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1. Bovine mastitis 

 

 The term “mastitis” describes the inflammation of the mammary gland and is primarily 

the result of a bacterial infection. It is the most important disease in dairy industry worldwide. 

Mastitis causes great economic losses due to reduced milk production and milk quality during 

infection.43,139 Mastitis is also the most common reason for antimicrobial treatment of dairy 

cattle.  

 Mastitis of other dairy animals, namely goats and sheep, is also of economical 

importance. Since these species belong to the so-called “minor species”, antimicrobial agents 

especially approved for their treatment are not provided, and applicable interpretive criteria 

for antimicrobial susceptibility testing are not available. Thus, this study focussed on bovine 

mastitis only. 

 

 

1.1. Classification of mastitis 

 

 The somatic cell count (SCC) and the result of the bacteriological examination of the 

milk sample are the most important laboratory parameters to define the character of mastitis. 

The SCC allows an indirect measurement of inflammatory reactions in the udder and is given 

in cells per millilitre milk. The number of cells rises in the case of inflammation. 

Macrophages (60%), lymphocytes (28%) and neutrophilic granulocytes (12%) contribute to 

this parameter. The upper limit of physiological secretion is currently set at 100,000 cells per 

millilitre.69 The bacterial infection of the udder is expected if bacterial growth is observed in 

repeatedly taken milk samples and if not more than two different types of bacterial colonies 

are differentiated. Otherwise a contamination of the probe during sampling can be assumed.69 

 Mastitis is defined as clinical or subclinical based on the severity of the clinical 

symptoms. Mastitis in its clinical/acute state shows the classical symptoms of inflammation: 

rubor, dolor, calor, turgor and functio laesa.10 Milk production is heavily reduced and the 

character of the milk is apparently changed. The milk has to be discharged during 

antimicrobial treatment and the subsequent withdrawal period. 
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 In subclinical mastitis, the udder and the milk are not visibly altered. The permeability 

of the blood vessels in the inflamed udder is increased, thus allowing leukocytes to invade the 

tissue. This is reflected by a largely increased SCC into the millions.10,74,148 The synthesis of 

important milk components, e.g. fat, lactose and caseins, is reduced. On the other hand, the 

regulated retention of sodium and chloride is impaired and their concentration in the milk is 

increased. As a consequence, the composition of milk secreted by the inflamed mammary 

gland is altered and reduced in its quality. 

 Subclinical mastitis is more prevalent (20% of dairy cattle) than the clinical form (5-

10% of cases of mastitis).74 The high incidence and long duration of subclinical mastitis, the 

associated compositional changes of the milk and the reduction in milk production are the 

major factors that account for the important economic losses in dairy industry.164 

Furthermore, undetected subclinical infections may develop to a clinical state. The infected 

cow may serve as reservoir for pathogens which are spread to other cows within the same 

herd.148 

 

 

1.2. Mastitis-associated pathogens 

 

 The causative agents of mastitis are mainly bacteria (> 90%). Fungi and prototheca are 

responsible for mastitis in less than 10% of cases.69 The most common pathogens among 

Gram-positive bacteria causing clinical and subclinical mastitis are staphylococci and 

streptococci.30 They are divided into two groups, the cow-associated species and the 

environment-associated species.53,88 Staphylococcus aureus, Streptococcus agalactiae and 

Streptococcus dysgalactiae belong to the first group and are considered as the “major 

pathogens”. Streptococcus uberis and Enterococcus spp. are ubiquitously present, 

opportunistic species. S. dysgalactiae is occasionally also considered as environment-

associated species. 

 Coagulase-negative staphylococci (CoNS) are opportunistic pathogens which are also 

found on healthy carriers. They are classified as “minor pathogens” of mastitis.3 However, 

they play a major role in subclinical and even clinical infections of the mammary 

gland.3,10,54,74,174 Effective control programs do not exist and prevention of CoNS infections is 
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much more difficult than the control of the cow-associated species.148 CoNS predominate 

especially in well-managed herds in which the major pathogens have been eliminated.148 They 

are also the primary cause of mastitis in dairy heifers.10,61,129,148,165 The increasing interest in 

CoNS as mastitis pathogen may partly be based on a more sensitive definition of subclinical 

infection during the recent years.171 

 

 

2. Coagulase-negative staphylococci 

 

 The CoNS together with the coagulase-positive staphylococci belong to the genus 

Staphylococcus in the family Micrococcaceae. They are defined as Gram-positive, catalase-

positive cocci.15 

 CoNS comprise a group of nearly 40 species and numerous subspecies, which are 

characterized by the lack of coagulase production. Coagulase is a major virulence factor of the 

important veterinary pathogens S. aureus, Staphylococcus intermedius and Staphylococcus 

hyicus.15,18,174 The production of coagulase in S. hyicus, however, is variable.2,15,18  Moreover, 

toxins and exoenzymes are less frequently produced in CoNS than in S. aureus.117
 In general, 

CoNS are part of the normal skin flora.15,117,148 The colonization of the teat’s skin and the 

streak canal by CoNS plays even a protective role against colonization and infection by major 

pathogens.32 Infections with CoNS occur occasionally and rely on predisposing factors of the 

host in humans as well as in animals.117,148 In human medicine, CoNS play an emerging role 

as nosocomial agents: Staphylococcus epidermidis is the most frequent species associated 

with infections of indwelling devices; Staphylococcus haemolyticus is involved in 

endocarditis and septicaemia; Staphylococcus saprophyticus is an often isolated urinary tract 

pathogen.70,117 In veterinary medicine, CoNS are of increased importance in association with 

bovine mastitis.34,61,64,148 

 In several studies Staphylococcus chromogenes, Staphylococcus xylosus, 

Staphylococcus simulans, S. epidermidis and S. haemolyticus were reported to be the most 

prevalent species isolated from bovine mastitis.3,9,10,54,61,129 Novobiocin-susceptible CoNS 

(Table 1) are closer associated to the udder than the novobiocin-resistant species.163 The latter 

group is commonly found in the environment and the outer skin of the cow.148,163 The 



Chapter 1 Introduction    
   

 18 

novobiocin-susceptible species cause higher SCC than the novobiocin-resistant species, at 

least in sheep.45 S. chromogenes is considered as more pathogenic than other species by some 

authors10,148 while other authors reported S. simulans,1,54,108 S. xylosus
3 or S. haemolyticus

61
 as 

responsible for the most severe infections. A further study observed no differences in the 

outcome of infections due to different CoNS species.159 

 

Table 1. Examples of CoNS species and their susceptibility to novobiocin (1.6 mg/L) 

Novobiocin-susceptible species Novobiocin-resistant species 

Staphylococcus capitis Staphylococcus arlettae 

Staphylococcus caprae Staphylococcus cohnii 

Staphylococcus chromogenes Staphylococcus equorum 

Staphylococcus epidermidis Staphylococcus felis 

Staphylococcus haemolyticus Staphylococcus gallinarum 

Staphylococcus hominis Staphylococcus lentus 

Staphylococcus schleiferi Staphylococcus saprophyticus 

Staphylococcus simulans Staphylococcus sciuri 

Staphylococcus warneri Staphylococcus xylosus 

 
 
 Differentiation of coagulase-negative staphylococci. Identification within the genus 

Staphylococcus initially discriminates between the coagulase-positive species and the group 

of CoNS.9,15 CoNS can be easily divided into a novobiocin-susceptible and a novobiocin-

resistant group (Table 1).15 Further identification of CoNS species is costly and time-

consuming.41 The difficulties in species identification may be a reason for the limited interest 

in mastitis caused by CoNS.34 

 In the beginning, species identification was based on morphology, physiological 

properties and cell wall composition.71 Later on, DNA-based studies, DNA-DNA 

hybridisation and 16S and 23S rRNA sequence analysis, gave insight into the phylogenetic 

relationships between the staphylococcal species. Nevertheless, differentiation among CoNS 

in routine diagnostic remains mainly based on biochemical characteristics of the different 

species.181 
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 Phenotypical differentiation. Staphylococci are a group of rather heterogeneously 

appearing species.15 Colonies differ in size, shape, pigmentation and the expression of 

haemolysis. Most of these parameters are variable within a species and also depend on growth 

conditions.70 Therefore, species differentiation based on morphology alone is not reliable.52 

Additional tests for DNase activity and susceptibility to novobiocin may allow further 

discrimination. Reliable identification of S. chromogenes based on these factors might be 

possible.34 However, other species are not identifiable solely by these characteristics. 

 

 Biochemical differentiation. A lot of work has been done to find a scheme suitable for 

identifying CoNS in routine clinical laboratories. Such schemes are mainly based on different 

biochemical properties of the CoNS species. The original “Simplified Scheme for Routine 

Identification of Human Staphylococcus Species”71 has been adapted to bovine isolates from 

milk samples33 and to animal isolates in general.35 Abbreviated schemes for special purposes 

in human as well as in veterinary medicine have been designed.31,58,61 Despite the reduction of 

reactions to test, these methods are still laborious and need a number of special media and 

reagents. Therefore, commercially available systems have been developed. These combine 

tests for enzymatic activities, metabolism of various carbohydrates and novobiocin 

susceptibility in microtubes. They are evaluated with the help of a suitable software. The 

interpretative database, however, refers mainly to data derived from isolates of human 

sources. Due to this fact, veterinary isolates may occasionally be not identified or 

misidentified.3,9,163 

 

 Genetic differentiation. Many bacterial pathogens can be identified by use of 

molecular methods. The major drawback of these methods is that they are expensive and 

time-consuming. Therefore, genetic identification of CoNS is not regularly done in veterinary 

routine diagnostics.12 

 Nevertheless, several studies have been concentrated to develop identification methods 

that are both, reliable and easily to perform. Various methods, mostly based on differences in 

house-keeping genes, have been evaluated for human isolates.52,75,125,183 Methods based on the 

diversity of rRNA spacer regions9,12,41 or the use of AFLP (amplified fragment length 

polymorphism) patterns159 have been tested especially for mastitis pathogens. 
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3. Control and prevention of mastitis 

 

 The therapy of subclinical mastitis may be questionable regarding the economic 

benefit.148 In consideration of the reduced milk quality and milk production, but also the 

potential contagiousness, infections should not remain untreated.29,108 However, antimicrobial 

therapy should be considered as only one part of a successful treatment regime.167 The 

frequent removal of the altered secretion by milking is the most important accompanying 

measure. The application of oxytocin supports this intervention efficiently.167 The healing of 

the udder tissue can be promoted by anti-inflammatory symptomatical treatment.167 

 Dry-off treatment in dairy cows is one of the rare cases in veterinary medicine for 

which prophylactic treatment is indicated.167 On one hand, during this period, latent infections 

are likely to become acute. On the other hand, this period allows a long-lasting presence of 

the antimicrobial agents in the udder tissue. The use of bactericidal antimicrobial agents is 

recommended to diminish the development of bacterial resistance.167 

 

 

3.1. Antimicrobial intervention 

 

 Antimicrobial agents and combinations belonging to the groups of the β-lactams 

(penicillins, cephalosporins), lincosamides, macrolides, aminoglycosides, trimethoprim/ 

sulfonamides and fluoroquinolones are approved for mastitis therapy, either as local or 

parenteral application.167 

 The susceptibility of the causative agent and the pharmacokinetic properties of the drug 

are two factors of great importance for the success of the antimicrobial therapy. The 

intramammary application should be preferred, if the general condition of the cow is not 

impaired. The permeation of parenterally applied drugs into the udder tissue is influenced by 

the status of the blood-udder-barrier. The permeability of this barrier increases during severe 

acute inflammation. Connective tissue in the chronically inflamed udder reduces the 

permeability.167 
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3.2. MLSB antibiotics 

 

 The group of MLSB antibiotics comprises three classes of drugs, the macrolides, the 

lincosamides and the B compounds of streptogramins (Table 2). They act bacteriostatically by 

inhibition of the bacterial protein biosynthesis. These drugs cause a premature dissociation of 

the polypeptide chain from the ribosome during the elongation step (Figure 1).101,154 

 

Table 2. Members of MLS antibiotics 

MLS antibiotics Examples 

Macrolides 

14-membered 

13-/15-membered 

15-membered 

16-membered 

 

clarithromycin, erythromycin, oleandomycin, roxithromycin 

tulathromycin 

azithromycin 

josamycin, spiramycin, tilmicosin, tylosin 

Lincosamides clindamycin, lincomycin, pirlimycin 

Streptogramins 

A compound 

B compound 

 

dalfopristin, pristinamycin IIA, streptogramin A, virginiamycin M 

quinupristin, pristinamycin IB, streptogramin B, virginiamycin S 

 
 

 The structurally unrelated substances have been grouped, because they bind to 

overlapping sites within domain V of the 23S rRNA in close proximity to the peptidyl 

transferase centre of the large ribosomal subunit.140,168,173 Therefore, target site modification 

leads to cross-resistance between all classes of MLSB antibiotics. The recently approved 

ketolides are derivatives of the 14-membered macrolides, which have been developed to 

circumvent this most important resistance trait. In these drugs, the cladinose of erythromycin 

(Figure 2) is replaced by a keto group. Due to an additional side chain they have a strong 

binding affinity to a second ribosomal hairpin within domain II of the ribosome to which the 

binding of macrolides is very weak.50 Since this domain is not affected by the target site 

modification in domain V, ketolide activity was hoped to be not impaired. Unfortunately, in 

staphylococci their efficacy is also heavily reduced by this target site modification.150 Besides 

target site modification, there exists a number of other resistance mechanisms that affect only 
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one or two classes or even single substances. Details of bacterial resistance to MLSB 

antibiotics are presented in the subchapters 5.1–5.3 of the introduction. 

 Among the MLSB antibiotics, only the macrolides and lincosamides play a role in 

veterinary medicine. Streptogramin antibiotics are currently not licensed for any veterinary 

application in Germany. Streptogramin antibiotics consist of two components, the A and the 

B compound. Both components act synergistically on different sites in the 50S subunit of the 

bacterial ribosome. Only the target site of streptogramin B antibiotics overlaps with that of the 

macrolides and lincosamides. The target site of the A compound differs and is not affected by 

MLSB resistance mechanisms. Streptogramin A and streptogramin B antibiotics alone act 

bacteriostatically; in combination, however, they exhibit bactericidal activity. Streptogramins 

are active against a similar spectrum of bacteria as the macrolides. 

 The following sections will concentrate on those classes of the MLSB antibiotics which 

are of interest in veterinary medicine – the macrolides and the lincosamides. Nevertheless, if 

B streptogramins are targeted by the same resistance trait, they will also be mentioned. 

 

                                    

5‘ 3‘

E site P site A site

aa aa

aa

aa

aa

aa

aa

 
 

Figure 1. Simplified scheme showing the mode of action of macrolides. The drug, represented by the hexagon, 
binds near the peptidyl transferase centre, blocks the growing peptidyl chain and causes its premature 
dissociation from the ribosome. 
 
 
 Macrolides.  Macrolides are lactones with ring sizes of 12–16 atoms, substituted by 

at least two neutral or amino sugars. Members of the 14- to 16-membered macrolides are of 

pharmaceutical use in veterinary and human medicine (Table 2). The 14-membered prototype 

of this class, erythromycin (Figure 2), was discovered and isolated from Streptomyces 
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erythreus in 1952. Oleandomycin, clarithromycin and roxithromycin are derivatives of 

erythromycin with improved pharmacokinetic characteristics. Further improvement of 

pharmocological qualities led to the 15-membered macrolide azithromycin. Tylosin, 

spiramycin, tilmicosin and josamycin belong to the 16-membered macrolides. Tulathromycin, 

recently approved for veterinary medicine only, is a 1:9 composition of 13- and 15-membered 

molecules. 

 The macrolides do not inhibit the peptidyl transferase activity directly, but block the 

exit of the tunnel by which the nascent polypeptide chain passages (Figure 1).140,173 Small 

oligopeptides of variable length can be produced by the ribosome, depending on the 

substitutions at the lactone ring of the macrolide and on the sequence of the growing peptidyl 

chain. The 14-membered erythromycin allows the synthesis of longer peptides than the 16-

membered macrolides spiramycin and tylosin do.140,173 In addition, some macrolides, 

including erythromycin, also inhibit the assembly of the 50S subunit of the 

ribosome.20,154,168,173 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Erythromycin: a 14-membered lactone ring with a 3-cladinose and a 5-desosamine sugar.  

 

 In general, macrolides are active against Gram-positive cocci – especially 

staphylococci, streptococci and enterococci –, Gram-positive bacilli and Gram-negative 

cocci.83 Especially the newer derivatives display a broader spectrum of activity.83,134 

Enterobacteriaceae are intrinsically resistant against macrolides, because the drug is not able 
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to penetrate their outer membrane.83 Efflux systems also seem to play a role, as it had been 

shown for the AcrAB-TolC system in Escherichia coli.21 

 Macrolides are weakly basic and lipophilic molecules. Due to this characteristic they 

accumulate in the udder tissue and are appropriate therapeutics for mastitis. Macrolides of use 

in mastitis therapy are listed in Table 3. 

 

Table 3. MLSB antibiotics of use in mastitis therapy 

 Antimicrobial agent Examples 

Macrolides erythromycin 
tylosin 
spiramycin 

Erythrocin vet®, Erytrotil® 

Tylan 

Suanovila 

Lincosamides lincomycin 

pirlimycin 
Albioticb 
Pirsue 

 
a The approval for Suanovil® has been terminated in 10/2005 in Germany. 
b Albiotic is a combination of lincomycin and neomycin.  

 

 
 Lincosamides. Lincomycin and clindamycin are composed of the amino acid proline 

and an S-containing octose. In pirlimycin, the proline is replaced by a piperidin derivative 

(Figure 3). Lincomycin was isolated from Streptomyces lincolnensis in 1962. Clindamycin, a 

semi-synthetic chlorinated derivative of lincomycin, shows much better tissue penetration 

properties. In contrast to the macrolides, the lincosamides directly interact with the peptidyl 

transferase centre, thereby inhibiting the correct positioning of the tRNAs, but also blocking 

the exit tunnel for the nascent peptidyl chain.140 The spectrum of activity resembles that of the 

macrolides, with the exception of the enterococci which are intrinsically resistant.154 The 

activity of lincosamides is enhanced in an anaerobic milieu. Especially clindamycin is also 

useful against anaerobes, such as Bacteroides or Clostridium.73,84   

 Pirlimycin was licensed in Germany in 2001 exclusively for the treatment of bovine 

subclinical mastitis caused by Gram-positive cocci. The advantage of pirlimycin over the 

previously mentioned substances is based on its pharmacokinetic characteristics. Suitable 

tissue permeability of pirlimycin allows its application only once a day. Lincosamides of use 

in mastitis therapy are listed in Table 3. 
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A. B. C.

          

Figure 3. A. Lincomycin and B. clindamycin: composed of a proline and an S-sugar; C. pirlimycin: the proline 
is replaced by a piperidin. 
 

  

4. Transfer and mobility of resistance genes 

 

 Two general mechanisms are possible to gain resistance against antimicrobial agents: 

First, the mutation of cellular genes or mutations which alter gene expression; second, the 

acquisition of resistance genes. 

  Mutations may cause resistance to antimicrobial agents, if a gene coding for the target 

structure of the respective antimicrobial is affected. As a consequence, the mutated target 

structure may not allow efficient binding of the antimicrobial agents. Mutations may also 

cause resistance by altered gene expression, e.g. by up-regulating the expression of genes 

coding for efflux pumps which then leads to reduced drug concentration at the target site.133 

Mutations occur in staphylococci spontaneously with a frequency of about 10-6 to 10-8 per 

cell.93 Functionally non-impaired target structures of antimicrobial agents are essential for the 

viability of the cell. Mutations which render the target structure insensitive to antimicrobial 

agents, may, however, in turn affect its functional activity and thereby decrease fitness or 

pathogenicity of the bacterium. Since the target genes for antimicrobial agents are commonly 

located in the chromosomal DNA, resistance-mediating mutations are generally not 

transferable to other bacteria and are distributed only vertically during cell division.93,133 

 In contrast, acquired resistance genes have generally a lesser impact on bacterial 

fitness. Furthermore, such resistance genes are commonly located on transferable elements 

and can spread easily.6,93 

 In Gram-positive bacteria, transfer of resistance genes is mainly based on the horizontal 

dissemination of plasmids and transposons.134 
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4.1. Uptake of foreign DNA 

 

 Foreign DNA – including resistance genes – can be horizontally transferred from donor 

to recipient cells via three basic mechanisms: transformation, transduction and conjugation. In 

staphylococci, transfer by all these three mechanisms can be performed in vitro, but only the 

latter two seem to play a role in effective gene transfer in vivo.93,113,145 

 

 Transformation. The uptake of free “naked” DNA is referred to as transformation. 

The uptake of foreign DNA requires the recipient cell to be competent. Competence is 

characterized by the absence of extracellular desoxyribonucleases.93 Factors involved in the 

process of (natural) competence are encoded by chromosomal genes. Species e.g. of the 

genera Streptococcus, Bacillus and Haemophilus are naturally competent.155 In 

Staphylococcus, the process of transformation seems not to be effective in vivo, because in 

this genus competence is restricted to a very short period in the early exponential growth 

phase.113 

 

 Transduction. Transduction describes the transfer of small fragments of bacterial 

DNA by bacteriophages. Two types of transduction, namely specialized and generalized 

transduction, are distinguished. Specialized transduction is based on an imprecise excision of 

the phage DNA out of the (bacterial) donor DNA. Adjacent donor DNA of variable size 

becomes part of the phage genome and is transferred by the phage to another cell. This mode 

of transduction is seen relatively rarely.  

 In the case of generalized transduction, bacterial DNA instead of phage DNA is taken 

up by the phage particle by mistake during phage assembly. Generalized transduction occurs 

with low frequencies between 10-5 and 10-7 per active phage particle.114 Sequences within the 

host genome resembling the pac (packaging) sequence of the phage are recognized by the 

encapsulating nuclease. As a consequence, the bacterial DNA is incorporated into the phage 

head. The size of the mobilized DNA is restricted to the genome size of the transducing 

phage. The genome of staphylococcal phages has a size of about 45 kb.93,119 This restriction is 

made responsible for the fact that transducible staphylococcal plasmids are commonly less 

than 45 kb in size.93 A second factor that confines the efficiency of gene transfer by 
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transduction is the host specificity of the transducing phages.7,27 Specific receptors on the 

surface of the bacterial host cell are required for phage attachment. Closely related bacterial 

species commonly carry the same receptors. This explains why transduction mainly occurs 

between bacteria of the same species and is rarely observed between different species and 

genera.145 

 Small staphylococcal plasmids are transduced as linear plasmid multimers, also called 

concatemers.114 This mechanism has been investigated most thoroughly for small 

staphylococcal plasmids that replicate via the rolling-circle mechanism. 

 Multimer formation in the donor cell and the resolution of the concatemers in the 

recipient cell take place via the plasmid replication process rather than by recombination.93,114 

Nevertheless, recombinational events may occur between two different plasmids in one cell 

and lead to stable cointegrate formation and subsequent co-transduction of these plasmids. In 

rare cases these cointegrates are not resolved completely in the recipient cell and may  be 

maintained as stable composite plasmids in the new host.115,156 

 

 Conjugation and mobilization. Conjugation was first described by Joshua Lederberg 

and Edward Tatum in 1946. The mechanism describes the DNA transfer between two viable 

cells, which requires close contact between recipient and donor organism. Plasmids and 

transposons can be subjected to this process. In staphylococci, neither surface proteins nor 

pheromones responsible for cell-cell-contact establishment have been detected. Conjugation 

occurs at a low frequency (10-5 to 10-7 transconjugants/donor cell).8,46 

 The precise steps of conjugative transfer in staphylococci are less well-known than in 

Gram-negative bacteria. A number of transfer genes (tra) are required for relaxation and 

transfer of the donor DNA. The DNA relaxases play a crucial role in the initiation of any 

conjugative transfer.46 Different families of them have been characterized, and the IncQ-type 

family and the pMV158-type family are the main families present in Gram-positive bacteria. 

These DNA relaxases cleave the donor DNA at a specific nic site, designated oriT, which 

allows the transfer of one strand of the donor DNA into the recipient cell.7 Each DNA 

molecule which harbours an oriT is mobilizable in the presence of a suitable relaxase.7,46 This 

allows the transfer of chromosomal DNA as well as the mobilization of non-conjugative 

plasmids with such a sequence (see subchapter 4.1.1). The presence of the transfer system, 
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however, is restricted to the conjugative element. This system appears to be related to type IV 

secretion systems which are characterized by their capacity to intercellular protein transfer.46 

The molecular process of mobilization, however, highly resembles the process of leading-

strand synthesis by rolling-circle (RC) plasmids (see below).46,49 

 Prophage-mediated conjugation or mixed culture transfer is another transfer mechanism 

that has been exclusively detected in staphylococci.93 This mechanism depends on the 

presence of a prophage in either the donor or the recipient cell, high cell density and the 

presence of calcium or magnesium ions.93,166 However, this mechanism is poorly understood 

to date. 

 

 

4.1.1. Plasmids 

 

 Plasmids are non-essential extrachromosomal DNA elements that replicate 

independently from chromosomal genes; they are autonomous replicons. Plasmids can be 

classified according to different features and properties, such as the plasmid size and copy 

number; the restriction map;90 the resistance marker carried; the mode of replication;112,153 the 

host range or the transfer properties. Plasmids are also differentiated on the basis of their 

assignment to a specific incompatibility group.111 Which of the systems is the most useful one 

depends on the point of interest. 

 Incompatibility means the inability of two different plasmids to be stably maintained in 

the same host in the absence of selective pressure.111 Plasmids are incompatible, if they have 

one or more elements of the plasmid replication/partitioning system in common.111 The 

replication/partitioning system does not distinguish between two incompatible plasmids; one 

of the plasmids is preferred by chance.111 

 A distinct plasmid is characterized by its size and its stable copy number.28,111 In 

general, the smaller the plasmid the higher is its copy number per cell. Certain resistance 

markers are preferably found at specific locations; e.g. the MLSB resistance gene erm(C) and 

the tetracycline resistance genes tet(K) and tet(L) are commonly located on small plasmids, 

whereas the transposon-borne genes erm(A) and tet(M) are generally located within the 

chromosomal DNA.93,174 
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 The transferability of resistance plasmids is of great importance for their spread among 

members of a bacterial population. Based on their transfer properties, conjugative and 

mobilizable plasmids are distinguished; certain small plasmids are only transferable as 

cointegrates or by transduction. Most of the small staphylococcal plasmids replicate via a 

mechanism referred to as rolling-circle replication.47,112,127,153 Since part of this study 

concentrated on such RC plasmids, they are presented briefly in this section as well. 

 

 Conjugative plasmids. Reports of self-transmissible plasmids in staphylococci have 

arisen since the early 1980s associated with outbreaks of aminoglycoside-resistant S. aureus. 

Conjugative plasmids are large plasmids regularly associated with antimicrobial 

multiresistance. They carry genes which encode their own conjugative transfer.38 

 The only family of staphylococcal conjugative plasmids that has been investigated in 

detail is the pSK41 family, including the plasmids pSK41, pGO1 and pJE1. One well-

characterized staphylococcal conjugative plasmid is the 52-kb plasmid pGO1 isolated from  

S. aureus.105,161 Conjugative transfer of this plasmid is conferred by the products of 14 genes, 

all located in one region of about 14.4 kb that is bracketed by copies of the insertion sequence 

IS257.24,161 

 

 Mobilizable plasmids. Mobilizable plasmids are not self-transmissible, but can be 

transferred with the help of a conjugative plasmid. The ability to be mobilized is dependend 

on the presence of an oriT on which a relaxase can act.46,131,132 The gene for this enzyme can 

be located on the same plasmid – then acting in cis – or can be provided by a co-resident 

molecule, acting in trans. The pre/mob genes on many RC plasmids code for such 

relaxases.46,49 The structure and function of this enzyme closely resemble those of the 

replication protein of the replication system of RC plasmids (see below).46 

 A mobilizable plasmid carrying at least an oriT sequence can be mobilized in trans by a 

conjugative plasmid that is not necessarily transferred itself. This mechanism is also called 

donation and has been thoroughly investigated for plasmid pC221 mobilized by pGO1.126 

Genes of the mobilization system, mobA and mobB, and the corresponding oriT region 

mediate the relaxation of pC221 which allows its transfer.112 MobA may also act in trans on 
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an oriT located on other co-resident plasmids which does not contain a complete mobilization 

system.46,112 

 Most of the small RC plasmids harbour mob genes and/or the oriT which are required 

for this way of transfer. The prototype plasmid pC194 and derivatives do not harbour a 

pre/mob gene nor have an oriT sequence.46 However, such plasmids can be mobilized by 

cointegrate formation with a conjugative plasmid which provides the essential oriT as well as 

the conjugative machinery.131 The cointegrate between the conjugative plasmid and the 

mobilizable element is (generally) resolved in the recipient cell. However, this mechanism 

bears the probability for the occurrence of unresolved cointegrate plasmids in the new 

host.8,131 This way of mobilization has also been referred to as conduction.8,131 Non-

conjugative plasmids as well as chromosomal DNA can be mobilized.131  

 

 Rolling-circle plasmids. In Staphylococcus and various other Gram-positive genera, 

e.g. Bacillus, Lactobacillus and Streptococcus, numerous RC plasmids have been identified 

and investigated thoroughly. The RC plasmids are subdivided into four families, of which the 

plasmids pT181, pC194, pSN2 and pE194 are representatives (Figure 4).112 Members of the 

same plasmid family show similarities in their replication system.112 

 These plasmids are also designated single-stranded DNA plasmids, referring to the 

single-stranded intermediate during replication.47 This highly recombinogenic state allows 

and favours diverse recombination events47 and exchanges of the discrete modules these 

plasmids are built of.153 These modules are also called “cassettes”,112 but are not identical 

with the well defined gene cassettes in Gram-negative bacteria. The modules code for 

replication functions and resistance determinants. In general, one RC plasmid carries not more 

than one resistance gene. Many RC plasmids carry recombination/mobilization functions.112 

An exception is plasmid pC194.46 
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Figure 4. Organisation of seven staphylococcal plasmids that replicate via the rolling-circle mechanism. Genes 
with replication function are indicated by diagonally striped boxes, resistance genes by squared boxes and genes 
involved in mobilization by vertically striped boxes. The direction of transcription is shown by the arrows. 
Further sequence features [the single-strand origin (sso) including the recombination site RSB, the double-strand 
origin (dso) and the recombination site RSA] are presented as black boxes. The maps are based on the published 
sequences for pT181 (accession no. NC_001393), pC221 (NC_002013), pS194 (NC_005564), pE194 
(NC_005908), pUB110 (NC_001384), pSN2 (NC_005565) and pC194 (NC_002013).  

 

 

 

 Rolling-circle replication.
28,67,112

 The rolling-circle replication is an asymmetric 

mechanism of two independent steps, the leading-strand synthesis and the lagging-strand 

synthesis (Figure 5). The minimal replicon consists of the rep gene coding for the replication 

initiator protein Rep, the double-strand origin (dso) and the single-strand origin (sso) of 

replication. Both structures are located on the same DNA strand and act in an orientation-

directed manner. Leading-strand synthesis starts with the Rep protein cleaving one strand at 

the nick site within the dso sequence. The generated free 3’-OH end is elongated by the host 
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polymerase, thereby displacing the parental leading-strand. The Rep protein cleaves the 

synthesized strand at the newly generated nick site. The result of the leading-strand synthesis 

is a double-stranded molecule and a single-stranded intermediate consisting of the displaced 

parental leading-strand. This single-stranded intermediate is converted into a second double-

stranded molecule during lagging-strand synthesis. The secondary structure formed by the 

palindromic sso is recognized by the host RNA polymerase. This enzyme begins to generate 

the new lagging-strand. This RNA primer is extended by the DNA polymerase until a second 

double-stranded molecule is synthesized. Since this step relies on the recognition of plasmid 

DNA sequences by host proteins, the sso determines the host range of the respective plasmid. 

Both newly synthesized plasmids are supercoiled by the DNA gyrase, which exposure the dso 

making it available for a further round of replication. 
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Figure 5. Model for RC replication (modified from del Solar et al. 1998).28 The parental leading-strand is shown 
as solid line, the parental lagging-strand as broken line; Rep: replication initiator protein, dso: double-strand 
origin, sso: single-strand origin. A. Leading-strand synthesis. The newly synthesized strand is indicated by a 
dotted line. B. Lagging-strand synthesis. The newly synthesized strand is indicated by dot-line-dot. See text for 
details. 
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4.1.2. Transposons 

 

 Transposons are discrete pieces of DNA that move between nonhomologous regions of 

DNA. They are important elements for the transfer of resistance genes. Their transposition is 

mediated by a transposase which is encoded by the transposon itself. Transposition occurs 

either conservative in a “cut and paste” modus or replicative.26 Replicative transposition 

results in the duplication of the entire element.  

 Based on their structure transposons are divided into composite and complex 

transposons. The smallest transposable elements are the insertion sequences (IS). IS elements 

represent also part of the structure of composite transposons. Some transposons mediate their 

own transfer and are therefore called conjugative transposons. Their structure resembles that 

of the composite transposons. 

 

 IS elements. IS elements encode only the enzymatic machinery required for 

transposition. The central transposase gene is flanked by terminal inverted repeats (TIRs). 

These regions act as recognition sites of the transposase. Transposition of IS elements often 

produces target site duplications of specific length.131 

 IS elements are found in multiple locations within the bacterial genome, solely or as 

part of composite transposons.7 The staphylococcal insertion sequence IS257 plays a major 

role in the evolution of multiresistance plasmids. Structural analysis of several plasmids gives 

rise to the suggestion that IS257 is responsible for the integration of resistance-carrying 

elements since these elements are often flanked by target duplications of 8 bp.109,153,177 

Examples are the integration of small plasmids like pUB110 within plasmid pSK41 or pT181 

within the mec region of the S. aureus chromosome.109,153 The integration of resistance genes 

such as dfrA into transposon Tn4003 has been also mediated by IS257.85,109 Beside resistance 

genes the tra region of conjugative plasmids is regularly found to be flanked by IS257.153 

 

 Composite transposons. Non-replicative (composite) transposons like Tn10 consist of 

a central element encoding possible resistance genes, flanked by IS elements which harbour 

the transposase gene and its recognition sites (TIRs). The transposase excises the complete 

element. Insertion into the recipient DNA produces target site duplications of specific 
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length.131 The transposon Tn4001 from S. aureus carries the aacA-aphD resistance genes 

mediating resistance to gentamicin, kanamycin and tobramycin. These genes are flanked by 

IS256 elements.92 

 

 Complex transposons. Transposons like Tn3 (non-composite, complex transposons) 

move in a replicative way. Complex transposons do not contain IS elements at their termini. 

Long TIRs of about 35–40 bp act as recognition site for the transposase. The genes tnpA and 

tnpR for the transposase and a resolvase, respectively, are located in the central region of the 

element.131 An internal recombination site res is also located in this region. Single-strand 

nicks expose free 3’-ends of the transposon DNA which attack the target sequence. A 

cointegrate is formed which contains two copies of the transposon.26 The resolvase catalyzes 

the resolution of this cointegrate by recombination at the res site.131 Replicative transposition 

results in a restored donor sequence and a recipient that carries the transposon flanked by 

direct repeats (DRs) (5–6 bp) of the target sequence. Two closely related transposons Tn917 

and Tn551 from Enterococcus faecalis and from S. aureus, respectively, belong to this 

group.68,122 They harbour the MLSB resistance gene erm(B) (see subchapter 5.1). 

 

 Conjugative transposons. Conjugative transposons are able to mediate their own 

transfer from the donor to the recipient DNA without the need of a plasmid intermediate. 

They lack the characteristic TIRs of other transposons and do not produce target duplications 

upon insertion.107 Conjugative transposons in staphylococci typically encode tetracycline 

resistance by tet(M). Sometimes they harbour additional resistance genes commonly 

conferring resistance to MLSB antibiotics.133 The vanB-carrying transposon Tn5382 in 

Enterococcus faecium and the nisin-sucrose transposons in Lactococcus lactis are exceptions 

within this group.132 The predominant and best investigated transposons in Gram-positive 

bacteria with clinical relevance belong to the Tn916 and Tn1545 family of conjugative 

transposons.133 Tn916 in E. faecalis
39 and Tn1545 in Streptococcus pneumoniae mediate 

tetracycline resistance by tet(M), Tn1545 carries also the MLSB resistance gene erm(B) and 

the kanamycin resistance gene aphA-3.  

 The genes encoding conjugative functions are located at the right end of the transposon, 

with the exception of the traA gene. This key element of conjugative transfer is located at the 
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left end of the transposon, on which the genes involved in transposition are found. The 

location of traA appears to link transposition and conjugation in a functional way.62 

Transposition is mediated by the genes int-Tn and xis-Tn which code for an integrase and an 

excisase.62,133 A circular intermediate is formed by site-specific recombination between the 

nonhomologous 6-bp “coupling” sequences at the ends of the element. Insertion is not site-

specific, but prefers sequences showing homology to these “coupling” sequences.23 The 

intermediate is – in contrast to plasmids – not able to replicate autonomously, but is 

conjugative in a plasmid-like manner. Conjugative transposition requires the traA gene and 

further conjugation genes, which have not been clearly defined so far. Conjugation requires 

cell-to-cell contact and the transposon is probably transferred as single-stranded 

intermediate.133 

 

 Tn554. Some transposons do not fit in any of these categories. Tn554 from S. aureus is 

such an example. This transposon confers MLSB and spectinomycin resistance mediated by 

the genes erm(A) and spc, respectively. Special features of Tn554 are: asymmetric ends 

lacking both inverted (IR) and DRs, no generation of target site duplications during 

transposition, and transposition is generally restricted to the primary attachment site att554 

and occurs with a frequency of nearly 100%.107 Transposition to alternative attachment sites 

occurs at a lower frequency (∼10-8) and is only seen if the primary site is missing or occupied 

by a previously inserted Tn554. The secondary insertion sites, att137 and att155 have been 

described.36 Two further transposons similar to Tn554 have been characterized: Tn558
66 and 

Tn5406.51 Tn558 carries the florfenicol-chloramphenicol resistance gene fexA and Tn5406 

mediates resistance to streptogramins A antibiotics by the gene vga(A). 

 

 

4.2. Recombination 

 

 Recombination leads to a new arrangement of DNA sequences. Three types of 

recombinational events can be distinguished: site-specific, homologous and illegitimate 

recombination.  
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 Site-specific recombination. In contrast to transposition, site-specific recombination 

requires a short region of homology shared among the recombining sites, on which a specific 

recombinase protein acts. Thus, site-specific recombination is an exchange of DNA strands 

within a short region of homology.26 

 In staphylococci, site-specific recombination has been shown to be responsible for the 

formation of stable cointegrates between different plasmids.59 These heterologous co-

integrates may have served as intermediates on the way to larger multiresistance plasmids.42 

 Two staphylococcal recombination sites have been described, RSA and RSB. The 

recombination site RSB is present in many staphylococcal plasmids. In contrast, RSA has been 

found in only two of the initially investigated seven plasmids (Figure 4), namely pT181 and 

pE194.42,116 In addition, plasmid pUB110 harbours an RSA-like sequence which differs in five 

positions from that in the other plasmids.99 

 The RSB sequence covers about 30 bp of homology, of which 18 bp are perfectly 

conserved. RSA stretches over an area of 70 bp with a perfectly conserved core region of  

24 bp.42,116 RSA-associated recombination appears to be homology-specific rather than 

sequence-specific, because crossovers occur at different locations within the RSA sequence.116 

Recombination via RSB depends on site-specific phage activity since cointegrates are only 

seen after co-transduction.115,116 In contrast, RSA is independent of phage infection; 

recombination is mediated by the plasmid-encoded trans-acting protein Pre (plasmid 

recombination).42 

 

 Homologous recombination. Homologous recombination requires expanded 

homology over a region of at least 50 bp and is dependent on the presence of RecA. The 

RecA protein catalyzes the process of homologous recombination accompanied by a 

multitude of further proteins. A model for this recombination process was first provided by 

Holliday in 1964, the “Holliday model of homologous recombination”. This model has been 

improved by further investigation of the underlying biochemical processes.72,180 Essential for 

RecA function is the availability of single-stranded DNA. The recombination hot spot 

sequence χ plays a crucial role in the generation of single-stranded DNA regions. RecA 

mediates the invasion and pairing of the single-stranded DNA to a homologous sequence in 

the supercoiled recipient DNA molecule. Strand exchange and joining of the free ends form 
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the Holliday junction. The heteroduplex DNA region is extended by branch migration. This 

RecA-mediated process allows the incorporation of heterologous DNA regions into the 

heteroduplex. Resolution of the Holliday junction by endonucleolytic cleavage results in 

either a “patched” or a “spliced” recombination product. In the “spliced” recombination 

product also the flanking markers of the crossover region are exchanged.72,180 RecA activity 

does not rely on free ends of single-stranded DNA, but can also mediate homologous pairing 

of internal single-stranded regions. However, the recombination frequency for plasmids that 

replicate via single-stranded intermediates112 is much higher than for chromosomal DNA.110 

 

 Illegitimate recombination. Recombination between sequences that show little or no 

homology is called illegitimate recombination. In fact, the term covers all the recombinational 

events that are not well understood.131 

 Illegitimate recombination is explained by the replication slippage error model (or copy 

choice recombination).16 The process is based on DRs in association with IRs and the 

presence of single-stranded DNA.16,121 The IRs form a hairpin structure. The DRs are located 

at the base of the hairpin. Synthesis of the complementary strand proceeds up to this 

secondary structure. The hairpin is either melted and synthesis proceeds or the replication 

machinery slips to the second DR and generates a deletion in the newly synthesized DNA 

strand.121 Excision frequency is dependent on length and extent of homology and on the 

presence of IRs.121 The frequency of recombination processes is reduced in the absence of 

IRs. Slipped mispairing is still possible, if the DRs are located not too far apart from each 

other.121 Furthermore, the recombination frequency for plasmid DNA is much higher than for 

the same structure on the chromosome. This observation – also seen in homologous 

recombination processes110 – is explained by the presence of single-stranded intermediates 

during plasmid replication.60 This model may be also applicable to intermolecular 

recombination. Homologous regions near the junctions of exchange serve as “anchor” for the 

mispaired strand.94 

 Further models for illegitimate recombination have been provided. The breakage-

reunion model102 does not require single-stranded DNA molecules. Double-stranded DNA 

breaks in a region between DRs. Subsequent exonucleolytic degradation produces sticky 
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ends. The DRs are exposed on these overhangs and can anneal. The deletion of the sequence 

between the DRs is the result of this process. 

 The gyrase cascade model94 is applicable for intermolecular recombination. The gyrase 

is a topoisomerase and produces supercoiling of the DNA helices. The enzyme consists of 

two subunits. The gyrase cleaves the double-stranded DNA producing a 4-bp overhang. Each 

subunit of the enzyme binds one free end during the process of supercoiling. These ends are 

subsequently ligated. If two gyrase subunits are occasionally exchanged, the two overhangs 

are not complementary. As a consequence, these overhangs cannot be ligated by the gyrase. 

The subunits will exchange, until suitable partners generate a stable intermediate which can 

be ligated. The process is favoured by a low sequence specificity of the gyrase. Other 

enzymes with cut and join activity may also cause illegitimate recombination in this way, 

because not all observed recombination sites resemble gyrase sites.16,94 

 

 

5. Genes mediating resistance to MLSB antibiotics 

 

 All three general mechanisms of acquired resistance are found among staphylococci 

resistant to antibiotics of the MLSB group:83,84,134,145,174 first and most important, the 

modification of the target site; second, the reduction of drug concentration at the target 

structure due to efflux mechanisms; third, the inactivation of the drug by enzymes produced 

by the bacterial cell. 

 Resistance based on target site alterations was observed already one year after 

introduction of erythromycin in 1952.134 These first isolates displayed resistance to 

erythromycin only. Shortly thereafter isolates showed cross-resistance to all MLSB 

antibiotics.83 Meanwhile, further resistance phenotypes have been detected and the 

corresponding genotypes have been investigated.83,84,134 

 A detailed summary on resistance genes against macrolides, lincosamides and 

streptogramins and their distribution among bacterial genera is found at 

http://faculty.washington.edu/marilynr/. The following sections focus on the most important 

and commonly detected MLSB resistance mechanisms in staphylococci. 
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5.1. Target site modification 

 

 MLSB resistance based on target site modification can either be due to the methylation 

of the A2058 in the ribosomal RNA (the nucleotide number refers to E. coli) or mutations of 

this base or structures in the neighbourhood, including the ribosomal proteins L4 and 

L22.168,172 These modifications inhibit the binding of the drug by a conformational change of 

the drug binding pocket.83 The level of phenotypical resistance corresponds to the proportion 

of mutated rrn operons.128,157,158 This explains why rRNA mutations are the regular basis for 

MLSB resistance in isolates with one or only few operons.168 Examples are certain 

Mycobacterium spp. and Helicobacter pylori which harbour one or two operons, 

respectively.40,100 

 In staphylococci target site modification is more likely mediated by methylation, 

because genes for the 23S rRNA are present in five rrn operons in the staphylococcal 

genome.128,169 However, mutation-based resistance has been reported also for clinical isolates 

of S. aureus.128 The substitution of A2058 by G/U conferred the complete MLSB resistance 

phenotype, while isolates with a substitution of A2059 by G remained susceptible to 

streptogramin B. Similar reports exist for S. pneumoniae, which carries four rrn 

operons.124,157,158 Mutations in ribosomal proteins associated with the drug binding pocket 

mediate resistance in S. pneumoniae.124,157,158 In S. aureus, such a mutation was only observed 

in combination with a ribosomal mutation.128 

 

 Erythromycin ribosome methylases. Methyladenine was detected within the 

ribosomal RNA of erythromycin resistant staphylococci76 and was made responsible for 

resistance against this antimicrobial agent.77 Later on, it was specified that the N6,N6-

dimethylation of adenine in the 23S rRNA leads to a decreased binding affinity of the 

ribosome to erythromycin.5 The responsible enzyme which methylates a single adenine 

residue (A2058) in staphylococci showed obvious similarities to the methylase of 

Streptomyces erythraeus.152,162 

 The methylated ribosome is resistant against all MLSB antibiotics. However, only few 

substances are able to induce the expression of several of these methylases. This observation 

is explained by the regulation of gene expression via translational attenuation.48,57 
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 The methylase-encoding genes are termed erm (erythromycin ribosome methylase) and 

more than 30 have been described to date. A continuously updated list is available at 

http://faculty.washington.edu/marilynr/ermwebA.pdf. According to a defined nomenclature, 

genes whose products exhibit ≥ 80% amino acid identity belong to the same class, based on 

the ability to detect them with one unique hybridisation probe.134 The typical methylase genes 

of staphylococci are erm(A) and erm(C), whereas erm(B) is widespread in streptococci and 

enterococci.84,160 The erm(B) gene was also found in various other genera including 

staphylococci.83,160 These three types of methylases are described in the following 

subchapters. 

 Beside these three major types of methylases, further genes have been detected in 

single isolates of different Staphylococcus spp. The erm(33) gene has been identified on 

plasmid pSCFS1 from Staphylococcus sciuri.146 Sequence analysis revealed that erm(33) was 

an in-frame recombination product of erm(C) and erm(A). The erm(Y) gene was found on the 

S. aureus plasmid pMS97 linked to two further MLSB resistance genes (see subchapter 5.2 

and 5.3).97 The erm(F) gene was thought to be restricted to Bacteroides spp.22,130 Later on, the 

gene has also been detected in several other species, including staphylococci.22 A similar 

situation was reported for erm(G). This gene was originally described for Bacillus 

sphaericus
104 and is regularly detected in Bacteroides spp.25 Recently erm(G) was also 

detected in a porcine Staphylococcus warneri isolate.170 According to the above mentioned 

web site (http://faculty.washington.edu/marilynr/ermweb4.pdf) the erm(Q) gene of clostridial 

origin has been detected also in staphylococci. 

 

 erm(A). The gene erm(A) was first detected in a S. aureus strain isolated in Wisconsin. 

It is located on the transposon Tn554 where it is expressed inducibly.160 Translational 

attenuation is based on a regulatory region of 211 bp comprising two reading frames for small 

peptides of 15 and 19 amino acids, one of which shows high homology to the leader peptide 

of erm(C).106 Proposed secondary structures and a model for the regulation of erm(A) 

expression have been provided,106 but the mechanism is less well understood than in the case 

of erm(C).83 Several studies describe structural alterations within the regulatory region 

responsible for constitutive gene expression.143,175 
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 erm(B). The gene coding for the Erm(B) methylase was discovered in Japan.160 The 

gene is typically located on transposons, namely on Tn551 and Tn917. Transposon Tn551 

was first identified on plasmid pI258 from S. aureus and transposon Tn917 on plasmid pAD2 

from E. faecalis.149 These two transposons are highly homologous.149 

 As for erm(A) and for erm(C) a translational attenuator has been described for erm(B), 

but appears to be much more complex and is not completely understood to date. The leader 

region comprises 155 bp including several IRs, which are able to form stable secondary 

structures. The reading frame for a 36-amino-acids leader peptide is also located within this 

region.55,135,149 Induction of erm(B) expression appears not to be restricted to 14- and 15-

membered macrolides, but may also include 16-membered macrolides such as spiramycin.11 

 Besides the presence of erm(B) on a complete Tn917/Tn551, the gene has been found 

on two plasmids, pSES20 from S. lentus
176 and pAM77 from Streptococcus sanguis.55 On 

these plasmids, only part of Tn917 was detectable, possibly as a result of the site-specific 

resolution system of the transposon or of an intraplasmid recombination.176 The erm(B) gene 

seems to be prevalent mainly in isolates of animal origin and especially in S. intermedius.11,37 

 

 erm(C). The erm(C) gene was first detected in Bucharest, located on the 3.7-kb 

plasmid pE194.56,160 This gene is commonly found on small plasmids of 2.3–4 kb.93,160 Most 

of them are derivatives of the plasmids pNE13179,118 and pT48.19 In rare cases erm(C) was 

found on larger plasmids (3.7–4 kb) like pSES6,89 pSES21147 or the prototype plasmid 

pE194.56 Plasmid pNE131 was originally isolated from S. epidermidis and confers 

constitutive MLSB resistance.78 The erm(C) gene has often been described to be the most 

prevalent erm gene among CoNS.37,87,179 

 The regulation of erm(C) expression has been intensively studied and the model of 

translational attenuation associated with erm(C) is described in the next section. 

  

  
 

 

 



Chapter 1 Introduction    
   

 42 

AAGGAGGAAAAAAUAUGGGCAUUUUUAGUAUUUUUGUAAUCAGCACAG   UCGTTAATAAGCAAAA   CGAGAAAAATATAAACACAGTCAAAA

IR1           IR2       IR3            IR4

SD1            start       ORF for leader peptide                                              erm(C)

start

SD2

A.

A-U

C-G

C-G

A-U

A-U

C |

U-A

A-U

U-A

U-A

A-U

C-G

U-A

U-A

A

A

A
A

C

A
A A

A

U

A

A

G

*

C-G

C-G

A-U

A-U

U-A

A-U

U-A

U-A

A-U

C-G

U-A

U-A

A
A

A

U
U
A
A
A

G

U
G

AAGGAGGAAAAAAUAUGGGCAUUUUUAGUAUUUUUGUAAUCAGCACAGUUCAUUAUCAACCAAACAAAAAAUAAG   AAUUAAAGAGGGUUAUAAUGAACGAGAAAA

C

A

U-A

A-U

A-U

G-C

U-A

A-U

A |

U-A

A-U

U-A

U-A

G-C

G-C

U-A

U
C

G

U

UA
A

U

A
A

G

A
A

A

IR2             IR3

SD1           start              ORF for leader peptide                                   * SD2        start   erm(C)

B.

IR1                                                        IR4

 
Figure 5. Model of the translational attenuation of erm(C) expression. SD1 and SD2: Shine-Dalgarno sequences 
of the leader peptide gene and erm(C), respectively, are boxed; IR1–IR4: inverted repeats 1–4; start codons are 
underlined, stop codons are marked by an asterisk. A. Uninduced state in the absence of an inducer. B. Induced 
state in the presence of an inducer. 
  

  

 Translational attenuation. Translational attenuation regulates gene expression on the 

level of messenger RNA (mRNA); the transcription from DNA to mRNA is not regulated. A 

common mRNA is transcribed from the erm(C) regulatory region and the erm(C) gene. In 

inducibly resistant strains, these transcripts are translated only in the presence of an 

inducer.173  

 The regulatory region of erm(C) spans over 141 bp and codes for a leader peptide of 19 

amino acids (Figure 5). Four IRs, IR1–IR4, are located within this region; IR1 is located in 

the reading frame of the leader peptide. The Shine-Dalgarno sequence of erm(C) (SD2) as 
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well as the 5’ end of the erm(C) gene are part of IR4.48,57 These elements of the regulatory 

region are able to form different secondary structures depending on the presence or absence of 

an inducer. The 14- and 15-membered macrolides are suitable inducers of this system. The 

most effective inducer is erythromycin.173 

 In the uninduced state, the repeats IR1 and IR2 as well as IR3 and IR4 form two 

hairpins. This secondary structure sequesters the SD2, the start codon and the first two codons 

of Erm(C). Erm(C) is expressed very poorly in the uninduced state.173 In the induced state, the 

formation of a translationally active secondary structure is favoured. The ribosome, that has 

bound erythromycin, is “stalled” at a certain position while translating the leader peptide. The 

stalled ribosome covers IR1. As a consequence, the energetically most stable secondary 

structure is a hairpin between IR2 and IR3, leaving IR4 accessible to a second translating 

ribosome.173 

 Structural alterations within this regulatory region can destroy this mechanism. These 

alterations can be based on deletions, duplications or point mutations,172,178 all rendering the 

SD2 and the start codon of erm(C) accessible to ribosomes independently of the presence of 

an inducer. A number of such mutations has been described in isolates that were selected in 

vitro by exposure to non-inducing MLSB antibiotics,141 but were also found in naturally 

occurring isolates.63,89,90,147,178 

 

 

5.2. Reduction of the intracellular drug concentration 

 

 Erythromycin in its neutral form is taken up by the cell by passive diffusion,44,138 

independently of energy-dependent membrane carrier.44 A reduction of the intracellular 

concentration of erythromycin is possible either by reduced permeability of the cell 

membrane, by active efflux of the drug or a combination of both. 

 Transporters involved in the efflux of MLSB antibiotics belong either to the family of 

ABC (ATP-Binding Cassette) transporters or to the major facilitator superfamily.17,134 

Transporters of the latter family consist of 12–14 transmembrane domains and function as H+-

antiporters. The H+-gradient of the membrane serves as energy source.17,120 Transporters of 

this type are found in streptococci and in a variety of other Gram-positive bacteria, e.g. 
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Enterococcus, Micrococcus or Corynebacterium.17 A transporter specific for 14- and 15-

membered macrolides is encoded by the mef(A) (macrolide efflux) gene. The occurrence of 

mef(A) has been reported for single isolates of CoNS.86 

 

 Efflux by an ABC transporter. In contrast, ABC transporters play a role in 

staphylococci. ABC transporters consist of cytoplasmatical ATP-binding domains which act 

together with integral membrane proteins. These proteins might be expressed separately and 

they determine the substrate specificity.136 Resistance to 14-membered macrolides and the B 

compound of streptogramins is mediated by the gene msr(A) (macrolide streptogramin 

resistance) coding for an ABC transporter. This MSB phenotype was first described in the 

1980s. The responsible gene msr(A) was identified on the 31.5 kb-plasmid pUL5050 from  

S. epidermidis.138 Later on, a homologous gene has been identified in S. xylosus.103 The 

Msr(A) protein contains two cytoplasmatical ATP-binding domains separated by a Q-linker, 

which specify the transporter as a member of the ABC transporter family.136 However, the 

corresponding intramembranal element to Msr(A) could not be identified so far.136,137 

 The structural gene is preceded by a regulatory region with features similar to that of 

the translational attenuator of methylase genes.98,138 The gene expression is induced by 14-

membered macrolides.84,96 Whether expression is regulated translationally or transcriptionally 

has not yet been clarified.98 

 

 Macrolide resistance. Another efflux mechanism encoded by the gene erp(A) 

(erythromycin resistance permeability) and located on the 26.5-kb plasmid pNE24 was 

described for S. epidermidis.80 The gene product conferred resistance to 14- and 16-membered 

macrolides.44 The energy-dependent efflux of erythromycin could be associated with a protein 

of the membrane fraction.80 

 

 Lincosamide resistance. An efflux mechanism which confers increased insensitivity to 

clindamycin was detected on plasmid pSCFS1 from S. sciuri.65 Sequence analysis 

characterized the responsible protein as an ABC transporter with a high homology to the 

enterococcal Lsa(A) (lincosamide and streptogramin A resistance) protein.151 The 

corresponding gene was designated lsa(B) by the nomenclature reference centre. 
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5.3. Enzymatic inactivation 

 

 Enzymes inactivating specific members of the MLSB antibiotics have been found for all 

the different classes or even substances of this group.134 This pool of enzymes comprises 

hydrolases, transferases, esterases and phosphorylases. Enzymes, that are acting on the 

antimicrobial agents of interest – the macrolides and the lincosamides – and that are present in 

staphylococci are summarized in the following section.134 

 

 Macrolide phosphotransferase and esterases. Enzymes that inactivate macrolides 

have been mainly detected in Enterobacteriaceae rather than in Gram-positive cocci.134,182 

Enzymes which have also been observed in staphylococci are a macrolide phosphotransferase 

and two esterases. 

 The mph(C) (macrolide phosphotransferase) gene has been described in staphylococci 

only in close linkage to msr(A)96 and together with erm(Y) on the plasmid pMS97.95,96 The 

Mph(C) enzyme appears to modify only 14-membered macrolides effectively.95 

 The function of an esterase has been described for S. aureus.182 The substrates which 

are hydrolyzed by the staphylococcal protein differ from those hydrolyzed by the enzymes of 

E. coli. The esterases of E. coli, Ere(A) and Ere(B) (erythromycin esterification), inactivate 

14- and 15-membered macrolides, whereas 14- and 16-membered macrolides serve as 

substrates for the Gram-positive esterase.182 The genetic basis of this enzyme was not 

determined in that study. Homology to the esterase genes in E. coli is likely, because the GC 

content and the codon usage of these genes imply a Gram-positive origin.84,182 Recently, the 

genes ere(A) and ere(B) was detected in S. aureus isolates of human origin.142,144 

 

 Lincosamide nucleotidyltransferase. Inactivation of lincomycin has been reported for 

staphylococci of animal origin in the 1980s.82 However, the genetic background of the 

resistance phenotype was first determined in human strains of S. haemolyticus
82 and  

S. aureus.14 The responsible gene is lnu(A) (lincosamides nucleotidyltransferase; originally 

designated linA, linA’ and linA-like).84 The product of this gene is a lincosamide O-

nucleotidyltransferase.81 This protein inactivates lincomycin and clindamycin, although 

staphylococcal isolates remain apparently susceptible to the latter antimicrobial agent.14,81,82 
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This phenomenon is thought to depend on the relatively higher affinity of clindamycin to the 

staphylococcal ribosome.4 

 The lnu(A) gene was detected on small plasmids14,82 in several staphylococcal species 

from different sources.34,81,123 The first complete sequence of a lnu(A)-carrying plasmid was 

published recently.91 The sequenced plasmid, pBMSa1, originated from a Mexican S. aureus 

isolated from a case of bovine subclinical mastitis.91 The plasmid structure and functional 

analysis classified pBMSa1 as a RC plasmid.91 

 Two further lnu genes have been detected in Gram-positive bacteria, lnu(B)13 and 

lnu(C).4 Both genes are present mainly in Gram-positive cocci other than staphylococci. The 

lnu(B) gene was detected in an E. faecium isolate.13 The lnu(C) gene was isolated from a  

S. agalactiae isolate.4 Both enzymes showed the phenomenon observed for lnu(A): In the 

natural Gram-positive host they conferred phenotypic resistance to lincomycin only, although 

they can also inactivate clindamycin in a cell-free system. 
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Aim of this study 

 

 The aim of this study was to investigate the molecular basis of resistance to MLSB 

antibiotics with particular reference to the lincosamide pirlimycin. Pirlimycin is exclusively 

licensed for therapeutical use in subclinical mastitis in dairy cattle caused by Gram-positive 

cocci. Among this group of bacteria CoNS have been of special interest, since only few data 

on these important mastitis pathogens are currently available. No comprehensive studies on 

bovine CoNS have been done so far which investigated a sufficiently large number of isolates 

for their MLSB resistance phenotypes and genotypes. 

 To fill this gap, 298 CoNS isolates from bovine subclinical mastitis have been collected 

and comparatively investigated. They were differentiated to the species level. Their 

susceptibility to pirlimycin and erythromycin as well as to comparator antimicrobial agents 

commonly used in mastitis therapy was determined. In isolates resistant to erythromycin 

and/or pirlimycin the corresponding resistance genes were identified [Chapter 2]. 

 Beside their role in mastitis, CoNS are likely to serve as a reservoir for resistance genes 

to other bacteria – also including more pathogenic species. Plasmids are of major importance 

in the resistance transfer among staphylococci. Two groups of plasmids – two novel types of 

erm(C)-carrying plasmids [Chapter 3, Chapter 4] and a group of lnu(A)-carrying plasmids 

[Chapter 5] – were completely sequenced and analyzed to gain insight into their evolution 

and their impact on the spreading of these resistance genes. 

 Pirlimycin cannot induce the expression of the inducibly regulated resistance gene 

erm(C). In consideration of previous in vitro as well as in vivo studies on other non-inducers, 

it was assumed that constitutively expressed resistant mutants will develop under the selective 

pressure of pirlimycin. To confirm this assumption, the ability of pirlimycin – in comparison 

to the 16-membered macrolides spiramycin and tylosin – to select for constitutively resistant 

mutants was studied in an in vitro assay [Chapter 6]. 

 In addition, coagulase-positive staphylococcal and streptococcal isolates derived from 

different animal sources during the large-scale resistance monitoring program BfT-GermVet 

were investigated for their MLSB resistance pheno- and genotype [Chapter 7] to detect a 

potential association of certain resistance genes to distinct bacterial species as well as to 

specific animal origins. 
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Abstract 

 

Objectives: The aim of this study was to analyse coagulase-negative staphylococci 

(CoNS) for their resistance to antimicrobial agents approved for the control of 

pathogens involved in bovine mastitis, with particular reference to macrolide and/or 

lincosamide (ML) resistance and the resistance genes involved.  

Methods: A total of 298 CoNS collected between 2003 and 2005 in Germany from cases 

of subclinical mastitis in dairy cows were identified to species level and investigated for 

their MICs by broth microdilution. ML-resistant isolates were subjected to plasmid 

profiling and electrotransformation experiments. The ML resistance genes were 

detected using PCR and hybridization. Selected PCR products were cloned and 

sequenced.  

Results: The CoNS isolates used in this study showed a low level of resistance to all 

antimicrobial agents tested (0–7.4%) except ampicillin (18.1%). In the erythromycin-

resistant and/or pirlimycin-resistant isolates, the ML resistance genes erm(B), erm(C), 

msr(A), mph(C) and lnu(A) were present, either alone or in different combinations. 

Isolates carrying erm methylase genes or the exporter gene msr(A) showed higher MICs 

than those harbouring only the genes mph(C) or lnu(A) coding for inactivating enzymes. 

Most of the ML resistance genes were found on plasmids.  

Conclusions: This is the first report of pirlimycin MICs of CoNS collected from cases of 

bovine subclinical mastitis in Germany. After 3–5 years of veterinary therapeutic use, 

pirlimycin resistance was rarely detected among CoNS. The finding that five different 

resistance genes – present in various combinations – were responsible for ML resistance 

underlines the heterogeneous character of this resistance trait. 
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Introduction 

 

 Bovine mastitis is a major economical problem in dairy industry worldwide, with a 

wide variety of microorganisms involved.
1,2

 Among the Gram-positive pathogens, 

Staphylococcus aureus, Streptococcus agalactiae, Streptococcus dysgalactiae and 

Streptococcus uberis are most frequently seen in cases of clinical mastitis. In contrast, 

coagulase-negative staphylococci (CoNS) are more often associated with subclinical 

infections of the udder, characterized by an elevated somatic cell count in milk samples and 

by decreased milk production.
1,2  

 Antimicrobial agents are commonly applied to dairy cattle either to control or prevent 

bacterial infections in lactating and dry cows. Thus, the results of in vitro susceptibility testing 

are an important tool to guide the veterinarian in selecting the most efficacious antimicrobial 

agent(s) for therapeutic and prophylactic interventions. In 2001, a new lincosamide antibiotic, 

pirlimycin, was approved in Germany for the control of staphylococci and streptococci 

associated with bovine subclinical mastitis. So far, little is known about the susceptibility to 

pirlimycin of CoNS collected in the post-approval phase. A large number of genes mediating 

resistance to macrolides, lincosamides and streptogramins (MLS antibiotics) by different 

resistance mechanisms has been identified,
3
 and a continuously updated list of MLS 

resistance genes is available at http://faculty.washington.edu/marilynr/. 

 In the present study, we investigated 298 CoNS isolates from confirmed cases of 

subclinical mastitis for their susceptibility to pirlimycin and other antimicrobials commonly 

used for mastitis therapy. Moreover, all macrolide and/or lincosamide (ML) resistant isolates 

were investigated for the genetic basis of resistance and the location of the corresponding 

resistance genes. 

 

Material and methods 

 

Bacterial isolates and MIC determination 

 A total of 298 CoNS isolated from cases of bovine subclinical mastitis between 2003 

and 2005 were provided by different diagnostic laboratories all over Germany on the basis of 

one isolate per herd. All isolates were further identified to species level using the ID32 Staph 
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system (bioMérieux, Nürtingen, Germany). The MICs for seven antimicrobial agents or 

combinations, including penicillin/novobiocin (1:2), erythromycin, pirlimycin, ampicillin, 

oxacillin, cefalotin and ceftiofur, were determined using the broth microdilution method. 

Additional MIC values of clindamycin were determined using broth macrodilution (Table 1). 

Both tests were performed and the results evaluated according to the CLSI documents  

M31-A2 and M31-S1. S. aureus ATCC 29213 served as reference strain for quality control 

purposes. 

 

DNA isolation and PCRs 

 Plasmid and whole cell DNA were prepared using standard protocols. PCR assays for 

the genes erm(A), erm(B), erm(C), msr(A), lnu(A) and mef(A) and the regulatory region of 

constitutively expressed erm(C) genes were performed as described previously.
4,5

 Another 

two PCR assays were used for the detection of the mph(C) gene (forward primer: 5’-GAGAC 

TACCAAGAAGACCTGACG-3’; reverse primer: 5’-CATACGCCGATTCTCCTGAT-3’; 

annealing temperature 59 °C) and the linkage of the genes msr(A) and mph(C) [forward 

primer from msr(A): 5’- GCAAATGGTGTAGGTAAGACAACT-3’; reverse primer from 

mph(C): 5’- AATTCATCTGATAC(AG)CCATAAG-3’; annealing temperature 55 °C]. The 

mecA gene was detected as described previously.
6
 For each gene, at least one amplicon was 

cloned and sequenced. Sequence comparisons were performed using the BLAST program 

available at http://www.ncbi.nlm.nih.gov/BLAST/. 

 

Southern-blot hybridization and transformation experiments 

 Uncut plasmid DNA or HindIII-digested whole cell DNA was transferred from agarose 

gels to nylon membranes (Roth, Karlsruhe, Germany) using the capillary blot procedure. The 

cloned amplicons specific for erm(B), erm(C), msr(A), mph(C) and lnu(A) were labelled by 

the DIG-High Prime DNA labelling and detection system and used as gene probes. 

Hybridization and signal detection were performed according to the recommendations given 

by the manufacturer (Roche, Diagnostics GmbH, Mannheim, Germany). 

Electrotransformation into the recipient strain S. aureus RN4220 was performed as described 

previously.
7
 Transformants were selected on blood agar plates containing erythromycin  

(4–15 mg/L) or pirlimycin (0.25 mg/L). 
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Results and discussion 

 

Species distribution and MIC distribution 

 The comparison of studies on antimicrobial resistance of CoNS is often biased not only 

because of the use of different systems for species identification but also because of the use of 

different methodologies for susceptibility testing. Using a standardized identification kit 

available commercially, we identified Staphylococcus chromogenes (99 isolates, 33.2%), 

Staphylococcus simulans (69 isolates, 23.2%), Staphylococcus epidermidis (35 isolates, 

11.7%), Staphylococcus xylosus and Staphylococcus haemolyticus (28 isolates of each, 9.4%) 

as the most prevalent CoNS species in our test collection. These species were also the most 

frequently identified CoNS in a previous study.
1
 In addition, Staphylococcus warneri (13 

isolates), Staphylococcus sciuri (8 isolates), Staphylococcus equorum (6 isolates), 

Staphylococcus saprophyticus (3 isolates), Staphylococcus capitis, Staphylococcus cohnii, 

Staphylococcus hominis (2 isolates of each) and single isolates of Staphylococcus caprae, 

Staphylococcus arlettae and Staphylococcus gallinarum were identified. The distribution of 

MICs for the antimicrobial agents and combinations tested is summarized in Table 1. For 

penicillin/novobiocin and cefalotin no resistant isolates were detected. Two mecA-positive 

isolates were resistant to oxacillin, one of which also represented the single ceftiofur-resistant 

isolate. In contrast, 54 isolates proved to be resistant to ampicillin. For erythromycin and 

pirlimycin, 22 and 19 isolates proved to be resistant, respectively. Most of the MICs of 

clindamycin were equal to or not more than two dilution steps lower than those of pirlimycin. 

In general, the resistance rates of CoNS obtained in this study corresponded well to those 

reported in other studies.
1,8

 

 

Distribution of ML resistance phenotypes and resistance genes 

 Based on their MICs of erythromycin and pirlimycin, which are approved for the 

control of mastitis pathogens, the 31 resistant isolates could be subdivided into five different 

groups (Table 2). Group 1 comprised isolates highly resistant to both antibiotics (MICs ≥ 128 

mg/L) which carried the constitutively expressed gene erm(C) and/or the gene erm(B). 

Constitutive expression of erm(C) was due to deletions of 111 bp (five isolates) and 74 bp 

(one isolate) within the erm(C) regulatory region. Both deletions were either indistinguishable



 

 

 

 

 

 

 

Table 1. MIC distribution and resistance rates of 298 CoNS isolates  

 
Numbers of CoNS isolates for which the MICs (mg/L) were

 a
   

Antimicrobial agent ≤≤≤≤ 0.06 0.12 0.25 0.5 1 2 4 8 16 32 64 ≥≥≥≥ 128  MIC50 MIC90 

Resistant 

isolates (%) 

Penicillin/novobiocin
 b
 261 32 3 1 1 0 0 0 0 0 0 0  ≤ 0.06 0.12 0 

Cefalotin 24 111 129 25 8 0 1 0 0 0 0 0  0.25 0.5 0 

Ceftiofur
 c
 4 29 35 133 71 25 0 0 0 1

e
 0 0  0.5 1 1 (0.3) 

Oxacillin 76 102 82 24 10 2 0 1 0 0 0 1
e
  0.12 0.5 2 (0.7) 

Ampicillin 168 46 30 28 15 4 5 0 2 0 0 0  ≤ 0.06 0.5 54 (18.1) 

Erythromycin 1 5 102 151 16 0 1 1 2 0 3 16  0.5 1 22 (7.4) 

Pirlimycin 4 7 129 115 14 10 9 1 0 0 0 9  0.5 1 19 (6.4) 

Clindamycin
 d
 16 113 125 24 9 1 0 1 0 0 0 9  0.25 0.5 NA 

a 
Based on the CLSI breakpoints, MICs indicative for susceptible are displayed on a white background, those for intermediate on a grey background and those 

for resistant on a black background. 
b 

The MIC values of penicillin/novobiocin (1:2) are expressed as MIC values of penicillin. 
c 

The breakpoints used for ceftiofur are currently under consideration by CLSI. 
d 

Clindamycin is not licensed for the treatment of bovine mastitis. As a consequence, no approved breakpoints are available for the classification of bovine 

staphylococcal isolates from mastitis cases as resistant, intermediate or susceptible; NA, not applicable. 
e 

The single ceftiofur-resistant isolate and the high-level oxacillin-resistant isolate are the same. 
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from or closely related to deletions described previously.
5,9

 Two erm(C)-positive isolates also 

carried the genes msr(A)–mph(C), and three erm(B)-carrying isolates carried the gene lnu(A). 

Group 2 consisted of isolates highly resistant to erythromycin only (MICs 64 to ≥ 128 mg/L) 

and harboured an inducibly expressed erm(C) gene or the gene msr(A), alone or in 

combination with mph(C). One isolate harboured all three genes. Whenever they were 

detected in the same isolate, the genes msr(A) and mph(C) were found to be physically linked. 

Sequence analysis revealed that they were separated by non-coding spacer sequences of 348 

or 98 bp, which proved to be closely related to those described previously for S. aureus  

(accesssion no. AB179623) and S. haemolyticus (accession no. AP006716), respectively. The 

two isolates of Group 3 exhibited low-level resistance to erythromycin (MICs 8 and 16 

mg/L). The mph(C) gene was the only resistance gene detected in these isolates. A single 

isolate represented Group 4. It harboured the genes mph(C) and lnu(A) and showed low-level 

resistance to both antibiotics (erythromycin MIC 16 mg/L; pirlimycin MIC 8 mg/L). The nine 

isolates of Group 5 carried the lnu(A) gene as the sole resistance gene and were borderline 

pirlimycin resistant (MICs 4 mg/L).  

 These data are in good accordance with observations on ML resistance genes in CoNS 

from human and animal sources published previously,
10-12

 although none of these studies 

investigated the isolates for the presence of the gene mph(C). This gene was originally 

detected on the staphylococcal plasmid pMS97, which carried another two ML resistance 

genes;
13

 so far it has been described to be present only in connection with the gene msr(A) in 

staphylococci.  

 In addition, we detected the mph(C) gene in two isolates with intermediate resistance to 

erythromycin (MICs 1–4 mg/L) and the lnu(A) gene in nine susceptible isolates with 

pirlimycin MICs of 2 mg/L (eight isolates) and 1 mg/L (one isolate). However, it should be 

noted that the currently valid CLSI breakpoints for pirlimycin do not include an intermediate 

category. Hence, isolates with MICs ≥ 4 mg/L are classified as resistant, while those with 

MICs ≤ 2 mg/L are considered to be susceptible. An intermediate category including MICs of 

1 and 2 mg/L might help to avoid classifying isolates that carry lnu(A) genes as susceptible. 

Since the gene lnu(A) is expressed constitutively, mutations within the promoter region may 

lead to increased expression of lnu(A). The same is true for the up-regulation of the copy 

numbers of plasmids that carry lnu(A). In both cases, increased numbers of lnu(A) transcripts 
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may result in increased amounts of lincosamide-inactivating enzymes and consequently 

elevate the MICs from 1 or 2 mg/L to 4 mg/L, which will then classify the corresponding 

isolates as borderline resistant.  

 

Location of detected resistance genes 

 A plasmid location could be shown for all but one of the erm(C) genes. They were 

located on small plasmids of ∼2.3–4 kb. The erm(B) genes instead were all located on larger 

plasmids with sizes of ∼25–30 kb. Three of these latter plasmids also carried the gene lnu(A). 

The msr(A)–mph(C) genes were located on plasmids of ∼20–25 kb in three isolates and the 

mph(C) gene in one case on a plasmid of ∼30 kb. In eight pirlimycin-resistant isolates of 

Groups 4 and 5 (Table 1), the lnu(A) genes were located on small plasmids of < 3 kb.  

 While the gene erm(C) gene is commonly found on small plasmids of ∼2.5 kb,
5,7

 there 

have also been reports of plasmid-borne genes erm(B) and lnu(A) in animal 

staphylococci.
14,15

 The plasmid location of a resistance gene may favour its distribution across 

species and sometimes even genus borders. The observation in this study that erm(C) as well 

as lnu(A) genes were found on similar sized and structurally closely related plasmids (data not 

shown) among different CoNS species suggested an interspecies exchange of such plasmids. 

Moreover, the detection of the same mobile ML resistance genes in S. aureus and CoNS from 

humans and animals
5,7,10-15

 underlines their potential for spreading and the need for more 

detailed knowledge of the prevalence of ML resistance genes in veterinary pathogens. 
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Table 2. Correlation between MICs of erythromycin and pirlimycin and the ML resistance genes present in 31 CoNS isolates 

  MIC (mg/L)  Resistance mechanism 

Group Species erythromycin pirlimycin  methylation efflux inactivation 

1 S. chromogenes (3 isolates) ≥ 128 ≥ 128   erm(B)   lnu(A) 

 S. chromogenes ≥ 128 ≥ 128  erm(C)const. erm(B)    

 S. saprophyticus ≥ 128 ≥ 128  erm(C)const.     

 S. epidermidis (2 isolates) ≥ 128 ≥ 128  erm(C)const.     

 S. simulans ≥ 128 ≥ 128  erm(C)const.  msr(A) mph(C)  

 S. haemolyticus ≥ 128 ≥ 128  erm(C)const.  msr(A) mph(C)  

          
2 S. warneri  ≥ 128 0. 5  erm(C)ind.     

 S. epidermidis ≥ 128 0.25  erm(C)ind.     

 S. epidermidis ≥ 128 0.25  erm(C)ind.  msr(A) mph(C)  

 S. arlettae ≥ 128 1     msr(A)   

 S. xylosus ≥ 128 0.25     msr(A)   

 S. chromogenes ≥ 128 0.25     msr(A)   

 S. xylosus  ≥ 128 0.5     msr(A) mph(C)  

 S. haemolyticus 64 0.5     msr(A) mph(C)  

 S. epidermidis (2 isolates) 64 0.25     msr(A) mph(C)  

          
3 S. equorum 16  0.5     mph(C)  

 S. xylosus 8 0.25     mph(C)  

          
4 S. equorum 16 8     mph(C) lnu(A) 

          
5 S. xylosus 0.5 4      lnu(A) 

 S. haemolyticus (2 isolates) 0.5 4      lnu(A) 

 S. simulans (2 isolates) 0.25–0.5 4      lnu(A) 

 S. warneri  0.25 4       lnu(A) 

 S. epidermidis (2 isolates) 0.25 4       lnu(A) 

 S. chromogenes 0.25 4      lnu(A) 
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Abstract 

 

Objectives: The complete nucleotide sequence of the 6913-bp plasmid pSTE2 from 

Staphylococcus lentus, which mediates inducible resistance to tetracyclines, macrolides 

and lincosamides, was determined. The plasmid was analysed for potential reading 

frames and structural features to gain insight into its development from potential 

ancestor plasmids.  

Methods: Plasmid pSTE2 was transformed into Staphylococcus aureus RN4220. Suitable 

restriction fragments were cloned into E. coli plasmid vectors and sequenced. In vitro 

susceptibility testing was performed to confirm the resistance phenotype mediated by 

this plasmid. 

Results: Plasmid pSTE2 consisted of two parts, each of which corresponded closely to 

previously identified staphylococcal plasmids. The initial 4439 bp represented a pT181-

analogous tet(K)-carrying tetracycline resistance plasmid, whereas the remaining  

2474 bp represented a pPV141-related erm(C)-carrying macrolide-lincosamide-

streptogramin B resistance plasmid. Both putative parental plasmids harboured the 

staphylococcal recombination site A (RSA) and the pT181-like plasmid carried also the 

recombinase gene pre whose product acts at RSA. Analysis of the junctions of the pT181-

like and the pPV142-like homologous parts in pSTE2 suggested that plasmid pSTE2 

developed from pT181- and pPV142-like ancestor plasmids by cointegrate formation at 

RSA.  

Conclusion: Plasmid pSTE2 is the first completely sequenced plasmid from S. lentus and 

represents the product of an in vivo derived RSA-mediated recombination between two 

compatible plasmids. 



Chapter 3 Structure and organization of plasmid pSTE2   
   

72 

Introduction 

 

 Staphylococcus lentus is a common inhabitant of the physiological skin flora of animals 

including various mammals, e.g. ruminants, carnivores and rodents, but also birds. Members 

of this staphylococcal species are considered as rarely pathogenic. Previous studies have 

identified a number of antimicrobial resistance genes in S. lentus isolates most of which are 

located on plasmids. Small plasmids carrying either the tetracycline resistance genes tet(K) or 

tet(L),
1
 or the macrolide-lincosamide-streptogramin B (MLSB) resistance genes erm(B)

2
 or 

erm(C)
3
 have been identified occasionally in S. lentus isolates. During a recent survey of 

transferable antimicrobial resistance among staphylococci from rodents and insectivores, we 

identified a S. lentus isolate (No. 32) from a common shrew (Sorex araneus). This isolate 

carried a small plasmid, designated pSTE2, that mediated resistance to tetracyclines, 

macrolides and lincosamides. 

 The aim of this study was to analyse the structure and organization of plasmid pSTE2 

to gain insight into the processes that led to its formation. 

 

Material and methods 

 

 The S. lentus isolate was identified to species level using the ID32 Staph system 

(bioMérieux, Nürtingen, Germany). Plasmid profiling and electrotransformation into the 

recipient strain Staphylococcus aureus RN4220
4
 followed previously described protocols. 

MIC determination by broth microdilution was performed and evaluated according to the 

document M31-A2 of the Clinical and Laboratory Standards Institute (CLSI; formerly known 

as NCCLS).
5
 The resistance genes present on plasmid pSTE2 were identified by PCR.

3,4
 

Plasmid pSTE2 was mapped with restriction endonucleases and suitable ClaI and HindIII 

fragments were cloned into pBluescript II SK+ (Stratagene, Amsterdam, The Netherlands). 

Sequence analysis of these fragments was conducted on both strands by primer walking, 

starting with the M13 reverse and forward primers and completed with primers derived from 

sequences obtained with these standard primers (MWG, Ebersberg, Germany). Sequence 

comparisons were performed with the BLAST programs blastn and blastp 

(http://www.ncbi.nlm.nih.gov/BLAST/) and with the ORF finder program 
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(http://www.ncbi.nlm.nih.gov/gorf/gorf.html; both last accessed 2 March 2005). The 

nucleotide sequence of plasmid pSTE2 has been deposited in the EMBL database under 

accession no. AJ888003.  

 

Results and discussion 

 

 Plasmid pSTE2 from S. lentus was found to be 6913 bp in size. PCR assays showed 

that this plasmid carried a tet(K) gene for tetracycline resistance and an erm(C) gene for 

resistance to MLSB antibiotics. Resistance to tetracyclines, macrolides and lincosamides was 

confirmed by in vitro susceptibility testing (Table 1). It is assumed that this plasmid also 

mediates resistance to streptogramin B antibiotics, however experimental proof was not 

possible due to the lack of commercially available streptogramin B antibiotics. Comparison of 

the pSTE2 sequence revealed two parts of this plasmid which showed extended similarities to 

other plasmid sequences deposited in the databases (Figure 1).  

 The first part (bases 1–4439) closely resembled a number of small staphylococcal 

tet(K)-carrying plasmids. The best match was the 4439-bp pT181-like tet(K)-carrying plasmid 

found in Staphylococcus epidermidis strain ATCC 12228 (database accession no. AE015930) 

from which the initial 4439 bp of plasmid pSTE2 differed by only 1 bp. This part of pSTE2 

comprised the tet(K) gene (positions 1439–114) which codes for a 459-amino-acid 

membrane-associated efflux protein consisting of 14 transmembrane domains. It was 

preceded by a small reading frame for a 16-amino-acid peptide (positions 1587–1537) which 

together with two inverted repeated sequences represents the translational attenuator 

responsible for the tetracycline-inducible expression of tet(K). Growth in the presence of  

1 mg/L tetracycline resulted in a moderate 2-fold increase in the MIC of tetracycline for the 

pSTE2 transformant (Table 1). The repC gene (positions 2599–1655) codes for a 314-amino-

acid plasmid replication protein and the pre gene (positions 4367–3126) codes for a 

recombinase protein of 413 amino acids which acts at the staphylococcal recombination site 

RSA. The RSA site was located at positions 4416–4439 in pSTE2. In addition to RSA, pT181-

like tet(K)-carrying plasmids usually also harbour a second recombination site, RSB. The RSB 

site in pSTE2 was detected at positions 3096–3128 and includes the translational termination 

codon of the pre gene. 



 

 

Table 1. MIC values of various antimicrobial agents for the original S. lentus strain No. 32, the recipient strain S. aureus RN4220 and 

S. aureus RN4220::pSTE2 transformants, either non-induced or induced by growth in the presence of 1 mg/L tetracycline (TET) or  

1 mg/L erythromycin (ERY) 
 

  Minimum inhibitory concentrations (mg/L) 

Antimicrobial agent(s) Range tested (mg/L) S. lentus 32 

S. aureus 

RN4220 

S. aureus 

RN4220::pSTE2 

(non-induced) 

S. aureus 

RN4220::pSTE2 

(TET-induced) 

S. aureus 

RN4220::pSTE2 

(ERY-induced) 

Ampicillin 0.03–64 1 0.06 0.06 0.06 0.06 

Amoxicillin/clavulanic acid (2:1) 0.015/0.008–32/16 2/1 0.12/0.06 0.12/0.06 0.12/0.06 0.12/0.06 

Penicillin G 0.015–32  1 ≤ 0.02 ≤ 0.02 ≤ 0.02 ≤ 0.02 

Cefalotin  0.015–32  2 0.25 0.12 0.12 0.12 

Cefazolin 0.015–32 8 0.12 0.12 0.12 0.12 

Cefquinome 0.008–16 1 0.5 0.25 0.25 0.25 

Neomycin 0.03–64 0.25 0.5 0.5 0.5 0.5 

Gentamicin 0.06–128 0.25 0.5 0.5 0.5 0.5 

Spectinomycin 0.25–512 64 64 64 64 64 

Chloramphenicol 0.25–128 8 4 4 4 4 

Trimethoprim/sulfamethoxazole (1:19) 0.015/0.3–32/608 0.12/2.38 0.03/0.6 0.03/0.6 0.03/0.6 0.03/0.6 

Enrofloxacin 0.008–16 0.25 0.25 0.25 0.25 0.25 

Tetracycline 0.03–64 32 0.12 32 64 32 

Erythromycin 0.015–32 ≥ 64 0.25 ≥ 64 ≥ 64 ≥ 64 

Spiramycin 0.06–128 4 2 2 2 ≥ 256 

Tilmicosin 0.03–64 2 1 1 1 ≥ 128 

Tulathromycin 0.03–64 ≥ 128 16 ≥ 128 ≥ 128 ≥ 128 

Clindamycin 0.03–64 1 0.12 0.12 0.12 ≥ 128 
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Figure 1. Structural comparison of plasmid pSTE2 from S. lentus (accession no. AJ888003) with the plasmids 

pT181 from S. epidermidis (accession no. AE015930) and pPV141 from S. chromogenes (accession no. 

U82607). Restriction endonucleases are abbreviated as follows: B (BclI), C (ClaI), H (HindIII), Hp (HpaII), K 

(KpnI), and X (XbaI). A distance scale in kb is presented below each map. The genes tet(K), repC, pre, erm(C) 

and repL are presented as arrows with the arrowhead indicating their direction of transcription. The black box 

symbolizes the recombination site RSA the 24-bp core sequence of which is displayed in capital letters above or 

below the corresponding maps. The first eight bases of the adjacent sequences are shown in lower case letters. 

The grey shaded regions indicate ≥ 98% nucleotide sequence identity between pSTE2 and either pT181 or 

pPV141. 

 

 

 The second part of pSTE2 (positions 4440–6913) exhibited a high degree of similarity 

to small erm(C)-carrying MLSB resistance plasmids from staphylococci and bacilli with the 

best match of 98% identity to the 2410-bp plasmid pPV141 from Staphylococcus 

chromogenes (database accession no. U82607). This segment of pSTE2 contained the erm(C) 

gene (positions 4781–5515) which codes for a ribosomal RNA methylase of 244 amino acids. 

The erm(C) gene was also preceded by a complete translational attenuator which is required 

for the inducible expression of erm(C).
3
 In the non-induced state, the original S. lentus strain 
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as well as the S. aureus RN4220::pSTE2 transformant exhibited resistance to the 14-

membered macrolide erythromycin, but susceptibility to the non-inducers, e.g. 16-membered 

macrolides spiramycin and tilmicosin as well as to the lincosamide clindamycin (Table 1). 

The high MIC (≥ 128 mg/L) of tulathromycin – which is a 1:9 mixture of 13- and 15-

membered azalides – indicated that tulathromycin is also an efficient inducer of erm(C) gene 

expression. When grown in the presence of 1 mg/L erythromycin, the transformant also 

showed high-level resistance to the 16-membered macrolides and clindamycin (Table 1). This 

change in the resistance phenotype is indicative of inducible expression of the erm(C) gene.
6
 

An increase in the MIC of erythromycin after induction with erythromycin was not detectable 

due to the range of concentrations tested. Within the erm(C) regulatory region, a small open 

reading frame for a 19-amino-acid peptide (positions 4662–4721) and two pairs of inverted 

repeated sequences were detected. The difference in size between the 2474-bp segment of 

pSTE2 and the 2410-bp plasmid pPV141 was mainly due to a 58-bp deletion seen in the 

translational attenuator of the constitutively expressed erm(C) gene of pPV141.
3
 The repL 

gene which codes for a 158-amino-acids plasmid replication protein was seen at positions 

5963–6439 and a second RSA site was detected at positions 6890–6913 in the pSTE2 

sequence. 

 The recombination site RSB is present on many small staphylococcal plasmids.
7
 RSB-

mediated cointegrate formations were seen only after co-transduction of these plasmids and a 

phage-determined recombination system is believed to play a role in these processes.
8
 In 

contrast, RSA is found only rarely on small staphylococcal plasmids and cointegrates were 

obtained under laboratory conditions with strains carrying different RSA-containing plasmids 

in the absence of phages.
7,9

 It has been shown that the plasmid recombination protein Pre 

mediates a site-specific recombination which involves RSA, but not RSB.
9
 Heterologous 

cointegrates between the 4.4-kb tetracycline resistance plasmid pT181 and the 3.7-kb erm(C)-

carrying plasmid pE194, both of which carry RSA sites and pre genes, have already been 

derived in vitro.
8,9

  

 In the case of plasmid pSTE2, both partner plasmids had an RSA site, but only the 

pT181-like partner harboured a pre gene. It is likely that Pre from one such plasmid can 

mediate cointegrate formation between different co-resident plasmids provided that they have 

RSA sites. It has been suggested that such heterologous cointegrates might play a role as 
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intermediates in the evolution of larger plasmids carrying multiple antibiotic resistance 

genes.
9
 One such model for an RSA-based cointegrate formation between an aadD-encoding 

kanamycin-neomycin-bleomycin pUB110-like resistance plasmid and a pNS1981-like tet(L)-

encoding tetracycline resistance plasmid had been proposed although the intermediate form 

was not detected.
10

 Analysis of the sequences flanking the RSA sites in pSTE2 compared with 

the corresponding sequences in pT181 and pPV141 confirmed that recombination at the RSA 

sites has led to the cointegrate formation displayed in Figure 1. Moreover, two intact plasmid 

replication genes, repC and repL, were detected in pSTE2 and their interaction in terms of a 

coordinated replication and stable maintenance of pSTE2 – as seen in the original S. lentus as 

well as in the S. aureus laboratory host – remains to be clarified.  

 The presence of genes coding for resistance to the two most frequently used classes of 

antimicrobials in veterinary medicine, tetracyclines and macrolides, on the same plasmid is of 

relevance with regard to the spread of resistance. Since this plasmid carries two different 

replication genes, it might be able to replicate in a broader range of bacterial hosts than its 

parental plasmids. Moreover, a plasmid such as pSTE2 might be able to incorporate other 

resistance plasmids or parts of them via its RSA and/or RSB sites. Although cointegrates of 

pT181-like plasmids into larger plasmids via the insertion sequence IS257 have been 

described,
11

 this is to the best of our knowledge the first report of a naturally occurring RSA-

cointegrate involving tet(K)- and erm(C)-carrying parental plasmids. 
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Abstract 

 

 An erm(C)-carrying plasmid of unusual size and restriction map, designated 

pSES22, was identified in a Staphylococcus saprophyticus strain and sequenced 

completely. Constitutive expression of the erm(C) gene from pSES22 is based on a novel 

22-bp tandem duplication in the erm(C) translational attenuator. Comparative analysis 

of the deduced Erm(C) amino acid sequence revealed that Erm(C) from pSES22 – 

together with an Erm(C) methylase from S. hyicus – represented a separate branch in 

the homology tree of Erm(C) methylases. Structural comparisons showed that plasmid 

pSES22 differed distinctly from all other completely sequenced erm(C)-carrying 

resistance plasmids. However, pSES22 was similar to several members of a diverse 

group of small plasmids, all of which carried closely related plasmid backbones 

consisting of the genes repU and pre/mob, but differed in their resistance genes. 
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1. Introduction 

 

 Resistance to macrolide-lincosamide-streptogramin B (MLSB) antibiotics in 

staphylococci is mainly due to the dimethylation of an adenine residue in the 23S rRNA 

(Weisblum, 1995). The erythromycin ribosome methylase (erm) gene erm(C) is most widely 

distributed in human and animal staphylococci and is mostly located on small, structurally 

closely related multicopy plasmids ranging in size between 2.3 and 2.5 kb (Lodder et al., 

1997). In rare cases, structurally diverse larger plasmids of 3.7–4.0 kb, such as pE194 

(Horinouchi and Weisblum 1982), pSES6 (Lodder et al., 1996) and pSES21 (Schwarz et al., 

1996), have also been reported to carry the erm(C) gene. The expression of erm(C) can be 

either inducible or constitutive (Weisblum, 1995) with structural alterations in the erm(C) 

regulatory region accounting for constitutive gene expression. Three different types of 

structural alterations have been identified: sequence deletions of varying extent, sequence 

duplications at different locations in the translational attenuator, as well as multiple point 

mutations (Werckenthin et al., 1999; Jensen and Aarestrup, 2005; Schmitz et al., 2002; 

Schwarz et al., 1998).  

 During the course of a study on antimicrobial resistance among staphylococci from 

free-living rodents and insectivores, we identified a macrolide-lincosamide resistant 

Staphylococcus saprophyticus isolate. The MLSB resistance plasmid pSES22, present in this 

isolate, was sequenced completely, investigated for its structure and organization, and 

compared with related plasmids. 

 

2. Material and methods 

 

2.1. Bacterial isolates and antimicrobial susceptibility testing 

 A S. saprophyticus strain from a free-living bank vole (Clethrionomys glareolus) was 

identified with the ID 32 Staph system (bioMérieux, Nürtingen, Germany). The antibiotic 

resistance pattern was determined by agar diffusion with disks (Oxoid, Wesel, Germany) 

charged with either 10 g ampicillin, 30 g chloramphenicol, 2 g clindamycin, 15 g 

erythromycin, 10 g gentamicin, 30 g kanamycin, 10 g streptomycin or 30 g tetracycline. 

Performance and evaluation of the test followed the recommendations given in the document 
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M31-A2 of the Clinical and Laboratory Standards Institute (NCCLS, 2002). Staphylococcus 

aureus ATCC 25923 served as quality control strain. 

 

2.2. Molecular analysis 

 The preparation of plasmid DNA and electrotransformation experiments into S. aureus 

RN4220 followed previously described protocols (Hauschild et al., 2005). Transformants 

were selected by incubation for 48 h at 37 °C on blood agar plates supplemented with 15 g 

erythromycin per milliliter. Plasmid pSES22 was mapped with restriction endonucleases, 

known to have cleavage sites in previously identified staphylococcal MLSB resistance 

plasmids. PCR assays for the genes erm(C), erm(B) and erm(A) were performed as described 

with plasmids pSES5 [(erm(C)], pSES20 [(erm(B)], and Tn554 [(erm(A)] as positive controls 

(Werckenthin and Schwarz, 2000; Jensen et al., 1999). A specific PCR assay for the erm(C) 

regulatory region was also applied (Lodder et al., 1997). Plasmid pSES22, linearized by 

digestion with HindIII or XbaI, was cloned into the singular HindIII or XbaI sites of 

pBluescript II SK+ (Stratagene, Amsterdam, The Netherlands). Sequence analysis of both 

strands was conducted by primer walking starting with the M13 reverse and forward primers 

(MWG, Ebersberg, Germany). Sequence comparisons were performed with the BLAST 

programs blastn and blastp (http://www.ncbi.nlm.nih.gov/BLAST/). The nucleotide sequence 

of plasmid pSES22 has been deposited in the EMBL database under accession no. 

AM159501. 

 

3. Results 

 

3.1. Characterization of the macrolide resistance gene region of plasmid pSES22 

 Plasmid pSES22 carried a constitutively expressed erm(C) gene and conferred only 

resistance to erythromycin and clindamycin. It is assumed that this plasmid also mediates 

resistance to streptogramin B antibiotics, however experimental proof was not possible due to 

the lack of commercially available streptogramin B antibiotics. The PCR assay for the erm(C) 

regulatory region yielded an amplicon that was slightly larger than the one seen from the 

inducibly expressed erm(C) gene of pSES5. Sequence analysis revealed the presence of a  

22-bp tandem duplication in the erm(C) regulatory region of pSES22 (Fig. 1). Each of the two 
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22-bp sequences contained the erm(C)-associated ribosome binding site SD2, the terminal 

inverted repeated sequence IR4, and a start codon of the erm(C) gene. This tandem 

duplication is believed to result in the absence of an inducer to mRNA pairing of IR1:IR2 and 

IR3:IR4a while IR4b which contains the true erm(C)-associated ribosome binding site and the 

true start codon of erm(C) being accessible to translating ribosomes. In the presence of an 

inducer, IR2 will pair with IR3, rendering IR4a and IR4b accessible to translating ribosomes. 

When using the alternative start codon located in the first copy of the 22-bp tandem 

duplications, a translational termination codon (TAA) was detected after 24 codons. However, 

when the correct start codon of the erm(C) gene, located within the second copy of the 

tandem duplications, is used, an rRNA methylase protein of 244 amino acids (aa) will be 

translated.  

 Comparisons with previously described Erm(C) methylases showed that Erm(C) from 

pSES22 differed by only three amino acids (98.8% identity) from the Erm(C) protein of 

plasmid pSES21 from Staphylococcus hyicus (Schwarz et al., 1998). Comparisons with other 

Erm(C) proteins deposited in the databases revealed 11–13 amino acid exchanges, which 

corresponded to identities of 93.9–95.1%. A homology tree based on a multisequence 

alignment showed that the Erm(C) variants from plasmids pSES21 and pSES22 represented a 

separate branch which was clearly separated from all other Erm(C) proteins (Fig. 2). 

 

3.2. Organization of plasmid pSES22 and comparison with other resistance plasmids 

 Complete sequencing of plasmid pSES22 revealed a size of 4040 bp. In addition to the 

aforementioned Erm(C) reading frame, it had another two reading frames. One of them coded 

for the 326-aa plasmid replication protein RepU which showed 88.7% identity to the RepU 

proteins of the kanamycin-neomycin-bleomycin resistance plasmid pUB110 from S. aureus 

(McKenzie et al., 1986) and the streptogramin A + B resistance plasmid pIP1714 from 

Staphylococcus cohnii (Allignet et al., 1998). The other reading frame encoded a 420-aa 

plasmid recombination/mobilization protein, designated Pre/Mob which also was most closely 

related to the Pre/Mob proteins of plasmid pUB110 (96.7% identity) and pIP1714 (96.4% 

identity). The single-strand origin of replication (ssoU) and the double-strand origin of 

replication (dso) – both of which are essential for the plasmid replication via rolling circle 

mechanism – were detected about 440 bp upstream and ca. 50 bp downstream of pre/mob, 
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respectively. In addition, the recombination site A (RSA) was identified immediately upstream 

of pre/mob. The pSES22-associated RSA sequence (5’-AAGTATAACACACTATACTTT 

ATA-3’), however, differed at five positions from that previously found on other small 

staphylococcal plasmids (5’-AAGTCTAACACACTAGACTTATTT-3’) (Hauschild et al., 

2005). 

 

 

 

Fig. 1 Schematic presentation of the regulatory regions of the inducibly expressed erm(C) gene of plasmid 

pT48 (Catchpole et al., 1988) and the constitutively expressed erm(C) gene of plasmid pSES22. The grey boxes 

marked with SD1 and SD2 represent the Shine-Dalgarno sequences of the ORFs of the 19-aa peptide and the 

erm(C) gene, respectively. The arrows indicate the inverted repeated sequences IR1 to IR4. The reading frame 

for the 19-aa peptide is displayed as a stippled box; the erm(C) reading frame as a bricketted box. The numbers 

below the different sequences refer to database entries of plasmid pT48 (database accession no. M19652) and 

pSES22 (AM159501). 

 

 

 A closer look at the overall organization of the plasmids pUB110, pIP1714 and pSES22 

revealed that all three plasmids shared highly homologous repU and pre/mob gene areas 

which were interrupted by a plasmid-specific resistance gene area (Fig. 3). A comparison of 

the junctions between repU–pre/mob-homologous and -nonhomologous segments in all three 

plasmids revealed the presence of the 4-bp sequence GGGC which was flanked by inverted 

repeats of different length. The repeats in the repU downstream part started immediately after 

the translational stop codons of repU and varied in length between 8 bp (pSES22), 9 bp 
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(pIP1714) and 10 bp (pUB110). While the repeats in pUB110 were perfect repeats, those in 

the other two plasmids had one mismatch each. A similar situation was seen with the repeats 

upstream of pre/mob. The size of those repeats was 10 bp (pIP1714, pUB110) or 12 bp 

(pSES22) and the repeats of pUB110 again were perfect repeats whereas those of pIP1714 

and pSES22 had three mismatches each (Fig 3).  
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Fig. 2 Homology tree of the different types of Erm(C) proteins based on a multi-sequence alignment produced 

with the DNAMAN software (Lynnon-BioSoft, Ontario, Canada). The bacterial source is given for each Erm(C) 

protein located on the following plasmids: pSES6 (database accession no. CAA57985), pE194 (CAA24591), 

pSES31 (Y17294), pE5 (P13957), pIM13 (P13956), pSTE2 (CAI59792), pNE131 (P06572), pSES4a 

(CAA70207), pWBG738 (AAY88963), pPV141 (AAC45552), pPV142 (AAC33146), pT48 (P13978), pSES5 

(CAA70206), pSES21 (CAA70208) and pSES22 (CAJ43792). 



 

  

 

 

Fig. 3 Comparison of the organisation of the plasmids pSES22, pUB110 (McKenzie et al., 1986) and pIP1714 (Allignet et al., 1998) and presentation of the 

sequences at the boundaries of repU–pre/mob-homologous and -nonhomologous regions. The big arrows indicate the extent and direction of transcription of the 

genes repU, pre/mob, vgb(B), vat(C), aadD, ble and erm(C). The areas of extended sequence similarity between the three plasmids are grey-shaded. The 4-bp 

direct repeats GGGC are shown as black boxes; the flanking regions are aligned and the small arrows indicate the inverted repeats. In the imperfect inverted 

repeats, matching bases are displayed in bold-type capital letters whereas mismatches are indicated by lower case regular type letters. 

0                          1                            2                            3                             4

repU aadD ble pre/mob

0                          1                            2                            3                             4

pre/mobrepU erm(C)

0                          1                            2                            3                             4

repU pre/mobvgbB vatCpIP1714

pUB110

pSES22

TAGTTCAACcAAC GGGC CAT-TTtGTTGAAGCTT    GATGTTaAaCAAaC GGGC GCGaTTGcTgAATAAA pIP1714

TAGTTCAACAAAC GGGC CA-GTTTGTTGAAGATT    TCTGTTCAGCAATC GGGC GCGATTGCTGAATAAA  pUB110

TAATTcAACAAAA GGGC CAAGATTGTTtAAGCAA    TTTATaCtgCAATC GGGC GCGATTGttGaATAAG pSES22

0                          1                            2                            3                             4

repU aadD ble pre/mob

0                          1                            2                            3                             4

pre/mobrepU erm(C)

0                          1                            2                            3                             4

repU pre/mobvgbB vatCpIP1714

pUB110

pSES22

TAGTTCAACcAAC GGGC CAT-TTtGTTGAAGCTT    GATGTTaAaCAAaC GGGC GCGaTTGcTgAATAAA pIP1714

TAGTTCAACAAAC GGGC CA-GTTTGTTGAAGATT    TCTGTTCAGCAATC GGGC GCGATTGCTGAATAAA  pUB110

TAATTcAACAAAA GGGC CAAGATTGTTtAAGCAA    TTTATaCtgCAATC GGGC GCGATTGttGaATAAG pSES22

TAGTTCAACcAAC GGGC CAT-TTtGTTGAAGCTT    GATGTTaAaCAAaC GGGC GCGaTTGcTgAATAAA pIP1714

TAGTTCAACAAAC GGGC CA-GTTTGTTGAAGATT    TCTGTTCAGCAATC GGGC GCGATTGCTGAATAAA  pUB110

TAATTcAACAAAA GGGC CAAGATTGTTtAAGCAA    TTTATaCtgCAATC GGGC GCGATTGttGaATAAG pSES22



Chapter 4 Characterization of the erm(C)-carrying plasmid pSES22 
   

 88 

4. Discussion 

 

 Previous studies on erm(C)-carrying plasmids identified a number of deletions and 

tandem duplications of various sizes in the regulatory region of constitutively expressed 

erm(C) genes (Werckenthin et al., 1999; Schmitz et al., 2002; Jensen and Aarestrup, 2005). 

All these deletions or tandem duplications either prevent the formation of any mRNA 

secondary structures or favour the formation of those mRNA secondary structures that allow 

translation of the erm(C) transcripts. The 22-bp tandem duplication described in this study has 

not yet been detected in any erm(C)-carrying plasmid. 

 Complete sequencing of plasmid pSES22 revealed an overall structure that closely 

resembled a number of other plasmids known to vary in size between 3.7 and 4.6 kb, replicate 

via rolling-circle replication, and being mobilizable (Allignet et al., 1998). These plasmids 

include among others the aadD-ble-carrying plasmid pUB110 from S. aureus (Mckenzie et 

al., 1986), the vgb(B)-vat(C)-carrying plasmid pIP1714 from S. cohnii (Allignet et al., 1998), 

but also the aadD-tet(L)-carrying plasmid pSTS7 from S. epidermidis (Schwarz et al., 1996), 

the tet(L)-carrying plasmids pNS1981 and pBC16 from B. subtilis (Sakaguchi and Shishido, 

1987), and the dfrD-carrying plasmid pIP823 from L. monocytogenes (Charpentier and 

Courvalin, 1997). All of them carry closely related plasmid replication genes, referred to in 

the published literature as either repU or repB, and closely related pre/mob genes for plasmid 

recombination and mobilization. In addition to this common plasmid backbone, all these 

plasmids carried specific resistance genes. As previously reported by Allignet et al. (1998), 

the 4-bp direct repeat GGGC was found at the junctions of the repU-pre/mob-homologous 

and -nonhomologous segments. In addition, more or less perfect inverted repeated sequences 

were found in close proximity to this 4-bp direct repeat. These GGGC sequences and the 

associated IR sequences are believed to play a role in the acquisition and exchange of certain 

resistance genes by illegitimate recombination processes. Since these small staphylococcal 

plasmids replicate via a rolling circle mechanism (Novick, 1989; Gruss and Ehrlich, 1989) 

which includes single-stranded intermediates, they are highly recombinogenic in that state of 

replication. Since illegitimate recombination processes do not require extended sequence 

identities and areas characterized by inverted repeats are considered as preferential areas for 

illegitimate recombination events (Leach, 1996), it is likely that recombination occurs at these 



 Characterization of the erm(C)-carrying plasmid pSES22 Chapter 4 
   

 89 

positions. Moreover, it may also be possible that the common plasmid backbones serve as 

targets for homologous recombination and thus enable the exchange of resistance gene 

regions.  

 In summary, plasmid pSES22 is a novel member of a family of antibiotic resistance 

plasmids which have been identified in several Gram-positive genera including Bacillus, 

Staphylococcus and Listeria. The presence of the resistance gene erm(C) on such a plasmid is 

of particular clinical relevance since (a) macrolides and lincosamides are relevant 

antimicrobials for veterinary therapy, (b) the repU/ssoU system allows these resistance 

plasmids to replicate in different Gram-positive hosts and (c) a further dissemination of such 

plasmids within Gram-positive bacteria by mobilization is facilitated by the pre/mob system.  
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Abstact 

 

Objectives: To date, very little is known about lincosamide resistance plasmids in 

staphylococci with only a single lnu(A)-carrying staphylococcal plasmid being sequenced 

completely. The aim of this study was to characterize small lnu(A)-carrying plasmids 

isolated from bovine coagulase-negative staphylococci (CoNS). 

Methods: Nine CoNS isolates with MICs of the lincosamide pirlimycin of 1–4 mg/L were 

tested for the presence of the lnu(A) gene. Its location was determined by Southern-blot 

hybridization. The lnu(A)-carrying plasmids were transformed into Staphylococcus 

aureus RN4220 and compared by restriction mapping and subsequent sequencing. 

Selected plasmids were investigated for their copy number and their lnu(A) gene 

expression via RT real-time PCR. 

Results: The lnu(A) gene was detected on plasmids in all isolates. Sequence analysis 

revealed that these plasmids carried a rep gene, coding for the replication initiator 

protein, and the resistance gene lnu(A), coding for a lincosamide nucleotidyltransferase. 

While the Lnu(A) proteins were closely related (91.3–100% amino acid identity), the 

Rep proteins differed distinctly (27.4–100% amino acid identity), but showed similarity 

(81.4–98.5%) to Rep proteins of other small staphylococcal resistance plasmids. 

Sequence features of rolling-circle plasmids, such as the single-strand (ssoA) and double-

strand (dso) origins of replication, were identified. For two plasmid types detected, the 

lincosamide resistance level varied with regard to the amounts of lnu(A) transcripts 

detected.  

Conclusions: Structurally different lnu(A)-carrying plasmids were detected in various 

CoNS species. The detection of the same lnu(A) gene in different plasmid backbones 

suggested the exchange of the gene via interplasmid recombinational events. 
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Introduction 

 

 The lincosamide antibiotic pirlimycin is licensed for the treatment of bovine subclinical 

mastitis caused by Gram-positive cocci. Subclinical mastitis plays an important role in dairy 

industry due to decreased milk production and increased somatic cell count.
1
 In contrast to 

Staphylococcus aureus, coagulase-negative staphylococci (CoNS) are more often the 

causative agents of subclinical mastitis than of clinical forms of the disease. Resistance 

against lincosamides may be associated with simultaneous resistance against macrolides and 

streptogramin B. This resistance phenotype is based on target site modification via 23S rRNA 

methylases.
2-4

 The corresponding erm genes are well investigated with regard to their 

distribution among staphylococci and their regulation of gene expression.
2,3

 In addition, 

enzymatic inactivation of lincosamides is based on the activity of lincosamide 

nucleotidyltransferases of which four different types, Lnu(A),
5
 Lnu(B),

6
 Lnu(C)

7
 and Lnu(F),

8
 

are currently known (for a continuously updated list of lnu genes, please refer to 

http://faculty.washington.edu/marilynr/).  

 Among them, only Lnu(A) – formerly known as LinA or LinA’ – has been identified in 

staphylococci.
5
 Actually, there are only few lnu(A) sequences deposited in the databases,

5,9,10
 

and only a single lnu(A)-carrying plasmid, pBMSa1 isolated from a bovine S. aureus, has 

been sequenced completely.
10

 This plasmid replicates via the rolling-circle mechanism as 

many small plasmids in Gram-positive bacteria.
11

 The replication system of such plasmids 

consists of a replication initiator protein Rep and its corresponding nick site within the 

double-strand origin of replication (dso). The start sequence for conversion of the single-

stranded intermediate to a second double-stranded molecule is located in the single-strand 

origin (sso). On the basis of similarities of this system, rolling-circle replication plasmids are 

subdivided into four families, represented by the prototype plasmids pT181, pC194, pSN2 

and pE194.
11

  

 In this study, we identified nine novel types of lnu(A)-carrying plasmids from bovine 

CoNS associated with subclinical mastitis which ranged in size between ~2.3 and 3.8 kb. We 

sequenced them completely and compared them for sequence features of rolling-circle 

replication plasmids. Two structurally closely related lnu(A)-carrying plasmids which 
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conferred different levels of lincosamide resistance in the same recipient strain were 

investigated for the differences in lnu(A) gene expression and plasmid copy number.  

 

Materials and methods 

 

Bacterial isolates 

 The nine isolates described in this study (Table 1) originated from a survey conducted 

on 298 CoNS isolates from cases of bovine subclinical mastitis, which had been isolated 

between 2003 and 2005 in Germany.
12

 The MICs of pirlimycin, lincomycin and clindamycin 

were determined by broth micro- or macrodilution according to CLSI (formerly NCCLS) 

document M31-A2.
12-14

 The MIC results were confirmed by at least three independently 

performed tests. 

 

DNA isolation and manipulation  

 Plasmid DNA was isolated following standard protocols. Plasmids were mapped with 

the following restriction enzymes (Fermentas GmbH, St.Leon-Rot, Germany): ClaI, BclI, 

EcoRI, EcoRV, HindIII, HpaI, MspI, NdeI, PvuI, SpeI, SspI and XbaI. The digested samples 

were separated and analysed on 1–1.5% agarose gels. For generating a deletion derivative of 

pLNU9, the plasmid was digested by XbaI and the largest of the two fragments religated in 

the presence of 6 U of T4 DNA ligase (Fermentas) at 16°C overnight (Figure 1). 

 

Preparation of whole cell lysates 

 To estimate plasmid copy numbers, whole cell lysates were prepared according to a 

previously described protocol.
15

 In brief, cells were grown to equal optical density, pelleted 

by centrifugation and resuspended in lysis buffer containing RNase (5 U/ml), lysostaphin  

(25 mg/L), 10 mM EDTA, 20 mM Tris (pH 8.0), 100 mM NaCl and 20% sucrose. The 

samples were incubated at 37°C for 30 min. After adding 100 µl of 2% SDS and vortexing for 

60 s, the samples were thawed and frozen twice. Proteins were digested by incubation at 37°C 

for 30 min in the presence of proteinase K (10 mg/L). The DNA was separated by gel 

electrophoresis (26 V for the first hour and 40 V for another 4 h) on 1% agarose gels and 

stained with ethidium bromide. The intensity of the plasmid DNA in relation to the intensity 
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of the chromosomal DNA was determined by use of the Quantity One
®

-1-D analysis software 

(BioRad, Munich, Germany) to calculate the copy number of the plasmids.
15

  

 

Total RNA isolation and reverse transcription  

 For RNA isolation bacteria were lysed in 1 ml of Trizol reagent (Invitrogen Life 

Technologies, Karlsruhe, Germany) with 0.4 ml of zirconia-silica beads (diameter 0.1 mm; 

Roth, Karlsruhe, Germany) in a Mini-Beadbeater™ (Biospec Products, Bartlesville, USA). 

Isolation of RNA then followed the guidelines of the manufacturer of Trizol. Contaminating 

DNA was removed by incubating 30 µg of RNA in the presence of 1.5 mM MgCl2, 80 U of 

RNase Out (Invitrogen) and 50 U of DNaseI (Fermentas) at 37°C for 30 min. Finally, the 

RNA was precipitated with 3 M Na-acetate overnight at –80°C in the presence of glycogen 

(Roche Diagnostics GmbH, Mannheim, Germany) and ethanol (100%) and afterwards washed 

twice with ethanol (80%).
16

 The cDNA was synthesized from samples of 5 µg DNaseI-treated 

total RNA using RevertAid™ H Minus M-MuLV Reverse Transcriptase and random primers 

according to recommendations of the manufacturer (Fermentas). 

 

PCR amplification and real-time PCR assays 

 The lnu(A) gene was detected by PCR according to a previously described protocol 

with the primers LnuA-forw (5’-GGTGGCTGGGGGGTAGATGTATTAACTGG-3’) and 

LnuA-rev (5’-GCTTCTTTTGAAATACATGGTATTTTTCGATC-3’).
17

 For detection of the 

16S rRNA, the primer pair 16S RNA1 (5’-GAAAGCCACGGCTAACTACG-3’)/16S RNA2 

(5’-CATTTCACCGCTACACATGG-3’) was used. Real-time PCR was performed using the 

SYBR
®

 Green system (Applied Biosystems, Darmstadt, Germany) according to the 

recommendations of the manufacturer. Real-time PCR conditions included an initial Taq 

polymerase activation at 95°C for 120 s followed by 55 three-step cycles consisting of 60 s 

denaturation at 95°C, 60 s annealing at 50°C for the 16S rRNA gene or 55°C for lnu(A), 60 s 

extension at 72°C followed by 300 s at 70°C and finally 90 s at 60°C. A melting curve was 

generated for verification of the specificity of the amplification product. Sequenced clones 

carrying the gene-specific amplicons were used as standards. The 16S rRNA was used as an 

internal reference. 
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Southern-blot hybridization and transformation experiments  

 Uncut plasmid DNA was separated by gel electrophoresis and transferred from agarose 

gels to nylon membranes (Roth) using the capillary blot procedure. The cloned lnu(A) 

amplicon was labelled using the DIG-High Prime DNA labelling and detection system and 

used as gene probe. Hybridization and signal detection followed the recommendations of the 

manufacturer (Roche). The lnu(A)-carrying plasmids pLNU1–pLNU9 (Table 1) as well as the 

deletion variant of pLNU9, designated pLNU9∆, were transformed into S. aureus RN4220 by 

electrotransformation as previously described,
12

 and transformants were selected on blood 

agar plates containing 0.25 mg/L pirlimycin. 

 

Sequencing of lnu(A)-carrying plasmids  

 Plasmids pLNU1–pLNU9 were either sequenced by primer walking starting with the 

primers LnuA-forw and LnuA-rev, or plasmids were digested with suitable enzymes and 

cloned into pBluescript II SK+ (Stratagene, Amsterdam, The Netherlands) for sequence 

analysis with standard primers. The nucleotide sequences of the plasmids pLNU1–pLNU9 

have been deposited in the EMBL database under accession nos. AM184099 (pLNU1), 

AM184100 (pLNU2), AM184101 (pLNU3), AM184102 (pLNU4), AM399079 (pLNU5), 

AM399083 (pLNU6), AM399081 (pLNU7), AM399080 (pLNU8) and AM399082 (pLNU9).  

 

Results 

 

MIC values and location of lnu(A)  

 The nine lnu(A)-carrying CoNS isolates differed distinctly in their MICs of the three 

lincosamides tested. MICs of pirlimycin ranged between 1 and 4 mg/L, while those of 

lincomycin were considerably higher at 32 to ≥ 128 mg/L and those of clindamycin low at 

0.12–0.5 mg/L (Table 1). In all nine isolates, the lnu(A) gene was located on plasmids as 

confirmed by Southern-blot hybridization. These plasmids ranged in size between ~2.3–3.8 

kb. After transformation into S. aureus RN4220, the nine plasmids pLNU1–pLNU9, which 

differed in size, restriction map and/or MICs of lincosamide antibiotics, were subjected to 

sequence analysis (Table 1). 

 



 

 

 

 

 

 

 

Table 1. Plasmids pLNU1–pLNU9 and MIC values for different lincosamides 

MIC of the original strain (mg/L)
b 

 MIC of the transformant  (mg/L) 

Plasmid Size (bp) Isolate pirlimycin clindamycin lincomycin  pirlimycin clindamycin lincomycin 

pLNU1 2361 S. chromogenes 4 0.25 ≥ 128  32 0.25 ≥ 128 

pLNU2 2841 S. simulans 4 0.25 ≥ 128  2 0.12 64 

pLNU3 2591 S. haemolyticus 4 0.12 64  1 0.12 32 

pLNU4 2561 S. chromogenes
a
 1 0.12 32  1 0.12 32 

pLNU5 2531 S. simulans 4 0.12 64  16 0.25 ≥ 128 

pLNU6 2546 S. epidermidis 2 0.12 32  16 0.25 ≥ 128 

pLNU7 2602 S. haemolyticus 4 0.12 ≥ 128  16 0.5 ≥ 128 

pLNU8 2278 S. chromogenes 2 0.25 64  32 0.25 ≥ 128 

pLNU9 3783 S. chromogenes 2 0.25 64  8 0.25 ≥ 128 

a
  Plasmids of underlined isolates were chosen for gene expression studies. 

b
 CLSI-approved breakpoints for pirlimycin are: ≤ 2 mg/L (susceptible), ≥ 4 mg/L (resistant). There are currently no CLSI-approved 

breakpoints for lincomycin and the breakpoints available for clindamycin are only applicable to Staphylococcus spp. from skin and soft tissue 

infections in dogs. 
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Characterization of lnu(A)-carrying plasmids 

 All plasmids harboured two divergently transcribed open reading frames (ORFs) 

(Figure 1). The larger ORF coded for replication proteins of either 281 amino acids [pLNU1 

(Rep1) and pLNU9 (Rep9)] or 334 amino acids [pLNU2–pLNU8 (Rep2–Rep8)]. Rep1 and 

Rep9 showed highest similarities of 81.4% and 84.6%, respectively, to the Rep protein of the 

3.5 kb smr-carrying plasmid pSW49 from S. warneri (accession number AM040730). Rep2 

exhibited 86.1% similarity to the Rep protein of the 2.8 kb qacC-carrying plasmid pST827 

from Staphylococcus sp. (Z37964),
18

 Rep3 (93.7%) and Rep8 (91.9%) to Rep of the 2.6 kb 

lnu(A)-carrying plasmid pBMSa1 from S. aureus (AY541446)
10

, Rep4–Rep6 (95.5–95.8%) to 

the replication protein of the 2.4 kb qacC-carrying plasmid pSK108 from S. epidermidis 

(U15783)
19

 and finally Rep7 (98.5%) to the Rep protein of the 2.3 kb qacG-carrying 

staphylococcal plasmid pST94 (Y16944). All these plasmids have been grouped into the 

pC194 family according to their organization and to sequence similarities of their replication 

system.
11

 

 The smaller ORF for a lincosamide nucleotidyltransferase of 161 amino acids showed 

high similarity (92.8–100%) to the sequenced lnu(A) genes encoded by plasmids pIP855 of  

S. haemolyticus and pIP856 of S. aureus.
5,9

 In contrast to the deduced amino acid sequences 

of the Rep proteins, the amino acid sequences of Lnu(A)1–Lnu(A)9 were either 

indistinguishable (100%) or differed only slightly from each other (91.3–99.4%) (Figure 2). 

In plasmids pLNU2–pLNU8, a putative promoter region for lnu(A), TTGATT (– 35) as well 

as TAGTAT or TATGAT (– 10), was located within the 5’ end of the rep gene. A similar 

promoter sequence at that location has been described for the lnu(A) genes carried on 

plasmids pIP855 and pBMSa1.
9,10

 Analogous arrangements are found for smr/qac genes 

carried by small staphylococcal plasmids with rep genes highly similar to those found on the 

lnu(A)-carrying plasmids investigated in this study.
19,20

 In plasmids pLNU1 and pLNU9, this 

promoter region TTGATT (– 35) and TATACT (– 10) was located ~40 bp upstream of the 

rep gene (Figure 1).  

 The lnu(A) gene was bracketed by non-coding, but functionally important sequences 

which are homologous to those found in other rolling-circle plasmids. These were the double-

strand origin of replication (dso) upstream of lnu(A),
21

 and the palindromic single-strand 

origin of replication (ssoA) downstream of the lnu(A) gene.
22

 The latter one also contained the 
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staphylococcal recombination site RSB. In plasmids pLNU3 and pLNU6, the ssoA sequence 

contained at its 3’ end a 14 and 28 bp duplication, respectively. In all nine plasmids, two pairs 

of previously described direct repeats, 5’-AAACGAGTT-3’ [upstream of lnu(A)] and 5’-

AATAAAGCAAT-3’ [downstream of lnu(A)],
20,23 

were found at the junctions between dso or 

ssoA and the lnu(A) gene (Figure 1).  

 

Different MIC values conferred by different lnu(A)-carrying plasmids  

 Variants of structurally similar plasmids conferred different MIC values for the tested 

lincosamides in their natural host as well as in the recipient strain S. aureus RN4220. To 

eliminate any influence arising from the original host bacteria, the S. aureus RN4220 

transformants were chosen for further analysis. Plasmids pLNU4 and pLNU5 carried almost 

identical rep (96.6%) and lnu(A) (99.2%) genes in very similar plasmid backgrounds, but 

mediated distinctly different MIC values for pirlimycin (16 mg/L for S. aureus 

RN4220::pLNU5 versus 1 mg/L for for S. aureus RN4220::pLNU4) and lincomycin (≥ 128 

mg/L for RN4220::pLNU5 versus 32 mg/L for S. aureus RN4220::pLNU4) (Table 1).  

 A closer comparison of Rep and Lnu(A) proteins of these two plasmids revealed the 

following variations: The Rep protein of pLNU4 differed from that of pLNU5 in five amino 

acids (R102, K124, Q134, S203 and D212 in pLNU4 versus K102, R124, R134, N203 and 

N212 in pLNU5), but highly conserved residues with catalytic activity
24,25

  were not affected 

by these substitutions. For Lnu(A), three amino acid exchanges were observed (D10, G126 

and K149 in pLNU4 versus E10, D126 and T149 in pLNU5). Again, these alterations did not 

affect the active domains of the nucleotidyltransferase.
5
 

  Visual inspection of the gel electrophoretically separated whole cell lysates suggested 

a higher copy number of plasmid pLNU5 as compared to pLNU4 (Figure 3). The 

densitometric analysis of the copy numbers, which should be considered only as a rough 

estimate, revealed a more than 10-fold higher copy number for plasmid pLNU5. Low plasmid 

copy numbers were also determined for plasmids pLNU2 and pLNU3 which exhibited 

___________________________________________________________________ 

Figure 1. Organization of the lnu(A)-carrying plasmids pLNU1–pLNU9 and pBMSa1. The rep and lnu(A) 

genes are indicated by arrows, and the single-strand origin (ssoA) and the double-strand origin (dso) are shown 

as black boxes. Restriction enzymes are abbreviated as follows: C, ClaI; E, EcoRI; EV, EcoRV; Hp, HpaI; H, 

HindIII; M, MspI; Nd, NdeI; N, NsiI; P, PvuI; Sp, SpeI; S, SspI; X, XbaI. The location of the direct repeats found 

in each plasmid is indicated on the map of pLNU1. For pLNU9, the region deleted in pLNU9∆ is shown below 

the map. The putative promoter sequences for lnu(A) are indicated as black triangles including a white P. 
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pirlimycin MICs of 1 or 2 mg/L and lincomycin MICs of 32 or 64 mg/L in the recipient strain 

S. aureus RN4220 (Table 1). Real-time PCR showed a ∼150-fold higher amount of lnu(A) 

transcripts in S. aureus RN4220::pLNU5 compared to S. aureus RN4220::pLNU4. 

pBMSa1
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Lnu(A)9-1
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Lnu(A)3
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Figure 2. Homology trees of the Lnu(A) and the Rep proteins of the plasmids pLNU1–pLNU9 and plasmid 

pBMSa1 based on multisequence alignment produced with the DNAMAN software (Lynnon-BioSoft, Ontario, 

Canada). Lnu(A)9-1 and Lnu(A)9-2 refer to the two copies of the lnu(A) gene carried by plasmid pLNU9. 

 

 
Duplication of lnu(A) in pLNU9 

 In plasmid pLNU9, a region of 1050 bp was almost perfectly duplicated (98.7% 

identity). This region included the lnu(A) gene and its flanking regions, also comprising 

sequences involved in replication and recombination functions. The dso was not completely 

duplicated and only one replication nick site was present in the entire sequence of pLNU9. 

Although two copies of the lnu(A) gene might suggest a higher level of resistance, the MIC of 

pirlimycin was relatively low at 8 mg/L. XbaI digestion and religation of the largest fragment 

caused a deletion of one copy of this duplicated segment. This deletion derivative pLNU9∆, 

which carried only one copy of the lnu(A) gene, showed a 4-fold elevated MIC of pirlimycin 

of 32 mg/L while the MICs for lincomycin and clindamycin remained unchanged. Since 
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plasmid pLNU9 already conferred a lincomycin MIC of ≥ 128 mg/L, we have not been able to 

detect any further increases in the lincomycin MIC by using a concentration of 64 mg/L as 

upper limit. The observation that pLNU9 and pLNU9∆ were present in virtually the same 

copy number suggested that the deletion of one copy of lnu(A) including its flanking regions 

did not have an impact on the plasmid copy number. 

 

                                             

C

P

5 4

 

Figure 3. Whole cell DNA preparations. C, chromosomal DNA; P, plasmid DNA; lane 5, preparation of 

RN4220::pLNU5; lane 4, preparation of RN4220::pLNU4. 

 

Discussion 

 

 The lnu(A)-carrying staphylococci investigated in this study exhibited low to moderate 

MIC values to pirlimycin (1–4 mg/L), but higher MIC values to lincomycin (32 to ≥ 128 

mg/L). In contrast, the lnu(A)-carrying original strains as well as the corresponding S. aureus 

RN4220 transformants showed distinctly lower MICs of clindamycin (Table 1). This 

phenomenon is thought to depend on a relatively higher affinity of clindamycin to the 

ribosomal RNA than to the degrading enzyme.
7
 

 Sequence homologies and gene arrangements classified the nine novel lnu(A)-carrying 

plasmids pLNU1–pLNU9 as new members of the pC194 family
11

 of rolling-circle replicating 
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plasmids. Closely related lnu(A) genes (92.8–100% identity) were found in different plasmid 

backbones as specified by variable rep genes (47.9–100% identity) and flanking regions 

(Figure 2). Plasmids pLNU1 and pLNU9 differed in their replication genes from plasmids 

pLNU2–pLNU8. Cassette-like structures, which are probably exchangeable between plasmids 

and comprise different resistance genes, the replication nick site within the dso and the ssoA, 

have already been reported for members of the pC194 family.
11 

This assumption explains that 

identical resistance genes occur in combination with different replication genes and vice 

versa. Since the flanking regions of lnu(A), the ssoA and the dso sequences, form the 

boundaries of the resistance determinants, recombination processes based on these structures 

can be suggested. This is supported by the observation, that the same pair of direct repeats 

(5’-AAACGAGTT-3’ and 5’-AATAAAGCAAT-3’) were present not only in the lnu(A)-

carrying plasmids, but also other resistance plasmids of staphylococci. They may play a role 

in exchange processes via illegitimate recombination.
20,23

  

 Differences in MIC values mediated by a constitutively expressed, plasmid-borne 

resistance gene, such as lnu(A),
26

 may depend on (i) a higher enzymatic activity of the 

enzyme, (ii) a higher expression rate of the gene due to a stronger promoter or (iii) a higher 

amount of gene transcripts due to a higher plasmid copy number. Differences in Lnu(A) 

activity appear unlikely, because the few amino acid substitutions observed did not affect the 

active centre of the enzyme. The higher amount of lnu(A) transcripts in pLNU5 as compared 

to pLNU4 might be an explanation for the higher level of resistance conferred by pLNU5. 

However, a comparison of the promoter sequences did not reveal differences, suggesting that 

mutations in the promoter that up-regulate lnu(A) gene expression can be excluded. The 

observation that plasmid pLNU5 was present in a higher copy number than pLNU4 (Figure 3) 

could be a plausible explanation for the higher amount of lnu(A) transcripts and consequently 

for the higher level of resistance. The observation that other plasmids which also mediated 

comparatively low MICs of pirlimycin and lincomycin were also present only as very faint 

plasmid bands in whole cell lysates (data not shown) suggests that the plasmid copy number 

might contribute to the observed varying levels of resistance. Other factors, possibly involved 

in this phenomenon, remain to be determined. 

 In contrast to this situation, a change in the plasmid copy number obviously did not 

account for the elevated MIC of pirlimycin in S. aureus RN4220::pLNU9∆. Although the 
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reason for the 4-fold decreased MIC of pirlimycin conferred by pLNU9 in comparison to 

pLNU9∆ remains to be clarified, this example showed that more than one copy of the lnu(A) 

gene on the same plasmid does not necessarily result in elevated MICs of lincosamides.  

 In conclusion, lnu(A) confers varying levels of resistance to different lincosamides 

such as pirlimycin and lincomycin in the tested CoNS and the S. aureus transformants. The 

gene is mainly carried by small plasmids of the pC194 family of rolling-circle plasmids. 

Interplasmid exchange of this gene seems to occur easily, as illustrated by its presence in 

different plasmid backbones. This diversity may facilitate the acquisition of lnu(A)-carrying 

plasmids and their stable maintenance in a new bacterial host. Since the gene lnu(A) mediates 

only low level resistance or increased insensitivity to the lincosamide pirlimycin, the presence 

of a CoNS strain carrying this resistance gene and causing mastitis in dairy cattle does not 

justify drastic management options such as culling of the affected cow. The same is true for 

strains expressing high level MLSB resistance via erm genes. As long as there are sufficient 

antimicrobial agents available to which the causative pathogen is susceptible, a therapeutic 

intervention should be attempted. A previous study revealed that resistance to macrolides 

and/or lincosamides among 298 CoNS was detected in < 7.5% of the isolates, most of which 

were also susceptible to all other mastitis agents tested.
12

 However, the situation may be 

different for causative strains which are resistant to penicillins and cephalosporins, e.g 

methicillin-resistant CoNS, which may also show additional resistance to other classes of 

antibiotics. Such therapy-resistant strains represent a serious problem also in terms of 

dissemination of the pathogens to other cows of the same herd. If there is no possibility to 

eradicate the pathogen and cure the mastitis, culling of the affected animal should be taken 

into consideration. 
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Abstract 

 

Objectives: As known from other lincosamides and 16-membered macrolides, the 

antimicrobial agents pirlimycin, spiramycin and tylosin, which are frequently used for 

the therapy of bovine mastitis, cannot induce the expression of the resistance gene 

erm(C). The aim of this study was to confirm the ability of these three non-inducers to 

select for constitutively expressed erm(C) mutants in Staphylococcus aureus. 

Methods: A S. aureus strain carrying an inducibly expressed erm(C) gene was incubated 

on agar plates containing inhibitory concentrations of each of the three antimicrobial 

agents. The erm(C) regulatory region of mutants obtained after overnight incubation 

was amplified by PCR; selected amplicons were sequenced and compared with the wild-

type sequence. 

Results: Mutants developed in the presence of each of the three antimicrobial agents. 

Constitutive expression of erm(C) was due to variations in the erm(C) regulatory region. 

A total of 10 different types of deletions ranging in size between 16 and 121 bp as well as 

20 different types of duplications ranging between 24 and 602 bp were detected. The 

frequencies by which sequence alterations occurred as well as the types of alterations 

detected varied with regard to the antimicrobial agents used for selection. 

Conclusion: All sequence alterations observed explained constitutive erm(C) gene 

expression by functional inactivation of translational attenuation. In order to prevent 

the development of constitutively resistant isolates under therapy, the results of this 

study support the recommendation not to use lincosamides or 16-membered macrolides 

for the control of staphylococcal infections caused by strains harbouring inducibly 

expressed erm(C) genes. 
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Introduction 

 

 The lincosamide pirlimycin and the 16-membered macrolides spiramycin and tylosin 

are approved for and frequently used in the therapy of mastitis in dairy cattle. The most 

widespread and – in terms of the resulting MICs – most relevant mechanism of resistance 

against macrolides, lincosamides and streptogramins B (MLSB) but also ketolides in 

staphylococci is the modification of the ribosomal target site by methylation.
1,2

 Of the 

corresponding erythromycin ribosome methylase (erm) genes, erm(C) has been described 

recently as the most frequently found methylase gene in coagulase-negative staphylococci 

(CoNS) from bovine subclinical mastitis.
3
 For coagulase-positive staphylococci from human 

and animal sources, the genes erm(C) and erm(A) have been identified as the most prevalent 

erm genes.
4,5

 The expression of erm(C) can be either inducible or constitutive. Inducible 

expression is regulated by translational attenuation and requires a complete regulatory region 

comprising four inverted repeated sequences (IR1–IR4) and the reading frame for a  

19-amino-acid leader peptide.
1
 Constitutive expression is usually the result of structural 

alterations within this region, such as deletions, duplications or point mutations.
6,7

 Only the 

14- and 15-membered macrolides are able to efficiently induce erm(C) gene expression, 

whereas the 16-membered macrolides, lincosamides, streptogramin B antibiotics and 

ketolides are considered as non-inducers.
1
 

 Clinical reports as well as previous in vitro studies have shown that the type of gene 

expression will quickly and irreversibly change from inducible to constitutive under the 

selective pressure of non-inducers.
1,2,8

 This observation has been confirmed experimentally 

for the lincosamide clindamycin,
6
 the ketolides telithromycin and ABT-773 and the 

streptogramin B antibiotic quinupristin.
7,9

 In this study, the non-inducers pirlimycin, 

spiramycin and tylosin were tested for their ability to select for constitutively resistant 

mutants under in vitro conditions. 

 

Materials and methods 

 

 Staphylococcus aureus RN4220 transformed with the 2.3-kb plasmid pSES34 served 

for the in vitro selection experiments. Plasmid pSES34, originally identified in a bovine 
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Staphylococcus epidermidis isolate,
3
 harboured an inducibly expressed erm(C) gene whose 

translational attenuator was indistinguishable from that of plasmid pT48.
10

 The MICs for 

pirlimycin (Pfizer, Kalamazoo, USA), spiramycin (Merial, Hallbergmoos, Germany) and 

tylosin (Sigma-Aldrich, Taufkirchen, Germany) were determined by broth macrodilution 

according to CLSI document M31-A2. In vitro selection of constitutively resistant mutants 

was conducted as described previously on blood agar plates containing 4-fold the MIC of the 

respective antibiotic.
6,7,9

 The frequency of appearance of mutants with elevated MICs of 

pirlimycin, spiramycin and tylosin was calculated as the ratio of mutants arising divided by 

the number of cfu originally inoculated.
9
 The erm(C) regulatory region was amplified by 

PCR
11

 from 175 randomly selected mutants, including 90 from pirlimycin, 63 from 

spiramycin and 22 from tylosin selection experiments. In order to detect a wide variety of 

structural alterations, the resulting amplicons were compared according to their sizes after 

electrophoresis in 2% (w/v) agarose gels and up to three similar-sized amplicons were 

sequenced. The sequences obtained from a total of 38 constitutively expressed mutants were 

compared with that of the translational attenuator of the inducibly expressed erm(C) gene of 

plasmid pSES34. 

 

Results and discussion 

 

 The MICs for the antimicrobials tested were 0.25 mg/L for pirlimycin and 1 mg/L for 

spiramycin and tylosin, respectively. Thus, the agar plates for in vitro selection experiments 

contained 1 mg/L of pirlimycin or 4 mg/L of spiramycin or tylosin. Mutants occurred with a 

low frequency of ~5 × 10
-10

 on pirlimycin-, 2 × 10
-11

 on spiramycin- and 6 × 10
-12

 on tylosin-

supplemented plates. In pirlimycin and spiramycin selection experiments, mutants usually 

occurred after overnight incubation whereas those in tylosin selection experiments were first 

seen after 48 h of incubation.  

 PCR analysis of the erm(C) translational attenuator of 175 mutants revealed the 

presence of numerous different-sized amplicons of which 38 (10 from pirlimycin, 19 from 

spiramycin and another nine from tylosin selection experiments) were sequenced. Among 

them, 30 different structural alterations were detected which included 10 different types of 

deletions ranging from 16 to 121 bp, and 20 types of tandem duplications ranging in size
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Table 1. Detected mutations in the erm(C) translational attenuator selected in the presence of 

pirlimycin, spiramycin and tylosin. 

Selected by 
Structural 

alteration (bp) 

Positions of 

alterations in pT48 Type
a
 pirlimycin spiramycin tylosin 

deletions      

16 1756–1741 A1 1
b
 1 – 

 1753–1738 A2 – – 1 

58 1841–1784 B1 1 3 – 

 1848–1791 B2 – – 1 

69 1864–1796 B3 – 1 – 

73 1853–1781 B4 1 – – 

74 1864–1791 B5 – – 1 

93 1825–1733 C1 – 1 – 

105 1824–1720 C2 – 1 – 

121 1849–1729 D1 1 – – 

duplications      

24 1782–1759 E1 1 – – 

35 1787–1753 E2 – 2 – 

39 1796–1758 E3 1 – – 

48 + 51 1796–1749 + 

1808–1758 

F1 1 – – 

77 1783–1707 G1 2 – – 

85 1786–1702 G2 – 1 – 

101 1796–1696 G3 1 2 – 

127 1789–1663 G4 – 1 – 

147 1782–1636 G5 – 1 – 

163 1805–1643 G6 – – 1 

272 1789–1518 G7 – – 1 

319 1796–1478 G8 – 1 – 

353 1799–1447 G9 – 1 – 

390 1804–1415 G10 – – 1 

25 1737–1713 H1 – 1 – 

52 1734–1683 H2 – – 1 

78 1736–1659 H3 – – 1 

89 1741–1653 H4 – – 1 

399 1732–1333 H5 – 1 – 

602 1734–1133 H6 – 1 – 
 

a
  Mutations shown in Figure 1 are printed in bold. 

b
  Numbers of sequenced amplicons showing the respective structural changes. 
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between 24 and 602 bp (Table 1). Representative deletions and tandem duplications are 

shown in Figure 1.  

 To understand the effects resulting from the observed structural alterations, it is 

necessary to know that (i) a common mRNA is transcribed from the erm(C) regulatory region 

and the erm(C) gene and (ii) erm(C) gene expression is based on a differential pairing of the 

inverted repeated sequences IR1 to IR4 in the presence or absence of the inducers. In this 

regard, the accessibility of IR4, which contains the erm(C)-associated ribosome binding site 

and the start codon of the erm(C) gene, to ribosomes is of major importance to enable 

translation. All the sequence deletions or duplications identified in the present study are 

believed to result either in a complete lack of formation of mRNA secondary structures or in 

the formation of such mRNA secondary structures that do not interfere with the translation of 

the erm(C) transcripts and, thereby, explain the constitutive type of gene expression.  

 Four different major types of deletions, designated A–D, with up to five subtypes were 

detected (Table 1). In type A mutations, regions of 16 bp including IR3 were deleted. In these 

cases, the mRNA secondary structure is formed by IR1:IR2 with IR4 being accessible to a 

translating ribosome. Type B mutations had deletions of 58, 69, 73 or 74 bp, all comprising 

the reading frame for the leader peptide including IR1. As a consequence, an mRNA 

secondary structure was formed between IR2:IR3, rendering IR4 unpaired and accessible to 

the ribosome. The type C deletions caused an in-frame fusion of the reading frame for the 

leader peptide and the erm(C) gene resulting in reading frames for Erm(C) which have  

N-terminal extensions of six or nine codons. The loss of the regulatory elements explained 

constitutive erm(C) expression in these cases. In the type D mutation, constitutive expression 

of erm(C) was due to the deletion of the entire regulatory region including the SD2 with the 

SD1 sequence functionally replacing the deleted SD2 sequence (Figure 1). 

 

 

_________________________________________________________________________________________________________________ 

Figure 1. Comparison of the regulatory region of the inducibly expressed erm(C) gene of pT48 and the 

constitutively resistant mutants A–G (as described in Table 1). Reading frames for the 19-aa peptide and the 

erm(C) gene are indicated as stippled and striped boxes, respectively. The Shine-Dalgarno sequences SD1 and 

SD2 are shown as gray shaded boxes. The arrows indicate the inverted repeats IR1–IR4. The numbers refer to 

the nucleotide positions in pT48 (accession no. NC_001395). In the sequences displaying deletions, the first and 

last bp still available are indicated and in the sequences showing tandem duplications, the first and last bp of the 

duplicated sequence are numbered. 
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SD1              ORF of the 19 aa leader peptide SD2  erm(C)

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

1 3 42

pT48

1855   1850                                                     1728   1722                                                998      

4

D1

3 42

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

B1

1 42

1855   1850    1842                                             1783                   1757                 1740   1733   1728   1722   998  

A1

1855   1850    1842                   1825                      1719                                                 998      

C2
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1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

1 3 42
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1855   1850                                                     1728   1722                                                998      

4

D1

3 42

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

B1

1 42

1855   1850    1842                                             1783                   1757                 1740   1733   1728   1722   998  

A1

1855   1850    1842                   1825                      1719                                                 998      

C2

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

1 3 421 3 42

pT48

1855   1850                                                     1728   1722                                                998      

44

D1

3 42 3 42

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

B1

1 421 42

1855   1850    1842                                             1783                   1757                 1740   1733   1728   1722   998  

A1

1855   1850    1842                   1825                      1719                                                 998      

C2

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

1 3 42b

E3

1796                                                      1758 2a

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

3b 4b2b1

1782                                                            1636      2a 4a3a

G5

1 3 4b2

H3

1736                                                            1659

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

4a

1a 3 42c

F1

1796                                                            1758

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

2b1b2a

1749   1808

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

1 3 42b1 3 42b

E3

1796                                                      1758 2a

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

3b 4b2b1 3b 4b2b1

1782                                                            1636      2a 4a3a1782                                                            1636      2a 4a3a2a 4a3a

G5

1 3 4b21 3 4b2

H3

1736                                                            1659

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

4a

1a 3 42c

F1

1796                                                            1758

1855   1850    1842                                             1783                   1733   1728  1722                                                           998      

2b1b2a

1749   1808
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 Four different major types of tandem duplications, designated E–H, with up to 10 

subtypes were identified (Table 1). In type E mutations, segments of 24, 35 or 39 bp, all 

comprising the inverted repeated sequence IR2a, were duplicated. This resulted in stable 

stem-loop structures formed between IR1:IR2a, and IR2b:IR3 with IR4 being accessible to 

ribosomes. The type F mutation revealed a 48-bp duplication which included IR2a and a  

51-bp duplication which included IR1b and IR2b. In this case, the stem-loop structures are 

formed between IR1a:IR2a, IR1b:IR2b, IR2c:IR3 with IR4 remaining unpaired. Ten different 

types of type G duplications, ranging in size between 77 and 390 bp were detected, all of 

which comprised the inverted repeated sequences IR2a, IR3a and IR4a in addition to an 

erm(C) gene segment of variable length. In these cases, pairing will happen between 

IR1:IR2a, IR3a:IR4a and IR2b:IR3b with IR4b remaining unpaired and accessible to 

ribosomes. By using the alternative start codons of erm(C) located in the duplicated IR4a 

sequence, nonsense proteins of 8–123 amino acids may be produced. Finally, type H 

mutations comprised a set of tandem duplications of 25–602 bp, in which the duplicated part 

contained the IR4a sequence and a part of the erm(C) gene of variable size. Constitutive 

expression in these mutants is based on the formation of stem-loop structures between 

IR1:IR2 and IR3:IR4a with IR4b being accessible to translating ribosomes. The use of the 

alternative start codon for erm(C) in the duplicated sequence may result in either truncated 

Erm(C) variants (e.g. in the 25-bp duplication), in-frame overlapping sequences (e.g. in the 

78-bp or the 399-bp duplications), or nonsense proteins of 25–200 amino acids (in the 52-, 

89- or 602-bp duplications). In both, type G and type H mutations, the true erm(C) start codon 

is solely preceded by IR4b, for which no partner IR sequence is available for pairing, thereby 

explaining the constitutive type of erm(C) gene expression.  

 A comparison between the different types of structural alterations and the antimicrobial 

agents used for the in vitro selection experiments showed that type A and B deletions as well 

as type G duplications were obtained with each of the three antimicrobial agents. Type C 

deletions were exclusively seen with spiramycin, the type D deletion and the type F 

duplications only with pirlimycin, type H duplications with spiramycin and tylosin, and type 

E duplications with pirlimycin and spiramycin. 

 These data confirmed the assumption that constitutively resistant mutants quickly 

develop also under the selective pressure of the non-inducers pirlimycin, spiramycin and 
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tylosin in vitro. A change of the type of erm(C) gene expression has serious clinical 

implications since isolates carrying constitutively expressed erm(C) genes are resistant to 14-, 

15- and 16-membered macrolides, lincosamides, streptogramin B antibiotics and ketolides. In 

contrast, strains harbouring inducibly expressed erm(C) genes show initially only resistance to 

the inducing 14- and 15-membered macrolides. Previous clinical observations supported the 

assumption that constitutively resistant isolates will also develop under therapeutic 

application of non-inducers in vivo.
1,2,8,12

 Although such in vivo data are still missing for 

bovine staphylococci from mastitis cases, it is recommended not to use pirlimycin, spiramycin 

or tylosin for the control of staphylococci which exhibit inducible resistance to erythromycin 

unless further tests for the resistance gene present and its inducible/constitutive expression are 

performed. The standard layout for in vitro susceptibility testing of mastitis pathogens – as 

developed by the working group “Antibiotic resistance” of the German Veterinary Society
13

 – 

does not include any 16-membered macrolide, but only erythromycin as a class representative 

for macrolides. This decision was made to avoid the misinterpretation of the results for 

spiramycin or tylosin by the veterinarians. Both antimicrobial agents, spiramycin or tylosin, 

show low MICs for staphylococci which carry inducibly expressed erm(C) genes and 

therefore may be considered as presumably efficient agents for therapeutic interventions. 

However, the results of this study strongly suggest that such non-inducers should not be used 

in order to avoid the development of constitutively expressed resistant mutants and 

consequently therapeutic failures.  

 A recent study revealed that besides erm genes, also the macrolide exporter gene 

msr(A) and/or the macrolide phosphotransferase gene mph(C) are present among 

erythromycin-resistant staphylococci from cases of bovine mastitis.
3
 Since these genes do not 

confer resistance to spiramycin, tylosin and lincosamides,
14

 additional tests for the resistance 

gene present or the inducible resistance phenotype by the D-test may be conducted to avoid 

the exclusion of a suitable antimicrobial agent from therapeutic interventions. In the D-test, an 

inducibly resistant strain displays a D-shaped rather than circular zone of inhibition around 

discs charged with 16-membered macrolides or lincosamides if a disc charged with 

erythromycin is placed nearby.
12

 This D-test may be recommended as a supplemental test in 

cases in which a non-inducer represents the most suitable alternative for the control of an 

infection caused by an erythromycin-resistant Staphylococcus isolate.  
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Abstract 

 

In this study, the erythromycin- and/or clindamycin-resistant isolates among 248 

coagulase-positive and coagulase-variable staphylococci and 500 streptococci, collected 

all over Germany during 2004–2006 in the resistance monitoring program BfT-

GermVet, were investigated for their genetic basis of macrolide and/or lincosamide 

resistance. Staphylococci were sampled from various disease conditions of dogs/cats or 

pigs, whereas streptococci were from dogs/cats, pigs or horses. Resistant staphylococci 

were further identified biochemically to the species and subspecies level and tested for 

the resistance genes erm(A), erm(B), erm(C), erm(TR), msr(A), msr(D), mef(A), mph(C), 

lnu(A), lnu(B) and lnu(C). The methylase genes erm(A), erm(B) and erm(C) were 

detected in staphylococci, alone or in different combinations. The erm(B) gene was the 

predominant gene in Staphylococcus intermedius and streptococci. The efflux gene 

msr(A) and the genes mph(C) and lnu(A) coding for inactivating enzymes were detected 

in single staphylococcal isolates. The efflux genes mef(A) and msr(D) were detected in 

three streptococci, in one of them together with the erm(B) gene. The lnu(B) gene was 

detected in seven porcine streptococcal isolates with reduced susceptibility to 

clindamycin. These data confirm that high-level resistance to erythromycin and 

clindamycin in staphylococci and streptococci was mainly due to rRNA methylases. The 

lnu(B) gene was detected for the first time in streptococci of animal origin. 



Chapter 7 Antimicrobial  resistance in staphylococci and streptococci  
   

 126 

1. Introduction 

 

 Staphylococci and streptococci cause a variety of diseases in humans as well as in 

animals. Among the coagulase-positive and coagulase-variable staphylococci, the species 

Staphylococcus aureus, Staphylococcus intermedius and Staphylococcus hyicus represent the 

most important veterinary pathogens. Staphylococcus aureus is an important pathogen in 

bovine mastitis, but also the causative agent of a variety of purulent infections in various 

animal species. Staphylococcus intermedius is frequently associated with pyoderma in dogs 

and cats, whilst S. hyicus is the causative agent of porcine exudative epidermitis [1]. Besides 

the streptococcal species Streptococcus agalactiae, Streptococcus dysgalactiae and Strepto-

coccus uberis – all well known as mastitis pathogens in dairy cattle – Streptococcus suis is 

associated with a variety of symptoms in pigs, including meningitis, arthritis, endocarditis or 

septicaemia. A group of streptococci characterized by their β-haemolysis can be isolated from 

general and purulent infections in various animals as well as from infections restricted to the 

genitourinary tract or respiratory tract.  

 Macrolides and lincosamides are frequently used for the treatment of staphylococcal 

and streptococcal infections. Resistance to these agents can be due to (i) target site 

modification [2,3], (ii) active efflux mechanisms [4] or (iii) enzymatic inactivation of the drug 

[4]. Target site modification is mainly due to erythromycin ribosome methylases encoded by a 

variety of different erm genes whose presence may vary with respect to the bacterial host [4]. 

The efflux systems that have mainly been identified in erythromycin-resistant staphylococci 

and streptococci belong to two different families of transporters. The macrolide and 

streptogramin B resistance protein A (Msr(A)) – commonly found in staphylococci – belongs 

to the ABC transporter family and exports 14-membered macrolides and streptogramin B 

antibiotics from bacterial cells [4]. In contrast, the macrolide efflux protein A (Mef(A)), 

which is mainly found in streptococci, is a member of the proton-driven major facilitator 

superfamily and confers resistance to 14- and 15-membered macrolides only [4]. The mph(C) 

gene, coding for macrolide phosphotransferase C (Mph(C)), has recently been detected in 

low-level resistant staphylococcal isolates of bovine [5] and equine [6] origin. Three classes 

of lincosamide nucleotidyltransferases (Lnu(A), Lnu(B) and Lnu(C)) are known in Gram-
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positive bacteria and are encoded by the genes lnu(A) [7], lnu(B) [8] and lnu(C) [9], 

respectively.  

 In the large-scale resistance monitoring programme BfT-GermVet, conducted between 

2004 and 2006 in Germany, 31 distinct groups of bacteria from different animal sources and 

disease conditions have been investigated for their susceptibility to several antimicrobial 

agents. In the present study, staphylococcal and streptococcal isolates exhibiting resistance to 

macrolides and/or lincosamides were investigated for the genes responsible for these 

resistance traits.  

 

2. Material and methods 

 

2.1. Bacterial isolates 

 Staphylococcal and streptococcal isolates were derived from the collection of the 

German antimicrobial resistance monitoring programme BfT-GermVet. Samples were 

collected between 2004 and 2006 on the basis of one isolate per herd or owner across 

Germany. The staphylococcal isolates tested comprised coagulase-positive and coagulase-

variable staphylococci from (i) respiratory tract infections of dogs/cats (n = 57), (ii) infections 

of the skin/ear/mouth of dogs/cats (n = 101), (iii) skin infections of pigs (n = 44) and (iv) 

infections of the genitourinary tract/mastitis-metritis-agalactia syndrome (MMA) of pigs (n = 

46). The streptococci tested were β-haemolytic streptococci from (v) respiratory tract 

infections of dogs/cats (n = 21), (vi) infections of the skin/ear/mouth of dogs/cats (n = 79), 

(vii) infections of the genitourinary tract of dogs/cats (n = 90) and (viii) the genitourinary 

tract/MMA of pigs (n = 54). In addition, (ix) S. suis from infections of the central nervous 

system (CNS) and cases of arthritis in pigs (n = 77) as well as Streptococcus equi from (x) 

infections of the respiratory tract of horses (n = 77) and (xi) the genitourinary tract of horses 

(n = 102) were investigated. From this collection, isolates resistant to erythromycin 

(minimum inhibitory concentration (MIC) ≥ 4 or ≥ 1 mg/L for staphylococci or streptococci, 

respectively) were chosen for further investigation. In addition, clindamycin-resistant 

staphylococci (MIC ≥ 4 mg/L) and streptococci with elevated MICs for clindamycin (MIC  

≥ 2 mg/L), were tested by polymerase chain reaction (PCR) for the presence of specific 

lincosamide resistance genes. All resistant isolates were identified to species or subspecies 
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level using the ID32 Staph system or the API 20 Strep (bioMérieux, Nürtingen, Germany), 

respectively. 

 

2.2. Susceptibility testing 

 The MICs for the 14-membered macrolide erythromycin and the lincosamide 

clindamycin were determined using the broth microdilution method according to documents 

M31-A2 [10] and M31-S1 [11] of the Clinical and Laboratory Standards Institute (CLSI). 

Erythromycin and clindamycin were tested over the ranges of 0.015–32 mg/L and 0.03– 

64 mg/L, respectively. In addition, MICs were also determined for the 16-membered 

macrolide spiramycin (0.06–128 mg/L). Approved CLSI breakpoints for erythromycin 

applicable to staphylococci and streptococci exist for all tested bacteria, whilst breakpoints for 

clindamycin are available only for canine staphylococci. There are no CLSI-approved 

breakpoints for spiramycin available at present. Staphylococcus aureus ATCC 29213 served 

as reference strain for quality control purposes.  

 For the discrimination between inducible and constitutive macrolide-lincosamide (ML) 

resistance, the D-test was performed by placing an erythromycin-charged disk (15 µg) 

adjacent to a clindamycin-charged disk (2 µg) (Oxoid, Wesel, Germany) as described 

previously [12].  

 

2.3. DNA isolation and PCR assays 

 Plasmid and whole-cell DNA were prepared using standard protocols, modified by the 

addition of 10 µl lysostaphin (1800 U/ml) for staphylococci and 50 µl lysozyme (50 mg/mL) 

for streptococci. PCR assays for the following genes were carried out according to previously 

described protocols: erm(A) [13], erm(TR) (subtype of the erm(A) class) [14], erm(B) [15], 

erm(C) [16], mef(A) [17], msr(A) [18], mph(C) [5], lnu(A) [19], lnu(B) [8] and lnu(C). The 

amplified region in the erm(A) and erm(C) PCR assays comprises the regulatory region of 

these genes to confirm the inducible or constitutive resistance phenotype. For detection of the 

msr(D) genes the primers msr(D)-forw (5’-CCTTATCGGCACAGGTTCAT-3’) and msr(D)-

rev (5’-GCCTTCCGGAGCTCCTACTT-3’) were used with an annealing temperature of 

50°C. The primers lnu(C)-forw (5’-AATTTGCAATAGATGCGGAGA-3’) and lnu(C)-rev 

(5’-TCATGTGCATTTTCATCA-3’) with an annealing temperature of 45°C were used for 



 Antimicrobial resistance in staphylococci and streptococci Chapter 7 
   

   129 

the detection of lnu(C). To specify the subtype of the mef gene, an additional PCR assays was 

performed [20] and the PCR product analysed by digestion with suitable restriction enzymes 

(ClaI, HindIII, BamHI or DraI) (Fermentas GmbH, St.Leon-Rot, Germany) as described 

previously [20,21]. Positive controls for the genes erm(A), erm(B), erm(C), msr(A), mph(C) 

and lnu(A) were derived from a previous study [5]. Positive controls for lnu(B) [8] and lnu(C) 

[9] were kindly provided by Roland Leclercq. At least one amplicon for msr(D), mef(A) and 

lnu(B) was cloned and sequenced for control purposes. Sequences were compared using the 

BLAST program ( http://www.ncbi.nlm.nih.gov/BLAST/). 

 

3. Results 

 

 The distributions of the MICs for erythromycin and clindamycin are summarised in 

Table 1 for staphylococci and in Table 2 for streptococci. In general, MICs for clindamycin 

were one dilution step lower than for erythromycin in staphylococci. In streptococci, the 

MICs for clindamycin were approximately two dilution steps higher compared with the MICs 

for erythromycin.  

 

3.1 Staphylococci 

 Among the staphylococci, resistance rates to erythromycin ranged between 22.8% and 

26.7%, except for the porcine isolates from genitourinary tract/MMA (13.0%) (Table 1). The 

erythromycin-resistant staphylococcal isolates (n = 40) from dogs and cats were mainly 

identified as S. intermedius (n = 35). The remaining five isolates were identified as S. aureus, 

one from a respiratory tract infection and the other four from skin infections. The 

erythromycin-resistant porcine isolates (n = 17) represented the species S. aureus (n = 7) and 

S. hyicus (n = 10). 

 Among the erythromycin-resistant staphylococci, the methylase genes erm(A), erm(B) 

and erm(C) were detected. The gene erm(B) was most widespread among S. intermedius, 

whilst S. aureus and S. hyicus showed a more variable profle of the resistance genes (Table 

3). Members of these latter two species frequently harboured more than one of the 

investigated resistance genes, whilst only two of the 35 S. intermedius isolates carried msr(A) 

in addition to erm(B) (Table 3). Another two S. intermedius isolates carried only the erm(A) 



Chapter 7 Antimicrobial  resistance in staphylococci and streptococci  
   

 

 130 

gene. Expression of these erm genes was in most cases constitutive and conferred MICs of  

≥ 64 mg/L for both erythromycin and clindamycin. Constitutive erm(C) gene expression was 

also detected in the two S. aureus isolates which carried erm(C) as the sole ML resistance 

gene. All isolates carrying constitutively expressed erm genes also exhibited high MICs for 

spiramycin (≥ 128 mg/L) (data not shown). Only three of the S. intermedius isolates and two 

S. aureus carried an inducibly expressed erm(B) or erm(A) gene, respectively, as confirmed 

by the D-test. In these isolates, the MICs for clindamycin ranged between 1 mg/L and  

32 mg/L for the erm(B)-positive isolates and was 0.06 and 0.12 mg/L for the erm(A)-carrying 

S. aureus, respectively. In the erm(A)-positive isolates, the MICs for the 16-membered 

macrolide spiramycin ranged between 1 mg/L and 4 mg/L, whereas the erm(B)-carrying 

isolates displayed high MICs for spiramycin of ≥ 256 mg/L. In a single ML-resistant S. hyicus 

isolate, none of the resistance genes tested could be detected. 

 

3.2 Streptococci 

 Among the streptococcal isolates, the highest prevalences of erythromycin resistance 

were seen with the porcine isolates, ranging between 26.0% and 33.3%. The canine/feline 

isolates displayed prevalences of resistance between 10.1% and 14.3%. Only a single 

erythromycin-resistant isolate was detected among all equine streptococci (Table 2). 

 Streptococcus canis (n = 16) and S. dysgalactiae ssp. equisimilis (n = 6) mainly 

contributed to the erythromycin-resistant canine and feline isolates (n = 23). A single 

erythromycin-resistant S. agalactiae isolate was isolated from a dog with pyoderma. The 

porcine streptococci from CNS/arthritis (n = 20) and the genitourinary tract/MMA (n = 18) 

were identified as S. suis and S. dysgalactiae ssp. equisimilis, respectively (Table 4). The only 

erythromycin-resistant equine isolate was identified as S. equi ssp. zooepidemicus. 

  Among the erythromycin-resistant streptococcal isolates, the erm(B) gene was 

predominantly present. Only one S. canis isolate showed an inducibly resistant phenotype 

with high MICs for erythromycin (≥ 64 mg/L) and spiramycin (≥ 256 mg/L) but a low MIC 

for clindamycin (0.25 mg/L). Two erm(B)-positive S. suis had MICs of only 4 mg/L for 

erythromycin, although the MICs for clindamycin and spiramycin were ≥ 64 mg/L. All other 

erm(B)-positive isolates displayed high-level resistance with MICs of ≥ 64 mg/L for 

erythromycin, spiramycin and clindamycin. The simultaneous presence of mef(A) and msr(D) 



 

 

 

 

Table 1. Distribution of minimum inhibitory concentrations (MICs) in staphylococcal isolates 

Number of isolates for which the MIC (mg/L) was
 a
:   

Group of 

staphylococci
 

Antimicrobial 

agent ≤ 0.06 0.12 0.25 0.5 1 2 4 8 16 32 ≥ 64  MIC50 MIC90 

No. of 

isolates 

resistant (%) 

(i) Erythromycin 0 1 13 27 2 1 0 0 0 0 13  0.5 ≥ 64 13 (22.8) 

 

Respiratory tract, 

dogs/cats 
Clindamycin 1 15 25 2 1 0 0 0 0 0 13  0.25 ≥ 64 13 (22.8) 

(ii)  Erythromycin 1 4 41 22 5 1 0 0 0 0 27  0.5 ≥ 64 27 (26.7) 

 

Skin/ear/mouth, 

dogs/cats 
Clindamycin 2 43 28 1 2 0 0 2 0 1 22  0.25 ≥ 64 25 (24.8) 

(iii)  Skin, pigs Erythromycin 0 0 2 29 2 0 0 0 0 0 11  0.5 ≥ 64 11 (25.0) 

  Clindamycin 0 4 23 4 2 0 0 0 0 0 11  0.25 ≥ 64 N.A.
 

(iv)  Erythromycin 0 0 1 36 2 1 0 0 0 0 6  0.5 ≥ 64 6 (13.0) 

 

Genitourinary 

tract/MMA, pigs 
Clindamycin 0 3 26 9 2 1 0 0 0 0 5  0.25 2 NA 

 

MMA, mastitis-metritis-agalactiae syndrome; MIC50/90, MIC for 50% and 90% of the organisms, respectively; N.A., not applicable, owing to the lack of Clinical 

and Laboratory Standards Institute approved interpretive criteria. 
a
 MIC ≤ 0.06 mg/L summarises the three and two lowest MIC values for erythromycin and clindamycin, respectively; MIC ≥ 64 mg/L summarises the two upper 

MIC values for clindamycin. MICs indicating susceptibility are shown on a white background, those for intermediate resistance on a gray background and those 

indicating resistance are shown on a black background. 

 

 

 

 

 

 



 

 

Table 2. Distribution of minimum inhibitory concentrations (MICs) in streptococcal isolates 
 

Number of isolates for which the MIC (mg/L) was
 a
:   

Group of 

streptococci
 

Antimicrobial 

agent ≤ 0.03 0.06 0.12 0.25 0.5 1 2 4 8 16 32 ≥ 64 MIC50 MIC90 

No. of 

resistant 

isolates (%) 

(v) Erythromycin 4 11 3 0 0 0 0 1 0 0 0 2 0.06 0.12 3 (14.3) 

 

Respiratory 

tract, 

dogs/cats Clindamycin 1 2 6 10 0 0 0 0 0 0 0 2 0.25 0.25 N.A. 

(vi) Erythromycin 2 51 18 0 0 0 0 0 0 0 0 8 0.12 0.12 8 (10.1) 

 

Skin/ear/ 

mouth, 

dogs/cats Clindamycin 0 10 36 22 1 2 0 0 0 0 0 8 0.12 1 N.A. 

(vii) Erythromycin 5 63 9 0 1 0 0 0 0 0 0 12 0.06 ≥ 64 12 (13.3) 

 

genitourinary 

tract, 

dogs/cats Clindamycin 0 16 42 18 1 0 0 1 1 0 0 11 0.12 ≥ 64 N.A. 

(viii) Erythromycin 7 26 2 1 0 0 4 0 0 0 0 14 0.06 ≥ 64 18 (33.3) 

 

genitourinary 

tract /MMA, 

pigs Clindamycin 1 16 13 1 1 0 1 7 0 0 0 14 0.12 ≥ 64 N.A. 

(ix) Erythromycin 22 34 1 0 0 0 0 2 0 0 0 18 0.06 ≥ 64 20 (26.0) 

 

CNS/ 

arthtitis,   

pigs Clindamycin 0 14 37 3 0 0 0 0 2 0 1 20 0.12 ≥ 64 N.A. 

(x) Erythromycin 12 62 2 0 0 0 0 0 0 1 0 0 0.06 0.06 1 (1.3) 

 

Respiratory 

tract,     

horses Clindamycin 0 2 9 30 19 17 0 0 0 0 0 0 0.25 1 N.A. 

(xi) Erythromycin 17 84 1 0 0 0 0 0 0 0 0 0 0.06 0.06 0 (0.0) 

 

Genitourinary 

tract,     

horses Clindamycin 0 3 28 28 27 14 2 0 0 0 0 0 0.25 1 N.A. 

 

MMA, mastitis-metritis-agalactiae syndrome; CNS, central nervous system; MIC50/90, MIC for 50% and 90% of the organisms, respectively; N.A., not applicable, 

owing to the lack of Clinical and Laboratory Standards Institute approved interpretive criteria. 
a
 MIC ≤ 0.06 mg/L summarises the three and two lowest MIC values for erythromycin and clindamycin, respectively; MIC ≥ 64 mg/L summarises the two upper 

MIC values for clindamycin. MICs indicating susceptibility are shown on a white background, those for intermediate resistance on a gray background and those 

indicating resistance are shown on a black background. 



 

  

 

Table 3. Macrolide and/or lincosamide resistance genes in staphylococcal isolates 

Genotype
 a
  Groups of staphylococci

 

 
 (i) Respiratory tract, 

dogs/cats 

(ii) Skin/ear/mouth, 

dogs/cats 

(iii) Skin,                

pigs 

(iv) genitourinary tract/MMA,      

pigs 

erm(A)  S. intermedius (2) S. aureus (1) S. aureus (1) S. aureus (2) 

erm(A) + erm(B)    S. hyicus (3)  

erm(A) + erm(C)    S. hyicus (1) S. hyicus (1) 

erm(A) + erm(B) + erm(C)     S. hyicus (1) 

      
erm(B)  S. intermedius (10) S. aureus (1) 

S. intermedius (21) 

S. aureus (1) 

S. hyicus (1) 

S. aureus (1) 

S. hyicus (1) 

erm(B) + erm(C)    S. aureus (1)  

erm(B) + erm(C) + lnu(A)    S. hyicus (1)  

erm(B) + msr(A)   S. aureus (1) 

S. intermedius (2) 

  

      
erm(C)  S. aureus (1)  S. aureus (1)  

      
msr(A) + mph(C)   S. aureus (1)   

      
No gene detected    S. hyicus (1)  

 

MMA, mastitis-metritis-agalactiae syndrome. 
a
 The numbers of isolates, in which the respective genotype was detected, is given in parentheses. 

 



 

 

 

 

 

Table 4. Macrolide and/or lincosamide resistance genes in streptococcal isolates 

Genotype
 a
  Groups of streptococci

 

 
 (v)          

Respiratory tract, 

dogs/cats 

(vi) 

Skin/Ear/Mouth, 

dogs/cats 

(vii) Urinary-

genital tract, 

dogs/cats 

(viii) Urinary-

genital tract/MMA, 

pigs 

(ix)     

CNS/arthritis,   

pigs 

(x)          

Respiratory tract, 

horses 

erm(B)  S. canis (2) S. canis (6)  

S. dysgalactiae 

ssp. equisimilis (1)  

S. agalactiae (1) 

S. canis (8)  

S. dysgalactiae 

ssp. equisimilis (4) 

S. dysgalactiae 

ssp. equisimilis 

(13) 

S. suis (20)  

        
erm(B) + mef(A) + msr(D)      S. dysgalactiae 

ssp. equisimilis (1) 

  

        
mef(A) + msr(D)   S. dysgalactiae ssp. 

equisimilis (1) 

    S. equi ssp. 

zooepidemicus (1) 

        
lnu(B)     S. dysgalactiae 

ssp. equisimilis (7) 

  

 

MMA, mastitis-metritis-agalactiae syndrome; CNS, central nervous system. 
a
 The numbers of isolates in which the respective genotype was detected is given in parentheses. 
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was detected in three isolates (Table 4). In an equine S. equi ssp. zooepidemicus, these genes 

mediated an erythromycin MIC of 16 mg/L. Both genes were also detected in a canine  

S. dysgalactiae ssp. equisimilis with an erythromycin MIC of 4 mg/L. The MICs for 

clindamycin were not elevated in any of these isolates. The third isolate carrying mef(A) and 

msr(D), a porcine S. dysgalactiae ssp. equisimilis, carried an additional, constitutively 

expressed erm(B) gene. The restriction patterns observed for the mef PCR amplicons varied 

for all three isolates. The equine mef gene was more similar to the mef(E) variant from 

Streptococcus pneumoniae, whilst the restriction pattern of the canine isolate more closely 

resembled the mef(A) variant from Streptococcus pyogenes. The pattern of the porcine isolate 

was a mixture of both. The gene lnu(B) was detected in seven S. dysgalactiae ssp. equisimilis 

isolates with a MIC for clindamycin of 4 mg/L, all obtained from infections of the 

genitourinary tract/MMA of pigs. 

 

4. Discussion 

 

 To the best of our knowledge, the BfT-GermVet programme was the first large-scale 

monitoring programme in which a wide variety of bacterial pathogens from defined disease 

conditions of pets and companion animals have been investigated for their antimicrobial 

susceptibility on a national basis. Thus, data for comparison are hardly available in the 

published literature. Most studies on ML resistance in animal staphylococci and streptococci 

refer either to S. hyicus and S. intermedius or S. suis, respectively. The comparison of the data 

is further hampered by the different methodologies and interpretive criteria used. 

Furthermore, the usage of antimicrobial agents may vary between countries and over time. 

Thus, the two parameters, i.e. geographical origin of the isolates and time period of sampling, 

have to be taken into account. 

 Resistance to erythromycin among S. hyicus from porcine skin infections has been 

monitored by the DANMAP monitoring programme (http://www.danmap.org). The 

prevalences of resistant isolates in 2002 and 2003 were 19.7% and 20.6%, which decreased to 

13.2% in 2004 and returned to 19.7% in 2005. These prevalences of resistance were in the 

same range as the overall prevalences of resistance of S. hyicus in the BfT-GermVet study 

(18.2%). However, in the BfT-GermVet study, S. hyicus was isolated from different porcine 
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infections and the proportion of erythromycin-resistant isolates was higher among the isolates 

from skin infections (24.1%) than from the genitourinary tract/MMA (11.5%). The same 

observation was also made for porcine S. aureus isolates in the BfT-GermVet study (28.6% 

for skin isolates versus 15.8% for genitourinary tract/MMA isolates). The erm(C) gene has 

been detected most frequently as the sole resistance gene in a previous study on 16 S. hyicus 

isolates [15]. In the present study, as well as in further studies [22,23], a more diverse 

genotypic resistance pattern was found among erythromycin-resistant S. hyicus. 

 Staphylococcus intermedius represented a major proportion of the canine and feline 

isolates identified in the Bft-GermVet study and the results were comparable to those of 

recent studies on S. intermedius isolated from dogs suffering from pyoderma or otitis externa 

[24-27]. One of these studies also investigated the genetic background of the observed 

macrolide-lincosamide-streptogramin B (MLSB) resistance [27]. Their observation was in line 

with ours and previous studies [1,28] and identified the erm(B) gene as the predominant 

methylase gene in S. intermedius. Both inducible and constitutive resistance to clindamycin 

were reported by Boerlin et al. [27] and could also be demonstrated by the D-test in the 

present study. However, the prevalence of inducibility in our study was < 10%, whereas 

Boerlin et al. [27] detected inducible expression of erm(B) in 41% of the erythromycin-

resistant S. intermedius. In contrast to other non-inducers, isolates carrying inducibly 

expressed erm(B) genes conferred high-level resistance to spiramycin (MICs ≥ 256 mg/L). 

This observation has also been made by Boerlin et al. [27]. 

 Susceptibility data for S. suis generated in a comparable time period are available from 

Spain [29], The Netherlands [30] and France [31]. The prevalence of erythromycin resistance 

reported in these studies (71–91%) were distinctly higher than that observed in the present 

study (26%). However, it should be noted that the samples in the aforementioned studies were 

not exclusively taken from CNS/arthritis, as in our study. Since the differences in the results 

are unlikely to be explained by the different methodologies used, preferential use of 

macrolides in different countries – and as a consequence an increased selective pressure – 

might explain the different prevalences of resistance. The effect of antimicrobial usage on the 

prevalence of resistance has been demonstrated by a study on isolates from Sweden and 

Denmark sampled in the 1990s [32]. Whilst Sweden banned antimicrobial growth promoters 

in 1986, the 16-membered macrolide tylosin has frequently been used until 1998 in Denmark. 
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This was reflected by complete susceptibility to tylosin and related antimicrobials in Sweden 

whereas almost one-half of the Danish isolates proved to be resistant to tylosin [32]. The 

molecular basis of erythromycin resistance in S. suis has rarely been determined, but the 

available data [22,30,33] are in agreement with our observation of the predominance of 

erm(B). However, in single isolates from piglets [22] and pork carcasses [33], the mef(A) 

gene was detected. 

 Data on antimicrobial susceptibility of staphylococci and streptococci from respiratory 

tract infections are rare. A study on streptococci from respiratory tract infections, mainly 

isolated from pigs, detected 61% erythromycin-resistant streptococci by agar disk diffusion 

[34]. Another study that investigated nasal and tonsillar isolates from healthy piglets 

determined prevalences of erythromycin resistance of 69% and 73% for staphylococci and 

streptococci, respectively [22]. In the Bft-GermVet study, no staphylococci or streptococci 

from respiratory tract infections in pigs were investigated, but the prevalences of 

erythromycin resistance among canine and feline isolates detected in the Bft-GermVet study 

were distinctly lower, with ca. 23% and ca. 16% for staphylococci and streptococci, 

respectively. For the equine streptococcal isolates, a very high susceptibility to erythromycin 

and clindamycin was detected, with only one isolate from the respiratory tract exhibiting 

erythromycin resistance.  

 In two of these isolates from respiratory tract infections, the equine and a canine 

isolate, and in an additional porcine isolate from genitourinary tract infection/MMA, the 

mef(A) gene was detected. As described previously [35], this gene was present in combination 

with msr(D), a gene homologous to the staphylococcal msr(A) gene. The initially described 

mef variants, mef(A) from S. pyogenes and mef(E) from S. pneumoniae, were summarised 

under the common designation mef(A) in 1999 [4]. However, they are not only distinguished 

by their structure but also by their location on different genetic elements, which in turn show 

differences in their transferability and their insertion sites in the host genome [36]. The 

distribution of the two variants varies among different streptococcal serotypes and geographic 

origin of the isolates [35]. The restriction patterns of the equine and the canine mef gene 

resembled that of mef(E) and mef(A), respectively, whereas the porcine mef gene could not be 

assigned unambiguously to any of the two subtypes. 
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 For the remaining groups of streptococci, comparable data are hardly available. The 

overall predominance of erm(B) in streptococci has been confirmed in several studies 

[2,4,15,20,37]. The gene was expressed constitutively in all but one canine isolate. In this  

S. canis isolate, primarily high-level resistance to only erythromycin and the 16-membered 

macrolide spiramycin was detected. Resistance to lincosamides was induced in the presence 

of erythromycin, as could be demonstrated by the D-test. 

 Although interpretive criteria are not available for clindamycin MICs in streptococci 

from animals, isolates susceptible to erythromycin but with distinctly elevated MICs for 

clindamycin compared with the remaining isolates were investigated for the presence of the 

lnu(B) gene. The lnu(B) gene has previously been reported to mediate clindamycin resistance 

(MIC = 4 mg/L) in a human group B Streptococcus [38]. We detected lnu(B) in all seven  

S. dysgalactiae ssp. equisimilis isolates with MICs of 4 mg/L from the genitourinary 

tract/MMA of pigs.  

 This study was the first in which a large number of staphylococci and streptococci from 

different animal origins, including pets and companion animals, have been investigated for 

their ML resistance phenotype and the associated genotype. Particularly canine, feline and 

equine isolates have been rarely, if at all, targeted by monitoring studies on a national basis, 

which also included determination of the resistance phenotype. ML resistance genes 

previously identified in smaller-scale studies on animal staphylococci and streptococci were 

also detected in the ML-resistant isolates of the BfT-GermVet study. However, the results of 

this study also provided the first report of the lnu(B) gene in an animal streptococcal isolate 

and in S. dysgalactiae ssp. equisimilis. In addition, detection of the msr(D) gene, also 

commonly present in connection with both variants of the mef gene, has not been reported for 

animal isolates so far. 
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1. Prevalence of CoNS species in bovine mastitis 

 

 A total of 298 CoNS isolates from cases of bovine subclinical mastitis have been 

investigated. They were identified to species level; the result is summarized in Table 1. The 

five most prevalent species were Staphylococcus chromogenes, Staphylococcus simulans, 

Staphylococcus epidermidis, Staphylococcus haemolyticus and Staphylococcus xylosus. In 

agreement with previous observations
39,113

 the novobiocin-susceptible species (83.6%) had a 

higher part in the differentiated mastitis isolates than the novobiocin-resistant species 

(16.4%).  

 

Table 1. Species distribution among 298 staphylococcal isolates 

 

 

 

 

 

 

 

 

 

 

 

 

a 
S: susceptible; R: resistant to novobiocin (1.6 mg/L)

Species 

Novobiocin
a
 

< 1.6 mg/L     ≥≥≥≥ 1.6 mg/L No. (%) 

Staphylococcus chromogenes S 99 33.2 

Staphylococcus simulans S 69 23.2 

Staphylococcus epidermidis S 35 11.7 

Staphylococcus haemolyticus S 28 9.4 

Staphylococcus xylosus R 28 9.4 

Staphylococcus warneri S 13 4.4 

Staphylococcus sciuri R 8 2.7 

Staphylococcus equorum R 6 2.0 

Staphylococcus saprophyticus          R 3 1.0 

Staphylococcus capitis S 2 0.7 

Staphylococcus cohnii R 2 0.7 

Staphylococcus hominis S 2 0.7 

Staphylococcus arlettae R 1 0.3 

Staphylococcus caprae S 1 0.3 

Staphylococcus gallinarum R 1 0.3 

ΣΣΣΣ 249                   49 298 100 



 

 

Table 2. CoNS species distribution in different countries 

 

 

CoNS species
a
 this sudy

b 
Switzerland

 
Denmark

 
Denmark

 
Norway

 
Sweden

 
USA

 
USA

 
New Zealand

 
Zimbabwe

 

S. chromogenes 33.2 17.7 49.9 23.4 16.2 10.5 63.5 51.5 59.4 25.9 

S. simulans 23.2 3.5 12.5 17.6 44.6 43.4 0.4 2.8 0.6 0.9 

S. epidermidis 11.7 0.9 11 32.4 0.7 10.5 0.4 2.3 4.0 21.6 

S. haemolyticus 9.4 8.8  5.9 10.1 5.3 0.4 1.7 3.4  

S. xylosus 9.4 46.9 8.9 8 7.4 9.2 1.5 7.6 1.1 2.6 

S. warneri 4.4 4.4 3.9 4.8 0.7 7.9 0.4 2.6 2.3  

S. sciuri 2.7 12.4 0.3 1.1  2.6  0.5  1.7 

S. equorum 2.0          

S. saprophyticus 1.0 1.8 1.2 0.5  2.6 0.4 1 1.7 4.3 

S. capitis 0.7  3 1.1   0.8 0.2   

S. cohnii 0.7  1.2 1.1 0.7  0.8    

S. hominis 0.7  0.6 0.5 0.7 1.3 2.3 19.2 4.6 20.7 

S. arlettae 0.3          

S. caprae 0.3          

S. gallinarum 0.3          

S. hyicus
c
  1.8 3.6  15.5 6.6 27 10.5 17.1 9.5 

Others
d
  1.8 4.2 3.7 3.4  2.3 0.1 5.7 12.9 

No. tested 298 113
14 

337
90

 188
2
 148

47
 76

9
 263

115
 1222

117 
175

90
 116

54
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 The species distribution in the present study correlates well with those of other 

surveillance studies from Europe (Switzerland,
14

 Denmark,
2,90

 Norway
47

 and Sweden
9
) (Table 

2) and with the resistance monitoring program GermVet.
116

 The high prevalence of  

S. chromogenes and a concentration on the same species as in the European studies were also 

seen in studies performed in the USA,
86,105,114,115,117

 New Zealand
90

 or Zimbabwe.
54

 This 

situation indicates that these species are closely associated with the bovine udder and capable 

to infect the mammary gland in cattle throughout the world. Differences based on 

geographical distance and epidemiological parameters are not astonishing.
28,90 

 In all listed studies, species identification was done biochemically, either by use of 

commercially available identification kits [StaphTrac,
115

 20STAPH,
90

 ID32 Staph
86

 (this 

study)] or by use of self-made biochemical reaction sets.
2,9,14,47,54,114,117

 Despite the well 

correlating data, the comparison of the species distribution may be hampered by the diversity 

of identification systems. 

 However, some differences were observed: The comparison of the prevalence data 

obtained for Staphylococcus hyicus is most striking: In one group of studies this species 

occurs with a high prevalence of ≥ 10%, in other studies S. hyicus was detected only 

occasionally or not at all. In S. hyicus coagulase production is variable. The coagulase test is 

commonly incubated for 4 h and evaluated again after 24 h of incubation. For Staphylococcus 

aureus it has been shown that 50–60% of the tested isolates developed a positive coagulase 

reaction first detectable after 24 h of incubation.
14

 In this study, all samples which arrived at 

the laboratory as coagulase-negative S. hyicus isolates, displayed a positive coagulase 

reaction after ≤ 24 h of incubation and were excluded from further investigations (data not 

shown). Beside an actual difference in the prevalence of this species, the possibility of 

variable interpretation of the coagulase test must be taken into account. Moreover, 

misidentification between S. chromogenes and coagulase-negative S. hyicus is likely to occur 

 

 ________________________________________________________________________________________________________________ 

a
 Species distribution is given in percentage of all CoNS isolates investigated. Frequently (≥ 10%) detected 

species are printed in bold-type; the most prevalent species is shaded in gray. 
b 

The CoNS have been isolated from subclinical mastitis (this sudy, Sweden,
9
 Zimbabwe

54
), from 

intramammary infections in heifers (USA,
115,117

 New Zealand,
90

 Denmark
90

) and not specified intramammary 

infections in dairy cattle (Denmark,
2
 Norway,

47
 Switzerland

14
).

 

c 
S. hyicus displays variable coagulase reaction. See text for details. 

d
 This group comprises other CoNS species than the listed and non-identified CoNS isolates. 
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by the use of limited biochemical reactions.
1
 However, the determined prevalence of S. hyicus 

did not correlate with the identification system used (commercial kits versus self-made 

systems). 

 The high prevalence of S. xylosus and Staphylococcus sciuri in Switzerland is a further 

remarkable observation. These species have been reported to be associated with 

environmental factors, e.g. straw and hay.
105,113

 In contrast to other countries, dairy cattle in 

Switzerland are mostly fed with hay instead of silage. Both S. xylosus and S. sciuri belong to 

the novobiocin-resistant group which is considered to be less pathogenic than the novobiocin-

susceptible species.
39,113

 A higher percentage of these species may point towards a more 

sensible monitoring of the SCC in dairy cattle. 

 

 

2. Susceptibility of CoNS to macrolides and lincosamides 

 

 The comparison of the antimicrobial susceptibility in the investigated CoNS of 

different studies is hampered by two major issues.
1,98,112,118

 First, the different methods used 

for antimicrobial susceptibility, agar disc diffusion versus dilution methods, may influence 

the comparability. Secondly, only few specific interpretive criteria exist for the antimicrobials 

tested and the bacterial species of interest. In response to the lack of applicable interpretive 

criteria, several authors refrain to give resistance rates but show their results in a more 

quantitative way, e.g. as minimum inhibitory concentrations (MICs).
28,90,117

 This implies that 

susceptibility testing has been performed by broth or agar dilution methods. The qualitative 

data resulting from the agar disc diffusion method are not suitable to be presented in that way; 

a conversion from inhibition zone diameters into MIC values is not reliable.
98

 Furthermore, 

different evaluation systems may have been used in different studies. Based on this, the 

comparison of the susceptibility status defined in different studies is likely to be biased by the 

methodology applied. 

 Veterinary-specific breakpoints approved by the Clinical and Laboratory Standards 

Institute (CLSI)
25,26

 exist for pirlimycin and for the combination penicillin/novobiocin. They 

are applicable especially for staphylococci isolated from cases of mastitis. For other drugs 

used in mastitis therapy, such as erythromycin, cefalotin, ampicillin and oxacillin, the 
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interpretive criteria given in the CLSI documents M31-A2 and M31-S1 are adopted from 

human medicine and not necessarily specific for staphylococci.
25,26

 The interpretive criteria 

for ceftiofur are currently under consideration by CLSI. 

 As can be seen in [Chapter 2], resistance against the two cephalosporins cefalotin and 

ceftiofur and the penicillin oxacillin was low. A single isolate was found to be resistant 

against ceftiofur and oxacillin. Another isolate was resistant to oxacillin only. Both oxacillin-

resistant isolates were tested positive for the mecA gene. As a consequence, these isolates 

have to be referred to as methicillin-resistant.
23

 No resistant isolate was detected for the 

combination penicillin/novobiocin. In contrast to the good susceptibility against 

cephalosporins and the penicillinase-stable oxacillin, the resistance rate for ampicillin was 

high at 18.1%. These data are in line with those of other studies.
1,38,84,86,115,116 

 Among the group of the MLSB antibiotics, pirlimycin and erythromycin were tested. 

The use of erythromycin as class representative for macrolides followed the recommendations 

of the working group “Antibiotic Resistance” of the German Society for Veterinary Medicine 

(DVG) and was mainly based on the known resistance mechanisms for these antimicrobial 

agents. This aspect is further discussed in subchapter 5 of the discussion. For erythromycin 

and pirlimycin, 7.4% and 6.4% isolates, respectively, were detected to be resistant. All 

isolates highly resistant to pirlimycin (≥ 128 mg/L) were also highly resistant to erythromycin 

(≥ 128 mg/L), but not vice versa. Comparative data for analysis are mainly derived from US 

studies. Data for lincomycin cannot be taken for reliable comparison since this antimicrobial 

agent shows less activity than pirlimycin. Moreover, no interpretive criteria are available for 

lincomycin in staphylococci and breakpoints for pirlimycin cannot be used to assess 

resistance/susceptibility to lincomycin. 

 Studies from the USA show comparable results for CoNS isolates from mastitis 

cases.
38,86,90,117

 As far as data are available, the resistance rates for pirlimycin have been lower 

than those for erythromycin.
38,86

 Results based on MIC data show values for pirlimycin which 

are about one step lower than those for erythromycin.
90,117

 Data from Europe are available for 

erythromycin.
1,84,116

 These were found to be in good accordance with the data presented here. 
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3. Resistance genes to MLSB antibiotics in CoNS isolates from bovine mastitis  

  

 So far, no comprehensive study on the molecular background of CoNS isolates from 

mastitis resistant to macrolides and/or lincosamides is available. Extensive studies on the 

distribution of MLSB resistance genes in CoNS have been mainly done for human 

isolates.
64,80

 Only few studies are available that have investigated the genetic background of 

macrolide-lincosamide resistance in CoNS of animal origin.
13,34,52

 Many studies are limited to 

S. aureus – from human as well as from animal origin
76,92,94,123

 – or concentrated on the 

methylase genes only.
52,63,76,122

 Table 3 gives a summary of the resistance genes and the 

observed MIC values for erythromycin and pirlimycin, as detected in the study representing 

[Chapter 2]. For a better overview only the phenotypes for isolates carrying one single 

resistance gene are shown. However, the five resistance genes occurred also in various 

combinations. The resistance phenotype was then a combination of the phenotypes for the 

single resistance genes. 

 

Table 3. Resistance genes and their observed phenotypes 

MIC [mg/L]
a
 

Resistance gene erythromycin pirlimycin 

erm(B) ≥≥≥≥ 128 ≥≥≥≥ 128 

erm(C), inducible ≥≥≥≥ 128 0.25–0.5 

erm(C), constitutive ≥≥≥≥ 128 ≥≥≥≥ 128 

msr(A) 64– ≥≥≥≥ 128 0.25–1 

mph(C) 1–16 0.25–0.5 

lnu(A) 0.25–0.5 1–4 

 
a
 MIC values categorized as resistant according to CLSI are printed in bold-type. 
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3.1. Comparison of resistance genes in distinct groups of staphylococci 

 

 The predominant methylase gene detected in the investigated bovine CoNS isolates has 

been the erm(C) gene. The gene was constitutively expressed in two thirds of the cases. In 

four S. chromogenes isolates, the erm(B) gene was responsible for constitutive MLSB 

resistance. The erm(A) gene was not detected in any of the resistant isolates from bovine 

mastitis. 

 These results are in accordance to previous observations. The erm(C) gene has 

repeatedly been shown to be the dominant methylase gene in CoNS. The erm(A) methylase 

gene, in general, is rarely detected and shows association to avian staphylococcal isolates or 

to S. aureus.
1,34,64,76,92,94,118

 This tendency is also reflected in the study on canine and porcine 

isolates presented here (Table 4) [Chapter 7]. However, surveillance studies showed that in 

the recent decades erm(C) became predominant over erm(A) also in S. aureus isolates.
76,94,123 

 

Table 4. Prevalence of erm genes and msr(A) among different staphylococcal species 

 Prevalence of resistance genes [% (no.)]
b
 

Species
a
 erm(A) erm(B) erm(C) msr(A) 

CoNS (19)
c
 ─ 21.1 (4) 47.4 (9) 52.6 (10) 

S. aureus (12)
d
 33.3 (4) 41.7 (5) 25.0 (3) 16.7 (2) 

S. intermedius (35)
e
 5.7 (2) 94.3 (33) ─ 5.7 (2) 

S. hyicus (10)
f
 60.0 (6) 70.0 (7) 40.0 (4) ─ 

 
a
 Staphylococci highly resistant to erythromycin (MICs ≥ 64 mg/L). 

b 
Since some isolates harboured more than one resistance gene, the total number of genes detected is greater 

than the number of isolates investigated. 
c
 CoNS isolated from bovine mastitis. 

d
 Five isolates of canine/feline origin; seven isolates of porcine origin. 

e
 S. intermedius isolates of canine/feline origin. 

f
 S. hyicus of porcine origin. 

 

 

 In previous studies on CoNS, erm(A) has been mainly detected in isolates that showed 

resistance to methicillin
64

 or penicillin and ampicillin (methicillin was not tested).
52

 This 

correlation might be explained by the association of Tn554 – the transposon on which erm(A) 

is located – to distinct types of SCCmec (Staphylococcal Cassette Chromosome mec) 
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elements in the staphylococcal chromosome. Within the SCCmec elements of type II and type 

III the primary attachment site of Tn554, att554, is located.
36,124

 In contrast, MLSB resistance 

in S. aureus isolates from pets carrying the type IV SCCmec element was mediated by 

plasmid-located erm(C) genes.
111

 Two of the investigated erythromycin-resistant bovine 

CoNS isolates highly resistant to oxacillin were tested positive for mecA; however, they did 

not harbour erm(A), but a plasmid-located erm(C) gene [Chapter 2]. 

 In studies on human isolates, erm(B) was rarely detected.
63,64,76,92,94

 The gene erm(B) 

was found to be exclusively responsible for MLSB resistance in Staphylococcus intermedius 

isolates of canine and feline origin.
13

 This gene has been also detected in this and single 

isolates of other staphylococcal species, namely S. hyicus, S. xylosus and Staphylococcus 

lentus.
1,34,119

 In consideration of these observations and the results presented here (Table 4) 

[Chapter 7, Chapter 2], erm(B) appears to be the predominant erm gene in S. intermedius, 

but occurs also in other CoNS species. 

 The efflux gene msr(A) was detected in more than half of the isolates with an MIC of  

≥ 64 mg/L for erythromycin. Previous reports frequently detected msr(A) in CoNS and found 

the gene to be less common in S. aureus.
34,64,80,92,94

 This could be confirmed in the presented 

study on staphylococcal isolates from different animal sources (Table 4) [Chapter 7]. A 

study on methicillin-resistant S. aureus isolates from mainly dogs and cats – only phenotypic 

data were available – also showed a low prevalence of the msr(A) phenotype.
88

 The assumed 

linkage to certain CoNS species, namely S. haemolyticus,
64,80

 S. sciuri, Staphylococcus cohnii 

and S. xylosus,
34

 appears more likely to depend on the species distribution among the 

collected isolates in these studies. In the present study on bovine CoNS isolates [Chapter 2] 

such a correlation was not observed. However, the limited number of tested isolates for each 

species does not allow a definite statement. 

 The mph(C) gene has been originally described in connection with msr(A) (see 

subchapter 3.2) and has so far not been targeted by surveillance studies. Very recently, the 

mph(C) gene was detected as the most frequent macrolide resistance gene in equine 

staphylococcal isolates.
95

 The MIC values mediated by mph(C) were in the same range than 

those observed in this study on bovine CoNS [Chapter 2]. Interestingly, in both studies 

mph(C) alone was exclusively detected in two CoNS species, namely in S. equorum and – to 

a much lesser extent – in S. xylosus. A high proportion of the bovine and equine S. equorum 
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isolates carried mph(C), 66.7% and 57.1%, respectively, whereas only 3.6% and 13.0%, 

respectively, of the S. xylosus isolates were tested positive. The higher prevalence of mph(C) 

among the equine S. xylosus isolates compared to those of bovine origin may result from the 

higher prevalence of S. equorum among the equine staphylococci (18.7%) than among the 

bovine CoNS (2.0%). The association of mph(C) to S. equorum – not a species of major 

interest, neither in human medicine nor in bovine mastitis – may explain why this gene has 

rarely been described so far. 

 The phenotype indicating the presence of lnu(A) has been detected first in S. aureus 

and S. intermedius of animal origin.
32

 The gene itself was detected in lincomycin-resistant  

S. chromogenes
31

 and S. aureus
68

 from bovine mastitis and in a S. haemolyticus isolate from 

cheese.
83

 In human isolates lnu(A) was responsible for all cases of lincomycin resistance 

detected among S. aureus, S. epidermidis, S. cohnii, S. haemolyticus and Staphylococcus 

hominis clinical isolates.
57

 In the corresponding test collection of about 2,500 staphylococci, 

lincomycin resistance occurred with a prevalence of 0.2% in S. aureus, 4.6% in  

S. epidermidis and 8.0% in S. cohnii.
57

 The lnu(A) gene was also detected in combination 

with other MLSB resistance genes that covered the lnu(A)-associated phenotype. The 

prevalence of lnu(A) in different studies on macrolide-lincosamide-resistant staphylococci 

varied extremely. Less than 3% of staphylococci carried lnu(A) in a study on clinical isolates 

in France.
64

 Among the positive isolates CoNS species dominated over S. aureus, whereas 

both groups contributed equally to the test collection (294 isolates). In contrast, in similar test 

collections investigated in the Czech Republic and in Hungary about 30% and 40%, 

respectively, of the CoNS isolates carried this gene.
7,80

 These latter results were more similar 

to the results of this study, in which 13 of 31 erythromycin- and/or pirlimycin-resistant 

isolates carried lnu(A), alone or in combination with other resistance genes. However, the 

gene was also detected in nine isolates which were categorized as susceptible to pirlimycin 

(see subchapter 4.2.1 of the discussion). In the investigated coagulase-positive isolates 

presented in [Chapter 7], the lnu(A) gene was rarely detected. The only positive isolate was a 

porcine S. hyicus. In conclusion of these observations, lnu(A) appears to be more common in 

CoNS than in S. aureus and other coagulase-positive staphylococci. 
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3.2. Location and organization of detected resistance genes 

 

 The location and flanking DNA sequences of resistance genes provide information 

about the putative origin and the transferability of this resistance gene. The distribution of 

identical mobile elements among different bacterial species gives information about the host 

range and transferability of this element. 

 

 

3.2.1. erm(B) 

 

 In the four erm(B)-carrying bovine S. chromogenes isolates, the gene was located on 

plasmids of about 25–30 kb in size. In three cases, these plasmids also carried the lnu(A) 

gene. The elements on which the erm(B) gene is typically located are the closely related non-

conjugative transposons Tn551 or Tn917, about 5.3 kb in size.
118

 They have been identified 

on medium-sized plasmids in staphylococci and streptococci, pI258 (28.2 kb)
53

 and pAD2  

(22 kb),
106

 respectively, as well as in the chromosomal DNA.
70

 Tn917 has been found in a 

truncated form on the smaller plasmids pAM77 (6 kb) from Streptococcus sanguis
44,106,125

 

and on pSES20 (8 kb) from S. lentus.
119

 Thus, the data presented in [Chapter 2] are in line 

with the literature. 

 In a study on canine and feline S. intermedius erm(B) was assumed to be exclusively 

chromosomally located. However, all erm(B) genes detected were shown to be associated 

with transposable elements other than Tn917 and Tn551.
13 

 Both inducibly resistant as well as constitutively resistant isolates have been observed 

in that study. Inducible resistance was characterized by resistance to both erythromycin and 

spiramycin and reduced susceptibility to intermediate resistance to clindamycin.
13

 This was in 

agreement with the observations of the surveillance study presented in [Chapter 7].  

S. intermedius isolates with MIC values of clindamycin between 1 and 32 mg/L were shown 

to express inducible clindamycin resistance in the presence of erythromycin (see subchapter 5 

of the discussion). 
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3.2.2. erm(C) 

 

 The erm(C)-carrying plasmids detected in the study on bovine mastitis isolates 

[Chapter 2] belonged mainly to the group of small (2.3–2.5 kb) plasmids similar to pT48 

(inducibly expressed erm(C) gene)
22

 and pN131 (constitutive),
55,81

 on which erm(C) is 

usually found.
67

 Those bovine CoNS isolates which carried a constitutively expressed erm(C) 

gene all showed a deletion of 111 bp (Figure 1, A.). This deletion comprises most of the 

translational attenuator – the leader peptide gene and the inverted repeats (IR) IR1–IR3. The 

unpaired IR4 is consequently available for a translating ribosome and thus explains the 

constitutive type of gene expression. 

 

SD1            ORF of the 19 aa leader peptide SD2     erm(C)

1 2 3 4

1855   1850     1842                                            1783         1733    1728  1722                                 998

2 3 4

1862                                                            1784 1784                                                        1733    1728  1722                   998

4

1855   1850   1845                                              1733    1728  1722                            998

WT

A.

B.

 

Figure 1. Regulatory region of erm(C) of two naturally occurring plasmids in comparison with the wildtype 

sequence (WT) of pT48. Inverted repeats (IR1–IR4) are indicated by numbered arrows. The Shine-Dalgarno 

sequences of the leader peptide gene (SD1) and erm(C) (SD2) are shown as grey boxes; the reading frame for 

the leader peptide and erm(C) are presented as crinkled and stripped boxes, respectively. Deletions are shown as 

dashed lines. The numbers refer to the nucleotide positions in pT48. The last and first nucleotide still present is 

indicated. A. Deletion of 111 bp comprising most of the regulatory region. B. Deletion of 74 bp comprising SD1 

and the leader peptide gene including IR1. 
 

 

 A single erm(C)-carrying plasmid differed in its size and restriction map from the latter 

group. The plasmid of a Staphylococcus saprophyticus isolate was slightly larger (∼3.8 kb) 

and the restriction map resembled that of pE194.
45

 This plasmid also carried another type of 

deletion within the erm(C) regulatory region responsible for constitutive resistance (Figure 1, 

B). In this isolate the reading frame for the leader peptide including SD1 and IR1 was deleted, 
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excluding the last 5 bp of the leader peptide gene. In this situation, the most stable secondary 

structure of the mRNA is formed by IR2 and IR3; SD2 and the start codon of erm(C) located 

within IR4 remains accessible for the translating ribosome. Such deletions are extensively 

discussed in [Chapter 6]. 

 

 

3.2.3. msr(A) and mph(C) 

 

 Despite previous reports about msr(A)-carrying plasmids,
71,89

 msr(A) was detected in 

the chromosomal DNA more often than on plasmids. The plasmids were about 20–30 kb in 

size. In each isolate that was positive for both msr(A) and mph(C), these genes were 

physically linked in arrangements that have been described previously.
72

 Two different types 

of spacer sequences were determined which resembled the corresponding regions in 

previously described isolates (Figure 2). The type of linkage did not correlate with the 

location of the genes. 

 

                     

msr(A) mph(C)

1343 bp

msr(A)-forw. mph(C)-rev.

S D B SD D V SBg M

msr(A) mph(C)

1093 bp

msr(A)-forw. mph(C)-rev.

S D B S Ba A

A.

B.

 
 

Figure 2. Comparison of the two detected spacer regions between the msr(A) and the mph(C) genes. The genes 

are shown by the bold arrows. Restriction enzymes are abbreviated as follows: A (AclI), B (BspHI), Ba 

(BamHI), Bg (BglII), D (DraI), M (MfeI), S (SspI) and V (VspI). The used PCR primers are indicated by the 

small arrows. A. The spacer sequence detected in isolates of S. xylosus, S. haemolyticus, S. simulans and S. 

epidermidis, showing the best match to the corresponding sequence of pSK1 from S. aureus. B. The spacer 

sequence detected in two S. epidermidis isolates and one S. haemolyticus isolate, showing the best match to 

pM97 from S. aureus. 



 Discussion Chapter 8 
   

 

 157 

3.2.4. lnu(A) 

 

 The lnu(A) gene was mainly located on small plasmids. They were less than 3 kb in 

size (with the exception of pLNU9 with 3.8 kb). Sequence analysis revealed that they belong 

to the pC194 family of rolling-circle (RC) plasmids [Chapter 5]. Three S. chromogenes 

isolates carried lnu(A) together with erm(B) on a large plasmid. In rare cases – in a 

Staphylococcus warneri and in a S. epidermidis isolate – lnu(A) was detected in the 

chromosomal DNA. 

 Up to now lnu(A) has been mainly reported to be located on small plasmids,
7,83

 of 

which a single plasmid, pBMSa1 (2.75 kb), has been sequenced completely.
68

 The sequences 

of further lnu(A)-carrying plasmids, namely pIP855 (2.5 kb)
17

 and pIP856 (2.6 kb),
18

 have 

been determined only in part. The location of lnu(A) on a large plasmid, pBI109PGL (44 kb), 

has been described. Plasmid pBI109PGL mediated also penicillin and aminoglycoside 

resistance.
7
 This plasmid proved to be neither conjugative, nor mobilizable. Sequence data for 

pBI109PGL,
7
 however, are not available. 

 

 

4. Diversity of resistance plasmids 

 

 The results of this study showed that small plasmids carrying a single resistance 

determinant – erm(C) or lnu(A) – play an important role in staphylococcal resistance against 

macrolides and/or lincosamides. While a large number of erm(C)-carrying plasmids from 

various animal isolates have been described and analyzed for their 

structure,
67,97,102,104,109,110,121

 only a single lnu(A)-carrying plasmids has been sequenced 

completely so far.
68 

 The structure of several RC plasmids reveals a mosaic-like organization in which 

cassette-like structures encoding distinct functions – replication, mobilization, resistance – 

appear to be exchangeable and might be able to build novel types of plasmids.
77

 Thus, 

sequence stretches with homology to parts of several small and large plasmids are assembled 

in these RC plasmids. The junctions between these regions of different origin do not always 

allow tracing back the recombinational events that had led to this composition.
11,43

 The 
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acquisition of distinct cassettes, however, appears to be associated with the presence of 

multiple IRs and direct repeats (DR) and specific sequence features.
11 

 For some recombinant plasmids a possible trait of their stepwise development could be 

suggested based on structural analysis of the plasmid sequence.
3,101,103

 Some new plasmids 

have been shown to result from cointegrate formation and subsequent recombination. 

 By the way of such rearrangements the plasmids may obtain sequence structures which 

facilitate their spread to new hosts, enable them to be maintained in the presence of already 

established plasmids and thereby favour the dissemination of their resistance genes. 

 Some novel plasmids have been observed during this study, two structurally unusual 

erm(C)-carrying plasmids [Chapter 3, Chapter 4] and a group of lnu(A)-carrying plasmids 

[Chapter 5]. Different recombinational mechanisms may have contributed to their 

development. 

 

 

4.1. Plasmid pSTE2: a product of site-specific recombination  

 

 The plasmid pSTE2 was shown to be a recombination product of two small plasmids, 

the tet(K)-carrying plasmid pT181 and the erm(C)-carrying plasmid pPV141. Both harboured 

the recombination site RSA, which allowed site-specific recombination between these 

plasmids. The gene coding for the responsible enzyme for such a reaction, pre, was provided 

by pT181. Cointegrate formation based on the recombination sites RSA or RSB have been 

already demonstrated in vitro.
37,79

 Structural analysis of naturally occurring plasmids 

indicates that these cointegrates may also represent intermediates for the formation of novel 

resistance plasmids.
101

 To create a structurally new plasmid, the cointegrate has to be resolved 

by another pathway than the one by which cointegrate formation has occurred. Beside the 

recombination at specific sites or homologous sequence stretches, the presence of two double-

strand origins (dso) can result in resolution. This occurs, if one dso is used for initiation of 

replication while the second one is recognized as termination signal.
40,41

 A region with 

similarity to the dso termination signal may also serve as nick site for the Rep protein.
40

 

These cointegrates may also be intermediates on the way to larger plasmids which carry 
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multiple resistance genes.
37,41

 The presence of two different recombination sites – as present 

in pSTE2 – may promote such a development. 

 Besides two different recombination sites, the novel plasmid pSTE2 contained the two 

complete replicons of the ancestor plasmids, the repL and the repC system. This may enhance 

the probability of a stable maintenance in the presence of already established plasmids in a 

new host. The possibility to use an alternative replication system may allow the plasmid to 

evade incompatibility with other plasmids already present in a new host cell.  

 

 

4.2. Plasmid diversity based on illegitimate recombination 

 

 In a number of staphylococcal RC plasmids which mediate resistance to disinfectants 

by smr or qac genes, variable plasmid backbones are found in connection with similar 

resistance genes. The replicons characterize these plasmids as members of the pC194 family. 

In these plasmids the resistance gene alone appears to be exchanged. 

 In chloramphenicol resistance plasmids of the pC221 family the region encoding the 

chloramphenicol acetyltransferase CAT and the replication protein RepD is highly conserved 

and found in connection with different plasmid backbones.
70,99,100

 At the junctions between 

the homologous and nonhomologous parts of these plasmids sequence features could be 

identified on which recombinational events may be based.
99

 A conserved module comprising 

the resistance determinant and the rep gene is also found among tetracycline-resistance 

plasmids resembling pT181. These tetracycline-resistance plasmids show high homology 

between their tet(K)-repC region, but differ distinctly in the surrounding area.
70,96 

 The situation seen in smr- or qac-gene-carrying plasmids is the best reflection of the 

structural organization observed among the variety of lnu(A)-carrying plasmids from bovine 

CoNS isolates described in [Chapter 5]. Virtually identical lnu(A) genes were found in 

different plasmid backbones. A second feature observed for smr- or qac-gene-carrying 

plasmids is their integration into large multiresistance plasmids like pSK41 mediated by 

IS257 elements.
8
 This was also seen for a lnu(A)-carrying RC plasmid. 
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 The opposite picture is drawn by plasmid pSES22 [Chapter 4]: The comparison with 

known plasmid sequences revealed the presence of a common plasmid backbone. This is in 

its entirety found connected with variable resistance genes.  

 

 

4.2.1. lnu(A)-carrying plasmids 

 

 Rolling-circle plasmids. The variety among the observed lnu(A)-carrying plasmids 

reflects an easy exchange of resistance genes between different plasmid backbones carrying 

different replication modules. Comparison of the rep genes associated with the lnu(A) gene to 

sequences deposited in the database showed that the most similar rep genes are those of 

plasmids mediating resistance to quaternary ammonium compounds (QAC) via the smr gene 

or different qac genes. Several of these plasmids are derived from similar sources than the 

lnu(A)-carrying plasmids of this study. 

 The comparative analysis of different lnu(A)- and smr/qac-carrying plasmids indicates 

that the module which is exchanged comprises the resistance gene, the single-strand origin 

ssoA including the recombination site RSB and the dso nick site. These structures, which form 

the boundaries of the resistance gene module, appear to be involved in recombination 

events.
12,43,58

 The impact of these areas in recombinational processes is underlined by the fact 

that they are not functionally linked to each other. The functionality of the dso depends on the 

Rep protein,
30,40

 for which the dso serves as specific binding and nick site. On the other hand, 

the sso is not necessarily homologous in plasmids belonging to the same family of RC 

plasmids (which are defined on the basis of Rep homology).
50,51,77

 Thus, recombination rather 

than replication may rely on the presence of homologous ssoA sequences in these plasmids. 

 The non-coding sequences between the rep gene and the resistance gene modules, 

either lnu(A) or smr/qac, show homology to different small or large plasmids of various 

Gram-positive origins.
11

 Such an arrangement has been also described for the erm(C)-

carrying plasmid pNE131.
56

 This plasmid appears to be composed of the replicon of the 

cryptic plasmid pSN2 and the resistance determinant of plasmid pE194. The remaining small 

region of about 400 bp shows the best homology to a Bacillus rather than to any 

staphylococcal plasmid.
56 
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 The smr- and qac-carrying plasmids discussed above belong to the pC194 family of 

RC plasmids. They do not carry genes which enable them for self-transmission and a putative 

oriT region has not been identified.
11

 Thus, the most probable way of their transfer is 

transduction. Alternatively, the formation of cointegrates with transferable plasmids may 

facilitate their distribution. The way of replication which provides highly recombinogenic 

single-stranded DNA molecules promotes both mechanisms as shown by in vitro 

experiments.
41,46,75

 Data on transfer rates in vivo are hardly available. However, the 

widespread distribution of these plasmids in different CoNS species suggests that they are 

efficiently distributed horizontally. The stability of one of these plasmids, pNVH01, in 

different staphylococcal species was tested and species-specific differences have been 

observed:
11

 S. aureus strains have lost the plasmid easily whereas it was stably maintained in 

S. intermedius and S. simulans. Whether this observation also explains the widespread 

occurrence of lnu(A)-carrying plasmids among CoNS, but not in S. aureus remains to be 

answered. 

 

 Resistance levels mediated by lnu(A). Previous studies on Lnu(A)-associated MIC 

values have tested the inactivating activity of Lnu(A) only against lincomycin and 

clindamycin. The MIC values of the latter one were apparently not influenced in lnu(A)-

carrying isolates. Despite this phenotypic susceptibility, clindamycin was confirmed to be a 

substrate for Lnu(A).
18

 A similar phenomenon was observed for the related genes lnu(B) 

when transferred into S. aureus RN4220
15

 and lnu(C) from Streptococcus agalactiae.
4
 In the 

original host of lnu(B), Enterococcus faecium, the lnu(B)-mediated phenotype was hidden by 

the additional presence of erm(B) and could not be determined.
15

 In contrast to lnu(A) and 

lnu(C), lnu(B) was detected in clinical streptococcal isolates based on elevated MICs for 

clindamycin. One of them was a human group B Streptococcus isolate from Canada.
27

 The 

gene lnu(B) was also present in all seven isolates of porcine Streptococcus dysgalactiae ssp. 

equisimilis with a clindamycin MIC of 4 mg/L [Chapter 7]. The lnu genes tested mediated 

resistance to clindamycin in a Gram-negative background.
4,15

 This observation corresponds 

with the resistance phenotype observed for lnu genes of Gram-negative origin, such as lnu(F) 

from Escherichia coli 42
 and lin(G) from Salmonella.

62
 A hypothetical explanation for the 

variable behaviour of Lnu(A) in different bacterial backgrounds suggests that clindamycin 
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has a relatively higher affinity to the Gram-positive ribosome than to the inactivating 

enzyme.
4 

 The interpretive criteria available for pirlimycin MICs distinguish between susceptible 

and resistant, but do not include an intermediate category.
25,26

 The approved breakpoint for 

resistance is set at 4 mg/L of pirlimycin. The MIC determination via broth dilution assays is 

based on two-fold serial dilutions of the antimicrobial agent. This means that the critical 

concentrations in terms of susceptibility/resistance, 2 versus 4 mg/L of pirlimycin, are very 

close to each other. 

 Nothing was known about the situation for pirlimycin, both concerning the affinity to 

Lnu(A) and the resistance level mediated by this enzyme. With regard to these facts, isolates 

with MIC values of 1–2 mg/L of pirlimycin have been added to the samples tested for the 

presence of lnu(A). 

 In fact, lnu(A) was detected in isolates categorized as susceptible according to the 

approved CLSI breakpoints: Lnu(A) was found in isolates classified as resistant (≥ 4 mg/L), 

but also in some isolates that exhibited reduced susceptibility (1–2 mg/L) to pirlimycin. High-

level resistance to pirlimycin – as seen for lincomycin – was not mediated by lnu(A) in 

staphylococci. The lnu(A)-positive isolates belonged to several CoNS species; the resistance 

gene was mainly located on small plasmids (see above). To exclude any factors of the various 

original hosts, which may influence the MIC value, several lnu(A)-carrying plasmids were 

transformed into the S. aureus recipient strain RN4220. Unexpectedly, the MIC values varied 

also in this uniform background. Sequencing of nine transformed plasmids [Chapter 5] 

revealed two of them to have almost identical sequences, but mediating distinctly different 

MIC levels of pirlimycin and lincomycin. These two plasmids, pLNU4 isolated from S. 

chromogenes and pLNU5 isolated from S. simulans, were chosen to investigate this 

phenomenon exemplarily.  

 The resistance-mediating enzyme Lnu(A) expressed by these two plasmids differed 

only slightly on the amino acid level. However, these few amino acid exchanges [Chapter 5] 

did not affect residues, for which catalytic activities have been determined.
18

 Thus, 

differences in the activity of the Lnu(A) enzymes were not expected for these plasmids. 

Instead, a higher amount of lnu(A) transcripts could be observed for pLNU5, the plasmid 

which mediated a 16-fold higher MIC to pirlimycin in S. aureus RN4220 compared to 
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pLNU4 in the same background. The expression of lnu(A) is constitutive;
6
 thus, two major 

possibilities are to consider which may cause an absolute increase of transcripts. On one 

hand, expression via a stronger promoter is possible; on the other hand, a higher copy number 

of the gene should increase the absolute amount of transcripts per cell. Differences in the 

putative promoter sequences
17

 of both lnu(A) genes could not be detected. In contrast, 

pLNU5 was present in a distinctly higher copy number in comparison to pLNU4. Since the 

estimated plasmid copy number for pLNU4 (∼22 copies per cell) was in the range of similar-

sized staphylococcal resistance plasmids,
78,85

 the copy number of pLNU5 (∼215 copies per 

cell) appeared to be up-regulated. Differences in the replicons and plasmid structures of the 

remaining lnu(A)-carrying plasmids did not allow a reliable comparison of their plasmid copy 

number in relation to the MIC values mediated. Nevertheless, a correlation between MIC 

values and the amount of plasmid DNA was seen (data not shown). 

 For pC194 and the related plasmid pUB110, a region involved in copy number control 

by an antisense RNA had been identified.
5,77

 The members of the pC194 family, however, 

show high diversity regarding their functional organization
77

 and nothing is known about 

such copy number control elements in other members of this family. Detailed reports about 

copy number mutants are limited to the plasmids pT48 and pT181,
20,21

 both members of other 

families of RC plasmids than the lnu(A)-carrying plasmids of interest. A single copy number 

mutant of pC194 had been analyzed in Bacillus subtilis:
5
 In this mutant a deletion of one bp 

within the 3’-end of rep resulted in a 6-bp extension of Rep and in a reduced copy number of 

the plasmid. 

 In the pT48 mutants,
21

 two different types of mutations could be observed. The rep 

gene was targeted by both types of mutations, with subsequent effect on the amino acid 

sequence of Rep; the second type also increased the amount of plasmid multimers. Neither 

exchanges in highly conserved residues within Rep or extension of the rep reading frame, nor 

multimerisation of plasmid molecules could be observed in the high copy number plasmids in 

this study. 

 The plasmid copy number in pT181 is controlled by transcriptional attenuation, 

mediated by an antisense RNA molecule which is complementary to the mRNA leader region 

of rep.
16,78

 In high copy mutants of this plasmid, either the sequence of this leader region was 

altered, or the expression of the antisense RNA was decreased due to mutations within the 
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promoter sequence.
20

 A region with analogous function has been identified in pC194; 

mutations in this region, which affect the copy number control, have not been reported.
5,29,77

 

However, such a region could not been identified in pLNU4 and pLNU5. 

 In conclusion, variations in MIC values for lincosamides mediated by virtually 

identical lnu(A)-carrying plasmids appears to correlate at least in part with the plasmid copy 

number. The background of the observed up-regulation could not be determined by sequence 

analysis; slight variations seem to be responsible for this phenomenon. Nevertheless, based 

on these observations, lnu(A)-carrying isolates should be considered as resistant to 

lincosamides even if the MIC for pirlimycin is in the borderline susceptible range of 1–2 

mg/L. 

 

 IS257-mediated integration. In some cases, the lnu(A) gene has been detected on 

large plasmids, which also carried the erm(B) gene as shown by Southern-blot hybridization. 

One of them was transformed and partly sequenced (data not shown). Resistance to 

aminoglycosides, tetracycline and trimethoprim was also associated with this plasmid. 

Resistance to penicillin and chloramphenicol was not mediated, which was in contrast to the 

44-kb lnu(A)-carrying plasmid pBI109PGL.
7
 The lnu(A)-mediated phenotype was covered by 

the presence of erm(B) on the same plasmid. To acquire lnu(A) in addition to this gene is not 

of advantage for the plasmid, because erm(B) regularly mediates resistance to all MLSB 

antibiotics in staphylococci. Therefore it is more likely that initially the lnu(A) gene was 

present on the plasmid, followed by the acquisition of erm(B) at a later stage. This would 

have not only broadened the spectrum of resistance, but would also result in much higher 

resistance levels to lincosamides. 

 Part of the sequenced EcoRI fragment of the plasmid displayed high homology to the 

RC plasmid pLNU2 [Chapter 5]. In the large plasmid, an IS257-like element was found 

upstream of lnu(A) (Figure 4). IS-element mediated integration of small RC plasmids into 

large ones has been reported in several cases for smr/qac-carrying RC plasmids.
8,10,12,58,60,65

 In 

addition to the smr-carrying plasmid pSK89, the multiresistance plasmid pSK41 also 

harbours the integrated plasmid pUB110.
8
 The tet(K)-carrying plasmid pT181 has been found 

integrated into several staphylococcal plasmids, namely pSTS20–pSTS23 (31–82 kb).
120

 The 

rep gene of these RC plasmids was functionally inactivated upon integration. This functional 
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inactivation prevents any possible interference between the replication system of the 

integrated plasmid with the replication system of the host plasmid.
8,120

 A similar situation was 

also seen with the lnu(A)-carrying plasmid (Figure 4). Two models have been suggested 

which explain the putative way of plasmid integration via IS257:
74

 non-resolved replicative 

transposition of IS257
59

 or integration in a two-step manner. In the first step, IS257 

transposes into the RC plasmid; the subsequent integration occurs then in a second step by 

homologous recombination with another IS257 on the large plasmid.
120 

 

GGTTCTGTTGCAAAGTTGAAtttATAG CTATatttTTCtAACTTTGCAACAGAACC 
tnp

tnp lnu(A)

∆∆∆∆rep

288         0   2841                                            1464
pLNU2

EcoRI EcoRI

ssoA* ssoAdso

IS257-like element

 

Figure 4. Organization of a 3.5-kb EcoRI fragment of an erm(B)-lnu(A)-carrying plasmid. Arrows indicate the 

genes for a transposase and Lnu(A). The truncated rep gene is shown by a lined box; the arrow indicates its 

direction. The single- and the double-strand origin of replication are marked by black boxes, with white 

arrowheads indicating the orientation of the sso. The region homologous to pLNU2 is shown above the scheme. 

Numbers refer to the nucleotide positions of pLNU2 (accession no. AM184100). The inverted repeats of the IS 

element are shown below the scheme. Matching bases are indicated by capital letters, mismatches are shown as 

lower-case letters. 

 

 

4.2.2. Plasmid pSES22 

 

 The plasmid pSES22 carried an unusual erm(C) gene, distinctly separated from 

previously sequenced erm(C) genes. Only one similar erm(C) type has been previously 

described on plasmid pSES21 from a S. hyicus isolate.
102

 In addition, the plasmid backbone, 

on which this gene was detected, showed no similarity to the plasmids, on which erm(C) is 

commonly located. Instead, plasmid pSES22 closely resembled plasmids like pUB110, except 
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the area covering the resistance gene. The plasmid backbone of pUB110 carries the repU-

ssoU replication system, the pre/mob genes for plasmid recombination/mobilization and the 

recombination site RSA. Homologous regions comprising these genes and structures have 

been found in connection with different resistance genes: aadD-ble on pUB110 of  

S. aureus,
73

 vgbB-vatC on pIP1714 of S. cohnii,
3
 aadD-tet(L) on pSTS7 of S. epidermidis,

101
 

tet(L) on pNS1981 of B. subtilis
107

 and dfrD on pIP823 of Listeria monocytogenes.
24

 All 

these plasmids had common sequence features at the junctions between the homologous and 

nonhomologous regions. Beside the directly repeated GGGC sequence, multiple IRs – more 

or less perfect – were present. These structures allow the formation of secondary structures 

which may promote excision and subsequent exchange of the cassettes comprising the 

resistance gene(s).
19,82

 This is further facilitated by the presence of single-stranded 

intermediates during rolling-circle replication by which these plasmids replicate.
41,77 

 The plasmids on which erm(C) is commonly found, pT48/pN131 or pE194 derivatives, 

contain the single-strand origin ssoA.
77

 The ssoA is known to have a narrow host range, 

restricted to the genus of the natural host only.
41,50,51,77

 In contrast, ssoU found on pSES22 is 

much less restrictive regarding the plasmid’s host range.
50,51

 Thus, the acquisition of erm(C) 

by a plasmid backbone using the replication system repU-ssoU may promote its 

dissemination among a variety of Gram-positive bacteria. The horizontal spread of pSES22 

by mobilization is facilitated by the pre/mob system. 

 

 

5. Selection for constitutively expressed erm(C) genes 

 

 The results obtained by the in vitro selection assay confirmed the assumption that 

constitutively resistant erm(C) mutants develop under the selective pressure of non-inducing 

MLSB antibiotics. Equivalent data for erm(C)-
91,121

 as well as for erm(A)-carrying
93

 

staphylococci have been previously derived for the lincosamide clindamycin,
121

 the 

streptogramin B antibiotic quinupristin
91,93

 and the ketolides telithromycin and ABT-773 in 

vitro.
91,93

 These data give important evidence for the risk that constitutively resistant mutants 

will also occur in vivo during the therapy with non-inducers. In fact, such observations have 

been made in human medicine. Recently, cases of treatment failure based on the development 



 Discussion Chapter 8 
   

 

 167 

of constitutively resistant staphylococcal strains during clindamycin treatment have been 

reported.
33,61,87,108

 Unfortunately, the molecular background of MLSB resistance was not 

investigated. Since most of these strains had been identified as methicillin-resistant S. aureus 

(MRSA) and the two genes erm(A) and erm(C) are the most prevalent erm genes in MRSA 

isolates,
92,111

 it is most probable that any of these genes were present in these clinical cases. 

 In veterinary medicine corresponding data are lacking. The detection of clinical isolates 

carrying constitutively expressed erm(C) genes
48,66,67,102,121

 strongly indicates that such 

development also occurs in animal staphylococci exposed to non-inducing MLSB antibiotics. 

MRSA and methicillin-resistant CoNS in animals are not that widespread as among human 

isolates.
1,111

 However, in such cases lincosamides provide an important alternative to 

penicillins, and the differentiation between inducible resistant and truly susceptible isolates is 

of relevance for a successful treatment.
88 

  

A. B. C.

MY

E

DA
MY

E

DA MY

E

DA

 

Figure 6. D-test, performed to identify the type of resistance. Discs are charged with MY: lincomycin, 15 µg; E: 

erythromycin, 15 µg; and DA: clindamycin, 2 µg. Differentiation between A. constitutive MLSB resistance, B. 

inducible MLSB resistance and C. erythromycin resistance and true lincosamide susceptibility. 
 

 

 The methods routinely used in the diagnostic laboratory, namely broth dilution and 

agar disc diffusion, are not able to detect inducible resistance to non-inducing MLSB 

antibiotics such as 16-membered macrolides and lincosamides. An easily performed agar disc 

diffusion test, the D-test, has been proved to reliably indicate inducible resistance in 

apparently susceptible isolates.
35,49

 Moreover, isolates truly susceptible to a non-inducer are 

also identified (Figure 6). For the D-test an erythromycin-charged disc is placed adjacent to a 

disc charged with a non-inducer. For this purpose, a standard disc dispenser can be used.
35

 In 

inducibly resistant isolates the inhibition zone caused by the non-inducer is flattening at the 

site exposed to the erythromycin-charged disc (Figure 6, B.). Alternatively, PCR assays for 

the genes of interest, mainly erm(C) and msr(A) in animal isolates, can be performed. 
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 In constitutively resistant mutants, structural alterations, such as deletions, tandem 

duplications and point mutations within the regulatory region of the erm(C) gene, have been 

detected. These mutations explain the inactivation of the translational attenuator. In naturally 

occurring isolates, constitutive resistance is more often based on deletions than tandem 

duplications; point mutations that interfere with the formation of stable secondary structures 

are very rarely seen [Chapter 2].
48,102,121

 Certain deletions are frequently observed in 

epidemiologically unrelated isolates.
121

 That points towards a common mechanism, which 

involves the recombination system of the host cell. A proposed model explains the 

development of these deletions by RecA-dependent recombination based on short stretches of 

homology adjacent to the deleted region.
121

 A common mechanism which explains the 

development of duplications, however, is unlikely. Replication slippage or illegitimate 

recombination may be responsible and results in unique, randomly occurring alterations.
121

  

 Regardless of the genetic background of the mutations that led to constitutive 

resistance, the described observations underline the recommendation given by the working 

group “Antibiotic Resistance” of the German Society for Veterinary Medicine (DVG).
69

 For 

the standard in vitro susceptibility testing they propose to use erythromycin as representative 

for the class of macrolides. By this, the misinterpretation of apparent susceptibility to 16-

membered macrolides can be prevented. For the confirmation of susceptibility to 

lincosamides, such as pirlimycin, in erythromycin-resistant isolates, however, further tests are 

necessary (D-test or the detection of the resistance gene) before non-inducers can be 

considered as suitable agents for therapy. 
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Summary 

 

Petra Lüthje:  Molecular basis of pirlimycin resistance in coagulase-negative staphylococci 

from cases of bovine subclinical mastitis 

 

 Mastitis is a disease of major veterinary and economical relevance in dairy industry. It 

is also the main indication for antimicrobial usage in dairy cattle. Subclinical cases of mastitis 

contribute to severe economical losses due to often long-lasting infections accompanied by 

reduced milk production and milk quality. Coagulase-negative staphylococci (CoNS) are 

frequently isolated from these cases of mastitis. Pirlimycin is a lincosamide antibiotic 

exclusively licensed for the treatment of bovine subclinical mastitis in dairy cattle caused by 

Gram-positive cocci. Several resistance mechanisms against either lincosamides or the entire 

group of macrolides, lincosamides and streptogramins B antibiotics (MLSB)  are well known 

in many bacteria. In this study, CoNS as important target organisms of pirlimycin were 

investigated for their antimicrobial susceptibility with particular reference to macrolides and 

lincosamides. In addition, the genes responsible for macrolide and/or lincosamide resistance 

were identified, their association with other resistance genes investigated, and their location 

on plasmids determined. 

 The study was based on a test collection of 298 bovine CoNS isolates obtained from 

cases of subclinical mastitis all over Germany during a 2-year time period [Chapter 2]. The 

overall susceptibility among these isolates to pirlimycin and the tested comparator 

antimicrobial agents was good. The resistance rates to erythromycin and pirlimycin were 

7.4% and 6.4%, respectively. The detected resistance genes were those previously reported 

for other staphylococcal species. The distribution of the different genes, however, varied from 

that in Staphylococcus aureus, but also from that in the other coagulase-positive or -variable 

staphylococcal species of veterinary importance, such as Staphylococcus intermedius and 

Staphylococcus hyicus [Chapter 7]. In general, a more diverse pattern of resistance genes was 

observed in the CoNS and a higher prevalence of those genes which mediated low-level 

resistance, namely lnu(A) and mph(C), was detected. Most of the macrolide and/or 

lincosamide resistance genes identified in the entire project were located on plasmids. 
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 Small resistance plasmids carrying the MLSB resistance gene erm(C) [Chapter 3, 

Chapter 4] or the lincosamide resistance gene lnu(A) [Chapter 5] were investigated in detail. 

The complete nucleotide sequences of two novel types of erm(C)-carrying plasmids and nine 

novel types of lnu(A)-carrying plasmids were analysed. The erm(C)-carrying plasmid pSTE2, 

which also mediated tetracycline resistance via a tet(K) gene, was shown to be an in vivo 

product of site-specific recombination mediated by RSA [Chapter 3]. The second plasmid, 

pSES22, carried an unusual erm(C) variant which was located in a plasmid backbone 

distinctly different from all other so far sequenced erm(C) plasmids [Chapter 4]. This 

plasmid pSES22 as well as the nine sequenced lnu(A)-carrying plasmids, pLNU1–pLNU9 

[Chapter 5], were probably products of interplasmidic recombination. The organisation of 

these plasmids points towards the occurrence of recombination events by which the 

distribution of these resistance genes among different bacterial hosts may be promoted. 

 Pirlimycin is not able to induce erm(C) expression. As expected from previous studies 

on other non-inducing MLSB antibiotics, constitutively resistant mutants developed under the 

selective pressure of pirlimycin or the 16-membered macrolides spiramycin and tylosin 

[Chapter 6]. The investigated mutants showed various different deletions and tandem 

duplications within the regulatory region of the erm(C) gene. A total of ten deletions and 20 

duplications were identified and all these structural alterations resulted in the functional 

inactivation of the translational attenuator by which inducible erm(C) gene expression is 

regulated. 

 In conclusion, the susceptibility of the investigated CoNS to pirlimycin is comparable 

to that of other MLSB antibiotics. Pirlimycin is affected by the same resistance mechanisms 

known for previously used antimicrobial agents of this group. In the investigated CoNS 

isolates, five resistance genes against MSLB antibiotics were detected, often in different 

combinations. The observation that most of these resistance genes were located on plasmids 

indicates a high potential for horizontal dissemination and underlines the role of CoNS as a 

reservoir of resistance genes. 
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Zusammenfassung 

 

Petra Lüthje: Molekulare Grundlagen der Pirlimycinresistenz bei Koagulase-negativen 

Staphylokokken, isoliert von subklinischen Mastitiden beim Rind 

 

 Das Krankheitsbild Mastitis besitzt nicht nur eine große veterinärmedizinische, sondern 

insbesondere für die Milchindustrie auch eine große wirtschaftliche Bedeutung. Zudem ist 

diese Erkrankung der häufigste Grund für den Einsatz antimikrobieller Wirkstoffe bei 

Milchkühen. Durch die häufig lang persistierenden Infektionen verursachen insbesondere 

subklinische Mastitiden aufgrund der geringeren Milchleistung und der qualitativ 

minderwertigen Milch erhebliche wirtschaftliche Verluste. Für subklinische Mastitiden sind 

häufig Koagulase-negative Staphylokokken (KNS) verantwortlich. Das Linkosamid-

Antibiotikum Pirlimycin ist ausschließlich zur Therapie subklinischer Euterentzündungen 

beim Rind zugelassen, die von Gram-positiven Kokken verursacht werden. Verschiedene 

Resistenzmechanismen, die entweder Resistenz nur gegen Linkosamide oder aber Resistenz 

gegenüber der gesamten Gruppe der Makrolide, Linkosamide und den Streptogramin B 

Antibiotika (MLSB) vermitteln, sind bei einer Reihe von Bakterien bekannt. In der 

vorliegenden Studie wurden KNS als wichtige Zielorganismen von Pirlimycin hinsichtlich 

ihrer Empfindlichkeit gegenüber antimikrobiellen Wirkstoffen – mit dem Schwerpunkt auf 

Linkosamiden und Makroliden – untersucht. Weiterhin wurden die für Makrolid- und/oder 

Linkosamidresistenz verantwortlichen Gene identifiziert, deren Assoziation mit anderen 

Resistenzgenen untersucht und deren Lage auf Plasmiden bestimmt. 

 Ein Testkollektiv von 298 KNS-Isolaten, die in einem zweijährigen Zeitraum von 

Fällen subklinischer Mastitis in Deutschland gesammelt wurden, diente als Grundlage für 

diese Studie [Kapitel 2]. Die allgemeine Empfindlichkeitslage der untersuchten Isolate 

gegenüber Pirlimycin und anderen Wirkstoffen mit vergleichbarer Indikation war ausgespro-

chen günstig. Die Resistenzraten für Erythromycin und Pirlimycin betrugen lediglich 7,4% 

und 6,4%. Die bei den resistenten Isolaten nachgewiesenen Resistenzgene entsprachen denen, 

die auch bei anderen Staphylococcus spp. gefunden wurden. Die Verteilung dieser Gene bei 

den KNS unterschied sich jedoch deutlich von der Verteilung bei Staphylococcus aureus und 

anderen, in der Veterinärmedizin wichtigen Koagulase-positiven und -variablen Spezies, wie 
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Staphylococcus intermedius und Staphylococcus hyicus [Kapitel 7]. Im Allgemeinen war bei 

den untersuchten KNS-Isolaten eine größere Vielfalt an Resistenzgenen feststellbar, die 

zudem auch noch in einer Vielzahl von Kombinationen auftraten. Weiterhin waren die 

Resistenzgene, die ein niedrigeres Resistenzniveau – gemessen an den Minimalen Hemm-

konzentrationen – vermitteln, lnu(A) und mph(C), häufiger nachweisbar. Die meisten der bei 

den KNS-Isolaten identifizierten Resistenzgene waren auf Plasmiden lokalisiert. 

 Einige kleine Resistenzplasmide, die entweder das MLSB-Resistenzgen erm(C) [Kapi-

tel 3, Kapitel 4] oder das Linkosamid-Resistenzgen lnu(A) [Kapitel 5] trugen, wurden im 

Detail untersucht. Die kompletten Sequenzen zweier neuartiger erm(C)-tragender Plasmide 

sowie von neun neuartigen lnu(A)-tragenden Plasmide wurden analysiert. Das erm(C)-

Plasmid pSTE2, das auch Tetracyclinresistenz durch ein tet(K)-Gen vermittelt, ist 

höchstwahrscheinlich das unter Einbeziehung der Rekombinationsstelle RSA in vivo 

entstandene Produkt einer ortsspezifischen Rekombination zwischen einem erm(C)-tragenden 

und einem tet(K)-tragenden Plasmid [Kapitel 3]. Ein weiteres Plasmid, pSES22, trug eine 

ungewöhnliche Variante des erm(C)-Gens, das zudem auf einem Plasmid lag, welches sich 

deutlich von allen bisher bekannten erm(C)-Plasmiden unterschied [Kapitel 4]. Die 

Organisation von Plasmid pSES22 und von neun Plasmiden, die das Gen lnu(A) trugen 

[Kapitel 5], deutet auf interplasmidäre Rekombinationsprozesse hin. Die dabei entstandenen 

neuartigen Resistenzplasmide können zur Verbreitung der Resistenzgene zwischen 

Wirtsbakterien verschiedener Arten beitragen. 

 Pirlimycin selbst kann die Expression des erm(C)-Gens nicht induzieren. Unter dem 

Selektionsdruck von Pirlimycin oder den 16-gliedrigen Makroliden Spiramycin und Tylosin 

entwickeln sich jedoch, wie aufgrund früherer Untersuchungen von anderen nicht-induzieren-

den MLSB-Antibiotika vermutet, konstitutiv resistente Mutanten [Kapitel 6]. In diesen 

Mutanten wurden zehn verschiedene Deletionen und 20 verschiedene Duplikationen in der 

Regulatorregion des erm(C)-Gens nachgewiesen. Diese strukturellen Veränderungen konnten 

die funktionelle Inaktivierung des Mechanismus der attenuierten Translation erklären, durch 

den die induzierbare erm(C)-Genexpression reguliert wird. 

 Zusammenfassend lässt sich sagen, dass die Empfindlichkeit der untersuchten KNS-

Isolate gegenüber Pirlimycin vergleichbar ist mit der gegenüber anderen MLSB-Antibiotika. 

Pirlimycin ist von denselben Resistenzmechanismen betroffen, die für bisher therapeutisch 
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eingesetzte Vertreter dieser Wirkstoffgruppe bereits bekannt waren. Die untersuchten KNS-

Isolate wiesen fünf verschiedene Resistenzgene auf. Die vielfältigen Kombinationen und die 

überwiegende Lage dieser Gene auf Plasmiden weisen darauf hin, dass diese Bakterien eine 

hohe Fähigkeit besitzen, solche Resistenzgene von anderen Bakterien zu akquirieren. Damit 

stellen KNS auch ein potenzielles Reservoir an Resistenzgenen für andere Bakterien dar. 
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