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Research
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Methicillin-resistant Staphylococcus aureus (MRSA) is a major cause of nosocomial infection. Whole-genome sequencing of
MRSA has been used to define phylogeny and transmission in well-resourced healthcare settings, yet the greatest burden
of nosocomial infection occurs in resource-restricted settings where barriers to transmission are lower. Here, we study the
flux and genetic diversity ofMRSA on ward and individual patient levels in a hospital where transmission was common.We
repeatedly screened all patients on two intensive care units for MRSA carriage over a 3-mo period. All MRSA belonged to
multilocus sequence type 239 (ST 239). We defined the population structure and charted the spread of MRSA by se-
quencing 79 isolates from 46 patients and five members of staff, including the first MRSA-positive screen isolates and up to
two repeat isolates where available. Phylogenetic analysis identified a flux of distinct ST 239 clades over time in each
intensive care unit. In total, five main clades were identified, which varied in the carriage of plasmids encoding antiseptic
and antimicrobial resistance determinants. Sequence data confirmed intra- and interwards transmission events and
identified individual patients who were colonized by more than one clade. One patient on each unit was the source of
numerous transmission events, and deep sampling of one of these cases demonstrated colonization with a ‘‘cloud’’ of
related MRSA variants. The application of whole-genome sequencing and analysis provides novel insights into the
transmission of MRSA in under-resourced healthcare settings and has relevance to wider global health.

[Supplemental material is available for this article.]

Numerous organizations have recently expressed concern over

the rising rates of antimicrobial resistance among human path-

ogens at a time when the development of new antimicrobial

agents has stalled (UK Department of Health 2013; US De-

partment of Health and Human Services, Centers for Disease

Control and Prevention 2013; World Health Organization 2014).

The problem has been recognized as a global one, since the

localized emergence of a clinically significant resistance determinant

is almost inevitably followedbyapatternofwidespreaddissemination

(Johnson and Woodford 2013). Antimicrobial resistance in resource-

poor settings is fueled by weak control of antibiotic prescribing

and stewardship both in the community and hospitals, and by

weak infection control infrastructure that fails to prevent the

transmission of nosocomial pathogens—many of which are

multidrug resistant.

Methicillin-resistant Staphylococcus aureus (MRSA) is a leading

nosocomial pathogenworldwide (Nickerson et al. 2009a, b; Falagas

et al. 2013).MRSA carriage in the community remains low inmany

countries, and healthcare-associated infection is often associated

with acquisition within a healthcare setting. Rates of infection can

be reduced dramatically by stringent infection control measures

that prevent transmission ofMRSA from one patient to another, as

reflected by > 80% reduction in MRSA bacteremia rates observed

in England since 2001. In high-income countries, an important

component of MRSA control in hospitals is surveillance for sus-

pected transmission events, followed by rapid interventions to

prevent further transmission from occurring. Such events are in-

vestigated using epidemiologicalmethods; low resolution bacterial

genotyping has a very limited role because healthcare-associated
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MRSA (HA-MRSA) belong to a restricted number of successful line-

ages worldwide (Enright et al. 2002), so that in a given setting most

HA-MRSA isolates will have the same genotype and appear identical

(Ellington et al. 2010). In contrast, several studies have reported that

whole-genome sequencing (WGS) provides sufficient discrimina-

tionbetween isolates of the sameMRSA clone tobe able to include or

exclude cases in a suspected outbreak and to infer likely transmission

pathways between staff, patients and their relatives (Eyre et al. 2012;

K€oser et al. 2012; Harris et al. 2013).

Previous studies have used WGS in settings with extensive

infection control practices that restrict MRSA transmission and

subsequent bloodstream infection. Yet the overwhelming burden

of MRSA carriage and infection occurs in low- and middle-income

countries, where infection control infrastructure and practice is

frequently suboptimal. Almost nothing is known about S. aureus

dynamics in developing country settings and to our knowledge, no

large-scale prospective carriage studies have been carried out pre-

viously. The objective of this study was to use WGS to define

phylogeny and transmission dynamics of MRSA in a hospital set-

ting where MRSA transmission was common. Targeted research

has the potential to provide accurate insights into transmission

dynamics, which could be used to inform low-cost prevention

planning and implementation.

Results

Study setting, patients, and bacterial isolates

We utilized a collection of MRSA isolated during a prospective

carriage study conducted over a 3-mo period in 2008 on two in-

tensive care units (ICUs; a general pediatric ICU and an adult

surgical ICU) in a 1000-bed hospital in northeast Thailand. The

dominant MRSA clone in this setting is ST 239, a highly successful

global lineage for which the population structure and patterns of

intercontinental spread are already described (Harris et al. 2010).

Ethical approval was obtained from the Ethical and Scientific

Review subcommittee of the Royal Thai Government Ministry of

Public Health, and the Oxford Tropical Research Ethics Commit-

tee. All patients admitted to the two ICUs were eligible for in-

clusion and were enrolled after written informed consent was

obtained. A multisite MRSA screen was performed on the day of

admission and then twice weekly until discharge from the unit

throughout the 3-mo period. Nasal swabs and fingertip cultures

were taken from ICU nursing staff on three spaced time points.

Further methodological details are provided in the Supplemental

Text. We recruited 169 adults and 98 children on the adult and

pediatric ICU, respectively. MRSA was isolated from one or more

screens from 27 adults (16%), and 33 children (34%). MRSA ac-

quisition occurred outside the ICU in approximately half the

carriers on the basis that they were already MRSA positive on their

first screen, and MRSA was assumed to have been acquired within

the ICU in the remainder who had an initial negativeMRSA screen

followed at a later time point by a positive one. Staff screening

demonstratedMRSA carriage by one of 22 nurses (5%) on the adult

ICU and four of 15 nurses (27%) on the pediatric ICU. With one

exception, each staff member was positive for MRSA on only one

occasion.

Existence of numerous circulating clades of MRSA ST 239

We performedWGS on the first MRSA isolate and up to two repeat

MRSA isolates for each case (a total of 76 isolates). The ST was

defined using sequence data as ST 239 for all 76 isolates. We ini-

tially evaluated the sequence of the first MRSA isolate from 46 pa-

tients and five staff. Sequence reads were aligned to a reference ST

239 genome (TW20) to identify single-nucleotide polymorphisms

(SNPs) in the core genome. This identified a total of 1535 SNPs for

the 51 isolates, indicating considerable diversity within the line-

age. We examined their recent evolution by constructing a phylo-

genetic tree based on core SNPs into which we included a further

20 MRSA isolates recovered from patients in the same hospital

between October 2006 and April 2007 that had been sequenced

previously during a study of global ST 239 and assigned to the

Asian clade (Harris et al. 2010). This demonstrated that all 51 iso-

lates belonged to the Asian clade (Supplemental Fig. S1). A striking

feature of the tree was the presence of multiple distinct clusters,

suggesting that endemic carriage in a single hospital was associated

with the circulation of multiple clades of the same lineage.

Next, we constructed a phylogenetic tree based on core ge-

nome SNPs using data for all 76MRSA isolates from the 46 patients

and five staff (Fig. 1). As before, several distinct clusters were ob-

served. From the SNP alignments, pairwise SNP differences

(Hamming distance) were calculated and plotted as a histogram

(Fig. 2). This revealed a distribution with clustering for a cutoff of

60 core genome SNPs. We then defined clades using an iterative

procedure that assigned each sequence to a particular clade if the

Hamming distance to at least one other sequence within that clade

was < 60 bp. This identified five main clades comprising 67/76

isolates (88%), which was consistent with the distinct clusters

observed on the tree (labeled clades 1–5) (Fig. 1). The mean SNP

number difference in pairwise comparisons ranged from 1–23

SNPs within each clade, and from 140–373 SNPs between clades

(Table 1). These clades largely segregated by ward, with clades 2, 4,

and 5 principally found on the adult ICU and clades 1 and 3

principally on the pediatric ICU.

WGS of MRSA isolated from nursing staff demonstrated that

three of the four staff on the pediatric ICU (T40, T56, and T241)

were colonized with isolates that clustered with one of the major

lineages. This is consistent with transmission of MRSA between

staff and patients on the pediatric ICU. In contrast, the MRSA

isolated from the two remaining staff carriers (T59 and T353, one

from each ICU) resided together in a discrete cluster (Fig. 1), sug-

gesting that acquisition may have occurred elsewhere. This is

supported by the observation that their isolates clustered with

MRSA associated with healthcare-associated bacteremia drawn

from the entire hospital population between 2006 and 2007

(Supplemental Fig. S1).

Genetic diversity of MRSA ST 239 involving clinically relevant
determinants

Having identified that there were several circulating clades based

on variation in the core genome, we also examined variation in the

accessory genomes of the ST 239 isolates. Previous studies have

shown that mobile genetic elements are one of the most plastic

components of the S. aureus genome. Of note for its clinical rele-

vance was variability in the presence of plasmids harboring anti-

biotic and antiseptic resistance genes (Fig. 1). Plasmid pTW20_1

(29,584 bp, harboring qacA encoding antiseptic resistance and

often a mer operon encoding mercury resistance) was present in

clades 1, 2, and 3, but absent in clades 4 and 5. The clade 1 variant

of pTW20_1 lacked themer operon, and clade 1 also had a deletion

in the staphylococcal cassette chromosome mercury element

(SCCmer), and hence these isolates lacked the mer operon. One or
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two copies of a pPR9-like plasmid harboring aadD (encoding amino-

glycoside resistance) and ileS-2 (encoding high-level resistance to

mupirocin) were present in a sublineage of clade 3. pKH4-like and

pAY121857-like are small plasmids of;2400 bp that harbor a qacJ-like

and qacCgene, respectively. pKH4-likewas found inmost clade4 and5

isolates, and pAY121857-like was in all clade 2 isolates. Ninety-two

percentofpatient isolates (defined for50 isolates [46 firstMRSA isolates

and 4 new acquisition isolates]) carried at least one qac gene. The

proportion of isolates with at least one qac gene was not significantly

different for the isolates acquired after entering the ICUcomparedwith

those acquired beforehand (P = 0.43, Fisher’s exact test).

We also identified additional genetic variation in the acces-

sory genome in the form of gene deletion, which was present both

within and between the five clades (Supplemental Fig. S2). Com-

pared to the reference TW20 genome, there were clade-specific

large-scale deletions of up to 127 kb in

prophage and the SCCmer regions, but

no equivalent large-scale insertions were

observed. Clade 5 contained deletion of

prophage uSa3 that carries the staphylo-

coccal complement inhibitor SCIN, staph-

ylokinase, and enterotoxin A genes. Clade 2

had a partial deletion of the prophage

uSPb-like region, but retained the sasX

gene that has been shown to be an im-

portant factor for colonization and path-

ogenicity (Li et al. 2012), as well as several

genes related to antibiotic resistance. In

contrast, the uSPb-like region was entirely

missing from three related isolates from

healthcare worker T59.

Dynamic temporal flux of MRSA ST
239 clades

We then investigated whether WGS

provided more insight into transmission

dynamics than standard epidemiological

investigation based on identifying out-

breaks as temporal clusters. We define

a transmission event to have occurred

when a patient had one or more negative

MRSA screening results following admis-

sion to the ICU followed by a first positive

swab at least 48 h after admission, and

acquired MRSA belonging to the same

clade was defined as one carried by at least

one other patient on that ICU during the

7 d prior to the date of the first positive

swab. In the absence of WGS, the cases

within wards did not appear to cluster in

time (nonparametric ANOVA for explain-

ing time of sample collection for each in-

dependent carriage episode by patient

ward, P = 0.90, R2 = 0.02). In contrast, we

found a significant clustering in time

and within wards of the clades defined

by WGS (nonparametric ANOVA for

explaining time of sample collection by

patient ward and sequence cluster, P =

0.006, R2 = 0.31). This result was not

present when only first sequences from

patients positive on admission were included (P = 0.34, R2 = 0.09),

which demonstrates that the clustering was due to transmission

in the wards. Thus, clades were not randomly represented over

time.

The clade structure on each ICU was plotted for each day of

the study. On the pediatric ICU, clades 1 (color-coded blue) and 3

(pink) cocirculated up to day 40, with clade 3 becoming pre-

dominant during days 41–94 (Fig. 3). On the adult ICU, clades

1 (blue), 2 (purple) and 4 (green) predominated up to study day 40,

but were subsequently almost entirely replaced by clade 5 isolates

(khaki) (Fig. 3). This indicates a dynamic temporal flux in both

wards, with clustering evident in both time and space.

We sequenced more than one isolate from 21 patients, which

showed that the MRSA clade changed in four patients, with a ten-

dency for a switch to a predominant clade. For example, two pa-

Figure 1. Existence of circulating clades of MRSA ST 239. Maximum likelihood phylogenetic tree
based on core genome SNPs of the first and up to two repeat isolates from 46 patients and five
healthcare workers. The first T number assigned to each represents the case study number. The second
letter/number combination refers to the type of sample and the sample number from that particular
site: (N) nasal swab; (T) throat swab; (A) axillae swab; (W) wound swab; (U) urine; (C) tracheal suction.
For example, T178-N3 refers to the third nasal swab taken from case T178. Isolate labels are color-
coded to signify isolation from a staff member (green), a patient on the adult ICU (red), or pediatric ICU
(blue). Also shown (right-hand panel) is the presence (bold) or absence (pale) of four plasmids harboring
antibiotic and antiseptic resistance genes. The colors used to denote clades 1 to 5 are cross-referenced in
Figure 3.
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tients (T234 and T271) on the adult ICU were initially colonized

with nonclade 5 isolates but subsequently acquired a clade 5 iso-

late. Similarly, on the pediatric ICU, patient T35 was initially col-

onizedwith a clade 4 isolate but became colonized 7 d later with an

isolate belonging to the circulating clade 1. Although this confirms

acquisition of a new clade, thismay also represent the development

of carriage with more than one clade.

A notable feature of both ICUs was the presence of long-stay

patients who were continuously MRSA positive and maintained

the same clades (for example, clade 3 carried by patient T12 and

clade 5 carried by patient T126). In both cases, these patients were

the first detected carriers of these clades on these wards, and both

of the clades became dominant over the period that these patients

were on the ward. This suggests a process of introduction and se-

quential transmission events involving other patients following

their admission.

Within-host genetic diversity of MRSA ST 239

Next, we undertook deep sequencing of ST 239 from a single pa-

tient to observe changes at a single time point, and over time.

During the selection process of this case, we sought patients ad-

mitted for the longest period of time andwith the longest period of

MRSA carriage. The two possible choices were patient T12 on the

pediatric ward and patient T126 on the adult ward, from which

T126 was selected becausemore putative transmission events were

noted to other patients on this ICU over time (based on new ac-

quisition of ST 239). A total of 99 single colonies isolated over the

64 d of ICU admission were sequenced from T126, comprised of

one primary plate colony taken from each of 19 screening samples

taken at regular intervals throughout the 64 d stay, plus 20 primary

plate colonies from each of four samples—the first and last sample

and two equally spaced in time between these.We found that all 99

isolates clustered within clade 5, but that there was a cloud of di-

versity with 147 variable SNP sites and a mean pairwise SNP dif-

ference of 6.7 SNPs. This diversity was apparent at each of the four

main sampling time points but with a subtle shift in where on the

tree most variants resided at each time point (Supplemental Fig.

S3). The patient was MRSA positive on the first screen, indicating

that acquisition had occurred outside the ICU. Using linear re-

gression of root-to-tip distances against the date of sampling, the

most recent common ancestor of the T126 cloud was calculated to

exist;55 d prior to the admission of patient T126 to the ICU (and

25 d prior to the commencement of the study), with a SNP accu-

mulation rate of 9.1 3 10�6 (95% CI 5.8, 12.5 3 10�6) per site per

year (Fig. 4).

Patient T126 appeared to introduce clade 5 into the adult ICU

where it predominated to the end of the study period. Comparison

of variants from patient T126 with clade 5 isolates from other pa-

tients (all recovered from patients contemporaneously residing

with patient T126 in the adult ICU) provided evidence that T126

acted as the donor for MRSA transmission to several other patients

(Supplemental Fig. S4), who were colonized with isolates derived

from variants within the T126 cloud. The tree did not support the

hypothesis that newly colonized MRSA patients were the donors

for new cases in a sequential transmission pathway. This is con-

sistent with the observation that the inter-patient diversity was

similar to the intra-patient diversity of patient T126, i.e., other

patients were nested within the diversity cloud. The exception was

clade 5 MRSA isolates from two patients (T232 and T270), which

resided on a branch that was basal (ancestral) to the T126 cloud.

These patients were positive on their first screen on admission to

the ICU, consistent withMRSA acquisition outside of the ICU. The

remaining patients carrying clade 5 isolates screened positive at

least 72 h after ICU admission and had prior swabs, either negative

for MRSA or positive with a different clade (patients T234 and

T271), suggesting a new clade 5 acquisition. Deep sampling of pa-

tient T126 failed to demonstrate the presence of non-clade 5 isolates.

The observation that variants from patient T126 were readily

transmitted to other patients and replaced other lineages in donor

patients suggests that the T126 variants may have had a fitness

advantage. We considered the possible basis for this by comparing

the genome sequence of the T126 cloud with the three ancestral

isolates (from patients T232 and T270). The core genome of the

ancestral isolates were a mean of only 15 SNPs different from any

variant in the T126 cloud, but in their accessory (noncore) ge-

nomes all three lacked a qac gene encoding resistance to quater-

nary ammonium compound antiseptics. In contrast, all but one of

the variants from the T126 cloud possessed qacJ carried on a 2.4-kb

pKH4-like plasmid. The importance of resistance to quaternary

ammonium compounds with regard to fitness and transmission in

this ICU setting remains to be clarified, but our observation sug-

gests this warrants further exploration.

Discussion
The population structure of MRSA in this single hospital is re-

markably diverse. Although the isolates all belonged to a single ST,

and therefore would be indistinguishable by a routinely used

molecular typing technique, they exhibit considerable diversity at

the genomic level. Previously, it has been noted that the ST 239

isolates from this hospital contain more diversity than an entire

South America clade (Harris et al. 2010). It is likely therefore that

Figure 2. Histogram of pairwise SNP differences between 76 isolates
from 46 patients and five healthcare workers. SNPs differences between
isolates from the same clade are represented in red, and between isolates
in different clades in blue.

Table 1. Mean pairwise SNP number difference between isolates
clustered by clade

Clade 1 Clade 2 Clade 3 Clade 4 Clade 5

Clade 1 23
Clade 2 197 1
Clade 3 228 140 21
Clade 4 343 308 340 10
Clade 5 373 339 370 223 14

Tong et al.
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the ST 239 lineage studied here in a single facility in northeast

Thailand has been established in this region for a considerable

length of time. Comparison of the ST 239 population collected

during the prospective cohort study with that from the same

hospital collected 12 mo previously shows there is very little

overlap, which suggests that there is not a single stably main-

tained clone of ST 239 within this hospital. At any one time

there were multiple clades circulating in the hospital, which are

likely to have resulted from introductions from the wider ST

239 population and subsequent local transmission within the

hospital.

We showed that the MRSA population of this hospital is un-

der flux, with continuous cycles of introduction, transmission, and

extinction. A corollary of this is that variants of ST 239 carrying

different complements of mobile genetic elements are repeatedly

introduced. Our analysis shows that plasmids are one of the most

fluid components of ST 239 genomes. This is of particular clinical

significance since these elements often encode resistance to anti-

microbials. In particular, we found variation in genes encoding

resistance to quaternary ammonium compounds. The high rate of

qac gene carriage in ST 239 associated with an MRSA outbreak has

been noted previously in an ICU in the United Kingdom, where

the initiation of daily chlorhexidine bathing for all patients was

associatedwith greatly reduced transmission of endemicUK clones

but no reduction in the transmission of ST 239 (Batra et al. 2010;

Cooper et al. 2012). Recent studies have determined that carriage

of plasmid borne qac genes can confer at least tolerance, and pos-

sibly resistance, to widely used antiseptics such as chlorhexidine

gluconate, and may provide a selective advantage in the nosoco-

mial environment (Smith et al. 2008; Batra et al. 2010; Lee et al.

2011; Otter et al. 2013). Where there are no broadly available

means of phenotypic identification of resistance, such as with

quaternary ammonium compounds, WGS allows for the detection

of genetic elements associated with resistance. In addition,

molecular assays for qac genes only detect certain qac variants

and lack sensitivity in detection compared with WGS. Vari-

ability was also noted in our study in the presence of genes

encoding resistance to aminoglycosides and mupirocin. These

features may reflect the capability of this nosocomial pathogen

to undergo adaptation in response to environmental and ther-

apeutic cues.

This study has demonstrated that WGS resolves transmission

clusters in a way that is substantially more powerful than epide-

miological information alone. We observed a dynamic flux of

distinct MRSA ST 239 clades in two ICUs over time, each of which

had its own distinctive clade pattern. In both ICUs, an individual

was admitted after the study had commenced who was already

carrying MRSA and who stayed until the study ceased. It was no-

table that the clade carried by each of these patients went on to

become the predominant carriage clade within their respective

Figure 3. Dynamics of MRSA clades on the pediatric (left) and adult (right) ICUs. (Bottom) Each row provides details of a study patient (T number).
Duration of admission to the hospital is shown in days, with a solid line for period(s) in the ICU ([gray]MRSA negative; [black] MRSA positive), and a dotted
line for inpatient periods outside the study ICUs (MRSA status not tested). Superimposed on the lines are dots and circles ([white dot] MRSA negative;
[colored circles] MRSA positive). An open colored circle signifies that the MRSA isolate was cultured from the first swab taken following ICU admission and
was most likely acquired elsewhere in the hospital. A closed colored circle signifies that the MRSA isolate was cultured from a patient who had an initial
negative MRSA screen in the ICU followed at a later time point by a positive one, which was interpreted as MRSA acquisition in the ICU. Colors were
assigned based on the most recently sequenced isolate from the same patient and chosen to reflect sequence diversity. Each sequence was mapped to
a unique color so that similar sequences have similar colors (see Methods). Representatives of the five clade colors used in Figure 1 are T35_N4 (clade 1,
blue); T71_N3 (clade 2, purple); T106_N3 (clade 3, pink); T95_N1 (clade 4, green); and T126_N13 (clade 5, khaki). Isolates that were sequenced are
underlined in red. (Top) The daily cumulative count of MRSA positive patients over the 3-mo study period. The colors used match the colored dots for
MRSA isolates.
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ICU. Our findings indicate multiple new transmission events,

a high risk of MRSA acquisition in these units, and the impact that

even a singleMRSA carrier can have on a hospital ward. The rate of

transmission events is likely to be an underestimate, since we did

not perform repeated sequencing of MRSA throughout the ad-

mission time course for each patient. Infection control in the study

hospital does not mirror that in highly resourced health care set-

tings. Side rooms are not available in either ICU, and gloves and

aprons are not routinely used when nursing MRSA positive pa-

tients. Thus, the findings are in contrast to those of a study con-

ducted in an ICU in the UK, where acquisitions of MRSA through

patient-to-patient transmission were rare (Price et al. 2014).

The deep sequencing of isolates from a single individual

(T126) over time confirmed the presence of a genetic cloud of di-

versity. We note that the methodological approach taken only

provides a limited snapshot of the bacterial diversity across mul-

tiple hosts; therefore, it does not capture the full diversity of the

population. However, comparison of the extent of the cloud with

other isolates from patients on the same ward at the same time

revealed an overlap, suggesting a common origin for these isolates

and that extensive transmission had occurred. This observation

has important implications for the application of WGS as a tool to

identify transmission events in a clinical setting. Previous studies

have largely been based on sequencing of a single bacterial colony

from each human host. This assumes that there is limited within-

host diversity of the MRSA clone and that a single colony is suffi-

ciently representative. However, as with viral infections, where

amixed population of a single lineage can be present within a host

(Ojosnegros et al. 2011), there is growing evidence that the same is

true for bacteria. Harris et al. (2013) sequenced 20 individual col-

onies of an MRSA clone isolated from the nose of a healthcare

worker during a suspected outbreak, which demonstrated a cloud

of genetic diversity. This phenomenon is not confined to MRSA;

for example, Snitkin et al. (2012) reported the isolation of genetic

variants of the same KPC (Klebsiella pneumoniae carbapenemase)-

harboring K. pneumoniae clone at different time points from a sin-

gle patient and used this information to infer three separate

transmission events from this index patient.Within-host bacterial

diversity could confound analyses of between-host transmission

and indicates a need to investigate intra-host and inter-host

diversity in the same patient population. An alternative means of

investigatingwithinhost genetic heterogeneity ofmicroorganisms

is a metagenomic approach (Loman et al. 2013; Schloissnig et al.

2013). Future studies could incorporate a comparison of sequenc-

ing multiple isolates recovered from a sample with sequencing of

all microbial DNA from a sample. Either way, as evidenced by this

study and other simulated work (Worby et al. 2014), gaining an

accurate understanding of transmission networks will require

measures of within-host bacterial diversity as well as traditional

‘‘shoe-leather’’ epidemiological data.

In the case of the individual targeted in our study, T126,

they were MRSA positive on admission to the ICU, and therefore

had possibly been colonizedwith ST 239 for a period of time prior

to this. From the genome data, the estimate for the most recent

common ancestor of the cloud was ;55 d prior to the admission

of the patient to the ICU. Notably, the SNP accumulation rate of

9.1 3 10�6 per site per year calculated for the T126 cloud is

slightly higher than that estimated previously (Harris et al. 2010)

for the broader ST 239 population of 3.3 3 10�6 but would be

consistent with a very recent clonal expansion, where purifying

selection has not had a chance to act since diversification (Rocha

et al. 2006). In light of the limitations of infection control, we

predict that a combination of a diverse founder population and

repeated transmission account for most of the diversity, rather

than a single acquisition by patient T126. Furthermore, the

phylogenetic clade structure described here provides a frame-

work for ruling out a transmission event between two patients in

the event that they are carrying an isolate belonging to a differ-

ent clade. Ruling a direct transmission event in or out when two

patients are carrying an isolate belonging to the same clade re-

quires epidemiological information on other patients who are

positive for that clade and their movement pattern and oppor-

tunity for contact.

Previous microbial sequence-based studies have been un-

dertaken in settings where strenuous efforts have been made to

optimize infection control (typically with hand hygiene in excess

of 50%), although the importance of low resource countries for the

emergence and global spread ofmultidrug-resistant bacteria is now

being recognized. In addition, most of the previous studies using

whole-genome sequencing to explore S. aureus dynamics have

been in the context of known outbreaks; therefore, they do not

provide a valid basis for generalizing about more typical trans-

mission dynamics. In contrast, this study was a prospective study

with a prespecified protocol designed to investigate the typical

pattern ofMRSA spread. A key strength of this study is that it delves

into transmission patterns in a setting where infection control is

very underdeveloped. What to expect was far from obvious given

the very large differences in demographics, crowding, patterns of

antibiotic use, and environmental factors compared tohigh income

settings. In this hospital, despite attempts by the infection control

team to promote hand hygiene, compliance has remained <10%.

As demonstrated here,WGS can be applied to understand the

transmission dynamics of nosocomial pathogens, and illustrate

how their dynamics differ compared to that seen in high resource

settings. Because of resource constraints, it remains the case that

no routine MRSA screening is performed at the study hospital; our

findings are likely to reflect the ongoing real-world patterns of

transmission both here and in other hospitals with similar in-

fection control practices. The degree of transmission demonstrated

has directly led to prioritization of improved hand hygiene prac-

tices at the hospital and to the development of an ongoing study to

evaluate a hand hygiene intervention in this setting.

Figure 4. Linear regression plot of root-to-tip distances of the phylo-
genetic tree for MRSA isolates from patient T126 against the day of
sampling. There were 99 isolates from patient T126 and seven isolates
concurrently isolated from other patients on the adult ICU that belong to
the same clade. The coefficient of determination was R2 = 0.22. Patient
T126 was admitted to the ICU on day 29 of the study.
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Methods

Sequencing and bioinformatics analyses
Isolates from 46 patients (20 adults, 26 children) and five staff
members (51 individuals in total) remained available for use in this
study. Unique index-tagged libraries were created for each isolate,
and multiplexed libraries were sequenced on either the Illumina
Genome Analyzer GAII with 108 basepair (bp) paired-end reads or
Illumina HiSeq with 75 bp paired-end reads. To detect SNPs in the
core genome, paired-end reads were mapped using SMALT v 0.5.8
(http://www.sanger.ac.uk/resources/software/smalt/) against the
chromosome of the reference Staphylococcus aureus ST 239 strain
TW20 (accession number FN433596) (Holden et al. 2010). Reads
were onlymapped if theymatched the referencewith an identity >

90%. Variation statistics at each base were calculated using
SAMtools mpileup, followed by BCFtools view from the SAMtools
package (Li et al. 2009). All baseswere then filtered to remove those
with uncertainty in the base call. The BCFtools variant quality
score was required to be greater than 50 and mapping quality
greater than 30. If not all reads gave the same base call, the allele
frequency (as calculated by BCFtools) was required to be either zero
for bases called the same as the reference or one for bases called as
a SNP. The majority base call was required to be present in at least
80% of reads mapping at the base, and the minimum mapping
depth allowed was four reads, at least two of which had to map to
each strand. If any of these filters were notmet, the base was called
as uncertain. SNPs falling within MGEs regions were excluded
from the core genome. Phylogenetic reconstruction was carried
out using the maximum-likelihood program RAxML v 7.0.43 with
a GTR model of evolution (Stamatakis 2006). To investigate the
accessory genomes of isolates, detailed comparisons of sequences
was conducted on the de novo assemblies using BLASTN (Altschul
et al. 1990), facilitated by using the Artemis Comparison Tool
(ACT) (Carver et al. 2005). Raw Illumina data were assembled using
a de novo genome-assembly program, Velvet v0.7.03 (Zerbino and
Birney 2008) to generate multicontig draft genomes for each iso-
late. For a summary of the de novo assemblies and mapping data,
see Supplemental Table S1.

The presence of antibiotic resistance genes residing in MGEs
was initially investigated by mapping sequence reads to a pseudo-
molecule consisting of concatenated antibiotic resistance genes, as
previously described (K€oser et al. 2012). We noted the presence of
genes conferring resistance to antiseptic agents (qac) andmupirocin
(ileS-2) and manually searched for these genes in the de novo as-
semblies. Comparative analysis using BLASTN identified contigs
containing these genes, with best hits to four known S. aureus
plasmids: pPR9 (accession no. GU237136), pTW20 (accession no.
FN433597), qacC containing plasmid (accession no. AY121857),
and pKH4 (accession no. U81980). BLASTN comparisons were vi-
sualized using ACT to compare to these known plasmid sequences,
demonstrating that contigs for isolates in the current study had
deletions in pTW20 (nucleotide positions 17853 to 20819, CDS
p1180 to p1200) and pPR9 (nucleotide positions 6378 to 12922,
CDS p06 to p11 [Tn552]). We then created a concatenated pseu-
domolecule consisting ofmecA (as a control), each of the plasmids
(trimmed of the above-mentioned deletions), and mapped reads
back against this plasmid pseudomolecule. Large-scale deletions in
the genome of each strain were visualized by plotting mapping
depth of reads against the reference TW20 genome.

Determination of clades with pairwise SNP comparisons

Pairwise SNP differences (Hamming distance) were calculated us-
ingMEGA5 (Tamura et al. 2011) and plotted as a histogram, which
revealed a distribution with clustering for a cutoff of 60 core

genome SNPs. Clades were defined using an iterative procedure
that assigned each sequence to a particular clade if the Hamming
distance to at least one other sequence within that clade was
< 60 bp. If a sequencewas assigned to two ormore clades, the clades
were merged. If a sequence could not be assigned to any existing
clade, it was assigned to a new clade. These SNP distance-based
clades demonstrated excellent concordance with the clades
seen ‘‘by eye’’ on the phylogenetic tree. The colors assigned to
clades in Figures 1 and 2 were obtained by using nonmetric-
multidimensional scaling to assign a location in two-dimensional
space using the matrix of pairwise Hamming distances between
sequences (Sammon 1969). Coordinates were then mapped to a
color wheel in the CIELUV color space.

Data access
Genome data from this study have been submitted to the Euro-
pean Nucleotide Archive (ENA; http://www.ebi.ac.uk/ena/) under
study accession number ERP000130.
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