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Abstract 39 

 40 

Most new pathogens of humans and animals arise via switching events from distinct host-41 

species. However, our understanding of the evolutionary and ecological drivers of successful 42 

host-adaptation, expansion and dissemination are limited. Staphylococcus aureus is a major 43 

bacterial pathogen of humans and a leading cause of mastitis in dairy cows worldwide. Here 44 

we trace the evolutionary history of bovine S. aureus using a global dataset of 10,254 S. 45 

aureus genomes including 1,896 bovine isolates from 32 countries in 6 continents. We 46 

identified 7 major contemporary endemic clones of S. aureus causing bovine mastitis around 47 

the world and traced them back to 4 independent host-jump events from humans that 48 

occurred up to 2,500 years ago. Individual clones emerged and underwent clonal expansion 49 

from the mid-19th to late 20th century coinciding with the commercialisation and 50 

industrialisation of dairy farming, and older lineages have become globally-distributed via 51 

established cattle trade links. Importantly, we identified lineage-dependent differences in the 52 

frequency of host transmission events between humans and cows in both directions revealing 53 

high risk clones threatening veterinary and human health. Finally, pan-genome network 54 

analysis revealed that some bovine S. aureus lineages contained distinct sets of bovine-55 

associated genes, consistent with multiple trajectories to host-adaptation via gene acquisition. 56 

Taken together, we have dissected the evolutionary history of a major endemic pathogen of 57 

livestock providing a comprehensive temporal, geographic and gene-level perspective of its 58 

remarkable success. 59 

 60 

 61 
 62 
 63 
 64 
 65 
 66 
 67 
 68 
 69 
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 70 

Significance Statement 71 

 72 

The study uses thousands of bacterial genome sequences to comprehensively dissect the 73 

evolutionary history of a leading bacterial pathogen of livestock. Remarkably, contemporary 74 

bovine mastitis infections due to Staphylococcus aureus can be traced back to historic host 75 

switch events that originated in humans up to thousands of years ago. The host jumps were 76 

followed by host adaptation by acquisition of different gene combinations followed by global 77 

dissemination via established cattle trade links. Our work reveals high risk clones that 78 

undergo more frequent cross-species transmission and which may therefore represent greater 79 

threat to public or animal health. 80 

 81 

Introduction 82 

 83 

The emergence of new pathogens typically arises through host-jump events and is a major 84 

threat to public health and food security (1). The domestication of animals and the expansion 85 

of agriculture in the Neolithic era increased the opportunities for the zoonotic and 86 

anthroponotic transmission of pathogens (2). Subsequent intensification of farming, 87 

industrialisation and globalisation have increased the likelihood of successful expansion and 88 

dissemination of new pathogenic clones. However, our understanding of the evolutionary 89 

history of the major bacterial pathogens affecting livestock is very limited. In order to 90 

mitigate the emergence of new pathogens, or design novel interventions to limit spread, it is 91 

imperative that we understand the evolutionary and ecological drivers for the success of 92 

existing pathogens that have originated via host-switching events. 93 
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Staphylococcus aureus is a multi-host bacterial species and a major pathogen of humans and 94 

livestock. In particular, S. aureus is a leading cause of bovine mastitis resulting in huge 95 

economic losses to the global dairy industry (3). In addition, bovine S. aureus is recognised 96 

as an emergent zoonotic threat (4) but the relative frequency of human infections caused by 97 

different clones of bovine S. aureus has not been examined to date. Previously, we 98 

demonstrated that the evolution of S. aureus has involved host-switching events between 99 

humans and domesticated animals in both directions leading to the emergence of clones 100 

circulating in human and livestock populations (5). In addition, we identified gene acquisition 101 

as a major driver for the adaptation of S. aureus to a new host-species after a host-switch 102 

event. However, the limited number of isolates from livestock sources included in the study 103 

was insufficient to support analysis of the origin, clonal expansion and global spread of 104 

contemporary livestock clones.  105 

Numerous studies have employed whole genome sequencing to explore the diversity of S. 106 

aureus from dairy cattle but they have tended to include a limited number of isolates from 107 

geographically-restricted regions (6-15). In order to address this gap in understanding, we 108 

established a genome sequence dataset of 10,254 S. aureus genomes including 1,896 bovine 109 

isolates from 32 countries in 6 continents to carry out a comprehensive phylodynamic and 110 

accessory genome network analysis. We provide broad insights into the evolutionary origins 111 

of bovine S. aureus, including the key impact of human activities, and reveal the adaptive and 112 

geographical trajectories that have driven its global success. 113 

 114 

 115 

 116 
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Results and Discussion 117 

 118 

Population genetic analysis of bovine S. aureus reveals global and region-specific clones. 119 

In order to examine the global diversity and distribution of S. aureus associated with bovine 120 

mastitis, we carried out whole genome sequencing of 1,034 isolates to add to 862 publicly 121 

available sequences resulting in a dataset of 1,896 genomes from cows in 32 different 122 

countries across all continents (Fig. 1). Newly sequenced isolates were selected to represent 123 

the known geographic and genetic diversity of bovine S. aureus including previously under-124 

represented geographical areas (Fig. 1). Genome-based analysis of multi-locus sequence type 125 

(MLST)-defined sequence types (STs) and clonal complexes (CCs) revealed 209 STs 126 

belonging to 53 different clonal complexes (CCs) among the 1,896 bovine S. aureus isolates 127 

examined. CC97 was the most prevalent clone globally (32.6%) and in each continent (range 128 

of 81.9% in Africa to 28.7% in Europe) except Asia, where CC188 was the most common 129 

(36.3%) (Fig. 1). CC151 was also globally distributed (14.5% of all bovine S. aureus 130 

isolates), with highest prevalence in Europe (20.3%), Oceania (32.8%) and North America 131 

(15.5%). Other CCs had a more uneven distribution with several restricted to a single 132 

continent or subcontinental region including: CC133, CC522, CC136 and CC130 in Europe 133 

(13.3%, 1.7%, 1.4% and 1.3% of the isolates in the region, respectively), CC126 in South 134 

America (22.4%), CC350 in North America (9.1%), and CC188 which was exclusive to Asia 135 

(36.3%). As indicated in Fig. 1, while our dataset is representative of all continents in the 136 

world, some continents such as Africa are sparsely represented relative to others such as 137 

Europe and North America. Nonetheless, these data provide the first analysis of the global 138 

distribution of S. aureus STs highlighting major differences in the geographical reach of 139 

distinct clones. 140 

 141 
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Contemporary endemic bovine S. aureus clones originated from four independent host-142 

jump events from humans during the last 2,500 years. To examine the relatedness of 143 

bovine to non-bovine (human and other animals) S. aureus strains rand to trace the 144 

evolutionary history of bovine S. aureus, we generated a whole genome sequence dataset of 145 

10,254 genomes including 8,361 from human (n=7,144; 69.7%), porcine (n=395; 3.9%), 146 

ovine (n=37; 0.4%), avian (n=385; 3.8%), rodent (n=356; 3.5%), and other (n=41; 0.4%) 147 

sources to add to the 1,896 (18.5%) of bovine origin (Fig. S1). To provide a dataset that was 148 

amenable to time-scaled analysis, among genomes with available sampling dates (n=9,151), 149 

we included all non-redundant bovine S. aureus genomes and representatives from all CCs 150 

that included >20 isolates (~0.2%) among the non-bovine isolates in the global dataset 151 

creating a global, bovine-enriched dataset (1,614 bovine and 2,301 non-bovine) as described 152 

in the Methods and represented in Fig. S1. A time-scaled phylogeny was reconstructed, 153 

whose root was dated at 8,393 years before present (YBP) (CI: 20,071-3,822), with an 154 

evolutionary rate of 2.5 (CI: 2.4 - 2.7) ×10-6 substitutions per site per year (s/s/y) consistent 155 

with previous estimations of the evolutionary rate for S. aureus (16, 17). To examine the 156 

frequencies of host species transitions, a reconstruction of ancestral host states across all tree 157 

branches was performed considering three states: bovine, human and other hosts (Table S1). 158 

The analysis indicates that humans are the major source of transitions (including host-switch 159 

and spillover events) into bovine and non-bovine host-species. In addition, cows are a source 160 

of S. aureus host-switching events into humans highlighting the zoonotic potential of bovine 161 

S. aureus (Fig. 2). 162 

 163 

The ancestral host state for the S. aureus species tree was uncertain (each host state was 164 

equally likely), but we traced the evolution of the S. aureus clones responsible for 165 

contemporary bovine mastitis infections to four historical, independent host jumps from 166 
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humans into cows (Fig. 2). Of the four host-jumps, two led to the subsequent emergence of 167 

12 distinct CCs, whereas the other two each led to the emergence of a single CC (Fig. 2). The 168 

first of the host-jumps occurred about 2,461 YBP [CI: 5343-1358] by the ancestor of 169 

contemporary bovine CCs CC151, CC350, CC133 and CC50, and the multi-host associated 170 

CC49 (Fig. 2). Importantly, a subsequent host jump back into humans led to the emergence 171 

of the major epidemic multidrug resistant ST59 clone that is currently a leading cause of 172 

human morbidity and mortality in East Asia (18, 19). Similarly, a host jump back into 173 

humans led to the emergence of CC121, a global human clone associated with skin and soft 174 

tissue infections (20, 21). A second human-to-bovine jump (Most Recent Common Ancestor 175 

[MRCA]=330 YBP [CI: 518-203]) involved the progenitor of the contemporary bovine S. 176 

aureus CC97, which has subsequently undergone global expansion to become the most 177 

prevalent (36%) clone among our global collection of isolates (Fig. 1). CC71 and CC709 178 

have diverged from CC97 via large-scale recombination events (22) and while CC71 is 179 

widely distributed in Europe and the US, CC709 was only identified in Argentina. The more 180 

recent third and fourth host jumps led to the bovine CC20 clone found mainly in Asia and in 181 

Europe (MRCA=111 YBP [CI: 216.88-61.98]), and CC126, identified predominantly in 182 

Brazil (MRCA=66 YBP [CI: 177.17-33.46]). Taken together, these data reveal the origins of 183 

contemporary bovine S. aureus in human to bovine host switching events that occurred at 184 

different timepoints during the last 2,500 years. 185 

 186 

Contemporary clones of bovine S. aureus emerged and expanded in the second half of 187 

nineteenth century and early twentieth century. In order to further examine the 188 

geographical dissemination and host-species phylodynamics of contemporary bovine S. 189 

aureus, the seven most predominant bovine S. aureus CCs in our collection (for each of 190 

which we had at least 150 genome sequences), were selected for high resolution 191 
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phylodynamic analyses using a structured coalescence model in BEAST2 (23). We employed 192 

this model as it provides an ancestral trait reconstruction that is much more robust to 193 

sampling bias than the classical discrete trait analyses, recognising the uneven nature of our 194 

bovine S. aureus sample set with regard to host-species and geography (24) (Table S3). Of 195 

the 7 CCs examined, 5 were inferred to have an MRCA that existed in ruminants (CC97, 196 

CC151, CC133, and CC425 in cattle and CC130 in sheep) and emerged in the mid-second 197 

half of the 19th century. CC151 is a globally-distributed bovine-exclusive lineage that 198 

exhibited a strong phylogeographic structure with subclades often correlated with specific 199 

countries or regions (Fig. 3). CC97 is also globally widespread in dairy cows, but is 200 

characterised by two independent host switches back into humans as previously reported 201 

(22). Our analysis revealed that one of the CC97 bovine-to-human host switches which 202 

occurred about 48 years ago (MRCA = 1974 [1969-1978]) subsequently led to global 203 

dissemination via at least 12 countries in 6 continents (Europe, North and South America, 204 

Asia, Oceania, and Africa) with several instances of spillovers back into cattle (Fig. 4; Fig. 205 

S2). In contrast, the other CC97 host-switch into humans (MRCA = 1972 [1959-1983]) led to 206 

a clone that has since only been isolated from humans in the UK (Fig. S2). Similarly, CC425 207 

is largely restricted to cattle in the UK (although it has also been reported in European and 208 

UK wildlife (25)) with an MRCA that existed about 100 years ago in a bovine host but has 209 

been marked by several host switches and spillover events into human populations (Fig. 4). 210 

CC133 is only found in cattle and sheep, and despite being the most prevalent ovine-211 

associated lineage (26), our analyses reveals a likely origin in cattle with multiple 212 

introductions into sheep during its history. Phylogeographic analysis of CC133 reveals many 213 

transitions between Northern European countries, presumably reflecting close livestock trade 214 

links in Scandinavia (Fig. S3). The contemporary clone CC130 is a result of the earliest host 215 

jump from humans into ruminants with sheep being the likely ancestral host of the CC before 216 
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a subsequent host-switch into humans (MRCA = 1914 [1889-1938]) followed by spread 217 

across human populations in Europe. Contemporary bovine isolates of CC130 represent 218 

numerous spillover events from either humans or sheep, highlighting the capacity of CC130 219 

for multi host-species transitions (Fig. 4; Fig. S4). 220 

 221 

In contrast, of the 7 major bovine S. aureus CCs analysed, the two that had an MRCA of 222 

human origin (CC1 and CC188) emerged later, in mid-to-late 20th century (Fig. 4). CC1 is 223 

one of the most important community-associated human lineages disseminated worldwide 224 

(27). Remarkably, our analyses demonstrate numerous human-to-bovine host jumps that 225 

occurred independently in CC1 in different regions in the world followed by geographically 226 

limited expansions, in Australia (MRCA = 1971 [1955-1987]), Australia/Malaysia (MRCA = 227 

1989 ([1979-1999]), Argentina/Brazil (MRCA = 1969 [1958-1981]) and Korea (MRCA = 228 

1989 [1979-1999]) (Fig. 4; Fig. S5). Finally, CC188 originated in humans but has 229 

subsequently been associated with at least 3 host jumps into cattle in Asia (MRCAs = 1983 230 

[1974-1991], 2007 [2005-2009], and 2007 [2004-2009]) (Fig. 4; Fig. S6). These data reveal 231 

S. aureus human lineages with the capacity to undergo regular host-switches into dairy cows 232 

and which therefore represent high-risk clones which should be the target of ongoing 233 

surveillance in human and dairy cow populations. Recently, Campylobacter jejuni was shown 234 

to have expanded in cattle during a similar era (20th century), coinciding with more intensive 235 

farming and the increase in cattle population size (28). 236 

Taken together, these analyses reveal the distinct geographical and host-species associations 237 

observed for each of the major S. aureus clones associated with dairy cows. Importantly, 238 

some clones exhibit a greater propensity to undergo shifts in host-species ecology, including 239 

the capacity for zoonoses and/or transmission in human populations. 240 

 241 
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Identification of routes of global dissemination via international trade links. Considering 242 

the wide spatial distribution of bovine S. aureus STs identified in the current study, we 243 

wished to examine the main routes of transmission of S. aureus among global dairy cow 244 

populations. Accordingly, ancestral trait reconstruction was applied to the global dataset of 245 

bovine S. aureus sequences based on sampling location data. Bovine S. aureus sequences 246 

were labelled according to their country of isolation, and isolates from countries less well-247 

represented were grouped into larger geographical regions. Based on this analysis, a high 248 

number of statistically supported migrations were identified, amongst the most frequent of 249 

which were bidirectional migrations between North America (USA/Canada) and European 250 

countries such as Ireland, Switzerland, and the UK (Fig. 5; Table S2). In addition, a highly 251 

supported migration was identified between North America and sub-Saharan Africa 252 

(Zimbabwe, Sierra Leone, and Tanzania). Conversely, some well-represented locations such 253 

as South America, East Asia, and Australia were involved in relatively few migration events 254 

consistent with restricted international movement of bovine S. aureus to or from those 255 

countries. Of note, Australia was identified only as a source of introductions to South East 256 

Asia (Malaysia/Thailand), consistent with their global proximity and with Australia’s strict 257 

regulations regarding international trade of livestock (29). Finally, we investigated the 258 

hypothesis that the extent of global dissemination of individual clones reflected the time since 259 

those clones emerged. We identified a positive correlation between the age of each bovine 260 

CC or subclade (estimated from the time-scaled phylogeny as described below) and the 261 

Simpson’s D diversity index of the number of countries in which it had been isolated 262 

(R2=0.36, p=0.03) (Fig. 5). Although there are clear gaps in global sampling of bovine S. 263 

aureus as highlighted previously, the data suggest that older bovine S. aureus clones have a 264 

greater geographical reach because they have had more time to spread, presumably via the 265 

international trade of cattle. In contrast, there was no significant correlation between the age 266 
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of human S. aureus clones and the diversity of countries from which they were isolated. This 267 

suggests that human strains very rapidly disseminate around the world after their emergence, 268 

presumably due to the frequent migration of human hosts via air travel (Fig. 5). Our analysis 269 

is limited by the gaps in global sampling and broader inclusion of samples from different 270 

geographical regions would provide greater resolution of transmission networks. Overall, 271 

these data reveal routes of global migration of bovine S. aureus and identify distinct spatial 272 

dynamics in comparison to human S. aureus clones. 273 

 274 

Identification of high-risk S. aureus clones with enhanced host-switching or zoonotic 275 

potential. The reconstruction of ancestral host states for the global dataset revealed that the 276 

dairy bovine population is predominantly a sink and human population a source of host-277 

switching events. However, phylodynamic analyses of individual CCs revealed different 278 

clone-dependent patterns of transient spillover (i.e. host-jump between host-species without 279 

onward transmission to other individuals), or host-switching (host-jump between species with 280 

onward transmission). For example, CC188 and CC1 exhibited host-specific clusters of 281 

isolates indicative of host-switching, while others had differing frequencies of spillover 282 

events (Fig. 4B). CC97 was characterized by host-switching into humans and spillover events 283 

in both directions between humans and dairy cows, and analysis of CC130 revealed that it 284 

likely originated in sheep before expansion in human populations, with numerous 285 

independent spillovers from humans into dairy cows. Conversely, CC425 is predominantly 286 

bovine-associated but has been characterised by many spillover events into humans, 287 

indicating a higher risk of zoonoses compared to other lineages (Fig. 4). In contrast, many 288 

clonal lineages appear to be largely host-restricted with very limited capacity to transmit 289 

between host-species. In particular, CC151 is a major global lineage of bovine S. aureus but 290 

has not to date been isolated from humans. Similarly, major global human lineages such as 291 
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CC22 and CC5 are rarely if ever identified in bovine samples. Furthermore, we have 292 

identified CC188 to have contributed to multiple independent human to bovine host jumps in 293 

Asia and it is noteworthy that no such jumps have been identified by CC188 in other parts of 294 

the world to date, despite being widespread. This may suggest differences in farming 295 

practices or ecology that influence interhost-species transmission in different parts of the 296 

world. Taken together, these data reveal intrinsic differences between different S. aureus 297 

clones in their capacity to switch between host-species and identifies specific clones 298 

associated with more frequent zoonotic episodes. The basis for these distinct tropisms may 299 

reflect genetic or ecological differences that require investigation.  300 

 301 

Bovine S. aureus clones contain distinct gene combinations that underpin host-302 

adaptation. Previously, we reported that gene acquisition is associated with S. aureus 303 

adaptation to a new host-species after a host-switch (5). The large genome dataset compiled 304 

for the current study provided an opportunity to comprehensively examine the diversity of the 305 

bovine S. aureus accessory genome and its relationship with host-species and geography. The 306 

genome sequence dataset of 4,841 S. aureus isolates representing the global and CC-specific 307 

datasets was determined to comprise a total of 24,299 genes (defined at the 95% identity 308 

threshold). Clustering analysis based on the presence of accessory genes revealed 59 major 309 

clusters (MCLi = 1.20), 58 of which were significantly enriched with at least one CC 310 

indicating a strong lineage-dependence (Goodman-Kruskal tau (GK-τ) value for correlation 311 

of accessory genome clusters with CC of 0.934 (Table S4). Similarly, 57 of 59 clusters were 312 

significantly associated with at least one host-species, though with a lower GK-τ of 0.494). 313 

We next removed all lineage-restricted genes (defined as those present in >95% of isolates 314 

from one or more lineages), and continued to observe a correlation with CC, albeit at a 315 

reduced level (GK-τ = 0.828) and an increased correlation with host-species (GK-τ = 0.61) 316 
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(MCLi = 1.20)). In particular, we observe several instances of CCs that exhibit distinct host-317 

specific accessory genome clusters, including CC1 and CC97, (human and bovine clusters), 318 

and CC130, human and ovine clusters (Fig. 6).  319 

Focussing on individual CCs of bovine-associated S. aureus revealed lineage-dependent 320 

correlates of accessory genome with host-species and geographic location (Fig. 3; Fig. 4; 321 

Figs. S2-S6; Table S4). For example, the multi-host associated CC97, CC1 and CC188 have 322 

distinct accessory clusters that correlated strongly with host-species. In contrast, CC425 323 

isolates had accessory genomes that clustered independently of host species. This supports 324 

the idea that human CC425 infections are due to spillover events from cattle with limited 325 

evidence of host-adaptation and onward transmission (Fig. 4). Similarly, analysis of CC133 326 

associated with bovine, and ovine mastitis infections did not reveal any host-specific 327 

accessory gene clusters. Allied to the phylogenetic analysis of CC133 that revealed 328 

interspersal of cattle, and sheep isolates across the phylogeny these findings are consistent 329 

with CC133 adaptation to the intramammary milieu rather than to distinct ruminant host-330 

species. 331 

We also tested the hypothesis that accessory gene content may be influenced by geographic 332 

location, perhaps reflecting distinct gene pool reservoirs in different ecological settings 333 

around the world. Of the 7 CCs examined, CC151, CC188 and CC425 exhibited a signal of 334 

location association in accessory network analysis (Table S4), but overall, the accessory 335 

genome was not strongly affected by geographical location (SI Materials). These findings 336 

imply relatively stable accessory gene combinations that are maintained even after 337 

geographic migration events.  338 

 339 



14 
 

Identification of accessory genes associated with bovine host-adaptation. To identify 340 

genes significantly enriched in bovine S. aureus and under-represented among non-bovine 341 

isolates, consistent with a role in host-adaptation, adjusted Fisher’s tests were carried out. 342 

Analysis of the global S. aureus dataset revealed 841 genes enriched in bovine compared to 343 

non-bovine S. aureus including 458 (54.46%) that are lineage-independent (SI Dataset 2). 344 

We also examined the host-dependent distribution of genes in individual CCs that had a 345 

multi-host species ecology including CC1, CC97, and CC188, and identified 155 genes 346 

enriched in bovine S. aureus isolates; 73 in CC1, 52 in CC97, and 30 in CC188. Of note, only 347 

a very limited number of bovine-specific genes were significantly enriched in multiple CCs; 348 

14 in CC1 and CC97, and 2 in CC188 and CC1, of which 1 is also shared with CC97 (SI 349 

Dataset 3). A total of 71% of genes identified to be bovine host-associated are of 350 

unassignable or unknown functional categories. For those that could be assigned (242 of 841; 351 

28.78%), the most common COG categories were M (20.25%; Cell wall, membrane 352 

biogenesis), K (20.25%; Transcription) and L (18.18%; Replication, Recombination and 353 

Repair) (SI Datasets 2 and 3). Taken together, the lineage-dependence of the accessory 354 

genome and the limited sharing of bovine-associated genes between CCs strongly support the 355 

idea that distinct combinations of genes acquired by different lineages can underpin the 356 

adaptation to a bovine host ecology.  357 

We also examined the distribution of methicillin-resistant S. aureus (MRSA) among the 358 

diversity of bovine isolates by identifying mecA and mecC genes that encode alternative 359 

penicillin-binding proteins mediating resistance to all ß-lactam antibiotics. mecA was present 360 

in 177 (8.87%) of bovine isolates, predominantly in CC398, CC5, and CC97 (Table S5). In 361 

CC398 and CC97, all bovine mecA carriage is associated with spillover events originating in 362 

humans or swine. mecC was identified in 216 (10.82%) bovine isolates, almost exclusively in 363 

CC130 (n = 109) and CC425 (n = 101) (Table S6), consistent with previous observations 364 
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made (30). The basis for the narrow distribution of mecC within a small number of lineages 365 

across the species phylogeny is unclear but a very recent study describes how mecC was 366 

likely acquired by distinct S. aureus lineages associated with hedgehogs prior to the 367 

therapeutic use of antibiotics due to the resistance it conferred to a beta-lactam antibiotic 368 

produced by co-colonizing strains of the dermatophyte Trichophyton erinacei (31). This 369 

suggests that the ecology of S. aureus strains and the microbiota of their preferred host-370 

species has likely impacted on the distribution of the mecC gene, and cattle may represent 371 

intermediate hosts in the zoonotic transmission of CC130 and CC425 as proposed by Larsen 372 

et al (31). These data indicate that, in contrast to pig farming, MRSA do not frequently 373 

emerge in dairy cows possibly due to less intensive farming and distinct antibiotic usage 374 

practises. While much of the global dairy industry still involves pasture-based farming, there 375 

is a move towards a smaller number of dairy farms with large numbers of animals in some 376 

parts of the world such as North America, which may involve increased use of antibiotics for 377 

controlling infection (32). It remains to be seen if this trend leads in the future to increased 378 

levels of antimicrobial resistance among mastitis pathogens.  379 

Finally, construction of a synteny map for the bovine S. aureus pangenome revealed the 380 

genomic location for genes enriched in bovine S. aureus. We find a non-random genomic 381 

distribution of bovine-specific genes, with 223 and 103 bovine-associated genes located in 382 

integrated phage elements and S. aureus pathogenicity islands (SaPIs), respectively, along 383 

with significant enrichment in genomic islands such as SCCmec, vSaα and vSaβ (Fig. 7; Fig. 384 

S7). Taken together, the pan-genome analysis of bovine S. aureus has revealed distinct gene 385 

combinations that underpin adaptation to a bovine host ecology by different clones, 386 

associated mainly with phage and SaPI-mediated gene acquisition. The large numbers of 387 

bovine-associated genes of unknown function suggest an incomplete understanding of the 388 

mechanisms involved in bovine host-adaptation. 389 
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 390 

Concluding Comments. Taken together, we have traced the evolutionary history of a leading 391 

cause of the most important disease impacting the global dairy industry. Our findings 392 

highlight the impact of human activities from domestication of cattle to industrialization and 393 

globalization of farming on the emergence and dissemination of bovine S. aureus. Pan-394 

genome analysis identified different host-adaptive evolutionary trajectories for the major 395 

bovine S. aureus clones associated with acquisition of distinct lineage-dependent gene 396 

combinations. Importantly, differences in the frequency of host species transmission events 397 

between different clones was discovered and the identification of high-risk clones with 398 

greater propensity for human zoonoses may facilitate targeted mitigation of future public 399 

health threats. 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 
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 412 

 413 

Methods 414 

Limitations of the sample dataset. This is a dataset of genome sequences from isolates 415 

collected in an array of studies around the world. As such, it is limited to what has been 416 

previously sampled and was made available to us. Clearly, for many countries we do not have 417 

any samples, and unsampled reservoirs or intermediate hosts cannot be ruled out. In 418 

particular, we have limited numbers of samples from Africa and Asia. However, we have 419 

compiled a large dataset of 10,254 genomes of which 1,896 were of bovine origin in 32 420 

countries spanning 6 continents. In order to limit the effects of sample bias, for the time-421 

scaled phylogenies with traits, we subsampled sequence clusters with shared location / host in 422 

each tree to avoid redundancy, and used grouped locations (e.g. South East Asia rather than 423 

individual countries within SE Asia) with a minimum of 10 sequences per location. In 424 

addition, we used a structured coalescent model, that is less affected by sampling bias than 425 

traditional discrete trait analysis using BSSVS for inferring the rates between locations or 426 

hosts (24), and we report inferred numbers of events (with confidence intervals) rather than 427 

relative rates. Finally, we also performed tip permutation to assess the effects of un-even 428 

numbers of sequences in categories in BEAST and BaTS (33) 429 

 430 

Whole genome sequence dataset. A collection of 1,896 genome assemblies from bovine 431 

S. aureus isolates was created (See SI Dataset 1 for details and accession numbers). It 432 

included 1,034 newly generated whole genome sequences (WGS) of bovine strains from 18 433 

countries throughout the world, using the Nextera XT library prep protocol on a MiSeq 434 

platform (Illumina, San Diego, CA, USA). We added 357 previously generated, Illumina-435 
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based WGS (5, 34). These sequences were combined with all available S. aureus bovine 436 

sequences from public repositories (97 assemblies from GenBank and 394 Illumina short read 437 

sequences downloaded from the Sequence Read Archive). Short read sequences were adapter 438 

trimmed using Trimmomatic v0.36 (35) and de novo assembled using SPAdes v3.11.1 (36). 439 

Genes were annotated using Prokka v1.13 (37). All assemblies were typed using mlst v2.10 440 

(https://github.com/tseemann/mlst) and sequence types (STs) were grouped into clonal 441 

complexes (CCs) using the eBURST algorithm in PhyloViz v2.0 (38). We added to this 442 

dataset all S. aureus RefSeq genomes with known host belonging to the largest non-bovine 443 

host categories (i.e. human, swine, avian, ovine and rodent) as background sequences, which 444 

produced a dataset of 10,254 genomes among which 1,896 were bovine. 445 

Phylodynamic analyses. In order to explore the phylodynamics of bovine S. aureus in the 446 

context of the S. aureus species as a whole, we constructed a global, bovine-enriched 447 

S. aureus sequence dataset (see Fig. S1 for a schematic explanation of the different datasets 448 

used). Starting with those genomes with available sampling dates (n=9,151, of which 1,614 449 

were bovine) among the full dataset, we included all non-redundant bovine S. aureus 450 

genomes and representatives from all CCs that included >20 isolates (~0.2%) among the 451 

8,358 non-bovine isolates in the global dataset. This included the 50 genetically closest non-452 

bovine assemblies (expressed in mash genetic distances (39)) for each bovine assembly. The 453 

final global phylodynamic dataset included 3,915 genomes: 1614 bovine (41.2%), 1756 454 

human (44.9%), 244 rodent (6.2%), 190 porcine (4.9%), 60 avian (1.5%), 16 ovine (0.4%) 455 

and 35 others (0.9%). A core SNP alignment was constructed using snippy and snippy-core 456 

v1.4 (https://github.com/tseemann/snippy) using the genome of the RF122 isolate 457 

(GCA_000009005.1) as reference. Recombinant regions were identified using Gubbins 458 

v2.3.4 (40) and discarded from the alignment. A maximum-likelihood (ML) tree was 459 
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constructed with IQ-TREE2 v2.0.5 (41) using the GTR+G model of nucleotide substitution 460 

and performing 1,000 bootstrap replicates. 461 

A Bayesian time-stamped analysis of this tree was performed using the R package 462 

BactDating (42) in order to fit a molecular clock and estimate dates of all ancestral nodes. 463 

Discrete trait reconstruction analyses aimed to infer ancestral states and state changes across 464 

the branches of the phylogeny for host and location were performed using 100 simulations of 465 

stochastic character mapping (SIMMAP) (43) as implemented in the R package phytools 466 

(44). Both symmetric (“SYM”) and asymmetric (“ARD”) models were tested, and the median 467 

number and 95% highest posterior density of state changes were recorded. 468 

The seven most abundant bovine-associated lineages were selected for further, in-detail 469 

phylodynamic analyses: CC151, CC97, CC1, CC133, CC188, CC425, and CC130. We 470 

complemented each of these datasets by identifying in public repositories additional 471 

sequences belonging to specific STs within each CC using the R package staphopia-r (45). 472 

Those with available metadata (sampling date, location and host) were downloaded from 473 

SRA, processed as above and included in the analysis. Due to its computational requirements, 474 

BEAST analyses were restricted to a maximum of ~250 genomes per CC-specific dataset. If 475 

more were available, they were sub-sampled by excluding genetically similar genomes 476 

isolated in the same locations in similar dates. CC-specific recombination-free core SNP 477 

alignments and ML trees were constructed using the same pipeline as above. Temporal signal 478 

of each tree was estimated using TempEst v1.5.3 (46). For these seven datasets, 479 

phylodynamic analyses were performed in BEAST v2.6.1 (23) following a structured 480 

coalescence-approximation model implemented in the MASCOT package (47), which was 481 

coupled with a relaxed molecular clock model and the GTR model of nucleotide substitution. 482 

Each was run with two sets of discrete traits, namely sampling location and host. The number 483 

of changes between trait states was calculated by counting those cases when the most 484 
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probable state of a lineage changed between its parent and child node. In order to support a 485 

non-random distribution of the state change counts, a permutation test in which BEAST was 486 

rerun 10 times per dataset and trait by randomly swapping the states associated to each tip. 487 

The distributions of state change counts within and across runs were statistically compared 488 

two‐sample Wilcoxon test as previously demonstrated (48). 489 

Network analyses of the accessory genome. Annotated genomes in GFF3 format were used 490 

as input to PIRATE v1.0.4 (49), and the pan-genome identified using default thresholds and 491 

settings, and paralogs were split. The PIRATE output was adapted for analysis in Graphia 492 

(50) using the bespoke GraPPLE scripts (51). The pangenome at 95% identity was created, 493 

and the pairwise Jaccard similarity coefficient calculated between genomes and genes, with 494 

JSC > 0.5 retained using pw_similarity.py. Networks were filtered in Graphia by edge weight 495 

and the k-Nearest Neighbours algorithm. . Networks for CCs had edges filtered by the JSC 496 

(weight < 0.8), and then the k-NN (k=10) algorithm. Each genome and gene similarity 497 

network was clustered using the MCL algorithm (inflation values for individual networks 498 

varied depending on structure and size). Syntenic relationships between genes were 499 

investigated by transforming the pangenome.edges output from PIRATE to a .LAYOUT 500 

format (using the edges_to_layout.py GraPPLE script under default settings), and the 501 

resulting network file visualised using Graphia. Enrichment analyses were performed using 502 

the in-built Enrichment tool in Graphia. Goodman-Kruskals’ tau was calculated with the R 503 

package GoodmanKruskal v0.0.3 in R v3.5.3. 504 

Accessory gene association analysis. Lineage specificity of all genes was determined using 505 

Twilight (52), with the minimum group size for a CC to be included set as >1% of the total 506 

dataset (19 for bovine; 45 for global). Core genes were defined as those present in 95% of 507 

genomes, and the rare gene threshold set to 5%. Gene associations to host and location was 508 
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tested using Scoary v1.6.16 (53) with default settings, in both the global and CC-specific 509 

datasets; significance was set at a Bonferroni adjusted p-value < 0.05, and results from the 510 

global dataset were filtered by Specificity value > 80. Functional categories of bovine-511 

enriched accessory genes were predicted using EggNOG-mapper (v2.0) (54), Bakta (v0.5), 512 

and InterProScan (v5.52-86.0) (55). To construct the gene enrichment map, the nearest 513 

RF122 and core loci in the synteny network were identified for each enriched gene, and the 514 

distance from the core loci used to estimate a position for the gene in RF122. Genomic 515 

features were mapped according to a previous study (56). Representative sequences for all 516 

genes identified in this study are given in SI Dataset 5. 517 

 518 

References 519 
 520 

1. MEJ Woolhouse, DT Haydon, R Antia, Emerging pathogens: the epidemiology and evolution 521 
of species jumps. Trends in Ecology & Evolution 20, 238-244 (2005). 522 

2. S Morand, KM McIntyre, M Baylis, Domesticated animals and human infectious diseases of 523 
zoonotic origins: Domestication time matters. Infection, Genetics and Evolution 24, 76-81 524 
(2014). 525 

3. V Peton, Y Le Loir, Staphylococcus aureus in veterinary medicine. Infection, Genetics and 526 
Evolution 21, 602-615 (2014). 527 

4. CJ McDaniel, DM Cardwell, RB Moeller, Jr., GC Gray, Humans and cattle: a review of bovine 528 
zoonoses. Vector Borne Zoonotic Dis. 14, 1-19 (2014). 529 

5. EJ Richardson et al., Gene exchange drives the ecological success of a multi-host bacterial 530 
pathogen. Nat. Ecol. Evol. 10.1038/s41559-018-0617-0 (2018). 531 

6. S Åvall-Jääskeläinen, J Koort, H Simojoki, S Taponen, Genomic analysis of Staphylococcus 532 
aureus isolates associated with peracute non-gangrenous or gangrenous mastitis and 533 
comparison with other mastitis-associated Staphylococcus aureus isolates. Front Microbiol 534 
12, 688819 (2021). 535 

7. SA Bruce et al., Shared antibiotic resistance and virulence genes in Staphylococcus aureus 536 
from diverse animal hosts. Scientific Reports 12, 4413 (2022). 537 

8. ME Fergestad et al., Whole genome sequencing of Staphylococci isolated from bovine milk 538 
samples. Frontiers in Microbiology 12, 715851 (2021). 539 

9. SS Greening et al., The genetic relatedness and antimicrobial resistance patterns of mastitis-540 
causing Staphylococcus aureus strains isolated from New Zealand dairy cattle. Vet. Sci. 8 541 
(2021). 542 

10. LL Herron et al., Genome sequence survey identifies unique sequences and key virulence 543 
genes with unusual rates of amino Acid substitution in bovine Staphylococcus aureus. Infect. 544 
Immun. 70, 3978-3981 (2002). 545 



22 
 

11. J Hoekstra et al., Genomic analysis of European bovine Staphylococcus aureus from clinical 546 
versus subclinical mastitis. Scientific Reports 10, 18172 (2020). 547 

12. S Naushad, DB Nobrega, SA Naqvi, HW Barkema, J De Buck, Genomic analysis of bovine 548 
Staphylococcus aureus isolates from milk to elucidate diversity and determine the 549 
distributions of antimicrobial and virulence genes and their association with mastitis. 550 
mSystems 5 (2020). 551 

13. S Park et al., Comparative genomic analysis of Staphylococcus aureus isolates associated 552 
with either bovine intramammary infections or human infections demonstrates the 553 
importance of restriction-modification systems in host adaptation. Microb. Genom. 8 (2022). 554 

14. K Patel et al., Prevalence, antibiotic resistance, virulence and genetic diversity of 555 
Staphylococcus aureus isolated from bulk tank milk samples of U.S. dairy herds. BMC 556 
Genomics 22, 367 (2021). 557 

15. LS Rocha et al., Comparative genomics of Staphylococcus aureus associated with subclinical 558 
and clinical bovine mastitis. PLoS One 14, e0220804 (2019). 559 

16. S Duchêne et al., Genome-scale rates of evolutionary change in bacteria. Microb. Genom. 2 560 
(2016). 561 

17. B Gibson, DJ Wilson, E Feil, A Eyre-Walker, The distribution of bacterial doubling times in the 562 
wild. Proceedings of the Royal Society B: Biological Sciences 285, 20180789 (2018). 563 

18. MJ Ward et al., Identification of source and sink populations for the emergence and global 564 
spread of the East-Asia clone of community-associated MRSA. Genome Biol. 17, 160 (2016). 565 

19. H Chen et al., Drivers of methicillin-resistant Staphylococcus aureus (MRSA) lineage 566 
replacement in China. Genome Med. 13, 171 (2021). 567 

20. T Azarian et al., Genomic Epidemiology and Global Population Structure of Exfoliative Toxin 568 
A-Producing Staphylococcus aureus Strains Associated With Staphylococcal Scalded Skin 569 
Syndrome. Frontiers in Microbiology 12 (2021). 570 

21. KG Hultén, M Kok, KE King, LB Lamberth, SL Kaplan, Increasing numbers of Staphylococcal 571 
Scalded Skin Syndrome cases caused by ST121 in Houston, Texas. Pediatr Infect Dis J 39, 30-572 
34 (2020). 573 

22. LE Spoor et al., Livestock origin for a human pandemic clone of community-associated 574 
methicillin-resistant Staphylococcus aureus. mBio 4 (2013). 575 

23. R Bouckaert et al., BEAST 2.5: An advanced software platform for Bayesian evolutionary 576 
analysis. PLoS Comput. Biol. 15, e1006650 (2019). 577 

24. NF Müller, DA Rasmussen, T Stadler, The Structured Coalescent and Its Approximations. Mol. 578 
Biol. Evol. 34, 2970-2981 (2017). 579 

25. S Monecke et al., Diversity of Staphylococcus aureus isolates in European wildlife. PLOS ONE 580 
11, e0168433 (2016). 581 

26. EM Smith, PF Needs, G Manley, LE Green, Global distribution and diversity of ovine-582 
associated Staphylococcus aureus. Infection, Genetics and Evolution 22, 208-215 (2014). 583 

27. S Monecke et al., A field guide to pandemic, epidemic and sporadic clones of methicillin-584 
resistant Staphylococcus aureus. PLOS ONE 6, e17936 (2011). 585 

28. E Mourkas et al., Agricultural intensification and the evolution of host specialism in the 586 
enteric pathogen Campylobacter jejuni. Proc Natl Acad Sci U S A 117, 11018-11028 (2020). 587 

29. WatE-AG Dept of Agriculture (2021) Live Animal Export Statistics - All Livestock Exports. 588 
30. GK Paterson, EM Harrison, MA Holmes, The emergence of mecC methicillin-resistant 589 

Staphylococcus aureus. Trends in Microbiology 22, 42-47 (2014). 590 
31. J Larsen et al., Emergence of methicillin resistance predates the clinical use of antibiotics. 591 

Nature 602, 135-141 (2022). 592 
32. N Clay, T Garnett, J Lorimer, Dairy intensification: Drivers, impacts and alternatives. Ambio 593 

49, 35-48 (2020). 594 
33. J Parker, A Rambaut, OG Pybus, Correlating viral phenotypes with phylogeny: accounting for 595 

phylogenetic uncertainty. Infection, Genetics and Evolution 8, 239-246 (2008). 596 



23 
 

34. M O’Dea et al., Antimicrobial resistance and genomic insights into bovine mastitis-associated 597 
Staphylococcus aureus in Australia. Vet. Microbiol. 250, 108850 (2020). 598 

35. AM Bolger, M Lohse, B Usadel, Trimmomatic: a flexible trimmer for Illumina sequence data. 599 
Bioinformatics 30, 2114-2120 (2014). 600 

36. A Bankevich et al., SPAdes: a new genome assembly algorithm and its applications to single-601 
cell sequencing. J. Comput. Biol. 19, 455-477 (2012). 602 

37. T Seemann, Prokka: rapid prokaryotic genome annotation. Bioinformatics 30, 2068-2069 603 
(2014). 604 

38. AP Francisco et al., PHYLOViZ: phylogenetic inference and data visualization for sequence 605 
based typing methods. BMC Bioinformatics 13, 87 (2012). 606 

39. BD Ondov et al., Mash: fast genome and metagenome distance estimation using MinHash. 607 
Genome Biol. 17, 132 (2016). 608 

40. NJ Croucher et al., Rapid phylogenetic analysis of large samples of recombinant bacterial 609 
whole genome sequences using Gubbins. Nucleic Acids Res. 43, e15 (2015). 610 

41. BQ Minh et al., IQ-TREE 2: new models and efficient methods for phylogenetic inference in 611 
the Genomic Era. Mol. Biol. Evol. 37, 1530-1534 (2020). 612 

42. X Didelot, NJ Croucher, SD Bentley, SR Harris, DJ Wilson, Bayesian inference of ancestral 613 
dates on bacterial phylogenetic trees. Nucleic Acids Res 46, e134 (2018). 614 

43. JP Bollback, SIMMAP: Stochastic character mapping of discrete traits on phylogenies. BMC 615 
Bioinformatics 7, 88 (2006). 616 

44. LJ Revell, phytools: an R package for phylogenetic comparative biology (and other things). 617 
Methods in Ecology and Evolution 3, 217-223 (2012). 618 

45. RA Petit, III, TD Read, Staphylococcus aureus viewed from the perspective of 40,000+ 619 
genomes. PeerJ 6, e5261 (2018). 620 

46. A Rambaut, TT Lam, L Max Carvalho, OG Pybus, Exploring the temporal structure of 621 
heterochronous sequences using TempEst (formerly Path-O-Gen). Virus Evol. 2, vew007 622 
(2016). 623 

47. NF Müller, D Rasmussen, T Stadler, MASCOT: parameter and state inference under the 624 
marginal structured coalescent approximation. Bioinformatics 34, 3843-3848 (2018). 625 

48. M Jara, DA Rasmussen, CA Corzo, G Machado, Porcine reproductive and respiratory 626 
syndrome virus dissemination across pig production systems in the United States. 627 
Transboundary and Emerging Diseases  (2020). 628 

49. SC Bayliss, HA Thorpe, NM Coyle, SK Sheppard, EJ Feil, PIRATE: A fast and scalable 629 
pangenomics toolbox for clustering diverged orthologues in bacteria. GigaScience 8 (2019). 630 

50. TC Freeman et al., Graphia: A platform for the graph-based visualisation and analysis of 631 
complex data. bioRxiv 10.1101/2020.09.02.279349, doi:10.1101/2020.1109.1102.279349 632 
(2020). 633 

51. JD Harling-Lee et al., A graph-based approach for the visualisation and analysis of bacterial 634 
pangenomes.  (2022). 635 

52. G Horesh et al., Different evolutionary trends form the twilight zone of the bacterial pan-636 
genome. Microb. Genom. 7 (2021). 637 

53. O Brynildsrud, J Bohlin, L Scheffer, V Eldholm, Rapid scoring of genes in microbial pan-638 
genome-wide association studies with Scoary. Genome Biol. 17, 238 (2016). 639 

54. CP Cantalapiedra, A Hernández-Plaza, I Letunic, P Bork, J Huerta-Cepas, eggNOG-mapper v2: 640 
Functional Annotation, Orthology Assignments, and Domain Prediction at the Metagenomic 641 
Scale. Mol. Biol. Evol. 38, 5825-5829 (2021). 642 

55. P Jones et al., InterProScan 5: genome-scale protein function classification. Bioinformatics 643 
30, 1236-1240 (2014). 644 

56. J Chen et al., Genome hypermobility by lateral transduction. Science 362, 207-212 (2018). 645 

  646 



24 
 

Figure legends 647 

 648 

Fig. 1: Global distribution of bovine S. aureus isolates examined in the study according 649 

to clonal complex. The map shows the sampling locations of the 1,647 bovine isolates with 650 

available data among the 1,896 total bovine isolates collected. The blue colour scale filling 651 

each country represents the number of bovine S. aureus genomes included in the analyses 652 

(log scale). Pie charts indicate the distribution of these genomes per clonal complex (CC) in 653 

each of the continents represented. 654 

Fig. 2: Contemporary bovine S. aureus originated from human-to-bovine host-switches 655 

that occurred in the last 2500 y. Time-scaled tree of the global, bovine-enriched S. aureus 656 

dataset (n=3,915) with host ancestral reconstruction. The maximum-likelihood tree was 657 

generated with IQ-Tree2, dated using BactDating, and host ancestral states were inferred 658 

using SIMMAP. Branches are coloured according to the host yielding the highest probability. 659 

Main CCs are collapsed in triangles and coloured according to their reconstructed original 660 

host. Nodes supported by 100% bootstrap are indicated by an asterisk. Key nodes are 661 

annotated with their predicted most recent common ancestors (in years before present). 662 

Arrows point to the main evolutionary jumps into bovine population.  663 

 664 

Fig. 3. Phylogeographic analysis of the bovine host-restricted S. aureus CC151 based on 665 

core and accessory genome. A) Bayesian time-stamped tree from a core genome alignment 666 

(1,645,057bp, of which 14,665bp were variable sites) of CC151 genome sequences. Branches 667 

coloured according to the reconstructed locations in the discrete trait analysis. Inset: graphic 668 

summary of migrations between countries, in which the thickness of arrows is proportional to 669 

the number of migration events inferred. B) Network or accessory genome of the same 670 

CC151 sequences (based on 483 accessory genes, defined as genes in more than 1 genome, 671 

and not in all genomes). Node colours correspond to sampling locations as in panel A. 672 

 673 

Fig. 4: Lineage-dependent differences in the frequency of host-transitions reveal high-674 

risk S. aureus clones. (A) Clonal complex-specific analysis of ancestral host reconstruction. 675 

Analyses for each clonal complex (CC) include a time-stamped phylogenetic tree generated 676 

using the MASCOT model in BEAST to reconstruct ancestral host state; and a network 677 

representing the accessory genome of the same samples. Each node represents a genome, and 678 

edges are weighted as the similarity between two genomes. The number of S. aureus 679 
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genomes used for each analysis were CCC151: 246 bovine; CC97: 175 bovine, 35 human, 8 680 

ovine; CC188: 86 bovine, 63 human; CC1: 67 bovine, 121 human; CC425: 65 bovine, 15 681 

human; CC133: 98 bovine, 19 ovine; CC130: 23 bovine, 86 human, 25 ovine (see Fig. S1 and 682 

SI Dataset 1). (B) Percentage of S. aureus transitions between bovine and human host 683 

species over the total of transitions per tree in the BEAST tree posterior distribution. CC1 and 684 

CC188 are CCs with human origins, CC97 and CC425 with bovine origins, CC130 with 685 

ovine origin. CC133 not shown as no human isolates included in the analyses. 686 

 687 

Fig. 5: Routes of international dissemination for bovine S. aureus revealed by ancestral 688 

trait analysis. This analysis was performed on the bovine-enriched S. aureus dataset 689 

(n=3,915) which included 1,614 bovine assemblies with known sampling time and locations. 690 

A) Schematic worldwide map showing inferred location transitions within the bovine 691 

population. Nodes represent each location (individual countries or groups of countries) 692 

included in the analysis. Arrows represent estimated, directional migrations (i.e. location state 693 

changes) between locations. Arrows width and colour are proportional to the estimated 694 

amount of migrations. B) Correlation between age (in years before present) of the clonal 695 

complexes of ancestral bovine and human origins and the Simpson’s D diversity index 696 

calculated from the number of countries from which they were identified in our dataset, 697 

showing a statistically significant positive correlation. 698 

 699 

Fig. 6: Network analysis of the accessory genome reveals host-species and CC-700 

dependent gene combinations. Pairwise similarity network of 4,841 S. aureus isolates based 701 

on shared accessory genes. For host-species association see Fig S1). Each node represents a 702 

genome, and edges are weighted as the similarity between two genomes, with lineage 703 

dependent accessory genes removed. Similarity was calculated using the Jaccard Index, and 704 

the network visualised within Graphia using a force-directed 2D layout. A k-NN (k = 10) 705 

algorithm was applied to reduce edge density, and components of less than 50 nodes 706 

removed. The network is coloured by the host species, and important CCs are highlighted, 707 

coloured by the primary host species of the CC or sub-cluster (dotted grey lines).  708 

 709 

Fig. 7: Bovine-specific S. aureus genes are associated with phage, SaPIs and genomic 710 

islands. Bovine-associated genes were mapped to the bovine reference genome RF122 to 711 

model genomic location. The central density plot represents the distribution of all bovine-712 

associated genes identified in this study. Circle dot plots represent the location of bovine 713 
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associated genes as identified in, from inner-most to outward, CC1 (green), CC97 (pink), 714 

CC188 (purple) and the full dataset (grey; *the bovine exclusive lineages CC126 and CC151 715 

core genes are included here). Known genomic features of interest are displayed as blocks on 716 

the outermost plot. 717 
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