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Introduction 

DNA methylation is one of the most-studied epigenetic modifications, altering gene expression 

without altering the DNA sequence. In mammals, DNA methylation, as an epigenetic 

regulation, commonly occurs at CpG dinucleotide sites (Holliday and Pugh, 1975). Gold-

standard technologies such as whole-genome bisulphite sequencing, which can map CpG sites 

at single-nucleotide resolution, often require sufficient coverage to reliably determine 

methylation status. When working with organisms with large genome sizes, this technology is 

not cost-effective. Reduced representation bisulphite sequencing (RRBS), as an alternative, 

can detect DNA methylation at single-base-pair resolution from specific regions of high CpG 

content (CpG islands), thereby reducing costs.  

Recently, Oxford Nanopore Sequencing Technology (ONT) appears to be a suitable 

alternative, offering the potential to analyse DNA molecules directly without chemical 

treatment, yielding datasets suitable for multiple downstream analyses. In this study, we 

compared methylation profiles generated by ONT and RRBS, focusing on the identified CpG 

sites, the concordance of methylation estimates between platforms, and the annotation of these 

sites in the bovine genome. 

 

Materials & Methods 

Animal ethics. Approval was obtained from the University of Queensland ethics board. The 

approval Number is QAAFI/269/17. 

 

Sample information. A total of 6 tail hair samples were collected from unrelated 

Droughtmaster heifers reared in the same environment. The hairs were plucked and stored at 

room temperature for more than a year before DNA extraction. Of these six hair samples, three 

were grouped as yearling group, with an average age of 1.48 years (SD = 0.05), while the other 

three were grouped as adult group, with an average age of 2.64 years (SD = 0.01). There was 

no significant difference in the body condition score between the two groups. Liver samples 

were also obtained from the Brahman cow (10 years old) and its foetus. Tissue samples were 

collected and snap-frozen in liquid nitrogen as soon as possible. Samples were stored at -80oC 

until processing.  

 

DNA extraction. DNA was extracted from 30-40 hair follicles or 30mg frozen liver tissue 

fragments using the Puregene Gentra DNA Tissue Kit (QIAGEN, Australia) according to the 

manufacturer’s instructions, with modifications as previously described by Lamb et al. (2020). 

The quantity and quality of extracted DNA were assessed using an Invitrogen Qubit 4.0 

fluorometer (Thermo Fisher Scientific) and a NanoDrop 1000 spectrophotometer (Thermo 

Fisher Scientific, v. 3.5.2). The size of extracted DNA samples was visualized by running on 

Pulsed-field Gel Electrophoresis system.  

 

Oxford nanopore sequencing. Samples were prepared for sequencing according to the 

protocol in the genomic sequencing kit SQK-LSK109 (Oxford Nanopore Technologies; ONT, 
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Oxford, UK), with modifications as previously described by Lamb et al. (2020). Sequencing 

was performed for 48 h per sample using a MinION sequencer. 

 

Methylation calling of the ONT dataset. Guppy software (version 6.4.6, ONT, Oxford, UK) 

was used to basecall the raw FAST5 files generated from each sequencing run. The base-called 

reads were then aligned to the bovine reference genome, ARS-UCD1.2 assembly (Rosen et al., 

2020), using Minimap2 (Li, 2018) with parameters “–a –x map-ont –secondary=no”.  F5c 

software version 1.3 was used for indexing and methylation calling (Gamaarachchi et al., 

2020).  

 

Reduce representation bisulphite sequencing. Extracted DNA was digested with the 

methylation insensitive MspI enzyme (CᶺCGG). After end-repair, A-tailing, adapter-ligation, 

size-selection (40-220bp), treatment with bisulphite (EZ DNA Methylation Gold Kit, Zymo 

Research) and PCR amplification, eight RRBS libraries were sequenced on an Illumina 

NovaSeq (100bp PE). 

 

Methylation calling of the RRBS dataset. Bisulphite reads were aligned to the bovine 

genome (ARS-UCD1.2 assembly). Adaptor sequences and poor-quality bases were removed 

using Trimgalore (version v.0.6.2) in paired-end mode with default parameters. Bismark 

v0.15.0 (Krueger and Andrews, 2011) was then used to align reads to the bovine genome 

reference.  

 

Annotation of methylation sites. Annotation of methylation sites based on the reference ARS-

UCD1.2 was conducted by R package ChIPseeker version 1.32.1 (Wang et al., 2022).  

 

Results 

In this study, the same DNA extracts were used for library preparation and sequencing on two 

platforms. Among the two platforms, the RRBS library preparation protocol used bisulphite-

treated DNA, which is particularly challenging and could introduce errors from the harsh 

chemical treatment. In contrast to the RRBS, ONT can directly detect methylation from a 

simple standard sequencing library protocol without prior chemical treatment of DNA samples 

(Table 1). Due to the short input DNA length (40-200bp) of RRBS technology, the mapping 

efficiency of RRBS reads was relatively low, averaging of 33.2%, and most unmapped reads 

were grouped into multiple alignments. In addition, mapping reads generated from RRBS was 

challenging due to unbalanced base composition (a tiny fraction of C nucleotide). In contrast, 

ONT reads showed the highest mapping efficiency among the two platforms (average 90.9%).  

 

Table 1. Overview of library preparation and sequencing of two methylation platforms 

 RRBS Nanopore 

DNA requirement 2µg 4µg 

DNA processing MspI digestion No 

Size selection 40 – 220 bp Optional 

Bisulphite treatment Yes No 

PCR amplification Yes No 

Library storage Short term Moderate 

Genome coverage Partial Complete 

Average Unique Alignment (%) 33.2 90.1 

 

DNA methylation profiles from Nanopore sequencing and RRBS were then compared.  In this 

study, ONT (mean coverage 3.61X) identified an average of 18.04 million CpG sites, whereas 
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RRBS (mean coverage 11.11X) identified approximately 5.81 million sites. After filtering for 

sites with ≥ 10X coverage, ONT retained 1.1 million CpG sites per sample, whereas 2.1 million 

remained after data cleaning in RRBS (Table 2). Additionally, a relatively small proportion of 

CpG sites overlapped between ONT and RRBS, reflecting differences in the technologies 

employed. When called methylated sites overlapped, methylation levels were highly correlated 

(Table 2).  

 

Table 2. Comparison of raw and 10×-filtered CpG site yield (million) between Nanopore 

Technologies and reduced representation bisulphite sequencing (RRBS), and the overlap of 

CpG sites between platforms with correlation of methylation levels at shared sites.  

Sample 

Nanopore  RRBS  

Common 

sites 

 

Pearson 

Correlation Raw sites Filtered sites 
Raw 

sites 

Filtered 

sites 

Animal_01 15.74 0.64 6.61 2.01 22,767 0.82 

Animal_02 15.01 0.66 5.81 2.00 25,695 0.84 

Animal_03 18.11 0.97 5.32 1.81 27,754 0.86 

Animal_04 18.89 1.17 5.55 2.14 29,052 0.88 

Animal_05 20.66 1.35 6.15 2.46 31,842 0.84 

Animal_06 20.19 1.23 5.72 1.88 46,306 0.83 

Animal_07 19.66 1.37 6.24 2.30 29,641 0.89 

Animal_08 16.95 1.12 5.58 2.12 28,060 0.83 

 

When using principal component analysis (PCA) to visualise methylation sites identified by 

two platforms across sample groups, this study found that liver samples were clearly separated 

into two groups, as expected given age differences. For the hair sample group, we observed a 

slightly different separation of age groups by sites identified by ONT in PCA2 (Fig.1A), but 

this pattern was less clear when plotting RRBS methylation sites (Fig.1B).  

 
Figure 1.  Principal component analysis plots of A) Oxford Nanopore Technologies (ONT) 

and B) reduced representation bisulphite sequencing data (RRBS), showing separation 

between sample groups.  
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Figure 2. Genome distribution of methylation sites identified by Oxford Nanopore 

Technologies (ONT) and Reduced Representation Bisulphite Sequencing (RRBS). 
 

Methylation sites were compared with the protein-coding gene set annotated in the bovine 

reference assembly (ARS-UCD1.2). ONT appeared to identify more CpG sites in promoter 

regions than RRBS (Fig. 2). 

 

Conclusions 

Nanopore sequencing captured substantially more CpG sites than RRBS and produced 

methylation estimates that were highly correlated with RRBS at overlapping sites. In addition, 

ONT demonstrated high mapping efficiency, streamlined library preparation, and slightly 

clearer separation of yearling and adult groups than the corresponding RRBS data, supporting 

its practicality for methylation profiling. Overall, these findings indicate that ONT is a scalable 

alternative to RRBS for genome-wide DNA methylation analysis and could serve as a potential 

approach for building an epigenetic aging clock, as shown in Nguyen et al. (2021), provided 

that lower-cost, low-pass sequencing works.  
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