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Assembly of a pangenome for global cattle reveals
missing sequences and novel structural variations,
providing new insights into their diversity

and evolutionary history
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A cattle pangenome representation was created based on the genome sequences of 898 cattle representing 57 breeds. The
pangenome identified 83 Mb of sequence not found in the cattle reference genome, representing 3.1% novel sequence com-
pared with the 2.71-Gb reference. A catalog of structural variants developed from this cattle population identified 3.3 mil-
lion deletions, 0.12 million inversions, and 0.18 million duplications. Estimates of breed ancestry and hybridization between
cattle breeds using insertion/deletions as markers were similar to those produced by single nucleotide polymorphism-
based analysis. Hundreds of deletions were observed to have stratification based on subspecies and breed. For example,
an insertion of a Bov-tAl repeat element was identified in the first intron of the APPL2 gene and correlated with cattle breed
geographic distribution. This insertion falls within a segment overlapping predicted enhancer and promoter regions of the
gene, and could affect important traits such as immune response, olfactory functions, cell proliferation, and glucose metab-
olism in muscle. The results indicate that pangenomes are a valuable resource for studying diversity and evolutionary his-
tory, and help to delineate how domestication, trait-based breeding, and adaptive introgression have shaped the cattle

genome.
[Supplemental material is available for this article.]

Cattle, as one of the most important livestock animals, contribute
to human nutrition and agricultural economics throughout the
Holocene epoch by providing milk, meat, hide, and draught force
(Gilbert et al. 2018). Modern cattle were domesticated from wild
auroch populations multiple times in distinct geographic loca-
tions. Two main independent domestication events occurred
(Pitt et al. 2019), one in the Fertile Crescent ~10,000 yr ago, lead-
ing to humpless taurine cattle (Bos taurus taurus), and one in the
Indus Valley ~8000 yr ago, leading to humped indicine cattle
(Bos taurus indicus, also known as zebu cattle). The two lineages
have been estimated to have diverged 210,000-350,000 yr ago,
well before the domestication events (Loftus et al. 1994), indicat-
ing that the auroch populations from which they were derived
were genetically distinct. The two subspecies are interfertile and
have undergone historical and recent hybridization. A swift and
widespread introgression of zebu from the Indus Valley has been
suggested to have occurred ~4200 yr ago, possibly mediated by hu-
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mans in response to a coincident multicentury drought (Verdugo
et al. 2019). Multiple other migration waves between the subspe-
cies (Papachristou et al. 2020), along with continued introgression
from contemporary aurochs populations (Pitt et al. 2019) and oth-
er bovid species such as banteng and yak (Chen et al. 2018), have
affected the genome of the species. Selection and adaptation to
various climates and other environmental pressures such as alti-
tude and endemic disease have further shaped and diversified
the cattle genome, resulting in unusually high levels of diversity
among modern cattle globally. Substantial differences remain be-
tween the phenomes and genomes of modern taurine and indicine
cattle despite ancient and ongoing introgression (Bolormaa et al.
2013). The subspecies display distinct production phenotypes
like milk yield, meat quality, stature, coat color, horns, and resis-
tance to heat, drought, and disease (Whipple et al. 1990).
Subspecies-specific alleles and differences in shared variant allele
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frequencies may produce these divergent phenotypes and underlie
unique sets of quantitative trait loci (QTLs).

The cattle reference genome is based on a single Hereford cow
and has undergone multiple upgrades since the initial release (The
Bovine Genome Sequencing and Analysis Consortium et al. 2009;
Zimin et al. 2009). The current assembly, ARS-UCD1.2, spans 2.7
Gb and has 386 gaps, most of which are found on Chromosome
X (Rosen et al. 2020). The reference has been widely used for cattle
genetic studies and for genome-enabled selection across major
breeds of cattle in both subspecies, although it does not fully
capture the genetic diversity of global cattle breeds as shown by ge-
nome assemblies of Scottish Highland (ARS_UNL_Btau-high-
land_paternal_1.0_alt) and Simmental (ARS_Simm1.0) breeds
(Rice et al. 2020; Heaton et al. 2021). Existing genotyping arrays
are based on SNPs identified by mapping short reads to the Here-
ford reference genome (Matukumalli et al. 2009), leading to a ref-
erence bias and a lack of markers in breed-specific genome
segments. The idea of a pangenome representation as a reference
that incorporates genetic diversity across diverse populations with-
in a species has been proposed (Tettelin et al. 2005). Pangenome
representations for human populations (Sherman et al. 2019),
pigs (Tian et al. 2020), and some plant species (Bayer et al. 2020)
have been reported. Initial efforts to construct cattle pangenome
representations have been recently reported (Crysnanto and
Pausch 2020; Crysnanto et al. 2021). A bovine pangenome consor-
tium was proposed in 2020 to coordinate international efforts to
develop an inclusive representation of cattle and related bovid spe-
cies based on the creation of high-quality complete genome as-
semblies of representatives of as many existing breeds as
practical. Members of the consortium have applied the trio bin-
ning approach (Koren et al. 2018) to improve efficiency and
have generated highly contiguous, haplotype-resolved assemblies
for Angus (UOA_Angus_1) and Brahman (UOA_Brahman_1)
breeds (Low et al. 2020), along with yak (Rice et al. 2020) and bison
(Oppenheimer et al. 2021). In addition, nontrio high-quality as-
semblies of river buffalo (UOA_WB_1) (Low et al. 2019) and the
Braunvieh cattle breed (unnamed) (Crysnanto et al. 2021) have
been reported. Substantial differences between the genomes of
the Angus (taurine) and Brahman (indicine) breeds were observed
by alignment of their genomes, and indications of positive selec-
tion in genes with immune-related and fatty acid-related func-
tions were observed (Low et al. 2020). In addition, alignment of
all the cattle assemblies mentioned above identified an additional
70 Mb of genome sequence not present in the Hereford reference
(Crysnanto et al. 2021), with between 3.3 and 4.4 Mb unique to
each taurine assembly. The pangenome representation created
from this small sample of breeds showed that variant calls made
with the pangenome graph were more consistent than those based
solely on the linear Hereford reference. However, the bulk of ge-
nome assemblies and genotyping resources represents taurine
breeds, in particular breeds of European origin, and fails to ade-
quately represent the indicine breeds being used in tropical and
subtropical climates. The observation of breed-specific genome se-
quence in each breed and the level of diversity among global cattle
adapted and selected in specific environments indicate the need to
include a broader sampling of existing breeds to improve the pan-
genome representation. A pangenome incorporating threatened
or historical breeds is also urgently needed to prioritize and sup-
port conservation efforts.

The discovery of structural variation (SV) revolutionized the
understanding of the genomic landscape in many species (Eichler
et al. 2007). This form of variation involves larger segments of the

genome than the previously recognized microsatellite, single-nu-
cleotide polymorphism (SNP), and short insertion/deletion (indel)
variants. SVs can take the form of deletions, insertions, and dupli-
cations (commonly grouped under the term copy number varia-
tion [CNV]), as well as inversions and translocations, which have
been observed to range from 50 bp to 5 Mb (Scherer et al. 2007).
The large relative size of SV increases the likelihood that they
might impact gene expression and function, such as changing
gene dosage, interrupting coding sequence (CDS), or disturbing
long-range gene regulation (Alkan et al. 2011; Sudmant et al.
2015b). The known mechanisms of SV formation include nonalle-
lic homologous recombination, nonhomologous end joining
(NHEJ), mobile element insertion (MEI), microhomology-mediat-
ed break-induced replication (MMBIR), and fork stalling and tem-
plate switching (FoSTeS) during DNA replication (Zhang et al.
2009). Microhomology-mediated end joining (MME]), also known
as alternative nonhomologous end-joining (Alt-NHE]), is a backup
pathway for repairing double-strand break (DSB) in DNA through
the recombination of short stretches of microhomology (Ottaviani
et al. 2014; Black et al. 2019).

Previous studies have shown that SV is present in the ge-
nomes of cattle (Bickhart and Liu 2014) and found associations be-
tween SV and phenotype (Liu et al. 2010; Bickhart et al. 2012;
Cicconardi et al. 2013; Kommadath et al. 2019; Chen et al. 2020;
Hu et al. 2020; Jang et al. 2021; Lee et al. 2021; Upadhyay et al.
2021). One example of an SV-affecting phenotype is a chromo-
somal translocation and subsequent duplication encompassing
the KIT gene, leading to characteristic coat-color phenotypes in
Belgian Blue and Brown Swiss cattle (Durkin et al. 2012). Another
example is a 660-kb deletion found to be at high frequency in Nor-
dic Red cattle, which is associated with antagonistic effects on fer-
tility and milk production (Kadri et al. 2014). Cattle SV has been
identified by mapping reads from various breeds to the Hereford
reference genome, although detection can be more complicated
than SNP. Complex SVs can be located in or near repetitive se-
quences like MEI, interfering with accurate read mapping and in-
troducing ambiguity in breakpoint definition (Abel et al. 2020;
Collins et al. 2020; Ho et al. 2020). Multiple solutions to this prob-
lem have been applied for detecting and genotyping SV, including
read-pair (RP) or paired-end mapping (PEM) and read-depth (RD)
or split-read (SR) analysis (Mills et al. 2011). The success of each al-
gorithm depends on the SV type and size, and all are sensitive to
the quality of the reference genome and the depth of sequence
coverage. The RD approach is the most used and has successfully
identified SV between B. taurus and B. indicus cattle (Low et al.
2020; Jang et al. 2021), although it has lower accuracy in defining
SV boundaries and the use of a single strategy can introduce a high
proportion of false positives (Handsaker et al. 2015). Combining
strategies could significantly increase the sensitivity and specific-
ity of SV detection.

Population analyses based on genomic SNP, indel, and micro-
satellite markers suggest that cattle can be divided into three major
genetic groups (MacHugh et al. 1997; Bolormaa et al. 2013; Pérez
O’Brien et al. 2014), including Asian indicine, Eurasian taurine,
and African taurine. The genetic phylogeny reconstructed the his-
torical migratory routes of cattle from their origins around the Fer-
tile Crescent (Verdugo et al. 2019) and across East Asia (Chen et al.
2018). The construction of a representative pangenome for extant
cattle would necessarily account for these three groups and repre-
sent all SVs. The 1000 Bull Genomes Project was initiated to pro-
vide a database for the imputation of genetic variants (mainly
SNP and indel) in all cattle breeds. However, the approach in
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that project creates a bias against SV as the regions with multiple
mapped reads are generally ignored and thus excluded (Chen
et al. 2017). Previous population genetics studies based on SV, in-
cluding several of ours (Bickhart et al. 2016; Xu et al. 2016; Hu et al.
2020), are limited in sample size and breed representation, as well
as applying suboptimal SV calling methods and typing platforms
(Jang et al. 2021; Upadhyay et al. 2021). Therefore, the SV-based
breed diversity in cattle is not well studied yet.

To address these needs, we applied a combination of multiple
approaches of SV prediction to 898 cattle genomes representing 57
cattle breeds to assemble an enhanced SV catalog and construct a
cattle pangenome based on unmapped reads in this study.

Results

SV catalog based on the ARS-UCDI.2 assembly for 898 WGS data
of 57 cattle breeds

A bioinformatic pipeline (see Methods) based on the ARS-UCD1.2
assembly was developed to map 254 billion reads for 898 animals
(average coverage of ~16x, ranging from 5.08x to 54.42x) of 57
well-known cattle breeds worldwide (Supplemental Table S1) and
call SVs from the alignments. The pipeline combined four diverse
SV-finding algorithms (Pindel, LUMPY, Breakdancer, and DELLY)
(Chen et al. 2009; Ye et al. 2009; Rausch et al. 2012; Layer et al.
2014), maximizing sensitivity and precision by retaining only SV
calls >50 bp where >80% of the predicted length was supported
by at least two algorithms. A total of approximately 3.3 million
deletion calls, approximately 0.18 million duplication calls, and
approximately 0.12 million inversion calls were detected from
these 898 animals (Supplemental Table S2). The SV calls derived
by the pipeline from short reads for the Angus and Brahman sam-
ples previously described (Low et al. 2020) were compared with the
results derived from the Pacific Biosciences (PacBio) long reads.
Over 81% and 79% of SVs could be successfully validated by the
PacBio long-read result generated by PBSV (https://github.com/
PacificBiosciences/pbsv) and Sniffles (Sedlazeck et al. 2018), re-
spectively. The total number of SVs from 100 iteratively random
sampling suggested that our SV detection power became saturated
either in the whole population (Fig. 1A) or in the five widely used
cattle commercial breeds in Europe (Holstein, Angus, Hereford,
Simmental, and Charolais in Supplemental Fig. S1).

Most deletions (87.23%) were <5 kb, whereas some duplica-
tions (27.63%) and inversions (38.23%) ranged from 10 kb to 1
Mb (Fig. 1B). Nearly 75% of all detected SV regions were supported
by at least two samples and covered 1.15 Gb of the autosomes of
the ARS-UCD1.2 assembly. Most of the three types of detected
SVs (73.5%~76.1%) had minor allele frequency (MAF)<0.01,
consistent with previous studies indicating that high SV diversity
exists among different cattle individuals (Chen et al. 2018; Ver-
dugo et al. 2019). But a small portion of SV regions (0.1%~0.6%)
appeared in >50% of the 898 animals, including one sequence of
115,160 bp (Chr 6: 5,542,125-5,657,285) that appears to be delet-
ed in 70.7% of the studied animals. SV cluster and desert regions
across cattle populations were detected by binning the genome
into nonoverlapping 10-kb windows and calculating a weighted
number of supported samples for each window. A hidden Markov
chain model located 428 SV desert regions (weighted frequency <
0.1, length > 500 kb) and 146 SV cluster regions (weighted frequen-
cy>35, length > 500 kb) (Fig. 1C; Supplemental Fig. S2; Supplemen-
tal Table S3). The SV regions and their normalized frequencies (see
“Data access”) were provided as the UCSC Genome Browser cus-

tomer tracks to facilitate future analyses, such as checking their re-
lationship with respect to other genomic structures.

Detection and localization of missing sequences for the cattle
pangenome

Insertions relative to the reference assembly represent potential
population-specific genome segments. Putative nonreference ge-
nome sequence present in the population but missing from the
Hereford reference genome was identified by assembling un-
mapped reads into 1,163,034 redundant contigs (>1000 bp) for
898 samples (Supplemental Table S4). Approximately 83 Mb
(83,650,473 bp) novel cattle genome DNA sequence distributed
across 18,231 representative contigs was discovered after removing
redundant contigs and contaminants such as microbial genomes,
with the longest contig spanning 82,663 bp (Supplemental Table
S5). Nearly 75% of this putative novel sequence (63,404,990 bp)
is not present in the seven other existing highly contiguous cattle
assemblies (Angus, Brahman, Brown Swiss, Jersey, Highland,
Holstein, and Simmental), as alignment only identified contigs
summing to 20 Mb (20,245,483 bp, 90% identity, length >1000
bp) that failed to align to ARS-UCD1.2 but did align to one of
the other assemblies. The Brahman assembly contributed the larg-
est number of mapped contigs (848, 4.65% of all representative
contigs, 90% identity and length coverage >80% of supercontig)
among the seven breeds and had the most mapped sequence
(1,248,880 bp), likely because it represents a B. indicus—derived
breed (Supplemental Fig. S3; Supplemental Table S6).

The representative novel contigs were localized on the ARS-
UCD1.2 assembly using three strategies. First, each read that
mapped to the contig was evaluated for whether the paired read
also mapped to the contig. Where it did not, the paired read was
aligned to the reference genome to provide information about
the likely location. This procedure resolved the locations for 546
representative contigs directly. Second, for contigs that mapped
to one of the seven other cattle assemblies, we extracted sequence
500 kb upstream of and downstream from the map position of the
contig from that assembly and aligned that sequence to the refer-
ence. This procedure uniquely placed 449 representative contigs
on the ARS-UCD1.2 assembly, with the longest placed sequence
being observed in 859 animals and spanning 8562 bp. Finally,
linkages were created between contigs and known mRNA sequenc-
es using EST, as described in the next paragraph. The contig loca-
tion was defined by the mRNA-coding gene in the ARS-UCD1.2
assembly.

The potential of the novel sequence identified in the pange-
nome to represent parts of expressed genes was evaluated by deter-
mining if transcriptome sequence data that fail to map to the
reference assembly might map to the representative nonreference
contigs. Unmapped RNA-seq reads (2.28 billion reads) from 1415
previously reported transcriptome sequencing data sets represent-
ing 98 different tissues/cell lines (Supplemental Table S7) were
aligned to the contigs, and 39,943 potential exons were identified
in a small (<5%) proportion of the contigs. A substantial number
(9410; 23.56%) of these putative exons were supported by reads
mapping from two or more transcriptome data sets, with one
exon supported by a maximum of 1087 samples. The set of novel
exons with support from multiple data sets was dispersed in 1871
contigs and was further confirmed by alignment to the cattle EST
database. We successfully verified the existence of 5861 exons
supported by 11,441 cattle EST sequences through strict criteria
(95% identity, 95% coverage, >30 bp in length). The EST
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Statistics and chromosomal distribution of structural variations (SVs) in 898 cattle. (A) Simulations of the increase in SV number detected with

the increase of animal number. No more substantial SV increase when the animal number is over 800, indicating that selected cattle were sufficient to
capture the majority of bovine SV. The red line is the fit curve of data points in light green. (B) SV density of different sizes for each SV type; the left y-
axis is for the deletion, and the right y-axis is for duplication and inversion. (C) SV distribution on cattle Chromosome 4 near the HOXA locus. (SV
Desert Gene) Genes located in the SV desert region; (SV Cluster Gene) genes located in the SV cluster region.

sequences to which the exons were mapped were then aligned to
the RefSeq database of cattle transcripts to assign the novel exons
to genes, which successfully built linkages between 490 EST se-
quences and 188 RefGenes and indicated that the pipeline was
able to reconstruct coding segments of expressed genes absent
from the cattle reference genome. Overall, novel exon regions
for 19 genes were conservatively identified (Supplemental Table
S$8). It is possible that some other putative exons are valid but ei-
ther these putative exons were not present in the EST sequence or
the transcript represented by the EST was not present in the data-
base of known genes. The identification of EST and associated
transcripts provided the third way to roughly localize additional
27 representative contigs on the ARS-UCD1.2 assembly with rela-
tively low precision. Combining the read pair, alternate assembly,
and EST strategies for determining the chromosomal position of

novel genome segments, we localized 1007 contigs with a total
of 2,622,333 bp (Fig. 2). By count, Chr X had 112 placed contigs,
followed by Chr 1 (76), Chr 12 (73), and Chr 4 (61). By density per
megabase, Chr 12 had 0.83 contig per megabase, followed by Chr
X (0.81), Chr 23 (0.53), and Chr 4 (0.51). Overall, the pangenome
assembly contributed large sequence insertions containing 279
genes, including 246 coding genes, 23 IncRNAs, and 10 pseudo-
genes (Fig. 2).

Breakpoint identification and footprints of deletion events

It is well known that short reads have compromised power to
detect the other SVs (such as duplication and inversion, translo-
cation, or other complex SV events) compared with deletions.
For the rest of this project, we focused on deletions unless
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Figure 2. Cattle pangenome contig locations. Bars with three different colors represent contig mapped by three different strategies. The location of the
black dot on the bar shows the frequency of the contig (log,(animal number)) in the 898 animals. The bars marked with triangles are the contigs with novel
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otherwise stated. The four algorithms used to detect SV often
disagreed on the position of breakpoints, with only 22.87% of
breakpoints being consistent between/among different algo-
rithms for the same deletion. This ambiguity was addressed by
the design and implementation of a new integrated pipeline us-
ing a target split reads strategy based on the four algorithms (for
detail, see Methods) (Fig. 3A). The pipeline successfully identi-
fied 1.7 million deletion calls (51.5%) across 898 animals with
breakpoints in 1-bp resolution corresponding to 92,520 unique
events with an average length of 2467.92 bp. The pipeline was
validated by design and testing of 80 target-PCR (eight deletions
in 10 animals), which showed that all deletions and breakpoints
were precisely consistent with the predictions (Supplemental
Table S9; Supplemental Fig. S4). The pipeline could also classify
the deletion into one of three categories according to mutational
signatures at the breakpoints (Fig. 3A). These categories included
type 1 with breakpoints adjacent to microhomology sequences
(72,304/92,520, 78.15% of deletions), type 2 with breakpoints
adjacent to small inserted sequences (11,648/92,520, 12.59%
of deletions), and type 3 with breakpoints perfectly supported
within the split reads (8558/92,520, 9.25% of deletions). The
deletion breakpoints with adjacent microhomology sequences
corresponding to type 1 may be characteristic of DSB repair
through NHE]J or MME] and the signatures of FoSTeS/MMBIR
(Supplemental Fig. S5). The deletion breakpoints with minor in-
sertions are characteristic of DNA DSB repair through direct liga-
tion by NHEJ, which includes type 2 (breakpoints adjoin a small
inserted sequences) and probably part of type 3 (with the small
inserted sequence deleted during the DSB repairing, Supple-
mental Fig. S5).

The majority (56,918/72,304; i.e., 78.72%) of type 1 dele-
tions were enriched in 1- to 4-bp microhomology sequences, as
shown by the red curve between two dashed lines in the upper
panel of Figure 3B, consistent with previous studies in other spe-
cies (Ottaviani et al. 2014). A total of 2235 (2.32% of 92,520) de-
letions were detected to have the same or near breakpoints as the
underlying full-length MEIs have, and the full-length MEIs were
defined to have at least 80% consensus sequence coverage; 1610
(72.03% of 2235) MEI deletions were with microhomology re-
peats, of which 1454 (90.31% of 1610) were with the length of
microhomology repeats >5 bp. Deletions with 1- to 4-bp micro-
homology repeats showed much lower frequencies, whereas dele-
tions with 6- to 20-bp microhomology repeats had significantly
higher frequencies than other kinds of deletions (Fig. 3B, blue
curve in upper panel). Deletions with 6- to 20-bp microhomol-
ogy repeats were closer to the boundaries of MEIs than deletions
with 1- to 4-bp microhomology repeats were (Fig. 3B, bottom
panel). It is noted that most of these “deletions” that match
MEIs were in fact MEI insertions that were inserted and thus pre-
sent in the reference genome but not in the sequenced sample.
This type of “deletion” event is different from the rare “true”
MEI deletion event that precisely removed MEIs from a genome
(van de Lagemaat et al. 2005). Those underlying MEI events were
enriched in three peaks—~270 bp, ~1300 bp, ~8500 bp—that
correspond to a list of bovine-specific MEIs, including BOV-A2,
BTLTR families, and L1-BT, respectively (Fig. 3C). Comprehen-
sive analysis of the microhomology repeat showed that each
MEI type has its unique preferences for the microhomology re-
peat lengths and base components (Supplemental Figs. S6, S7),
such as microhomology repeats of the BOV-A2 were enriched
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for AT, whereas those L1-BT family members were mainly en-
riched for T (Fig. 3D).

Impact of cattle SVs on the functional genome

Potential effects of cattle SVs on genome function were examined
by alignment with annotation of 27 distinct genome features, in-
cluding genic/coding sequence and regulatory elements based on
DNA methylation or histone modifications. Enrichment analysis
(Fig. 4A) of these features revealed that a majority of SV were en-
riched (Logy(Fold Enrichment)>0) in nongenic gene deserts,
intergenic regions, or pseudogenes and not predicted to disrupt
genomic regions associated with gene function. Relatively few
SV were identified within regulatory elements (e.g., promoters,
enhancers, TSS-HMR, DMR) and fewer still in other genic regions.
SVs that did appear in genic regions were less likely to be found
in the CDS than in other genic regions (Fig. 4A), and among
those in the CDS, fewer appeared in the genes with alternative
splicing, and barely any appeared in the conserved exon for the
gene with alternative splicing genes (Fig. 4B). The precisely
mapped breakpoints produced by the SV pipeline supported
the observation that rare deletions in CDS regions often peak
in the lengths divisible by three, suggesting in-frame rather
than out-of-frame, that is, frameshift mutations (Fig. 4C), reflect-
ing selection pressure minimizing SV disruption of the coding
function. Genes located in the SV cluster regions were involved
in functions that vary among individuals, including many genes

involved in the immunity and sensory perception of smell
(Supplemental Table S10A,B). Several previously reported gene
clusters, including pregnancy-associated glycoproteins (PAG),
were detected (Gilbert et al. 2018). In contrast, genes located in
the cattle SV desert regions were dispersed in the essential func-
tions of life activities, including embryo development, nervous
system, and others (Supplemental Table S10C,D). For example,
the HOXA gene cluster that spatially and temporally controls em-
bryo development is located in an SV desert region of Chr 4:
68,590,001-69,120,000. Moreover, like most SV desert regions,
it showed a highly conserved sequence in multiple sequence
alignments of 100 vertebrate species (Fig. 1C).

A database of functional genomic features (genes, promoters,
enhancers, DMRs, and other chromatin states) affected by dele-
tions was constructed (Supplemental Tables S11-S14). On average,
22 RefGenes were entirely deleted within a single animal. Within
the populations, a total of 1489 nonredundent RefGenes (11.42%
of 13,033 RefGenes) were affected and significantly enriched (FDR
<0.05) for immune and metabolic-related terms (Supplemental
Table S15A,B). Analysis of deletions in regulatory elements showed
that 338,674 regulatory elements were deleted entirely, supported
by split reads in at least one animal.

Potential functional roles of deletions were also examined by
comparing their chromosomal positions to cattle QTLs found in
the public database that includes 161,781 QTLs for 680 different
traits from 1049 publications (Hu et al. 2018). This analysis detect-
ed 13,850 QTLs/association sites, including genomic segments
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affected by deletions. The QTLs that overlapped with deletion were
most highly enriched (logz(fold enrichment) > 2 in at least 200 an-
imals, 2000 bootstraps, P<0.05) for immunoglobulin G level, loin
strength, glutamate level, and other traits (Fig. 4D; Supplemental
Table S16). In contrast, deletions were underrepresented in the
QTLs related to body weight, body size, feed intake, height, etc.
(Supplemental Table $16).

Some SV-containing QTL regions associated with traits like
milk content (stearic acid, margaric acid, arachidonic acid)-related
and muscle content (milk calcium, magnesium, potassium, creat-
inine contents)-related traits were highly enriched in the African
cattle with B. indicus ancestry (Fig. 4D; Supplemental Table $16).
We also detected that the LD between SNPs on the two
sides of the deleted sequences increased, especially when the
deletion length was >8 kb (Fig. 4E). For example, the deletion locat-
ed in Chr 2: 16,317,985-16,324,618 increased the LD values be-
tween SNPs around it and enlarged the LD block on its right side
(Fig. 4F).

Population structure derived from deletions in cattle

High-quality deletion events (i.e., deletions supported by at least
two software with 80% overlap) were genotyped in each animal,
and 719 animals had a call rate >90% (Fig. 3A). Genotype accuracy
of the pipeline was evaluated using a family trio, for which 1747
common deletions (94.33%) were validated by pedigree informa-
tion. A more global evaluation of genotype accuracy was per-
formed using individual deletion calls as alleles of genetic
markers to analyze population structure and compare the predict-

ed structure to that inferred from SNP markers (Fig. 5A). Principal
component analysis (PCA) of deletion genotypes successfully dis-
tinguished animals from different geographical regions (Fig. 5B)
and mirrored the structure predicted from SNP. The first compo-
nent divided all animals into B. taurus and B. indicus. The cattle
from India and South China within B. indicus were clearly separat-
ed by the second component. The hybrid breeds were located be-
tween B. taurus and B. indicus.

Admixture analysis based on deletion genotypes also reflected
the results of SNP-based analysis and confirmed the accuracy of the
deletion identification and genotyping (Fig. 5C). At K=2, deletion
genotypes clearly distinguished the pure B. taurus and B. indicus
and accurately estimated admixture components for the cattle
breeds from North Central China and Africa. At K=3, besides B. in-
dicus (in green), B. taurus were labeled as three clusters according to
the geographically ancestral components: European taurine (in
red), Eurasian taurine (red and blue), and East Asian taurine
(blue). At K=7, all five geographically ancestral components
(India indicine and South China indicine except for the three tau-
rine breeds) were separated. The Hereford breed for the ARS-
UCD1.2 assembly was also separated. This offered an excellent
chance to explain the three-cross breeding breed Beefmaster, which
carries about one-half Brahman ancestry (India indicine) and one-
fourth each of Hereford (European taurine) and Shorthorn
(European taurine in England) using deletions. Overall, our results
showed, for the first time in cattle, that the deletion genotyped pro-
duced essentially the same population structure and ancestral com-
ponents compared with the published results based on SNP
genotypes (Chen et al. 2018; Kim et al. 2020), providing strong
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support that the SV calling pipeline accurately identifies and geno-
types this class of SV.

Selection signatures of deletions among different cattle
populations

Deletion genotypes were used to identify signatures of selection
within the population, beginning with an estimation of fixation
index (Fsy) statistics to determine deletion frequency differences
between B. taurus and B. indicus (Fig. 6A). There were 135 deletions
and 551 genes within a 300-kb proximity to SV, corresponding to
the top 1% of Fsr values, which implies potential selection signa-
tures. Functional enrichment analysis of the genes with differing
SV frequencies between cattle subspecies indicates that they are en-
riched for functions in resistance, heat stress, energy metabolism,
and others (Supplemental Table S17), which might be related to
the adaptive selection to the local environments between B. taurus
and B. indicus. Two additional selection signature mappings using
di (Akey et al. 2010) statistics were also applied to the population af-
ter subclassifying them by geographic ancestry components ac-
cording to admixture results to explore the differences among
different subpopulations and breeds (Supplemental Figs. S8, S9).

The cattle subpopulations were first classified according to the ad-
mixture results, namely, geographically ancestral components
(West Europe, Central-South Europe, Northeast Asia, South
China, India, Africa). The top 1% deletions with the highest di val-
ues, representing candidate selection regions, included 625 dele-
tions unique to each population, and 106 deletions were shared
by two or more subpopulations (Fig. 6B). A detailed focus on breed
differences among five widely used cattle commercial breeds in
Europe (Holstein, Angus, Hereford, Simmental, and Charolais;
each breed with over 70 animals) identified 446 deletions under
positive selection in at least one breed (Fig. 6C). There were 2542
and 1442 genes within 300-kb windows overlapping SV with selec-
tion signatures according to each of the two di-based analyses. GO
analyses showed consistent enrichment results with the positively
selected genes at either the subpopulation or breed level. For exam-
ple, positively selected genes were primarily enriched in the cellular
response to oxygen-containing compound, leukocyte apoptotic
process, and cellular response to lipid in India or B. indicus (INA),
as well as the cellular response to starvation in Africa (AF), and
cell death in response to oxidative stress in West Europe (WE)
(Supplemental Fig. S10A). Positively selected genes were mainly en-
riched in regulation of transport and regulation of cellular location
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s

Selection signature analysis of different cattle populations and breeds. (A) Fst analysis between B. taurus and B. indicus. (B) Venn diagram for

shared versus population-specific selection events among six cattle populations of different geographic origins. (C) Venn diagram for shared versus breed-
specific selection events among five widely used European commercial cattle breeds. (WE) West Europe, (CSE) Central-South Europe, (NEA) Northeast Asia,

(NWC) Northwest China, (NCC) North-Central China, (SC) South China,
Simmental, (HOL) Holstein.

in Holstein (HOL), along with positive regulation of calcium ion
transport in Hereford (HEF) (Supplemental Fig. S10B). These results
confirmed 54 genes, which had been reported under selection be-
fore (Supplemental Table S18), including one well-known gene
(KIT) related to coat color in South China cattle.

The merged positively selected SV results of three mappings
were evaluated for deletion type, identifying 35 with type 1 dele-
tions falling between the ends of full-length MEIs (Supplemental
Table S19). Examination of the 35 MEIs among 21 artiodactyl spe-
cies assemblies ranging from family Tragulidae to Bovidae provided
an estimate of the age of each element (Supplemental Fig. S11).
There were 23 MEIs only observed in assemblies from the genus
Bos (66%), whereas the other 12 MEIs predated the split from Bos
and were found in water buffalo, bison, and yak. The frequencies
of MEI deletion genotypes also showed high diversity among
different cattle subpopulations or breeds (Supplemental Fig. S12).
Nine coding genes and two noncoding genes with introns were im-
pacted by MEIs (Supplemental Fig. S12; Supplemental Table S19).

Genes harboring SVs

Two examples (APPL2 and ATPAF1) were shown in Figure 7 and
Supplemental Figure S13. A deletion was found in the intronic re-
gion of ATP Synthase Mitochondrial F1 Complex Assembly Factor

(INA) India, (AF) Africa; (ANG) Angus, (CHL) Charolais, (HEF) Hereford, (SIM)

1 (ATPAFI1), which was associated with energy metabolism
(Supplemental Fig. S13). One Bov-tA1l element insertion was stud-
ied in detail in the first intron of the APPL2 gene in the Hereford
reference assembly of Chr 5: 68,751,179-68,751,347. This inser-
tion was also observed throughout the Hippotraginae, Caprinae,
Alcelaphinae, Cephalophinae, Antilopinae, and Bovinae-Bubalus
genomes but was absent in bison and yak (Supplemental Fig.
S$12). The presence of Bov-tAl insertion in Cervidae suggests that
its origin was in the last common ancestor ~27 million yr ago
and survived in all current lineages, except for the linage leading
to bison and yak, where it was probably lost (Fig. 7A). Although
only insertion genotype (0/0) was observed in all European taurus,
it was not seen in India or B. indicus (INA) sampled. Small portions
of heterozygous deletions (0/1) were observed mostly in the B. tau-
rus Northeast Asia and Northwest China groups. Furthermore, the
frequency of Bov-tA1 deletion in APPL2 trended higher as the pro-
portion of B. indicus haplotypes increased (Fig. 7B).

This Bov-tA1 indel in the first intron of APPL2 was validated
through the IGV visualization (Fig. 7C; Thorvaldsdéttir et al.
2013). The APPL2 protein is an adaptor protein that regulates im-
mune response and olfactory functions and can mediate growth
factor-induced cell proliferation and glucose metabolism in muscle
(Miaczynska et al. 2004; Cheng et al. 2014). A combination of
whole-genome DNA methylation and chromosome state data
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Figure 7. Evolution and function analysis of the Bov-tA1 insertion/deletion in APPL2. (A) The phylogenic tree of Bov-tAl in APPL2 in species within ru-
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sequence analyses. (D) GO enrichment analysis of the motifs in Bov-tA1 sequences in APPL2. (E) Boxplot of APPL2 expression levels in skeletal muscle and
liver using RNA sequencing data. A number of 15 samples were randomly selected for each population.

revealed that the Bov-tAl indel was adjacent to a TSS-HMR and
overlapped with enhancer and promoter regions of APPL2 (Fig.
7C; Supplemental Table S20). Two kinds of transcription factor
binding motifs (TTKGCNACTCTGT and TTCCCA) in the inserted
Bov-tAl sequence were predicted using MEME software, which
are related to immune, olfactory, and smell response, correspond-
ing to the APPL2 known functions (Fig. 7D). RNA sequencing
data for muscle and liver tissues indicated that the expression of
APPL2 in B. taurus was higher than in B. indicus (Fig. 7E). These re-
sults suggest that the Bov-tA1 insertion might introduce transcrip-
tion factor binding motifs that increase the expression of APPL2,
which might further respond to the different adaptions between
B. taurus and B. indicus in the immune responses, olfactory func-
tions, or muscle development.

Discussion

Quantitative genetics has had a large impact on improved milk
and meat production traits in cattle during the past 100 yr.
Selective (natural and human-imposed) and nonselective (demo-
graphic events and introgression) forces have driven changes with-
in the cattle genome. Their combined effects have created
extensive phenotypic diversity and genetic adaptation to local en-
vironments across the globe within the modern cattle breeds.
Genomics has improved animal health, production, and well-be-
ing by shortening the generation interval, identifying genetic

markers, and illustrating molecular mechanisms underlying eco-
nomic traits (Rexroad et al. 2019).

The catalog of SV has been greatly expanded by the develop-
ment of long-read sequencing technologies, but the cost of this ap-
proach has precluded application at the population scale in
livestock, and global SV in cattle remains poorly characterized.
Short-read sequencing presents challenges in accurate identifica-
tion of SVs but is currently the most practical way to assess SV
diversity, characterize retention and loss of genomic sequence dur-
ing domestication, and evaluate the effects of selection on SV. The
pipeline we developed combines different bioinformatic strategies
to improve the accuracy and sensitivity of short-read-based SV
detection, using strict filtering criteria for SR, RP, and RD approach-
es to reduce false-positive rates. This pipeline was applied to 898
cattle samples from 57 breeds representing four cattle subpopula-
tions: European taurine, African taurine, Asian indicine, and
African indicine. The pipeline generates individual SV genotypes
for each animal, which were used to search for population-specific
frequency differentiation that represents a signature of local adap-
tation. A cattle pangenome was derived by an assembly of un-
mapped reads to identify nonreference genomic segments.

Missing sequences

The earlier human pangenome studies reported 4- to 40-Mb non-
reference sequences (Li et al. 2010; Hehir-Kwa et al. 2016;
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Huddleston et al. 2017). A recent human study among African in-
dividuals further highlighted the importance of pangenome
(Sherman et al. 2019) by reporting ~300 Mb (~10%) of novel
DNA sequences missing from the human reference genome. A sim-
ilar result was published for pigs, with 72.5 Mb of novel sequence
added to the pangenome (Tian et al. 2020). Our study obtained
similar results in cattle, identifying ~83 Mb or ~3.1% more DNA
beyond the current cattle reference ARS-UCD1.2 assembly from
our global cattle populations.

Pangenome

The indicine genomes (like Brahman and Nelore) had the highest
unique, nonrepetitive sequence contributions, most likely because
the cattle reference genome was derived from the European taurine
animal. The function of these sequences is not known; however,
we detected 16 intact high-confidence protein-coding genes, and
the rest appear to be intergenic. Also, the functions of genes in
nonreference sequence were similar to those of genes found near
Bos indicus—specific SV regions (Supplemental Table S8), as previ-
ously described (Low et al. 2020). This novel sequence will provide
a future foundation for capturing global cattle diversity in popula-
tion genetics and evolutionary genomics studies.

Improved SV detection to enhance the SV catalog

The problem of lack of diversity has been satisfactorily addressed
for SNP and indels because they are easy to map and genotype,
thus compensated by the databases of known SNPs like 1000
Bull Genomes Project (Daetwyler et al. 2014). However, this is
not the case for SV events because they are challenging to detect
or map accurately and are even more difficult to assign states or as-
semble their sequences.

This study combined four strategies into an integrated SV pre-
diction pipeline and identified more than 3.58 million SV events
across 898 cattle genomes; 72.21% of the total SVs we identified
overlapped with the SVs reported before (Bickhart et al. 2016;
Mielczarek et al. 2018; Kommadath et al. 2019; Jang et al. 2021).
These results show that our samples from diverse cattle breeds suc-
cessfully reflected a large proportion of previously reported SVs as
well as novel SVs. It is noted that these public WGS data have var-
ious coverage, ranging from 5.08x to 54.42x, with an average cov-
erage of 16x. A simulation in humans showed that at 30x coverage,
almost all deletions were detectable, whereas at 15x, 10x, and 8x
coverage, 90%, 75%, and 70% of the deletions remained detectable
(Yang 2020). Therefore, we estimated that increasing the coverage
from 16x to 30x would lead to 10% more deletions detected per
sample. Thus, we believe it will not significantly change our major
conclusions based on deletions.

It was observed that Asian and African cattle contained more
SVs relative to the reference assembly, whereas European cattle
had alower incidence, likely because the UCD-ARS1.2 reference as-
sembly was derived from the Hereford breed of European origin
(Supplemental Fig. S14). The differences in SV counts are consis-
tent with population demography, as previously suggested
(Upadhyay et al. 2021). More deletions were observed compared
with duplications and inversions, agreeing with previous studies
(Bickhart et al. 2016; Xu et al. 2016), possibly resulting from bias
against detection of duplications in the RP and RD strategies owing
to the small insert size or weak signal, respectively. However, it is
also possible that this apparent bias is owing to a prevalence of
nonallelic homologous recombination, which produces more de-
letions than duplications (Turner et al. 2008).

SV cluster and SV desert regions were identified among the
cattle populations. A significant underrepresentation of SVs in
genic regions and regulatory elements was found, implying nega-
tive selection against SV in these functional regions. These new in-
sights into cattle genome biology are valuable for understanding
the effects SVs have on gene function, with the prospect of identi-
fying important novel alleles that can be used to improve cattle.

Deletion mechanisms and breakpoint signatures

This study presents the results of one of the most extensive SV
studies within a livestock species and carefully assesses the break-
point signature and associated microhomology repeat sequence
signatures. MEI complicates SV detection, but true MEI events
were accurately predicted by our pipeline (see validation results).
At least 17% of the SV calls >50 bp are associated with MEIs, con-
tributing significantly to genomic variation. This leads to our hy-
pothesis that certain MEIs may play an important role in gene
regulation based on their distribution near genes, consistent
with other studies (Moran et al. 1999; Gilbert et al. 2002). The
abundance of SVs with high sequence similarity to known MEIs
suggests that some SVs are products of MEI activity. The occur-
rence of MEIs in the upstream regions of genes, where promoters
and regulatory motifs reside, indicates that SVs may be critical
agents for gene expression pleiotropy that is often observed in
stress-responsive genes. Studies in human genomes have found
SV and MEIs associated with aberrant expression of nearby genes
(Chiang et al. 2017). Our study revealed that the deletions with
microhomology repeat of 6-20 bp showed more consistent bound-
aries with the full-length MEIs than any other deletions. Three
peaks for the deletions with microhomology repeats of 6-20 bp
corresponded to bovine-specific MEIs, which further supported
that the MEI could cause cattle genome variation. Our observation
of deletions with microhomology repeat of 1-4 bp was in line with
two possible signatures of DSB repairing mechanisms. These in-
cluded the deletions with microhomology repeat lengths between
1 and 4 bp were presumably largely caused by MMEJ as previously
reported (Ottaviani et al. 2014). In comparison, the short inser-
tions adjoining the deletion breakpoints were likely a possible sig-
nature of NHE]J. These results supply new hints for studying the
formation mechanisms of cattle genome deletion.

Population genetics of deletions

This study effectively overcame some of the current problems for
the SV study, that is, complexity for genotyping and inconsistent
breakpoint mapping for different individuals. A previous study in-
dicated that East Asian cattle populations are mainly composed of
three distinct ancestries: an earlier East Asian taurine ancestry 3900
yr ago, a later introduced Eurasian taurine ancestry, and a distinct
Chinese indicine ancestry that diverged from Indian indicine
~36,600-49,600 yr ago (Chen et al. 2018). Adaptive introgression
from indicine cattle into Italian cattle breeds with a white coat col-
or was also reported (Barbato et al. 2020). Our genotyping and evo-
lution results using the deletions generally agreed with the
previous SNP-based studies, providing additional validation of
the identified SVs. Our population analyses generally divided the
animals into taurine and indicine. African indicine showed high
levels of shared genetic variation with Asian indicine but not
with African taurine. Our SV-based findings confirmed both evolu-
tionary histories of cattle in Fast Asia and Central Italy, revealing
the importance of introgression in adaptation of cattle to new en-
vironmental challenges.
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Selection signatures

Population differentiation of SV may contribute to the phenotypic
variation between populations (Redon et al. 2006). SVs were con-
firmed to be less likely to occur in the exon regions, consistent
with the drastic effects this could have on gene expression and
function. The harmful or lethal SVs will have more chances to be
selectively eliminated, especially when disrupting CDS with out-
of-frame mutations. Genes with the exon overlapped with the
SV were found to be highly enriched in the immune function,
which is supported by many research results that the immune
gene was highly diverse and complex among individuals (Redon
et al. 2006; Sudmant et al. 2015a,b; Ebert et al. 2021). Chr 15
and Chr 23 have drawn the attention of the SV studies because
they are enriched for olfactory receptor (OR) genes and major his-
tocompatibility complex (MHC) genes. One hundred forty-six re-
gions in different chromosomes that were enriched SVs were
detected in the cattle genome. Some of them were caused by the
high variable gene families among animals, such as ZNF and
Defensins, beta (Liu et al. 2010).

Other interesting genes harboring SVs include APPL2 and
ATPAF1. ATPAF1 protein is involved in ATP synthesis, a crucial en-
ergy metabolism process that has been intensively selected during
the adaptation to geographical locations and climate variations.
One SNP-based study of dairy and beef cattle comparisons also as-
sociated a selection signature region located in the vicinity of
ATPAF1 (Zhao et al. 2015). This gene is also observed to be highly
expressed in the adipose tissue of cattle. A later gene expression
profile reported that ATPAF1 is up-regulated in Holstein compared
with Nelore oocytes (Ticianelli et al. 2017). It can be speculated
that deletion of this gene might be related to local environment
adaptation through breed differences in the energy metabolism
of cattle. In summary, our study provided proof of concept for us-
ing SVs as important markers in evolutionary studies and breeding
programs of local adaptive cattle. Our data also revealed the role of
introgression in shaping the landscape of SVs and supplied vital
information to promote the understanding of adaptation and phe-
notype differences between taurine and indicine cattle on the SV
level.

Limitations and future directions

The improvements in SV calling accuracy and resolution we pre-
sent remain limited in sensitivity and specificity owing to the
low coverage (<10x) for half of the samples, the reliance on short
reads, and the use of a reference genome assembly of a single ani-
mal. For example, short reads are ineffective for detecting large du-
plications and inversions, so caution is needed before their results
are fully used. More SVs remain to be identified as it is challenging
to map short reads to repetitive/complex regions of the genome.
Identifying SVs in such regions can be achieved using long-read se-
quencing technologies, such as the PacBio or Oxford Nanopore
platforms (Logsdon et al. 2020). Using the human 1000
Genomes Project, they estimated that long-read sequencing data
provide fivefold higher sensitivity for genetic variants compared
with short-read sequencing data (Huddleston et al. 2017). High-
quality reference genomes and third-generation sequencing tech-
nologies and platforms hold great promises to improve SV detec-
tion and studies (Ebert et al. 2021; Logsdon et al. 2021). A single
reference genome represents only one set of haplotypes in a single
individual, such that nonreference alleles and haplotypes are often
not represented. Future studies will need to improve reference ge-
nome quality further (Miga et al. 2020; Cheng et al. 2021; Garg

et al. 2021) and incorporate as many as possible high-quality ge-
nome assemblies into a graph representation of the pangenome
to alleviate these problems and enhance the genome-wide SV
detection and genotyping in cattle. It became clear that graph pan-
genomes already have advantages in many applications, including
SV calling (Miga and Wang 2021).

In conclusion, an enhanced SV catalog was successfully gen-
erated using short reads with improved accuracy and resolution
despite difficulties and limitations associated with accurate identi-
fication of SV. This SV catalog represents a vital public resource
across the diverse cattle breeds and provides new insights for
studying the possible SV roles in cattle. SV analysis offers an oppor-
tunity to uncover genomic architecture and identify the change of
gene content during domestication, breeding, and improvement,
helping the selection of future cattle breeds with desired traits.
SV-based GWAS will provide a powerful complement to SNP-based
GWAS for identifying functional variants of economically or evo-
lutionary important traits.

Methods

Data set collection and generation

The 898 WGS data of 57 cattle breeds were retrieved from the NCBI
Sequence Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra/)
and our previous studies. The accession ID for each data set is in
Supplemental Table S1. Moreover, 10 new WGS data were generat-
ed for Enshi cattle from South-Center China. The Enshi cattle, a
hybrid breed between B. taurus and B. indicus, were also used to val-
idate the deletion boundary and genotyping results. Genomic
DNA was isolated from the blood of Enshi cattle collected during
routine veterinary treatments. These DNA samples were used to
construct WGS libraries following the Illumina protocols. Paired-
end libraries with a 500-bp insert size were prepared and sequenced
using the HiSeq 2500 platform. The PacBio long reads and WGS
short reads used for assembling the Angus and Braham genome
(accession ID in NCBI BioProject database [https:/www.ncbi
.nlm.nih.gov/bioproject/]: PRINA432857) were downloaded to
evaluate the accuracy of SV calling. In addition, 1415 RNA se-
quencing data were downloaded from the NCBI public database
(Supplemental Table S7). Within them, 1141 were from 10 out
of the 57 breeds, including B. taurus originated in Europe
(Angus, Hereford, Simmental, Belgian Blue, Holstein), B. taurus
from Asia (Hanwoo, Kazakh, Xinjiang brown), B. indicus
(Brahman), and African cattle (Nguni).

Read mapping and SV detection

The adapters and low-quality reads were filtered away using the
NGS QC Toolkit (v.2.3.3) with the parameters “-p 8 -1 70 -s 20 -z
g.” The clean reads were then mapped on the latest cattle reference
genome assembly (ARS-UCD1.2, generated from a Hereford cow:
L1 Dominette 01449; ftp://ftp.ncbi.nlm.nih.gov/genomes/all/
GCF/002/263/795/GCF_002263 795.1_ARS-UCD1.2) using BWA-
MEM (v.0.7.17) with the default parameters (Li 2013).
Duplicated reads were removed using sambamba (v.0.6.7)
(Tarasov et al. 2015). As described previously (Hu et al. 2020),
four SV detection tools were selected, including Pindel (v.0.2.5),
LUMPY (v.0.2.13), DELLY (v.0.7.9), and BreakDancer (v.1.4.5), to
improve sensitivity and support of SV predictions, especially for
large variants. Only SVs with a length between 50 bp and 5 Mb
were kept for subsequent analyses. To detect the SV desert and clus-
ter region, the reference genome was binned into nonoverlapping
10-kb windows. A weighted number of supported samples for each
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window was calculated. The window with a weighted number of
samples over five (~0.5% frequency) was marked as “1” (confident
regions with SV); otherwise, it was marked as “0.” Then, we applied
the Viterbi algorithm in a hidden Markov model in the R package
(HMM) to detect regions with continuous “1” (SV cluster regions)
or continuous “0” (SV desert regions).

Assembly of missing sequences

The Poplns2 workflow (Krannich et al. 2022) was applied to detect
the nonreference sequence of the data set from 898 animals. First,
the assemble submodule was used to identify reads without high-
quality alignment to the reference genome using default parame-
ters. At the same time, the assemble submodule was used to filter
reads with low quality and assemble left reads into contigs for
each animal. The FCS-genome software (https://hub.docker.com/
r/ncbi/cgr-fcs-genome) was then used to eliminate the potential
contaminants in contigs, according to its default recommenda-
tions. Moreover, only contigs >1000 bp were considered for further
analysis. The merge submodule in the PopIns2 workflow was then
used to merge the clean contigs into supercontigs (representative
contigs). To confirm the supercontigs without contamination,
we ran FCS-genome again and double-checked by BLAST against
the NCBI Nucleotide database (https://www.ncbi.nlm.nih.gov/
nucleotide/). The contigs matching with bacterial and viral se-
quences (identity >90% and length >25%) were removed from
the final representative contigs. Then, all contigs of different indi-
viduals were merged by Poplns2 and generated 18,231 supercon-
tigs with 83 Mb in length.

Exon identification

The adapters and low-quality reads were filtered away for the RNA
sequencing data using the NGS QC Toolkit (v.2.3.3) with the pa-
rameters “-p 8 -1 70 -s 20 -z g.” The clean reads for the RNA sequenc-
ing data were initially mapped on the latest cattle genome
reference assembly (ARS-UCD1.2) using HISAT2 (v.2.1.0) with
the default parameters (Kim et al. 2019). Unmapped reads were ex-
tracted using SAMtools (v 1.9) (Li et al. 2009) and remapped on the
nonredundant missing sequencing data set using HISAT2
(v.2.1.0). Exons were identified using StringTie (v.2.1.4) (Pertea
et al. 2015). The cattle EST sequences from the NCBI dbEST data-
base (https://www.ncbi.nlm.nih.gov/genbank/dbest/) were used
to validate the novel exons. Novel exon sequences were blasted
to the EST sequences using BLAST+ (v.2.11.0) (Altschul et al.
1990). Only the exons >30 bp with >95% identity and 95% cover-
age by the EST sequences were defined as a perfect match. The EST
sequences were mapped against the known cattle mRNA sequenc-
es to decide to which genes they belong. The ESTs with >98% se-
quence identity with known mRNA sequences were defined as
successful linkages.

Contig placing on the ARS-UCDI.2 assembly

Three methods were used to place contigs on the cattle reference
genome. First, we applied the contigmap and place submodules
in Poplns2 to place the final representative contigs on the ARS-
UCD1.2 assembly. Generally, read pairs with one read aligning
on the reference genome and another read unmapping on the ref-
erence genome were used to generate candidate positions for
supercontigs. Moreover, split alignment of reads was also used to
provide exact positions at a single-base resolution. This strategy
will place the supercontigs as three kinds: two-end-placed, one-
end-placed, and unplaced. To be more confident about the place-
ment, we removed supercontigs with a distance placed >500 bp for
the two ends of supercontigs and one-end-placed supercontigs

without anchor information. Second, the unplaced contigs were
mapped against assemblies of additional seven cattle breeds—
Angus (UOA_Angus_1), Brahman (UOA_Brahman_1), Simmental
(ARS_Simm1.0), Jersey (ARS-LIC_NZ_ Jersey), Holstein (ARS-
LIC_NZ_Holstein-Friesian_1), Brown Swiss (Brown_Swiss_cow),
and Highland cattle (ARS_UNL_Btau-highland_paternal_1.0_alt)
—to take advantage of the synteny sequence similarity with the
ARS-UCD1.2. The contigs with 90% identity and 80% coverage
were recognized as successful matches. All contigs that mapped
to multiple locations were removed to avoid mismatches caused
by multiple alignments. The upstream and downstream 500-kb se-
quences of the matched positions were defined as containing po-
tential synteny sequences between ARS-UCD1.2 and other cattle
breed assemblies. The FASTA sequences were isolated using the
BEDTools getfasta option and blasted to the ARS-UCD1.2 assembly
sequences. Only the unique alignment >5000 bp, 95% identity,
and the placed distance between upstream and downstream 500-
kb sequences <2000 bp were considered as a final placement.
Third, linkages were created between contigs and known mRNA se-
quences using EST. The contig location was defined by the mRNA-
coding gene in the ARS-UCD1.2 assembly.

Pipelines for deletion breakpoint identification and genotyping

A pipeline was designed to identify the exact deletion boundaries
based on split reads within the target region to overcome differenc-
es among the deletion boundaries identified by four different
software (Fig. 3A). First, the target regions were defined as the larg-
est intervals of the boundaries reported by different SV tools. The
reads located in each target region were evaluated and refiltered us-
ing the following thresholds: mapped reads quality of 30 or more,
only allow up to one mutation by considering the diversity of dif-
ferent cattle individuals and breeds, split reads separated into two
parts that mapped to two candidate regions with at least 30 bp.
Deletions were separated into three categories according to the
mapped reads: breakpoints with microhomology repeats, break-
points with short insertions, and those that perfectly support the
deletion breakpoints by split reads. Thus, the exact boundaries of
the deletion were defined. The number of reads adjacent to or
across the deletion boundaries was first evaluated to genotype
the deletion for each animal. Only the deletion boundaries sup-
ported by at least five reads were considered for genotyping. The
deletions with both normal reads and split reads were genotyped
as heterozygous (0/1). Otherwise, the deletions with only normal
or split reads were genotyped as normal (0/0) or total deletion (1/
1), respectively.

Validation of the deletion breakpoints and genotypes

Eight deletion regions were randomly selected and validated using
specific PCR for the 10 Enshi cattle with WGS data. In detail, prim-
ers (Supplemental Table S21) were designed and searched through-
out the ARS-UCD1.2 assembly sequences to confirm the unique
amplification of the target region. The PCR amplification was per-
formed in 50 pL reaction volume using the manufacturer’s Taq
DNA polymerase protocol (Taq PCR master mix kit, Qiagen). The
genomic DNA was PCR-amplified on a Bio-Rad MyIQ thermocy-
cler. The PCR-amplified products were run in 1.5% agarose gel,
and the target bands were cut to perform Sanger sequencing. The
final sequences were blasted against the ARS-UCD1.2 assembly
and checked for the deletion boundaries by visualization.

One animal of Holstein and its parents were sequenced. The
deletions of the three animals were identified and genotyped ac-
cording to our pipeline. Totally, 2807 deletions were detected,
and 1747 deletions were successfully genotyped in all three
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animals. Genotypes of each deletion were compared. If the geno-
type could be traced back to sire and dam according to the
Mendelian inheritance, the deletion was recognized as a successful

genotyping.

Functional elements, QTL annotation, and gene enrichment
analyses

Genome annotation files, including genic, IncRNA, pseudogene,
intron, exon, and other features, were downloaded from the
NCBI ftp website (https:/ftp.ncbi.nlm.nih.gov/genomes/all/
GCF/002/263/795/GCF_002263795.1_ARS-UCD1.2/). DNA meth-
ylation functional regions, including DMR, TSS-HMR, and tissue-
specific HMR, were generated from our previous study using 29
whole-genome bisulfite sequencing (WGBS) data sets for 16 tissues
and 47 corresponding RNA-seq data sets (Zhou et al. 2020). The 14
chromatin state predictions were downloaded from http://farm.cse
.ucdavis.edu/~ckern/Nature_Communications_2020/, which in-
cluded regulatory elements for eight different cattle tissues (Kern
et al. 2021). Cattle QTL information was downloaded from the
animal QTL database (https://www.animalgenome.org/cgi-bin/
QTLdb/index). We evaluated fold enrichment of deletion regions
in QTLs for each animal. The 2000 bootstraps were used to estimate
the 95% confidence intervals to exclude the enrichment by
chance. Gene functional annotation analyses were performed us-
ing the online DAVID software (https://david.ncifcrf.gov/). The
Fisher’s exact test was conducted to measure gene enrichment in
annotation terms (0.05).

SNP detection and LD analysis

The Genome Analysis Toolkit (GATK, v.4.1.9.0) software was used
to detect SNPs for 47 Holstein cattle (McKenna et al. 2010). The
known SNPs from the 1000 Bull Genomes Project was used as ref-
erence to call SNP (Hayes and Daetwyler 2019). The GVCF files was
first created individually using HaplotypeCaller in the GATK. All
GVCF files were merged using “CombineGVCFs” in GATK. The
following thresholds were used to avoid possible false-positive calls
by VariantFiltration: --cluster-size 3 --cluster-window-size 10
-filter-expression QUAL<30||QD<2.0||MQ<40.0||FS>60.0||
SOR>3.0||MQRankSum < —12.5 || ReadPosRankSum < —8.0.

The 47 Holstein cattle were classified according to their gen-
otyping information of deletions. For each deletion, only the
Holstein cattle genotyped as homozygote (normal two copies or
total deletion) were considered for further LD of SNPs analysis,
and the population for each genotype included at least five ani-
mals. The SNPs located within 50 kb upstream of and downstream
from the deletions were used to calculate the R? of the linkage
disequilibrium using LDBlockShow v.1.40 (Dong et al. 2021).

Population structure and select signature analysis

Multiple steps were applied to filter away deletion or animal called
missing values to obtain deletion loci information and include all
represented breeds; 71,240 genotyped deletions for 339 animals
were obtained as input. To prepare samples for population analy-
ses, two rounds of filtering were performed. First, samples and de-
letions with low call rates were removed. Then the call rates for left
samples and deletions were recalculated. Only samples and dele-
tions with a call rate >90% were kept for further analysis. Finally,
14,942 deletions in 339 animals of 50 breeds were obtained with
their average call rates ~95%. The PCA was performed using -pac
option of the PLINK software v.1.9 (Purcell et al. 2007).
ADMIXTURE was run for each possible group (K=2 to 13) with
200 bootstraps using Admixture v.1.3.0 (Alexander et al. 2009).

The fixation index (Fsr) was used to identify the deletion un-
der selection between B. taurus and B. indicus. The animals of both
B. taurus and B. indicus were selected according to the PCA and ad-
mixture analysis results. The B. taurus population includes the
European taurine, Eurasian taurine, and East Asian taurine. To in-
crease the representative and the number of the animals in the B.
indicus population, the animals with more than 3/4 ancestry were
also included in the Fsy analysis. The locus-specific divergence in
allele frequencies for each cattle population/breed was measured
by performing the di statistics based on unbiased estimates of pair-
wise Fsr. The di value was calculated according to the following for-
mulation:

S sd[F)

where the E [FgT] and sd [F;"T] represented the expected value and SD
of Fsr between groups i and j. The deletions with the top 1% of the
Fst and di values were defined as the candidates under selection.

Evolution and function analyses of the Bov-tAl insertion in APPL2

The genome assemblies were downloaded for Cervidae—Prze-
walskium albirostris (white-lipped deer), Antilocapridae-Antilocapra
americana (pronghorn), Tragulidae-Tragulus kanchil (even-toed un-
gulates), Bovinae-Bos_taurus (Angus_cattle), Bovinae-Bubalus
(Mediterranean_buffalo), Caprinae-Capra (goat), Bovinae-Bos_
taurus (Highland_cattle), Caprinae-Ovis (sheep), Bovinae-Bos_
taurus (Simmental_cattle), Antilopinae-Antidorcas (springbok),
Alcelaphinae-Connochaetes (brindled gnu), Cephalophinae-Ceph-
alophus (Harvey’s duiker), Hippotraginae-Hippotragus (roan
antelope), Cervidae-Przewalskium (white-lipped_deer), Bovinae-
Bubalus (Bangladesh_buffalo), and Bovinae-Bos_taurus (Hereford_
cattle) from the NCBI Assembly database (https://www.ncbi.nlm
.nih.gov/assembly/). The sequence of Bov-tA1l with upstream and
downstream 1000 bp in the APPL2 gene was used to blast against
each assembly. The assembly covering the whole length of the que-
ry sequence with >90% identity was considered as containing the
Bov-tA1l insertion, which was further confirmed by visualization.
The Bov-tAl sequences were isolated from each assembly and
aligned with each other using ClustalW. The aligned Bov-tA1 se-
quences from each assembly were used to construct the maximum
likelihood tree using MEGA software (Tamura et al. 2021). The
MEME online tool (https://meme-suite.org/meme/) was used to
search and enrich related Gene Ontology terms of motifs in the
Bov-tAl sequence. Sixty RNA sequencing data were randomly
downloaded for skeletal muscle and liver in B. taurus, B. indicus,
and the hybrid cattle to compare the expression of APPL2 with or
without the Bov-tA1l sequence between them (Supplemental Table
S7). RNA sequencing data were processed following the HISAT2
(v.2.1.0) and StringTie (v.2.1.4) pipeline. DESeq2 (v.1.30.1) was
used to compare the gene expression of different populations
through normalization by considering different sequencing
depths and libraries (Love et al. 2014).

Data access

The pipelines for deletion breakpoint identification and genotyp-
ing are available at GitHub (https://github.com/yangzhou-bio-lib/
SV-information) and Zenodo (https://sandbox.zenodo.org/
record/1080619). SV regions and their normalized frequencies
have been deposited as customer track files for the UCSC
Genome Browser available at GitHub (https://github.com/
yangzhou-bio-lib/SV-information/tree/main/SV-information).

The cattle pangenome contigs and the detailed information for
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Cattle pangenome analyses

contigs placed in the reference genome are available from GitHub
(https://github.com/yangzhou-bio-lib/cattle_pangenome_storage)
and Zenodo (https://sandbox.zenodo.org/record/1084439#
.YvDXCy1h2v4). The newly generated raw WGS data from this
study were submitted to the NCBI BioProject database (https
://www.ncbi.nlm.nih.gov/bioproject/) under accession numbers
PRJNA6917 41 and PRJNA762638. All relevant codes are also pro-
vided as Supplemental Code.
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