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Abstract
Background Staphylococcus aureus is an important pathogen that can colonize humans and various animals. 
However, the host-associated determinants of S. aureus remain uncertain, which leads to difficulties in inferring its 
host species and cross-species transmission. We performed a 3-stage genome-wide association study (discovery, 
confirming, and validation) to compare genetic variation between pig and human S. aureus, aiming to elucidate the 
host-specific genetic elements (k-mers).

Results After 3-stage association analyses, we found a subset of 20 consensus-significant host-associated k-mers, 
which are significantly overrepresented in a specific host. Surprisingly for host prediction, both the final model with 
the top 5 k-mers and the simplest model with only the most important k-mer achieved a high classification accuracy 
of 98%, giving a simple target for predicting host species and cross-species transmission of S. aureus. The final classifier 
with the top 5 k-mers revealed that 97.5% of S. aureus isolates from livestock-exposed workers were predicted as 
pig origin, suggesting a high cross-species transmission risk. The time-based phylogeny inferred the cross-species 
transmission directions, indicating that ST9 can cross-species spread from animals to humans while ST59 can cross-
species spread in the opposite direction.

Conclusion Our findings provide novel insights into host-associated determinants and an accurate model for 
inferring S. aureus host species and cross-species transmission.
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Background
Staphylococcus aureus (S. aureus) has been regarded as 
an important human pathogen associated with asymp-
tomatic carriage as well as various diseases ranging from 
mild skin infections to life-threatening bacteremia, which 
can result in significant morbidity and mortality [1]. 
Importantly, S. aureus can readily cross species barriers 
to colonize humans and various animals, with high col-
onization rates (30–80% for humans, 77% for cows, and 
43% for pigs) [2–5]. Previous molecular epidemiological 
studies have revealed that there are different origins of 
S. aureus isolates, including hospital-, community-, and 
livestock-associated S. aureus (LA-SA) [6, 7]. In addition, 
there is increasing evidence that zoonotic S. aureus can 
directly and indirectly transmit to humans via occupa-
tional animal exposure and multiple environmental path-
ways, suggesting that the distinction between LA-SA and 
non-LA-SA has become more and more blurred [8–10]. 
To identify and prevent cross-species transmission of S. 
aureus, it is urgently needed to elucidate host-specific 
genetic variants and genes so as to distinguish animal 
from human isolates.

With the decreasing costs as well as increasing acces-
sibility of high-throughput sequencing, whole-genome 
sequencing (WGS) has unprecedented power for reveal-
ing subtle genomic variants including single nucleotide 
polymorphisms (SNPs) and pathogenicity genes, which 
has become a useful tool for bacterial evolution and 
traceability analyses [11]. In parallel, genome-wide asso-
ciation studies (GWAS) have been increasingly used to 
explore genotype-phenotype associations so as to iden-
tify genetic variation associated with bacterial pheno-
types, which may provide insights into preventive and 
therapeutic interventions [12–15]. Currently, SNPs are 
the most universal markers for GWAS analyses [16]. 
However, traditional SNP-based GWAS methods rely on 
a single reference genome, which can only identify par-
tial genomic variation [17]. The GWAS method based on 
k-mers (DNA words of length k) has several advantages. 
First, k-mers do not rely on the reference genomes and 
can capture various genetic variants and genes associated 
with bacterial phenotypes [18]. Second, the k-mer-based 
GWAS offers a useful way to evaluate variation due to 
SNPs, insertions/deletions, and structural variants [19–
21]. Finally, the k-mer-based GWAS infers phenotype-
associated variation from raw genome data and therefore 
reduces potential error-prone variants [18]. Considering 
the above advantages of k-mer-based GWAS, it has been 
used to identify specific biomarkers in microbes and 
humans [22].

Identifying and preventing cross-species transmission 
of S. aureus requires an understanding of the host-spe-
cific genetic elements that can infer S. aureus host species 
and distinguish animal from human isolates. Therefore, 

we employed a 3-stage k-mer-based GWAS analysis (dis-
covery, confirming, and external validation) to compare 
genomic differences between pig and human S. aureus 
isolates, aiming to identify host-associated genetic ele-
ments and predict the host origin of S. aureus. In addi-
tion, we elucidated the cross-species transmission risk 
using the k-mer prediction model and inferred the cross-
species transmission direction using the Bayesian evolu-
tion analysis.

Methods
Sample collection and quality control
Genome assemblies of S. aureus isolates collected 
between 2002 and 2021 in China were downloaded from 
the NCBI GenBank database (Supplementary Table S1), 
including 309 pig isolates and 343 human isolates for 
identifying host-associated variants. The following basic 
information for each isolate was collected: specimen 
source, health state of the host, location, and time of sam-
ple collection. The eligibility criteria for S. aureus isolates 
included: (1) they provided basic information; (2) they 
are collected between 2002 and 2021 in China; (3) there 
are ≥ 95% of the total sequence belonged to S. aureus; 
and (4) there are ≥ 90% genome completeness and < 10% 
contamination. S. aureus isolates from pig hosts (defined 
as pig isolates) were sampled from the nasopharynx. S. 
aureus isolates from humans without occupational live-
stock exposure (defined as human isolates) were sam-
pled from body sites such as the skin, nasopharynx, and 
anal swabs in asymptomatic individuals. The assembled 
genomes were analyzed for species annotations to iden-
tify the taxonomy of strains using Kraken v.2.1.1 ( h t t p  s : 
/  / g i t  h u  b . c  o m /  D e r r  i c  k W o o d / k r a k e n 2). To further ensure 
the genome quality, the genome completeness and con-
tamination were assessed using CheckM v.1.0.13 ( h t t p  s : /  / 
g i t  h u  b . c  o m /  E c o g  e n  o m i c s / C h e c k M).

Sequence typing
For S. aureus multi-locus sequence typing, genomic 
sequences were uploaded to the PubMLST database 
(http://pubmlst.org/saureus/) to determine sequence 
types (STs) based on the allelic profile of seven house-
keeping genes (arcC, aroE, glpF, gmk, pta, tpi, and yqiL). 
The STs were clustered into specific clonal complexes 
(CCs) using PHYLOViZ v.2.0.0 [23]. Staphylococcal pro-
tein A (spa) types were inferred using SpaTyper v.1.0 ( h t t 
p  s : /  / c g e  . f  o o d  . d t  u . d k  / s  e r v  i c e  s / s p  a T  y p e r - 1 . 0 /).

Phylogenetic analyses and Bayesian evolution analyses
The whole-genome alignment for the variant sites with 
SNPs was generated by mapping reads against the S. 
aureus NCTC 8325 reference genome (GenBank acces-
sion: NC_007795) using Snippy v.4.6.0 ( h t t p  s : /  / g i t  h u  b . 
c  o m /  t s e e  m a  n n / s n i p p y). After screening and removing 
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recombination regions for the generated whole-genome 
alignment using Gubbins v.2.3.5 ( h t t p  s : /  / g i t  h u  b . c  o m /  n 
i c k  j c  r o u c h e r / g u b b i n s), the recombination-free  m a x i m 
u m likelihood phylogenetic tree was constructed using 
RaxML v.7.0.4, with a GTR + Γ(Gamma) model and 100 
bootstrap replicates for each run [24]. The phylogeny was 
then visualized and annotated using the ChiPlot online 
tool (https://www.chiplot.online/).

Counting and annotating k-mers
In order to reveal the host-associated variants of S. 
aureus, we used the alignment-free method based on 
k-mers, which are computationally efficient and can 
identify whole-genome variants without the reference 
genome. Unique k-mers of length 9–100 bp were identi-
fied in each assembly using fsm-lite ( h t t p  s : /  / g i t  h u  b . c  o m 
/  n v a l  i m  a k / f s m - l i t e), and then k-mers were annotated by 
mapping reads to the reference genomes (RF122 [Gen-
Bank accession: NC_007622], MRSA252 [NC_002952], 
M013 [NC_016928], NCTC 8325 [NC_007795], 
MSSA476 [NC_002953], Mu3 [NC_009782], New-
man [NC_009641], and N315 [NC_002745]) using bwa 
v.0.7.17 (https://github.com/lh3/bwa). In addition, the 
gene ontology (GO) annotations were identified using the 
UniProt (https://beta.uniprot.org/), in which k-mers were 

divided into three functional GO categories (biological 
process, molecular function, and cellular component).

Three-stage GWAS analyses of identifying host-associated 
k-mers
Due to high-dimensional and high-correlated genomic 
data, a 3-stage GWAS analysis process (discovery, con-
firming, and external validation; Fig. 1) was performed to 
identify host-associated k-mers by multiple GWAS meth-
ods including the linear mixed model (LMM), Scoary, 
least absolute shrinkage and selection operator regres-
sion (LASSO), and extreme gradient boosting (XGBoost) 
[25–28], which can avoid over-fitting and reduce the 
model complexity. In the GWAS models, we used the 
k-mer matrix (presence or absence) as the indepen-
dent variable and the S. aureus host species as the out-
come variable (pig or human). In the discovery stage, we 
employed the univariate LMM (Pyseer v.1.2.0) to test for 
genetic associations between k-mers and host species so 
as to initially screen significant host-associated k-mers, 
which can control for the important covariate (study 
time) as a fixed effect and the clone population struc-
ture in terms of a genetic-relatedness matrix as a ran-
dom effect to improve the power in bacterial association 
analyses [19]. The resulting QQ plot confirmed that the 

Fig. 1 Flow chart of host-associated colonization hypotheses and statistical analyses. LMM, linear mixed model; LASSO, least absolute shrinkage and 
selection operator; XGBoost, extreme gradient boosting
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population structure was well controlled. In the confirm-
ing stage, we used multiple methods (Scoary, LASSO, 
and XGBoost) to further identify consensus host-asso-
ciated k-mers, aiming to obtain a simple and accurate 
prediction model. Scoary is a widely applicable and ultra-
fast software for bacterial GWAS analyses, which can use 
the phylogenetic structure to adjust bacterial population 
structure [26]. LASSO regression can effectively reduce 
the model complexity and prevent over-fitting by shrink-
ing the coefficients toward zero, which is suitable for the 
high-correlated and high-dimensional genome data [29]. 
XGBoost is a highly effective machine learning method 
based on a scalable end-to-end tree boosting system, 
which can take advantage of out-of-core computing and 
smoothly scale to handle massive and high-dimensional 
genome data [28]. Bonferroni correction (α/N) was used 
to reduce the probability of false positive rates due to 
multiple testing of 375,673 k-mers (adjusted P thresh-
old being 1.33 × 10− 7). In the external validation stage, 
we conducted a validation analysis using Random Forest 
(RF) on an independent dataset available from the NCBI 
GenBank database (40 pig vs. 40 human isolates; Supple-
mentary Table S2). We built RF classifiers to evaluate the 
power of prediction models with different k-mer combi-
nations using the “randomForest” R package ( h t t p  s : /  / c r 
a  n .  r - p  r o j  e c t .  o r  g / d o c / R n e w s /) [30]. We used resubstitu-
tion and ten-fold cross-validation estimations to evalu-
ate the power of prediction models with different k-mer 

combinations. The importance of the k-mers was sorted 
by the Mean Decrease Gini (MDG).

Predicting the cross-species transmission risk and direction
Considering the potential risk of cross-species trans-
mission of LA-SA by occupational livestock exposure, 
we used the RF classifier to predict the host species of 
unknown-origin S. aureus isolated from farm workers 
with occupational pig exposure (Supplementary Table 
S3). The cross-species evolution directions were inferred 
by BactDating v1.1.1 ( h t t p  s : /  / x a v  i e  r d i  d e l  o t . g  i t  h u b . i o / B a c t 
D a t i n g /), which can perform Bayesian inference of  a n c e s 
t r a l dates and the root location on a time-based phyloge-
netic tree.

Results
Characteristics of S. aureus isolates
In this study, we analyzed the genomes of 652 S. aureus 
isolates including 309 pig isolates and 343 human iso-
lates (Fig.  1). All S. aureus isolates were collected from 
China between 2002 and 2021, mainly from Hubei 
(n = 447), Shanghai (n = 65), and Shandong (n = 54). 
All pig isolates were from nasal swabs; and human iso-
lates were from nasal swabs (323 isolates), anal swabs 
(16 isolates), and skin swabs (4 isolates). Among all S. 
aureus isolates, we identified 56 unique STs belonging 
to 31 CCs inferred from whole-genome sequences. The 
most common genotype for pig isolates was CC9 (ST9), 
while the predominant CCs for human isolates were non-
CC9 clones including CC59 (ST9), CC398 (ST398), and 
CC239(ST239). With regards to spa typing, the predomi-
nant spa type for pig isolates was t899, but the major spa 
type for human isolates was t437 (Table 1).

Identification of host-associated genotypes by association 
analysis
In terms of CCs and STs, we observed that livestock-
associated CC9 (89.6% vs. 0.0%), ST9 (74.1% vs. 0.0%), 
and ST3597 (a single-locus variant of ST9, 13.3% vs. 
0.0%) were more prone to colonize pigs successfully; 
while other clones were more prone to colonize humans, 
including CC59 (0.3% vs. 24.2%), CC398 (5.2% vs. 19.8%), 
CC239 (0.6% vs. 12.2%), CC5 (1.0% vs. 9.3%), and CC508 
(0.0% vs. 6.4%). Moreover, there were significant differ-
ences in the proportion of specific spa types (t899, t437, 
and t30) between pig and human isolates (all P < 0.05), 
with t899 only found in pig isolates. The RF classifiers for 
predicting host species (pig or human) reached classifi-
cation accuracy of 94.48% for the model based on all 56 
ST genotypes and 87.73% for a single ST9 predictor (ST9 
or non-ST9), suggesting that ST9 is associated with live-
stock specificity. However, the phylogenetic tree based 
on core SNPs revealed that pig isolates clustered in the 
same clones with human isolates (Fig. 2), indicating that 

Table 1 Association analysis between predominant genotypes 
and host species
Genotypes(n) Pig isolates,

no.(%), 
n = 309

Human 
isolates, 
no.(%), 
n = 343

х2 P value

Clonal complexes(CCs)/sequence types(STs)
CC9(277) 277(89.6) 0(0.0) 534.60 < 0.001
 ST9(229) 229(74.1) 0(0.0) 391.81 < 0.001
 ST3597(41) 41(13.3) 0(0.0) 48.57 < 0.001
CC59(84) 1(0.3) 83(24.2) 82.56 < 0.001
 ST59(72) 1(0.3) 71(20.7) 68.70 < 0.001
CC398(66) 16(5.2) 50(19.8) 15.79 < 0.001
 ST398(55) 16(5.2) 39(11.4) 8.07 0.005
CC239(44) 2(0.6) 42(12.2) 34.74 < 0.001
 ST239(44) 2(0.6) 42(12.2) 34.74 < 0.001
CC5(35) 3(1.0) 32(9.3) 22.36 < 0.001
 ST5(24) 3(1.0) 21(6.1) 12.17 < 0.001
CC508(22) 0(0.0) 22(6.4) 20.51 < 0.001
 ST45(18) 0(0.0) 18(5.2) 16.68 < 0.001
Spa types
t899(266) 266(86.1) 0(0.0) 498.74 < 0.001
t437(61) 1(0.3) 60(17.5) 56.50 < 0.001
t30(31) 2(0.7) 29(7.5) 21.88 < 0.001
Notes: Data are presented as no. (%) or as otherwise indicated

https://cran.r-project.org/doc/Rnews/
https://cran.r-project.org/doc/Rnews/
https://xavierdidelot.github.io/BactDating/
https://xavierdidelot.github.io/BactDating/
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traditional genotyping techniques provide little power to 
reveal subtle genetic differences between pig and human 
isolates.

Discovery of host-associated k-mers by LMM
Based on the assemblies of 652 S. aureus isolates, we 
identified 24,670,041 k-mers. After filtering out low fre-
quency k-mers, 375,673 k-mers were subjected to the 
k-mers-based GWAS analysis. In the discovery stage, we 
use the univariate LMM to preliminarily screen 34,992 
significant k-mers after controlling for the clone popu-
lation structure (Fig.  3A), with 5,747 k-mers success-
fully mapped to 479 unique genes with known functions. 
Due to the considerable redundancy among the genetic 
elements in risk prediction, we used a simple model 

with only 5,747 k-mers, with the classification accuracy 
being 99.08% and the AUC value being 1.00. The top 
100 host-associated k-mers were sorted according to the 
estimated importance (Fig. 3B), which were mainly asso-
ciated with immune modulation (53%), effector delivery 
system (20%), antibiotic resistance (7%), and exoenzyme 
(4%). In addition, the GO annotations of the top 100 
k-mers showed that the cellular component was signifi-
cantly enriched in the plasma membrane and extracel-
lular region, the biological process mainly enriched in 
response to arsenic-containing substance, and the molec-
ular function mainly enriched in DNA binding (Fig. 3C).

Fig. 2 Whole-genome phylogenetic tree showing genetic relatedness of 652 S. aureus isolates. The colored strips at the tips of the tree (from inner to 
outer) represent isolate metadata (host, STs, CCs, and spa types) and the presence/absence of host-associated k-mers
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Fig. 3 Screening for host-associated k-mers by linear mixed model. A Manhattan plot showing the significant host-associated k-mers (mapping to a refer-
ence genome NCTC 8325); B Importance of the top 100 k-mer predictors; C Gene ontology annotations of the top 100 k-mer predictors
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Confirmation of host-associated k-mers by three GWAS 
methods
In order to reduce the complexity of the initial model 
with 5,747 k-mers identified by LMM in the discovery 
stage, we used three GWAS methods (Scoary, LASSO, 
and XGBoost) to further identify consensus host-asso-
ciated k-mers in the confirming stage. According to the 
Venn diagram (Fig. 4A), we observed 1,687 k-mers iden-
tified by Scoary, 40 k-mers identified by LASSO and 104 
k-mers identified by XGBoost, with 20 consensus host-
associated k-mers identified by all three methods. This 
model based on 20 k-mer predictors reached a classi-
fication accuracy of 98.78% (Table 2) and an AUC value 
of 0.99. As shown in Fig. 4B, the importance of the top 
5 k-mers is significantly higher than that of other pre-
dictors. So we used these k-mers to obtain a simpler 
model, with a classification accuracy of 98.17% and an 
AUC value of 0.99 (Fig.  4C), indicating that a small set 
of 5 k-mer predictors is sufficient to distinguish different 
host species. Interestingly, the classification accuracy was 
98.15% for the most important predictor (kmer_5162 in 
pre; Table 2) and 98.15% for the model with two impor-
tant predictors (kmer_5162 and ST9), indicating that a 
single k-mer classifier is very powerful, irrespective of 
ST9. There were statistically significant differences in the 
proportion of the top 5 k-mer predictors between pig and 
human isolates (all P < 0.05; Fig. 4D), suggesting that cer-
tain k-mers were over-expressed in a specific host. Fig-
ure 4E shows changes in the estimated risk score for the 
top 5 k-mer predictors, in which a point above the diag-
onal line indicates that the risk score is increased when 
the k-mer is present. The presence of pig-specific k-mers 
mapped to antibiotic resistance (kmer_4853 in ccrA) and 
effector delivery system (kmer_5162 in pre; Table 3) were 
associated with increased risk of invading pigs.

External validation of host-associated k-mers by an 
independent dataset
To further validate the above results, an independent 
dataset (40 pig vs. 40 human isolates) was used to per-
form an additional external validation analysis using 
the RF classifier. The classification accuracy was 97.5% 
for the final model with the top 5 k-mers and 83.8% for 
a single highest-ranked k-mer predictor (kmer_5162 in 
pre), which is similar to that in the larger original dataset 
(98.17% and 98.15%, respectively).

Predicting the cross-species transmission risk of S. aureus
The RF classifier with 20 k-mer predictors was used to 
predict the host species of S. aureus of unknown origin 
(40 isolates from farm workers with occupational pig 
exposure), with 38 isolates (95.0%) predicted as pig ori-
gin, suggesting a high cross-species transmission risk of 
LA-SA among occupational livestock-exposed workers. 

Similar prediction results were observed for the RF clas-
sifier with the top 5 k-mer predictors (39 isolates pre-
dicted as pig origin; 97.5%), indicating that the prediction 
results are robust. As shown in Fig. 4F, the prevalence of 
the pig-specific k-mers (kmer_5162 and kmer_4853) was 
significantly higher in pig isolates than in human isolates, 
indicating that the enrichment of pig-specific elements 
may increase the risk of cross-species transmission.

Inferring the cross-species transmission direction of S. 
aureus
Most noteworthy, both livestock-associated ST9 and 
human-associated ST59 were observed in occupational 
livestock-exposed workers (Fig.  4F), but the potential 
evolutionary direction between humans and livestock is 
still unclear. To infer the evolutionary directions of ST9 
and ST59 isolates, we used the Bayesian inference to 
estimate the evolutionary history. The time-measured 
phylogeny of ST9 isolates revealed that ST9 human iso-
lates may originate from pig isolates (Fig.  5A), which 
occurred around 1991 (95% CI: 1977–1997); and the 
main host switching events from animals to humans pos-
sibly appeared in 2007 (95% CI: 2002–2009), 2008 (95% 
CI: 2003–2010), 2012 (95% CI: 2010–2013), 2013 (95% 
CI: 2011–2014), and 2014 (95% CI: 2013–2015). The 
time-measured phylogeny of ST59 isolates showed that 
the ST59 pig isolates may originate from human isolates 
(Fig. 5B), with the host switching occurred around 1987 
(95% CI: 1981–1994). These findings suggest that ST9 
isolates can cross-species spread from animals to humans 
but ST59 isolates can cross-species spread from humans 
to animals.

Discussion
Cross-species transmission of S. aureus is a multi-facto-
rial process that involves various hosts and bacterial fac-
tors. To address the potential genetic backgrounds for 
cross-species transmission, it is necessary to consider 
different colonization models based on species-specific 
clones and genomics (Fig.  1). First, a host-associated 
clone model (Fig.  1A), in which only certain host-asso-
ciated clones can colonize pigs or humans. Second, an 
opportunistic colonization model (Fig.  1B), in which all 
clones have equal capability of colonizing various hosts 
and host-associated determinants evenly enriched in 
the two group isolates. Third, a host-associated genome 
model (Fig. 1C), in which enrichment of host-associated 
elements may increase the risk of colonizing a specific 
host.

The prevalent genotypes of S. aureus vary among dif-
ferent geographical areas and hosts. Previous studies 
showed that the most prevalent clone of LA-SA in Asia 
was CC9 (ST9), while CC398 (ST398) predominated in 
Europe as well as the United States [31, 32], indicating 
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Fig. 4 Confirming host-associated k-mers by multiple GWAS analyses. A Venn diagram visualization of the k-mers identified by GWAS methods. B Impor-
tance of the 20 k-mers in the final model. C ROC curve of the final model based on the top 5 k-mers. D Proportion of the top 5 k-mer predictors between 
pig and human isolates. E Change in risk score for the top 5 predictors when the k-mer is present (y-axis) compared to absent (x-axis). F Cluster heatmap 
showing the host prediction of 40 S. aureus isolates of unknown origin and the presence/absence of host-associated k-mers
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that specific clones may be useful for identifying live-
stock association. Similarly in our study, livestock-asso-
ciated CC9 (ST9) was the predominant genotype of pig 
isolates, while non-CC9 clones (such as CC59, CC398, 
and CC239) were prevalent in human isolates, giving 
evidence for identifying host-specific clones [32]. Con-
sistent with previous studies [32, 33], we observed sig-
nificant associations between S. aureus genotypes and 
host species, suggesting that specific clones are associ-
ated with increasing its ability to colonize specific hosts. 
In the simple clone model, all pig clones would appear 
as specific clades of genetically related isolates (Fig. 1A), 
which have been used for identifying disease-associated 
genotypes of Streptococcus pneumoniae and Staphylococ-
cus epidermidis [34, 35]. However, this simple host-spe-
cific clone model is not suitable for all S. aureus isolates 
because many pig isolates clustered in the same clones 
of the phylogenetic tree with human isolates. One expla-
nation of this genetic clustering is that some S. aureus 
clones can colonize multiple host species rather than a 
specific host, which is consistent with previous studies in 
Australia and Danish [36, 37]. For the opportunistic colo-
nization model (Fig. 1B), all clones have equal capability 
of colonizing in both pigs and humans, with host-asso-
ciated determinants evenly enriched in the two groups. 
According to the phylogenetic tree, we found that human 
isolates unevenly distributed and clustered in highly uni-
form clades with pig isolates, indicating that most clones 
have equal ability to cause colonization in both pigs and 

humans. If this opportunistic colonization model is suit-
able for S. aureus, host-associated genetic determinants 
are equally enriched in pig and human isolates (no sig-
nificant difference). However, our LMM-based GWAS 
analysis identified numerous host-associated k-mers, 
suggesting that the enrichment of host-associated deter-
minants can increase the risk of invading specific hosts 
(the host-associated genome model; Fig.  1C), which is 
similar to the divided genome model for the pathoge-
nicity of Streptococcus pneumoniae and Escherichia coli 
[34, 38]. These findings indicate that the host-associated 
genome model (that is, the divided genome model) is 
suitable for S. aureus. In the divided genome model, hori-
zontal gene transfer could spread genetic determinants 
in several bacteria [39–42], leading diverse clones to suc-
cessfully colonize various hosts.

To obtain a simple and accurate host-associated 
genome model, a 3-stage GWAS analysis process (initial 
discovery, further confirming, and external validation) 
was performed to uncover 20 consensus host-associated 
k-mers. Our findings suggest that the enrichment of 
host-associated genetic elements may increase the risk 
of invading a specific host. The final model based on a 
k-mer profile of the top 5 k-mers achieved a high classi-
fication accuracy (98.17%), which is significantly higher 
than that of pathogenicity prediction for Escherichia 
coli (76.9%) and Staphylococcus epidermidis (79.8%) [35, 
38], offering an accurate model for identifying livestock-
associated isolates. Surprisingly, the best k-mer classifier 

Table 2 Resubstitution and cross-validation results on Random Forest models
Evaluation 
indicators

20 predictors 5 predictors Single predictor
(kmer_5162)

Resubstitution 
estimate

Ten-fold cross-
validation 
estimate

Resubstitution 
estimate

Ten-fold cross-
validation 
estimate

Resubstitution 
estimate

Ten-fold 
cross-val-
idation 
estimate

Accuracy 99.69 98.78 98.47 98.17 98.16 98.15
Sensitivity 99.68 99.69 99.34 99.36 99.67 99.68
Specificity 99.71 98.25 97.71 97.40 96.88 96.97
PPV 99.68 97.74 97.41 96.77 96.44 96.43
NPV 99.71 99.71 99.42 99.42 99.71 99.71
Kappa 0.99 0.98 0.97 0.96 0.96 0.96
Notes: Values are percentages except for kappa, which is reported as a value ranging from − 1 to 1

PPV, positive predictive value; NPV, negative predictive value

Table 3 Association analyses between the top 5 k-mers and host species
K-mers Genes Pig isolates, no.(%),n = 309 Human isolates

no. (%), n = 343
P value OR (95% CI)a

kmer_4853 ccrA 300(97.1) 8(2.3) 4.72 × 10− 12 1.34(1.23–1.45)
kmer_5162 pre 298(96.4) 1(0.3) 6.72 × 10− 19 2.54(2.08–3.10)
kmer_5183 ccrB 11(3.6) 340(99.1) 3.55 × 10− 34 0.63(0.59–0.68)
kmer_3675 set3 11(3.6) 320(93.3) 1.11 × 10− 19 0.76(0.72–0.80)
kmer_5081 int 7(2.3) 320(93.3) 1.21 × 10− 17 0.79(0.75–0.83)
aOR, odds ratio
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(kmer_5162 in pre) achieved a significantly high classifi-
cation accuracy of 98.15% on its own and a similar accu-
racy was observed in the external validation analysis, 
which is significantly higher than that of the prediction 
model based on the best clone (87.73% for ST9) predicted 
by seven housekeeping genes in this study, giving a sim-
ple target for predicting host species.

Previous studies have reported that occupational live-
stock exposure is associated with the high carriage risk of 
S. aureus [6, 9, 43], but the risk of cross-species transmis-
sion is still unknown. In this study, we used an RF classi-
fier to predict the host species of S. aureus of unknown 
origin (40 isolates from farm workers with occupational 
pig exposure). Similar prediction results were observed 
for the RF classifiers based on 20 k-mer predictors 
(95.0%) and 5 k-mer predictors (97.5%), which may pro-
vide more evidence for obtaining a robust risk prediction 
as well as elucidating the risk of cross-species transmis-
sion of LA-SA among occupational livestock-exposed 
workers. Importantly, ST9 and ST59 isolates were found 
in both humans and livestock, but their cross-species 
transmission directions are still unclear. Hence, we used 

the Bayesian inference to estimate the evolutionary his-
tory, suggesting that ST9 can cross-species spread from 
animals to humans but ST59 can cross-species spread 
from humans to animals. These findings give new ideas 
for identifying and predicting the cross-species transmis-
sion risk and direction of S. aureus.

S. aureus multi-host colonization is a complex multi-
factorial process. Previous studies suggest that multi-host 
colonization is associated with the mobile genetic ele-
ments, particularly for elements that encode virulence, 
resistance, and immune evasion pathways [44, 45]. For 
example, the human-specific host immune evasion pro-
teins (Sak, Chp, and Scn) have been proven to be strongly 
associated with human isolates [46–48]. In our previ-
ous study [49], we also found that the animal-related 
isolates were significantly less likely to possess these 
proteins, which was consistent with the LMM-based 
results in this study. Additionally, the analysis of SNP-, 
gene-, and pathway-based approaches identified epithe-
lial cell responses to mechanical and non-mechanical 
stress, indicating that certain genes overlap with path-
ways [50]. Considering that there are also some overlaps 

Fig. 5 Bayesian phylogenetic analyses of ST9 (A) and ST59 (B) isolates using BactDating. The characteristics of each strain are shown on the right (host, 
spa types, and region)
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between gene and k-mer analyses, we used 8 reference 
genomes to annotate identified k-mers, suggesting that 
these k-mers were associated with the effector delivery 
system, antibiotic resistance, exotoxin, adherence and so 
on. It is known that S. aureus cross-species transmission 
is associated with horizontal gene transfer, which pro-
vides the required traits for S. aureus colonization in spe-
cific hosts [2]. The plasmid recombination enzyme (pre) 
has been shown to mediate plasmid recombination and 
transfer [51, 52]. It is one of the elements of rolling circle 
plasmid that plays an important role in horizontal gene 
transfer [53]. The site-specific integrase (int) promotes 
site-specific integration and excision of genetic elements 
and genes into the human chromosome, which is neces-
sary for involving λ integrase site-specific recombination 
pathway [54, 55]. These functions indicate potential roles 
for pre and int contribute to S. aureus adherence and col-
onization in special hosts. In terms of SCCmec-related 
genes, the ccrA and ccrB genes belong to cassette chro-
mosome recombinases (Ccr), which comprise an unusual 
site-specific DNA recombination system [56]. Remark-
ably, the CcrA allows for the modular selection of new 
target sites in the bacterial chromosome and helps target 
recombination to the appropriate host site, which may 
play an important role in facilitating successful coloniza-
tion in various hosts [57]. The cell wall associated fibro-
nectin binding protein (ebh) belongs to the microbial 
surface component recognizing adhesive matrix mol-
ecules family, which is associated with adhesion, avoid-
ing host defenses and contributing to the characteristic 
cell growth and envelope assembly pathways, thereby 
promoting S. aureus adaptation to different host species 
[58–61]. Exotoxin 3 (set3) as a Staphylococcal superanti-
gen-like protein and a key regulator in the classical path-
way of complement activation, has played an important 
role in inducing perturbation of the host immune system 
and facilitating S. aureus colonization [62, 63]. These 
findings may provide genetic evidence for understanding 
S. aureus cross-species transmission.

This is a new attempt to use a 3-stage k-mer-based 
GWAS analysis strategy to identify host-associated 
k-mers, so as to infer S. aureus host species and cross-
species transmission. This study has potential limita-
tions. First, the sample size of pig and human isolates in 
this study was limited by the current public genomes in 
the NCBI database. However, this is a novel, large-scale 
genomic analysis of S. aureus isolates to identify host-
associated determinants. Second, strong population 
structure is the most important confounding factor in 
bacterial GWAS, leading to potential false associations. 
To minimize these false associations, we used a robust 
LMM to adjust clone population structure in the discov-
ery stage and multiple GWAS methods to identify con-
sensus host-associated variants in the confirming stage. 

Third, although it is a large-scale genomic GWAS on this 
topic in China, it only represents data from one country. 
Future multinational multi-host studies are required to 
confirm the results of this study and infer the host-asso-
ciated determinants of other animals. Finally, national 
data from heterogeneous settings may lead to potential 
heterogeneity. So we adjusted for potential bias by add-
ing study time as a fixed covariate and population struc-
ture as a random effect. Although we did not correct for 
geographical origin of isolates, the effect of geographical 
origin would be minimal as all individuals came from the 
same country.

Conclusions
In summary, our 3-stage GWAS analysis strategy (dis-
covery, confirming, and external validation) identified a 
subset of consensus-significant host-associated k-mers, 
suggesting that the enrichment of genetic determinants 
may increase the risk of invading a specific host. Nota-
bly, both the final model with the top 5 k-mers and the 
simplest model with only the highest-ranked k-mer 
achieved a very high classification accuracy of 98%, giv-
ing a simple target for predicting the host origin of S. 
aureus. The time-measured phylogeny inferred the cross-
species transmission directions, with animal-to-human 
transmission for ST9 and human-to-animal transmission 
for ST59. Our findings provide novel insights into host-
associated genetic traits and give an accurate model for 
inferring host species and cross-species transmission of 
S. aureus.
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