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ABSTRACT

Staphylococcus aureus is globally one of the most 
important pathogens causing contagious mastitis in 
cattle. Previous studies using ribosomal spacer (RS)-
PCR, however, demonstrated in Swiss cows that Staph. 
aureus isolated from bovine intramammary infections 
are genetically heterogeneous, with Staph. aureus geno-
type B (GTB) and GTC being the most prominent 
genotypes. Furthermore, Staph. aureus GTB was found 
to be contagious, whereas Staph. aureus GTC and all 
the remaining genotypes were involved in individual 
cow disease. In addition to RS-PCR, other methods for 
subtyping Staph. aureus are known, including spa typ-
ing and multilocus sequence typing (MLST). They are 
based on sequencing the spa and various housekeeping 
genes, respectively. The aim of the present study was 
to compare the 3 analytic methods using 456 strains of 
Staph. aureus isolated from milk of bovine intramam-
mary infections and bulk tanks obtained from 12 Euro-
pean countries. Furthermore, the phylogeny of animal 
Staph. aureus was inferred and the zoonotic transfer of 
Staph. aureus between cattle and humans was studied. 
The analyzed strains could be grouped into 6 genotypic 
clusters, with CLB, CLC, and CLR being the most 
prominent ones. Comparing the 3 subtyping methods, 

RS-PCR showed the highest resolution, followed by spa 
typing and MLST. We found associations among the 
methods but in many cases they were unsatisfactory 
except for CLB and CLC. Cluster CLB was positive for 
clonal complex (CC)8 in 99% of the cases and typically 
positive for t2953; it is the cattle-adapted form of CC8. 
Cluster CLC was always positive for t529 and typically 
positive for CC705. For CLR and the remaining sub-
types, links among the 3 methods were generally poor. 
Bovine Staph. aureus is highly clonal and a few clones 
predominate. Animal Staph. aureus always evolve from 
human strains, such that every human strain may be 
the ancestor of a novel animal-adapted strain. The 
zoonotic transfer of IMI- and milk-associated strains of 
Staph. aureus between cattle and humans seems to be 
very limited and different hosts are not considered as 
a source for mutual, spontaneous infections. Spillover 
events, however, may happen.
Key words: Staphylococcus aureus, bovine 
intramammary infection, subtyping, phylogeny, 
zoonotic transfer

INTRODUCTION

Staphylococcus aureus is known as an important 
pathogen responsible for contagious IMI in cattle 
worldwide (Sears and McCarthy, 2003). It is of cen-
tral interest for the dairy industry and veterinary 
medicine in Switzerland, as it is responsible for massive 
economic loss in Switzerland (Heiniger et al., 2014). 
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Intensive investigations were carried out in Switzerland 
in the last years to subtype Staph. aureus involved in 
bovine mastitis (Fournier et al., 2008; Graber et al., 
2009). Fournier et al. (2008) developed a genotyping 
method based on amplifying the 16S-23S rRNA inter-
genic spacer region by PCR (ribosomal spacer-PCR, 
RS-PCR), which showed the associations of genotype 
with virulence gene pattern and clinical properties of 
the disease. In the first instance, 17 different genotypes 
were found and further characterized for their virulence 
gene patterns (Fournier et al., 2008). Staphylococcus 
aureus genotype B (GTB) and GTC were the most fre-
quent genotypes found in bovine milk (80%), but only 
GTB was contagious, with cow prevalences of up to 
87% within herds, whereas GTC showed noncontagious 
behavior, infecting only single cows in a herd and single 
quarters of the udder (Fournier et al., 2008; Graber 
et al., 2009). Staphylococcus aureus GTB is character-
ized by the presence of the enterotoxin genes sea, sed, 
and sej and a SNP within the lukE gene (lukEB). In 
contrast, Staph. aureus GTC typically carries the en-
terotoxin genes sec, seg, sei, and tst (coding for toxic 
shock toxin-1) and is lukEB-negative (Fournier et al., 
2008). All the other genotypes (GTOG) associated 
with Swiss mastitic dairy milk were rare, and their 
virulence gene patterns were inconsistent except that 
all were sea-negative (Fournier et al., 2008).

In humans, Staph. aureus is a well-known patho-
gen, responsible for wound infections and septicemia; 
it is, as a multiply resistant pathogen, an important 
and increasing problem in hospital environments and 
individual patients (Bannermann and Peacock, 2007). 
In terms of food safety, Staph. aureus is capable of 
producing a variety of enterotoxins that cause severe 
vomiting and diarrhea in humans (Hennekinne et al., 
2012; Hummerjohann et al., 2014).

Staphylococcus aureus has been extensively studied 
and various typing methods have been described for 
subtyping this pathogen (Rabello et al., 2007; Hwang 
et al., 2010; van den Borne et al., 2010; Sakwinska 
et al., 2011). Two common methods are spa typing 
(Harmsen et al., 2003) and multilocus sequence typing 
(MLST; Enright et al., 2000). The former is based 
on DNA sequencing of the variable spacer region of 
the staphylococcal spa gene, whereas the latter requires 
the sequencing of 7 housekeeping genes. Other methods 
include pulsed-field gel electrophoresis (Bardiau et al., 
2013; Lundberg et al., 2014) or binary typing (Zadoks 
et al., 2000). These analytic methods are useful to gain 
further insight into the pathogenesis of bovine masti-
tis caused by Staph. aureus but, because of their low 
throughput and high cost, they are less appropriate for 
large clinical investigations and routine analyses in vet-
erinary medicine. Furthermore, the method is linked to 

the within-herd epidemiological and pathogenic proper-
ties of the different subtypes.

In the present study including 12 European coun-
tries, we compared the 3 analytic methods RS-PCR, 
spa typing, and MLST for subtyping 456 strains of 
Staph. aureus isolated from milk of bovine IMI and 
bulk tanks. Furthermore, we deciphered the phylogeny 
of animal Staph. aureus and studied the zoonotic trans-
fer of Staph. aureus between cattle and humans.

MATERIALS AND METHODS

Strains

In total, 456 bovine strains of Staph. aureus originat-
ing from 12 European countries were examined (Table 
1). They were reused from the companion study by 
Cosandey et al. (2016). The strains had been stored 
in skim milk at −20°C and were recultured on blood 
agar (bioMérieux Suisse s.a., Geneva, Switzerland) by 
plating a loopful of bacteria on the agar and incubat-
ing it at 37°C for 24 h. As described by Cosandey et 
al. (2016), the isolates had originated from aseptically 
collected milk samples from single quarters (SQM) 
with subclinical IMI, or from bulk tank milk (BTM) 
samples obtained according to the guidelines of the 
National Mastitis Council (NMC, 1999), or they had 
been taken from the authors’ bacterial culture collec-
tions (BC). The BC strains had all been obtained from 
milk of cows with subclinical IMI using aseptic sample 
collection.

The BTM and SQM samples were selected from herds 
where IMI caused by Staph. aureus had been observed 
in the past year. The countries and regions delivering 
BTM and SQM samples are listed in Table 1. Among 
these countries, the cows of the herds to be sampled 
were selected according to different criteria including, 
at maximum, all lactating cows of a herd or, at mini-
mum, the quarters positive by California Mastitis Test. 
Regardless of the selection criterion, however, SQM 
samples were collected aseptically. Cows with clinical 
mastitis and those under antimicrobial treatment were 
excluded. The SQM and BTM samples originated from 
231 farms. The Swiss strains were taken from the au-
thors’ strain collection and included a random subset 
of Staph. aureus GTB (n = 39) and GTC (n = 32). For 
the other Swiss genotypes, all available strains of the 
strain collection were used (n = 15).

Genotypes, spa types, sequence types, and clonal 
complexes (CC) were considered associated with IMI 
if the isolates had been obtained from aseptically taken 
milk samples as in the case the SQM pools or if they 
had been taken from the authors’ strain collections 
(BC). An additional subset of 7 Swiss strains was used 
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for phylogenetic analyses. All had been isolated from 
milk of Swiss cows with chronic subclinical mastitis 
and had been stored in skim milk at −20°C until they 
were subjected to whole-genome sequencing (for more 
details see below).

DNA Samples

The DNA was extracted from single colonies of Staph. 
aureus. A colony was picked and resuspended in 100 µL 
of 10 mM Tris-HCl and 10 mM EDTA (pH = 8.5), 
incubated at 95°C for 10 min, and immediately placed 
on ice. The lysates were diluted 1:100 in H2O to be used 
as templates for the different types of PCR (Table 2). 
The samples were stored at −20°C and were analyzed 
within 2 weeks after extraction.

Typing Methods

Each of the following methods was evaluated using 
the 456 strains of Staph. aureus listed in Table 1.

RS-PCR. For the present study, the genotyping re-
sults were from the companion paper (Cosandey et al., 
2016), as identical strains were used for both studies. 
In brief, all strains were first analyzed by melting curve 
PCR for nuc as described by Syring et al. (2012). The 
nuc gene is highly specific for Staph. aureus (Brakstad 
et al., 1992; Graber et al., 2007) and was therefore used 

for definitive identification. All nuc-positive isolates 
(i.e., Staph. aureus) were then genotyped by RS-PCR 
using a miniaturized electrophoresis system (Agilent 
Technologies, Santa Clara, CA) as described by Fourni-
er et al. (2008). New genotypes were subsequently 
named according to Fournier et al. (2008). Genotypic 
variants, differing in only 1 band from the genotype, 
were indicated with roman superscripts, as described in 
Cosandey et al. (2016).

spa Typing. The spa typing was performed accord-
ing to Harmsen et al. (2003) using primers for PCR and 
sequencing as indicated in Table 2. The method is based 
on the DNA sequence of the spacer region of the spa 
gene of Staph. aureus, which encodes for staphylococcal 
protein A. Amplification of the target was performed 
in a total volume of 25 µL containing 300 nM of each 
primer (Table 2), 12.5 µL of HotStarTaq Master Mix 
(Qiagen AG, Hombrechtikon, Switzerland), and 2.5 
µL of template DNA. The reactions were run in a T-
Professional thermal cycler (Biometra, Göttingen, Ger-
many). Cycling included an initial denaturation step at 
95°C for 15 min followed by 37 cycles of denaturation at 
94°C for 60 s, annealing at 60°C for 60 s, and extension 
at 72°C for 60 s. The PCR was terminated by a single 
extension step at 72°C for 10 min. The PCR products 
were sent to a commercial sequencing center (Micro-
synth AG, Balgach, Switzerland) for cleaning-up and 
DNA sequencing. The obtained sequences were then 

Table 1. European survey on Staphylococcus aureus in cow milk: participating countries and types of samples

Country (region)  Sample type1

 

Total strains analyzed  
per country (no.)

IMI Bulk tank milk

Austria (Kärnten)  BC  37  
Austria (Oberösterreich)  BC  13  
Austria (Tirol)  BC2   46
Belgium (Liège)  BC  20  
France (Lozère)  SQM (8 herds)  13  
France (Rhône-Alpes)  BTM   10
  SQM (2 herds)  2  
Germany (Niedersachsen)  BTM   28
Germany (Baden-Württemberg)  BTM   39
Germany (Thüringen)  BTM   28
  SQM (7 herds)  5  
Ireland (Laighin)  SQM (10 herds)  14 0
Italy (Lombardia)  BC  24 0
Macedonia (Radoviš)  SQM (3 herds)  3 0
The Netherlands (Overijssel)  BC  14  
  BTM   25
Norway (Oslo)  SQM (21 herds)  12 0
Slovenia (Ljubljana)  SQM (3 herds)  5 0
  BC  8  
Sweden  BC  24 0
Switzerland  BC  86 0
Total    280 176
1BC = bacterial culture collection; BTM = bulk tank milk; SQM = single-quarter milk.
2The strains were originally isolated from BTM.
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evaluated for the corresponding spa type (t) using the 
spa typing website (http://www.spaserver.ridom.de/; 
Harmsen et al., 2003).

MLST. Multilocus sequence typing is based on DNA 
sequencing of the 7 housekeeping genes arcC, aroE, 
glpF, gmk, pta, tpi, and yqiL, as described by Enright 
et al. (2000). In contrast to the original publication, 
new primer pairs for each gene were designed and used 
enabling unidirectional sequencing (Table 2). A stan-
dard PCR for each of the 7 housekeeping genes was 
performed. The reaction was run in a total volume of 
25 µL containing 300 nM of each primer, 12.5 µL of 
HotStarTaq Master Mix, and 2.5 µL of template DNA. 
Thermal cycling conditions consisted of an initial dena-
turation step at 95°C for 15 min followed by 35 cycles of 
denaturation at 94°C for 60 s, annealing at 58°C for 60 s 
(except gmk: 53°C), and extension at 72°C for 60 s, fol-
lowed by a final extension step at 72°C for 10 min. The 
reactions were run in a T Professional thermal cycler 
(Biometra). The PCR products were then purified and 
sequenced by Microsynth. For each strain, the obtained 
chromatograms were then checked for their quality us-
ing the Chromas 2.4.2 software (www.softpedia.com). 
The quality-tested sequences were then evaluated by 
software tools of the MLST database (www.saureus.
mlst.net), resulting in an allelic profile or sequence type 
(ST), which was then used together with the eBURST 
V3 program (www.eburst.mlst.net) to assign the CC to 
each strain.

Bovine strains positive for the corresponding genes 
were used as positive controls for all PCR assays; H2O 
served as a no-template control.

Phylogenetic Analyses

Phylogeny of animal and human strains of Staph. 
aureus was assessed, using the strains listed in Table 
3. For this reason, whole-genome sequences of strains 
were obtained from the GenBank database (Benson et 
al., 2014) or the genomes of Swiss bovine strains with 
known genotypes (n = 7) were fully sequenced. After 
thawing at 37°C for 10 min, an aliquot of each strain 
was plated and grown on blood agar (bioMérieux Suisse 
s.a.). The strains on blood agar were then sent to Mi-
crosynth, where DNA extraction, library preparation, 
and whole-genome sequencing using the 454 technology 
(Roche, Basel, Switzerland) were performed. The ob-
tained reads were assembled to contigs by Microsynth 
using the Newbler 2.6 software (Roche).

Phylogenetic analyses were performed as described 
by Kuhn et al. (2006). In particular, for each strain, the 
sequences of the 6 core adhesion genes clfA (clumping 
factor A), clfB (clumping factor B), fnbA (fibrinogen 
binding protein A), map (MHC class II analog protein), T
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sdrC (serine-aspartate repeat-containing protein C), 
and spa (protein A) were concatenated. The concatena-
tions were then aligned using the Needleman-Wunsch 
algorithm for optimal global alignment (Durbin et al., 
2001) implemented in the Clone Manager 9.3 software 
(Scientific and Educational Software, Morrisville, NC). 
Maximum parsimony trees were then computed by the 
MEGA 6.06 software (Tamura et al., 2013) together 
with a cutoff for site coverage of 80%. The statisti-
cal significance of branches was inferred by performing 
bootstrap analyses with 500 repetitions. Bootstrap val-
ues ≥80% were considered significant (Hillis and Bull, 
1993; Felsenstein, 2004).

Statistical Analysis

Data are expressed as absolute numbers or percent-
age. Overview comparisons among genotypes, spa types, 
ST, and CC were performed using r × c contingency 
tables. Specific comparisons were computed using 2 × 
2 contingency tables. For these analyses, exact tests 
were applied as implemented in the Systat 13 software 
package (Systat Software Inc., Richmond, CA). These 
tests count all possible outcomes exactly and allow, in 
contrast to classical chi-squared statistics, fitted cells 

that are sparse or even zero. A special case of these 
tests is Fisher’s exact test for 2 × 2 contingency tables. 
A value of P < 0.05 was considered significant. In case 
of multiple comparisons, P-values were adjusted ac-
cording to Holm (1979).

For comparing the typing methods RS-PCR, spa typ-
ing, and MLST (ST and CC), the Simpson diversity 
index (SDI) was applied (Simpson, 1949). The SDI is a 
quantitative measure that reflects how many different 
types there are in a data set. In the case of RS-PCR, 
all different genotypes together with their variants were 
included, whereas for spa typing and MLST, the ob-
served spa, ST, and CC types were used.

RESULTS

In this study, 456 strains isolated from bovine milk 
(Table 1) were analyzed by genotyping (RS-PCR), spa 
typing, and MLST. If a genotype with its variants com-
prised ≥20 strains, they were combined in a genotypic 
cluster (CL). For example, all GTB and its variants 
were clustered in CLB. In total, 6 clusters were gener-
ated: CLB, CLC, CLF, CLI, CLR, and CLOT. Clusters 
CLB, CLC, and CLR were the largest, with 80 CLB 
strains (18%), 115 CLC strains (25%), and 96 CLR 

Table 3. Strains of Staphylococcus aureus used for phylogenetic analyses1

Strain name  Accession no.  Origin  Host  Genotype  Clonal complex, spa type

K2R  Switzerland Cattle GTR CC97, t267
M2682A  Switzerland Cattle GTA CC705, t529
M3386D  Switzerland Cattle GTD CC59, t216
M3783C  Switzerland Cattle GTC CC705, t529
M5512B  Switzerland Cattle GTB CC8, t5720
M5702B  Switzerland Cattle GTB CC8, t2953
M6020B  Switzerland Cattle GTB CC8, t024
Newbould 305 GCA_000276625 United States Cattle  CC97, unknown
RF122 AJ938182 Ireland Cattle  CC705, t529
71193 CP003045 United States Human  CC398, t571
COL CP000046 United Kingdom Human  CC8, t008
JH1 CP000736 United States Human  CC5, t002
JH9 CP000703 United States Human  CC5, t002
JKD6159 CP002114 Australia Human  Singleton, t202
M013 CP003166 Taiwan Human  CC59, t437
MRSA252 BX571856 England Human  CC30, t018
MSSA476 BX571857 England Human  CC1, t607
Mu50 BA000017 Japan Human  CC5, t002
MW2 BA000033 United States Human  CC1, t128
N315 BA000018 Japan Human  CC5, t002
NCTC8325 CP000253 United States Human  CC8, t211
Newman AP009351 England Human  CC8, t008
TCH60 CP002110 United States Human  CC30, t019
TW20 FN433596 United Kingdom Human  CC8, t037
USA300_FPR3757 NC_007793 United States Human  CC8, t008
S0385 AM990992 The Netherlands Human  CC398, t011
ED98 CP001781 United Kingdom Poultry  CC5, t002
ED133 CP001996 France Sheep  CC133, t2678
O11 GCA_000189435 France Sheep  CC130, t524
O46 GCA_000189455 France Sheep  CC130, t3568
1For all these strains, the whole-genome sequences were available. Except for the Swiss strains, which had all been sequenced during the course 
of the present study, the sequences were downloaded from the GenBank database using the indicated accession numbers.
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(21%) strains, whereas CLF and CLI comprised 7 and 
5% of the strains, respectively. All remaining genotypes 
and their variants (n = 41) were clustered to CLOT 
(Table 4), which represented 24% of the total strains.

CLB.  The CLB strains (n = 80) could be attributed 
to 11 different spa types. The most frequent types were 
t2953 and t024 (Table 4), contributing 58 and 21% of 
the types, respectively. They were exclusively (t024) 
or almost exclusively (t2953) associated with CLB (for 
both types, P < 0.001). With 1 to 3 strains, the re-
maining spa types were infrequently observed (Table 4). 
Overall, 83% of the strains were ST8 positive, whereas 

14% showed allelic profiles that were not present in the 
database (i.e., unknown). The remaining strains were 
positive for ST433, ST631, and ST1498, respectively. 
All strains except for one (CC30) belonged to CC8; 
ST8 and CC8 were both highly related to CLB (P < 
0.001 for both).

CLC. This cluster was the largest and it included 115 
strains. All of these strains (100%) showed the same spa 
type, t529, and showed, therefore, perfect association 
with CLC (P < 0.001). Cluster CLC was mainly associ-
ated with ST504 (70%; P < 0.001) and ST151 (12%; P 
< 0.001). For 14% of the CLC strains, the ST remained 

Table 4. Distribution of spa types (t), sequence types (MLST_ST), and clonal complexes (MLST_CC) among the genotypic clusters CLB, CLC, 
CLF, CLI, and CLR of Staphylococcus aureus found in bovine milk samples from 12 European countries

Genotypic  
cluster

IMI  
[BTM]1  spa type

IMI  
[BTM]  MLST_ST

IMI  
[BTM]  MLST_CC

CLB 43 [3] t2953 58 [8] ST8 67 [12] CC8
 12 [5] t024 2 [0] ST433, ST631 1 [0] CC30
 3 [0] t5270 0 [1] ST1498   
 2 [0] t008 8 [3] Unknown   
 1 [1] t5268     
 3 [0] t711, t5160, t11026     
 0 [3] t648, t6612, t6665     
 4 [0] Unknown     
 Total 80  80  80  
CLC 78 [37] t529 56 [24] ST504 66 [34] CC705
   7 [7] ST151 2 [1] CC479
   3 [0] ST479, ST1074, ST1380 10 [2] Singleton
   0 [2] ST1123, ST1651   
   12 [4] Unknown   
 Total 115  115  115  
CLF 7 [7] t164 4 [4] ST389 8 [9] CC20
 0 [2] t2700 3 [4] ST9 5 [5] CC9
 2 [0] t337 1 [3] ST20 0 [2] CC29
 5 [0] t100, t899, t1544, t2736, negative 2 [0] ST27, ST97 1 [0] CC97
 0 [5] t154, t246, t996, t1987, t2498 4 [6] Unknown 0 [1] CC50
 0 [3] Unknown     
 Total 31  31  31  
CLI 10 [2] t524 6 [2] ST71 5 [6] CC97
 0 [2] t1965 1 [3] ST97 6 [2] CC71
 2 [0] t005, negative 0 [2] ST8 0 [2] CC8
 0 [7] t078, t081, t257, t267, t359, t5180, 

t9184
1 [0] ST22 1 [0] CC22

   0 [1] ST25 0 [1] CC25
   4 [3] Unknown   
 Total 23  23  23  
CLR 10 [15] t1403 7 [13] ST97 17 [27] CC97
 11 [2] t524 4 [13] ST133 10 [15] CC133
 8 [3] t267 8 [1] ST71 10 [1] CC71
 1 [9] t224 1 [7] ST124 0 [2] CC30
 1 [5] t359 3 [0] ST352 1 [0] CC49
 1 [3] t521 1 [0] ST1119 0 [2] CC9, CC101
 1 [2] t3380 0 [4] ST101, ST321, ST335, ST352 4 [2] Singleton
 0 [3] t433 20 [14] Unknown 2 [3] Unknown
 1 [1] t527     
 4 [0] t376, t1166, t2678, t3495     
 0 [7] t044, t056, t1236, t2112, t4704, 

t5693, t6367
    

 6 [2] Unknown     
 Total 96  96  96  
1IMI = the analyzed strains were all associated with bovine subclinical IMI and had been isolated from aseptically collected milk samples or had 
been taken from the authors’ bacterial culture collections; BTM = the isolates were obtained from bovine bulk tank milk.
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unknown, whereas other types were found in 4% (Table 
4). In total, 87% belonged to CC705 (P < 0.001), 10% 
were singletons, and 3% belonged to CC479 (Table 4).

CLR. Various spa types were observed (Table 4) in 
this cluster (n = 96). The most recurrent were t1403 
(26%; P < 0.001), t524 (14%; P < 0.001), and t267 
(11%; P < 0.001). Cluster CLR was associated with 11 
different ST whereby ST97 (21%; P < 0.001), ST133 
(18%; P < 0.001), and the unknown ST (35%) were 
most prominent. These ST resulted in 7 different CC. 
With 46, 26, and 11% of strains, respectively, CC97, 
CC133, and CC71 were the largest complexes. The 
genotypic variants R, RI, and RVI were most frequently 
observed. They showed all CLR-typical spa and se-
quence types and were predominantly CC133 or CC97 
positive (Table 4).

CLF and CLI. Compared with the aforementioned 
clusters, CLF and CLI were considerably smaller, 
consisting of 31 and 23 strains, respectively (Table 4). 
The most frequent spa type observed for CLF strains 
was t164 (45%; P < 0.001); all the 11 remaining types 
contributed only 1 or 2 strains. By MLST, CLF strains 
were mainly attributed to ST389 (P < 0.001) and ST9 
(P < 0.001); for 32% of the CLF strains, the ST was 
unknown (Table 4). Most of the CLF strains were as-
sociated with CC20 (55%; P < 0.001) and CC9 (32%; 
P < 0.001). Interestingly, if ST389 was observed, it was 
always associated with CLF (Tables 4 and 5). Except 
for 1 case (GTAT), the same was also true for CC20.

Considering the CLI strains, 52% were positive for 
t524 (P < 0.001), whereas for each of the 9 remaining 
spa types, only 1 to 2 strains were observed (Table 4). 
With 8 strains, ST71 (P < 0.001) was the most promi-
nent, whereas the ST remained unknown for 7 strains. 
All strains could be attributed to a CC (Table 4): 11 
strains were positive for CC97 (P < 0.001), 8 for CC71 
(P < 0.001), 2 for CC8 (P = 0.190), and 2 for others.

CLOT. In total, 111 (24%) strains were assembled 
in CLOT (Table 5). This cluster included all genotypes 
and their variants with relative frequencies below 5% 
and were considered rarely observed. For this cluster, a 
variety of spa types, ST, and CC were found (Table 5). 
The CLOT cluster was also characterized by a consid-
erable number of unknown ST (n = 34; 31%). For most 
of them, however, CC could be attributed.

The typing properties of the most frequent CLOT 
strains are outlined below. Considering GTS, all be-
longed to CC398 (P < 0.001) with sequence types 
ST398 (P < 0.001) or unknown. The most prominent 
spa type was t034 (P < 0.001). The GTZ strains were 
typically CC479 positive (P < 0.001). Furthermore, ap-
proximately half of them were positive for t2873 (P < 
0.001) and for an unknown ST (Table 5). In the case 
of GTAM, all except 1 were positive for CC8 (P < 

0.001) and were almost exclusively positive for ST8 (P 
< 0.001) and t008 (P < 0.001). For GTBG, all strains 
were exclusively positive for t543 (P < 0.001), ST479 
(P < 0.001), and CC479 (P < 0.001; Table 5).

Resolution of Typing Methods

According to the companion study (Cosandey et al., 
2016), RS-PCR revealed 65 different genotypes and 
variants integrated into 6 genotypic clusters: CLB in-
cluded Staph. aureus GTB with its variants GTBI, GT-
BII, and GTBIII; CLC contained GTC, GTCI, GTCII, 
and GTCIII; CLF comprised GTF, GTFI, and GTFIII; 
CLI comprised GTI and GTII to GTIIV; CLR included 
GTR, GTRI to GTRIV, GTRVI, GTRVII, and GTRX; 
and CLOT included 37 different genotypes and 4 vari-
ants. Using all genotypes and all variants, the SDI for 
the RS-PCR method resulted in a value of 0.9227 with 
a 95% CI between 0.9105 and 0.9349. The index for 
spa typing (80 different spa types) was 0.9066 (95% CI: 
0.8881 to 0.9251). For typing based on ST (39 different 
ST), the SDI was 0.8738 (95% CI: 0.8676 to 0.8900), 
whereas the diversity for CC typing (26 different CC) 
was 0.8720 (95% CI: 0.8568 to 0.8872).

Phylogeny of Animal-Origin Strains of Staph. aureus

Phylogenetic analysis using the most parsimony ap-
proach and the 6 concatenated core adhesion genes 
clfA, clfB, fnbA, map, sdrC, and spa generated one tree 
(Figure 1). A very similar tree topology was obtained 
when the tree was constructed using the maximum 
likelihood approach (data not shown). For each strain, 
the concatenated sequence generated 13,358 informa-
tive sites. Figure 1 demonstrates perfect association 
between the phylogenetic clades and the clonal com-
plexes. The figure also shows that the human strains 
span the entire tree ranging from strain TCH60 to 
N315; the animal strains are located in between. They 
all evolved from human ancestors. Considering the bo-
vine strains, 3 clades evolved from 3 different human 
ancestors, whereas the bovine CC8 strains (all GTB 
positive) evolved from a human CC8-positive ancestor. 
The strain M3386D, which was isolated from bovine 
IMI, is a special case because its concatenated sequence 
was fully identical to that of the human M013 strain. 
For the CC705 strains (cattle) and the CC130 and 
CC133 strains (sheep), there is a common ruminant 
ancestor that in turn evolved from a human ancestor. 
The evolutionary distances for the animal strains were 
considerable for the CC705 strains, moderate for the 
CC97, CC130, and CC133 strains, and small to mini-
mal for the CC8, CC59, and CC5 strains. For all animal 
branches, the bootstrap values were >80%.
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DISCUSSION

Comparison of the Typing Methods

Strains of Staph. aureus are frequently subtyped by 
spa typing (Harmsen et al., 2003) or MLST (Feil et al., 
2003). Both methods are based on nucleotide sequenc-
ing of 1 or 7 genes, respectively. These methods provide 
reproducible results, but they have a low throughput 
and are expensive and thus are not suitable for routine 

use in clinical veterinary medicine. This is particularly 
true for MLST, as this method requires PCR of 7 genes 
and sequencing of each amplicon on both strands (Feil 
et al., 2003). To reduce the workload and cost of the 
present study, novel primers for each gene (Table 2) 
were designed to allow single-strand sequencing. Even 
so, MLST requires considerable work and knowledge. 
In contrast, RS-PCR (Fournier et al., 2008) allows high 
throughput at moderate cost. For best resolution, data 
evaluation, and data management, a miniaturized elec-

Table 5. Distribution of spa types (t), sequence types (MLST_ST), and clonal complexes (MLST_CC) among rare genotypes of Staphylococcus 
aureus found in bovine milk samples in 12 European countries

Genotype/ 
variant

IMI  
[BTM]1  spa type2  MLST_ST2  MLST_CC2

GTA 1 [0] t529 ST504 CC705
GTD 1 [0] t216 ST59 CC59
GTE 4 [3] t002, t306, t8877, unknown; [t002 

(3)]
ST5 (2), ST97, unknown; [ST5 (2), 
unknown]

CC5 (3), CC97; [CC5 (3)]

GTG 1 [0] t3495 Unknown Singleton
GTH 1 [0] t529 ST504 CC705
GTJ 1 [1] t2873; [unknown] ST479; [ST15] CC479; [CC15]
GTJI 0 [1] [t084] [ST2126] [CC15]
GTL 0 [1] [t091] [ST7] [CC7]
GTM 2 [1] t091 (2); [t091] ST7 (2); [unknown] CC7 (2); [CC7]
GTN 1 [0] t2953 ST8 CC8
GTO 2 [0] t267, t7013 Unknown (2) CC97, CC479
GTOI 1 [0] t529 ST151 CC705
GTP 2 [2] t712, t7013; [t9303 (2)] unknown (2); [ST1651 (2)] CC479, CC22; [CC479 (2)]
GTS 3 [7] t011, t034, unknown; [t011, t034 

(5), t2123]
ST398 (2), unknown; [ST398 (5), 
unknown (2)]

CC398 (3); [CC398 (7)]

GTSI 3 [0] t605 (2), t3092 ST126 (2), unknown CC126 (2), CC72
GTT 0 [1] [Unknown] [ST321] [CC33]
GTY 0 [2] [t3000, unknown] [ST45 (2)] [CC45 (2)]
GTZ 14 [4] t267, t2873 (4), t3293, t3768 (2), 

t7310, unknown (5); [t2873 (3), 
unknown]

ST97, ST132 (2), ST479 (3), ST1380 
(2), unknown (6); [ST1380 (3), 
unknown]

CC22, CC97 (2), CC133 (4), 
CC479 (6), unknown; [CC479 (4)]

GTAA 3 [0] t056, t524, unknown Unknown (3) CC49, CC97, CC101
GTAB 1 [1] t015; [t015] ST508; [unknown] CC45; [CC45]
GTAH 0 [4] [t056 (2), t2030, unknown] [Unknown (4)] [CC8, CC101 (2), unknown]
GTAK 0 [1] [t078] [ST25] [CC25]
GTAM 8 [3] t008 (8); [t008 (2), t9184] ST8 (7), ST1381; [ST8 (3)] CC8 (8); [CC8 (3)]
GTAN 1 [1] t127; [t127] ST71; [ ST1] CC71; [CC1]
GTAR 1 [1] t005; [t852] ST97; [ST22] CC97; [CC22]
GTAS 0 [1] [t1403] [Unknown] [CC133]
GTAT 1 [0] t164 ST20 CC20
GTAU 0 [1] [t246] [Unknown] [CC50]
GTAX 1 [0] t3427 ST504 CC705
GTAY 1 [0] Unknown ST71 CC71
GTBA 0 [1] [t127] [ST1] [CC1]
GTBB 2 [0] t1200, t3131 ST9 (2) CC9 (2)
GTBC 1 [0] t527 ST97 CC97
GTBE 1 [0] t521 ST8 CC8
GTBEI 1 [1] t1236; [t012] ST97; [ST30] CC97; [CC30]
GTBF 0 [1] [t156] [Unknown] [CC12]
GTBG 2 [5] t543 (2); [t543 (5)] ST479, unknown; [ST479 (5)] CC479 (2); [CC479 (5)]
GTBH 0 [1] [t034] [ST479] [CC479]
GTBJ 2 [0] t127 (2) ST1, unknown CC1 (2)
GTBL 0 [2] [t267 (2)] [ST97, unknown] [CC97 (2)]
GTBN 1 [0] t267 Unknown CC97
Total 111    
1IMI = the analyzed strains were all associated with bovine subclinical IMI and had been isolated from aseptically collected milk samples or had 
been taken from the authors’ bacterial culture collections; BTM = the isolates were obtained from bovine bulk tank milk.
2Types within brackets were observed in strains obtained from BTM.



Journal of Dairy Science Vol. 99 No. 1, 2016

SUBTYPING AND EVOLUTION OF STAPHYLOCOCCUS AUREUS 9

trophoresis system (Agilent Technologies) is preferred. 
Using a combination of this electrophoresis system and 
the software developed in-house (freely available from 
the authors), assignment of the pattern of bands to a 
genotype is standardized and straightforward. If ordi-
nary agarose gel electrophoresis is applied, CLB and 
CLC strains can be discriminated from all the remain-
ing genotypic clusters and genotypes (data not shown). 
This discrimination is normally sufficient for clinical 
use.

With an SDI of 0.9227 for bovine strains, RS-PCR 
showed the highest resolution followed by spa (0.9066), 
ST (0.8738), and CC typing (0.8720). Compared with 
the SDI values for spa typing (0.9802) and ST (0.9314) 
obtained for human strains (Pourcel et al., 2009), the 
corresponding values for the bovine strains were consid-
erably lower. These results indicate that the diversity of 

strains involved in bovine IMI or present on dairy farms 
is substantially less than that of strains involved in hu-
man infections. Indeed, the 456 bovine strains used in 
the present study provided only 80 different spa types, 
whereas the 300 human strains in the study of (Pourcel 
et al., 2009) generated 127 spa types.

Comparison of the 3 typing methods demonstrated 
associations between methods, but in many cases as-
sociations were far from perfect. A high association was 
observed for CLB as 99% of the strains were positive for 
CC8 and many were positive for t2953 or t024. Neverthe-
less, there were also CC8-positive strains from Austria, 
Germany, and the Netherlands that were GTAM. In-
terestingly, these were almost exclusively t008-positive. 
Exceptionally high associations were observed for CLC, 
as all strains (100%) were of spa type t529 and almost 
all were positive for CC705 or were singletons with an 

Figure 1. Phylogeny of animal strains of Staphylococcus aureus. The genes clfA, clfB, fnbA, map, sdrC, and spa of each strain were con-
catenated. The concatenations were then aligned and a phylogenetic tree was constructed using maximum parsimony. Colors used for shading 
represent the hosts from which the strains were isolated; unshaded strains represent human hosts. Strains with identical clonal complexes (CC) 
are marked with a straight line. Values noted left to the clades signify bootstrap values; bars indicate number of nucleotide substitutions; Sing 
= singleton. Inset on the right: magnification of the CC8 clade.
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allelic profile closest to that of CC705. The same was 
true for GTS, t034, ST398, and CC398 (all), as well 
as for GTBG, t543, ST479, and CC479. Furthermore, 
significant but imperfect associations among genotypes, 
spa types, and CC could be demonstrated for CLF, 
CLI, and CLR. For these 3 genotypic clusters, however, 
there was extensive overlapping. Indeed, according to 
Table 4, each cluster included strains from 2 to 7 dif-
ferent CC. Clonal complex 97 was observed in all these 
clusters and even in CLOT (Table 5). The opposite 
was also true, as most of the CC observed in CLOT 
were also found in one or more of the major genotypic 
clusters (Tables 4 and 5).

The generally low association between CC and 
genotypic clusters is not surprising as these typing 
methods rely on different genetic information. For CC, 
assignment is based on phylogenetic information (Feil 
et al., 2003; Turner and Feil, 2007), whereas genotyp-
ing by RS-PCR (Fournier et al., 2008) is based on the 
variation of the ribosomal spacer regions (Jensen et al., 
1993). If there is an association between both typing 
methods, it results from very high genetic conservation 
of the strains, as it is true for strains positive for CLB, 
CLC, GTS, GTAM, or GTBG.

Interestingly, we detected a significant (P < 0.001) 
and close association between the spa types and the 
5 genotypic clusters (CLB, CLC, CLF, CLI, CLR). 
Indeed, each of the main spa types (n ≥10) was as-
sociated with one predominant cluster. For example, 
t024 and t224 were exclusively linked to CLB and CLR, 
respectively (Table 4). Almost-exclusive associations 
were observed between t1403 and CLR, t164 and CLF, 
t2953 and CLB, and t529 and CLC. In contrast, CLB 
was associated with 11 known spa types, CLF with 12, 
CLI with 10, and CLR with 20 spa types. An excep-
tion was CLC, which was always linked to t529. These 
findings suggest that spa typing is a valuable tool for 
further subgrouping the genotypic clusters of bovine 
strains. For subgrouping CC, however, multilocus vari-
able-number tandem-repeat analysis as performed by 
Pourcel et al. (2009), may be more adequate, at least 
for human strains. Whether these findings are also true 
for bovine strains needs to be evaluated, particularly as 
the major human CC observed in Europe (Rolo et al., 
2012) are largely different from the bovine CC (Tables 
4 and 5).

Clonality of Bovine Strains and Phylogenetics

Using the MLST data together with the eBURST 
V3 program (Feil et al., 2004), we assessed clonality of 
the bovine strains of Staph. aureus. The analyses dem-
onstrated that 80% of the 281 IMI-associated strains 
originated from only 6 CC (CC8, CC71, CC97, CC133, 

CC479, CC705), of which CC8 (n = 77), CC705 (n 
= 70), and CC97 (n = 32) were the largest (Tables 4 
and 5). The remaining 20% of the investigated strains 
belonged to a large group of different CC, singletons, 
or unknowns. These findings demonstrate that bovine 
strains of Staph. aureus are clonal; this observation is 
not new (van den Borne et al., 2010; Sakwinska et al., 
2011; Kock et al., 2013; Vandendriessche et al., 2014). 
A new finding of the present study, however, is that the 
spectrum of CC associated with bovine IMI is consider-
ably broader than expected from the cited publications: 
in addition to the 6 major known CC, 20 further CC 
were observed. All of them were rare, however, and 
many of them were observed only once.

As the present study demonstrates, Staph. aureus 
involved in bovine IMI include a few clones, meaning 
that they descended from a few common ancestors. 
To further decipher the different CC and investigate 
evolution of Staph. aureus associated with cattle and 
other animals in more detail, phylogenetic analyses 
were performed as described by Kuhn et al. (2006). 
These analyses in the current study demonstrated that 
strains with identical CC always formed a single mono-
phyletic clade (see Figure 1), meaning that MLST and 
the approach by Kuhn et al. (2006) reconstructed the 
evolution of Staph. aureus identically. This finding is 
amazing as both methods use different sets of genes 
and different phylogenetic models. The approach of 
Kuhn et al. (2006), however, presents the whole evolu-
tionary process as an evolutionary tree and has a higher 
resolution as it decomposes one CC into several distinct 
lineages (branches).

As the present study demonstrates, there was no 
most recent common ancestor of the bovine or animal 
lineages. This nonsystematic evolutionary process also 
implies that each human lineage may be the ancestor of 
a novel bovine or animal lineage in the future. The ani-
mal lineages evolve directly from a human-associated 
ancestor. This is true for the animal lineages of CC5, 
CC8, CC59, CC97, and CC398. In the case of CC130, 
CC133, and CC705, however, there was one common 
ancestor with a tropism to ruminants from which the 
cattle adapted CC705 lineage evolved, whereas the 
CC130 lineage seems to have undergone adaptation 
exclusively to sheep. Interestingly, CC133 kept the 
tropism for cattle and sheep. This conclusion is further 
supported by the fact that CC130 was not observed in 
the present study using bovine strains. This finding, 
however, is in contrast to Shepheard et al. (2013), who 
also observed bovine strains positive for CC130. Host-
specific evolution of IMI-associated strains of Staph. 
aureus was also recently observed by Bar-Gal et al. 
(2015) confirming some results of the present study. In-
deed, Bar-Gal et al. (2015) demonstrated that the goat 
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and sheep strains of Staph. aureus formed one single 
clade that was clearly distinct from the bovine strains. 
In addition, the strains of the small ruminants differed 
from the bovine strains in their virulence gene pattern 
and were typically positive for CC522, a CC that has 
not been observed so far in cattle, including the present 
study.

Host switches have been described for CC5 (Lowder 
et al., 2009), CC97 (Smyth et al., 2009), CC130 and 
CC133 (Shepheard et al., 2013), CC398 (Shepheard et 
al., 2013), and CC705 (Guinane et al., 2010a). New in 
the current study is the proof that bovine CC8-positive 
lineages evolved from one most recent common ances-
tor with a tropism to humans. The 3 analyzed bovine 
strains were all Staph. aureus GTB positive but had 
different spa types (M5512B: t5270; M5702B: t2953; 
M6020B: t024), each generating a distinct lineage 
(significant bootstrap values in Figure 1). As a conse-
quence, Staph. aureus GTB is the cattle-adapted CC8 
clade (CC8bov) and the spa types reflect different GTB 
lineages, of which the t2953 and t024 lineages are by far 
the most prominent (Table 4).

Dates for host switches have been calculated for 
Staph. aureus (Lowder et al., 2009; Guinane et al., 
2010a; Shepheard et al., 2013). For the CC5 clade, the 
human-to-poultry jump occurred approximately 38 yr 
ago (Lowder et al., 2009). In the case of the CC705 
clade, the switch from human to cattle dates back to 
about 1,500 yr ago (Guinane et al., 2010a). Based on 
the phylogenetic tree presented in Figure 1, the human-
to-cattle jump of the CC8 clade occurred very recently. 
Assuming the same clock rate as for the CC5 clade, the 
switch is expected to have occurred about 23 yr ago 
(range: 18 to 38 yr). For more precise dating of the bo-
vine CC8/GTB jump, however, additional analyses are 
required, including historical bovine strains of Staph. 
aureus.

For livestock CC398 (sequenced by Schijffelen et al., 
2010, and Uhlemann et al., 2012), our study demon-
strated that this clade has undergone a host transition 
from originally humans to animals, mainly pigs and 
calves (van Loo et al., 2007; Lewis et al., 2008). How-
ever, as the present study demonstrates, CC398 is also 
a pathogen of bovine IMI. Evolution of CC398 occurred 
but is limited, as the corresponding branches of the 
tree are short. Considering CC59, the M013 (human) 
and the M3386D (cattle) strains formed an identical 
clade, meaning that both of them were of the same lin-
eage. Indeed, all nucleotides (n = 13,358) were identical 
in both isolates. The same was also true for M2682A 
and C3783C but not for the RF122 isolate (sequenced 
by Guinane et al., 2010a), which differed slightly (all 
CC705). Interestingly, the cattle-associated lineage 
leading to CC705 did not further evolve in cattle until 

very recently, when the RF122 and the GTC/GTA lin-
eages diverged. In addition, the CC705 clade is the only 
one that includes 2 genotypes, GTA and GTC. The 
latter is the most abundant genotype in the present 
study (Table 4), whereas the former is rare (Table 4); 
both, however, are phylogenetically very similar or even 
identical.

Zoonotic Transfer of Staph. aureus  
Between Cattle and Humans

Zoonotic transfer of pathogenic bacteria, either 
through direct contact or via the food chain, represents 
a serious threat to public health. This is particularly 
true for zoonotic pathogens such as Staph. aureus that 
may infect humans (Chroboczek et al., 2013) or that 
display resistance to antimicrobials used in humans 
(Garcia-Alvarez et al., 2011; Leverstein-van Hall et al., 
2011).

The present study revealed 5 major genotypic clus-
ters all involved in bovine IMI, of which CLB, CLC, 
and CLR were the most prominent. Considering CLB, 
all strains were CC8-positive but they included a vari-
ety of different spa types (Table 4); the most frequent 
one was t2953 (n = 46). This was true even when only 
purely IMI-associated strains were considered (Table 
4). According to the study by Grundmann et al. (2010), 
which mapped the geographic distribution of dominant 
clones causing invasive human infections in Europe, 
this spa type has never been observed in humans. In 
addition, this type is very rarely observed in the Ri-
dom SpaServer database (http://www.spaserver.ridom.
de/), in which only 7 isolates (0.01%) are present, 2 
of which were contributed by our laboratory and were 
isolated from milk of cows with IMI and were GTB- 
and CC8-positive. These observations strongly suggest 
that the primary host of strains positive for GTB and 
t2953 is cattle. The situation may be different for the 
bovine GTB strains positive for t024. On the one hand, 
they belong to the cattle-adapted CC8 clade named 
CC8bov, but on the other hand, t024-positive strains 
are quite common in human infections (Grundmann 
et al., 2010), indicating some zoonotic potential of the 
bovine strains. The remaining spa types associated with 
GTB/CC8bov were all rarely observed in the Ridom 
SpaServer database (<0.01 to 0.03%) except for Staph. 
aureus t008, which is a frequent and well-known infec-
tious pathogen in humans (Grundmann et al., 2010).

Cluster CLC was the largest cluster, including 78 
IMI-associated strains. All of them were t529-positive 
and many were CC705-positive. In contrast to cattle, 
strains positive for t529 are very rarely observed as an 
infective pathogen in humans. Indeed, only one infec-
tion was found in SRL maps (www.spatialepidemiology.
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net/srl-maps), a database and map largely based on 
the European survey data curated by Grundmann et 
al. (2010). These findings strongly suggest and confirm 
the corresponding phylogenetic results that the pri-
mary host of strains positive for CLC/t529/CC705 is 
cattle. If infections occur in humans, they need to be 
considered as a spillover event defined as a transient 
infection from one host species to another that dies out 
without establishing transmission within the new host 
(Wolfe et al., 2007; Lloyd-Smith et al., 2009; Gortazar 
et al., 2014). The statement that CLC/t529/CC705 is 
primarily cattle-adapted is further supported by the 
fact that for the CC705 clade, the switch from human 
to cattle happened about 1,500 years ago (Guinane et 
al., 2010a), a long time for spreading and accumulat-
ing in the human population, which obviously did not 
occur.

Strains of CLR isolated from IMI consisted of a 
mixture of different spa types, of which t1403, t524, 
and t267 were the major ones; t524 was also the most 
frequent spa type observed in CLI. Types t1403 and 
t524 are absent in the SRL maps database, and t267 is 
rare. All t267-positive strains were positive for CC97, a 
CC that is highly associated with cattle (Rabello et al., 
2007; Sakwinska et al., 2011; Vandendriessche et al., 
2014) but has rarely been described as a pathogen of a 
human infection (Menegotto et al., 2012). In the case 
of t1403, most were CC133-positive and the remainder 
were CC97-positive. Clonal complex 133 is mainly as-
sociated with sheep and goats (Guinane et al., 2010b; 
Porrero et al., 2012; Smith et al., 2014), but it has 
also been isolated from cows with IMI (Schlotter et 
al., 2012; Silva et al., 2013) but not from humans. The 
t524 strains of CLR were almost exclusively positive for 
CC71, a CC that has never been described as an infec-
tious pathogen in humans or animals. To summarize, 
all spa types and CC observed for CLR (and largely 
also for CLI) are rarely or not observed in human infec-
tions but are common in bovine IMI.

Strains of CLF are causative agents of bovine IMI 
(Table 4; Fournier et al., 2008) and were mainly t164 
and CC20 positive. Strains positive for t164 are fre-
quently observed in the Ridom SpaServer database 
(http://www.spaserver.ridom.de/), accounting for 
0.18% of all isolates. They are also known to cause 
human infections (www.spatialepidemiology.net/srl-
maps), indicating that they may infect both cattle and 
humans. Definite conclusions about their transfer and 
infectiousness in these 2 hosts are not possible; more 
strains and additional analyses are needed. The same 
is also true for the IMI-associated strains of CLOT, 
in particular for t002 (GTE), t008 (GTAM), and t127 
(GTAN, GTBA, GTBJ), which are detected occasion-
ally in cattle (Table 5) but frequently observed in 

human invasive infections. Other spa types frequently 
involved in human infections (Grundmann et al., 2010) 
such as t032, t084, t041, and t003 (listed according 
to their frequency) are not or only rarely (t015, t091, 
t012) observed in IMI-associated strains (Table 5). In 
general, the spa types observed in CLOT are seldom 
present in the Ridom database, suggesting that they 
are rarely involved in human disease.

CONCLUSIONS

Using bovine strains of Staph. aureus isolated from 
bovine IMI and BTM in 12 European countries, we 
demonstrated that these strains could be grouped into 
6 genotypic clusters, of which CLB, CLC, and CLR 
were the most prominent. Of the 3 subtyping methods, 
RS-PCR had the highest resolution followed by spa 
typing and MLST. We found associations among the 
methods but in many cases they were unsatisfactory. 
Staphylococcus aureus CLB was positive for CC8 in 99% 
of the cases and was typically positive for t2953; it is 
the cattle-adapted form of CC8. Staphylococcus aureus 
CLC was always t529-postive and typically CC705-
positive. For CLR, the links among the 3 methods were 
poor. Bovine Staph. aureus is highly clonal and a few 
clones predominate. Animal strains of Staph. aureus 
evolve from human-adapted strains such that every 
human strain may be the ancestor of a novel animal-
adapted strain. At least in the case of the major bovine 
clusters CLB, CLC, CLI, and CLR, zoonotic transfer 
of Staph. aureus between cattle and humans seems to 
be very limited and different hosts are unlikely to be 
a source for mutual, spontaneous infections. Spillover 
events, however, may happen.
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