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Staphylococcus aureus:  nasal colonizer 



Infections caused by S. aureus 

methicillin-resistent Staphylococcus aureus,  
frequently multiresistent  

skin infections   
wound infections   
pneumonia  
bloodstream infections   
.....  

Staphylococcus aureus:  opportunistic pathogen  

Antibiotic resistance complicates treatment of infections  

MRSA  
' superbug ' 



community-associated MRSA 1-2 %  
(Witte et al. 2007, JAC) 

livestock-associated MRSA 0.3 %  
(Witte et al. 2007, EID)  

healthcare-associated MRSA, >98% 

in Germany, 400,000 to 600,000  
nosocomial infections per year  
 
approximately 14,000 caused by MRSA  
 
(Gastmeier + Geffers 2008) 

nosocomial infections 



MRSA cause outbreaks and epidemics  
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Staphylococcus aureus: multilocus sequence typing  

7 loci 
3,200 bp 
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Extension of MLST to >100 loci 

Nübel et al. 2008,  PNAS 105: 14130 

108 loci 
46,483 bp 

Phylogeography of Staphylococcus aureus ST5 



269 loci 

118,804 bp 

Extension of MLST to >100 loci 

Nübel et al. 2010, PLoS Pathogens 6: e1000855 

Evolution of S. aureus ST225 over 20 years 



MRSA ST22: Evolution of antibiotic resistance and global spread 

ST22-A 

Matthew T.G. Holden, Li-Yang Hsu, Kevin Kurt, Lucy A. Weinert, Alison E. Mather, Simon R. Harris, Birgit Strommenger, Franziska Layer, 
Wolfgang Witte, Herminia de Lencastre, Robert Skov, Henrik Westh, Helena Žemličková, Geoffrey Coombs, Angela Kearns, Jonathan 
Edgeworth, Ian Gould, Vanya Gant, Jonathan Cooke, Giles F. Edwards, Paul R. McAdam, Kate E. Templeton, Angela McCann, Zhemin Zhou, 
Santiago Castillo-Ramírez, Edward J. Feil, Lyndsey O. Hudson, Mark C. Enright, Francois Balloux, David M. Aanensen, Brian G. Spratt, J. Ross 
Fitzgerald, Julian Parkhill, Mark Achtman, Stephen D. Bentley, Ulrich Nübel. 2013 Genome Research 23: 653.  

193 genome sequences  
2.8 million bp 
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MRSA ST22: Evolution of antibiotic resistance and global spread 

ST22-A 

isolation date 
1990 2000 1980 

MRSA ST22 is a  
‚measurably evolving population‘ 

Holden et al  2013, Genome Research 23: 653  

193 genome sequences  
2.8 million bp 



MRSA ST22: Evolution of antibiotic resistance and global spread 

UK  
Ireland 
Netherlands 
Namibia  
Sudan 
Sweden 
Nigeria 
Hungary  
Germany 
New Zealand  
Portugal  
Denmark  
Australia 
Czech Republic 
Singapore  

1979 
1987 
1991 
1991 
1991 
1992 
1992 
1992 
1993 
1993 
1994 
1995 
1995 
1999 
2000 

dating evolutionary events 

SCCmecIV 

grlA gyrA 

Holden et al  2013, Genome Research 23: 653  



reconstruction of  
geographic spread  

MRSA ST22: Evolution of antibiotic resistance and global spread 

Holden et al  2013, Genome Research 23: 653  



MRSA ST22: Evolution of antibiotic resistance and global spread 

population growth rate 

Holden et al  2013, Genome Research  



MRSA ST22: Evolution of antibiotic resistance and global spread 

de-novo read assembly: 

accessory genome 

diversity 

Holden et al  2013, Genome Research  



resistance phenotype 
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MRSA ST22: Evolution of antibiotic resistance and global spread 

resistance genotype 
phenotype vs. genotype 

Holden et al  2013, Genome Research  



ST22-A 
p<0.001 

non-ST22-A 
p>0.10 

MRSA ST22: Evolution of antibiotic resistance and global spread 

resistance of  

hospital-associated MRSA  

increases 

Holden et al  2013, Genome Research  



S. aureus measurably evolves  
(over epidemiological timescales) 

time-structured sampling possible 

MRSA global spread --- CONCLUSIONS 

Mutation discovery enables the dating of  
evolutionary (diversification, resistance development …)  
and demographic (growth, migration …) events 

de-novo assembly of Illumina reads  
enables investigation of gene-content variability  

MRSA genome sequencing  
enables prediction of antibiotic resistance  
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MRSA ST22: transmission chains  

risk factor:     odds ratio (95% CI):   p-value:   

per unknown MRSA-positive  

infant on ward  
2.5 (1.3 – 8.0) 0.003 

contact with nurse A 9.3 (1.2 – inf.) 0.03 

per 1 unit increase of  

infant-to-staff ratio  
2.8 (1.1– 9.3) 0.04 

matched case-control-study  

screening of 166 medical staff  

8 Feb 2010 – 31 Aug 2010,  

weekly screening of all neonates on ward  

2 nurses colonized with MRSA ST22 

24 cases 

neonatology unit of university hospital,  

three wards with 56 beds  

MPI for  

Molecular  

Genetics 

RKI FG37 

PLOS One 2013; 8: e54898 



isolation date (days since 1.1.2010)
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r2=0.62 

MRSA ST22: transmission chains  

PLOS One 2013; 8: e54898 



case-control study 

? 

MRSA ST22: transmission chains  

PLOS One 2013; 8: e54898 



case-control study 
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PLOS One 2013; 8: e54898 



? 

case-control study 

MRSA ST22: transmission chains  

PLOS One 2013; 8: e54898 



case-control study 

MRSA ST22: transmission chains  

PLOS One 2013; 8: e54898 



S. aureus measurably evolves (during outbreaks)   

MRSA transmission chains --- CONCLUSIONS 

can be exploited to trace local spread  

integration of epidemiological + genomic data 

phylogenetic testing of  
hypotheses on transmission routes 
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ST5 

USA 
(1994) 

Germany 
(2000) 

Czech Republic 
(2002) 

Switzerland 
(2003) 

Denmark 
(2004) 

Denmark 
(2004) 

MRSA ST225: spread into Denmark  
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MRSA ST225: outbreak in Copenhagen  
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MRSA ST225: outbreak in Copenhagen  



patient 1 

patient 2 

patient 4 

patient 3 

patient 5 

patient 6 

root 

MRSA ST225: multiple isolates from individual patients  
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Year 
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MRSA ST225: multiple isolates from individual patients  



02.11.2007

15.05.2007

05.10.2006

19.10.2006

19.10.2006

05.10.2006

03.10.2006

19.10.2006

09.12.2009

29.07.2009

20.04.2009
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03.11.2010
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29.12.2007

patient 5 

06.10.2006
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21.04.2009

21.04.2009

21.04.2009

24.03.2009
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patient 2 

patient 4 

patient 3 

MRSA ST225: multiple isolates from individual patients  



02.11.2007

15.05.2007

05.10.2006

19.10.2006

19.10.2006
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21.04.2009
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patient 2 

patient 4 

patient 3 

nose 

wound 

armpit 

skin 

perineum 

perineum 

perineum 

nose 

nose 

perineum 

lung 

nose 

throat 

perineum 

catheter (bladder) 

perineum 

nose 

nose 

nose 

perineum 

catheter (bladder) 

catheter (bladder) 

wound 

wound 

wound 

unknown 

wound 
wound 

wound 

wound 

wound 

MRSA ST225: multiple isolates from individual patients  
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patient 5 

06.10.2006

21.04.2009

21.04.2009

21.04.2009

21.04.2009

24.03.2009

22.11.2006

patient 2 

patient 4 

patient 3 

rifampin 
fusidic acid 

mupirocin 
ciprofloxacin 
metronidazol 
vancomycin 
roxitromycin 

no  
effective  
therapy 

azithromycin 

roxitromycin 
trimethoprim 

MRSA ST225: multiple isolates from individual patients  



S. aureus measurably evolves (within patients)  

CONCLUSIONS 

promising for transmission tracking:   

when?  
where?  

from which source?  

diversity within individual hosts is low 
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S. aureus ST225   2 x 10-6 Nübel et al., 2010   

S. aureus ST239   3 x 10-6 

S. aureus ST22 2 x 10-6 Holden et al. 2013 

S. aureus ST5 3 x 10-6 unpublished 

S. aureus ST121 2 x 10-6 Kurt et al. 2013 

Harris et al., 2010   

Smyth et al., 2010   

Evolutionary rates [substitutions/(nucleotide*year)] 

S. aureus ST34 2 x 10-6 McAdam et al. 2012 



1900 2000 1950 

introduction of  
methicillin 

ST239 
haMRSA 

ST121 
MSSA  

ST5  
MSSA, caMRSA, haMRSA  

Dating the most recent common ancestors 

ST225 
haMRSA 

ST22-A  
haMRSA 

ST22 
MSSA, caMRSA, haMRSA  



N315 (ST5) : Mu50 (ST5)  163 

number of SNPs  
in coding regions  

USA300 (ST8) : COL (ST250, CC8)  

~ 20,500 N315 (ST5) : MW2 (ST1)  

21,313 N315 (ST5) : USA300 (ST8)  

344 

genome-wide SNPs in S. aureus 

within  
clonal  

complexes 

between  
clonal  

complexes 



The shallow diversity of contemporary Staph. aureus 



Evolutionary rates in various species 

Staphylococcus aureus 2 x 10-6 

evolutionary rate:  

Streptococcus pneumoniae 2 x 10-6 

Clostridium difficile 3 x 10-7 

Nübel et al., 2010   
Harris et al., 2010   

Croucher et al., 2011   

He et al., 2012   

Escherichia coli  

Mycobacterium tuberculosis 

2 x 10-7 

1 x 10-7 

Reeves et al., 2011   

Roetzer et al., 2013   

Klebsiella pneumoniae 2 x 10-7 Eller et al., unpubl.   

Holden et al., 2013   

2 x 10-7 Steglich et al., unpubl.   

base substitutions 

 nucleotide * year 
base substitutions 

 genome * year 

6 

1 

1 

4 

1 

0.4 

HIV-1 3 x 10-3 Abecasis et al., 2009   29 

Influenza A 2 x 10-3 Kawaoka et al., 1998   27 

Enterococcus faecium 1.5 x 10-6 Howden et al., 2013  5 

Eyre et al., 2013   
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