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ABSTRACT Staphylococcus aureus causes a variety of debilitating and life-threatening dis-
eases, and thus remains a challenging global health threat. S. aureus is remarkably diverse,
yet only a minority of methicillin-resistant S. aureus (MRSA) clones have caused pandemic
proportions of diseases. The genetic drivers of the successful dissemination of some clones
across wide geographical expanses remain poorly understood. We analyzed 386 recently
published MRSA genomes from bloodstream infections sampled in North, Central, and
South America from 2011 to 2018. Here, we show that MRSA-associated bloodstream infec-
tions were attributable to two genetically distinct lineages. One lineage consisted almost
exclusively of sequence type (ST) 8, which emerged in 1964. A second lineage emerged in
1986 and consisted of STs 5, 105, and 231. The two lineages have simultaneously dissemi-
nated across geographically distant sites. Sublineages rapidly diverged within locations in
the early 2000s. Their diversification was associated with independent acquisitions of unique
variants of the mobile mecA-carrying chromosomal cassette and distinct repertoires of anti-
microbial resistance genes. We show that the evolution and spread of invasive multidrug-
resistant MRSA in the Americas was driven by transcontinental dissemination, followed by
more recent establishment and divergence of local pathogen populations. Our study high-
lights the need for continued international surveillance of high-risk clones to control the
global health threat of multidrug resistance.

IMPORTANCE Bloodstream infections due to S. aureus cause significant patient morbidity
and mortality worldwide, exacerbated by the emergence and spread of methicillin resist-
ant S. aureus (MRSA). This study provides important insights on the evolution and long-
distance geographic expansion of two distinct MRSA lineages that predominate in
bloodstream infections in the past 5 decades. The success of these two lineages partly
lies on their acquisition of a diverse set of antimicrobial resistance genes and of unique
variants of the mobile genetic element SCCmec that carries the gene mecA conferring re-
sistance to beta-lactams. High-risk antimicrobial resistant clones can therefore rapidly
disseminate across long distances and establish within local communities within a short
period of time. These results have important implications for global initiatives and local
epidemiological efforts to monitor and control invasive MRSA infections and transconti-
nental spread of multidrug resistance.

KEYWORDS Staphylococcus aureus, bloodstream infection, invasive, genome evolution,
methicillin resistance, MRSA, invasive microorganisms

he persistently high morbidity and mortality from diseases caused by Staphylococcus
aureus make it a formidable public health threat (1). The bacterium typically colonizes
the anterior nares, mucous membrane, and skin, and can be carried asymptomatically.
However, it can penetrate into deep tissues and other normally sterile sites in the body
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when cutaneous and mucosal barriers are disrupted (e.g., due to wounds, invasive medical
devices, or chronic skin conditions) (2). S. aureus causes a wide range of infections, ranging
from superficial skin infections to invasive diseases such as pneumonia, septicemia, infec-
tive endocarditis, osteomyelitis, and various toxicoses such as toxic shock syndrome (2). S.
aureus is the second most common cause of bloodstream infection and is the most impor-
tant cause of associated deaths (3, 4). Estimates of disease incidence of S. aureus-associated
bloodstream infections range between 10 to 30 cases per 100,000 person-years, while hos-
pital mortality ranges between 15% and 40% (5-7). In the United States alone, nearly
120,000 S. aureus bloodstream infections and 20,000 associated deaths occurred in 2017
(8). Of critical concern is the increasing proportion of bloodstream infections caused by
methicillin-resistant S. aureus (MRSA). MRSA complicates the treatment of bloodstream
infections because prompt source control and prolonged antimicrobial therapy are critical
(9). Even more worrisome is that MRSA strains are resistant not only to nearly all beta-lac-
tams, but many strains are often also resistant to multiple other antimicrobial classes (2).

A minority of emergent MRSA clones have disseminated globally and have caused pan-
demic proportions of infections in both health care and community settings (10). The
epidemiology of MRSA infections has been characterized by sequential and sometimes
overlapping epidemic waves of replacement of one predominant clone by another (11).
Six major waves have been recognized, with the first wave occurring in the mid-1940s as
penicillin-resistant strains increased in hospitals where the selective pressures for resistance
are greatest (11). The specific clones that drive each epidemic wave vary with geographical
location, origins (hospital, community, or livestock), and rates and types of infections (11,
12). However, the genetic drivers of the successful dissemination of some high-risk MRSA
clones across wide geographical expanses remains poorly understood.

Here, we aim to elucidate the evolutionary history and long-range geographic spread
of invasive MRSA. We leveraged previously published genomic data sets of MRSA isolates
from bloodstream infections (n = 386 genomes) sampled from North, Central, and South
America spanning a sampling period of 8 years. Our data revealed that S. aureus-associated
bloodstream infections were attributable to two genetically distinct lineages that emerged
independently in 1964 and 1986. The diversification of each of the two dominant lineages
was associated with independent acquisitions of unique variants of the mobile mecA-carry-
ing chromosomal cassette and distinct repertoires of mobile antimicrobial resistance genes.
Overall, the evolution and spread of invasive multidrug-resistant MRSA in the Americas
was driven by transcontinental dissemination, followed by more recent establishment and
divergence of local pathogen populations.

RESULTS

Two distinct MRSA clonal lineages dominate the S. aureus population in bloodstream
infections. We compiled a total of 386 previously published de novo assembled
genomes from either lllumina shotgun or PacBio SMRT sequencing data of MRSA iso-
lates obtained from bloodstream infections (Fig. S1; Table S1). These came from three
states in the United States: Minnesota (n = 48 genomes) (13), New Hampshire (n = 102)
(14), and New York (n = 131) (15), as well as nine countries from Central and South
America (n = 105) (16). The latter group included Argentina (n = 8), Brazil (n = 13), Chile
(n = 16), Colombia (n = 16), Ecuador (n = 12), Guatemala (n = 18), Mexico (n = 5), Peru
(n = 8), and Venezuela (n = 9). Combined, the genomes represented samples collected
between 2011 and 2018.

Assembled genomes were annotated, revealing a total of 4,907 clusters of ortholo-
gous genes (COGs). Of these, a total of 2,173 COGs were present in 99% to 100% of the
genomes, making up the core genome of the data set (Fig. S2; Table S2). Population
structure analysis using Bayesian hierarchical clustering of the core genome alignment
showed eight distinct sequence clusters, ranging in size from two to 209 genomes
(Fig. 1a). Phylogenomic analysis revealed the presence of two dominant lineages.
These were labeled as sequence clusters 7 and 8, consisting of 149 (38.6% of the total
population) and 209 (54.1% of the total population) genomes, respectively (Fig. 1a, b).
We carried out in silico multilocus sequence typing, a method which partitions the
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FIG 1 Phylogenetic relationship and annual distribution. (a) Midpoint-rooted maximum likelihood
tree showing phylogenetic structure of 386 MRSA isolates. Scale bar represents the number of
nucleotide substitutions per site. Matrix shows the presence/absence of superantigen genes, with
gray blocks representing the presence of the gene. BAPS SC refers to sequence clusters identified by
RhierBAPS. Yearly distribution of sequence clusters (b) and sequence types (ST) (c) throughout the
study period.

population based on allelic variation in seven housekeeping genes and assigns a
sequence type (ST) to strains (17) (Fig. 1c). These STs can be more broadly categorized
into clonal complexes (CC) when at least five of seven alleles are shared. Sequence
cluster 7 consisted entirely of CC8 and almost exclusively of ST8 (n = 143 genomes,
making up 96.0% of sequence cluster 7), while sequence cluster 8 consisted entirely of
CC5 and mostly of STs 5 (n = 115 genomes), 105 (n = 69 genomes), and 231 (n = 7
genomes), making up 55.0%, 33.0%, and 3.3% of sequence cluster 8, respectively. In
the context of well-known pandemic strains, sequence cluster 7 is most closely related
to MRSA strain USA300, which arose in the early 1990s in the United States and com-
monly spreads in the community (18-20). This lineage frequently harbors the genetic
components arginine catabolic mobile element (ACME), which plays a role in bacterial
growth, colonization and survival inside the host, and Panton-Valentine leukocidin (PVL),
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which causes leukocyte lysis and tissue necrosis (10, 19, 21). Across our data set, 119/131
genomes carrying PVL and 98/99 genomes carrying ACME were found in sequence cluster
7 (Fig. 1a). Sequence cluster 8 is most closely related to MRSA strain USA100, a highly inva-
sive strain primarily associated with hospital infections (20, 22). In contrast with sequence
cluster 7, only four PVL-positive genomes and one ACME-positive genome were found in
sequence cluster 8 (Fig. 1a). The remaining six sequence clusters were each composed of
two to eight genomes and comprised low frequency genotypes that were highly divergent
from the rest of the population and from each other.

We next sought to investigate the phylogenetic distribution of genes that encode
superantigens. Superantigens comprise a family of potent immunostimulatory exotox-
ins that modulate the immune system by stimulating dysregulated T-cell proliferation
(23, 24) and are known to contribute to a variety of staphylococcal diseases (23, 24),
including bloodstream infections (25). Of the 29 known superantigen types (23, 24), we
detected a total of 10 superantigens in the American MRSA population that were dif-
ferentially distributed between the two dominant lineages (Fig. 1a, Fig. S3; Table S3).
The most prevalent were sed, selK, and selQ. The plasmid-borne sed gene was found in
73 genomes, of which 70 are from sequence cluster 8. In contrast, the staphylococcal
enterotoxin-like (sel; lacking emetic properties) genes selK and selQ were detected
mostly in sequence cluster 7 (109 genomes out of a total of 115 selK- and selQ-positive
genomes). Other less common superantigen genes include eta, sea, seb, sec, seh, sell,
and tsst-1. The tsst-1 gene is carried by a pathogenicity island and encodes the toxic
shock syndrome toxin 1. We detected tsst-1 in three different STs within sequence clus-
ter 8 (ST 5, ST 105, and ST 840).

Different types of the mobile mecA-carrying chromosomal cassettes distinguishes
the two MRSA lineages. The mobile element staphylococcal cassette chromosome
(SCCmec) carries the mec complex consisting of the mecA gene, which confers resist-
ance to almost all beta-lactam antimicrobial agents as well as the regulatory elements
mecl and mecR (26, 27). There are currently 14 structural variants of SCCmec based on
the combination of the mec gene complex and the recombinases (ccr) (26). In the
American MRSA population, the two dominant lineages carry distinct sets of SCCmec
types (Fig. 1a; Table S1). Sequence cluster 7 was entirely made up of SCCmec type IV.
Type IV is 21Kb in size, the smallest among the SCCmec types, and does not contain
other resistance genes except mecA. In contrast, sequence cluster 8 consisted of
SCCmec types | (25 genomes), Il (146 genomes), IV (37 genomes), and VIII (one ge-
nome). The 34Kb type | contains 22-bp invert repeat sequences and 41 coding DNA
sequences, of which 36 are hypothetical open reading frames (26, 27). Type Il is 53Kb
in size and contains four repeat regions, three mobile elements, 51 coding DNA
sequences (with 33 that are hypothetical), an integrated copy of plasmid pUB110 that
encodes resistance genes ant (kanamycin and tobramycin) and ble (bleomycin), gene
encoding the recombination enzyme for pUB110, and the transposon Tn554 carrying
resistance genes ermA (erythromycin) and spc (spectinomycin) (26, 27). Type VIl is
approximately 32Kb in size and contains the transposon Tn554, which harbors the
genes ermA (conferring resistance to streptogramin, macrolide, and lincosamide), aad9
(aminoglycoside resistance), and three genes encoding transposases (26, 27).

Genetic basis of multidrug resistance varies between the two lineages. Other
non-mecA antimicrobial resistance genes may also be present in MRSA, which may
result in the emergence of multidrug resistance. We therefore considered bioinfor-
matic evidence to examine the presence of horizontally acquired antimicrobial resist-
ance genes in our data set (Fig. 2a; Table S4). Despite the differences in the number of
genomes collected per year, we found that the number of acquired antimicrobial re-
sistance genes per genome remained consistent over 8 years (Fig. 2b). Across the
entire MRSA population, individual genomes carried five resistance genes on average.
The number of resistance genes per genome in sequence cluster 7 was five (range = 1
to 8; Fig. 2¢), with the most commonly detected non-mecA resistance genes aph(3')-lll
(n = 91 genomes, corresponding to 61.1% of the genomes in the sequence cluster),
blaz (n = 132; 88.6%), mphC (n = 97; 65.1%), and msrA (n = 97; 65.1%). In sequence

May/June 2022 Volume 10 Issue 3

Microbiology Spectrum

10.1128/spectrum.00201-22

4


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00201-22

Genome Evolution of Staphylococcus aureus Microbiology Spectrum

a &
£ _ =
P s & I N P ~
2055 2 g SO @ 0T S 2T < <« aa
—_——— = — . — — T == —
— = =_
-‘lgz—- . - - l___ =
— = = 20— —_—
- . EE
1 __ L
—] _ = ==—— —
- = - =_ __
= .
= — EE
= ===
—— — —
= = = ==
B= J— .--: i
= — === R J—
- .--
—_ — —
= 1
= ==
i | —
L] — —
= EE-
BAPS SC . _— l—— =
1 = =
2 |
3 = ._ l——
m: = = |
Bk = B |
. = _
= = =
| ¥
= E = S== —
= == E==
.= .-E -
= = E==
J—— — ==
i- B B
=
EE B EEES
9
()
5 Al n=386
5 ® - o
(<]
36 @
e <
g o
o 7 n=149
E o —
<3
8 n =209
2011 2012 2013 2014 2015 2016 2017 2018 0 5 10
Year Antimicrobial resistance genes per genome

FIG 2 Distribution of antimicrobial resistance genes. (a) Phylogenetic distribution of acquired
antimicrobial resistance genes identified using ABRricate and ResFinder. (b) Number of antimicrobial
resistance genes per genome per year with predicted linear regression over time plotted in pink.
Median values for each year marked in thicker horizontal black lines. (c) Density plots comparing
antimicrobial resistance genes per genome for the entire data set and for each of sequence clusters 7
and 8.

cluster 8, we also detected five resistance genes per genome (range = 1 to 11; Fig. 2c).
The most common non-mecA resistance genes in sequence cluster 8 were aadD
(n =115 genomes, corresponding to 55.0% of the genomes in the sequence cluster 8),
ant(9)-la (n = 170; 81.3%), blaZ (n = 177; 84.7%), ermA (n = 169; 80.9%), mphC (n = 82;
39.2%), and msrA (n = 79; 37.8%).

Two genomes were particularly notable because they harbor resistance genes not
found in other strains. Genome SRR5486295 (ST398) from Minnesota carried 11 resistance
genes and is the only genome carrying ermT (streptogramin, macrolide and lincosamide re-
sistance), InuB (lincosamide resistance), IsaE (multidrug resistance [lincosamide, phenicol,
pleuromutilin, tetracycline, oxalidinone, streptogramin, macrolide]), and tetL (tetracycline
resistance). The gene fusC (fusidic acid resistance) was found only in genome
GCA_008936655.1. This ST72 isolate was obtained from New York in 2015 and is one of
two genomes carrying SCCmec Type Vc. While less common, the existence of these
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resistance genes should still be a cause for concern because they can still be mobilized via
horizontal gene transfer (28) and may potentially increase in frequency in the population.

Temporal origins and population dynamics of the two MRSA lineages. To pro-
vide a historical perspective on the emergence of the two dominant MRSA bacteremia
lineages in the Americas, we constructed time-calibrated phylogenies of sequence
clusters 7 and 8. Using BactDating (29), we observed a small but significant positive cor-
relation between the dates of isolation and root-to-tip distances for both sequence clusters
(R? =0.28 and P < Te-4 in sequence cluster 7; R> = 0.20 and P < 1e-4 in sequence cluster

8) (Fig. S4), indicating the presence of a clock-like signal. Given the presence of a temporal
structure, we performed a dated coalescent phylogenetic analysis. Results show that the
two lineages emerge in the Americas at different times (Fig. 3a, b). We estimated the time
to the most recent common ancestor (tMRCA) of sequence cluster 7 (CC8) to be 1964 (95%
highest posterior density [HPD] intervals:1953 to 1973). The tMRCA of sequence cluster 8
(CC5) was 1986 (95% HPD intervals:1980 to 1991). However, because of disparities in the
number of genomes from each location, it may not be possible to precisely define the geo-
graphical origins of each sequence cluster.

For each MRSA sequence cluster, we also estimated the change in the effective
population size (Ne) (Fig. 3¢, d), which is a measure of the rate of change in population
composition due to genetic drift (30). The Ne of sequence cluster 7 remained steady af-
ter it first emerged. After a slight dip, its Ne rapidly rose ~20 years ago. This increase
coincided with the acquisition of two different subtypes of SCCmec IV. SCCmec sub-
types are defined by the variations in other non-ccr and non-mec parts of the cassette
(26, 27). Within sequence cluster 7, we estimate that the sublineage containing
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FIG 4 Minimal spanning trees of sequence clusters 7 (a) and 8 (b) based on allelic variation in the core genome alignments. Each node represents isolates
with distinct allelic profiles. Node colors represent the geographical origins of the strains. The number in brackets next to location name in the color
legend indicates the total number of isolates from that country. Edge scale refers to the number of SNPs and the length of the edge is proportional to the
number of SNP differences.

SCCmec subtype IVc emerged in the South American countries Colombia and Ecuador
in 1999 and remained restricted to that region. In 2000, a second sublineage carrying
SCCmec subtype IVa emerged and spread in the United States and Mexico. Finally, we
detected another sublineage carrying SCCmec subtype IVg, that emerged in New York
in the early to mid-2000s. Subtype IVc carries the transposon Tn4001, while IVa carries
an integrated plasmid pUB110 (26, 27). Subtype IVg carries three staphylococcal en-
terotoxin genes (31).

The Ne of sequence cluster 8 rapidly increased after its emergence. During this
time, it acquired different SCCmec subtypes. The sublineage carrying SCCmec subtype
lla is geographically widespread and is found across North, Central, and South
America. Notable is a small clade that rapidly diversified in Guatemala in 2009. Another
sublineage that acquired SCCmec subtype | emerged in 2002 and is found only in
South America. Both subtypes la and lla carry the plasmid pUB110 (26, 27). Finally, a
sublineage carrying an SCCmec type IV with unknown subtype appeared in 2004 in
New York. For both lineages, there is evidence of a decline in the Ne of both lineages
in 2013 onwards.

Lastly, we examined the genetic relationships of invasive MRSA using minimum
spanning trees, which calculates arithmetic distance matrices based on the degree of
dissimilarity among individuals (32, 33). In molecular epidemiology, this path is inter-
preted as the most feasible chain of pathogen transmission and spread (32, 33). Using
the core genome alignments of each of the two major sequence clusters, we show
that there was simultaneous expansion of sublineages in multiple locations (Fig. 4).
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There was relatively little structure related to sampling location, but this is most likely
due to the highly disproportionate number of samples from different sites. Both
sequence clusters 7 and 8 exhibited a radial branch structure and were each derived
from two ancestral nodes. Lastly, most of the stepwise accumulations of SNPs from the
ancestral nodes were represented by one of the extant isolates, indicating long persist-
ence of genetic variants through time.

DISCUSSION

In the 80 years since it was first recognized, MRSA has proven its remarkable ability
to rapidly evolve following encounter with antimicrobials and to quickly disseminate
across the globe (11). MRSA causes a variety of debilitating and life-threatening dis-
eases, and thus remains a challenging global health threat (1, 2). Using 386 previously
published MRSA genomes derived from bloodstream infections, we elucidated their
evolutionary history and geographical spread across the American continents. There
are two major findings in this study. First, MRSA-associated bloodstream infections
were attributable to two genetically distinct lineages that emerged independently, dis-
seminated across continents, and have diversified locally. Second, the success of the
two dominant MRSA lineages lies in part on the distinct repertoires of antimicrobial re-
sistance genes and distinct types and subtypes of the mobile SCCmec they carry.

Our findings greatly expand the observations from previous studies of STs 5 and 8
sampled from 1980s to 2013 which showed the progressive acquisition of virulence
and resistance genes during their expansion in the Americas (19, 34-37). These previ-
ous studies have estimated tMRCAs for ST5 and ST8 in the Western Hemisphere to be
1938 and 1940, respectively. Following these periods, sublineages arose in North and
South America over the second half of the 20th century. While previous investigations
included S. aureus isolates that were also methicillin-susceptible, obtained from differ-
ent infection sources, and globally distributed, our MRSA bacteremia-focused analyses
of tMRCA estimates within the late 20th century are strongly supported. Our analyses
also included more recent samples that revealed new insights into their population dy-
namics. While both sequence clusters have been simultaneously circulating and
expanding in the past 5 decades, we observed a decline in their effective population
size beginning in 2013 that needs to be closely monitored. In the United States, rates
of hospital-onset MRSA bloodstream infections decreased between 2005 and 2012,
although the decline slowed between 2013 and 2016 (8). It has been posited that
improvements in infection-control efforts in hospitals might have contributed to this
decline (8), and this may explain the observed decline at least in the United States. It is
also possible that other low-frequency clones have started to increase in frequency
during this time, competing with the dominant lineages albeit still undetected. Local
clonal expansion followed by replacement of contemporary lineages was previously
reported in S. aureus ST239 by STs 5 and 228 in Hungary (38) and by ST59 in China
(39). We did not find evidence of replacement by rare genotypes from our data set;
however, this may be due to the sampling strategies used in our data set that that
could have introduced biases in characterization of common and rare lineages.

Our findings indicate that the diversification and mobility of accessory genes of
international clones partly reflects region-specific patterns of selective pressures (e.g.,
antimicrobial usage), which may influence their fitness and further spread after intro-
duction to different locations. The mobile SCCmec can be transferred remarkably fast,
even between MRSA and methicillin-susceptible strains during a hospital outbreak
(40). In our study, the successive dissemination and replacement of SCCmec subtypes
in both lineages in the past 5 decades is particularly intriguing. Smaller SCCmec types
tend to have a fitness advantage (41), and thus the spread of the six subtypes of
SCCmec IV may be a contributing factor to the success of both sequence clusters. Their
rapid mobility is also likely driven by region-specific selective pressure of clinical drug
use. Other mobile genetic elements of S. aureus have also been reported to exhibit
strong geographic structure, as in the case of the temperate bacteriophage carrying
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the exfoliative toxin A (42). Moreover, the geographical spread of the American MRSA
may lie partly on the coselection and mobility (43) of resistance genes, which requires
careful long-term monitoring.

We acknowledge the limitations of the study, which stems from the risk of bias in
our sampling strategy due to use of existing data sets. The inadequate number of ge-
nome sequences of bloodstream-associated MRSA from Central and South America is
a major limitation. The paucity of data from several countries in this region means it is
possible that unique or less prevalent genotypes are circulating yet remain invisible to
current phylogenomic analyses. Moreover, uneven sampling between geographical
regions (either between countries or between individual states in the United States)
did not allow us to infer the direction of transmission between locations. The small but
significant positive correlation between the dates of isolation and root-to-tip distances
is partly due to missing samples and/or under-sampling, especially of older or more
historical isolates. A systematic and collaborative cross-country effort to sequencing,
surveillance, and monitoring is therefore critical to accomplishing a more rigorous coa-
lescence analysis and precise inference of tMRCA of major bacteremia-causing S. aur-
eus lineages. Notwithstanding these limitations, we obtained sufficient representation
of bloodstream-associated MRSA in different parts of the Americas that can be used as
a basis for future genomic epidemiology studies of S. aureus bacteremia. This would
address lingering questions on patterns of inter- and intracountry transmission net-
works and hot spots, as well as identification of epidemiologic and health care drivers
to S. aureus bacteremia. Lastly, we only focused only on bloodstream infections and
therefore the global population structure of MRSA causing other invasive infections
might show unique patterns of geographical distribution and evolutionary trajectory.

We conclude that the MRSA population causing bloodstream infections in the Americas
was shaped mainly by the clonal expansion, contemporaneous circulation, and rapid geo-
graphic spread of two distinct lineages. These results have important implications for the
development of effective and robust strategies to effective management of invasive MRSA
infections and transcontinental spread of multidrug resistance. Global initiatives and sus-
tained local efforts to monitor the emergence of high-risk clones across geopolitical boun-
daries are urgently needed.

MATERIALS AND METHODS

Data set. We retrieved a total of 386 previously published genome sequences and associated meta-
data of MRSA isolates obtained from bloodstream infections from different parts of the American conti-
nents. This data set was curated to include assemblies reaching sufficient sequence quality metrics (as
described in the next section). We also only included data sets with time (month, year) of isolation from
patients. Genome sequences were derived from isolates sampled in Minnesota, USA (n = 48 genomes,
BioProject: PRINA384623) (13), New Hampshire, USA (n = 102, BioProject: PRINA673382) (14), New York,
USA (n = 131, BioProject: PRINA470993) (15), and nine countries from Central and South America (n =
105, BioProject: PRIJNA291213) (16). The latter group included Argentina, Brazil, Chile, Colombia,
Ecuador, Guatemala, Mexico, Peru, and Venezuela. In all, the genomes represented samples obtained
between 2011 and 2018. While exact methicillin resistance testing varied slightly between studies, at a
minimum, all isolates were confirmed as resistant using either agar dilution or automated broth microdi-
lution with oxacillin. Results were interpreted according to the Clinical and Laboratory Standards
Institute (CLSI) guidelines (44). The sequences were downloaded from the National Center for
Biotechnology Information (NCBI) Reference Sequence and Sequence Read Archive databases.

Genome assembly, annotation, and pan-genome construction. We used the assembly pipeline
program Shovill v.1.1.0 (https://github.com/tseemann/shovill) with the —trim option to yield high-quality
genomes. Shovill implements several steps to improve assemblies, including read subsampling to a rea-
sonable depth of 150x, read error correction, trimming adaptor sequences, detecting and removing
sequencing errors, and assembling using SPAdes (45). The assemblies were then improved further with
scaffolding and gap-closing using SSPACE (46) and GapFiller (47). Genome quality was assessed for all
assemblies using QUAST (48) and CheckM (49) with cutoff thresholds of >200 contigs, <40,000 base
N50, <90% completeness, and >5% contamination as exclusion criteria. Genomes were annotated
using Prokka v.1.14.6 (50). The pan-genome of the data set was assessed using Panaroo v.1.2.7, which
uses a graph-based approach using gene neighborhoods combined with gene clustering (51). Panaroo
also detects annotation errors and filters sequence contamination (51). We used the option -strict to
ensure only high-quality genes were included. Nucleotide sequences were aligned using the program
MAFFT (52).
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Phylogenetic and clustering analysis. Genes present in = 99% of genomes (i.e., core genes) were
concatenated to produce a core genome alignment, which was used to build a maximum likelihood phy-
logenetic tree with IQTree v.2.0.3 (53). We used the ModelFinder algorithm to search the best-fitting nucle-
otide substitution model (54). Based on the results of ModelFinder, we used a general time reversible
model (55) of nucleotide substitution and a FreeRate model of rate heterogeneity with three categories.
We also used the Ultrabootstrap software UFBoot2 with 1,000 bootstrap replicates (56) implemented in
IQTree. Phylogenetic trees were visualized using the online platform Interactive Tree of Life (IToL) (57). We
carried out genetic population structure analysis by partitioning the strains into sequence clusters consist-
ing of genetically similar individuals using the Bayesian hierarchical clustering algorithm RhierBAPS v.1.1.2
(58) with the core genome alignment as input. Single nucleotide polymorphisms (SNPs) from the core
genes were identified and aligned using Snippy v.4.6.0 (https://github.com/tseemann/snippy). We used
the SNPs from the core genome alignment of each sequence cluster as input in building minimum span-
ning trees using Grapetree (59). A minimum spanning tree represents a set of edges that link nodes by the
shortest possible genetic distance (59), and are thus useful when examining relationships of closely related
strains that have undergone short-term divergence (32).

In silico identification of sequence type, SCCmec, antimicrobial resistance, and virulence genes.
Sequence type (ST) of each strain was determined using mist v.2.19.0 (https://github.com/tseemann/mlst), a
program which extracts seven single-copy housekeeping genes (arcC, arok, glpF, gmk, pta, tpi, yqil) and com-
pares their sequence identity to previously deposited allele combinations in the S. aureus PubMLST database
(https://pubmlst.org/organisms/staphylococcus-aureus/). To detect horizontally acquired antimicrobial resist-
ance and virulence genes, we used ABRicate v.1.0.0 (https://github.com/tseemann/abricate) using threshold
values of >95% sequence identity and >95% sequence coverage to known resistance and virulence genes
deposited in the ResFinder database (60) and Virulence Factor Database (VFDB) (61), respectively. We also
included all seven distinct ACME types obtained from the VirulenceFinder database (62) and added to the
VFDB sequences. With these additions, VFDB contained reference sequences for all superantigens, PVL, and
ACME. Lastly, we used staphopia-sccmec v.1.0.0 (https://github.com/staphopia/staphopia-sccmec) to charac-
terize the types and subtypes of SCCmec (63).

Time-calibrated phylogeny and population demographic analyses. SNP alignments of each major
sequence cluster were mapped to reference genomes USA500 (NCBI accession no. GCF_000746505.1)
and JH1 (NCBI accession no. GCF_000017125.1). S. aureus strain USA500 is a highly virulent strain of
CC8 obtained from a human wound but with systemic infection capability in murine models (64).
S. aureus strain JH1 is a strain of CC5 obtained from the bloodstream of a patient with congenital
heart disease (65). Using the recombination-free phylogenies generated by GUBBINS (66) for each
sequence cluster, we used BactDating v.1.1, a Bayesian framework for estimating the molecular clock
rate and coalescent rate (29). We carried out a root-to-tip linear regression analysis and calculation of
the coefficient of determination (R? to assess the significance of the temporal signal based on ran-
dom permutations of sampling dates. When a significant positive correlation between the dates of
isolation and root-to-tip divergence was observed, we ran BactDating to infer the dates when com-
mon ancestors are estimated to have existed (29). We used a mixed clock model and 108 iterations to
conduct molecular dating of the nodes of the tree. We removed the first half of iterations as burn-in
and subsequently sampled every 100 iterations. We used Skygrowth v.0.3.1 to estimate the changes
in effective population size over time (67).

Default parameters were used for all programs unless otherwise noted.

Data availability. NCBI accession numbers, associated metadata, and reference for each genome
included in this study are listed in Table S1. All other data supporting the findings of this study are avail-
able in the supplementary information files or from the corresponding author upon request.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.4 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.3 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 5, XLSX file, 0.04 MB.

ACKNOWLEDGMENTS

The authors thank the University of New Hampshire Resource Computing Center
where all bioinformatics analyses were performed. C.P.A. was supported by the National
Institutes of Health (Award no. TR35GM142924) and startup research funds from the
University at Albany College of Arts and Sciences, State University of New York. J.T.S.
was supported by the University of New Hampshire Graduate School Dissertation Year
Fellowship. The funders had no role in study design, data collection and analysis,
decision to publish, and preparation of the manuscript and the findings do not
necessarily reflect views and policies of the authors’ institutions and funders.

May/June 2022 Volume 10 Issue 3

Microbiology Spectrum

10.1128/spectrum.00201-22

10


https://github.com/tseemann/snippy
https://github.com/tseemann/mlst
https://pubmlst.org/organisms/staphylococcus-aureus/
https://github.com/tseemann/abricate
https://github.com/staphopia/staphopia-sccmec
https://www.ncbi.nlm.nih.gov/assembly/GCF_000746505.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000017125.1/
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00201-22

Genome Evolution of Staphylococcus aureus

Microbiology Spectrum

C.P.A. designed and guided the work; J.T.S. performed all bioinformatics analyses;
E.M.E., N.B.H., and T.R.E. helped with compiling genetic and phenotypic data; C.P.A,,
LW.M., and J.T.S. wrote the manuscript. All authors have read and approved the final
manuscript.

We declare no competing interests.

REFERENCES

1.

Tong SYC, Davis JS, Eichenberger E, Holland TL, Fowler VG. 2015. Staphy-
lococcus aureus infections: epidemiology, pathophysiology, clinical mani-
festations, and management. Clin Microbiol Rev 28:603-661. https://doi
.org/10.1128/CMR.00134-14.

. Lee AS, de Lencastre H, Garau J, Kluytmans J, Malhotra-Kumar S, Peschel

A, Harbarth S. 2018. Methicillin-resistant Staphylococcus aureus. Nat Rev
Dis Primers 4:18033. https://doi.org/10.1038/nrdp.2018.33.

. Stewardson AJ, Allignol A, Beyersmann J, Graves N, Schumacher M, Meyer

R, Tacconelli E, De Angelis G, Farina C, Pezzoli F, Bertrand X, Gbaguidi-
Haore H, Edgeworth J, Tosas O, Martinez JA, Ayala-Blanco MP, Pan A,
Zoncada A, Marwick CA, Nathwani D, Seifert H, Hos N, Hagel S, Pletz M,
Harbarth S, TIMBER Study Group. 2016. The health and economic burden
of bloodstream infections caused by antimicrobial-susceptible and non-
susceptible Enterobacteriaceae and Staphylococcus aureus in European
hospitals, 2010 and 2011: a multicentre retrospective cohort study. Euro
Surveill 21. https://doi.org/10.2807/1560-7917.ES.2016.21.33.30319.

. Diekema DJ, Hsueh P-R, Mendes RE, Pfaller MA, Rolston KV, Sader HS,

Jones RN. 2019. The microbiology of bloodstream infection: 20-year
trends from the SENTRY antimicrobial surveillance program. Antimicrob
Agents Chemother 63:€00355-19. https://doi.org/10.1128/AAC.00355-19.

. Laupland KB, Lyytikdinen O, Segaard M, Kennedy KJ, Knudsen JD, Ostergaard

C, Galbraith JC, Valiquette L, Jacobsson G, Collignon P, Schenheyder HC, Inter-
national Bacteremia Surveillance Collaborative. 2013. The changing epidemi-
ology of Staphylococcus aureus bloodstream infection: a multinational popu-
lation-based surveillance study. Clin Microbiol Infect 19:465-471. https://doi
.0rg/10.1111/j.1469-0691.2012.03903.x.

. Nambiar K, Seifert H, Rieg S, Kern WV, Scarborough M, Gordon NC, Kim

HB, Song K-H, Tilley R, Gott H, Liao C-H, Edgeworth J, Nsutebu E, Lopez-
Cortés LE, Morata L, Walker AS, Thwaites G, Llewelyn MJ, Kaasch AJ, Inter-
national Staphylococcus aureus collaboration (ISAC) study group and the
ESCMID Study Group for Bloodstream Infections and Sepsis (ESGBIS).
2018. Survival following Staphylococcus aureus bloodstream infection: a
prospective multinational cohort study assessing the impact of place of
care.J Infect 77:516-525. https://doi.org/10.1016/j.,jinf.2018.08.015.

. Thwaites GE, Scarborough M, Szubert A, Nsutebu E, Tilley R, Greig J,

Wyllie SA, Wilson P, Auckland C, Cairns J, Ward D, Lal P, Guleri A, Jenkins
N, Sutton J, Wiselka M, Armando G-R, Graham C, Chadwick PR, Barlow G,
Gordon NC, Young B, Meisner S, McWhinney P, Price DA, Harvey D, Nayar
D, Jeyaratnam D, Planche T, Minton J, Hudson F, Hopkins S, Williams J,
Torok ME, Llewelyn MJ, Edgeworth JD, Walker AS, United Kingdom Clini-
cal Infection Research Group (UKCIRG). 2018. Adjunctive rifampicin for
Staphylococcus aureus bacteraemia (ARREST): a multicentre, randomised,
double-blind, placebo-controlled trial. Lancet 391:668-678. https://doi
.org/10.1016/S0140-6736(17)32456-X.

. Kourtis AP. 2019. Vital signs: epidemiology and recent trends in methicillin-re-

sistant and in metbhicillin-susceptible Staphylococcus aureus bloodstream
infections — United States. MMWR Morb Mortal Wkly Rep 68. https://doi
.0rg/10.15585/mmwr.mm6809e1.

. Choo EJ, Chambers HF. 2016. Treatment of methicillin-resistant Staphylo-

coccus aureus bacteremia. Infect Chemother 48:267-273. https://doi.org/
10.3947/ic.2016.48.4.267.

. Monecke S, Coombs G, Shore AC, Coleman DC, Akpaka P, Borg M, Chow

H, Ip M, Jatzwauk L, Jonas D, Kadlec K, Kearns A, Laurent F, O'Brien FG,
Pearson J, Ruppelt A, Schwarz S, Scicluna E, Slickers P, Tan H-L, Weber S,
Ehricht R. 2011. A field guide to pandemic, epidemic and sporadic clones
of methicillin-resistant Staphylococcus aureus. PLoS One 6:217936.
https://doi.org/10.1371/journal.pone.0017936.

. Chambers HF, Deleo FR. 2009. Waves of resistance: Staphylococcus aur-

eus in the antibiotic era. Nat Rev Microbiol 7:629-641. https://doi.org/10
.1038/nrmicro2200.

. Chatterjee SS, Otto M. 2013. Improved understanding of factors driving

methicillin-resistant Staphylococcus aureus epidemic waves. Clin Epide-
miol 5:205-217. https://doi.org/10.2147/CLEP.S37071.

May/June 2022 Volume 10 Issue 3

20.

21.

22.

23.

24,

25.

26.

. Park K-H, Greenwood-Quaintance KE, Uhl JR, Cunningham SA, Chia N,

Jeraldo PR, Sampathkumar P, Nelson H, Patel R. 2017. Molecular epidemiol-
ogy of Staphylococcus aureus bacteremia in a single large Minnesota medi-
cal center in 2015 as assessed using MLST, core genome MLST and spa typ-
ing. PLoS One 12:e0179003. https://doi.org/10.1371/journal.pone.0179003.

. Smith JT, Eckhardt EM, Hansel NB, Eliato TR, Martin IW, Andam CP. 2021.

Genomic epidemiology of methicillin-resistant and -susceptible Staphylococ-
cus aureus from bloodstream infections. BMC Infect Dis 21:589. https://doi
.0rg/10.1186/512879-021-06293-3.

. Sullivan MJ, Altman DR, Chacko KI, Ciferri B, Webster E, Pak TR, Deikus G,

Lewis-Sandari M, Khan Z, Beckford C, Rendo A, Samaroo F, Sebra R, Karam-
Howlin R, Dingle T, Hamula C, Bashir A, Schadt E, Patel G, Wallach F, Kasarskis
A, Gibbs K, van Bakel H. 2019. A complete genome screening program of
clinical methicillin-resistant Staphylococcus aureus isolates identifies the ori-
gin and progression of a neonatal intensive care unit outbreak. J Clin Micro-
biol 57:e01261-19. https://doi.org/10.1128/JCM.01261-19.

. Arias CA, Reyes J, Carvajal LP, Rincon S, Diaz L, Panesso D, Ibarra G, Rios R,

Munita JM, Salles MJ, Alvarez-Moreno C, Labarca J, Garcia C, Luna CM,
Mejia-Villatoro C, Zurita J, Guzman-Blanco M, Rodriguez-Noriega E,
Narechania A, Rojas LJ, Planet PJ, Weinstock GM, Gotuzzo E, Seas C. 2017.
A prospective cohort multicenter study of molecular epidemiology and
phylogenomics of Staphylococcus aureus bacteremia in nine Latin Ameri-
can countries. Antimicrob Agents Chemother 61:00816-17. https://doi
.org/10.1128/AAC.00816-17.

. Enright MC, Day NP, Davies CE, Peacock SJ, Spratt BG. 2000. Multilocus

sequence typing for characterization of methicillin-resistant and methicil-
lin-susceptible clones of Staphylococcus aureus. J Clin Microbiol 38:
1008-1015. https://doi.org/10.1128/JCM.38.3.1008-1015.2000.

. Talan DA, Krishnadasan A, Gorwitz RJ, Fosheim GE, Limbago B, Albrecht V,

Moran GJ, EMERGENcy ID Net Study Group. 2011. Comparison of Staphy-
lococcus aureus from skin and soft-tissue infections in US emergency
department patients, 2004 and 2008. Clin Infect Dis 53:144-149. https://
doi.org/10.1093/cid/cir308.

. Planet PJ, Diaz L, Kolokotronis S-O, Narechania A, Reyes J, Xing G, Rincon

S, Smith H, Panesso D, Ryan C, Smith DP, Guzman M, Zurita J, Sebra R,
Deikus G, Nolan RL, Tenover FC, Weinstock GM, Robinson DA, Arias CA.
2015. Parallel epidemics of community-associated methicillin-resistant
Staphylococcus aureus USA300 infection in North and South America. J
Infect Dis 212:1874-1882. https://doi.org/10.1093/infdis/jiv320.

King JM, Kulhankova K, Stach CS, Vu BG, Salgado-Pabén W. 2016. Pheno-
types and virulence among Staphylococcus aureus USA100, USA200,
USA300, USA400, and USA600 clonal lineages. mSphere 1:€00071-16.
https://doi.org/10.1128/mSphere.00071-16.

Diep BA, Gill SR, Chang RF, Phan TH, Chen JH, Davidson MG, Lin F, Lin J,
Carleton HA, Mongodin EF, Sensabaugh GF, Perdreau-Remington F. 2006.
Complete genome sequence of USA300, an epidemic clone of commu-
nity-acquired methicillin-resistant Staphylococcus aureus. Lancet 367:
731-739. https://doi.org/10.1016/50140-6736(06)68231-7.

Roberts JC. 2013. Community-associated methicillin-resistant staphylo-
coccus aureus epidemic clone USA100; more than a nosocomial patho-
gen. Springerplus 2:133. https://doi.org/10.1186/2193-1801-2-133.
Spaulding AR, Salgado-Pabon W, Kohler PL, Horswill AR, Leung DYM,
Schlievert PM. 2013. Staphylococcal and streptococcal superantigen exotox-
ins. Clin Microbiol Rev 26:422-447. https://doi.org/10.1128/CMR.00104-12.
Hu D-L, Li S, Fang R, Ono HK. 2021. Update on molecular diversity and
multipathogenicity of staphylococcal superantigen toxins. Animal Dis-
eases 1:7. https://doi.org/10.1186/544149-021-00007-7.

Maeda M, Shoji H, Shirakura T, Takuma T, Ugajin K, Fukuchi K, Niki Y,
Ishino K. 2016. Analysis of staphylococcal toxins and clinical outcomes of
metbhicillin-resistant Staphylococcus aureus bacteremia. Biol Pharm Bull
39:1195-1200. https://doi.org/10.1248/bpb.b16-00255.

International Working Group on the Classification of Staphylococcal Cassette
Chromosome Elements (IWG-SCC). 2009. Classification of staphylococcal

10.1128/spectrum.00201-22 1


https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1038/nrdp.2018.33
https://doi.org/10.2807/1560-7917.ES.2016.21.33.30319
https://doi.org/10.1128/AAC.00355-19
https://doi.org/10.1111/j.1469-0691.2012.03903.x
https://doi.org/10.1111/j.1469-0691.2012.03903.x
https://doi.org/10.1016/j.jinf.2018.08.015
https://doi.org/10.1016/S0140-6736(17)32456-X
https://doi.org/10.1016/S0140-6736(17)32456-X
https://doi.org/10.15585/mmwr.mm6809e1
https://doi.org/10.15585/mmwr.mm6809e1
https://doi.org/10.3947/ic.2016.48.4.267
https://doi.org/10.3947/ic.2016.48.4.267
https://doi.org/10.1371/journal.pone.0017936
https://doi.org/10.1038/nrmicro2200
https://doi.org/10.1038/nrmicro2200
https://doi.org/10.2147/CLEP.S37071
https://doi.org/10.1371/journal.pone.0179003
https://doi.org/10.1186/s12879-021-06293-3
https://doi.org/10.1186/s12879-021-06293-3
https://doi.org/10.1128/JCM.01261-19
https://doi.org/10.1128/AAC.00816-17
https://doi.org/10.1128/AAC.00816-17
https://doi.org/10.1128/JCM.38.3.1008-1015.2000
https://doi.org/10.1093/cid/cir308
https://doi.org/10.1093/cid/cir308
https://doi.org/10.1093/infdis/jiv320
https://doi.org/10.1128/mSphere.00071-16
https://doi.org/10.1016/S0140-6736(06)68231-7
https://doi.org/10.1186/2193-1801-2-133
https://doi.org/10.1128/CMR.00104-12
https://doi.org/10.1186/s44149-021-00007-7
https://doi.org/10.1248/bpb.b16-00255
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00201-22

Genome Evolution of Staphylococcus aureus

27.

28.

29.

30.

31

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

cassette chromosome mec (SCCmec): guidelines for reporting novel SCCmec
elements. Antimicrob Agents Chemother 53:4961-4967. https://doi.org/10
.1128/AAC.00579-09.

Liu J, Chen D, Peters BM, Li L, Li B, Xu Z, Shirliff ME. 2016. Staphylococcal
chromosomal cassettes mec (SCCmec): a mobile genetic element in
methicillin-resistant Staphylococcus aureus. Microb Pathog 101:56-67.
https://doi.org/10.1016/j.micpath.2016.10.028.

McCarthy AJ, Loeffler A, Witney AA, Gould KA, Lloyd DH, Lindsay JA. 2014.
Extensive horizontal gene transfer during Staphylococcus aureus co-colo-
nization in vivo. Genome Biol Evol 6:2697-2708. https://doi.org/10.1093/
gbe/evu214.

Didelot X, Croucher NJ, Bentley SD, Harris SR, Wilson DJ. 2018. Bayesian
inference of ancestral dates on bacterial phylogenetic trees. Nucleic Acids
Res 46:e134. https://doi.org/10.1093/nar/gky783.

Nei M, Tajima F. 1981. Genetic drift and estimation of effective population
size. Genetics 98:625-640. https://doi.org/10.1093/genetics/98.3.625.
Kwon NH, Park KT, Moon JS, Jung WK, Kim SH, Kim JM, Hong SK, Koo HC, Joo
YS, Park YH. 2005. Staphylococcal cassette chromosome mec (SCCmec) char-
acterization and molecular analysis for methicillin-resistant Staphylococcus
aureus and novel SCCmec subtype Vg isolated from bovine milk in Korea. J
Antimicrob Chemother 56:624-632. https://doi.org/10.1093/jac/dki306.
Spada E, Sagliocca L, Sourdis J, Garbuglia AR, Poggi V, De Fusco C, Mele A.
2004. Use of the minimum spanning tree model for molecular epidemiologi-
cal investigation of a nosocomial outbreak of hepatitis C virus infection. J Clin
Microbiol 42:4230-4236. https://doi.org/10.1128/JCM.42.9.4230-4236.2004.
Hayamizu M, Endo H, Fukumizu K. 2017. A characterization of minimum
spanning tree-like metric spaces. [EEE/ACM Trans Comput Biol Bioinform
14:468-471. https://doi.org/10.1109/TCBB.2016.2550431.

Jamrozy DM, Harris SR, Mohamed N, Peacock SJ, Tan CY, Parkhill J,
Anderson AS, Holden MTG. 2016. Pan-genomic perspective on the evolu-
tion of the Staphylococcus aureus USA300 epidemic. Microb Genom 2:
€000058. https://doi.org/10.1099/mgen.0.000058.

Harkins CP, Pichon B, Doumith M, Parkhill J, Westh H, Tomasz A, de
Lencastre H, Bentley SD, Kearns AM, Holden MTG. 2017. Methicillin-resist-
ant Staphylococcus aureus emerged long before the introduction of
methicillin into clinical practice. Genome Biol 18:130. https://doi.org/10
.1186/513059-017-1252-9.

StrauB3 L, Stegger M, Akpaka PE, Alabi A, Breurec S, Coombs G, Egyir B, Larsen
AR, Laurent F, Monecke S, Peters G, Skov R, Strommenger B, Vandenesch F,
Schaumburg F, Mellmann A. 2017. Origin, evolution, and global transmission
of community-acquired Staphylococcus aureus ST8. Proc Natl Acad Sci U S A
114:E10596-E10604. https://doi.org/10.1073/pnas.1702472114.

Challagundla L, Reyes J, Rafiqullah I, Sordelli DO, Echaniz-Aviles G, Velazquez-
Meza ME, Castillo-Ramirez S, Fittipaldi N, Feldgarden M, Chapman SB,
Calderwood MS, Carvajal LP, Rincon S, Hanson B, Planet PJ, Arias CA, Diaz L,
Robinson DA. 2018. Phylogenomic classification and the evolution of clonal
complex 5 methicillin-resistant Staphylococcus aureus in the western hemi-
sphere. Front Microbiol 9:1901. https://doi.org/10.3389/fmicb.2018.01901.
Conceigao T, Aires-de-Sousa M, Fuzi M, Téth A, Paszti J, Ungvari E, van
Leeuwen WB, van Belkum A, Grundmann H, de Lencastre H. 2007.
Replacement of methicillin-resistant Staphylococcus aureus clones in
Hungary over time: a 10-year surveillance study. Clin Microbiol Infect 13:
971-979. https://doi.org/10.1111/j.1469-0691.2007.01794 x.

Chen H, Yin Y, van Dorp L, Shaw LP, Gao H, Acman M, Yuan J, Chen F, Sun S,
Wang X, Li S, Zhang Y, Farrer RA, Wang H, Balloux F. 2021. Drivers of methicil-
lin-resistant Staphylococcus aureus (MRSA) lineage replacement in China.
Genome Med 13:171. https://doi.org/10.1186/513073-021-00992-x.
Weterings V, Bosch T, Witteveen S, Landman F, Schouls L, Kluytmans J.
2017. Next-generation sequence analysis reveals transfer of methicillin re-
sistance to a methicillin-susceptible Staphylococcus aureus strain that
subsequently caused a methicillin-resistant Staphylococcus aureus out-
break: a descriptive study. J Clin Microbiol 55:2808-2816. https://doi.org/
10.1128/JCM.00459-17.

Collins J, Rudkin J, Recker M, Pozzi C, O'Gara JP, Massey RC. 2010. Offset-
ting virulence and antibiotic resistance costs by MRSA. ISME J 4:577-584.
https://doi.org/10.1038/ismej.2009.151.

Azarian T, Cella E, Baines SL, Shumaker MJ, Samel C, Jubair M, Pegues DA,
David MZ. 2021. Genomic epidemiology and global population structure
of exfoliative toxin A-producing Staphylococcus aureus strains associated
with staphylococcal scalded skin syndrome. Front Microbiol 12:663831.
https://doi.org/10.3389/fmicb.2021.663831.

Hall RJ, Whelan FJ, Cummins EA, Connor C, McNally A, Mclnerney JO.
2021. Gene-gene relationships in an Escherichia coli accessory genome
are linked to function and mobility. Microb Genom 7.

May/June 2022 Volume 10 Issue 3

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Microbiology Spectrum

CLSI. 2018. Performance standards for antimicrobial disk and dilution sus-
ceptibility tests for bacteria isolated from animals. VETO1. Clinical and
Laboratory Standards Institute.

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new ge-
nome assembly algorithm and its applications to single-cell sequencing. J
Comput Biol 19:455-477. https://doi.org/10.1089/cmb.2012.0021.
Boetzer M, Henkel CV, Jansen HJ, Butler D, Pirovano W. 2011. Scaffolding
pre-assembled contigs using SSPACE. Bioinformatics 27:578-579. https://
doi.org/10.1093/bioinformatics/btq683.

Nadalin F, Vezzi F, Policriti A. 2012. GapFiller: a de novo assembly
approach to fill the gap within paired reads. BMC Bioinformatics 13 Suppl
14:S8. https://doi.org/10.1186/1471-2105-13-514-S8.

Gurevich A, Saveliev V, Vyahhi N, Tesler G. 2013. QUAST: quality assess-
ment tool for genome assemblies. Bioinformatics 29:1072-1075. https://
doi.org/10.1093/bioinformatics/btt086.

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. 2015.
CheckM: assessing the quality of microbial genomes recovered from iso-
lates, single cells, and metagenomes. Genome Res 25:1043-1055. https://
doi.org/10.1101/gr.186072.114.

Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. Bioinfor-
matics 30:2068-2069. https://doi.org/10.1093/bioinformatics/btu153.
Tonkin-Hill G, MacAlasdair N, Ruis C, Weimann A, Horesh G, Lees JA, Gladstone
RA, Lo S, Beaudoin C, Floto RA, Frost SDW, Corander J, Bentley SD, Parkhill J.
2020. Producing polished prokaryotic pangenomes with the Panaroo pipeline.
Genome Biol 21:180. https://doi.org/10.1186/513059-020-02090-4.

Katoh K, Asimenos G, Toh H. 2009. Multiple alignment of DNA sequences
with MAFFT. Methods Mol Biol 537:39-64. https://doi.org/10.1007/978-1
-59745-251-9_3.

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, von
Haeseler A, Lanfear R. 2020. IQ-TREE 2: new models and efficient methods for
phylogenetic inference in the genomic era. Mol Biol Evol 37:1530-1534.
https://doi.org/10.1093/molbev/msaa015.

Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS.
2017. ModelFinder: fast model selection for accurate phylogenetic esti-
mates. Nat Methods 14:587-589. https://doi.org/10.1038/nmeth.4285.
Tavaré S. 1986. Some probabilistic and statistical problems in the analysis
of DNA sequences. American Mathematical Society: Lectures on Mathe-
matics in the Life Sciences 17:57-86.

Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS. 2018. UFBoot2:
improving the ultrafast bootstrap approximation. Mol Biol Evol 35:518-522.
https://doi.org/10.1093/molbev/msx281.

Letunic I, Bork P. 2019. Interactive Tree Of Life (iTOL) v4: recent updates
and new developments. Nucleic Acids Res 47:W256-W259. https://doi
.org/10.1093/nar/gkz239.

Tonkin-Hill G, Lees JA, Bentley SD, Frost SDW, Corander J. 2018.
RhierBAPS: an R implementation of the population clustering algo-
rithm hierBAPS. Wellcome Open Res 3:93. https://doi.org/10.12688/
wellcomeopenres.14694.1.

Zhou Z, Alikhan N-F, Sergeant MJ, Luhmann N, Vaz C, Francisco AP, Carrico
JA, Achtman M. 2018. GrapeTree: visualization of core genomic relationships
among 100,000 bacterial pathogens. Genome Res 28:1395-1404. https://doi
.0rg/10.1101/gr.232397.117.

Bortolaia V, Kaas RS, Ruppe E, Roberts MC, Schwarz S, Cattoir V, Philippon
A, Allesoe RL, Rebelo AR, Florensa AF, Fagelhauer L, Chakraborty T,
Neumann B, Werner G, Bender JK, Stingl K, Nguyen M, Coppens J, Xavier
BB, Malhotra-Kumar S, Westh H, Pinholt M, Anjum MF, Duggett NA,
Kempf I, Nykdsenoja S, Olkkola S, Wieczorek K, Amaro A, Clemente L,
Mossong J, Losch S, Ragimbeau C, Lund O, Aarestrup FM. 2020. ResFinder
4.0 for predictions of phenotypes from genotypes. J Antimicrob Chemo-
ther 75:3491-3500. https://doi.org/10.1093/jac/dkaa345.

Liu B, Zheng D, Jin Q, Chen L, Yang J. 2019. VFDB 2019: a comparative
pathogenomic platform with an interactive web interface. Nucleic Acids
Res 47:D687-D692. https://doi.org/10.1093/nar/gky1080.

Joensen KG, Scheutz F, Lund O, Hasman H, Kaas RS, Nielsen EM,
Aarestrup FM. 2014. Real-time whole-genome sequencing for routine
typing, surveillance, and outbreak detection of verotoxigenic Esche-
richia coli. J Clin Microbiol 52:1501-1510. https://doi.org/10.1128/JCM
.03617-13.

Petit RA, Read TD. 2018. Staphylococcus aureus viewed from the perspective
of 40,000+ genomes. PeerJ 6:25261. https://doi.org/10.7717/peerj.5261.
Benson MA, Ohneck EA, Ryan C, Alonzo F, Smith H, Narechania A,
Kolokotronis S-O, Satola SW, Uhlemann A-C, Sebra R, Deikus G, Shopsin B,

10.1128/spectrum.00201-22 12


https://doi.org/10.1128/AAC.00579-09
https://doi.org/10.1128/AAC.00579-09
https://doi.org/10.1016/j.micpath.2016.10.028
https://doi.org/10.1093/gbe/evu214
https://doi.org/10.1093/gbe/evu214
https://doi.org/10.1093/nar/gky783
https://doi.org/10.1093/genetics/98.3.625
https://doi.org/10.1093/jac/dki306
https://doi.org/10.1128/JCM.42.9.4230-4236.2004
https://doi.org/10.1109/TCBB.2016.2550431
https://doi.org/10.1099/mgen.0.000058
https://doi.org/10.1186/s13059-017-1252-9
https://doi.org/10.1186/s13059-017-1252-9
https://doi.org/10.1073/pnas.1702472114
https://doi.org/10.3389/fmicb.2018.01901
https://doi.org/10.1111/j.1469-0691.2007.01794.x
https://doi.org/10.1186/s13073-021-00992-x
https://doi.org/10.1128/JCM.00459-17
https://doi.org/10.1128/JCM.00459-17
https://doi.org/10.1038/ismej.2009.151
https://doi.org/10.3389/fmicb.2021.663831
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/bioinformatics/btq683
https://doi.org/10.1093/bioinformatics/btq683
https://doi.org/10.1186/1471-2105-13-S14-S8
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1186/s13059-020-02090-4
https://doi.org/10.1007/978-1-59745-251-9_3
https://doi.org/10.1007/978-1-59745-251-9_3
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.12688/wellcomeopenres.14694.1
https://doi.org/10.12688/wellcomeopenres.14694.1
https://doi.org/10.1101/gr.232397.117
https://doi.org/10.1101/gr.232397.117
https://doi.org/10.1093/jac/dkaa345
https://doi.org/10.1093/nar/gky1080
https://doi.org/10.1128/JCM.03617-13
https://doi.org/10.1128/JCM.03617-13
https://doi.org/10.7717/peerj.5261
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00201-22

Genome Evolution of Staphylococcus aureus

65.

Planet PJ, Torres VJ. 2014. Evolution of hypervirulence by a MRSA clone
through acquisition of a transposable element. Mol Microbiol 93:664-681.
https://doi.org/10.1111/mmi.12682.

Mwangi MM, Wu SW, Zhou Y, Sieradzki K, de Lencastre H, Richardson P,
Bruce D, Rubin E, Myers E, Siggia ED, Tomasz A. 2007. Tracking the in vivo
evolution of multidrug resistance in Staphylococcus aureus by whole-ge-
nome sequencing. Proc Natl Acad Sci U S A 104:9451-9456. https://doi
.org/10.1073/pnas.0609839104.

May/June 2022 Volume 10 Issue 3

Microbiology Spectrum

66. Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, Bentley SD,

Parkhill J, Harris SR. 2015. Rapid phylogenetic analysis of large samples of
recombinant bacterial whole genome sequences using Gubbins. Nucleic
Acids Res 43:e15. https://doi.org/10.1093/nar/gku1196.

67. Volz EM, Didelot X. 2018. Modeling the growth and decline of pathogen

effective population size provides insight into epidemic dynamics and
drivers of antimicrobial resistance. Syst Biol 67:719-728. https://doi.org/
10.1093/sysbio/syy007.

10.1128/spectrum.00201-22 13


https://doi.org/10.1111/mmi.12682
https://doi.org/10.1073/pnas.0609839104
https://doi.org/10.1073/pnas.0609839104
https://doi.org/10.1093/nar/gku1196
https://doi.org/10.1093/sysbio/syy007
https://doi.org/10.1093/sysbio/syy007
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00201-22

	RESULTS
	Two distinct MRSA clonal lineages dominate the S. aureus population in bloodstream infections.
	Different types of the mobile mecA-carrying chromosomal cassettes distinguishes the two MRSA lineages.
	Genetic basis of multidrug resistance varies between the two lineages.
	Temporal origins and population dynamics of the two MRSA lineages.

	DISCUSSION
	MATERIALS AND METHODS
	Data set.
	Genome assembly, annotation, and pan-genome construction.
	Phylogenetic and clustering analysis.
	In silico identification of sequence type, SCCmec, antimicrobial resistance, and virulence genes.
	Time-calibrated phylogeny and population demographic analyses.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

