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ABSTRACT:  
Aim: To evaluate fusidic acid resistance pheno- and geno-typically in nasal 
carriage Staphylococcus aureus isolated from general practice patients in nine 
European countries. Materials & methods: Phenotypic fusidic acid resistance 
was determined by disc diffusion and MIC values, and genotypically by a PCR 
detecting fusA–E genes. The main analysis was performed on methicillin-
susceptible S. aureus strains, because methicillin-resistant S. aureus isolates 
were scarce. Results: Overall S. aureus fusidic acid resistance was low (<10%). 
fusC was the predominant mechanism of resistance and associations were found 
between resistance genes and specific spa types. Conclusion: S. aureus strains 
showed low resistance to fusidic acid, making this antibiotic an appropriate 
choice in the treatment of methicillin-susceptible S. aureus skin infections in 
general practice patients in the nine participating European countries. 

Staphylococcus aureus is frequently encountered as the causative bacterial pathogen 
of skin and skin structure infections (SSSIs), such as impetigo. For the local 
treatment of these infections, fusidic acid is regularly prescribed in Europe [1,2]. In 
addition, this antibiotic was shown to be as effective as linezolid in treating 
methicillin-resistant S. aureus (MRSA) SSSIs [3]. However, the effectiveness of this 
treatment is being hampered by the appearance of resistance to this agent among S. 
aureus strains [2]. Fusidic acid is a bacteriostatic antibiotic by interacting with EF-G, 
inhibiting its release from the ribosome and thus stopping bacterial protein synthesis 
[1]. Resistance to this antibiotic can be caused by mutations in fusA (the gene 
encoding EF-G) or by the plasmid-based fusB, fusC or fusD genes, which encode 
proteins that prevent the interaction of fusidic acid with EF-G or facilitate the 
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disconnection between these two compounds [4]. In addition, mutations in rplF, 
which encodes ribosomal protein L6 (i.e., a ribosomal contact area with EF-G), can 
result in fusidic acid resistance (fusE) [5]. 

Until recently, the fusB gene was considered to be mainly responsible for the 
acquired form of fusidic acid resistance [1]. However, the discovery of the fusC gene 
in 2007 made it clear that a large proportion of the isolates initially tested negative 
for the known fusidic acid resistance genes were carrying this newly discovered gene 
[1]. Recent publications show that most fusidic acid-resistant S. aureus strains have 
acquired fusidic acid resistance, with dominance of fusB or fusC differing per 
country [2,6–7]. In younger patients with impetigo, the fusB-positive fusidic acid-
resistant impetigo clone (epidemic European fusidic acid-resistant impetigo clone; 
EEFIC) has been shown to be highly prevalent [6,8]. 
Previous studies on S. aureus fusidic acid resistance have mainly focussed on clinical 
isolates. However, carriage S. aureus strains could offer important insights, because a 
person’s own microbiota is considered to be the reservoir of resistance and nasal 
colonizing strains have been shown to often be the source of S. aureus infection 
[9,10]. 
Within The APRES study, we collected nasal carriage S. aureus strains in nine 
European countries via national general practice (GP) networks. In this way, we 
determined the prevalence of fusidic acid resistance in these countries and 
investigated the genetic determinants (fusA–E) for this resistance. In addition, we 
related the genotypic characterization to background information from the patients 
from whom the isolates originated. Finally, we assessed the clonal relationship 
between the fusidic acid-resistant S. aureus by means of spa typing, because both 
fusB and fusC have been linked to specific spa types [6,11]. For all our objectives, 
we stratified our results by methicillin-susceptible S. aureus (MSSA) and MRSA, 
because of previously observed differences in fusidic acid resistance genotypes [12]. 

MATERIALS & METHODS 
The APRES study design has been described in a previous publication [13]. For this 
reason, we shall only briefly mention the methods used in this study. 

GPs & patients 

From existing national GP networks in Austria, Belgium, Croatia, France, Hungary, 
Spain, Sweden, The Netherlands and the UK the participating GPs (n = 20 per 
country was aimed at) were recruited. Each GP was asked to collect nasal swabs 
from 200 patients, aged ≥4 years (UK: ≥18 years due to ethical committee 
constraints), who visited his/her practice for a noninfectious condition in the period 
from November 2010 to August 2011. Patients were excluded when they had been 
prescribed an antimicrobial agent or had been hospitalized in the previous 3 months. 
In addition, immunocompromised patients (e.g., diabetes mellitus) and nursing home 
residents were excluded. With these exclusion criteria, only ‘colonized patients’ were 
included, thereby serving as a representative sample of the general population. 
Background information of the participants (i.e., age, sex and whether the patient had 
a medical history of a chronic skin disease) was noted too. 
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Swabs & S. aureus isolates 
A charcoal swab (Transystem, cod. 114 C, Copan Italia, Italy) was used to swab both 
anterior nares of the patients. After a swab was collected, it was sent to one (national) 
microbiological laboratory, where S. aureus was isolated and identified using a 
standardized protocol [13]. 
When all swabs were collected and analyzed by the national laboratory, the detected 
S. aureus strains were frozen (at -20°C) and shipped batchwise to the microbiological 
laboratory of Maastricht University Medical Centre (MUMC), The Netherlands, 
where the antibiotic resistance testing was performed. Apart from fusidic acid, S. 
aureus resistance was determined for the following antibiotics: azithromycin, 
ciprofloxacin, clindamycin, daptomycin, erythromycin, gentamicin, linezolid, 
oxacillin, tetracycline, trimethoprim–sulfamethoxazole and vancomycin [14]. 

During the study period, a total of 32,203 analyzable swabs were collected, of which 
6953 (21.6%) yielded S. aureus. Of these, 6905 (99.3%) were available in Maastricht 
for antibiotic resistance testing [14]. MRSA was confirmed in 91 of these 6905 S. 
aureus isolates. 

Fusidic acid resistance testing 
Initially, disc diffusion zone diameters were determined for all S. aureus strains, 
according to the European Committee on Antimicrobial Susceptibility Testing 
(EUCAST) guidelines (10 μg fusidic acid discs, Neo Sensitabs, Rosco Diagnostica, 
Denmark) [15]. Owing to difficulties in interpreting the zone diameters, for which 
we contacted EUCAST, we decided to confirm our results (classification: susceptible 
vs resistant) with broth microdilution MIC values. These were assessed for the 
isolates with zone diameters ±2 mm from the proposed cutoff value by EUCAST 
(<24 mm is resistant), thus the isolates with zone diameters between 21 and 25 mm 
[6,15]. For MIC values, we used a cutoff value of >1 mg/l to classify the S. aureus 
strain to be resistant to fusidic acid, which is in accordance with the EUCAST 
guidelines [15]. 

In order to evaluate the effect of the specific fusA mutations on the level of 
resistance, E-tests (BioMérieux, AB Biodisk, Solna, Sweden) were performed on all 
fusA-positive isolates. 

PCR 

All S. aureus classified as fusidic acid resistant, based on the MIC value, were 
evaluated for the presence of acquired resistance genes (fusB, fusC and/or fusD) in a 
multiplex PCR approach, as previously described [7]. When strains showed negative 
results, they were further investigated for chromosomal mutations in fusA and fusE, 
as described by Castanheira et al. [7]. The obtained nucleotide sequences were 
aligned using the program ClustalW (Bioinformatics Center, Kyoto, Japan) and 
subsequently converted into amino acid sequences. With the program Clustal Omega 
(EMBL-EBI, Hinxton, UK) the amino acid sequences were compared with the wild-
type gene retrieved via BLAST [16]. 
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spa typing 

For feasibility reasons, approximately half of all fusidic acid-resistant strains were 
randomly selected via the program SPSS version 16.0 (SPSS Inc., IL, USA) for spa 
typing. In accordance with previous studies, real-time amplification of the spa locus, 
followed by sequencing, was performed [17]. The algorithm based upon repeat 
pattern (BURP) with the Ridom StaphType version 1.5 (Ridom GmbH, Münster, 
Germany) software package [18] was used to cluster the spa types into spa clonal 
complexes (spa-CCs). We used the recommended settings by the manufacturer. 

Statistical analysis 
Statistical analysis was only performed on the MSSA data, because the low numbers 
of MRSA did not allow for meaningful analysis. 
The groups divided by the different fusidic acid resistance genes found were 
compared with respect to patient characteristics, that is, age (in years), gender (% 
women) and a history of a chronic skin disease (yes/no), and bacterial characteristics, 
that is, disc diffusion zone diameter (in mm), proportion multidrug resistant and spa 
type. 
In order for a strain to be classified as multidrug resistant, it should be resistant to 
three or more antibiotic classes. Penicillin resistance was not included in this 
classification, because most S. aureus express resistance to this antibiotic. 

For the comparison of two groups, χ2 tests were used for categorical variables; for 
continuous variables the independent sample t-test or Mann–Whitney U test was 
performed, dependent on whether parametric assumptions were met. When more 
than two groups were compared, logistic regression analyses were performed for 
categorical variables and the analysis of variance (ANOVA) test or Kruskal–Wallis 
test were used for continuous variables, where appropriate. All statistical analyses 
were done using SPSS version 20.0 and a p-value of <0.05 was considered to be 
statistically significant. 

RESULTS 

Determination of fusidic acid resistance cutoff 

The strains with a zone diameter ≤22 mm all showed a MIC value >1 mg/l, whereas 
the isolates with larger zones all showed MIC values below this cutoff value. In this 
way, we concluded that in our collection the isolates with a zone diameter <23 mm 
should be classified as fusidic acid resistant. 

Fusidic acid resistance 
In total, 2.8% (n = 194) of the MSSA isolates showed resistance to fusidic acid, 
which ranged from 0.1% (n = 1) in Croatia to 7.8% (n=62) in the UK (Table 1). In all 
countries, more than half of the resistant isolates showed acquired fusidic acid 
resistant genes (fusB, fusC or fusD): range 52.6% (Belgium) to 100% (Austria, 
Hungary). fusC was the most prevalent resistance mechanism (45%; n = 88) and no 
S. aureus had acquired the fusD gene or showed fusE mutations. Six strains showed 
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negative results for all resistance genes (four UK, one Belgian and one Dutch 
isolate). 

Nine of the 91 (9.9%) MRSA isolates were fusidic acid-resistant, of which six 
originated from France (2 fusA and 4 fusC), and one strain from Austria (fusC), The 
Netherlands (fusB) and the UK (fusC) each. 

fusA mutations & MIC values 
The mutation most frequently observed among our fusA-positive isolates (n = 52) 
was the substitution of valine with isoleucine at position 90 (V90I) of the fusA gene 
(n = 17) followed by the substitution of leucine by serine at position 461 (L461S, n = 
16) (Table 1). These prevalent mutations were accompanied by relatively low MIC 
values as measured by E-test: V90I, range 2–16 mg/l; L461S, range: 6–24 mg/l. The 
highest resistance values (>256 mg/l) were observed for the following mutations: 
L461K, H457Y and the combinations of V90I/R483C, P406L/A376T and 
T326I/T385N/L461Y. 

The two French fusA-positive MRSA strains showed following mutations: V90I and 
P406L. 

Patient & bacterial characteristics per resistance gene 
Patients carrying a fusB-positive MSSA strain were on average younger than patients 
carrying fusA- or fusC-positive S. aureus (43 years vs 54 and 53 years, respectively, 
p < 0.01). When comparing these groups on gender or having a chronic skin 
condition, no significant differences were found (p < 0.05). 

[TABLE 1] 
Of the 25 spa typed fusB-positive isolates, 21 (84%) were associated with spa-CC 
659/171, and 17 of these 21 strains had spa t171 (associated with sequence type 
[ST]-123) (Table 2). For fusC strains, a large proportion (81%; 42/52) was clustered 
to spa-CC 008 or CC 114 and spa t127 (associated with ST-1) was responsible for 12 
of the 14 isolates of spa-CC 114. For fusA, a more diverse profile of spa-CCs was 
observed (Table 2). 

Tetracycline resistance was significantly higher in fusC isolates as compared with the 
fusA/B isolates (24% [21/88] vs 1% [1/100] respectively; p < 0.01). The fusC-
positive S. aureus isolates that were tetracycline resistant showed no clustering by 
country. 

Multidrug resistance 

Among the fusidic acid-resistant MSSA isolates, 6/194 (3.1%) were multidrug 
resistant (fusA [n = 1] and fusC [n = 5]). The multidrug-resistant profiles consisted 
mainly of tetracyclines, (tetracycline) macrolides 
(azithromycin/clindamycin/erythromycin) and quinolones (ciprofloxacin). For 
MRSA, seven out of the nine strains were multidrug-resistant, including the same 
antibiotic classes as for MSSA, except for one strain that showed resistance to 
gentamicin (fusA [n = 2], fusB [n = 1] and fusC [n = 4]). 
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DISCUSSION 
In this study, we have evaluated nasal carriage S. aureus fusidic acid resistance, both 
pheno- and geno-typically. The isolates originated from GP patients from nine 
European countries who did not have traditional risk factors for antibiotic resistance, 
such as an infectious condition at inclusion, recent antibiotic use and recent 
hospitalization. Overall fusidic acid resistance was relatively low (2.9%), with fusC 
being the predominant resistant mechanism among these fusidic acid-resistant 
strains. fusB and fusC were associated with specific spa-CCs, whereas fusA showed 
a more diverse spa profile. Moreover, fusC was associated with tetracycline 
resistance. 
The strength of the present study is the unique, large collection of S. aureus, which 
gives insight in the S. aureus fusidic acid resistance profile of nine European 
communities. Furthermore, standardized laboratory protocols were used for S. aureus 
identification and antibiotic resistance testing was performed at one central 
laboratory, thereby minimizing interlaboratory bias. 
Our purpose was to discriminate the fusidic acid susceptible from the resistant 
isolates, in which determining disc diffusion zone diameters has the advantage of 
being feasible, although difficulties in the interpretation of the zone diameters can 
make the results subjective. Therefore, we verified whether isolates were correctly 
classified as fusidic acid resistant or susceptible based on the disc diffusion method. 
This was done by determining the MIC values of the isolates with zone diameters 
around the (disc diffusion) resistance cutoff value. The clear difference between 
susceptible and resistant isolates based on the MIC values shows that the resistance 
cutoff value we used was appropriate for this S. aureus collection. 
For feasibility reasons, we chose to perform spa typing on approximately 50% of the 
fusidic acid-resistant S. aureus. Owing to the consistency in the spa types found per 
fusidic acid resistance gene, and the fact that the spa-typed isolates were randomly 
chosen, we think that the presented spa typing data are representative for our total 
collection. In this way, we believe this is a valid, cost–effective way of reporting our 
spa typing results 
The approach to only test S. aureus for fusA and fusE when found negative for fusB–
D was based on the paper by Castanheira et al. [2]. They stated that this approach is 
supported by a study by O’Neill and Chopra who found that levels of fusidic acid 
resistance did not increase in strains with fusA mutations after insertion of fusB [19]. 
In this way, strains would not benefit from a combination of resistance mechanisms, 
making it unlikely that such a situation occurs in clinical strains. 
The highest resistance among MSSA strains was observed in the UK (7.8%), 
followed by The Netherlands (5.1%) and the lowest prevalence of resistance was 
observed in the participating eastern European countries, that is, Croatia (0.1%) and 
Hungary (0.2%). Unfortunately, we were not able to retrieve topical fusidic acid use 
data from all these countries, including an inquiry at LeoPharma (the producer of 
fusidic acid), which might be an explanation for these differences. Cross-resistance 
was addressed by Farrell et al. as another potential cause of the emergence of fusidic 
acid resistance, although no specific antibiotic was stated that could be involved in 
this cross-resistance [1]. The situation in the USA was given as an example with the 
presence of fusidic acid resistance without the clinical use of this agent. In this 
respect, the relationship found between fusC and tetracycline resistance can be of 
importance. Combined fusidic acid and tetracycline resistance have been reported in 
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a sheep model after agricultural use of streptomycin, but the resistance mechanism 
for fusidic acid was not determined [20]. In this perspective, insight in the genetic 
elements on which fusB and fusC reside is of importance. fusB has been identified 
on the pUB101 plasmid, which also carried genes for β-lactmase and cadmium 
resistance [21]. Recently, fusC has been detected on a novel staphylococcal cassette 
chromosome (SCC) structure, named SCCfusC, in MRSA strains. It was found 
upstream of the SCCmec and also included speG, probably mediating polyamine 
resistance [22]. Further evaluation is needed to clarify the existence of cross-
resistance for fusidic acid and (molecular) epidemiology of its resistance. 

[TABLE 2] 
In clinical S. aureus isolates, a study has shown dominance of mutational fusidic acid 
resistance (in MRSA) [12], while others reported a higher proportion of acquired 
resistance [7,23]. With most nasal carriage fusidic acid-resistant S. aureus strains 
harboring acquired resistance genes, our results imply that horizontal gene transfer is 
mainly responsible for S. aureus fusidic acid resistance (present) in the community 
[1]. 
For six isolates we could not relate phenotypic resistance to the known resistance 
genes, implying that there is probably another genotypic variant that results in fusidic 
acid resistance. 
Castanheira et al. investigated fusidic acid resistance in clinical Staphylococcus 
species from 13 European countries, including 2700 S. aureus strains [2]. In 
accordance with our findings, they found that fusC was the genetic mechanism most 
prevalent among S. aureus. In that study, fusA mutations were shown to be 
correlated with higher MIC levels than isolates in which the fusB or fusC gene was 
present. Amino acid alteration L461K accounted for the major part of fusA mutations 
in the Castanheira study, which confers high-level resistance (≥512 mg/l). In the 
present study this mutation was only found in four isolates from the UK (with MIC 
>256 mg/l). The reason for this discrepancy between nasal carriage and invasive 
strains needs to be explored in future studies. 
In this study, the most prevalent fusA mutations (L461S and V90I) resulted in low-
level resistance, in agreement with previous studies [1,2]. However, the combination 
of the latter variant with the substitution of arginine with cysteine at location 483, 
resulted in high-level resistance (MIC >256 mg/l), which has not been reported 
before and this also applied to the combined mutations T326I/T385N/L461Y. The 
other mutations causing high-level resistance, that is, P406L, H457Y and L461K, 
have been considered to be causally related to in vitro resistance [1,23–24]. It would 
be interesting to evaluate the clinical relevance of the other mutations found in this 
study. 
For S. aureus with fusA mutations, the diverse bacterial background of resistance has 
been shown before [25]. Here, we showed that a large proportion (74%) of the fusC-
positive isolates belonged to spa-CC 8 or 127. The latter spa-CC was also reported 
by Elazhari et al. as being related to their fusC-positive clinical S. aureus strains 
isolated in Morocco [11]. However, they reported no clonal relationship between 
their fusB-positive strains, although their number was fairly low (n = 2). In our study, 
we did find a clonal relationship between fusB-positive isolates with over 80% of 
these strains clustering in spa-CC 159/645 for which spa type 171 was mainly 
responsible. This is the spa type that has also been associated with the EEFIC [6,8]. 
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The EEFIC has been isolated mainly from younger patients with impetigo; in our 
infection-free population we did observe that, in general, fusB-positive S. aureus 
were isolated from younger patients than fusA- and fusC-positive S. aureus. 
From the countries that participated in this study, EEFIC has previously been 
described in clinical S. aureus strains from the UK [8], The Netherlands [6], France 
[26] and Sweden [27]. We also found fusB-positive isolates predominantly in these 
countries, implicating that the spread of this clone to other European communities is 
(still) limited. 
For MRSA, we observed a higher prevalence of resistance to fusidic acid in 
comparison with MSSA isolates (9.9 vs 2.8%), although still not alarmingly high. 
The majority of the fusidic acid-resistant MRSA strains were from French patients. 
Owing to relatively low numbers, we cannot make firm conclusions based on our 
data. In addition, Otter et al. stated in a review on community-associated MRSA that 
outbreaks of these bacteria have been described in the absence of nasal carriage [28]. 
Moreover, the ‘European’ community-acquired (CA)-MRSA clone (ST-80) is 
associated with resistance to fusidic acid [24], not justifying any recommendations 
with respect to MRSA treatment based on our nasal carriage strains. 

Since it has been shown that invasive S. aureus infections are often caused by 
carriage strains, our MSSA data can be applicable to GP guidelines [10]. The overall 
low resistance justifies the use of fusidic acid in GP patients with MSSA SSSIs in all 
participating countries. Nevertheless, regular surveillance needs to be performed in 
all participating countries to control fusidic acid resistance and to observe changes in 
the prevalence of resistance over time, especially with horizontal gene transfer (fusB 
and fusC) being the predominant cause of nasal carriage S. aureus resistance [1]. 

CONCLUSION 
 
In conclusion, S. aureus nasal carriage strains from nine European countries showed 
a low prevalence of resistance to fusidic acid, with fusC being the most important 
genetic mechanism of this resistance. fusB and fusC were related to specific spa 
clusters, whereas fusA showed more heterogeneity. Based on antibiotic susceptibility 
results, fusidic acid is currently an appropriate choice for MSSA SSSIs in the GP 
setting of the participating countries. Owing to limited data, no recommendations can 
be given for MRSA infections. 

Future perspective 
In the past years, numerous reports have described an increase of antibiotic 
resistance, irrespective of country and setting. In order to control this emergence of 
resistance, regular surveillance is one of the options that can be performed, of which 
the results should be translated into clinical guidelines. With the majority of 
antibiotics being used outside the hospital, surveillance is essential in the outpatient 
setting, although at this moment most research has focused on invasive strains. With 
the conductance of surveillance in primary care, the use of broad-spectrum 
antibiotics could be limited, and hereby decreasing the enormous potential of a 
person’s microbiota to acquire and disseminate antibiotic resistance genes. With the 
present study, we hope to have provided the start of an ongoing surveillance system 
in the participating countries and hope that similar initiatives will be undertaken in 
other countries. Also, more research is needed to further determine the reasons why 
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several MRSA strains are capable of causing infection without being present at the 
carriage level. 
EXECUTIVE SUMMARY 

Background  

 • A person’s own microbiota, including Staphylococcus aureus, is considered an 
important reservoir of antibiotic resistance genes. 

Study material  

 • S. aureus strains collected from nose swabs taken from general practice patients 
without known risk factors for antibiotic resistance (i.e., recent antibiotic use, 
hospitalization) in nine European countries. 

Main findings  

 • Overall, S. aureus resistance to fusidic acid was 2.9%, ranging from 0.1% in 
Croatia to 7.8% in the UK. 

 • fusC was the most commonly found genetic mechanism (46% of all fusidic acid-
resistant isolates). 

 • spa clonal complex (spa-CC) 659/171 was associated with fusB and fusC with 
spa-CC 008 and 114, whereas fusA showed more heterogeneity. 

 • Six out of nine fusidic acid-resistant methicillin-resistant S. aureus isolates 
originated from France. 

 • Tetracycline resistance was found to be associated with fusC. 

Recommendations  

 • Fusidic acid is currently an appropriate choice to treat methicillin-susceptible S. 
aureus (skin) infections in the GP setting of the participating countries, based on 
antibiotic susceptibility patterns. 

 • More research is needed to evaluate the appropriateness of fusidic acid in 
methicillin-resistant S. aureus skin infections general practice. 
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