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• Staphylococcus aureus
• Antimicrobial resistance history
• CA-MRSA epidemiology, 1995-present
• The genomic revolution & MRSA
• MRSA & the Environment



Our Planet Belongs to Microbes

• There are more viruses in 1 drop of seawater 
than there are people on the Earth

• Bacteria always live on us & live on objects 
around us

• We are rarely infected by them
• Even the bacteria in our mouths are capable 

of infecting us 
• Why are we not all infected right now?



What is an infection?

HOST
• Immunity
• Habits
• Exposures
• Other diseases

predispose

ENVIRONMENT
• Factors favoring pathogen
• Factors bringing pathogen to hosts

PATHOGEN
• Bacteria
• Viruses
• ParasitesINFECTION



Staphylococcus aureus

• Most common cause of cultured 
bacterial infections

• Discovered in pus, 1881, by Ogston, a 
surgeon in UK

• Garré in 1885 rubbed pure culture of S. 
aureus on arm; developed many 
abscesses with 17 scars







Panlucek et al. Int J Syst Evol Microbiol 2005;55:1953.

http://ctrdesignthinking.wordpress.com/2012/12/25/62/hospital-sign/#main


Staphylococcus aureus

• Skin most common site of infection
– boils, furuncles, carbuncles, folliculitis

• Abscesses in skin, bone, other organs

• Reservoir:  human beings
– 30-60% of people carry S. aureus



Nizet V. J All Clin Immunol 2007.



Staphylococcus aureus
History of Antibiotic Resistance

• Before 1930s:  No antibiotics
– Case fatality rate of bloodstream infection:  

80%

• 1930s:  Introduction of sulfa drugs, 
successfully treated S. aureus
pneumonia



Howard Florey, 1898-1968

Developed penicillin as a drug

Nobel Prize, 1945



Penicillin core



Staphylococcus aureus
History of Antibiotic Resistance

• 1940s:  Penicillin, “wonder drug”
– Reduced mortality dramatically
– 1945:  resistance to penicillin described

• Mechanism:
– Binds to penicillin-binding proteins (PBP1, 

2, 3, and 4) on bacterial membrane 
interferes with cell wall synthesis kills 
bacteria



Staphylococcus aureus
History of Antibiotic Resistance

• Penicillin-resistant S. aureus =“PRSA”

• ß-lactamase:  enzyme that “cuts”
penicillin
– Renders it ineffective



β-lactamase:  Site of Action

Penicillin core

β-lactamase
hydrolyzes this bond,
inactivating penicillin



Lowy FD. J Clin invest 2003;111:1265-73.



Staphylococcus aureus
History of Antibiotic Resistance

• PRSA predominant among infecting 
strains in USA by mid-1970s

• Now  ~90% of S. aureus isolates are 
PRSA



History of β-lactam Resistance in 
S. aureus
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Chambers HF. Emerg Infect Dis 2001;7;178-82.



New Drugs for PRSA

• Methicillin:  the first β-lactamase-resistant 
penicillin, developed in 1959
– Killed PRSA
– Subsequently many variants (oxacillin, 

nafcillin)

• Methicillin-resistant S. aureus (MRSA) 
arose within 1 year, in 1960!



MRSA:  Emergence

• MRSA:  S. aureus resistant to all ß-
lactam drugs (penicillins, 
cephalosporins, carbapenems)

• 1960:  MRSA first reported in UK

• 1968:  first reported in US (Boston)



MRSA:  Mechanism

• Mechanism:  mecA gene codes for  
PBP2a cell membrane

• No β-lactams can bind the penicillin-
binding proteins when PBP2a is present 
in membrane



Foster TJ. J Clin Invest 2004;114:1693-6.

http://www.ojp.usdoj.gov/bjs/glance/tables/incrttab.htm


MRSA 1970s-80s

• 1970s:  Epidemic outbreaks among 
hospitalized patients; 2.5% of U. S. 
hospital isolates in 1975 were MRSA
– more common in Europe

• 1980s:  Gradually became endemic in 
large American hospitals; 5% in 1981 
(NNISS) 



HA-MRSA 1990s-2002

• Early 1990s:  Hospital-acquired SA 
were 29% MRSA 1991

– MRSA frequently MDR strains



History of β-lactam Resistance in 
S. aureus
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Lowy FD. J Clin invest 2003;111:1265-73.



Methicillin-resistant Staphylococcus 
aureus (MRSA):  A Shift?

• 1980s:  MRSA infections in healthy 
people in Australia 

• Not clear if new strains
– Perhaps “feral” strains spread from 

hospitals?
– Strains susceptible to gentamicin

David and Daum. Clin Microbiol Rev 2010;23:616-87.



In 1998, Dr. Robert Daum noted increased 
number of kids with no previous exposure to 

the health care setting with MRSA skin 
infections in Chicago

Herold BC, et al. JAMA 1998;279:593-8.



Chicago

• Compared nosocomial MRSA & 
community-associated (CA-) MRSA in 
children without health care exposure

• Increase in CA-MRSA rate (per 100,000 
hospital admissions): 
– 10 in 1988-90 
– 259 in 1993-95

Herold BC, et al. JAMA 1998;279:593-8.



MMWR 1999;48(32):707-10.





CA-MRSA, Minnesota, 2000 
• Prospective cohort
• 12 hospital & clinic labs 
• CA-MRSA patients were 

– younger than HA-MRSA
– more likely skin infections

• New Strains had emerged! 
– Resistant to fewer non-beta-lactams

Naimi T, et al. JAMA 2003;290:2976-84.



CA-MRSA:  New Syndromes

-- Severe sepsis
– Pelvic septic thrombophlebitis



Lobo LJ.  Chest  2011;138;130-6. 





Number of Sentenced Inmates Under Federal or State 
Jurisdiction per 100,000 Population, 1980-2004
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http://www.ojp.usdoj.gov/bjs/glance/tables/incrttab.htm


The Chicago Agent-Based MRSA Model

42

Infected People
Colonized People

Place with Uncolonized People

Many Colonized People

Uncolonized People

Places: Areas:



CA‐MRSA:  An emerging pathogen

• New high‐risk groups
• Incarcerated
• Children
• Urban underserved 
• Military
• Athletes
• Indigenous peoples
• ER patients with STIs
• Veterinarians / Animal handlers
• HIV / MSM
• Household contacts of the above

David and Daum. Clin Microbiol Rev 2010;23:616-87.



ED MRSA SSTIs, 2004
• 11 urban EDs across the U.S.

• 422 adult skin infection patients

• 79% of SSTIs caused by MRSA

• 97% of MRSA were USA300

Moran GJ, et al. NEJM 2006:355:666-74.



ED MRSA Infections, 2004

• High-risk population, MRSA nearly 
replaced MSSA in <10 years

• Widespread across the U.S.

Moran GJ, et al. NEJM 2006:355:666-74.



• Pulsed-field electrophoresis (PFGE)
– Whole-genome DNA cleaved & run on gel
– Pattern is reproducible; very fine resolution

Chromosomal
DNA

“Cut” DNA

Restriction 

endonuclease

Electrophoresis 
Gel shows DNA
Bands ordered 
by size

A   B  C

Conclusion:  Isolates A and B are the same, C is different



Otto M. Ann. Rev. Microbiol 2010;64:143-62.

Virulence Factor in 
USA300 and other CA-MRSA:  

Panton Valentine leukocidin 
(PVL)



Hypothetical virulence factors in USA300 and other CA-MRSA strains. 

David M Z , and Daum R S Clin. Microbiol. Rev. 
2010;23:616-687



MRSA:  A Shift in Epidemiology

• MRSA spread rapidly as asymptomatic 
colonizer among healthy people
– Kids in Nashville, 2001-4: 0.8% 9.2%

• 13% of U.S. Veterans admitted to a VA 
hospital were colonized

Creech CB, et al. Pediatr Infect Dis J. 2005;24:617-21; Jain R, et al. NEJM 
2011;364:1419-30.  



Como-Sabetti K, et al. Pub Health Rep. 2009;124:427-35.

MN: 12
Hospitals,
CDC
criteria



MRSA:  A Shift in Epidemiology

• All hospitals in San Francisco 
• MRSA infection patients, 2005
• Incidence:  313/100,000 
• Excluding those with hospital stay in 

past 12 mo:  243/100,000

Liu C., et al. Clin Infect Dis 2008;46:1637-46. 



• Veterans in Maryland, 1999-2008: mean 
annual incidence = 251.8/100,000

• Soldiers, Army Base in Georgia, 2005-8:  
>3500/100,000

• 3 First Nations communities, Northern 
Canada, 2006-8: 1460-4820/100,000

CA-MRSA Incidence

Morrison-Rodriguez, et al. Epidemiol  Infect 2010;138:721-9; Tracy LA, et al. 
EID 2011;17:441-8; Golding GR, et al. EID 2011;17:722-5.



Recurrent MRSA:  USA300, 
Skin Infections

• Detroit:  160 pts w/ USA300 infections: 32.6% had recurrent 
or relapsed infection
• Followed mean of 506 ± 134 (s.d.) days

• San Antonio, TX:  253 sequential pts in 1999‐2003 w/ CO‐
MRSA SSTIs requiring surgical treatment
• Recurrent SSTIs in 21% (53/253); 2‐52 weeks after index SSTI

Moore CL, et al. Int J Antimicrob Agents. 2009;34:148‐55. Sreeramoju P, et al. Am J Surg. 2010 [Epub ahead of print 
September 8, 2010].  
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Methicillin-Resistant 
Staphylococcus aureus

Community-Associated 
(Community MRSA)

Health Care-Associated 
(Hospital MRSA)

Health Care Contact Yes/No Yes

Sites of Infection Usually Skin Diverse

Antibiotic Resistance Rarely Multi-drug Often Many Classes

High-Risk Groups Urban Children, IVDU, 
Detainees,

Soldiers, Athletes

Sick, Recent Antibiotics, 
Catheters

David and Daum. Clin Microbiol Rev 2010;23:616-87.



CA-MRSA 
SSTI 
Incidence 
per 100,000, 
Chicago



Estimated population incidence rate curves, based on the two CA-MRSA population incidence studies from Chicago, IL [9], 
Maryland [10], the population insured under Tricare [12] and Pennsylvania [11].

Dukic VM, Lauderdale DS, Wilder J, Daum RS, et al. (2013) Epidemics of Community-Associated Methicillin-Resistant 
Staphylococcus aureus in the United States: A Meta-Analysis. PLoS ONE 8(1): e52722. doi:10.1371/journal.pone.0052722
http://www.plosone.org/article/info:doi/10.1371/journal.pone.0052722

http://www.plosone.org/article/info:doi/10.1371/journal.pone.0052722


Multi-locus sequence typing (MLST)

PCR for segments of 7 
housekeeping genes

Genomic Prep: DNA isolation

ATACGATCG

Sequence gene segments

Assign predefined polymorphism 
designations to the allele of each gene

ATACGATCG
ATACGATCG

ATACGATCG
ATACGATCG

ATACGATCG
ATACGATCG

ATACGATCG
ATACGATCG

21

18
2

21
131

21
41

5

Allele numerical assignments together
determine a specific sequence type (ST)

ST121



MLST:  Pros and Cons

• ~2700 types defined
• Common language
• Reproducible
• Stable
• Can relate strains to 

one another

• Not very high 
discriminatory index

• e.g., 85% MRSA in 
USA is ST8 or ST5!

• Difficulties in 
nomenclature of 
“clonal clusters”



CA-MRSA:  Genetic Diversity

Chambers HF, et al. Lancet 2010;375:1557-68.



The Genomics Revolution, 
2010-

• Whole Genome 
Sequencing

• Ultimate resolution
• Cheaper ($10,000

$240) since 2002
• Functional 

information
• 80% core genome

• Uses
– Track evolution
– Time to common 

ancestor
– MGEs
– Importation
– Understand 

transmission
– Interspecies spread



Harrison EM EMBO Mol Med 2013;5:509-15.



Koser CU, et al. New Engl J Med 2012;366:2267-75.



Harris SR, et al. Lancet Infect Dis 2013;13:130-6.



Figure-2: Minimum spanning tree showing genetic relationship among 147 S. aureus strains with MLST-8. 
Each circle represents a haplotype and color represents the household to which it belongs. The haplotypes 
from 1 to 56 are from UCLA and 57 to 112 are from Chicago households. A solid black connecting line 
between any two haplotypes indicates that they differ by only a single SNP, whereas grey lines indicate >1 
SNP difference. 



Spoor LE, et al. MBio 20134(4). pii: e00356-13.



Holden MTG, et al. Genome Res 2013;23:653-64.



MRSA:  Where should we intervene?

Infections

Severe Infections



MRSA and the Environment

• Beach Water
• Agriculture
• Sewage effluents
• Lives for weeks on 

inanimate objects

• Unknowns
– How common?
– How important?
– How to study?
– Currency of genes or 

of bacteria?
– Livestock?
– Food?



Gaze W. Adv Appl Microbiol 2008;62:249-80.



Sewage, Water and Antibiotic 
Resistance Genes

• Dozens of studies recently on gram-
negative bacteria in sewage and soil
– ESBLs
– Carbapenemases
– Many studies in Europe

• Less on MRSA
– Exception is in agricultural settings
– Pigs are a major reservoir of MRSA



Municipal wastewater

• Sweden, 2008
• 2 month collection, 4 sites at a WWTP
• MRSA identified in inlet and activated 

sludge only
• Processing removed most MRSA
• May select for more resistant strains 

and PVL+ strains

Borjesson S, et al. J Appl Microbiol 108:1244-51.



Washington Beaches

• Water and intertidal sand samples from 
10 beaches in Washington state in 2008

• 5 multidrug-resistant MRSA isolates 
obtained (among 51 Staph species)

• Genotypes similar to healthcare-
associated strains

Soge OO, et al. J Antimicrob Chemother 2009;64:1148-55.



California beach sand 

• 53 beaches tested, Oct. 2009

• MRSA in 3% of samples

• Much less common than E. coli

Yamahara KM, et al. Appl Environ Microbiol 2012;78:1733-45.



California Beach Seawater & Sand

• 3 Southern California beaches
• MRSA in low concentration in 1.6% of 

366 seawater samples & 2.7% of 366 
sand samples 

• S. aureus in water correlated with S. 
aureus in sand, water temp, enterococci 
in water, & number of swimmers

Goodwin KD, et al. Water Res 2012;46:4195-207.



Goodwin KD, et al. Water Res 2012;46:4195-207.



Plano LRW, et al. Microb Ecol 2013;65:1039-51.

Florida Beaches and Beach Water
• 1001 water and 36 intertidal sand samples
• 2007-2009
• 1334 MSSA & 22 MRSA isolates obtained 
• 17/22 MRSA were USA300; 21/22 were PVL+
• More S. aureus corr. with more bathers



Great Lakes Beaches

• Study of 273 beach water and 22 
tributary samples in 2010 at 12 beaches 
(none in IL)

• Isolated mecA and femA (likely MRSA) 
from beach water at 8/12 beaches

• MRSA may be more common closer to 
urban areas in beach water

Haack SK, et al. Environ Sci Technol 2013;47:12054-63.



Summary
• HA-MRSA 
• CA-MRSA

– New risk groups / New syndromes
– Variable incidence

• Genotyping & Whole Genome 
Sequencing

• Environmental contamination
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