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In brief

Chaguza et al. present a population
genomic study of Staphylococcus aureus
from animals and humans to identify
genetic signatures for host-switching,
transmission, and adaptation. Using
multiple genome-wide association study
(GWAS) approaches adjusting for the
population structure, they found a strong
genetic basis in the immune evasion
genes carried on a single prophage
element. The attribution of the heritability
to these prophage-encoded genes
suggests that these loci are critical
determinants for S. aureus host-
switching, transmissibility, infection, and
adaptation.
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SUMMARY

Staphylococcus aureus is a multi-host pathogen that causes infections in animals and humans globally. The
specific genetic loci—and the extent to which they drive cross-species switching, transmissibility, and adap-
tation—are not well understood. Here, we conducted a population genomic study of 437 S. aureus isolates to
identify bacterial genetic variation that determines infection of human and animal hosts through a genome-
wide association study (GWAS) using linear mixed models. We found genetic variants tagging ¢Sa3 pro-
phage-encoded immune evasion genes associated with human hosts, which contributed ~99.9% of the
overall heritability (~88%), highlighting their key role in S. aureus human infection. Furthermore, GWAS of
pairs of phylogenetically matched human and animal isolates confirmed and uncovered additional loci not
implicated in GWAS of unmatched isolates. Our findings reveal the loci that are critical for S. aureus host
transmissibility, infection, switching, and adaptation and how their spread alters the specificity of host-

adapted clones.

INTRODUCTION

Staphylococcus aureus is a multi-host pathogen and commonly
causes infections in animals' and community and nosocomial in-
fections in humans.? Although S. aureus is a generalist species,
molecular studies have identified specialist clones predomi-
nantly abundant in either human or animal hosts.®> An example
of a broadly animal-adapted clone is ST398 (CC398), while
ST8 (CC8), ST22 (CC22), and ST36 (CC30) are human adapt-
ed.”® Previous studies have demonstrated frequent host-
switching over different timescales.®° 2 However, a key ques-
tion not yet fully addressed is whether there are any additional
bacterial-specific factors that influence the transmissibility and
pathogenicity of S. aureus strains to different human and animal
hosts, especially livestock and companion animals living in close
proximity to humans, and the extent to which known and novel
factors drive cross-species switching. Recent data have re-
vealed the impact of human activities, including animal domesti-
cation and antibiotic use in humans and animals, in driving the
multi-species evolution and ecology of S. aureus.’® Other
genomic studies have also shown variable abundance of viru-
lence-associated genes across different hosts, linked with
host-switching and adaptation events in S. aureus.*

Gheck for
Updates

Single-nucleotide mutations in bacteria have been
associated with significant phenotypic changes, including host
tropism in S. aureus,’’ serum resistance and virulence in
Salmonella enterica,'* host specificity in Listeria monocyto-
genes,'® and tissue tropism in Streptococcus pneumoniae.'®
Additionally, the acquisition and loss of mobile genetic elements
(MGEs), including staphylococcal prophages and pathogenicity
genomic islands, have been linked with host adaptation in hu-
mans and animals.®*'?"72% For example, the emergence of
the livestock-associated S. aureus clones ST398 and ST9 from
humans and subsequent adaptation in livestock was linked
with the loss of phage-associated virulence genes.*?"?? Simi-
larly, the acquisition of prophages by livestock-associated
clones has been linked with increased transmission and adapta-
tion to humans.?® However, it remains unknown whether
such differential abundance of these genes is critical for host
transmissibility and infection and truly reflects adaptation to
different hosts or merely potential interspecies barriers to
gene flow between different hosts, such as through restriction-
modification systems,?*?° which may result in the unique distri-
bution of genes between hosts. Furthermore, the degree to
which they contribute to the phenotypic variability remains un-
known. Therefore, uncovering genetic variation critical for host
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transmissibility, infection, switching, and adaptation of S. aureus
and other multi-species pathogens is critical. Such investiga-
tions can unravel novel pathogenicity loci for targeting effective
prophylactic and therapeutic measures to prevent and control
the emergence of virulent strains of serious threat to human
and livestock health.

The application of genome-wide association studies (GWASs)
has revealed insights regarding the genetic basis of virulence,?®
healthcare adaptation,”®?” immune evasion,”® colonization
duration,*® pathogenicity,””*>*" non-communicable disease
risk,>? antimicrobial resistance,®*° host adaptation, and trans-
mission®® of S. aureus and related species. Here, we conducted
a large-scale GWAS of a genetically diverse collection of 437
S. aureus isolates sampled from animals and humans in New En-
gland, United States, to explore the genetic basis for transmissi-
bility and infection of animals and human hosts. We applied
GWAS based on linear mixed models and a phylogeny-sampled
matching of phenotypically distinct isolates to robustly control
confounding effects due to the clonal bacterial population struc-
ture. This method allowed us to precisely identify and quantify
the overall impact of bacterial genetics on transmissibility, host
infection, switching, and adaptation of S. aureus. Our findings
highlight the critical role of horizontal gene transfer in dissemi-
nating the prophage-encoded immune evasion factors, which
modulate staphylococcal host transmissibility, infection, switch-
ing, and adaptation.

RESULTS

Co-circulation of human- and animal-associated

S. aureus clones

We constructed a whole-genome phylogeny of 437 S. aureus
isolates from pure cultures of single colonies, each representing
the genetic content of a single cell, sampled from infected hu-
mans and animals in New England, United States, from 2010
to 2020 to understand the S. aureus population structure
(Figures 1A-1C and S1; Data S1). The human isolates, 323 in to-
tal, were sampled from the blood of unique pediatric and adult
patients with bacteremia at Dartmouth-Hitchcock Medical Cen-
ter, United States, from 2010 to 2018°" (Figure 1D). In contrast,
the animal-associated isolates, 114 in total, were from clinical
samples of diseased animals sent from four New England states
(New Hampshire, Maine, Massachusetts, and Vermont) to the
New Hampshire Veterinary Diagnostic Laboratory, United
States, from 2017 to 2020.%® The dominant clones of the com-
plete dataset were clonal complex (CC) 5 (26.09%; n = 108),
CC8 (24.49%; n = 103), CC30 (11.67%; n = 51), CC97 (7.55%;
n = 13), CC45 (6.18%; n = 23), and CC1 (5.72%; n = 21), which
constituted 81.69% of the S. aureus isolates in this study
(Figure 1E). Since the distribution of S. aureus clones varies by
host type,”® we compared the prevalence of these clones
among the animal and human isolates. We found two clones
more commonly present in humans than in animals, CC8
(29.41% versus 10.53%, p = 9.427 x 107°%) and CC45 (7.74%
versus 1.75%, p = 0.04), consistent with well-established
evidence that they are predominantly human-adapted clones
associated with the community- and hospital-acquired
infections®™" (Figure 1F). In contrast, the only typically
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animal-associated clone to show a statistically significant higher
prevalence in animals was CC97 (19.30% versus 3.41%,
p =1.066 x 1077)."? However, CC1, a known livestock-associ-
ated clone,® also appeared more common in animals than in hu-
mans, although the difference was not statistically significant
(9.65% versus 4.33%, p = 0.062). These findings suggest poten-
tial clonal or lineage effects on host-switching and adaptation of
different S. aureus strains.

Transmission of S. aureus frequently occurs between
humans and animals

We next compared the pairwise genetic distances based on the
single-nucleotide polymorphisms (SNP) to identify potential zoo-
notic and reverse zoonotic transmission events of S. aureus
between human and animal hosts. The pairwise SNP distances
distinguishing pairs of S. aureus isolates showed a multi-modal
distribution for the isolates sampled from the same host and
different host types (Figures 2A-2D). Previous studies of bacte-
rial transmission have primarily used a lower SNP threshold, typi-
cally ~50 SNPs, which efficiently detects recent transmission
events, especially within households and healthcare set-
tings.**** However, since we were interested in capturing both
recent and non-recent direct or indirect transmissions, we
used a threshold of 150 SNPs, which would allow us to capture
potential transmissions within ~13 years, assuming a cutoff of
~24 core genome SNPs to resolve transmissions occurring
within one year.*®> We identified 19 potential transmission clus-
ters when we applied this SNP threshold (Figure 2E). These
transmission clusters were associated with several major clonal
complexes, including CC1 (one cluster), CC5 (10), CC8 (eight),
CC30 (six), CC45 (three), and CC97 (one), and other undefined
clonal complexes (10). The mean number of SNPs between hu-
man and animal S. aureus isolates associated with each trans-
mission event was 107.04 (range, 35-149), which suggested
that the transmissions were predominantly indirect and not
recent occurrences. The sharing of S. aureus clones between
the human and animal hosts in New England, United States,
suggested the occurrence of potential zoonotic and reverse
zoonotic transmission events (Figure 1E). Although the
S. aureus isolates were not collected simultaneously and had
no available epidemiological information linking them, the iso-
lates were sampled from the same region. Therefore, the high
genetic similarity between the human and animal strains likely
represented direct or indirect transmission events. Together,
these findings showed a history of non-recent transmissions of
S. aureus clones between human and animal hosts.

GWAS reveals the critical role of prophage-encoded
immune evasion and novel genes in S. aureus host
transmissibility, infection, switching, and adaptation

We next investigated whether the genetics of S. aureus influenced
the transmission of the strains between human and animal hosts.
We also measured the association between the host type pheno-
type and phylogeny. We estimated the phylogenetic signal by
mapping the phenotype onto the phylogeny to estimate Pagel’s
\ statistic.“*® To minimize bias due to the unequal number of hu-
man and animal isolates in the phylogenetic tree, we randomly
subsampled the phylogeny of 437 isolates to select an equal
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Figure 1. S. aureus isolates sampled from human and animal hosts are genetically diverse, intermixed in the phylogeny, and reveal host-
adapted clones

(A) The geographical location of the human and animal S. aureus isolates in New England, United States. The animal isolates were collected from 2017 to 2020,
while the human isolates were collected between 2010 and 2018.

(B) Pie chart showing the number of isolates from humans and animals.

(C) Pie chart showing the proportion of human and animal S. aureus isolates.

(D) Bar plot showing the number of S. aureus isolates by year of isolation and host species.

(E) Maximum-likelihood phylogeny generated using 141,232 SNPs showing genetic similarity of S. aureus isolates sampled from humans and animals in New
England, United States. The phylogeny is annotated by sampled host type, host, and sequence type based on multilocus sequence typing (MLST). For visual
clarity, we performed a square root transformation of the phylogenetic branches as the terminal taxon tips were obscured by the long deep branches. Phylo-
genetic branches with bootstrap values equal to 100% are marked with an asterisk.

(F) Bar plot showing the relative frequency of S. aureus clonal complexes among human and animal hosts. *p < 0.05, ***p < 0.001 (testing for equality of pro-
portions). The error bars in the graph represent 95% confidence intervals (Cls). Additional information for the isolates is provided in Figure S1.
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Figure 2. Comparative genomics of S. aureus reveals high genetic diversity and transmission between human and animal hosts

(A) Histogram showing the multi-modal distribution of the SNP distance between pairs of all the S. aureus isolates in the study.

(B) Histogram showing the multi-modal distribution of the SNP distance between pairs of animal S. aureus isolates.

(C) Histogram showing the multi-modal distribution of the SNP distance between pairs of human S. aureus isolates.

(D) Histogram showing the multi-modal distribution of the SNP distance between pairs of animal and human S. aureus isolates.

(E) Cytoscape network showing connected components or clusters containing both human and animal isolates. The edges in the network represent pairs of
S. aureus isolates differing by <150 SNPs, which captures recent and non-recent transmissions between animal and human hosts occurring within ~13 years.*®

number of 80 isolates from humans and animal hosts 50 times and
inferred Pagel’s A values based on this dataset using the all-rates-
different (ARD) discrete character models, assuming unequal
transition rates between states. We estimated Pagel’s A of 0.87
(95% confidence interval [CI], 0.46-1.00), which indicated a
strong correlation between the phylogeny and the host type
(i.e., a strong phylogenetic signal). This strong phylogenetic signal
implied potential strain or lineage effects whereby certain clusters
of S. aureus strains were associated with the same host type.
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These observations were consistent with the findingsin Figure 1E,
which showed that some clonal complexes were more commonly
found in humans (for example, CC97). In contrast, other clones,
including CC8 and CC45, were more commonly associated
with animals. Overall, the transition rates of S. aureus from animal
to human hosts and vice versa were approximately 32.56 (95% Cl,
24.00-44.55) and 21.2 (95% Cl, 14.00-29.78) (p = 5.435 x 1014,
respectively. This suggested that S. aureus host-switching
occurred more frequently from animal to humans than from
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Figure 3. GWAS of human and animal S. aureus reveals key independen
and adaptation

(A) Schematic diagram showing the study design, phenotype tested, genetic var
(B) Manhattan plots for the GWAS of SNPs using FaST-LMM show the log-trans
S. aureus strain JP080 (GenBank: AP017922.1). The odds ratio in the Manhattan

Phage-related

Function unknown

tly evolving genetic loci for host transmissibility, infection, switching,

iation, and tools used for the GWAS.
formed statistical significance and genomic coordinates based on the human
plots is for the minor allele.

(C) Manhattan plots for the GWAS of unitigs using FaST-LMM showing the log-transformed statistical significance and S. aureus genome coordinates.
(D) Manhattan plots for the GWAS of genes using FaST-LMM showing the log-transformed statistical significance and S. aureus genome coordinates.
(E) Manhattan plots for the GWAS of SNPs using a different GWAS method, GEMMA, showing the log-transformed statistical significance and S. aureus genome

coordinates.

(F) Manhattan plots for the GWAS of SNPs using GEMMA showing the log-transformed statistical significance and S. aureus genome coordinates.

@
H
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humans to animals. These findings provided further evidence for
the effect of strains or lineages on the infection of different host
types with S. aureus.

Frequent genetic exchange of antimicrobial resistance (AMR)
and virulence-associated determinants promote the ecological
adaptation of S. aureus adaptation.'® We next investigated
whether certain genetic variations influenced infection, switch-

) Manhattan plots for the GWAS of SNPs using GEMMA showing the log-transformed statistical significance and S. aureus genome coordinates.
) Venn diagrams for the SNPs, unitigs, and accessory genes identified by GEMMA and FaST-LMM.
1) Functional analysis of the genes containing genetic variation statistically associated with host type. Additional information is provided in Figures S2-S6.

ing, and adaptation of the human and animal hosts. We per-
formed a GWAS of the 323 human and 114 animal S. aureus iso-
lates to identify genetic signals for infection of human and animal
hosts independent of the genetic background using linear mixed
models implemented in Factored Spectrally Transformed Linear
Mixed Models (FaST-LMM)*/(Figures 3A and S2). Such genetic
variation is likely homoplastic due to independent and
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convergent evolution. Since S. aureus evolves primarily through
mutation and MGEs, we first investigated the association of
SNPs and host type. We found 129 SNPs out of the 113,454
SNPs present in 5%-95% of the isolates that were statistically
associated with host type after correcting for multiple testing
(Figure 3B). The Q-Q plots for SNP-based GWAS showed no is-
sues due to the population structure (Figure S3). We found SNPs
with the lowest statistical significance in the genomic region con-
taining the MGE ¢Sa3 prophage, a ~43-kb prophage harboring
the immune evasion cluster genes, which inserts into the B-he-
molysin (hlb) gene*®*° (Table S1; Figure S4; Data S2). These
genes included scn, chp, sak, and sea, which encode the innate
immune modulators, including staphylococcal complement in-
hibitor (SCIN), chemotaxis inhibitory protein of Staphylococcus
(CHIPS), staphylokinase (SAK), and enterotoxin A (SEA) proteins,
respectively.’®°%°" The effect sizes associated with these genes
ranged from 0.707 to 0.729 (adjusted p value, 3.59 x 107%° to
2.05 x 10~2°) for the SAK gene (scn), 0.739 to 0.753 (adjusted
p value, 4.29 x 10~"2 t0 3.16 x 1079 for the SAK gene (sak),
and 1.63 x 107° to 1.32 x 1072 (p value, 0.0044-0.0360) for
the transposase gene (tnp) (Table S1). Additional genes contain-
ing SNPs associated with host type were hypothetical and
included those encoding a lytic enzyme, amidase, putative
phage protein, and transposase (Data S2). We also identified
statistically significant SNPs in the intergenic regions within the
prophage region, which were associated with the infection of hu-
man and animal host types. These prophage-associated SNPs
possibly reflected strong linkage disequilibrium due to the trans-
location of the bacteriophage from strain to strain as a single
intact unit. We also found six SNPs outside the ¢Sa3 prophage
region that were associated with host type. Two SNPs were
associated with a transposase sequence upstream of the inte-
gration site of the ¢Sa3 prophage. In comparison, four SNPs
associated with the IS71272 transposase downstream of the pro-
phage were likely acquired from other staphylococcal species.®”
Notably, the number and statistical significance of the SNPs
identified outside the prophage sequence were lower than those
located within the prophage. Therefore, these findings indicate
that genetic variation in S. aureus has a major effect on infection
of different host types. We propose that the host transmissibility
and infection are primarily driven by genetic variation within the
@Sa3 prophage.

We then conducted a complementary GWAS using unitigs,
defined as variable-length contiguous k-mer sequences, as
markers of S. aureus genetic variation (Figure 3A and Table 1,
and Figure S5). Unlike SNPs, which are determined based on a
reference genome, unitigs capture additional genic and inter-
genic variation not available in the reference genome, including
accessory genes, insertion and deletions of any size, and
genomic rearrangements.®® Crucially, the unitigs capture
genomic variation arising through horizontal gene transfer
(HGT), such as prophages and other MGEs, which play a critical
role in bacterial evolution.** Based on the GWAS of 418,204 uni-
tigs detected in 5%-95% of the isolates, we found 451 unitigs
statistically associated with S. aureus host type (Figure 3C and
Data S2). The number of statistically significant unitigs was about
three times higher than the associations detected by the SNPs,
which demonstrated an increased ability to detect the host-
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associated genetic variation. Interestingly, mapping the unitig
sequences to a reference genome to annotate them showed
that they tagged all the genes containing the variants identified
in the SNP-based GWAS, particularly the immune evasion genes
in the Sa3 prophage. However, the identified unitigs also map-
ped to additional genes not found in the SNP-based GWAS,
demonstrating the increased power and resolution of the uni-
tig-based GWAS. Similarly, the Q-Q plots for unitig-based
GWAS revealed no issues due to the population structure (Fig-
ure S3). Altogether, these findings provided further evidence
that S. aureus genetic variation contributes to the differential
infection of human and animal hosts.

Having uncovered the SNPs and unitigs associated with the
infection of different host types, we undertook further analyses
to investigate whether it was the presence and absence of the
entire genes tagged by the SNPs and unitigs associated with
the host type rather than allelic variation at nucleotide substitution
level (Figures 3A, S3, and S6; Table S2). We achieved this through
a pan-genome analysis of the S. aureus isolates to determine the
presence and absence patterns of genes. A GWAS based on the
presence and absence patterns of 1,503 intermediate frequency
genes found in 5%-95% of the isolates revealed four genes,
namely, scn (odds ratio, 0.707; p = 2.25 x 10739, sak (odds ratio,
0.750; p = 1.19 x 10719, and two hypothetical genes: an amidase
(odds ratio, 0.814; p = 0.0308) and ATPases associated with
diverse cellular activities (AAA) family protein (odds ratio, 0.835;
p = 0.0025) (Figure 3D; Table S2; Data S2). The Q-Q plots for
gene-based GWAS showed robust control of the population
structure (Figure S3).

We also repeated the GWAS analysis using a different tool,
genome-wide efficient mixed-model analysis (GEMMA),*° to
check for consistency in the identified genetic variation and
confirm that our approach worked correctly (Figures 3E-3G).
Similarly, the population structure was efficiently controlled (Fig-
ure S3). We found similar results between different approaches.
All the SNPs, unitigs, and genes statistically associated with
S. aureus infection of different host types identified by GEMMA
were also identified by FaST-LMM. However, FaST-LMM had
greater power, as shown by the discovery of additional variants
associated with host type (Figure 3H; Data S3). Functional anal-
ysis of the combined genetic variants identified by both genes re-
vealed that most genes were associated with MGEs, particularly
prophages (Figure 3l). These demonstrate that mobilization of
the ¢Sa3 prophage-associated genes through HGT, particularly
the human innate immune evasion genes, rather than allelic vari-
ation is the primary determinant of infection, switching, and
adaptation of S. aureus to human and animal hosts.

A phylogeny-based sampling of matched pairs of human
and animal isolates confirms the association of GWAS
loci with host transmissibility and infection

To confirm whether the genetic loci implicated are associated
with S. aureus infection of different host types, we next under-
took a GWAS of phylogenetically matched pairs of human and
animal isolates (Figures 4A and 4B). We based our phylogeny-
based matched sampling on a similar approach used to identify
loci for drug resistance and host adaptation in Mycobacterium
tuberculosis and Campylobacter species, respectively,”® and
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Table 1. Summary of unitigs associated with human and animal S. aureus isolates based on GWAS using FaST-LMM

Reference Total Q value Odds ratio
Locus tag Gene name  genome unitigs  range® range Gene product
JP02758_1300 scn AP017922.1 23 2.25 x 107910 2.34 x 1072"  0.707-0.746  complement inhibitor SCIN
JP02758_1303 sak AP017922.1 30 3.84 x 107210 0.015 0.745-0.834  staphylokinase
JP02758_1973 tnp AP017922.1 5 0.0191-0.0359 1.352 IS71272 transposase
JP02758_1367 int AP017922.1 57 3.26 x 107" to0 0.04864 0.742-0.809  integrase
Intergenic AP017922.1 110 6.56 x 10~*! to 0.0244 0.705-0.840  hypothetical protein
No match No match 129 1.24 x 1075 t0 0.0484 0.714-0.813  no match
C2G36_RS11395 NZ_CP030138.1 1 427 x 100%t04.27 x 107> 0.835-0.835 AAA family ATPase
C7M54_RS09660 NZ_CP029685.1 1 0.0051-0.0051 1.448-1.448 1S1182 family transposase
CGP86_RS04080 NZ_CP022720.1 1 0.0002 1.386-1.386  IS7182 family transposase
CPC18_RS10665 NzZ_CP023561.1 5 8.64 x 107% t0 0.0439 1.462-1.348  1S71182 family transposase
CPC18_RS13120 NZ_CP023561.1 4 0.0002-0.0003 1.399-1.390  IS7182 family transposase
CU118_RS06940 NZ_CP024998.1 1 3.33 x 107° 0.799-0.799  AAA family ATPase
E3S65_RS00020 NZ_CP047859.1 2 0.0007-0.0014 0.798-0.803  Clp protease ClpP
E3S65_RS00025 NZ_CP047859.1 2 0.0002-0.0010 0.780-0.791  phage major capsid protein
E3S65_RS14240 NZ_CP047859.1 4 2.62 x 100%t03.81 x 10°®  0.809-0.823  AAA family ATPase
F6Y18_RS01700 NZ_AP020316.1 1 0.0457-0.0457 1.292-1.292  1S71182 family transposase
FP479_RS08875 NZ_CP042008.1 1 0.0041-0.0042 1.351-1.351  IS7182 family transposase
I3K83_RS01375 NZ_CP065199.1 2 2.69 x 107% to 0.0489 1.546-1.342  1S1182 family transposase
I3K83_RS04555 NZ_CP065199.1 1 8.27 x 1077108.27 x 1077 0.667-0.667 transposase
16J76_RS02915 NZ_CP069470.1 2 0.0002-0.0002 1.399-1.399  IS7182 family transposase
16J76_RS05230 NZ_CP069470.1 1 0.043886364-0.043886364 1.348-1.348  1S1182 family transposase
ILP77_RS09555 NZ_CP062467.1 1 0.017527775-0.017527775 1.288-1.288  1S7182 family transposase
JP02758_1299 AP017922.1 12 1.24 x 1072510 1.15 x 107'®  0.714-0.761  phage protein
JP02758_1302 AP017922.1 8 3.41 x 107" t0 0.0022 0.763-0.804 amidase
JP02758_1304 AP017922.1 3 2.01 x 107% t0 0.032490283  0.794-0.794 lytic enzyme
JP02758_1310 AP017922.1 29 6.02 x 107% t0 0.0237 0.748-0.805 putative protein SA1764
JP02758_1330 AP017922.1 2 2.7 x 107% t0 0.010 0.769-0.806  phage protein
JP02758_1340 AP017922.1 6 9.64 x 107% t0 0.0471 0.817-0.849  hypothetical protein
JP02758_1355 AP017922.1 1 591 x 10710 5.91 x 107'°  0.758-0.758 phage protein
JP02758_2192 AP017922.1 2 3.32 x 107%109.86 x 10°®  0.649-0.675 transposase
K9B11_RS08960 NZ_CP083728.1 2 0.0005-0.0005 1.424-1.424  1S1182 family transposase
LO764_RS13470 NZ_CP087593.1 1 0.0301-0.0301 0.899-0.899  E domain-containing protein
RK77_RS01455 NZ_CP026064.1 1 1.79 x 100%101.79 x 10°®  0.673-0.673 transposase

2Q value represents the adjusted p value based on the Bonferroni correction (see STAR Methods).

pathogenicity in Staphylococcus epidermidis.*® This approach
improves statistical power to uncover hidden genotype-pheno-
type associations even for small datasets due to efficient con-
trolling of the residual confounding effect caused by cryptic bac-
terial population structure. We hypothesized that phylogenetic
matching of the human and animal isolates would result in a dis-
tribution of the genetic variation among the human and animal
S. aureus isolates if no genetic variation affects the infection of
different host types.

We identified 36 pairs of phylogenetically matched human
and animal isolates from the phylogeny of 437 S. aureus iso-
lates (Figures 4A and 4B). The median number of SNPs be-
tween the paired human and animal isolates was ~320.
Considering the small number of identified isolate pairs, genetic

variation with unadjusted p value <0.05 was denoted statisti-
cally significant based on the exact McNemar’s test to avoid
over-penalizing the p values for statistical significance when
correcting for multiple testing using Bonferroni correction. Our
findings rejected the hypothesis that no genetic variation influ-
enced S. aureus infection in animal and human hosts. We found
20 genes encoding proteins with diverse functions, which were
overrepresented in human and animal isolates (Figure 4GC;
Table S3; Data S4). Three of the four genes found in the
GWAS of unmatched isolates were also identified in the
GWAS of the matched isolates, which provides further evi-
dence for the role of the effect of these genes in S. aureus of
humans and animal hosts. These findings demonstrate the
improved power of the efficient study design based on the
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Figure 4. A phylogeny-based sampling of matched human and animal isolates confirms genes implicated in the GWAS of unmatched isolates
and reveals improved power to discover hidden genes associated with host transmissibility, infection, switching, and adaptation
(A) Maximume-likelihood phylogeny showing genetic similarity of S. aureus isolates sampled from humans and animals in New England, United States (see

Figure 1E). The phylogenetic branches are square root transformed for clarity.

(B) Phylogeny of the selected pairs of genetically matched human and animal isolates for the matched GWAS using the exact McNemar’s test.
(C) Contingency tables show the presence (1) and absence (0) of genes statistically overrepresented among S. aureus isolates collected from humans and animals
based on the GWAS of matched human and animal isolates.
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Figure 5. High narrow-sense heritability highlights the remarkable contribution of S. aureus genetics to host transmissibility, infection,
switching, and adaptation. Estimates of the narrow-sense heritability (h2) using different genetic variants and methods

(A) Heritability was estimated for accessory genes, SNPs, and unitigs using GEMMA.

(B) Heritability was estimated for accessory genes, SNPs, and unitigs using FaST-LMM.

(C) Heritability was estimated for accessory genes, SNPs, and unitigs using GCTA. The error bars in the graph represent 95% Cls. FaST-LMM reported no
standard errors for the heritability estimates; therefore, the plots show no Cls. Heritability is expressed as a proportion with values ranging from 0 to 1.

matched sampling scheme in identifying cryptic genetic varia-
tion associated with S. aureus infection of human and animal
hosts.

High heritability pinpoints the remarkable contribution
of specific key genetic determinants critical for host
transmissibility, infection, switching, and adaptation

We next calculated the narrow-sense heritability, which ranges
from 0 to 1, to quantify the contribution of S. aureus genetic varia-
tionto the infection of different host types using three approaches:
genome-wide complex trait analysis (GCTA),*” FaST-LMM,*” and
GEMMA.*® Since S. aureus clones typically switch or jump be-
tween animal and human hosts, we hypothesized that genomic
variation associated with these events is under strong natural se-
lection and, therefore, would exhibit high heritability. Consistent
with our hypothesis, we found a remarkably high heritability for
infection of different host types based on the SNP variation based
on GEMMA (h2 = 0.88; 95% Cl, 0.80-0.96), FaST-LMM (h? = 0.88),
CGTA (h? = 0.72; 95% Cl, 0.82-0.91) (Figure 5A). Similarly, herita-
bility estimates based on the genetic variation captured by the uni-
tig sequences were high, with the highest estimate calculated by
GEMMA (h? = 0.84; 95% CI, 0.75-0.92) followed by FaST-LMM
(h? = 0.84) and GCTA (h? = 0.77; 95% Cl, 0.66-0.88) (Figure 5B).
However, the heritability estimates based on the kinship matrix
generated based on the presence and absence of the accessory
gene were lower than for the SNPs and unitigs (Figure 5C). There-
fore, the heritability estimates based on the presence and absence
of genes underestimated the heritability compared with the esti-
mates based on the SNP and unitig genetic variation, which is
not unexpected because genes do not capture variability in the in-

tergenic variation. Despite this, for context, the heritability esti-
mates based on gene content were much higher than estimates
reported for other bacterial phenotypes, such as disease
severity.>® Such high heritability is similar to the loci associated
with AMR phenotypes in several bacterial pathogens, including
M. tuberculosis®* and Neisseria gonorrhoeae.>® Such AMR-asso-
ciated loci are typically subject to strong natural selection pres-
sure, implying that the implicated lociin S. aureus are similarly sub-
jected to substantial selective forces. These findings demonstrate
that genetic variation is the primary driver of S. aureus infection of
different host types, highlighting its impact on host transmissibility,
infection, switching, and adaptation.

We then determined the amount of heritability attributable to
the ¢Sa3 prophage-encoded immune evasion genes. First, we
repeated the GWAS using GEMMA by including a covariate for
the presence and absence of the four genes statistically signifi-
cantly associated with the host type in the GWAS using FaST-
LMM, namely the SCIN scn (locus tag: JP02758_0997), staphy-
lokinase sak (locus tag: JP02758_1303), and a hypothetical
amidase gene (locus tag: JP02758_1302) (Figures 3B-3G). This
analysis allowed us to calculate the point estimate for the nar-
row-sense heritability not explained by the immune evasion
genes in the ¢Sa3 prophage. This approach was previously
used to quantify the heritability attributable to the Panton-
Valentine leukocidin (PVL) locus encoding a cytotoxin crucial
for staphylococcal pyomyositis infection.?” The point estimates
for the heritability were 0.0003 and 0.0007 based on the SNP
and unitig genetic variation measured by GEMMA. These esti-
mates correspond to a 99.97% (0.882-0.0003) and 99.92%
(0.838-0.0007) decrease in the heritability explained by factors
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Figure 6. The ¢Sa3 prophage encoding genetic variation associated with S. aureus host transmissibility, infection, switching, and adaptation

is the major hotspot for genetic exchange via recombination

(A) Maximum-likelihood phylogeny of 25 S. aureus CC1 isolates annotated by host type. The rectangular matrix adjacent to the color strips at the tips of the
phylogeny represents a zoomed plot showing recombination events detected by Gubbins in the genomic region 1,430,443 to 1,472,709 containing the ¢Sa3
prophage in the reference sequence for the human S. aureus strain JP080 (GenBank: AP017922.1). The presence of the prophage was inferred using PHASTER.
Recombination blocks colored in red were found in more than one isolate in the phylogeny, while those colored in blue were unique to a single isolate. The genes in

the forward and reverse genome strands are shown in different colors for clarity.

(B) Recombination events in the whole-genome alignment of 30 CC30 isolates.

(C) Recombination events in the whole-genome alignment of 27 CC45 isolates.
(D) Recombination events in the whole-genome alignment of 114 CC5 isolates.

(E) Recombination events in the whole-genome alignment of 107 CC8 isolates.

(F) Recombination events in the whole-genome alignment of 33 CC97 isolates. Recombination plots showing the whole genome are shown in Figure S7.

other than the immune evasion genes. These findings attributed
nearly all the heritability for host transmissibility and infection to
the immune evasion genes in the ¢Sa3 prophage. These results
highlight the critical role of variability in the presence and
absence patterns of these genes in S. aureus host transmissi-
bility, infection, switching, and adaptation.

HGT drives the dissemination of the genes for host
transmissibility, infection, switching, and adaptation
HGT and homologous recombination play a crucial role in dissem-
inating pathogenicity loci of bacteria,°*®" including S. aureus.®?

10 Cell Genomics 2, 100194, November 9, 2022

We hypothesized that the rapid acquisition and loss of the pro-
phage through HGT contributes to the rapid dissemination of the
immune evasion genes between S. aureus strains. Therefore, we
next investigated whether the prophage region harboring the im-
mune evasion genes implicated in the GWAS was located within
a hotspot for genetic exchange through recombination and HGT.
We generated whole-genome sequence alignments of the
S. aureus isolates belonging to the major clonal complexes,
namely, CC1, CC5, CC8, CC30, CC45, and CC97. We selected
these clones because they contained at least 25 isolates, sufficient
for a robust phylogenomic analysis to detect recombination
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events.®® We found that the genomic region harboring the pro-
phage region was the primary hotspot for homologous recombina-
tion consistent across different S. aureus clonal complexes,
consistent with findings elsewhere®°° (Figures 6 and S7). Alto-
gether, these findings indicate that recombination and HGT drive
the rapid acquisition and loss of the genes, thereby modulating
rapid host transmissibility, infection, switching, and adaptation of
S. aureus over short and long timescales.

S. aureus ¢Sa3 prophages are ubiquitous and
genetically diverse

We next investigated the genetic diversity of the ¢Sa3 prophage
containing the implicated immune evasion genes. First, we map-
ped genomic data of each isolate against a reference ¢Sa3
sequence from S. aureus strain JP080 (GenBank: AP017922.1)
isolated from a human infection to determine the presence and
absence of genes and intergenic sequences. We found the pres-
ence of highly variable ¢Sa3 sequences in different isolates, with
marked differences in the presence and absence of the pro-
phage-encoded genes (Figure S8). There was some noticeable
homology at the 5’ and 3’ ends of the prophage, suggesting
the potential presence of ¢Sa3-like and other prophage se-
quences, including ¢Sal, ¢Sa3, ¢Sa5, ¢Sa6, ¢Sa7, and
¢Sa9, and especially those lacking the immune evasion genes.”’
The observed correlation between the presence and absence of
the immune evasion genes and host type was apparent, sup-
porting the association reported in the GWAS. Since the map-
ping-based approach may not capture genetic variation outside
the reference ¢Sa3 prophage sequence, next we performed a
complementary analysis using de novo assemblies. We ex-
tracted full Sa3 prophage sequences found on a single contig
from de novo assembilies of the isolates and compared their ge-
netic diversity using the Jaccard index (i.e., proportion of shared
k-mers). We found 173 (563.56%) human isolates containing a
complete prophage sequence compared with 20 (17.54%) of
the animal isolates. The mean length of the extracted prophage
sequences was 42,541.35 bp (range: 40,467-44,418 bp), and
clustering analysis showed a high genetic diversity between
the sequences (Figure S9). These findings confirmed that the
¢Sa3-like prophages are more common in human than animal
S. aureus isolates and exhibit substantial genetic diversity,
consistent with findings elsewhere.*'4%°

DISCUSSION

Understanding the factors critical for host transmissibility, infec-
tion, switching, and adaptation of pathogens with multi-host
ecologies, such as S. aureus, remains vital to inform measures
to improve human and animal health. Here, using a comprehen-
sive population genomics approach, we identified non-recent
transmissions of S. aureus and uncovered key ¢Sa3 B-hemo-
lysin-converting bacteriophage-encoded genetic loci critical for
host-switching and infection in humans and animals. Such
host-switching and infection are driven by the acquisition and
loss of the human innate immune evasion factors, specifically
the SCIN (scn) and staphylokinase (sak) genes, and two hypo-
thetical genes (one encoded a phage lysin or amidase and an
AAA ATPases family protein).*®°° While other genetic loci

¢ CellP’ress

located outside the ¢Sa3 prophage were associated with
S. aureus infection of the human and animal host types, we found
the strongest genetic signal in the prophage region. Importantly,
S. aureus genetics explained ~88% of the heritability in the infec-
tion of human and animal host types, of which ~99.9% was
attributed to the immune evasion genes within the ¢Sa3 pro-
phage, highlighting the remarkable contribution of these genes
to S. aureus host transmissibility, infection, switching, and
adaptation. Considering the rapid dissemination of the pro-
phages between S. aureus strains in the population, our findings
suggest that any S. aureus clone, including those typically
considered specialist lineages, can rapidly evolve and become
endemic in livestock and humans upon acquisition or loss of
the genes implicated in this study, thereby promoting the spread
of antibiotic-resistant and virulent genes to strains in animals and
humans.?*

Our GWAS approach based on different types of genetic vari-
ation (SNPs, genes, and unitigs) has revealed the role of the
innate immune evasion genes, which display high specificity
to the human immune system,*® specifically the SCIN (scn)®’
and SAK (sak) genes®® encoded by the ¢Sa3 prophage in
S. aureus host-switching and adaptation. These results are
consistent with previous pan-genome studies.*'"~19?2:%% The
scn gene encodes an efficient complement inhibitor for the
classical, alternative, and lectin complement pathways, which
prevents opsonophagocytosis, neutrophil-mediated killing
and neutrophil chemotaxis, and generation of complement
component 5a (C5a).*”"%° The sak gene interferes with human
innate immune defenses by exhibiting anti-opsonic activity.”®
Specifically, it encodes a plasminogen activator converting
plasminogen to plasmin, which cleaves and removes opsonic
molecules, including human immunoglobulin (Ig) G and comple-
ment component 3b (C3b), thereby preventing neutrophil-medi-
ated phagocytosis.”” The ability of these MGEs to rapidly
spread from strain to strain provides an opportunity for rapid
adaptation of S. aureus over short timescales to survive in a
host. Surprisingly, we did not identify any statistically significant
signals for host transmissibility, infection, and adaptation in the
AMR-associated elements and genes, such as the SCCmec,”’
which have been widely linked with the successful clonal
expansion of several S. aureus clones, including CC398,"°
although they likely play a major role in transmission in the hu-
man population.”?

A key aspect of our study is the ability to control for the popu-
lation structure when correlating the genetic variation and host
type, which typically leads to spurious associations, especially
for bacterial data. Our analysis of phylogenetically matched pairs
of human and animal isolates, which likely represented the
recent or non-recent zoonotic transmission, supported the
findings from the GWAS of unmatched isolates that the pro-
phage-encoded innate immune evasion genes are overrepre-
sented in the isolates collected from humans and animals. This
sampling approach removes residual confounding effects due
to the cryptic clonal population structure of the isolates, which ul-
timately improves the power to detect real genetic signals. This
approach has been successfully demonstrated to discover ge-
netic factors for AMR of M. tuberculosis and adaptation of
Campylobacter species to different livestock hosts,”® and
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pathogenicity of S. epidermidis.*° Several experimental studies,
which showed the effect of these prophages in the infection of
different host types, support our findings indicating the key
role of the immune evasion factors in S. aureus host transmissi-
bility, infection, switching, and adaptation.”® Although the ani-
mal-associated S. aureus isolates are not entirely devoid of the
@Sa3-like prophages, these are found at low frequency, enough
to facilitate spread to other animal isolates, and this may pro-
mote infection to human hosts. However, such a low prevalence
of these prophages, ¢Sa3-containing isolates in animals and
@Sa3-devoid isolates in humans, implies that carriage of the pro-
phage incurs a substantial fitness cost to the bacteria in the
animal host environment, likely under strong negative and posi-
tive selection in animals and humans, respectively.>*”* Thus,
our findings indicate that the acquisition of the ¢Sa3 pro-
phage-encoded human innate immune evasion genes drives
rapid host-switching and adaptation of S. aureus over short
and long timescales, facilitated by the repeated transmissions
between animals and humans.'® However, further studies
are required to understand specific factors modulating the
spread of these prophages between S. aureus strains in different
hosts.

Although several studies have postulated the importance
of bacterial loci in host-switching and adaptation of
S. aureus,*'317719:23.69.74 the overall contribution of the path-
ogen genetics remains less understood. Our findings suggest
remarkably high narrow-sense heritability, reaching ~88%
based on SNP and unitig sequence variation, highlighting the
major contribution of S. aureus to infection of different host
types. Such high heritability is consistent with estimates re-
ported for highly penetrant phenotypes, typically under strong
natural selection pressure. An example of such a phenotype is
AMR, whose heritability reached ~84% and ~97% in
M. tuberculosis and N. gonorrhoeae respectively.**>° Similarly,
the establishment of S. aureus pyomyositis infection has also
shown a high heritability of ~64%.?" Consistent with our find-
ings, S. aureus pyomyositis infection is also driven by a single
bacteriophage-associated locus, the staphylococcal PVL locus,
which can rapidly spread between strains over short timescales
to promote rapid phenotypic changes and adaptation. An in-
depth investigation of the heritability revealed that the immune
evasion genes in the ¢Sa3 prophage contributed ~99.9% of
the phenotypic variability, clearly pinpointing their role in
S. aureus infection in animals and human hosts. Overall, these
findings demonstrate the critical role of the human innate im-
mune evasion genes in the ¢Sa3 prophage for S. aureus host
transmissibility, infection, switching, and adaptation.

In conclusion, we have identified and quantified the contribu-
tion of the primary genetic determinants for S. aureus host trans-
missibility, infection, switching, and adaptation. These findings
have direct implication for designing therapeutic measures to
limit the emergence and spread of pandemic S. aureus clones,
especially those associated with antimicrobial resistance, and
to improve human and animal health and sustainable food secu-
rity. Our population genomic study of human and animal-associ-
ated isolates underscores the need for a broader “one-health”
perspective’® to understand and manage S. aureus and other
multi-host pathogens with complex ecologies.
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Limitations of the study

Our study benefits from a targeted focus on S. aureus isolates
sampled from diseased humans and animals in the same region.
Our results agree with previous studies suggesting the impact of
the immune evasion genes, but we present newer and more
robust genomic approaches to study host adaptation, which
have revealed genetic variation important for adaptation, quanti-
fied their heritability, and shown unrecognized diversity in the
species. However, our study has several limitations. First, the iso-
lates were sampled from individuals with disease; therefore, they
may not have captured the full extent of S. aureus genetic diver-
sity colonizing human and animal hosts. We also acknowledge
the partly overlapping sampling times and the lesser representa-
tion of the animal isolates, which may reduce the likelihood of de-
tecting more recent S. aureus transmission between human and
animal hosts. However, our analysis showed sufficient power to
detect genetic variation significantly associated with human
and animal hosts because our phenotype had high penetrance,
large effect sizes, and high heritability. Other GWAS studies else-
where that have used smaller or similarly sized datasets, for
example, S. epidermidis (76 controls and 76 controls; genetically
matched)®® and S. aureus (101 cases and 417 controls; un-
matched),?” showed sufficient power to detect genetic signals
associated with phenotypes. We also utilized a phylogeny-based
sampling of matched closely related pairs of human and animal
isolates to eliminate residual confounding effects due to the
cryptic population structure and uneven dataset sizes for the hu-
man and animal isolates. This approach has previously been
applied to datasets of M. tuberculosis (eight cases and eight con-
trols; phylogenetically matched) and Campylobacter species
(eight cases and eight controls; phylogenetically matched)>°
and showed improved power to detect genetic signals. We also
recognize that different animal species have a unique physiology
that requires corresponding unique adaptive traits of bacterial
pathogens. Nonetheless, by grouping all the isolates from ani-
mals, our dataset is biased toward human samples, thus the
genetic signatures identified in this study could be specific to
human hosts. Therefore, future work should include systematic
sampling from different animal species to better understand
host adaptation and switching between non-human hosts. Our
work provides an essential framework for future investigations
on host adaptation in S. aureus and other bacterial pathogens.
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SPAdes GitHub https://github.com/ablab/spades
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MASH GitHub https://github.com/marbl/Mash
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Other

Scripts and GWAS datasets GitHub, Zenodo Zenodo (https://doi.org/10.5281/zenodo.6944550),

GitHub (https://github.com/ChrispinChaguza/
SAUREUS_NE_USA)

RESOURCE AVAILABILITY

Lead contact
Further information and requests for data, resources, and reagents should be directed to and will be fulfilled by the Lead Contact,
Cheryl P. Andam (candam@albany.edu).

Materials availability
This study did not generate new unique reagents. However, the raw data and code for this study can be found in the Supplemental
Materials and repository specified in Data and code availability.

Data and code availability

® The sequence data used in this study were deposited in the National Center for Biotechnology Information (NCBI) Sequence
Read Archive under the BioProject accession numbers NCBI: PRINA673382 (human isolates) and NCBI: PRINA741582 (an-
imal isolates). The accession numbers for individual isolates are provided in the supplementary material.

® A summary of the isolates used in this study and GWAS hits are available in Data S1, S2, S3, and S4. Additional code and data
are publicly available from GitHub (https://github.com/ChrispinChaguza/SAUREUS_NE_USA) and Zenodo (https://doi.org/10.
5281/zen0do0.6944550).

® All other data supporting the findings of this study are available within the paper and its supplementary information files. Any
additional information required is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

Human isolates

Ethical approval was granted by the Committee for the Protection of Human Subjects of Dartmouth-Hitchcock Medical Center and
Dartmouth College. This study protocol was deemed not to be human subjects research. Samples used in the study were subcul-
tured bacterial isolates that had been archived in the routine course of clinical laboratory operations. No patient specimens were
used, and patient protected health information was not collected.

Animal isolates

The clinical specimens were received from multiple veterinary practices in the states of Connecticut, New Hampshire, Maine, Mas-
sachusetts, and Vermont. All isolates were from animals with confirmed clinical infections. No live vertebrates were used by the New
Hampshire Veterinary Diagnostic Laboratory (NHVDL) in this study; hence, the NHVDL was exempt from the Institutional Animal Care
and Use Committee (IACUC) approval process at the University of New Hampshire.
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METHOD DETAILS

Sample characteristics and microbiological processing

Four hundred and thirty-seven isolates collected from humans and animals in New England, USA were available for this study. The
isolates were collected between 2010 and 2020. Of these, 323 were collected from humans with bacteraemia infection,” while 114
isolates were sampled from animals.*® We collected a single isolate from each patient and animal. For the human isolates, the first
significant blood culture isolate from each patient is routinely archived at the Dartmouth-Hitchcock Medical Center, New Hamp-
shire, USA, in case of future need for patient care, epidemiologic, public health, or laboratory quality studies. Upon subculture, iso-
lates were assigned a study number and all patient identifiers were removed with only the date of collection and results of clinical
antimicrobial susceptibility testing linked to the study number. We selected a convenience sample of approximately half of the
unique patient isolates distributed throughout the study period for this study. For the animal isolates, isolates were obtained as
culture swabs from routine clinical specimen submissions to the New Hampshire Veterinary Diagnostic Laboratory, New Hamp-
shire, USA. Clinical specimens were received from multiple veterinary practices in four states (New Hampshire, Maine, Massachu-
setts, Vermont).

Whole-genome sequencing of S. aureus isolates

The S. aureus isolates were subcultured from glycerol stocks onto commercially prepared tryptic soy agar with 10% sheep red blood
cells (Remel, Lenexa, KS) and in brain heart infusion broth (BD Difco, Franklin Lakes, NJ) at 37°C for 24 h. DNA was extracted and
purified from the liquid culture using the Zymo Research QuickDNA Fungal/Bacterial Miniprep Kit (Irvine, CA) following the manufac-
turer’s protocol. We used a Qubit fluorometer (Invitrogen, Grand Island, NY) to measure DNA concentration. DNA libraries were pre-
pared using the RipTide High Throughput Rapid DNA Library Prep kit (iGenomX, Carlsbad, CA). DNA samples were sequenced as
multiplexed libraries on the lllumina HiSeq platform operated per the manufacturer’s instructions. Sequencing resulted in 250 nucle-
otides long paired-end reads. Sequencing was carried out at the UNH Hubbard Center for Genome Studies at the University of New
Hampshire, Durham, NH, USA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Molecular typing, de novo genome assembly, annotation, and pan-genome construction

The isolates were assigned into clones or sequence types and clonal complexes using the multilocus sequence typing (MLST)
scheme for S. aureus.”® We assembled the reads into contigs using Shovill (version 1.1.0) with the no “matchtrim” option to generate
high-quality draft genomes (https://github.com/tseemann/shovill). The Shovill pipeline implements subsampling reads to depth
x150 per base coverage, trimming adapters, correcting sequencing errors, and assembly using SPAdes (version 3.13.0).”” We
then used SSPACE (version 3.0)"® and GapFiller (version 1.10)"° to scaffold and close gaps to improve the generated assemblies.
Genome quality was assessed using the programs QUAST (version 5.0.2)°° and CheckM (version 1.1.3)° to assess the quality of
our sequences and exclude genomes with <90% completeness and >5% contamination. Overall, genomes were at least 97.7%
complete with no more than 2.86% contamination. We also excluded assemblies with >200 contigs and an N50 < 40,000 bp and
percent of heterozygous sites over total number of SNPs >15% when mapped against a JP080 S. aureus reference genome
(GenBank accession: AP017922.1).%% After filtering out the genomes with low coverage and of poor quality, a total of 437
S. aureus genomes, 114 from animals and 323 from humans were used for downstream analyses. The resulting contigs were anno-
tated using Prokka (version 1.14.6).%° The median number of genes per isolate was 2,596 (range: 2,429 to 2,814), the median number
of contigs was 35 (range: 13 to 130), the median of the largest contig was 488,890 bp (range: 136,232 to 1,320,700 bp), the median
total assembly length was 2,782,737 bp (range: 2,666,799 to 2,974,399 bp), while the median assembly N50 value was 2,096,692 bp
(range: 40,538 to 1,029,233 bp) (Data S1). We generated the core, accessory, and pan-genomes with the moderate stringency mode
using Panaroo (version 1.2.2).%*

Population structure, phylogenetic construction, and recombination

A multi-sequence whole-genome alignment was generated based on consensus sequences of each isolate inferred after mapping
reads against a complete reference genome for a human S. aureus strain JP080 (GenBank accession: AP017922.1)%? using Snippy
(version 4.6.0) (https://github.com/tseemann/snippy). The sites containing SNPs in the whole genome alignment were extracted from
the alignment in FASTA and variant call format (VCF) formats using SNP-sites (version 2.3.2).%° We used the SNPs in the FASTA file to
generate a maximum-likelihood phylogenetic tree of the S. aureus isolates using IQ-TREE (version 2.1.2)%¢ with the general time-
reversible (GTR) and Gamma models and 100 bootstraps. We visualised the phylogenetic trees using the APE package (version
4.3)®” and RCandy (version 1.0.0).%% We annotated the trees with isolate metadata using the “gridplot” and “phylo4d” functions avail-
able in the phylosignal (version 1.3)%° and phylobase (version 0.8.6) packages (https://cran.r-project.org/package=phylobase),
respectively. We calculated the number of SNPs between pairs of isolates based on the core genome alignment generated with
Panaroo (version 1.2.2)%* using snp-dists (version 0.7.0) (https://github.com/tseemann/snp-dists). We generated networks of genet-
ically similar human and animal isolates distinguished by < 150 SNPs using Cytoscape (version 3.8.2).°° We quantified the correlation
between the phylogenetic tree and the host type phenotype, i.e., phylogenetic signal, using Pagel’s % statistic’® using the
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“fitDiscrete” functions in the Geiger (version 2.0.6.4).°' The number of transitions between human and animal host type states were

inferred using “make.simmap” and “describe.simmap” functions in phytools (version 0.7.70).%2 We used Gubbins to detect recom-

bination events in whole-genome alignments of different isolates from different clonal complexes with at least 25 sequenced
63

genomes.

Generating variant data for bacterial GWAS

To prepare the dataset for the GWAS analysis, we converted the biallelic SNPs into the pedigree file format using VCFtools (version
0.1.16).%° We excluded rare SNPs with minor allele frequency <5% and missingness >5% using PLINK (version 1.90b4).%* To prepare
the GWAS dataset based on the gene presence and absence patterns, we used custom Python scripts to generate pedigree files
based on the presence-absence patterns of orthologous genes generated using Panaroo (version 1.2.2).%* To identify the maximal
unitig sequences, i.e., non-branching paths in a compacted De Bruijn graph, we first build a graph for the entire dataset based on
31 bp k-mer sequences using Bifrost (version 1.0.1).°° The unitig sequences generated based on the entire isolate collection were
queried against a De Bruijn graph of each genome using Bifrost to determine the presence and absence patterns of each unitig
sequence in the genomes. A unitig was considered present when exact matches for all the k-mers in the unitig sequence were found
in each genome graph. The presence and absence patterns of the unitigs were merged with the affection status to generate the pedi-
gree data files required for the GWAS. As similarly done with the SNP variant data, the genes and unitigs found in <5% of the isolates
were excluded from the final dataset for the GWAS using PLINK.

Genome-wide association analysis

We first compared the relative frequency of the MLST clonal complexes using Fisher’s exact test. To identify genomic variation, i.e.,
SNPs, genes, and unitigs, associated with infection of humans and animals, we performed a univariate analysis based on linear
mixed models efficient at correcting the clonal arterial population structure. We initially used FaST-LMM (FastLmmC, version
2.07.20140723)"" for the GWAS followed by validation using GEMMA (version 0.98.1).°° To control the population structure of
the isolates, which is a major confounder in bacterial GWAS analyses, we specified a random covariate based on the kinship matrix
of the pairwise SNP distances between the isolates. All the GWAS analyses based on SNPs, genes, and unitigs used the same
genetic similarity matrix. Since the S. aureus genome is haploid, we coded the variants as mitochondrial DNA in the human
genome, i.e. designating it chromosome 26,% to allow the use of the aforementioned GWAS tools initially developed to primarily
handle diploid human genome data. We adjusted the raw statistical significance (p-values) for each variant, inferred using the likeli-
hood ratio test using the Bonferroni correction method to control the false discovery rate due to multiple testing. Since the fre-
quency of genomic variants tested, i.e., accessory genes, SNPs, and unitigs, varied greatly, we used a fixed value for the
S. aureus genome size to represent the possible maximum number of realised genomic variants. This approach is more conser-
vative than adjusting based on the observed variants, minimising false positives but potentially increasing false negatives slightly.
However, crucially, our approach ensures the use of a consistent p-value threshold when interpreting the statistical significance of
different types of genomic variation.

Genetic variants with p-value < 1.83 x 1078, i.e., a/G where the statistical significance threshold a = 0.05 and the genome size
G =2,729,352 bp for the S. aureus reference genome of the strain JP080 (GenBank accession: AP017922), were deemed statistically
significant. We compared the observed and expected statistical significance to visually inspect potential issues when controlling
the population structure using the Q-Q plots generated with ggman (version 0.1.7).°° The overall proportion of phenotypic variability
explained by variation in the genome (narrow-sense heritability) was estimated using FaST-LMM (FasttmmC, version
2.07.20140723),*” GEMMA (version 0.98.1),°° and GCTA (version 1.93.2).°” Since the heritability uses the genetic similarity matrix
of the isolates, we used a separate matrix generated for the different variant types to obtain reliable estimates of heritability for
each type of genetic variation. To determine the relative decrease in the heritability due to specific variants in the ¢Sa3 prophage,
we included covariate in GEMMA for the presence and absence patterns of the prophage-associated genes, an approach similarly
used by Young et al.>” We selected genetically matching pairs of human and animal S. aureus isolates in the phylogenetic tree of all
the isolates. We used the Exact McNemar’s test to test whether certain genes were overrepresented in the human or animal isolates.

The genomic features associated with each SNP, accessory gene, and unitig were identified by comparing them with a panel of
S. aureus reference genomes using BioPython (version 1.78).°” In addition, we used BLASTN (version 2.5.0+)°® to identify genomic
regions containing the gene and unitig sequences. Functional annotation of the genes identified in the GWAS was done using
EggNOG-mapper.”® We summarised the functional annotations and generated Manhattan plots for the GWAS results using R
(version 4.0.3) (https://www.R-project.org/).

Statistical analysis was performed using R (version 4.0.3) (https://www.R-project.org/) using the test of equal proportions for the
comparison of proportions between two groups. The analysis of genetic variation from the matched human-animal isolates was done
using the Exact McNemar’s test in the exact2x2 (version 1.6.6) package (https://cran.r-project.org/web/packages/exact2x2/). The
statistical significance in the GWAS was corrected for multiple comparisons using the Bonferroni correction. All error bars show
the mean and the 95% confidence interval. We tested the difference in the mean number of S. aureus transitions between human
and animal host type states using the Kruskal Wallis test. All replicates are biological. Sample numbers are given in the figure legends.
No blinding was used. No statistical methods were used to predetermine sample sizes.
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Comparative genomics of prophage sequences

We used the PHASTER web tool to identify prophage sequences in S. aureus genomes (https://phaster.ca/).'®® We annotated the
identified reference prophage sequence using the RAST server.'”" We mapped unitig sequences for each isolate to a reference
¢Sa3 prophage identified at position 1,430,443 to 1,472,709 in the genome of the human S. aureus strain JP080 (GenBank acces-
sion: AP017922.1) using BWA MEM (version 0.7.17-r1188)."% We extracted the genomic coordinates for the mapped sequences
using the “bamtobed” option in BEDTools (version 2.30.0)'® to identify and extract the prophage sequence in the draft S. aureus
assemblies for the isolates used in this study. We used a combination of BLASTN (version 2.9.0+)°® to compare the prophage
sequence against the genome sequence of the S. aureus isolates and visualised the results using ACT (version 18.1.0)."% We gener-
ated a visualisation of the presence and absence of sequences in the ¢Sa3 prophage using R (version 4.0.3) (https://www.R-project.
org/). In addition, we also compared the genetic diversity of the prophage sequences using de novo assemblies. We extracted
the ¢Sa3 prophage sequences from the genomes using in_silico_PCR.pl (version 0.5.1) (https://github.com/egonozer/in_
silico_pcr) and compared their pairwise genetic similarity using the Jaccard index, i.e., fraction of shared k-mers, using the ‘sketch’
(-s 5000) and ‘dist’ functions in MASH (version 2.0).'° We created a heatmap with clustered dendrograms generated using ‘hclust’
function to show the similarity of the prophage sequences based on the Jaccard indices using pheatmap (version 1.0.12) (https://
CRAN.R-project.org/package=pheatmap).
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