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Abstract

Objective: To investigate the molecular epidemiology of methicillin-susceptible Staphylococcus aureus (MSSA) in infants in a neonatal inten-
sive care unit (NICU) using whole-genome sequencing.

Design: Investigation of MSSA epidemiology in a NICU.

Setting: Single-center, level IV NICU.

Methods: Universal S. aureus screening was done using a single swab obtained from the anterior nares, axilla, and groin area of infants in the
NICU on a weekly basis. Core genome multilocus sequence type (cgMLST) analysis was performed on MSSA isolates detected over 1 year
(2018–2019).

Results: In total, 68 MSSA-colonized infants were identified, and cgMLSTs of 67 MSSA isolates were analyzed. Overall, we identified
11 cgMLST isolate groups comprising 39 isolates (58%), with group sizes ranging from 2 to 10 isolates, and 28 isolates (42%) were unrelated
to each other or any of the isolate groups. Cases of infants colonized by MSSA were scattered throughout the 1-year study period, and isolates
belonging to the same cgMLST group were typically detected contemporaneously, over a few weeks or a few months. Overall, 13 infants
(19.7%) developed MSSA infections: bacteremia (n= 3), wound infection (n= 5), conjunctivitis (n= 4), and cellulitis (n= 1). We detected
no association between these clinically manifest infections and specific cgMLST groups.

Conclusions: Although MSSA isolates in infants in a NICU showed high diversity, most were related to other isolates, albeit within small
groups. cgMLST facilitates an understanding of the complex transmission dynamics of MSSA in NICUs, and these data can be used to inform
better control strategies.

(Received 2 March 2020; accepted 16 July 2020; electronically published 16 September 2020)

Staphylococcus aureus is a major pathogen in hospitalized infants and
is the second most common cause of late-onset neonatal sepsis.1,2

These infections are associated with mortality, morbidity, and
prolonged lengths of stay.3–5 Staphylococcus aureus commonly exists
as a colonizer of the nasal cavity, skin or gastrointestinal tract of
humans, being found in ~20%–40% of healthy adults and 5%–55%
of infants.6–10 Neonates colonized with S. aureus have an increased
risk of subsequent infection.11–13 Newborns may acquire S. aureus
during their birth or shortly thereafter, from a colonized mother,
the hospital setting, or the community surrounding them.9,14–16

Since hospital-associated methicillin-resistant S. aureus
(MRSA) first emerged in 1980s and became prevalent in neonatal
intensive care units (NICUs), attention to S. aureus in NICUs has

largely focused on MRSA, with relatively little consideration given
to methicillin-susceptible S. aureus (MSSA).9,17 Most centers have
implemented strategies for S. aureus screening and isolation with
or without decolonization, again, focused onMRSA.18–20 However,
MSSA infections are 3 times more common than MRSA infections
among infants inNICUs, and both are associated with similarmor-
bidity and mortality.17,21,22

Molecular epidemiological studies of MRSA in NICUs have
shown a few clones to be responsible for spread23; in contrast,
the molecular epidemiology of MSSA in this setting is less well
defined. Traditionally, several methods, such as pulsed-field gel
electrophoresis, surface protein A sequence (spa) typing, and mul-
tilocus sequence typing (MLST), have been used for molecular typ-
ing of S. aureus isolates. Recent studies have shown that molecular
analysis using whole-genome sequencing (WGS) enables higher
discrimination than conventional methods, allowing better under-
standing of molecular epidemiology.23–25
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We noted an increase in the MSSA colonization rate in our
NICU beginning in May 2018. In this study, we analyzed the clini-
cal and molecular epidemiology ofMSSA in NICU infants at Mayo
Clinic Rochester to describe clusters of MSSA colonization that
occurred over a 1-year period.

Methods

Setting

This study was carried out in a level-4 NICU at Saint Mary’s
Campus, Mayo Clinic Hospital in Rochester, Minnesota. The
NICU is a 34-bed unit caring for ~385 infants per year, with an
average daily census of 15–33 patients (median, 24). The unit con-
sists of 5 rooms with 4–6 bed spaces in each room, plus 6 additional
single-room bed spaces for patients in need of isolation.

Screening

Beginning in April 2016, universal S. aureus screening was in place,
using a single swab obtained from the anterior nares, axilla, and
groin area of each infant in the NICU every Tuesday on a weekly
basis.

Culture and identification

Swabs were plated on trypticase soy agar with 5% sheep blood agar
andColumbia nalidixic acid (CNA)with 5% sheep blood agar plates,
incubated at 35°C with CO2, and examined for growth at 16–24
hours and, if negative, at 48 hours. Colonies were identified by gram
staining and coagulase testing, and/or by matrix-assisted laser
desorption ionization–time-of-flight mass spectrometry (MALDI-
TOF-MS). Antimicrobial susceptibility testing was performed using
agar dilution with results interpreted using Clinical and Laboratory
Standards Institute guidelines.26 Isolates were archived at −80°C in
0.9% sterile saline (Baxter, Deerfield, IL). When >1 MSSA
isolate was detected from the same infant, only the first isolate
was subjected to WGS.

Whole-genome sequencing

DNA was extracted from cultured MSSA isolates using the Zymo
Research Quick-DNA Fungal/Bacterial Miniprep kit (Zymo
Research, Irvine, CA) according to the manufacturer’s instruc-
tions. Paired-end sequencing libraries were prepared using
Nextera XT DNA Library Prep kits (Illumina, San Diego, CA)
and WGS performed on an Illumina MiSeq (Illumina) using V2
2 × 250-bp chemistry targeting 200× depth of coverage. Raw
sequencing reads were processed for adapter and index removal
using the MiSeq reporter software in real time.

Genome assembly and core genome multilocus sequencing
type (cgMLST) determination

FASTQ files were imported into SeqSphereþ version 6.0.2 software
(Ridom, Munster, DE) and handled using an automated assembly
and typing pipeline. The pipeline includes FastQC read
quality control and Velvet de novo genome assembly.
Assembled genomes were mapped against an S. aureus reference
genome (NC_002951.2) to define the core genome. A core genome
target threshold of ≥95% was applied to all assemblies. Isolate
relatedness was based on the total number of core genome allelic
differences between each isolate.

Results

cgMLST of MSSA isolates

Over the 1-year study period (May 2018 to May 2019), 68 MSSA-
colonized infant cases were detected. The median (range) gesta-
tional age and birth weight were 28 weeks (range, 22–40) and
985 grams (range, 360–4,280), respectively. The proportions of
infants born via vaginal delivery, and infants with central venous
catheters were 39.7% and 52.9%, respectively. Of 68 isolates, 67
were subjected to cgMLST analysis. (One isolate could not be
retrieved for sequencing.) Of the 67 isolates analyzed, cgMLST
analysis identified 11 groups of related isolates based on their hav-
ing≤9 allelic differences (Fig. 1, groups 1–11) comprising a total of
39 isolates, with group sizes ranging from 2 to 10 isolates.
Furthermore, 28 isolates were unrelated to each other and to
any of the groups, differing by >100 allelic differences. Cases of
infants colonized with MSSA were scattered throughout the study
period; isolates belonging to the same relatedness group were
detected over periods of a few weeks to a few months (Fig. 2).

Group 1, the largest group, included 10 isolates; group 1 isolates
were detected from infants in 4 multibedded rooms (room 1–4)
with overlapping stays from May to September 2018 (Fig. 3).
Group 2 consisted of 4 isolates, 2 of which were obtained from twin
infants (twin pair D) and were isolated after 2 months of their hos-
pital admission. The other 2 isolates in group 2 were detected from
2 infants whose stays overlapped with each other but not with the
twins. Group 3 included 4 isolates from infants who were in room 1
on the same day. Group 4 also consisted of 4 isolates; they were
detected from infants housed in 3 rooms (rooms 1–3), and 2 of
the affected infants were admitted to room 2 but not at the same
time. Group 5 also included 4 isolates; these isolates were found in
infants in 2 different rooms (rooms 1 and 3) but at the same time.
Group 6 included 3 isolates from infants who had been born at dif-
ferent medical centers and who were housed with temporally over-
lapping stays in room 1 in the NICU. Groups 7, 8, 10, and 11 were
comprised of 2 isolates each and were all found in infants in differ-
ent rooms but who had temporally overlapping hospital stays (ie,
for each related pair). The 2 group 9 isolates were from infants who
shared room 4.

Among theMSSA-harboring infants, there were 5 pairs of twins
(A–E), of which 3 (A, C, and E) had unrelated isolates between each
twin pair, even though they stayed in the same room throughout
their hospital stays (Figs. 1 and 2). Of the 2 pairs of twins with
related isolates (B and D), 1 pair (B) had stayed in the same room
and the other pair stayed (D) in different rooms (Fig. 3, room 2
and 6).

Clinical information

Among the colonized infants, 3 (4.5%) died during their hospitali-
zation; no deaths were related to MSSA infection. Overall, 13
infants (19.7%) developed MSSA infection: bacteremia (n= 3),
wound infection (n= 5), conjunctivitis (n= 4), and cellulitis
(n= 1). The 3 bacteremia events involved isolates from different
WGS groups. There was no association between isolates from
infants with clinical infection and specific WGS groups. Among
infants not colonized with MSSA, no bacteremia occurred through
their discharge during the study period.

Antimicrobial susceptibility

Antimicrobial susceptibilities for MSSA isolates according toWGS
group are shown in Supplemental Table 1 (online). All MSSA
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Fig. 1. Core genome multilocus sequence type
(cgMLST) minimum spanning tree of methicil-
lin-susceptible Staphylococcus aureus isolates
from colonized neonatal intensive care unit
infants. Numbers in each circle indicate isolate
numbers, assigned chronologically by the date
of isolation. Numbers next to lines indicate the
numbers of allelic differences between isolates,
as determined by cgMLST. Superscripted char-
acters indicate pairs of twins (A–E); twin pair A
(isolate 12 and 15), twin pair B (isolate 17 and
23), twin pair C (isolate 30 and 31), twin pair
D (isolate 37 and 38), and twin pair E (isolate
57 and 59). Line lengths are not proportional
to the number of allelic differences and angles
between lines are randomly assigned.
Background grey shading indicates isolates in
the same group.
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isolates in groups 1, 2, 3, 6, 10, and 11 were susceptible to all tested
antimicrobials, whereas all isolates in groups 5, 7, and 8 were resist-
ant to clindamycin and all isolates in group 9 were resistant to
doxycycline.

Control measures

Several control measures were implemented in an attempt to pre-
vent additional spread of MSSA in the NICU. Infants who were
identified as colonized with MSSA were cared for using standard
precautions; contact precautions were not used unless there was a
separate indication for the use of contact precautions or another
isolation precautions category. As a part of standard precautions,
staff were encouraged to wear gloves and gowns when they had
close direct physical contact with an infant, such as while holding
the infant during feeding.MSSA colonized babies were treated with
nasal mupirocin twice daily for 5 days and chlorhexidine baths
twice, 48 hours apart once they reached 36 weeks of postmenstrual
age and were at least 72 hours old. FromMay 2019 onward, colon-
ized or infected infants were cared for in single rooms or were iso-
lated in cohorts in multibed rooms. Hand hygiene for staff and
environmental cleaning were reinforced, including use of audits
and adenosine triphosphate testing of high-touch surfaces. Hand
hygiene compliance in the NICU during the study period was
40%, 63%, 53%, and 100% in July–September 2018, October–
December 2018, January–March 2019, and April–June 2019,
respectively. Parents were instructed at the time of their infants’
admission and encouraged throughout their hospitalizations to
perform hand hygiene prior to entering the NICU and prior to
touching or holding their infants. Staff were advised to clean their

mobile devices with disinfectant wipes at the beginning and end of
each shift, when visibly soiled, after direct contact with patients or
patient environments, and after exiting isolation rooms.

Discussion

The molecular epidemiology of MSSA in this study differed from
that in our previous study,23 which analyzed MRSA in the same
NICU over 3 years using the same WGS methods. The previous
MRSA analysis demonstrated that only a few clones were respon-
sible for spread of MRSA and that spread occurred over a long
period of time.23 In contrast, in this study, 58% of MSSA isolates
from NICU infants over the 1-year study period belonged to 11
small groups, with 42% being unique. Although the 2 studies were
not conducted during the same periods, this finding suggests that
the within-facility clonal diversity of MSSA is higher than that of
MRSA. This finding is consistent with a previous molecular sur-
veillance study of MSSA and MRSA colonization in infants, their
parents, and medical staff in a NICU.27 Although the molecular
characterization methods differed from those used in our study,
15 patterns were identified among 25MSSA isolates and 3 patterns
were identified among 9 MRSA isolates, indicating higher clonal
diversity of MSSA than MRSA.27 Another study found hetero-
geneous MSSA colonization, with 16 shared strains and 22 unique
strains among 85 isolates.28 MRSA is likely to be acquired from
limited sources and spread through shared spaces, equipment,
and healthcare personnel, whereas MSSA likely originates from
diverse sources. Notably, however, some studies have reported hos-
pital-associated transmission of MSSA with a few predominant
clones associated with infection and colonization in NICUs.29,30

Fig. 2. Monthly distribution of methicillin-susceptible Staphylococcus aureus (MSSA) colonization in neonatal intensive care unit infants fromMay 29, 2018, to May 28,
2019, by cgMLST group. MSSA colonization was detected throughout the study period, with peaks in August–September 2018 and April–May 2019. Isolates in each
cgMLST group were serially detected over several months. Among colonized infants, there were 5 pairs of twins, of which 2 pairs (twin pairs B and D) had related
isolates, and 3 pairs (twin pairs A, C, and E) had unrelated isolates. Of the 2 pairs of twins with related isolates, 1 pair (twin pair B) had stayed in the same room and the
other in different rooms.
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In our study, some clones showed spatial and temporal relations,
suggesting hospital-associated transmission, but no extensive
spread of any single strain occurred; differences may depend on
intrinsic properties of specific strains alongside local infection pre-
vention and control practices.29

Colonization of family members or visitors may lead to sub-
sequent S. aureus acquisition by infants in NICUs. The nasal car-
riage rate of S. aureus is ~20%–30% in the general population, with
the rate being ~15%–20% for parents of infants admitted to
NICUs.27,31,32 A recent randomized controlled study of the effect
of decolonization of parents colonized with S. aureus (MSSA or
MRSA) on transmission to neonates in 2 NICUs illustrates the
potential magnitude of parent-to-infant spread.16 The study found
that, by 90 days, nearly 60% of colonized infants were colonized
with S. aureus strains concordant with their parent’s baseline
strains, although pulsed-field gel electrophoresis (not WGS) was
used to determine concordance. In addition, the study found that
decolonization of parents reduced the rate of acquisition of a con-
cordant strain by >50%. However, a variety of issues, including

generalizability, feasibility, scalability and the impact on family-
centered care must be understood better before this intervention
is applied routinely.33

Another mechanism by which infants may acquire S. aureus
carriage is perinatal acquisition from colonized mothers. Recent
studies have shown colonization with S. aureus in 10%–15% of
newborns at or shortly after birth, with maternal colonization
increasing infant colonization.9,14,34 Our study could not confirm
whether or not perinatal acquisition affected introduction of the
bacteria into the NICU because the carriage state of parents was
not examined and screening of infants at the time of admission
was not performed during the study period. However, since most
MSSA was detected in the second or subsequent screenings per-
formed >1 week after admission, most of the infants might be pre-
sumed to have acquired MSSA during their hospitalization.

Our data also show that more than half of isolates were related
to other isolates. Isolates belonging to groups 1, 3, 5, and 6 were
detected serially in the same room or in different rooms with
overlapping stays, suggesting at least some within-hospital

Fig. 3. Timeline of grouped methicillin-susceptible Staphylococcus aureus isolates from infants in the neonatal intensive care unit according to the rooms in which
they stayed, by core genome multilocus sequence type (cgMLST) group. Bars illustrate hospitalization period of colonized infants. Bar colors represent cgMLST
groups, with small inverted triangles indicating dates of isolation. Dotted lines designate those infants who were in the indicated location before the study period
began.
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transmission. This has been shown in recent MSSA outbreaks in
NICUs, in which 2 parallel outbreaks had originated from exog-
enous sources.35 Spread of S. aureus within hospitals can be medi-
ated by medical staff or hospital environments, including medical
equipment, as a reservoir or vector.19,36,37 Because no systematic
surveillance of the medical staff or the hospital environment was
carried out in our study, it was not possible to determine whether
they might have mediated bacterial transmission. Interestingly,
after infants with group 2 isolates were discharged at July 2018,
group 2 isolates were not detected until they reappeared in
November 2018. One of the infants with group 4 carriage stayed
in a different room and did not have overlapping hospital stays
with the other group 4 infants (Fig 3).Wewere unable to determine
whether a reservoir mediating transmission might have existed or
whether isolates endemic in the communitymight have been intro-
duced on >1 occasion.

Although MSSA has received less attention than MRSA
in NICUs, MSSA is an important cause of morbidity and
mortality.22,38 The incidence of MSSA bacteremia over a year in
this study was 3 times higher than that of MRSA bacteremia in
our previous MRSA study, a finding consistent with other
reports.13,30 Previous studies show a comparable mortality rate
between MSSA and MRSA infections in infants admitted to
NICUs.17,22 Recently, there has been an increasing recognition that
hospital infection prevention and control efforts must focus not
only on preventing MRSA infections but S. aureus infections over-
all, including those caused by MSSA.19,22,39 However, additional
study is needed to more precisely quantify the association of
MSSA acquisition on subsequent infection, morbidity or mortality
in infants as well as effects of interventions to prevent S. aureus
colonization.

Although the cgMLST results were not compared with those of
other typing methods for the MSSA isolates from this study, we
previously reported that cgMLST provides high resolution for
determining relatedness of bothMSSA andMRSA.23,24 In our prior
neonatal MRSA study, cgMLST provided more resolution than
PFGE, separating, for example, 2 isolates away from 23 that were
all included in the same indistinguishable PFGE group.23 Similarly,
in our S. aureus bacteremia study, several isolates assigned to the
same spa type were unrelated to each other by cgMLST.24 In a neo-
natal MSSA bacteremia study, cgMLST was able to distinguish
outbreak-related isolates from the other isolates of the same
sequence type by classical MLST.40

This study has several limitations. Cultures from the hospital
environment and surveillance of healthcare workers were not per-
formed, so we were unable to determine whether MSSA from
infants in different rooms or in the same rooms during nonover-
lapping periods of hospitalization was acquired through horizontal
transmission. In addition, because family members and visitors
were not screened, we were unable to determine whether they were
the source of the babies’ MSSA. Because MSSA isolates collected
from clinical infection sites were not sequenced, we could not
definitively show that colonizing isolates caused clinical infections.
Finally, since only 1 isolate was sequenced from each infant, col-
onization with >1 strain of MSSA would not have been detected.

In summary,WGS demonstrated thatMSSA isolates colonizing
infants in a NICU had a high degree of overall clonal diversity: 42%
of isolates were unrelated to each other or any of the isolate group.
Nonetheless, most isolates showed relatedness to other isolates, but
generally with small numbers of isolates in each group. These
results demonstrate that WGS is a useful tool to understand the
molecular epidemiology of MSSA in NICUs, although additional

study using WGS is needed to understand complex transmission
pathways in more detail to better inform infection prevention
and control practices.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/ice.2020.355
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