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Background: The objective of this study was to identify sources and linkages among methicillin-resistant
Staphylococcus aureus infections using whole-genome sequencing (WGS).
Methods: A total of 56 samples were obtained from all patients with a confirmed MRSA infection over 6
months at University of Florida-Health Jacksonville. Samples were cultured and sequenced; data was ana-
lyzed on an automated cloud-based platform. Genetic Clusters were defined as <40 single nucleotide poly-
morphisms. Temporal Clusters were defined as ≥5 MRSA cases over 3 days.
Results: We found 7 Genetic Clusters comprising 15 samples. Four Genetic Clusters contained patients with
non-overlapping stays (3-10 weeks apart), 3 of which contained patients who shared the same Unit. We also
found 5 Temporal Clusters comprising 23 samples, although none of the samples were genetically related.
Discussion: Results showed that temporal clustering may be a poor indicator of genetic linkage. Shared epi-
demiological characteristics between patients in Genetic Clusters may point toward previously unidentified
hospital sources. Repeated observation of related strains is also consistent with ongoing MRSA transmission
within the surrounding high-risk community.
Conclusions: WGS is a valuable tool for hospital infection prevention and control.
© 2020 Association for Professionals in Infection Control and Epidemiology, Inc. Published by Elsevier Inc. All

rights reserved.
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BACKGROUND

Methicillin-resistant Staphylococcus aureus (MRSA) is one of the
most important contributors to healthcare-associated infections
(HAIs), resulting in »20,000 deaths per year and thousands of dollars
in extra costs.1-3 Whole-genome sequencing (WGS) is increasingly
being used by hospital infection control teams to elucidate infection
dynamics (eg, whether cases are part of an internal outbreak of a sin-
gle strain, have independent unrelated origins, or are associated with
an ongoing community outbreak), which allows for a more objective
determination of appropriate containment and treatment strategies.
Furthermore, WGS in combination with traditional epidemiological
analyses has both enabled accurate identification of previously
unidentified sources of transmission in hospitals as well as ruled out
the hospital as the source of the outbreak.4-16 Importantly, the cost of
WGS for a bacterial isolate is »$300, making this an affordable and
practical method for surveillance.

In this study, our objective was to use WGS to identify potential
infection sources and outbreaks for 56 MRSA cases over a 6-month
period at the University of Florida-Health Jacksonville (UFHJ). UFHJ is a
large inner-city hospital network serving a high-risk urban population,
and has a consistently elevated incidence of MRSA cases. As a compari-
son, we included WGS from a previous study which identified a MRSA
outbreak in another Jacksonville hospital. In all, we analyzed a total of
158 samples using an automated, cloud-based analytical platform
called FoxSeq (http://www.bioinfox.com), which is specifically
designed to integrate the power ofWGS analysis into hospitals.
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METHODS

Study site

UFHJ is a Level-1 trauma facility and part of the University of Flor-
ida Health System. UFHJ includes a 600-bed downtown UF Health
Jacksonville hospital (“Downtown”), a newer 92-bed UFHJ North hos-
pital located approximately 10 miles away (“North”), and over 20
Outpatient Clinics. The Downtown hospital is the major facility treat-
ing displaced, low-income and correctional populations, and serves
as the “safety-net” for those that are turned away from other health
care facilities. The North location serves communities that tend to be
older and are more likely to be privately insured. UFHJ has histori-
cally seen high incidence rates of MRSA, despite intervention strate-
gies including improved sepsis identification and management, more
aggressive screening of at-risk populations (such as ICU admits), and
improved sanitation protocols. The community served by UFHJ also
typically has higher rates of MRSA at admission than in the general
population, and many present with additional co-morbidities and/or
engage in high-risk behaviors (eg, intravenous drug use [IVDU]).

Samples

The study was designed by the UFHJ Infection Prevention and Con-
trol Department (IPCD) to assess the use ofWGS over a 6-month period
(September 2018 - February 2019). During this time, 56 samples were
collected from patients with active MRSA infections (as identified by a
clinician and confirmed by the microbiology laboratory) from the 2
hospital campuses and ten clinics. Samples included blood, surgical
site, urine, respiratory (sputum), tissue, and other fluids (eg, joints,
abscesses, pericardial); nasal surveillance samples were not included.
All patients had active infections that were treated with antibiotics. IRB
approval was obtained under contract UF IRB201802582.

Sequencing

Frozen stocks of MRSA isolates were cultured overnight in 3 mL
Luria broth at 37°C. 250 ml of culture was centrifuged at 1000 rpm
for 10 minutes to pellet bacteria, and supernatant removed. Genomic
DNA was extracted from bacterial pellets using the Qiagen DNeasy
Blood and Tissue kit according to the manufacturer’s instructions.
DNA concentrations were measured using an Invitrogen Qubit 2.0,
and quality assessments were done on agarose gels. Sequencing
libraries were prepared with the Illumina Nextera XT kit following
the manufacturer’s recommendations for bead-based normalization.
Up to 24 libraries were multiplexed on an Illumina miSeq V3
sequencing cartridge for a 2£ 300 bp paired-end run, with a 10%
spike-in of Illumina PhiX control.

Typing and assembly

The sequence type (ST) for samples was determined computation-
ally using ariba, which analyzes the raw reads to define ST based on
the presence of specific mutations.17 Raw read files were trimmed and
filtered using trimmomatic.18 Filtered reads were assembled to the
appropriate NCBI reference genomes ST5 reference Mu50 (NCBI Refer-
ence Sequence: NC_002758.2) and ST8 reference USA300_FPR3757
(NCBI Reference Sequence: NC_007793.1) using bowtie219 with the
default parameters. Mapped assemblies were formatted using sam-
tools20 and picard (http://broadinstitute.github.io/picard/).

Genetic variants

Genetic variants relative to the reference sequence were called
using HaplotypeCaller and GenotypeGVCFs in GATK.21 The core set of
variants was defined as all sites with bi-allelic single nucleotide poly-
morphisms (SNPs) which had a quality score (QD)>20 and a maxi-
mum of 10% missing data across all samples. Filtered vcf files were
processed using the vcfR and apetools packages in R (http://www.R-
project.org) to obtain pairwise genetic distances. We also inferred
maximum likelihood trees on the core set of SNPs using RaxML22

with the GTRCAT model of nucleotide evolution and 100 bootstrap
replicates to assess branch support. Scripts, output files (eg, vcf and
distances) and outlier data (as described in Results below) are avail-
able at https://github.com/Bioinfoexperts/MRSA.

Genetic clustering

Samples were assigned to clusters using a “single linkage” method,
where a sample was included in a cluster if the number of SNPs
between it and any other sequence in the cluster is below the thresh-
old.23 Here we set a threshold of 40 SNPs, a commonly used threshold
in molecular epidemiological studies of MRSA,14,24-29 which is based
on the observed intra-patient accumulation of mutations.30 All analyt-
ics were performed on the FoxSeq automated pipeline on Amazon
Web Services (AWS).

Comparison dataset

For additional resolution, 102 MRSA ST8 isolates from NCBI Bio-
Project PRJNA341781 were included, which originated from 3 Jack-
sonville hospitals, primarily from their neonatal intensive care units
(NICU): NICUA (n = 56, 2003 - 2011), NICUB (n = 17, 2010 - 2011), and
NICUX (n = 29, 2010).9 While these MRSA cases occurred several
years prior (2003-2011), these isolates were sequenced at a similar
depth using Illumina technology, and are from the same geographical
area as the isolates included in this study.

RESULTS

Typing

Of the 56 UFHJ samples, ariba identified 42 samples as ST8, 5 sam-
ples as ST5, 4 samples as “novel,” and 5 samples as another unique
subtype (the latter of which were excluded from further analysis). To
maximize the number of samples included in the analysis, we
grouped the 4 “novel” ST samples with the 42 ST8 samples. The UFHJ
ST8 (n = 46) and ST5 (n = 5) datasets were analyzed separately.

Genetic distances

Genetic distances were calculated for every pair of ST8 and ST5
samples in the UFHJ dataset, and well as every pair of ST8 samples in
the 3 comparison datasets (each hospital separately). Distances for
each ST/hospital were plotted as boxplots. Several of the UFHJ ST8
samples were clearly outliers, in contrast to the other ST8 datasets.
Upon further investigation, we determined that all distances >800
SNPs resulted from 4 ST8 UFHJ samples (2 of which typed as ST8 and
2 typed as “novel”). We excluded these 4 samples from the subse-
quent analyses. The remaining 42 UFHJ ST8 samples were then
replotted (Fig 1). The interquartile range (IQR) for the UFHJ ST8 dis-
tances was higher than the IQR for the other 3 hospitals, although
both NICUA and NICUX showed outliers (between 500 and 800
SNPs). The UFHJ ST5 IQR was much higher than any of the ST8 data-
sets, with a single outlier at the lower end of the distribution.

Temporal and genetic clusters

We used a 40 SNP threshold to define Genetic Clusters, which is a
commonly used threshold in many genetic epidemiological studies of

http://broadinstitute.github.io/picard/
http://www.R-project.org
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Fig 1. . Genetic distances among samples. The number of SNPs (y-axis) is shown for
samples from each hospital (UFHJ is separated into ST8 and ST5). Samples are indicated
by circles, and the filled light and dark grey boxes represent the upper and lower inter-
quartile range (IQR). The whiskers extend the range of the data.

Fig 2. UFHJ MRSA cases plotted by sampling/admission dates. Each larger open dot represen
toms were first observed); each smaller closed dot indicates the date of admission; dotted lin
tions. Samples classified into each of the 7 Genetic Clusters are grouped by colored bars. Fou
by gray bars. (“Temporal Clusters”).
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MRSA.14,24-29 Genetic clustering was performed separately for the 42
UFHJ ST8 +Novel samples and the 5 UFHJ ST5 samples. We found a
total of 7 Genetic Clusters (6 Genetic Clusters of ST8 samples, 1 Genetic
Cluster of ST5 samples). Genetic Clusters were designated as #1 - #7,
ordered according to the first observance at any of the 3 facilities.

The sampling and admission dates for all 56 samples were plotted,
as well as the assignment of Genetic Clusters (Fig 2). Over the 6-month
study period, 4 Temporal Clusters (1-4) were evident, defined as 5 or
more cases of MRSA occurring within a 3-day time frame. At least 2
cases in each Temporal Cluster were at the Downtown site; however,
none of the samples were genetically related to each other. On the
other hand, in Temporal Clusters 2 and 4, 1 sample was genetically
clustered with another sample which occurred earlier or later. Thus,
WGS was a strong indicator that despite a high number of cases over a
short time period, these were not true “outbreaks,” defined as multiple
contemporaneous cases deriving from a single origin. On the other
hand, 4 of the 7 Genetic Clusters (#1, #5, #6, and #7) comprised cases
that were observed >3 weeks apart, suggesting that temporal cluster-
ing of cases is not a strong predictor for genetic relatedness.

Nonclustering cases

We then looked at the patients who did not cluster (temporally or
genetically) with any other patient in the study (Fig 1). Interestingly,
5 patients showed symptoms at >2 days post-admission (DPA),
which would be classified as HAIs. However, because none of these
cases were genetically related to any other in the dataset, this sug-
gests that these infections occurred in limited settings and did not
circulate in the hospital. On the other hand, we previously noted sev-
eral instances of genetically related infection re-appearing after an
extended period of time, so we cannot rule out the possibility that
the nonclustered cases are part of a Genetic Cluster occurring outside
the 6-month window of this study.

Origin of genetic clusters

The UFHJ ICPD classifies infections as linked if the patients had
overlapping stays in the same unit, and always classifies infections as
HAIs if the patient developed symptoms >2 DPA. Patients who pres-
ent with MRSA symptoms at the Outpatient Clinics are presumed to
have a nonhospital acquired infection if they have not been previ-
ously hospitalized in the past 10 days. To determine how the genetic
information informed the clinical definitions, we examined each
Genetic Cluster in the context of additional epidemiological
ts a sample and the date of collection (typically equivalent to the date at which symp-
es connect the 2 dates for each sample. Samples are divided on the y-axis by the 3 loca-
r instances in which 5 or more cases were observed in a 3-day time frame are indicated



Table 1
Genetically clustered patient characteristics

Vial Number Cluster ST Campus Unit if
applicable

Date of
collection

Days post
admission

Anatomic
site

Gender DOB
Year

Risky
community

Prior
Hosp*

2800 1 8 Downtown 4N 2018/10/09 0 Blood F 1985 IVDU No
2881 1 8 Downtown 4N 2018/12/20 14 Wound F 1997 IVDU Yesy

2917 1 8 Clinic NA 2019/01/24 NA Wound M 1983 IVDU No
2823 2 5 Downtown ICU 2018/11/07 6 Respiratory F 1956 No No
2828 2 5 Downtown ICU 2018/11/07 2 Fluid, pericardial F 1945 No No
2827 3 8 Clinic Breast 2018/11/09 NA Fluid, breast F 1960 No No
2831 3 8 Clinic Ear/Nose/Throat 2018/11/09 NA Fluid, sinus F 1956 No No
2860 4 8 Downtown P5S 2018/11/23 3 Wound M 1981 Jail patient No
2862 4 8 Downtown 7S 2018/12/02 4 Wound M 1986 IVDU No
2861 5 8 Downtown ED 2018/12/03 1 Wound F 1979 No No
2906 5 8 Downtown ED 2019/01/24 0 Blood F 1980 No No
2884 6 8 Downtown 6N 2018/12/25 3 Wound M 1988 No No
2968 6 8 Downtown 6N 2019/02/15 2 Wound M 1980 No No
2918 7 8 Downtown ED 2019/01/24 0 Wound M 1983 No No
2970 7 8 Downtown OR 2019/02/15 1 Wound M 1982 IVDU No

*Within past 10 days.
yAt non-UFHJ facility.
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information, including hospital/unit/bed locations, procedures, rea-
son for admission, transfers, dates of admission and length of stay,
additional risk factors, age, and gender.

Genetic Cluster 1 comprised 3 infections which spanned over 15
weeks, observed at 2 different facilities (Table 1). The patient initially
presenting with this strain was already infected at admission and did
not have prior hospitalization, and the patient presenting last was
seen at the outpatient clinic with no prior hospitalization, both con-
sistent with a community origin. On the other hand, MRSA symptoms
for the second patient were observed at 14 DPA, suggesting an HAI.
The first and second patient were on the same Unit (though nonover-
lapping stays). Interestingly, all 3 patients were part of a high-risk
community (IVDU). The 2 cases in Genetic Cluster 2 were detected on
the same day, from the same Unit (ICU), and both were intubated and
placed on a ventilator. In addition, these patients were infected with
the less-common ST5 strain. All of these similarities are strong evi-
dence for an HAI (Table 1). The 2 patients with Genetic Cluster 3
infections were seen in Outpatient Clinics, and because neither had
prior hospitalizations in the previous 10 days, both were classified as
CAIs. Both patients in the Genetic Cluster 4 had infections that were
observed within 9 days of each other, and the patients shared clinical
characteristics (location, anatomic site) and demographic characteris-
tics (gender, similar age, and both from a high-risk group). Both infec-
tions were classified as HAIs based on DPA. Genetic Clusters 5 and 6
comprised 2 patients in the same facility and Unit, which might point
towards an HAI. However, both sets of patients were sampled >7
weeks apart, and both patients in Genetic Cluster 5, and 1 in Cluster
6, showed symptoms <3 DPA (consistent with a CAI). Genetic Cluster
7 comprised 2 patients from the same facility (though not the same
Unit) sampled 3 weeks apart, both of whom showed symptoms at 0
and 1 DPA (consistent with CAIs; Table 1).

Phylogenetics

To assess how the UFHJ ST8 infections related to those previously
observed in the same city, an ML tree was inferred for the alignment
of 23,317 SNPs for the 42 UFHJ ST8 samples and the 102 non-UFHJ
ST8 samples. Because only 5 ST5 samples were observed in the UFHJ
dataset, and none were observed in the comparison dataset, a phy-
logeny for the Genetic Cluster 2 samples was not inferred. Two non-
UFHJ samples on long branches were removed to increase the visibil-
ity of the rest of the tree (Fig 3). In general, the samples from each of
the 4 hospitals were interspersed in the tree. A major exception was
a large clade containing 31 isolates, previously identified and which
persisted for 2 years during the sampling duration.9 The samples in
the 6 UFHJ ST8 Genetic Clusters were evident on the tree with 100%
bootstrap support. All 6 clusters showed very short branches within
the clade, comparable to the branch lengths in the NICUA outbreak
clade.

Several non-clustered UFHJ samples also grouped together on the
tree with high bootstrap support, even though the samples were still
separated by relatively long branches. However, the bootstrap sup-
port was generally high even for internal branches that grouped sam-
ples from multiple hospitals. Interestingly, an additional sample
(2,921) grouped with the 2 Genetic Cluster 4 samples with 100% sup-
port and a relative short branch. Upon further investigation, the dis-
tance analysis showed that sample 2921 was separated from the
other 2 samples by 54 and 58 SNPs, just beyond the cutoff for the
Genetic Cluster definition.

DISCUSSION

In this study, we generated WGS from 56 MRSA cases that
occurred over a 6-month time frame at locations in the UFHJ health-
care network. Seven clusters of genetically related UFHJ samples
were identified, 6 of which comprised 2 samples, and 1 of which
comprised 3 samples. Interestingly, the samples in only 2 of the 7
Genetic Clusters (#2 and #3) were observed within the same week;
the samples in the other 5 Genetic Clusters were observed anywhere
from 9 days to almost 7 weeks apart. In these latter instances, with-
out the use of genetic information, these cases would almost certainly
have not been classified as linked infections. Furthermore, there were
4 instances of Temporal Clusters (>4 MRSA cases within a 3-day time
frame). In the absence of genetic evidence, these may have been con-
sidered an outbreak. However, the WGS analysis clearly showed that
none of the cases in the Temporal Clusters were genetically related.
Overall, these results showed that temporal clustering may be a poor
indicator of genetic linkage.

We were also interested in whether using WGS could help define
whether cases were of hospital or community origin, in addition to
the timing of the observation of symptoms. For 1 Genetic Cluster
(#2), the patients had a discordant classification based on DPA; how-
ever, there was strong evidence that both had an HAI (eg, same Unit
and procedure). However, both patients presented with symptoms
on the same day, so even in the absence of the genetic evidence, this
overlap would still have triggered an investigation by the IPCD.

In another Genetic Cluster (#6), both patients were on the same
Unit, although they had discordant classifications based on DPA and
the infections were observed >7 weeks apart. While less straightfor-
ward, the shared Unit might still be a cause for concern both



Fig 3. Maximum likelihood tree for ST8 samples (n = 142). Branches are proportional to genetic distance according to the legend. Branch thickness is proportional to the bootstrap
support (thicker = higher) with (*) indicating branches of interest with 100% support. Dots at the tips represent samples; colors indicate the location of sampling according to the
legend. Branches leading to UFHJ samples are colored blue. Arrows indicate UFHJ samples which clustered in the distance analysis.
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infections were HAIs, and furthermore, that there was an undetected
source of infection that persisted over a 2 month time frame. Simi-
larly, both patients in Genetic Cluster #5 were classified as CAI based
on DPA, yet both were in the same Unit (and again detected >7 weeks
apart). While symptoms were detected sooner for both of these
patients (0 and 1 DPA, respectively), this may also point toward an
area of concern in the shared Unit.

On the other hand, for another Genetic Cluster (#1), the first and
last patient were classified as CAIs and seen at different locations,
while the second patient was classified as an HAI, showing symptoms
14 DPA. The second patient was on the same Unit as the first patient,
thus providing a plausible epidemiological link for an HAI. On the
other hand, all 3 patients were IVDU, which increases risk for a CAI,
and the infections were observed over nearly a 3-month time frame.
These factors taken together suggest a possibility that the second
patient possibly acquired their infection from a community source,
either prior to arrival in the hospital or from someone coming into
the hospital, rather than from a nosocomial source. In addition, the
observation that both Genetic Clusters #7 cases were CAIs, yet
observed 3 weeks apart, suggests potentially sustained transmission
of genetically-related strains of MRSA within the community, consis-
tent with the high-risk urban population served by UFHJ.

Determining conclusively whether a particular infection was
acquired in the hospital is obviously critical for both effective treat-
ment/prevention, as well as for the financial implications of excessive
HAIs for the hospital. WGS can provide valuable information about
which strains are related; however, other lines of evidence are
required to definitively determine the source of specific infections, eg,
traditional epidemiological data and screening protocols. In the current
study, determining the source (hospital vs community) for each
Genetic Cluster is hampered by not knowing the MRSA status of each
patient on admission. However, the results clearly point towards spe-
cific areas of concern, including a potential hospital source that may
have been missed (Genetic Cluster #6), as well as a classified HAI with
strong links to the community (Genetic Cluster #1). The most powerful
use of WGS alone is to identify genetically unlinked cases, thereby
excluding an outbreak scenario and/or a MRSA infection from a specific
hospital-based source (eg, staff member or equipment).

Based on the results from this study, the UFHJ IPCD concluded that
WGS provided valuable insights about the infection dynamics of
MRSA; specifically, the critical observation that temporal clustering
does not necessarily reflect true outbreaks (ie, multiple infections
from the same source). Furthermore, the observation of genetically
linked cases with shared epidemiological factors (eg, the same Unit),
but spaced over 3+ weeks, suggests that a targeted intervention may
be warranted in specific parts of the hospital. Ongoing monitoring of
MRSA cases using WGS is expected to increase the resolution of link-
age and enable the ICDs to make more informed decisions about pre-
vention and care.

While WGS of pathogens has become an invaluable tool for public
health departments,31 it is not yet routine in hospitals. Limitations
have included the significant computational resources and bioinfor-
matics skills required for data analysis; however, innovations includ-
ing cloud-based computing and integration with electronic health
records are enabling hospital ICDs to incorporate this technology into
surveillance protocols. In this study, all analyses here were
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automated and took place within protected AWS space, with results
presented in a password-protected interactive web interface. This
study has demonstrated that WGS and sophisticated bioinformatics
tools such as FoxSeq can be implemented within ICPDs, and used by
ICP team members without specialized bioinformatics training to
better identify HAIs and improve patient care.
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