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Introduction 

The Carwell phenotype is a desirable inherited 
muscular hypertrophy of the Longissimus dorsi muscle 
in Poll Dorset sheep that does not have any detrimental 
effect on eating quality, fat deposition or detectable 
meat tenderness. The Carwell haplotype has been 
localized to a 350kb region on the distal end of 
OAR18 near the Callipyge locus (Nicoll et al. 1998) 
containing three known genes. However, in spite of 
considerable effort in sequencing and resequencing, 
the causative mutation has not been identified. 
Although unsuccessful in identifying the causative 
mutation, these studies have revealed that the Carwell 
phenotype displays an imprinted inheritance pattern, 
with increased muscling associated with inheritance 
from the sire but not the dam. 

The wealth of data generated describing the 
Carwell region, without the identification of a causal 
mutation together with the genomic imprinting known 
to be present at this genomic location, suggests that the 
Carwell phenotype may not be genetic in origin. The 
Carwell locus therefore offers a unique opportunity for 
use as a model system in which to develop data 
pipelines for analysing whole genome bisulfite 
sequencing data in order to find epigenetic differences 
that correlate with economically important productive 
phenotypes in farmed animals, across the whole 
genome. 

DNA methylation is the most widely studied 
epigenetic mechanism and is known to play a central 
role in regulating many aspects of growth and 
development (Smith & Meissner 2013). The 
development of high-throughput sequencing has 
proven to be a vital tool in the analysis of DNA 
methylation, and reduced representation bisulfite 
sequencing (RRBS) has been used effectively in 
understanding DNA methylation landscapes in humans 
and rats (Meissner et al. 2008; Smith et al. 2009; 
Hartung et al. 2012). However, to date, almost nothing 
is known about epigenetics, including DNA 
methylation in farmed animals. Here we report the use 
of RRBS to examine the methylation patterns across 
the genome in sheep muscle. The aim was to 
determine if epigenetic patterns identified in other 
organisms are also observed in sheep and to compare 
DNA methylation levels at a single nucleotide 
resolution in the Carwell region between sheep 
homozygous for the Carwell haplotype and genetically 

similar non- Carwell sheep from the same flock. The 
latter group are referred to a Control. 

Materials and methods 

A sample of Longissimus dorsi muscle from three 
Control and three Carwell eight-month-old lambs were 
collected at slaughter in a commercial abattoir. High 
quality DNA and RNA were extracted (Sambrook et 
al. 1989). Illumina sequencing libraries for quantifying 
DNA methylation levels across the genome were 
generated using a previously published RRBS protocol 
(Smith et al. 2009; Couldrey et al. 2012). 

Quality control of data was undertaken using 
FastQC software (Babraham Bioinformatics, 
Cambridge, UK). Sequences were mapped to sheep 
genome assembly OARv3.1(International Sheep 
Genomics Consortium, Brisbane, Australia) using 
Bismark software (Babraham Bioinformatics, 
Cambridge, UK). Sequencing read counts and levels of 
methylation at individual CpG sites were calculated 
and visualised using Seqmonk software (Babraham 
Bioinformatics, Cambridge, UK). Genome wide DNA 
methylation analysis was performed using a 1000bp 
sliding window with a step size of 50bp. Average 
DNA methylation levels were extracted from Seqmonk 
data files using python scripts developed in-house. 

Next generation sequencing of mRNA and 
microRNA was performed by Macrogen (Seoul, 
Korea). Data were downloaded and regions of low 
quality sequence and Illumina primers and adapters 
remaining from the sequencing process were removed 
from the reads prior to mapping to the sheep genome. 
The genes were divided into three groups based on 
their expression level as determined by transcriptome 
sequencing, namely repressed genes not expressed at 
all (60% of all genes), low expression genes (20% of 
genes), and highly expressed  genes (20% of genes). 

Results and discussion 

Genome wide methylation 
Sequencing 1% of the genome using RRBS to 

target CpG sites resulted in precise and accurate 
analysis of >10% of all CpG sites. Data indicated that 
60% of CpG sites were methylated. While 60% CpG 
site methylation is lower than traditionally reported in 
somatic tissues (80%) using techniques able to only 
determine total methyl content (Ehrlich et al. 1982), 
this discrepancy is likely to be due to the requirement 
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Figure 1 Average proportion methylation in 
Longissimus dorsi muscle tissue from three control 
animals calculated using a 1000 base pair (bp) 
window with 50bp step size surrounding the 
transcription start sites (TSS) of all genes annotated 
in the sheep genome.  

 
Figure 2 (a) Average CpG content at each base pair (bp) around the transcription start sites (TSS) of all genes 
annotated in the sheep genome. (b) Percentage CpG content in1000bp region around TSS in all genes annotated 
in the sheep genome. 

of unique mapping to the sheep genome when using 
next generation sequencing methods to interrogate 
DNA methylation. Sequences that do not map 
uniquely are unable to be used in calculating 
methylation as there is no certainty as to where in the 
genome they originate from. Previous work (Couldrey 
& Lee 2010; Couldrey et al. 2011) has indicated that 
repetitive sequences show high levels of methylation 
in somatic tissues and likely cause the differences in 
DNA methylation levels reported here with those 
reported using historical techniques that did not have 
the resolution to be informative. 

Methylation around transcription start sites 
DNA methylation levels around transcriptional 

start sites (TSS) are known to be involved in regulation 
of gene expression (Deaton & Bird 2011). On average 
the DNA sequence directly upstream of the TSS 
showed less methylation than surrounding sequence 

(Figure 1). This finding corresponds well with TSS 
methylation reports in other species (Hartung et al. 
2012). However, simply knowing average methylation 
across all genes does not provide significant insight 
into the involvement of gene regulation. Whole 
genome transcriptome sequencing (mRNA and 
microRNA sequencing) was used to determine gene 
expression levels in the exact same tissues that were 
used for DNA methylation profiling. 

Methylation around transcription start sites 
relative to gene expression and DNA sequence 
surrounding transcription start sites 

Based on the grouping of genes according to their 
expression level, the average DNA methylation around 
the TSS indicated that genes that were highly 
expressed, on average, appeared to have lower levels 
of DNA methylation immediately upstream of the 
TSS. This finding fits well with the notion that less 
methylated DNA is likely in a more relaxed state and 
therefore the gene more open to transcription. 
However, the difference in methylation levels was not 
as great as expected suggesting that other factors are 
also involved. One such factor may be the DNA 
sequence around the TSS. Due to the non-binomial 
distribution of these data, direct statistical comparison 
of averages is difficult. 

DNA sequence 6kb upstream and downstream of 
the TSS was analysed for CpG content. CpG content 
was highest at the TSS (Figure 2a). This high CpG 
content corresponds to the presence of CpG dense 
“CpG islands” know to reside at the start of many 
genes (Bird 1986). Further analysis of CpG content for 
each individual gene around 500bp upstream and 
500bp downstream of the TSS revealed that the CpG 
content at the TSS varied from 0% to 10.4%. The 
frequency distribution (Figure 2b) of TSS CpG content 
peaks at 1.2% and does not show the bimodal 
distribution seen in other species (Hartung et al. 2012). 
It is not clear from these data, whether this difference 
represents a true species difference, or rather reflects 



Proceedings of the New Zealand Society of Animal Production 2013. Vol 73: 37-40 39 

Figure 3 Average proportion methylation in Longissimus dorsi muscle tissue from three control animals 
calculated using 1000 base pair (bp) windows with 50bp step size surrounding the transcription start sites (TSS) 
of genes measured to be highly expressed or repressed in the same tissue, (a) genes with high CpG content around 
TSS, (b) genes with low CpG content around TSS  

 

the state of completion of the reference genome as it is 
known that the current assembly of the sheep genome 
(OARv3.1) is lacking in sequence around the start of 
genes (BP Dalrymple, Personal communication), a 
region that typically contains higher than average 
levels of CpG dinucleotides. As no bimodal 
distribution was seen in examining frequency of TSS 
CpG content, genes were divided into “high” or “low” 
CpG content based on the distribution seen in other 
species with the split made at 3.5% (Figure 2b). 

Average DNA methylation levels around the TSS 
were then assessed based on CpG content (high or 
low) and expression level (high or repressed). This 
analysis illustrates that genes with low TSS CpG 
content show little change in DNA methylation 
regardless of expression level (Figure 3a) while genes 
with high TSS CpG content have DNA methylation 
levels around the TSS that correlate with gene 
expression (Figure 3b). 

DNA methylation at single nucleotide resolution 
No differences in DNA methylation level were 

identified between Carwell homozygote and Control 
sheep muscle when looked at from a genome wide 
angle. However, RRBS is sensitive enough to analyse 
individual CpG sites. Focusing on the region of the 
genome known to give rise to the Carwell phenotype 
(Nicoll et al. 1998), DNA methylation levels between 
Carwell and Control animals were examined at the 
single nucleotide resolution. Four CpG sites were 
found to show 100% methylation in Control and 0% 
methylation in Carwell animals. These differences 
were further examined and were determined to be due 
to previously unidentified single nucleotide 
polymorphisms (SNPs) that destroyed the CpG 
dinucleotide sequences at these locations. A further 
five CpG have been identified as potentially showing 
greater DNA methylation in Control compared with 
Carwell samples and are currently being verified on a 
larger number of samples including not only Carwell 

homozygotes and Controls, but also heterozygotes 
using Sequenom technology previously described 
(Couldrey & Lee 2010). 

Taken together, this work has identified both 
similarities and differences in genome wide CpG and 
DNA methylation patterns between sheep and other 
animals. This work also highlights the complexity of 
epigenetic regulation of genes, it appears unlikely that 
regulation of gene expression will be entirely 
controlled by a particular epigenetic process; rather, it 
is likely that a combination of epigenetic processes, 
together with the underlying genomic sequence will 
interact synergistically to ensure appropriate growth 
and development. 
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