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Abstract

Staphylococcus aureus , both methicillin susceptible and resistant, are now major community-

based pathogens worldwide. The basis for this is multifactorial and includes the emergence of 

epidemic clones with enhanced virulence, antibiotic resistance, colonization potential, or 

transmissibility. Household reservoirs of these unique strains are crucial to their success as 

community-based pathogens. Staphylococci become resident in households, either as colonizers or 

environmental contaminants, increasing the risk for recurrent infections. Interactions of household 

members with others in different households or at community sites including schools and daycare 

facilities play a critical role in the ability of these strains to become endemic. Colonization density 

at these sites appears to play an important role in facilitating transmission. The integration of 

research tools including whole genome sequencing, mathematical modeling and social network 

analysis have provided additional insight into the transmission dynamics of these strains. Thus far, 

interventions designed to reduce recurrent infections among household members have had limited 

success, likely due to the multiplicity of potential sources for recolonization. The development of 

better strategies to reduce the number of household-based infections will depend on greater insight 

into the different factors that contribute to the success of these uniquely successful epidemic 

clones of S. aureus.
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Staphylococcus aureus as a community pathogen

In 1960, Roodyn remarked that, “even in the comparative simplicity of a single household, 

the epidemiology of staphylococcal infections appears baffling” [1]. It has been 54 years 

since Roodyn’s publication on staphylococcal infections in the home, yet many might say 
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that the dynamics of staphylococcal disease in the household, as well as in the community, 

continue to ‘baffle’ us. Understanding the basis for these community-based infections is 

critical because they have contributed to the ‘waves’ of staphylococcal infections, both 

methicillin-susceptible and resistant, that have occurred both locally and worldwide [2]. 

Since the 1980s, there has been a dramatic increase in the number of community-based 

infections due to methicillin-resistant S. aureus (MRSA), another example of the disturbing 

global trend of increasing antimicrobial resistance [3]. These infections have, for the most 

part, involved the skin and soft tissues, however 5–10% have been life threatening; these 

include septicemias and necrotizing pneumonias [4]. Until this community-based MRSA 

epidemic, the bulk of these infections occurred in the healthcare setting [4]. Now MRSA, in 

addition to methicillin susceptible S. aureus, is established as yet another antibiotic-resistant 

pathogen that frequently causes serious infections in the community [5].

It is noteworthy that the vast majority of community-associated (CA)-MRSA infections have 

been caused by a limited number of clones of S. aureus [3, 6–8]. In the United States, 

Canada, and South America the predominant clone has been pulsed field gel type USA300, 

or multilocus sequence type 8 (ST8) [3, 9, 10]. In other countries, different clones, and often 

not a single dominant clone, have been responsible for these infections [11, 12]. The success 

of these epidemic clones, even those that are methicillin susceptible, results from 

microbiologic determinants possessed by the clones themselves, environmental factors, and 

different types of exposures that increase the risk of infection [13, 14]. Despite the numerous 

reported outbreaks of CA-MRSA infections in vastly different settings, there have been 

several commonly identified factors associated with these different outbreaks [3]. These 

include crowding, limited access to suitable hygiene, damaged skin, and shared 

contaminated items or surfaces [15–18]. Interventions directed at these risks have reduced 

the spread of these bacteria and helped terminate outbreaks [19]. The success of CA-MRSA 

clones in epidemic settings has allowed them to become resident in communities throughout 

the world. In addition, the more successful clones have emerged as frequent nosocomial 

pathogens [20–22].

While the factors responsible for the transition of epidemic CA-MRSA clones to established 

endemic, community-based pathogens is incompletely understood, a recurring theme has 

been the role of the household as the epicenter for the introduction, persistence, and 

amplification of these successful clones. Investigators have noted the high frequency of 

recurrent infections among family members, the ready transmission of strains within the 

household, and the persistence of these strains on environmental surfaces in the home [23–

26]. New strategies to prevent these infections require a better understanding of the risks 

associated with the spread of CA-MRSA among household members as well as their 

interactions with others in the community. In this review we discuss the crucial role of the 

home as a centerpiece for the establishment of S. aureus, both methicillin susceptible and 

resistant, as a remarkably successful community-based pathogen.

The intersection of community reservoirs with the household

There is a dynamic interaction between community-based sources of CA-MRSA and the 

introduction of these clones into the household. This dynamic is perhaps best illustrated by 
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the numerous reported outbreaks of CA-MRSA infections that have occurred in a variety of 

community-based reservoirs including sports clubs, day care facilities, jails, schools, and 

places of work [15–18]. People at these sites may then transport newly acquired strains of 

CA-MRSA into their homes [7, 17, 27, 28]. Research conducted in non-outbreak situations 

supports a similar hypothesis, with strains being transmitted bi-directionally between 

households and the community through settings (e.g., schools, daycare facilities, farms, and 

healthcare facilities) and activities (e.g., sports participation and travel), although more 

detail on this exchange of strains is needed [29–33]. Figure 1 illustrates the numerous 

potential pathways for the spread of S. aureus in a community. Interaction is shown among 

people within households, between households, and with community sites. The entry, 

diffusion and dissemination of S. aureus strains occurs through the flow of people, animals 

and shared objects, with infection also playing a role in transmission dynamics.

Macal et al. [34] used agent-based modeling to assess CA-MRSA transmission dynamics. 

The authors simulated temporal and geographic trends in the incidence of CA-MRSA over a 

ten year period in Chicago, an area with a high incidence of infections [34]. The simulation 

indicated that the overwhelming majority of transmission events occurred within 

households. This was in large part due to the extensive degree of physical contact among 

household members, as well as the large amount of time people spend at home [35]. Of note, 

the model also suggested that colonization, rather than infection, was the primary source of 

the vast majority (95%) of transmission events. Schools and daycare centers played the 

greatest role in perpetuating the spread of MRSA among households. Outbreaks in jails and 

sports teams played a smaller role in MRSA transmission, although they often dominate 

popular perceptions. Athletic activities did account for a substantial proportion of 

colonization events. If confirmed in epidemiological studies, this analysis suggests that far 

greater attention needs to be placed on reducing MRSA colonization in the community, and 

in the household in particular, if the overall number of community-based infections is to be 

reduced.

The application of whole genome sequencing to address CA-MRSA 

transmission in communities

Recent studies have highlighted the limitations of traditional molecular typing tools in 

understanding the spread of pathogens in both the healthcare and community setting [36, 

37]. The advent of whole genome sequencing (WGS) with its enhanced ability to 

discriminate among clones has provided a far greater understanding of how these spread 

within different settings. In particular, it has allowed for a more accurate determination of 

whether specific clones are unique or are involved in a transmission event [38, 39].

To date, only a limited number of studies have used WGS to investigate the evolution and 

spread of epidemic strains of CA-S. aureus in households or the community [40, 41]. A 

small longitudinal study of households following an index USA300 infection demonstrated 

limited genetic adaptation of isolates over a 15-months study period [40]. These included up 

to five non-synonymous single nucleotide point mutations (SNPs) as well as small genome 

rearrangements in tandem gene clusters. Based on a phylogenetic comparison, the study also 

highlighted that, despite the close epidemiological link between USA300 isolates collected 

Knox et al. Page 3

Trends Microbiol. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from the same household, multiple different USA300 types were present. Among five 

USA300 isolates collected from the same household, one methicillin-susceptible S. aureus 

(600 SNPs) and one MRSA (75 SNPs) isolate were distinct from the initial infecting 

USA300 isolate, suggesting that new strains had been introduced into the household. Both 

pulsed field gel electrophoresis and spa-typing, the standard molecular typing tools, missed 

these differences and had classified all isolates as closely related. These results highlight the 

additional information and higher discriminatory power yielded by WGS that is critical to a 

more clear understanding of the transmission pattern among individuals in households.

A subsequent analysis of nearly 400 ST8 strains collected from 168 New York City 

households found that USA300 had likely been introduced into the community multiple 

times as several different clades were found to be endemic [41]. The granularity provided by 

this analytical technique was able to identify a far greater level of diversity than previously 

hypothesized. The analysis also identified clonal expansion of a fluoroquinolone resistant 

sub-clade, demonstrating the importance of antimicrobial resistance in the survival and 

spread of these strains in the community. Isolates collected from the members of a shared 

household were, on average, more closely related than those collected from other members 

of the same community, suggesting that individuals within a shared household frequently 

exchange colonizing S. aureus strains. These putative transmission events between 

household members confirm the importance of its role as a reservoir for S. aureus in the 

community setting. Despite the large sample collection, only a limited number of 

households shared closely related isolates. When applying the maximum pairwise-SNP 

distance of isolates (a measure of differences between pairs of strains) from households to 

community isolate pairs to determine a cut-off for possible USA300 transmission, several 

connections between households were identified (Figure 2) providing additional information 

on how these strains spread in the community. Based on the agent-based modeling 

simulations by Macal et al. [34] that highlighted the importance of colonization in 

transmission, this finding may in part be attributable to large, incompletely characterized 

colonizing community reservoirs.

Alam et al. [42] more recently reported a WGS analysis of 146 isolates collected 

longitudinally over 6 months from 21 households in Chicago and Los Angeles. In this study 

there was also evidence for very limited sequence diversity and close clustering of isolates 

in monophyletic lineages within a household. In about half of the households, the index 

infection isolate was the connection to the household-specific branch. These data suggest 

that the other cases were caused by isolates already resident in the household prior to the 

index infection, emphasizing the importance of decolonization for household members of an 

infected individual. As in the earlier longitudinal study by Uhlemann et al. [40]. Alam et al. 

[42] detected evidence for horizontal gene transfer and homologous recombination; they 

speculated that these were derived from co-resident S. aureus species. The authors noted that 

the fluoroquinolone-resistant USA300 clone was more widespread in Los Angeles and New 

York but less so in Chicago. More studies are needed to identify if household transmission 

differs between varying urban environments.
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Staphylococcus aureus transmission and disease within the household

Several studies have highlighted the household’s role as the primary reservoir for S. aureus 

in the community [24, 25, 41, 43–58]. The events that follow a CA-MRSA infection in a 

household include an increase in: (i) the risk of infections among other household members 

[26, 44, 45, 48–51]; (ii) MRSA colonization among other household members [46, 47, 52–

57, 59]; and (iii) contamination of environmental surfaces [24, 25, 58]. These reports have 

described epidemic clones that ‘ping pong’ among family members [26, 51], resulting in 

high rates of recurrent infection. Eradicating S. aureus carriage from household members 

and the environment in an effort to reduce the frequency of these infections has achieved 

mixed results [60, 61].

Research on the spread of S. aureus within the household has identified a diverse set of risk 

factors for intra-member transmission. A study of CA-MRSA spread among household 

contacts of infected children found that bathing the child and sharing lotions with the child 

increased the risk of transmission [62]. Knox et al. [24] observed that the presence of a 

young child increased the odds of intra-household S. aureus transmission. Cook et al. [26] 

reported the potential for heterosexual transmission of CA-MRSA among sexual partners in 

a household. A prospective study in the Netherlands found that prolonged household 

exposure to MRSA, the age of the individual infected, the diagnosis of eczema in the 

infected individual, and the number of household members increased the risk of 

transmission to contacts within the home; the observed risk factors in this study may 

however not be applicable to countries with a high incidence of CA-MRSA infections [63]. 

Multiple studies have suggested that domesticated animals play a role in household 

transmission of S. aureus and that transmission between humans and their pets is likely bi-

directional [43, 64–70]. A recent study that used WGS showed that 46 MRSA isolates 

cultured from cats and dogs in the United Kingdom were interspersed throughout the 

epidemic MRSA-15 pandemic clade and clustered with a population of human isolates from 

the same lineage [71].

A comprehensive study looking at the spread of clinical CA-MRSA strains to household 

members of infected adults and children from two major U.S. cities found that USA300 was 

more transmissible than other strain types [72]. This same study also found that the index 

having had a previous skin infection in the past year also increased the risk of transmission 

to other household members, implicating the interplay between colonization and infection in 

S. aureus transmission dynamics. This study was strengthened by the large sample size, 

geographic diversity, surveillance of multiple body sites, and characterization of the S. 

aureus isolates at the molecular level. Recent skin infection and recent cephalexin use were 

also found to be independently associated with household transmission.

In contrast, other studies have shown that certain MRSA strains, for example the livestock-

associated strain CC398 that has been associated with infections among pig farmers in the 

Netherlands, are less transmissible than other strains [73, 74].

A recent prospective study found that ‘colonization pressure,’ a measure used in healthcare 

settings to reflect the magnitude of a microorganism reservoir within a particular unit, was 
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associated with persistent MRSA colonization among infected index outpatients but not 

recurrent skin and soft tissue infections [75]. Rodriquez et al. [76] reported a high level of 

strain relatedness among household contacts of children with both methicillin susceptible 

and resistant CA-S. aureus infections, while additionally observing that a substantial 

proportion of index cases were colonized with strains discordant from the one causing 

infection or from strains colonizing their household contacts, again suggesting the 

introduction of multiple strain types from outside sources.

The risk factors for transmission of community-associated S. aureus clones may differ from 

those associated with healthcare-associated strains [6, 77–80]. For household spread of 

healthcare-associated MRSA clones, risk factors have included the presence of a skin 

condition, close physical contact among household members, and participating in the care of 

an individual with an infection [63, 81, 82]. A recent analysis pooled common features of 

CA-MRSA household transmission from three studies performed in geographically diverse 

settings Melbourne, Australia, New York, USA and Breda, Netherlands [83]. Similar levels 

of CA-MRSA household transmission were observed across these settings and several 

common risk factors for household transmission were identified. These included nasal 

colonization of the index patient with the clinical isolate and the number of children in the 

household. The number of common risk factors that could be measured across the different 

studies limited the study.

In recent years, environmental contamination has been recognized as a potential mediator of 

S. aureus transmission and possible reinfection within the household [24, 25, 43, 58, 80, 84]. 

The role of the environment in S. aureus infections has been previously explored in the 

healthcare setting [85, 86] and in certain community settings, such as among injection drug 

users [87]. In an analysis that included many of the previously identified risk factors for CA-

MRSA household transmission, Knox et al. [24] found that environmental contamination 

with the clinical isolate was by far the most important predictor of the spread of the clinical 

isolate among non-index household members. Uhlemann et al. [25] found that recurrent 

infections were more common within households where the isolate that resulted in clinic 

infection was detected on environmental surfaces; the infections were predominantly caused 

by USA300. These epidemic strains also are capable of prolonged survival in households. 

USA300 infection was found in 63% of households at three months where there was an 

antecedent infection [58]. In a longitudinal study, Miller et al. confirmed these earlier 

studies showing that patients with a S. aureus skin infection were more likely to have a 

recurrent infection within 6 months in households with environmental MRSA 

contamination. Index MRSA colonization and other household member MRSA colonization 

were not identified as independent predictors of recurrent infections among indexes or 

infections among household contacts [88]. The importance of environmental contamination 

in S. aureus infection is further supported by the limited success of body-site decolonization 

interventions designed to prevent recurrent infections within the household [61, 89]. 

Alternatively, environmental contamination may be a surrogate marker of colonization of 

multiple body sites, which itself may serve as an unrecognized staphylococcal reservoir in 

the community setting [90].
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Recent studies have begun to look at MRSA transmission among individuals within a 

household by relationship and contact type, a level of detail that is likely needed given the 

complexity of relations within households [62, 63, 81, 82]. These studies found that being a 

closer contact and participating in the care of a person with an infection were both risk 

factors for transmission. WGS will be able to more clearly define the interaction among 

household members in order to untangle the complexity of S. aureus transmission.

Limitations of research on the transmission of CA-MRSA within the 

household

To date, the majority of research identifying risk factors for infection has been primarily 

restricted to retrospective case-control studies. As a result, studies of CA-MRSA household 

transmission are often limited to analyses of cross-sectional data collected after a household 

index infection has occurred. Therefore, neither the directionality nor the source of 

transmission may be ascertained and shared strains, the standard proxy measure for 

transmission, potentially indicate a shared exposure. Analyses of transmission are also 

usually limited to the spread of the clinical isolate. Furthermore, these household studies 

have mostly relied on nasal colonization to assess household transmission. This likely 

underestimates the true burden of S. aureus carriage among individuals in the household and 

the community. Several studies have now documented the enhanced capacity of CA-MRSA 

strains, such as USA300, to colonize multiple body sites including the oropharynx, axilla, 

groin, inguinal canal, rectum and perineum [59, 72, 80, 88, 91–97]. The extent of 

colonization of these sites has varied among studies, although many of them note that a 

substantial proportion of carriage is missed when only the anterior nares is sampled [72, 95, 

97]. Future studies will need to further delineate these factors by culturing multiple body 

sites and the environment.

Interventions to reduce the incidence of S. aureus infections in the home

As noted above, households with a previously infected individual are at increased risk of 

recurrent infection [26, 44, 45, 48–51]. In addition to the household risks, patients recently 

discharged from healthcare facilities with a history of staphylococcal infections or with 

evidence of S. aureus colonization are also at increased risk of recurrent infection [98, 99]. 

Several studies have investigated the efficacy of intervention strategies to reduce the 

incidence of recurrent infections in the household. While these interventions have been 

partially successful in reducing colonization, recurrent infections have continued to occur 

despite these efforts.

Among the first efforts to eradicate epidemic strains of S. aureus from the household was a 

study by Bocher et al. [100]. This investigation applied the ‘search and destroy’ strategy 

used in Scandinavian healthcare facilities to the home environment. The investigators 

worked with patients and healthcare workers colonized with ST22, a MRSA strain present in 

Vejle County, Denmark. Using a combination of topical mupirocin for those nasally 

colonized, systemic antibiotics for throat-colonized subjects combined with extensive 

environmental cleaning, they were able to successfully eradicate colonization in most 
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households. Of note, persistent colonization was most commonly found in subjects with 

throat or multiple site colonization and among those with chronic diseases.

In more recent studies, several different intervention strategies have been used. In a 

randomized trial, Fritz et al. [61] found that a combination of diluted bleach baths and 

topical intranasal mupirocin was the most effective strategy to eradicate colonization (nares, 

inguinal fold, and axilla sampled) in children. However, depending on the intervention they 

received (hygiene education for all groups, mupirocin, or mupirocin and bleach baths), 43–

54% of the cohort still experienced recurrent infections after six months. In a subsequent 

household based study, the same group investigated the efficacy of an individual versus a 

household based decolonization strategy [101]. They found that the household based 

decolonization approach, despite failing to reduce colonization more than the individual-

based approach, was more successful in reducing the number of recurrent infections over a 

12-month period, although the number of recurrent infections remained high among both 

groups. In a small prospective study using nasal mupirocin and hexachlorophene body wash 

with oral trimethoprim-sulfamethoxazole, Miller et al. [60] noted a significantly reduced 

number of infections in the six months following the intervention. In another randomized 

clinical trial, Kaplan et al. [89] found that diluted bleach baths in addition to routine hygiene 

measures were not more effective in reducing recurrent infections among children than 

routine hygiene measures alone; within 12 months, recurrent infection requiring medical 

attention occurred among 17% of children receiving bleach baths compared to 21% among 

the control group.

As outlined above, certain epidemiological and biological aspects of CA-S. aureus likely 

account for the limited success of the intervention strategies aimed at reducing recurrent 

infections within households. First, the spread of S. aureus within the household is complex, 

involving multiple mechanisms of transmission as well as the frequent introduction of new 

and old strains from the community into the household [41, 72, 76]. The factors contributing 

to CA-S. aureus spread require careful consideration when designing measures to interrupt 

transmission pathways within the home. Second, the burden and persistence of CA-S. aureus 

carriage may correlate with the pattern of colonization as well as the total number of body 

sites colonized. To date, most studies have not examined extra-nasal S. aureus colonization 

and in particular the contribution of pharyngeal colonization to the risk of persistent 

colonization and reinfection. In order to quantify the true effect of decolonization strategies, 

longitudinal assessments of staphylococcal carriage at multiple body sites will be needed. 

Third, the virulence, transmissibility and persistence of CA-S. aureus varies by clonal type, 

with epidemic strains such as USA300 accounting for a large burden of invasive and 

recurrent staphylococcal infections [72, 102, 103]. It has been hypothesized that clonal 

lineage is an important factor to consider when designing, implementing, and assessing 

intervention strategies. As a growing number of household-based studies have supplemented 

epidemiological data with molecular typing, further clarification of the role of clonal 

lineages will be established. Finally, environmental contamination appears to play an 

important role in the persistence of particular strains in the home and may also increase the 

risk of recurrent infections [24, 25, 58]. At present, few intervention studies have assessed 

the prevalence and significance of this important issue.

Knox et al. Page 8

Trends Microbiol. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Concluding remarks and future directions

A combination of epidemiological, genomic, and modeling studies have provided 

considerable insight into the factors that contribute to the spread of CA-MRSA within the 

community and the household, however numerous questions remain. For example, while 

there has been a major focus on defining the epidemiology of CA-MRSA, methicillin 

sensitive S. aureus has been relatively understudied and the likely interaction among MRSA 

and methicillin sensitive S. aureus strain types remains largely undefined. Also, the implicit 

distinction between HA- and CA-S. aureus is made due to the very different nature of these 

settings; however, there is clearly interaction between them that merits further exploration. 

Of interest, in this regard, is the observed variance in the incidence of CA-MRSA infections 

among countries with a high incidence of HA-MRSA, an observation that remains 

incompletely understood. The ultimate goal of our research efforts is to develop strategies 

that will successfully reduce CA-MRSA transmission and infections. The evolution of 

analytic techniques will allow for enhanced depth in the analysis of our research questions 

(Box 1). Uhlemann et al. [41, 42] illustrated the potential that more precise molecular 

techniques have for defining how CA-MRSA spreads beyond households and establishes 

itself in communities [25]. Macal et al. [34] demonstrated the capacity of mathematical 

modeling to help understand the dynamics of S. aureus transmission and infection in the 

community setting [34]. The collection and analysis of detailed social network data could 

help to further strengthen studies, and work is needed to explore overcoming the challenges 

of conducting this type of research in community settings.

Box 1

Outstanding questions

• Is colonization density, as reflected by the number of colonized household 

members or environmental sites contaminated, the critical parameter for CA-

MRSA persistence?

• Which bacterial virulence determinants are necessary for survival in 

environmental settings?

• What are the most effective intervention strategies to prevent recurrent CA-

MRSA infections in homes and is oral antibiotic therapy a necessary component 

of these interventions?

• What is the role of the environment in recurrent household infections?

• What is the explanation for the regional variation in epidemic clones of CA-

MRSA?

The application of these methods will help us to sort out the complexity of staphylococcal 

spread among households that Roodyn described so aptly over 50 years ago. Without 

improved information our efforts to further reduce the spread of this dangerous pathogen 

and prevent infections will be limited.
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Highlights

• The household is a major community-based reservoir for methicillin-resistant 

and methicillin-susceptible S. aureus.

• Whole genome sequencing allows enhanced discrimination of strains and, as a 

result, provides a more accurate understanding of their transmission.

• Environmental contamination may contribute to recurrent S. aureus infections.

• Interventions directed at reducing household S. aureus infections have had 

mixed success.
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Figure 1. 
Graphical display of how S. aureus, including MRSA, spreads through the community. 

Possible pathways for the spread of S. aureus in a neighborhood. Household members share 

close physical contact with each other, their household environments (e.g., kitchen sinks) 

and their pets. These same people interact with members of other households, such as 

extended family members, friends, and neighbors. They also interact with community sites, 

such as healthcare facilities, athletic facilities, and schools or day care facilities. Travel may 

also introduce new strains into the community. As ongoing transmission events, either 

directly from person to person or mediated through fomites, new strains are periodically 

introduced into households. This entry, diffusion and dissemination of strains also occur at 

the community level through the flow of people, animals and objects. Some community 

members are persistently colonized while others are only temporarily colonized, sometimes 

long enough to transmit to another person and other times they clear colonization before 

transmission occurs. These dynamics are also affected by external factors, such as weather 

patterns. Infection also plays a role in S. aureus transmission dynamics. Based on a 

combination of exposure, host susceptibility and strain virulence factors, infections occur 

among a relatively small percentage of community members, which in turn increases the 

risk of transmission and infection among other household members, as well as their contacts 

in the community. In the figure the arrows are weighted based on the relative likelihood of 

S. aureus transmission.
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Figure 2. 
Transmission of the epidemic S. aureus strain ST8 (USA300) within and between 

households in Northern Manhattan based on sequence and epidemiological analysis. Upright 

red triangles indicate transmission within households. The size of the triangle corresponds 

with the number of isolates per household. Downward blue triangles indicate multiple 

unrelated ST8 isolates, and green highlights single ST8 isolate households. Linkages 

between households are shown as black lines (identical sequences), red lines (sequence and 

epidemiological connection), or green lines (epidemiological but no sequence link). 

Reprinted with permission from PNAS [41].
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