resistance gene cluster located on plasmid pV7037. PCR mapping showed that 

six of the 15 LA-MRSA isolates carried a large part of the multi-resistance gene 

cluster without the area that comprised the genes aacA-aphD and erm(B). The 

remaining nine LA-MRSA isolates carried the gene lsa(E), but did not carry the 

cluster, which suggested a novel genetic environment of the lsa(E) gene in these 

isolates. 

The remaining 54 LA-MRSA isolates, which showed the corresponding 

phenotype, but were negative for all known vga genes and also the novel lsa(E) 

gene, were examined for point mutations in domain V of the 23S rRNA and in the 

gene for the ribosomal protein L3. However, no mutations could be detected in these 

isolates, which suggests that further novel or uncommon pleuromutilin resistance 

genes may be present in these isolates. 

 

 

16.6.2  Novel Spectinomycin Resistance Gene spw 

 
A closer look at the two different types of multi-resistance gene clusters of MRSA 

ST398/MSSA ST9 of human origin from Spain (LOZANO et al. 2012) as well as 

MRSA ST9 of porcine origin from China (CHAPTERS 9, 10), revealed the presence 

of a reading frame for a putative spectinomycin resistance gene referred to as orf3 

between the resistance genes aadE and lsa(E) (CHAPTER 11).  

Spectinomycin is an aminocyclitol antibiotic and according to European 

Medicines Agency (EMEA) documents, it is authorised for treatment of enteric and 

respiratory infections of cattle, sheep, pigs and poultry (EMEA 2001). Resistance to 

this compound in staphylococci is most commonly associated with the carriage of the 

spc gene, which encodes a 260 aa spectinomycin 9-O-adenyltransferase (MURPHY 

1985) and has already been detected in LA-MRSA from pigs (KADLEC et al. 2009, 
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OVERESCH et al. 2011), cattle (FESSLER et al. 2010), as well as chickens and 

turkeys (CHAPTERS 3, 6). The spc gene is part of the transposon (Tn) 554 and as 

such is found in combination with the Tn554-associated MLSB resistance gene 

erm(A) (MURPHY et al. 1985).  

Detailed analysis of the open reading frame for the putative spectinomycin 

resistance gene revealed an adenyltransferase protein of 269 aa with an alternative 

start codon (TTG). Database search identified identical or closely related proteins, 

occasionally with the annotation of a wrong start codon, in Enterococcus faecium (E. 

faecium), E. faecalis and Lactobacillus johnsonii. In contrast, the putative protein 

exhibited only 64.7 % identity to the Tn554-associated Spc protein (MURPHY 1985, 

MURPHY et al.1985). Cloning and transfer of this putative spectinomycin resistance 

gene into the recipient strain S. aureus RN4220 followed by susceptibility testing for 

spectinomycin and streptomycin, identified orf3 as a novel spectinomycin resistance 

gene, which was then designated spw (CHAPTER 11).  

The detection of the spw gene, which is likely to be of enterococcal origin, 

represents another example of the gene flux between enterococci and staphylococci 

(see CHAPTER 9). 

 

To see whether the spw gene was present in other staphylococci, a PCR 

assay was developed and applied to four LA-MRSA CC398 isolates from fresh turkey 

meat and turkey meat products previously identified as spectinomycin resistant and 

spc-negative (FESSLER et al. 2011b).  

Of the four LA-MRSA isolates, one isolate from a seasoned turkey breast 

schnitzel was positive in the spw-specific PCR, whereas the remaining three were 

also negative for spw. This observation points towards the existence of other still 

unknown spectinomycin resistance genes in staphylococci.  

 

 

16.6.3  Complete Sequence of the Multi-Resistance Plasmid pV7037 

 
After the finding of the two novel antimicrobial resistance genes lsa(E) and spw as 

part of a multi-resistance gene cluster on plasmid pV7037 from a porcine LA-MRSA 

ST9 isolate from China (CHAPTERS 9, 10, 11), the complete sequence of plasmid 
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pV7037 was determined to gain insight into the structure and organization of this 

plasmid (CHAPTER 12).  

The complete sequence of pV7037 consists of a 17,577 bp XbaI segment, 

which has already been sequenced and carried the multi-resistance gene cluster 

(CHAPTER 10), and three additional XbaI fragments, which resulted in a total size of 

40,971 bp for plasmid pV7037. It should be noted that an additional XbaI site was 

found to be located in one of the three fragments. However, the plasmid DNA was 

not restricted at this additional XbaI site, and it is assumed that the original S. aureus 

isolate SA7037 carries a Dam-like methylation system as known from Escherichia 

coli.  

 

 

16.6.3.1 Fragment Containing the Multi-Resistance Gene Cluster 

 

The previously sequenced ~ 17.5 kb XbaI fragment contained, beside the lsa(E) and 

spw gene, the four antimicrobial resistance genes aacA-aphD, erm(B), aadE and 

lnu(B) (CHAPTER 10). The aacA-aphD gene codes for a bifunctional enzyme of 479 

aa that shows acetyltransferase and phosphotransferase activity and confers 

resistance to gentamicin, kanamycin, tobramycin and - when over-expressed - also 

to amikacin (FERRETTI et al. 1986, ROUCH et al. 1987) and is located on the non-

conjugative Tn4001 bracketed by IS256 elements (BYRNE et al. 1989). A closer look 

at the multi-resistance gene cluster revealed that only an IS256-deficient relic of 

Tn4001 was present. Such truncated Tn4001 elements, in which the terminal IS256 

sequence have been deleted, have also been found on multi-resistance plasmids in 

human S. aureus and in avian CoNS isolates, including Staphylococcus warneri and 

Staphylococcus sciuri (S. sciuri) (LANGE et al. 2003, CARYL and O’NEILL 2009). 

While the upstream part of Tn4001 was truncated by the integration of IS1216, the 

downstream part and also 44 bp of the C-terminus of the aacA-aphD gene were 

deleted by the insertion of a Tn917 relic, which generated an alternative stop codon 

and thus extended the aacA-aphD reading frame by 12 codons. Based on the high 

gentamicin MICs observed, these modifications had no negative impact on the 

aminoglycoside resistance mediated by the AacA-AphD protein. 

The non-conjugative Tn917 was originally found on plasmid pAD2 in the E. 

faecalis strain DS16 and consists of the rRNA methylase gene erm(B) conferring 
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resistance to MLSB antibiotics, the resolvase gene tnpR, and the transposase gene 

tnpA flanked by inverted repeats of 38 bp. Moreover, an internal direct repeat of 73 

bp, which corresponds to the 73 bp at the left terminus of Tn917, separates the 

resistance gene region from the resolvase/transposase region (SHAW and 

CLEWELL 1985). On the 17.5 kb XbaI fragment of plasmid pV7037, only the left-

hand segment, including the 73 bp terminal repeat, the erm(B) gene and 39 bp of the 

internal 73 bp repeat sequence, were present. Such Tn917 relics have also been 

identified on plasmids from a Staphylococcus lentus isolate from a mink and a S. 

aureus isolate of bovine origin (WERCKENTHIN et al. 1996a, FESSLER et al. 

2011a). 

The aadE gene encodes a 302-aa adenyltransferase, which confers 

streptomycin resistance, and has mainly been found in canine and feline 

Staphylococcus pseudintermedius (BOERLIN et al. 2001, KADLEC et al. 2010a, 

PERRETEN et al. 2010, GÓMEZ-SANZ et al. 2011, ZAKOUR et al. 2011), but was 

also detected in porcine Staphylococcus hyicus (S. hyicus) (AARESTRUP and 

JENSEN 2002) and in S. sciuri (HAUSCHILD et al. 2007). 

The lnu(B) gene codes for a lincosamide nucleotidyltransferase of 267 aa and 

was primarily identified in Enterococcus spp, Streptococcus spp. and Clostridium 

spp., however, Lozano and colleagues (2012) recently described the first report of 

the lnu(B) gene in MRSA ST398 isolates of human origin. Both genes, aadE and 

lnu(B), are indistinguishable from those previously found on plasmid pEF418 from E. 

faecalis. 

This multi-resistance gene cluster is bracketed by an IS257 element and an 

IS1216 element, which might have been involved in both the formation of the multi-

resistance gene cluster and its dissemination.  

 

 

16.6.3.2 Remaining Fragments of Plasmid pV7037 

 

Apart from the antimicrobial resistance genes in the multi-resistance gene cluster, it 

contains a tet(L) gene, a truncated β-lactamase-harbouring Tn552 as well as a 

cadDX operon. 

The tet(L) gene codes for a major facilitator protein of 458 aa and confers 

resistance to tetracyclines except for minocycline (ROBERTS 2005). The tet(L) gene 
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was first identified in various Bacillus spp., but up to now it has also been shown in 

different Staphylococcus spp., in which it is often located on plasmids (SCHWARZ et 

al. 1992, 1998). The tet(L) gene of plasmid pV7037 is indistinguishable from the one 

previously found on plasmid pKKS2187 from a porcine MRSA ST398 (KADLEC and 

SCHWARZ 2009a), and cloning, transfer, as well as subsequent susceptibility testing 

of the tet(L) gene confirmed its functional activity. 

The non-conjugative Tn552 carries the following genes: the β-lactamase 

repressor gene blaI, the β-lactamase regulator gene blaR1, the β-lactam resistance 

gene blaZ; the resolvase gene binL, which is involved in a co-integrate resolution 

system homologous with those of Tn3 family elements, the transposase genes tnp 

and orf271. Furthermore, it carries imperfect inverted repeats at its termini 

(ROWLAND and DYKE 1989, 1990). Tn552 has been detected on plasmids as well 

as in the chromosomal DNA in various Staphylococcus spp. (LYON and SKURRAY 

1987). The Tn552 region of plasmid pV7037 exhibits 98.7 % identity to the 

corresponding sequence of the original Tn552.  

The terminal upstream end of the blaZ gene was deleted by the integration of 

an IS431 element and two frame-shift mutations were detected. The first frame-shift 

mutation was caused by an additional T in the blaZ gene, which led to a premature 

stop codon. The functional inactivity of blaZ was confirmed by a low ampicillin MIC. 

This observation was also recently described for the multi-resistance plasmid 

pSWS47 (WEISS et al. 2013b). The second frame-shift mutation was caused by a 

deleted A, which resulted in a premature stop codon in the β-lactamase regulator 

gene blaR1.  

 

In addition to the antimicrobial resistance genes, plasmid pV7037 also 

harbours a functional cadDX operon, which confers resistance to the heavy metal 

cadmium. The cadD gene encodes for a 205-aa P-type metal efflux ATPase protein 

and the cadX gene for a 115-aa protein that serves as a transcriptional regulator 

(CRUPPER et al. 1999, CHEN et al. 2008). Despite the fact that cadmium is a highly 

toxic metal that is neither used in agriculture nor found in the community or in the 

hospital sector, the presence of cadmium resistance determinants on staphylococcal 

plasmids is relatively common (HOLDEN et al. 2004, MALACHOWA and DELEO 

2010, SCHWARZ et al. 2011, GÓMEZ-SANZ et al. 2013a, b).  
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Elevated concentrations of cadmium in feedstuffs may occur due to the 

application of sewage sludge or phosphate fertilizers leading to high levels of 

cadmium in agricultural soils. Although the accepted maximum levels of cadmium in 

feedstuffs for livestock are regulated, it cannot be excluded that such intake might be 

in part responsible for the selection of cadmium resistance determinants in the 

present bacterial population of pigs. The major route of cadmium intake for non-

smoking and not occupationally exposed humans is an ingestion of contaminated 

food (including food of animal origin) and water (EFSA 2004, ASHRAF 2012, 

CIOBANU et al. 2012). This exposure might also select for cadmium resistance in 

transferable elements in the human S. aureus population and thus can easily spread 

to animals.  

Database search for sequence similarity on nucleotide level exhibited 100 % 

identity of the cadDX operon on plasmid pV7037 to the corresponding sequence of 

plasmid pUR3912 from a MSSA ST398 isolate from a healthy human in Spain 

(GÓMEZ-SANZ et al. 2013c). 

 

Additionally, analysis of the complete sequence of plasmid pV7037 focused on 

two additional putative ORFs, which attracted attention: firstly, the RNA methylase 

gene, previously identified in the multi-resistance gene cluster and referred to as orf2, 

and secondly, an ABC transporter gene upstream of the tet(L) gene, which showed 

high similarity on protein level to ABC transporters identified in Staphylococcus 

epidermidis (S. epidermidis). No defined function has been assigned to the two ORFs 

and suscepitibility testing of the corresponding S. aureus transformants indicated that 

the two genes obviously do not have a function in antimicrobial resistance. 

In addition to the resistance genes, plasmid pV7037 harboured two intact and 

one truncated IS431 elements, one IS257 element and IS1216 element. While 

IS1216 is mainly found in Enterococcus spp., IS431 and IS257 have commonly been 

identified in different Staphylococcus spp. and have been shown to play an important 

role in the distribution of a variety of antimicrobial resistance genes in staphylococci. 

Insertion sequences can facilitate integration- and recombination processes in the 

chromosomal DNA and also on plasmids, and furthermore result in structural 

rearrangements of plasmids (SIGUIER et al. 2006, SCHWARZ et al. 2011). For 

example, IS257 elements have been assumed to be involved in the integration of the 

small tetracyclines resistance plasmids into larger plasmids (WERCKENTHIN et al. 
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1996b), such as the ∼ 40-kb plasmid pKKS2187 from a porcine MRSA ST398 isolate 

(KADLEC and SCHWARZ 2009a). In addition, plasmid pV7037 harbours further 

functional genes, which encode proteins required for replication, mobilization and 

recombination processes.  

 

In conclusion, the complete sequence analysis of plasmid pV7037 confirmed 

that this plasmid contains a total of seven functionally active genes which mediate 

resistance to antimicrobial agents, some of which are commonly used in veterinary 

medicine, while others are classified as critically important in veterinary medicine 

[e.g. macrolides] and some even represent reserve agents in human medicine [e.g. 

streptogramins, pleuromutilins]. The use of any of these antimicrobial agents could 

provide selective pressure for the maintenance and dissemination of the multi-

resistance plasmid pV7037. In addition, the emergence of such multidrug resistance 

plasmids that also carry heavy metal resistance genes such as the cadDX operon, is 

alarming and may also facilitate their persistence, co-selection and dissemination.  

The mosaic structure of plasmid pV7037 strongly suggests that this plasmid 

has been developed from various parts that have been identified before on other 

plasmids or transposons of staphylococci, enterococci or other Gram-positive 

bacteria. Similar mosaic structures were also described in other recently sequenced 

multi-resistance plasmids. For example, the multi-resistance plasmid pSWS47 from a 

feline methicillin-resistant S. epidermidis ST5 isolate also carried five functionally 

active antimicrobial resistance genes, several insertion sequences and was also 

composed of parts of plasmids and transposons previously described in 

staphylococci as well as other Gram-positive bacteria (WEISS et al. 2013b).  

This finding underlines once more the ability and enormous flexibility of 

bacteria to exchange genetic material across species and genus boundaries and to 

generate novel mosaic plasmids with numerous resistance genes from different 

sources, in order to find ways and means to escape the effects of antimicrobial 

treatment. 
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16.7  Enterococcal Multi-Resistance Gene Cluster 

 

In recent studies, two different types of an enterococcal multi-resistance gene cluster 

were identified in MRSA ST398 and MSSA ST9 isolates of human origin from Spain 

(LOZANO et al. 2012, LI et al. 2014, see CHAPTER 9) as well as on plasmid pV7037 

or in part in the chromosomal DNA of MRSA ST9 isolates from swine in China (see 

CHAPTER 10, 11, 12). Both types harboured the novel resistance genes lsa(E) and 

spw along with the resistance genes aadE and lnu(B), while the cluster identified on 

plasmid pV7037 also carried the genes aacA-aphD and erm(B). 

During the analysis of LA-MRSA isolates from various origins and 

geographical locations, several isolates were identified as spectinomycin- and 

pleuromutilin-resistant, but were negative for the until then known resistance genes, 

which confer these phenotypes. These included ten LA-MRSA CC9 isolates from 

frozen or chilled chicken and pig carcasses from five different wet markets and a 

supermarket in Hong Kong, a single LA-MRSA CC9 isolate from a butcher working at 

a further wet market and a single MRSA CC398 isolate of a nasally colonized human 

patient in a German hospital (CHAPTER 13). Meanwhile, the novel resistance genes 

lsa(E) and spw were identified in these isolates by specific PCR assays.  

Molecular analysis revealed that all LA-MRSA CC9 were closely related. 

These isolates had the atypical SCCmec type V with spa type t899 and dru type 

dt12w, except single isolates with spa type t1234 and dru type dt12y, dt11by or 

dt10ca. To see more subtle variations among these isolates, macrorestriction 

analysis was used, which is considered as the most discriminative and most suitable 

method for short-term epidemiological analyses. These pattern-based method 

exposed not only LA-MRSA CC9 isolates with indistinguishable or slightly variable 

PFGE patterns within the same wet market, but also individual PFGE patterns within 

and between the different wet markets. Susceptibility testing, DNA microarray 

analysis as well as further PCR assays revealed five different resistance phenotypes 

and four different genotypes among the MRSA CC9 isolates and all of which were 

considered as multi-resistant. In contrast, the single MRSA CC398 isolate belonged 

to SCCmec type V, spa type t011 as well as dru type dt11a and was also considered 

as multi-resistant by its resistance to three or more classes of antimicrobial agents. 

Furthermore, ten overlapping PCR assays (see CHAPTER 10) and also whole 

genome sequencing identified a large part of the pV7037-associated multi-resistance 
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gene cluster in all twelve MRSA isolates, including the resistance genes aadE, spw, 

lsa(E) and lnu(B). In comparison to all LA-MRSA CC9 isolates, which carried 

downstream of the lnu(B) gene a transposase gene, the single MRSA CC398 isolate 

from a human patient exhibited at this position two genes coding for a resolvase and 

a nucleotidyltransferase from E. faecium, respectively.  

In accordance with the majority of the Chinese porcine MRSA CC9 isolates 

and the Spanish MRSA ST398 and MSSA ST9 isolates of human origin, different 

transfer experiments suggested that the cluster is located in the chromosomal DNA 

of all twelve MRSA isolates. All these observations suggest that a multi-resistance 

gene cluster, which is closely related to the one detected in enterococci of human 

and porcine origin by LI and colleagues (2013), has obviously acquired by 

MRSA/MSSA CC9 and CC398 isolates of various origins independently at different 

occasions in Europe and Asia. 

 

 

16.8 Novel Spectinomycin Resistance Gene spd 

 

During recent years, several survey studies revealed a high frequency of LA-MRSA 

isolates, which displayed phenotypic resistance to spectinomycin. However, only a 

few were found to carry the commonly spectinomycin resistance gene spc or the 

novel spectinomycin resistance spw (see CHAPTER 11). More recently, a further 

novel spectinomycin resistance gene, designated spd, has been identified on the 

small plasmid pDJ91S in MRSA ST398 isolates from chicken, horse, rat, cattle, pig 

and human origin in Belgium (JAMROZY et al. 2014). 

To see whether the spd gene was responsible for the phenotypic resistance to 

spectinomycin, the spd-specific PCR assay described by JAMROZY and colleagues 

(2014) was applied to LA-MRSA/MSSA isolates from different human and animal 

sources outside Belgium (CHAPTER 14). These included four LA-MRSA CC398 

isolates from broiler chickens at slaughter and abattoir workers in The Netherlands 

(see CHAPTER 6), 21 LA-MRSA CC398 isolates from broiler farms, humans and 

their households in The Netherlands (see CHAPTER 4), four LA-MRSA CC398 

isolates from turkey meat and meat products in Germany and Austria (see FESSLER 

et al. 2011b), a single LA-MRSA CC398 isolate from a diseased pig in the GERM-Vet 
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program (see KADLEC et al. 2009), and a single LA-MSSA ST433 from a diseased 

pig in the BfT-GermVet study (see SCHWARZ et al. 2007). All these isolates were 

positive in the spd-specific PCR, Southern blot hybridization ting of plasmid profiles 

from the 31 isolates with a spd-specific gene probe confirmed the presence of a 

small ~ 3.9 kb plasmid that hybridized with the spd probe.  

Electrotransformants harboured the expected small plasmid and sequence 

analysis of a single plasmid, designated pSWS2889, revealed a complete size of 

3898 bp which is 30 bp smaller than plasmid pDJ91S. The major part of the two 

plasmids, including the Spd protein and a plasmid recombination/mobilization protein, 

were indistinguishable, while considerable differences were noticed between their 

Rep proteins. In comparison to the 322 aa Rep protein of plasmid pDJ91S, the 8 aa 

difference to the 314 aa Rep protein of plasmid pSWS2889 was due to a loss of one 

tandem copy of a 24 bp segment. The protein alignment of the two Rep Proteins 

showed an overall identity of only 81.1 %.  

Furthermore, the sequence differences in the two rep genes also account for 

unique restriction sites for the endonucleases HpaI, EcoRI and ClaI in pDJ91S which 

can be used to differentiate between the two similar sized spd-carrying plasmids. 

Based on this fact, restriction analysis - confirmed by sequence analysis of the rep 

gene of selected plasmids - revealed that plasmid pSWS2889 was found in 22 MRSA 

isolates, whereas plasmid pDJ91S was present in the remaining nine isolates.  

In conclusion, both plasmid types could be detected in isolates of various 

origins and geographical locations that date back until 2005 and it was the first 

identification of the spd gene in a LA-MSSA ST433 isolate. These findings 

demonstrated that the spd gene can be present on different plasmid types in LA-

MRSA/MSSA isolates and is obviously present for longer times than initially thought. 

Moreover, the emerging diversity of novel spectinomycin resistance genes as well as 

the frequent detection of these novel genes might suggest a significant selective 

pressure on LA-MRSA/MSSA isolates and putative high rates of horizontal transfer of 

the associated plasmids. 
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16.9  Fluoroquinolone Resistance-Associated Point Mutations 

 

Besides resistance genes, mutations in the target genes can also account for 

antimicrobial resistance (WOODFORD and ELLINGTON 2007). Mutation-mediated 

resistance is especially common among resistances to synthetic antibacterial agents, 

such as fluoroquinolones and oxazolidinones (TAKAHASHI et al. 1998, HOOPER 

2000, TSIODRAS et al. 2001, WILSON et al. 2003, MEKA et al. 2004).  

Enrofloxacin was the first fluoroquinolone approved for veterinary medicine 

and is still commonly used in veterinary practice to treat infections caused by a wide 

spectrum of bacterial pathogens, including MSSA and MRSA (MARTINEZ et al. 

2006, LIN and DAVIES 2007). Fluoroquinolones interact with two bacterial targets, 

the related enzymes DNA gyrase and topoisomerase IV, both of which are involved 

in DNA replication (DRLICA and ZHAO 1997).  

The tetramer DNA gyrase is composed of two GyrA and GyrB subunits and is 

the only bacterial enzyme that introduces negative superhelical twists into the DNA, 

which is important for the initiation of DNA replication. DNA gyrase also facilitates 

DNA replication by removing positive superhelical twists that accumulate ahead of 

the replication fork, or as a result of transcription of certain genes (WANG 1996, 

HOOPER 1998).  

Topoisomerase IV is similarly structured and is composed of two GrlA and 

GrlB subunits each (FERRERO et al. 1994). It is active in the terminal stages of DNA 

replication, allowing for the decatenation of interlinked daughter chromosomes so 

that segregation into daughter cells can occur (ADAMS et al. 1992).  

Fluoroquinolones inhibit these two enzymes by stabilizing either the DNA–

DNA gyrase complex or the DNA–topoisomerase IV complex, which results in a rapid 

inhibition of DNA synthesis and eventual cell death (DRLICA a. ZHAO 1997, 

HOOPER 1998). But it should be noted that fluoroquinolones differ in their relative 

activities against these enzymes, and topoisomerase IV was found to be the primary 

target in S. aureus (FERRERO et al. 1994). Development of resistance to 

fluoroquinolones is a stepwise process, resulting from the accumulation of amino-

acid substitutions in these two subunits (HAWKEY 2003). Moreover, an increasing 

number of mutations generally correlates with increasing MICs (RUIZ 2003). Most, 

but not all, of the mutations fall into defined regions of the genes gyrA, gyrB, grlA and 
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grlB, designated the quinolone resistance-determining regions (QRDRs) 

(TAKAHASHI et al. 1998).  

Another important factor in the determination of fluoroquinolone resistance in 

S. aureus is the overexpression of the norA gene by mutations in the norA promoter 

region. This gene encodes a multidrug efflux pump that can actively remove the 

antibacterial agent from the cell (KAATZ et al. 1993, SCHMITZ et al. 1998, 

TAKAHASHI et al. 1998).  

 

The distribution of fluoroquinolone resistance-associated point mutations was 

examined in 21 MRSA and 15 MSSA isolates from diseased pigs (MRSA n=8, MSSA 

n=3), cattle (MRSA n=2), poultry (MRSA n=2, MSSA n=12) and food of poultry origin 

(MRSA n=9) (CHAPTER 15), which had already been characterized in previous 

studies (SCHWARZ et al. 2007, KADLEC et al. 2009, FESSLER et al. 2011b). 

Unfortunately, Clinical and Laboratory Standards Institute (CLSI) approved clinical 

breakpoints for enrofloxacin applicable to Staphylococcus spp. are restricted to 

staphylococci from cats and dogs (susceptible: ≤0.5 mg/L; intermediate: 1 - 2 mg/L; 

resistant: ≥ 4 mg/L) and no CLSI-approved clinical breakpoints applicable to 

staphylococci from pigs, cattle or poultry are currently available (CLSI 2013). Based 

on the aforementioned breakpoints, the analyzed isolates were selected from five 

previous isolate collections based on their enrofloxacin MIC of ≥ 1 mg/L.  

Twenty-four of the 36 MRSA/MSSA isolates were assigned to CC398, six to 

CC5 (all of poultry origin or food thereof) and five to CC9. The remaining avian 

isolate belonged to the novel sequence type ST2269 that has been identified for the 

first time during the course of this study (CHAPTER 15).  

Two or three mutations in the QRDRs of the genes gyrA, gyrB, grlA and/or 

grlB were detected in all isolates, except for two MRSA CC398 isolates from pigs, 

which showed only a single mutation in the grlB gene. Regardless of their origin and 

their methicillin resistance status, all isolates with enrofloxacin MICs of ≥ 4 mg/L 

contained the already described GrlA substitution Ser80Phe and one of the GyrA 

substitutions Ser84Leu (TAKAHASHI et al. 1998) or Ser84Ala; the latter was first 

reported in staphylococci in our study in the two MRSA isolates of porcine origin 

(CHAPTER 15).  

In contrast, isolates with enrofloxacin MICs of 1 or 2 mg/L showed one of the 

GrlA substitutions Ser80Phe, Ser80Tyr or Ser80Leu, but lacked the GyrA 



16 General Discussion  

 

76 

substitutions at position 84. This is in accordance with the observation that mutations 

in both target genes grlA and gyrA result in higher MIC values than single mutations 

(TANAKA et al. 2000).  

Moreover, except for a single isolate of turkey meat origin, which showed only 

an exchange in the GyrB protein (Arg517Lys), all CC398 isolates, had an additional 

Glu422Asp exchange in their GrlB, regardless of their enrofloxacin MIC, the year of 

isolation, and the source from which the isolate was obtained. A single avian MRSA 

ST5 isolate also showed a GrlB substitution at position 471. Another interesting 

observation was the presence of the Ser80Leu and Glu84Asp GrlA exchanges and 

the GyrA exchange Glu88Asp in the MRSA ST2269 isolate of poultry origin. These 

substitutions have not been identified so far in S. aureus 

Furthermore, two types of point mutations were detected in the norA promoter 

region; all CC398 isolates shared the same type of mutation, whereas the remaining 

isolates showed the second type, except the single avian MRSA ST2269 isolates for 

which no norA-specific PCR product could be obtained. However, these point 

mutations affected neither the norA promoter sequences nor the norA-associated 

ribosomal binding site.  

In summary, it can be stated that increased MICs of enrofloxacin among 

S. aureus isolates from diseased food-producing animals or food of animal origin is 

mainly mediated by mutations in grlA and/or gyrA, which corresponds to the findings 

reported previously in S. aureus isolates of different origins (TAKAHASHI et al. 

1998). The detection of four novel mutations during this study additionally illustrates 

the variety and the potential for mutational resistance to emerge. 
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CHAPTER 17 Conclusions 

 

Results of the first part of this Ph.D. thesis (CHAPTERS 3, 4, 6) demonstrated that 

livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) isolates 

showed similar genomic characteristics as well as resistance and virulence 

properties, even though they were isolated from different origins: from healthy poultry 

on farms or at slaughter, from dust samples in broiler houses, from humans living 

and/or working on the poultry farms or from humans working at the poultry 

slaughterhouse, from the farm residences, or even from clinically diseased poultry 

collected during necropsy. LA-MRSA from the same farm or flock at slaughter 

exhibited a high homogeneity indicating a transmission of these bacteria between 

poultry at farm or flock level. However, two or more LA-MRSA clones were often 

present in one flock/farm, indicating that either several introductions events took 

place or a diversification of a specific LA-MRSA isolate occurred over time. In 

contrast, the LA-MRSA isolates from the abattoir workers were more heterogeneous, 

which might reflect their occupational contact with animals from numerous chicken 

flocks and thereby with different LA-MRSA isolates. 

There is a tendency to declare livestock-associated Staphylococcus aureus 

synonymous with MRSA of the sequence type (ST) 398. However, as illustrated by 

the different test populations, multiple STs belonging to different clonal complexes 

(CCs) are livestock-associated, e.g. CC5 or CC9 in poultry. Moreover, all these CCs 

represent MRSA and methicillin-susceptible S. aureus (MSSA) isolates. In addition, 

human-associated isolates are also found among livestock, as LA-MRSA CC398 

isolates can be found among humans without direct contact to livestock. 

Nevertheless, among LA-MRSA/-MSSA isolates, CC398 isolates seem to dominate; 

even so it is not clonal, but consists of a highly variable set of clones. 

Results of the second part of this Ph.D. thesis (CHAPTER 7) revealed that 

there is little evidence for LA-MRSA being a food-borne pathogen. Nevertheless, 

data have shown that LA-MRSA and also community-associated and hospital-

associated MRSA can be present in/on food items intended for human consumption. 

In order to estimate the risk of consumers becoming colonized or infected, the 

MRSA-related aspects, e.g. type of MRSA or pathogenic potential, and the 

consumer-related aspects, e.g. age or health status, must be taken into account. 
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Despite these aspects, the most effective measure to reduce the risk becoming 

colonized or infected by MRSA-contaminated food is to adhere strictly to the rules of 

kitchen hygiene. 

Results of the third part of this Ph.D. thesis (CHAPTERS 5, 8-15) illustrated 

the various opportunities of Staphylococcus spp. from different animals as well as 

from humans to become resistant by either acquisition of novel resistance genes of 

unknown origin, acquisition of resistance genes already present in other Gram-

positive bacteria, or by developing target gene mutations. Given the hundreds of 

millions of years of their potential exposure to antibiotics in nature, it is not surprising 

that staphylococci are prepared to overcome the inhibitory effects of most 

antimicrobial agents by accepting and also passing on mobile resistance genes 

present within the Gram-positive gene pool. The knowledge of whether a resistance 

gene is present on a plasmid or a transposon and whether it is co-located or even 

physically linked with other resistance genes is important information to predict its 

further dissemination among staphylococci and other Gram-positive bacteria. 

Besides their role as human and animal pathogens, the vast majority of the 

staphylococci represent part of the commensal microbiota (“physiological flora”) on 

the skin and the mucosal surfaces of the upper respiratory and alimentary tract. 

These commensal staphylococci also play an important role as donors and as 

recipients of antimicrobial resistance genes. Based on these facts, prudent use of 

every antimicrobial agent is strongly recommended in both human and veterinary 

medicine to retain the efficacy of antimicrobial agents for the control of bacterial 

infections. 
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CHAPTER 18 Summary 

 

Sarah Wendlandt 

 

Comparative molecular analysis of Staphylococcus aureus from intensive 

livestock farming with emphasis on LA-MRSA of poultry origin 

 

Since a few years Staphylococcus aureus, especially livestock-associated methicillin-

resistant S. aureus (LA-MRSA), has been the focus of many studies, but only limited 

information on LA-MRSA from poultry origin was available at the beginning of this 

Ph.D. project. The aims of this study were (i) to comprehensively characterize 

livestock-associated S. aureus of poultry origin, (ii) to answer the question if MRSA is 

a food-borne pathogen, (iii) to provide an overview on antimicrobial resistance genes 

in staphylococci, and (iv) to identify novel antimicrobial resistance genes in LA-MRSA 

isolates. 

 

In the first part of the Ph.D. project, three different test populations were 

investigated. The first test population included 131 isolates from clinically ill turkeys 

and chickens (CHAPTER 3). Among the turkey isolates (n=80), the clonal complex 

(CC) 398 predominated and 21.2 % were LA-MRSA. The majority of chicken isolates 

(n=51) belonged to CC5 and only 9.8 % were LA-MRSA, however, all were identified 

as LA-MRSA CC398. In the other two studies 37 LA-MRSA CC398 isolates from four 

different broiler farms (broilers n=11, broiler houses n=15, farm residences n=5, 

humans living and/or working on the farms n=6) (CHAPTER 4) and 46 LA-MRSA 

CC398 and CC9 isolates from broilers at four different slaughterhouses (n=28) and 

workers at the respective poultry slaughterhouses (n=18) (CHAPTER 6) were 

investigated in order to explore transmission between different reservoirs. Molecular 

analysis of all LA-MRSA isolates from the three test populations showed two 

SCCmec types (IV and V), seven spa types (mainly t011) and twelve dru types 

(mainly dt11a or dt10q). Susceptibility testing, DNA microarray analysis and/or gene 

specific PCR assays, respectively, revealed highly variable resistance phenotypes 

(n=41) and genotypes (n=40). All LA-MRSA isolates (except three LA-MRSA CC9 

isolates) were considered as multi-resistant due to their resistance to three or more 

classes of antimicrobial agents. These results showed that the current dissemination 
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of LA-MRSA also included chickens and turkeys. The LA-MRSA isolates from the 

same farm or flock at slaughter exhibited a high homogeneity indicating transmission 

between poultry at farm or flock level. In contrast, the heterogeneity of the LA-MRSA 

isolates from the abattoir workers might reflect their occupational contact with 

animals from numerous poultry flocks. 

In addition, a rare observation was made in a LA-MRSA CC398-t3015 from a 

broiler farm (CHAPTER 5). This isolate exhibited two different erm(C)-carrying 

plasmids, pSWS371 and pSWS372. The larger plasmid harbored two more genes, a 

cop-6 gene and a novel pre/mob gene. Besides the additional genes, both plasmids 

differed in their rep genes, which assigned them to different incompatibility groups 

and explains why they can stably coexist in the same bacterial cell. 

 

In the second part of this Ph.D. project, the available tools to track the spread 

of MRSA were considered and the current knowledge about these organisms from 

food producing animals and food with respect to the role of MRSA to act as a food-

borne pathogen were summarized (CHAPTER 7). Based on the published literature it 

was concluded that only the presence of MRSA in/on food intended for human 

consumption does not equate to MRSA being classified as a food-borne pathogen. 

The consumer-related aspects, e.g. age or health status, and also the adherence to 

kitchen hygiene play an equally important role. 

In the second review (CHAPTER 8), the latest information on resistance genes 

so far detected in staphylococci from healthy as well as diseased livestock, wild 

animals and pets were described. It became obvious that more than 40 different 

resistance genes have been identified in staphylococci from animals, which confer 

resistance to virtually all classes of antimicrobial agents approved for use in animals. 

These resistance genes can be located on mobile genetic elements, which play a 

major role as carriers of antimicrobial resistance genes and facilitate the exchange of 

resistance genes with staphylococci of human origin but also with other Gram-

positive bacteria. 

 

In the third part of the Ph.D. project, the novel lincosamide/ 

pleuromutilin/streptogramin A resistance gene lsa(E) was identified in an 

enterococcal multi-resistance gene cluster in MRSA ST398 and MSSA ST9 isolates 

of human origin from Spain (CHAPTER 9). The lsa(E) gene was the first lsa gene in 
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staphylococci which confers this resistance phenotype and confirms that there is a 

gene flux between E. faecalis and S. aureus.  

The lsa(E) gene was also identified in 16 porcine MRSA ST9-t899-IVa isolates 

from China (CHAPTER 10). In one of these isolates, lsa(E) was located in a slightly 

different multi-resistance gene cluster on a plasmid. Consequently, the entire plasmid 

was sequenced to gain insight into the structure and organization of this plasmid. The 

multi-resistance plasmid pV7037 proved to be 40,971 bp in size and carried, besides 

the previously determined multi-resistance gene cluster, a functionally active tet(L) 

gene, a complete cadDX operon and also a functionally deleted variant of the β-

lactamase transposon Tn552 (CHAPTER 12). In addition, a comprehensively 

analysis of the two different types of multi-resistance gene clusters identified the 

novel spectinomycin resistance gene spw (CHAPTER 11). 

In a further study, the novel resistance genes lsa(E) and spw were also 

detected in eleven MRSA CC9 isolates from chicken (n=8) and pig carcasses (n=2) 

and from a butcher (n=1) from six different wet markets and a supermarket in Hong 

Kong, as well as in a single MRSA CC398 isolate of a nasally colonized human 

patient from a German hospital (CHAPTER 13). Ten overlapping PCR assays, which 

covered the entire cluster, and multi-resistance gene cluster-carrying contigs, which 

were obtained by whole genome sequencing, showed that all 12 MRSA isolates 

carried a large part of the pV7037-associated multi-resistance gene cluster. This part 

included the resistance genes aadE, spw, lsa(E) and lnu(B). These and previous 

observations suggest that a enterococcal multi-resistance gene cluster with two novel 

resistance genes has been acquired by MRSA/MSSA CC9 and CC398 of various 

origins several times at different occasions in Europe and Asia. 

 

Moreover, the novel spectinomycin resistance gene spd, recently identified on 

plasmid pDJ91S, was found in 30 LA-MRSA CC398 isolates from broilers and 

humans on farms (n=21) or at the slaughterhouses (n=4) in The Netherlands, from 

turkey meat/-products (n=4) in Germany and Austria, from a diseased pig (n=1) in 

Germany and also in a single LA-MSSA ST433 isolate from a diseased pig in 

Germany (CHAPTER 14). Electrotransformation and sequencing identified the spd 

gene on a novel plasmid, pSWS2889, which is 30 bp smaller and carried a different 

rep gene in comparison to plasmid pDJ91S. Restriction analysis showed that 22 
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isolates carried plasmid pSWS2889, whereas plasmid pDJ91S was present in the 

remaining nine isolates.  

 

Furthermore, the analysis of the genetic basis of elevated enrofloxacin MIC´s 

of ≥ 1 mg/L among 21 MRSA and 15 MSSA isolates of CC 398, CC9, CC5 or 

sequence type 2269 from pigs, cattle, poultry or food of poultry origin revealed 

different mutations in the quinolone resistance determining regions of the genes 

gyrA, gyrB, grlA and grlB as well as in the promoter region of norA (CHAPTER 15). In 

addition to the previously reported GrlA substitutions, all CC398 isolates, regardless 

of their origin and their methicillin resistance status, exhibited a Glu422Asp 

substitution in GrlB and a specific set of norA regulator mutations. The detection of 

four novel mutations (Ser80Leu and Glu84Asp in GrlA, Glu88Asp and Ser84Ala in 

GyrA) additionally illustrates the variety and the potential for mutational resistance to 

emerge. 

 

 



 Zusammenfassung 19 

 

83 

CHAPTER 19 Zusammenfassung 

 

Sarah Wendlandt 

 

Vergleichende molekulare Analyse von Staphylococcus aureus Isolaten aus 

intensiver Nutztierproduktion mit Schwerpunkt auf LA-MRSA von Geflügel 

 

Seit einigen Jahren ist Staphylococcus aureus, insbesondere Nutztier-assoziierter 

Methicillin-resistenter S. aureus (LA-MRSA), das Thema vieler wissenschaftlicher 

Studien. Zu Beginn dieses Ph.D.-Projektes waren jedoch nur sehr wenige Daten 

über LA-MRSA aus Geflügelbeständen verfügbar. Die Ziele der vorliegenden Studie 

waren (i) eine umfassende Charakterisierung von Nutztier-assoziierten S. aureus 

Isolaten von Geflügel durchzuführen, (ii) die Frage, ob es ich bei MRSA um einen 

lebensmittelbedingten Krankheitserreger handelt, zu beantworten, (iii) einen 

Überblick über antimikrobielle Resistenzgene bei Staphylokokken zu erarbeiten, 

sowie (iv) neue antimikrobielle Resistenzgene bei LA-MRSA zu identifizieren. 

Im ersten Teil des Projektes wurden drei unterschiedliche Testpopulationen 

untersucht. Die erste Testpopulation umfasste 131 Isolate von klinisch kranken Puten 

und Hühnern (CHAPTER 3). Innerhalb der Putenisolate (n=80) überwog der klonale 

Komplex (CC) 398 und 21,2 % der Isolate erwiesen sich als LA-MRSA. Die Mehrheit 

der Hühnerisolate (n=51) gehörte zum CC5. Nur 9,8 % der Hühnerisolate wurden als 

LA-MRSA identifiziert, diese gehörten jedoch alle dem CC398 an. 

In den beiden weiteren Testpopulationen wurden 37 LA-MRSA CC398 Isolate 

von vier verschiedenen Broiler-Mastbetriebe (Broiler n=11, Broilerstall n=15, 

Wohnhaus n=5, Menschen, die auf dem Betrieb wohnen/arbeiten n=6) (CHAPTER 4) 

und 46 LA-MRSA CC398 bzw. CC9 Isolate von Broilern auf vier verschiedenen 

Schlachthöfen (n=28) und den jeweiligen Schlachthofmitarbeitern (n=18) (CHAPTER 

6) untersucht, um eine mögliche Übertragung zwischen den verschiedenen 

Reservoiren aufzeigen zu können. Die molekulare Analyse aller LA-MRSA Isolate 

der drei Testpopulationen wies zwei SCCmec- (IV und V), sieben spa- (überwiegend 

t011) und zwölf dru-Typen (überwiegend dt11a oder dt10q) nach. Die 

Empfindlichkeitstestung, die DNA-Mikroarray Analysen bzw. gen-spezifische PCR-

Assays ergaben eine hohe Variabilität hinsichtlich der Resistenzphäno- (n=41) und -
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genotypen (n=40). Alle LA-MRSA Isolate (mit Ausnahme von drei LA-MRSA CC9 

Isolaten) wurden, anhand ihrer Resistenz gegenüber drei oder mehr Klassen von 

antimikrobiellen Wirkstoffen, als multiresistent beurteilt. Diese Ergebnisse zeigen, 

dass die aktuelle Verbreitung von LA-MRSA auch Hühner und Puten betrifft. Dabei 

wiesen die LA-MRSA Isolate vom gleichen Mastbetrieb oder der gleichen Herde auf 

dem Schlachthof eine hohe Ähnlichkeit auf, die auf eine Übertragung zwischen den 

Tieren des gleichen Mastbetriebs bzw. der gleichen Herde im Schlachthof hindeutet. 

Im Gegensatz dazu spiegelt die Heterogenität der LA-MRSA Isolate von den 

Schlachthofmitarbeitern den berufsbedingten Kontakt zu Tieren aus 

unterschiedlichen Beständen wieder. 

Im Rahmen dieser Studien wurde außerdem eine seltene Beobachtung in 

einem LA-MRSA CC398-t3015 Isolat von einem Broiler-Mastbetrieb gemacht 

(CHAPTER 5). Dieses Isolat wies zwei verschiedene erm(C)-tragende Plasmide, 

bezeichnet als pSWS371 bzw. pSWS372, auf. Auf dem größeren Plasmid waren 

zusätzlich zwei weitere Gene, ein cop-6 Gen und eine neues pre/mob Gen, 

lokalisiert. Neben diesen zusätzlichen Genen unterscheiden sich beide Plasmide in 

ihren rep Genen, was sie zu unterschiedlichen Inkompatibilitätsgruppen zuordnet und 

erklärt, warum sie nebeneinander in der gleichen Bakterienzelle koexistieren können. 

 

Im zweiten Teil dieses Ph.D. Projektes wurden zunächst die verfügbaren 

Methoden zur Verfolgung einer Ausbreitung von MRSA näher betrachtet. Im 

Weiteren wurden die aktuellen Erkenntnisse über MRSA von Lebensmittel-liefernden 

Tieren und Lebensmitteln, in Bezug auf die Rolle von MRSA als 

lebensmittelbedingtem Krankheitserreger, zusammengefasst (CHAPTER 7). 

Basierend auf der veröffentlichten Literatur konnte der Schluss gezogen werden, 

dass nur durch das Vorhandensein von MRSA in/auf für den menschlichen Verzehr 

bestimmten Lebensmitteln, MRSA nicht als ein lebensmittelbedingter 

Krankheitserreger angesehen werden sollte. Die verbraucherbezogenen Aspekte, 

wie Alter oder Gesundheitszustand, und auch die Einhaltung von Grundregeln der 

Küchenhygiene spielen eine ebenso wichtige Rolle. 

Im zweiten Review (CHAPTER 8) wurden die neuesten Informationen über 

bisher detektierte Resistenzgene bei Staphylokokken von gesunden als auch 

erkrankten Nutztieren, Wildtieren und Haustieren zusammengefasst. Es wurde 

deutlich, dass bereits mehr als 40 verschiedene Resistenzgene in Staphylokokken 
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von Tieren detektiert wurden, die Resistenz gegenüber fast allen Klassen der für die 

Anwendung bei Tieren zugelassenen antimikrobiellen Wirkstoffen vermitteln. Diese 

Resistenzgene können auf mobilen genetischen Elementen lokalisiert sein, welche 

eine wichtige Rolle als Träger von antimikrobiellen Resistenzgenen spielen und den 

Austausch von Resistenzgenen mit Staphylokokken von Menschen aber auch mit 

anderen Gram-positiven Bakterien erleichtern. 

 

Im dritten Teil des Projektes wurde das neue Resistenzgen lsa(E), das 

Resistenz gegenüber Linkosamiden, Pleuromutilinen und Streptogramin A Antibiotika 

vermittelt, in einem von Enterokokken stammenden Multiresistenz-Gencluster in 

MRSA ST398 und MSSA ST9 Isolaten von Menschen aus Spanien identifiziert 

(CHAPTER 9). Das lsa(E) Gen ist das erste lsa Gen bei Staphylokokken, welches 

diesen Resistenzphänotyp vermittelt. Sein Nachweis bestätigt einen Genfluss 

zwischen E. faecalis und S. aureus.  

Kurze Zeit später wurde das lsa(E) Gen auch bei 16 MRSA ST9-t899-IVa 

Isolaten von Schweinen aus China identifiziert (CHAPTER 10). In einem dieser 

Isolate lag das neue Gen plasmid-lokalisiert in einem geringfügig abweichenden 

Multiresistenz-Gencluster vor. Folglich wurde das gesamte Plasmid sequenziert, um 

einen Einblick in dessen Struktur und Organisation zu erlangen. Das Multiresistenz-

Plasmid pV7037 wies eine Größe von 40.971 bp auf und trug, neben dem bereits 

detektierten Multiresistenz-Gencluster, ein funktionell aktives tet(L) Gen, ein 

vollständiges cadDX Operon und eine funktionell deletierte Variante des β-

Laktamase-Transposons Tn552 (CHAPTER 12). Darüber hinaus führte die 

umfassende Analyse der beiden verschiedenen Multiresistenz-Gencluster-Typen zur 

Identifizierung des neuen Spectinomycin Resistenzgens spw (CHAPTER 11). 

In einer weiteren Studie wurden die neuen Resistenzgene lsa(E) und spw 

sowohl in elf MRSA CC9 Isolaten von Hühner- (n=8) und Schweineschlachtkörpern 

(n=2) sowie von einem Metzger (n=1) auf sechs verschiedenen Frischmärkten und in 

einem Supermarkt in Hong Kong detektiert, sowie in einem einzelnen MRSA CC398 

Isolat eines nasal kolonisierten Patienten in einem deutschen Krankenhaus 

(CHAPTER 13). Zehn überlappende PCR-Assays, welche das gesamte Cluster 

abdeckten, sowie durch Gesamtgenomsequenzierung erhaltene das Multiresistenz-

Gencluster tragende Contigs bestätigten, dass alle zwölf MRSA Isolate einen 

Großteil des pV7037-assoziierten Multiresistenz-Genclusters tragen. Dieser Teil 
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beinhaltete die Resistenzgene aadE, spw, lsa(E) und lnu(B). Diese und vorherige 

Beobachtungen legen nahe, dass ein von Enterokokken stammendes Multiresistenz-

Gencluster, welches zwei neue Resistenzgene trägt, von MRSA/MSSA CC9 und 

CC398 Isolaten unterschiedlicher Herkünfte mehrmals bei verschiedenen 

Gelegenheiten in Europa und Asien erworben wurde. 

 

Des Weiteren wurde das neue Spectinomycin-Resistenzgen spd, welches 

kürzlich auf dem Plasmid pDJ91S identifiziert wurde, in 30 LA-MRSA CC398 Isolaten 

von Broilern und Menschen auf Bauernhöfen (n=21) bzw. auf Schlachthöfen (n=4) in 

den Niederlanden, von Geflügelfleisch/-produkten (n=4) in Deutschland und 

Österreich, von einem erkrankten Schwein (n=1) in Deutschland und auch in einem 

einzelnen LA-MSSA ST433 Isolat von einem erkrankten Schwein in Deutschland 

gefunden. Elektrotransformation und Sequenzierung identifizierten das spd Gen auf 

einem neuen Plasmid, pSWS2889, welches im Vergleich zu Plasmid pDJ91S 30 bp 

kleiner war und ein anderes rep Gen trug (CHAPTER 14). Restriktionsanalysen 

ergaben, dass 22 Isolate Plasmid pSWS2889 trugen, während in den restlichen neun 

Isolaten Plasmid pDJ91S präsent war.  

 

Des Weiteren ergab die Analyse der genetischen Grundlagen für erhöhte 

Enrofloxacin-MHK-Werte von ≥ 1 mg/L bei 21 MRSA und 15 MSSA Isolaten der 

CC398, CC9, CC5 oder des Sequenztypes 2269 von Schweinen, Rindern, Geflügel 

und Geflügelfleisch/-produkten verschiedene Mutationen in den entsprechenden 

Zielgenen gyrA, gyrB, grlA and grlB sowie in der Regulatorregion des Gens norA 

(CHAPTER 15). Zusätzlich zu den bereits publizierten GrlA Substitutionen, zeigten 

alle CC398 Isolate eine Glu422Asp Substitution in der abgeleiteten GrlB-Sequenz 

und eine spezifische Kombination von Mutationen in der norA Regulatorregion, 

unabhängig von ihrer Herkunft und ihrem Methicillin-Resistenzstatus. Der Nachweis 

von vier neuen Mutationen (Ser80Leu und Glu84Asp in GrlA, Glu88Asp und 

Ser84Ala in GyrA) veranschaulicht zusätzlich die Möglichkeiten und das Potenzial 

von mutations-basierten Resistenzen sich zu entwickeln. 

 



 References 20 

 

87 

CHAPTER 20 References 

 

AARESTRUP, F.M., Y. AGERSØ, P. AHRENS, J.C. JØRGENSEN, M. MADSEN, L.B. JENSEN 

(2000): 

Antimicrobial susceptibility and presence of resistance genes in staphylococci from poultry. 

Vet. Microbiol. 74, 353-64 

 

AARESTRUP, F.M. and L.B. JENSEN (2002): 

Trends in antimicrobial susceptibility in relation to antimicrobial usage and presence of resistance 

genes in Staphylococcus hyicus isolated from exudative epidermitis in pigs.  

Vet. Microbiol. 89, 83-94 

 

AARESTRUP, F.M. and S. SCHWARZ (2006): 

Antimicrobial resistance in staphylococci and streptococci of animal origin. 

in: Aarestrup, F.M. (ed.): 

Antimicrobial resistance in bacteria of animal origin. 

ASM Press, Washington D.C. 

p. 187-212 

 

ADAMS, D.E., E.M. SHEKHTMAN, E.L. ZECHIEDRICH, M.B. SCHMID, N.R. COZZARELLI (1992): 

The role of topoisomerase IV in partitioning bacterial replicons and the structure of catenated 

intermediates in DNA replication. 

Cell 71, 277-88 

 

ALFONSO, M. and H.J. BARNES (2006): 

Neonatal osteomyelitis associated with Staphylococcus aureus in turkey poults. 

Avian Dis. 50, 148-51 

 

ALLIGNET, J. and N. EL SOLH (1997): 

Characterization of a new staphylococcal gene, vgaB, encoding a putative ABC transporter conferring 

resistance to streptogramin A and related compounds. 

Gene 202, 133-8 

 

ARGUDÍN, M.A., B.A. TENHAGEN, A. FETSCH, J. SACHSENRÖDER, A. KÄSBOHRER, A. 

SCHROETER, J.A. HAMMERL, S. HERTWIG, R. HELMUTH, J. BRÄUNIG, M.C. MENDOZA, B. 

APPEL, M.R. RODICIO, B. GUERRA (2011): 

Virulence and resistance determinants of German Staphylococcus aureus ST398 isolates from 

nonhuman sources. 

Appl. Environ. Microbiol. 77, 3052-60 

 

ARGUDÍN, M.A., N. CARIOU, O. SALANDRE, J. LE GUENNEC, S. NEMEGHAIRE, P. BUTAYE 

(2013): 

Genotyping and antimicrobial resistance of Staphylococcus aureus isolates from diseased turkeys. 

Avian Pathol. 42, 572-80 

 

ARMAND-LEFEVRE, L., R. RUIMY and A. ANDREMONT (2005): 

Clonal comparison of Staphylococcus aureus isolates from healthy pig farmers, human controls, and 

pigs. 

Emerg. Infect. Dis. 11, 711-4 

  

http://www.ncbi.nlm.nih.gov/pubmed/16618001
http://www.ncbi.nlm.nih.gov/pubmed?term=Sachsenr%C3%B6der%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21378035
http://www.ncbi.nlm.nih.gov/pubmed?term=K%C3%A4sbohrer%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21378035
http://www.ncbi.nlm.nih.gov/pubmed?term=Schroeter%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21378035
http://www.ncbi.nlm.nih.gov/pubmed?term=Hammerl%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=21378035
http://www.ncbi.nlm.nih.gov/pubmed?term=Hertwig%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21378035
http://www.ncbi.nlm.nih.gov/pubmed?term=Helmuth%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21378035
http://www.ncbi.nlm.nih.gov/pubmed?term=Br%C3%A4unig%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21378035
http://www.ncbi.nlm.nih.gov/pubmed?term=Mendoza%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=21378035
http://www.ncbi.nlm.nih.gov/pubmed?term=Appel%20B%5BAuthor%5D&cauthor=true&cauthor_uid=21378035
http://www.ncbi.nlm.nih.gov/pubmed?term=Rodicio%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=21378035
http://www.ncbi.nlm.nih.gov/pubmed?term=Guerra%20B%5BAuthor%5D&cauthor=true&cauthor_uid=21378035
http://www.ncbi.nlm.nih.gov/pubmed?term=Argud%C3%ADn%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=24224550
http://www.ncbi.nlm.nih.gov/pubmed?term=Cariou%20N%5BAuthor%5D&cauthor=true&cauthor_uid=24224550
http://www.ncbi.nlm.nih.gov/pubmed?term=Salandre%20O%5BAuthor%5D&cauthor=true&cauthor_uid=24224550
http://www.ncbi.nlm.nih.gov/pubmed?term=Le%20Guennec%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24224550
http://www.ncbi.nlm.nih.gov/pubmed?term=Nemeghaire%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24224550
http://www.ncbi.nlm.nih.gov/pubmed?term=Butaye%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24224550
http://www.ncbi.nlm.nih.gov/pubmed?term=Butaye%20P%5BAuthor%5D&cauthor=true&cauthor_uid=24224550
http://www.ncbi.nlm.nih.gov/pubmed/24224550


20 References  

 

88 

ASHRAF, M.W. (2012): 

Levels of heavy metals in popular cigarette brands and exposure to these metals via smoking. 

Sci. World J. 2012, 729430 

 

BALABAN, N. and A. RASOOLY (2000): 

Staphylococcal enterotoxins. 

Int. J. Food Microbiol. 61, 1-10 

 

BEUMER, R.R. and H. KUSUMANINGRUM (2003): 

Kitchen hygiene in daily life. 

Int. biodeterioration & biodegradation 51, 299-302 

 

BODE, L.G., H.F. WERTHEIM, J.A. KLUYTMANS, D. BOGAERS-HOFMAN, C.M. 

VANDENBROUCKE-GRAULS, R. ROOSENDAAL, A. TROELSTRA, A.T. BOX, A. VOSS, A. VAN 

BELKUM, H.A. VERBRUGH, M.C. VOS (2011): 

Sustained low prevalence of methicillin-resistant Staphylococcus aureus upon admission to hospital in 

The Netherlands. 

J. Hosp. Infect. 79, 198-201 

 

BOERLIN, P., A.P. BURNENS, J. FREY, P. KUHNERT, J. NICOLET (2001): 

Molecular epidemiology and genetic linkage of macrolide and aminoglycoside resistance in 

Staphylococcus intermedius of canine origin. 

Vet. Microbiol. 79, 155-69 

 

BOOST, M.V., A. WONG, J. HO, M. O'DONOGHUE (2013): 

Isolation of methicillin-resistant Staphylococcus aureus (MRSA) from retail meats in Hong Kong. 

Foodborne Pathog. Dis. 10, 705-10 

 

BOSCH, T., E. VERKADE, M. VAN LUIT, B. POT, P. VAUTERIN, R. BURGGRAVE, P. SAVELKOUL, 

J. KLUYTMANS, L. SCHOULS (2013): 

High resolution typing by whole genome mapping enables discrimination of LA-MRSA (CC398) strains 

and identification of transmission. 

PLoS. One 8, 66493 

 

BRISSON-NOËL, A. and P. COURVALIN (1986): 

Nucleotide sequence of gene linA encoding resistance to lincosamides in Staphylococcus 

haemolyticus. 

Gene 43, 247-253 

 

BROENS, E.M., E.A. GRAAT, B. ENGEL, R.A. VAN OOSTEROM, A.W. VAN DE GIESSEN, P.J. VAN 

DER WOLF (2011a): 

Comparison of sampling methods used for MRSA-classification of herds with breeding pigs. 

Vet. Microbiol. 147, 440-4 

 

BROENS, E.M., E.A. GRAAT, P.J. VAN DER WOLF, A.W. VAN DE GIESSEN, M.C. DE JONG 

(2011b): 

Transmission of methicillin resistant Staphylococcus aureus among pigs during transportation from 

farm to abattoir. 

Vet. J. 189, 302-5 

  

http://www.ncbi.nlm.nih.gov/pubmed?term=Boost%20MV%5BAuthor%5D&cauthor=true&cauthor_uid=23692075
http://www.ncbi.nlm.nih.gov/pubmed?term=Wong%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23692075
http://www.ncbi.nlm.nih.gov/pubmed?term=Ho%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23692075
http://www.ncbi.nlm.nih.gov/pubmed?term=O'Donoghue%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23692075
http://www.ncbi.nlm.nih.gov/pubmed/23692075
http://www.ncbi.nlm.nih.gov/pubmed/20850359
http://www.ncbi.nlm.nih.gov/pubmed/20850359


 References 20 

 

89 

BROENS, E.M., E.A. GRAAT, P.J. VAN DER WOLF, A.W. VAN DE GIESSEN, M.C. DE JONG 

(2011c): 

Prevalence and risk factor analysis of livestock associated MRSA-positive pig herds in The 

Netherlands. 

Prev. Vet. Med. 102, 41-9 

 

BYRNE, M.E., D.A. ROUCH and R.A. SKURRAY (1989): 

Nucleotide sequence analysis of IS256 from the Staphylococcus aureus gentamicin-tobramycin-

kanamycin-resistance transposon Tn4001. 

Gene 81, 361-7 

 

CARYL, J.A. and A.J. O’NEILL (2009): 

Complete nucleotide sequence of pGO1, the prototype conjugative plasmid from the staphylococci. 

Plasmid 62, 35-8 

 

CHAMBERS, H.F. (2001): 

The changing epidemiology of Staphylococcus aureus? 

Emerg. Infect. Dis. 7, 178-82 

 

CHEN, Y.Y., C.W. FENG, C.F. CHIU, R.A. BURNE (2008): 

cadDX operon of Streptococcus salivarius 57.I. 

Appl. Environ. Microbiol. 74, 1642-5 

 

CHEN, Y., S.S. CHATTERJEE, S.F. PORCELLA, Y.S. YU, M. OTTO (2013): 

Complete genome sequence of a Panton-Valentine leukocidin-negative community-associated 

methicillin-resistant Staphylococcus aureus strain of sequence type 72 from Korea. 

PLoS. One 8, 72803 

 

CHUA, K., F. LAURENT, G. COOMBS, M.L. GRAYSON, B.P. HOWDEN (2011): 

Antimicrobial resistance: Not community-associated methicillin-resistant Staphylococcus aureus (CA-

MRSA)! A clinician's guide to community MRSA - its evolving antimicrobial resistance and implications 

for therapy. 

Clin. Infect. Dis. 52, 99-114 

 

CIOBANU, C., B.G. SLENCU, R. CUCIUREANU (2012): 

Estimation of dietary intake of cadmium and lead through food consumption. 

Rev. Med. Chir. Soc. Med. Nat. Iasi. 116, 617-23 

 

CLSI (CLINICAL AND LABORATORY STANDARDS INSTITUTE) (2013): 

Performance Standards for Antimicrobial Disk and Dilution Susceptibility Tests for Bacteria Isolated 

From Animals; Approved Standard-Fourth Edition. CLSI document VET01-A4. 

CLSI, Wayne, PA, USA. 

 

COCHETTI, I., E. TILI, M. MINGOIA, P.E. VARALDO, M.P. MONTANARI (2008): 

erm(B)-carrying elements in tetracycline-resistant pneumococci and correspondence between Tn1545 

and Tn6003. 

Antimicrob. Agents Chemother. 52, 1285-90 

 

CROMBÉ, F., G. WILLEMS, M. DISPAS, M. HALLIN, O. DENIS, C. SUETENS, B. GORDTS, M. 

STRUELENS, P. BUTAYE (2012): 

Prevalence and antimicrobial susceptibility of methicillin-resistant Staphylococcus aureus among pigs 

in Belgium. 

Microb. Drug Resist. 18, 125-31  

http://www.ncbi.nlm.nih.gov/pubmed/11294701
http://www.ncbi.nlm.nih.gov/pubmed?term=Burne%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=18165364
http://www.ncbi.nlm.nih.gov/pubmed?term=Chen%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23977354
http://www.ncbi.nlm.nih.gov/pubmed?term=Chatterjee%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=23977354
http://www.ncbi.nlm.nih.gov/pubmed?term=Porcella%20SF%5BAuthor%5D&cauthor=true&cauthor_uid=23977354
http://www.ncbi.nlm.nih.gov/pubmed?term=Yu%20YS%5BAuthor%5D&cauthor=true&cauthor_uid=23977354
http://www.ncbi.nlm.nih.gov/pubmed?term=Otto%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23977354
http://www.ncbi.nlm.nih.gov/pubmed/?term=Complete%20Genome%20Sequence%20of%20a%20Panton-Valentine%20Leukocidin-Negative
http://www.ncbi.nlm.nih.gov/pubmed/21148528
http://www.ncbi.nlm.nih.gov/pubmed/21148528
http://www.ncbi.nlm.nih.gov/pubmed/21148528


20 References  

 

90 

CRUPPER, S.S., V. WORRELL, G.C. STEWART, J.J. IANDOLO (1999): 

Cloning and expression of cadD, a new cadmium resistance gene of Staphylococcus aureus. 

J. Bacteriol. 181, 4071-5 

 

CUNY, C., R. NATHAUS, F. LAYER, B. STROMMENGER, D. ALTMANN, W. WITTE (2009): 

Nasal colonization of humans with methicillin-resistant Staphylococcus aureus (MRSA) CC398 with 

and without exposure to pigs. 

PLoS. One 4, 6800 

 

CUNY, C., A. FRIEDRICH, S. KOZYTSKA, F. LAYER, U. NÜBEL, K. OHLSEN, B. STROMMENGER, 

B. WALTHER, L. WIELER, W. WITTE (2010): 

Emergence of methicillin-resistant Staphylococcus aureus (MRSA) in different animal species. 

Int. J. Med. Microbiol. 300, 109-17 

 

CUNY, C., A.W. FRIEDRICH and W. WITTE (2012): 

Absence of Livestock-Associated Methicillin-Resistant Staphylococcus aureus Clonal Complex CC398 

as a Nasal Colonizer of Pigs Raised in an Alternative System. 

Appl. Environ. Microbiol. 78, 1296-7 

 

DAVID, M.Z. and R.S. DAUM (2010): 

Community-associated methicillin-resistant Staphylococcus aureus: epidemiology and clinical 

consequences of an emerging epidemic. 

Clin. Microbiol. Rev. 23, 616-87 

 

DE BOER, E., J.T. ZWARTKRUIS-NAHUIS, B. WIT, X.W. HUIJSDENS, A.J. DE NEELING, T. 

BOSCH, R.A. VAN OOSTEROM, A. VILA, A.E. HEUVELINK (2009): 

Prevalence of methicillin-resistant Staphylococcus aureus in meat. 

Int. J. Food Microbiol. 134, 52-6 

 

DELEO, F.R. and H.F. CHAMBERS (2009): 

Reemergence of antibiotic-resistant Staphylococcus aureus in the genomics era. 

J. Clin. Invest. 119, 2464-74 

 

DE NEELING, A.J., M.J. VAN DEN BROEK, E.C. SPALBURG, M.G. VAN SANTEN-VERHEUVEL, 

W.D. DAM-DEISZ, H.C. BOSHUIZEN, A.W. VAN DE GIESSEN, E. VAN DUIJKEREN, X.W. 

HUIJSDENS (2007): 

High prevalence of methicillin-resistant Staphylococcus aureus in pigs. 

Vet. Microbiol. 122, 366-72 

 

DENIS, O., C. SUETENS, M. HALLIN, B. CATRY, I. RAMBOER, M. DISPAS, G. WILLEMS, B. 

GORDTS, P. BUTAYE, M.J. STRUELENS (2009): 

Methicillin-resistant Staphylococcus aureus ST398 in swine farm personnel, Belgium. 

Emerg. Infect. Dis. 15, 1098-101 

 

DERBISE, A., K.G. DYKE and N. EL SOLH (1996): 

Characterization of a Staphylococcus aureus transposon, Tn5405, located within Tn5404 and carrying 

the aminoglycoside resistance genes, aphA-3 and aadE. 

Plasmid 35, 174-88 

  

http://www.ncbi.nlm.nih.gov/pubmed?term=Crupper%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=10383976
http://www.ncbi.nlm.nih.gov/pubmed?term=Worrell%20V%5BAuthor%5D&cauthor=true&cauthor_uid=10383976
http://www.ncbi.nlm.nih.gov/pubmed?term=Stewart%20GC%5BAuthor%5D&cauthor=true&cauthor_uid=10383976
http://www.ncbi.nlm.nih.gov/pubmed?term=Iandolo%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=10383976
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cuny%20C%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Friedrich%20AW%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Witte%20W%5Bauth%5D


 References 20 

 

91 

DIEKEMA, D.J., M.A. PFALLER, F.J. SCHMITZ, J. SMAYEVSKY, J. BELL, R.N. JONES, M. BEACH, 

SENTRY PARTCIPANTS GROUP (2001): 

Survey of infections due to Staphylococcus species: frequency of occurrence and antimicrobial 

susceptibility of isolates collected in the United States, Canada, Latin America, Europe, and the 

Western Pacific region for the SENTRY Antimicrobial Surveillance Program, 1997-1999. 

Clin. Infect. Dis. 32, 114-32 

 

DINGES, M.M., P.M. ORWIN and P.M. SCHLIEVERT (2000): 

Exotoxins of Staphylococcus aureus. 

Clin. Microbiol. Rev. 13, 16-34 

 

DIPERSIO, L.P., J.R. DIPERSIO, K.C. FREY, J.A. BEACH (2008): 

Prevalence of the erm(T) gene in clinical isolates of erythromycin-resistant group D Streptococcus and 

Enterococcus. 

Antimicrob. Agents Chemother. 52, 1567-9 

 

DRLICA, K. and X.L. ZHAO (1997): 

DNA gyrase, topoisomerase IV, and the 4-quinolones. 

Microbiol. Mol. Biol. Rev. 61, 377-92 

 

DU, J., C. CHEN, B. DING, J. TU, Z. QIN, C. PARSONS, C. SALGADO, Q. CAI, Y. SONG, Q. BAO, L. 

ZHANG, J. PAN, L. WANG, F. YU (2011): 

Molecular characterization and antimicrobial susceptibility of nasal Staphylococcus aureus isolates 

from a Chinese medical college campus. 

PLoS. One 6, 27328 

 

EFSA (EUROPEAN FOOD SAFETY AUTHORITY) (2004): 

Opinion of the Scientific Panel on Contaminants in the Food Chain on a request from the Commission 

related to cadmium as undesirable substance in animal feed. 

EFSA J. 72, 1-24 

 

EGERVÄRN, M., S. ROOS and H. LINDMARK (2009): 

Identification and characterization of antibiotic resistance genes in Lactobacillus reuteri and 

Lactobacillus plantarum. 

J. Appl. Microbiol. 107, 1658-68 

 

EMEA (EUROPEAN MEDICINES AGENCY) (2001): 

Spectinomycin: Summary report (4) - Comitee for Veterinary Medicinal products. Document No. 

EMEA/MRL/802/01-FINAL 

available at: http://www.ema.europa.eu/docs/en_GB/document_library/Maximum_Residue_Limits_-

_Report/2009/11/WC500015987.pdf 

 

ENRIGHT, M.C., N.P. DAY, C.E. DAVIES, S.J. PEACOCK, B.G. SPRATT (2000): 

Multilocus sequence typing for characterization of methicillin-resistant and methicillin-susceptible 

clones of Staphylococcus aureus. 

J. Clin. Microbiol. 38, 1008-15 

 

FERRERO, L., B. CAMERON, B. MANSE, D. LAGNEAUX, J. CROUZET, A. FAMECHON, F. 

BLANCHE (1994): 

Cloning and primary structure of Staphylococcus aureus DNA topoisomerase IV: a primary target of 

fluoroquinolones. 

Mol. Microbiol. 13, 641-53 

  

http://www.ncbi.nlm.nih.gov/pubmed/11320452
http://www.ncbi.nlm.nih.gov/pubmed/11320452
http://www.ncbi.nlm.nih.gov/pubmed/11320452
http://www.ema.europa.eu/docs/en_GB/document_library/


20 References  

 

92 

FERRETTI, J.J., K. GILMORE, P. COURVALIN (1986): 

Nucleotide sequence analysis of the gene specifying the bifunctional 6’’-aminoglycoside 

acetyltransferase 2’’- aminoglycoside phosphotransferase enzyme in Streptococcus faecalis and 

identification and cloning of gene regions specifying the two activities. 

J. Bacteriol. 167, 631-8 

 

FESSLER, A.T., C. SCOTT, K. KADLEC, R. EHRICHT, S. MONECKE, S. SCHWARZ (2010): 

Characterization of methicillin-resistant Staphylococcus aureus ST398 from cases of bovine mastitis. 

J. Antimicrob. Chemother. 65, 619-25 

 

FESSLER, A.T., K. KADLEC and S. SCHWARZ (2011a): 

Novel apramycin resistance gene apmA in bovine and porcine methicillin-resistant Staphylococcus 

aureus ST398 isolates. 

Antimicrob. Agents Chemother. 55, 373-5 

 

FESSLER, A.T., K. KADLEC, M. HASSEL, T. HAUSCHILD, C. EIDAM, R. EHRICHT, S. MONECKE, 

S. SCHWARZ (2011b): 

Characterization of methicillin-resistant Staphylococcus aureus isolates from food and food products 

of poultry origin in Germany. 

Appl Environ Microbiol. 77, 7151-7 

 

FESSLER, A.T., R.G.M. OLDE RIEKERINK, A. ROTHKAMP, K. KADLEC, O.C. SAMPIMON, T.J. 

LAM, S. SCHWARZ (2012): 

Characterization of methicillin-resistant Staphylococcus aureus CC398 obtained from humans and 

animals on dairy farms. 

Vet. Microbiol. 160, 77-84 

 

FITZGERALD, J.R. (2009): 

The Staphylococcus intermedius group of bacterial pathogens: species re-classification, pathogenesis 

and the emergence of methicillin resistance. 

Vet. Dermatol. 20, 490-5 

 

FITZGERALD, J.R. (2012): 

Human origin for livestock-associated methicillin-resistant Staphylococcus aureus. 

mBio. 3, 00082-12 

 

FLANNAGAN, S.E., L.A. ZITZOW, Y.A. SU, D.B. CLEWELL (1994): 

Nucleotide sequence of the 18-kb conjugative transposon Tn916 from Enterococcus faecalis. 

Plasmid 32, 350-4 

 

FLUIT, A.C. (2012): 

Livestock-associated Staphylococcus aureus. 

Clin. Microbiol. Infect. 18, 735-44 

 

FOSTER, T.J. (2005): 

Immune evasion by staphylococci. 

Nat. Rev. Microbiol. 3, 948-58 

  

http://www.ncbi.nlm.nih.gov/pubmed?term=Fessler%20AT%5BAuthor%5D&cauthor=true&cauthor_uid=20876371
http://www.ncbi.nlm.nih.gov/pubmed?term=Kadlec%20K%5BAuthor%5D&cauthor=true&cauthor_uid=20876371
http://www.ncbi.nlm.nih.gov/pubmed?term=Schwarz%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20876371
http://www.ncbi.nlm.nih.gov/pubmed/20876371
http://www.ncbi.nlm.nih.gov/pubmed?term=Fessler%20AT%5BAuthor%5D&cauthor=true&cauthor_uid=21724898
http://www.ncbi.nlm.nih.gov/pubmed?term=Kadlec%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21724898
http://www.ncbi.nlm.nih.gov/pubmed?term=Hassel%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21724898
http://www.ncbi.nlm.nih.gov/pubmed?term=Hauschild%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21724898
http://www.ncbi.nlm.nih.gov/pubmed?term=Eidam%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21724898
http://www.ncbi.nlm.nih.gov/pubmed?term=Ehricht%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21724898
http://www.ncbi.nlm.nih.gov/pubmed?term=Monecke%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21724898
http://www.ncbi.nlm.nih.gov/pubmed?term=Schwarz%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21724898
http://www.ncbi.nlm.nih.gov/pubmed/21724898
http://www.ncbi.nlm.nih.gov/pubmed?term=Flannagan%20SE%5BAuthor%5D&cauthor=true&cauthor_uid=7899523
http://www.ncbi.nlm.nih.gov/pubmed?term=Zitzow%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=7899523
http://www.ncbi.nlm.nih.gov/pubmed?term=Su%20YA%5BAuthor%5D&cauthor=true&cauthor_uid=7899523
http://www.ncbi.nlm.nih.gov/pubmed?term=Clewell%20DB%5BAuthor%5D&cauthor=true&cauthor_uid=7899523
http://www.ncbi.nlm.nih.gov/pubmed/7899523
http://www.ncbi.nlm.nih.gov/pubmed/16322743


 References 20 

 

93 

GARCÍA-ÁLVAREZ, L., M.T. HOLDEN, H. LINDSAY, C.R. WEBB, D.F. BROWN, M.D. CURRAN, E. 

WALPOLE, K. BROOKS, D.J. PICKARD, C. TEALE, J. PARKHILL, S.D. BENTLEY, G.F. EDWARDS, 

E.K. GIRVAN, A.M. KEARNS, B. PICHON, R.L. HILL, A.R. LARSEN, R.L. SKOV, S.J. PEACOCK, 

D.J. MASKELL, M.A. HOLMES (2011): 

Meticillin-resistant Staphylococcus aureus with a novel mecA homologue in human and bovine 

populations in the UK and Denmark: a descriptive study. 

Lancet Infect. Dis. 11, 595-603 

 

GARCIA-GRAELLS, C., J. ANTOINE, J. LARSEN, B. CATRY, R. SKOV, O. DENIS (2012): 

Livestock veterinarians at high risk of acquiring methicillin-resistant Staphylococcus aureus ST398. 

Epidemiol. Infect. 140, 383-9 

 

GEENEN, P.L., E.A. GRAAT, A. HAENEN, P.D. HENGEVELD, A.H. VAN HOEK, X.W. HUIJSDENS, 

C.C. KAPPERT, G.A. LAMMERS, E. VAN DUIJKEREN, A.W. VAN DE GIESSEN (2013): 

Prevalence of livestock-associated MRSA on Dutch broiler farms and in people living and/or working 

on these farms. 

Epidemiol. Infect. 141, 1099-108 

 

GENTRY, D.R., L. MCCLOSKEY, M.N. GWYNN, S.F. RITTENHOUSE, N. SCANGARELLA, R. 

SHAWAR, D.J. HOLMES (2008): 

Genetic characterization of Vga ABC proteins conferring reduced susceptibility to pleuromutilins in 

Staphylococcus aureus. 

Antimicrob. Agents Chemother. 52, 4507-9 

 

GOERING, R.V., D. MORRISON, Z. AL-DOORI, G.F. EDWARDS, C.G. GEMMELL (2008): 

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. 14, 964-9 

 

GÓMEZ-SANZ, E., C. TORRES, C. LOZANO, Y. SÁENZ, M. ZARAZAGA (2011): 

Detection and characterization of methicillin-resistant Staphylococcus pseudintermedius in healthy 

dogs in La Rioja, Spain. 

Comp. Immunol. Microbiol. Infect. Dis. 34, 447-53 

 

GÓMEZ-SANZ, E., K. KADLEC, A.T. FESSLER, C. BILLERBECK, M. ZARAZAGA, S. SCHWARZ, C. 

TORRES (2013a): 

Analysis of a novel erm(T)- and cadDX-carrying plasmid from methicillin-susceptible Staphylococcus 

aureus ST398-t571 of human origin. 

J. Antimicrob. Chemother. 68, 471-3 

 

GÓMEZ-SANZ, E., K. KADLEC, A.T. FESSLER, M. ZARAZAGA, C. TORRES, S. SCHWARZ (2013b): 

Novel erm(T)-carrying multiresistance plasmids from porcine and human isolates of methicillin-

resistant Staphylococcus aureus ST398 that also harbor cadmium and copper resistance 

determinants. 

Antimicrob. Agents Chemother. 57, 3275-82 

 

GÓMEZ-SANZ, E., M. ZARAZAGA, K. KADLEC, S. SCHWARZ, C. TORRES (2013c): 

Chromosomal integration of the novel plasmid pUR3912 from methicillin-susceptible Staphylococcus 

aureus ST398 of human origin. 

Clin. Microbiol. Infect. 19, 519-22 

  

http://www.ncbi.nlm.nih.gov/pubmed?term=Garc%C3%ADa-%C3%81lvarez%20L%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Holden%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Lindsay%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Webb%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Brown%20DF%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Curran%20MD%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Walpole%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Brooks%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Pickard%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Teale%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Parkhill%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Bentley%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Edwards%20GF%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Girvan%20EK%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Kearns%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Pichon%20B%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Hill%20RL%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Larsen%20AR%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Skov%20RL%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Peacock%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Maskell%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed?term=Holmes%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=21641281
http://www.ncbi.nlm.nih.gov/pubmed/?term=garcia-alvarez%20l,%20holden%20mt%202011
http://www.ncbi.nlm.nih.gov/pubmed/22831886
http://www.ncbi.nlm.nih.gov/pubmed/22831886
http://www.ncbi.nlm.nih.gov/pubmed/23075692
http://www.ncbi.nlm.nih.gov/pubmed/23075692
http://www.ncbi.nlm.nih.gov/pubmed?term=G%C3%B3mez-Sanz%20E%5BAuthor%5D&cauthor=true&cauthor_uid=23629701
http://www.ncbi.nlm.nih.gov/pubmed?term=Kadlec%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23629701
http://www.ncbi.nlm.nih.gov/pubmed?term=Fe%C3%9Fler%20AT%5BAuthor%5D&cauthor=true&cauthor_uid=23629701
http://www.ncbi.nlm.nih.gov/pubmed?term=Zarazaga%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23629701
http://www.ncbi.nlm.nih.gov/pubmed?term=Torres%20C%5BAuthor%5D&cauthor=true&cauthor_uid=23629701
http://www.ncbi.nlm.nih.gov/pubmed?term=Schwarz%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23629701
http://www.ncbi.nlm.nih.gov/pubmed/23629701
http://www.ncbi.nlm.nih.gov/pubmed/23800197
http://www.ncbi.nlm.nih.gov/pubmed/23800197


20 References  

 

94 

GORSKI, L. and A. CSORDAS (2009): 

Molecular Detection: Principles and Methods. 

in: LIU, D. (ed.): 

Molecular detection of foodborne pathogens. 

CRC Press 

p. 1-10 

 

GORWITZ, R.J., D. KRUSZON-MORAN, S.K. MCALLISTER, G. MCQUILLAN, L.K. MCDOUGAL, 

G.E. FOSHEIM, B.J. JENSEN, G. KILLGORE, F.C. TENOVER, M.J. KUEHNERT (2008): 

Changes in the prevalence of nasal colonization with Staphylococcus aureus in the United States, 

2001-2004. 

J. Infect. Dis. 197, 1226-34 

 

GRAVELAND, H., J.A. WAGENAAR, H. HEESTERBEEK, D. MEVIUS, E. VAN DUIJKEREN, D. 

HEEDERIK (2010): 

Methicillin resistant Staphylococcus aureus ST398 in veal calf farming: human MRSA carriage related 

with animal antimicrobial usage and farm hygiene. 

PLoS. One 5, 10990 

 

GRAVELAND, H., J.A. WAGENAAR, K. BERGS, H. HEESTERBEEK, D. HEEDERIK (2011a): 

Persistence of livestock associated MRSA CC398 in humans is dependent on intensity of animal 

contact. 

PLoS. One 6, 16830 

 

GRAVELAND, H., B. DUIM, E. VAN DUIJKEREN, D. HEEDERIK, J.A. WAGENAAR (2011b): 

Livestock-associated methicillin-resistant Staphylococcus aureus in animals and humans. 

Int. J. Med. Microbiol. 301, 630-4 

 

HARAN, K.P., S.M. GODDEN, D. BOXRUD, S. JAWAHIR, J.B. BENDER, S. SREEVATSAN (2012): 

Prevalence and characterization of Staphylococcus aureus, including methicillin-resistant 

Staphylococcus aureus, isolated from bulk tank milk from Minnesota dairy farms. 

J. Clin. Microbiol. 50, 688-95 

 

HASMAN, H., A. MOODLEY, L. GUARDABASSI, M. STEGGER, R.L. SKOV, F.M. AARESTRUP 

(2010): 

spa type distribution in Staphylococcus aureus originating from pigs, cattle and poultry. 

Vet. Microbiol. 141, 326-31 

 

HAUSCHILD, T., P. LÜTHJE, S. SCHWARZ (2005): 

Staphylococcal tetracycline-MLSB resistance plasmid pSTE2 is the product of an RSA-mediated in vivo 

recombination. 

J. Antimicrob. Chemother. 56, 399-402 

 

HAUSCHILD, T., P. LÜTHJE and S. SCHWARZ (2005): 

Staphylococcal tetracycline-MLSB resistance plasmid pSTE2 is the product of an RSA-mediated in 

vivo recombination. 

J. Antimicrob. Chemother. 56, 399-402 

 

HAUSCHILD, T., D. VUKOVIĆ, I. DAKIĆ, P. JEZEK, S. DJUKIĆ, V. DIMITRIJEVIĆ, S. STEPANOVIĆ, 

S. SCHWARZ (2007): 

Aminoglycoside resistance in members of the Staphylococcus sciuri group. 

Microb. Drug Resist. 13, 77-84 

  



 References 20 

 

95 

HAUSCHILD, T., A.T. FESSLER, K. KADLEC, C. BILLERBECK, S. SCHWARZ (2012): 

Detection of the novel vga(E) gene in methicillin-resistant Staphylococcus aureus CC398 isolates from 

cattle and poultry. 

J. Antimicrob. Chemother. 67, 503-4 

 

HAWKEY, P.M. (2003): 

Mechanisms of quinolone action andmicrobial response. 

J. Antimicrob. Chemother. 51, 29-35 

 

HO, P.L., K.H. CHOW, E.L. LAI, P.Y. LAW, P.Y. CHAN, A.Y. HO, T.K. NG, W.C. YAM (2012): 

Clonality and antimicrobial susceptibility of Staphylococcus aureus and methicillin-resistant S. aureus 

isolates from food animals and other animals. 

J. Clin. Microbiol. 50, 3735-7 

 

HODEL-CHRISTIAN, S.L. and B.E. MURRAY (1991): 

Characterization of the gentamicin resistance transposon Tn5281 from Enterococcus faecalis and 

comparison to staphylococcal transposons Tn4001 and Tn4031. 

Antimicrob. Agents Chemother. 35, 1147-52 

 

HOLDEN, M.T., E.J. FEIL, J.A. LINDSAY, S.J. PEACOCK, N.P. DAY, M.C. ENRIGHT, T.J. FOSTER, 

C.E. MOORE, L. HURST, R. ATKIN, A. BARRON, N. BASON, S.D. BENTLEY, C. CHILLINGWORTH, 

T. CHILLINGWORTH, C. CHURCHER, L. CLARK, C. CORTON, A. CRONIN, J. DOGGETT, L. 

DOWD, T. FELTWELL, Z. HANCE, B. HARRIS, H. HAUSER, S. HOLROYD, K. JAGELS, K.D. 

JAMES, N. LENNARD, A. LINE, R. MAYES, S. MOULE, K. MUNGALL, D. ORMOND, M.A. QUAIL, E. 

RABBINOWITSCH, K. RUTHERFORD, M. SANDERS, S. SHARP, M. SIMMONDS, K. STEVENS, S. 

WHITEHEAD, B.G. BARRELL, B.G. SPRATT, J. PARKHILL (2004): 

Complete genomes of two clinical Staphylococcus aureus strains: evidence for the rapid evolution of 

virulence and drug resistance. 

Proc. Natl. Acad. Sci. U. S. A. 101, 9786-91 

 

HOLMES, M.A. and R.N. ZADOKS (2011): 

Methicillin resistant S. aureus in human and bovine mastitis. 

J. Mammary Gland. Biol. Neoplasia 16, 373-82 

 

HOOPER, D.C. (1998): 

Bacterial topoisomerases, anti-topoisomerases, and anti-topoisomerase resistance.  

Clin. Infect. Dis. 27, 54-63 

 

HOOPER, D.C. (2000): 

Mechanisms of action and resistance of older and newer fluoroquinolones. 

Clin. Infect. Dis. 31, 24-8 

 

HORGAN, M., Y. ABBOTT, P.G. LAWLOR, A. ROSSNEY, A. COFFEY, G.F. FITZGERALD, O. 

MCAULIFFE, R. PAUL ROSS (2011): 

A study of the prevalence of methicillin-resistant Staphylococcus aureus in pigs and in personnel 

involved in the pig industry in Ireland. 

Vet. J. 190, 255-9 

 

HORINOUCHI, S. and B. WEISBLUM (1982): 

Nucleotide sequence and functional map of pE194, a plasmid that specifies inducible resistance to 

macrolide, lincosamide, and streptogramin type B antibiotics. 

J. Bacteriol. 150, 804-14 

  

http://www.ncbi.nlm.nih.gov/pubmed/22895044
http://www.ncbi.nlm.nih.gov/pubmed/22895044
http://www.ncbi.nlm.nih.gov/pubmed?term=Hodel-Christian%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=1656854
http://www.ncbi.nlm.nih.gov/pubmed?term=Murray%20BE%5BAuthor%5D&cauthor=true&cauthor_uid=1656854
http://www.ncbi.nlm.nih.gov/pubmed/1656854


20 References  

 

96 

HUBER, H., N. GIEZENDANNER, R. STEPHAN, C. ZWEIFEL (2011): 

Genotypes, antibiotic resistance profiles and microarray-based characterization of methicillin-resistant 

Staphylococcus aureus strains isolated from livestock and veterinarians in Switzerland. 

Zoonoses Public Health 58, 343-9 

 

HUFF, G.R., W.E. HUFF, N.C. RATH, J.M. BALOG (2000): 

Turkey osteomyelitis complex. 

Poult. Sci. 79, 1050-6 

 

HUIJSDENS, X.W., B.J. VAN DIJKE, E. SPALBURG, M.G. VAN SANTEN-VERHEUVEL, M.E. HECK, 

G.N. PLUISTER, A. VOSS, W.J. WANNET, A.J. DE NEELING (2006): 

Community-acquired MRSA and pig-farming. 

Ann. Clin. Microbiol. Antimicrob. 5, 26 

 

INT. WORK. GROUP CLASSIF. STAPHYLOCOCCAL CASSETTE CHROMOSOME ELEM. (IWG-

SCC) (2009): 

Classification of staphylococcal cassette chromosome mec (SCCmec): guidelines for reporting novel 

SCCmec elements. 

Antimicrob. Agents Chemother. 53, 4961-7 

 

JENSEN, S.O. and B.R. LYON (2009): 

Genetics of antimicrobial resistance in Staphylococcus aureus. 

Future Microbiol. 4, 565-82 

 

JAMROZY, D.M., N.G. COLDHAM, P. BUTAYE, M.D. FIELDER (2014): 

Identification of a novel plasmid-associated spectinomycin adenyltransferase gene spd in methicillin-

resistant Staphylococcus aureus ST398 isolated from animal and human sources. 

J. Antimicrob. Chemother. 69, 1193-6 

 

JEVONS, M.P. (1961): 

Celbenin-resistant staphylococci. 

Br. Med. J. 1, 124-5 

 

JONES, G.M. and T.L. BAILEY JR (2009): 

Understanding the basics of mastitis. 

Virginia Cooperative Extension, publication 404-233 

available at: http://pubs.ext.vt.edu/404/404-233/404-233_pdf.pdf 

 

JONES, T.F., M.E. KELLUM, S.S. PORTER, M. BELL, W. SCHAFFNER (2002): 

An outbreak of community-acquired food-borne illness caused by methicillin-resistant Staphylococcus 

aureus. 

Emerg. Infect. Dis. 8, 82-4 

 

JUNGHERR, E. and W.N. PLASTRIDGE (1941): 

Avian staphylococcosis. 

J. Amer. Vet. Med. Assoc. 98, 27 

 

KAATZ, G.W., S.M. SEO and C.A. RUBLE (1993): 

Efflux-mediated fluoroquinolone resistance in Staphylococcus aureus. 

Antimicrob. Agents Chemother. 37, 1086-94 

  

http://www.ncbi.nlm.nih.gov/pubmed/10901209


 References 20 

 

97 

KADLEC, K. and S. SCHWARZ (2009a): 

Identification of a novel trimethoprim resistance gene, dfrK, in a methicillin-resistant Staphylococcus 

aureus ST398 strain and its physical linkage to the tetracycline resistance gene tet(L). 

Antimicrob. Agents Chemother. 53, 776-8 

 

KADLEC, K. and S. SCHWARZ (2009b): 

Novel ABC transporter gene, vga(C), located on a multi-resistance plasmid from a porcine methicillin-

resistant Staphylococcus aureus ST398 strain. 

Antimicrob. Agents Chemother. 53, 3589-91 

 

KADLEC, K., R. EHRICHT, S. MONECKE, U. STEINACKER, H. KASPAR, J. MANKERTZ, S. 

SCHWARZ (2009): 

Diversity of antimicrobial resistance pheno- and genotypes of methicillin-resistant Staphylococcus 

aureus ST398 from diseased swine. 

J. Antimicrob. Chemother. 64, 1156-64 

 

KADLEC, K. and S. SCHWARZ (2010a): 

Identification of a plasmid-borne resistance gene cluster comprising the resistance genes erm(T), dfrK, 

and tet(L) in a porcine methicillin-resistant Staphylococcus aureus ST398 strain. 

Antimicrob. Agents Chemother. 54, 915-8 

 

KADLEC, K. and S. SCHWARZ (2010b): 

Identification of the novel dfrK-carrying transposon Tn559 in a porcine methicillin-susceptible 

Staphylococcus aureus ST398 strain. 

Antimicrob. Agents Chemother. 54, 3475-7 

 

KADLEC, K., S. SCHWARZ, V. PERRETEN, U.G. ANDERSSON, M. FINN, C. GREKO, A. 

MOODLEY, S.A. KANIA, L.A. FRANK, D.A. BEMIS, A. FRANCO, M. IURESCIA, A. BATTISTI, B. 

DUIM, J.A. WAGENAAR, E. VAN DUIJKEREN, J.S. WEESE, J.R. FITZGERALD, A. ROSSANO, L. 

GUARDABASSI (2010a): 

Molecular analysis of methicillin-resistant Staphylococcus pseudintermedius of feline origin from 

different European countries and North America. 

J. Antimicrob. Chemother. 65, 1826-8 

 

KADLEC, K., C.F. POMBA, N. COUTO, S. SCHWARZ (2010b): 

Small plasmids carrying vga(A) or vga(C) genes mediate resistance to lincosamides, pleuromutilins 

and streptogramin A antibiotics in methicillin-resistant Staphylococcus aureus ST398 from swine. 

J. Antimicrob. Chemother. 65, 2692-3 

 

KADLEC, K., E. VAN DUIJKEREN, J.A. WAGENAAR, S. SCHWARZ (2011): 

Molecular basis of rifampicin resistance in methicillin-resistant Staphylococcus pseudintermedius 

isolates from dogs. 

J. Antimicrob. Chemother. 66, 1236-42 

 

KADLEC, K. and S. SCHWARZ (2012): 

Antimicrobial resistance of Staphylococcus pseudintermedius. 

Vet. Dermatol. 23, 276-82 

 

KADLEC, K., A.T. FESSLER, T. HAUSCHILD, S. SCHWARZ (2012a): 

Novel and uncommon antimicrobial resistance genes in livestock-associated methicillin-resistant 

Staphylococcus aureus. 

Clin. Microbiol. Infect. 18, 745-55 

  

http://www.ncbi.nlm.nih.gov/pubmed?term=Kadlec%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19015335
http://www.ncbi.nlm.nih.gov/pubmed?term=Schwarz%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19015335
http://www.ncbi.nlm.nih.gov/pubmed/19015335
http://www.ncbi.nlm.nih.gov/pubmed?term=Kadlec%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19470508
http://www.ncbi.nlm.nih.gov/pubmed?term=Schwarz%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19470508
http://www.ncbi.nlm.nih.gov/pubmed/19470508
http://www.ncbi.nlm.nih.gov/pubmed?term=Kadlec%20K%5BAuthor%5D&cauthor=true&cauthor_uid=20008780
http://www.ncbi.nlm.nih.gov/pubmed?term=Schwarz%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20008780
http://www.ncbi.nlm.nih.gov/pubmed/20008780
http://www.ncbi.nlm.nih.gov/pubmed/22681522
http://www.ncbi.nlm.nih.gov/pubmed?term=Hauschild%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22509728
http://www.ncbi.nlm.nih.gov/pubmed/22509728


20 References  

 

98 

KADLEC, K., A.T. FESSLER, N. COUTO, C.F. POMBA, S. SCHWARZ (2012b): 

Unusual small plasmids carrying the novel resistance genes dfrK or apmA isolated from methicillin-

resistant or -susceptible staphylococci. 

J. Antimicrob. Chemother. 67, 2342-5 

 

KATAYAMA, Y., T. ITO and K. HIRAMATSU (2000): 

A new class of genetic element, staphylococcus cassette chromosome mec, encodes methicillin 

resistance in Staphylococcus aureus. 

Antimicrob. Agents Chemother. 44, 1549-55 

 

KEHRENBERG, C. and S. SCHWARZ (2004): 

fexA, a novel Staphylococcus lentus gene encoding resistance to florfenicol and chloramphenicol. 

Antimicrob. Agents Chemother. 48, 615-8 

 

KEHRENBERG, C., K.K. OJO and S. SCHWARZ (2004): 

Nucleotide sequence and organization of the multiresistance plasmid pSCFS1 from Staphylococcus 

sciuri. 

J. Antimicrob. Chemother. 54, 936-9 

 

KEHRENBERG, C., C. CUNY, B. STROMMENGER, S. SCHWARZ, W. WITTE (2009): 

Methicillin-resistant and -susceptible Staphylococcus aureus strains of clonal lineages ST398 and ST9 

from swine carry the multidrug resistance gene cfr. 

Antimicrob. Agents Chemother. 53, 779-81 

 

KIRBY, W.M. (1944): 

Extraction of a highly potent penicillin inactivator from penicillin resistant staphylococci. 

Science 99, 452-3 

 

KÖCK, R., K. BECKER, B. COOKSON, J.E. VAN GEMERT-PIJNEN, S. HARBARTH, J. 

KLUYTMANS, M. MIELKE, G. PETERS, R.L. SKOV, M.J. STRUELENS, E. TACCONELLI, A. 

NAVARRO TORNÉ, W. WITTE, A.W. FRIEDRICH (2010): 

Methicillin-resistant Staphylococcus aureus (MRSA): burden of disease and control challenges in 

Europe. 

Euro. Surveill. 15, 19688 

 

KÖCK, R., F. SCHAUMBURG, A. MELLMANN, M. KÖKSAL, A. JURKE, K. BECKER, A.W. 

FRIEDRICH (2013): 

Livestock-associated methicillin-resistant Staphylococcus aureus (MRSA) as causes of human 

infection and colonization in Germany. 

PLoS. One 8, 55040 

 

KONDO, Y., T. ITO, X.X. MA, S. WATANABE, B.N. KREISWIRTH, J. ETIENNE, K. HIRAMATSU 

(2007): 

Combination of multiplex PCRs for staphylococcal cassette chromosome mec type assignment: rapid 

identification system for mec, ccr, and major differences in junkyard regions. 

Antimicrob. Agents Chemother. 51, 264-74 

 

KRZIWANEK, K., S. METZ-GERCEK, H. MITTERMAYER (2009): 

Methicillin-resistant Staphylococcus aureus ST398 from human patients, upper Austria. 

Emerg. Infect. Dis. 15, 766-9 

  

http://www.ncbi.nlm.nih.gov/pubmed/22718530
http://www.ncbi.nlm.nih.gov/pubmed/22718530
http://www.ncbi.nlm.nih.gov/pubmed?term=Katayama%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=10817707
http://www.ncbi.nlm.nih.gov/pubmed?term=Ito%20T%5BAuthor%5D&cauthor=true&cauthor_uid=10817707
http://www.ncbi.nlm.nih.gov/pubmed?term=Hiramatsu%20K%5BAuthor%5D&cauthor=true&cauthor_uid=10817707
http://www.ncbi.nlm.nih.gov/pubmed/10817707/
http://www.ncbi.nlm.nih.gov/pubmed/17798398


 References 20 

 

99 

KWON, N.H., K.T. PARK, J.S. MOON, W.K. JUNG, S.H. KIM, J.M. KIM, S.K. HONG, H.C. KOO, Y.S. 

JOO, Y.H. PARK (2005): 

Staphylococcal cassette chromosome mec (SCCmec) characterization and molecular analysis for 

methicillin-resistant Staphylococcus aureus and novel SCCmec subtype IVg isolated from bovine milk 

in Korea. 

J. Antimicrob. Chemother. 56, 624-32 

 

KWON, N.H., K.T. PARK, W.K. JUNG, H.Y. YOUN, S.H. KIM, W. BAE, J.Y. LIM, J.Y. KIM, J.M. KIM, 

S.K. HONG, Y.H. PARK (2006): 

Characteristics of methicillin resistant Staphylococcus aureus isolated from chicken meat and 

hospitalized dogs in Korea and their epidemiological relatedness. 

Vet. Microbiol. 117, 304-12 

 

LANGE, C.C., C. WERCKENTHIN and S. SCHWARZ (2003): 

Molecular analysis of the plasmid-borne aacA/aphD resistance gene region of coagulase-negative 

staphylococci from chickens. 

J. Antimicrob. Chemother. 51, 1397-401 

 

L'ECUYER, C. (1967): 

Exudative epidermitis in pigs. Bacteriological studies on the causative agent. 

Can. J. Comp. Med. Vet. Sci. 31, 243-7 

 

LEONARD, F.C. and B.K. MARKEY (2008): 

Meticillin-resistant Staphylococcus aureus in animals: a review. 

Vet. J. 175, 27-36 

 

LI, X.S., W.C. DONG, X.M. WANG, G.Z. HU, Y.B. WANG, B.Y. CAI, C.M. WU, Y. WANG, X.D. DU 

(2014): 

Presence and genetic environment of pleuromutilin-lincosamide-streptogramin A resistance gene 

lsa(E) in enterococci of human and swine origin. 

J. Antimicrob. Chemother. 69, 1424-6 

 

LI, X.Z., M. MEHROTRA, S. GHIMIRE, L. ADEWOYE (2007): 

β-Lactam resistance and β-lactamases in bacteria of animal origin. 

Vet. Microbiol. 121, 197-214 

 

LIM, S.K., H.M. NAM, H.J. PARK, H.S. LEE, M.J. CHOI, S.C. JUNG, J.Y. LEE, Y.C. KIM, S.W. SONG, 

S.H. WEE (2010): 

Prevalence and characterization of methicillin-resistant Staphylococcus aureus in raw meat in Korea. 

J. Microbiol. Biotechnol. 20, 775-8 

 

LIM, S.K., H.M. NAM, G.C. JANG, H.S. LEE, S.C. JUNG, H.S. KWAK (2012): 

The first detection of methicillin-resistant Staphylococcus aureus ST398 in pigs in Korea. 

Vet. Microbiol. 155, 88-92 

 

LIN, A.E. and J.E. DAVIES (2007): 

Occurrence of highly fluoroquinolone-resistant and methicillin-resistant Staphylococcus aureus in 

domestic animals. 

Can. J. Microbiol. 53, 925-9 

 

LINDSAY, J.A. (2010): 

Genomic variation and evolution of Staphylococcus aureus. 

Int. J. Med. Microbiol. 300, 98-103  



20 References  

 

100 

LIU, Y., Y. WANG, C. WU, Z. SHEN, S. SCHWARZ, X.D. DU, L. DAI, W. ZHANG, Q. ZHANG, J. 

SHEN (2012): 

First report of the multidrug resistance gene cfr in Enterococcus faecalis of animal origin. 

Antimicrob. Agents Chemother. 56, 1650-4 

 
LODDER, G., C. WERCKENTHIN, S. SCHWARZ, K. DYKE (1997): 

Molecular analysis of naturally occuring erm(C)-encoding plasmids in staphylococci isolated from 

animals with and without previous contact with macrolide/lincosamide antibiotics. 

FEMS Immunol. Med. Microbiol. 18, 7-15 

 

LÓPEZ, M., K. KADLEC, S. SCHWARZ, C. TORRES (2012): 

First detection of the staphylococcal trimethoprim resistance gene dfrK and the dfrK-carrying 

transposon Tn559 in enterococci. 

Microb. Drug Resist. 18, 13-8 

 

LOWDER, B.V., C.M. GUINANE, N.L. BEN ZAKOUR, L.A. WEINERT, A. CONWAY-MORRIS, R.A. 

CARTWRIGHT, A.J. SIMPSON, A. RAMBAUT, U. NÜBEL, J.R. FITZGERALD (2009): 

Recent human-to-poultry host jump, adaptation, and pandemic spread of Staphylococcus aureus. 

Proc. Natl. Acad. Sci. U.S.A. 106, 19545-50 

 

LOWDER, B.V. and J.R. FITZGERALD (2010): 

Human origin for avian pathogenic Staphylococcus aureus. 

Virulence 1, 283-4 

 

LOZANO, C., M. LOPEZ, E. GOMEZ-SANZ, F. RUIZ-LARREA, C. TORRES, M. ZARAZAGA (2009): 

Detection of methicillin-resistant Staphylococcus aureus ST398 in food samples of animal origin in 

Spain. 

J. Antimicrob. Chemother. 64, 1325-6 

 

LOZANO, C., C. ASPIROZ, M. ARA, E. GÓMEZ-SANZ, M. ZARAZAGA, C. TORRES (2011): 

Methicillin-resistant Staphylococcus aureus (MRSA) ST398 in a farmer with skin lesions and in pigs of 

his farm: clonal relationship and detection of lnu(A) gene. 

Clin. Microbiol. Infect. 17, 923-7 

 

LOZANO, C., C. ASPIROZ, Y. SÁENZ, M. RUIZ-GARCÍA, G. ROYO-GARCÍA, E. GÓMEZ-SANZ, F. 

RUIZ-LARREA, M. ZARAZAGA, C. TORRES (2012): 

Genetic environment and location of the lnu(A) and lnu(B) genes in methicillin-resistant 

Staphylococcus aureus and other staphylococci of animal and human origin. 

J. Antimicrob. Chemother. 67, 2804-8 

 

LÜTHJE, P. and S. SCHWARZ (2007a): 

Molecular analysis of constitutively expressed erm(C) genes selected in vitro in the presence of the 

non-inducers pirlimycin, spiramycin and tylosin. 

J. Antimicrob. Chemother. 59, 97-101 

 

LÜTHJE, P. and S. SCHWARZ (2007b): 

Molecular basis of resistance to macrolides and lincosamides among staphylococci and streptococci 

from various animal sources collected in the resistance monitoring program BfT-GermVet. 

Int. J. Antimicrob. Agents 29, 528-35 

 

LYON, B.R. and R. SKURRAY (1987): 

Antimicrobial resistance of Staphylococcus aureus: genetic basis. 

Microbiol. Rev. 51, 88-134  

http://www.ncbi.nlm.nih.gov/pubmed/21178455
http://www.ncbi.nlm.nih.gov/pubmed/22899804
http://www.ncbi.nlm.nih.gov/pubmed/22899804


 References 20 

 

101 

MAENNEL, A. (2013): 

Fleischatlas: Daten und Fakten über Tiere als Nahrungsmittel 2013. 

 
MALACHOWA, N. and F.R. DELEO (2010): 

Mobile genetic elements of Staphylococcus aureus. 

Cell. Mol. Life Sci. 67, 3057-71 

 

MALBRUNY, B., A.M. WERNO, D.R. MURDOCH, R. LECLERCQ, V. CATTOIR (2011): 

Cross-resistance to lincosamides, streptogramins A, and pleuromutilins due to the lsa(C) gene in 

Streptococcus agalactiae UCN70. 

Antimicrob. Agents Chemother. 55, 1470-4 

 

MARTINEZ, M., P. MCDERMOTT and R. WALKER (2006): 

Pharmacology of the fluoroquinolones: a perspective for the use in domestic animals.  

Vet. J. 172, 10-28 

 

MCCULLAGH, J.J., P.T. MCNAMEE, J.A. SMYTH, H.J. BALL (1998): 

The use of pulsed field gel electrophoresis to investigate the epidemiology of Staphylococcus aureus 

infection in commercial broiler flocks. 

Vet. Microbiol. 63, 275-81 

 

MCNAMEE, P.T., J.J. MCCULLAGH, B.H. THORP, H.J. BALL, D. GRAHAM, S.J. MCCULLOUGH, D. 

MCCONAGHY, J.A. SMYTH (1998): 

Study of leg weakness in two commercial broiler flocks. 

Vet. Rec. 143, 131-5 

 

MCNAMEE, P.T. and J.A. SMYTH (2000): 

Bacterial chondronecrosis with osteomyelitis ('femoral head necrosis') of broiler chickens: a review. 

Avian. Pathol. 29, 477-95 

 

MEEMKEN, D., T. BLAHA, R. TEGELER, B.A. TENHAGEN, B. GUERRA, J.A. HAMMERL, S. 

HERTWIG, A. KÄSBOHRER, B. APPEL, A. FETSCH (2010): 

Livestock associated methicillin-resistant Staphylococcus aureus (LA-MRSA) isolated from lesions of 

pigs at necropsy in northwest Germany between 2004 and 2007. 

Zoonoses Public Health 57, 143-48 

 

MEKA, V.G., S.K. PILLAI, G. SAKOULAS, C. WENNERSTEN, L. VENKATARAMAN, P.C. 

DEGIROLAMI, G.M. ELIOPOULOS, R.C. JR. MOELLERING, H.S. GOLD (2004): 

Linezolid resistance in sequential Staphylococcus aureus isolates associated with a T2500A mutation 

in the 23S rRNA gene and loss of a single copy of rRNA. 

J. Infect. Dis. 190, 311-7 

 

MOELLERING, R.C. JR. (2012): 

MRSA: the first half century. 

J. Antimicrob. Chemother. 67, 4-11 

 

MONECKE, S., P. KUHNERT, H. HOTZEL, P. SLICKERS, R. EHRICHT (2007): 

Microarray based study on virulence-associated genes and resistance determinants of 

Staphylococcus aureus isolates from cattle. 

Vet. Microbiol. 125, 128-40 

  

http://www.ncbi.nlm.nih.gov/pubmed/9851005
http://www.ncbi.nlm.nih.gov/pubmed/9851005
http://www.ncbi.nlm.nih.gov/pubmed/9725184
http://www.ncbi.nlm.nih.gov/pubmed/19184841
http://www.ncbi.nlm.nih.gov/pubmed?term=Hammerl%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=20042059
http://www.ncbi.nlm.nih.gov/pubmed?term=Hertwig%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20042059
http://www.ncbi.nlm.nih.gov/pubmed?term=K%C3%A4sbohrer%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20042059
http://www.ncbi.nlm.nih.gov/pubmed?term=Appel%20B%5BAuthor%5D&cauthor=true&cauthor_uid=20042059
http://www.ncbi.nlm.nih.gov/pubmed?term=Fetsch%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20042059


20 References  

 

102 

MONECKE, S., C. LUEDICKE, P. SLICKERS, R. EHRICHT (2009): 

Molecular epidemiology of Staphylococcus aureus in asymptomatic carriers. 

Eur. J. Clin. Microbiol. Infect. Dis. 28, 1159-65 

 
MONECKE, S., G. COOMBS, A.C. SHORE, D.C. COLEMAN, P. AKPAKA, M. BORG, H. CHOW, M. 

IP, L. JATZWAUK, D. JONAS, K. KADLEC, A. KEARNS, F. LAURENT, F.G. O'BRIEN, J. PEARSON, 

A. RUPPELT, S. SCHWARZ, E. SCICLUNA, P. SLICKERS, H.L. TAN, S. WEBER, R. EHRICHT 

(2011): 

A field guide to pandemic, epidemic and sporadic clones of methicillin-resistant Staphylococcus 

aureus. 

PLoS. One 6, 17936 

 

MONECKE, S., A. RUPPELT, S. WENDLANDT, S. SCHWARZ, P. SLICKERS, R. EHRICHT, S.C. 

JÄCKEL (2013): 

Genotyping of Staphylococcus aureus isolates from diseased poultry. 

Vet. Microbiol. 162, 806-12 

 

MOON, J.S., A.R. LEE, H.M. KANG, E.S. LEE, M.N. KIM, Y.H. PAIK, Y.H. PARK, Y.S. JOO, H.C. 

KOO (2007): 

Phenotypic and genetic antibiogram of methicillin-resistant staphylococci isolated from bovine mastitis 

in Korea. 

J. Dairy Sci. 90, 1176-85 

 

MULDERS, M.N., A.P. HAENEN, P.L. GEENEN, P.C. VESSEUR, E.S. POLDERVAART, T. BOSCH, 

X.W. HUIJSDENS, P.D. HENGEVELD, W.D. DAM-DEISZ, E.A. GRAAT, D. MEVIUS, A. VOSS, A.W. 

VAN DE GIESSEN (2010): 

Prevalence of livestock-associated MRSA in broiler flocks and risk factors for slaughterhouse 

personnel in The Netherlands. 

Epidemiol. Infect. 138, 743-55 

 

MURCHAN, S., M.E. KAUFMANN, A. DEPLANO, R. DE RYCK, M. STRUELENS, C.E. ZINN, V. 

FUSSING, S. SALMENLINNA, J. VUOPIO-VARKILA, N. EL SOLH, C. CUNY, W. WITTE, P.T. 

TASSIOS, N. LEGAKIS, W. VAN LEEUWEN, A. VAN BELKUM, A. VINDEL, I. LACONCHA, J. 

GARAIZAR, S. HAEGGMAN, B. OLSSON-LILJEQUIST, U. RANSJO, G. COOMBES, B. COOKSON 

(2003): 

Harmonization of pulsed-field gel electrophoresis protocols for epidemiological typing of strains of 

methicillin-resistant Staphylococcus aureus: a single approach developed by consensus in 10 

European laboratories and its application for tracing the spread of related strains. 

J. Clin. Microbiol. 41, 1574-85 

 

MURPHY, E. (1985): 

Nucleotide sequence of a spectinomycin adenyltransferase AAD(9) determinant from Staphylococcus 

aureus and its relationship to AAD(3’’) (9). 

Mol. Gen. Genet. 200, 33-9 

 

MURPHY, E., L. HUWYLER, M. DO CARMO DE FREIRE BASTOS (1985): 

Transposon Tn554: complete nucleotide sequence and isolation of transposition-defective and 

antibiotic-sensitive mutants. 

EMBO J. 4, 3357-65 

  

http://www.ncbi.nlm.nih.gov/pubmed?term=Monecke%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19434432
http://www.ncbi.nlm.nih.gov/pubmed?term=Luedicke%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19434432
http://www.ncbi.nlm.nih.gov/pubmed?term=Slickers%20P%5BAuthor%5D&cauthor=true&cauthor_uid=19434432
http://www.ncbi.nlm.nih.gov/pubmed?term=Ehricht%20R%5BAuthor%5D&cauthor=true&cauthor_uid=19434432
http://www.ncbi.nlm.nih.gov/pubmed/19434432
http://www.ncbi.nlm.nih.gov/pubmed/23140941
http://www.ncbi.nlm.nih.gov/pubmed/20109255
http://www.ncbi.nlm.nih.gov/pubmed/20109255


 References 20 

 

103 

MUTALIB, A., C. RIDDELL and A.D. OSBORNE (1983): 

Studies on the pathogenesis of staphylococcal osteomyelitis in chickens. 1. Effect of stress on 

experimentally induced osteomyelitis. 

Avian Diseases 27, 141–56 

 
NAIMI, T.S., K.H. LEDELL, K. COMO-SABETTI, S.M. BORCHARDT, D.J BOXRUD, J. ETIENNE, S.K. 

JOHNSON, F. VANDENESCH, S. FRIDKIN, C. O'BOYLE, R.N. DANILA, R. LYNFIELD (2003): 

Comparison of community- and health care-associated methicillin-resistant Staphylococcus aureus 

infection. 

JAMA 290, 2976-84 

 

NAKAMURA, K., J. SHIRAI, K. IMAI, H. HIHARA, N. TANIMURA (1997): 

Outbreak of comb necrosis in layer breeder chickens. 

Avian Dis. 41, 252-6 

 

NEMATI, M., K. HERMANS, U. LIPPINSKA, O. DENIS, A. DEPLANO, M. STRUELENS, L.A. 

DEVRIESE, F. PASMANS, F. HAESEBROUCK (2008): 

Antimicrobial resistance of old and recent Staphylococcus aureus isolates from poultry: first detection 

of livestock-associated methicillin-resistant strain ST398. 

Antimicrob. Agents Chemother. 52, 3817-9 

 

NIENHOFF, U., K. KADLEC, I.F. CHABERNY, J. VERSPOHL, G.F. GERLACH, S. SCHWARZ, D. 

SIMON, I. NOLTE (2009): 

Transmission of methicillin-resistant Staphylococcus aureus strains between humans and dogs: two 

case reports. 

J. Antimicrob. Chemother. 64, 640-62 

 

NOBLE, W.C., Z. VIRANI and R.G. CREE (1992): 

Co-transfer of vancomycin and other resistance genes from Enterococcus faecalis NCTC 12201 to 

Staphylococcus aureus. 

FEMS Microbiol. Lett. 72,195-8 

 

NORMANNO, G., M. CORRENTE, G. LA SALANDRA, A. DAMBROSIO, N.C. QUAGLIA, A. PARISI, 

G. GRECO, A.L. BELLACICCO, S. VIRGILIO, G.V. CELANO (2007): 

Methicillin-resistant Staphylococcus aureus (MRSA) in foods of animal origin product in Italy. 

Int. J. Food Microbiol. 117, 219-22 

 

NOVICK, R.P. (1987): 

Plasmid incompatibility. 

Microbiol. Rev. 51, 381-95 

 

O’NEILL, A.J., F. MCLAWS, G. KAHLMETER, A.S. HENRIKSEN, I. CHOPRA (2007): 

Genetic basis of resistance to fusidic acid in staphylococci. 

Antimicrob. Agents Chemother. 51, 1737-40 

 

OVERESCH, G., S. BÜTTNER, A. ROSSANO, V. PERRETEN (2011): 

The increase of methicillin-resistant Staphylococcus aureus (MRSA) and the presence of an unusual 

sequence type ST49 in slaughter pigs in Switzerland. 

BMC Vet. Res. 7, 30 

  

http://www.ncbi.nlm.nih.gov/pubmed/9087344


20 References  

 

104 

PAN, A., A. BATTISTI, A. ZONCADA, F. BERNIERI, M. BOLDINI, A. FRANCO, M. GIORGI, M. 

IURESCIA, S. LORENZOTTI, M. MARTINOTTI, M. MONACI, A. PANTOSTI (2009): 

Community-acquired methicillin-resistant Staphylococcus aureus ST398 infection, Italy. 

Emerg. Infect. Dis. 15, 845-7 

 
PERRETEN, V., K. KADLEC, S. SCHWARZ, U. GRÖNLUND ANDERSSON, M. FINN, C. GREKO, A. 

MOODLEY, S.A. KANIA, L.A. FRANK, D.A. BEMIS, A. FRANCO, M. IURESCIA, A. BATTISTI, B. 

DUIM, J.A. WAGENAAR, E. VAN DUIJKEREN, J.S. WEESE, J.R. FITZGERALD, A. ROSSANO, L. 

GUARDABASSI (2010): 

Clonal spread of methicillin-resistant Staphylococcus pseudintermedius in Europe and North America: 

an international multicentre study. 

J. Antimicrob. Chemother. 65, 1145-54 

 

PERSOONS, D., S. VAN HOOREBEKE, K. HERMANS, P. BUTAYE, A. DE KRUIF, F. 

HAESEBROUCK, J. DEWULF (2009): 

Methicillin-resistant Staphylococcus aureus in poultry. 

Emerg. Infect. Dis. 15, 452-3 

 

PLETINCKX, L.J., M. VERHEGGHE, J. DEWULF, F. CROMBÉ, Y. DE BLEECKER, G. 

RASSCHAERT, B.M. GODDEERIS, I. DE MAN (2011): 

Screening of poultry-pig farms for methicillin-resistant Staphylococcus aureus: sampling methodology 

and within herd prevalence in broiler flocks and pigs. 

Infect. Genet. Evol. 11, 2133-7 

 

PODOLSKY, D.K. (1999): 

Mucosal immunity and inflammation. V. Innate mechanisms of mucosal defens and repair: the best 

offense is a good defense. 

Am. J. Physiol. 277, 495-9 

 

PORTILLO, A., F. RUIZ-LARREA, M. ZARAZAGA, A. ALONSO, J.L. MARTÍNEZ, C. TORRES (2000): 

Macrolide resistance genes in Enterococcus spp. 

Antimicrob. Agents Chemother. 44, 967-71 

 

PRICE, L.B., M. STEGGER, H. HASMAN, M. AZIZ, J. LARSEN, P.S. ANDERSEN, T. PEARSON, 

A.E. WATERS, J.T. FOSTER, J. SCHUPP, J. GILLECE, E. DRIEBE, C.M. LIU, B. SPRINGER, I. 

ZDOVC, A. BATTISTI, A. FRANCO, J. ZMUDZKI, S. SCHWARZ, P. BUTAYE, E. JOUY, C. POMBA, 

M.C. PORRERO, R. RUIMY, T.C. SMITH, D.A. ROBINSON, J.S. WEESE, C.S. ARRIOLA, F. YU, F. 

LAURENT, P. KEIM, R. SKOV, F.M. AARESTRUP (2012): 

Staphylococcus aureus CC398: host adaptation and emergence of methicillin resistance in livestock. 

mbio 3, 00305-11 

 

RAMIREZ, M.S. and M.E. TOLMASKY (2010): 

Aminoglycoside modifying enzymes. 

Drug Resist. Updat. 13, 151-71 

 

RASIGADE, J.P., F. LAURENT, P. HUBERT, F. VANDENESCH, J. ETIENNE (2010): 

Lethal necrotizing pneumonia caused by an ST398 Staphylococcus aureus strain. 

Emerg. Infect. Dis. 16, 1330 

 

RHEE, C.H. and G.J. WOO (2010): 

Emergence and characterization of foodborne methicillin-resistant Staphylococcus 

aureus in Korea. 

J. Food Prot. 73, 2285-90  

http://www.ncbi.nlm.nih.gov/pubmed/21782977
http://www.ncbi.nlm.nih.gov/pubmed/21782977
http://www.ncbi.nlm.nih.gov/pubmed?term=Portillo%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10722498
http://www.ncbi.nlm.nih.gov/pubmed?term=Ruiz-Larrea%20F%5BAuthor%5D&cauthor=true&cauthor_uid=10722498
http://www.ncbi.nlm.nih.gov/pubmed?term=Zarazaga%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10722498
http://www.ncbi.nlm.nih.gov/pubmed?term=Alonso%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10722498
http://www.ncbi.nlm.nih.gov/pubmed?term=Martinez%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=10722498
http://www.ncbi.nlm.nih.gov/pubmed?term=Torres%20C%5BAuthor%5D&cauthor=true&cauthor_uid=10722498
http://www.ncbi.nlm.nih.gov/pubmed/?term=Portillo,%20Ruiz-Larrea,%20Zarazaga,Alonso,%20Martinez,.%20Torres


 References 20 

 

105 

ROBERTS, M.C. (2005): 

Update on acquired tetracycline resistance genes. 

FEMS Microbiol Lett. 245, 195-203 

 
ROBERTS, M.C., S. SCHWARZ and H.J. AARTS (2012): 

Erratum: Acquired antibiotic resistance genes: an overview. 

Front. Microbiol. 3, 384 

 

ROUCH, D.A., M.E. BYRNE, Y.C. KONG, R.A. SKURRAY (1987): 

The aacA-aphD gentamicin and kanamycin resistance determinant of Tn4001 from Staphylococcus 

aureus: expression and nucleotide sequence analysis. 

J. Gen. Microbiol. 133, 3039-52 

 

ROWLAND, S.J. and K.G. DYKE (1989): 

Characterization of the staphylococcal beta-lactamase transposon Tn552. 

EMBO J. 8, 2761-73 

 

ROWLAND, S.J. and K.G. DYKE (1990): 

Tn552, a novel transposable element from Staphylococcus aureus. 

Mol. Microbiol. 4, 961-75 

 

RUIZ, J. (2003): 

Mechanisms of resistance to quinolones: target alterations, decreased accumulation and DNA gyrase 

protection. 

J. Antimicrob. Chemother. 51, 1109-17 

 

SAHM, D.F. and M.S. GILMORE (1995): 

High-level gentamicin resistance among enterococci. 

Dev. Biol. Stand., 85, 99-105 

 

SCHMITZ, F.J., B. HERTEL, B. HOFMANN, S. SCHEURING, J. VERHOEF, A.C. FLUIT, H.P. HEINZ, 

K. KÖHRER, M.E. JONES (1998): 

Relationship between mutations in the coding and promoter regions of the norA genes in 42 unrelated 

clinical isolates of Staphylococcus aureus and the MICs of norfloxacin for these strains. 

J. Antimicrob. Chemother. 42, 561-3 

 

SCHMITZ, F.J., J. PETRIDOU, N. ASTFALK, K. KÖHRER, S. SCHEURING, S. SCHWARZ (2002): 

Molecular analysis of constitutively expressed erm(C) genes selected in vitro by incubation in the 

presence of the non-inducers quinupristin, telithromycin, or ABT-773. 

Microb. Drug Resist. 8, 171-7 

 

SCHWARZ, S., M. CARDOSO and H.C. WEGENER (1992): 

Nucleotide sequence and phylogeny of the tet(L) tetracycline resistance determinant encoded by 

plasmid pSTE1 from Staphylococcus hyicus. 

Antimicrob. Agents Chemother. 36, 580-8 

 

SCHWARZ, S., M.C. ROBERTS, C. WERCKENTHIN, Y. PANG, C. LANGE (1998): 

Tetracycline resistance in Staphylococcus spp. from domestic animals. 

Vet. Microbiol. 63, 217-27 

 

SCHWARZ, S., C. WERCKENTHIN, C. KEHRENBERG (2000): 

Identification of a plasmid-borne chloramphenicol-florfenicol resistance gene in Staphylococcus sciuri. 

Antimicrob. Agents Chemother. 44, 2530-3  

http://www.ncbi.nlm.nih.gov/pubmed/2170815
http://www.ncbi.nlm.nih.gov/pubmed/8586251


20 References  

 

106 

SCHWARZ, S., M. BLICKWEDE, C. KEHRENBERG, G. BRENNER MICHAEL (2003): 

Phenotypic and genotypic methods for epidemiological typing of veterinary important bacterial 

pathogens of the genera Staphylococcus, Salmonella, and Pasteurella. 

Berl. Münch. Tierärztl. Wochenschr. 116, 401-16 

 

SCHWARZ, S., C. KEHRENBERG, B. DOUBLET, A. CLOECKAERT (2004): 

Molecular basis of bacterial resistance to chloramphenicol and florfenicol. 

FEMS Microbiol. Rev. 28, 519-42 

 

SCHWARZ, S., A. CLOECKAERT and M.C. ROBERTS (2006): 

Mechanism and Spread of Bacterial Resistance to Antimicrobial Agents. 

in: Aarestrup, F.M. (ed.): 

Antimicrobial resistance in bacteria of animal origin. 

ASM Press, Washington DC. 

p. 73-98 

 

SCHWARZ, S., E. ALESÍK, C. WERCKENTHIN, M. GROBBEL, A. LÜBKE-BECKER, L.H. WIELER, J. 

WALLMANN (2007): 

Antimicrobial susceptibility of coagulase-positive and coagulase-variable staphylococci from various 

indications of swine, dogs and cats as determined in the BfT-GermVet monitoring program 2004–

2006. 

Berl. Münch. Tierärztl. Wochenschr. 120, 372-9 

 

SCHWARZ, S., P. SILLEY, S. SIMJEE, N. WOODFORD, E. VAN DUIJKEREN, A.P. JOHNSON, W. 

GAASTRA (2010): 

Editorial: assessing the antimicrobial susceptibility of bacteria obtained from animals. 

J. Antimicrob. Chemother. 65, 601-4 

 

SCHWARZ, S., A.T. FESSLER, T. HAUSCHILD, C. KEHRENBERG, K. KADLEC (2011): 

Plasmid-mediated resistance to protein biosynthesis inhibitors in staphylococci. 

Ann. N.Y. Acad. Sci. 1241, 82-103 

 

SCHWENDENER, S. and V. PERRETEN (2011): 

New transposon Tn6133 in MRSA ST398 contains vga(E), a novel steptogramin A-, pleuromutilin-, 

and lincosamide-resistance gene. 

Antimicrob. Agents Chemother. 55, 4900-4 

 

SELBITZ, H.J. (2007): 

[Bacterial infections of animals]. 

in: ROLLE, M. and A. MAYR (eds.): 

[Medical microbiology, infection and epidemic teachings]. 

8
th
 edition, Enke Verlag, Stuttgart. 

p. 393-558 

 

SHAW, J.H. and D.B. CLEWELL (1985): 

Complete nucleotide sequence of macrolide-lincosamide-streptogramin B resistance transposon 

Tn917 in Streptococcus faecalis. 

J. Bacteriol. 164, 782-96 

 

SHEN, J., Y. WANG and S. SCHWARZ (2013): 

Presence and dissemination of the multiresistance gene cfr in Gram-positive and Gram-negative 

bacteria. 

J. Antimicrob. Chemother. 68, 1697-706  

http://www.ncbi.nlm.nih.gov/pubmed?term=Schwarz%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20181573
http://www.ncbi.nlm.nih.gov/pubmed?term=Silley%20P%5BAuthor%5D&cauthor=true&cauthor_uid=20181573
http://www.ncbi.nlm.nih.gov/pubmed?term=Simjee%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20181573
http://www.ncbi.nlm.nih.gov/pubmed?term=Woodford%20N%5BAuthor%5D&cauthor=true&cauthor_uid=20181573
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Duijkeren%20E%5BAuthor%5D&cauthor=true&cauthor_uid=20181573
http://www.ncbi.nlm.nih.gov/pubmed?term=Johnson%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=20181573
http://www.ncbi.nlm.nih.gov/pubmed?term=Gaastra%20W%5BAuthor%5D&cauthor=true&cauthor_uid=20181573
http://www.ncbi.nlm.nih.gov/pubmed/20181573


 References 20 

 

107 

SHITTU, A., U. NÜBEL, E. UDO, J. LIN, S. GAOGAKWE (2009): 

Characterisation of methicillin-resistant Staphylococcus aureus isolates from hospitals in KwaZulu-

Natal province, Republic of South Africa. 

J. Med. Microibiol. 58, 1219-26 
 
SHORE, A.C., E.C. DEASY, P. SLICKERS, G. BRENNAN, B. O'CONNELL, S. MONECKE, R. 

EHRICHT, D.C. COLEMAN (2011): 

Detection of staphylococcal cassette chromosome mec type XI carrying highly divergent mecA, mecI, 

mecR1, blaZ, and ccr genes in human clinical isolates of clonal complex 130 methicillin-resistant 

Staphylococcus aureus. 

Antimicrob. Agents Chemother. 55, 3765-73 

 

SIEBER, S., V. GERBER, V. JANDOVA, A. ROSSANO, J.M. EVISION, V. PERRETEN (2011): 

Evolution of multidrug-resistant Staphylococcus aureus infections in horses and colonized personnel 

in an equine clinic between 2005 and 2010. 

Microb. Drug Resist. 17, 471-8 

 

SIGUIER, P., J. FILÉE and M. CHANDLER (2006): 

Insertion sequences in prokaryotic genomes. 

Curr. Opin. Microbiol. 9, 526-31 

 

SINGH, K.V. and B.E. MURRAY (2005): 

Differences in the Enterococcus faecalis lsa locus that influence susceptibility to quinupristin-

dalfopristin and clindamycin. 

Antimicrob. Agents Chemother. 49, 32-9 

 

SKEELES, K.J. (1997): 

Staphylococcosis. 

In: CALNEK, B.W., H.J. BARNES, C.W. BEARD, L.R. MCDOUGALD, Y.M. SAIF (eds.): 

Diseases of Poultry. 

10
th
 edition, Iowa State University Press. Ames, Iowa. 

p. 247-253 

 

SKJERVE, E. (2002): 

Emerging pathogenic bacteria of special interest; epidemiological concerns. 

in: SMULDERS, F.J.M. and J.D. COLLINS (eds.): 

Food safety assurance and veterinary public health, Volume 1-Food safety assurance in the pre-

harvest phase. 

Wageningen Academic Publisher s, The Netherlands. 

p. 141-152 

 

SMITH, T.C., M.J. MALE, A.L. HARPER, J.S. KROEGER , G.P. TINKLER, E.D. MORITZ, A.W. 

CAPUANO, L.A. HERWALDT, D.J. DIEKEMA (2009): 

Methicillin-resistant Staphylococcus aureus (MRSA) strain ST398 is present in Midwestern US swine 

and swine workers. 

PLoS. One 4, 4258 

 

SMYTH, D.S., E.J. FEIL, W.J. MEANEY, P.J. HARTIGAN, T. TOLLERSRUD, J.R. FITZGERALD, 

M.C. ENRIGHT, C.J. SMYTH (2009): 

Molecular genetic typing reveals further insights into the diversity of animal-associated 

Staphylococcus aureus. 

J. Med. Microbiol. 58, 1343-53 

  

http://www.ncbi.nlm.nih.gov/pubmed?term=Shore%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=21636525
http://www.ncbi.nlm.nih.gov/pubmed?term=Deasy%20EC%5BAuthor%5D&cauthor=true&cauthor_uid=21636525
http://www.ncbi.nlm.nih.gov/pubmed?term=Slickers%20P%5BAuthor%5D&cauthor=true&cauthor_uid=21636525
http://www.ncbi.nlm.nih.gov/pubmed?term=Brennan%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21636525
http://www.ncbi.nlm.nih.gov/pubmed?term=O'Connell%20B%5BAuthor%5D&cauthor=true&cauthor_uid=21636525
http://www.ncbi.nlm.nih.gov/pubmed?term=Monecke%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21636525
http://www.ncbi.nlm.nih.gov/pubmed?term=Ehricht%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21636525
http://www.ncbi.nlm.nih.gov/pubmed?term=Coleman%20DC%5BAuthor%5D&cauthor=true&cauthor_uid=21636525
http://www.ncbi.nlm.nih.gov/pubmed/?term=shore+2011+pbp
http://www.ncbi.nlm.nih.gov/pubmed/19528163
http://www.ncbi.nlm.nih.gov/pubmed/19528163


20 References  

 

108 

SMYTH, J. A. and P.T. MCNAMEE (2008): 

Staphylococci, streptococci and enterococci. 

in: PATTISON, M., P.F. MCMULLIN, J.M. BRADBURY, D.J. ALEXANDER (eds.): 

Poultry diseases. 

6
th
 edition, Saunders Elsevier, Philadelphia. 

p. 191-199 

 

SOAVI, L., R. STELLINI, L. SIGNORINI, B. ANTONINI, P. PEDRONI, L. ZANETTI, B. MILANESI, A. 

PANTOSTI, A. MATTEELLI, A. PAN, G. CAROSI (2010): 

Methicillin-resistant Staphylococcus aureus ST398, Italy. 

Emerg. Infect. Dis. 16, 346-8 

 

TAKAHASHI, H., T. KIKUCHI, S. SHOJI, S. FUJIMURA, A.B. LUTFOR, Y. TOKUE, T. NUKIWA, A. 

WATANABE (1998): 

Characterization of gyrA, gyrB, grlA and grlB mutations in fluoroquinolone-resistant clinical isolates of 

Staphylococcus aureus. 

J. Antimicrob. Chemother. 41, 49-57 

 

TANAKA, M., T. WANG, Y. ONODERA, Y. UCHIDA, K. SATO (2000): 

Mechanism of quinolone resistance in Staphylococcus aureus. 

J. Infect. Chemother. 6, 131-9 

 

TANNER, A. C. (2000): 

Antimicrobial drug use in poultry. 

in: PRESCOTT, J.F., J. D. BAGGOT and R. D. WALKER (eds.): 

Antimicrobial therapy in veterinary medicine. 

Iowa State University Press, Ames, Iowa. 

p. 637-655 

 

TAYLOR, D.E., A. GIBREEL, T.D. LAWLEY, D.M. TRACZ (2004): 

Antibiotic resistance plasmids. 

in: PHILLIPS, G. and B. FUNNELL (eds.): 

Plasmid Biology. 

ASM Press. Washington, DC. 

pp. 473-491 

 

TIZARD, I.R. (2004): 

The defence of the body. 

in: TIZARD, I.R. (ed.): 

Veterinary immunology: an introduction. 

7th edition, Elsevier Science Health Science Division, Philadelphia. 

p. 1-9 

 

TODD, E.C. (1997): 

Epidemiology of foodborne diseases: a worldwide review. 

World Health Stat. Q. 50, 30-50 

 

TSIODRAS, S., H.S. GOLD, G. SAKOULAS, G.M. ELIOPOULOS, C. WENNERSTEN, L. 

VENKATARAMAN, R.C. MOELLERING, M.J. FERRARO (2001): 

Linezolid resistance in a clinical isolate of Staphylococcus aureus. 

Lancet 358, 207-8 

  

http://www.ncbi.nlm.nih.gov/pubmed/9282385


 References 20 

 

109 

VAN CLEEF, B.A., H. GRAVELAND, A.P. HAENEN, A.W. VAN DE GIESSEN, D. HEEDERIK, J.A. 

WAGENAAR, J.A. KLUYTMANS (2011a): 

Persistence of livestock-associated methicillin-resistant Staphylococcus aureus in field workers after 

short-term occupational exposure to pigs and veal calves. 

J. Clin. Microbiol. 49, 1030-3 

 

VAN CLEEF, B.A., D.L. MONNET, A. VOSS, K. KRZIWANEK, F. ALLERBERGER, M. STRUELENS, 

H. ZEMLICKOVA, R.L. SKOV, J. VUOPIO-VARKILA, C. CUNY, A.W. FRIEDRICH, I. 

SPILIOPOULOU, J. PÁSZTI, H. HARDARDOTTIR, A. ROSSNEY, A. PAN, A. PANTOSTI, M. BORG, 

H. GRUNDMANN, M. MUELLER-PREMRU, B. OLSSON-LILJEQUIST, A. WIDMER, S. HARBARTH, 

A. SCHWEIGER, S. UNAL, J.A. KLUYTMANS (2011b): 

Livestock-associated methicillin-resistant Staphylococcus aureus in humans, Europe. 

Emerg. Infect. Dis. 17, 502-5 

 

VAN DE GIESSEN, A.W., M.G. VAN SANTEN-VERHEUVEL, P.S. HENGEVELD, T. BOSCH, E.M. 

BROENS, C.B.E.M. REUSKEN (2009): 

Ocurrence of methicillin-resistant Staphylococcus aureus in rats living on pig farms. 

Prev. Vet. Med. 91, 270-3 

 

VAN DEN BROEK, I.V., B.A. VAN CLEEF, A. HAENEN, E.M. BROENS, P.J. VAN DER WOLF, M.J. 

VAN DEN BROEK, X.W. HUIJSDENS, J.A. KLUYTMANS, A.W. VAN DE GIESSEN, E.W. 

TIEMERSMA (2009): 

Methicillin-resistant Staphylococcus aureus in people living and working in pig farms. 

Epidemiol. Infect. 137, 700-8 

 

VAN DEN EEDE, A., A. MARTENS, U. LIPINSKA, M. STRUELENS, A. DEPLANO, O. DENIS, F. 

HAESEBROUCK, F. GASTHUYS, K. HERMANS (2009): 

High occurrence of methicillin-resistant Staphylococcus aureus ST398 in equine nasal samples. 

Vet. Microbiol. 133, 138-44 

 

VANDERHAEGHEN, W., K. HERMANS, F. HAESEBROUCK, P. BUTAYE (2010a): 

Methicillin-resistant Staphylococcus aureus (MRSA) in food production animals. 

Epidemiol. Infect. 138, 606-25 

 

VANDERHAEGHEN, W., T. CERPENTIER, C. ADRIAENSEN, J. VICCA, K. HERMANS, P. BUTAYE 

(2010b): 

Methicillin-resistant Staphylococcus aureus (MRSA) ST398 associated with clinical and subclinical 

mastitis in Belgian cows. 

Vet. Microbiol. 144, 166-71 

 

VANDERLINDE, P.B., N. FEGAN, L. MILLS, P.M. DESMARCHELIER (1999): 

Use of pulse field gel electrophoresis for the epidemiological characterisation of coagulase positive 

Staphylococcus isolated from meat workers and beef carcasses. 

Int. J. Food Microbiol. 48, 81-5 

 

VAN DUIJKEREN, E., M.D. JANSEN, S.C. FLEMMING, H. DE NEELING, J.A. WAGENAAR, A.H. 

SCHOORMANS, A. VAN NES, A.C. FLUIT (2007): 

Methicillin-resistant Staphylococcus aureus in pigs with exudative epidermitis. 

Emerg. Infect. Dis. 13, 1408-10 

  

http://www.ncbi.nlm.nih.gov/pubmed/18947444
http://www.ncbi.nlm.nih.gov/pubmed?term=Vanderlinde%20PB%5BAuthor%5D&cauthor=true&cauthor_uid=10426444
http://www.ncbi.nlm.nih.gov/pubmed?term=Fegan%20N%5BAuthor%5D&cauthor=true&cauthor_uid=10426444
http://www.ncbi.nlm.nih.gov/pubmed?term=Mills%20L%5BAuthor%5D&cauthor=true&cauthor_uid=10426444
http://www.ncbi.nlm.nih.gov/pubmed?term=Desmarchelier%20PM%5BAuthor%5D&cauthor=true&cauthor_uid=10426444
http://www.ncbi.nlm.nih.gov/pubmed/10426444
http://www.ncbi.nlm.nih.gov/pubmed?term=Schoormans%20AH%5BAuthor%5D&cauthor=true&cauthor_uid=18252124
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Nes%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18252124
http://www.ncbi.nlm.nih.gov/pubmed?term=Fluit%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=18252124


20 References  

 

110 

VAN DUIJKEREN, E., R. IKAWATY, M.J. BROEKHUIZEN-STINS, M.D. JANSEN, E.C. SPALBURG, 

A.J. DE NEELING, J.G. ALLAART, A. VAN NES, J.A. WAGENAAR, A.C. FLUIT (2008): 

Transmission of methicillin-resistant Staphylococcus aureus strains between different kinds of pig 

farms. 

Vet. Microbiol. 126, 383-9 

 

VAN HOEK, A.H., D. MEVIUS, B. GUERRA, P. MULLANY, A.P. ROBERTS, H.J. AARTS (2011): 

Acquired antibiotic resistance genes: an overview. 

Front. Microbiol. 2, 203 

 

VAN LOO, I.H., B.M. DIEDEREN, P.H. SAVELKOUL, J.H. WOUDENBERG, R. ROOSENDAAL, A. 

VAN BELKUM, N. LEMMENS-DEN TOOM, C. VERHULST, P.H. VAN KEULEN, J.A. KLUYTMANS 

(2007a): 

Methicillin-resistant Staphylococcus aureus in meat products, The Netherlands. 

Emerg. Infect. Dis. 13, 1753-5 

 

VAN LOO, I., X. HUIJSDENS, E. TIEMERSMA, A. DE NEELING, N. VAN DE SANDE-BRUINSMA, D. 

BEAUJEAN, A. VOSS, J. KLUYTMANS (2007b): 

Emergence of methicillin-resistant Staphylococcus aureus of animal origin in humans. 

Emerg. Infect. Dis. 13, 1834-9 

 

VAN RENNINGS, L., C. VON MÜNCHHAUSEN, W. HONSCHA, H. OTTILIE, A. KÄSBOHRER, L. 

KREIENBROCK (2013): 

Repräsentative Verbrauchsmengenerfassung von Antibiotika in der Nutztierhaltung-Kurzbericht über 

die Ergebnisse der Studie" VetCAb-Pilot" Fachinformation, 

(Stand: 9. Juli 2013) 

 

VAN WAMEL, W.J., S. HANSENOVÁ MANÁSKOVÁ, A.C. FLUIT, H. VERBRUGH, A.J. DE NEELING, 

E. VAN DUIJKEREN, A. VAN BELKUM (2010): 

Short term micro-evolution and PCR-detection of methicillin-resistant and -susceptible Staphylococcus 

aureus sequence type 398. 

Eur. J. Clin. Microbiol. Infect. Dis. 29, 119-22 

 

VINCZE, S., I. STAMM, P.A. KOPP, J. HERMES, C. ADLHOCH, T. SEMMLER, L.H. WIELER, A. 

LÜBKE-BECKER, B. WALTHER (2014): 

Alarming Proportions of Methicillin-Resistant Staphylococcus aureus (MRSA) in Wound Samples from 

Companion Animals, Germany 2010-2012. 

PLoS. One 9, 85656 

 

VOSS, A., F. LOEFFEN, J. BAKKER, C. KLAASSEN, M. WULF (2005): 

Methicillin-resistant Staphylococcus aureus in pig farming. 

Emerg. Infect. Dis. 11, 1965-6 

 

WAGENVOORT, J.H., W. SLUIJSMANS, R.J. PENDERS (2000): 

Better environmental survival of outbreak vs. sporadic MRSA isolates. 

J. Hosp. Infect. 45, 231-4 

 

WALTHER, B., S. MONECKE, C. RUSCHER, A.W. FRIEDRICH, R. EHRICHT, P. SLICKERS, A. 

SOBA, C.G. WLEKLINSKI, L.H. WIELER, A. LUBKE-BECKER (2009): 

Comparative molecular analysis substantiates a zoonotic potential of equine methicillin-resistant 

Staphylococcus aureus (MRSA). 

J. Clin. Microbiol. 47, 704-10 

  



 References 20 

 

111 

WAN, M.T., T.L. LAUDERDALE, N. KOBAYASHI, N. URUSHIBARA, C.C. CHOU (2013): 

Population deviation of piggery-associated methicillin-resistant Staphylococcus aureus based on mec-

associated direct repeat unit analysis. 

Infect. Genet. Evol. 16, 349-54 

 
WANG, J.C. (1996): 

DNA topoisomerases. 

Annu. Rev. Biochem. 65, 635-92 

 

WANG, Y., T. HE, S. SCHWARZ, Q. ZHAO, Z. SHEN, C. WU, J. SHEN (2013): 

Multidrug resistance gene cfr in methicillin-resistant coagulase-negative staphylococci from chickens, 

ducks, and pigs in China. 

Int. J. Med. Microbiol. 303, 84-7 

 

WEESE, J.S. (2010): 

Methicillin-resistant Staphylococcus aureus in animals. 

ILAR J. 51, 233-44 

 

WEESE, J.S., S.J. HANNON, C.W. BOOKER, S. GOW, B.P. AVERY, R.J. REID-SMITH (2012): 

The prevalence of methicillin-resistant Staphylococcus aureus colonization in feedlot cattle. 

Zoonoses Public Health 59, 144-7 

 

WEISS, S., K. KADLEC, A.T. FESSLER, S. SCHWARZ (2013a): 

Identification and characterization of methicillin-resistant Staphylococcus aureus, Staphylococcus 

epidermidis, Staphylococcus haemolyticus and Staphylococcus pettenkoferi from a small animal clinic. 

Vet. Microbiol. 167, 680-5 

 

WEISS, S. K. KADLEC, A.T. FESSLER, S. SCHWARZ (2013b): 

Complete sequence of a multiresistance plasmid from a methicillin-resistant Staphylococcus 

epidermidis ST5 isolated in a small animal clinic. 

J. Antimicrob. Chemother. 69, 847-59 

 

WELINDER-OLSSON, C., K. FLOR´EN-JOHANSSON and L. LARSSON (2008): 

Infection with Panton-Valentine leukocidin-positive methicillin-resistant Staphylococcus aureus t034. 

Emerg. Infect. Dis. 14, 1271-2 

 

WERCKENTHIN, C., S. SCHWARZ and K.G. DYKE (1996a): 

Macrolide-lincosamide-streptogramin B resistance in Staphylococcus lentus results from the 

integration of part of a transposon into a small plasmid.  

Antimicrob. Agents Chemother. 40, 2224-5 

 

WERCKENTHIN, C., S. SCHWARZ and M.C. ROBERTS (1996b): 

Integration of pT181-like tetracycline resistance plasmids into large staphylococcal plasmids involves 

IS257. 

Antimicrob Agents Chemother. 40, 2542-4 

 

WERCKENTHIN, C., S. SCHWARZ and H. WESTH (1999): 

Structural alterations in the translational attenuator of constitutively expressed erm(C) genes. 

Antimicrob. Agents Chemother. 43, 1681-5 

  

http://www.ncbi.nlm.nih.gov/pubmed/23337100
http://www.ncbi.nlm.nih.gov/pubmed/23337100
http://www.ncbi.nlm.nih.gov/pubmed?term=Weese%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=21131724
http://www.ncbi.nlm.nih.gov/pubmed/21131724
http://www.ncbi.nlm.nih.gov/pubmed/23992797
http://www.ncbi.nlm.nih.gov/pubmed/23992797
http://www.ncbi.nlm.nih.gov/pubmed/24084638
http://www.ncbi.nlm.nih.gov/pubmed/24084638


20 References  

 

112 

WERCKENTHIN, C., M. CARDOSO, J.L. MARTEL, S. SCHWARZ (2001): 

Antimicrobial Resistance in staphylococci from animals with particular reference to bovine 

Staphylococcus aureus, porcine Staphylococcus hyicus and canine Staphylococcus intermedius. 

Vet. Res. 32, 341-62 

 
WERTHEIM, H.F., D.C. MELLES, M.C. VOS, W. VAN LEEUWEN, A. VAN BELKUM, H.A. 

VERBRUGH, J.L. NOUWEN (2005): 

The role of nasal carriage in Staphylococcus aureus infections. 

Lancet Infect. Dis. 5, 751-62 

 

WILSON, P., J.A. ANDREWS, R. CHARLESWORTH, R. WALESBY, M. SINGER, D.J. FARRELL, M. 

ROBBINS (2003): 

Linezolid resistance in clinical isolates of Staphylococcus aureus. 

J. Antimicrob. Chemother. 51, 186-8 

 

WITTE, W., B. STROMMENGER, C. STANEK, C. CUNY (2007): 

Methicillin-resistant Staphylococcus aureus ST398 in humans and animals, Central Europe. 

Emerg. Infect. Dis. 13, 255-8 

 

WOODFORD, N. and M.J. ELLINGTON (2007): 

The emergence of antibiotic resistance by mutation. 

Clin. Microbiol. Infect. 13, 5-18 

 

WULF, M., A. VAN NES, A. EIKELENBOOM-BOSKAMP, J. DE VRIES, W. MELCHERS, C. 

KLAASSEN, A. VOSS (2006): 

Methicillin-resistant Staphylococcus aureus in veterinary doctors and students, The Netherlands. 

Emerg. Infect. Dis. 12, 1939-41 

 

WULF, M.W., A. MARKESTEIN, F. VAN DER LINDEN, A. VOSS, C. KLAASSEN, C.M. (2008): 

First outbreak of methicillin-resistant Staphylococcus aureus ST398 in a Dutch hospital, June 2007. 

Euro. Surveill. 13, 8051 

 

YU, F., Z. CHEN, C. LIU, X. ZHANG, X. LIN, S. CHI, T. ZHOU, Z. CHEN, X. CHEN (2008): 

Prevalence of Staphylococcus aureus carrying Panton-Valentine leukocidin genes among isolates 

from hospitalised patients in China. 

Clin. Microbiol. Infect. 14, 381-4 

 

ZAKOUR, N.L., J. BANNOEHR, A.H. VAN DEN BROEK, K.L. THODAY, J.R. FITZGERALD (2011): 

Complete genome sequence of the canine pathogen Staphylococcus pseudinter-medius. 

J. Bacteriol. 193, 2363-4 

 

  

http://www.ncbi.nlm.nih.gov/pubmed?term=Wilson%20P%5BAuthor%5D&cauthor=true&cauthor_uid=12493812
http://www.ncbi.nlm.nih.gov/pubmed?term=Andrews%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=12493812
http://www.ncbi.nlm.nih.gov/pubmed?term=Charlesworth%20R%5BAuthor%5D&cauthor=true&cauthor_uid=12493812
http://www.ncbi.nlm.nih.gov/pubmed?term=Walesby%20R%5BAuthor%5D&cauthor=true&cauthor_uid=12493812
http://www.ncbi.nlm.nih.gov/pubmed?term=Singer%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12493812
http://www.ncbi.nlm.nih.gov/pubmed?term=Farrell%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=12493812
http://www.ncbi.nlm.nih.gov/pubmed?term=Robbins%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12493812
http://www.ncbi.nlm.nih.gov/pubmed?term=Woodford%20N%5BAuthor%5D&cauthor=true&cauthor_uid=17184282
http://www.ncbi.nlm.nih.gov/pubmed?term=Ellington%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=17184282
http://www.ncbi.nlm.nih.gov/pubmed/17184282


 

 

 

Acknowledgements 

 
First and foremost, I want to thank Prof. Dr. Stefan Schwarz for giving me the opportunity to complete 

my Ph.D. project under his sole supervision and to find my way into the world of molecular 

microbiology. Furthermore, I am thankful for his academic guidance, his constructive criticism, fruitful 

discussions, and for the fact that his door is always open. 

 

I thank Prof. Dr. Corinna Kehrenberg, Ph.D. for her initial co-supervision, the opportunity to gain 

insight into her working group and the hints and the clues she gave me during the first six months of 

my Ph.D. project concerning research and life in general. 

 

I am grateful to the members of my supervisory group Prof. Dr. Manfred Kietzmann and Prof. Dr. 

Martin Runge for their critical and constructive appraisal of my work, their suggestions, for 

improvement, the helpful and interesting discussions and their endorsement to continue my project 

with Prof. Dr. Stefan Schwarz as my sole supervisor. 

 

I like to show my deep gratitude to Kristina Kadlec, Ph.D., whose professional competence and 

expertise, patience and enthusiasm, open and friendly manner accompanied me all the time and 

provided a productive working atmosphere. 

 

I would like to thank the University of Veterinary Medicine Hannover, Foundation and the Akademie für 

Tiergesundheit (AfT) e. V. for financial support by providing a scholarship as well as the German 

Federal Ministry of Education and Research (BMBF) grant number 01KI1014D and 01KI1301D 

(MedVet-Staph 1+2) for funding my experimental work. 

 

I am very grateful to all people, who provided samples by themselves or granted the permission to 

sample their animals or environment. Without all the samples, the basis of my Ph.D. thesis would not 

exist. 

 

I thank all my collaboration partners, especially Engeline van Duijkeren, DVM, Ph.D., Prof. Dr. Peter 

Silley, Ph.D., PD Dr. Stefan Monecke and Dr. Ralf Ehricht, for their excellent, productive and 

successful cooperation. 

 

I am indebted to all my colleagues in the working group “Molecular Microbiology and Antibiotic 

Resistance” of the Institute of Farm Animal Genetics, who welcomed me warmly and always offered 

me a great working atmosphere. 

 

It is a special pleasure to especially thank Kerstin and Ute, but also Regina, Roswitha and Natalie for 

their excellent help in the lab. 

 

Many thanks also go to Sina and Mike for their support during stormy times. 

 

I would like to thank all those, who back me up; especially Anna and Christiane, who never lose faith 

in me and my abilities. 

 

I express my sincere thanks to Anne, Kristina and Sonja for deep friendship, which started during this 

project, and for the memorable time of our colourful and happy everyday work, as well as discussions 

about the important things in life. Sonja, your thesis was worth a mint! 

 

My deepest gratitude goes to my family for their everlasting and unconditional support - and that they 

are always there for me. 


