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Abstract

Background: Methicillin-resistant Staphylococcus aureus (MRSA) is a major nosocomial pathogen subdivided into
lineages termed sequence types (STs). Since the 1950s, successive waves of STs have appeared and replaced
previously dominant lineages. One such event has been occurring in China since 2013, with community-associated
(CA-MRSA) strains including ST59 largely replacing the previously dominant healthcare-associated (HA-MRSA) ST239.
We previously showed that ST59 isolates tend to have a competitive advantage in growth experiments against
ST239. However, the underlying genomic and phenotypic drivers of this replacement event are unclear.

Methods: Here, we investigated the replacement of ST239 using whole-genome sequencing data from 204 ST239
and ST59 isolates collected in Chinese hospitals between 1994 and 2016. We reconstructed the evolutionary history
of each ST and considered two non-mutually exclusive hypotheses for ST59 replacing ST239: antimicrobial
resistance (AMR) profile and/or ability to colonise and persist in the environment through biofilm formation. We
also investigated the differences in cytolytic activity, linked to higher virulence, between STs. We performed an
association study using the presence and absence of accessory virulence genes.

Results: ST59 isolates carried fewer AMR genes than ST239 and showed no evidence of evolving towards higher
AMR. Biofilm production was marginally higher in ST59 overall, though this effect was not consistent across sub-
lineages so is unlikely to be a sole driver of replacement. Consistent with previous observations of higher virulence
in CA-MRSA STs, we observed that ST59 isolates exhibit significantly higher cytolytic activity than ST239 isolates,
despite carrying on average fewer putative virulence genes. Our association study identified the chemotaxis
inhibitory protein (chp) as a strong candidate for involvement in the increased virulence potential of ST59. We
experimentally validated the role of chp in increasing the virulence potential of ST59 by creating Δchp knockout
mutants, confirming that ST59 can carry chp without a measurable impact on fitness.
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Conclusions: Our results suggest that the ongoing replacement of ST239 by ST59 in China is not associated to
higher AMR carriage or biofilm production. However, the increase in ST59 prevalence is concerning since it is linked
to a higher potential for virulence, aided by the carriage of the chp gene.

Keywords: Methicillin-resistant Staphylococcus aureus (MRSA), Molecular evolution, Lineage replacement, Phylogeny,
Phylogeography, Virulence

Background
Methicillin-resistant Staphylococcus aureus (MRSA) is
ranked amongst the most serious multidrug-resistant
threats [1] and are a major cause of nosocomial infec-
tions, ranging from superficial wound infections and
food poisoning to pneumonia, infective endocarditis,
bacteraemia and other systemic infections [2]. Methicil-
lin resistance is conferred by the mecA gene, which is
carried on a mobile genetic element (MGE) known as
the SCCmec chromosomal cassette [3]. A divergent
homologue of mecA first observed in 2011, mecC, can
also confer methicillin resistance within a different
SSCmec [4]. One prominent feature of MRSA is the
strong population structure driven by the presence of
multiple, essentially clonal, lineages of highly related
strains. This population structure is typically described
using sequence types (STs), defined as strains sharing
the same sequence at a set of housekeeping genes used
in multilocus sequence type (MLST) classification
schemes [5].
Distinct MRSA lineages (STs) are found at markedly

different prevalence globally. For example, ST239 is
common in China [6–9], Singapore [10], Thailand [11]
and other Asian countries [12–14], but rare in Europe
and the Americas [15–17]. ST225 reaches a prevalence
of between 60 and 80% of S. aureus in Central Europe
but is virtually absent from the USA [18]. ST8 (USA300)
is prevalent in the USA but is rarely observed in the rest
of the world [16, 19]. ST22 is the most common lineage
in the UK [15, 16, 20, 21] and has been identified at dif-
fering prevalence in parts of Asia [22–24].
Although some MRSA lineages remain at high preva-

lence in certain global regions for decades, the geo-
graphic distribution of many lineages is dynamic. Since
the use of penicillin in the mid-1940s, multiple waves of
new MRSA lineages have emerged and replaced previ-
ously established ones [25–28]. More recently,
community-associated MRSA (CA-MRSA) have been re-
placing hospital-associated MRSA (HA-MRSA) as the
dominant epidemic strains, with USA300 providing a
prominent example [19, 29]. The mechanisms driving
these phase transitions are poorly understood and re-
main best characterized for lineages frequently associ-
ated to nosocomial infections rather than commensal
carriage in the wider population. Typical hospital-
associated lineages include the ST239 and ST5 lineages,

which carry the type II and III SCCmec elements, often
lack the Panton–Valentine leukocidin (PVL) toxin genes,
have relatively low virulence and usually infect people
with poor immunity and/or during long-term
hospitalization [30]. Conversely, community-associated
lineages such as ST8, ST30 and ST59 carry the type IV
and V SCCmec elements, often harbour the PVL toxin,
and commonly infect young, otherwise healthy adults
[19, 31–34].
Globally, ST239 isolates show signatures of convergent

adaptation to hospital settings, including increased resistance
to antimicrobials, increased ability to persist in healthcare en-
vironments and attenuated virulence [35, 36]. ST239 has his-
torically been the dominant lineage in hospital infections in
mainland China, where MRSA remains a particularly acute
problem despite being in decline. Our multi-centre MRSA
molecular surveillance schemes, together with work from
Xiao et al. 2013 which considered different administrative re-
gions, previously found that hospital-associated ST239 was
the dominant MRSA lineage in China between 2005 and
2011, accounting for 50–80.8% of MRSA [6–8, 37], but has
subsequently been declining in frequency (4.3%), with a gen-
eral replacement of HA-MRSA STs by CA-MRSA STs [38].
CA-MRSA lineages, including ST59, have been
increasing in prevalence since 2013 [24, 38–40], with
recent work suggesting that between 2015 and 2017,
ST59 has become the predominant MRSA clone
(33%, 154/471) with ST59 accounting for more than
half of CA-MRSA isolates [41]. The replacement of
ST239 has been observed in other countries [42–44].
For example, Hsu et al. analysed the replacement of
ST239 in Singapore by another HA-MRSA (ST22),
likely after a single introduction in 2001, using
phylogenetic reconstruction and comparative genom-
ics [10]. However, the replacement of ST239 by CA-
MRSA STs in China may have different drivers. In
contrast to the situation in Singapore, the multiple
STs involved in replacement events in China suggest
the potential for more complex competitive
interactions.
To understand the drivers of the ongoing replacement

of MRSA clonal lineages in China, we have focused on
the contrast between ST59 and ST239. We have previ-
ously shown that ST59-t437 has a fitness advantage over
ST239-t030 in vitro [38], potentially contributing to this
replacement. However, the same may not be true for
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other ST59 sub-lineages, for example, previously desig-
nated as the ‘Taiwan’ and ‘Asian-Pacific’ clones. Here,
we investigate the comparative genomics of ST59 and
ST239 in detail to better understand this replacement
event and its potential consequences. We selected 132
ST239 and 72 ST59 S. aureus isolates from our surveil-
lance network across 14 provinces for whole-genome se-
quencing (WGS). We reconstructed the evolutionary
histories of these isolates through phylogenetic and
accessory genome analyses. We additionally phenotyped
all strains for their ability to produce biofilms and for
their cytolytic activity, an indicator of virulence potential
in a host. An association study using the presence and
absence of virulence genes identified the chemotaxis in-
hibitory protein (chp) gene, a known contributor to hu-
man immune evasion in S. aureus [45], as amongst the
strongest candidates for higher cytolytic activity in ST59.
We experimentally validated the role of chp as a viru-
lence factor in ST59 by creating Δchp knockout mu-
tants. Our results suggest that the ongoing MRSA
lineage replacement in mainland China is linked to the
higher virulence of ST59 strains relative to ST239, likely
mediated through the carriage of the immune evasive
chp gene, which is potentially of concern for future
infections.

Methods
Bacterial isolates
We investigated the pathogen spectrum of bloodstream
infections (BSI), hospital-acquired pneumonia (HAP)
and intra-abdominal infections (IAI), prioritizing for this
study ST59 and ST239 strains. We collected a total of
132 ST239 and 72 ST59 Chinese S. aureus isolates from
14 Chinese provinces between 1994 and 2016, sampled
to cover a wide temporal and geographic range (Add-
itional file 1: Table S1). The oldest 48 isolates were col-
lected from a hospital in Beijing, because this was the
only hospital participating in the surveillance effort that
had stored bacterial strains prior to 2000. The remaining
156 isolates were collected from 30 hospitals across 14
provinces in China from 2002 to 2016.
All of the 132 ST239 isolates belonged to MRSA and

carried mecA located on a type III SCCmec. Amongst
the 72 ST59 isolates, 14 (19.4%) were characterised as
MSSA, and 58 (80.6%) were characterised as MRSA. Of
the 58 ST59-MRSA isolates, eight (11.1%) carried the
type V SCCmec, and the remaining 50 (88.9%) isolates
carried the type IV SCCmec (Fig. 1).
In order to investigate the global geographic affinity of

Chinese ST239 and ST59, we identified relevant ge-
nomes made available in published works as well as
those released as Pathogenwatch projects associated to
each ST type. In total, we included 153 global ST239
genome assemblies (downloaded from Pathogenwatch,

https://pathogen.watch and published in previous studies
[13, 44]) and 114 ST59 genomes. Of the 114 ST59 ge-
nomes, 13 were available via Pathogenwatch projects,
and the remaining 101 genomes were downloaded from
a previous study by Ward et al. [46].

Whole-genome sequencing and multilocus sequence type
assignment
Our 204 new S. aureus isolates were sequenced using
150-bp paired-end protocols on an Illumina NextSeq
500. All genomes were assembled de novo using SPAdes
v3.10.0 [47]. The resultant contigs were inspected and
then annotated using Prokka v1.12 [48]. MLST were
assigned using PubMLST (https://pubmlst.org/saureus/).

Preliminary phylogenetic analyses
The core genome was extracted from the annotated as-
semblies using Panaroo v1.1.2 [49]. Alignments were
screened for recombination using ClonalFrameML [50],
and the putative recombinant regions were removed be-
fore further phylogenetic analyses. Maximum likelihood
phylogenetic trees were constructed in RAxML v8.2.10
using a GTR model and 1000 bootstrap replicates to as-
sess the confidence at each node of the final tree [51]
(Additional file 2: Fig. S1). The chromosomes of S. aur-
eus isolates N315 (ST5) (GenBank accession no. NC_
002745) and MW2 (ST1) (NC_003923) were used as
outgroups to root the respective phylogenies as these
represent the most closely related outgroups to Chinese
and global ST239 and ST59. We tested for a temporal
signal in the data (i.e. measurable evolution over the
course of the sampling timespan) with a correlation be-
tween root-to-tip distances and the year of sampling in
TempEst [52] and assessed significance following 10,000
date randomisations using the roototip() function imple-
mented in BactDating [53] (Additional file 2: Fig. S2).
In parallel, we employed the same phylogenetic ap-

proach to construct a recombination pruned phylogen-
etic tree over the larger global datasets of ST239 and
ST59 (Additional file 2: Fig. S3).

Phylogeographic analyses
We used BEAST v2.4.7 [54] to estimate a timed phyl-
ogeny from the recombination-free core genome align-
ments of ST239 (3090 SNPs, 132 isolates) and ST59
(3423 SNPs, 72 isolates), including both tip dates and
geographic information for each isolate. For both SNP
alignments, the TN93 substitution model was selected
based on the evaluation of all possible substitution
models in bModelTest [55], and the number of invariant
A, T, C and Gs sets to calibrate the clock rate estima-
tion. All combinations of molecular clock models (strict,
relaxed lognormal, relaxed exponential) and two popula-
tion model priors (coalescent skyline, coalescent
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Fig. 1 Maximum clade credibility (MCC) timed tree of Chinese ST239 (A) and ST59 (B) isolates. BEAST-inferred temporal phylogeny of Chinese S.
aureus isolates. Tips are coloured according to the province of sampling. The highlighted boxes denote within ST sub-lineage structure for ST239
(ST239-A, ST239-B, ST239-C) and ST59 (ST59-A, ST59-B, ST59-C). The panel on the right provides the number (colour) of AMR and virulence (VIR)
genes carried per isolate, together with the inferred cassette type for MRSA isolates
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exponential) were evaluated. For each combination,
three independent chains were run for 200,000,000 itera-
tions sampling every 20,000 steps. Convergence of the
Markov chain Monte Carlo (MCMC) chain was
inspected in Tracer v1.6.0 and through evaluation of the
effective sample sizes (ESS) and parameter value traces.
Only runs with ESS > 200 were considered. The
best-supported model following path sampling [56]
was a skyline population model with a strict clock
(Additional file 2: Table S2). The maximum clade
credibility (MCC) tree under each model was gener-
ated in TreeAnnotator and plotted in ggtree [57].

Accessory genome analyses of ST239 and ST59
The accessory genome was extracted using Panaroo
v1.1.2 [49] (Additional file 2: Figs. S4-S5), and SCCmec
types were determined as previously described [58].
Firstly, the specific SCCmec typing primer sequences were
detected using BLAST, and then different combinations of
cassette chromosome recombinases (ccr) gene complexes
and the mec gene complex were analysed according to the
definitions of the International Working Group on the
Staphylococcal Cassette Chromosome Elements (IWG-
SCC; www.sccmec.org). Prophage sequences within our
assemblies were identified and characterized using the
PHAge Search Tool web-server PHAST [59]. Contigs
were defined as putative plasmids based on the presence
of the rep gene or a previously identified plasmid sequence
[60], and insertion sequences (IS) were identified and an-
notated using ISFinder [61]. Other MGEs, including mo-
bile pathogenicity islands (SaPIs), genomic islands, mobile
element structures (MES) and transposons, were deter-
mined using local ‘blastn’ searches, requiring a minimum
query coverage value of 80% and a similarity threshold
value of 95% (Additional file 2: Fig. S6, Additional file 2:
Table S3). AMR and virulence genes were identified using
ResFinder [62], VirulenceFinder [63] and the Virulence
Factors DataBase [64] (VFDB), with a minimum query
coverage value of 80% and a similarity threshold value of
90% (Fig. 1, Additional file 2: Figs. S7-S8). Resistance gene
carriage and temporal patterns in the number of AMR
genes carried was assessed using the Wilcoxon signed-
rank test and linear regression (Additional file 2: Figs. S9-
S12). The presence and phylogenetic association of the
surface protein sasX in ST239 were also assessed
(Additional file 2: Fig. S13).

Methicillin resistance acquisition analyses
We employed nucleotide blast to identify the location of
the SCCmec attachment site as defined in Noto et al.
[65] in our ST59 Chinese S. aureus isolates
(Additional file 2: Fig. S14). We extracted a maximal
alignable region 500 bp upstream of, and including, the
attachment site and aligned this across isolates using

Clustalo v1.2.2 [66]. Hierarchical clustering was applied to
the differences over this alignment using hclust in R [67].

Biofilm formation test
A total of 204 S. aureus strain was cultured overnight at
37 °C, and 0.5 McFarland bacterial suspension was pre-
pared with sterile saline. Twenty microliters of the pre-
pared bacterial suspension and 180 μl Tryptic Soy Broth
(TSB) were added to each well of a 96-well microplate.
Three parallel wells were prepared for each strain. TSB
without bacteria suspension were used as a blank con-
trol. The 96-well microplate was placed at 37 °C for 24 h.
The supernatant was gently discarded, and the 96-well
plate was washed slowly twice with distilled water. The
biofilm adhered to the microwells was fixed with 150 μl
methanol for 20 min and then stained with 150 μl of 2%
gentian violet stain for 15 min at room temperature. The
96-well plate was slowly washed twice with distilled
water. Each well was decolorized by adding 150 μl of
95% ethanol for 30 min, and the absorbance at 570 nm
of each well was measured using a spectrophotometer
(Fig. 2, Additional file 1: Table S1).

Lysis of erythrocytes by culture filtrates
A total of 204 S. aureus strains were cultured for 15 h in
TSB. The bacterial culture was centrifuged at 5000 rpm
for 5 min, and 10 μl of the supernatant was added into a
96-well plate containing 90 μl of PBS buffer per well.
Then, 100 μl of human red blood cells (2% v/v in Dul-
becco’s phosphate-buffered saline) was added to the
supernatant and incubated at 37 °C for 1 h with gentle
shaking. The culture was centrifuged at 1500 rpm for 12
min at 4 °C, without disturbing the cells. One hundred
microlitres of the supernatant was transferred to a new
96-well plate, and the absorbance at 540 nm of the
supernatant was measured using a spectrophotometer.
This procedure was repeated twice to assess the con-
cordance (Fig. 2, Additional file 1: Table S1).

Pan-GWAS for ST59 virulence
To identify genes putatively associated with the potential for
virulence in ST59, we fitted generalized linear models
(GLMs) to the presence and absence matrix of virulence-
associated genes (identified by VFDB) against the measure-
ments obtained from the lysis of erythrocyte assay. Detected
associations were reported for all genes passing a significance
threshold of < 0.05 following Bonferroni correction
(Additional file 2: Fig. S15, Additional file 2: Table S4).

chp inactivation
S. aureus chp gene inactivation mutants were obtained
for ST59 isolates spanning each sub-lineage: CY116,
TJ17 and G41, using the pnCasSA-BEC genome editing
system according to methods described previously [68].
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Briefly, annealed chp spacer oligos were first inserted
into the BsaI sites of the pnCasSA-BEC plasmid by
Golden Gate assembly. Then, the chp spacer-introduced
pnCasSA-BEC plasmid was transformed into the wild-
type S. aureus RN4220 strain using electroporation (2.1
kVmm−1, 100Ω, 25 μF, 2-mm cuvette). The colonies
were selected on a TSB agar plate containing 5 mg/L
chloramphenicol at 30 °C. The chp spacer-introduced
pnCasSA-BEC plasmid isolated from the RN4220 strain
was transformed into target S. aureus CY116, TJ17 and
G42 strains by electroporation (2.1 kVmm−1, 100Ω,
25 μF, 2-mm cuvette). The colonies were also selected
on a TSB agar plate containing 5 mg/L chloramphenicol
at 30 °C. The successful chp inactivation strain was con-
firmed by PCR and sequencing. After confirmation, the
chp spacer-introduced pnCasSA-BEC plasmid was cured
by culturing the cells at 42 °C for 12 h without adding
chloramphenicol.

Growth assay
S. aureus wild-type and chp inactivated strains were cul-
tured in TSB to achieve an OD600 of 0.6. The culture
was diluted to OD600 = 0.01 and then cultured at 37 °C

with agitation at 200 rpm for 24 h. The OD600 was mea-
sured every 30 min to obtain a growth curve. Growth
curves were compared using a permutation test imple-
mented by the compareGrowthCurves() function within
statmod v1.434 (https://CRAN.R-project.org/package=
statmod), specifying 50,000 permutations (Fig. 2, Add-
itional file 2: Fig. S16).

In vitro competition test
In vitro competition tests were performed as described
previously [38]. Three pairs of ST59 wild strains (CY116,
G42, TJ17) and chp knockout mutants (CY116-Δchp,
G42-Δchp, TJ17-Δchp), together with two randomly se-
lected ST239 strains (W3200, 09B38), were diluted to
0.5 × 107 colony-forming units (CFU)/ml. Paired, diluted
ST59 and ST239 suspensions were mixed 1:1 in equal
volumes. Then, 10 μl of the mixture was added to 20ml
of LB broth and cultured at 37 °C with shaking at 200
rpm. The 10-μl subcultures were transferred to fresh LB
broth every 24 h. At the same time, 10-μl subcultures
were inoculated on drug-free and 1 μg/ml rifampicin
MH agar plates. The colonies of ST59 (susceptible to ri-
fampicin) and ST239 (resistant to rifampicin) were

Fig. 2 Phenotypic assays. A The overall virulence (OD540, y-axis) of 132 ST239 and 72 ST59 strains evaluated by lysis of erythrocytes by culture
filtrates. Values for isolates of sub-lineage A, B and C are shown in red, orange and green respectively. B Biofilm formation ability (OD570; y-axis) of
all 132 ST239 and 72 ST59 strains with sub-lineages coloured as in Fig. 1. C Cytolytic activity measured by lysis of erythrocytes by culture filtrates
for wild-type (WT; blue) and Δchp (chp knockout mutants; red) ST59 strains. Values provide the mean over three replicates per sample. D Growth
curves for WT (blue) and Δchp (red) ST59 strains. p-values are provided following the Wilcoxon signed-rank test (A–C) and following the
permutation test (D), see the ‘Methods’ section
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counted after incubation overnight. After 96 h, the adap-
tive difference (S), relative adaptive fitness (F) and fitness
cost (C) were calculated according to the following for-
mulas (Additional file 2: Table S5).

S ¼ ln
st
rt
st−1
rt−1

 ! 1
17

2
4

3
5

Note: st is the number of sensitive colonies, and rt is
the number of resistant colonies.

F ¼ 1þ S

C ¼ 1−Fð Þ � 100%

Results
ST239 and ST59 have acquired extensive diversity since
their emergence
Our sequenced S. aureus isolates comprise 132 ST239
and 72 ST59 collected between 1994 and 2016 from hos-
pitals spanning 14 Chinese provinces (Additional file 1:
Table S1). Phylogenetic analysis of the recombination-
free core genome alignments of the ST239 and ST59
isolates identified within-ST diversity over 2313 and
2244 core genes, respectively. ST59 could be resolved
into three phylogenetic sub-lineages which we term
for reference ST59-A, ST59-B and ST59-C (Fig. 1).
Comparing these to more traditional spa typing
points to a rough agreement between sub-lineages
and dominant spa type (ST59-A: t163, ST59-B: t437,
ST59-C: t437; see Additional file 2: Fig. S1). Similarly,
ST239 had three major sub-lineages (dominant spa
types ST239-A: t037, ST239-B: t037, ST239-C: t030;
see Additional file 2: Fig. S1), though with some
within sub-lineage diversity in spa type assignment.
The phylogenetic sub-lineage structure could not be
fully explained by geographic sampling in either ST,
with isolates collected from hospitals located in differ-
ent Chinese provinces interspersed in the phylogeny
(Fig. 1). The exception was the oldest sub-lineage of
ST239 (ST239-A/ST239-t037), which comprised a set
of isolates collected from the same hospital in Beijing
between 1994 and 2000. Across the remaining iso-
lates, the lack of a strong phylogenetic structure
based on the location of the hospital suggests fre-
quent acquisition and transmission events between
sampled provinces.
Using the date of isolate collection to calibrate the re-

spective phylogenies, we obtained a strong correlation
between the time of sampling and the root to tip dis-
tances which were highly significant following 10,000
date randomisations (ST239: R2 = 0.84; ST59: R2 = 0.50;
Additional file 2: Fig. S2). This allowed us to infer
genome-wide substitution rates for the non-recombining

portion of the ST239 and ST59 alignments of 1.8 × 10−6

(1.7 × 10−6–2.0 × 10−6, 95% HPD) and 1.2 × 10−6 (1.0 ×
10−6–1.4 × 10−6) substitutions per nucleotide site per
year, respectively (see the ‘Methods’, Additional file 2:
Table S2). While these estimates indicate a slightly faster
rate in ST239, both fall largely in line with previous evo-
lutionary rates reported for S. aureus which range be-
tween 1.2 × 10−6 and 4.0 × 10−6 substitutions per
nucleotide site per year [13, 18, 21, 28, 35, 44]. Bayesian
inference of a timed phylogeny across isolates [54] sug-
gests that both ST groups have been in joint circulation
from the early to mid-twentieth century, prior to the
clinical introduction of methicillin. The sampled Chinese
ST239 sub-lineages were estimated to last share a com-
mon ancestor in approximately 1950 (ST239: 95% HPD
1943–1956) (Fig. 1A), and the three sampled sub-
lineages of 72 ST59 isolates were estimated to have di-
verged from each other in the mid-1930s (ST59: 1936,
95% HPD 1923–1948; Fig. 1B).
We expanded both datasets to include isolates from

worldwide publicly available collections [13, 44, 46] and
released as projects on Pathogenwatch (Additional file 2:
Fig. S3, see the ‘Methods’ section). Within these global
phylogenies, we again observed considerable substruc-
ture, highlighting that within-ST diversity is not a
unique property of our sampled collection of strains
from China but a more general feature of the ST59 and
ST239 S. aureus lineages. Across the global core genome
phylogenies, we observed that our considered Chinese
isolates recapitulated a proportion of the diversity ob-
served globally (Additional file 2: Fig. S3A,
Additional file 2: Fig. S3B) consistent with multiple in-
troductions from and into China, likely with distinct
phylogeographic origins.

Accessory genome structure
The accessory genome represents an important compo-
nent of the total S. aureus genome, harbouring elements
involved in mediating virulence, immune evasion and re-
sistance, which can be acquired by horizontal gene
transfer. The accessory genome is not necessarily con-
served within a particular ST and includes genes such as
SCCmec, prophages, S. aureus mobile pathogenicity
islands (SaPIs), insertion sequence (IS) elements, trans-
posons and plasmids [69]. Having characterized the core
genome of our Chinese S. aureus isolates, we compared
the accessory genomes of each ST in more depth.
Our ST239 and ST59 isolates had large and variable

accessory genomes of 3206 and 3026 genes, respectively
(Additional file 2: Fig. S4). For ST239, the shared
accessory genome was clustered into three groups, cor-
responding to the sub-lineages identified by the core
genome phylogeny (Additional file 2: Fig. S5A). Vari-
ation in the accessory genome (presence/absence)
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suggests changes took place in the accessory genome of
lineages of ST239 during its more recent evolution
(Additional file 2: Fig. S5A). Though all ST239 isolates
in our dataset carried the SCCmec of type III together
with a Tn5801 like a transposon and an IS256 (Fig. 1A,
Additional file 2: Fig. S6A, Additional file 2: Table S3).
The presence of MGEs in the ST59 Chinese isolates
was less variable across sub-lineages than for ST239
and did not recapitulate the core genome structure
(Additional file 2: Fig. S5B, Additional file 2: Fig. S6B).
The majority (n = 50) of ST59 isolates carried SCCmec
of type IV.1, while a further eight carried SCCmec of
type V and 14 had no SCCmec (Fig. 1B).

Evolutionary dynamics of antimicrobial resistance in
ST239 and ST59
Given that isolates were sampled from hospitals across
China, a possible hypothesis for the different trajectories
observed between STs could be susceptibility to anti-
microbial treatment. For instance, one a priori hypoth-
esis would be that the decline in the prevalence of
ST239 in China [6, 7, 31] may derive from a lesser ability
to survive antimicrobial treatment. The latter for in-
stance has been shown to have contributed to the suc-
cess of different clonal complexes, for instance, the
replacement of CC30 by CC22 following the emergence
of fluoroquinolone resistance [21]. We considered the
presence, absence and total carriage of AMR genes in
both of our ST239 and ST59 cohorts over the 22-year
surveillance period (Fig. 1, Additional file 2: Fig. S7,
Additional file 2: Figs. S9-10). We previously showed
that a subset of ST239 isolates was more phenotypically
resistant than ST59 isolates [38]. This finding was reca-
pitulated from comparative genomics: ST239 isolates in-
stead carried significantly more AMR elements on
average than the ST59 isolates (mean: 10.3 vs. 6.3), a
trend which held when considering only MRSA isolates
(Fig. 1, Additional file 2: Fig. S9).
There was however considerable heterogeneity in the

carriage of genes conferring resistance to macrolides
(erm(A)) and aminoglycosides (ant(6)-Ia and aph(3’)-III)
within ST239 (Additional file 2: Fig. S7A), though based
on current sampling, we detected an overall trend of de-
creasing resistance element carriage over time largely
driven by elevated AMR carriage in ST239-A (adj. R2 =
0.05; p = 0.008) (Fig. 1A, Additional file 2: Fig. S10a).
Conversely, we found no change in the number of AMR
genes carried by ST59 over the sampling period (Add-
itional file 2: Fig. S10a).
All our ST239 isolates were methicillin-resistant. How-

ever, the ST59 dataset included a small subset of
methicillin-susceptible S. aureus (MSSA) isolates (Fig. 1B,
Additional file 2: Fig. S6B, Additional file 2: Fig. S14A).
MSSA and MRSA (cassette types IV.1 and V) isolates

were interspersed across the core genome phylogeny,
consistent with ST59-MRSA evolving through repeat ac-
quisitions of the SCCmec element. Alternatively, some
ST59-MRSA strains may have secondarily lost the
SCCmec element. To formally test this, we extracted and
aligned a maximal region extending 500 bp upstream of
the SCCmec attachment site [65]. The diversity in this
flanking region formed three clear clusters which
matched the cassette type assignments (Additional file 2:
Fig. S14B-C). The most parsimonious scenario for this
clustering requires at least five independent acquisitions
of the SCCmec given our dataset of 58 MRSA ST59. We
also infer one likely instance of secondary gene loss
(Additional file 2: Fig. S14A), due to the lack of SCCmec
in a single isolate clustered within a well-supported
(100% bootstrap support) MRSA phylogenetic clade.

Virulence and biofilm production of ST59 and ST239
strains
In silico prediction of virulence potential is more chal-
lenging than for AMR profiles [70], with counts of puta-
tive virulence factors likely a poor proxy for phenotypic
virulence. The number of known virulence factors de-
tected in ST239 was highly structured by core genome
sub-lineage (Fig. 1A, Additional file 2: Fig. S8). Given
our sampling, ST239 isolates harboured on average sig-
nificantly more putative virulence genes than ST59
(mean 12.8 vs. 10.0; Wilcoxon signed-rank test p <
0.0001; Additional file 2: Fig. S11), and the total number
of virulence genes carried across ST239 significantly in-
creased over sampling time (adj. R2 = 0.62; p < 0.0001),
with ST239-A carrying significantly fewer virulence fac-
tors than each of ST239-B or ST239-C (Additional file 2:
Figs. S11-S12). We observed no such temporal trend in
ST59 (Additional file 2: Fig. S12B). Within ST59, only a
subset of isolates carried the PVL cytotoxin encoded by
lukF-PV and lukS-PV (Additional file 2: Fig. S8B). The S.
aureus surface protein SasX has also been shown to en-
hance nasal colonization and virulence in skin and lung
infection models [71]. All isolates in both lineage ST239-
A and ST239-B carried sasX, while only one strain of
lineage ST239-C (the more recent lineage of ST239) car-
ried sasX (Additional file 2: Fig. S13).
We next assessed the potential for virulence in the

host using lysis of erythrocyte assay and the ability to
form biofilms via a Tryptic Soy Broth (TSB) assay (see
the ‘Methods’ section). Phenotypes were recorded for all
the 132 ST239 and 72 ST59 strains that we sequenced
(Additional file 1: Table S1). Despite carrying on average
fewer virulence-associated genes compared to ST239,
ST59 strains had significantly higher cytolytic activity
in vitro than their ST239 counterparts (Kruskal-Wallis
test, p < 0.0001; Fig. 2A). Conversely, the ability to
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produce biofilms was only slightly increased in ST59
(Fig. 2B).

Identification and functional validation of chp as a driver
of virulence
To identify candidate genes associated to the increased
cytolytic activity in the ST59 lineage, we performed an
association study using the presence/absence of viru-
lence genes and results from the lysis of erythrocyte
assay. We identified, amongst the top five genes most
strongly associated to the erythrocyte lysis phenotype,
members of the immune evasion complex and, in par-
ticular, the chemotaxis inhibitory protein (chp) gene
(Additional file 2: Fig. S15, Additional file 2: Table S4).
The chp gene encodes the chemotaxis inhibitory protein
of staphylococci (CHIPS), a protein which blocks neu-
trophil chemotaxis and contributes to the evasion of the
innate immune response [72]. CHIPS has been identified
as a candidate for virulence in ST59 strains [73–75], and
the ability to evade immune defence, through the car-
riage of chp, offers a possible explanation for the in-
creased relative fitness of a lineage. Hence, we
performed functional analyses to validate the statistical
association between the carriage of the chp gene and the
phenotypic measurements in our ST59 dataset.
We selected three ST59 strains, representing the diver-

sity of sub-lineages (annotated ST59-A, ST59-B, ST59-
C), to construct chp knockout mutants, and compared
the virulence between wild-type strains and chp knock-
out mutants. Cytolytic activity of all three strains de-
creased significantly after chp knockout (Fig. 2C),
supporting its role in enhancing the virulence potential
of ST59 compared to ST239. Knockout of the chp gene
led to no significant change in the growth rates of the
mutants, though we observe a small, though not signifi-
cant (p = 0.10), decrease in the growth rate of TJ17-
Δchp (Fig. 2D). We next measured the relative fitness of
the three knockout Δchp strains and their wild-type pro-
genitors in competition assays against two S. aureus
ST239 strains and observed no statistically significant
differences in colony counts between wild-type and
knock-out strains following 96 h of growth (Add-
itional file 2: Fig. S16, Additional file 2: Tables S5).
These results suggest that carriage of chp has no detect-
able fitness cost to ST59.

Discussion
MRSAs remain a major nosocomial problem [76], in
particular, in China [77]. Globally, the distribution of
MRSA STs is highly structured and characterized by
serial emergence and replacement events of new
strains [30]. Until recently, HA-MRSA lineages such
as ST239 have dominated in Asia [78], likely aided by
their ability to evade treatment by methicillin [79].

However, in China, ST239 MRSAs have been in
marked decline over the past two decades, while CA-
MSSA and CA-MRSA lineages including ST59 are be-
coming more prevalent [31, 38]. In vitro characterisa-
tions have indicated a lower competitive ability of
ST239 relative to CA-MRSA lineages ST30, ST8 and
ST59 [35, 38], though somewhat counter-intuitively,
with ST239 less susceptible to antibiotic treatment
than replacing lineages such as ST59 [38]. As a result,
the specific genotypic and phenotypic drivers under-
lying the displacement of ST239 by CA-MRSA line-
ages in China, and what the consequences of these
may be for pathogenicity, remain poorly understood.
In this work, we generated paired genomic and pheno-

typic data for ST239 and CA-MRSA ST59 isolated from
patients in Chinese hospitals spanning 22 years, covering
the time course of lineage replacement. We estimated
the age of emergence of both STs to the early to mid-
twentieth century, suggesting both evolved prior to the
first clinical use of methicillin before going on to acquire
extensive pan-genome diversity (Fig. 1). Consistent with
prior phenotypic observations, we found that the declin-
ing ST239 carried significantly more resistance elements
than ST59, reinforcing that susceptibility to treatment is
not an important driver of changing patterns of CA-
MRSA prevalence in this case. This mirrors the situation
in Singapore where a less drug-resistant lineage, ST22, is
increasing in prevalence [44]. Consistently, we also de-
tected no trend of increasing genotypic AMR carriage in
ST59 over the roughly 20-year sampling period.
We therefore tested two hypotheses to explain the dy-

namics of ST replacement in China: increased transmis-
sion through longer persistence on surfaces due to
biofilm production or higher virulence, for instance,
through the ability to evade early innate immune de-
fences. Despite the identification of large and highly
structured accessory genomes, we found no evidence for
biofilm production driving lineage replacement (Fig. 2).
Conversely, we observed that ST59 strains had markedly
enhanced cytolytic activity in vitro compared to ST239,
consistent with the higher virulence of CA-MRSA strains
more broadly (Fig. 2). We identified the chp gene as a
strong contributor to the enhanced virulence potential of
ST59 in our dataset. In support of the mechanistic role of
chp in ST59, we found that the presence of chp, when
compared to chp knockouts, increased the expression of
other S. aureus virulence factors, including other members
of the innate immune evasion cluster (sea, sak, scn).
We suggest that enhanced virulence is likely to play an

important role in the success of ST59 in China. How-
ever, we note that virulence is a complex and context-
dependent trait. For example, a simple sum of the num-
ber of putative virulence elements is unlikely to be a
good proxy for the total infective potential of a CA-
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MRSA or HA-MRSA S. aureus. Consistently, we ob-
served no relationship between the decrease in the preva-
lence of ST239 in Chinese hospitals and the number of
predicted virulence elements over the sampling period. In
fact, as with the number of resistance elements, ST239
carried on average a larger number of putative virulence
factors than ST59, with the number of virulence determi-
nants tending to increase over time, while remaining con-
stant in ST59 over the same period. Our results therefore
do not suggest a mere count of elements previously asso-
ciated with clinically relevant phenotypes can explain dif-
fering patterns of ST incidence in China.
We do however highlight the importance of taking

the variable accessory genome into account for the
identification of virulence-associated factors and
AMR determinants. For instance, although we saw
no overall trend towards increasing resistance gene
carriage (count), we inferred that ST59 independ-
ently acquired methicillin resistance at least five
times in the 1980s (Additional file 2: Fig. S14).
While the acquisition of methicillin resistance has
been detected prior to the therapeutic use of methi-
cillin [31] in the 1960s, our estimates of the times of
SCCmec acquisition by MSSA ST59 is more consist-
ent with a scenario where horizontal transfer was
driven by the selective pressure of clinical drug use.
This is also consistent with reports of high mobility
of SCCmec between MSSA and MRSA strains in a
recent hospital outbreak [80].
Virulence as a measurable trait ultimately requires

evaluation using in vivo models though cytolytic activity,
which can be readily measured using lysis of erythrocyte
assays, offers a good proxy given hemolysins are well-
established virulence factors [81]. Higher cytolytic activity
as a virulence mechanism in our ST59 isolates is consist-
ent with pronounced measurements of virulence in ST59
lineages [82] and the role of the innate immune evasion
cluster in mouse infection models [83]. In our dataset, we
identified, through a knock-out experiment, that the
mechanism enhancing the virulence of ST59 in China can
be well explained by the carriage of a single gene, encod-
ing CHIPS (chp). chp is located on the β-hemolysin (hlb)-
converting bacteriophages, which drives instant immune
evasion by S. aureus [72]. While fitness costs have been
associated to the acquisition of resistance genes [27, 35,
84–86], including large SCCmec elements, we detect no
such effect with chp when comparing the growth rates of
wild-type to knockout ST59 strains.
Enhanced virulence activity has recently been sug-

gested as a contributor to the increasing prevalence
of another CA-MRSA ST5 in China, including in
MSSA [83]. Our findings lend further support to this
hypothesis, with the carriage of chp as a potentially
major contributor to the ongoing prevalence of ST59

strains in China, likely at the expense of ST239. This
is concerning as CHIPS ability to evade the early im-
mune response through both inhibitions of chemo-
taxis and phagocytosis [72], suggests a potential for
more severe and longer-term infections. However, it
is probable that other factors also contribute. For in-
stance, it is important to remember that surveillance
data informing the replacement of MRSA lineages is
primarily based on severe infections in hospitals
caused by different MRSA lineages. MRSAs are also
found at fairly high prevalence in the nares of
healthy carriers [87], possibly at different frequencies
than in nosocomial infections. As such, the high
relative virulence of the ST59 lineage may more dir-
ectly reflect its incidence in nosocomial MRSA infec-
tion, rather than its prevalence in the wider
population. In addition, there may be some stochas-
ticity in which STs rise in prevalence when previ-
ously dominant STs decline. One possibility is that
documented loss of fitness of ST239 [35] has also
played an important role in the dynamics of which
CA-MRSA are now being observed.
Our work highlights the full potential of WGS in

microbial genomics when analysed in conjunction
with associated phenotypes. Far too often, genomic
sequence data is deposited on publicly available data-
bases without the associated metadata, even when
available. This greatly limits the potential of genomic
sequence data reuse to address further questions. We
hope that this work will contribute to encouraging
others to make their phenotypic data fully accessible.
In principle, similar, larger studies could be con-
ducted on publicly available data to address pressing
questions on the genetic basis of other key pheno-
typic traits in major human pathogens.

Conclusions
By analysing the core and accessory genomes of a care-
fully phenotyped set of isolates collected in China over
the last two decades, we were able to identify the likely
driver of the replacement of HA-MRSA lineages by their
CA-MRSA counterparts in China. We found no evi-
dence for a role of AMR or the ability to colonise and
persist in the environment. Conversely, we found that
the expanding ST59 lineage was far more virulent than
its previously widespread nosocomial ST239 counter-
part. We could further show that this difference in viru-
lence is likely largely driven by the carriage of the chp
gene by ST59, an important contributor to immune eva-
sion. We surmise that the ongoing lineage replacement
observed in Chinese hospitals is primarily driven by dif-
ferences in virulence of different MRSA lineages, which
can in part be explained by the carriage of the chp gene
by the ST59 lineage.
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