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Abstract
Objectives—Although colonization traditionally is considered a risk factor for Staphylococcus
aureus infection, the relationship between contemporary S. aureus colonization and infection is
not well characterized. We aimed to relate colonizing and disease-causing strains of S. aureus
within individuals and households.

Study design—In a prospective study in St. Louis, Missouri of 163 pediatric outpatients (cases)
with community-associated S. aureus skin and soft tissue infections (SSTI), infection isolates were
obtained from cases along with colonization cultures from cases and their household contacts
(n=562). Molecular typing by repetitive sequence-based PCR was employed to compare infecting
and colonizing isolates within each case; the infecting strain from each case was compared with S.
aureus strains colonizing household contacts. Colonization status of cases was followed for 12
months.

Results—Among 1299 S. aureus isolates evaluated, 27 distinct strain types were identified. The
range of distinct strain types per household was 1-6. One hundred ten cases (67%) were colonized
at ≥1 body site with their infecting strain. Of the 53 cases whose infecting strain did not match a
colonizing strain, 15 (28%) had ≥1 household contact whose colonizing strain matched the case’s
infecting strain. Intrafamilial strain-relatedness was observed in 105 (64%) families.

Conclusions—One-third of cases were colonized with a different strain-type than the strain
causing their SSTI. For cases with discordant SSTI/colonizing isolates, less than one-third could
be linked to the strain from another household contact, suggesting acquisition from sources
external to the household.
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Methicillin-resistant Staphylococcus aureus (MRSA) infections are a significant public
health problem [1-3], with skin and soft tissue infections (SSTI) being the most common
disease manifestation of community-associated (CA) MRSA [1, 4, 5]. Patients with S.
aureus infections often are colonized with this organism [3, 6], but the relatedness of
infecting and colonizing strains has not been well described in the community setting.
Currently, many efforts to prevent recurrent SSTI focus on decolonization strategies in order
to eradicate S. aureus carriage. However, if endogenous colonizing strains and disease-
causing strains are discordant, decolonization measures may not be effective in preventing
subsequent infections. Although nasal S. aureus isolates historically have been correlated
with the strain subsequently isolated as the cause of healthcare-associated infections [7],
Chen et al. recently demonstrated that only 59% of children with community-associated
SSTI had wound isolates concordant with their colonizing isolates, suggesting that S. aureus
infections do not always arise from endogenous sources [8].

CA-MRSA infections often cluster in households [9-12], with MRSA transmission
occurring in as many as 40% of households of patients with MRSA infection or colonization
[13]. Transmission dynamics within households may be explained by frequent close contact
and potentially through contamination of fomites [14]. An evaluation of the molecular
epidemiology of S. aureus could inform transmission dynamics and lead to evidence-based
interventions to reduce the incidence of SSTI.

Recently we conducted a decolonization trial evaluating pediatric patients with S. aureus
SSTI and colonization and measured the prevalence of S. aureus colonization among
household contacts of these patients [15]. For the present study, we performed molecular
typing by repetitive sequence-based polymerase chain reaction (repPCR) to compare
colonizing and disease-causing strains of S. aureus within index cases and among household
contacts. Our objective was to determine whether index cases were infected with their
endogenous colonizing strains and to determine strain similarity among household contacts
to assess strain-relatedness of S. aureus within households.

METHODS
This study was approved by the Washington University Human Research Protection Office.
Informed consent was obtained at study enrollment from index cases and their household
contacts. Samples for the present study were obtained from a decolonization trial recently
performed by our group which enrolled pediatric patients with community-associated SSTI
[15]. This trial included patients (“index cases”) aged 6 months to 20 years who were cared
for at St. Louis Children’s Hospital (SLCH) emergency department (ED) and ambulatory
wound center, and at nine community pediatric practices affiliated with a practice-based
research network in metropolitan St. Louis from May 2008 to December 2009. Patients with
risk factors for hospital-acquired S. aureus infections were excluded (those with an
indwelling catheter, percutaneous medical device, or postoperative wound infection;
undergoing dialysis; or residing in a long term care facility). For enrollment into the trial,
patients were required to have a culture confirmed MRSA or methicillin-susceptible S.
aureus (MSSA) SSTI, and be colonized in the anterior nares, axillae, or inguinal folds with
S. aureus. The baseline colonization status of the anterior nares, axillae, and inguinal folds
of household contacts of the index cases also was assessed as previously described. At
enrollment, all index cases were prescribed decolonization with mupirocin and
chlorhexidine for 5 days. Households were randomized to one of two groups: decolonization
of the index case alone or decolonization of all household members [15]. The present study
included 163 cases, each from a unique household, all of whom had an infecting isolate
available for molecular typing and whose household contacts provided colonization swabs.
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A standardized survey was administered to each index case at enrollment to collect
demographic information about each case and household contacts. Characteristics of the
home environment, such as household crowding, were assessed. Details about index case
healthcare exposure and history of SSTI in the index case and household contacts were
recorded.

Index cases were followed longitudinally for one year with follow-up visits 1, 3, 6 and 12
months after study enrollment. At follow-up, colonization status of index cases was assessed
by repeat cultures of the anterior nares, axillae, and inguinal folds; a questionnaire was
administered to assess incidence of SSTI in index cases and household contacts. Household
contacts’ colonization status was measured only at baseline.

Microbiology and Molecular Typing
S. aureus isolates recovered from SSTI cultures were obtained from the SLCH microbiology
laboratory or from the relevant pediatric practice. Colonization culture swabs (BBL Liquid
Stuart; Becton Dickinson, Sparks, MD) were processed as previously described [16, 17].
After overnight broth enrichment (BBL; Becton Dickinson), S. aureus isolates were
recovered on sheep blood agar (BBL; Becton Dickinson) for further analyses. Isolates were
classified as MRSA or MSSA using cefoxitin disk diffusion in accordance with Clinical and
Laboratory Standards Institute criteria [18].

Molecular typing was performed on the index cases’ infecting and colonizing isolates at
baseline and at the 4 follow-up visits (if subsequently colonized), and on colonizing isolates
recovered from household contacts at baseline. RepPCR was performed as previously
described [19, 20]. Isolates with a similarity index of ≥95% were considered to be identical.
Each distinct strain was assigned a consecutive number as a reference strain; in addition to
the numeric assignment, MRSA strains were given the designation “R” and MSSA strains
were designated “S.” In addition to the standard phenotypic methods used to identify all S.
aureus isolates in this study, the identity of the reference strains was confirmed using
matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF
MS). MALDI-TOF MS analysis was performed using the Bruker Biotyper 3.0; isolates were
analyzed in automatic mode using a Biotyper score of >2.0 for high-confidence
identification [21].

Analysis of Strain Relatedness
Strain variability within index cases and household contacts at baseline and index cases at
follow-up was assessed. Relatedness of infecting and colonizing strains within each index
case was evaluated. The infecting strain from each index case also was compared with
strains colonizing their household contacts. Intrafamilial strain-relatedness also was
examined, defined as the presence of ≥ 1 household member carrying a S. aureus strain type
identical to any other household member’s (including the index case) infecting or colonizing
strain type at any time point throughout the study, as determined by repPCR pattern [12, 13].

Strain type relatedness also was compared between body site of colonization and site of
infection. Infections in the face, scalp or neck were compared with colonization in the nose;
infections in the chest, breast, trunk, axillae or upper extremity were compared with
colonization in the axillae; and infections in the groin, labia, vulva, buttock or lower
extremity were compared with colonization in the inguinal folds.

Statistical Analyses
Epidemiologic risk factors were compared between index cases with and without concordant
colonizing and infecting isolates and between households with and without S. aureus
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intrafamilial strain-relatedness. Student t-test was used to analyze continuous variables and
Fisher exact test was used to compare categorical variables using SPSS for Windows 20
(IBM SPSS, Chicago, IL). Comparisons of age distributions between groups were
performed using the Mann-Whitney U test. All tests of significance were 2-tailed. A p-value
of <0.05 was considered significant.

RESULTS
Index Patient and Household Contact Characteristics

The 163 cases had 562 household contacts enrolled in the study; the median household size
was 4 people (range 2-12). The median age (range) of the cases was 2.8 (0.5-20) years.
Seventy (44%) index cases experienced an SSTI in the year prior to study enrollment (Table
I). The median age (range) of the 562 household contacts was 22.0 (0.1-88) years. Of 562
household contacts, 112 (21%) reported an SSTI in the year prior to study enrollment (Table
I).

Baseline Colonization and SSTI
Of 163 index cases, 104 (64%) were colonized at the time of acute presentation (i.e.,
baseline) with MRSA only, 45 (28%) with MSSA only, and 14 (9%) with both MRSA and
MSSA. MRSA was isolated from 132 (81%) index SSTI cultures, and MSSA was isolated
from 31 (19%). Of 562 household contacts, 309 (55%) were colonized with S. aureus: 112
(20%) with MRSA only, 184 (33%) with MSSA only, and 13 (2%) with both MRSA and
MSSA. Household contacts colonized with MRSA were more likely to have had an SSTI in
the past year (36%) than those not colonized with MRSA (17%; p<0.001). The mean
household colonization pressure (proportion of household contacts colonized) with S. aureus
was 54%: 23% with MRSA and 33% with MSSA. Index cases colonized with S. aureus at 1,
2, and 3 anatomic sites at baseline had increasingly higher mean household S. aureus
colonization pressures (48%, 58%, and 70%, respectively; p=0.011). Index cases colonized
with S. aureus at 2 and 3 sites at baseline were more likely to be colonized with S. aureus
during at least 1 longitudinal interval over the 12-month follow-up study than index cases
colonized at just 1 site at baseline (95% and 93% vs. 77%, respectively; p=0.022).

Baseline Strain Variability within Cases and Households
Among 1299 S. aureus isolates recovered from index cases (801 isolates) and household
contacts (498 isolates), 27 distinct strain types were identified by repPCR (Figure 1). Two
strain types (designated “2” and “24”) comprised 66% of the isolates. The predominant
household S. aureus strain types, defined as the strain types recovered with the highest
frequency within a particular household, were 2R in 55 households (34%) and 24R in 51
households (31%). Strain types 2R and 24R also were the most common infecting (2R 40%,
24R 33%) and colonizing (2R 34%, 24R 34%) strain types in index patients, and these
predominated at each site of colonization (nares, axillae, and inguinal folds).

At baseline, including both colonizing and infecting strains, 86 index cases (53%) carried 1
strain type, 71 cases (44%) carried 2 strain types, and 6 cases (4%) carried 3 strain types at
different anatomic sites. The overall number of colonizing and infecting strain types per
household (index case and household contacts) ranged between 1 and 6 at baseline. Of the
562 household contacts, 257 (46%) were colonized with 1 strain type and 52 (9%) carried
multiple strain types at baseline (Table II).
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Strain Relatedness within Cases and Households
Of 163 index cases, 110 (67%) had at least 1 baseline colonizing strain that matched their
infecting strain (Figure 2); 89 (55%) cases’ infecting strains matched all of their recovered
colonizing strains. Index cases with concordant infecting and baseline colonizing strains
were more likely to be African-American (66% vs. 45%, p=0.01) and have eczema (37% vs.
17%, p=0.01) than index cases with discordant infecting and baseline colonizing strains. The
distribution of age (median [range]) across these two groups was similar (2.5 [0.5-20] years
vs. 3.0 [0.6-18] years, p=0.98).

Overall, 75 (46%) of 163 index cases had at least one household contact colonized with a
strain concordant with their infecting strain, representing 23% (127 of 562) of all household
contacts. Of 110 index cases with concordant colonizing and infecting strains, 60 (55%) had
at least one household contact whose colonizing strain matched the index case’s infecting
strain. Of 53 index cases whose infecting strain was not concordant with their colonizing
strain, 15 (28%) had at least one household contact whose colonizing strain matched the
index case’s infecting strain (Figure 2). At least one parent was colonized with S. aureus in
107 (66%) households; of these, 47 (44%) of the cases’ infecting strains matched a parent’s
colonizing strain. Of 115 cases with siblings, 71 had at least one colonized sibling; 34 (48%)
of these cases’ infecting strains matched their siblings’ colonizing strain.

Relationship between Infecting Strain and Colonizing Strain Recovered from an Adjacent
Body Niche

Of 163 index cases, 109 (68%) were colonized at baseline at a body site proximate to the
site of infection. Similar to the ratio of concordance between infecting and colonizing strains
overall, in 74 (68%) of these cases, the adjacent body niche was colonized with a strain
identical to the infecting strain. In evaluating specific sites of colonization, and 64% of cases
with face, scalp or neck infections had concordant nasal colonization, and 65% of cases with
groin, labia, vulva, buttock or lower extremity infections had concordant groin colonization,
87% of cases with chest, breast, trunk, axillae or upper extremity infections had concordant
axillae colonization.

Longitudinal Strain Variability
Over the 12-month longitudinal study period (including the baseline sampling), index cases
carried up to 6 distinct strain types (Table II). During this time, 118 (72%) index cases were
colonized with at least 1 strain concordant with their baseline infecting strain. Additionally,
after decolonization, 68 index cases acquired a coloning strain type not present at baseline.
Of those acquiring a new strain type, 50 index cases (74%) acquired 1 different colonizing
strain type, 13 (19%) acquired 2 different colonizing strain types, 4 (6%) acquired 3
different colonizing strain types, and 1 (1%) acquired 4 different colonizing strain types over
12 months. Of these 68 index cases acquiring a new strain type, 28 (41%) developed
colonization with a new strain type that matched a baseline household contact colonizing
strain.

Randomization to decolonization of the index case alone vs. the entire household did not
affect index case longitudinal acquisition of a colonizing strain not present at baseline (38 of
81 [47%] vs. 30 of 82 [37%], respectively; p=0.21). Of index cases acquiring a new strain
during follow-up, no differences were seen between treatment arms in the likelihood of the
new strain matching a baseline household contact colonizing strain (15 of 38 [40%] in the
index group vs. 13 of 30 [43%] in the household group, p=0.81).
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Intrafamilial Strain-Relatedness
We documented occurrence of S. aureus intrafamilial strain-relatedness in 105 (64%) of 163
households. In households with intrafamilial strain-relatedness, the mean number (±SD) of
household members was higher than in those without strain-relatedness (5.2±1.9 vs. 3.7±1.0,
p<0.001). Households with intrafamilial strain-relatedness had both a higher mean MRSA
colonization pressure (i.e., proportion of colonized household contacts, 0.34 ± 0.33 vs. 0.03
± 0.11, p<0.001) and a higher mean MSSA colonization pressure (0.39 ± 0.34 vs. 0.23 ±
0.32, p=0.003) than households without strain-relatedness. Households with intrafamilial
strain-relatedness were more likely to report SSTI in a household contact during the year
prior to study enrollment than households without strain-relatedness (62 % vs. 43%,
p=0.02); index case tended to have history of SSTI in the prior year (p=0.05). Age of index
cases and household contacts was not significantly associated with S. aureus intrafamilial
strain-relatedness (p=0.93 and 0.36, respectively). Additionally, intrafamilial strain-
relatedness occurred in 57%, 69%, and 80% of households with index cases colonized with
S. aureus at 1, 2, and 3 sites at baseline, respectively (p=0.07).

DISCUSSION
Historically, S. aureus colonization has been a demonstrated risk factor for subsequent
infection [3, 6]. The present study determined that 67% of our pediatric patients were
colonized at baseline with at least 1 strain that matched their infecting strain. The infecting
strain from 55% of these index cases also was concordant with the colonizing strain from at
least one household contact, suggesting that there may be unique characteristics regarding
virulence and the potential for transmission of certain strain types. A striking 33% of cases,
however, had discordant infecting and colonizing strains at baseline, even when strains were
recovered from an adjacent body niche. Similar findings were demonstrated by Chen et al.
who determined that only 59% of SSTI and nasal isolates in healthy children were
concordant by both methicillin resistance status and pulsed-field gel electrophoresis (PFGE)
type [8].

In the present study, intrafamilial strain-relatedness was identified in 64% of households,
and 23% of household contacts overall were colonized with a strain type that matched the
index cases’ infecting strain type. In households of patients with CA-MRSA infections in
Hong Kong, 13% of household contacts were colonized or had infections with the same
PFGE strain type [11]. In a cross-sectional study of patients with S. aureus SSTI and their
household contacts in Chicago and Los Angeles, 14% of household members were
colonized with a strain type concordant with the index cases’ infecting strain [23]. In these
published studies, in which a lower proportion of household contacts were colonized with a
strain concordant with that of the index patient in comparison to the present study, the
majority of index patients were adults. We suspect that our higher proportion of household
strain similarity may be influenced by our pediatric index population and the likelihood that
children are in closer contact with each other and with older family members, affording
greater opportunity for transmission. Indeed, nearly half of our cases’ infecting strains were
concordant with their parents’ and siblings’ colonizing strains. Several risk factors for
intrafamilial strain-relatedness were observed in our study, including crowding and higher
MRSA and MSSA colonization pressure (ie, number of colonized contacts). Similarly,
Mollema et al demonstrated that index cases who transmitted MRSA to their household
contacts had on average more household contacts than those who did not have transmission
[24]. Additionally, an investigation of nosocomial MRSA transmission by Merrer et al also
demonstrated that increased colonization pressure was the only independent risk factor for
MRSA transmission in the hospital setting [25].
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Although intrafamilial strain-relatedness was common, in the present study we also found
that household contacts are not the sole source of S. aureus acquisition. In our population, of
the index cases whose colonizing strain was discordant from their SSTI strain type, less than
one-third had a household contact whose colonizing strain matched the index case’s
infecting strain. In addition, during the 12-month follow-up period, 42% of index cases
acquired a colonization strain not present at baseline. Of the newly acquired strains, only
one-third matched a baseline household contact colonizing strain. These findings are
important in light of the perception that household contacts serve as reservoirs for S. aureus
transmission [15], and suggest that S. aureus is acquired from sources both within and
outside the household.

In the present study, 27 unique S. aureus repPCR strain types were detected in cases and
their households. Within households, a diversity of strain types was present, with up to 6
different strain types recovered from individual households at baseline. Miller et al.
demonstrated similar strain variability; of 350 households studied, 65% contained more than
one S. aureus strain type [23]. In two U.S. studies comparing colonizing and infecting S.
aureus strain types, strain types recovered from active infections differed from those
recovered from sites of colonization. In the household study by Miller et al, 53% of infecting
strains and only 29% of colonizing strains were characterized as PFGE type USA300 [23].
In a military study by Ellis et al, USA300 strains accounted for 97% of isolates recovered
from abscesses, but only 53% of the colonizing isolates [26]. In contrast, in the present
study, the most prevalent infecting strain types were also the most common colonizing strain
types.

Our study has several limitations and strengths. Molecular typing was performed on a large
collection of S. aureus isolates (almost 1300). The study population was part of an
intervention trial that included a decolonization regimen performed after baseline sampling;
this could have altered the colonizing flora during longitudinal samplings, potentially
modulating the strain types associated with subsequent infections. Although throat cultures
were not collected, we sampled three body sites that represent important niches for S. aureus
colonization in children. Environmental samples also were not collected; fomites and pets
may play a significant role in S. aureus transmission [14]. As colonization swabs were not
collected from household contacts at longitudinal time points, we are unable to specify the
directionality of S. aureus transmission within households. Lastly, although this study was
conducted in a limited geographic area, our study population was diverse (with regard to
race, patient age, and body sites of infection), and thus our results may be generalizable to
other populations affected by CA-S. aureus.

In the epidemic of contemporary S. aureus infections, sources of infection other than
endogenous colonization, including direct person-to-person and fomite-to-person
transmission, as well as host and bacterial factors, are important in staphylococcal
pathogenesis [14]. Although current efforts to prevent S. aureus SSTI focus on
decolonization, findings from the present study suggest that personal decolonization
exclusively may not be optimally effective in preventing recurrent infection [15].
Additionally, the common practice of attempted decolonization of all household members
[22] may be a suboptimal long-term solution, as sources external to the household may drive
acquisition of and infection with distinct strains [15]. As both endogenous S. aureus
colonization and exogenous sources appear to play a key role in the development of
staphylococcal infection, improved understanding of household transmission dynamics,
including vectors facilitating entrance into the household, reservoirs of S. aureus in the
home environment, and targets for intervention to interrupt transmission, will be critical in
developing future strategies targeted at preventing S. aureus infection.
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Figure 1.
Dendrogram of 27 distinct reference strains (RS). Dotted line demarcates the 95% similarity
cutoff for determining distinct strain types.
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Figure 2.
Strain concordance of index case and household contacts colonizing and infecting strains.
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Table 1
Patient and Household Characteristics

Characteristic N (%)

Index Cases 163

Age (years), median (range) 2.8 (0.5-20)

Race

 Caucasian 66 (40)

 African-American 97 (60)

Sex

 Male 71 (44)

 Female 92 (56)

Number of persons in household, median (range) 4 (2-12)

Household crowding
a 27 (17)

SSTI in past year 70 (44)

Any household contact with SSTI in past year 90 (55)

Household Contacts 562

Age (years), median (range) 22.0 (0.1-88)

Relationship to index case

 Parent 247 (44)

 Sibling 211 (38)

 Other
b 104 (19)

SSTI in past year
c 112 (21)

a
>2 people per bedroom per household

b
Other household contact relationships include grandparents, aunts, uncles, cousins, nieces, nephews, and friends

c
SSTI in past year was available for 538 household contacts
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Table 2
Strain Variability within Cases and Households

Number of
Distinct Strain

Types
Detected

Index Case

at Baseline
a
 N = 163 (%)

Households

at Baseline
b

N = 163 (%)

Household Contacts
at Baseline

N = 562 (%)

Index Case

Longitudinally
c

N = 163 (%)

0 -
d

-
d 253 (45)

-
d

1 86 (53) 32 (20) 257 (46) 47 (29)

2 71 (44) 64 (39) 51 (9) 74 (45)

3 6 (4) 41 (25) 1 (0.2) 32 (20)

4 0 23 (14) 0 6 (4)

5 0 2 (1) 0 3 (2)

6 0 1 (1) 0 1 (1)

NOTE: percentages have been rounded to the nearest whole number

a
Includes infecting and colonizing isolates

b
Includes index cases and household contacts at baseline

c
Number of strain types carried by the index case over the 12 month longitudinal study

d
All index cases carried at least 1 strain for study eligibility
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