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Brucella abortus is a globally important zoonotic pathogen largely found in cattle hosts and is typically transmitted to humans through contaminated dairy products or contact with diseased animals. Despite the long, shared history of cattle and humans, little is known about how trade in cattle has spread this pathogen throughout the world. Whole genome sequencing provides unparalleled resolution to investigate the global evolutionary history of a bacterium such as B. abortus by providing phylogenetic resolution that has been unobtainable using other methods. We report on large-scale genome sequencing and analysis of B. abortus collected globally from cattle and 16 other hosts from 52 countries. We used single nucleotide polymorphisms (SNPs) to identify genetic variation in 1,074 B. abortus genomes and using maximum parsimony generated a phylogeny that identified four major clades. Two of these clades, clade A (median date 972 CE; 95% HPD, 781–1142 CE) and clade B (median date 150 BCE; 95% HPD, 515 BCE–164 CE), were exceptionally diverse for this species and are exclusively of African origin where provenance is known. The third clade, clade C (median date 949 CE; 95% HPD, 766–1102 CE), had most isolates coming from a broad swath of the Middle East, Europe, and Asia, also had relatively high diversity. Finally, the fourth major clade, clade D (median date 1467 CE; 95% HPD, 1367–1553 CE) comprises the large majority of genomes in a dominant but relatively monomorphic group that predominantly infects cattle in Europe and the Americas. These data are consistent with an African origin for B. abortus and a subsequent spread to the Middle East, Europe, and Asia, probably through the movement of infected cattle. We hypothesize that European arrival to the Americas starting in the 15th century introduced B. abortus from Western Europe through the introduction of a few common cattle breeds infected with strains from clade D. These data provide the foundation of a comprehensive global phylogeny of this important zoonotic pathogen that should be an important resource in human and veterinary epidemiology.
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Introduction

Despite having limited motility, bacterial pathogens have an uncanny ability to move on continental scales. Human history can in fact be traced using phylogenetic analyses of our associated bacteria, from our emergence out of Africa to our global diaspora, including Helicobacter pylori moving with us in our stomachs (Linz et al., 2007), Vibrio cholerae in our intestines (Mutreja et al., 2011), Mycobacterium tuberculosis in our lungs (Comas et al., 2013; Liu et al., 2018) and Burkholderia pseudomallei in trade (Chewapreecha et al., 2017). Bacteria can also disperse with us in animals such as Bacillus anthracis in hides and/or hunted animals (Kenefic et al., 2009), Yersinia pestis in commensal rodents (Morelli et al., 2010), and Brucella melitensis in domesticated goats (Tan et al., 2015). Thus, phylogeographic reconstructions of pathogens can inform us about past human movements and activities and in turn allow us to better understand patterns of disease transmission, dispersal, and host interactions (Keim and Wagner, 2009; Grad and Lipsitch, 2014; Sintchenko and Holmes, 2015).

Brucella abortus is one of the world’s most successful pathogens, causing widespread disease in wildlife, livestock, and humans on a global scale (Pappas et al., 2006; Whatmore, 2009). Brucellosis is endemic to much of the world, but the burden of the disease is particularly borne by people and livestock in developing countries (Moreno, 2014). Substantial production losses in cattle occur due to reproductive complications such as abortion, infertility, and decreased milk output (Carvalho Neta et al., 2010). Humans typically contract the disease through contaminated dairy products although occupational exposure occurs in veterinarians, slaughterhouse personnel, and workers involved in animal husbandry. Health impacts on humans are widespread and pronounced, with new brucellosis infections likely in the millions of cases each year and with large sections of the globe, particularly Africa and Asia, poorly sampled but likely containing many undiagnosed cases (Laine et al., 2022). Although B. abortus has a broad host range that includes many ruminants such as elk (Cervus elaphus) and bison (Bison bison) (Schumaker, 2013), swine (Sus scrofa) (WOAH, 2023), and goats (Capra hircus) (McDermott and Arimi, 2002), domestic cattle remain the most common host (WOAH, 2023). Indeed, this close host-pathogen relationship of B. abortus with cattle and its high prevalence in unmanaged herds suggests that the evolutionary history of B. abortus may provide unique insights into the history of cattle movements. Then by comparing these genetic patterns in B. abortus to cattle genetics, breeding practices, and livestock movements (Pitt et al., 2019; Verdugo et al., 2019; Xia et al., 2023), we can understand how socioeconomic forces and cultural practices have spread this pathogen.

Initial attempts to characterize B. abortus involved microbiological and biochemical testing that grouped isolates into eight biovars (bv. 1–7 and 9). However, subsequent work, including the results presented here, indicates that the biovars do not always correspond with distinct genetic groups (Whatmore et al., 2016). Low amounts of genetic diversity have traditionally hampered genetic characterization of Brucella taxa (Whatmore, 2009). Fragment based methods such as variable number tandem repeat (VNTR) analysis and multi-locus sequencing have been fundamental to our understanding of the phylogenetic relationships among species and biovars of the genus (Le Fleche et al., 2006; Whatmore et al., 2007). However, homoplasy, lack of resolution at branch tips, and ambiguity at deeper nodes due to limited phylogenetic characters using these methods (Pearson et al., 2009b), suggest a more in-depth approach is required. Comparative approaches using whole genome sequencing provide this needed resolution and form the basis for better understanding evolutionary, epidemiological, and host relationships in Brucella (Foster et al., 2009; Wattam et al., 2009, 2014; Audic et al., 2011; Kamath et al., 2016). Early phylogeographic studies in bacteria used a limited number of loci and various genetic approaches that assessed variation within only portions of the genome. Whole genome analyses have become the new standard, particularly in clonal and low diversity bacteria where many loci are required for sufficient power and resolution (Rokas et al., 2003; Pearson et al., 2009b). Single nucleotide polymorphism (SNP) loci are valuable characters for phylogenetic reconstructions due to their evolutionary stability, exhibited by low mutation rates and minimal homoplasy in clonal bacteria (Keim et al., 2004; Achtman, 2008). SNPs have been successfully utilized in phylogeographic comparisons to draw conclusions about the evolutionary history and global dispersal of a variety of pathogens and their diseases e.g., (e.g., Holt et al., 2008; Harris et al., 2010). These studies exhibit the power of whole genome analysis to characterize global diversity in highly clonal bacteria and potentially link the overlapping histories of their host populations.

In this study, we use comparative genomics to interrogate 1,074 genomes of B. abortus to determine its evolutionary history and better understand its global movements in cattle and other hosts. Most genomes came from cattle, although at least 16 other animal species, mostly ruminants, were sampled. The large sample size and wide range of locations involved provides a breadth of scope not previously explored in B. abortus and an unparalleled opportunity to catalog the extant diversity and phylogeography of this important zoonotic pathogen. Moreover, these data constitute a phylogenetic framework that will be useful in determining the evolutionary significance of new isolates and their relationship to the current phylogenetic framework, and in disease outbreak investigations in an era of global human and animal movement.



Materials and methods


Sampling

The 1,074 isolates analyzed in this study came from 52 countries across 6 continents (Figure 1 and Supplementary Table 1). Whole genome sequencing data for B. abortus isolates were downloaded on June 23, 2023. Paired-end Illumina sequencing data were downloaded from the Sequence Read Archive (Leinonen et al., 2010). Genome assemblies were downloaded from GenBank (Benson et al., 2012) and the Bacterial and Viral Bioinformatics Resource Center (BVBRC).1 Genomes were removed from the data set if they aligned poorly to the reference genome (quality breadth <80% in program NASP), were identified as poor quality by BVBRC, or were outliers (i.e., other Brucella species). We removed obvious duplicate genomes from the dataset, but retained potential duplicates when we could not determine which genome should take priority. These duplicate genomes served as a doublecheck of our analysis methods, which was confirmed, as all duplicates were identical or highly similar to each other.
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FIGURE 1
Geographic locations of the 1074 Brucella abortus genomes used to construct the phylogenies in Figures 2, 3. Country or state centroid is given except when more specific location information was known. Colors refer to the four clades: clade A is green, B is red, C is orange, D is purple, and light blue is undetermined.


The United States (US) was the origin of the largest number of genomes within this study (n = 365), with a majority from the Greater Yellowstone Ecosystem (n = 264). The United Kingdom (UK) had a relatively large number of isolates (n = 93), although as a central repository for strains that have been collected globally, some of these isolates likely originated elsewhere. Ireland, India, Russia, Kazakhstan, Brazil, Egypt, Italy, and Costa Rica were the source of 26–94 isolates each, while the remaining countries were the origin of 1–15 isolates each. The origins of genomes in each lineage and sub-lineage of our phylogeny and basic metadata such as GenBank accession, strain ID, country and collection location, year of collection, host, and phylogenetic lineage are detailed in Supplementary Table 1. Isolates were primarily collected from cattle, but the 16 other hosts included bison (Bison bison), elk (Cervus canadensis), humans (Homo sapiens), water buffalo (Bubalus bubalis), goats (Capra hircus), swine (Sus domesticus), yak (Bos grunniens), dog (Canis lupus familiaris), camel (Camelus dromedarius), llama (Lama glama), reindeer (Rangifer tarandus), sheep (Ovis aries), chamois (Rupicapra rupicapra), red fox (Vulpes vulpes), cat (Felis catus), and mouse (Mus musculus). Genomes come from sampling across a wide range of time, spanning 1925 to 2022. Of the genomes in this study, 106 were sequenced in the Brucella II initiative at the Broad Institute (broadinstitute.org), with isolate DNA supplied by the Animal Health and Veterinary Laboratories Agency (AHVLA) [now Animal and Plant Health Agency (APHA)] of the UK, the US Centers for Disease Control and Prevention, or Northern Arizona University. A total of 67 isolates were sequenced by Translational Genomics Research Institute North or the Environmental Genetics and Genomics Laboratory from isolates supplied by US Geological Survey and its collaborators, and 281 samples were sequenced by the collaborations of US Department of Agriculture–National Veterinary Services Laboratory (USDA-NSVL). The remaining genomes were sequenced by various other institutes.



SNP discovery

Core-genome single nucleotide polymorphisms (SNPs) were called within NASP (Sahl et al., 2016) using paired-end Illumina reads as input. For genome assemblies, paired-end Illumina sequencing data were simulated from publicly-available genome assemblies with ART (MountRainier) (Huang et al., 2012). Reads were aligned to B. abortus strain 2308 (GCA_000054005.1) as the reference genome using BWA-MEM (Li, 2013) and SNPs were called with the Unified Genotyper method in GATK (McKenna et al., 2010; DePristo et al., 2011). Positions were removed from the analysis if the depth of coverage was less than ten or if the allele proportion was less than 0.9 for a genome. Duplicated regions of the reference genome were identified with self-alignments using NUCmer (Delcher et al., 2002; Kurtz et al., 2004) and removed from the analysis. A maximum parsimony phylogeny was generated from high-quality, core-genome SNPs (bestsnp.fasta) with the R package phangorn (Schliep, 2011). A consistency index (excluding parsimony uninformative SNPs) and retention index were calculated with phangorn. The consistency index allows one to determine the amount of homoplasy that is occurring within the genetic markers being used in the phylogeny, with values close to 1 indicating limited amounts of homoplasy. To determine the root of the B. abortus tree, we first generated a phylogeny that included B. melitensis strain 16M (GCA_000740415.1) as an outgroup due to this taxon being sister to B. abortus (Wattam et al., 2014). The core genome in these analyses was estimated with the quality breadth metric in NASP (Sahl et al., 2016).


Bayesian time-structured coalescent analysis

We plotted the divergence of each tip from the root against the date of sampling (a root-to-tip plot) in the program TempEST. Thus, this temporal signal allowed us to construct a time-structured phylogeny. For the molecular clock estimation, BEAST v1.10.1 (Suchard et al., 2018) was used to generate a time-structured phylogeny including only a subset (n = 607) of the GenBank genomes with known isolation year. For this analysis, NASP was run again, as described above, to generate a core SNP matrix specific for this subset of isolates. The matrix included only variable positions, but the BEAST XML input file was modified to specify the number of invariant sites, by nucleotide, in the B. abortus genomes. Six different combinations of molecular clock and coalescent models were evaluated using path-sampling and stepping-stone marginal likelihood estimation approaches (Lartillot and Philippe, 2006; Fan et al., 2011; Xie et al., 2011). Each model combination was run in duplicate, with one billion Markov chain Monte Carlo steps, and sampling parameters and trees assessed every 100,000 generations to ensure independent convergence of the chains. The log files were combined with LogCombiner v1.10.1 and assessed with Tracer v1.7.1. The first 50,000,000 iterations were discarded as burn-in. As the relaxed clock models did not converge, even when using a subset of the genomes, model selection was based only on strict clock model results, in which all the tree models’ effective sample sizes (ESS) were ≥236. The best fit model combination was a strict molecular clock, along with the Bayesian Coalescent Skyline tree prior with 10 categories (Drummond, 2005).





Results

The first phylogenetic tree illustrates the genomic comparisons of all B. abortus genomes and is rooted with the outgroup (B. melitensis 16M) (Figure 2). A total of 2,053 SNPs separated B. melitensis 16M from the B. abortus isolates. The core genome in this analysis was 1,619,280 nucleotide positions, with SNPs at 13,723 positions. Homoplasy was low, with a consistency index (excluding parsimony uninformative SNPs) of 0.96, and a retention index of 0.99. We then analyzed only the B. abortus genomes, which involved 1,629,697 nucleotide positions in the core genome, SNPs at 11,797 positions, a consistency index (excluding parsimony uninformative SNPs) of 0.97, and a retention index of 0.99.
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FIGURE 2
Maximum parsimony phylogeny of 1074 Brucella abortus genomes rooted with B. melitensis 16M outgroup. We define four major lineages A, B, C, D, which correspond to the four main MLST groups of Whatmore et al. (2016), but as A, B, C2, and C1, respectively. Full details of isolate origins and other metadata are found in Supplementary Table 1.


The phylogeny revealed what we consider as four major clades of B. abortus, with two clades (A and B) composed almost entirely of isolates of African origin. For isolates with known origin, 52 of 53 came from African countries (Figure 3), the sole exception being an isolate from Saudi Arabia, which has an established connection to Africa from infected livestock with brucellosis via historical trade (Foster et al., 2018). The most notable member of these two African clades is the biovar 3 reference strain Tulya, which was isolated from a Ugandan cow in 1958. The distribution of biovars within the African clades is also striking, with biovars 3, 6, and the previously classified biovar 7 predominating [biovar 7 is no longer in usage (Garin-Bastuji et al., 2014)]; these biovars account for nearly all of the African isolates where biovar is known. Despite containing only a small fraction of the total genomes in our analysis, more genetic variation exists in the 56 genomes from the African clades than exists in all of the other B. abortus genomes, as indicated by the relatively long branch lengths to and within these clades (Figures 2, 3).
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FIGURE 3
Maximum parsimony phylogeny of 56 Brucella abortus genomes from clades A and B, all but one have African origins, including the strain Tulya from Uganda, the reference strain for biovar 3. Clades C and D have been collapsed to allow for details of clades A and B to be visualized.


The third major lineage, identified as clade C (corresponding to C2 of MLSA) (Whatmore et al., 2016; Shevtsov et al., 2023), contained isolates of diverse origins but came almost entirely from Europe and Asia (Figure 4). Relative to the diversity within the African clades, the B. abortus genomes from clade C exhibited minimal genetic diversity but were substantially more diverse than the relatively monomorphic clade D (see below). Clade C can be divided into two broad subclades, with one subclade containing notable isolates such as the reference strains for biovar 5 (strain B3196), biovar 6 (strain 870), and biovar 9 (strain C68). In contrast, the other subclade contains no reference strains but does include a large number of isolates predominantly from Asia, particularly countries with extensive sampling such as Kazakhstan, Russia, and China, and to a lesser extent countries such as Brazil, Italy, Mongolia, and Georgia. The diversity and geographic distributions of clade C have been previously described and molecular dating indicates the arrival of this subclade into Kazakhstan in the 19th or early 20th century (Shevtsov et al., 2023). One unusual finding from Italy is that despite strains sharing a common host, water buffalo, Italian herds are infected with strains from both clades C and D, suggesting two separate introductions and two distinct lineages have remained despite control efforts (Garofolo et al., 2013, 2017). Clade C seems likely to have been imported with infected water buffalo from Asia and clade D was likely acquired locally from infected cattle as the two species interact on some farms. Of note, when extensive sampling has been conducted for a study focused on a single location over a short time frame, those genomes will generally cluster together and are depicted as triangles for the collapsed branches (Figure 4).
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FIGURE 4
Maximum parsimony phylogeny of Brucella abortus genomes from clade C, which largely have origins in Asia. Clades A, B, and D have been collapsed to allow for details of clade C to be visualized.


Clade D contains the largest number of genomes (n = 837) from six continents but surprisingly little genetic diversity and is largely composed of biovars 1, 2, and 4 (Figures 2, 5). Clade D contains multiple subclades, several with striking geographic localization of closely related genomes, as was also seen in clade C. These clusters were associated with sampling of infected livestock (primarily cattle herds and water buffalo) and included five clusters associated with the Yellowstone region (Kamath et al., 2016), and additional clusters from Costa Rica (Suarez-Esquivel et al., 2020), Northern Ireland (Allen et al., 2020), Brazil (Pereira et al., 2023), Texas (this study), and Italy (Garofolo et al., 2017). This geographic clustering of closely related strains demonstrates the low diversity of most brucellosis outbreaks. Interestingly, some of these clusters contain isolates that were collected over several decades, indicating that limited differentiation and circulation occurs over these time scales. Interspersed among these clusters were samples from other US states (26 states sampled) and diverse international locations such as the South American countries of Argentina, Bolivia, Brazil, and Trinidad and Tobago, European countries including France, Kosovo, Poland, Portugal, Spain, and the UK, as well as Mexico, New Zealand, and Zimbabwe. The overall global pattern for clade D is the spread of this lineage over the past several centuries followed by limited and local differentiation. However, the connectedness of global trade allows for some isolates to spread between distant locations. Finer scale details for all genomes in this study can be found online: https://microreact.org/project/t3oxnHhmZrAhtuw6mamutc-b-abortusglobal-phylogenomic-diversity.
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FIGURE 5
Maximum parsimony phylogeny of Brucella abortus genomes from clade D, which largely have origins in W. Europe, and North and South America. Clades A, B, and C have been collapsed to allow for details of clade D to be visualized.


Our results indicate that the most recent common ancestor (MRCA) of B. abortus as a species occurred approximately 3726 BCE (median estimate date 3683 BCE, 95% HPD 4657–2871 BCE; Table 1), with an estimated mean substitution (subs) rate of 6.49 × 10–8 subs/sites/year. This rate is highly similar to a rate estimate for B. melitensis of 9.3 × 10–8 subs/sites/year (Long et al., 2023) as well as our rate estimates from B. abortus spread in Costa Rica of 8.28 × 10–8 subs/sites/year (95% HPD interval: 2.8 × 10–8–1.7 × 10–7 (Suarez-Esquivel et al., 2020), which was estimated with an uncorrelated relaxed clock model and a skyline tree. This shows consistency in the estimation of the substitution rate for Brucella in general despite the model used for the analysis. The B clade, which includes genomes from Africa, is predicted as the oldest B. abortus clade based on the available sequences, followed by clades C, A and D (Figure 6). Nonetheless, both clades A and B are poorly sampled and unsampled diversity likely remains that would make these divergence times earlier.


TABLE 1    Time of most recent common ancestor of Brucella abortus and clades from BEAST analysis.
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FIGURE 6
Time-structured maximum clade credibility (MCC) phylogenetic tree of 607 B. abortus genomes. The branches are color-coded according to the MLST clade clustering pattern, which also corresponds to the grouping based on the geographic origin of the genomes. The violin plots over the nodes show the 95% highest posterior distribution of the time to the most common recent ancestor (MRCA) from each one of the clusters.




Discussion

Homoplasy was minimal within our trees, increasing confidence in the topologies. Homoplasy can be the consequence of directional selection or horizontal gene transfer, and the low levels seen here in B. abortus are indicative a largely clonal population of organisms undergoing minimal recombination or convergent evolution (as also occurs in Mycobacterium tuberculosis; (Comas et al., 2013) and where nearly all genetic variation is created by mutations. This is consistent with B. abortus being a clonal intracellular pathogen that has had limited genetic exchange with other bacteria in its recent evolution.


African origin of B. abortus

We posit that Africa is the likely origin of B. abortus. Clades C and D are nested within clades A and B containing the African strains. We note that this differs from the “basal clade” interpretation often mistaken as indicative of a species’ origin or for clades containing ancestral traits, which is an especially common misconception in trees with poorly sampled taxa in a sister group (Crisp and Cook, 2005). Also supporting an African origin is that strains from clades A and B have the highest amounts of genetic diversity within the species, and high levels of genetic diversity often indicate a species’ geographic origin (Pearson et al., 2009a). Similar phylogeographic findings have supported an African origin for another important bacterial taxon of zoonotic pathogens—the Mycobacterium tuberculosis complex (Comas et al., 2013). If B. abortus has had a limited number of hosts and similar selective pressures, one would not expect substantial differences in substitution rates among lineages of B. abortus. Moreover, all of the genomes in our analyses came from contemporary samples within the past few decades. We are thus left trying to explain the relatively long branches for clades A and B; it is likely that substantial diversity remains to be discovered within these two clades and that missing diversity is most likely in Africa. These findings suggest the emergence of B. abortus in Africa and from there an expansion into Europe and Asia (clade C), and later to the Americas (clade D).

Understanding the relationship between B. abortus and cattle and their mutual global spread is a complex issue, complicated by imprecise estimates of the timing of both cattle and Brucella evolution. Furthermore, matching our proposed African origin of B. abortus with cattle evolution on the continent is made more challenging by the uncertain timing and spread of cattle in Africa. Taurine (Bos taurus) cattle domestication occurred in the Fertile Crescent in roughly 8500 BCE, along with the domestication of goats, sheep, and pigs slightly earlier (Zeder, 2008). A second cattle domestication event, the zebu or indicine species (Bos indicus) occurred in the Indus Valley in roughly 6500 BCE (Loftus et al., 1994). Although the archeological and molecular evidence are much debated, both cattle species subsequently spread to Africa and interbred with each other as well as with wild aurochs (Bos primigenius) (Felius et al., 2014; Pitt et al., 2019; Verdugo et al., 2019). As a result, African cattle are genetically diverse (Troy et al., 2001; Hanotte, 2002; Decker et al., 2014) but also provide numerous opportunities and timepoints for B. abortus to emerge. Brucellosis in African cattle, particularly in sub-Saharan Africa, is widespread and remains a substantial burden for animal production (McDermott and Arimi, 2002; Ducrotoy et al., 2017). Sampling and genotyping of strains from these animals will better inform the movement and history of B. abortus on this continent and we are likely only seeing a small proportion of its diversity. Khames et al. (2017) described new diversity within B. abortus isolates from Algeria, although we are not certain where these samples would fall within our phylogenies as the genomes are not yet available. We are cautious, however, about overinterpreting the phylogenetic data with respect to geography (Crisp et al., 2011). Relating phylogenetic patterns with biogeographic patterns is even more difficult to disentangle in B. abortus and other intracellular pathogens because of the essential host-pathogen relationship, the potential effects of domestication and human transport of livestock, complex cattle and human histories, and the ability of pathogens to switch hosts. A broad range of ungulates and other wildlife species are suitable hosts for B. abortus, although most sampling to date has found genotypes from clade D (Simpson et al., 2021).

Moreno et al. (2002) proposed that the Brucella genus began to diverge 20–25 million years ago concurrent with speciation of ovine, caprine and bovine hosts from their ancestors. However, results from Foster et al. (2009) using rough approximations of mutation rates indicated that while the divergence of species within the Brucella genus is more recent, although we must note, estimated this divergence far earlier than our present study. Our molecular dating presented here suggest even more recent emergence of the core/classical Brucella (Whatmore and Foster, 2021). It is tempting to speculate that animal domestication in the Middle East allowed for the emergence of several Brucella species in livestock. Long et al. (2023) used molecular dating of B. melitensis and concluded that this species diverged from B. abortus early in the domestication of sheep and goats. Our results from B. abortus are consistent with these findings but are not certain as to the exact timing of when and where B. abortus diverged from B. melitensis. Our time-based reconstruction indicates that clade B diverged from the B. abortus common ancestor sometime from 515 BC to 164 AD. Taken with the findings we describe herein, it seems plausible therefore that wild ancestors of domesticated bovines or other ruminants in Africa were afflicted by brucellosis and that host specific evolution of B. abortus and its subsequent diversification predated domestication. However, to adequately address this question would require a denser sampling of both wildlife and wild and domesticated bovine species infected with B. abortus, and ideally, generating genomes from ancient DNA from bones from animals or humans infected with brucellosis (Kay et al., 2014; Long et al., 2023).


Movement of B. abortus out of Africa

Our trees do not inform us as to the likely path of movement of B. abortus out of Africa but based on current distributions it appears that the lineages went in two directions. Clade C originated roughly in 972 CE (range 766–1102 CE), spread primarily into the Middle East and then into the rest of Asia, with some movement into Europe as well. The spread into Asia may have occurred along the Silk Road, as has been proposed for B. melitensis (Pisarenko et al., 2018), although Shevtsov et al. (2023) suggest that movement into Kazakhstan might have been much more recent, in the past 100–200 years. Clade C is well distributed across Eurasia, from present day western Europe to China, but represents considerably lower amounts of genetic diversity compared to the African lineages. This reduced diversity may result from a variety of factors. Sampling bias and a reduced number of available genomes may underestimate the true diversity, although the 60 genomes from this clade are dispersed over a large extent of Eurasia, which should aid in capturing a representative level of the extant diversity. Additionally, our data on the major African lineages is indicative that even small sample numbers from a specific geographic region can provide useful information on pathogen genetic diversity relative to other regions. We speculate that the movement of B. abortus across Eurasia may be tied to the domestication of wild aurochs into taurine cattle in the Middle East around 10,000 years ago (Zeder, 2008) and the subsequent spread of agriculture—and infected animals—across these two continents (Achilli et al., 2008; Decker et al., 2014). More recent movements of livestock out of Africa and into the Middle East have been connected to Arab trade in the region (Foster et al., 2018; Holzer et al., 2021), and may also be connected to animal importation into Saudi Arabia during the Hajj each year. It is plausible that non-domesticated animals could have aided the movement of B. abortus across Eurasia, but we are unaware of likely hosts to have allowed for this wide dispersal. Modern reports of the spread of zoonotic disease also indicate that human mediated movement of infected animals underpins much of disease spread (Christley et al., 2005; Bigras-Poulin et al., 2006; Rautureau et al., 2010).

In contrast to the diversity and widespread distribution of clade C, clade D is largely restricted to Western Europe and the Americas. Despite the many inconsistencies with biovars and frequent lack of correspondence to genetic groupings (Whatmore, 2009), biovars 3, 6, 7, and 9 comprise clades A, B, and C, and clade D is comprised of biovars 1, 2, and 4. The latter may potentially be attributed to the difficulty of transporting cattle across oceans in the past and that this was done solely by European colonists, a historical fact given additional molecular credence by the finding that greater than 50% of cattle mtDNA variation can be partitioned among the continents (Bradley et al., 1996). Along with the presence of genomes from the US in clade D, these biovar data hint as to how B. abortus reached the Americas (detailed below). The spread of clade D as a dominant lineage is similar to the clonal expansions of other notable pathogens such as Bacillus anthracis, Yersinia pestis, and Francisella tularensis (Keim and Wagner, 2009).



The New World

The majority of the genomes found in clade D are from the Americas, principally from the US; although sampling bias in our isolate collection undoubtedly plays a role. When biotyped, nearly all of these samples are from biovars 1, 2, and 4, although isolates from these three biovars do not always group together. Despite the 837 genomes and many subclades within this lineage, the branching is shallow and overall SNP variation with these genomes is very limited compared to the rest of B. abortus. This suggests a relatively recent introduction of genetically monomorphic B. abortus strains into the Americas from Western Europe, which is consistent with our molecular dating estimates of the emergence of clade D of ∼1467 AD. Tellingly, embedded within this mainly American group of genomes and sub-lineages includes closely related genomes from Europe. We hypothesize that the historical events that likely lie at the root of this bacterial movement are the introduction of infected livestock into the Americas by European colonists as early as the 15th and 16th centuries. More European isolates as well as historic isolates would allow us to more conclusively address this question, however it is striking to observe the close genetic relationship between genomes from North America and the UK and South America and Portugal/Spain. Given the past colonial histories of these territories, we believe the latter observations strengthen our hypothesis. Furthermore, this same pattern of associations between European countries and their colonies appears to be occurring in B. melitensis in goats and sheep with the introduction of the Americas clade into the Western hemisphere, likely soon after the colonization of the New World (Al Dahouk et al., 2007; Tan et al., 2015; Pisarenko et al., 2018).



A wider diaspora beyond the Americas?

We have presented larger patterns in our trees that suggest wide-ranging movement of B. abortus globally. We do not go into all of the details of every genome and its origin, but it is worth noting that many have complex histories. The continued global movement of people, animals, and goods, and in fact the greater global connectivity allows for widespread movement of pathogens such as B. abortus. Embedded within clade D are genomes from diverse locations such as India, Mozambique, New Zealand, Saudi Arabia, and Zimbabwe. This suggests that the spread of B. abortus out of Europe to the Americas was part of a wider diaspora involving global trade from Europe with many other territories or that these strains were introduced from American sources at later dates. A similar pattern of worldwide spread was observed for another important zoonotic veterinary pathogen, Mycobacterium bovis, where the central role of Britain in trading cattle globally during the expansion of the British Empire underpinned the spread of this disease (Smith et al., 2011). Moreover, British farmers played a leading role in developing many modern cattle breeds (Decker et al., 2009). The Hereford breed in particular has been an important genetic stock used in the foundation and improvement of many beef cattle breeds across North and South America, Australia and New Zealand (Porter, 1991).




Within the United States

Within clade D, we observe at least eight sub-clades that are specific to particular regions or outbreaks (Figure 5). Five of these sub-clades are linked to the Yellowstone area, with isolates originating from both domestic and wildlife species (Kamath et al., 2016)—a complex multi-host epidemiology that has been previously noted in traditional veterinary and molecular based studies (Higgins et al., 2012; Cross et al., 2013). Three of these sub-clades also contain samples from outside this region, reflecting the connection of infected cattle throughout the country with Yellowstone as the recipient or source of infected animals. The three other subclades containing mostly US genomes have some geographic localization such as clusters of samples in Arkansas, Kansas, Missouri, Texas, and Mississippi, but the overall pattern is a homogenized population throughout the country apparently spread by the cattle trade.




Conclusion

Whole genome phylogenetic analysis of global B. abortus genomes suggests Africa as the origin of B. abortus. Subsequent movement out of Africa likely went in two directions, one into Western Europe and the other into Asia. Strains in the Americas appear to have originated from the introduction of a limited genetic stock of bacteria, likely originating in cattle from Europe during the period of European colonization of the North and South American continents.

The large number of isolates from the US serves to illustrate the potential usefulness of genome sequencing to further understand the dynamics of disease spread within territories. In particular, the observation that the Greater Yellowstone Area has been subject to at least five separate pathogen introductions affecting multiple animal hosts illustrates the power of this method to provide novel and meaningful epidemiological insights. With denser sampling of animals over longer time periods, there is the potential to gain even greater understanding of local epidemics using a phylodynamic approach such as has been illustrated before with a variety of human and animal pathogens (Volz et al., 2009; Biek et al., 2012; Harris et al., 2013).

Having a global phylogeny such as the one we present here is also of great potential use in determining likely infection sources for new outbreaks in an age of globalization and long-distance livestock transport. What we present herein is a foundation on which to build more detailed surveys of other locales to expand the usefulness of this resource. Increasing the collection of isolates and genomes so that future phylogenies are more representative of the global distribution of B. abortus is essential to our understanding the movement and evolution of these important bacteria as well as for taking One Health actions for animal and human health.
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