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Abstract
Brahman cattle (Bos indicus) are well adapted to thrive in tropical environments. Since their introduction to Australia in 
1933, Brahman’s ability to grow and reproduce on marginal lands has proven their value in the tropical beef industry. The 
poll phenotype, which describes the absence of horns, has become desirable in the cattle industry for animal welfare and 
handler safety concerns. The poll locus has been mapped to chromosome one. Four alleles, each a copy number variant, 
have been reported across this locus in B. indicus and Bos taurus. However, the causative mutation in Brahman cattle has 
not been fully characterized. Oxford Nanopore Technologies’ minION sequencer was used to sequence four homozygous 
poll (PcPc), four homozygous horned (pp), and three heterozygous (Pcp) Brahmans to characterize the poll allele in Brahman 
cattle. A total of 98 Gb were sequenced and an average coverage of 3.33X was achieved. Read N50 scores ranged from 9.9 
to 19 kb. Examination of the mapped reads across the poll locus revealed insertions approximately 200 bp in length in 
the poll animals that were absent in the horned animals. These results are consistent with the Celtic poll allele, a 212-bp 
duplication that replaces 10 bp. This provides direct evidence that the Celtic poll allele is segregating in the Australian 
Brahman population.
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Introduction

The poll phenotype, a desirable trait in both the dairy and beef 
industries, describes a lack of horns in cattle (Drögemüller et al., 
2005; Mariasegaram et al., 2012; Medugorac et al., 2012; Allais-
Bonnet et al., 2013). Dehorning has been widely adopted in both 
the industries to decrease the risk horns pose to the animals 
and handlers (Medugorac et al., 2012). The bruising of carcasses 
from horns is also estimated to cost the Australian beef industry 
AUD $20 million annually (Prayaga, 2005, 2007; Misch et  al., 
2007). Dehorning is labor-intensive, painful for the animal, and 
leaves animals prone to secondary infection and may lead to 
mortality (Prayaga, 2005). Goonewardene et al. (1999) observed 

a 4.3% difference in average daily weight gain between steers 
that were dehorned and naturally poll. This equated to a loss of 
530 kg per 100 steers, meaning a noninvasive genetic solution 
to horns would be highly advantageous (Winks et  al., 1977; 
Prayaga, 2005).

The poll phenotype is controlled at the poll locus on bovine 
chromosome one (Long and Gregory, 1978; Georges et al., 1993; 
Drögemüller et  al., 2005) by at least four known autosomal 
dominant poll (P) alleles (Medugorac et al., 2012; Crystal Ketel, 
2019). The Celtic allele (Pc), a 212-bp duplication replacing a 
10-bp segment at position Chr1:2,429,326-2,429,335 bp according 
to the Bos taurus reference ARS-UCD1.2, is found predominantly 
in breeds originating from Scandinavia and Great Britain 
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(Medugorac et al., 2012; Crystal Ketel, 2019). An 80-kb duplication 
characterizes the Friesian allele (Rothammer et  al., 2014). 
Medugorac et al. (2017) later discovered a third allele associated 
with the polled phenotype in Mongolian taurine cattle, and a 
fourth was identified as a 110-kb duplication by Utsunomiya 
et al. (2019).

Koufariotis et  al. (2018a) used short reads to sequence 46 
Australian Brahman bulls. They reported an increase in coverage 
at the location of the Celtic allele for homozygous polled animals, 
consistent with a duplication. Their results suggest that the poll 
allele in the Brahman breed is likely of Celtic origin; however, 
the identification of structural variants using short-read data 
can be misleading and inaccurate (Couldrey et al., 2017; Merker 
et al., 2018; Mahmoud et al., 2019). Long reads, however, are able 
to identify structural variants accurately by sequencing the 
variant, including break points, with enough flanking sequence 
to still be accurately placed within the genome. This study 
aimed to characterize the poll allele in a small sample Australian 
Brahman population using long reads from Oxford Nanopore’s 
minION (Oxford Nanopore Technologies, Oxford).

Materials and Methods

Ethics statement

All samples were obtained from a commercial genotyping facility. 
Samples were originally taken to undergo genomic evaluation of 
the animals’ genetic merit for commercial purposes. As such, no 
animals were directly involved in this study, so Animal Care and 
Use Committee approval was not obtained for this study.

DNA extraction and library preparation

The Gentra Puregene (Qiagen, Hilden, Germany) DNA 
extraction kit was used for the extraction of DNA from 
both semen and tail hair from four homozygous poll (PcPc), 
three heterozygous (Pcp), and four homozygous horned (pp) 
animals. The following amendments were made for the semen 
extraction: 24 μL of 1 M dithiothreitol was added during the 
overnight proteinase K digestion and the final DNA pellet was 
resuspended in EB buffer; 20 to 30 hairs were used for the tail 
hair DNA extraction and all Gentra Puregene reagents were 
scaled up accordingly. The DNA pellet was also dissolved in 
a pre-warmed DNA hydration solution. Oxford Nanopore’s 1D 
genomic DNA by ligation (SQK-LSK 109)  library preparation 
protocol was used. Pipette tips were cut and all vortexing steps 
were replaced with flicking the samples to decrease shearing 
of the DNA during library preparation. The DNA input into the 
library preparation was increased from the recommended 2 
to 6  μg to increase pore occupancy on the flow cells during 
sequencing.

Sequencing

Oxford Nanopore’s MinION sequencer (version R9.4.1 minION 
flow cells) was used to sequence 11 semen and tail hair samples 
(four homozygous poll [PcPc], three heterozygous [Pcp], and four 
homozygous horn [pp]) from registered Brahmans. Each sample 
was sequenced on a single Oxford Nanopore flow cell using a 

runtime of 48  h. Oxford Nanopore’s minKNOW software was 
used for base calling in Fast5 and Fastq outputs.

Data clean-up was done using NanoFilt (version 2.3.0; De 
Coster et  al., 2018) to remove reads shorter than 200  bp and 
PoreChop (version 0.2.4) to remove adapter sequences from 
the ends of reads. Minimap2 (version 2.14; Heng, 2018) was 
used to align the reads to the B.  taurus reference ARS-UCD1.2. 
The inbuilt “map-ont” setting was used along with a matching 
score of 3 and a gap open penalty of 1, 0; alignments were 
output in the SAM format. These settings were used so that 
large insertions/deletions were favored over smaller insertions/
deletions. All alignments were visualized at the poll locus using 
the Integrative Genomics Viewer (IGV; version 2.8.0; Robinson 
et al., 2011), and dot plots were generated using Gepard (version 
1.3; Krumsiek et al., 2007).

Results
A whole-genome average coverage of 3.33X was achieved across all 
11 samples. The N50 from each run varied between 9.5 and 19 kb 
with the longest single sequence being 234 kb. The average Phred 
quality score for the bases was 10. At the poll locus, an average 
coverage of 3.8X per sample was achieved, with a total of 34 reads 
spanning the Celtic locus. From visualization of the alignments 
against the B. taurus reference (ARS-UCD1.2) using IGV, insertions 
are clearly evident in the homozygous poll samples at the Celtic 
locus (Figure  1 and Supplementary Material 2). The insertions 
vary in size between 181 and 206  bp, slightly shorter than the 
reported 212-bp duplication, and occur at the exact location of 
the duplication reported in the Celtic allele (Chr1:2,429,109-
2,429,320). No insertions were seen in the Celtic region in any 
of the four homozygous horn samples (Supplementary Material 
2. This provides support that the insertions observed in the 
homozygous poll animals are the Celtic allele.

Evidence of both the Celtic and horned alleles were found in 
the heterozygous samples. Five reads demonstrated duplications 
similar in size to those observed in the homozygous poll animals 
at the Celtic locus. While the remaining three reads spanning 
the Celtic locus in the heterozygous group, all mapped without 
a duplication to ARS-UCD1.2, suggesting they are the horn 
alleles. Dot plots of reads thought to be carrying the Celtic allele 
aligned to ARS-UCD1.2 also demonstrate clear duplications 
at the reported Celtic locus (Supplementary Material 1). No 
duplications were observed in dot plots in the homozygous 
horned samples (Supplementary Material 1).

The Friesian locus was also examined for structural 
variations between the poll and horned animals. Despite 
adequate sequencing coverage at the Friesian locus, no evidence 
of the allele was observed in this data set. There was no increase 
in coverage across the locus, which is often characteristic of 
duplications nor was any soft clipping observed at the reported 
structural variant break points.

Discussion
This is the first publication of the application of Nanopore 
sequencing for whole-genome sequencing in beef cattle. The 
average sequencing depth achieved in this study was slightly 
less than that achieved by long-read studies on other species 
(Xie and Tammi, 2009; Li et al., 2011; Fumagalli, 2013; Kukekova 
et al., 2018). This is a reflection of the other studies examining 
smaller genomes or using multiple flow cells per individual, 
while here the focus was to obtain long-read data on multiple 
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p	 the wild-type horn allele at the poll locus
P	 the polled allele at the poll locus
Pc	 the Celtic poll allele at the poll locus
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animals. Across the three groups (PP, Pp, and pp), the coverage 
achieved in this study at the Celtic locus is similar to the 
minimum coverage used in two genome-wide structural variant 
calling studies (Sedlazeck et al., 2018; Kosugi et al., 2019). As this 
study focused on the detection of only two known structural 
variants (the Friesian and Celtic alleles), the low coverage still 
provided strong evidence that the Celtic allele is present in the 
Australian Brahman population.

Both the Friesian and Celtic loci were examined for structural 
variants. Within the Friesian locus, no significant variation was 
observed between the three groups. Koufariotis et  al. (2018b) 
also found no evidence of the Friesian allele in 46 Brahman bulls 
they sequenced using Illumina short reads. They reported no 
increase in coverage across the Friesian locus (Koufariotis et al. 
2018b). Increases in coverage are used by short-read sequencing 
technologies to identify genome duplications, which they 

Figure 1.  Sequencing the poll allele in Brahman cattle using Oxford Nanopore sequencing. (A) Stylized representation of the Celtic allele on bovine chromosome one. 

The location of the Celtic allele in the B. taurus reference ARS-UCD1.2 is indicated. (B) IGV sequence alignments against the poll consensus sequence (Supplementary 

Material 3) created using minimap2. The poll consensus sequence was used here instead of the horn reference for clearer visualization of the Celtic allele. Each sample 

has been grouped based on poll/horn genotype: homozygous poll, homozygous horn, and heterozygous. (C) Stylized summary of dotplots created using Gepard across 

the Celtic locus. (D) Poll locus coverage for the three genotype groups as a proportion of the expected coverage, where the expected coverage was calculated based on 

an average depth at three random nearby loci. Both the heterozygous (*P < 0.01) and homozygous horn (**P < 0.001) had a poll locus coverage statistically different to 

the expected coverage. (E) Proportion of horn and Celtic reads observed at the Celtic locus for each of the three genotype groups. 
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often are unable to span. A  more recent study by Randhawa 
et al. (2019) found that the Friesian allele was present but very 
rare in Australian Brahmans (frequency Friesian: 0.001; Celtic: 
0.135). The average read lengths achieved here likely affected 
the ability to characterize the Friesian locus. However, reads 
flanking significant segments of the duplication breakpoint still 
did not indicate any structural variation, and no increase in 
coverage was observed.

Clear insertions matching the description of the Celtic 
allele were evident in the poll animals at the Celtic locus. The 
variation in the size of the duplication reported by Allais-Bonnet 
et al. (2013) and those seen in the homozygous samples may be 
attributed to the indel error profile of the minION. The majority 
of the variation observed on IGV across the genome were small 
insertions and deletions; therefore, it is likely a number of 
small deletions within the inserted sequences have shortened 
its length. Using Samtools, the error rate of the mapped reads 
was approximately one error per 10 bases matched, which was 
also reported by Cretu Stancu et al. (2017). Given that an error 
of 21 bp is expected in the 212-bp region, the average insertion 
length of 194 bp is within the expected size range for the Celtic 
allele and is unlikely to reflect a new variant.

This study has provided strong direct evidence that the Celtic 
allele is present in Australian Brahmans, and that emerging 
long-read technology is a useful tool to identify economically 
important structural variants that were previously difficult to 
accurately characterize en masse. It is important to note that 
other known or novel poll alleles may exist and will only be 
captured by increasing the sample size. Characterization of the 
Celtic allele in this Australian Brahman population will help 
Australia’s northern beef industry progress toward a genetic 
solution to horns and move away from the practice of dehorning.

Supplementary Data
Supplementary data are available at Journal of Animal 
Science online.
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