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Introduction

Improvements in long range DNA sequencing technologies have made de novo assembly of
large genomes a more accessible option for investigating the genetic basis of complex traits.
Since the Bos taurus genome was published in 2009 (Zimin et al., 2009), it has supported
thousands of studies exploring cattle genomic diversity through genotyping, resequencing,
and transcriptomics (Harhay et al., 2010; Liu et al., 2010; Daetwyler et al., 2014). As usual in
many species, this reference genome is haploid and derived from the DNA of one animal, a
Hereford cow, and thus does not capture structural variants present in other breeds.

Further, repetitive elements including large paralog gene families, interspersed nuclear
elements, and highly repetitive structures at the centromeres and telomeres have hampered
assembly efforts based on short read sequence data. Long read data has the capacity to span
repetitive regions, allowing repetitive regions to be confidently placed (Berlin et al., 2015).
Considering copy number variants (CNVs), defined as deletions, insertions, or duplications
between 50 bp and 5 Mb in size, Bovine SNP50 Bead Chip analysis of >26,000 Holstein
cows and bulls identified 34 CNVs on 22 chromosomes associated with milk production traits
(Xu et al., 2014). Across breeds, >3,000 CNV have been reported covering 146.9 Mb (Hou et
al., 2012), which may contribute towards variation in production and health traits.

To improve understanding of structural variants present in the Holstein genome, the
goal of this study was to generate the first Holstein reference genome using the latest in third
generation sequencing technologies to improve accuracy, completeness, and contiguity.

Material and methods

DNA Preparation

One Holstein bull was sampled for DNA extraction, using semen from artificial insemination
straws. Semen was removed from each straw, dissolved in cell lysis buffer containing DTT
and proteinase K, and incubated overnight at 55ºC. RNA was removed using RNaseA
digestion. DNA was extracted and purified using standard phenol/chloroform/isoamyl alcohol
methods, the resulting pellet washed in 70% ethanol and resuspended in 10mM Tris buffer,
pH 8.

Library preparation and sequencing
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Total DNA (~30μg) was provided to Broad Technology Labs (Cambridge, MA) for PacBio
SMRT library prep and sequencing. Briefly, DNA was sheared to 15kb using Blue Pippin
instrument (Sage Science, Beverly, MA). PacBio SMRT libraries were prepared using
standard methods and sequenced on a PacBio RSII (Menlo Park, CA) across 174 SMRT cells.
Total DNA was also provided to Dovetail Genomics (Santa Cruz, CA) for Chicago library
preparation and sequencing. Briefly, exogenous histones were used to cross-link 1-50 kb
DNA fragments from which mate pair libraries were generated (Putnam et al., 2016).
Illumina Nextera mate pair libraries (San Diego, CA) were constructed to be used for
scaffolding and polishing. Briefly, total DNA was enzymatically fragmented to 2kb size,
circularized, and then enzymatically sheared (NEB, Ipswich, MA) to 300-500bp insert sizes.
The fragments were end-repaired and A-tailed, followed by Illumina adapter ligation. The
final library was PCR amplified, quantified by qPCR, and finally was sequenced on a
NextSeq500 (2x75bp). Additionally, Illumina paired end libraries were constructed using
standard methods for 300 and 500bp insert sizes, also sequenced on a NextSeq500 (2x150bp).

Assembly

The assembly workflow is provided in Fig. 1. PacBio sequencing reads were de novo
assembled using the PacBio FALCON assembler (Chin et al., 2016), with additional polishing
with Quiver. The resulting contigs were scaffolded, ordered, and oriented using Dovetail
Chicago library sequencing data via the HiRise scaffolding pipeline (Putnam et al., 2016).
This process included some breaking up of contigs and removal of false joins to correct
misassemblies. The markers on the genetic linkage map (Ma et al., 2015) were mapped to the
draft assembly using ALLMAPS (Tang et al., 2015) to detect false joins for removal. In
preparation for scaffolding with the Hereford optical map, BtOM1.0 (Zhou et al., 2015), in
silico maps were generated from the FALCON+Dovetail contigs by identifying BamHI
restriction enzyme nick sites. These in silico maps were iteratively assigned to consensus
genome maps using BioNano IrysSolve v.5.18.2, discarding lower quality or conflicting
assignments for best quality, parsimonious assignments, to generate superscaffolds. Following
application of the optical map, the genetic linkage map was applied again to join
superscaffolds into pseudochromosomes BTA1-29, X.

The assembly was upgraded by gap filling leftover gaps using PacBio reads with
PBJelly (English et al., 2012) with all PacBio reads >8kb (the largest gap size in the dataset at
this stage). The assembly was polished with Illumina mate pair and paired end data using
Pilon (Walker et al., 2014), detecting and removing single nucleotide variants (SNVs), small
indels, and block substitution events as well as filling any remaining small gaps (20-50bp).
Contigs which were not assigned to pseudochromosomes were aligned to the Btau5.0.1
reference genome (RefSeq accession no. GCF_000003205.7) using MUMmer (Kurtz et al.,
2004). Contigs >1kb in length and >95% identity with the Y chromosome were scaffolded
with PacBio >8kb sequence reads using LINKS (Warren et al., 2015).

Assembly Completeness, Variant Detection, and Linkage Disequilibrium Analysis

Assembly completeness was assessed using Benchmarking Universal Single-Copy
Orthologs, BUSCO (Simão et al., 2015). Each chromosome of the Bos taurus UMD3.1
reference genome (RefSeq accession no. GCF_000003055.6) and the Bos taurus ARS-
UCD1.1 genome assembly (GenBank accession no. NKLS00000000) was pairwise aligned



with the matching Holstein chromosome using the nucmer package of MUMmer (Kurtz et al.,
2004), with variants larger than 1kb extracted. Further, SNV from the Illumina Bovine
SNP50 BeadChip were mapped to the Holstein assembly, UMD3.1, and ARS-UCD1.1 using
CLC Genomics Workbench 10 (Qiagen, Valencia, CA) and BLAT (Kent, 2002) to identify
their genomic positions.

Illumina Bovine SNP50 Bead Chip genotypes of 1,988 U.S. Holstein bulls, born from
1950 to 2015, were selected from the Zoetis wellness traits reference population (Vukasinovic
et al., 2017) so as to minimize relatedness between individuals. SNV were filtered for low
call rate (<95%) and low minor allele frequency (<10%) loci, for a final set of 32,203 SNV.
Linkage disequilibrium (LD) was calculated as the squared correlation between two SNP
based on genotypic allele counts (i.e. 0, 1, or 2 counts of the minor allele) using PLINK 1.9
(Purcell et al., 2007). LD was compared against the pairwise intermarker distance within
chromosome using the mapped position on the Holstein, UMD3.1, and ARS-UCD1.1
genomes.

Results

PacBio sequencing generated 94 Gb of sequence data, with a median fragment length of 5.7
kb, for a genome coverage of 33.44x. Dovetail Chicago library sequencing generated 215.2x
coverage in 1-50 kb mate pairs. Assembly statistics are provided in Table 1. De novo
assembly of PacBio reads generated 7,395 contigs, up to 20.51 Mb in size. Scaffolding with
Dovetail and BtOM1.0 significantly improved contiguity, increasing N50 from 2.88 Mb to
73.31 Mb. Application of the genetic map resulted in the creation of 30 pseudo-chromosomes
(BTA1-29, X), with only 10 rearrangements between the optical map and the genetic linkage
map. PBJelly gap closing reduced the number of gaps from 3,930 to 3,590, the total gap size
from 106 Mb to 103.2 Mb, and added 1 Mb of sequence. Reconstruction of the Y
chromosome resulted in 271 scaffolds, median size 30.8 kb, covering 29.5 Mb. This is
smaller than the Btau 5.0.1 Y chromosome, at 43.3 Mb, but does not include the pseudo-
autosomal sequence regions. The total genome size is 2,772,068,867 bp, slightly larger than
both UMD3.1 and Btau 5.0.1. The genome is 94.2% BUSCO complete, with 92.4% single
copy, 1.8% duplicated, 3% fragmented, and 2.8% missing.

Totally, 39,907 structural variants >1kb in size were detected between UMD3.1 and
the Holstein assembled chromosomes (Table 2). Types of structural variants included gaps,
duplications, breaks (insertions), jumps (relocations in forward orientation), and inversions
(relocations in reverse orientation). The most were observed on the X chromosome,
accounting for 43% of detected structural variants, likely inflated due to misassemblies
between the X and Y chromosomes. Up to 370 structural variants per autosome overlapped
with genes (Fig. 2), with the most detected on BTA15 and the fewest on BTA28.

Preliminary LD analysis using nearly 2,000 Holstein bulls shows reduced r2 detected
at large intermarker distances (>20 Mb) in the Holstein assembly versus UMD3.1 (Fig. 3,
BTA1, 20, and 26 shown). This agrees with the expectation that LD should decay with
increasing interlocus distance, suggesting that the presented assembly more accurately places
genomic segments for Holstein which are significantly rearranged in the UMD3.1 assembly.
Comparing ARS-UCD1.1 and the Holstein assembly, there are cases where both do an equal
amount of improvement relative to UMD3.1 (e.g. BTA1), cases where some structural
variants are still apparent (e.g. BTA26), and one case where a new variant is present in ARS-
UCD1.1 that is not present in UMD3.1 or the Holstein assembly (e.g. BTA20). In the case of
ARS-UCD1.1 BTA20, the peak in r2 at 30Mb is due to a rearrangement containing 1 SNV.



Discussion

Derived from third generation sequencing technology, this Holstein assembly demonstrates
increased contiguity relative to other cattle assemblies which do not use long read sequencing
technology, such as UMD3.1 (27.2x improvement), Btau 5.0.1 (9.6x improvement), and Bos
indicus 1.0 (93x improvement). The level of contiguity attained using this hybrid assembly
approach is partially dependent on the depth of PacBio sequencing. Comparable assemblies
generated with increased PacBio sequencing depth demonstrate even higher contiguity, such
as Bos taurus ARS-UCD1.1 with a contig N50 of 26.3 Mb, Sus scrofa 11.1 with a contig N50
of 58.5 Mb based on 65x PacBio data (Warr et al., 2017) and Capra hircus ARS1 with a
contig N50 of 26.24 Mb based on 50x PacBio data (Bickhart et al., 2016). The use of
Dovetail libraries and the optical and genetic linkage maps was crucial for linking scaffolds at
distances greater than 10kb to complete the assembly.

We observed that there are many structural differences between the Holstein genome
and the Hereford UMD3.1 genome assembly affecting as many as 5,000 genes. These may
enrich the structural variant repertoire that has already been described based on targeted, high
density SNP chip, and/or sequencing studies (Seroussi et al., 2010; Hou et al., 2011; Jiang et
al., 2013; Boussaha et al., 2015). Some structural variants may be false positives, particularly
on the X chromosome due to the difficulty in reconstructing the X and Y chromosomes from
male DNA.

Bohmanova et al. (2010) observed in an LD analysis of Bovine SNP50 genotypes
from 887 Holstein bulls, that increased r2 was observed between a subset of loci 10kb or more
distant from each other due to misplacement. Application of the Holstein genome
successfully reorders SNV on the Bovine SNP50, reducing non-syntenic LD through
improved assembly and accounting for genomic differences between Holstein and Hereford
genomes. This suggests that application of coordinates based on the Holstein reference
genome could improve position-specific, linkage-based analyses such as imputation or
genomic prediction using windows.

Assembly using a variety of second and third generation sequencing and mapping
technologies supported construction of a high quality Holstein cattle assembly over a short
time frame. Dairy cattle researchers may benefit from re-analyzing their SNP chip and
sequencing datasets using this alternate assembly, particularly where structural variants
differentiate Holsteins and Herefords. Improvements to the assembly are ongoing, and there
are plans to annotate the genome for protein-coding genes.

Table 1. Assembly statistics at completion of each step in the assembly process.

Falcon
+Quiver

+Dovetail +Optical
map

+Genetic
map

+Gap
closing

+Pilon Final

Scaffolds - 4,187 59 30 30 30 30
Scaffolds total size (Gb) - 2.66 2.60 2.65 2.66 2.66 2.77
Longest scaffold (Mb) - 75.30 156.88 164.78 168.03 168.11 168.11
N501 scaffold length
(Mb)

- 11.78 73.31 103.77 103.86 103.87 103.87

L502 scaffold count - 60 13 11 11 11 11

Contigs 7,395 7,646 13,195 3,960 3,620 3,174 4,470
Contigs total size (Gb) 2.66 2.66 2.50 2.55 2.56 2.56 2.58
Longest contig (Mb) 20.51 20.51 20.51 20.51 20.52 20.52 20.52
N50 contig length (Mb) 2.88 2.53 2.77 2.69 2.93 3.49 2.64
L50 contig count 253 288 258 267 247 213 273



1 N50 is the scaffold/contig length at which you have covered 50% of total assembly length.
2 L50 is the smallest number of scaffolds or contigs which account for the N50 length.

Table 2. Structural variants >1kb in size detected between UMD3.1 and Holstein genome
assembly chromosomes using MUMmer.

Chr Chr Length
(Mb)1

Gap Dup Break Jump Inv Total

TOTAL 2,658.9 1,701 19,018 16,168 2,025 995 39,907

1 157.7 86 462 311 98 28 985
2 135.8 94 329 190 77 24 714
3 121.3 78 258 145 70 30 581
4 120.3 82 455 348 81 22 988
5 120.7 71 566 282 59 24 1,002
6 121.0 72 445 336 84 31 968
7 110.1 74 788 571 71 29 1,533
8 111.6 89 368 276 86 28 847
9 103.9 72 366 314 103 32 887
10 103.1 53 549 296 59 21 978
11 107.2 66 252 124 60 24 526
12 90.1 58 1,158 394 60 31 1,701
13 83.6 61 347 187 55 17 667
14 83.7 46 304 356 49 25 780
15 83.9 34 820 763 60 28 1,705
16 80.3 51 492 216 59 33 851
17 73.6 37 496 419 44 20 1,016
18 64.8 43 468 173 48 29 761
19 63.4 50 238 143 38 18 487
20 72.7 54 174 103 36 23 390
21 70.0 53 365 368 30 24 840
22 61.1 34 147 132 20 8 341
23 52.5 32 327 170 28 14 571
24 62.9 50 135 89 28 8 310
25 43.1 28 59 57 22 13 179
26 51.0 32 164 155 29 13 393
27 45.2 33 277 89 22 13 434
28 45.7 38 106 54 29 16 243
29 50.5 23 508 167 37 18 753
X 168.1 107 7,595 8,940 483 351 17,476
1Chromosome length considers only cumulative length of all chromosomes and does not include Y
chromosome or unplaced scaffolds or contigs.



Figure 1. Holstein assembly pipeline incorporating PacBio, Dovetail, Illumina mate pair, and
Illumina paired end (PE) sequence data with recombination and optical maps and the public
reference genome UMD3.1 and Btau 5.0.1.

Figure 2. The number of structural variants between the Holstein assembly and UMD3.1
assembly which intersect with annotated genes by autosome.



Figure 3. Pairwise LD between Illumina Bovine SNP50 markers plotted by intermarker
distance (Mb) based on the mapped position on UMD3.1, ARS-UCD, or ZTS-Holstein
genome for bovine chromosomes 1, 20, and 26.
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