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Staphylococcus aureus can contaminate food products and persist in food-related environments,
posing significant challenges to food safety and public health. However, the role of plasmids in
mediating antimicrobial resistance (AMR) and facilitating host adaptationin S. aureus has been largely
underestimated. We conducted a global plasmidome analysis of 1395 isolates (human: 88.2%,
animal: 11.8%) spanning 90 years. Plasmids were detected in 66.8% of strains, typically one to two per
genome. We identified 35 distinct plasmid-borne antimicrobial resistance genes (ARGs), with a
significant temporal increase in their abundance. Over 85.5% of these plasmids were predicted to be
mobilizable, indicating a high transmission potential. Notably, clonal complex 5 (CC5) carried the
highest plasmid burden, particularly subclade CC5.6, which exhibited high prevalence of conjugative
pSK41 plasmids and ARGs. Although this lineage has not been reported elsewhere, its emergence
raises concerns about ARG dissemination through conjugative plasmids. These findings emphasize
the role of plasmids in the global spread of AMR and have important implications for food safety and

resistance control strategies in food production.

S. aureus is a highly adaptable Gram-positive bacterium responsible for a
broad range of infections in both humans and animals. It can contaminate
food products and thrive in various food-related environments, such as food
waste and food processing settings, making it a major concern for public
health and foodborne illness prevention'. In the United States, approxi-
mately 241,000 cases of foodborne illness are attributed to S. aureus each
year”. The widespread misuse of antimicrobials has led to the emergence and
spread of multidrug-resistant (MDR) S. aureus strains, posing a significant
challenge to both the treatment of complicated infections and the preven-
tion of their further dissemination’.

Plasmid-mediated dissemination of AMR is a major global public
health concern. As key mobile genetic elements carrying ARGs, plasmids
facilitate efficient horizontal gene transfer of ARGs across species and
genera®. Although the role of plasmids has been extensively characterized in

Gram-negative bacteria such as those in the Enterobacterales order, their
contribution in S. aureus has remained largely overlooked™*. Historically, S.
aureus was thought to contain only a limited number of plasmids, with
horizontal gene transfer believed to occur predominantly via transduction”.
However, recent genomic analysis has challenged this assumption, revealing
abroader and more diverse plasmid repertoire. Contarin et al. reported that
plasmids were one of the primary vectors of ARGs in S. aureus’. Ramsay
et al. further found that up to 74% of non-conjugative S. aureus plasmids
could be mobilized by conjugative plasmids via a relaxase-in-trans
mechanism®. These findings underscore the critical importance of investi-
gating the plasmid biology of S. aureus.

Staphylococcal plasmids exhibit substantial genetic diversity and
can be categorized according to their genetic architecture and functional
characteristics. Based on conserved regions within their replication
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sequences, plasmids in S. aureus can be classified into six groups: Repl,
Rep2, Rep3, RepA_N, Rep_trans, and RepLl’. With respect to their
mobility mechanisms, these plasmids are further divided into con-
jugative, mobilizable, and non-mobilizable categories. To date, con-
jugative plasmids in S. aureus have been grouped into three distinct
families: pSK41, pWBG749, and pWBG4’. Mobilizable plasmids either
carry oriT sequence mimics derived from pSK41' or pWBG749'" or
encode a distinct relaxase. Both conjugative and mobilizable plasmids
play critical roles in the horizontal transfer of ARGs.

CC5 is recognized as a major lineage of hospital-acquired methicillin-
resistant S. aureus (HA-MRSA) and is widely prevalent in healthcare set-
tings globally'’. CC5 strains typically exhibit a MDR phenotype, displaying
resistance to B-lactams, aminoglycosides, and macrolides”, and carry a
range of virulence genes, including fnbB, tst, and sec'’. Notably, CC5 has
been identified as a predominant genetic background in which S. aureus
acquires vancomycin resistance through the uptake of the vanA operon
from Enterococcus species”. Accelerating resistance evolution has been
observed in CC5 strains, highlighting their adaptive potential and raising
public health concerns™'’. In addition, CC5-MRSA demonstrates cross-
species adaptability, capable of causing severe infections in humans and
livestock'”"*.

In this study, we systematically analyzed 1395 S. aureus strains from 51
countries, spanning from 1933 to 2023, with complete genomic sequences.
Our analysis focused on (1) the distribution profiles of plasmids among
these strains, (2) the plasmid size, replicon type, and mobility potential, (3) a
comparative analysis of ARG diversity and abundance between chromo-
somal and plasmid DNA, (4) the observation that the predominant CC5
exhibited plasmid enrichment, and (5) the identification of subclade CC5.6
exhibiting a particularly high prevalence of conjugative pSK41-family
plasmids and ARGs.

Results

Genomic characteristics and plasmid dynamics of a global S.
aureus collection

Our assembled dataset included 1395 complete S. aureus genomes (as of July
1, 2023), consisting of 1230 (88.2%) human-derived and 165 (11.8%)
animal-derived strains (Fig. 1A). These strains were collected between 1933
and 2023, with the majority obtained during the period from 2010 to 2023
(Supplementary Data 1). The dataset encompassed strains from six con-
tinents, with the United States (40.1%), Australia (14.1%), Germany
(10.3%), and China (7.2%) contributing the most (Supplementary Data 1).
We identified 11 clonal complexes (CCs) comprising 191 distinct sequence
types (STs), with CC8 (30.5%) and CC5 (27.5%) being the predominant
lineages (Fig. 1B). All 1395 S. aureus genomes exhibited 295% completeness
and <3.5% contamination, ensuring a high-quality dataset for downstream
analysis (Supplementary Data 1).

We conducted a detailed analysis of the plasmid distribution char-
acteristics in these 1395 S. aureus genomes. Our findings revealed that
472 (33.8%) of the strains were plasmid-free, while 923 (66.2%) carried at
least one plasmid. Among the plasmid-bearing strains, 578 (62.6%)
harbored a single plasmid, followed by 276 (29.9%) that carried two
plasmids (Fig. 1C). Temporal analysis revealed a marked increase in
plasmid prevalence. Prior to 2012, the proportion of plasmid-bearing
strains was comparable to that of plasmid-free strains; however, after
2012, plasmid-carrying strains became predominant (Fig. 1D). Com-
parative analysis of the geographical distribution of plasmid-bearing and
plasmid-free strains revealed distinct patterns. Among the four countries
with the highest numbers of isolates, plasmid-bearing strains pre-
dominated in the United States and Australia, whereas plasmid-free
strains were more common in Germany. In contrast, China exhibited a
balanced distribution, with plasmid-bearing and plasmid-free strains
occurring at comparable frequencies (Fig. 1E). However, our dataset may
not fully capture the temporal increase in plasmid prevalence or the
national situation due to uneven sampling. Additionally, it may be
influenced by technological advancements and biases in sequencing.

Genetic and functional characterization of the S. aureus
plasmidome

Plasmid analysis of 1395 S. aureus strains identified 1371 discrete plasmids
(Supplementary Data 2), which were systematically characterized for size
distribution, replicon typing, and mobility potential.

Size profiling revealed that 42.4% (582/1371) of the plasmids clustered
in the 20-30kb range, followed by smaller plasmids (<10kb), which
represented 27.1% (372/1371) of the total (Fig. 2A).

Replicon prediction classified 85.4% (1171/1371) of plasmids into
known replication systems, while the remaining plasmids did not match any
known replicons. Among the plasmids with predicted known replicons, 948
were single-replicon plasmids, with RepA_N being the most prevalent (558/
950, 58.7%), followed by Rep1 (180/950, 18.9%). Double- or multi-replicon
configurations accounted for 18.9% (221/1171), predominantly involving
RepA_N co-occurring with Rep1 (Fig. 2B).

Furthermore, we selected plasmids in which its replicon presented in
more than 50 plasmids for further analysis of the relationship between
replicon and plasmid size. The results showed distinct size preferences for
different replicons. RepL, Rep_trans, and Repl replicons were pre-
dominantly associated with plasmids smaller than 5kb, whereas larger
plasmids in the 20-30kb range were more commonly associated with
RepA_N and Rep3 replicons (Fig. 2C).

Mobility prediction classified 85.5% (1173/1371) of the plasmids as
mobilizable elements, including 10.1% (139/1371) conjugative plasmids and
75.4% (1034/1371) mobilizable plasmids that rely on conjugative plasmids
for transfer. Three distinct conjugative plasmid families were identified,
among which the pSK41 family predominated, accounting for 69.1% (96/
139) of all conjugative plasmids (Fig. 2D).

Plasmid-borne ARGs show increasing prevalence

The diversity and abundance of ARGs were assessed independently for
chromosomal and plasmid elements (Supplementary Data 3 and Supple-
mentary Data 4). A total of 3636 ARGs (42 distinct types) were identified in
chromosomal elements and 2,490 (35 types) on plasmids across S. aureus
strains. Resistance determinants displayed differential genomic localization:
chromosomal elements predominantly harbored mecA, ant(9)-Ia, dfrG,
dfrK, erm33, ermA, and tetM, while plasmids carried a distinct set of ARGs.
Specifically, we identified a total of 937 plasmids carrying at least one ARG,
with a notable prevalence of blaZ, aph(3’)-IIIa, ermC, mphC, msrA, and
mupA (Fig. S1). On average, chromosomal elements encoded 2.606 ARGs
per genome, while plasmids carried 1.816 ARGs per plasmid (Fig. 2E).
Given the differences in sequence length between chromosomes and plas-
mids, ARG density was normalized to the number of ARGs per 10 kb. The
normalized values indicated that plasmids carried an average of 0.253 ARGs
per 10 kb, which was significantly higher than the 0.009 observed in chro-
mosomal elements (Fig. 2F). The temporal dynamics of ARGs associated
with S. aureus plasmids and chromosomes from 1933 to 2023 revealed a
markedly greater increase in plasmid-borne ARGs compared to chromo-
somal ones (k=0.26), underscoring the escalating dissemination risk of
plasmid-mediated resistance over the past 90-year period. (Fig. 2G).

Plasmids are enriched in the predominant CC5 clones

A comprehensive analysis of plasmid distribution across S. aureus clonal
complexes revealed that CC5 strains harbored the highest average plasmid
burden, with 1.19 plasmids per strain (Fig. 3A). A strong association was
observed between the predominant replicon type, RepA_N, and CC5
lineages. Specifically, 44.6% (249/558) of RepA_N-carrying plasmids were
identified in CC5 strains (Fig. 3B). Additionally, a substantial proportion of
conjugative plasmids (59.0%, 82/139) originated from CCS5 strains, a sub-
stantial higher representation than in other lineages (Fig. 3C). Four domi-
nant categories of plasmid-borne ARGs were mainly identified in the CC5
lineage, including (i) aminoglycoside resistance genes aac(6’)-aph(2”)
(80.6%), aadD (67.0%), ant(6)-Ia (98.8%), aph(2”)-Ia (80.6%), and aph(3))-
IIT (37.3%); (ii) the B-lactam resistance gene blaZ (40.7%); (iii) macrolide
resistance genes msrA (36.9%), and mphC (36.5%); and (iv) the disinfectant
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Fig. 1 | Genomic characteristics and plasmid distribution profiles across 1395 .
aureus strains. A Host sources of the 1395 S. aureus strains; B The number of
isolates in each clonal complex (CC); C Plasmid-bearing vs. plasmid-free strain
counts and the distribution plasmid counts per isolate; D Temporal distribution of

isolate collection dates, separated by plasmid-bearing (blue) and plasmid-free
(orange) groups; E Global geographic distribution of isolates. Each point represents a
sampling location, with the size of the circle proportional to the number of isolates.
Plasmid-bearing isolates are shown in blue and plasmid-free in orange.

resistance gene qacA (38.9%) (Fig. 3D), with percentages indicating
the proportion of plasmid-carried ARGs associated with the CC5
lineage.

To further investigate conjugative plasmid distribution within the S.
aureus CC5 lineage, a core genome-based maximum likelihood phyloge-
netic tree was constructed using all 384 S. aureus CC5 strains. Six distinct
clades were identified within the CC5 phylogeny (Fig. 4). Clade CC5.6,
primarily comprising strains from North America (Fig. S2), exhibited a

significantly higher proportion of conjugative plasmids (76.4%, 55/72)
compared to other subclades (p < 0.01; Fig. S3A). This clade also demon-
strated the highest prevalence of plasmid-borne ARGs (Fig. S3B), with an
average of 4.3 ARGs per isolate, notably higher than in other clades
(p<0.01). Additionally, a significant positive correlation was observed
between genetic distance from the CC5 root and the number of plasmid-
borne ARGs (Pearson’s R = 0.546, p < 0.001) in the CC5 core-genome tree
(Figs. 4 and S4).
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Fig. 2 | Plasmid architecture profiles across 1395 S. aureus strains. A Size dis-
tribution of plasmids; B Frequencies of different plasmid replicon types; C Replicon
type and size correlation; D Distribution of plasmid mobility types, the inset pie
chart shows the distribution of three conjugative plasmid families; E Comparison of

the number of ARGs per chromosome vs. plasmid; F ARG density per 10 kb genomic
length carried by chromosome and plasmids; G Temporal trend of average ARGs per
chromosome and plasmid over time.

The pSK41 conjugative plasmids are enriched in the subclade
CC5.6 of CC5 lineage
We further investigated the types of conjugative plasmids present in CC5
strains and found that the pSK41 family was predominant, primarily dis-
tributed among CC5.6 isolates. All strains within this lineage were recovered
from Homo sapiens hosts in the USA, with isolation dates ranging from 2015
to 2017. Phylogenetic analysis revealed that the pSK41 plasmid was absent
in ancestral CC5 strains and was acquired multiple times throughout the
evolutionary process, although it did not spread widely. The major acqui-
sition event occurred around 2012 in the USA, followed by the expansion of
a clade harboring the pSK41 plasmid (Fig. 5A).

The characterization of pSK41-family plasmids within the clade
revealed conserved structural features (Fig. 5B). These plasmids varied in
size from 41,662 to 52,910 bp and contained two clinically significant ARGs:

aadD and mupA. They exhibited more than 99.70% nucleotide identity and
over 83% coverage when compared to the reference plasmid pSK41
(NC_005024.1). In comparison to pSK41, these plasmids consistently
lacked several key genes, including the replicon rep1, the transfer gene traO,
the bleomycin resistance gene bleO, and the relaxase gene mobV.

Discussion

S. aureus is a significant zoonotic pathogen with the potential for cross-
transmission among animals, food, and humans". Although plasmids are
recognized for their crucial role in the dissemination of ARGs in Gram-
negative bacteria, their distribution, characteristics, and contribution to
ARG transfer and bacterial adaptability, especially in S. aureus, remain
relatively underexplored. In this study, we conducted a large-scale, global
analysis of 1395 publicly available complete S. aureus genomes spanning 90
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Fig. 3 | Distribution of plasmids, replicon types, A
mobility profiles, and plasmid-borne ARGs across
S. aureus clone complexes (CCs). A Bar plot
showing the proportion of isolates carrying 0-7
plasmids across various clonal complexes. The
average number of plasmids per isolate is indicated
above each bar; B Sankey diagram depicting asso-
ciations between clonal complexes and plasmid
replicon types; C Sankey diagram linking plasmid
mobility types (conjugative, mobilizable, non-
mobilizable) with clonal complexes; D Sankey dia-
gram connecting plasmid-borne ARGs with clonal
complexes.
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years. To the best of our knowledge, this is the first comprehensive char-
acterization of the S. aureus plasmidome and the evolutionary dynamics of
plasmid-borne resistome, with important implications for understanding
the spread of AMR.

To minimize the impact of incomplete assemblies, only closed gen-
omes were included in this study. However, as with all analysis based on

publicly available data, our results are subject to certain biases. Owing to the
growing accessibility of long-read sequencing technologies, the majority of
available S. aureus genomes have been generated since 2000, leading to an
underrepresentation of earlier isolates. As S. aureus is primarily human-
associated, the dataset is dominated by human-derived strains, with only
165 isolates obtained from animals and none clearly documented as food-
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Fig. 4 | Plasmid diversity and distribution of plasmid-borne ARGs in CC5
Lineage. Circular phylogenetic tree of S. aureus CC5 lineage isolates annotated with
plasmid features and ARGs. The inner tree branches are colored according to sub-
clades (CC5.1-CC5.6). Four outer rings display: (1) Plasmid replicon types,
including RepA, Rep1, Rep2, Rep3, RepL, and Rep_trans. (2) Plasmid mobility,

categorized as non-mobilizable (blue), mobilizable (purple), or conjugative (green).
(3) Number of plasmid-borne ARGs, ranging from 0 (white) to 16-20 (dark green).
(4) Specific plasmid-borne ARGs, colored and listed by name (e.g., blaZ, mecA,
aac(6’)-aph(2”), tetK, ermB, vanA, etc.).
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Fig. 5 | Evolutionary dynamics and genomic characterization of the pSK41-
carrying clade within CC5 lineages. A Time-scaled phylogenetic tree of bacterial
isolates showing the presence (teal) or absence (black) of pSK41-family plasmids in
subclade CC5.6. Each terminal node represents a single isolate, with color indicating
whether a pSK41-family plasmid was identified; B Circular comparison of plasmid
sequences against the reference plasmid pSK41. The innermost ring shows the
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coding sequences (CDSs) of reference pSK41 (NC_005024.1). GC skew is displayed
in green (positive) and purple (negative) in the second rings. The outer rings
represent alignments of other plasmids (labeled by GenBank accession numbers)
with pSK41, with colored regions indicating conserved sequences. Blue gene labels
(e.g., repl, traO, bleO, aadD, mobV) denote the difference between the plasmids in
clade CC5.6 and the reference.

related (Fig. 1A). Geographic unevenness also exists, largely reflecting
socioeconomic differences and research priorities across regions. Moreover,
we observed an overrepresentation of CC5 and CC8 isolates (Fig. 1B), which
can be attributed to their clinical relevance: CC5 is the predominant
hospital-associated MRSA (HA-MRSA) lineage'?, while CCS8 is the primary
community-acquired MRSA (CA-MRSA) clone™. These sampling biases,
particularly in clonal complex composition, host source, and post-2000
temporal coverage, should be considered when interpreting our results.
Consequently, our conclusions reflect patterns observed in the currently
available public genomic data.

Among all the involved strains with complete genomes, our findings
reveal that 66.8% of the strains harbor plasmids, with the vast majority
(92.5%) carrying one to two plasmids (Fig. 1C). These results differ from
previous reports, such as those from Malaysia and the Czech Republic,
which documented plasmid carriage rates of 90% and 89%, respectively”"*”.
The discrepancies may arise from the broader geographic and temporal
scope of our dataset (1933-2023), which likely introduced greater diversity
and variability in plasmid dynamics. Regional variation in antimicrobial
usage, host adaptation, and ecological niches may also contribute to dif-
ferences in plasmid prevalence and maintenance across S. aureus
populations™. Additionally, the observed increase in plasmid-carrying
strains after 2012, as well as the regional differences, may reflect not only
genuine biological phenomena but also the effects of advances in sequencing
technology and uneven sampling. Therefore, the results presented here
should be interpreted within the context of the available dataset.

Regarding the plasmid number per strain, compared to Enter-
obacteriaceae, which often carry multiple plasmids per strain (averaging
2-4, and sometimes more than 5 in MDR isolates™), S. aureus exhibits a
more restricted plasmid carriage profile. This contrast likely reflects fun-
damental differences in plasmid ecology: the extensive plasmid repertoire in

Enterobacteriaceae may result from higher rates of horizontal gene transfer
and broader environmental adaptability, whereas the limited plasmid load
in S. aureus may represent an evolutionary trade-off between adaptive
benefits and the metabolic costs of plasmid maintenance”. In addition,
compared with Enterobacteriaceae, S. aureus relies more on bacteriophage-
mediated transduction for horizontal gene transfer’, which may partly
explain its lower plasmid carriage.

Regarding plasmid size and architecture, large-scale genomic analysis
has shown that Enterobacteriaceae strains, such as E. coli and K. pneumo-
niae, typically harbor large plasmids (40-150 kb), often associated with
AMR and conjugative transfer functions™. In contrast, our study high-
lighted a distinct plasmid size distribution in S. aureus, with the majority of
plasmids falling within the 20-30 kb (42.4%) and <10 kb (27.1%) ranges,
while plasmids larger than 60 kb were notably rare (Fig. 2A). This observed
size profile aligns with previous findings in S. aureus’”, where small to
medium-sized plasmids predominate. This distribution likely reflects
intrinsic differences in plasmid architecture and replication strategies
between S. aureus and Enterobacteriaceae species. The predominance of
small to medium-sized plasmids in S. aureus may represent an adaptive
balance between maintaining beneficial ARGs and minimizing the fitness
cost of plasmid carriage”. Plasmid size correlated with ARGs load in S.
aureus, as smaller plasmids mainly carried single genes like ermC and fetK,
whereas larger ones often contained multiple ARGs such as blaZ, mphC, and
msrA (Figs. S5 and S6).

Regarding the plasmid replicon type, plasmids in S. aureus are com-
monly classified based on the staphylococcal rep gene family system”. In our
dataset, 69% of plasmids carried a single replicon type, while 16% were
multi-replicon, exhibiting lower diversity in replication types compared
with plasmids of other bacterial groups. Notably, a strong correlation was
observed between replicon type and plasmid size. The RepA_N replicon was
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the most prevalent, predominantly associated with mid-sized plasmids
(20-30 kb), whereas Rep1 was enriched in small plasmids (<5 kb) (Fig. 2C).
This size-dependent distribution aligns with established replication strate-
gies in Staphylococcus species: plasmids smaller than 10 kb typically utilize
rolling-circle replication (RCR), which favors compact genomes, whereas
larger plasmids predominantly adopt theta-mode replication, enabling the
stable maintenance of extensive genetic content’. Similar patterns are
observed in other Gram-positive bacteria. For example, RepA_N dominates
mid-sized resistance plasmids in Enterococcus spp.”, while Rep1-like sys-
tems are common in small cryptic plasmids of Bacillus spp.”. Although
previous studies suggested lineage-specific distribution of replicon types in
S. aureus”, we found no significant overall correlation. One notable
exception was RepA_N, which was highly enriched in CC5 and CC8 strains
(89%). The absence of broader associations may reflect sampling bias or
limited representation of certain clonal complexes in public genomic
databases.

For many years, the role of plasmids in AMR dynamics in S. aureus
remained underappreciated and poorly understood. Although several
important studies”*”" have demonstrated that plasmids play a key role in
carrying ARGs in S. aureus, these investigations were largely confined to
specific geographic regions. In contrast, our study conducted a compre-
hensive analysis of plasmid-associated ARGs in 1395 S. aureus genomes
collected globally over a 90-year period, encompassing broad geographic
and temporal diversity. We identified 35 distinct plasmid-borne ARGs
conferring resistance to most major antimicrobial classes, including those
classified as critically important antimicrobials (CIAs) for both human and
veterinary medicine’”. Yuan et al.** reported a temporal increase in S.
aureus resistance based on large-scale genomic analysis. Our findings build
on this by revealing that this expansion is largely plasmid-driven. Specifi-
cally, our longitudinal analysis (1933-2023) showed a significantly faster
accumulation of plasmid-borne ARGs compared to chromosomal ARGs,
underscoring the central role of plasmids in the long-term evolution of
resistance in S. aureus (Fig. 2G). Although this trend may be influenced by
sampling bias, particularly the overrepresentation of CC5 and CC8 isolates
in our dataset and the limitation for pre-2000 isolates. Nevertheless, several
recent studies’ have also demonstrated a similar global increase in the
abundance and diversity of ARGs carried by plasmids over time, supporting
the biological plausibility of the observed pattern in our dataset.

Moreover, the faster accumulation of plasmid-borne ARGs is likely
driven by the high mobility and transfer efficiency of plasmids. Unlike
chromosomal ARGs, plasmid-mediated resistance genes can rapidly dis-
seminate across bacterial populations via horizontal gene transfer
mechanisms, such as conjugation. Our data showed that over 85.5% of
plasmids were predicted to be mobilizable, either by encoding their own
conjugative machinery or by relying on co-resident conjugative plasmids for
mobilization. These mobile genetic elements serve as effective vectors for the
acquisition and propagation of ARGs under selective pressure, thus playing
a central role in the emergence and persistence of resistance over time””.
Further research is necessary to elucidate the molecular mechanisms
underlying plasmid transfer, stability, and host range in different environ-
mental settings to better control plasmid-mediated resistance.

In this study, we highlight a typical clonal complex CC5 harboring the
highest mean plasmid burden (Fig. 3A), suggesting this clonal complex may
possess unique capabilities in acquiring, maintaining, and disseminating
plasmids'. A significant positive correlation was observed between genetic
distance from the CC5 root and the number of plasmid-borne ARGs (Figs.
4 and S3, Pearson’s r = 0.5546, p < 0.001), indicating a stepwise enrichment
of resistance determinants during strain evolution that may enhance the
fitness of CC5 strains in antimicrobial-rich environments, such as hospital
settings™. Notably, clade CC5.6 stands out due to its significantly higher
prevalence of conjugative pSK41 family plasmids. Our data indicate that a
major acquisition event of pSK41-like plasmids occurred around 2012 in the
United States (Figs. 4 and 5A), coinciding with the emergence of MDR
healthcare-associated MRSA and the implementation of the CDC’s Core
Elements of Hospital Antibiotic Stewardship Programs™*. Given that

pSK41 conjugative plasmids can not only self-transfer but also mobilize
non-conjugative plasmids carrying additional resistance genes, the expan-
sion of CC5.6 strains harboring these plasmids likely accelerated the
cooperative dissemination of resistance within this lineage”"'. Supporting
this, CC5.6 showed a significant increase in both the quantity and diversity
of plasmid-borne ARGs (Fig. S3), which may promote its ecological per-
sistence and potential dominance in both clinical and environmental
settings.

Within the One Health framework, food is a crucial interface linking
animals, humans, and the environment, facilitating the transmission of S.
aureus and AMR”. Food-producing animals can disseminate S. aureus or
ARGs to humans through the food chain®, while humans may contaminate
food-processing and retail environments, promoting human-food-human
or reverse zoonotic transmission*. Although CC5 is primarily recognized as
a hospital-associated MRSA lineage, it has increasingly been detected in
livestock and food-associated environments, particularly in poultry* and
farm-settings'. In our dataset, 384 CC5 isolates were identified, including
376 from human sources and 4 from food animals. The limited number of
food-animal isolates may reflect the historical focus of CC5 research on
clinical infections, suggesting that its role in food and animal reservoirs
requires further investigation. Importantly, CC5 strains in this study
exhibited a high plasmid carriage rate with enrichment of ARGs. Notably,
the CC5.6 subclade harboring conjugative plasmids could enhance hor-
izontal ARG transfer and accelerate the dissemination of resistance within
the food-animal-human continuum. Collectively, these findings under-
score the potential of CC5, particularly CC5.6, to contribute to resistance
transmission and persistence across sectors, posing emerging challenges to
food safety and public health®.

In conclusion, this study provides a comprehensive global analysis of
1395 S. aureus genomes spanning 90 years, revealing the pivotal role of
plasmids in shaping the AMR landscape of this zoonotic pathogen. Plasmids
were identified in 66.8% of strains, with most (92.5%) carrying one to two
plasmids, primarily of small to medium size (20-30 kb: 42.4%; <10 kb:
27.1%), while large plasmids (>60 kb) were rare. A strong association was
observed between replicon type and plasmid size, with RepA_N pre-
dominant in mid-sized plasmids (20-30 kb) and Repl enriched in small
plasmids (<5 kb). Thirty-five distinct plasmid-borne ARGs were identified.
Longitudinal analysis revealed that plasmid-borne ARGs accumulated
significantly faster than chromosomal ARGs, underscoring their central role
in the long-term evolution of resistance, likely driven by the high mobility of
plasmids, with 85.5% predicted to be mobilizable. Clonal complex analysis
showed that CC5 strains harbored the highest mean plasmid burden, with
subclade CC5.6 standing out for its high prevalence of conjugative pSK41-
family plasmids and elevated diversity and abundance of plasmid-borne
ARGs. A major pSK41 acquisition event occurred around 2012 in the U.S,,
followed by the expansion of a resistant clade, raising concerns about the
potential for these conjugative plasmids to accelerate ARG dissemination.
These findings underscore the central role of plasmids in the spread of AMR
in S. aureus, stressing the need for targeted surveillance of plasmid-mediated
resistance in high-risk strains in both food production/processing envir-
onments and clinical settings, and the development of strategies to hinder
plasmid transfer or persistence to combat the global threat of AMR.

Methods

Dataset assembly of complete S. aureus genomes

We retrieved complete genome data for 1395 S. aureus strains (1230
human-derived and 165 animal-derived), spanning 1933 to 2023, from the
GenBank database. Associated metadata, including collection dates, geo-
graphic locations, and host information, were also compiled (Supplemen-
tary Data 1).

Genome quality control was performed using CheckM v1.2.1 with
default parameters. Only assemblies with completeness 295% and con-
tamination <5% were retained. Geospatial visualization was performed in R
4.5.1* by mapping strain coordinates derived from isolation metadata. Gene
annotation was performed using Prokka v1.14.6* with default parameters.
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Multilocus sequence typing (MLST) profiles and clonal complex (CC)
assignments were predicted through the PubMLST database™ using a
BLASTn-based approach’.

Plasmid sequence identification, replicon typing, and mobility
prediction
SeqKit™ was used to extract plasmid sequences from complete S. aureus
genomes and calculate their sizes in base pairs (bp). Replicon typing was
performed using a locally installed version of PlasmidFinder v1.3, with the
accompanying database downloaded from the Center for Genomic Epi-
demiology (CGE). Replicon typing was performed using BLAST+ v2.6.0°",
with thresholds of >80% sequence identity and >60% query coverage.
Relaxase genes were identified by querying plasmid sequences against
the MOBfamDB database using HMMER3 v3.3.2, with a domain coverage
cutoff of >60% and an E-value threshold of <0.01**, OriT-mimic sequences
were retrieved from known conjugative staphylococcal plasmids
(pWBG749 and pSK41) using a local BLASTn search®. Conjugative genes
were identified by comparing plasmid sequences with known conjugative
staphylococcal plasmids (pWBG749: smpA-smpW; pSK4l: traA-traM;
pWBGH: detA-detV) using local BLASTN alignment’'. Plasmids containing
these conjugative transfer gene clusters were classified as conjugative plas-
mids. Plasmids harboring either a conjugative plasmid oriT mimic or a
relaxase were categorized as mobilizable. Those lacking both characteristics
were designated as non-mobilizable.

Identification of ARGs
The ARGs located on chromosomes and plasmids were predicated sepa-
rately using ResFinder™, with the thresholds set at >80% sequence identity
and >60% query coverage.

Phylogenetic analysis of CC5 strains

A phylogenetic tree of 384 CC5 strains was constructed using KSNP4
based on core genome single nucleotide polymorphisms (cgSNPs) and was
rooted with a S. aureus CC1 genome (CGA_024741775) as the outgroup.
The maximum-likelihood tree was generated from 25,567 high-quality
cgSNPs. Branch support was evaluated using 1000 bootstrap replicates,
bootstrap values >80% are shown at nodes. The Interactive Tree of Life
(ITOL)” was utilized to visualize and annotate the phylogenetic tree.

To estimate the evolutionary timescale of clade CC5.6 within the CC5
lineage, Bayesian evolutionary analysis was performed using BEAST
v1.8.2%. Jmodeltest™ was employed to determine the best-fitting substitu-
tion model. Three molecular clock models-strict, relaxed lognormal, and
relaxed exponential-were evaluated. Each model combination involved
chains of 20 million generations, sampled every 2000 generations. The
analysis indicated that the relaxed lognormal clock paired with the
GTR + G + I substitution model was the best-supported molecular clock
model. The maximum clade credibility tree was then constructed using
TreeAnnotator v2.6.7*° and visualized with Figtree v1.4.4%.
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Data availability
All data analyzed in this study were obtained from NCBI and are included in
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