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Introduction

Bovines are a highly diverse group of ruminants that are widespread, and commercially
important, covering domestic cattle, bison, yak, buffalo, and other undomesticated taxa. Several
bovine species have been domesticated multiple times, starting around 10,500 years ago
(Ajmone-Marsan et al., 2010). Intensive artificial selection (and more recently, artificial
breeding) has given rise to hundreds of recognised breeds with distinct phenotypes. The Bovine
Pangenome Consortium (BPC) was established to create a comprehensive genomic resource
representing global bovine diversity (Smith et al., 2023). Pangenomes can represent allelic
diversity better than a single linear reference genome, helping to mitigate reference bias (Liao
etal., 2023).

Bovine pangenome graphs can robustly integrate assemblies constructed from different
sequencing technologies and algorithms (Leonard ef al., 2022). Different graph building
algorithms also influence the representation of variation in bovine pangenomes (Leonard et al.,
2023), particularly in highly repetitive regions. Bovine pangenomes also grow rapidly in size
and complexity, even when only including species that routinely hybridise (Crysnanto et al.,
2021; Bortoluzzi et al., 2024), compared to human pangenomes. Despite such complications,
bovine pangenomes have helped uncover trait-associated structural variants directly from
graphs (Milia et al., 2025; Sorin et al., 2025) or by graph-based genotyping of larger short read
sequencing cohorts (Leonard ef al., 2024; Azam et al., 2025; Dai et al., 2025). In addition to
working towards community-accepted, bovine reference pangenomes, the large set of genome
assemblies allows us to investigate complex regions and long-range synteny typically
inaccessible from existing short read sequencing studies involving these species/breeds.

Materials & Methods

Bovine assemblies were contributed from members of the BPC or accessed from public genome
databases. Their metadata can be found on https://bovinepangenomeconsortium.github.io/.

Assembly reprocessing and analyses. Genome assemblies were cut at gaps and uniformly
renamed and oriented relative to ARS-UCD2.0 with RagTag (v2.1) (“--cs -c -x asm 10”), except
for annotated genomes which were left intact to maintain annotation coordinates. Assemblies
were quality controlled with calN50.js (r4), compleasm (v0.2.7) with Artiodactyla ODB12, and
reference-called SNPs with paftools.js (v2.30) from the RagTag alignments. We used BCFtools
stats (v1.22) to identify variants unique to each assembly, and plink2 (v2.0alpha) to thin biallelic
SNPs based on linkage disequilibrium (“~-indep-pairwise 100kb 0.8 --maf 0.1”’) and conduct a
principal component analysis (PCA). We used srf (ge54ca8c) to identify centromeric motifs and
estimate their abundance in the assemblies.
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Graph construction and analyses. We constructed gene-level graphs with pangene (v1.1),
using the ARS-UCD?2.0 annotated proteins from Ensembl, collapsing canonical transcripts and
clustering similar sequences with cd-hit (v4.8.1). We also built base-level variation graphs using
Minigraph-Cactus (v3.1), specifying ARS-UCD2.0 as the backbone. We used vg find (v1.70)
to produce subgraphs on reference coordinates and BandageNG (v2025.12.3) to visualise them.
We used deacon (v.0.13.2) to calculate unique minimisers with k=29 and w=11 from genomes.

Results

The BPC collected 208 genome assemblies (23 public and 185 directly contributed) from 16
lead contacts spanning all six major continents, with 193 genomes passing quality thresholds.
This diverse collection represents 77 unique cattle breeds and eight non-cattle species. The
average genome size was 3.03+0.22 Gb, with a mean contig NG50 (based on the ARS-UCD2.0
cattle reference genome size of 2.77 Gb) of 62.5+29.7 Mb (Fig. 1A). The mean Artiodactyla
gene completeness was 98.1%, with some variation due to different sex chromosome
complements.
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Figure 1. Overview of BPC phase 1 assemblies. (A) NG50 and genome size for 193
assemblies. Dashed lines indicate the predicted optimal NG50 and genome size for cattle. The
star indicates the current cattle reference genome ARS-UCD2.0. (B) Centromere motif
abundance in each genome, with known satellite repeats indicated. (C) PCA of variants called
from assembly-to-reference alignments. Percentages indicate amount of variation explained.
(D) Analysis of SNPs unique to each representative assembly for the 77 distinct cattle breeds.

Many assemblies had longer chromosomes compared to the current cattle reference genome.
We hypothesised the additional sequence was likely centromeric repeats, which are largely
absent from the current cattle reference genome despite being pervasive in Artiodactyla. In
higher-quality assemblies, we found ~300 Mb of centromeric sequence (~10% of the genome
size). We identified candidate satellite repeat motifs from each genome, followed by realigning
the motifs to each genome to determine their abundance. We recovered peaks at known satellite
repeats like SAT1.715 and SAT1.709 (Fig. 1B). We also recovered some underreported peaks
at 1,601 bp, present mostly in American and European bison as well as Gaur, which have some
blast hits to Gayal satellites.A PCA of variants called from assembly-to-reference alignments
recovered the expected population structure, revealing clusters for European taurine, east Asian



taurine, indicine, and hybridised cattle (Fig. 1C). We also identified SNPs private to each of the
77 cattle breed-representative genomes (Fig. 1D, Table 1). Some breeds like Singida White or
Nelore contained disproportionately few unique SNPs, while other breeds like Sarda and
Chianina contained disproportionately many unique SNPs. We cannot definitively separate
assembly artefacts from true variation given the limited sample size (n=1 for 51 breeds),
although genome-wide variant metrics like the transition-to-transversion ratio were within the
expected range for these samples.

Table 1. Subsets of genome assemblies from BPC Phase 1.

Subset Assemblies Called variants Applications
BosTaurus nl! 77 62,188,448 Cactus
BosTaurus 177 71,592,532 Cactus, PanGenie
Bovina nl? 85 102,703,657 Cactus
Bovinae (all) 193 174,761,445 Pangene

'The most contiguous assembly for each breed is used as a representative assembly.
2Excludes buffalo, but includes bison, yak, and other undomesticated relatives.

We built pangenomes with subsets of the assemblies to evaluate the feasibility of graph building
and downstream analyses at different scales of diversity and genome number (Table 1). We
generated a gene-level graph from 19,118 annotated proteins using all Bovinae assemblies to
examine gene copy number variation (including absence) across a longer evolutionary
timeframe. We identified several gene expansions, like GAL3ST1 (Fig. 2A), ARTS, and AANAT,
demonstrating inter-species as well as intra-cattle variation. We also identified putative
supergenes, such as a domestic yak sample with an inversion spanning SLC744, P2RX6, and
LRRC74B, with all Bovinae samples flanked by a TUBA3E copy on both sides of the inversion.
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Figure 2. Pangenome graphs. (A) Pangene graph for the Bovinae set around the [GAL3ST1,
SECI14L6, ENSBTAG00000064002] copy number locus has stable synteny in the surrounding
genes (top), with increased copy number in indicine, Banteng, and both buffalo subspecies
(bottom). (B) A cactus subgraph for the BosTaurus_nl set from SEC14L4 to PES| also supports
the copy number variation, with black arrows indicating the reference path. The base-level
sequence resolution greatly increases graph complexity compared to (A), with 22,494 nodes
and 31,361 edges despite representing only a single species.

We also built whole-genome base-level variation graphs from multiple genome subsets with
Minigraph-Cactus (Table 2). While we can examine relevant loci in detail, like predicted gene
copy number variants (Fig. 2B), these graphs are currently intractable for indexing and read
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alignment. Despite containing fewer genomes than the draft human pangenome, the
BosTaurus nl graph contained roughly 2.6 times more nodes and edges. This increase in graph
complexity likely stems from a combination of higher nucleotide diversity in cattle, higher
interbreed cattle diversity (relative to human diversity) and more heterogenous genome quality.

Table 2. Cactus graph statistics. Nodes, edges, and minimisers are given in millions, while
length is given in gigabases. Values in parentheses are for unclipped graphs.

Subset Nodes Edges Length Novel minimisers'
HPRC GRCh38 v1.1? 80.4 (90.8) 111.3(122.2) 3.23(12.86)

BosTaurus_nl 209.2 (220.0)  288.3(299.3) 3.08 (13.45) 277.0
BosTaurus 236.7 (257.7)  327.1(348.5) 3.14(23.72) 342.4
Bovina nl 333.2(346.3) 457.2(471.5) 3.21(14.43) 463.0

'ARS-UCD?2.0 contains 364.6 million unique minimisers.
2Contains 90 genomes, with 44x2 haplotype-resolved genomes and two haploid genomes.

As a proxy for read alignment, we directly assessed the number of minimisers (using k=29 and
w=11 to match vg giraffe’s short read mode) contained in the various genome subsets. We find
a substantial number of unique minimisers not seen in the cattle reference genome. Small scale
tests indicate that of the approximately 0.2% of short sequencing reads left unmapped against
the reference genome, ~75% had multiple hits to these additional minimisers in BosTaurus nl,
suggesting alignments might be rescued with a reference pangenome.

Conclusion

Phase 1 of the BPC has collated a diverse set of bovine genomes that facilitate genome-wide
analyses of challenging regions including centromeric motifs and polymorphic gene
expansions. While the draft cattle reference pangenome represents more diversity than a single
linear reference genome, significant challenges remain in optimising the graph for viable
sequencing read alignment.
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