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ABSTRACT Whole-genome sequencing (WGS) has recently been used to investigate ac-
quisition of Mycobacterium abscessus. Investigators have reached conflicting conclusions
about the meaning of genetic distances for interpretation of person-to-person transmis-
sion. Existing genomic studies were limited by a lack of WGS from environmental M.
abscessus isolates. In this study, we retrospectively analyzed the core and accessory
genomes of 26 M. abscessus subsp. abscessus isolates collected over 7 years. Clinical iso-
lates (n = 22) were obtained from a large hospital-associated outbreak of M. abscessus
subsp. abscessus, the outbreak hospital before or after the outbreak, a neighboring hospi-
tal, and two outside laboratories. Environmental M. abscessus subsp. abscessus isolates
(n = 4) were obtained from outbreak hospital water outlets. Phylogenomic analysis of
study isolates revealed three clades with pairwise genetic distances ranging from 0 to
135 single-nucleotide polymorphisms (SNPs). Compared to a reference environmental
outbreak isolate, all seven clinical outbreak isolates and the remaining three environmen-
tal isolates had highly similar core and accessory genomes, differing by up to 7 SNPs and
a median of 1.6% accessory genes, respectively. Although genomic comparisons of 15
nonoutbreak clinical isolates revealed greater heterogeneity, five (33%) isolates had fewer
than 20 SNPs compared to the reference environmental isolate, including two unrelated
outside laboratory isolates with less than 4% accessory genome variation. Detailed
genomic comparisons confirmed environmental acquisition of outbreak isolates of M.
abscessus subsp. abscessus. SNP distances alone, however, did not clearly differentiate the
mechanism of acquisition of outbreak versus nonoutbreak isolates. We conclude that suc-
cessful investigation of M. abscessus subsp. abscessus clusters requires molecular and epi-
demiologic components, ideally complemented by environmental sampling.

KEYWORDS Mycobacterium abscessus, nontuberculous mycobacteria, whole-genome
sequencing, hospital outbreak, infection prevention

M ycobacterium abscessus includes three subspecies (subsp. abscessus, massiliense, and
bolletii) of nontuberculous mycobacteria (NTM) that typically cause subacute infections

of lungs, skin, and soft tissue (1). Despite long courses of combination antimicrobial therapy
and aggressive surgical debridement, many patients do not achieve eradication (2, 3).

The worldwide prevalence of M. abscessus disease is increasing (4–7), which has
sparked interest in better understanding how patients acquire this emerging pathogen
and how infections might be prevented. Acquisition of M. abscessus and other NTM
historically has been thought to occur through independent exposure to soil, air, or
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water harboring NTM, including colonized health care facility water systems (1, 8).
However, recent studies have utilized whole-genome sequencing (WGS) to examine
global collections of M. abscessus isolates (9–19), and some analyses have challenged
traditional hypotheses on NTM transmission. For example, one large genomic study of
M. abscessus isolates obtained from people with cystic fibrosis (CF) revealed that domi-
nant M. abscessus clones found across Europe, Australia, and one U.S. site had isolates
that differed by fewer than 20 single-nucleotide polymorphisms (SNPs) in the core
genomes (10). Based on these genomic data, investigators concluded that acquisition
of M. abscessus likely occurs through person-to-person transmission, perhaps indirectly
via fomites and aerosols. A population genomics study of M. abscessus isolates from
U.S. CF centers also identified dominant M. abscessus clones and clusters of genetically
similar isolates (,20 SNPs) that originated from the same states as well as geographi-
cally distant regions (19). Other studies that included both WGS and epidemiologic
analyses of M. abscessus clinical isolates concluded that SNP thresholds do not accu-
rately predict transmission and that interhuman transmission of M. abscessus is quite
uncommon (15, 17, 18). Each of the preceding studies was limited by the absence of
corresponding genomic analysis of environmental M. abscessus isolates.

We previously investigated a large, biphasic outbreak of M. abscessus that occurred
from 2013 to 2015 at Duke University Hospital (DUH) in North Carolina (NC) and
affected over 100 patients, including more than 50 lung transplant recipients, and
greater than 20 cardiac surgery patients (20). The outbreak was epidemiologically
linked to a new-hospital-addition water system that was colonized with M. abscessus
subsp. abscessus. During the investigation, we performed molecular fingerprinting on
clinical isolates and environmental isolates obtained from biofilms of water outlets in
the new hospital addition that included multilocus gene sequencing of erm(41) and
rpob genes (21, 22), variable-number tandem repeat (VNTR) analysis (23), and pulsed-
field gel electrophoresis (PFGE) (20). Genetic analyses with non-WGS methods revealed
that over 75% of patient isolates and all environmental isolates represented an unusual
clone of M. abscessus subsp. abscessus. A small proportion of patient isolates were
identified as a clone of M. abscessus subsp. massiliense, but environmental isolates of
M. abscessus subsp. massiliense were not recovered. Interventions designed to prevent
hospital tap water contact among vulnerable patients mitigated the outbreak, and inci-
dence rates of hospital-associated M. abscessus acquisition returned to baseline (20).

In this follow-up study, we performed WGS of DUH clinical and environmental out-
break isolates of M. abscessus subsp. abscessus that represented the primary outbreak
clone. We also analyzed WGS from nonoutbreak clinical isolates of M. abscessus subsp.
abscessus obtained at DUH and external hospitals. Nonoutbreak isolates were required
to have molecular fingerprinting signatures that matched the outbreak clone. To confirm
the molecular fingerprinting results from the original outbreak investigation (20), we first
assessed if outbreak hospital patients within the outbreak time period acquired isolates
from the same source as environmental isolates. Next, to test whether the outbreak
strains predated or remained in the geographic region after the outbreak period, we
compared isolates from outbreak hospital patients outside the outbreak time period to
isolates from patients within the outbreak period. Finally, to compare isolate genotyping
by multilocus gene sequencing versus WGS, we tested whether control isolates from a
neighboring hospital and remote outside laboratories (OLs) had genetic distances similar
to those of outbreak isolates, as predicted by shared erm(41) and rpob gene sequences.
We hypothesized that core and accessory genome analyses of this isolate cohort would
improve interpretation of genetic distances between M. abscessus subsp. abscessus iso-
lates, understanding of M. abscessus subsp. abscessus acquisition, and strategies for pre-
vention of health care facility-associated (HCFA) NTM infection.

MATERIALS ANDMETHODS
Study setting. DUH (“outbreak hospital”) is a 957-bed academic medical center in central North

Carolina that utilizes the municipal water supply (surface water). A new hospital addition that included
intensive care units, intermediate beds, and operating suites opened for patient care in late July 2013.
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The institutional review boards at Duke University, the University of Texas Health Science Center at
Tyler (UTHSCT), and National Jewish Health approved this research.

Mycobacterium abscessus subsp. abscessus isolates. A total of 26 M. abscessus subsp. abscessus
isolates meeting specific genetic inclusion criteria were analyzed in the study cohort, including 19 iso-
lates sequenced for this study (Table 1). Inclusion criteria were identification as M. abscessus subsp.
abscessus, type VI erm(41) gene (21), and a C!T mutation at base pair 207 in region V of the rpob gene
(22). A subset of 15 outbreak hospital isolates meeting these criteria were selected for WGS, including
clinical (n = 7) and environmental (n = 4) isolates obtained from unique patients and water outlets,
respectively, during phase 1 (August 2013 to May 2014) or phase 2 (December 2014 to June 2015) of the
outbreak. All outbreak hospital clinical isolates were suspected to have been hospital acquired, and all
environmental isolates were obtained from biofilms of water outlets in the hospital addition. Outbreak
hospital patient isolates collected before (n = 3) and after (n = 1) the outbreak and presumed to be hos-
pital acquired were also sequenced. Regional controls (n = 2) were clinical isolates obtained from
patients who received care at a neighboring hospital in NC with a shared municipal water supply; these
patients did not have a history of outbreak hospital contact. Other controls included pulmonary isolates
that also met genotypic inclusion criteria and were obtained from two outside laboratories (OLs): the
Mycobacteria/Nocardia Research Laboratory at the UTHSCT (n = 2) and previously sequenced isolates
from the Colorado CF Research & Development Program (19) (CO-RDP; n = 7). OL isolates were collected
from 1 month before to 2 years after the outbreak.

Whole-genome sequencing and SNP analysis. DNA was extracted from study isolates as previously
described (24), and samples were sequenced on the Illumina MiSeq. A selection of publicly available M.
abscessus genomes that did not meet genetic inclusion criteria were downloaded from the National
Center for Biotechnology Information (NCBI) to include in genomic comparisons. Core genomes of M.
abscessus subsp. abscessus isolates in the study cohort (n = 26) (Table 1) and publicly available M. absces-
sus genomes (n = 25) were analyzed for SNPs using a reference-based mapping approach (13). All iso-
lates in the study cohort were confirmed to have a type VI erm(41) gene and C!T mutation at base pair
207 in region V of the rpob gene in the WGS data (Fig. S1). Details are provided in the supplemental
material.

Phylogenomic analysis. Sequence alignments were created from concatenated core genome base
calls, and phylogenetic trees were generated with Seaview v4.5.4 (25) using the neighbor-joining
method and 100 bootstrap replicates. Phylogenetic tree visualizations were created with ggtree (26).
Pairwise distances of core genome SNPs were estimated between all isolate pairs using MEGA7 (27).

TABLE 1 Characteristics of clinical (n = 22) and environmental (n = 4) study isolatesa

Label
Date collected
(mo/yr) Source

Patient underlying
condition(s)

Suspected U.S. state
of acquisition

Suspected site of
acquisition

P1-E1 4/2014 Utility room water basin NA NC NA
P1-E2 4/2014 Patient room faucet NA NC NA
P2-E1 5/2015 OR scrub sink NA NC NA
P2-E2 5/2015 Patient room faucet NA NC NA
P1-C1 12/2013 Sputum Lung transplant NC Outbreak hospital
P1-C2 12/2013 Pleural fluid Esophageal perforation NC Outbreak hospital
P1-C3 2/2014 BAL fluid Lung transplant NC Outbreak hospital
P1-C4 4/2014 Blood Heart transplant NC Outbreak hospital
P2-C1 2/2015 RVAD driveline site RVAD, heart transplant NC Outbreak hospital
P2-C2 3/2015 Sternal wound Tricuspid valve replacement NC Outbreak hospital
P2-C3 3/2015 Pleural fluid LVAD NC Outbreak hospital
NH-C1 12/2013 Sputum COPD, GPA NC Community or NH
NH-C2 1/2016 Abdominal abscess PEG tube placement NC Community or NH
BO-C1 8/2010 BAL fluid Lung transplant NC Outbreak hospital
BO-C2 6/2012 BAL fluid Lung transplant NC Outbreak hospital
BO-C3 5/2013 BAL fluid Lung transplant NC Outbreak hospital
AO-C1 3/2017 BAL fluid Lung transplant NC Outbreak hospital
OL1-C1 7/2013 BAL fluid Bronchiectasis NC Community
OL1-C2 5/2014 Sputum Bronchiectasis LA Community
OL2-C1 2015 Pulmonary Cystic fibrosis NCb Community
OL2-C2 2016 Pulmonary Cystic fibrosis OHb Community
OL2-C3 2016 Pulmonary Cystic fibrosis UTb Community
OL2-C4 2017 Pulmonary Cystic fibrosis LAb Community
OL2-C5 2017 Pulmonary Cystic fibrosis IAb Community
OL2-C6 2017 Pulmonary Cystic fibrosis LAb Community
OL2-C7 2017 Pulmonary Cystic fibrosis OHb Community
aAbbreviations: AO, after outbreak; BAL, bronchoalveolar lavage; BO, before outbreak; C, clinical; COPD, chronic obstructive pulmonary disease; E, environmental; GPA,
granulomatosis with polyangiitis; NA, not applicable; NH, neighboring hospital; OL, outside laboratory; P, phase of outbreak; PEG, percutaneous endoscopic gastrostomy;
OR, operating room; RVAD, right ventricular assist device.

bPatient home state not known and state of facility performing culture given for state of origin (19).
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Statistical comparisons of SNP distances and accessory genes were performed with Mann-Whitney tests
in R v3.4.3 (28).

Pangenome analysis. Draft genomes of study isolates were assembled with Unicycler (29), and pan-
genome analyses were performed using Prokka (30) and Roary (31) (see Table S1 and details in the meth-
ods section of the supplemental material). Core genes are defined as homologous genes shared among all
isolates, and accessory genes are present in one or more, but not all, isolates analyzed. Accessory genome
comparisons reveal gene content variation, which includes the gain or loss of single genes, genomic
islands, prophages, or plasmids (14, 32–34). Accessory genome content between isolate pairs was calcu-
lated as percent accessory genes (accessory genes from isolate 1 1 accessory genes from isolate 2/sum of
total genes from isolate 1 1 isolate 2) � 100% (35). Accessory genes for the entire sample set were con-
verted to binary data (1 or 0 for present or absent) and clustered by genes (columns) and samples (rows)
using a hierarchical clustering algorithm (hclust) and a Euclidean distance metric in R v3.4.3 (28).

Data availability.WGS data generated through this study are available at NCBI (PRJNA734909).

RESULTS
Phylogenetic relationships of M. abscessus subsp. abscessus isolates in the

study cohort. Phylogenomic comparisons of isolates in the study cohort versus pub-
licly available M. abscessus genomes without genetic inclusion criteria, including repre-
sentative isolates of M. abscessus subsp. massiliense and M. abscessus subsp. bolletii
(Fig. 1A), confirmed the study isolates as M. abscessus subsp. abscessus. The study iso-
lates clustered into a monophyletic clade that is genetically distinct (.1,800 SNPs)
from the previously described dominant circulating clone of M. abscessus subsp.
abscessus and the type strain ATCC 19977T (Fig. 1A, yellow box) (10, 14, 19).

A detailed phylogenetic analysis of the M. abscessus subsp. abscessus study cohort
revealed three clades with pairwise genetic distances ranging from 0 to 135 SNPs (Fig. 1B)
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out of 4,602,349 core genome positions analyzed. In clade 1, environmental isolates clus-
tered together and were closely related to patient isolates collected during phase 1 and
phase 2 of the outbreak. Clade 1 also contained seven more distantly related isolates,
including two isolates collected before and after the outbreak period (BO-C2 and AO-C1),
one isolate from a neighboring hospital (NH-C1), and four OL isolates that originated in NC
(OL1-C1) and outside NC (OL2-C4, OL2-C5, and OL2-C6). Clade 2 included two isolates
from before the outbreak period (BO-C1 and BO-C3), one isolate from a neighboring hospi-
tal (NH-C2), and two isolates from OLs (OL1-C2 and OL2-C1). Three control isolates from
the CO-RDP (OL2-C2, OL2-C3, and OL2-C7) clustered distantly from environmental isolates
at.100 SNPs (clade 3).

Clinical isolates in clade 1 that clustered most closely with the environmental iso-
lates had suspected acquisition from NC, including outbreak and control isolates. Two
other closely-related OL isolates in clade 1 originated in Louisiana (LA) and Iowa (IA).
More distantly related isolates in clades 2 and 3 originated from NC, LA, Ohio (OH), and
Utah (UT).

Genomic variation among isolate categories. To test our study hypotheses, we
chose an environmental isolate from phase 1 of the outbreak (P1-E1) as a reference
strain to compare the genetic distances of all other isolates in the study cohort. We an-
alyzed genetic distances in terms of SNPs (core genome) and percent accessory genes
(accessory genome), and isolates were categorized into five comparison groups: envi-
ronmental, within outbreak period, pre/postoutbreak period, no outbreak hospital con-
tact (neighboring hospital isolates), and OL isolates (Fig. 2).

Core genome comparisons demonstrated that the four environmental isolates were
highly similar to each other and ranged from 0 to 6 SNPs relative to P1-E1 (Fig. 2A). All
seven clinical isolates within the outbreak period, obtained from a variety of pulmonary
and extrapulmonary specimen sources (Table 1), were highly similar to the reference
environmental isolate and ranged from 0 to 7 SNPs. The three clinical isolates collected
before the outbreak period ranged from 7 to 45 SNPs, and a single postoutbreak clinical
isolate had only 8 SNP differences compared to P1-E1. Clinical isolates from neighboring
hospital patients without outbreak hospital contact had SNP distances of 8 and 30 SNPs.
Of the nine OL control isolates that met the genotyping inclusion criteria, six isolates had
SNP distances from 5 to 40 SNPs compared to P1-E1, and three outlier isolates had 107
to 116 SNP differences. Statistically significant SNP differences compared to the environ-
mental isolate group were observed for the pre/postoutbreak isolates (P = 0.03) and OL
isolates (P = 0.01). In total, 15 isolates in the study cohort were ,20 SNPs from P1-E1
(Fig. 2A, red line), including three environmental isolates, seven clinical outbreak isolates,
isolates collected at the outbreak hospital before and after the outbreak period, an iso-
late from a neighboring hospital, and two OL isolates.

Accessory genome comparisons revealed that environmental isolates had only 0 to
3.4% accessory gene differences relative to P1-E1, while clinical isolates from outbreak
patients had a median of 1.7% accessory genome differences (range, 1.5 to 6.8%) (Fig. 2B).
Clinical isolates from before and after the outbreak period ranged from 4.9 to 6.3%, similar
to isolates from local NC patients with no outbreak hospital contact, which had 5.4 and
5.6% accessory genes. Finally, OL isolates had a median of 6.3% accessory genes compared
to P1-E1 and had the widest range of all isolate groups (3.0 to 11.1%). Significantly higher
proportions of accessory genes were observed for the pre/postoutbreak isolates (P = 0.03)
and OL isolates (P = 0.01) compared to the environmental isolate group.

We also compared genetic distances using an integrated plot of core genome SNPs
versus percent accessory genes relative to P1-E1 (Fig. 2C). Of the 10 environmental and
clinical outbreak isolates, nine (90%) had fewer than 20 SNPs and less than 4% acces-
sory genome variation (Fig. 2C, red and blue lines). Among 15 nonoutbreak clinical iso-
lates, only two (13%) isolates met this combined threshold (OL1-C1 and OL2-C4). Three
additional isolates (20%) had fewer than 20 SNPs but exceeded 4% accessory genome
variation (AO-C1, BO-C2, and NH-C1).

Accessory genome clustering analysis. To visualize the accessory genome, we per-
formed hierarchical clustering analysis on a presence-absence matrix of 1,766 accessory
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genes identified in the study cohort with a corresponding heatmap (Fig. 3). Of the 1,776
accessory genes, 230 genes (13%) were present in 25 of 26 isolates; 1,125 genes (64%)
were present in 2 to 24 isolates; and 411 genes (23%) were strain specific.

Hierarchical clustering analysis (Fig. 3) showed clustering patterns similar to those
of the core genome phylogeny (Fig. 1B), with a few exceptions. Three of the four envi-
ronmental outbreak isolates showed highly similar accessory genomes, while P2-E2
had a unique pattern shared with one clinical outbreak isolate (P1-C2). One notable dif-
ference from the core genome phylogeny was that BO-C2, P2-C1, and NH-C1 clustered
away from clinical outbreak isolates due to a large set of shared genes that were
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absent from all other isolates. These shared genes include a Tn916 transposase and
DNA-invertase hin, suggesting acquisition via horizontal gene transfer (36, 37).
Multiple OL isolates, including OL2-C1 and OL2-C6, also showed strain-specific sets of
genes and unique accessory genomes compared to outbreak hospital isolates. Finally,
the three OL isolates that were outliers by core genome SNPs (OL2-C2, OL2-C3, and
OL2-C7) had clade-specific genes not present in other isolates and were also missing
genes that were present in the rest of the study cohort.

DISCUSSION

We performed WGS of clinical and environment isolates of a unique clone of M.
abscessus subsp. abscessus obtained at an NC hospital during an outbreak of M. absces-
sus. We also analyzed genomes of nonoutbreak clinical M. abscessus subsp. abscessus
isolates obtained over 7 years from a variety of U.S. locations that contained the same
unique erm(41) gene and rpob gene sequences exhibited by the outbreak strains.

Outbreak isolates obtained from hospital water outlets and patients had remarkably
similar core and accessory genomes. In fact, compared to the reference outbreak envi-
ronmental isolate, the other three environmental and seven clinical outbreak isolates
had 7 or fewer SNP differences and, except for a single clinical isolate, accessory ge-
nome variation of less than 4%. These results confirm the findings of the initial out-
break investigation using non-WGS methods that revealed acquisition of M. abscessus
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subsp. abscessus from a colonized hospital water supply and led to successful outbreak
mitigation via water avoidance interventions (20). Furthermore, clinical isolates with
suspected acquisition at the outbreak hospital as many as 3 years before outbreak
onset and 1 year after outbreak resolution also had few SNP differences (,10 SNPs)
compared to environmental isolates. These longitudinal data strongly support the hy-
pothesis that hospital plumbing system colonization was the result of municipal water
colonization and preceded construction of the hospital addition associated with the
outbreak.

Some nonoutbreak isolates also had genomes highly similar to those of outbreak iso-
lates. Not surprisingly, a clinically unrelated M. abscessus subsp. abscessus isolate that
was obtained from a neighboring hospital with the same municipal water supply as the
outbreak hospital had a core genome distance similar to that of outbreak isolates,
although it showed genetic diversification in the accessory genome. Interestingly, two
unrelated OL study isolates (CF and non-CF pulmonary) that originated elsewhere in the
southeastern United States showed core and accessory genomes similar to those of the
reference outbreak environmental isolate by fewer than 20 SNPs and 4% accessory ge-
nome variation. Conversely, three OL isolates originating from OH and UT had genomes
that proved quite dissimilar to the reference isolate with SNP distances of .100 and
accessory genome variation of .9%. These results highlight the potential for clinically
and geographically distinctM. abscessus subsp. abscessus isolates to have nearly identical
genomes while also demonstrating that shared erm(41) and rpob sequencing alone,
even for unusual gene combinations, does not unequivocally imply similar core and
accessory genomes.

This study was unique compared to prior WGS analyses of M. abscessus isolates (9–
19), because we included clinical isolates obtained from a well-characterized outbreak
with a known environmental source and timing of M. abscessus subsp. abscessus acqui-
sition. Therefore, we were able to compare the genomic diversity of clinical isolates of
M. abscessus subsp. abscessus acquired over 7 years from a single outbreak hospital,
environmental outbreak isolates, and clinical isolates obtained from external facilities.
Importantly, to our knowledge, this study is the first to compare WGS of clinical and
environmental M. abscessus subsp. abscessus isolates. Our study also evaluates the use-
fulness of the accessory genome for examining genetic relationships beyond core ge-
nome SNP distances.

Results from this study support the conclusions of other recent studies that caution
against using SNP distance thresholds alone to indicate suspected interhuman M. abscessus
transmission (17, 18). While potential exists for interhuman transmission of M. abscessus
among CF patients (9, 38–40), this analysis suggests that independent environmental acqui-
sition of certain highly similar M. abscessus strains is common. Furthermore, these strains
may be prevalent in geographically distinct environments in both health care and commu-
nity settings. Therefore, while adherence to CF Foundation guidelines designed to prevent
health care transmission of a variety of resistant pathogens, including M. abscessus, remains
paramount (41), current data do not support routine use of specialized infection prevention
precautions for other patient populations on account of NTM colonization or infection
alone.

These findings also emphasize the importance of a multifaceted approach when
investigating HCFA clusters of M. abscessus and other NTM (40). In addition to genetic
screening and genomic sequencing of clinical isolates, NTM investigations should
include careful clinical and epidemiologic components, including environmental sam-
pling. For example, genomic data from a cluster of NTM isolates may suggest a clonal
outbreak propagated by interhuman transmission within a health care facility.
However, epidemiologic investigation could instead reveal an environmental outbreak
source intrinsic to the health care facility or reveal community acquisition of an
endemic NTM clone with environmental reservoirs.

This study had two primary limitations. First, we cannot exclude the possibility that
person-to-person transmission contributed to the M. abscessus subsp. abscessus
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outbreak linked to the colonized plumbing system at the outbreak hospital. However,
we suspect any transmission events were quite uncommon because targeted interven-
tions that prevented tap water exposure to high-risk patients promptly mitigated both
phases of the outbreak (20, 42). Furthermore, outbreak mitigation occurred without
placing patients with NTM colonization on contact or other specialized isolation pre-
cautions. Second, the number of outbreak isolates in this study was limited, so it is
unclear whether the genomic similarity thresholds observed here would extend to
other environmental-clinical isolate pairs.

Prompt and thorough investigation of HCFAM. abscessus clusters is essential for mitiga-
tion of potential outbreaks and prevention of new infections. Molecular techniques, includ-
ing WGS, have become critical components of such investigations; however, despite its
power, WGS of NTM isolates has limitations. In this study, genomic distances alone were
unable to differentiate hospital plumbing M. abscessus subsp. abscessus acquisition from
interhuman transmission, neighboring hospital acquisition, or remote community acquisi-
tion. Use of core and accessory genome comparisons combined with epidemiologic analy-
ses provides the best opportunity for timely investigation and successful interventions.
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