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ABSTRACT Methicillin-resistant Staphylococcus aureus (MRSA) infections cause substan-
tive morbidity and mortality in neonates. Using publicly available resources from the
National Center of Biotechnology Information (NCBI) and Food and Drug Administration’s
(FDA) GalaxyTrakr pipeline, we illustrate the dynamics of MRSA colonization and infection
in neonates. Over 217 days of prospective surveillance, analyses revealed concurrent
MRSA transmission chains affecting 11 of 17 MRSA-colonized patients (65%), with two
clusters that demonstrated intervals of more than a month among the appearance of
isolates. All MRSA infected neonates (n = 3) showed previous colonization with the
infecting strain. GalaxyTrakr clustering of the NICU strains, in the context of 21,521 inter-
national isolates deposited in NCBI’s Pathogen Detection Resource, revealed NICU isolates
to be distinct from adult MRSA strains seen locally and internationally. Clustering of the
NICU strains within an international context enhanced the resolution of strain clusters
and supported the rule-out of suspected, local transmission events within the NICU.
Analyses also identified sequence type 1535 isolates, emergent in the Middle East, carry-
ing a unique SCCmec with fusC and aac(6’)-Ie/aph(2’’)-1a that provided a multidrug-resist-
ant phenotype. NICU genomic pathogen surveillance, leveraging public repositories and
outbreak detection tools, supports rapid identification of cryptic MRSA clusters, and can
inform infection prevention interventions for this vulnerable patient population. Results
demonstrate that sporadic infections in the NICU may be indicative of hidden chains of
asymptomatic transmission best identified with sequenced-based approaches.

KEYWORDS antibiotic resistance, genomic epidemiology, MRSA, NICU, nosocomial
disease, pathogen detection, Staphylococcus aureus

S taphylococcus aureus is a common cause of health care associated infections, including
sepsis, respiratory, skin, and soft tissue infections (1). Neonates, preterm, and low-birth-

weight infants have increased risks for methicillin-resistant Staphylococcus aureus (MRSA) col-
onization and infection given their lack of protective colonizing microbiota and immune
immaturity (2). MRSA colonization is a well-recognized risk factor for infection in neonatal in-
tensive care unit (NICU) patients. Nosocomial and neonatal transmission of S. aureus has
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been documented from colonized health care workers, parents, and environmental reser-
voirs (3). Efforts to reduce infections use culture- or molecular-based detection to identify
MRSA-colonized infants to implement strategies for infant decolonization, and to reduce
further transmission (4). These efforts rely on sensitive strain-typing techniques to distin-
guish endemic, outbreak, and community-acquired strains.

MRSA strains frequently harbor broad-spectrum resistance to beta-lactam and other
antibiotic classes. Resistant phenotypes are commonly conferred by a mobile staphylo-
coccal cassette chromosome mec (SCCmec) that encodes an alternative peptidoglycan
transpeptidase homolog of PBP2, PBP2A, with reduced affinity for beta-lactam antibiot-
ics, particularly cephalosporins (5). Many SCCmecs, as well as non-mec SCCs, encode vari-
ous other resistance genes, making SCCs important contributors to multidrug resistance.

Whole-genome sequencing (WGS) enables outbreak investigations for MRSA and
other pathogens through high-resolution strain tracking (6), a method that provides
higher resolution information over targeted molecular strain-typing (7). When combined
with epidemiologic data, WGS enables definitive clonal assessments and improved identi-
fication of direct transmission events (8). Applied to NICU populations, WGS has improved
the detection of health care worker transmission events (9), and supported more effective
MRSA screening programs (10). Importantly, WGS can also rule-out nosocomial transmis-
sion events, providing reassurance to staff and more efficient utilization of hospital
resources in infection prevention (11).

Hospital MRSA investigations using public repositories of internationally sequenced
strains increase the resolution of clonal associations, including to support rule out determi-
nations for local strain outbreak clusters (12, 13). Among U.S.-based genomic surveillance
programs, the FDA GenomeTrakr Network, and CDC’s PulseNet use validated bacterial
WGS methods for outbreak investigation in food safety and public health. While genomic
surveillance at the hospital level is less common, the tools provided by these national pro-
grams can lessen the costs and resources needed to implement robust genomic surveil-
lance methods within a nosocomial setting (14).

MRSA strains with similar resistance phenotypes in colonized and infected infants raised
concerns for asymptomatic and cryptic transmission events. To investigate, genomic analy-
ses of NICU MRSA isolates over a 341-day period identified multiple cryptic transmission
chains, including ones associated with active infections. Nationally available tools for out-
break detection leveraged 10,145 internationally deposited MRSA genomes in the NCBI
Pathogen Detection resource with the validated GalaxyTrakr platform. Analyses significantly
improved the phylogenetic resolution of local strain clusters, improved rule-out determina-
tions, and provided a well-validated pipeline to reduce the costs and resources needed to
conduct high-resolution cluster analyses in a hospital setting.

MATERIALS ANDMETHODS
IRB study protocol and data collection. The study was conducted under IRB protocol 2011-P-

002883 (PI: Bry, Partners Healthcare). The Crimson LIMS was used for sample retrieval. Patient data and
microbiological test results were retrieved using the Partners Research Patient Data Registry (15). Data
used for analyses were deidentified.

Study design and clinical interventions. The NICU at Brigham and Women’s Hospital is a 66-bed fa-
cility providing specialized level II care for newborns with noncritical conditions such as hypoglycemia or
in need of IV fluid treatment, and level III urgent care for newborns undergoing surgery or as needed for
sustained life support. The unit contains distinct areas for levels II and III care. Neonates are transferred
between unit areas when medically appropriate. For a 558-day period over 2018 to 2019, MRSA isolates
from weekly nasal-perirectal swab screening and from diagnostic cultures were evaluated for relatedness
of their phenotypic susceptibility profiles to evaluate suspicious outbreak clusters. Retrospective analyses
triggered a prospective genomic surveillance period that started on day 342 to day 558 during which
MRSA isolates from all nasal-perirectal swab cultures and diagnostic cultures were sequenced, in addition
to the previously collected strains. Medical records for NICU patients during the surveillance period were
evaluated for clinical diagnoses, reasons for NICU admission, and additional culture-based analyses, includ-
ing antimicrobial resistance profiles. In the context of the clinical genomic surveillance program, only
patient surveillance and diagnostic strains were evaluated. Nonclinical samples were not collected from
patient family members, NICU personnel, nor the environment. Neonates colonized or infected with MRSA
were placed in single rooms and managed with Contact Precautions.

Sample collection. BD BBL CultureSwabs (Becton Dickinson, San Jose, CA) were used for nasal-peri-
rectal (NP) screening for S. aureus. Swabs were cultured to colistin nalidixic acid (CNA) blood agar for 18 to
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24 h at 37°C. S. aureus was identified by colony morphology, Gram stain, positive catalase, and coagulase
assays (Thermo Fisher Scientific). Diagnostic cultures with S. aureus were evaluated similarly. Collected iso-
lates were preserved at 280°C in 2 mL Cryovials (Corning, Corning, NY). In the context of the clinical ge-
nomic surveillance program, and the IRB protocol under which it operates, only patient surveillance and
diagnostic strains were evaluated.

Antibiotic resistance testing. S. aureus isolates were tested clinically for antibiotic resistance by
Vitek 2 with Susceptibility Card AST-GP78 (bioMérieux, Durham, NC). Microdilution testing for fusidic
acid resistance was done by broth microdilution according to CLSI guidelines (16). MRSA isolates were
called by resistance to cefoxitin.

Genome sequencing. All isolate genomes were sequenced using Illumina NextSeq as described previ-
ously (Illumina, San Diengo, CA) (14, 15). MLST 1535 isolates were additionally sequenced using Oxford
Nanopore GridIon sequencing (Oxford Nanopore Technologies, Oxford, UK). The libraries were prepared
using rapid sequencing kit RBK004 and run on a MIN106D flow cell (R9.4.1) for 48 h according to the man-
ufacturer’s instructions. The genomes were de novo assembled using both the both Nanopore and the
NextSeq reads with Unicycler v.0.4.8 (17).

Bioinformatic analyses. Patient data were analyzed using Python with the packages Matplotlib and
SciPy (18, 19). Isolate genome sequencing reads were uploaded to the NCBI Sequence Read Archive for
inclusion in the Pathogen Detection program (Table S3), which includes single nucleotide polymorphism
(SNP) clustering, virulence gene detection, antimicrobial resistance gene detection, and isolate metadata
(12). An additional 21,521 genomes, available at the time of analysis, were included in cluster detection.
Phylogenetic results were visualized using the Pathogen Detection Isolates Browser.

A total of 10,387 S. aureus genomes with available assemblies and Illumina sequencing data at NCBI
Short Read Archive (SRA) underwent further analysis (Table S4). Whole-genome MLST was performed
using the program tblastn and coding sequences from RefSeq genome NC_007795.1 (20, 21). The
threshold for inclusion was an e-value #0.001 and a length between 0.5� and 1.5� the reference
sequence coding length. Gene matches were retained if there was at most one high-quality hit in each
genome for all genomes in a downsampled set of all S. aureus isolate genomes available in the NCBI
Pathogen Detection program. Gene sequences were only kept if they matched the reference sequence
length to allow for efficient SNP calculation across thousands of genomes. Genes were excluded if pres-
ent in ,90% of genomes, resulting in a database of 2,021 genes. Genomes with ,90% of these genes
represented within the criteria above were excluded, resulting in a final database representing 10,145
genomes from the 10,387 starting genomes. From this set of genomic information, allelic genomic dif-
ferences normalized for analyzed sequence length were calculated to determine the closest set of 25
genomes to NICU MRSA isolates, keeping all tied for 25th closest. SNP matrices were then calculated
using GalaxyTrakr with the CFSAN SNP Pipeline (13, 22). The reference genome for SNP calling was the
internal SKESA assembly with the highest N50 score (23). Maximum likelihood phylogenies calculated
using FastTree v. 2.1.10 and visualized using the Interactive Tree of Life (24, 25).

Each strain’s MLST was calculated using the reference sequences and definitions from pubMLST.org
(26). SCCmec types were determined using the tools and guidelines from SCCmec Finder (27). Virulence
gene profiles and antibiotic resistance gene profiles were taken from the analysis at the NCBI Pathogen
Detection Program (12).

Annotation of the MLST 1535 SCCmec region used the PATRIC RASTtk-enabled Genome Annotation
Service (28). Open reading frames within this sequence were confirmed or identified using blastp
searches against the nonredundant protein sequences database at NCBI (21). Cassette chromosome
recombinase (ccr) gene identity was investigated using blastp and representative alleles using hits above
80% identity and length (29, 30).

Statistical analyses. Chi-squared (x2) and Mann-Whitney U tests to evaluate differences in clinical
parameters among MRSA-colonized versus noncolonized patients were calculated using SciPy 1.9.3
(https://scipy.org/). P-values for cases of multi-hypothesis testing were adjusted using the Benjamini-
Hochberg procedure to determine the false discovery rate (FDR) (31).

RESULTS

Over a 341-day period, MRSA NICU isolates were evaluated for similarities among their
phenotypic antibiotic resistance profiles. Two suspected outbreaks during this period,
based on strain phenotypic similarities, triggered prospective genomic surveillance of all
MRSA isolates from days 342 to 558, in addition to sequencing of prior available isolates
from days 1 to 341 (Fig. 1; Fig. S1). Over the entire 558-day period, 58 MRSA isolates, includ-
ing 55 screening and three diagnostic, were collected from 22 NICU patients. Of the iso-
lates from diagnostic cultures, patient 12’s isolate originated from eye discharge, while
patient 14’s and 16’s isolates originated from epidermal abscesses. During the 217-day pro-
spective surveillance period, 17 neonates of 518 admitted during the prospective genomic
surveillance period had MRSA isolates identified, representing 3.3% of NICU patients.

Factors associated with MRSA colonization in neonates included prematurity and
low birthweight (Table 1, q = 0.002; Table S1). MRSA-colonized patients also had longer
average lengths of stay in the NICU than noncolonized patients, 52.5 6 34.8 days ver-
sus 20.0 6 24.8 days (P , 0.001). Prematurity (defined as ,37 completed weeks of
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gestation) was also associated with longer NICU lengths of stay regardless of MRSA col-
onization status, 29.7 6 29.3 days versus 6.8 6 7.2 days (Table S2).

Comparative analyses with 21,521 S. aureus genomes in NCBI’s Pathogen Detection
Resource assigned 91.2% of the sequenced NICU MRSA isolates to six international SNP
clusters (Fig. 1). Clustered isolates were found in 17 of 22 MRSA-colonized patients. The
remaining five patients all had short NICU admissions with only one isolate obtained via
routine MRSA screening (Fig. S1). These five isolates showed no relationship to any S.
aureus deposited in NCBI, including previously submitted isolate genomes from adult
patients at the hospital, and not linked temporally to any transmission chains.

SNP clusters 1, 3, 4, and 5, involved multiple patients while clusters 2 and 6 involved
only a single patient (Fig. 2). Among clusters affecting multiple patients, clusters 4 and
5 occurred within single time periods (Fig. 1). In contrast, clusters 1 and 3 occurred
across distinct time periods without any patient overlap. The patient isolates in cluster
1 occurred in two intervals separated by 259 days, while strains in cluster 3 occurred
across three time periods separated by 49 and 56 days. Among the two other NCBI-
associated clusters, cluster 2 included one NICU isolate that clustered with an isolate
reported from another institution but was not clonally related (Fig. S2). Cluster 6
included two clonally related isolates from the same patient that were separated by 5

FIG 1 NICU outbreak SNP cluster occurrence. x axis indicates day during the analysis period. “Targeted Outbreak
Sampling” refers to microbiologic-only assessments of NICU strains from days 1 to 341. Triangles and crosses
indicate all strains among patients who were also included in later genomic analyses. “Prospective Genomic
Surveillance” over days 342 to 558 indicates the period of prospective genomic analyses of new strains. y axis
indicates individual NCBI Pathogen Detection SNP clusters; numbers in parentheses indicate number of NICU
strains from this study that occurred in the broader NCBI cluster, as follows: SNP clusters (MLST, SCCmec type): 1,
PDS000067849.1 (8, IVa[2B]); 2, PDS000069849.1 (72, IVa[2B]); 3, PDS000069850.1 (5, II[2A]); 4, PDS000069851.1 (5,
IVa[2B]); 5, PDS000069882.1 (1535, unclassified SCCmec); 6, PDS000069883.1 (8, IVa[2B]); Unc., unclustered isolates
with unrelated MLST and SCCmec types. Red dashed lines show a suspected outbreak during targeted outbreak
sampling, and a black dashed line marks when prospective surveillance began.

TABLE 1 26 hypotheses from all ICD10 code groups met the prerequisite number of five individuals from the group with MRSA and 20 from
the group without MRSA

ICD10 code
group Definition

Proportion
with MRSA
(n = 22)

Proportion
without
MRSA
(n = 501)

p value
MRSA
associationa

q value
MRSA
associationb

p value
association
with P07

H35 Other retinal disorders 0.50 (11) 0.04 (22) ,0.001 ,0.001 ,0.001
P27 Chronic respiratory disease originating in the perinatal period 0.41 (9) 0.07 (36) ,0.001 ,0.001 ,0.001
P61 Other perinatal hematological disorders 0.73 (16) 0.24 (120) ,0.001 ,0.001 ,0.001
R63 Symptoms and signs concerning food and fluid intake 0.73 (16) 0.25 (127) ,0.001 ,0.001 ,0.001
P07 Disorders related to short gestation and low birth wt, not

elsewhere classified
1.0 (22) 0.61 (304) ,0.001 0.002 NAc

Q25 Congenital malformations of great arteries 0.36 (8) 0.11 (54) 0.001 0.003 0.967
P74 Other transitory neonatal electrolyte and metabolic disturbances 0.41 (9) 0.13 (66) 0.001 0.003 0.012
P81 Other disturbances of temp regulation of newborn 0.82 (18) 0.43 (216) 0.001 0.003 ,0.001
P28 Other respiratory conditions originating in the perinatal period 0.95 (21) 0.65 (325) 0.006 0.018 ,0.001
P59 Neonatal jaundice from other and unspecified causes 0.73 (16) 0.43 (214) 0.011 0.028 ,0.001
P05 Slow fetal growth and fetal malnutrition 0.36 (8) 0.15 (73) 0.014 0.032 0.001
aP values are calculated using x2 and q values are P values that are false discovery rate adjusted.
bSignificant results (q value# 0.05) are shown. Values are shown in ascending q value score.
cNA, not applicable.
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SNPs (Fig. S3). In total, 15 of 22 (68%) MRSA-colonized NICU patients, including all
twins and cases of invasive disease, occurred in clusters 1, 3, 4, and 5.

To leverage nationally validated tools for NICU surveillance, we used the GalaxyTrakr
pipeline for cluster detection (13). To enhance the genomic context and resolution of
strain clusters, analysis incorporated 10,145 S. aureus genomes from the NCBI SRA that
had been deposited by other institutions. Whole-genome MLST SNPs of the external ge-
nomic data set identified strains closely related to sequenced NICU and adult nosocomial
MRSA isolates from Brigham and Women’s Hospital, and that were incorporated in the
cluster trees. Cluster calls and tree topologies generated by the GalaxyTrakr SNP Pipeline
showed 100% concordance with the NCBI Pathogen Detection tools (Fig. 3; Tables S3
andS4; Fig. S2 to S20) (22). Clusters 1, 3, 4, 5, and 6 demonstrated ,10 SNP differences
among strains within a cluster and were more distant to their nearest neighboring iso-
late within the NCBI SRA. Longitudinal isolates from the same patient averaged 3 (62.2)
SNP differences. Of the clusters with isolates from more than two patients, clusters 1 and
3 appeared over multiple time periods and averaged 7.4 (65.9) and 6.6 (63.6) SNPs dis-
tance. Cluster 4 appeared over a single continuous time period and averaged ,2.6
(61.7) SNPs, a SNP distance less than clusters 1 and 3 (Mann-Whitney P , 0.001). These

FIG 2 SNP cluster analyses reveal patient outbreaks and occurrence over time. Panels show NICU MRSA strain
phylogenetic trees from the NCBI Pathogen Genomes isolates browser with addition of the anonymized patient
ID and day of isolation (A to D). Graphs below each tree show the associated patients and strain occurrences
relative to surveillance or diagnostic cultures. Though patient isolates fell within the broader NCBI SNP clusters,
no other closely related strains from other institutions fell within these regions of the cluster SNP tree. Bar in
each graph indicates a five SNPs distance.
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results indicate close phylogenetic linkage among cluster isolates within their discrete
time frames of detection, while clusters with longer time frames of appearance, as seen in
clusters 1 and 3, demonstrated higher accumulated SNPs, suggesting potential endemic
populations that evolved over time.

The incorporation of external MRSA genomic information also facilitated the rule-out of
potential transmission events. While patient 21’s MRSA isolate showed an identical antibio-
gram, MLST, and SCCmec type to other MRSA isolates in NICU cluster 4, GalaxyTrakr analy-
ses showed this strain to be more closely related to an isolate from an external institution
and not part of the immediate set of cluster 4-associated NICU isolates, allowing patient
21 to be ruled out within the transmission chain. (Fig. 3; Fig. S6 and S11).

Cluster 5 isolates included nasal-perirectal swab isolates from twin patients 15 and
16, and an epidermal abscess isolate cultured from patient 16. The isolates belonged
to MLST 1535 (Fig. 4A), a sequence type most commonly seen in the Middle East (30,
32). The twin’s family had recently immigrated from the Middle East. The MLST 1535
genomes share the presence of three antibiotic resistance genes; aac(6’)-Ie/aph(2’’)-1a,
fusC, and mecA (Fig. 4B). High-resolution closed genomes of the cluster 5 isolates
revealed an SCCmec region containing these resistance genes flanked by multiple
mobilizing insertion sequences and novel repetitive elements that had not been
resolvable in the draft-level genomic data (Fig. 4C). The SSCmec contains ccrC and
ccrAA with mecA allele C2, fusC in the J3 region, and an IS256 flanked integron in the J1

FIG 3 International MRSA strain data sets support effective rule out of local NICU suspected transmission events. Phylogenetic tree showing
the genomic assembly, patient and day of isolation, NCBI SNP cluster, and MLST of the strains in and most closely related to cluster 4.
GalaxyTrakr was used to calculate the phylogenetic relationships based genome sequence read data from NCBI SRA, and a phylogeny
calculated with FastTree. NICU patient strains are shown in red, with the seed used identify the closest related strains dark red. A box is
drawn around Cluster 4 (PDS000069851.1). The dendrogram is midpoint rooted for clarity.
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region that contains aac(69)-Ie-aph(20)-Ia (5). Mobilizing IS431mec and IS256 were each
found multiple times in this region, as well as a set of three direct repeats sharing a 13
base-long core sequence not found elsewhere in the chromosome. The cluster 5 iso-
lates demonstrated fusidic acid resistance at 8 mg/mL, oxacillin resistance at 2 or
0.5 mg/mL, and gentamicin resistance at$16 mg/mL (Table S5).

DISCUSSION

Genomic-epidemiologic analyses of MRSA isolates from NICU surveillance and diag-
nostic cultures identified multiple cryptic outbreak clusters and transmission events.

FIG 4 Genomic analyses identify NICU MLST 1535 strains with international clusters similar resistance gene profiles and variant SCCmecs. A
SNP-based phylogeny of the 25 closest related strains to cluster 5, produced the same as Fig. 3. (A) Strains outside the MLST 1535 box are
MLST 15. Antibiotic resistance gene profiles show the stepwise acquisition and loss of resistance genes (B). A high-resolution genomic map
of the SCCmec region from NCBI cluster 5 isolates closed by long-read genome sequencing (C). Gradients in the IS element keys show
directionality of the similar sequences. A 13 base AAACTAAAAAAT core sequence (DR1 TO DR3) with variable adjacent homologous
sequence is directly repeated (DR) three times. This sequence does not appear elsewhere in the genome.
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All MRSA-colonized neonates had been admitted to the NICU for prematurity (Table 1;
Table S1), a factor that with increased lengths of stay elevated risks for MRSA coloniza-
tion and infection. NICU-specific outbreak strains were found in 65% of MRSA-colonized
patients (11 of 17 neonates) during the prospective surveillance period. These outbreaks
fell below thresholds of detection using standard phenotypic assessments with clinical
microbiologic data, and prospectively discovered using WGS-based techniques.

Three cryptic MRSA outbreaks occurred during the period of prospective genomic sur-
veillance (Fig. 1, 2). Clusters 1, 3, and 4 accounted for isolates in 11 of 17 MRSA-colonized
patients (65%), including two patients who developed invasive MRSA infections. Genomic
analyses provided high-resolution information to resolve clusters and to also exclude puta-
tive transmission events in cases where strains co-occurring in time had identical microbio-
logic phenotypes. Importantly, clusters 1 and 3 occurred over discontinuous time periods
and would not have been identified as related using traditional epidemiologic techniques
(Fig. 1). Isolates in clusters 1 and 3 also demonstrated SNP differences of up to 20 within
their respective clusters than among the cluster 4 isolates that occurred over the single
time period (Table 2; Fig. S4 to S6) (14, 33).

Of the patients in cluster 4 who developed invasive disease from the colonizing
strain, patient 12 had positive MRSA surveillance cultures 3 weeks prior to infection,
while patient 14’s infection was diagnosed on the same day as positive surveillance
cultures (Fig. 2). Longitudinal isolates from the same patient also showed relatedness,
with an average of 3 SNPs difference over time (Table 2). MRSA surveillance cultures
thus inform risk for invasive disease with a colonizing strain.

The isolate from patient 21 showed identical microbiologic phenotypes to strains in clus-
ter 4 but a distinct SNP profile and phylogenetic placement, allowing it to be ruled out as
part of a potential transmission chain (Fig. 3). The higher resolution analyses enabling this
distinction used 10,145 publicly available Illumina-sequencing based genomic data sets from
NCBI to resolve subclusters. The external MRSA genomic data were able to clarify this rule-
out determination in comparison to the preliminary analysis, which uses a semiarbitrary cut-
off of SNPdifferences. In contrast, the lack of intervening related strains within cluster 1
strengthens the hypothesis that cluster 1 represents a strain endemic to the NICU (Fig. 2).
Thus, incorporation of large genomic data sets from geographically diverse regions enhan-
ces the interpretability of local genomic investigations of nosocomial outbreaks (14).

We also provide new, high-resolution genomic data for MLST 1535 isolates, including
the fusidic acid-resistant strains occurring in this study (Table S5). Recent observations of
SCC regions encoding mecA with additional resistance genes, including fusC, raises con-
cerns globally for single vectors that can mobilize a multidrug-resistant phenotype among
S. aureus. The SCCmec sequence from the closed genomes were highly similar to draft
SCCmec sequences reported by Senok, et al. (Fig. 4) (30). The closed genomes harbored
IS431mec and IS256 sequences and additional direct repeats within the SCCmec that may
facilitate further accrual of resistance genes via transposition or chromosomal recombina-
tion events (34). WGS data obtained in the context of hospital outbreak investigations
thus have the ability to enhance our epidemiologic and mechanistic understanding of

TABLE 2 CFSAN SNP pipeline average differences within clusters and from isolates to the
nearest outliera

Cluster
No. of isolates
in cluster

Avg. Pairwise
SNPs, within
cluster Std.

Avg. Pairwise
SNPs, nearest
neighbor Std.

1 9 7.4 5.9 102.4 1.3
3 14 6.6 3.6 173.5 2.4
4 24 2.6 1.7 163.1 1.8
5 3 3.0 0.8 88.7 1.2
6 2 2 NA 193.0 1.0
Longitudinal 45 3.0 2.2 NA NA
aCluster 2 had only one isolate from this study and was excluded from this analysis. Longitudinal samples
include pairwise comparisons of isolates from the same patient.
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emerging forms of antimicrobial resistance, particularly when deposited into curated pub-
lic databases that provide real-time access and analysis of genome-level content.

Our studies have focused on application of open source genomic tools used in pub-
lic health and international surveillance efforts to support hospital-based genomic sur-
veillance programs. SNP findings and phylogenetic trees generated by the validated
GalaxyTrakr pipelines (13) showed robust performance placing strains within international
outbreak clusters and resolving subcluster relationships to inform local outbreak calls. As
centralized and validated computational resources reduce the requirement for locally
maintained resources and expertise, analyses interrogating thousands of geographically
diverse genomes can be conducted in reasonable time frames to support hospital pro-
grams in infection prevention. By reducing the complexity to implement these systems,
local efforts can focus on critical questions regarding strain transmission, reservoirs, and
risk factors among patients, family members, staff, equipment, and additional environ-
mental sources. Timely reporting of transmission events, with supporting epidemiologic
analyses, can then support targeted interventions to reduce and halt further spread.

We demonstrate the application of longitudinal genomic surveillance for MRSA in a
NICU setting using nationally validated tools and international repositories to improve out-
break detection, including cryptic transmission events missed by standard epidemiologic
and clinical microbiologic assessments. The use of strain genomic data in public reposito-
ries, such as the Pathogen Detection resources at NCBI, increase the resolution of hospital
clusters as well as the accuracy of rule-out determinations. Analyses provide a global con-
text for uncommon strains that may be seen in an increasingly connected world.

Data availability. All sequence data are available under NCBI Bioproject PRJNA278886.
Accessions from this study are listed in Table S4.
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